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Preface to ”Hereditary Hemorrhagic Telangiectasia:

Recent Advances and Future Challenges”

Hereditary hemorrhagic telangiectasia (HHT) is an autosomal heritable disease, leading

to vascular malformations, ranging from mucocutaneous telangiectases to large arteriovenous

malformations, which can occur in different organs. HHT is associated with a decreased quality

of life and severe complications. If untreated, the disease leads to decreased life expectancy. Recent

years have brought advances in diagnosis and treatment, but not a cure for HHT. The exact molecular

etiology is still unknown and there is an urgent need for more systematic research. Because

understanding the mechanisms of disease is essential for the development of new medicines or

therapeutic strategies, this book aims to highlight not only the current knowledge regarding the

diagnosis and treatment of HHT, but also the newest insights into the molecular basis of HHT.

Among the different contributions, we would like to emphasize: (i) the key role of a systematic

screening and treatment of patients at HHT Centers (de Gussem et al. 2020), (ii) the knowledge

about genetics, genotype-phenotype correlations, second-hits and circulating biomarkers of HHT

(Bernabeu et al. 2020; Cannavicci et al. 2020; Geisthoff et al. 2020; Kilian et al. 2020; Ruiz-Llorente

et al. 2020); (iii) advances in imaging and treatment of arteriovenous malformations of the lung,

liver and gastrointestinal tract using contrast-enhanced magnetic resonance angiography, computed

tomography, endoscopy and embolotherapy (Daniel et al. 2020; Harwin et al. 2020; Mora-Lujan

et al. 2020; Majumdar et al. 2020; Van den Heuvel et al. 2020; Schneider et al. 2021), and (iv)

pharmacological strategies for HHT-related nose and gastrointestinal bleeding, using well known

and repurposed drugs, including bevacizumab, propranolol, tacrolimus, and antithrombotic drugs

(Albiñana et al. 2020; Dupuis-Girod et al. 2020; Gaetani et al. 2020; Mei-Zahav et al. 2020;

Mora-Lujan et al. 2020).

Hans-Jurgen Mager, Carmelo Bernabeu, Marco Post

Editors
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Abstract: Hereditary hemorrhagic telangiectasia (HHT), an autosomal dominant disease,
is characterized by telangiectases and arteriovenous malformations (AVMs). Untreated AVMs,
especially in the lungs—pulmonary AVMs (PAVMs)—can result in morbidity with a decreased life
expectancy. We have investigated whether HHT patients, systematically screened for HHT-related
organ involvement and treated if needed, have a similar survival as persons without HHT. We included
all individuals screened for HHT between 2004 and 2016 with a genetically or clinically confirmed
diagnosis (HHT group) or excluded diagnosis (non-HHT control group). The social security number
was used to confirm status as dead or alive in December 2019. We included 717 HHT patients and
471 controls. There was no difference in survival between the HHT and the non-HHT control group.
The HHT group had a life expectancy of 75.9 years (95% confidence interval (CI) 73.3–78.6), comparable
to the control group (79.3 years, 95% CI 74.8–84.0, Mantel–Cox test: p = 0.29). In conclusion, the life
expectancy of HHT patients systematically screened for HHT-related organ involvement and treated
if needed in an HHT center of excellence was similar compared to their controls, justifying systematic
screening and treatment in HHT patients.

Keywords: telangiectasia; hereditary hemorrhagic; vascular malformations; survival; life expectancy

1. Introduction

Hereditary Hemorrhagic Telangiectasia (HHT) is an autosomal dominant disease, with prevalence
rates between 1:5000 and 1:8000 and with approximately 85,000 affected citizens in Europe [1,2].
HHT is characterized by multi-systemic vascular lesions, known as telangiectases, and visceral
arteriovenous malformations (AVMs). In approximately 85% of the HHT patients, mutations in the
Endoglin (ENG) or Activin receptor-like kinase 1 (ACVRL1) gene are found, causing HHT type 1 and
type 2, respectively [3,4]. Most of the HHT patients suffer from recurrent, spontaneous epistaxis due to
rupture of the thin-walled nasal telangiectases. The visceral AVMs are usually asymptomatic but can

J. Clin. Med. 2020, 9, 3581; doi:10.3390/jcm9113581 www.mdpi.com/journal/jcm1
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result in severe morbidity and mortality. The most common visceral localization of the AVMs is the
lung (pulmonary AVM (PAVM)). Although much rarer than PAVMs, cerebral vascular malformations
(CVMs) can also result in severe morbidity and mortality. The prevalence of PAVMs and CVMs
depends on the HHT type: PAVMs occur in up to 60% of patients with HHT type 1 and 5–10% of
patients with HHT type 2, and CVMs occur in 8–16% in HHT type 1 and in 0.5–1.5% in HHT type
2 [5]. A PAVM is a direct connection between the pulmonary artery and pulmonary vein with the
absence of a normal capillary bed. Due to the absence of the normal capillaries, septic or non-septic
emboli can enter the systemic circulation resulting in strokes and brain abscesses [6]. Preventatively,
PAVMs can be safely and effectively treated with transcatheter embolotherapy. For patients with
CVMs, treatment versus conservative management, should be considered on a case-by-case basis [7].

In the past, HHT patients presented with major complications especially from undiagnosed
PAVMs such as hemothorax and paradoxical emboli leading to ischemic stroke or cerebral
abscess [6,8]. These complications significantly reduced the quality of life and the life expectancy [9–11].
Several studies have shown a decreased life expectancy in HHT patients that did not receive a systematic
HHT screening and treatment [10,12]. According to the current International HHT Guidelines screening
and, if indicated, treatment of HHT-related organ involvement is strongly recommended in a center
with HHT expertise [7]. The intention of this study is to evaluate if by using this approach the life
expectancy of HHT patients is no longer negatively affected.

2. Materials and Methods

2.1. Study Design and Patient Selection

This retrospective cohort study included all consecutive persons who were referred to our HHT
outpatient clinic suspected of having HHT between January 2004 and November 2016. This period
was chosen because prior to 2004, HHT screening was not standardized in our center. We used the
Dutch social security numbers (SSN) of each patient to confirm status alive or deceased, and date of
death with the Dutch Ministry of Healthcare. This check was performed on 1 December 2019.

2.2. Patient Selection

We used our HHT database as saved on 14 November 2016 to select the individuals to be included
in this study. Patients with a genetic diagnosis (a disease-causing mutation in ENG, ACVRL1 or SMAD4
gene) and/or clinically confirmed HHT diagnosis according to the Curaçao criteria [3,4], [13,14] were
included in the HHT group. Patients without a clinical diagnosis (e.g., none or only 1 criterion) and
patients with a possible diagnosis (2 criteria) but without a disease-causing mutation in ENG, ACVLR1
or SMAD4 (or in the absence of the known HHT family mutation) were included in the non-HHT
control group. Patients with two positive clinical criteria but without DNA testing or with a family
member with an unknown type of HHT were excluded. The Curaçao criteria include (1) the presence
of spontaneous, recurrent epistaxis; (2) multiple mucocutaneous telangiectases at characteristic sites;
(3) the presence of visceral AVMs and (4) a first-degree relative with definite HHT [13]. The clinical
HHT diagnosis is “unlikely” with less than 2 criteria present, “possible or suspected” with 2 criteria
present and “definite” with three or more positive criteria. DNA testing was (usually) only offered to
adult patients. We excluded all patients without a known SSN. Patients with a clinical HHT diagnosis
(e.g., three or more positive criteria), but negative genetic testing for the known family HHT mutation
were excluded because of the uncertainty of their HHT status. To avoid asymptomatic HHT patients
being included in the non-HHT control group, any person who had been screened during childhood,
but had not been rescreened as an adult or had not undergone DNA testing as a child, was excluded
because of age dependent symptom penetrance and the consequently lower sensitivity of the Curaçao
criteria in children [15]. Finally, we excluded patients with insufficient data to confirm or reject the
HHT diagnosis or patients who did not complete the screening program. We did not exclude patients
that were lost to follow-up after completing the initial screening.
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2.3. Screening Protocol for HHT

All patients were screened according to our standardized protocol. This protocol for adults
entailed a detailed patient interview, a physical examination focused on signs and symptoms of
HHT and PAVMs, an inspection of the nasal mucosa by a dedicated HHT Ear, Nose and Throat
specialist, laboratory testing for anemia and a transthoracic contrast echocardiography (TTCE) to
screen for the presence of a right-to-left shunt secondary to PAVMs. In case of moderate or severe shunt
grade on TTCE [16], a non-contrast chest CT-scan was performed. In case of a clinically or genetic
confirmed HHT diagnosis, adult patients were advised to undergo further evaluation for CVMs with a
non-contrast magnetic resonance imaging of the brain. Screening for other visceral organ involvement
was only done on indication. For example, the digestive tract was evaluated in cases with anemia
not correlated to epistaxis severity, and screening for hepatic vascular malformations (HVMs) was
done in cases with elevated liver enzymes, dyspnea or signs and symptoms associated with liver
disease or high-output heart failure. Other aspects of HHT such as epistaxis and anemia were treated
accordingly. Children were screened with a different protocol that included a detailed history to detect
epistaxis or hypoxemia-related symptoms such as exercise intolerance, poor growth or headaches,
a chest radiography and pulse-oximetry. Children were only screened for CVMs on indication.
Further investigation with a low-dose chest CT-scan was only performed when abnormalities were
found suspect for the presence of a PAVM: a suspect history for PAVMs, saturation with pulse oximetry
<96% or a density suspect for a PAVM on the chest radiography [17]. If a treatable PAVM was detected
based on a discussion in the multidisciplinary team, embolotherapy of the PAVM with vascular plugs
or coils was performed by interventional radiologists specialized in HHT. PAVMs with a feeding
artery ≥2–3 mm were regarded as treatable. After embolization of all targeted PAVMs, patients were
reviewed in the multidisciplinary team. Follow-up in our institution is standardized and includes
a contrast-enhanced chest CT-scan 6 months after embolization, followed by a chest CT-scan every
2 to 5 years in case of sustained occlusion of the embolized PAVM. The follow-up chest CT-scans
were discussed in the multidisciplinary team. In case of persistent perfusion or reperfusion of the
PAVM on follow-up chest CT-scan, patients were scheduled for repeat embolotherapy. Signs that
suggest persistent perfusion or reperfusion include contrast enhancement in the PAVM, no or minimal
shrinkage of the PAVM sac or persistence of a large feeding artery or draining vein. Children were
followed on a case-by-case basis after embolotherapy, usually with a chest radiography and saturation
measurement with pulse oximetry. If a CVM was detected, the patient was subsequently referred
to a center with expertise in treating brain vascular malformations in The Netherlands. The need
for treatment and follow-up was determined in this center. If no abnormalities were detected with
screening in children or adults, rescreening was performed every five years. All children were advised
to undergo rescreening with our protocol for adults when they reached the age of 18 years.

2.4. Statistical Methods and Ethics

Statistical analysis was performed using SPSS version 26.0 for Windows (IBM, Armonk, NY, USA)
and R version 3.5.3 for Windows (the R Project for Statistical Computing). Data are presented as mean
and standard deviation (SD). Continuous variables were compared using the independent samples
T-test. The prevalence of anemia, comorbidities and disease complications were compared using
Fisher’s exact test. Survival was estimated using left-truncated Kaplan–Meier curves. For comparison
of survival between groups we used the Mantel–Cox test. Statistical significance was defined at p < 0.05.
This study was approved by the research ethics board of Medical Research Ethics Committees United
(MEC-U) of the St. Antonius Hospital under protocol registration number W16.160.
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3. Results

3.1. Patient Selection and Baseline Characteristics

In total, 1541 individuals had been screened for presence of HHT between 2004 and November
2016. From these individuals, 717 patients could be included in the HHT group and 471 in the non-HHT
control group. In the HHT group, 319 patients (45%) suffered from HHT type 1, 325 (45%) from HHT
type 2, 29 (4%) from juvenile polyposis/HHT overlap syndrome and in 44 patients no disease-causing
mutations could be identified. The mean age at presentation in the HHT group was 40.6 years and
54% was female. In the control group the mean age was 40.9 years with 57% female. The mean
birthyear for both groups was the year 1969. The control group consisted of family members of HHT
patients in whom HHT was ruled out (n = 368), patients with recurrent epistaxis (n = 28) without
HHT, patients with mucocutaneous telangiectases without HHT (n = 17) or patients with the suspicion
of visceral AVM (n = 58) without HHT. The suspected visceral AVMs (not all were confirmed) were
located in the lungs (PAVM: n = 43), digestive tract telangiectases (n = 5), brain (CAVM: n = 4) and
four suspected AVMs were located in other organs. In Figure 1 the flowchart of the patient selection is
depicted. The demographic characteristics of the included subjects are shown in Table 1.

Figure 1. Flowchart of included patients. HHT, Hereditary Hemorrhagic Telangiectasia; SSN,
social security number.
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Table 1. Demographic characteristics of the included patients. ACVRL1, activin receptor-like kinase
1 (HHT type 2); ENG, endoglin (HHT type 1); HHT, Hereditary Hemorrhagic Telangiectasia; SD,
standard deviation; SMAD4, SMAD family member 4 (juvenile polyposis/HHT overlap syndrome).

HHT Group (n = 717) Control Group (n = 471) p-Value

Gender (%)
0.28Female 384 (54) 268 (57)

Male 333 (46) 203 (43)

Genetic mutation (%)

- -
ENG (HHT type 1) 319 (45)

ACVRL1 (HHT type 2) 325 (45)
SMAD4 29 (4)

Mutation unknown 44 (6)

Mean age at presentation,
years (SD) 40.8 (19.4) 40.6 (17.4) 0.86

ENG (n = 319) 35.7 (19.9) - -
ACVRL1 (n = 325) 44.9 (17.8) - -
SMAD4 (n = 29) 31.4 (17.2) - -

Mutation unknown (n = 44) 54.1 (13.9) - -

Mean birth year 1969 1969 -

3.2. Visceral AVMs, Comorbidities and Disease Complications

In Table 2, the number of visceral AVMs, comorbidities and disease complications of the
HHT patients and controls are shown. In the HHT group, 255 patients (36%) had PAVMs versus
32 (7%) individuals in the control group. In the HHT group, 60% (432 patients) underwent CVM
screening. In 28 out of 432 patients (6%) a CVM was detected. Furthermore, (symptomatic) HVMs
and gastrointestinal telangiectases were diagnosed in 75 (11%) and 72 (10%) patients, respectively.
The prevalence of anemia was significantly higher in the HHT group compared to the controls
(p < 0.001). Comorbidities and disease complications were similar between groups with the exception
of higher prevalence of pulmonary hypertension (3% vs. <1%, Fisher’s exact test: p = 0.003) and
high-output heart failure (Fisher’s exact test: 2% vs. 0%, p = 0.001) in the HHT group.

Table 2. Visceral AVMs and comorbidities of the included patients. ACVRL1, activin receptor-like kinase
1 (HHT type 2); AVM, arteriovenous malformation; COPD, chronic obstructive pulmonary disease;
CVM, cerebrovascular malformations; ENG, endoglin (HHT type 1); HHT, Hereditary Hemorrhagic
Telangiectasia; HVM, hepatic vascular malformation; SD, standard deviation; SMAD4, SMAD family
member 4 (juvenile polyposis/HHT overlap syndrome). * For these AVMs, screening is only performed
on indication.

HHT Group (n = 717) Control Group (n = 471)

PAVM (%) 255 (36) 32 (7)
ENG (n = 319) 176 -

ACVRL1 (n = 325) 47 -
SMAD4 (n = 29) 12 -

Mutation unknown (n = 44) 20 -

PAVM embolotherapy 175 28

CVM (%)
Yes 28 (4) 4 (2)
No 404 (56) 0

Unknown/not screened 285 (40) 467 (99)

5
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Table 2. Cont.

HHT Group (n = 717) Control Group (n = 471)

CVM treatment
No treatment 14 1

Surgery 5 1
Radiotherapy 3 1

Embolotherapy 2 1
Combination 4 0

HVM (%) * 75 (11) 3 (<1)

Gastrointestinal telangiectases (%) * 72 (10) 6 (1)

Other AVMs (%) * 14 (2) 4 (1)
Spinal 4 0

Pancreatic 3 0
Renal 2 1

Urinary bladder 2 1
Splenic 1 0

Muscular 1 2
Ocular 1 0

Anemia (%) 212 (30) 28 (6)

Comorbidities (%)
Malignancy 36 (5) 21 (5)

Atrial fibrillation 36 (5) 13 (3)
COPD and bronchiectasis 28 (4) 16 (3)

Acute coronary disease 26 (4) 10 (2)
Venous thromboembolism 25 (4) 8 (2)

Autoimmune disease 21 (3) 23 (5)
Pulmonary hypertension 19 (3) 2 (< 1)
Diabetes mellitus type 2 16 (2) 19 (4)

Peripheral vascular disease 15 (2) 7 (2)
Disease complications (%)
Cerebrovascular accident 49 (7) 22 (5)
High-output heart failure 14 (2) 0 (0)

Brain abscess 11 (2) 3 (1)

3.3. Survival of HHT Patients and Controls

In Table 3, the number of patients, and the age and cause of death are shown. In the HHT group
57 patients (8%) had died versus 24 (5%) in the control group. The most frequent cause of death in
the HHT was infectious disease, followed by malignancy. The cause of death in the control group
was not recorded. There was no difference in survival between the HHT and the non-HHT control
group (Mantel–Cox test: p = 0.29; Figure 2). The survival of patients with HHT type 1 did not differ
from patients with HHT type 2 (Mantel–Cox test: p = 0.28; Figure 3A). Compared to the non-HHT
control group, the survival of both patients with HHT type 1 (Mantel-Cox test: p = 0.28) and patients
with HHT type 2 (Mantel–Cox test: p = 0.85) did not differ (Figure 3B,C). The mean life expectancy
of the HHT population was 75.9 years (95% CI 73.3–78.6 years), comparable to the non-HHT control
group (79.3 years, 95% CI 74.8–84.0 years). The mean life expectancy for patients with HHT type 1
was 76.4 years (95% CI 71.6–82.3 years) and 77.9 years (95% CI 74.5–81.3 years) for patients with HHT
type 2. The survival of patients with a genetically confirmed HHT diagnosis (HHT type 1, type 2
or juvenile polyposis/HHT overlap syndrome) was comparable to the survival of their relatives in
whom HHT was ruled out (e.g., a known family mutation, the individual did not inhere the specific
mutation) (Mantel–Cox test: p = 0.43; Figure 3D). There was no significant difference in survival of
men and women with HHT (Mantel–Cox test: p = 0.10; Figure 4A). HHT patients with visceral AVMs
had a worse survival compared to HHT patients without visceral AVMs (Mantel–Cox test: p = 0.017).
The survival in HHT patients with and without PAVM, CVM or gastrointestinal telangiectases did
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not differ, only patients with HVM had significantly worse survival compared to HHT patients
without HVM (see Figure 4B–F). HHT patients without anemia showed a tendency to a better survival
(see Figure 4G).

Figure 2. Left-truncated Kaplan–Meier curve of HHT and controls. The dotted lines represent the 95%
confidence intervals. HHT, Hereditary Hemorrhagic Telangiectasia.

Figure 3. Left-truncated Kaplan–Meier curves of HHT subtypes and controls (A) HHT type 1 and
HHT type 2. (B) HHT type 1 and controls. (C) HHT type 2 and controls. (D) Patients with genetically
confirmed HHT (HHT type 1, type 2 and juvenile polyposis/HHT overlap syndrome) and their
relatives without HHT. The dotted lines represent the 95% confidence intervals. HHT, Hereditary
Hemorrhagic Telangiectasia.

7



J. Clin. Med. 2020, 9, 3581

Table 3. Number of deceased patients, age and cause of death. HHT, Hereditary Hemorrhagic
Telangiectasia; SD, standard deviation.

HHT Group (n = 717) Control Group (n = 471) p-Value

Deceased (%) 57 (8) 24 (5) 0.06

Mean age death, years (SD) 69.7 (13.3) 64.3 (13.7) 0.1

Cause of death

- -

Infection 15
Heart failure 9
Malignancy 8

Severe anemia 4
Thromboembolism 2

Postoperative complications 2
Hemorrhagic stroke 1

Unknown 1
17

Figure 4. Left-truncated Kaplan–Meier curves of HHT patients. (A) Survival of females and males with
HHT. (B) Survival of HHT patients with and without visceral AVM. (C) Survival of HHT patients with
and without PAVM. (D) Survival of HHT patients with and without CVM. (E) Survival of HHT patients
with and without HVM. (F) Survival of HHT patients with and without gastrointestinal telangiectases.
(G) Survival of HHT patients with and without anemia. The dotted lines represent the 95% confidence
intervals. AVM, arteriovenous malformation; CVM, cerebrovascular malformation; HHT, Hereditary
Hemorrhagic Telangiectasia; HVM, hepatic vascular malformation.

8



J. Clin. Med. 2020, 9, 3581

4. Discussion

We found that the life expectancy of patients with HHT who have been systematically screened for
HHT-related organ involvement, treated if needed and followed in a center with HHT expertise did not
differ from the life expectancy of the non-HHT control group. These results emphasize the importance
of systematic screening of HHT patients, treatment and follow-up in an HHT expertise center.

Previous studies have shown conflicting results on life expectancy in patients with HHT. A study
with 73 patients with HHT and 218 controls with a 20-year follow-up did not reveal any significant
differences in survival between both groups [18]. However, two studies assessing survival in parents
of a current HHT population showed worse survival in these parents with HHT compared to their
non-HHT partners [10,12]. Since the population of the latter studies was comprised of parents
with HHT, these studies concerned a largely unscreened and untreated population. In the study by
De Gussem et al., patients with HHT type 1 had especially worse survival compared to non-HHT
partners. The authors stated that this was probably caused by the higher prevalence of (untreated)
PAVMs and CVMs and subsequent complications [10]. Donaldson et al. observed higher risks of stroke,
cerebral abscess and bleeding complications and showed poorer survival in a study on a primary
care database including almost 700 HHT patients in comparison to age and sex matched controls [9].
However, as emphasized by the authors, many of the HHT-related complications were amenable to
intervention, early diagnosis and treatment. Their study also showed a higher mortality rate in the time
period closest to the diagnosis of HHT. This might be related to the fact that some patients presented
with HHT-related complications at the time of diagnosis. Once patients have been diagnosed with
HHT, they are followed and treated for organ involvement to reduce morbidity and mortality.

Our study shows that the life expectancy of patients, who are screened for HHT-related organ
involvement and if needed, treated in a center with HHT expertise, is similar to the life expectancy
of their relatives without HHT. We did not observe difference in survival between HHT type 1 and
type 2. This is an important finding because a previous study by our group showed worse survival
in (largely untreated) HHT type 1 population [10]. In addition, survival of men and women with
HHT and HHT patients with and without PAVMs, CVMs or gastrointestinal telangiectases did not
differ. We observed a significant difference in HHT patients with and without visceral AVMs and
patients with and without HVMs. This is probably caused by the fact that screening for HVMs is
only done on indication in our center and thus the majority of these patients probably suffered from
symptomatic HVMs.

This improvement in survival of HHT patients in comparison to previous publications is most
likely due to the benefit of screening for the presence of PAVMs and PAVM treatment if indicated.
Additionally, screening methods and treatment options for PAVMs, CVMs, epistaxis, gastro-intestinal
bleeding and subsequent anemia have improved over the years, which most likely benefits survival
as well. In addition to this, several studies have suggested that patients with HHT possibly have
a natural protection against certain cancers and myocardial infarction, possibly benefiting survival
rates [19,20]. While we did not observe a negative effect of HHT on the survival in this study, it is
important to realize that the quality of life in these patients will probably still be lower compared to
their controls even if optimal screening and treatment was performed. Two studies investigated the
quality of life in an HHT population screened and treated in two different HHT centers. The authors
observed that the HHT-related symptoms and organ involvement had a major negative effect on the
quality of life [21,22].

We have not compared the survival of the HHT patients and controls to the Dutch population.
However, we think that they are in line with each other. The life expectancy of Dutch people born
in 1969 was 73.54 years [23]. We observed a slightly higher life expectancy of our HHT patients and
controls, most likely because the patients included in this study already lived to an average age of
approximately 40 years. The comorbidities were comparable between the HHT group and the controls
with the exception of anemia, higher rates of pulmonary hypertension and high-output heart failure in
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the HHT group. It would be very informative to compare our HHT group, to HHT patients that did
not receive screening; however, this is not ethically possible.

We acknowledge that there is selection bias of the patients who passed away prior to the HHT
diagnosis and were thus not included in this study. Additionally, there is a small chance of presence of
undiagnosed HHT patients in the non-HHT control group. However, in view of the number of patients
and non-HHT controls in this study and in view of the convincing results, it seems unlikely that this
would influence the outcomes significantly. Strengths of this study are the use of consecutive data in a
large patient population. Although the control group also consists of patients that were referred to our
hospital with visceral AVMs, the largest part of the controls included first-degree family members of
HHT patients. Therefore, the lifestyle and socio-economic conditions are to some degree comparable
which makes the non-HHT controls a better control group than the Dutch population for evaluation
the influence of HHT on life expectancy.

In conclusion, the survival of patients with HHT is not negatively affected by HHT if the HHT
patients have been systematically screened and treated for HHT-related organ involvement in a center
with HHT expertise. These findings demonstrate the importance of systematic screening of HHT
patients and treatment of PAVMs and other HHT-related organ involvement.
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Abstract: Hereditary hemorrhagic telangiectasia (HHT) is an autosomal dominant genetic disorder
that presents with telangiectases in skin and mucosae, and arteriovenous malformations (AVMs)
in internal organs such as lungs, liver, and brain. Mutations in ENG (endoglin), ACVRL1 (ALK1),
and MADH4 (Smad4) genes account for over 95% of HHT. Localized telangiectases and AVMs are
present in different organs, with frequencies which differ among affected individuals. By itself,
HHT gene heterozygosity does not account for the focal nature and varying presentation of the vascular
lesions leading to the hypothesis of a “second-hit” that triggers the lesions. Accumulating research
has identified a variety of triggers that may synergize with HHT gene heterozygosity to generate the
vascular lesions. Among the postulated second-hits are: mechanical trauma, light, inflammation,
vascular injury, angiogenic stimuli, shear stress, modifier genes, and somatic mutations in the wildtype
HHT gene allele. The aim of this review is to summarize these triggers, as well as the functional
mechanisms involved.

Keywords: hereditary hemorrhagic telangiectasia (HHT), second-hit; arteriovenous malformation (AVM);
endoglin; ALK1; Smad4; inflammation; shear stress; vascular injury; somatic mutation; cell adhesion;
angiogenesis; vascular endothelial growth factor (VEGF); transforming growth factor beta (TGF-β)

1. Clinical Characteristics of HHT

Hereditary hemorrhagic telangiectasia (HHT) is an autosomal dominant vascular disorder that
exhibits age-related penetrance and extensive clinical variability, including intra-familial variability [1].
The characteristic vascular lesions range from 1 to 2 mm punctate mucocutaneous telangiectases
to arteriovenous malformations (AVMs) several centimeters in diameter within visceral organs,
particularly the lungs, liver, and brain. Telangiectases close to the surface of the skin and mucous
membranes are fragile and frequently rupture and bleed upon slight trauma. Spontaneous and
recurrent nose-bleeding (epistaxis) typically begins in mid-childhood and is the most common clinical
manifestation; although occurring in over 90% of patients, the severity varies from an infrequent few
drops to brisk bleeds multiple times daily. Gastrointestinal (GI) bleeding due to mucosal telangiectases
affects approximately 25% of patients, almost always presenting after the age of 50. Many HHT patients
have iron-deficiency anemia secondary to chronic bleeding of telangiectases, more often from nasal
than GI lesions [2,3].
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Solid organ AVMs are direct connections between artery and vein which bypass capillary beds
and result in life-threatening complications more often related to the shunting of blood per se through
these low resistance pathways, than to hemorrhage. For example, pulmonary AVMs (PAVMs),
which occur in about 50% of HHT patients overall, result in high-flow continuous intrapulmonary
right-to-left shunts with significant related risk for stroke or brain abscess [4,5]. The majority of
PAVMs (70% or more) occur in HHT patients, but approximately 20% are acquired and associated
with trauma, cardiothoracic surgery, hepatic cirrhosis, metastatic cancer, mitral stenosis, infection,
amyloidosis, and chronic thromboembolic disease [6]. The frequency of hepatic vascular malformations
was approximately 75% in two studies that systematically imaged the liver of affected individuals
using computed tomography (CT) [7,8] and 41% in another study using ultrasound examination [9],
although only a minority (8% in the CT study) were symptomatic. When symptomatic, hepatic vascular
malformations associated with HHT typically present in later adulthood as high output heart failure,
due to significantly increased blood flow through shunting pathways in the liver [10]. Intracranial
hemorrhage is the risk posed by brain AVMs, which are typically congenital and occur in about 10% of
those with HHT [11,12].

The clinical diagnosis of HHT is based on the Curaçao Criteria: (i) recurrent and spontaneous
nosebleeds (epistaxis), (ii) cutaneous or mucosal telangiectases on the skin of the hands, lips, or face,
or inside of the nose or oral cavity, (iii) visceral AVMs or telangiectases in one or more of the internal
organs, including lungs, brain, liver, gastrointestinal tract, and spinal cord, and (iv) family history of
HHT (i.e., first-degree relative with a definite HHT clinical or genetic diagnosis). The HHT diagnosis
is considered definite if three criteria are present, possible or suspected with two criteria, and unlikely
if only one is present [3,13]. It is of note that the disease experts who initially created and twenty years
later confirmed these consensus clinical criteria for HHT, believe that the locations of telangiectases
and AVMs are specific in HHT. In fact, multiple telangiectases or an AVM in a location other than those
considered characteristic actually argue against the diagnosis of HHT.

Overall, the phenotype and age of onset of manifestations is highly variable in HHT and this
variability seems to depend on HHT subtype, as well as genetic background and/or environmental
triggers (second-hits) to which each individual is exposed.

2. Genetics of HHT: The Germline Mutation

Heterozygous mutations in several genes are known to cause HHT. Endoglin (ENG) mutations
cause what is referred to as HHT1 (OMIM #187300) [14], activin receptor-like kinase 1 (ACVRL1)
mutations cause HHT2 (OMIM #600376) [15], while mothers against decapentaplegic homolog 4
(MADH4 or SMAD4) mutations cause a syndrome which combines familial juvenile polyposis and
HHT (JP/HT; OMIM #175050) [16]. Also, mutations in the GDF2 gene, encoding bone morphogenetic
protein 9 (BMP9), were described as the cause of an HHT-like syndrome [17], also named as HHT5
(OMIM #615506). Two further loci have been found by linkage analyses on chromosomes 5 (HHT3)
and 7 (HHT4), but their corresponding coding genes have not been identified [18,19].

ENG and ACVRL1 are the predominant genes mutated in HHT, each responsible for almost half of
cases. A mutation in one of these two genes is detected in over 95% of individuals who meet Curaçao
diagnostic criteria, and a mutation in SMAD4 is detected in an additional 1–2% [20,21]. Although the
phenotypes generated by mutations in ENG or ACVRL1 are similar enough that they cannot be reliably
distinguished in the clinical setting, pulmonary and cerebral AVMs are more frequent in HHT1 patients
while GI bleeding and liver AVMs are more common in HHT2 [22,23]. Studies suggest that solid organ
AVMs in JP/HHT are at least as common as in HHT1 and HHT2, and that pulmonary AVMs may
be more frequent [16,21,24,25]. Overall, Curaçao diagnostic criteria for HHT are highly predictive
of a pathogenic variant in ENG (HHT1) or ACVRL1 (HHT2) but cannot distinguish between these
two genotypes [21]. Furthermore, the genetic heterogeneity does not explain the striking variable
expression observed within families.
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There are no common disease-causing mutations or mutation hot spots in any of the HHT genes.
Both ENG and ACVRL1 mutations that cause HHT are dispersed almost equally throughout the genes
except in a couple of exons. Mutations of all types have been reported [20,26]. The frequency of
single or several exon deletions/duplications is up to 10%. Mutations causing sequence changes are
slightly more common in the ENG than ACVRL1. Missense mutations account for more than half of
mutations detected, however, nonsense, deletions, insertions, and splice site mutations have also been
reported. Mutant ENG and ACVRL1 proteins, including the products of multiple missense mutations,
were shown to be expressed at the 50% level, in accordance to the haploinsufficiency model [20].

All the genes mutated in HHT encode proteins involved in the signaling pathway of the
transforming growth factor beta (TGF-β) superfamily, including bone morphogenetic proteins (BMPs)
(Figure 1). The most likely affected pathway in HHT involves the auxiliary receptor endoglin associated
with the signaling serine/threonine kinase receptor ALK1. Both proteins are able to bind the ligands
BMP9 and BMP10 [27–29], which form a heterodimeric complex that provides most of their BMP
biological activity in plasma [30,31]. Upon ligand binding, ALK1 phosphorylates Smad1/5/8 followed
by their nuclear translocation in complex with Smad4 [32–35]. Because endoglin and ALK1 are
predominantly expressed in endothelial cells, which respond to circulating BMP9, they are widely
accepted as the target cells most affected in HHT.

Figure 1. Hereditary hemorrhagic telangiectasia (HHT) and the transforming growth factor beta
(TGF-β) signaling pathway in endothelial cells. Heterodimers of bone morphogenetic protein 9
(BMP9) and BMP10, among other members of the TGF-β family, bind to an endothelial cell surface
receptor complex composed by the type I (R-I) receptor named ALK1 and the type II (R-II; BMPR2,
ActR2A, ActR2B) receptor, both serine/threonine kinases, as well as the auxiliary receptor endoglin.
The heterodimeric association between different R-I and R-II determines the specificity of the ligand
signaling. Upon ligand binding, the R-II transphosphorylates ALK1, which subsequently propagates
the signal by phosphorylating the receptor-regulated Smad (R-Smad) family of proteins, Smad1/5/8.
Once phosphorylated (P-), R-Smads form heteromeric complexes with a cooperating homologue named
Smad4 and translocate into the nucleus, where they regulate the transcriptional activity of different
target genes, in turn modulating endothelial cell function. The involvement of other components of the
TGF-β pathway has been omitted for simplification [32]. BMP9, Endoglin, ALK1, and Smad4 proteins
are encoded by GDF2, ENG, ACVRL1, and MADH4 genes, whose pathogenic mutations give rise
to HHT5, HHT1, HHT2, and JPHT, respectively. BMP, bone morphogenetic protein; GTM, general
transcription machinery. Adapted from Ruiz-Llorente et al. [34].
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It is worth noting that within the TGF-β system, endoglin is known to participate in several
receptor complexes, not necessarily including ALK1, and is capable of binding different ligands [36–39].
In addition, endoglin has been reported to be involved in several pathways relevant to vascular
homeostasis. Endoglin was shown to regulate the organization of the actin cytoskeleton in endothelial
cells via the interaction of its cytoplasmic domain with zyxin and zyxin-related protein 1 (ZRP1) [40,41].
Upon interacting with these members of the zyxin family, endoglin coordinates matrix-dependent cues
with actin dynamics like stress fibers and focal adhesions. In primary cultures of endothelial cells from
HHT1 patients, endoglin deficiency appears to lead to a disorganized F-actin cytoskeleton and abnormal
tube formation [42]. This is in agreement with the fragile mucocutaneous telangiectases that easily break,
leading to the frequent nose and gastrointestinal bleedings present in HHT patients. An active search
for novel endoglin-specific interactors has allowed the identification of multiple proteins, suggesting the
involvement of endoglin in ALK1-independent pathways; nonetheless, the functional characterization
and relevance of the novel interactors to the HHT1 field remains to be established [39,43]. Overall,
it can be postulated that the phenotypic differences between HHT1 and HHT2 could arise, at least in
part, from a subthreshold endoglin participation in these ALK1-independent signaling pathways.

3. Pathogenic Mechanisms in HHT: The Second-Hit Hypothesis

A deficient expression of the HHT genes underlies the molecular basis of disease pathogenesis.
Mono-allelic loss of expression leading to haploinsufficiency of the respective HHT1 and HHT2 proteins
has been shown to dysregulate TGF-β/BMP signaling in endothelial cells negatively impacting cell
proliferation, migration, and recruitment during vascular remodeling and angiogenesis [20,34,44,45].

Different Eng or Acvrl1 genetic mouse models of HHT have been described by several groups during
the last three decades [45]. Mice lacking functional endoglin [46–48] or ALK1 [49,50] were generated
by germline gene-targeting. In all cases, global embryonic loss of endoglin or ALK1 expression leads to
cardiovascular defects, enlarged fragile vessels, and embryonic lethality by mid-gestation. These early
models suggested that both endoglin and ALK1 were essential for cardiovascular development
and homeostasis and that a further decrease in the level of these essential proteins could lead to
vascular abnormalities.

The second-hit hypothesis, also known as Knudson hypothesis, was first described to explain
the progression of cancer [51]. It was suggested that the first event of tumorigenesis in familiar
cancers would be due to germline inactivation of one allele, followed by somatic inactivation of
the second allele. Recently, using next-generation sequencing, Snellings et al. [52] have been able
to demonstrate the presence of low-frequency somatic mutations in telangiectases of HHT1 and
HHT2 patients, suggesting that the bi-allelic loss of ENG or ACVRL1 was required for the development
of vascular lesions. Overall, haploinsufficiency is widely accepted as the underlying cause of HHT1 and
HHT2 pathogenicity [20,34,53], although a dominant negative effect has been described in a few ENG
and ACVRL1 pathogenic mutations [54–57]. Nonetheless, neither haploinsufficiency nor a dominant
negative effect by itself can account for the localized generation of vascular lesions in HHT patients.
It is intriguing that the vascular HHT lesions appear only at distinct sites within certain organs, rather
than being present throughout the body and in all organs/tissues. This paradox has been explained,
as in many other genetic diseases, by postulating the need for a second-hit.

The second-hit hypothesis has evolved over the years in order to explain how multiple factors,
either environmental or genetic (modifier genes or somatic mutations), can contribute to complex
diseases with phenotypic heterogeneity. In the case of HHT, external or physiological triggers such
as vascular injury, inflammation, and angiogenic stimuli could account for the generation of AVMs.
We will first describe the environmental factors proposed for HHT and their effects on endothelial
cell functions. We will then describe how modifier genes or a somatic mutation in the normal HHT
allele may synergize with a background of deficient endoglin or ALK1 expression/activity to generate
vascular lesions [58] (Figure 2).
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Figure 2. Hypothetical second-hit model in hereditary hemorrhagic telangiectasia (HHT). The germline
heterozygous mutation in the HHT gene leads to a monoallelic loss of the encoded HHT protein
in endothelial cells (First-hit). A subsequent environmental stimulus like inflammation, hypoxia,
neoangiogenesis, vascular injury, radiation, shear stress, or trauma (environmental second-hit; E2H),
can induce the expression/activation of mediators, which generate a microenvironment where HHT
protein levels are below the needed functional threshold. This drop in the HHT functional protein can
also be generated by a somatic mutation in the normal allele (genetic second-hit; G2H), leading to a
focal protein loss in lesions. One possible cause of somatic mutation is sunlight radiation, especially in
skin telangiectases. A somatic mutation could also synergize with an environmental third-hit (E3H).
Modifier genes (G2H) could also contribute to focal vascular lesions by affecting HHT protein level and
activity. In all cases, the result is an impaired endothelial cell function, leading to the generation of
telangiectases or arteriovenous malformations (AVMs).

3.1. Environmental Second-Hits

The underlying pathogenic mechanisms leading to new telangiectases and AVMs in HHT are not
completely understood. The variability in severity of symptoms and age of onset amongst patients,
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even within members of the same family, suggests that the HHT phenotype involves the contribution
of environmental factors, which can be external or physiological.

3.1.1. Mechanical and Light-Induced Triggers

It is widely recognized that disease progression worsens with a patient’s age [1,59]. An increased
number of telangiectases in hands and lips from older patients have been observed, a finding compatible
with the assumption that aged patients have been subjected to more cutaneous insults over time than
younger patients. To further confirm this hypothesis, a recent study has assessed the influence of
environmental triggers (mechanical or light-induced) on the number of cutaneous telangiectases in HHT
patients, taking into account their dominant hand and exposure to sunlight [60]. Overall, HHT patients
developed more telangiectases on their dominant hand, suggesting that mechanical stress induced by
manual work may account for this increase. They also developed more telangiectases on their lower
lip than on the upper lip. This preferential location could be explained by the fact that the lower lip
is subjected to more physical damage than the upper lip; for example, it is in contact with the upper
incisor teeth, and gravity naturally increases the chances of food touching the lower lip. In addition,
HHT patients, who claimed to have had excessive sun exposure in the past, exhibited a higher number
of telangiectases on both lips. While sunlight comprises a spectrum of light with varying wavelengths
(ultraviolet (UV), visible, and infrared), the induction of telangiectases is likely caused predominantly
by the damaging UV light with shorter wavelength (100–400 nm) [60]. Taken together, these results
show that mechanical and sunlight-induced trauma strongly influence the formation of telangiectases
in HHT patients, suggesting potential implications in preventive measures for HHT [60].

The effect of tissue wounding, mechanical stimulation, or radiation has been analyzed in several
HHT animal models. Upon skin wounding, conditional knockout mouse models, in which both copies
of Eng [61], Acvrl1 [62], or Smad4 [63] were postnatally deleted, developed vascular malformations.
Also, it has been reported that defective fluid shear stress mechano-transduction mediates the
formation of AVMs in HHT2 animal models [64,65]. The underlying mechanism appears to involve
the BMP9/endoglin/ALK1/Smad4 pathway [66]. Thus, ALK1 expression requires blood flow [64],
and fluid shear stress potentiates BMP9 activation of ALK1 signaling, which correlates with enhanced
association of ALK1 and endoglin. It is noteworthy that vascular injury stimulates gene expression
of endoglin and ALK1 via activation of the stress-inducible transcription factor KLF6 (Kruppel-like
factor 6) [67,68], suggesting the protective functional involvement of endoglin and ALK1 under
stress in healthy conditions. In fact, endoglin modulates shear-induced collateral artery growth and
prevents vascular malformation by regulating flow-induced cell migration and specification [69,70].
Moreover, ALK1 is needed for BMP9 and flow responses and mediates both inhibition of endothelial
proliferation and recruitment of mural cells, favoring vascular stabilization [65]. Thus, it is expected
that a decreased endoglin or ALK1 expression in HHT would be detrimental for the vasculature under
shear stress conditions.

Furthermore, SMAD4 is an essential effector of BMP9/ALK1 signaling that affects AVM
pathogenesis via regulation of casein kinase 2 and its expression prevents flow-induced AVMs [71].
The role of endoglin in response to flow was also analyzed using zebrafish embryonic development
as a model to study blood vessel expansion and contraction [72]. Interestingly, in loss of function
endoglin mutants, blood vessels abnormally enlarge in response to flow and exacerbate pre-existing
embryonic arterial-venous shunts, suggesting that endoglin controls blood vessel diameter in response
to hemodynamic cues [73]. In addition, a subset of HHT patients present with polymicrogyria,
a condition characterized by abnormal development of the brain with vascular regions experiencing
low fluid shear stress during corticogenesis in utero, leading to a brain surface with many ridges
or folds, called gyri. In HHT, polymicrogyria appears exclusively associated with a subset of
pathogenic variants in endoglin that is involved in blood flow-related mechano-transduction [74].
Taken together, these findings suggest that the interplay between the BMP9/endoglin/ALK1 pathway
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and blood flow-induced mechano-transduction signals plays a critical role during development of
HHT lesions [64–66,72,73].

The effect of ionizing radiation in the formation of telangiectases has also been analyzed in an
HHT1 mouse model [75]. Kidneys of Endoglin heterozygous (Eng+/−) or wild-type mice were irradiated
with 16 Gy and mice were sacrificed after 20 weeks. Intriguingly, Eng+/− mice displayed reduced
telangiectasia formation in the irradiated kidney compared to controls [75]. While the nature of the
ionizing radiation used and the tissue irradiated were different in these studies, their results are at
variance with the expected increased number of telangiectases induced by sunlight in HHT patients [60].

3.1.2. Modulators of Endothelial Function

The major HHT gene products (endoglin and ALK1) are predominantly expressed on endothelial
cells which are recognized as the target cells in this disorder. Therefore, HHT-induced changes in
endothelial cell function, including the monoallelic loss of expression of either HHT gene, are likely to
impact vascular homeostasis and the response to external environmental hits as well as to physiological
stimuli, leading to lesions such as telangiectases and AVMs.

VEGF-Dependent Angiogenic Stimuli

The Vascular Endothelial Growth Factor (VEGF) family of growth factors targets endothelial cells
by preferentially binding to VEGF receptor 1 (VEGFR1), stimulating cell proliferation and migration
and thereby promoting angiogenesis and vascular remodeling. The wound-induced de novo AVM
formation in HHT animal models involves angiogenic processes with active extension of arterial
blood vessels, meeting growing venous branches [61]. Furthermore, VEGF levels were shown to be
elevated in skin telangiectases and plasma of HHT patients [76–78], leading several research teams to
investigate the role of VEGF in the generation of HHT vascular lesions. The delivery of recombinant
human VEGF165 (AdhVEGF) into basal ganglia led to increased micro-vessel density in both Eng
heterozygous (Eng+/−) and Eng+/+mice, as expected from the pro-angiogenic activity of VEGF. However,
confocal microscopic examination revealed grossly abnormal micro-vessels in Eng+/− mouse brains
that were not observed in Eng+/+ mice. Abnormal micro-vessels featured enlargement, clustering,
twist, or spirals [79]. Similar results were obtained using a Cre transgenic mouse line where Eng
was deleted in smooth muscle and endothelial cells. Ectopic expression of VEGF into the brain to
induce focal angiogenesis promoted the formation of AVMs [80]. These two HHT1 brain AVM models
show that VEGF induces AVMs in the Eng heterozygous adult mouse brain, suggesting that VEGF
stimulation may play a pivotal role in the initiation and development of vascular malformations in
states of endoglin insufficiency present in HHT1 patients [79,80].

The triggering role of VEGF in AVM formation was also observed in Acvrl1-deficient mice; although,
comparative studies showed that upon angiogenic stimulation with VEGF, deletion of Eng induces a
more severe cerebrovascular dysplasia per copy than that of Acvrl1 [62,81]. Also, a distinct pulmonary
and hepatic angiogenic profile and response to anti-VEGF treatment was found between Eng and
Acvrl1 heterozygous mice [82]. It is noteworthy that in wound-induced skin AVMs of Acvrl1-deficient
adult mice, VEGF neutralizing antibody can prevent AVM formation and ameliorate internal bleeding.
In addition, with topical applications at different stages of AVM development, the VEGF blockade
can prevent both the formation of AVMs and cease their progression [62]. These observations not
only show that VEGF-dependent angiogenesis is a key event during AVM formation, but also suggest
that VEGF inhibition could be an effective therapy for prevention of AVM development. In fact,
Bevacizumab (Avastin), a humanized monoclonal antibody to VEGF and potent anti-angiogenic
drug, has been used to treat HHT patients with severe epistaxis, GI-bleeding, or high-output cardiac
failure/hepatic AVMs [83].
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ALK1 Signaling and the Notch Pathway

In recent years, an increased interest has been devoted to the crosstalk between endothelial
ALK1 and Notch in the development of AVMs and their possible involvement in HHT [84,85].
The Notch pathway is an intercellular signaling pathway, where both receptor and ligand are
membrane-bound on adjacent cells. Signaling initiates when cell surface Notch receptors engage
ligands like Delta-like 4 (Dll4) or Jagged1 (JAG1) on opposing cells, leading to the cleavage of Notch
and the release of Notch Intercellular Domain (NICD) into the cytoplasm. Then, NICD translocates
into the nucleus to initiate the transcription of the downstream targets HEY1 and HEY2, transcriptional
repressors involved in VEGF-dependent signaling and arterial cell fate, among others [85,86]. Previous
studies had shown that arteriovenous shunts occur in mouse and zebrafish mutants for components
of the Notch signaling pathway [87,88], a finding that prompted the investigation of a role for the
Notch pathway in AVM pathogenesis of HHT [84]. In Acvrl1 knockout mouse models of HHT2,
AVMs show decreased Notch signaling with loss of ALK1 causing expansion of the shunt through
endothelial cell proliferation. Also, by cooperating with the Notch pathway, expression of ALK1 inhibits
angiogenesis, and blocking ALK1 signaling during postnatal development in mice leads to retinal
hypervascularization and the appearance of AVMs. Furthermore, combined blockade of ALK1 and
Notch signaling exacerbates hypervascularization, whereas activation of ALK1 by its high-affinity
ligand BMP9 rescues hyper-sprouting induced by Notch inhibition. The molecular basis of this
regulation appears to involve ALK1-dependent Smad signaling in synergy with activated Notch in
stalk endothelial cells to induce expression of the Notch targets HEY1 and HEY2, which, in turn,
repress VEGF signaling, tip endothelial cell formation, and endothelial sprouting [84]. These results
demonstrate a direct link between ALK1 and Notch signaling routes during vascular morphogenesis
that may be relevant to the pathogenesis of HHT [85]. It can be postulated that dysregulation of
ALK1 signaling, achieved upon ALK1 or endoglin haploinsufficiency, may act as a second-hit, impairing
the ALK1/Notch collaboration and leading to the formation of the vascular lesions in HHT.

Proliferation and Apoptosis Stimuli

Endoglin is markedly upregulated in the proliferating endothelium of tissues undergoing
angiogenesis. This is in agreement with the fact that the endoglin/ALK1 pathway promotes endothelial
cell proliferation and opposes TGF-β1/ALK5-dependent responses, including inhibition of cellular
proliferation [58,89]. Furthermore, neutralizing anti-endoglin antibodies or silencing endoglin enhances
the inhibitory effect of TGF-β on proliferation and migration, whereas ectopic endoglin expression
counteracts the anti-proliferative effect of TGF-β1 in endothelial cells [90,91]. Moreover, inhibition of
endoglin expression on endothelial cells increases the anti-proliferative effect of TGF-β1 and enhances
endothelial cell apoptosis induced by hypoxia and TGF-β1 [90,92]. It is worth noting that apoptosis can
be induced by chemotherapeutic drugs or UV irradiation [93], with UV light being one of the potential
second-hits described in HHT patients [60]. These results demonstrate that the endoglin/ALK1 pathway
not only promotes proliferation, but also counteracts the hypoxia/TGF-β-induced apoptosis of
endothelial cells. This role in endothelial cell survival suggests that in the presence of anti-proliferative
and/or pro-apoptotic stimuli, decreased activity of the endoglin/ALK1/Smad4 route, as occurs in HHT
patients, may lead to reduced cell proliferation and/or apoptosis in capillaries, leading to the vascular
lesion. Conversely, the endothelial proliferation associated with triggers of angiogenesis, such as
vascular injury, ischemia, or trauma, may synergize with the loss of expression of HHT genes as their
products may not reach the necessary threshold to cope with the vascular remodeling required [58].
It should be noted that BMP9 and ALK1 have been described both as pro- and anti-angiogenic
factors depending on the cellular context [84,89,94,95]. In this regard, BMP signaling strongly induces
expression of the helix-loop-helix transcription factor Id1, which promotes endothelial proliferation
and migration [96]; but, paradoxically, BMP9 has been reported to inhibit VEGF- and fibroblast growth
factor (FGF)-induced proliferation [27,97] and has been described as a vascular quiescence factor.
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Inflammation and Endothelial Cell Adhesion and Nitric Oxide Regulation

Inflammation is a complex biological response to harmful stimuli, such as pathogens, tissue
damage, or irritants, involving blood vessels, immune cells, and molecular mediators. The inflammatory
context is associated with an upregulated expression of endothelial endoglin, and with an inflammatory
cell infiltrate [58,98]. It is noteworthy that HHT skin telangiectases and internal AVMs show a
perivascular mononuclear cell infiltrate, including lymphocytes and monocytes/macrophages [99,100],
suggesting that both endoglin function and leukocyte infiltration are involved in the vascular
repair/remodeling process whose dysregulation may lead to AVM formation in HHT. Indeed,
it has been reported that endoglin plays a crucial role in leukocyte-mediated vascular repair in
HHT [101], in agreement with the pro-active role of leukocyte infiltration during angiogenesis
and vascular remodeling [102]. Several in vivo and in vitro models of inflammation and vascular
repair have shown that Endoglin heterozygosity leads to an abnormal leukocyte infiltration and
function [82,101,103–107]. In a mouse model of dextran sodium sulfate (DSS)-induced chronic colitis,
increased leukocyte infiltration of the gut and more severe colitis was observed in Eng+/- relative to
control mice [82,103,105]. Also, upon myocardial infarction, a greater deterioration in cardiac function
was observed in Eng+/− compared to control mice, although host inflammatory leukocyte numbers
in the infarct area were similar; however, defects in vessel formation and heart function in Eng+/−
mice were rescued by injection of leukocytes from healthy human donors, but not by leukocytes from
HHT1 patients [101]. Using a distal middle cerebral artery occlusion model, Eng+/− mice showed larger
infarct/atrophic volumes associated with fewer infiltrating macrophages, suggesting that endoglin
deficiency impairs brain injury recovery by inhibiting macrophage homing, delaying inflammation
resolution, and reducing angiogenesis [106]. In addition, decreased inflammation-induced leukocyte
trafficking to the peritoneum and lungs was found in Eng+/− mice treated with the inflammatory
stimuli carrageenan or lipopolysaccharide (LPS), respectively [104].

The underlying molecular mechanism by which endothelial endoglin is involved can be explained
at least in part by its capacity to act as a counter-receptor of leukocyte integrins [104,108,109],
thus regulating not only endothelium-leukocyte adhesion, but also leukocyte extravasation [104,110].
These processes appear to be mediated by pro-inflammatory molecules such as the chemokine
CXCL12, an integrin activator, which strongly promotes leukocyte adhesion to endothelial endoglin
or to purified endoglin. Moreover, both endoglin-dependent cellular adhesion and transmigration
processes involve the leukocyte integrin α5β1 via the endoglin arginine-glycine-aspartic acid (RGD)
motif [104]. Based on these results, it can be postulated that the function of endothelial endoglin as
an adhesion counter-receptor for leukocyte integrins is involved in HHT1 pathogenesis. According
to this hypothetical model, in healthy subjects, the capillary network subjected to an inflammatory
stimulus is infiltrated with leukocytes that contribute to the vascular repair/remodeling. By contrast,
in HHT1 patients, deficient endoglin expression impairs leukocyte infiltration, leading to defective
vascular repair/remodeling. As a consequence, the capillary network would disappear and only a
preferential channel would remain to eventually become the arterio-venous shunt [110]. While these
results may explain the role of endothelial endoglin in leukocyte adhesion within the HHT1 context,
the putative cell adhesion-related function of the other HHT gene products, especially ALK1, remains
to be explored. Because the kinase ALK1 can interact and target the endoglin cytoplasmic domain for
serine and threonine phosphorylation, it can be speculated that this phosphorylation may activate
or enhance the binding of endoglin to integrins by inside-out signaling [111,112]. Interestingly,
the expression of integrin β8 subunit, whose complex with the integrin alpha V binds ligands via
the RGD motif, is reduced in sporadic human brain AVMs. In addition, focal deletion of integrin β8,
combined with an angiogenic VEGF stimulus, enhances vascular dysplasia and hemorrhage in the
brain of adult Acvrl1 heterozygous mice [113]. Further studies are needed to assess the involvement of
ALK1 in integrin-dependent cell adhesion.

Inflammation and oxidative stress induced by reactive oxygen species (ROS) are closely related
pathophysiological processes in cardiovascular disease [114]. Tissue injuries and infections activate
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the immune response by infiltrating circulating mononuclear cells into tissues where they can release
ROS, in turn stimulating inflammation. ROS are reactive derivatives of O2 metabolism that reduce
levels of the vasodilator nitric oxide (NO). In endothelial cells, the major enzymatic sources of ROS are
respiratory enzymes of the mitochondria, nicotinamide adenine dinucleotide phosphate (NADPH)
oxidases, and uncoupled endothelial nitric oxide synthase (eNOS). Several lines of evidence support
the involvement of endoglin and AlK1 in the regulation of eNOS-derived ROS. Endoglin positively
regulates the expression and function of eNOS [39,115,116] and forms a complex with eNOS in caveolae,
providing a stabilizing function for eNOS. Upon Ca2+-induced activation, Eng+/− endothelial cells show
reduced eNOS/Hsp90 association, produce less NO, and generate more eNOS-derived superoxide (O2−),
indicating that endoglin is an important regulator in the coupling of eNOS activity. Resistance arteries
from Eng+/− mice display an eNOS-dependent enhancement in endothelium-dependent dilatation
and impairment in the myogenic response, and treatment with an O2

− scavenger reverses these
vasomotor abnormalities [116]. Both endoglin and ALK1 haploinsufficiency lead to eNOS-derived ROS,
oxidative stress, and endothelial dysfunction, with potential pathogenic consequences in HHT [117,118].
Relatedly, to reduce telangiectasia-derived bleeding in HHT patients, therapeutic interventions with
the antioxidant, N-acetyl cysteine, aiming to decrease ROS bioavailability, have yielded promising
results [119,120].

3.2. Genetic Second-Hits

3.2.1. Germline Modifier Variants/Genes

Modifier genes are those in which a genetic variation modifies the effects of mutation at a major
gene locus and in so doing, affect disease severity. That modifier genes affected the phenotype in
HHT was initially suggested by the study of heterozygous Eng and Acvrl1 mice. The first animal
model of HHT was generated in Eng heterozygous (Eng+/−) mice of the 129/Ola inbred strain that were
subsequently backcrossed onto the C57BL/6 strain [46]. Early observations of these Eng heterozygous
mice revealed that disease manifestations were associated with the 129/Ola background, suggesting
that other gene(s) contributed to the generation of vascular lesions. Analysis of a large number of
mice over a period of one-year established disease prevalence at 72% in 129/Ola, intermediate in
backcrosses (36%), and low in C57BL/6 (7%) [121]. Multiple signs of HHT were detected, such as
ear telangiectasia, hemorrhage, dilated vessels, liver and lung congestion, brain and heart ischemia,
and even cerebral AVMs [121,122]. Disease sequelae included stroke, fatal hemorrhage, and congestive
heart failure. Interestingly, 129/Ola inbred mice had previously been shown to carry significant
alterations in liver and lung vasculature, such as portal shunting and reduction/truncation of peripheral
vessels, when compared to C57BL/6 mice [123,124]. These vascular features might have contributed
to the more severe HHT manifestations observed in the Eng+/− 129/Ola mice. These results strongly
suggested that the genetic background via alterations of pathways critical to vascular function in the
context of reduced endoglin (and/or ALK1) expression can modify the outcome of disease [44].

Similar to the HHT1 animal model, Acvrl1 heterozygous mice have dilated vessels and HHT-like
vascular lesions in liver, nailbed, intestine, or skin that develop between 7 and 20 months [125].
However, these lesions occur with partial penetrance (approximately 40%). Both Eng+/− and Acvrl1+/−
adult mice present normal blood vessels, suggesting there are no major vascular defects during
developmental angiogenesis [45]. This finding agrees with the observation that the majority of the
vasculature in HHT patients functions normally while vascular lesions are localized and sporadic.
In addition, animal models with systemic or endothelial-specific deletion of Eng, Acvrl1, or Smad4 in
adulthood lead to vascular malformations compatible with an HHT phenotype [45,61,63,80,126–128].

The search for human modifier genes of HHT was initiated by looking for genetic regions syntenic
to the mouse modifier loci, Tgfbm’s, that modify the lethal vascular phenotype of Tgfb1−/− mice [129].
The rationale was that endoglin is a co-receptor for TGF-β1 and that Eng null mice have an embryonic
lethal phenotype similar to that of the Tgfb1 null mice. This study led to the identification of human
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polymorphic variants of the protein, non-receptor tyrosine phosphatase 14 (PTPN14), in the Tgfbm2
region, showing genetic association with the presence of PAVMs in HHT1 and HHT2 patients in two
independent populations. PTPN14 was shown to modulate angiogenesis in endothelial cell culture
and to alter the expression of EphrinB2, important in arteriovenous specification [129].

It was subsequently shown that genetic variation within the functional ENG allele inherited from
the non-affected parent was associated with the presence of pulmonary AVMs in HHT1 patients [130].
Expression of the pulmonary AVM at-risk ENG variant, rs10987746-C, correlated with ENG mRNA
levels in a panel of lymphoblastoid cell lines. Furthermore, expression quantitative trait loci (eQTL)
analysis showed association between the rs10987746-C variant and higher expression of PTPN14 in a
panel of angiogenically active lung adenocarcinoma samples, but not in normal lungs. Quantitative
TaqMan® expression analysis in a panel of normal lung tissues from genetically heterogeneous
interspecific backcross mice, demonstrated a strong correlation between expression levels of Eng,
Acvrl1, and Ptpn14, further suggesting a related role for these genes in lung biology [130]. PTPN14 has
also been shown to be a negative regulator of Yap/Taz signaling, implicated in mechano-transduction,
suggesting a potential link between endoglin/ALK1 signaling and shear stress [130].

Variants of ADAM17, which maps within the Tgfbm3 region, have also been shown to associate
with the presence of PAVMs in HHT1 but not HHT2 [131]. ADAM17 is known to downregulate
Smad2 signaling by shedding the extracellular domain of TGF-β receptor I (ALK5), and therefore
would not affect an ALK1-dependent pathway.

Common polymorphisms in HHT genes other than the disease-causing mutation can be
associated with differences in HHT phenotype severity, and specifically, the presence of AVMs.
For example, the ACVRL1 c.314-35A>G common variant was shown to be associated with sporadic
brain AVMs [132,133], and also subsequently with PAVMs as well as vascular malformations overall in
patients with ENG mutations, but not in patients with ACVRL1 mutations [134].

Furthermore, a recent analysis found the number of deleterious variants in angiogenesis-related
genes to be significantly higher in HHT patients versus healthy individuals. A comparison of the
frequencies of variants in these angiogenesis-related genes in a 100-exome dataset from HHT samples
with those from publicly available population frequency datasets suggests that the combination of
several modifying variants contribute to the phenotypic heterogeneity of HHT (Bayrak-Toydemir et al.,
unpublished data). Another study analyzed 11 candidate variants of Tgfbm loci in 752 HHT patients
and could not find any association with the presence of PAVMs. They also did not find significant
associations between variants reported in sporadic AVMs and vascular malformations in HHT [135].
Further investigations are needed to elucidate the role of modifier genes in the phenotypic heterogeneity
of HHT. It is likely that such a complex disorder is influenced by genetic modifiers, as has been observed
in other diseases such as cystic fibrosis [136,137].

3.2.2. Somatic Mutations in the Second Allele of the HHT Genes

The original second-hit hypothesis refers to a familial form of cancer caused by the germline
inactivation of one allele, followed by the somatic inactivation of the second allele [51]. In the context of
a germline mutation, random somatic mutations are much more likely to lead to biallelic loss, explaining
the multiple tumors that characterize familial cancers. The second-hit mechanism is accepted for tumors
and has also been reported for vascular malformations. The first vascular malformation syndrome
in which a somatic second-hit was described is the cerebral cavernous malformation (CCM) [138].
Familial CCM samples carry a somatic second mutation in one of the CCM genes [139]. Mouse models
also support this mechanism, as the loss of both alleles of a CCM gene is required for CCM lesions [140].
In the last several years, there have been multiple publications demonstrating the somatic second-hit as
part of the disease mechanism to explain the development of multifocal vascular lesions. These include
somatic mutations in RASA1 in lesions from patients with capillary malformation-arteriovenous
malformation (CM-AVM) and TIE2 (TEK) somatic mutations in lesions from patients with venous
malformations as predominant examples [141–143].
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The ability to detect somatic mutations in very low frequency has been aided by the advent of
next-generation sequencing (NGS). Using NGS, Snellings et al. [52] have been able to demonstrate the
presence of low-frequency somatic mutations in telangiectases of HHT1 and HHT2 patients, suggesting
that the bi-allelic loss of ENG or ACVRL1 was required for the development of vascular lesions. Somatic
mutations in either ENG or ACVRL1 could be identified in skin telangiectasia tissue from a small
number of patients with HHT [52]. They studied 3 mm skin biopsies from telangiectases obtained
from one patient with an ENG germline mutation and 4 patients with different ACVRL1 mutations.
Somatic mutations were only identified in 47% of samples (9 of 19 samplings from 5 patients) from
4 of 5 patients studied. These second mutations were different from the patient’s germline mutation
and were located on the other allele. Dermal telangiectasia tissues showed loss of function mutations
with complete loss of the protein function. These second mutations were also different on distinct
telangiectasia biopsies of the same individual. Somatic second-hit mutation frequency in the tissue was
up to 2.3% on all of these samples. Possible explanations for this low frequency include telangiectases
being highly mosaic for the somatic mutation, a high percentage of normal tissue present in the biopsy,
or variable cellular composition in distinct biopsies where the genetic second-hit is restricted to a
cell type of low abundance within the lesions. The observation that somatic mutations were not
seen in every biopsy sample tested may suggest that not all telangiectases carry a somatic mutation
and that an environmental tertiary-hit might still be required for a vascular lesion to occur. Of note,
the telangiectases used for this study were of the skin, a tissue which undergoes a lifetime of exposure
to sunlight radiation, a known mutagen that could generate some of the HHT somatic mutations
(Figure 2). Overall, these preliminary observations need to be extended and confirmed in additional
genes such as SMAD4, and in additional tissues, including visceral AVMs.

The pathogenic mechanism by which the biallelic loss, triggered by a somatic mutation, leads to the
HHT phenotype has been experimentally addressed in some knockout animal models. By itself, the loss
of function of both alleles does not appear to be sufficient to develop the vascular lesions. Interestingly,
in adult knockout mouse models for the three major HHT genes (Eng, Acvrl1, and Smad4), the HHT
phenotype appears to develop upon local injury or an angiogenic stimulus, such as VEGF [61–63,144].
In addition, the appearance of vascular lesions in embryos and adult Eng and Acvrl1 knockout mice in
the absence of external stimuli suggests that internal physiological cues such as angiogenesis or shear
stress may also contribute to their HHT phenotype [126,127]. Accordingly, it can be postulated that
compared to a monoallelic loss (heterozygous background), the localized biallelic loss generated by
a somatic mutation may give rise to a faster and more severe HHT phenotype in the presence of an
environmental or physiological additional hit.

4. Conclusions

The two-hit hypothesis has been widely accepted for many years as a plausible explanation for the
phenotypic variability found in HHT. Here, we have reviewed some of the reported environmental and
genetic second-hits (Figure 2). Thus, germline heterozygous mutations in HHT genes (first-hit) result in
a monoallelic protein loss in endothelial cells. A subsequent environmental stimulus (second-hit) like
inflammation, hypoxia, neoangiogenesis, vascular injury, shear stress, radiation, or trauma, can induce
the expression/activation of mediators, which generate a microenvironment where HHT protein levels
are below the needed functional threshold. Furthermore, the existence of a genetic second-hit (somatic
mutation in the normal HHT allele), combined with an environmental trigger (tertiary-hit), and/or the
presence of modifier variants, can set a much lower threshold for disease development. In all cases,
the consequence is an impaired endothelial cell function that leads to the generation of telangiectases
and AVMs. Overall, the current clinical data, as well as in vivo and in vitro experimental results,
support the second-hit hypothesis to explain why certain individuals with HHT genotypes develop
earlier and/or more severe clinical phenotypes than other family members. Also, the organ-specific
location of telangiectases and AVMs in HHT, and the differing age of presentation for lesions at
each site, suggest that the required second-hits may be tissue-specific. However, major gaps in our
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knowledge remain, particularly in delineating the exact role of the different second-hits that lead to the
development of clinically relevant symptoms in HHT, and how this information can be applied in the
clinical practice. Further studies to better understand the pathological mechanisms of HHT, including
identification of novel potential second-hits, are needed, as well as the translation of this knowledge
into preventive clinical measures and treatments.
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Abstract: Hereditary hemorrhagic telangiectasia (HHT) is an autosomal dominant disease of the
fibrovascular tissue resulting in visceral vascular malformations and (muco-) cutaneous telangiectases
with recurrent bleedings. The mechanism behind the disease is not fully understood; however,
observations from HHT mouse models suggest that mechanical trauma may induce the formation of
abnormal vessels. To assess the influence of environmental trauma (mechanical or light induced)
on the number of telangiectases in patients with HHT, the number of telangiectases on the hands,
face, and lips were counted on 103 HHT patients possessing at least three out of four Curaçao criteria.
They were then surveyed for information concerning their dominant hand, exposure to sunlight,
and types of regular manual work. Patients developed more telangiectases on their dominant hand
and lower lip (Wilcoxon rank sum test: p< 0.001). Mechanical stress induced by manual work led to an
increased number of telangiectases on patients’ hands (Mann–Whitney U test: p < 0.001). There was
also a positive correlation between sun exposure and the number of telangiectases on the lips
(Mann–Whitney U test: 0.027). This study shows that mechanical and UV-induced trauma strongly
influence the formation of telangiectases in HHT patients. This result has potential implications in
preventive measures and on therapeutic approaches for HHT.

Keywords: hereditary hemorrhagic telangiectasia (HHT); telangiectases; mechanical damage;
sun-induced trauma; vascular malformations; Endoglin; activin-receptor-like kinase 1

1. Introduction

Hereditary hemorrhagic telangiectasia (HHT) is a rare autosomal dominantly inherited disorder
that affects the vasculature. The predominant vascular defects range from small telangiectases within
nearly all cutaneous and mucocutaneous membranes to larger AV malformations (AVM) within the
lungs, liver and brain. Diagnosis of HHT is established either by genetic testing or the fulfillment of at
least three of the four Curaçao criteria (recurrent epistaxis, multiple telangiectases at characteristic
sites, AVM in visceral lesions, and a family history) [1,2].
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About 50–80% of HHT patients form (muco-)cutaneous telangiectases, predominantly on the
mucosa of the nose and mouth, tongue, lips, face and fingers [1–3]. Since the dilated vessels are
compromised, they are prone to rupture. Recurrent bleedings, especially epistaxis, can lead to severe
anemia that can impair patients’ daily routine and quality of life [4–6]. An age-dependent penetrance
of the disease [7] and highly variable clinical phenotypes are described. The age of onset, the severity
and the location of the vascular lesions differ among each patient [8,9].

The mechanisms leading to new AVMs are not completely understood. In animal models for HHT
mechanical stress like wounding or fluid shear stress induced new arteriovenous malformations [10,11].
However, to our knowledge, this has never been confirmed in adults with HHT. The aim of this study
was to evaluate the influence of mechanical or sun-induced trauma on the number of telangiectases in
patients with HHT.

2. Experimental Section

In 103 consecutive patients who fulfilled at least three out of four Curaçao criteria [1], telangiectases
on both hands as well as the upper and lower lip were quantitated. Afterwards, they were
surveyed about their dominant hand, level/type of regular manual labor involving strain on the
hands (low, medium, high) and exposure to sunlight (low, medium, high). Examples were given to
facilitate a graded assessment: medium strain by manual work would be a person from time to time
but not daily having a wound on the hand due to mechanical stress from manual work. Medium sun
exposure would be a person who frequently would get tanned but rarely had sunburns. Patients who
have had laser therapy of their hands (one patient) or lips (17 patients) in the past were excluded from
the analysis.

Description of the study population included number of patients (n), mean ± standard deviation
(SD), t test, and 95% confidence intervals (95% CI). A Pearson correlation coefficient was performed to
analyze patients’ age and number of telangiectases. The Mann–Whitney U test and Kruskal–Wallis test
were used for comparisons between patients, while paired tests (Wilcoxon rank sum; sign test) were
used for intra-individual comparisons. A 5% significance level was determined. Statistical analyses
were performed with IBM Corp. IBM SPSS Statistics for Windows, version 23.0. Armonk, NY,
United States.

Study Approval

The authors assert that all procedures contributing to this work comply with the ethical standards
of the Helsinki Declaration. The submission of the manuscript has been approved by the institutional
review board (“Studienkommission”) of the hospitals of the city of Cologne (180920171130). Data was
provided voluntarily by HHT patients.

3. Results

The study cohort consisted of 61 females (59%) and 42 males (41%), ranging from age 9 to 83 years.
No observable difference in the number of telangiectases was found between female and male patients
(telangiectases on hands: men (m ± SD): 85 ± 126, women (m ± SD): 78 ± 94; Mann–Whitney U test:
p = 0.536; telangiectases on lips: men (m ± SD): 15 ± 14, women (m ± SD): 19 ± 20; Mann–Whitney
U test: p = 0.423).

There was a positive correlation between advanced age and the number of telangiectases on hands
(r = 0.429, p < 0.001). Patients developed more telangiectases on their dominant hand (dominant hand,
mean: 47 telangiectases, 95% CI: 35–60; non-dominant hand, mean: 37 telangiectases, 95% CI: 27–47;
Wilcoxon rank sum test: p < 0.001; see also Table 1 and Figure 1). Those patients were significantly older
than those with telangiectases distributed equally on both hands and those with more telangiectases on
the non-dominant hand (average age: more telangiectases on dominant hand (m ± SD): 55 ± 15 years,
equally distributed: (m ± SD): 39 ± 16 years, more telangiectases on non-dominant hand: (m ± SD):
50 ± 17 years; Kruskal–Wallis test: p = 0.010).
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Table 1. Patients classified by handedness and number of telangiectases.

Right Handed (n) Ambidextrous (n) Left Handed (n) Total

more TAE on dominant hand (n) 67 0 2 69
equal number of TAE (n) 13 2 1 16

more TAE on non-dominant hand (n) 14 2 1 17

Total 94 4 4

n: number of patients (total: 102), TAE: telangiectases, two patients were ambidextrous and had an unequal number
of TAE on the hands.

Figure 1. Correlation between number of telangiectases on the dominant and non-dominant hand.
Number of telangiectases counted on the dominant hand correlated with the number of telangiectases
on the non-dominant hand. The number of telangiectases on the dominant hand was significantly
higher than on the non-dominant hand (Wilcoxon rank sum test: p < 0.001). The median age was
53 years (minimum: 9 years, maximum 83 years, n = 102). The continuous line is the bisectrix, dots lying
on this line represent patients’ equal numbers of telangiectases on both hands; the dashed line is the
tendency line. TAE: telangiectases.

A typical example is shown in Figure 2. Additionally, patients reporting medium or high level of
manual work in the past (n = 21, mean ± SD: 24 ± 34) showed significantly more telangiectases on their
hands than patients with low levels of manual work (n = 77, mean ± SD: 7 ± 14; numbers add up to 98
as the four ambidextrous patients were excluded from the analysis) (Mann–Whitney U test: p < 0.01).

In evaluating the telangiectases on patients’ lips, 86 of the 103 patients were examined; 17 were
excluded due to having had laser therapy on the lips in the past. Opposed to the findings in the
hands, there was no statistically significant correlation between advanced age and the number of lip
telangiectases, but only a tendency (r = 0.191, p = 0.078). More telangiectases were found on the lower
lip in 75 patients and on the upper lip in two; three had an equal number on both lips, and six patients
did not have any telangiectases (sign test: p < 0.001, lower lip: mean: 14 telangiectases 95% CI: 10–17;
upper lip: mean: 4 telangiectases 95% CI: 3-5; Wilcoxon rank sum test < 0.001; numbers add up to 86
as 17 patients from 103 had laser therapy (Figure 3)). Of those 86 only 76 were able to describe their
sun exposure sufficiently. It was also found that those reporting medium or high sun exposure (n = 9,
mean ± SD: 14 ± 10) had more telangiectases on their lips than patients with low exposure to the sun
(n = 67, mean ± SD: 9 ± 11) (Mann–Whitney U test: 0.027).
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Figure 2. Photo of patient’s hands with more telangiectases on the right dominant hand. The hands of a
right-handed female patient of 68 years are shown. Her hands were exposed to relatively low mechanical
strain in the past. A total of 36 telangiectases were counted on her right and eight telangiectases on her
left hand (only some of them are visible in the photo). She experienced two episodes of bleeding of
telangiectases on her right hand, however, never on the left hand.

Figure 3. Correlation between number of telangiectases on the upper and lower lip. Number of
telangiectases counted on the upper lip correlated with the number of telangiectases on the lower
lip (n = 86). The number of telangiectases of the lower lip was significantly higher than the number
on the upper lip (Wilcoxon rank sum test: p < 0.001; mean number of TAE: upper lip = 4 TAE,
lower lip = 13 TAE). The median age was 54 years (minimum: 9 years, maximum 83 years, n = 86).
The continuous line is the bisectrix, dots lying on this line represent patients with equal numbers of
telangiectases on both lips; the dashed line is the tendency line. TAE: telangiectases.

To emphasize the influence that the sun’s UV insult can have on formation of malformations in
HHT, we note an anecdotal finding of a 65-year-old male patient who exhibited asymmetric distribution
of telangiectases on his forehead. He informed us of his daily after-work ritual whereby he would sit
on a bench on his balcony and read the newspaper. The sun would always shine on his left forehead,
the side with more telangiectases (Figure 4).
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Figure 4. Photo of a patient’s head with more telangiectases on the left forehead after sun exposure.
This patient (65 years old) reported that he usually sat on the same bench in the afternoon. The sun
used to shine from the left side. He did not report on any mechanical stress in that region.

4. Discussion

The underlying pathogenic HHT mechanism remains unclear. The wide variability in age of
onset and severity of symptoms amongst patients, even within the same family, suggests several
factors contribute to the complexity of this disease. There does not appear to be gender propensity
amongst HHT patients. Underscoring this point, no correlation between a patient’s sex and the number
of telangiectases counted was found in this study. It has been observed that disorder progression
worsens along with a patient’s age [12–14]. In accordance, we observed more telangiectases within
older patients’ hands, and to some degree, lips. This could be due to the presumption that advanced
aged patients have experienced more daily (muco-)cutaneous insults over time than younger patients.

Patients are heterozygous for germline, loss-of-function mutations in certain members of
the transforming growth factor-ß (TGF-ß) signaling pathway; most notably, endoglin (HHT1) or
activin-like kinase receptor-1 (HHT2) [7,15,16]. It has been postulated that a homozygous state
is not viable [17], which is supported by animal models [18,19]. It was initially presumed that
haploinsufficiency of relevant HHT genes is responsible for development of vascular lesions. However,
the unpredictable, focal nature of defects does not completely support this theory. Several other types
of vascular malformations, such as inherited subsets of venous malformations and cerebral cavernous
malformations, with a similar pattern of clinical manifestations were found to follow Knudson’s
two-hit mechanism in which complete bi-allelic, localized loss of function of a gene of interest is
required for formation of vascular lesions [20–22]. Recently, it was shown that HHT may also follow
this trend rather than haploinsufficiency, as low-frequency somatic (mosaic) mutations were found
in about half of the telangiectases isolated from HHT patients [23]. However, conditional mouse
models in which both copies of ENG were deleted postnatally within endothelial cells also required a
pro-angiogenic stimulus in order to develop vascular malformations. Conditional knockout models
of ALK1 and SMAD4 formed vascular defects more consistently but inducing angiogenesis made
lesions more robust. Hence, the mouse models suggest that loss of any of the HHT genes alone is not
sufficient to form vascular lesions and that an external factor, such as in the form of wounding and
shear/biomechanical stress, that triggers angiogenesis is needed [10,11,24–31]. A potential explanation
is that since ALK-1 and ENG are increased in response to environmental and other physiological
insults, such as fluid shear stress, vascular injury, inflammation, infection, ischemia, and angiogenic
stimuli, the levels of wild type ALK-1 or ENG left is not sufficient for a vascular bed’s need to maintain
homeostasis [11,32,33].
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To our knowledge, this study is the first to confirm the influence that environmental factors
play on lesion development in human patients. We assume that each patient in our cohort has a
predisposing mutation in one of the HHT-associated genes; however, we cannot appropriately speculate
the consequences of the loss of function as we did not have their genotypes. Our data in which
more telangiectases were found on a patient’s dominant hand, and within patients whom performed
more manual labor, indicates that triggers acting as an angiogenic stimulus play a vital role in the
development of abnormal vessels in HHT. Patients in our cohort had more telangiectases on the lower,
rather than the upper lip. One contributing factor could be that the lower lip is subjected to more
physical insults than the upper lip; for example, it is in contact with the upper incisor teeth, or gravity
naturally increases the chances of food touching the lower lip [34,35]. However, other environmental
stimuli are likely be involved as well. The most probable cause is related to the fact that squamous
cell carcinoma in the lower lip is more frequent than the upper lip. In oral oncology it is an accepted
concept that the lower lip is more exposed to the sun. Additionally, surface area of the lower lip is
larger in most individuals [36–39]. Similarly, HHT patients who claimed to have had excessive sun
exposure in the past exhibited a higher number of telangiectases on the lips. In addition, one patient in
the study displayed asymmetric distribution of telangiectases on his forehead, which corresponded to
the side of his head that was predominantly exposed to the sun as he sat on his balcony. Thus, our data
indicates that sunlight is able to stimulate development of new telangiectases; therefore, HHT patients
should be advised to take extra precautions regarding sun protection when outdoors.

Beyond the cosmetic concerns, recurrent bleedings may lead to functional impairment in
patients’ professional and daily life [40]. Prevention of mechanical trauma and destruction of
existing telangiectases are the main strategies in treating recurrent epistaxis. Nasal humidification
is recommended to limit crust formation and mechanical trauma to the mucosa [41,42].
Alternatively, destruction of telangiectases can be performed, usually by laser therapy [43,44].
Cutaneous telangiectases, the vascular stigmata of HHT [45], are easily identifiable and accessible
to treatment. A retrospective survey of patients treated with endonasal Nd:YAG laser treatment
revealed that the duration of the interval between treatment sessions increased with the number of
interventions [46]. Nevertheless, some of our patients stated that epistaxis worsened after commencing
endonasal treatment (unpublished results from the outpatient clinics of the authors), indicating that
this approach is not reliably effective for all patients.

Sunlight is comprised of a spectrum of light (UV, visible, and infrared) with varying wavelengths.
The induction of telangiectases is presumably caused by widely reported damaging UV light (within the
shorter wavelengths from 100 to 400 nm) [47]. It remains unclear whether light-induced trauma of
longer wavelengths, such as within the infrared region, has as much of an influence in stimulating
telangiectasia development. Light from the Nd:YAG laser (wavelength = 1064 nm) is used to
destroy a vascular lesion and may lead to more scar formation, antagonizing induction of new
telangiectases [48]. There is still evidence lacking if laser treatment could prevent the development of
new telangiectases. Hence, before elective laser treatment patients should be informed about a possible
long-term deterioration by induction of new telangiectases. Additionally, the concomitant therapy
with drugs which might compensate for the genetic loss, e.g., tranexamic acid [49], during the period
of wound healing could be discussed with the patients.

In conclusion, we could demonstrate that in patients with HHT mechanical and light-induced
trauma promote the formation of telangiectases. Preventing these traumata might also prevent the
formation of new telangiectases.

Study Limitations

It should be noted that a limitation of the study was the difficulty in grading both sunlight
exposure and strain by manual work. The method chosen (giving general examples for each grade
level) was quite vague, and several patients did not fully understand how to self-assess themselves.
However, a more quantitative categorization (e.g., estimated intensity combined with mean daily
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hours of sun light exposure or manual work) proved to be impractical or more complicated based on
discussions with patients during the study preparation stage. Additionally, exposition to the discussed
factors did not occur under controlled conditions. Other unknown factors might have played a role,
too, so that uncertainties in the hypothesized chain of causation remain.
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Abstract: Non-coding RNAs (ncRNAs) are functional ribonucleic acid (RNA) species that include
microRNAs (miRs), a class of short non-coding RNAs (∼21–25 nucleotides), and long non-coding RNAs
(lncRNAs) consisting of more than 200 nucleotides. They regulate gene expression post-transcriptionally
and are involved in a wide range of pathophysiological processes. Hereditary hemorrhagic
telangiectasia (HHT) is a rare disorder inherited in an autosomal dominant fashion characterized
by vascular dysplasia. Patients can develop life-threatening vascular malformations and experience
severe hemorrhaging. Effective pharmacological therapies are limited. The study of ncRNAs in
HHT is an emerging field with great promise. This review will explore the current literature on the
involvement of ncRNAs in HHT as diagnostic and pathogenic factors.
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1. Introduction

Hereditary hemorrhagic telangiectasia (HHT) is a rare genetic vascular disorder inherited
in an autosomal dominant fashion. On average, approximately one in 5000 to 8000 people are
affected, while the founder effect has contributed to a higher prevalence in certain regions, such as
the Netherlands Antilles, Jura in France and Funen in Denmark [1]. Vascular malformations in
HHT include skin and mucocutaneous telangiectasias, and pulmonary, cerebral, hepatic and spinal
arteriovenous malformations (AVMs) [2,3], all of which are susceptible to rupture with resultant
spontaneous hemorrhage. Epistaxis is the most common symptom and is present in approximately 95%
of patients [4,5]. HHT is a progressive disorder with significant morbidities and mortality, and lacks
a universally effective pharmacological therapy [2].

HHT is caused by heterozygous mutations in at least three known genes: endoglin
(ENG, chromosomal locus 9q34) [6], activin receptor-like kinase 1 (ACVRL1, also known as ALK1,
chromosomal locus 12q1) [7] and mothers against decapentaplegic homolog 4 (SMAD4, chromosomal
locus 18q21) [8]. Each gene encodes for a protein in the transforming growth factor beta (TGFβ)/bone
morphogenetic protein (BMP) signaling pathway. This pathway is responsible for many cellular
functions, including growth, differentiation and apoptosis, and is critical in angiogenesis and normal
endothelial cell (EC) function [9]. The pathogenic role of these genes has been demonstrated in the
adult mouse where the homozygous knockout of ENG, ACVRL1 or SMAD4 resulted in various vascular
defects, including AVMs [10,11]. ENG encodes for a TGFβ co-receptor that enhances the affinity of ligand
binding to TGFβI and II receptors. This co-receptor is predominately expressed on the endothelium,
activated monocytes and macrophages [2]. ACVRL1 encodes for a TGFβ1 receptor that is predominately
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expressed on endothelial, lung and placental cells [2]. Mutations in ENG and ACVRL1 result in HHT1
and HHT2, respectively, and on average display distinct clinical manifestations, but overlap is not
uncommon. Sabbà et al. demonstrated a higher prevalence of pulmonary (75.5% vs. 44.1%) and cerebral
AVMs (20.9% vs. 0%) in HHT1, while liver manifestations were higher in HHT2 (83.1% vs. 60%) [12].
SMAD4 is a signal transducer in the TGFβ signaling pathway that directly regulates gene expression.
Mutations in SMAD4 not only result in HHT, but juvenile polyposis (JP), culminating in a combined
syndrome designated as JP/HHT [8]. ENG and ACVRL1 mutations are responsible for 90% of HHT
cases, while SMAD4 contributes to only 2% [13,14]. A small percentage of cases have been attributed
to novel disease loci, HHT 3 (chromosomal locus 5q31) [15] and HHT 4 (chromosomal locus 7p14) [16],
but these genes have yet to be identified. Over 700 pathogenic mutations have been identified in
ENG and ACVRL1 patients (https://arup.utah.edu/database/HHT/, access date: 20/04/2020), comprising
single base pair changes, large deletions, duplications, substitutions and missense mutations [13,17].
Interestingly, disease severity and the presentation of clinical manifestations vary drastically between
patients and this is further demonstrated in affected family members. This discrepancy suggests
that the genetic mutations alone are not entirely responsible for disease characteristics and raises the
question: what other biological factors could be at play?

Non-coding RNAs (ncRNAs) are functional ribonucleic acid (RNA) sequences that are transcribed
from DNA, but not translated into protein. NcRNAs can be divided into three categories based
on their length: (1) ncRNAs longer than 200 nucleotides (nts), including ribosomal RNA (rRNA),
long non-coding RNA (lncRNA) and circular RNA (circRNA); (2) ncRNAs shorter than 200 nts,
but longer than 40 nts, such as transfer RNA (tRNA), small nucleolar RNA (snoRNA), Ro-associated
Y RNA (YRNA) and small nuclear ribonucleic acid RNA (snRNA); and (3) ncRNA shorter than
40 nts like microRNA (miRNA), piwi-interacting RNA (piRNA), short interfering RNA (siRNA) and
tRNA-derived small RNA (tsRNA) [18]. NcRNAs regulate gene expression at the transcriptional and
post-transcriptional levels, and are involved in a wide array of cellular processes. In particular, snRNAs
and snoRNAs are involved in mRNA maturation; rRNAs and tRNAs are important components
for protein translation and miRNAs, piRNAs and lncRNAs are involved in the regulation of target
gene expression.

MiRNAs (miRs) are the best studied group of noncoding RNAs. They were first described in 1993
by the Ambros and Ruvkun groups and have since caused a paradigm shift in how we understand
biological processes [19,20]. Over 2000 miRs have been identified and it has been postulated that they
regulate 30% of known genes [20,21]. Processed by endonucleases, the single-stranded miRs bind to
cognate mRNAs to induce translational silencing by altering transcript stability or impacting mRNA
translation. A single miR can have multiple mRNA targets. MiRs are involved in almost every cellular
process [22] and play a role in a wide range of human diseases [22,23]. They have been proven to have
reliable diagnostic and prognostic attributes [24], especially in oncology, and are being pursued as
potential therapeutic targets [25,26]. A growing class of miRs known as “angio-miRs” have also been
shown to contribute to vascular diseases [27]. Given that HHT is a disorder characterized by vascular
dysfunction, it is possible that “angio-miRs” play a role in HHT pathogenesis. However, the exact role
of any class of miR has yet to be fully characterized in HHT. In this review, we discuss our current
understanding of the involvement of ncRNAs in HHT as circulating biomarkers, pathogenic factors
and the potential for ncRNAs as therapeutic targets.

2. MiR Biogenesis and Mechanisms of Action

Nearly half of all identified miRs are expressed from specific genes with their own promoters,
with the remainder from protein-coding genes [28,29]. Additionally, multiple miRs may be expressed
as a single transcript, defined as families or clusters, and share similar target homology [30]. Canonical
miR biogenesis is initiated with miR gene transcription by an RNA polymerase II [31]. The result is
an ~80 nucleotide stem–loop structure called a primary miR (pri-miR) [32]. The pri-miR is further
processed by an RNase III enzyme and a double-stranded RNA-binding protein (dsRBP), called Drosha
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and DGCR8, respectively [32]. This complex shortens the pri-miR to ~70 nts to generate the pre-miR.
The pre-miR is exported from the nucleus to the cytoplasm where it is once again processed by
an RNase III enzyme and dsRBP, Dicer and transactivation-responsive (TAR) RNA-binding protein
(TRBP), respectively, effectively removing the hairpin to produce a miR–miR duplex [32,33]. The duplex
comprises a passenger strand and a guide strand. The passenger strand is degraded, while the
guide strand is incorporated into the RNA-induced silencing complex (RISC). Strand incorporation
is dependent on the thermodynamic stability of the 5′ end of the miR–miR duplex, where the less
stable strand is incorporated [34]. RISC contains an RNA binding protein responsible for miR silencing
activity, Argonaute 2 (AGO2). AGO2 has potent RNase-H-like endonuclease activity and is capable of
cleaving mRNAs [35].

MiRs guide the RISC–AGO complex to target mRNAs by recognizing the miR response element
(MRE) in the 3′ untranslated region (UTR) [36,37]. Alterative binding sites have been identified in
the 5′ UTR, coding sequences and within promoter regions [37]. Base pair complementarity between
miRs and MREs dictates the mode of gene silencing. Perfect complementarity activates AGO2′s
endonuclease activity, resulting in the cleavage and subsequent degradation of target mRNAs [35].
However, in metazoans, this rarely occurs and the majority of miR–MRE interactions are not perfectly
complementary [38]. In this scenario, translational inhibition can occur where the miR–RISC–AGO
complex likely blocks translational machinery from binding. Alternatively, proteins in complex with
AGO2 can recruit poly(A)-deadenylases to elicit mRNA degradation [38]. In this way, miRs can
regulate the expression of tens to hundreds of mRNAs. Bioinformatic analyses can use algorithms to
predict complementarity for the identification of hundreds of mRNA targets per miR, but realistically
only a small subset are experimentally validated [21]. It is important to note that individual miR
activity is dependent on several factors, including miR tissue expression profiles (tissue-specific vs.
housekeeping) and miR expression levels. Typically, higher miR expression will have a more robust
effect on target mRNAs.

3. Circulating MiR Biomarkers in HHT

The discovery of circulating miRs was achieved by several groups [39–41], most notably
by Chim et al. who identified that stable plasma miRs could distinguish between pregnant and
non-pregnant women [42]. Since then, circulating miRs have been established as stable and sensitive
candidate biomarkers for various diseases, including cancers, cardiovascular diseases and neurological
disorders [43–46]. The stability of circulating miRs can be attributed to their association with proteins
such as AGO2 [47] and lipoproteins [48] or their containment in extracellular vesicles [49]. In this way,
miRs are shielded from RNase enzymes and are stable in blood for up to 24 h [50]. Changes in circulating
miR levels have been shown to be extremely sensitive to disease conditions and can outperform
conventional biomarkers. For example, changes in circulating miR levels in response to disease
states have been shown to be more rapid than those of mRNAs or proteins [46,51]. Oerlemans et al.
demonstrated that changes in circulating miRs were detected earlier compared with that of troponin
for the diagnosis and management of acute coronary syndrome [52].

HHT is diagnosed in combination by a clinical criteria known as the Curaçao criteria [53]
and the molecular detection of known genetic mutations. Due to loci heterogeneity, technical
challenges of molecular diagnostic techniques and de novo mutations, a clinical diagnosis is always
required [53]. Additional biomarkers would greatly improve the diagnostic process as HHT is actually
underdiagnosed [54]; they could also aid in the detection and management of clinical manifestations.
The detection of AVMs is critical for the management of patient well-being. Approximately 50% of
patients develop pulmonary AVMs (PAVMs), 80% develop hepatic AVMs (HAVMs), 10% develop
cerebral AVMs (CAVMs) and 1% develop spinal AVMs (SAVMs) [2,55]. All AVMs are susceptible to
rupture that can cause numerous life-threatening complications, including hemorrhagic and ischemic
stroke, air embolism, congestive heart failure, cerebral abscess and seizure [55,56]. The timely detection
of AVMs is critical to prevent serious and life-threatening complications, but current diagnostic screens
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are costly, relatively inaccessible and expose patients to unhealthy doses of radiation [57]. Circulating
miRs could potentially provide a rapid, inexpensive, safe and relatively non-invasive screening test for
the diagnosis of AVMs.

3.1. Elevated Circulating MiR-210 and PAVMs in HHT

A previous study from our laboratory identified a candidate circulating miR biomarker for the
detection of PAVMs in HHT patients. Plasma miRs from HHT patients with PAVMs and healthy controls
were profiled with a microarray analysis and a total of eight miRs were found to be dysregulated [58].
Select miRs identified by the array were validated with a reverse transcription quantitative polymerase
chain reaction (RT-qPCR) and miR-210 was found to be significantly upregulated in plasma from
HHT patients with PAVMs [58]. Additionally, miR-210 is a well characterized “hypoximir” that is
robustly expressed in ECs under hypoxia [59,60]. The increased levels of circulating miR-210 identified
in our study may be a result of PAVM-induced hypoxemia. It is also possible that this phenomenon
may be a compensatory mechanism since EC overexpression of miR-210 has been shown to augment
angiogenesis and tube formation [61]. Our study successfully identified a novel circulating miR
biomarker that can potentially detect HHT patients only with PAVMs. However, it is necessary to
improve the validity of this biomarker with a more clinically relevant sample size. Future work
will aim to measure circulating miR-210 levels in HHT patients with treated PAVMs. Presumably,
once an AVM is treated, typically by coil embolization, associated symptoms like hypoxemia should
disappear. If miR-210 is in fact induced by hypoxia, then its levels should return to baseline once a
PAVM has been treated. If this is the case, miR-210 stands to be an extremely sensitive and reliable
biomarker for the detection of PAVMs in HHT.

3.2. Dysregulated Levels of Circulating MiR-205 and MiR-27a in HHT

Tabruyn et al. were the second to identify circulating miR dysregulation in HHT [62].
They conducted a miR microarray analysis on plasma from four HHT patients (two HHT1 and
two HHT2) and identified 34 dysregulated miRs; 32 were upregulated, while two were downregulated.
MiR-205 and miR-27a were selected for RT-qPCR validation in 24 HHT patients (11 HHT1 vs. 13 HHT2)
and 16 controls. It was found that miR-205 was significantly decreased and miR-27a was significantly
increased in HHT patient plasma. There were no significant differences between the expression of
these miRs between HHT1 and HHT2 patients. This consistency highlights the potential of miRs as
ideal candidates for the diagnosis of HHT.

MiR-27a is relatively well characterized and has been implicated in EC function [62,63],
angiogenesis [63,64] and cancer [65]. Interestingly, a recent study has shown that miR-27a is hypoxia
inducible [66]. Therefore, it is possible that the observed increase may be a result of HHT-related
hypoxemia. However, Tabruyn et al. did not describe the clinical characteristics of enrolled patients.
It would be interesting to explore the role hypoxia may play with regard to increased levels of miR-27a.
Additionally, miR-27a has many putative targets in the TGFβ pathway, including SMADs (1/4/5/2),
TGFβRI, ZEB2 and SP1 [67,68] (Figure 1). Future research should experimentally validate these targets
in ECs. The involvement of miR-205 in angiogenesis and EC function is not well characterized;
one study demonstrated that miR-205 regulates the expression of integrin β4, a major component of
EC gap junctions [69]. Additionally, miR-205 has been shown to be involved in TGFβ signaling where
it targets downstream transcription factors ZEB2 and SIP1 [70]. MiR-205 was shown to negatively
respond to TGFβ1 stimulation in epithelial cells [71]. Tabruyn et al. further characterized the role of
miR-205 in human umbilical vein endothelial cells (HUVECs). Overexpression of miR-205 in HUVECs
decreased proliferation, migration and tube formation, while inhibition resulted in the opposite.
Additionally, they described a role of miR-205 as a regulator of TGFβ signaling by targeting SMAD4
and SMAD1. They also demonstrated that miR-205 overexpression led to a significant increase in PAI-1
and a significant reduction in ID-1 mRNA levels. TGFβ signaling can be transduced by ALK1 and
ALK5 pathways, where the former leads to EC activation, and the latter, EC quiescence. The effects
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of ALK1 and ALK5 signaling can predominately be attributed to the expression of PAI-1 and ID-1,
respectively. They postulated that the observed reduction of circulating miR-205 levels is a result of
reduced ALK1 signaling. They further suggested that the observed increase in circulating miR-27a is
due to an increase in ALK5 signaling. This is based on the notion that an increase in ALK5 signaling
is due to the reduction of ALK1 signaling in HHT. However, it has been demonstrated that ALK1
and ALK5 signaling maintain a very fine balance; if one pathway was reduced, the other would be
equally reduced [9]. This was demonstrated in ECs cultured from HHT patient blood, known as
blood outgrowth endothelial cells (BOECs) [72], and in ENG heterozygous mouse embryonic stem
cells [73]. Thus, it is possible that the observed decrease and elevation in circulating miR-205 and
miR-27a, respectively, may be the result of an alternate mechanism.

 

Figure 1. Interactions between non-coding RNAs and the TGFβ signaling pathway in hereditary
hemorrhagic telangiectasia (HHT). As shown in this schematic diagram, dysregulated microRNAs
(miRs) (in red) identified in HHT patients directly target a number of TGFβ signaling molecules,
including SMADs and TGFβRs, and dysregulated lncRNAs (in red) found in HHT patients have
a purported role in regulating vasculogenesis and vessel morphogenesis and development. SMAD2/3
can alternatively incorporate with the microprocessor complex to regulate the processing of pri-miRNA
to pre-miRNA. Aberrant TGFβ signaling has been found to result in the altered expression of various
miRs (in blue) that are involved in angiogenesis. The interaction between non-coding RNAs and TGFβ
signaling establishes a narrative for their involvement in HHT pathogenesis. TGFβ: transforming
growth factor beta; TGFβRI/II: TGFβ receptor I/II; ALK1/5: activin receptor-like kinase 1/5; miRNA:
microRNA; lncRNA: long non-coding RNA; SMAD1/2/3/4/5/8: mothers against decapentaplegic
homolog 1/2/3/4/5/8; SIP1: Smad interacting protein 1; ZEB2: zinc finger e-box binding homeobox
2; DGCR8: DiGeorge syndrome critical region gene 8; pri-miRNA: primary miRNA; pre-miRNA:
precursor miRNA; “P”: phosphoryl group (* putative targets, ** predicted by bioinformatics).

3.3. Dysregulated Circulating MiR-370 and MiR-10a in HHT1 and HHT2

Recently, Ruiz-Llorente et al. further identified dysregulated circulating miRs in HHT patient
plasma [74]. In this study, the authors employed a miR-target prediction algorithm to specifically
identify miRs that target ENG and/or ALK1. From the analysis, miR-370 and miR-10a were highly
predicted to target ENG and ALK1, respectively, and miR-214 was highly predicted to target both
ENG and ALK1. These miRs were selected for RT-qPCR validation in 34 HHT patients (17 HHT1
vs. 17 HHT2) and 16 controls. It was found that miR-370 was significantly decreased only in HHT1
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patients compared with HHT2 patients and controls, while miR-10a was significantly increased
only in HHT2 patients compared with HHT1 patients and controls. MiR-214 was not found to be
significantly dysregulated.

MiR-370 has been experimentally validated to target ENG in ovarian cancer cells [75], yet its role
in EC function and angiogenesis is unclear, as multiple reports have demonstrated conflicting evidence.
Overexpression of miR-370 inhibited proliferation, migration and tube formation in human dermal
microvascular ECs, retinal capillary ECs and HUVECs [76,77]. In contrast, miR-370 overexpression
was shown to promote HUVEC proliferation, migration and tube formation to facilitate healing after
finger amputation [78]. Additionally, miR-370 suppression by circular RNA circ_0003204 inhibited
the proliferation, migration and tube formation of human aortic ECs [79]. It is unclear why this
discrepancy exists, but suggests a far more complex role of miR-370 in EC function. MiR-10a has
been shown to have anti-angiogenic effects in mouse umbilical vein ECs by targeting β-catenin [80].
It has also been shown to regulate VCAM1 expression in ECs under hemodynamic force by targeting
GATA6 [81]. Therefore, an exact functional role in HHT pathogenesis remains unclear, but their
potential as diagnostic biomarkers in HHT shows great promise. The ability of these miRs to distinguish
between HHT1 or HHT2 patients could greatly improve the diagnostic process, as a number of HHT
patients are asymptomatic or lack a known genetic mutation. Further research is required to validate
these miRs in a more clinically relevant sample size and to directly confirm that these miRs indeed
target ENG and ALK1 in ECs.

4. MiRs as Pathogenic Factors in HHT

MiRs have been demonstrated to play a pathogenic role in a variety of human diseases, including
cancer, cardiovascular disease, autoimmune diseases and inflammatory diseases [22,23]. MiR profiling
analyses have identified a plethora of up- and downregulated miRs in numerous types of cancers [24].
It has been shown that overexpressed miRs can act as “oncomiRs” by targeting tumor suppressors
or by promoting proliferation and inhibiting apoptosis [82]. Additionally, the downregulation of
certain “tumor suppressor” miRs, such as let-7, can also contribute to cancer pathogenesis [83,84].
A growing class of miRs known as “angio-miRs”, predominately expressed in ECs and responsible for
the regulation of angiogenic processes, have also been shown to contribute to cancer and cardiovascular
disease [27]. Given that HHT is a disorder characterized by angiogenic and EC dysfunction, it would not
be surprising if dysregulated “angio-miRs” played a role in disease pathogenesis. There are numerous
studies that have identified the involvement of miRs in TGFβ signaling. They have demonstrated that
various components of the TGFβ pathway are targeted by miRs and that the pathway itself regulates
miR biogenesis [85].

4.1. Canonical TGFβ Signaling in HHT

The TGFβ signaling cascade is initiated with the TGFβ superfamily of ligands (TGFβ1/3, BMPs,
activin) binding in complex to two cell surface receptors; Type I (RI), such as ALK1/5, and Type II
(RII) [86] (Figure 1). Upon ligand binding, these receptors form a heteromeric complex, activating their
serine/threonine kinase activity [86]. Endoglin is an auxiliary co-receptor that can interact with the
RI–RII–ligand complex to enhance ligand affinity [87]. Subsequently, RII will trans-phosphorylate RI,
which in turn will phosphorylate the family of receptor-regulated SMADs (R-SMAD 1/2/3/5/8) [88].
The TGFβ pathway can propagate the signal through two cascades: SMAD1/5/8 or SMAD2/3.
ALK1 signals through SMAD1/5/8, leading to EC activation [9,13]. ALK5 propagates the signal through
SMAD2/3, leading to EC quiescence [9,13]. It has been shown that endoglin enhances the SMAD1/5/8
pathway and inhibits the SMAD2/3 pathway. Cascade selection is determined by the combination
of ligand and receptors. Regardless of the selected cascade, both groups of R-SMADs interact with
a common partner SMAD (Co-SMAD) known as SMAD4 [88]. This complex of R- and Co-SMADs
translocates to the nucleus where it regulates the transcription of target genes [88].
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4.2. Drosha and HHT Pathogenesis

Drosha is part of a protein complex called the microprocessor that is responsible for the cleavage of
pri-miR into pre-miR [89]. The silencing of Drosha in HeLa cells results in the aggregation of pri-miRs
and a decrease in pre-miRs [90]. Drosha is fundamental in the biogenesis of almost all miRs, but has
also been shown to be involved in the regulation of mRNAs [90]. A few studies have demonstrated that
Drosha can bind and cleave mRNAs, and can also associate with promoter regions to regulate specific
genes [91–93]. In the TGFβ pathway, SMAD2/3 has been shown to incorporate with the microprocessor
complex to regulate target miR genes [82,91] (Figure 1).

Kuehbacher et al. demonstrated that the knockdown of Drosha in HUVECs had a minimal
effect on EC migration, viability and tube formation [94]. In vivo analysis of Drosha knockdown in
a matrigel plug did not reveal significant effects on sprouting angiogenesis [94]. Even though Drosha
knockdown had an insignificant effect on angiogenesis and EC function it reduced the expression of
29 miRs by 30% [94]. It is possible that the knockdown of Drosha activated compensatory mechanisms
that mitigated its effects on EC function and angiogenesis. An inducible EC-specific knockout mouse
model of Drosha would certainly provide a more robust analysis.

A study by Jiang et al. identified a higher prevalence of Drosha mutations in an HHT population
and generated robust Drosha knockout animal models. Exome sequencing was performed on a total
of 98 individuals; 23 confirmed HHT patients and 75 probands suspected to have HHT who lacked
known pathogenic mutations [95]. Three heterozygous Drosha mutations (P32L, P100L and K226E)
were detected in seven of the 98 individuals (~7%) compared with 0.04% in the general population [93].
An additional Drosha mutant (R279L) was found in a separate HHT family [93]. These Drosha
mutants were analyzed in mouse embryonic fibroblasts (MEFs); interestingly, only the P100L and
R279L mutants were shown to reduce expression of specific miRs, by approximately 17% and 35%,
respectively, compared to wild type (WT) [95]. P100L and R279L were introduced into zebrafish
embryos to investigate their angiogenic functions. Zebrafish with these two mutants developed vascular
defects, including vascular permeability and a reduction of vascular density [95]. An EC-specific
inducible knockout Drosha mouse model also demonstrated vascular permeability, disorganized
vasculature and, interestingly, intestinal bleeding [95]. However, no AVMs were detected in either
animal model [95].

The presence of Drosha mutations in HHT populations may contribute to disease pathogenesis
and the observed clinical spectrum. BOECs derived from HHT patients with Drosha mutations may be
a robust cellular model to profile and characterize affected miRs and mRNAs. Drosha itself has also
been shown to regulate gene expression directly [90]. It would be interesting to identify Drosha-targeted
genes and elucidate how they may contribute to HHT pathogenesis.

4.3. MiRs and HHT Pathogenesis

Few studies have characterized the role of miRs in HHT pathogenesis. However, numerous
miRs have been identified to be regulated by and target components of the TGFβ pathway in
a variety of tissues and disease conditions [85]. MiR-26 has recently been shown to be involved in
vascular stability, where its knockdown in zebrafish led to vascular hemorrhage [96]. MiR-26 from
ECs can regulate vascular smooth muscle cell (VSMC) differentiation in a paracrine manner [96].
It was shown that a decrease in miR-26 leads to an increase in its target, SMAD1, resulting in
VSMC dysregulation and hemorrhage [96]. Another study demonstrated that the overexpression of
miR-148b can improve migration, proliferation and angiogenesis in HUVECs by targeting SMAD2
and TGFβRII [97]. Subsequently, wound vascularization and healing were greatly augmented by
a miR-148b mimic in a wound-healing mouse model [97]. MiR-148b inhibition greatly impaired
wound healing, which was rescued by silencing SMAD2 [97]. A separate study demonstrated that
VSMCs could regulate EC function via TGFβ-mediated secretion of miRs-143/145 [98]. Co-culture
of VSMCs overexpressing miRs-143/145 with ECs greatly impaired EC function, while inhibition of
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the TGFβ pathway reversed this effect [98]. This study demonstrates how VSMCs can regulate EC
activation/quiescence through the secretion of miRs in a TGFβ-dependent manner [98].

A previous study from our laboratory identified significantly decreased levels of miR-361-3p
and miR-28-5p in peripheral blood mononuclear cells (PBMCs) derived from HHT patients [99].
PBMCs are mostly comprise lymphocytes and monocytes [100]. The pathogenic potential of PBMCs
has been demonstrated in HHT1 mouse models. It has been shown that dysregulated TGFβ signaling
adversely affects PBMC migratory capacity, which contributes to vascular dysplasia and prolonged
inflammation [101,102]. The mRNA level of insulin-like growth factor 1 (IGF1), a putative target
of miR-28-5p and miR-361-3p, was shown to be significantly upregulated in HHT patient-derived
PBMCs. However, IGF1 plasma protein levels were not significantly different between patients and
controls. It is possible that IGF1 could be overexpressed at angiogenic or inflammatory sites rather than
systemically, contributing to the development of vascular dysplasia. IGF1 has been shown to play a
significant role in augmenting angiogenesis in vitro and in vivo [103]. A previous study demonstrated
that miR-361-3p is involved in the function of proangiogenic Tie2-expressing monocytes by targeting
IGF1 [104]. MiR-28-5p has been shown to directly target IGF1 in hepatocellular carcinomas [105]
and liver cancer stem cells [106]. Additionally, miR-28-5p and miR-361-3p have multiple putative
targets in the TGFβ pathway, including SMADs, TGFβRII and SP1 [66,67] (Figure 1). It is possible
that the observed decrease in miR-28-5p and miR-361-3p and increase in IGF1 may be a compensatory
mechanism in response to reduced TGFβ signaling. Further research is required to understand the role
these miRs play in PBMC dysfunction and ultimately HHT pathogenesis.

5. LncRNAs and HHT

LncRNAs are non-coding RNA species that are greater than 200 nucleotides in length and regulate
gene expression post-transcriptionally [18]. LncRNAs can be divided into two functional groups based
on their sub-cellular localization: (1) nuclear and (2) cytoplasmic. Nuclear lncRNAs can influence gene
expression via various mechanisms, including chromatin remodeling, protein sequestration and the
enhancement or dampening of promoter activity [107]. One of the ways that cytoplasmic lncRNAs
can influence gene expression is by regulating the availability and stability of miRs by acting as miR
“sponges” [107]. Although lncRNA mechanisms have been well characterized, evidence suggests that
most lncRNAs are non-functional [107]. Nonetheless, a few lncRNAs have been implicated in vascular
and endothelial cell biology. For example, the lncRNA MALAT1 was shown to promote EC proliferation
and migration under hypoxic conditions [108]. Conversely, MEG3 was demonstrated to inhibit EC
proliferation, survival and tube formation [108]. Singh et al. were the first to identify differential
expression of lncRNAs in TGFβ1-stimulated HUVECs [109]. They demonstrated that 2051 and 2393
lncRNAs were significantly upregulated and downregulated, respectively. Of these, MALAT1 was
upregulated the most (∼220-fold), contributing to its role in EC biology. Given the functional relevance
of lncRNAs in EC biology, one would assume that they may play a role in HHT. Indeed, Tørring et
al. sought to profile lncRNAs from nasal mucosa telangiectasias of HHT1 and HHT2 patients [110],
and identified 42 lncRNAs that were significantly dysregulated (p < 0.001), including TTLL11-IT1,
LINC00667, HAR1B and LINC0032, compared to non-telangiectasial nasal mucosa from the same HHT
patients. However, none of the dysregulated lncRNAs have been characterized. Bioinformatic analysis
revealed that these lncRNAs were enriched in HHT-related pathways, including vasculogenesis and
blood vessel morphogenesis and development (Figure 1). Further research is required to characterize
the role these dysregulated lncRNAs may play in HHT pathogenesis.

6. Conclusions and Future Research

The observation of ncRNA dysregulation in ECs and PBMCs from patients with HHT suggests
that they may play a role in the pathogenesis of HHT. Further characterization of ncRNAs in other
cell types involved in HHT, including VSMCs, pericytes and mononuclear cells is necessary to
more fully understand the pathogenetic mechanisms controlling the disease and its progression.
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To date, the targets and functions of only a small fraction of ncRNAs identified in humans have been
rigorously explored. With further research, ncRNAs may prove to have both diagnostic and therapeutic
applications for those with HHT.
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Abstract: Hereditary hemorrhagic telangiectasia (HHT) is an autosomal dominant, vascular
disorder that presents with telangiectases and arteriovenous malformations. HHT is a genetically
heterogeneous disorder, involving mutations in endoglin (ENG; HHT1) and activin receptor-like
kinase 1 (ACVRL1/ALK1; HHT2) genes that account for over 85% of all HHT patients. The current
diagnosis of HHT patients remains at the clinical level, but many suspected patients do not have a clear
HHT diagnosis or do not show pathogenic mutations in HHT genes. This situation has prompted the
search for biomarkers to help in the early diagnosis of the disease. We have analyzed the plasma levels
in HHT patients of selected micro-RNAs (miRNAs), small single-stranded RNAs that regulate gene
expression at the transcriptional level by interacting with specific RNA targets. A total of 16 HHT1
and 17 HHT2 plasma samples from clinically confirmed patients and 16 controls were analyzed in this
study. Total RNA was purified from plasma, and three selected miRNAs (miRNA-10a, miRNA-214,
and miRNA-370), related to the pathobiology of cardiovascular diseases and potentially targeting
ENG or ALK1, were measured by quantitative polymerase chain reaction. Compared with controls,
levels of miRNA-370, whose putative target is ENG, were significantly downregulated in HHT1, but
not in HHT2, whereas the levels of miRNA-10a, whose putative target is ALK1, were significantly
upregulated in HHT2, but not in HHT1. In addition, the levels of miRNA-214, potentially targeting
ENG and ALK1, did not change in either HHT1 or HHT2 patients versus control samples. While
further studies are warranted, these results suggest that dysregulated plasma levels of miRNA-370 or
miRNA-10a could help to identify undiagnosed HHT1 or HHT2 patients, respectively.

Keywords: microRNA; biomarker; hereditary hemorrhagic telangiectasia (HHT); plasma;
telangiectases; arteriovenous malformations (AVMs); angiogenesis; endoglin; activin receptor-like
kinase 1 (ALK1); transforming growth factor beta (TGF-β); bone morphogenetic protein (BMP)

1. Introduction

Hereditary hemorrhagic telangiectasia (HHT) is an autosomal dominant, vascular disorder with a
prevalence of approximately 1 in 8000 people worldwide [1,2]. HHT is characterized by the presence
of telangiectases in skin and mucocutaneous tissue and arteriovenous malformations (AVMs), direct
connections between arteries and veins without capillary beds, in internal organs [1]. Over 90% of all
HHT patients present chronic epistaxis due to nasal telangiectases, whereas chronic bleeding from
gastrointestinal telangiectases develops in at least 20% of patients. The presence of pulmonary, hepatic,
and cerebral AVMs in HHT patients suggests that they are at risk of life-threatening hemorrhage and
complications involving shunting, leading to stroke, high-output cardiac failure, or brain abscess [3–5].
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HHT is genetically heterogeneous with heterozygous mutations in at least three known genes
including endoglin (ENG) causing HHT1 [6], activin receptor-like kinase 1 (ACVRL1 or ALK1), causing
HHT2 [7], and mothers against decapentaplegic homolog 4 (MADH4 or SMAD4) causing familial
juvenile polyposis associated with HHT (JP/HT) [8]. In addition, mutations in the GDF2 gene, encoding
bone morphogenetic protein 9 (BMP9), were described as the cause of an HHT-like syndrome [9].
ENG and ACVRL1 are the predominant genes whose mutations account for over 85% of all HHT
patients [10,11] and are considered potential therapeutic targets [12]. The phenotypes generated by
either ENG or ACVRL1 mutations (HHT1 or HHT2, respectively) generally display distinct clinical
manifestations, but an overlap of their clinical symptoms commonly occurs. Interestingly, all the
genes mutated in HHT encode proteins that are involved in the signaling pathway of transforming
growth factor beta (TGF-β)/bone morphogenetic protein (BMP). Thus, the auxiliary receptor endoglin
associates with the signaling serine/threonine receptor ALK1 and both proteins are able to bind ligands
like BMP9, leading to the phosphorylation and nuclear translocation of a Smad protein complex that
includes Smad4 [12–14]. Because endothelial cells are functional targets of circulating BMP9, and
predominantly express endoglin and ALK1, these are widely accepted as the target cells in HHT.

A deficient expression of the HHT genes has been postulated to underlie the molecular basis of
HHT pathogenesis. Mono-allelic loss of expression leading to haploinsufficiency of the respective HHT
proteins has been shown to dysregulate TGF-β/BMP signaling in endothelial cells, negatively impacting
in cell proliferation, migration, and recruitment during vascular remodeling and angiogenesis [11,12].
In addition, in mice, homozygous knockdown of ENG or ACVRL1 leads to HHT phenotypes [15–17].
More recently, using next-generation sequencing, Marchuk et al. [18] have been able to demonstrate the
presence of low-frequency somatic mutations in telangiectases of HHT1 and HHT2 patients, suggesting
that the bi-allelic loss of ENG or ACVRL1 may also contribute to the development of vascular lesions.

MicroRNAs (miRNAs) are small noncoding RNAs (about 22 nucleotides in length) able to
post-transcriptionally regulate gene expression by RNA interference [19,20]. They act as guides in
complementary miRNA–mRNA complexes that recruit enzymatic species to silence mRNAs by mRNA
cleavage (perfect complementarity) or ribosome destabilization (nonperfect complementarity). In
this process, Drosha is a ribonuclease that plays a key role for miRNA biogenesis and regulates the
TGF-β/BMP pathway by interacting with the Smad protein family which, in turn, modulates gene
expression via miRNAs [21]. Interestingly, mice lacking Drosha in the vascular endothelium develop
a vascular phenotype resembling HHT including dilated and disorganized vasculature, AVMs, and
hemorrhages [22]. In this regard, the emerging role of miRNAs in human diseases [23,24] has prompted
a few studies searching for specific miRNAs in HHT patients [25–27]. However, the expression of
miRNAs associated with HHT remains mostly unexplored. Our aim in this work was to identify
dysregulated miRNAs in plasma samples from HHT patients through quantitative polymerase chain
reaction compared with controls. We find i) a downregulation in HHT1, but not in HHT2, patients of
miRNA-370, which is predicted to target ENG; and ii) an upregulation in HHT2, but not in HHT1,
patients of miRNA-10a, whose putative target is ALK1. These results suggest that dysregulated plasma
levels of miRNA-370 or miRNA-10a are potential biomarkers that could help to identify undiagnosed
HHT1 or HHT2 patients, respectively. In addition, they also may contribute to a better understanding
of the complex biological processes associated with the development of HHT.

2. Material and Methods

2.1. Algorithms for miRNA-target Predictions

Computational prediction of miRNA targets was carried out using three target prediction
programs which use different algorithms: (i) microRNA (www.microRNA.org) [28]; (ii) Target Scan
(http://www.targetscan.org/vert_72/) [29]; and (iii) MicroCosm (https://tools4mirs.org/software/mirna_
databases/microcosm-targets/) [30]. The mirSVR score was used as a regression method for predicting
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likelihood of target mRNA downregulation from sequence and structure features in microRNA/mRNA
predicted target sites.

2.2. Patients

A total of 34 HHT patient plasma samples were evaluated by quantitative reverse
transcriptase–polymerase chain reaction (qRT-PCR). Seventeen of them were HHT1, and the remaining
seventeen patients were HHT2. Plasma samples from 16 control healthy subjects were also assayed
to establish the normal range of microRNAs (miRNAs). In all three groups, donors from different
sex and age were included. Peripheral venous blood samples were collected with ethylenediamine
tetra-acetic acid (EDTA) as anticoagulant. Blood samples were centrifuged at 15,000 g for 15 min, and
the resulting plasma was stored at −80 ◦C until analysis. Written informed consent was obtained
from all the participants, or their legally authorized representative, in this study, and the protocol
was supervised and received full approval from our Institutional Review Board (IRB) of the Spanish
National Research Council (CSIC) with the ethical code number 075/2017. All HHT patients included
in the present study were clinically diagnosed following the Curaçao criteria [3], and their genetic
mutations were identified by sequencing. Their genetic characteristics and clinical manifestations are
summarized in Table 1.

Table 1. Summary of genotypes and mutations of hereditary hemorrhagic telangiectasia (HHT) of
patients 1.

HHT Type Patient# Genotype Mutation

HHT1 P#1.1 ENG 5′ UTR (gene promoter) c.-127 G>A
HHT1 P#1.2 ENG 5′ UTR (gene promoter) c.-127 G>A
HHT1 P#1.3 ENG 5′ UTR (gene promoter) c.-58 G>A
HHT1 P#1.4 ENG 5′ UTR (gene promoter) c.-58 G>A
HHT1 P#1.5 ENG 5′ UTR (gene promoter) c.-58 G>C
HHT1 P#1.6 ENG Intron 1 c.68-2A>T
HHT1 P#1.7 ENG Intron 1 c.68-2A>T
HHT1 P#1.8 ENG Intron 1 c.68-2A>T
HHT1 P#1.9 ENG Exon 4 c.392 C>T; p.Pro131Leu
HHT1 P#1.10 ENG Exon 5 c.588 G>A; p.Trp196 *
HHT1 P#1.11 ENG Exon 5 c.588 G>A; p.Trp196 *
HHT1 P#1.12 ENG Exon 5 c.617delG; p.G206AfsX16
HHT1 P#1.13 ENG Exon 5 c.617delG; p.G206AfsX16
HHT1 P#1.14 ENG Exon 7 c.967_968del GT; p.V323fs *
HHT1 P#1.15 ENG Exon 7 c.967_968delGT; p.V323fs *
HHT1 P#1.16 ENG Exon 11 c.1434_1435 del AG p. R478fs *
HHT2 P#2.1 ALK1 Exon 6 c.673_674delAG; p.S225fs
HHT2 P#2.2 ALK1 Exon 6 c.673_674delAG; p.S225fs
HHT2 P#2.3 ALK1 Exon 6 c.635 G>A; p.R212H
HHT2 P#2.4 ALK1 Exon 7 c.889delC; H297fs *
HHT2 P#2.5 ALK1 Exon 7 c.921-927dupATGCGGC; p.L310fs
HHT2 P#2.6 ALK1 Exon 7 c. 926 G>A; p.G309A
HHT2 P#2.7 ALK1 Exon 7 c.941 A>C; p.His314Pro
HHT2 P#2.8 ALK1 Exon 7 c.988 G>T; p.D330Y
HHT2 P#2.9 ALK1 Exon 7 c.1027 C>T; p.Q374X
HHT2 P#2.10 ALK1 Exon 7 c.1027 C>T; p.Q374X
HHT2 P#2.11 ALK1 Exon 7 c.1027 C>T; p.Q374X
HHT2 P#2.12 ALK1 Exon 7 c.1030 C>T; p.C344R
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Table 1. Cont.

HHT Type Patient# Genotype Mutation

HHT2 P#2.13 ALK1 Exon 8 c.1120 C>T; p.R374W
HHT2 P#2.14 ALK1 Exon 8 c.1120 C>T; p.Arg374Trp
HHT2 P#2.15 ALK1 Exon 8 c.1232 G>A; p.Arg411Gln
HHT2 P#2.16 ALK1 Exon 10 c.1435 C>T; p.Arg479X

1 A total of 33 HHT patients were included in this microRNA analyses. All HHT patients were clinically diagnosed
following the Curaçao criteria [3]. Sixteen patients were genetically diagnosed as HHT1 as they harbor a mutation in
ENG, whereas the remaining 17 patients were HHT2 with pathogenic mutations in ALK1; fs—frameshift mutation;
Asterisks (*) represent stop codons.

2.3. Extraction of miRNAs from Plasma Samples

miRNAs were extracted with the miRNeasy Micro kit (Qiagen, Hilden, Germany; #217084)
according to the manufacturer’s instructions and following a previously described protocol [25,31].
Briefly, 50 μL plasma samples from HHT patients were homogenized with 1 mL QIAzol® Lysis Reagent
and 6.25 × 10−3 fmol/μL of the spike-in control cel-miR-39-3p (5′ UCA CCG GGU GUA AAU CAG
CUU G 3′). Next, the homogenate was incubated at room temperature for 5 min, and then 200 μL
chloroform was added to each sample, followed by centrifugation at 12,000× g for 5 min at 4 ◦C. Equal
volumes from the upper aqueous phase were transferred to new tubes and mixed by pipetting with 1.5
volumes of 100% ethanol; finally total miRNAs were eluted in 40 μL RNase-free water.

2.4. Quantitative Reverse Transcriptase–Polymerase Chain Reaction (qRT-PCR) Analysis of miRNAs

qRT-PCR was performed to validate selected miRNAs. They were reverse-transcribed into cDNA
using TaqMan™MicroRNA Reverse Transcription kit (Thermo Fisher Scientific, #4366596) following
the manufacturer´s protocol. The reaction components were mixed with the corresponding reverse
transcriptase (RT) primers of hsa-miR-370-3p, hsa-miR-214-3p, hsa-miR-10a-3p, hsa-miR-16-5p, and
cel-miR-39-3p (Thermo Fisher Scientific, Waltham, MA, USA; #4427975; Assay ID 002275, 002306,
002288, 000391, and 000200, respectively). RT reaction was carried out as follows: 16 ◦C for 30 min,
42 ◦C for 30 min, 85 ◦C for 5 min, and 4 ◦C hold. The resulting cDNAs were used for quantitative
real-time PCR experiments using Taqman Universal PCR Master Mix, no AmpErase® UNG (Thermo
Fisher Scientific, Waltham, MA, USA; #4324018), and the specific PCR primers (references detailed
above). Thermal cycling was performed on LightCycler® 96 detection system (Roche) as follows: 95 ◦C
for 10 min, 40 cycles of 95 ◦C for 15s and 60 ◦C for 1 min. Relative quantification of individual miRNA
expression was carried out with the 2-ΔΔCT method and normalized against two internal controls,
miR-16-5p and the spike-in miRNA cel-miR-39-3p. In studies focused on cardiovascular disease,
miR-16-5p is one of the miRNAs with the best performance as normalizer [32], whereas cel-miR-39-3p
is one of the most used and reliable spike-in controls [25].

2.5. Statistical Analysis

HHT patient and control groups were compared using Kruskal–Wallis test. Subsequent
Mann–Whitney U tests were run to test for pairwise comparisons in a post hoc fashion; significance
values were adjusted by the Bonferroni correction for multiple tests. Statistical analyses were carried
out with the IBM SPSS Statistics version 25 (Windows10 64-bit) software (IBM Corp., Armonk, NY,
USA). Box Whisker plots show median (central line), upper and lower quartiles (box), and range
excluding outliers (whiskers). Asterisks indicate statistically significant values between selected
conditions (* p < 0.05; ** p < 0.01; ns, not significant).
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3. Results

3.1. Identification of miRNA-10a, miRNA-214, and miRNA-370, Potentially Related to HHT, Using in Silico
and Literature Data

Recently, studies on circulating miRNAs as potential biomarkers in different types of diseases [33],
including HHT [21,27], have received increasing attention. In order to identify specific biomarkers of
HHT, we searched for miRNAs involved in angiogenesis and vascular homeostasis and predicted to
target ENG and/or ALK1 using three robust target prediction programs which use different algorithms:
(i) microRNA [28]; (ii) Target Scan [29]; and (iii) MicroCosm [30]. Using this stringent approach, we
selected miRNA-370, miRNA-10a, and miRNA-214 for further analyses.

miRNA-370 was considered to be very relevant to endoglin function since it was the only miRNA
predicted to target ENG with a good mirSVR score (−0.1740), according to the microRNA database
(www.microRNA.org). This website also describes miRNA-370 as an evolutionary well-conserved
miRNA because its alignment with ENG is found in other species as well. Likewise, algorithms from
Target Scan and MicroCosm programs indicate that ENG is predicted to be targeted by miRNA-370.
In fact, the negative regulation of ENG by miRNA-370 has been validated in ovarian cancer cells where
miRNA-370 suppresses their proliferation and promotes chemosensitivity to cisplatin by negatively
regulating ENG [34]. Based on predictions of microRNA webs, miRNA-370 not only regulates
ENG, but also other gene products with essential roles in endothelial cell biology and angiogenesis,
some of which have been already validated as targets in the literature. One of these proteins is
TGF-β receptor type 2 (TGFBR2) that is negatively regulated by miRNA-370. By acting via TβRII,
miRNA-370 plays a potential role in hepatic ischaemia-reperfusion injury and indeed, its inhibition
efficiently attenuates liver damage [35]. In addition, upregulation of miRNA-370 might promote the
repair of amputated fingers by regulating angiogenesis through targeting Forkhead box protein O1
(FOXO1) [36]. miRNA-370 can also induce growth and tube formation inhibition, and apoptosis in
endothelial cells [37,38]. The miRNA-370-induced endothelial effects may explain its anti-angiogenic
activity, as well as its developmental regulation of cerebral aneurysms [38–40]. Noteworthy, the effects
miRNA-370 are mediated by targeting, at least, a receptor for vascular endothelial growth factor
(VEGF), which is the major driver of angiogenesis [38,39].

We next focused our interest on miRNA-10a and miRNA-214 because both are predicted to target
ENG or ALK1, and their dysregulated expression in HHT patients with pulmonary AVMs (pAVMs) has
been reported [26] Thus, ENG has been revealed, by MicroCosm and Target Scan, as a confident target of
miRNA-214. A search in microRNA.org revealed that miRNA-214 is also expected to bind ALK1 mRNA
at two different sites with high mirSVR scores (−0.1277 and −0.5112), and ranks in the first position
among all miRNAs potentially targeting ALK1. Moreover, by targeting matrix metalloproteinase 8
(MMP8), hepatoma-derived growth factor (HDGF), brain-specific angiogenesis inhibitors (BAIs), and
other vascular-related genes, miRNA-214 contributes to the pathogenesis of various cardiovascular
conditions, including ischaemic heart diseases, angiogenesis, and cardiac hypertrophy [41–43]. Of note,
miRNA-214 is a response element to hypoxia in patients with pulmonary arterial hypertension (PHA),
a complication of HHT. Moreover, inhibition of miRNA-214 can ameliorate the symptoms of PHA in
animal models, suggesting its use for the prevention and treatment of PHA in humans [41].

Bioinformatics analysis of microRNA database showed that miRNA-10a does not target ENG, but
appears to regulate ALK1 with a good mirSVR score (−0.3837). In addition, miRNA-10a targets
endothelial gene products such as VEGF receptor 1 (FLT1), β-catenin, GATA-binding factor 6
(GATA6), or mib-1, which may account for its active regulatory role in endothelial cell biology
and angiogenesis [44–46].

3.2. Circulating Levels of miRNA-370, miRNA-10a, and miRNA-214 in HHT1 and HHT2 Patient Plasma

Taken together, the above studies suggest that miRNA-370, miRNA-10a, and miRNA-214 are
predicted to target not only ENG and/or ALK1, but also other relevant gene products involved in
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vascular functions related to the pathophysiology of HHT. Therefore, the chosen miRNAs were next
validated by qRT-PCR in the plasma samples from a cohort of HHT1 and HHT2 patients and healthy
controls in order to assess their possible diagnostic or biomarker value.

3.2.1. Circulating Levels of miRNA-370 are Decreased in HHT1 Patient Plasma

The expression levels of miRNA-370, as measured by qRT-PCR, were found to be significantly
lower in plasma samples from HHT1 patients (Figure 1), using miRNA-16 (Figure 1A; p = 0.001) or
cel-miR-39-3p (Figure 1B; p = 0.004), as normalizers when compared with healthy controls. The levels
of miRNA-370 in HHT1 patients were also significantly lower than those in HHT2 patients when using
miR-16 as a normalizer (Figure 1A; p = 0.019), and showed a not significant but clear decreasing trend
versus HHT2 samples when using cel-miR-39-3p as a normalizer (Figure 1B; p = 0.116). By contrast,
the expression levels of miRNA-370 in HHT2 patients were not significantly affected compared with
healthy control individuals. The specific downregulation in HHT1 patients suggests that the decreased
levels of miRNA-370 may have potential diagnostic utility as an HHT1 biomarker. Interestingly,
since miRNA-370 is predicted to target ENG to downregulate its expression [34] and a deficient ENG
expression underlies the pathogenicity of HHT1, both results also suggest the existence of a common
link between the expression levels of miRNA-370 and endoglin in HHT1 patients.

Figure 1. Quantitative Reverse Transcriptase–Polymerase Chain Reaction (qRT-PCR) of miRNA-370.
Total plasma RNA was isolated from HHT1 and HHT2 patients and control subjects. Relative expression
levels of miR-370 were measured by qRT-PCR using miR-16 (A) or cel-miR-39-3p (B) as normalizers.
The number of samples analyzed is indicated in parentheses. Symbols outside the box plot represent
extreme values (◦) and outliers (*) with their corresponding sample numbers. Experiments were
performed in triplicates. (* p < 0.05; ** p < 0.01; ns, not significant).

3.2.2. Circulating Levels of miRNA-10a, but not of miRNA-214, are Dysregulated in HHT2 Patient
Plasma

As measured by qRT-PCR, the expression levels of miRNA-10a were significantly higher in plasma
samples from HHT2 patients (Figure 2), using miRNA-16 (Figure 2A; p = 0.026) or cel-miR-39-3p
(Figure 2B; p = 0.024), as normalizers, when compared with healthy controls. By contrast, the expression
levels of miRNA-10a in HHT1 patients were not significantly affected compared with healthy control
individuals. Even more, the levels of miRNA-10a in HHT2 patients were significantly higher than
those in HHT1 patients when using miR-16 (Figure 2A; p = 0.03) or cel-miR-39-3p (Figure 2B; p = 0.018),
as normalizers. The specific upregulation in HHT2 patients suggests that the increased levels of
miRNA-10a may have potential diagnostic utility as an HHT2 biomarker. Interestingly, since miRNA-10
potentially targets ALK1 and a deficient ALK1 expression underlies the pathogenicity of HHT2, these
results also suggest the existence of a common link between the expression levels of both miRNA-10a
and ALK1 in HHT2 patients. Plasma levels of miRNA-214 were also measured by qRT-PCR, using
miR-16 or cel-miR-39-3p as normalizers (Figure 2C,D). However, no statistically significant differences
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were found in the expression levels of miRNA-214 from either HHT1 or HHT2 patients, when compared
with healthy controls, or between each other (Figure 2C,D).

Figure 2. qRT-PCR of miRNA-10a and miRNA-214. Total plasma RNA was isolated from HHT1 and
HHT2 patients and control subjects. Relative expression levels of miRNA-10a (A,B) and miRNA-214
(C,D), measured by qRT-PCR using miR-16 (A,C) or cel-miR-39-3p (B,D) as normalizers. Symbols
outside the box plot represent extreme values (◦) and outliers (*) with their corresponding sample
numbers. The number of samples analyzed is indicated in parentheses. Experiments were performed
in triplicates. (* p < 0.05; ns, not significant).

4. Discussion

Over 1900 miRNAs have been identified in humans and many of them have been reported to be
involved in a variety of human diseases, biological functions, and signaling pathways, including the
TGF-β/BMP route [23,24]. Among these, there are a growing number of miRNAs with high potential to
be used as biomarkers in plasma and/or serum to clinically diagnose or provide accurate prognosis for
survival in patients with cardiovascular diseases [47]. HHT is an autosomal dominant, genetic disorder
in which patients develop hemorrhagic vascular lesions called telangiectases and AVMs. A few reports
have previously searched for specific miRNAs in plasma [25,26] or peripheral mononuclear cells [27]
from HHT patients. Recently, it has been reported that Drosha, a key enzyme in miRNA biogenesis,
regulates vascular development and homeostasis via the TGFβ/BMP pathway, and rare missense
mutations in the Drosha gene may predispose carriers to HHT [21,22]. These findings support the
hypothesis that miRNAs play a functional role in HHT. However, the expression of miRNAs and their
potential application as biomarkers in HHT remains mostly unexplored. In addition, how miRNAs
might be involved in HHT development is not fully understood. Our goal was to measure several
miRNAs in HHT patient-derived plasma as in previous studies [25,26], but with the novel strategy of
selecting miRNAs potentially targeting the predominant HHT genes. We report here for the first time
that plasma miRNA-370 levels are downregulated in HHT1, but not in HHT2, patients; while plasma
miRNA-10a levels are increased in HHT2, but not in HHT1, patients. While further studies in a large
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cohort of patients are warranted, this finding suggests that miRNA-370 and miRNA-10a could be used
as biomarkers with potential application in HHT diagnosis [48]. Actually, this possibility would be of
great interest because there is a need to diagnose HHT in those individuals who do not present with all
of the typical symptoms, such as in asymptomatic children and young adults [4,5]. When the HHT
gene mutation of the family is known, the genetic testing is the choice option in children and teenagers;
the genetic results being definite for either the positive diagnosis or exclusion [10,49]. However, in the
absence of a known family mutation, genetic determinations imply the sequencing of at least ENG and
ACVRL1 genes, a process that is time-consuming and expensive. Even so, in 10–15% of the subjects, the
mutation is not identified. Therefore, it would be useful to have alternative tools to ideally allow an
earlier, faster, cheaper, and easier HHT diagnosis. In this sense, several potential biomarkers, including
miRNAs, have been described in HHT [48]. Thus, the specific downregulation of miRNA-370 in HHT1
and upregulation of miRNA-10a in HHT2 can be added to the reported dysregulated expression of
miRNA-27a, miRNA-205 [25], miRNA-210 [26], miRNA-28-5p, and miRNA-361-3p [27] in different
HHT subsets, as shown in Table 2. Unfortunately, due to the different experimental approach and
material source (plasma or peripheral mononuclear cells (PMNCs)) used in each of these studies, no
comparative conclusions could be drawn. Regarding miRNA-10a and miRNA-214, a previous report
has suggested their dysregulated expression using miRNA array analysis in a pool of genotyped and
nongenotyped HHT patients with pAVMs [26]. However, to the best of our knowledge, no conclusive,
quantitative measurements of these miRNAs have been made so far. In this work, we find that miR10a
expression is specifically upregulated in HHT2, whereas the levels of miRNA-214 were unaffected in
either HHT1 or HHT2 patients. Nonetheless, a direct comparison between the results by Zhang et al.
(2013) and this work is not feasible since the HHT population analyzed in each case is different and
pAVMs are present in up to 50% of the HHT population with a predominant association with HHT1
patients [5,50]. Future investigations should be addressed to unify the source of the patient samples
and its methodological processing in order to identify miRNAs that could serve as reliable biomarkers
in HHT.

Table 2. miRNAs associated with HHT 1.

miRNA HHT1 HHT2 HHT (Pool) Blood Sample Reference

miRNA-370 ↓ ↔ ND Plasma Present work
miRNA-10a ↔ ↑ ND Plasma Present work
miRNA-28-5p ND ND ↓ PMNCs Cannavicci et al., 2019
miRNA-361-3p ND ND ↓ PMNCs Cannavicci et al., 2019
miRNA-210 ND ND ↑ Plasma Zhang et al., 2013
miRNA-210 ND ND (with PAVMs) Plasma Zhang et al., 2013
miRNA-27a ↑ ↑ ↔ Plasma Tabruyn et al., 2013
miRNA-205 ↓ ↓ (without PAVMs) Plasma Tabruyn et al., 2013

1 Total RNA from either plasma or peripheral mononuclear cells (PMNCs) was isolated, and levels of specific
miRNAs were quantified, as indicated in the corresponding references. Increased (↑), decreased (↓), or unaffected
(↔) levels of miRNAs are shown. HHT, hereditary hemorrhagic telangiectasia. ND, not determined.

A good biomarker is a defined characteristic that is measured as an indicator of normal biological
processes, pathogenic processes, or responses to an exposure or intervention [51,52]. This broad
definition encompasses molecular characteristics such as the dysregulated expression of miRNA-370
and miRNA-10a presented in this work. Once a potential biomarker is identified, the next step is to
assure that it can be measured reliably and precisely [51,52]. In this regard, further validation studies
using a larger cohort of HHT patients are needed, including disease stratification analysis to assess the
possible correlation between the levels of miRNA-370 and miRNA-10a and the severity of symptoms.
In addition, it would be interesting to measure the circulating subsets of miRNA-370 and miRNA-10a
such as those in plasma exosomes, plasma free miRNAs, or mononuclear cells from HHT patients.

To understand the value of a biomarker, it is necessary to know the pathophysiological relationship
between the biomarker and the relevant clinical endpoint [51]. That miRNAs have a functional impact
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on HHT development is supported by recent next-generation sequencing studies of DROSHA, a key
ribonuclease involved in miRNA biogenesis [21]. Thus, four rare variants of DROSHA, predicted to
damage protein function (P32L, P100L, K226E, R279L), are present at a much higher frequency in HHT
patients compared with healthy controls, suggesting that they may contribute to the HHT onset [22].
However, the function of miRNAs associated with HHT, such as miRNA-370 and miRNA-10a, remains
to be elucidated. Both miRNA-370 and miRNA-10a regulate angiogenesis [36,38,53], a VEGF-dependent
biological process involved in the pathophysiology and therapy of HHT [54,55], by targeting, at least,
the VEGF receptors (VEGFR) KDR (kinase insert domain receptor) [38,39] and FLT1 (fms-related
tyrosine kinase 1) [45], respectively. In addition, circulating VEGF levels are increased in HHT1
and HHT2 patients compared with the control population [48,56,57], and therapeutic antibodies
to VEGF (bevacizumab) are currently used to alleviate HHT symptoms [55,58]. Interestingly, the
VEGF/VEGFR pathway can be activated by endoglin or ALK1, thus promoting angiogenesis [59,60].
Therefore, by regulating VEGF-dependent angiogenesis, miRNA-370 and miRNA-10a may potentially
impact the pathophysiology of HHT1 and HHT2. Of note, several experimental reports have already
demonstrated the involvement of miRNA-370 in different functions of endothelial cells, the target cells
in HHT where endoglin is predominantly expressed [38,40]. Thus, miRNA-370 suppresses retinal
capillary endothelial cell growth and apoptosis [38], inhibits the angiogenic activity of endothelial cells,
and reduces microvessel density and sprouting in vivo, whereas a miRNA-370 inhibitor promotes
endothelial sprout formation [40]. The antiangiogenic activity of miRNA-370 is fully compatible
with the key functional role of its putative target endoglin in endothelial cells, as endoglin promotes
angiogenesis in vivo and in vitro, at least, by stimulating proliferation and anti-apoptotic activity of
endothelial cells [61]. Noteworthy, miRNA-370 and miRNA-10a are predicted to target ENG and ALK1,
respectively, thus inhibiting its expression. While targeting of ENG by miRNA-370 in nonendothelial
cells has been previously validated [34], to the best of our knowledge, the validation of ALK1 targeting
by miRNA-10a has not been reported. One limitation of our study is that the predicted targeting of
ENG and ALK1 by miRNA-370 and miRNA-10a, respectively, has not been experimentally validated
in human endothelial cells. Whether the altered levels of circulating miRNA-370 or miRNA-10a in
HHT1 or HHT2 patients contribute to the regulated expression and function of endoglin or ALK1
in the endothelium remains an interesting avenue of research in the future. Because the levels of
miRNA-370 or miRNA-10a are specifically dysregulated in patients who present a deficient expression
of ENG (HHT1) or ALK1 (HHT2), respectively, a possible link between the expression levels of the
HHT genes and those miRNAs can be postulated (Figure 3). Since haploinsufficiency underlies the
pathogenic mechanism in HHT1 and HHT2, it can be speculated that the dysregulated expression of
miRNA-370 and miRNA-10a may affect HHT development by modulating the expression levels of
ENG or ALK1. However, there is an opposite effect in the expression levels of miRNA-370 (upregulated)
versus miRNA-10a (downregulated), suggesting a contrary effect on the expression levels of ENG or
ALK1. Moreover, the expression levels of miRNA-214, which is predicted to target ENG and ALK1,
are not significantly affected in our HHT population study. These apparent discrepancies are likely
explained by the fact that the genes encoding miRNA-370 (MIR370; chromosome 14), miRNA-10a
(MIR10A; chromosome 17), and miRNA-214 (MIR214; chromosome 1) are differentially regulated by
distinct gene expression programs. Furthermore, miRNA-370 and miRNA-10a may target not only
ENG or ALK1, but also the other genes, especially those relevant to vascular development, which may
turn out be of greater relevance in the complex mechanism of lesion development in HHT.
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Figure 3. Hypothetical model for the involvement of miRNA-370 and miRNA-10a in HHT. Top,
in healthy subjects, basal levels of miRNA-370 and miRNA-10a are predicted to target endoglin,
ALK1, as well as the VEGF/VEGFR pathway, thus regulating angiogenesis. Bottom, in HHT patients,
heterozygous mutations lead to a deficient expression of endoglin (HHT1) or ALK1 (HHT2), associated
with increased levels of VEGF and the dysregulated expression of miRNA-370 and miRNA-10a,
resulting in abnormal angiogenesis. Treatment with antibodies to VEGF (bevacizumab) contributes to
angiogenesis normalization. ALK1: activin receptor-like kinase 1; VEGF: vascular endothelial growth
factor; VEGFR: VEGF receptors.

5. Conclusions

In summary, here we find that decreased levels of miRNA-370 or increased levels of miRNA-10a
in plasma from HHT patients represent novel biomarkers that could help to identify undiagnosed
patients within the HHT1 or HHT2 subsets, respectively. Both miRNA-370 and miRNA-10a can
regulate angiogenesis, a VEGF-dependent biological process involved in the pathophysiology and
therapy of HHT, by targeting, at least, VEGF receptors. Additionally, miRNA-370 and miRNA-10a are
predicted to target ENG and ALK1 genes, respectively, whose deleterious mutations lead to HHT1 or
HHT2, respectively. These findings open up a new research avenue to better understand the functional
impact of dysregulated miRNAs in HHT development. Future independent studies remain to be
performed in order to further validate the role of miRNA-370 and miRNA-10a as biomarkers in HHT,
as well as to investigate the functional and pathophysiological significance of these newly discovered
miRNA-370/HHT1 and miRNA-10a/ALK1 associations.
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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 SMAD4), 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,
lungs, and liver. Genotype–phenotype correlations have been well described in adults with
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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 Curaçao 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 Curaçao
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 (AVMs) 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 (ACVRL1, 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 (ACVRL1, 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.

Characteristic
All Patients

n = 205
ENG

(101/171, 59%)
ACVRL1

(59/171, 35%)
SMAD4

(11/171, 6%)
p-Value

Female Sex (%) 97 (47%) 51/101 (50.5%) 28/59 (47.5%) 2/11 (18.2%) 0.125
Mean Age (yrs) (±Standard

Deviation (years)) 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 1 33/205 (16.1%) 24/101 (23.8%) 2/59 (3.4%) 0/10 (0%) 0.001
1 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 ACVRL1 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 ACVRL1 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
have pulmonary AVMs (p < 0.001) and brain VMs (p < 0.001). Patients with an ENG mutation were
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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 ACVRL1 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 ACVRL1 mutation. Although we reported no brain VMs in children with an SMAD4
mutation, this may have been due to small numbers in this group. Notably, the presence of brain VMs
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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 ACVRL1 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 ACVRL1 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 ACVRL1
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
have led us to underestimate the prevalence of anemia in the cohort, our observed low prevalence of
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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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Abstract: Background: Computed tomography (CT) is considered the imaging modality of choice
to diagnose pulmonary arteriovenous malformations PAVMs. The drawback of this technique is
that it requires ionizing radiation. Magnetic resonance (MR) imaging does not have the limitation,
but little is known about the performance of MR compared to CT for the detection of PAVMs. The aim
of this study is to investigate the sensitivity of contrast-enhanced MR angiography (CE-MRA) in
the detection of PAVMs with feeding artery diameters (FAD) > 2 mm. Methods: Patients with
a grade 2 or 3 shunt on screening transthoracic contrast echocardiography (TTCE) were asked to
participate. Included patients underwent chest CT and CE-MRA. CT was considered the reference
standard. CT and CE-MRA scans were anonymized and assessed for the presence of PAVMs with
FAD > 2 mm by one and two readers respectively. Data analysis was performed on per patient
and per PAVM basis. Results: Fifty-three patients were included. 105 PAVMs were detected on CT,
45 with a FAD ≥ 2 mm. In per patient analysis, sensitivity and specificity of CE-MRA were 92% and
97% respectively for reader 1 and 92% and 62% for reader 2. Negative and positive predictive value
(NPV/PPV) were 93% and 96% for R1 and 90% and 67% for R2. In per PAVM analysis, sensitivity,
specificity, NPV and PPV were 96%, 99%, 100% and 86% for R1 and 93%, 96%, 100% and 56% for
R2, respectively. Conclusions: CE-MRA has excellent sensitivity and NPV for detection of PAVMs
with FAD ≥ 2 mm and can therefore be used to detect these PAVMs. We are hopeful that future
advancements in CE-MRA technology will reduce false positive rates and allow for more broad use
of CE-MRA in PAVM diagnosis and management.

Keywords: pulmonary arteriovenous malformation; contrast enhanced magnetic resonance
angiography; hereditary hemorrhagic telangiectasia

1. Introduction

Pulmonary arteriovenous malformations (PAVM) are vascular malformations frequently encountered
in patients with hereditary hemorrhagic telangiectasia (HHT), also known as Rendu–Osler–Weber disease.
In this type of vascular malformation, the normal capillary bed is absent and there is a direct connection
between the pulmonary artery and vein. As a result, unfiltered and unsaturated blood enters the systemic
circulation, which may cause hypoxemia and forms a potential conduit for paradoxical emboli. The latter
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may lead to serious clinical complications; the most feared are cerebral infarctions or cerebral abscesses [1,2].
Hence, it is important that these vascular malformations are detected and treated before they cause
irreversible damage. In the 2011 International Guidelines for the Diagnosis and Management of HHT, it is
recommended that all PAVMs with a feeding artery diameter (FAD) of 3 mm and, if feasible, >2 mm are
treated [3]. Computed tomography (CT) is considered the imaging modality of choice to diagnose these
PAVMs [3,4]. The drawback of this technique is that it requires ionizing radiation. This is important to
realize because in this relatively young population CT investigations are used during long-term follow-up
to assess PAVM persistence after embolotherapy and growth of untreated PAVMs [5–10]. Hanneman et
al., reported an average of four chest CT scans (range 0–20) per patient and that 11% of their study cohort
received a cumulative effective dose of >100 mSv at which patients are considered to be at risk for radiation
induced harm [11]. Advancements in low-dose and ultra-low-dose (submillisievert) CT imaging have
significantly lowered radiation burden [12]. This facilitates a more liberate use of CT in PAVM management,
probably without increasing the radiation risks. However, the ‘as low as reasonably achievable’ principle still
applies in radiology and technical developments in magnetic resonance imaging (MRI) offer the possibility
of dynamic and functional imaging of PAVMs without radiation burden. It is therefore, interesting to
investigate the role of MRI in PAVM management. A first prerequisite is that MRI can reliably detect PAVMs.
Therefore, the aim of this study was to investigate the sensitivity of contrast-enhanced MR angiography
(CE-MRA) compared to CT in the detection of PAVMs with a FAD > 2 mm.

2. Materials and Methods

All subjects gave their informed consent for inclusion before they participated in the study.
The study was conducted in accordance with the Declaration of Helsinki and was approved by the
institutional review board of our hospital (MEC-U NL39415.100.12).

2.1. Patient Population

Consecutive patients presenting at the HHT outpatient clinic (a tertiary referral center for HHT),
suspected having untreated PAVMs based on a moderate or severe shunt (grade 2 or 3) diagnosed
by transthoracic contrast echocardiography (TTCE), were asked to participate in the study. As part
of our protocol, all patients with a moderate or severe shunt on TTCE undergo a chest CT scan to
evaluate the presence of PAVMs. After signing informed consent, they also underwent a CE-MRA of
the pulmonary arteries.

2.2. Trans Thoracic Contrast Echocardiography Protocol

A detailed description of the TTCE protocol can be found in the paper by Velthuis et al. [13].
The contrast agent, consisted of 8 mL of saline 0.9%, 1 mL of room air and 1 mL of blood, was
administration through the right antecubital vein. The number of microbubbles in the left side of
the heart was counted on one still frame. A moderate (grade 2) or large (grade 3) shunt was present
if 30–100 or >100 microbubbles appeared in the left ventricle, respectively. All shunts visualized
in the left atrium through a pulmonary vein or after at least four cardiac cycles were classified as a
pulmonary shunt.

2.3. CT Acquisition Protocol

All CT scans were performed on a 256-slice scanner (Philips Brilliance iCT, Best, The Netherlands).
Scan direction was from the lung bases to apices and in a single breath hold. Scan parameters were
100 kV, reference mAs 120, collimation 128 × 0.625, pitch 0.68. Images were reconstructed at 1 mm slice
thickness. In case of a previous embolization procedure a contrast enhanced CT scan was performed.
Scan parameters were identical to nonenhanced CT scans. Scan delay after administration of 80 mL
Iobitridol (Xenetix® 300, Guerbet Laboratories, Roissy, France) was 30 s. A 40 mL saline flush was
administered at the beginning of the scan.
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2.4. CE-MRA Acquisition Protocol

CE-MRA was performed at 1.5 T (Philips Achieva, Best, The Netherlands) using a five-element
cardiac coil. Time-resolved CE-MRA acquisition was with a T1 weighted fast field echo (FFE),
repetition/echo time of 2.9/1.5 and a flip angle of 30 degrees. Field of view was 320 × 345 with a
200 × 200 matrix, 230 slices with slice oversampling factor of 1.1, slice thickness reconstruction 1.5 mm
and 0.57 × 0.57 × 1.5 voxel. The resulting sagittal 3D scan was repeated three times: noncontrast,
arterial phase and venous phase. Contrast agent used is Dotarem (Guerbet 0.5 mmol/m; 30 mL flow
2.5 mL/sec followed by saline flush of 20 mL).

2.5. CT and CE-MRA Assessment

There were two readers in this study. Reader 1 (R1) with >10 years of experience in chest and
interventional radiology was also involved in the development of the MRA protocol. Reader 2 (R2) was
a resident in radiology and reviewed five learning cases in a session with R1 prior to study assessment.
First, all CT scans were reviewed by R1. The CE-MRAs were independently and randomly reviewed
by R1 and R2. To minimize recall bias, the time interval between the CT and the CE-MRA reviewing
sessions was > four weeks for R1. All scans were assessed for the presence and location of PAVMs.
Both readers scored the location per segment on CE-MRA to enable adequate correlation between the
CT and MRA. For this the Jackson and Huber classification was used [14]. R1 measured the feeding
artery diameter on CT within 1 cm of the sac. The 2011 guidelines recommend embolization of PAVMs
with feeding artery diameter of 3 mm and if technically feasible also of PAVMs with feeding artery
diameters of 2 mm [3]. In the current study, all PAVMs with a FAD of >2 mm were assessed. For the
assessment of the CE-MRA the sagittal source images as well as axial 1 mm reconstructions and the
sagittal and axial maximum intensity projections were used (Figure 1).

 

Figure 1. (A) Computed tomography (CT) scan 1.5 mm slice thickness with an inconspicuous PAVM
(pulmonary arteriovenous malformation) in the medial segment of the middle lobe (arrow). (B,C) CE-MRA
(contrast enhanced magnetic resonance angiography) axial reconstruction and axial MIP (maximum intensity
projection) demonstrating the same PAVM.

2.6. Statistical Analysis

CT was considered the reference standard and the CE-MRA the index test. Per-patient and
per-PAVM analysis were performed for both readers. The per-patient analysis was limited to
distinguishing between the presence or absence of PAVMs with a feeding artery diameter of ≥2 mm
in an individual. The per-PAVM analysis was focused on finding and correlating all PAVMs per
segment. Sensitivity, specificity and negative predictive values (NPV) and positive predictive value
(PPV) were calculated for the per-patient analysis. For the per-PAVM analysis the same test statistics
were calculated taking into account that for each patient 18 segments were screened. With this approach
it was also possible to determine the specificity and NPV for the per-PAVM analysis. Statistical analysis
was performed with R version 3.6.3 [15].
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3. Results

Fifty-five consecutive HHT patients with a pulmonary shunt (grade > 1) on TTCE were asked to
participate. Two patients declined and therefore 53 patients were included in this study representing
105 PAVMs. Forty-five PAVMs had a feeding artery diameter of ≥2 mm (42.9%). Out of these, 11 PAVMs
had a feeding artery diameter of ≥3 mm. The 45 PAVMs with a FAD ≥ 2 mm were present in 24 patients
(45.3%). Patients’ demographics are shown in Table 1.

Table 1. Baseline patient characteristics.

Total 53

Female 29 (55)
Male 24 (45)

Age (y) 47 ± 16
HHT 52 (98)
Eng 36 (68)
Alk 5 (9)

SMAD 4 3 (6)
Unknown * 8 (15)
Idiopathic 1 (2)

PAVMs per patient
0 9 (17)
1 15 (28)

2–5 19 (36)
>5 10 (19)

Data are presented as number, (%) and mean± SD; HHT= hereditary hemorrhagic telangiectasia; PAVM=pulmonary
arteriovenous malformation; * diagnosis only based on Curacao criteria.

3.1. Per-Patient Analysis

With the threshold set at a diameter of the feeding artery of ≥2 mm, R1 correctly diagnosed
PAVMs in 22 patients based on CE-MRA. The absence of PAVMs was correctly diagnosed in 28 patients;
there were two false negative cases and one false positive case (sensitivity 92% (73–99%) and specificity
97% (82–100%)). Reader 2 also correctly diagnosed PAVMs in 22 patients. The absence of PAVMs was
correctly diagnosed in 18. Similar to R1, R2 had two false negative cases, but 11 false positive cases
(sensitivity 92% (73–99%) and specificity 62% (42–79%)). Both readers correctly diagnosed PAVMs in
all patients when the threshold of ≥ 3 mm was applied. Results are presented in Tables 2 and 3.

Table 2. Contingency table of Reader 1 and 2 per-patient analysis.

Reader 1 CT + CT − Total

CE-MRA + 22 1 23
CE-MRA − 2 28 30

Total 24 29 53
Reader 2 CT + CT − Total

CE-MRA + 22 11 33
CE-MRA − 2 18 20

Total 24 29 53

3.2. Per-PAVM Analysis

One hundred and five PAVMs were identified in a total of 954 segments (53 patients × 18 segments
per patient) on CT, of which 45 PAVMs had a feeding artery diameter of ≥2 mm. R1 correctly diagnosed
43 of 45 PAVMs and had seven false positives (sensitivity 96% (85–99%) and specificity 99% (98–100%))
on CE-MRA. R2 identified 42 of 45 PAVMs and had 33 false positives (sensitivity 93% (82–99%) and
specificity 96% (95–97%)). As in the per-patient analysis, all PAVMs were identified by both readers
when the threshold was set at ≥3 mm. Results are presented in Tables 3 and 4.
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Table 3. Sensitivity, Specificity, NPV and PPV of CE-MRA.

Per Patient Analysis Per PAVM Analysis

CE-MRA Reader 1 CE-MRA Reader 2 CE-MRA Reader 1 CE-MRA Reader 2
Sensitivity 92 (73–99) 92 (73–99) 96 (85–99) 93 (82–99)
Specificity 97 (82–100) 62 (42–79) 99 (98–100) 96 (95–97)

NPV 93 (78–99) 90 (68–99) 100 (99–100) 100 (99–100)
PPV 96 (78–100) 67 (48–82) 86 (73–94) 56 (44–67)

Data are in percentages, data in parenthesis are 95% confidence intervals. PAVM = pulmonary arteriovenous
malformation, CE-MRA = contrast enhanced magnetic resonance angiography, NPV = negative predictive value,
PPV = positive predictive value.

Table 4. Contingency table of Reader 1 and 2 per-PAVM analysis (18-segment model).

Reader 1 CT + CT − Total

CE-MRA + 43 7 50
CE-MRA − 2 902 904

Total 45 909 954
Reader 2 CT + CT − Total

CE-MRA + 42 33 75
CE-MRA − 3 876 879

Total 45 909 954

4. Discussion

In this study, CE-MRA showed a high sensitivity and negative predictive value for the diagnosis
of PAVMs with a FAD ≥ 2 mm in patients with PAVMs and a TTCE confirmed significant pulmonary
shunt. PAVMs with a FAD ≥ 2 mm were diagnosed by chest CT in 45% of patients with at least a
moderate pulmonary shunt on TTCE. PAVMs with a FAD ≥ 2 mm were found in 43% using CE-MRA,
with a sensitivity of 92% and a NPV between 90 and 93%.

Earlier, we have shown that, in the presence of a moderate or severe shunt on TTCE, the chest
CT is negative for PAVMs in 55% and 8%, respectively [13]. Chest CT has an important role in the
detection and follow-up of PAVMs in HHT. Its high spatial resolution enables imaging of feeding
arteries, sacs and draining veins and thereby is able to accurately diagnose and assess treatment effect
of PAVMs. However, the use of chest CT comes at the expense of ionizing radiation, which is an
important disadvantage in this cohort of HHT patients, who are generally young and are likely to
require several follow-up CT scans during their lifetime. In addition, metal artifacts hamper evaluation
of PAVMs with CT after coil embolization. MRA is not limited by radiation burden and also seems to
perform well with respect to the evaluation of PAVM persistence.

In the last two decades, a handful of studies have been published reporting on the feasibility of
MRI in the management of PAVMs. In 2008, Schneider et al. reported a study including 203 HHT
patients evaluating CE-MRA as a screening procedure for the detection of PAVMs [16]. They showed
that CE-MRA is more sensitive in detecting PAVMs compared to pulmonary angiography (PA), which
was the reference standard. Overall, there were 40 patients identified in whom 119 PAVMs were found
with screening and follow-up using CE-MRA. Interestingly, with PA only 92 PAVMs were found (77%).
As pointed out by the authors, there were important limitations in this study. First, patients with a
negative CE-MRA were not compared to the reference standard. Second, there was no comparison to
chest CT as the most important diagnostic tool in current algorithms. A third limitation was that the
lower threshold for detection was defined as a sac diameter of at least 5 mm instead of feeding artery
diameter ≥ 2 mm which is advocated in the guidelines [3].

Although not the subject in our study, MRA could also have a role in the follow-up of embolized
PAVMs. Several studies have demonstrated the feasibility of (CE)-MRA for detecting PAVM
persistence [17–20]. Kawai et al. used time-resolved CE-MRA to assess PAVMs and correlated
with the recanalization rate on chest CT and PA [18]. The sensitivity (96%) and specificity (96%) were
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excellent, with good interobserver agreement. Important limitations of this study were the low number
of included PAVMs (n = 28) and that 3 PAVMs could not be imaged by CE-MRA because of field of view
limitation. For the detection of PAVM perfusion after embolotherapy, Hamamoto et al. investigated
the feasibility of time-spatial labeling inversion pulse MRA (time-SLIP MRA or arterial spin labeling),
a cinematic MRI method in which the inversion pulse facilitates the determination of blood flow
without a contrast medium [20]. In 11 patients, 38 PAVMs were imaged with the time-SLIP MRA
technique that was compared to PA as reference standard. The sensitivity and specificity of time-SLIP
MRA for detecting perfusion after embolization were both 100%, with an excellent inter-observer
agreement. Although very promising, time-SLIP MRA is also limited by the relatively small field of
view. In this small study, four PAVMs could not be imaged because of this.

MRA is a very promising imaging method for PAVMs but there are limitations. Our study and
previous studies have shown that (CE)-MRA is a feasible method to detect PAVMs. It performs well
compared to chest CT in the detection of PAVMs with a FAD ≥ 2 mm. However, the number of false
positives needs to be improved. The experience of the operator seems to play an important role in this,
as there is a large difference between both operators in the number of false positives. With respect
to the detection of perfusion of embolized PAVMs, MRA seems to perform superior compared to CT
because it is less influenced by the presence of micro coils [17,18]. This is attributable to the fact that
micro coils are of platinum material which has few paramagnetic effects. MRA could therefore be
feasible for the postembolization follow-up as well. As mentioned above, with CE-MRA and time-SLIP
MRA, it is possible that the field of view is not large enough to cover the whole lung. The time-SLIP
MRA technique often requires targeted imaging and thus knowledge of the location of the PAVM of
interest. This means that either extra contrast administration during the MRA investigation or a chest
CT scan prior to the MRA investigation will be necessary. Considering these limitations, the relative
high costs and limited availability of MR imaging, it may be too early to use (CE)-MRA for routine
evaluation of PAVMs.

Our study has several limitations. MRA acquisitions were performed on a 1.5 T system. With a
3 T system, higher signal-to-noise ratios can be achieved. This could result in superior image quality
based on a higher spatial and temporal resolution. In addition, it enables a broader coverage of the
lung reducing the risk of false negative readings. Unfortunately, a 3 T system was not available
during the study. Furthermore, there was a difference in experience in reading CE-MRA investigations
between both readers. This study showed that image interpretation is reader-dependent, mainly
resulting in false positives by the less experienced reader. Reader 1 has both a large experience in chest
radiology and PAVM embolotherapy. He represents the level of experience that can be expected in
an expert center. Reader 2, although being trained in an expert center, has less experience and could
be regarded as representing nonexpert centers. HHT guidelines recommend that PAVM screening,
diagnosis and treatment should be performed in expert centers. Furthermore, both readers were aware
of the fact that the subjects had a positive TTCE and thus a high chance of having PAVMs with a
FAD ≥ 2 mm. This could have induced a review bias lowering the threshold for diagnosing PAVMs.
Finally, a limitation was the relatively small number of patients in this study. However, it is largest
cohort of consecutive patients investigated so far representing a reasonably number of PAVMs with a
FAD ≥ 2 mm.

5. Conclusions

CE-MRA seems to be a feasible method for the detection of PAVMs with a FAD ≥ 2 mm in
HHT patients initially screened with TTCE. We are hopeful that future advancements in CE-MRA
technology will reduce false positive rates and allow for more broad use of CE-MRA in PAVM diagnosis
and management.
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Abstract: Hereditary hemorrhagic telangiectasia (HHT) is an autosomal dominant vascular disorder
characterized by spontaneous epistaxis, telangiectasia, and visceral vascular malformations. Hepatic
vascular malformations are common, though a minority are symptomatic. Symptoms are dependent
on the severity and exact type of shunting caused by the hepatic malformation: Arteriosystemic
shunting leads to manifestations of high output cardiac failure, and arterioportal shunting leads
to portal hypertension. Radiologic imaging, including ultrasound, computed tomography (CT),
and magnetic resonance imaging (MRI), is an important tool for assessing liver involvement. Doppler
ultrasonography is the first-line screening modality for HHT-related liver disease, and it has a
standardized scale. Imaging can determine whether shunting is principally to the hepatic vein or the
portal vein, which can be a key determinant of patients’ symptoms. Liver-related complications can
be detected, including manifestations of portal hypertension, focal liver masses as well as ischemic
cholangiopathy. Ultrasound and MRI also have the ability to quantify blood flow through the liver,
which in the future may be used to determine prognosis and direct antiangiogenic therapy.

Keywords: HHT; liver; MRI; ultrasound; AVM; bevacizumab; Osler–Weber–Rendu

1. Introduction

Hereditary hemorrhagic telangiectasia (HHT), also called Osler–Weber–Rendu, is an autosomal
dominant disorder characterized by arteriovenous malformations (AVMs) throughout the body [1].
The hallmark lesion of HHT is the telangiectasia, a direct connection between the arteriole and venule,
bypassing the capillary bed [2]. HHT most commonly involves mutations of two genes: endoglin
(ENG, on chromosome 9, HHT1) or activin A receptor type II-like 1 (ACVRL1/ALK1, on chromosome
12, HHT2). The proteins encoded by ENG and ACVRL1, endoglin and activin receptor-like kinase 1
(ALK1) are endothelial receptors involved in the transforming growth factor beta (TGF-β) signaling
pathway [3,4]. The TGF-β signaling pathway, which is involved in angiogenesis and in maintaining
vascular integrity, is defective or impaired in patients with HHT [5]. Although mutations in endoglin
and ALK1 are the most common, there are over 600 mutations within at least four different genes which
may result in HHT [6–8].

The Curaçao diagnostic criteria are used to clinically diagnose HHT [9] and are based upon
the presence of four findings: (1) spontaneous and recurrent epistaxis, (2) multiple mucocutaneous
telangiectases at characteristic sites, (3) visceral involvement, and (4) a first-degree relative with HHT.
Depending on the number of criteria that are met, the diagnosis is categorized as "definite" (3 or
more criteria), "suspected" (2 criteria), or "unlikely" (1 criterion). The diagnosis may be confirmed by
genetic analysis; however, because all genetic mutations have not been discovered that cause HHT,
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genetic testing does not exclude the disease if the diagnosis is suspected clinically. Typical sites of
involvement of HHT include mucocutaneous telangiectases causing epistaxis and gastrointestinal
bleeding, and AVMs in the lungs, brain, and liver.

Liver involvement with HHT is common but usually asymptomatic. Of individuals with HHT,
44-74% have hepatic vascular malformations (VMs), but only 8% show symptoms [1]. Liver involvement
occurs most often in females and in patients with the HHT2 genotype, and these patients average
48 years old [1,10]. The most common complications of severe liver involvement are high-output
cardiac failure (HOCF) and portal hypertension [11]. Less common complications include ischemic
cholangitis and bile duct necrosis [12]. Variations in the clinical presentation of symptomatic patients
with hepatic VMs reflect the unique characteristics of the blood supply to the liver as well as the vessels
involved: hepatic arteries, veins, and portal veins [12].

The purpose of this review is to discuss the nature of liver involvement with HHT and discuss
ways in which imaging can aid in the diagnosis of HHT, its complications, as well as monitoring
of therapy.

2. Blood Flow in the Liver

The physiologic manifestations of HHT in the liver reflect the unique nature of its blood supply.
The liver receives blood from the hepatic artery and portal vein, with a majority of blood flow (75–80%)
normally coming from the portal vein [13]. Blood flows from the hepatic artery through the liver
parenchyma, drains into the hepatic vein and inferior vena cava, and then empties into the right heart.
The portal vein drains blood from the intestines and empties nutrient-rich blood into the liver, where it
then drains to the hepatic vein and into the heart. Distinct contributions from the hepatic artery and
portal vein can be seen by imaging at different times following injection of an intravenous contrast
agent. The hepatic artery fills with contrast first, followed by the portal vein and then the hepatic veins
(Figure 1). Alterations in this timing can signify the presence of a shunt. Hepatic VMs can result in
vascular communications between any two of these three vessels (hepatic artery, portal vein, hepatic
vein). The physiologic consequences of VMs are ultimately determined by where these abnormal
connections occur.

Figure 1. Contrast enhancement phases in a normal liver without vascular shunting on dynamic
axial T1 fat-saturated magnetic resonance imaging. (a) Pre-contrast phase. (b) Arterial phase shows
enhancement of the aorta (arrowhead) and hepatic artery (arrow). (c) Portal venous phase shows
enhancement of the portal vein (arrow) and slightly diminished enhancement of the aorta (arrowhead)
relative to the arterial phase.

3. Hepatic Vascular Malformations

Rather than presenting with single, discrete VMs, liver involvement in HHT is typically diffuse
and heterogeneous. Histologically, VMs result in both microscopic changes, such as ectatic sinusoids,
and macroscopic vascular anomalies [2]. Diffusely distributed hepatic VMs are relatively characteristic
of HHT and unusual in other vascular disorders; therefore, diffuse involvement with VMs should
always raise suspicion for underlying HHT [8]. Liver telangiectases are early manifestations of hepatic
involvement in HHT [14]. Telangiectases may progress to form more complex vascular malformations
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and shunts, with up to 21% of patients demonstrating an increase in size and complexity of hepatic
VMs after long-term follow-up [4].

Liver vascular shunts are abnormal direct connections where blood bypasses the liver parenchyma.
Two major shunt patterns are observed, which lead to different clinical presentations: (1) arteriosystemic
(hepatic artery to hepatic vein) and (2) arterioportal (hepatic artery to portal vein) [15]. As mentioned
previously, an individual’s ensuing clinical symptoms and course is dependent upon on the type
and severity of the hepatic VM. These shunt types may coexist, but clinically, one shunt type often
dominates [16]. Certain shunts are more commonly associated with specific complications.

3.1. Arteriosystemic Shunt

An arteriosystemic shunt occurs when the hepatic artery is in direct communication with the
hepatic vein (Figure 2). This causes arterial blood to bypass the liver parenchyma and capillary
bed and drain directly into the systemic venous system and right heart. This results in decreased
systemic vascular resistance and increased cardiac preload and stroke volume, the combination of
which may cause HOCF [17]. Because HOCF is the most common complication resulting from hepatic
VMs, international guidelines recommend obtaining an echocardiogram at the time of hepatic VM
diagnosis [10]. These guidelines also recommended further characterization of cardiac and pulmonary
pressures with right heart catheterization in individuals with signs or symptoms of HOCF [10].
At cardiac catheterization, patients with HOCF demonstrate increased right atrial, pulmonary wedge,
and pulmonary artery pressures [18]. An additional complication evident in HHT patients with HOCF
is an increased rate of atrial fibrillation, occurring in approximately 1.6/100 persons [10].

Figure 2. Arteriosystemic shunts on arterial phase CT angiogram of the abdomen in a 73-year-old
woman with HHT. (a) Marked dilation and tortuosity of the hepatic artery with right hepatic artery
aneurysm (arrow). (b) Early filling of the hepatic veins (*) on the arterial phase of contrast suggests
hepatic arterial to hepatic venous shunting. (c) Coronal arterial phase 3D reconstruction demonstrates
the marked dilation of the hepatic arteries. The hepatic artery aneurysm is denoted by the arrow.

3.2. Arterioportal Shunt

An arterioportal shunt occurs when the hepatic artery is in direct communication with the portal
vein (Figure 3). In this type of shunt, the portal vein is exposed to high arterial pressures and also
experiences increased blood flow. This leads to presinusoidal portal hypertension, which may lead to
the development of ascites, varices, and splenomegaly [12,19].
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Figure 3. Arterioportal shunt from the hepatic artery to portal vein in a 51-year-old woman with HHT.
Axial T1 MR image with fat saturation acquired during the arterial phase of contrast shows early filling
of a right portal vein branch (arrow) adjacent to the dilated hepatic artery, and associated perfusion
anomaly in the right hepatic lobe.

4. Imaging in HHT

Ultrasonography (US), computerized tomography (CT), and magnetic resonance imaging (MRI)
each has a role in evaluating the liver in patients with HHT [20]. US is the most common initial
screening test, given its broad availability and established grading system [4]. CT and MRI are useful
for more targeted evaluations, including for evaluation of focal liver lesions. In addition to targeted
evaluations of HHT-related lesions, these examinations are often performed to evaluate suspected
abnormalities unrelated to HHT (such as abdominal pain), and therefore understanding the expected
imaging findings in patients that HHT is extremely important [21].

4.1. Ultrasound

US imaging with grey scale and Doppler evaluation has been a standard screening test for liver
AVMs and in the initial work up of patients suspected of having liver involvement due to HHT [10].
US can detect the location of large VMs in the liver, and Doppler imaging permits the evaluation
of the direction and magnitude of blood flow [22]. US can also detect focal liver lesions, evaluate
the biliary tree, and look for manifestations of portal hypertension such as splenomegaly, ascites,
and portal varices.

Dilation of the extrahepatic proper hepatic artery, defined as a diameter greater than 4–5 mm,
is one of the earlier manifestations of hepatic VMs [14,15]. This dilated artery can be demonstrated
on US. It has been suggested that an additional way to evaluate a dilated proper hepatic artery is by
comparing its diameter to that of the splenic artery. Usually, the diameter of the proper hepatic artery
is smaller than that of the splenic artery; a reversal of this relationship should raise the suspicion for
hepatic VMs [15]. In normal individuals, the diameters of the intrahepatic arteries are usually less
than 1.5 mm and can be very challenging to accurately measure on US. With more advanced VMs,
dilated intrahepatic arterial branches become more apparent. Another early sign of hepatic VMs is
increased velocity within the proper hepatic artery, with some studies suggesting peak flow velocity
greater than 100 cm/s as indicative of HHT [15].

On US, arteriosystemic or arterioportal shunts may also be indicated by a low arterial resistive
index [14], which is a measure of the end diastolic flow compared to the peak systolic flow.
When shunting occurs, the end diastolic flow increases, leading to a diminished resistive index,
reflecting a smaller difference between the blood flow in systole and diastole. Another manifestation
of arteriosystemic shunts is “arterialization” of the venous waveform, as well as dilation and turbulent
flow within the portal and hepatic veins (Figure 4) [14]. In an arterioportal shunt, Doppler US may
demonstrate formation of portosystemic collaterals, such as a recanalized paraumbilical vein and even
reversal of flow in the portal vein. It is important to note that these findings can also be present in true
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cirrhosis (e.g., cirrhosis that arises in the setting of viral hepatitis, alcoholic or non-alcoholic fatty liver
disease).

Figure 4. Hepatic vascular malformations on spectral Doppler ultrasound (US) in a 69-year-old woman
with HHT. (a) Evaluation of the left portal vein shows reversed, pulsatile flow due to arterioportal
shunting. (LPV = left portal vein). (b) Evaluation of the left hepatic vein shows arterialized waveforms
due to artery to hepatic vein (arteriosystemic) shunting. (LHV = left hepatic vein).

Standardized criteria for grading the severity of hepatic VMs based on ultrasound findings has
been proposed and demonstrates good interobserver agreement [14,20]. Grading criteria are based
upon proper hepatic artery dilation (extrahepatic verses intrahepatic); peak flow velocity; and resistive
indices of the proper hepatic artery, degree of hepatic peripheral hypervascularization, and dilation
and/or flow abnormalities within the hepatic or portal veins [4]. On Doppler ultrasound, portosystemic
shunts may be demonstrated as tubular structures with internal blood flow, communicating between
the portal venous branches and hepatic venous branches.

Ultrasound assessment of hepatic VMs can also benefit from injection of intravenous contrast.
Contrast-enhanced ultrasound (CEUS) uses microbubbles as intravascular contrast, which are timed
to obtain different phases of contrast enhancement such as arterial, parenchymal, and venous [23].
CEUS may offer improved detection of small arteriovenous shunts and can be used to guide real-time
intervention [24,25]. CEUS is also becoming increasingly accepted as an effective alternative to
multiphase contrast enhanced MR and CT [26]. In HHT, quantitative perfusion imaging with CEUS
has been used to identify two distinct subtypes of patients with hepatic VMs [27]. Further research is
required to establish the prognostic significance of these groups.

4.2. CT and MRI

Although they are not typically first-line screening modalities, CT and MRI can also be used for
the evaluation of hepatic VMs. These modalities permit detailed evaluation of vascular anatomy as
well as alterations in perfusion that occur with vascular shunting [28,29]. As discussed previously,
CT and MRI examinations are typically obtained in different vascular phases following administration
of intravenous contrast. These different phases emphasize either hepatic arterial or portal venous blood
flow. In a retrospective review of CT scans from 333 patients with HHT acquired over 15 years, 54.1%
had liver involvement [21]. Of patients with liver involvement, 47% had telangiectases alone, while the
remainder had telangiectases plus large confluent vascular masses, hepatic shunts, or other perfusion
abnormalities. CT and MRI are also sensitive to involvement of other organs such as pancreas and
gastrointestinal tract (seen in up to 18% of HHT patients in this series).

As with ultrasound, CT and MRI can also assess for the size of the hepatic artery and other
visceral blood vessels [20]. Early contrast filling of the hepatic vein or portal vein on early (arterial)
contrast phases can be evidence of arteriosystemic or arterioportal shunting, respectively (Figure 5) [1].
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In addition to the evaluation of vascular shunting, MRI and CT are sensitive to abnormalities of
the biliary tree (seen in cholangiopathy) or focal hepatic masses, described in more detail below.
Finally, anatomic information obtained using MRI can be complemented by quantitative evaluation of
blood flow through the hepatic artery or celiac artery [30]. Another strategy used to evaluate vascular
malformations in MRI (though not specific to HHT) is to measure the difference in aortic flow before
and after the VM [31].

Figure 5. Correlative US, CT, and MR imaging in a 69-year-old woman with HHT. (a) Longitudinal
grayscale US, (b) axial CT angiogram, and (c) axial T1 fat-saturated gadolinium-enhanced arterial phase
images show dilation of the hepatic artery (arrow) and hepatic veins (arrowheads) in this patient with
multiple arteriosystemic shunts.

4.3. Catheter Angiography

Conventional angiography, with direct arterial visualization, is rarely necessary in evaluating
hepatic VMs, given the excellent alternative non-invasive imaging options. However, angiography can
be useful in distinguishing between arterioportal, arteriosystemic, and portosystemic shunts (Figure 6).
Angiography is often unnecessary because therapeutic embolization of liver AVMs has fallen out of
favor due to a high complication rate, described in detail below.

Figure 6. Arterioportal shunt angiography in a 69-year-old woman with HHT. (a) Selective
catheterization and injection of the hepatic artery (arrowhead) shows dilation of the hepatic arterial
system and early contrast opacification of the main portal vein (arrow). (b) Portal venous phase shows
further opacification of the main portal vein (arrow) and intrahepatic portal veins.

5. Treatment of Hepatic Vascular Malformations

Treatment for symptomatic hepatic VMs is based on targeting the clinical symptoms. For
example, in an arteriosystemic shunt resulting in HOCF, management is directed towards HOCF
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with employment of diuretics, salt restriction, etc. [10]. In an arterioportal shunt resulting in
portal hypertension, treatment may involve fluid restriction, beta blockers, etc. Of individuals
with symptomatic hepatic VMs, 63% have a complete response to first-line treatment [10].

Currently, treatment is not recommended for asymptomatic individuals with hepatic VMs
because the majority do not develop complications [10]. Antiangiogenic therapy is being used
with increasing frequency for the therapy of HOCF secondary to hepatic VMs. Bevacizumab is a
monoclonal antibody targeting circulating vascular endothelial growth factor (VEGF), which stimulates
angiogenesis. Intravenous bevacizumab has been shown to decrease cardiac output in persons with
symptomatic hepatic VMs resulting in HOCF [32]. However, there is very limited data on the long-term
safety of bevazicumab when used for HHT, particularly because periodic maintenance infusions are
required [33]. Despite this, bevacizumab is increasingly used as long-term maintenance therapy for
HOCF and as a bridge to orthotopic liver transplant for others [6]. It is thought that tyrosine kinase
signaling pathways are also involved in angiogenesis. Pazopanib, an oral tyrosine kinase inhibitor
most commonly prescribed for the treatment of renal cell carcinoma, has also been shown to potentially
reduce bleeding (epistaxis and anemia) in HHT [34] and has also been used for treatment of liver
AVMs refractory to bevacizumab.

In severely symptomatic patients who fail first line therapy, more aggressive treatments have
been pursued. The curative treatment is orthotopic liver transplant (OLT), which has 82–92% survival
rate [10]. With regard to endovascular therapy, hepatic VMs are often considered “do not touch”
lesions due to the high risk of mortality and complication. Hepatic artery embolization is associated
with a 10% rate of mortality and 20% rate of complication requiring re-intervention [35]. Therefore,
such interventions are only recommended in late stage HOCF only when medical therapies fail and
OLT is not an option [10].

6. Imaging of Liver-Specific Complications on HHT

6.1. Pseudocirrhosis

Alterations in liver blood flow caused by VMs in HHT can lead to either diffuse or focal
hepatocellular regenerative activity, with fibrosis surrounding the abnormal vasculature [12].
On imaging, hepatic nodules and fibrosis mimic the appearance of cirrhosis. However, in HHT
this appearance has been termed “pseudocirrhosis,” as the normal hepatocellular architecture is
preserved (Figure 7) [12,16,36]. Unlike in true cirrhosis, there is not the same increased risk of
hepatocellular carcinoma (HCC) in pseudocirrhosis.

Figure 7. Chronic liver injury with nodular regenerative hyperplasia, pseudocirrhosis, and peripheral
fibrosis in a 54-year-old woman with HHT. (a) Axial T1-weighted MR image shows parenchymal
nodularity most prominent in the posterior right hepatic lobe (arrow). (b) Axial T2-weighted
fat-saturated MR image shows a reticular pattern of increased signal in the posterior right hepatic
lobe (arrow). (c) Delayed enhancement on the axial T1 fat-saturated gadolinium-enhanced MR image
(arrow), along with multiple telangiectases (arrowheads).
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6.2. Focal Nodular Hyperplasia

Focal nodular hyperplasia (FNH) is a common benign liver mass and represents a disorganized
proliferation of hepatocytes that can occur in response to VMs. FNH has a 100-fold higher incidence
in individuals with HHT [37]. Evaluation with multiphase cross-sectional imaging is usually
recommended for evaluation of focal liver lesions. FNH has a highly characteristic imaging appearance
on MRI, with early arterial enhancement and a T2-hyperintense “central scar” (representing disordered
mixture of blood vessels and bile ducts) [29]. It is important for radiologists and clinicians to keep in
mind the high incidence of FNH in HHT patients in order to avoid unnecessary biopsies.

Although FNH is benign, the imaging characteristics can pose a diagnostic dilemma, especially
on a background of “pseudocirrhosis” (Figure 8). For example, lesions in HHT patients may not have
the T2 hyperintense “scar [38]”. In such instances, differentiating benign FNH from malignant HCC (or
other tumors) is challenging. One solution is to obtain further imaging with gadoxetate-enhanced MRI.
Gadoxetate disodium is a gadolinium-based contrast agent that is actively taken up by hepatocytes.
Because FNH is composed of proliferating hepatocytes, gadoxetate is readily taken up by these cells.
Most hepatic malignant tumors (such as HCC or metastases) lack the transporter for gadoxetate,
and therefore, gadoxetate remains extracellular. This results in unique imaging appearances with FNH
retaining contrast (hyperintense) on the delayed “hepatobiliary phase” of gadoxetate-enhanced MRI
(Figure 9), while HCC or other genuine neoplasms are usually hypointense relative to surrounding
parenchyma. It is so essential to radiologically differentiate FNH from potential HCC due to the
differences in management. While suspicious lesions require biopsy, a biopsy is not recommended in
FNH on a background of hepatic VMs due to the bleeding risk.

Figure 8. Focal nodular hyperplasia (FNH) mimicking cholangiocarcinoma in a 41-year-old woman
with HHT. (a) Pre-contrast axial T1-weighted MR image shows a focal T1 hypointense lesion in segment
III of the left hepatic lobe (arrow). (b) The lesion shows restricted diffusion at diffusion-weighted
MR imaging (arrow). (c) Axial T1 weighted gadolinium-enhanced MR image with fat saturation
shows corresponding peripheral enhancement (arrow) as well as numerous confluent vascular masses
(arrowheads). (d) The segment III lesion is hyper-enhancing on delayed phase (arrow). The confluent
vascular masses are notably isointense to liver parenchyma at this phase. Ultrasound-guided biopsy of
the segment III lesion showed features of FNH.
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Figure 9. Focal nodular hyperplasia (FNH) in a 61-year-old woman with HHT. (a) Numerous hepatic
lesions (arrows) are essentially imperceptible given signal characteristics similar to that of background
parenchyma on pre-contrast-enhanced coronal T1-weighted MR image. (b) The lesions (arrows) are
hyper-enhancing on the hepatobiliary phase of the gadoxetate-enhanced coronal T1-weighted MR
image due to expected retention of contrast, compatible with multifocal FNH.

6.3. Cholangiopathy

An additional and feared complication of arterioportal or arteriosystemic shunts is cholangiopathy.
The hepatic artery is the only blood supply to the bile ducts. Therefore, if blood is shunted from the
hepatic artery to the portal or systemic veins, the bile ducts have decreased perfusion. In severe cases,
this can result in bile duct ischemia/necrosis, biliary strictures, cholangitis, and even liver abscesses
(Figure 10) [10,15].

Figure 10. Ischemic cholangiopathy in a 36-year-old woman with HHT. Marked dilation of the
intrahepatic bile ducts (arrows) and focal stenoses of the biliary tree (arrowheads) are seen on (a)
coronal T2-weighted SSFSE MR images, (b) axial T2-weighted SSFSE MR images, (c) coronal MRCP
maximum-intensity projection image, and (d) coronal T1-weighted gadolinium-enhanced MR image.
(SSFSE = single shot fast spin echo, MRCP =magnetic resonance cholangiopancreatography).

7. Summary and Future Direction

Hepatic VMs are common in patients with HHT, although a majority of them are asymptomatic.
Arterial-systemic shunting between the hepatic artery and hepatic vein contributes to HOCF, a major
cause of morbidity and mortality for HHT patients. Arterial-portal shunting can lead to portal
hypertension. Liver-specific abnormalities include pseudocirrhosis, FNH, and ischemic cholangiopathy.
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Non-invasive imaging with US, CT, and MRI plays a valuable role in assessing the hepatic
manifestations of HHT. US is the preferred initial screening modality for liver VMs. All three methods
can be useful for detecting and distinguishing the type of shunting that is present as well as for the
detection of focal lesions as well as the physiologic consequences of portal hypertension.

Because the severity and type of liver shunting is an important determinant of the clinical
presentation, particularly the development of HOCF, there is considerable interest in determining
whether imaging assessment of hepatic VMs can help predict treatment response in patients undergoing
anti-angiogenic therapy. As described above, quantitative assessment of flow and vascular morphology
using US or MRI has the potential to help understand the role of the liver in determining the clinical
response to these novel therapies.
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Abstract: Pulmonary arteriovenous malformations (PAVMs) are abnormal direct vascular
communications between pulmonary arteries and veins which create high-flow right-to-left shunts.
They are most frequently congenital, usually in the setting of hereditary hemorrhagic telangiectasia
(HHT). PAVMs may be asymptomatic or present with a wide variety of clinical manifestations such as
dyspnea, hypoxemia, or chest pain. Even when asymptomatic, presence of PAVMs increases patients’
risk of serious, potentially preventable complications including stroke or brain abscess. Transcatheter
embolotherapy is considered the gold standard for treatment of PAVMs. Though previous guidelines
have been published regarding the management of PAVMs, several aspects of PAVM screening and
management remain debated among the experts, suggesting the need for thorough reexamination
of the current literature. The authors of this review present an updated approach to the diagnostic
workup and management of PAVMs, with an emphasis on areas of controversy, based on the latest
literature and our institutional experience.

Keywords: pulmonary arteriovenous malformations; hereditary hemorrhagic telangiectasia;
transcatheter embolotherapy; screening; guidelines

1. Introduction

Pulmonary arteriovenous malformations (PAVMs) are structurally abnormal, direct vascular
communications between pulmonary arteries and veins, which bypass capillary beds to create
low-resistance, high-flow continuous intrapulmonary right-to-left shunts [1–3].

The majority of PAVMs (70% or more) are associated with the autosomal dominant disorder
hereditary hemorrhagic telangiectasia (HHT), also known as Osler-Weber-Rendu syndrome [2,4–6].
HHT mutations, which most commonly affect the ENG gene (HHT Type 1) or ACVRL1 gene (HHT type
2), disrupt key regulators in angiogenesis, resulting in the development of congenital PAVMs and other
vascular anomalies [1,7]. PAVMs affect about 50% of HHT patients overall [8], with a higher incidence
and number of PAVMs in patients with ENG mutations [9]. Acquired causes of PAVMs account for
approximately 20% of cases and include trauma, cardiothoracic surgery, hepatic cirrhosis, metastatic
cancer, mitral stenosis, infection, amyloidosis, and chronic thromboembolic disease [2,3]. The wide
variety of conditions associated with acquired PAVM suggests a common underlying developmental
mechanism which triggers an angiogenic cascade within the pulmonary vasculature [3]. The remaining
minority of PAVMs which cannot be classified as congenital or acquired are categorized as idiopathic.

PAVM angioarchitecture is classified as simple or complex based on the segmental pulmonary
artery anatomy, which is important for planning endovascular interventions [5,10]. Simple PAVMs
are supplied by a single segmental pulmonary artery. The single segmental pulmonary artery will
often branch distally into one to three subsegmental branches all supplying the PAVM [5]. Complex
PAVMs are supplied by two or more segmental pulmonary arteries. Diffuse PAVM is a rare subtype
of complex PAVM characterized by involvement of an entire segment, or sometimes an entire lung,
by tangles of malformed vasculature [3]. PAVMs often have a lower lobe predominance [11].
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PAVMs are most frequently asymptomatic, but may be associated with a wide spectrum of clinical
manifestations, and if left untreated, they can result in serious complications. Physiologic consequences
correlate with the size of PAVM and degree of right-to-left shunting, which can limit oxygenation and
natural filtration in the lung. Patients may present with varying degrees of dyspnea, cyanosis, clubbing,
or chest pain [2,3]. Due to decreased filtration of vasoactive substances into the systemic circulation,
migraines are a common neurologic manifestation of PAVM [1]. More serious complications include
brain abscess, paradoxical embolism resulting in stroke or transient ischemic attack (TIA), and less
frequently, hemoptysis or intrapulmonary hemorrhage [10,12]. HHT patients with PAVMs are several
hundred-fold more likely to develop brain abscess compared to the general population [13,14]. The risk
of brain abscess is significantly correlated with number of PAVMs, and larger feeding artery size is
significantly correlated with risk of ischemic stroke [15]. Current indications for treatment of PAVM
include any (solitary or multiple) PAVM with feeding artery diameter ≥2–3 mm, measurable increase in
PAVM size, paradoxical emboli, symptomatic hypoxemia, or any of the other aforementioned serious
complications [16].

Embolization is the standard of care for treatment of PAVMs, with surgery reserved for refractory
cases which have repeatedly failed embolotherapy [17]. This review aims to present updated
recommendations for the diagnostic workup and management of PAVMs, with an emphasis on
screening protocol and aspects of care within particular subsets of patients, based on the most recent
literature and the experiences at our institution, which has been an HHT Center of Excellence since 2010.

2. Methods

A comprehensive narrative review of the last 10 years of literature relevant to pulmonary AVM
diagnosis and management was undertaken using PubMed search term (pulmonary arteriovenous
malformations) for date range 1 April 2010 to the date of review on 1 April 2020 (Figure 1). The literature
search yielded 384 results. After excluding duplicative cohorts, letters, comments, and erratum, the
remaining 364 articles were screened by titles, abstracts, and keywords. A total of 201 publications were
identified as within the scope of the topic and the full texts were reviewed for eligibility. 73 articles were
deemed relevant to PAVM screening and management. Citations of these 73 papers were examined for
key articles which may have been published outside of the specified date range. Particular attention
was given to articles relevant to areas of controversy, including PAVM screening, size criteria for
PAVM treatment, management of PAVMs in pediatric and pregnant patients, treatment of persistent
and diffuse PAVMs, management of PAVMs in the setting of pulmonary hypertension, and choice of
embolic devices for PAVM embolization. The final literature sample included 110 articles relevant to
PAVM screening and aspects of management, with a focus on areas on controversy.
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Figure 1. Flowchart for literature selection for narrative review.

3. Screening Protocol in Patient with Suspicion for PAVM

3.1. Transthoracic Contrast Echocardiography

The International Guidelines for Diagnosis and Management of HHT recommend that clinicians
screen all patients with possible or confirmed HHT for PAVMs [18]. Transthoracic contrast
echocardiography (TTCE) is the screening test of choice for PAVM, with a sensitivity of up to 98.6% and
high rates of inter-observer agreement [19,20]. According to the 2011 International Guidelines, TTCE is
considered positive if there is any detection of bubbles in the left atrium, and all positive screening
tests should subsequently be confirmed with CT and recommended for antibiotic prophylaxis [18].
In patients with negative initial screening, repeat screening should be considered after pregnancy,
within 5 years preceding planned pregnancy, and otherwise every 5–10 years. However, recent studies
have brought into question whether confirmatory CT and antibiotic prophylaxis are necessary for
mildly positive TTCE screening studies.

The TTCE shunt grading system is divided into a 0–3 scale, depending on the degree of left
ventricular opacification after administration of a contrast agent. Grade 1 shunts demonstrate minimal
opacification with less than 30 bubbles on any single frame. Grade 2 shunts correspond to moderate
opacification with 30–100 bubbles. Grade 3 shunts have extensive opacification with >100 bubbles.
A 2016 survey assessing current practices among 33 practitioners at HHT Centers of Excellence
worldwide showed that for patients with Grade 1 screening echocardiograms, 41% recommend follow
up with contrast enhanced CT, 22% recommend noncontrast CT, and 25% recommend repeat TTCE in
5–10 years, suggesting inconsistency among practices [21].

Velthuis et al. demonstrated a relationship between the grade of right-to-left shunt on TTCE and
the prevalence of cerebral complications (ischemic stroke, TIA, brain abscess) in patients screened for
HHT [22]. Out of 1038 patients, 530 had shunts detected on TTCE. Grade 1 shunts were not associated
with an increased prevalence of cerebral manifestations, whereas grade 2 and 3 shunts were both
independent predictors for prevalence of cerebral complication. 58 patients had shunting only with
Valsalva maneuver, suggesting a diagnosis of patent foramen ovale (PFO) rather than pulmonary
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shunt, and none of these patients had any subsequent complication. Another study by Velthuis et al.
prospectively investigated whether TTCE shunt grade could predict size of PAVMs on chest CT in
510 patients [23]. The positive predicted value for presence of PAVM on chest CT was 13.4% for grade
1 shunts, compared to 45.3% and 92.5% for grade 2 and 3 shunts, respectively. Moreover, none of the
grade 1 shunts subsequently needed embolization, whereas 25.3% of grade 2 shunts and 77.4% of grade
3 shunts required endovascular closure of PAVM. Other studies have reported similar observations, for
example that increased shunt grade predicts presence of PAVM on chest CT [24–26], and that patients
with grade 1 shunts do not receive intervention, whereas those with grade 2 and 3 shunts often
do [27–30].

These studies strongly suggest that grade 1 shunts are not associated with cerebral complications
and do not predict presence of treatable PAVMs. As a result, we suggest that in patients with grade 1
shunts on screening TTCE, a conservative strategy withholding chest CT and antibiotic prophylaxis is
justified and appropriate [31]. Repeat TTCE screening should be performed every 5 years to monitor
for increased shunting. In patients with grade 2 shunts or higher on screening TTCE, diagnostic chest
CT should be performed. Lastly, patients who demonstrate TTCE shunting only with Valsalva most
likely have a diagnosis of PFO rather than PAVM, so the maneuver should be avoided during PAVM
screening, and subsequent chest CT is not necessary.

3.2. Contrast Versus Noncontrast Thoracic CT

As mentioned previously, for patients undergoing confirmatory chest CT after screening TTCE,
there is inconsistency among providers on whether to perform this study with or without contrast [21].
Currently, unenhanced multidetector chest CT with thin-cut 1–2 mm reconstructions is considered the
gold standard for confirming PAVM [2,3,18]. Noncontrast CT is sufficient for identifying the highly
characteristic feeding artery and draining vein, with a saccular or fistulous connection in between [10].
However, some institutions choose to perform CT with a modified pulmonary angiography protocol
(CTPA) to better define the PAVM angioarchitecture and aid in treatment planning [2,3]. Furthermore,
contrast can be a useful, though not absolutely necessary, tool for follow-up of embolized PAVMs,
by assessing the presence or absence of contrast enhancement in the PAVM sac and/or draining
vein. If contrast is used, care must be taken to avoid injection of air bubbles which could risk
neurologic complication.

Overall, we maintain that CT can be performed either with or without contrast for screening
and diagnosis of PAVMs. The use of contrast can help screen for extrapulmonary vascular anomalies,
better define PAVM angioarchitecture, and provide additional variables to assess treatment success
on follow-up CT, but has the disadvantage of increased cost and possibility of air embolism, allergy
or nephrotoxicity.

4. Management of PAVM by Sub-Populations

4.1. Small PAVMs

The 2011 HHT consensus guidelines recommended embolization of PAVMs with a feeding artery
diameter 3 mm or greater, with the caveat that targeting PAVMs with a feeding artery as low as 2
mm may be appropriate in some cases [18]. Older literature commonly referenced the notion that
cerebral ischemic events did not occur in patients having PAVMs with feeding artery diameter below
3 mm [32]. However, subsequent studies suggest that even small PAVMs can sometimes result in
complications. One case in 2004 described embolization of a PAVM with feeding artery diameter
of 1.8 mm in a patient with recurrent embolic strokes, with no further strokes post-treatment [33].
In 2004, Mager et al. reported long-term outcomes after embolization of 349 PAVMs in a cohort of
112 patients [34]. PAVMs targeted in this study had feeding artery diameter ≥3 mm or had caused
bleeding or systemic complications. In 38 patients, smaller visualized PAVMs were initially left
untreated; 16 of these 38 patients (42%) later required reintervention due to increasing shunt or
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complication. In 74 patients, all of the visible PAVMs including small lesions were treated at the
initial procedure, and only 4% of patients in this group required reintervention. These data suggest
that patients are much more likely to require reintervention when all visible PAVMs are not embolized
at the time of initial procedure. Three of the five complications reported in the study were definitive
sequelae of small untreated PAVMs, including one brain abscess and two TIAs. A 2006 study by
Pollak et al. reported that nearly 20% of small PAVMs will grow over time, and that up to half of these
may result in symptomatic events or complications [35]. A study in 2008 examining risk factors for
stroke and brain abscess in HHT patients with PAVMs found that all patients who experienced stroke
or abscess in spite of previous embolization had small untreated PAVMs with feeding artery diameter
≤2–3 mm, and embolization of all angiographically visible PAVMs was associated with significantly
reduced ischemic stroke rate [36].

Overall, current evidence suggests that serious complications including stroke and brain abscess
may occur in PAVMs with feeding artery diameter <3 mm. Given this risk, we feel it is reasonable to
perform embolization for any PAVM with feeding artery diameter 2 mm or larger, and any symptomatic
PAVM. Furthermore, several studies suggest that embolization of all angiographically visible PAVMs at
the time of initial procedure will significantly reduce the likelihood of needing reintervention and risk
of complication. Thus, if an embolization procedure is being performed, we recommend that all visible
PAVMs (including those smaller than 2 mm) be occluded at the same session, if technically feasible.

4.2. Pediatric Patients

The 2011 International Guidelines recommend that PAVM screening be performed at the time of
the initial clinical evaluation for HHT for both adults and children, with TTCE as the initial screening
test and confirmatory CT performed for positive TTCE [18,37]. However, these guidelines pose some
drawbacks for the pediatric population. As previously discussed, many studies have shown that TTCE
is often positive in the absence of treatable PAVM, particularly for low grade shunts [23–25]. Since any
positive TTCE study mandated subsequent CT, this potentially exposes the child to unnecessary or
avoidable radiation. Furthermore, the placement of intravenous lines, which is necessary for TTCE,
may be stressful for pediatric patients.

Mowers et al. completed a retrospective 14-year longitudinal study of PAVMs in 129 children
with HHT [38]. The study utilized standard screening methods, with initial TTCE screening, followed
by confirmatory CT for any positive TTCE shunt graded 2 or above. Negative patients were rescreened
every 5 years, and all PAVMs with a supplying artery greater than 3 mm were embolized. 59% (76/129)
of children screened positive on TTCE and were diagnosed with PAVM. Of those, 38 (50%) had small
(<3 mm) PAVMs which were left untreated, and 38 (50%) had large PAVMs ≥ 3 mm which were
embolized. 15 children had symptomatic PAVMs, all of which were large. All patients in the untreated
cohort remained asymptomatic. Nine of the 38 treated patients had initial negative screening, but
had PAVMs which grew larger at follow-up and were subsequently embolized. 21% (8/38) of the
embolization group required repeat intervention, primarily due to persistence of the treated PAVM.
No children in the study suffered treatment complications or adverse events in follow-up.

Hosman et al. completed an 18-year prospective study using a more conservative method of
screening in 175 children with HHT [39]. In the conservative approach, screening was performed
every 5 years using history and physical to detect dyspnea, cyanosis, and clubbing, pulse oximetry
to detect hypoxemia, and chest radiography to screen for visible PAVM. Positive abnormalities were
found in 50/175 (28%) children with HHT, and these 50 patients subsequently received diagnostic
CT. 39 out of 50 patients who underwent CT were found to have PAVMs, suggesting highly efficient
detection rate using this screening method. 33/39 (85%) children with PAVMs underwent embolization,
29 of them before the age of 18. 19/29 (66%) treated patients required multiple interventions due to
persistence. 57 HHT patients who did not have PAVM detected through childhood screening received
TTCE screening after age 18. In 6/57 (11%) of these patients, a PAVM was detected in adult screening
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and 2/57 (3.5%) were ultimately embolized. No children in the cohort suffered brain abscess, stroke,
hemoptysis or hemothorax due to PAVM.

Based on these studies, we can conclude that both standard and conservative approaches are
acceptable screening methods for PAVM in children. Standard screening with TTCE every 5 years,
followed by noncontrast low-dose CT for grade 2 or higher shunts is safe and effective at detecting
PAVM, but risks exposing a larger percentage of pediatric patients to radiation. Conservative screening
with physical exam, pulse oximetry, and chest radiograph every 5 years is also safe and effective,
with the added benefit of decreased likelihood of exposure to CT radiation. However, with the
conservative algorithm, there is a small chance of missing a treatable AVM which might not be detected
until adulthood.

Regarding frequency of screening, the existing recommendations state that for patients with initial
negative TTCE screen, screening should be repeated after puberty, and otherwise every 5–10 years.
However, recent longitudinal studies suggest that PAVMs can grow during puberty and that a more
frequent screening interval during childhood may be appropriate. Mowers et al. reported that, out of
31 children with HHT with negative initial screening who were followed for more than a year, nine of
them (29%) went on to develop new PAVMS on subsequent TTCE screen, with a mean time to detection
of 5.6 years [38]. Another study showed that, among 37 children with known PAVMs followed with
interval CT scans, PAVM size seemed to grow approximately 10% per year and double in size every
5–6 years [40]. Since evidence suggests that PAVMs are expected to grow during childhood, increasing
the risk of worsening symptoms or complications, we maintain that pediatric patients should be
rescreened for PAVMs at 5-year intervals.

In the pediatric population, there remains significant controversy regarding treatment approach.
Current guidelines state that symptomatic children should always be treated, whereas treatment
of asymptomatic children should be considered on a case-by-case basis. The prevalence and
symptomatology of PAVMs in children is similar in frequency and distribution to adults, and serious
complications from PAVMs do occur, particularly in PAVMs ≥ 3 mm [38,41]. One series followed
42 children with PAVMs treated with embolization (diameter ≥ 3 mm) for an average of 7 years [41].
Prior to clinical assessment or embolic treatment, several children within the study group had suffered
serious complications related to PAVMs: 60% (25/42) of patients presented with cyanosis; hemoptysis
had occurred in 7% (3/42) and neurologic complications had occurred in 19% (8/42). This study
demonstrated significant improvement in oxygenation after embolization, particularly in patients with
focal PAVMs, and only one post-treatment neurologic event, which occurred in a patient with diffuse
PAVMs. Persistence at follow-up occurred in 15% of PAVMs, emphasizing the need for long-term
follow-up post-treatment. Several other studies also suggest that PAVM-related complications in
children tend to occur only with large PAVMs, and that small untreated PAVMs may not pose as
significant of a threat as in adults [39,42,43].

Our own institutional practice is to screen infants and young children clinically using history,
physical, and pulse oximetry, and to start TTCE screening at age 10–12, with repeat TTCE every
5 years thereafter. We prefer to treat symptomatic PAVMs and any PAVM ≥ 3 mm in pediatric patients,
and to monitor smaller asymptomatic PAVMs until age 18 to reduce childhood radiation exposure.
When embolization is required, we perform dense distal embolization of the PAVM to mitigate the
high rates of persistence at follow-up.

4.3. PAVMs in Pregnancy

PAVMs have been observed to cause increased morbidity during pregnancy [44]. Physiologic
changes of pregnancy result in increased blood volume and cardiac output, particularly in the second
and third trimester, which may raise pressure within the PAVM. Moreover, high progesterone levels
are thought to increase venous distensibility. These physiologic factors can promote enlargement
and rupture of PAVMs during pregnancy. Numerous cases of PAVM-related complications during
pregnancy have been reported in the literature, most frequently hemothorax [45–51]. However, despite
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acknowledgement of this greater risk during pregnancy, international consensus guidelines do not
provide specific recommendations about treatment of PAVMs during pregnancy [18]. The British
Thoracic Society guidelines advise clinicians to consider pregnancy a relative contraindication to
elective embolization due to radiation and preterm labor risk, with the caveat that benefits may
outweigh risks in setting of life-threatening hemoptysis [1]. They further contend that most PAVM
pregnancies do well even in the setting of significant hypoxemia, but recommend management as a
“high-risk” pregnancy, quoting a 1% risk of maternal death. However, our review of existing literature
suggests this may be an underestimation, and that treatment of PAVM during pregnancy is both safe
and warranted given the morbidity and mortality risk.

The risk of death with PAVM pregnancy quoted by the British Thoracic Society was determined
from a 2008 review by Shovlin et al. [52]. This study reported 5 deaths out of 484 pregnancies in
women with HHT, approximately 1%. However, out of 484 pregnancies, 23 cases (in 16 patients) were
prospectively followed during the pregnancy, and 15 of the 16 patients in this prospective group had
had their PAVMs embolized prior to pregnancy. Although no deaths occurred in the prospective group,
inclusion of these pretreated cases is not a valid assessment of mortality risk for untreated PAVM.
239 of the 484 cases were previous pregnancies in women currently attending HHT clinic, constituting
the retrospective study group. All patients in this subgroup had to be alive given they were present in
clinic post-pregnancy, so their inclusion again is not valid to assess mortality. 222 pregnancies in the
study were assessed in first-degree relatives with known HHT. In this group, 5 deaths occurred out of
222 cases, a rate of approximately 2.3%. The number of patients with PAVMs in this third study group
was not known. Several may not have had PAVMs at all, and others may have had their PAVMs treated
prior to pregnancy. Thus, estimates drawn from this study may underestimate the true mortality risk
of untreated PAVM in pregnancy.

Earlier data does support the notion that untreated PAVMs are dangerous during pregnancy.
A 1995 study by the same group reviewed maternal complications of 161 pregnancies in HHT women
with and without PAVMs [53]. In 138 pregnancies without PAVM, no deaths occurred, and there was
one ischemic stroke of unknown cause (0.7%). Of the 23 pregnancies with untreated PAVM, 8 (23%)
resulted in nonfatal complications comprised of 6 pulmonary shunt increases and 2 ischemic strokes.
2 of the 23 PAVM cases resulted in fatal pulmonary hemorrhages, an 8.7% maternal death rate.

A 2014 study surveyed women with HHT regarding complications during pregnancy, including
38 women with known PAVMs [54]. Eight women with PAVMs had been screened and treated prior to
pregnancy, and no complications were noted in a total of 17 pregnancies in this group. Thirty women
with PAVMs had not been treated pre-pregnancy; out of 64 pregnancies in this group, 11 complications
were deemed to be PAVM-related, including 2 cases of hemoptysis, 5 hemothoraces (1 post-partum),
2 TIAs, and 1 post-partum myocardial infarction. While this survey-based study cannot be used to
estimate mortality rate, the findings do suggest that untreated PAVM poses a high morbidity risk
during pregnancy.

The data from these three studies can be roughly combined to make conservative risk estimates
for untreated pulmonary AVMs in pregnancy (Figure 2) [52–54]. A mortality estimate can be calculated
based on the data from first-degree relatives in the 2008 survey (222 pregnancies) combined with the
retrospective data from the 1995 study (23 pregnancies), which yields 7 deaths in 245 patients (2.9%).
For non-fatal complications, a morbidity estimate can be calculated based on the retrospective data
and the data from first-degree relatives in the 2008 survey (461 pregnancies), retrospective data from
the 1995 study (23 pregnancies), and retrospective data from the 2014 survey (64 pregnancies), which
yields 30 nonfatal complications in 548 pregnancies (5.5%). These risk estimates, although imperfect,
do underscore the danger of untreated PAVMs in pregnancy. A recent review examining pregnancy
in HHT concluded similarly that the current maternal mortality and morbidity risks quoted in the
literature are likely underestimations, and that these cases should be considered high risk [51].
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Figure 2. Flowchart representation of mortality and morbidity risk estimates for untreated pulmonary
arteriovenous malformations in pregnancy.

The British Thoracic Society describes pregnancy as a relative contraindication to elective
embolization due to radiation exposure and risk of preterm labor [1]. However, studies have
shown that complications from PAVM embolization are rare. One study examining outcomes of
205 PAVM embolization procedures in non-pregnant patients reported a ≤1% procedural complication
rate, that being a single TIA [35]. Gershon et al. published a case series describing the embolization
of 13 PAVMs in 7 pregnant patients, gestational age 16–36 weeks, reporting no complications [44].
Furthermore, there are no reports in the literature of PAVM embolization procedures causing preterm
labor, adverse maternal outcome, or adverse fetal outcome. From the existing literature, the morbidity
risk of PAVM embolization appears to be very low, and the mortality risk is essentially nonexistent.

A second topic of frequent concern is radiation risk, but deterministic effects of radiation exposure
in fetuses are only seen with high radiation doses [55]. The risks of radiation exposure decrease with
gestational age. For example, at 8–15 weeks gestation, decreased intelligence quotient (IQ) is seen
at 100 mGy and growth retardation at >250 mGy [55]. However, from 16 weeks gestation through
term, decreased IQ is typically observed above 100 mGy and growth retardation is only observed
at >1500 mGy [55]. The fetal radiation dose from PAVM embolization is estimated to be less than
1–2 mGy, well below all deterministic thresholds. Cancer risk is thought to increase by 0.01% for
every 1 mGy of fetal radiation dose, meaning approximately 0.02% risk of cancer [55]. In other words,
PAVM embolization has an estimated 1 in 5000 risk of cancer induction, and no deterministic effects,
compared to a greater than 1 in 50 risk of maternal, and possibly fetal, death from untreated PAVM
during pregnancy. From the existing evidence, we believe that the benefit of PAVM embolization
during pregnancy greatly outweighs the risk. Regarding optimal timing of therapy, a review of 26 case
reports of untreated PAVM complications in pregnancy found that 8% of complications occurred in the
first trimester, 85% percent in the second or third trimester, and the remainder were unknown [44].
We feel that early in the second trimester may be the ideal time to treat pregnant mothers with PAVM,
as this stage of fetal development has the least susceptibility to radiation and is generally a stable
period with low risk of preterm labor.

A third area of concern in the context of pregnancy and angiography is the safety of contrast
agents. In general, iodinated contrast media are considered safe for pregnant and lactating mothers,
with the same risk factors for adverse reactions as the general population [56]. Although transplacental
transfer of iodinated contrast has been observed, there is no evidence to suggest teratogenic effects in
humans [56]. Nonionic iodinated contrast agents are preferred when contrast is needed in pregnant
women, as they do not affect neonatal thyroid function [56].

Finally, it should be noted that PAVMs which were treated prior to pregnancy can have
complications during pregnancy. In the aforementioned 2008 trial by Shovlin et al. 23 pregnancies in
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16 patients with PAVMs were prospectively followed, and 15 of these patients had been embolized
before pregnancy. Two nonfatal PAVM hemorrhages were observed in this group [52]. The previously
discussed 2014 survey study reported no deaths and no complications in 17 pregnancies among
8 women treated prior to pregnancy. These numbers are too small to provide definitive risk estimates,
but they should raise awareness that previously treated AVMs, especially those treated in the distant
past and demonstrating systemic arterial reperfusion, can bleed during pregnancy. Any hemoptysis in
a patient with treated pulmonary AVM should immediately raise suspicion for bronchial reperfusion
with hemorrhage, and should prompt emergency room visit and definitive management.

In conclusion, evidence demonstrates that the risk of untreated PAVM in pregnancy is high,
while the risk of PAVM embolization is vanishingly low. We believe that patients with untreated
PAVMs should be treated prior to pregnancy whenever possible. Pregnant patients who have not
been screened for PAVM should undergo screening with TTCE or low-dose noncontrast chest CT.
If PAVMs are discovered during pregnancy, they should be treated. We have provided a case example
of successful PAVM embolization during pregnancy from our institution (Figure 3). Patients who are
symptomatic from their PAVMs should be treated immediately, regardless of gestational age. There is
insufficient data to determine what PAVM size should be treated during pregnancy in an asymptomatic
patient; our institution uses the same 3 mm feeding artery cut-off that we use for pediatric patients
with asymptomatic PAVM, while patients with smaller PAVM are monitored closely and treated in the
post-partum period. In patients with PAVMs treated during pregnancy, we recommend follow-up
evaluation within 6 months postpartum, followed by a repeat screen every 3–5 years or prior to the
next pregnancy. Patients with negative PAVM screening before or during pregnancy should continue
to have standard repeat screening after pregnancy.

     

            (a)                          (b) 

         

   (c)               (d)                 (e) 

Figure 3. 20-year-old female, who is 6 months pregnant presents with mild dyspnea. (a) Chest CT
performed to rule out pulmonary embolism reveals complex PAVM with 3 mm feeding artery (orange
arrow). (b) Initial pulmonary angiogram confirms PAVM in the right middle lobe (green arrow).
(c) Angiogram shows selection of the supplying artery with a catheter. (d) Microcatheter placement
into PAVM nidus. (e) Final angiogram shows complete occlusion of PAVM following embolization
with 11 microcoils and 1 microvascular plug. Estimated fetal radiation dose was <5 mGy, scatter only
with no direct irradiation. Remainder of pregnancy was uneventful and the patient delivered a healthy
baby girl at 39 weeks gestational age.
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4.4. Persistent PAVMs

While embolization is the standard of care for PAVM treatment, up to 25% of initially
successful cases experience persistence, meaning return of flow to the PAVM in follow-up [34,57,58].
Some providers believe that the presence of embolic material in persistent PAVMs can effectively
filter clinically significant paradoxical emboli, rendering them less dangerous, while others theorize
that persistent PAVMs may pose a higher risk owing to the potential for in-situ thrombus formation
resulting from diminished flow [59,60]. The relative risk compared to native PAVMs is uncertain,
but significant complications have been ascribed to persistent PAVMs, and re-treatment should be
performed whenever feasible [57]. One commonly-used criterion for persistence is the failure of the
draining vein or sac to regress by >70% on follow-up CT [57,61,62]. Persistence usually occurs in one of
two patterns, recanalization or reperfusion. In recanalization, there is return of flow through previously
placed embolic material supplying the PAVM. This is the most common pattern of persistence, seen in
88–91% of cases [57,63]. In reperfusion, flow reaches the PAVM by means of accessory arteries passing
around the embolic material. Persistent PAVMs of either type have been shown to be difficult to treat,
with variable success rates after repeat embolization ranging from 40% to 80% [35,57,63,64]. Studies
report higher likelihood of retreatment success with recanalization compared to reperfusion [57].

A third, less common pattern of persistence is systemic-to-pulmonary reperfusion, usually arising
from bronchial, internal mammary, or subclavian artery collaterals [57]. Although systemic-to-pulmonary
reperfusion represents a left-to-left shunt and carries no risk of paradoxical embolization, the systemic
pressure and fragile collateral arteries can lead to hemoptysis [35,58,63]. Asymptomatic patients can be
counseled and monitored, while symptomatic patients should undergo systemic artery embolization
or resection of the involved segment. Caution should be exercised during embolization of systemic-to-
pulmonary collaterals, as multifocal strokes have been encountered from the use of particulate
embolization [35].

The characteristics and treatment outcomes of persistent PAVMs described in the literature reveal
several patterns which can be used to guide interventional management. Most complex PAVMs persist
in a reperfusion rather than recanalization pattern, suggesting that at the time of initial embolization,
thorough investigation of collateral branches and accessory feeder vessels to complex PAVMs should
be performed, to reduce the risk of later reperfusion [65]. The most recent data reaffirms that persistent
PAVMs are difficult to treat, but indicates that distal embolization beyond the existing embolic results
in more durable occlusion [65]. This is consistent with similar findings from previous reports [57,63].
It is hypothesized that distal embolization may be more successful by allowing placement of embolic
material directly into the PAVM sac or nidus, resulting in more durable occlusion regardless of
angioarchitecture [65–68]. However, it should be noted that the distal embolization technique is
not always technically feasible, since the previously deposited embolic material may prevent distal
access [57,63,65]. One study reports a high success rate treating recanalized PAVMs using coils in
conjunction with Amplatzer vascular plugs [61]. In either case, dense packing and complete stasis in
the targeted AVM should be the desired endpoint [16].

Lastly, a recent study by Haddad et al. described a relationship between smoking and PAVM
persistence at follow-up [69]. In 102 HHT patients with 373 treated PAVMs, five-year persistence-free
survival rates in nonsmokers, smokers of 1–20 pack-years, and smokers of more than 20 pack-years were
12%, 22%, and 38% respectively [69]. The study demonstrated a dose-response and temporal relationship
between smoking and PAVM persistence, likely related to effects on the vascular endothelium. While the
total number of smokers in the study was relatively low and further studies are needed to confirm the
findings, we recommend advising patients of these possible risks as further reason for smoking cessation.

4.5. Diffuse PAVMs

Diffuse PAVMs are a rare subtype of complex PAVM, with a slight female predilection, in which
one or more segments of the lung is diffusely involved by PAVMs [70,71]. Patients with this pattern
of involvement can experience severe hypoxemia and are at far higher risk of serious complications
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including adverse neurologic events compared to those with focal PAVMs [70]. Due to the vast
complexity of the malformation angioarchitecture, embolization in these patients is more technically
challenging compared to standard embolization in focal or even multifocal PAVM cases.

Pierucci et al. has described the natural history and outcomes of 36 patients who underwent
embolization for diffuse PAVMs [71]. Among the 10 patients with unilateral diffuse PAVM, 30% had
experienced complications such as brain abscess or hemoptysis. Comparatively, of 26 patients with
bilateral diffuse PAVM, 70% had had complications including abscess and stroke, suggesting a higher
rate of adverse events with increasing lung involvement. Regarding procedural technique, the authors
of study embolized all visible focal PAVMs with diameter >3 mm. In areas of diffuse PAVM, they
utilized an approach called peripheral blood flow redistribution, treating only the most severely
involved regions, using dense coil packing to perform peripheral-to-central occlusion of the target
artery, thereby redistributing pulmonary blood flow to less involved portions of lung [71]. At a mean
8.5 year follow-up, oxygenation had significantly improved in both the unilateral cohort (from 87% to
95%) and bilateral cohort (79% to 85%). All nine deaths which occurred during the study period were
in the bilateral cohort, 3 of which were PAVM-related complications (11%).

A second series reviewed 39 patients with diffuse or multifocal PAVM, including a subset of
22 patients with true diffuse PAVM, around 60% of whom had suffered neurologic complications [72].
This study used similar techniques, combining embolization of all large focal PAVMs and peripheral
blood flow redistribution in areas of diffuse PAVM involvement. At mean 3.5 year follow-up, 80%
of patients endorsed improvement in dyspnea symptoms. 10% of treated patients experienced ischemic
or infectious complications due to reperfusion of embolized PAVMs or enlargement of untreated PAVMs.

Given the anatomic complexity and technical challenge of treating diffuse PAVM endovascularly,
lung transplantation for diffuse PAVM has been described, typically in settings where PAVMs were not
amenable to embolization or surgical resection [73–75]. The Registry of the International Society for
Heart and Lung Transplantation reports a median survival around 8 years for lung transplant overall [76].
Most case studies on lung transplant for diffuse PAVM have only reported outcomes at short term
follow-up, on the order of 1–3 years. A prospective study by Shovlin et al. reported long term outcomes
of a small cohort of 6 patients with diffuse PAVM who were considered for lung transplantation [77].
The cohort was young (≤47 years), hypoxemic with baseline oxygen saturation less than 86%, and
had all undergone maximal transcatheter embolization. One patient in the cohort received single lung
transplant, but died within 4 weeks of surgery. The remaining 5 non-transplanted patients had a median
21 year survival, ranging from 16–27 years, considerably longer than the overall median survival
reported for lung transplant. The marked longevity demonstrated by the non-transplanted cohort
compared to the reported median survival with lung transplant is an important factor which patients
and providers must consider; the option to pursue lung transplant for diffuse PAVM is a multifactorial
decision which should give weight to survival outcomes, symptomatology, and quality of life in a
case-by-case basis.

In patients with diffuse PAVMs, we believe that transcatheter embolotherapy should be first-line
treatment. Embolization of all focal PAVMs ≥ 3 mm should be performed to reduce risk of stroke and
brain abscess. Additionally, peripheral-to-central occlusion targeting areas of diffuse involvement
can be considered, to achieve peripheral blood flow redistribution to less involved lung segments.
This second approach can achieve modest improvements in dyspnea and hypoxemia in patients who
have few lung segments involved. However, in patients with truly diffuse bilateral PAVM affecting all
lung segments, transcatheter embolotherapy may not achieve meaningful improvements in hypoxemia,
as there are no normal lung segments for redistribution (Figure 4). In these patients, embolization of
only focal PAVMs ≥ 3 mm may be preferable, followed by expectant management. In all patients with
diffuse PAVM, even after embolotherapy, adverse PAVM-related outcomes still occur with relatively
high frequency; treated patients should be advised to seek prompt medical attention for symptoms
suggestive of stroke, bleeding or brain abscess.
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(a) (b) (c) 

Figure 4. 9-year-old female with genetically confirmed HHT, mild growth and developmental delay,
presenting with dyspnea on exertion and chronic hypoxemia (baseline oxygen saturation of 60–80%)
requiring supplemental oxygen. CT chest (not shown) showed diffuse PAVMs affecting all segments
of both lungs. (a) Initial pulmonary angiogram of the left lung demonstrates diffuse PAVMs, most
pronounced in the basal left lower lobe and lingula. (b) Final pulmonary angiogram of the left lung
following peripheral-to-central embolization of the left lower lobe and lingula with implantation of
20 coils. (c) Final pulmonary angiogram of the contralateral right lung, performed 1 month after
the left-sided embolization. Similar to the left lung, embolization was performed of the dominant
PAVMs of the right lower lobe basilar segments. Despite the extensive embolization, the patient had no
improvement in baseline oxygen saturation or functional status.

4.6. Pulmonary Hypertension

Pulmonary hypertension (PH), defined as mean pulmonary arterial pressure (mPAP)≥25 mmHg [78],
is relatively common among HHT patients, with reported rates between 1.5–13% [10,79–81]. Screening
for PH can be performed at the time of routine TTCE [79]. Many of these HHT patients have secondary
PH, often as a result of high-output cardiac failure secondary to hepatic arteriovenous malformations
(AVMs) [8,10,80,82]. A smaller proportion of patients, about 1%, have heritable or primary PH; this is
usually seen with the ACVRL1 mutation (HHT type 2) [83–86]. The coexistence of PAVMs and PH poses a
clinical dilemma, as there is a paucity of data examining the evolution of PH following PAVM embolization.
The presence of PAVMs may have a protective effect in the setting of severe PH, by providing a low
resistance “pop-off valve” which could help decrease right ventricular afterload [10]. Treatment of
PAVMs in these patients could hypothetically increase the pulmonary vascular resistance, worsening PH.
Alternatively, the improved oxygenation and decrease in cardiac output following PAVM embolization
could outweigh the potential increase in pulmonary vascular resistance, thereby mitigating an increase in
pulmonary pressures [87–89].

There are several conflicting reports in the existing literature. Cases have described fatal increases
in pulmonary arterial pressure following PAVM embolization in the setting of severe baseline PH,
defined by some as mPAP ≥ 40 mmHg [78,90]. Others report adverse outcomes of not treating, wherein
worsening PH led to continued growth and eventual fatal rupture of untreated PAVM [91]. In a series
of 43 patients, embolization of PAVMs did not generally lead to a significant increase in pulmonary
artery pressure, in the setting of baseline mild-to-moderate PH [88]; notably, patients with baseline
severe PH were excluded from the study. Within our own institution, we have experienced one case in
which PH worsened following PAVM closure (Figure 5).
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(a) (b) 

 

 

 

 

 

 
         (c) (d)         (e) 

Figure 5. 49-year-old male with history of nonischemic cardiomyopathy, severe mitral and triscuspid
regurgitation, PAVM, and PH presented with acute hypoxemic respiratory failure. (a) Axial and
(b) coronal CT angiogram images revealing a large PAVM in the lingula (orange arrows). (c) Initial
pulmonary angiogram of the left lung demonstrates that a large proportion of pulmonary arterial
flow passes through the PAVM, acting as a “pop-off” valve. (d) Selective angiogram shows selection
of the feeding artery with filling of the complex PAVM sac. Prior to embolization, patient’s oxygen
saturation on 4 L nasal cannula was 89%. Pre-embolization main pulmonary artery pressure (PAP)
was 53/21 mmHg (mPAP 33 mmHg). (e) Final pulmonary angiogram shows occlusion of PAVM
with combined coiling and deployment of an 8 mm Amplatzer plug in the arterial feeder. Following
embolization, PAP increased 72/37 mmHg (mPAP 50 mmHg). Oxygen saturation on 4 L nasal cannula
improved to 99%. The patient was weaned to room air and discharged in good condition. Two years
later, he was admitted on multiple occasions for acute decompensated heart failure. At 3.5 years after
embolization, he died from acute renal failure secondary to cardiorenal syndrome.

Before treating HHT patients with PH, one should seek to determine the etiology, and whether
there is significant hepatic vascular involvement. Some reports suggest that occlusion of low-resistance
PAVMs in the setting of high cardiac output could lead to worsening PH [58,90]. During PAVM
embolization procedures in patients with PH, pre-embolization and post-embolization pressures
can be obtained and compared. In cases where the effect of embolization is uncertain, temporary
occlusion of the feeding artery can be performed with a balloon occlusion catheter while monitoring
the cardiovascular response, to predict the risk of pulmonary hemodynamic changes prior to
embolization [58]. There may also be a role for endothelin-receptor antagonists to mitigate worsening
of PH following PAVM embolization in at-risk patients, though further study is needed [86].

We recommend that patients with coexisting PH and PAVM be considered for therapy on a
case-by-case basis. Existing evidence suggests that embolotherapy of PAVMs is indicated in patients with
mild-to-moderate PH. Though the data remains inconclusive, severe baseline PH (mPAP ≥ 40 mmHg)
and larger PAVM size may result in increased likelihood of worsening PH after closure, and embolization
in such cases should be carefully weighed.
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5. Embolic Devices

Coils are a well-established option for PAVM embolization, promoting luminal thrombosis through
both reduction of vascular flow and intrinsic prothrombotic properties of the coil design. They are
relatively easy to use and adapt exceptionally well to the shape of the vascular lumen. Regarding coil size,
the diameter of the initial coil should not be smaller than the feeding artery diameter, as this increases
the risk of paradoxical embolization [92]. Conversely, coils with too large of a diameter may lead to
inadequate packing, or rarely complications such as vessel rupture [92]. For pushable coils, 20–30% coil
oversizing relative to feeding vessel diameter is recommended [16,92]. With newer, longer detachable
coil designs, coil size can be closely matched to the vessel diameter, as the longer coils provide more
vessel wall contact to prevent migration. In general, long and soft coils can provide maximal packing
density with low migration risk. However, currently published data do not demonstrate differences in
safety, technical feasibility, or reperfusion rates at 1-year follow up based on type of coil utilized [93,94].
Some studies have reported high persistence rates for PAVMs treated with coils, up to 49% at 2-year
follow-up [64]. A 2017 study by Stein et al. reported high persistence rates around 21% in small PAVMs ≤
3 mm treated with coils alone [95]. Recent data suggests that all patients with embolization coils placed
after 1984 can safely undergo 1.5 T magnetic resonance imaging (MRI) [96].

Amplatzer vascular plugs (AVPs) are dense expandable nitinol mesh vascular occlusion devices
that reduce blood flow in a target vascular lumen to promote thrombosis [92]. It is recommended
to oversize vascular plugs by 30–50% relative to the target vessel diameter at the occlusion site [92].
The vascular occlusion induced by AVPs is not instantaneous, and may take several minutes, particularly
in high-flow settings [92]. Sometimes, the large amount of flow in the AVM can prevent occlusion
or lead to later recanalization of the AVP; the addition of one or more coils proximal to the plug can
help prevent this occurrence [61]. Compared to coils, AVPs appear to have a lower risk of device
migration [3,97]. Vascular plugs may also have less metallic artifact compared to coils, which can be
advantageous when evaluating treated PAVMs on follow-up imaging [3]. On the other hand, vascular
plugs require rigid deployment systems with larger caliber sheaths and catheters, which can lead to
technical difficulties, particularly limiting the ability to perform distal embolization [3]. One study
evaluating efficacy of AVPs in PAVM treatment reported an 84% treatment success rate, defined as
>70% sac size regression on follow-up CT [98]. A more recent study of 88 embolized simple PAVMs
reported treatment success rates between 83.3–100% using various types of AVPs [99]. Other studies
report low recanalization rates ranging between 5–7% [100,101]. One study found AVPs to be very
effective in treatment of 24 large PAVMs with feeding artery diameter ≥8 mm, reporting no persistence,
migration, or complications in follow-up [102]. Studies show that vascular plugs are less likely to
recanalize compared to coils, and that vascular plug alone or in combination with coils might be a better
primary option for PAVM embolization when technically feasible [16,103,104]. A 2012 study achieved
high rates of technical success treating complex PAVMs by first performing venous sac embolization
with detachable coils, followed by occlusion of the large feeding arteries using AVPs [105]. As with
coils, AVPs placed after 1984 can be safely imaged using 1.5 T MRI [96].

Another device option for PAVM treatment is the Microvascular Plug (MVP) (Medtronic, Minneapolis,
USA), a detachable plug consisting of a nitinol skeleton partially coated with polytetrafluoroethylene
(PTFE) (Table 1). Advantages of MVPs in embolization of PAVMs include microcatheter-based deployment,
resheathability, immediate occlusion even in the setting of intraprocedural anticoagulation, and less metal
artifact compared to coils [106,107]. Furthermore, it is thought that the PTFE coating may help prevent
delayed recanalization. Studies have shown the use of MVPs to be safe and technically successful in
the treatment of PAVMs [106,108]. A 2015 series describing the use of MVPs to embolize 20 PAVMs in
7 patients demonstrated immediate cessation of flow through the feeding artery in 91% (21/23) of cases,
with no device migration [106]. More recent studies have described similar findings using MVPs to
treat PAVMs with feeding artery diameters >2 mm; they report technical success rates of 98–100% with
immediate stasis of feeding vessels, and low persistence rates of 0–6%, considerably lower than rates seen
with traditional coils [108–110]. A summary of the data presented in this section is provided in Table 1.
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6. Follow-Up

Follow-up is important for patients with HHT to monitor for reperfusion of treated PAVM and
growth of existing or previously microscopic PAVMs. As previously mentioned in the screening
protocol discussion, patients with negative initial screening or suspected microscopic PAVMs (grade 1
shunts on initial screening TTCE) should have repeat TTCE screening every 5 years.

In patients with initial negative screening CT, or a CT showing a very small PAVM not indicated
for treatment, there is conflicting evidence on what constitutes an appropriate surveillance interval.
Previous guidelines recommended 3–5 year CT follow-up. However, a 2019 study by Curnes et al.
has reported a lack of growth over time for small untreated PAVMs in adults [111]. For each patient
in the study, they compared 2 CT exams with the longest interval between them (mean 8.4 years,
range 3.1–14.1 years) to assess growth, analyzing a total of 88 PAVMs in 21 patients. They found that
untreated PAVMs grew slowly, if at all, and that any demonstrated growth was minimal and clinically
inconsequential [111]. Similar findings were reported by Ryan et al. in a 2017 study investigating
the natural history of small and microscopic untreated PAVMs in adults [112]. The findings from
Curnes et al. and Ryan et al. challenge the guideline of 3–5 year CT follow-up for small untreated
PAVMs, suggesting that this interval could be safety extended up to 5–10 years [111,112].

Another study assessed the diagnostic yield of rescreening adult HHT patients with initial negative
screening CT [113]. They found that in 172 HHT patients, there is a low rate of newly detected PAVMs,
approximately 0.7%/patient-year, most of which are small and not amenable to treatment. No treatable
PAVMs were identified at the 5-year mark, and only 1 treatable PAVM was identified after 6 years,
further supporting the notion that a longer screening interval of 5–10 years may be warranted [113].
In addition, a survey of providers at HHT Centers of Excellence worldwide has shown that around one
fifth of providers already choose to obtain follow-up imaging in 10 years for patients who demonstrate
PAVM stability on 2 CT scans in a 5-year period [21]. This is the regimen we follow at our institution.

The existing guidelines state that for patients who have undergone recent embolization of their
PAVMs, follow-up CT should be performed within 6–12 months of treatment, then repeated every
3 years [18]. We feel that this interval can be increased in many patients, thereby reducing radiation
exposure and reducing costs. At our institution, we recommend initial follow-up with CT within
6 months of embolization, followed by a repeat CT in 3–5 years based on likelihood of persistence,
favoring shorter follow-up times for larger and more complex PAVMs. We use the common definition
of successful PAVM treatment, that being more than 70% shrinkage of the draining vein or sac [57,61,62].
Either non-contrast or contrast-enhanced CT can be used.

One study has investigated whether graded TTCE can be used post-embolotherapy as a follow-up
tool to predict the need for repeat treatment [114]. In 32 patients with prior PAVM embolization, graded
TTCE was performed and the results were compared to their most recent chest CT. Two patients had
PAVMs requiring repeat embolotherapy (feeding artery diameter ≥3 mm) due to untreated PAVM
growth or treated PAVM persistence. All patients with negative TTCE had no visible PAVMs on
CT. Both patients who did require repeat embolotherapy had grade 3 shunts on TTCE. The study
suggests that post-embolotherapy TTCE can be used to predict the need for repeat embolotherapy
and presence of treatable PAVM on CT. These results are promising and may provide an avenue for
post-embolotherapy patients to avoid repeated radiation exposure.

Lastly, some authors suggest the use of time-resolved magnetic resonance imaging (MRI) for
follow-up, particularly in patients treated with coils as there may be less induced metallic artifact
with this modality [3,16,115,116]. A recent pilot study compared the use of ferumoxytol-enhanced
MR angiography (MRA) to CT angiography (CTA) for PAVM detection [81]. The two modalities
were comparable in detection rate for PAVMs > 2 mm, and ferumoxytol-enhanced MRA was able
to detect several persistent PAVMs which were missed by CTA due to beam-hardening artifact from
embolization coils. The data are preliminary, but both time-resolved MR and ferumoxytol-enhanced
MR may prove to be feasible alternatives to CT for PAVM imaging, especially in the post-embolization
setting, while avoiding the use of radiation and nephrotoxic contrast [117].
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7. Conclusions

PAVMs are important to detect and challenging to treat. As the vast majority of PAVMs occur in
the setting of HHT, particular attention should be given to screening and surveillance of PAVMs in
this patient population. Detailed review of the current literature suggests that contemporary practices
often deviate from previously published guidelines on PAVM management.

Grade 1 shunts on initial screening TTCE are not associated with cerebral complications and do
not predict presence of treatable PAVMs, and therefore chest CT can be withheld. The same is true of
shunts which are seen only with Valsalva maneuver. In these patients, TTCE screening can be repeated
every 5 years.

Chest CT should be performed in patients with grade 2 shunts or higher on screening TTCE. CT
can be performed sufficiently with or without contrast.

Serious complications including stroke and brain abscess often occur in PAVMs with feeding
artery diameter ≥3 mm. These complications can also occur with smaller feeding artery diameters,
though it is less common. It is recommended to treat any PAVM with feeding artery 2 mm or greater,
and any symptomatic PAVM. Furthermore, embolization of all angiographically visible PAVMs at the
time of initial procedure appears to significantly reduce the likelihood of reintervention and risk of
ischemic stroke.

Both standard and conservative approaches are acceptable screening methods for PAVM in
pediatric patients. Standard screening with TTCE, followed by CT for grade 2 or higher shunts, is
safe and effective at detecting PAVM, but risks exposing a larger percentage of pediatric patients to
radiation. Conservative screening with physical exam, pulse oximetry, and chest radiograph every
5 years is also safe, effective, and may reduce radiation exposure. However, with the conservative
algorithm, there is a slightly higher risk of occasionally missing a treatable AVM which is not detected
until adulthood.

PAVMs are expected to grow during childhood, potentially increasing associated risks and
symptoms. Pediatric patients should be rescreened for PAVMs at 5-year intervals.

We recommend treatment of symptomatic AVMs and asymptomatic PAVMs ≥ 3 mm in
pediatric patients, and monitoring of smaller asymptomatic PAVMs until age 18 to reduce childhood
radiation exposure.

For untreated PAVM in pregnancy, both the morbidity and mortality exceed 1%, while the risk of
PAVM embolization is much lower. Thus, pregnant patients with untreated PAVMs should be treated,
prior to pregnancy if possible. If PAVMs are discovered during pregnancy, they should be treated.
Symptomatic patients should be treated as needed, regardless of gestational age. Otherwise, early in
the second trimester may be the ideal time to treat pregnant mothers with PAVM, as this stage of fetal
development has the least susceptibility to radiation and is generally a stable period with low risk of
preterm labor. Unscreened pregnant patients with HHT should undergo screening.

Persistent PAVMs are difficult to treat, with high rates of reperfusion or recanalization following
repeat embolization. Embolization distal to the existing embolic results in a better rate of durable
occlusion, especially when treating the recanalization pattern of persistence.

Patients with diffuse PAVMs are very high risk for adverse events. In patients with diffuse PAVM
affecting only one segment or a few segments, the optimal treatment strategy combines embolization
of focal PAVMs ≥ 3 mm and peripheral-to-central occlusion of the most severely affected segment(s) to
achieve peripheral blood flow redistribution and improve hypoxemia. In patients with truly diffuse
bilateral PAVM affecting all lung segments, attempts at blood flow redistribution are unlikely to achieve
meaningful improvements in hypoxemia, though embolization of focal PAVMs ≥ 3 mm should be
pursued to reduce risk of paradoxical embolization. Even after treatment, patients with diffuse PAVM
remain high risk for complications.

Patients with coexisting PH and PAVM should be considered for therapy on a case-by-case
basis. Treatment is typically indicated in patients with mild-to-moderate PH. Severe baseline PH
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should prompt careful consideration of risks versus benefits, due to the possibility of worsening PH
after closure.

For patients with initial negative screening CT or small untreatable PAVM on CT, there is
conflicting evidence regarding what constitutes an appropriate screening interval. The most recent
studies demonstrate slow growth of small untreated PAVMs, challenging the recommendation to
obtain follow-up CTs every 3–5 years, and suggesting that a longer screening interval of 5–10 years
may be warranted for these patients.

For follow-up of treated PAVMs, we recommend initial follow-up with CT within 6 months of
embolization. This should be followed by a repeat CT every 3–5 years based on perceived likelihood of
persistence, favoring the 3 year follow-up interval for more complex PAVMs, and 5 years for all others.

Emerging data suggests that MR may have similar diagnostic accuracy as CT for follow-up of
treated PAVMs, in particular for PAVMs with feeding artery diameter >2 mm. Preliminary data also
suggests that serial graded TTCE has potential to be used as a post-embolotherapy follow-up tool,
with high predictive accuracy for presence of treatable PAVMs on CT. These methods provide avenues
to avoid repeated radiation exposure and nephrotoxic contrast.
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Abstract: Background. This paper aimed to prospectively evaluate the safety of embolization therapy
of pulmonary arteriovenous malformations (PAVMs) for the detection of cerebral infarctions by pre-
and post-interventional MRI. Method One hundred and five patients (male/female = 44/61; mean
age 48.6+/−15.8; range 5–86) with pre-diagnosed PAVMs on contrast-enhanced MRA underwent
embolization therapy. The number of PAVMs treated in each patient ranged from 1–8 PAVMs.
Depending on the size and localization of the feeding arteries, either Nester-Coils or Amplatzer
vascular plugs were used for embolization therapy. cMRI was performed immediately before, and
at the 4 h and 3-month post-embolization therapy. Detection of peri-interventional cerebral emboli
was performed via T2w and DWI sequences using three different b-values, with calculation of ADC
maps. Results Embolization did not show any post-/peri-interventional, newly developed ischemic
lesions in the brain. Only one patient who underwent re-embolization and was previously treated
with tungsten coils that corroded over time showed newly developed, small, diffuse emboli in
the post-interventional DWI sequence. This patient already had several episodes of brain emboli
before re-treatment due to the corroded coils, and during treatment, when passing the corroded coils,
experienced additional small, clinically inconspicuous brain emboli. However, this complication was
anticipated but accepted, since the vessel had to be occluded distally. Conclusion Catheter-based
embolization of PAVMs is a safe method for treatment and does not result in clinically inconspicuous
cerebral ischemia, which was not demonstrated previously.

Keywords: hereditary hemorrhagic telangiectasia/HHT/osler’s disease; cerebral ischemic lesions;
catheter based embolization therapy; pulmonary arteriovenous malformations

1. Introduction

Arteriovenous malformations (AVMs) in patients with Hereditary Hemorrhagic
Telangiectasia (HHT; Osler’s disease) are malformations in which arteries and veins are
directly connected, due to the absence of intervening capillaries [1]. The most common
clinical symptoms are spontaneous and recurrent epistaxis, as well as Telangiectasias (small
AVMs) on the lips, tongue, buccal mucosa, face, chest, and fingers [2]. Larger AVMs
become symptomatic in the lungs, liver, gastrointestinal tract, or brain; thus, complications
from severe bleeding or shunting with possible consecutive cerebrovascular incidents may
occur. Pulmonary arteriovenous malformations (PAVMs) are defined as pathologic com-
munications between pulmonary arteries and pulmonary veins, resulting in a right-to-left
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shunt [3,4]. Larger shunts may result in hypoxemia manifesting with dyspnea, poten-
tially increasing the risk of paradoxical cerebral embolization [5], and, in consequence,
the risk of increased morbidity and mortality. Of the approaches to treating patients with
PAVMs, catheter embolization, either with coils or vascular plugs [6], is considered the
treatment of choice because of its high success rate and reduced invasiveness compared to
lung surgery [7,8], and because embolization more favorably respects the unaffected lung
parenchyma compared to surgical resection [9].

Reperfusion or recanalization of initially successfully treated PAVMs is the most
common cause of recurrence after coil embolization [10–12]. However, interventionalists
can minimize the risk of reperfusion by using dense “packing” techniques that result in
the complete cross-sectional occlusion of feeding arteries [13]. Thus, PAVM embolization
with Amplatzer vascular plugs (AVP) has been shown to achieve relatively high mid-term
success rates in terms of recurrence or recanalization, even in bilateral treatment [14–17].
In general, a low reperfusion rate is noted in the long-term due to late re-opening [6,18].

The incidence of stroke in patients with HHT ranges between 9 and 18% [19,20].
Although the occurrence of clinically conspicuous stroke seems to be lower in patients
with PAVMs treated with embolization therapy than in patients with untreated, persistent
PAVMs [19–22], little is yet known about the rate of clinically inconspicuous ischemic brain
lesions associated with PAVMs. In contrast, procedure-associated, clinically inconspicu-
ous ischemic brain lesions are common in up to 40% of patients undergoing supra-aortal
endovascular procedures or neurovascular interventions, such as carotid stenting or en-
darterectomy [23,24].

To our knowledge, no data are yet available on the incidence of peri-interventional
cerebral ischemia occurring during catheter-based embolization of PAVMs. Therefore,
the aim of our investigational study was to prospectively evaluate the incidence of peri-
interventional cerebrovascular incidents in patients with HHT referred for catheter-based
embolization of PAVMs.

2. Materials and Methods

2.1. Patients

This single-center, prospective study observational was approved by the institutional
review board. Written informed consent for both catheter-based embolization and the use
of imaging data was obtained from all patients or legal guardians.

All patients included in the study suffered from HHT, confirmed either by genetic
testing or, in most cases, based on Curaçao criteria [1,25]. Independently of clinical presen-
tation and symptoms, each included patient had at least one PAVM with a feeding artery
diameter of at least 2 mm diagnosed by contrast-enhanced MR angiography (CE-MRA),
and in a few cases, CT imaging.

Patients were ineligible for inclusion if they had a severe allergy to iodine contrast
agents, significantly impaired renal function (GFR < 15 mL/min), and/or severely im-
paired blood coagulation (INR > 2) or platelet count (<50.000/dL). Likewise, patients
were ineligible for inclusion if they were contraindicated for MRI (e.g., for implanted
cardiac pacemakers).

2.2. Embolization Technique

Access through the right common femoral vein was obtained after local anesthesia of
the groin region. A 7F sheath was inserted and the common pulmonary artery was probed
with the help of a 5F pigtail catheter and a bentson guidewire. Diagnostic pulmonary
angiograms were performed to locate and visualize the PAVMs. Afterwards, using a Rosen
guidewire, a Cook White Lumax guiding catheter (Cook Medical) or a coaxial system
consisting of a Neuron 6F Long Sheath and a Neuron 6F Select Catheter (Penumbra) was
inserted, and selective catheterization of the segmental and subsegmental pulmonary
artery feeding the PAVM was performed, using the coaxial system. Guidewires which
might perforate the aneurysm sac were avoided. The number and diameters of the feeding
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arteries of the evaluated PAVMs were identified after contrast medium injection. The
PAVMs were classified as simple or complex based on the number of feeding arteries, as
described elsewhere [26,27].

Depending on the size of the main feeding artery and the anatomical situation, either
Nester-Coils (Cook, USA) or Amplatzer vascular plugs II/IV (St. Jude Medical) were used
for embolization. These were introduced through a guiding catheter of appropriate size
under a water seal. The diameter of the device was chosen to be approximately 30% larger
than the size of the main feeding artery. The plug or coil was then placed as distally as
possible in the feeding artery with sparing of the PAVM itself.

The choice of embolization device was made according to the length of the available
landing zone, which is the distance between the PAVM and the first proximal pulmonary
subsegmental artery. In the case of amplatzer vascular plugs, the position of the device was
checked by Digital Subtraction Angiography (DSA) immediately after device placement. If
the position of the device was deemed adequate and satisfactory, the device was released;
otherwise, the device was retrieved and repositioned as necessary.

Post-embolization angiography was performed after satisfactory device placement to
confirm the total occlusion of the PAVM.

Immediately before the procedure, each patient received IV injection of 2500 IE Heparin.
The number of PAVMs treated in each patient ranged from one to eight, either treated

in one intervention or across multiple interventions, depending on the duration and
complexity of the procedure as well as the patient’s general condition of compliance
during angiography.

2.3. Pre- and Post-Interventional Pulmonary MRI

Pulmonary CE-MRA to evaluate PAVMs before and after intervention was performed
on a 1.5 Tesla (T) magnet (Magnetom Aera, Siemens Medical Systems, Erlangen, Germany)
with a 16-channel phased-array coil. The imaging protocol consisted of dynamic, time-
resolved, contrast-enhanced MRA, and high-resolution, pulmonary arterial- and early
venous-phase, contrast-enhanced MRA sequences.

Time-resolved MRA was performed after injection of a small contrast bolus
(0.025 mmol/kg of gadobenate dimeglumine [MultiHance™, Bracco] or 0.05 mmol/kg
of gadoteridol [ProHance™, Bracco]). The sequence parameters were as follows: repe-
tition time/echo time (TR/TE) = 2.7/1.0 ms, average field of view = 40 × 29 cm, slice
thickness = 1.5 mm, 140–160 slices, BW = ±113 kHz. The temporal resolution of the
sequence was 3 sec/dataset with a total of 72 slices. k-space sampling was performed
via key-hole imaging (TWIST). The true spatial resolution was 1.2 × 1.2 × 1.5 mm3,
which was interpolated to 0.7 × 0.7 × 1.0 mm3 by zero-filling.

High-resolution, contrast-enhanced Angio 3D MRA was then performed using
the timings established in the time-resolved study. Initially, breath-hold, non-contrast
enhanced, T1-weighted, spoiled gradient recalled echo (FLASH 3D) images were ac-
quired. The sequence parameters were as follows: TR/TE = 2.81/1.07 ms, average
field of view = 40 × 29 cm, slice thickness = 1.3 mm, 140–160 slices, BW 540 kHz. The
temporal resolution of the sequence was 2.2 s/dataset with a total number of up to
160 slices. The true spatial resolution was 1.3 × 1.3 × 1.5 mm3, which was interpolated
to 1.1 × 1.1 × 1.3 mm3 by zero-filling. Thereafter, the identical FLASH 3D sequence was
repeated after injection of 0.075 mmol/kg of gadobenate dimeglumine or 0.15 mmol/kg
of gadoteridol at a flow rate of 2 mL/s at end-inspiration, followed by a flush of 30 mL
normal saline [28]. The scan time varied depending on patient size and the number of
slices required. Likewise, the acquisition time varied with the size of the patient and the
number of phase-encoded steps needed to maintain resolution. Iterative reconstruction
was applied to provide an effective acceleration factor of approximately 4.0, which also
varied slightly depending on the number of slices.

The first acquisition was the arterial phase of the pulmonary circulation, and possible
shunts between the bronchial arteries and pulmonary veins were also visualized during this
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phase. Subsequently, a second full acquisition was performed in which normal pulmonary
veins were visible. For all acquisitions, patients were instructed to hold their breath at
end-inspiration. The total acquisition time for the entire MRA protocol ranged between 5
and 6 min. All examinations were performed as part of the daily clinical routine. Follow-up
of all interventional procedures by means of CE-MRA was performed routinely, first at
3 months post-intervention and then at yearly intervals.

2.4. Cerebral MRI

Cerebral MRI was performed immediately before the embolization, as well as at
the 4 h and 3-month post-embolization therapy. For detection of peri-interventional
cerebral ischemic lesions, T2w imaging (T2-Turbo Spin Echo [TSE], slice thickness 3 mm,
TR = 5000 ms, TE = 92 ms, BW 191 kHz) and Diffusion Weighted Imaging (DWI; echo planar
imaging sequence, slice thickness 5 mm, TR = 6300 ms, TE= 89 ms, BW: 1132 kHz) using
three different b-values (b = 0, 400, 800) with calculation of ADC maps were performed.
Any new lesion occurring between the pre- and post-interventional cerebral MRI scans
on either sequence was considered a new cerebrovascular incident associated with the
intervention. Additional pre- and post-contrast T1-weighted TSE, FLAIR, and susceptibility
weighted sequences were acquired as part of the initial screening to rule out cerebral AVMs,
including micro-AVMs.

2.5. Statistical Analysis

The characteristics of all participants were transcribed into software (Excel, ver-
sion2011; Microsoft, Redmond, Wash) for subsequent analysis. Central tendency was
measured by the mean, while range and standard deviation were used to measure the
dispersion of data.

3. Results

Between 2008 and 2019, a total of 105 patients (male/female = 44/61; mean age
48.6 +/− 15.8 (range 5–86)) met the inclusion criteria and were included in the study.
Overall, 289 PAVMs were embolized across these 105 patients. This total included 47
(16.3%) re-perfused PAVMs in 35 (33.3%) patients. A total of 871 embolization coils and
119 vascular plugs were used. No technical difficulties occurred during placement or
deployment of the embolization device.

No cerebrovascular incidents directly ascribable to the embolization procedure oc-
curred. Small, diffuse, but clinically inconspicuous acute cerebral lesions were detected in
one patient (1/105; 0.95%) on DWI-MRI at 4 h after the interventional procedure, but this
patient had previously undergone embolization of a vessel with tungsten coils that had
corroded over time. Since re-embolization into the previously placed tungsten coils was
considered necessary and unavoidable, the possibility of new cerebral emboli resulting
from small particles of corroded tungsten coil released during the re-embolization was
anticipated prior to the treatment. The re-embolization of this patient was successful,
and no further brain lesion and no clinical symptoms of stroke were encountered over a
follow-up period of 8 years.

No other patient, whether undergoing primary embolization or re-embolization,
showed any signs or symptoms of cerebrovascular incidents, and no newly developed
clinically inconspicuous ischemic brain lesions were observed on MRI.

Clinical examples of diagnosis and treatment are depicted in Figures 1–4.
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Figure 1. Cerebral DWI (b = 800) demonstrating subacute cerebral ischemia, in this case prior to
embolization of multiple PAVMs. The newly developed lesion arose between screening for PAVM
and the day of interventional therapy, but the patient did not exhibit any clinical signs or symptoms.
This example highlights the importance of DWI for the detection of pre-existing cerebral ischemia, as
well as peri-interventional cerebral insult.

(a) (b) (c) 

Figure 2. (a–c) CT of a patient, demonstrating a giant complex PAVM of the right lung (a). The PAVM is depicted after
selective catheterization of the feeding artery on DSA after manual contrast medium injection (b). DSA of the PAVM directly
after positioning of an amplatzer vascular plug II (arrow) with already reduced flow in the PAVM (c).
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(a) (b) (c) 

Figure 3. (a–c) Re-perfused PAVM after previous treatment elsewhere. Contrast-enhanced MRA (a) shows two large,
re-perfused PAVMs (arrows) with early enhancement of the draining vein. In (b) the DSA of one re-perfused PAVM is
shown, depicting insufficient dense packing of coils resulting in reperfusion of the vessel. No guide wire should be used,
since small thrombi from the coils might be mobilized and lead to systemic emboli. In (c) the second re-perfused PAVM
is demonstrated, showing only small coils at the wall of the vessel. Embolization was performed proximal to the treated
vessel segment to avoid possible migration of the coils.

  

Figure 4. Cont.
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Figure 4. (a–d) A giant re-perfused PAVM in the lower right lobe. In this case, pre-interventional DSA (a) shows two large
feeding vessels originating from a common trunk, resulting in embolization being performed at the level of the bifurcation.
With DSA performed just after implantation, (b) shows the amplatzer plug II still connected to the wire. Optimal positioning
is depicted. The dynamic series in (c) shows the vascular plug (arrow) still penetrable to contrast medium, however, flow
is already reduced. At 5 min post-implantation of the vascular plug (d), the feeding artery of the re-perfused PAVM is
completely occluded.

4. Discussion

In general, all vascular interventions involving the thoracic or the supra-aortal re-
gions bear the risk of clinically (in)conspicuous cerebral ischemic lesions, as reported for
transcatheter aortic valve implantation or in carotid angioplasty [29,30]. Thus, all patients
undergoing thoracic or supra-aortal interventions are prone to dementia and cognitive
dysfunction [31,32]. Our prospective study on the occurrence of procedure-associated brain
lesions following catheter-based embolization of PAVMs in patients with HHT suggests
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that this procedure carries a very low risk of cerebrovascular incidents in this patient
population. Although our study can only be considered preliminarily, only one individual
exhibited newly formed, clinically inconspicuous, small and diffuse cerebral emboli at 4 h
after the interventional procedure, and this patient was unique amongst the patients in our
cohort due to the presence of corroded tungsten coils from previous interventions. Em-
bolization of the vessel had to be performed proximally and distally to the corroded coils
and thus, when forwarding the catheter through the corroded coils, the risk of additional
small displaced fragments was unavoidable.

To our knowledge, this is the first study to report on the incidence of peri-procedural
cerebrovascular incidents following catheter-based embolization of PAVMs. Although the
incidence of ischemic stroke ranges between 9 and 18% in patients with HHT and patent
PAVMs [19,20,33–35], our findings suggest that embolization therapy does not significantly
impact the rate of further cerebrovascular incidents. Indeed, the one event noted in our
series can be ascribed to the embolization material used previously (tungsten coils) rather
than to the embolization procedure itself. Given the relatively high number of participants
and the high number of complex PAVMs warranting re-embolization therapy due to
reperfusion, our results confirm that embolization therapy is safe and highly effective for
the treatment of PAVMs in patients with HHT [36–38].

Available data regarding the occurrence of peri-interventional cerebrovascular inci-
dents measured with DWI sequences in cMRI suggest that new ischemic brain lesions
occur in up to 34% of patients treated for carotid stenting [23]. However, neurovascular in-
terventions are more prone to acute cerebral embolism. Moreover, studies investigating the
implementation of protection devices during carotid stenting have not shown statistically
significant reductions in the incidence of acute peri-interventional embolism [30,39,40].

There were some limitations to this study. First, as in all interventional studies, eval-
uation of peri-procedural complications requires expertise and experience. This was a
single-center study with procedures performed and assessed by only a few, very experi-
enced interventional radiologists. It is possible that a greater number of cerebrovascular
incidents might have occurred in this same patient cohort, had the interventions been
performed by less experienced physicians. However, it should be noted that PAVMs are a
complex pathology that warrant a certain degree of interventional experience by the treat-
ing physician, and that intervention would usually be undertaken at dedicated institutions
by experienced personnel. Second, we only evaluated safety in terms of cerebrovascular
incidents. Further studies are needed to evaluate the incidence of other potential complica-
tions, such as chest pain, hemoptysis, and hemothorax. Moreover, cMRI readings could not
be blinded, since examiners were instructed to carefully look for new, small ischemic lesions
in the brain, therefore being aware of the embolization therapy and patient’s disease.

In conclusion, to our knowledge, this is the first study to investigate the safety of
catheter embolization of PAVMs in patients with HHT in terms of cerebrovascular incidents.
Although further multi-center studies in larger patient populations are required to confirm
our preliminary results, our observational study reveals a very low rate of clinically
inconspicuous cerebral ischemia in patients with HHT undergoing interventional treatment
for PAVMs.
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Abstract: The diagnosis of hereditary hemorrhagic telangiectasia (HHT) is based on the Curaçao
criteria: epistaxis, telangiectases, arteriovenous malformations in internal organs, and family history.
Genetically speaking, more than 90% of HHT patients show mutations in ENG or ACVRL1/ALK1
genes, both belonging to the TGF-β/BMP9 signaling pathway. Despite clear knowledge of the
symptoms and genes of the disease, we still lack a definite cure for HHT, having just palliative
measures and pharmacological trials. Among the former, two strategies are: intervention at “ground
zero” to minimize by iron and blood transfusions in order to counteract anemia. Among the
later, along the last 15 years, three different strategies have been tested: (1) To favor coagulation
with antifibrinolytic agents (tranexamic acid); (2) to increase transcription of ENG and ALK1 with
specific estrogen-receptor modulators (bazedoxifene or raloxifene), antioxidants (N-acetylcysteine,
resveratrol), or immunosuppressants (tacrolimus); and (3) to impair the abnormal angiogenic process
with antibodies (bevacizumab) or blocking drugs like etamsylate, and propranolol. This manuscript
reviews the main strategies and sums up the clinical trials developed with drugs alleviating HHT.

Keywords: HHT; ALK1; endoglin; raloxifene; bazedoxifene; tranexamic acid; propranolol; FK506;
etamsylate; N-acetylcysteine

1. Introduction

Hereditary hemorrhagic telangiectasia (HHT) or Rendu-Osler-Weber syndrome is a genetic
dominant autosomal multisystemic vascular disease, whose penetrance increases with age. The‘Curaçao
criteria were designed to diagnose HHT, and include its clinical symptoms which are spontaneous and
recurrent epistaxis (nose bleeds), mucocutaneous telangiectases, visceral localization (gastrointestinal
telangiectases and/or arteriovenous malformations (AVMs), mainly in lung, brain or liver), and a first
degree family member with a definite diagnosis of HHT (Figure 1A) [1–3]. The prevalence of HHT
varies between 1:5000 and 1:8000 on average, although because of the “founder effect” and “insulation
effect,” the prevalence is higher in some regions such as the Jura region in France, Funen Island in
Denmark and the Caribbean Dutch Antilles [3–5]. Heterozygous mutations in either ENDOGLIN
(ENG) or ACVRL1/ALK1 genes trigger the pathogenesis of HHT in over 90% of HHT patients [6,7].
Less common mutations, responsible for 2% of HHT cases, appear in the SMAD4 gene, leading to a
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combined syndrome of Juvenile Polyposis HHT (JPHT) [8] consisting of HHT symptoms, colon polyps
and thoracic aneurysms [9]. Furthermore, chromosomes 5 and 7 have been described to possess two
loci with unknown genes, that cause HHT3 [10] and HHT4, respectively [11]. An HHT-like syndrome
called HHT5 has been linked to mutations in BMP9 [12]. All mutations leading to HHT are found in
genes belonging to the family of BMP9/TGF-β signaling pathway (Figure 1B).

Figure 1. Hereditary Hemorrhagic Telangiectasia. (A). Clinical manifestations of HHT, Curaçao criteria.
Telangiectasias in ear, hands, tongue, and lips; arteriovenous malformations in internal organs, epistaxis
and family history. (B). TGF-β/BMP9/10 signaling pathway in endothelial cells. Once the ligand binds
to its receptor complex formed by the kinase receptors I and II, and the auxiliary receptor III (endoglin),
the signaling cascade leads to the phosphorylation of Smad proteins. The translocation of the Smad
protein complex into the nucleus results in transcriptional regulation on target genes. Endothelial cells
(EC) express two types of type I kinase Receptors: ALK1 and ALK5.

Moreover, the capillary malformation (CM)/AVM syndrome is phenotypically similar to HHT,
and is characterized by the appearance of multiple CMs that are small and red, round to oval shaped
with a peripheral white halo and randomly distributed. These are linked to heterozygous pathogenic
variants in EPHB4 or RASA1 identified by molecular genetic testing [13].

This review will focus on the pharmacological treatment for bleeding in HHT patients. With 93%
of patients suffering light to moderate bleedings, epistaxis presents as the most frequent clinical
manifestation of HHT [14,15]. It affects over 90% of patients before the age of 21, normally interfering
with their quality of life [16]. Epistaxis are due to the telangiectases of the nasal mucosa, focally
dilated venules, often connected directly with dilated arterioles [17]. Directly related to epistaxis is
gastrointestinal (GI) bleeding, because of telangiectases in the digestive tract and observed in up to 80%
of HHT patients [18]. However, GI bleeding becomes more frequent with age [19]. Although currently
there is no optimal available treatment for either epistaxis or GI bleeding, the systemic pharmacological
treatments that are used for epistaxis might also be useful to manage GI bleedings.
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The pharmaceutical therapies which that are discussed in the following sections address therapies
wherein the disease is due to heterozygous germ-line mutations in all cells of the HHT patient.
These therapies may not be effective for some cutaneous telangiectases, wherein endothelial cells (EC)
may have homozygous mutants for ALK1/ENG according to a recent publication of Snellings et al. [20].

2. General Care and Control of Anemia

To prevent crusting and allow the nasal mucosa to be correctly hydrated in HHT patients,
local moisturizing treatments such as humidification, nasal cleaning with a saline solution and
lipid-based topical ointments are used [18]. Despite these options, it is challenging to completely avoid
nasal or GI bleeding in HHT, often leading to iron deficiency and anemia in these patients. For this
reason, the first line treatment of HHT is focused on managing the anemia resulting from bleeding.
Iron-enriched diets and iron supplements are cost-effective steps that significantly reduce the need of
blood transfusions although the latter may be necessary in severely affected patients [2,21].

3. Therapeutic Pathways/Strategies of Pharmacological Treatments for HHT

The following section focuses on reviewing the pharmacological treatments, from a preclinical
perspective. Robert et al. have also recently reviewed this topic [22].

Options to control nose and GI bleeding could be used, according to the following strategies
(Table 1). It should be commented that the drugs were included into each group, according to the
main mechanism observed in vitro and/or in vivo experiments, yet in some cases other additional
mechanisms maybe contributing to the therapeutic effect.

Table 1. Therapeutic strategies to decrease epistaxis in HHT.

Decrease hemorrhages stabilizing the fibrin network with
antifibrinolytics

1 � Tranexamic acid
� ε-aminocaproicacid

Stimulate ENG and ALK1 transcription to increase protein expression to
partially overcome haploinsufficiency

2 � SERMs: raloxifene, bazedoxifene
� Tacrolimus

Decrease the abnormal excessive vasculature of the nose mucosa
through antiangiogenesis

3
� By inactivating the VEGF signaling pathway
• Bevacizumab, propranolol, timolol, thalidomide or pazopanib
� By blocking the FGF-R signaling pathway
• Etamsylate

- Strategy 1. Although HHT does not result from a clotting failure, the use of antifibrinolytics to
restore the balance between coagulation versus fibrinolysis would help to promote a quicker
coagulation and to stabilize the fibrin network. Among the antifibrinolytics used for epistaxis
treatment, tranexamic acid (TA) and ε-aminocaproic acid (AC) stand out [23,24].

- Strategy 2. HHT is associated with haploinsufficiency in ENG or ALK1 genes, therefore stimulating
their protein expression is thought to revert the HHT phenotype. At this point, raloxifene
hydrochloride and bazedoxifene acetate, two specific estrogen receptor modulators (SERMs), have
proven efficiency and safety, and have been designated as orphan drugs for HHT (2010 EU/3/10/730
and 2014 EU/3/14/1367; respectively) [25,26].

- Strategy 3. Antiangiogenic therapies tackle the excess of abnormal vasculature present on the nasal
mucosa in HHT. Therefore, bevacizumab (BZ) (Avastin®), a humanized monoclonal antibody
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against the main angiogenic factor, the vascular endothelial growth factor (VEGF), has been
widely used and tested on HHT. Its systemic administration has improved hepatic function,
delaying the liver transplant [27] but it has not shown consistent results when tested to decrease
epistaxis events by topical spray administration [28,29].

Following the same antiangiogenic strategy, pazopanib, thalidomide, and more recently
pomalidomide, have been used to inhibit the VEGF pathway.

Similarly, other cardiovascular drugs such as propranolol and timolol (non-specific β-blockers)
have shown their benefits in nose bleeding when administered topically (both) and systemically
(propranolol) [30] in HHT patients. Recently, the use of the fibroblast growth factor receptor (FGFR)
blocker etamsylate, by local spray administration has been proven effective and has been designated
as orphan drug for HHT in 2018 (EU/3/18/2087) [31].

Tables 2 and 3, respectively, summarize the ongoing and finished clinical trials, conducted in
HHT with the different drugs, most of them mentioned in this review. In addition, some other recent
candidates like Vitamin D, itraconazole and doxycyclin are in ongoing clinical trials.
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All the above-mentioned drugs used were repurposed medicines, which have the added value of
an immediate use in clinical trials since their safety is already confirmed from their first indication.
As stated by Masoudi et al. (2020) [43], “Drug repurposing is a powerful strategy in the discovery
scope because of the time and cost savings”. Furthermore, it is an appropriate method for finding
therapies for orphan and rare diseases.

3.1. Strategy 1. Antifibrinolysis: ε-Aminocaproic and Tranexamic Acids

Antifibrinolytics block the plasminogen to plasmin conversion by inhibition of its enzymatic
disaggregation and consequently, stabilization of the fibrin clot. Accordingly, these drugs are expected
to target the wall of the telangiectases where fibrinolysis is activated [44,45].

TA and AC are antifibrinolytic agents used for HHT epistaxis. Both may be administered topically
(with the agent embedded in gauze) or systemically by oral intake (500 mg/8 h or even up to 2 g/day)
or intravenous administration. AC was the first antifibrinolytic used but showed thrombosis as a side
effect and is therefore not recommended in patients prone to thrombosis [46–49]. In addition, TA has
shown longer half-life and higher potency (10-fold) than AC [23,24].

In addition to several case reports with successful results, a study with a total of 14 patients with
low risk of thrombosis and for whom their quality of life was poor due to epistaxis, were selected
to take TA (500 mg/8 h) orally. TA treatment showed a decrease of nose bleedings and increase of
hemoglobin levels in all patients, almost avoiding the transfusion necessity, indicating an overall
improvement and no side effects of TA treatment [24]. Although the study was not a formal clinical
trial, TA was safe and effective at the doses applied. To highlight, TA administered up to 3 g/day was
successful in controlling a massive and life-threatening hemorrhage in an HHT patient [23]. Moreover,
some published data from in vitro experiments demonstrated on ECs that TA led to increased mRNA
and protein levels of endoglin and ALK1, and improved endothelial functions as tubulogenesis and
migration [24]. Thus, elevated endoglin or ALK1 expression may act concomitantly to the main
antifibrinolytic action, although the proposed mechanism is only based on in vitro evidence.

Nevertheless, some concern must be taken in HHT patients with the elevated levels of the
coagulation protein factor VIII (FVIII) and factor V Leiden, since some reports show an HHT-related
increment of these protein levels that favor thrombotic risk in these patients. Another putative risk factor
is the presence of high levels of factor V Leiden. Therefore, personalized risk-benefit considerations
are demanded for HHT management [50].

Generally, clotting factors levels are not altered in HHT patients (excluding patients with altered
factor V or VIII expression). However, one way of shortening the time and frequency of bleeding is by
displacing the balance between coagulation and anticoagulation process toward a more quick and
stable clotting when the abnormal vessels (mucosa telangiectases) break. This is enhanced by the
antifibrinolytics, which prompt the clotting and delay its fibrinolysis. Moreover, telangiectases have
been reported to have high fibrinolytic activity by Sabbà et al. [51].

In addition, two clinical trials were performed in HHT centers to assess the benefits of TA in HHT
patients with reports published in 2014. In the French ATERO assay, TA was shown effective in a
multinational center study [34], while Geisthoff et al. [32], demonstrated efficacy in a double-blind
clinical trial phase III-B. However, while TA has demonstrated efficiency by systemic use, when
topically used by a nasal spray, it did not significantly decrease nose bleeds when compared to placebo
in a clinical trial (NOSE study) conducted by Cure HHT in 2016 [28].

3.2. Strategy 2. Upregulating ENG and ACVRL1

3.2.1. Hormonal Therapy: Specific Estrogen Receptor Modulators (SERMs)

The incidence of epistaxis has been observed to be increased in women after they have reached
menopausal age, suggesting that estrogens might play a protective role in HHT-derived bleeding
in women. Post-menopausal women are also affected by osteoporosis, the imbalance in the rate of
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bone remodeling/resorption that predisposes elders to higher chances of bone fracture. NFκB, RANK
and its ligand RANKL, as well as osteoprotegerin (OPG) play major roles in this pathogenesis [52]
(Figure 2). Based on the observation that pre-menopausal HHT women had fewer epistaxis, a study
developed by the Yale University’s Vascular Malformation Centre attempted to treat GI bleeding of 40
transfusion-dependent HHT patients, with a mean age of 57 years, by means of estradiol treatment.
Men, to avoid estradiol feminizing effects, were also treated with ethinylestradiol/norethindrone
and danazol. The results were satisfactory as most of the 40 patients showed an improvement in
hemoglobin levels and needed fewer blood transfusions [53].

 

Figure 2. Scheme of Bone formation vs. Bone resorption (left). Bone remodeling is promoted by the
activity of osteoclasts and osteoblasts. RANKL is a protein expressed by osteoblasts which, upon
binding to its RANK receptor on the cell surface of osteoclasts and their precursors, causes RANK to
stimulate and promote the adhesion of osteoclasts to bone, thus activating their function and preventing
apoptosis. OPG is synthesized by the osteoblasts and acts as a decoy receptor, preventing the binding
of RANKL to RANK, therefore decreasing the activity of the osteoclast and its survival [52]. For this
reason, for years post-menopausal patients with diagnosed osteoporosis have been receiving estrogenic
treatment, which, while correcting this imbalance in bone remodeling, also reduces the activity of
the osteoclast and activates the expression of OPG. This is also capable of reducing the epistaxis of
these patients [25,33,53,54]. Scheme of Estrogen Receptor (ER) signaling (right). Mechanism of action
of ER on EC, in the case of the SERMs raloxifene and bazedoxifene. Upon ligand binding, the ER
dimer interacts with different transcription factors (TF), promoting gene expression by binding to the
TFRE (Transcription Factor Regulatory Element) in the promoter of its target genes. The expression of
endoglin and ALK1 increases as a result of the interaction of the ER with Sp1, an essential factor for
the expression of both genes. In women, SERMs promote a decrease in the frequency and amount of
epistaxis, normalizing the nasal vasculature with concomitant improvement in osteoporosis [25,26].

The use of hormones to treat HHT-induced bleedings was published later in the form of case
reports, but mostly without controls [55]. The main conclusion obtained from these studies was that
estrogen-progesterone administered at the doses typically used for oral contraception might reduce
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bleedings in symptomatic HHT women, becoming a reasonable option for fertile HHT female patients.
Zacharski et al. published in 2001 a case report in which the use of tamoxifen had ceased epistaxis in
the long term in a post-menopausal patient, concluding for the first time that SERM was properly used
to treat epistaxis in an HHT patient [56]. According to this, tamoxifen was used in two clinical trials
where it again successfully decreased epistaxis. The first of these two consisted of a placebo controlled
clinical trial that included both men and women, while the second comprised a long-term monitored
clinical trial in which patients were administered 20 mg tamoxifen [33,54].

In the line of using SERMs to decrease HHT-related bleedings, the safety and efficiency of
raloxifene hydrochloride was tested by a Spanish HHT reference unit IDIVAL (Sierrallana/Valdecilla).
Raloxifene hydrochloride shows similarities with tamoxifen, also presenting beneficial effects on bone
mineralization and on prevention of cardiovascular and gynecological cancer. This study included
19 post-menopausal women, previously diagnosed with osteoporosis, and compared the amount of
bleeding before and after 6 months of treatment (no placebo was included in the study). Oral intake
of raloxifene (60 mg/day) showed a significant reduction in both the frequency and the amount of
epistaxis after 6 months of treatment, also revealing an increase in hemoglobin levels [25]. Raloxifene
has been shown to be a transcriptional activator of ENG and ACVRL1/ALK1 promoters, binding to their
proximal regions and subsequently increasing these genes’ transcription rate in a context of in vitro
experiments on ECs [25]. As a consequence, the protein levels of endoglin and ALK1 increased, thus
compensating partially the haploinsufficiency suffered by HHT patients in this study [25]. In 2010,
these studies resulted in the European Medicine Agency (EMA) and Food and Drug Administration
(FDA) designation of raloxifene hydrochloride as the first orphan drug to treat bleedings in HHT
patients (EU/3/10/730). Bazedoxifene acetate, another SERM, significantly decreased the frequency and
intensity of epistaxis, while also improving hemoglobin levels as early as one month after treatment
with 20 mg/day [26]. In this case, the increase of ENG and ALK1 was not only observed in experiments
in vitro with ECs treated with bazedoxifene, but also, in vivo, by measuring ENG and ALK1 levels in
macrophages derived from patients before and after bazedoxifene treatment. Bazedoxifene was also
designed as orphan drug for HHT in 2014 by the EMA (EU/3/14/1367).

Of note, estrogens and SERMs, as hormonal receptor ligands, increase the transcription of different
promoters, among them, those of coagulation factor genes. Thus, ENG and ACVRL1 are among the
stimulated genes, but are not the only targets. In relation to this fact, especially when the treatment
with SERMs may upregulate coagulation factors’ genes, blood tests should be performed periodically
for HHT patients under SERM treatment in order to screen for prothrombotic markers and prevent
thrombotic events [57].

Finally, phytoestrogens, compounds of plant origin with structural similarities with the natural
estrogen 17β-estradiol, deserve some words in this section as natural plant estrogen related products.
Among them, the isoflavone genistein and the coumestan resveratrol are the most relevant in studies
related to HHT. Genistein is found in numerous plant species such as soy and red clover and resveratrol
in grape skin and in dried fruits and nuts. These phytoestrogens show high affinity for estrogenic
receptors. Genistein and resveratrol are involved in reducing inflammation, stimulating apoptosis
and inhibiting angiogenesis [58,59], and might present therapeutic benefits in HHT patients as natural
analogues to SERMs and estrogens.

3.2.2. Immunosuppressor Tacrolimus (FK506)

Albiñana et al. reported the efficacy of tacrolimus (FK506) in increasing endoglin and ALK1
expression [60,61]. The reason to test this drug came from a case report of an HHT patient who was
administered the immunosuppressor FK506 in low doses, in combination with Aspirin and sirolimus
to avoid rejection of a liver transplant. One month after the start of this treatment, it was observed that
his telangiectases (both internal and external), epistaxis and anemia had all been cured [62]. Based on
this report, cultured ECs were treated with tacrolimus and an increase on the protein and mRNA
expression of endoglin and ALK1 and enhancement of the TGF-β1/ALK1 signaling pathway and EC
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functions like tubulogenesis and cell migration were observed [60,61]. These results would explain the
improvement in the above-mentioned patient, by means of a partial compensation of endoglin and
ALK1 haploinsufficiency. Supporting this view, five years later, Ruiz et al. reported increased ALK1
signaling pathway in HHT patient-derived EC. In an HHT animal model, tacrolimus also inhibited
VEGF signaling, decreasing hypervascularization [63].

In a more clinical context, Sommer et al. published in 2019 that low doses of FK506/Advagraf
decreased bleeding in an HHT patient presenting also pulmonary arterial hypertension [64]. This case
report points to low doses of tacrolimus (0.5–1.5 mg/day) as the optimal range for patients with nose or
GI refractory bleeding, rather than high doses (5–10 mg/day) normally used for immunosuppression
in transplants [64]. An additional report by Hosman et al., including two patients dependent on
HHT transfusions due to severe bleeding, demonstrates improvement after treatment with low-dose
tacrolimus [65]. Currently, and according to the HHT European Federation, around 24 HHT patients
are being treated “off label” with low tacrolimus doses, prescribed by HHT reference doctors, to control
epistaxis and GI bleeding.

Finally, the results regarding efficacy and safety of 0.1% tacrolimus topically applied as nasal
ointment of the clinical trial named TACRO have just been published. Tacrolimus nasal ointment did
not result in improvement 6 weeks after finishing treatment, but the good tolerance and the significant
improvement in epistaxis duration during treatment invited the researchers for a phase 3 trial on a
larger patient population and a longer treatment time, with a main outcome of epistaxis duration
during treatment [42].

3.2.3. N-Acetylcysteine

Based on the premise that free O2-radicals might cause precapillary sphincter abnormalities,
resulting in epistaxis, Gussem et al. in 2009 wondered whether antioxidants like N-acetylcysteine
(NAC) could neutralize those free O2-radicals and reduce or avoid nose bleedings. Thus, 43 HHT
patients were followed-up for frequency, severity, and duration of epistaxis after a daily treatment of
600 mg NAC for 12 weeks. There was a reduction in frequency and severity of nosebleed during the
day. Male patients with ENG mutations experienced a significant improvement. Only an improvement
trend was found in women and patients with an ALK1 mutation [66].

Based on these results, Albiñana et al. studied the in vitro effects of NAC on endoglin and ALK1
expression levels in ECs. After NAC incubation, mRNA and protein levels of endoglin increased up to
1.5–2 folds, although there were no changes on ALK1 levels [67]. These data could suggest that the
improvement experienced with their symptoms in HHT1 patients might be due, in part, due to the
increase of endoglin levels after NAC treatment, which could be normalizing the nasal mucosa [66].

3.3. Strategy 3. Antiangiogenesis

Antiangiogenic strategies on HHT act on the mucosa to decrease or normalize its abnormal
excessive vasculature. Two key angiogenic pathways in ECs are those triggered by VEGF and FGF.

3.3.1. Anti-VEGF and Tyrosine Kinase Inhibitors (TKI)

VEGFs specifically act on vascular EC and are a key stone in the angiogenic and lymphangiogenic
process in both physiological and pathological conditions such as tumors or wound healing [68].
VEGFs play an important role in HHT since high protein levels have been reported in HHT
patients [69–72].

Avastin ranks the first antiangiogenic therapeutic agent approved for advanced colorectal
cancer [73]. Since then, BZ has been widely administered in other pathologies such as non-small cell
lung cancer diabetic retinopathy or age-related macular degeneration [74].

The antiangiogenic properties of Avastin were successfully tested in isolated cases of HHT patients.
BZ reverted the need for transplantation in a patient with HHT1 [75]. It also decreased the transfusion
requirements and cardiac output in a patient with GI [76]. Thus, the French HHT Network designed a
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single center phase II clinical trial to address the delay in liver transplantation on HHT patients with
serious liver complication [27]. BZ significantly decreased the cardiac output and reduced episodes of
epistaxis. Nevertheless, symptoms did not disappear after withdrawal of the drug, making Avastin
unsuitable as a surrogated alternative for orthotopic liver transplant (OLT) in HHT. These results
supported the designation of BZ as orphan drug for HHT in 2014 (EU/3/14/1390).

It is very difficult to determine the optimum time to perform OLT in severe complicated liver
venous malformations (VMs) in HHT. OLT is a radical cure for liver VMs and it should be the
therapeutic choice in patients under the age of 65 years due to its excellent outcomes, being BZ probably
a better option for patients over 65, much more susceptible to higher risk derived from surgery [77].

BZ has been also administered for very severe epistaxis. Despite of its good results decreasing
epistaxis and GI after intravenous administration, it has also serious side effects. Therefore, in those
patients where no other option is available, an individualized BZ treatment should be supplied;
since HHT is a chronic disease [27,77,78]. This individualized re-dosing strategy will not compromise
the patient’s safety or quality of life and will significantly reduce the costs [79].

BZ has also been assayed topically as nasal spray for epistaxis. The NOSE assay (under the
Cure HHT support in USA, 2011–2015) and the French Ellipse clinical trial (2011–2012) ran in parallel.
Unfortunately, no significant improvement could be demonstrated for the BZ vs. saline solution
spray [28,29].

An alternative therapeutic approach for reducing epistaxis and GI bleeding caused by the over
activated VEGF pathway is the blockade of the tyrosine-kinase activity of the VEGF receptor. As a proof
of concept, the therapeutic effect of the TKI GW771806 (a pazopanib analogue), was tested in an
Alk1-inducible knockout (iKO) murine HHT2 model. The oral administration of GW771806 significantly
improved anemia and GI bleeding in HHT2 mice [80]. Unfortunately, its corresponding phase II
human trial designed to follow-up adult HHT patients with significant epistaxis, anemia, or with
transfusions could not be completed. A prospective, multi-center, open-label, dose-escalating study
on pazopanib has also been published and the results show promising improvements in hemoglobin
levels and epistaxis in treated patients [81].

Related to pazopanib and in a further step, nintedanib, a TKI targeting growth factor receptors
involved in angiogenesis: platelet-derived growth factor receptor (PDGFR), FGFR and VEGFR, will be
assayed as a therapeutic drug in a clinical trial. Nintedanib treatment in combination with rapamycin,
synergizes to completely block the AVMs in HHT mice pre-clinical models [82]. This has been the
main rationale to continue with nintedanib in clinical trials. In that sense, Epicure, a randomized,
multicenter, phase II, double-blind placebo-controlled study promoted by the French Hospices Civils
de Lyon, has started its recruitment in 2019. Epicure will test the antiangiogenic benefits of the TKI
nintedanib in epistaxis. Initially, patients will be monitored for 24 weeks: 12-weeks of oral treatment
plus 12-weeks of follow-up. Theoretically, nintedanib, as a non-specific/wide range TKI, should allow
a reduction of epistaxis in HHT [83].

Lastly, in this section dealing with drugs interfering with the VEGF signaling pathway, thalidomide
deserves special mention, since it has been used for epistaxis and GI bleeding in HHT. Its mechanism
of action was published in 2010 [35] and since then, several case reports and clinical trials have been
performed (Tables 2 and 3) prior to its designation as an orphan drug (Table 4). Evidence supporting
thalidomide compares favorably in cases of serious and refractory GI and nosebleeds. However,
risk vs. benefit should be carefully studied, because of the reported side effects for thalidomide [78].
A derivative of thalidomide with potentially fewer side effects, pomalidomide, has been promoted for
a multicenter randomized double-blind placebo controlled clinical trial currently ongoing sponsored
by the NIH (Table 2).

3.3.2. Non-Selective Adrenergic β-blockers

Non-selective adrenergic β-blockers of receptors β1 and β2 such as the known propranolol and
timolol, have shown antiangiogenic properties related to vasoconstriction, inhibition of EC migration
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and proliferation and reduced VEGF expression [30,84–86]. Given that an excessive activation of the
VEGF pathway is involved in the development of abnormal telangiectases, the properties of these
non-selective adrenergic β-blockers may be useful topically. Propranolol and timolol have been used
as effective therapies to treat superficial infantile hemangiomas [84–86] and could be considered as a
potential treatment option for HHT patients.

The use of topical timolol has been described in some case reports as well as in clinical trials/studies
of HHT. According to several reports, topical timolol (0.5% ophthalmic solution) clearly improved the
frequency and severity of epistaxis [87,88]. Those studies were done in individual patients as well as
in larger groups of HHT patients, with clear positive results in all cases. Even though no secondary
adverse effects were observed in these cases, there are some contraindications for its applications which
should be kept in mind when prescribing, because β-blockers can cause respiratory and cardiovascular
problems. In fact, β-blockers are metabolized in the liver by CYP2D6 and a decreased expression of
this enzyme, either by concomitant treatment with CYP2D6 inhibitors or by genetic variants, may
lead to strong sinus bradycardia [89,90]. Timolol has also been proved to be an efficient treatment
at lower doses (0.1% ophthalmic solution-timogel) in decreasing the extension and appearance of
mucocutaneous telangiectases in an HHT clinical study, showing 100% and 75% improvement in HHT2
and HHT1 patients, respectively [91].

Propranolol has also been administred topically in gel formulation and systemically in tablets
with very promising results, although the last method could be associated with the above-mentioned
side effects, which must be considered before prescribing.

There are several studies supporting the improvement in HHT patients after propranolol topical
administration. In a pilot study done with six patients, in which 1.5% propranolol gel was applied
on the nasal mucosa (0.5 mL/day per nostril) the severity of epistaxis and the number of blood
transfusions pre and post-administration were reduced fast and significantly [92]. As continuation
of this study, the same group recently finished a double-blind placebo-controlled study to assess the
efficacy and safety of topical propranolol for moderate–severe epistaxis in 24 patients with HHT [93].
The combination of sclerotherapy with polydocanol 1% and the use of propranolol cream at 0.5%
prepared in a hospital pharmacy was evaluated in a cross-sectional study of 38 HHT patients. This
combined therapy significantly reduced the frequency and severity of epistaxis, with an Epistaxis
Severity Score (ESS) improvement of 5 points (from 6.9 ± 2.6 at the beginning to 1.9 ± 1.3 after the
therapy, p < 0.05); and increased the quality of life of these patients (in a 5D scale, from 0.66 ± 0.27
before therapy to 0.93 ± 0.12 after the therapy p < 0.05) [94].

On the other hand, systemic uptake of propranolol has some side effects such as bradycardia and
hypotension. Therefore, propranolol could be used in a systemic way only in HHT patients who do
not have a low blood pressure. A clinical study with oral propranolol (40–120 mg/day) was done in
seven hypertensive HHT patients. Among them, HHT epistaxis disappeared completely in five out of
seven, while in the other two the bleeding reduction was highly significant [95].

3.3.3. Antiangiogenesis by FGF Ligand Blocking

The FGF family is considered one of the largest families of polypeptide growth factors. FGFs interact
with membrane tyrosine kinase receptors (FGF Receptors, FGFRs) through which they signal and exert
their diverse biological functions. FGF-1 and FGF-2 were the first two pure polypeptides discovered
among all FGFs and are considered one of the most potent factors promoting angiogenesis [96,97].
Later on, more factors promoting angiogenesis were described. FGFs constitutively cooperate
with VEGF promoting the proliferation of EC [98] and inducing angiogenesis [99]. Consequently,
FGF inhibition constitutes an alternative to the antiangiogenic effect of VEGF, becoming an interesting
new therapeutic approach to treat diseases caused by uncontrolled angiogenesis. Many of the
characteristics summarized previously suggest that the inhibition of the FGF signaling pathways could
be an appropriate treatment to inhibit the abnormal vascularization of HHT patients [100].
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FGF signaling may be inhibited in vitro and in vivo with chemical compounds. One of these
products is the anion dihydroxy benzene sulfonate (2,5, DHBS), also known as dobesilate. Dobesilate is
commercially available as tablets of its calcium and N-ethylene ethanamine salts (Doxium and Dicynone,
respectively), or as injectable solution (Dicynone or etamsylate). Experiments done in vitro with primary
cultures from healthy and HHT derived EC, show that etamsylate acts as an antiangiogenic factor,
inhibiting wound healing and EC tubulogenesis [31]. A pilot clinical trial (EudraCT: 2016–003982–24,
see Table 3) was performed with 12 HHT patients treated with a topical spray of etamsylate twice
a day for 4 weeks. The HHT-ESS and other pertinent parameters were analyzed and registered.
The significant reduction in the HHT-ESS scale (pre-treatment 4.1 vs. post-treatment 2.8), together with
the lack of significant side effects, allowed the designation of topical etamsylate as a new orphan drug
for epistaxis in HHT patients in 2018 (EU/3/10/18/2087) [31].

Table 4. Orphan drugs approved by the EMA for HHT.

Active Substance Date EU-Designated Number Sponsor Degree of Evidence Clinical Trial

Etamsylate 11/2018 EU/3/10/18/2087 CSIC, Spain EudraCT: 2016–003982–24
Thalidomide 02/2017 EU/3/17/1845 PlumeStars, S.R.L., Italy Several clinical trials,Table 3
Bevacizumab 12/2014 EU/3/14/1390 Dupuis-Girod, France Several clinical trials,Table 3
Bazedoxifene 11/2014 EU/3/14/1367 CSIC, Spain Observational study,5 patients

Raloxifene 06/2010 EU/3/10/730 CSIC, Spain Observational study,19 patients

4. Conclusions

The currently available pharmacological treatments for HHT are summarized according to their
mechanism of action on Figure 3. The drugs here included may be used on an individual level;
treatment for rare diseases should follow the premises of personalized medicine, relying on the
reference doctor expertise. A first-line treatment to avoid or decrease epistaxis or GI bleeding is to
reinforce the speed and stability of coagulation with antifibrinolytics, preferentially TA. The only
contraindication may apply to patients with risk of thrombosis. Doses vary from 1.5 g/day up to
3 g/day in episodes of severe bleeding. In countries where TA is not commercially available, AC could
be used instead.

For bleedings interfering with normal life, currently the best treatment option for women in fertile
age are feminine hormones used for contraception. Women in peri- or post-menopausal age can benefit
from the use of SERMs. Although SERMs are primarily used to prevent or treat osteoporosis, they have
shown to be effective in HHT compensating partially, the haploinsufficiency present in HHT patients
by increasing the protein levels of endoglin and ALK1. Raloxifene hydrochloride was designated as
orphan drug by the EMA and by the FDA. Bazedoxifene acetate was also designated as orphan drug
by the EMA but it is not commercialized in United States.

Among the list of drugs that increase the expression levels of endoglin and ACVRL1/ALK1,
tacrolimus was demonstrated to activate the signaling of endoglin/ALK1 in ECs. It would be the
treatment of choice for immunosuppression in transplanted patients. However, recent case reports
have opened the possibility of using systemic tacrolimus at low, non-immunosuppressive doses, to treat
HHT bleeding. Currently, around 25 patients are using tacrolimus as an “off-label” treatment and it
will be very interesting to hear about the outcome of these patients. Other treatment includes NAC
which increases the endoglin RNA and protein levels and can be used as an anti-inflammatory and
antioxidant drug without any side effects.

BZ is used (off-label) for antiangiogenic strategy in HHT patients with severe bleeding or
symptomatic liver AVMs, in order to reduce bleedings and excessive number of abnormal mucosa
vessels. TKIs (pazopanib, nintenadib, sunitinib or buparlisib) and thalidomide have also been used or
are planned to be used in clinical trials [22,83,101,102] (Table 3).
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Figure 3. Therapeutic strategies of pharmacological treatments in HHT. (1) Antifibrinolytic strategy;
prevents the conversion of plasminogen to plasmin, thus delaying the lysis of the fibrin clot, and therefore
the bleeding. (2) Upregulation strategy. The drug works by increasing the expression of the ENG or
ALK1 genes, and thus resulting in increased amount of proteins, improving the BMP/TGF-β signaling
and normalizing the formation of new vessels. (3) Antiangiogenesis strategy; makes disappear the
excess of existing abnormal vasculature or normalizes it.

Another group of antiangiogenic drugs comprises the non-selective adrenergic β-blockers like
propranolol and timolol. These drugs are preferentially used topically, as creams or gels. They reduce
nose bleedings by decreasing and delaying the formation of telangiectases on the mucosa. Propranolol
can also be used systemically, but special attention is indicated with regards to blood pressure and
heart rate.

Lastly, as emerging treatments, the orphan drug designation of etamsylate for topical treatment of
epistaxis opens a new perspective following the antiangiogenic strategy.

This review has delved into the various treatment strategies of HHT and the clinical trials that
support these treatments. The repurposing strategy has led to the formal approval of several orphan
drugs for HHT (Table 4).
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Abbreviations

AC Aminocaproic acid
ACVRL1/ALK1 Activin Receptor-Like Kinase 1
AVM Arteriovenous Malformation
BMP9 Bone Morphogenetic Protein 9
BZ Bevacizumab
CM Capillary Malformation
CYP2D6 Cytochrome P450 2D6
ECs Endothelial Cells
EMA European Medicine Agency
ENG Endoglin
EPHB4 Ephrin Type-B Receptor 4
ER Estrogen Receptor
ESS Epistaxis Severity Score
FDA Food and Drug Administration
FGF Fibroblast Growth Factor
FK506 Tacrolimus
GI Gastrointestinal
HHT Hereditary Hemorrhagic Telangiectasia
iKO inducible Knockout
JPHT Juvenile Polyposis/HHT
MADH4/Smad4 Mothers Against Decapentaplegic Homolog 4
mRNA messenger Ribonucleic Acid
NAC N-acetylcysteine
OLT Orthotopic Liver Transplant
OPG Osteoprotegerin
PDGF Platelet Derived Growth Factor
RANK Receptor Activator of Nuclear Factor κ B
RANK-L Receptor Activator of Nuclear Factor κ B Ligand
RASA1 RAS P21 Protein Activator 1
SERMs Selective Estrogen Receptor Modulator
TA Tranexamic Acid
TFRE Transcription Factor Regulatory Element
TGF-β Transforming Growth Factor β
VEGF Vascular Endothelial Growth Factor
VM Venous Malformation
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Abstract: Hereditary hemorrhagic telangiectasia is a rare but ubiquitous genetic disease. Epistaxis is
the most frequent and life-threatening manifestation and tacrolimus, an immunosuppressive
agent, appears to be an interesting new treatment option because of its anti-angiogenic properties.
Our objective was to evaluate, six weeks after the end of the treatment, the efficacy on the duration
of nosebleeds of tacrolimus nasal ointment, administered for six weeks to patients with hereditary
hemorrhagic telangiectasia complicated by nosebleeds, and we performed a prospective, multicenter,
randomized, placebo-controlled, double-blinded, ratio 1:1 phase II study. Patients were recruited
from three French Hereditary Hemorrhagic Telangiectasia (HHT) centers between May 2017 and
August 2018, with a six-week follow-up, and we included people aged over 18 years, diagnosed
with hereditary hemorrhagic telangiectasia and epistaxis (total duration > 30 min/6 weeks prior to
inclusion). Tacrolimus ointment 0.1% was self-administered by the patients twice daily. About 0.1 g
of product was to be administered in each nostril with a cotton swab. A total of 50 patients was
randomized and treated. Mean epistaxis duration before and after treatment in the tacrolimus group
were 324.64 and 249.14 min, respectively, and in the placebo group 224.69 and 188.14 min, respectively.
Epistaxis duration improved in both groups, with no significant difference in our main objective
comparing epistaxis before and after treatment (p = 0.77); however, there was a significant difference
in evolution when comparing epistaxis before and during treatment (p = 0.04). Toxicity was low and
no severe adverse events were reported. In conclusion, tacrolimus nasal ointment, administered for
six weeks, did not improve epistaxis in HHT patients after the end of the treatment. However, the
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good tolerance, associated with a significant improvement in epistaxis duration during treatment,
encouraged us to perform a phase 3 trial on a larger patient population with a main outcome of
epistaxis duration during treatment and a longer treatment time.

Keywords: hereditary hemorrhagic telangiectasia; epistaxis; nosebleeds; tacrolimus; nasal ointment;
genetic disease; rare disease

1. Introduction

HHT is a rare but ubiquitous hereditary vascular disease, with an estimated prevalence of 1/5000
to 1/8000. The ENG (endoglin) and ACVRL1 encoding ALK1 (activin receptor-like kinase 1) genes are
responsible for 90% of cases of HHT [1]. These genes both intervene in the BMP9/ALK1/ENG/SMAD
pathway in endothelial cells, and it has been hypothesized that HHT is related to disequilibrium in the
angiogenic balance, resulting from an increase in the factors involved in the activation phase and a
decrease in those involved in the maturation phase of angiogenesis [2].

The recognized manifestations of HHT are all due to abnormalities in vascular structure.
Lesions may be cutaneous and/or mucosal telangiectases or visceral arteriovenous malformations
(AVMs) in the lungs, liver, and central nervous system [3]. Telangiectases and AVMs vary widely
between individuals and even within the same family. Nosebleeds are the most frequent complication in
HHT and may occur as often as several times per day. They are spontaneous, very variable in time and
from one patient to another, but recurrent in 90% of patients. They can be associated with severe anemia
in 2–10% of patients, and blood transfusions are required sometimes or regularly (every 2 or 3 weeks)
in 2–5% of patients [4]. These nosebleeds thus significantly reduce quality of life [5].

The incomplete and transient efficacy of nasal surgical therapies has inspired a new search
for adjuvant medical treatments which would greatly diminish daily iron loss [6]. For this reason,
anti-angiogenic treatments such as intra-venous anti-VEGF treatment (bevacizumab) and thalidomide
have been evaluated in clinical studies [7,8], but their use is limited to severe forms of the disease.
Furthermore, local bevacizumab administration (nasal spray) recently evaluated in 2 phase 2 studies
was not efficient [9,10]. We thus decided to investigate the feasibility and efficacy on epistaxis in HHT
of other known anti-angiogenic drugs with a possible nasal administration and absorption that would
target and reactivate the altered BMP9/ALK1/ENG/SMAD pathway.

Based on our collaboration with Bailly’s group, and on the results obtained by Ruiz et al. [11],
working on the repositioning approach developed by screening the libraries of Food and
Drug Administration approved drugs that could potentiate the BMP9 signaling response,
we concluded that the most promising activating drug was tacrolimus, a potent activator of the
BMP9-ALK1-BMPR2-Smad1/5/9 signaling cascade. How tacrolimus activates this pathway is still
not completely understood. Tacrolimus (FK506) can bind to FKBP12 (FK-506-binding protein-12),
a protein known to interact with the TGF-ß family type I receptors [12]. Tacrolimus binding to
FKBP12 leads to FKBP12 dissociation from the type 1 receptors, which can then activate the Smad
transcription factors. Alternatively, tacrolimus has also been reported to stimulate endoglin and ALK-1
expression in endothelial cells, and to enhance the TGF-β1/ALK1 signaling pathway and endothelial
cell functions such as tubulogenesis and migration [13]. In parallel, preclinical models have shown
that injections of tacrolimus decreased the number of retinal arteriovenous malformations induced by
BMP9/10-immunodepletion in a mouse HHT model [11]. These results suggest that the mechanism
of action of FK506 involves a partial correction of endoglin and ALK1 haplosufficiency, and may
therefore be an interesting drug for use in patients with HHT. Furthermore, improvement in epistaxis
has been shown in HHT patients after a liver transplant [14], and it has been hypothesized that the
immunosuppressive treatment (FK506) used to prevent rejection may have an anti-angiogenic effect.
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Topical nasal administration of tacrolimus may be an easy-to-use and non-invasive treatment.
In addition, tacrolimus ointment is available on the market as a treatment for eczema and can therefore
readily be used for nasal administration. Its tolerability on mucosae has been evaluated in the treatment
of chronic plaque psoriasis and oral lichen planus [15–18]. Transient burning sensations have been
described in tacrolimus patient groups, but no serious adverse effects necessitating stopping treatment
have been recorded. Furthermore, none of the patients showed any abnormality in hematological or
biochemical parameters. Data from healthy human subjects indicate that there is little or no systemic
exposure to tacrolimus following repeated topical application of tacrolimus ointment. Several studies
in infants [19,20] on the pharmacokinetics of tacrolimus after first and repeated application showed
minimal systemic exposure (less than 1 ng per mL in all cases) and there was no evidence of systemic
accumulation. Further to administration on mucosae, the pharmacokinetics were evaluated in two
clinical trials and no systemic absorption was detected [16,18].

For all these reasons, tacrolimus ointment was a good candidate treatment for HHT. Our objective
was to evaluate the efficacy on the duration of nosebleeds of tacrolimus nasal ointment in patients with
hereditary hemorrhagic telangiectasia complicated by nosebleeds.

2. Materials and Methods

2.1. Trial Design and Treatment

The study was a prospective, phase II multicenter, randomized study, ratio 1:1, carried out in a
double-blind setting. It was approved by the local research ethics committee and by the French Medical
Products Agency (ANSM) in March 2017. Written informed consent was obtained from all patients in
accordance with national regulations. The trial was conducted in accordance with the principles of the
Declaration of Helsinki [21] and Good Clinical Practice guidelines. All the authors were involved in
designing or conducting the study, and preparing the manuscript, including the decision to submit it
for publication. This trial was registered with the ClinicalTrials.gov Identifier #NCT03152019.

The nasal ointment was self-administered by patients, twice daily, for 6 weeks. About 0.1 g of
product was to be administered in each nostril. The tube was gently squeezed to extract an amount
roughly equivalent to the size of the head of a cotton swab. The ointment was then introduced into
each nostril with a cotton swab, and extended into the nostril with a cotton swab or/and by external
pressure on the nostril.

Marketed 30 g tubes of Protopic® 0.1% (Léo Pharma, Voisins le Bretonneux, France) were used for
this study. For the placebo, the manufacturing and filling were managed by an external pharmaceutical
laboratory with GMP accreditation. The placebo formulation was similar to the active ointment;
it contained all the ingredients except the active one: tacrolimus. The product was provided in strictly
identical tubes. The same masked label was placed on both batches in order to respect the blind.

2.2. Participants

This study enrolled patients over the age of 18 years, with clinically confirmed HHT suffering from
epistaxis (more than 30 min during the 6 weeks prior to the time of inclusion justified by completed
follow-up grids), and who had not undergone nasal surgery in the 6 weeks prior to inclusion. We did
not include women who were pregnant or those likely to become so during the study, or patients with
known hypersensitivity to macrolides in general, to tacrolimus or to any of the excipients, or patients
who had incompletely filled in the nosebleed grids, or patients with an inherited skin barrier, or with
CYP3A4 inhibitor treatment (erythromycin, itraconazole, ketoconazole, and diltiazem), or patients
with ongoing immunosuppressive treatment, or with known and symptomatic immune deficiency.
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2.3. Patient Information and Follow-Up

Patients were informed and recruited during a standard consultation with the ENT doctor or
doctor responsible in the reference center or skill center for HHT, and informed of the study and the
need to complete nosebleed grids for ENT monitoring for the 6 weeks prior to the start of the treatment.
Patients were included during a consultation at the reference center or skill center for HHT and the
treatment was prescribed during the same consultation.

The follow-up consisted of 2 phone calls on days 15 and 31 (i.e., 14 and 30 days after the beginning
of the treatment) in order to collect information regarding tolerance and observance, and in visits (with
medical and ENT consultations) at the end of the 6 weeks of treatment, and at 6 weeks after the end of
the treatment.

2.4. Study End Points

The main outcome was the percentage of patients experiencing an improvement in their nosebleeds.
An improvement was defined as a 30% reduction in the total duration of nosebleeds over the 6 weeks
following treatment, compared with the duration of the nosebleeds in the 6 weeks before the treatment.

Secondary outcomes were total duration of nosebleeds, number of nosebleeds, and number of
red blood cell transfusions before, during, and after treatment, progress in the scores obtained in the
SF36 quality of life questionnaire and in the ESS (Epistaxis Severity Score) using data from the specific
questionnaire and biological efficacy criteria (hemoglobin and serum ferritin). All were recorded before
treatment and at 6 and 12 weeks after the end of the treatment.

2.5. Safety

Safety was evaluated at each visit by means of a physical examination (monitoring of blood
pressure, clinical ear, nose, and throat examination to check the nasal septum and other side effects
on nasal mucosa), and assessment for adverse events (AE). All AE were coded using the Medical
Dictionary for Regulatory Activities (MedDRA). Adverse events were classified by the investigators as
unrelated, dubitable, or possibly, probably or certainly related to the treatment. Monitoring the safety
of administration of the product, motivated by the iatrogenic risks, justified the setting up of a specific
independent monitoring and safety committee. The committee met in particular in the case of the
occurrence of serious adverse events and gave its recommendations on the continuation of the study
after collection of adverse events and observance of the treatment after 30 days for the first 8 patients
included. It was composed of a specialist of the disease not involved in the study, an ENT specialist,
and a statistician specialized in the methodology of clinical trials.

Systemic absorption of tacrolimus was evaluated by means of FK506 dosages in blood samples
8, 22, and 43 days after the beginning of the treatment. No systemic absorption and effects were
expected, but, in case of a positive dosage of 5 ng/mL or more, it was decided that the laboratory would
immediately inform the investigator in order to ask the patient to stop the treatment.

2.6. Sample Size Calculation

We hypothesized that 60% of patients would be improved in the treatment group against 15% in
the placebo group. It was therefore necessary to include 22 patients in each group to reach an 80%
power with a 5% alpha (bilateral), leading to 44 patients overall (Fisher exact test).

Taking into account early withdrawal and patients who may be lost to follow-up, we planned to
include 24 patients in each group, that is to say, a total of 48 patients.
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2.7. Randomization

The randomization process was centralized. Patients were randomized by blocks of 4 and
unstratified. Allocation of a randomization arm to an included patient was made by IWRS (Interactive
Web Response System), on the basis of a unique randomization list for all investigation centers.
The randomization list was pre-established, by the “Pole IMER” at the Hospices Civils de Lyon–Clinical
Research Unit. Clinsight software version 7.1 (Ennov Clinical®, Paris, France) was used to manage
this study. After verifying the inclusion criteria, the investigator connected to the platform to create
the list of patients. Once the inclusion criteria had been validated, the patient was randomized and a
treatment code was allocated by the system. The treatment was then dispensed by the pharmacy at the
Hospital Center. This was a double-blind study in which neither the patient nor the investigator was
aware of the nature of the treatment administered.

2.8. Statistical Methods

Populations: 2 populations were defined. The per protocol population, which was set at 70%
adherence, consisted of all patients receiving at least 60 ointment treatments of the 84 planned.
The intention-to-treat (ITT) population consisted of all randomized patients starting the treatment,
and patients were considered in their randomization group. All analyses were performed on the ITT
populations; the main outcome was also analyzed on the per protocol population.

Initial characteristics of the patients were summarized by means of descriptive statistics (number,
average, standard deviation, median, minimum, and maximum for the quantitative variables,
and numbers and percentages for the qualitative variables).

Analysis of the main outcome: the percentage of patients experiencing improvement in their
nosebleeds was computed in each group. The percentage was compared between groups using a Chi2

test (or Fisher exact test if the conditions for Chi2 were not fulfilled), and the analysis was performed
on the intention-to-treat population and on the per protocol population. Patients who stopped the
treatment but who had filled in epistaxis grids were analyzed using their data. Patients who withdraw
from the study before completing the follow-up were considered as failures.

Analysis of the secondary outcomes: the percentage of patients with at least one adverse event
was computed and compared between the 2 groups. Quantitative parameters were presented as mean
± standard deviation and median (minimum and maximum) for all groups and were compared using
the Student t-test (or Mann–Whitney test in case of non-normality). Qualitative parameters at inclusion
were presented in terms of number (percentage) and compared using the Chi2 test (or Fisher exact
test where conditions for the Chi2 test were not fulfilled). Mixed models were produced to compare
evolution between the groups.

All analyses were performed using SAS software version 9.4 (SAS Institute Inc., Cary, NC, USA).
Effect sizes were computed as risk difference (Chan–Zhan 95% CI) and relative risks for binary
outcomes, and as Cohen’s d for quantitative outcomes.

2.9. Missing Data

The main outcome was based on grids that were filled in daily. If one day was missing, the value
was replaced by an average of the 4 values before and the 4 values after the missing value. This strategy
was applied up to 7 missing values over 6 weeks (i.e., 10%). If more than 7 days and less than 21 days
(included) were missing, a daily average was computed from the data available (from the 6-week
period evaluated) and multiplied by 42 to estimate epistaxis duration. If a patient was lost to follow-up
or refused to communicate his nosebleed grids or had more than 21 days missing on his grids, the result
for the patient concerned was considered as a failure.
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3. Results

3.1. Trial Population

After screening 155 patients, 50 patients were included and randomized between May 2017
and August 2018 in three different centers (Lyon, Clermont-Ferrand, and Montpellier). The baseline
characteristics are summarized in Table 1. All individuals except one met the inclusion criteria and were
enrolled in the study. Due to one wrong allocation in the placebo group and to one wrong inclusion,
the independent committee recommended that it was necessary to include two more patients (50 instead
of the 48 patients initially scheduled) (Figure 1). One patient in the placebo group discontinued his
follow-up due to a severe adverse event. All patients in the tacrolimus group filled in the epistaxis
grids and completed six weeks of treatment. Twenty-five patients in the placebo group filled in the
epistaxis grids and out of them 24 completed six weeks of placebo treatment.

Figure 1. Flow chart.
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Table 1. Patient characteristics before treatment.

Variable Modality All
Tacro Group

n (%)
Placebo Group

n (%)

Number n 50 25 25

Age (years) Median (min–max) 62 (27–85) 60 (27–81) 64 (39–85)
Mean (SD) 60.92 (11.26) 59.04 (12.26) 62.8 (10.06)

Females n (%) 23 (46) 9 (36) 14 (56)

Mutated gene n (%)
ALK1 36 (72) 20 (80) 16 (64)
ENG 10 (20) 5 (20) 5 (20)

On-going 2 (4) 2 (8)
Not known 2 (4) 2 (8)

Blood transfusions in the last 6
weeks before inclusion n (%) 2 (4) 0 (0) 2 (8)

Parameters on inclusion (D0)

Nasal surgery n (%) 35 (70) 21 (84) 14 (56)

Nasal septum perforation n (%) 7 (14.3) 3 (12.5) 4 (16)

Hemoglobin level Mean ± SD 126.62 (22.66) 127.6 (20.82) 125.64 (24.75)
(g/dL) Median (Min–Max) 130 (66–163) 129 (90–163) 130 (66–158)

Ferritin level (ng/mL) Mean ± SD 50.12 (73.7) 51.28 (94.79) 48.96 (45.83)
Median (Min–Max) 28 (4–458) 23 (4–458) 33 (6–174)

Systolic blood pressure (mmHg) Mean ± SD 130.7 (20.98) 133.16 (16.5) 128.24 (24.78)
Median (Min–Max) 126.5 (100–181) 130 (110–163) 124 (100–181)

Diastolic blood pressure (mmHg) Mean ± SD 80.24 (16.32) 82.2 (11.42) 78.28 (20.13)
Median (Min–Max) 80 (28–129) 80 (60–105) 80 (28–129)

3.2. Response to Treatment

3.2.1. Primary Outcome

All patients in the intention-to-treat population were analyzed (n= 50). The results are summarized
in Table 2. According to our main outcome (30% reduction in the total duration of epistaxis over six
weeks after treatment), no statistical difference was observed in the tacrolimus groups compared to the
placebo group. Analysis of the per protocol population led to the same conclusions.

Table 2. Main outcome (n = 50) analysis: Efficacy of tacrolimus ointment on mean epistaxis duration
six weeks before and after treatment.

Variable Modality All
Tacro Group

n (%)
Placebo Group

n (%)
p-Value Effect Size *

Epistaxis duration
decrease > 30% (ITT)

No 31 (62) 15 (60) 16 (64) 0.77 RD 4.0 (−23.4–31.2)
RR 1.11 (0.55–2.26)Yes 19 (38) 10 (40) 9 (36)

Epistaxis duration
decrease > 30% (PP)

No 30 (61.2) 16 (61.5) 14 (60.9) 0.96 RD −1.0 (–28.2–28.0)
RR 0.98 (0.49–1.99)Yes 19 (38.8) 10 (38.5) 9 (39.1)

Other data related to primary outcome

Epistaxis total duration
6 weeks before
treatment (min)

n 50 25 25 0.34 −0.42 (–1.00–0.15)

median (min–max) 226.5
(11–1116)

240
(46–1116)

226
(11–510.8)

Mean
(SD)

274.67
(239.24)

324.64
(292.06)

224.69
(162.35)

Epistaxis total duration
6 weeks immediately
after the end of the

treatment (min)

n 49 25 24 0.42 −0.29 (−0.86–0.29)

median (min–max) 170
(1–1058)

177
(16–1058)

114.5
(1–547)

Mean
(SD)

219.26
(213.72)

249.14
(252.7)

188.14
(163.43)

Legends: * risk difference (RD) and relative risks (RR) for binary outcomes; and Cohen’s d for quantitatives.
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3.2.2. Secondary Outcomes

Duration and number of nosebleeds before, during, and after treatment are presented in Figure 2.
As for percentage of improvement, there was no difference between the tacrolimus group and the
placebo group regarding evolution in the parameters during the six weeks following treatment.
However, there was a difference in evolution when comparing epistaxis before and during treatment
in terms of epistaxis duration (p = 0.04, Cohen’s d: 0.53 (–0.04–1.11) and epistaxis number (p = 0.04,
Cohen’s d: 0.39 (−0.19–0.96)) (Figure 2).

 

 

Figure 2. Mean epistaxis duration and number on six weeks before, during and after treatment.
Legends: Lines from bottom to top: minimum, 25th percentile, median, 75th percentile and maximum.
Diamond: mean. Small squares: individual data.
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The number of red blood cell transfusions did not differ before and during treatment (p = 0.57,
Cohen’s d: −0.21 (−0.77–0.36)), or before and after treatment (p = 0.69, Cohen’s d: −0.23 (−0.8–0.34)).
Three patients had blood transfusions before treatment and all of them were in the placebo group.
Of them, two patients also had blood transfusions during treatment.

The SF-36 questionnaire revealed no differences in the dimensions of quality of life before, during,
and after treatment (Table 3).

The difference in the ESS after and before treatment in the tacrolimus group (mean = –0.43
(SD = 1.47)) and the placebo group (mean = −0.26 (SD = 0.99)) (p = 0.69, Cohen’s d: 0.13 (–0.53–0.8)),
and during and before treatment in the tacrolimus group (mean = -1.47 (SD = 1.55)) and the placebo
group (−0.96 (SD = 1.26)) (p = 0.31, Cohen’s d: 0.36 (−0.35–1.07)) were not significantly different.

The biological criteria (hemoglobin and ferritin levels) did not significantly improve during or after
treatment. The effect sizes for evolution in these parameters were 0.38 (−0.2–0.95) and 0.11 (−0.46–0.69)
during treatment, and were even lower after treatment (0.19 (−0.38–0.76) and −0.32 (−0.9–0.26)),
respectively. Mean levels on inclusion, six weeks after the beginning of the treatment, and six weeks
after the end of the treatment in both the tacrolimus and placebo groups were 12.8, 13.3, 13.0 and 12.6,
12.6, and 12.6 for hemoglobin (g/dL), and 51.3, 75.6, 43.9 and 49.0, 59.9, and 69.3 for ferritin (μg/L),
respectively. Using mixed models, we did not find a significant trend over time for hemoglobin levels
(p = 0.61) or ferritin levels (p = 0.36), and no difference in evolution between groups was observed
(p = 0.59 for hemoglobin and 0.60 for ferritin).
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3.3. Safety Outcomes

A total of 51 AE (25 in the tacrolimus group and 26 in the placebo group) and three severe adverse
events (SAE) (one in the tacrolimus group and two in the placebo group) were recorded without
differences between the groups. No SAE certainly or probably related to the treatment were recorded.

Of the 29 possibly or probably related AE, 13 patients had nose burning or a tingling sensation
(10 in the tacrolimus group and three in the placebo group), two had infection, both in the tacrolimus
group (genital HSV infection (n = 1), intercostal VZV infection (n = 1)), seven had a local sensation
(burning eyes (n = 1), burning throat (n = 2), sneezing (n = 1), rhinitis (n = 1) and nose smell (n = 2)
(four in the tacrolimus group and three in the placebo group) and five had other symptoms (thoracic
pain (n = 1), back pain (n = 2), diarrhea (n = 1) and headache (n = 1), all in the placebo group.

Systemic absorption of tacrolimus: as expected, all FK506 dosages were < 5.0 ng/mL on day
8 (n = 48), day 22 (n = 46) and day 43 (n = 46) after the beginning of the treatment. Tacrolimus
was detected in two patients (4.3%), both in the tacrolimus group on day 8 (1.2 and 1.02 ng/mL),
four patients (8.3%) on day 22 (1.03, 1.02, 1.2 and 1.05 ng/mL), and not detected on day 43 (0%).

4. Discussion

To our knowledge, this was the first phase II, double-blind, multicenter, randomized,
placebo-controlled trial evaluating the efficacy of tacrolimus nasal ointment on epistaxis in HHT.
In the present study, there was no significant benefit to using tacrolimus ointment administered twice
a day on the nasal mucosa for six weeks after the end of the treatment, compared with placebo.
We chose this time point for our main outcome (before treatment vs. after the end of the treatment)
on the basis of physiology and on our previous studies using anti-angiogenic drugs which usually
improved patients many weeks after the beginning of the treatment. Tacrolimus enhanced the ALK-1
signaling pathway in the endothelial cells of HHT patients, and inhibited increased VEGF signaling
and hypervascularization in an HHT animal model [11], and we hypothesized that the effect which
involved “blood vessel remodeling” would not be immediate. Furthermore, recent clinical data in
one patient treated with low oral doses of tacrolimus showed that ESS improvement was observed
three months after the beginning of the treatment [22]. However, we did not take into account that
this treatment was local and with good local absorption, as confirmed by blood dosages which were
very low but positive in four cases, and maybe had a quick effect during treatment which stopped
after the end of the treatment. Moreover, the vast majority of patients in the tacrolimus group had a
prior history of nasal surgery, compared to only half in the placebo group. It can be argued that this
disequilibrium may have blunted the apparent effect of tacrolimus during the treatment period and/or
contributed to the lack of an obvious effect after tacrolimus was halted. Similarly, fewer women were
assigned to the tacrolimus than the placebo group, which may have influenced the results.

Importantly, we observed for our secondary outcome a significant improvement in epistaxis
duration and number during the treatment phase in the tacrolimus group. These results suggest that
the effect of the drug occurred only during treatment and patients relapsed after they stopped the
treatment. However, although this trial was randomized, we know that moistening nasal mucosa
improves epistaxis in HHT [10], and we cannot exclude the idea that the efficacy observed in the
treatment group was partly related to the effect of the ointment, not to the drug itself. Furthermore,
this observation highlighted the fact that prolonged tacrolimus use would be necessary, and we
do not have data on the long-term safety on mucosae. The ESS did not improve during treatment;
however, even though the ESS has been shown to be a validated tool in the evaluation of epistaxis in
HHT [23,24], we chose not to use it as our main outcome. This was firstly because our patients are
used to completing epistaxis grids, and secondly because the ESS is self-administered by patients and
is more subjective than an epistaxis duration measurement. It effectively includes subjective questions
such as intensity, need for medical attention and anemia, not defined by hemoglobin level but by our
patients’ own evaluation.
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Tolerance of the nasal ointment was good after a 6-week treatment. No severe adverse events were
observed. The most frequent related adverse event was a sensation of burning in the nose in 34.5% of
patients in the tacrolimus group, but it was transient in most cases. None of the patients stopped the
treatment for this reason. This result was similar in non-HHT patients receiving tacrolimus ointment on
mucosae (oral lichen planus) in randomized studies. Corrocher et al. [16] and Vohra et al. [17] observed a
burning sensation in 56% and 35% of patients, respectively, treated for oral lichen planus, and, similarly,
this event resolved rapidly within four to five days. In the present study, we observed two infections
in the tacrolimus group but not locally, one genital and one skin infection, and the pharmacokinetics
monitoring performed revealed moderate systemic absorption, almost undetectable in most cases. It is
thus unlikely that these complications were related to an immunosuppressive effect of tacrolimus.
Other adverse events were observed with the same frequency in both groups. Nasal cartilaginous
septum perforation was followed closely and not observed in either group after treatment.

This trial had several significant limitations. First, patients completed epistaxis grids and noted
epistaxis duration, which are not directly observed outcomes, partly subjective and imprecise, and are
subject to error. Second, we included all HHT patients with nosebleeds and did not take into
account a history of nasal surgery or nasal crusts or septal perforation, which may change mucosal
drug absorption. Almost all patients had undergone different types of surgery and most of the
mucosa of the nasal cavity cannot be touched by a cotton swab, thus possibly resulting in under
treatment. Third, the blinding process was successful in most cases; however, burning sensations
were more frequent in the tacrolimus group. This could lead to underestimation of the placebo effect
and overestimation of the relative treatment effect because patients can deduce that they are in the
placebo arm and may be less likely to report improvement [25]. Finally, we observed a decrease in
epistaxis duration in the placebo group, during and after treatment, which could be partly due to a
Hawthorne effect. While nasal moisturizing is a recommended treatment for preventing HHT bleeding,
participating in a study would probably improve the way it was done.

5. Conclusions

In HHT patients with epistaxis, tacrolimus nasal ointment, administered twice daily compared
with a placebo, did not reduce monthly epistaxis duration in the six consecutive weeks after treatment
compared to the six weeks immediately before the start of treatment. However, good tolerance
associated with a significant improvement in epistaxis duration during treatment encouraged us to
perform a phase 3 trial on a larger patient population with a main outcome of epistaxis duration during
treatment and a longer treatment time.
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Abstract: Background: We aimed to describe risk factors for gastrointestinal (GI) bleeding and
endoscopic findings in patients with hereditary hemorrhagic telangiectasia (HHT). Methods: This
is a prospective study from a referral HHT unit. Endoscopic tests were performed when there was
suspicion of GI bleeding, and patients were divided as follows: with, without, and with unsuspected
GI involvement. Results: 67 (27.9%) patients with, 28 (11.7%) patients without, and 145 (60.4%)
with unsuspected GI involvement were included. Age, tobacco use, endoglin (ENG) mutation,
and hemoglobin were associated with GI involvement. Telangiectases were mostly in the stomach
and duodenum, but 18.5% of patients with normal esophagogastroduodenoscopy (EGD) had GI
involvement in video capsule endoscopy (VCE). Telangiectases ≤ 3 mm and ≤10 per location were
most common. Among patients with GI disease, those with hemoglobin < 8 g/dL or transfusion
requirements (65.7%) were older and had higher epistaxis severity score (ESS) and larger telangiectases
(>3 mm). After a mean follow-up of 34.2 months, patients with GI involvement required more
transfusions and more emergency department and hospital admissions, with no differences in
mortality. Conclusions: Risk factors for GI involvement have been identified. Patients with GI
involvement and severe anemia had larger telangiectases and higher ESS. VCE should be considered
in patients with suspicion of GI bleeding, even if EGD is normal.

Keywords: hereditary hemorrhagic telangiectasia; rare diseases; telangiectasis; transforming growth
factor-beta (TGF-β); Smad pathway; gastrointestinal bleeding
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1. Introduction

Hereditary hemorrhagic telangiectasia (HHT) or Rendu-Osler-Weber syndrome (ORPHA774)
is an autosomal dominant rare vascular disease characterized by telangiectases and larger vascular
malformations (VMs) [1–3]. HHT can be diagnosed either clinically using the Curaçao criteria (recurrent
epistaxis, muco-cutaneous telangiectasia, visceral lesions, and family history) or through a molecular
gene test [4–6]. Mutations in endoglin (ENG) and activin A receptor type II-like 1 (ACVRL1) genes are
detected in approximately 90% of cases submitted to molecular diagnosis for clinical suspicion of HHT
and cause HHT1 and HHT2, respectively [2,7–9]. Mutations in SMAD4 (encoding the transcription factor
Smad4) have been described in less than 2% of the HHT population [8]. Endoglin (encoded by ENG) is an
auxiliary co-receptor at the endothelial cell surface that promotes BMP9 signaling through the activin
receptor-like kinase 1 (ALK1; encoded by ACVRL1) [2]. Both proteins contribute to the signaling hub
formed by BMP9-endoglin-ALK1-Smad with a high impact in the angiogenesis process [10].

Telangiectasis is the characteristic lesion in HHT and shows dilated post capillary venules directly
connected with dilated arterioles losing the capillary bed [11]. These dilated microvessels are more
prone to hemorrhage due to fragile walls and turbulent blood flow, especially those located in mucosae,
such as nasal or gastrointestinal (GI). Telangiectasia in nasal mucosae can cause spontaneous, recurrent
epistaxis, usually the earliest and most common clinical manifestation of HHT [2,9,12].

Unlike epistaxis or visceral involvement, which occur since adolescence, GI bleeding begins in the
fifth or sixth decades of life [4,13]. The prevalence of GI telangiectasia ranges from 13% to 30% in the
overall HHT population to more than 90% in HHT patients with anemia [14–20]. In HHT patients,
GI bleeding is usually chronic, low degree, and in an intermittent fashion [16,17]. However, clinical
presentation can be diverse, with some patients presenting none or mild anemia, while others require
periodic transfusions. Although argon plasma coagulation (APC) is the most effective endoscopic
therapy for active GI bleeding, some patients have either multiple or non-accessible telangiectases for
APC and usually require additional or alternative therapies [4,13,16,21]. Therefore, pharmacological
treatment, such as with estrogen/progesterone, somatostatin analog octreotide, and bevacizumab,
has been considered in these patients. However, these pharmacological therapies have not been well
established and are based on either individual case reports or small case series [4,13,16,21,22].

Though GI telangiectasia is included in the visceral lesions defined in the Curaçao criteria,
international guidelines only recommend endoscopic study in adult patients with disproportionate
anemia to the severity of epistaxis [4,5]. Unfortunately, there is no clear definition for disproportionate
anemia, so indication for endoscopic study often depends on physician experience. Though some studies
have suggested an association between age or female gender and GI disease, risk factors predisposing
GI disease are currently unknown [4,8,13,15,16]. Identifying possible risk factors associated with GI
involvement could be useful for HHT clinical management. The objective of the present study is to
describe risk factors for GI involvement and to assess endoscopic findings and outcomes in this scenario.

2. Materials and Methods

2.1. Study Design

This is a prospective, observational study, which includes all consecutive patients attended in a
referral HHT unit in a university hospital from September 2011 to June 2019. This HHT unit attends
adult patients from all over Catalonia (Spain), which accounts for seven million inhabitants. During
this period, a total of 330 patients were visited in our unit. All patients provided oral consent for
participation in the study in accordance with local Ethic Committee requirements. Patients with
a definite diagnosis according to the Curaçao criteria (meeting ≥ 3 criteria) or a positive genetic
study were included [4–6]. We followed the Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) statement guidelines for observational cohort studies [23].

The main objective was to describe risk factors for GI involvement among patients with definite
or molecular diagnosis of HHT. Secondary objectives were to compare endoscopic findings among
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patients with GI involvement according to clinical severity and to assess clinical outcomes according to
GI involvement.

2.2. Assessment of Gastrointestinal Involvement

Suggestive symptoms/signs of GI involvement were defined as either the presence of overt upper or
lower GI bleeding or the presence of anemia that is disproportionate to the severity of epistaxis [4]. Endoscopic
study (GIF-Q165; Olympus, Hamburg, Germany) was performed when suggestive symptoms/signs of GI
involvement were present. In patients with active or recently bleeding telangiectases, treatment with APC
was performed. A video capsule endoscopy (VCE) (PillCamSB 3; Medtronic, Yokneam, Israel) study was
mostly performed in patients with persistent anemia after APC treatment.

Endoscopic study was defined as positive when HHT suggestive telangiectasia was found in the
GI tract. Normal endoscopic study or non-suggestive findings of HHT were defined as a negative study.
Using these criteria and according to GI disease, three groups were established: (a) GI involvement:
patients with positive endoscopic study; (b) no GI involvement: patients with negative endoscopic
study; (c) unsuspected GI involvement: patients without suggestive symptoms/signs of GI bleeding
and no endoscopic study performed.

Among patients with GI involvement, telangiectases were classified according to their number
(few: ≤10 telangiectases or multiple: >10 telangiectases) and size (small: ≤3 mm or large: >3 mm) [13].
Patients with GI involvement were classified into two subgroups according to clinical severity: patients
with either hemoglobin levels less than 8 g/dL or red blood cell (RBC) transfusion requirements and
patients with none of these conditions. Endoscopic findings were compared between both subgroups.

2.3. Clinical Variables, Screening Tests, and Follow-Up

Baseline demographic characteristics, comorbidities, history of alcohol or tobacco use (previous
or currently), hemoglobin levels, genetic study, blood test, and epistaxis severity score (ESS) were
collected. ESS is an online tool that quantifies the epistaxis severity considering different parameters
during the previous three months [24].

To screen for pulmonary visceral involvement, a contrast transthoracic echocardiography (TTE)
was performed [4,25]. The Barzilai scale was used to establish the degree of right-left shunt (R-L) and
the need to undergo a thoracic computed tomography (CT) angiography to confirm the presence of
pulmonary arteriovenous (AV) fistula [4,26]. In addition, an abdominal CT angiography was performed
to study hepatic and/or abdominal VMs. A cerebral CT angiography or brain MRI angiography was
carried out in cases of neurological symptoms or a family history of neurological involvement [4,25].

All patients were prospectively followed-up depending on disease severity, at the treating
clinician’s discretion. The lowest hemoglobin level detected and different treatment strategies used
during follow-up were recorded. Patients with objectively confirmed GI involvement and severe
anemia despite iron therapy and/or requiring blood transfusions were assessed for treatment with
octreotide or bevacizumab. The number of packed RBCs transfused before and during both treatments
was recorded. Moreover, the need for visits to the emergency department (ED) and/or hospital
admissions, the number of RBC transfusions required, and any mortality during follow-up were also
registered. These outcomes were compared between HHT groups according to GI involvement.

2.4. Statistical Analysis

A descriptive statistical analysis was performed for all categorical and continuous variables and
expressed as proportions or means with standard deviations (SD), respectively. Categorical variables
were compared with the chi-square test or Fisher’s exact test, whereas the t-test or the Mann–Whitney
U test were used to compare continuous variables.

Logistic regression analyses were performed to identify associated risk factors for GI disease
and presented as odds ratios (OR) with 95% confidence intervals (95% CI). Logistic regression was
performed in patients with suggestive symptoms/signs of GI involvement. For the manual backward
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stepwise multivariable logistic regression model, we assessed variables that had a significant level of P
less than 0.1 in univariable analyses. To analyze the predictive power of the associated risk factors,
a receiver operating characteristic (ROC) curve was performed and the area under the curve (AUC) was
calculated. p values of <0.05 were considered to be statistically significant. Analyses were performed
using SPSS, version 15 for the PC (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Clinical Characteristics

During the study period, 240 patients met the inclusion criteria. Most patients (57.1%) were female,
and mean age was 53.6 ± 13.6 years. Clinical diagnosis of HHT was definitive according to the Curaçao
criteria (meeting ≥ 3 criteria) in 229 (95.4%) patients and by a positive molecular test in the remaining
11 (4.6%) patients. A genetic test was carried out in 161 patients: 75 (45.2%) had ENG mutation, and 73
(43.9%) had ACVRL1 mutation, with no mutation found in 13 (7.8%). After screening tests, 176 patients
(73.3%) had visceral involvement: 67 (27.9%) with pulmonary AV fistula, 110 (45.8%) with hepatic VMs,
73 (30.4%) with other intraabdominal VM, and 10 (4.2%) with central nervous system involvement.

In 67 (27.9%) patients, GI disease was confirmed with the positive endoscopic study, while 28
(11.7%) patients had suggestive symptoms but a negative endoscopic study, and GI disease was
unsuspected in the remaining 145 (60.4%) patients.

3.2. Risk Factors for GI Involvement

Patients with GI involvement were more likely to use tobacco and to have ENG mutation, lower
hemoglobin values at diagnosis, lower minimal hemoglobin levels during follow-up, lower ferritin
levels (<15 ug/L), and higher systolic pulmonary artery pressure (sPAP) at TTE than those with no GI
involvement. Compared to patients with unsuspected GI involvement, those with GI involvement were
older and were more likely to use tobacco or alcohol and to have more comorbidities, higher ESS, lower
ferritin (<15 ug/L), minimal hemoglobin levels, and a higher cardiac index (CI) and sPAP at TTE (Table 1).

Table 1. Clinical characteristics and screening tests according to gastrointestinal involvement in
240 patients with hereditary hemorrhagic telangiectasia (HHT).

GI
Involvement

(n = 67)

No GI
Involvement

(n = 28)
p Value

Unsuspected GI
Involvement

(n = 145)
p Value *

Clinical characteristics

Gender (female), n (%) 35 (52.2) 18 (64.3) 0.380 84 (57.9) 0.437

Age years-old, mean (SD) 59.5 (11.1) 56.9 (13.3) 0.332 44.3 (16.3) <0.001

Epistaxis age of presentation, mean (SD) 16.6 (13.1) 13.8 (7.4) 0.207 16.1 (11.9) 0.813

Underlying conditions, n (%)

Smoking history 38 (56.7) 8 (28.6) 0.012 59 (40.7) 0.029

Alcoholism 15 (22.4) 4 (14.3) 0.368 13 (9) 0.007

Hypertension 25 (37.3) 11 (39.3) 0.857 27 (18.6) 0.003

Diabetes mellitus 14 (20.9) 3 (10.7) 0.238 9 (6.2) 0.001

Dislipemia 24 (35.8) 11 (39.3) 0.750 31 (21.4) 0.026

Ischemic heart disease 15 (22.4) 3 (10.7) 0.186 12 (8.3) 0.004

Lung disease 19 (28.4) 6 (21.4) 0.484 12 (8.3) <0.001

CNS ischemic disease 13 (19.4) 1 (3.6) 0.059 11 (7.6) 0.012

Heart failure 7 (10.4) 0 0.101 2 (1.4) 0.005

Cancer 9 (13.4) 0 0.054 8 (5.5) 0.048

Atrial fibrillation 9 (13.4) 2 (7.1) 0.498 4 (2.8) 0.005

HHT screening,

Curaçao criteria ≥ 3, n (%) 67 (100) 27 (96.4) 0.295 136 (93.8) 0.060
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Table 1. Cont.

GI
Involvement

(n = 67)

No GI
Involvement

(n = 28)
p Value

Unsuspected GI
Involvement

(n = 145)
p Value *

Epistaxis, n (%)
ESS, mean (SD)
ESS ≥ 4, n (%)

67 (100)
4.2 (2.2)
35 (56.5)

27 (96.4)
3.5 (1.9)
10 (37)

0.295
0.137
0.092

137 (94.5)
3.4 (2.2)
52 (36.4)

0.058
0.019
0.009

Family history, n (%) 61 (91) 26 (92.9) 1.000 141 (97.2) 0.076

Muco-cutaneous telangiectasia, n (%) 67 (100) 27 (96.4) 0.295 139 (95.9) 0.180

Visceral involvement (excluding GI
involvement), n (%) 53 (79.1) 19 (67.9) 0.318 89 (61.3) 0.012

Genetic test, n (%)

Undergone 40 (59.7) 20 (71.4) 0.280 106 (73.1) 0.050

ENG 21 (52.5) 4 (20) 0.001 50 (49) 0.709

ACVRL1 17 (42.5) 14 (70) 0.044 42 (41.2) 0.886

Negative 2 (5) 2 (10) 0.595 9 (8.8) 0.728

Blood test,

Hemoglobin levels (g/dL), mean (SD) 113.1 (24.7) 131.4 (22.6) 0.007 133.9 (22.9) <0.001

Minimal hemoglobin levels (g/dL), mean
(SD) 84.3 (30.8) 108.3 (32.7) 0.002 118.2 (30.5) <0.001

Ferritin level < 15 ug/L, n (%) 56 (83.6) 15 (55.6) 0.004 76 (55.1) <0.001

Other tests,

Positive contrast TTE, n (%) 45 (67.1) 13 (46.4) 0.252 94 (64.8) 0.640

CI at TTE (l/min/m2), mean (SD) 3.4 (0.9) 3.4 (1.2) 0.988 2.9 (0.6) <0.001

sPAP at TTE (mm Hg), mean (SD) 37.9 (12.3) 31.3 (7.1) 0.024 29.8 (6.9) <0.001

sPAP > 40mmHg, n (%) 12 (32.4) 2 (15.4) 0.303 6 (9.5) 0.004

Pulmonary AVM at CT, n (%) 25 (37.3) 3 (10.7) 0.256 39 (26.8) 0.077

Abdominal CT, n (%) 62 (92.5) 22 (78.6) 0.077 103 (71) <0.001

Hepatic involvement 40 (59.7) 17 (60.7) 0.271 53 (36.5) 0.101

Other visceral involvement 34 (50.7) 10 (35.7) 0.487 29 (20) 0.001

CNS involvement, n (%) 5 (7.5) 0 0.298 5 (3.4) 0.482

GI: Gastrointestinal; ACVRL1: Activin A receptor type II-like 1 gene; ENG: Endoglin gene; SD: Standard deviation;
CI: Cardiac index; sPAP: Systolic pulmonary artery pressure; TTE: Transthoracic echocardiography; CNS: Central
nervous system. * Comparison between GI involvement and unsuspected GI involvement groups.

After multivariate analysis, age (OR 1.07, 1.06–1.14, p = 0.033), ENG mutations (OR 5.7, 1.02–31.93
95% CI, p = 0.047), previous/current tobacco use (OR 7.8, 1.37–44.52 95% CI, p = 0.020), and hemoglobin
values (OR 0.96, 0.93–0.96 95% CI, p = 0.033) were associated with GI involvement at endoscopy tests
(Table 2). The ROC analysis showed a good predictive power of the associated risk factors for GI
involvement (AUC = 0.834).

Table 2. Uni- and multivariable logistic regression analyses for gastrointestinal bleeding in patients with HHT.

Univariable Multivariable

OR 95% CI p OR 95% CI p

Male 1.64 0.66–4.08 0.283 0.90 0.15–5.32 0.910
Age, years 1.02 0.98–1.05 0.339 1.07 1.06–1.14 0.033

Age > 50 years 2.30 0.86–6.16 0.095 2.06 0.07–61.42 0.676
Smoking 3.27 1.26–8.48 0.015 7.82 1.37–44.52 0.020

ENG mutations 4.42 1.25–15.57 0.021 5.72 1.02–31.93 0.047
ACVRL1 mutations 0.31 0.10–0.99 0.049 1.99 0.07–54.84 0.685

Ferritin levels < 15 ug/L 4.07 1.5–11.03 0.006 3.09 0.55–17.5 0.202
Hemoglobin, g/dL 0.97 0.95–0.99 0.003 0.96 0.93–0.96 0.033

Hemoglobin levels < 8 g/dL 2.18 0.83–5.76 0.112 0.75 0.09–6.55 0.801
ESS ≥ 4 2.20 0.87–5.57 0.095 1.57 0.26–9.66 0.624

OR: odds ratio; 95% CI: 95% confidence intervals; ACVRL1: activin A receptor type II-like 1 gene; ENG: endoglin
gene; ESS: epistaxis severity score.
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3.3. GI Involvement

Telangiectasia was more frequently found in the stomach and duodenum. All but one patient
with telangiectasia based on the esophagogastroduodenoscopy (EGD) also showed telangiectases
in the colonoscopy (CS). Most patients (81.5%) with gastric or duodenal telangiectasia in EGD also
had small intestine involvement at VCE. The size of telangiectases most commonly was ≤3 mm in all
locations, and most patients had ≤10 telangiectases per location. Multiple (>10) telangiectases were
mostly found in the jejunum and ileum.

Most patients with GI disease had hemoglobin levels< 8 g/dL and/or RBC transfusion requirements
during follow-up (n = 44; 65.7%). These patients were older and with a higher ESS than the subgroup of
patients without these conditions. No gender, epistaxis, age, or visceral involvement differences were
found between any subgroups. Patients with hemoglobin levels < 8 g/dL and/or transfusion requirements
had larger telangiectases (>3 mm) and needed APC therapy more often than the remaining patients with
GI involvement, with no other differences in location or the number of telangiectases (Table 3).

Table 3. Clinical characteristics and endoscopic findings among patients with gastrointestinal involvement.

Patients with Hb ≤ 8
or Transfusion

(n = 44)

Patients with Hb > 8
and No Transfusion

(n = 23)
p Value

Clinical characteristics

Gender (female), n (%) 22 (50) 13 (56.5) 0.612

Age at presentation, mean (SD) 61.3 (11.2) 53.8 (9.6) 0.006

Epistaxis age at presentation, mean (SD) 16.5 (12.9) 16.7 (13.7) 0.941

ESS, mean (SD)
ESS > 4, n (%)

4.9 (2.2)
27 (69.2)

2.9 (1.6)
8 (34.8)

<0.001
0.008

Visceral involvement (excluding GI
involvement), n (%) 34 (77.3) 18 (78.3) 0.927

GI tests, n (%)

Both EGD and CS 30 (68.2) 13 (56.5) 0.345

Video capsule endoscopy 20 (45.5) 7 (30.4) 0.234

APC therapy 25 (64.1) 6 (30%) 0.013

Site of GI telangiectases, n (%)

Esophagical
>10 telangiectases

Size: ≤3 mm
>3 mm

7 (15.9)
0

4 (66.7)
2 (33.3)

3 (13)
0

3 (100)
0

1.000

0.500

Gastric
>10 telangiectases

Size: ≤3 mm
>3 mm

36 (81.8)
6 (16.7)

12 (42.9)
16 (57.1)

16 (69.6)
2 (12.5)

11 (73.3)
4 (26.7%)

0.253
1.000

0.056

Duodenal
>10 telangiectases

Size: ≤3 mm
>3 mm

31 (70.5)
6 (19.4)

15 (55.6)
12 (44.4)

13 (56.5)
1 (7.1)

10 (83.3)
2 (16.7)

0.254
0.407

0.151

Jejunal
>10 telangiectases (n)

Size: ≤3 mm
>3 mm

21 (47.7)
10 (47.6)
10 (50)
10 (50)

7 (30.4)
3 (42.9)
6 (85.7)
1 (14.3)

0.173
1.000

0.183

Ileal
>10 telangiectases

Size: ≤3mm
>3 mm

15 (75)
8 (57.1)
5 (55.6)
4 (44.4)

5 (71.4)
1 (20)
4 (100)

0

0.294
0.303

0.228

Colonic
>10 telangiectases

Size: ≤3 mm
>3 mm

16 (39)
1 (6.7)
7 (58.3)
5 (41.7)

5 (23.8)
0

2 (66.7)
1 (33.3)

0.231
1.000

1.000

Patients with large telangiectases (>3 mm)
(all tests), n (%) 23 (65.7) 3 (20) 0.003

Patients with >10 telangiectases in any
location (all tests), n (%) 20 (46.5) 7 (35) 0.390

APC: argon plasma coagulation; EGD: esophagogastroduodenoscopy; EES: epistaxis severity score; CS: colonoscopy;
GI: gastrointestinal; Hb: Hemoglobin; SD: standard deviation.
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3.4. Outcomes

Overall, mean follow-up was 34.2 ± 22.8 (1–124) months, with no differences between groups
according to GI involvement. Patients with GI involvement required significantly more often RBC
transfusions, ED attention, and hospital admissions than patients without GI disease or than those
with unsuspected GI involvement. Overall, five patients (2.1%) died, with no differences in mortality
between groups (Table 4).

Table 4. Clinical outcomes during follow-up according to gastrointestinal involvement.

GI
Involvement

(n = 67)

No GI
Involvement

(n = 28)
p Value

Unsuspected GI
Involvement

(n = 145)
p Value *

Follow-up (months), mean (SD) 33.6 (21.9) 29.2 (20.5) 0.354 35.4 (23.6) 0.585

Outcomes,

RBC transfusion, n (%)
Number of transfusions,

mean (range)

41 (61.2)
26.2 (1–218)

8 (28.6)
8.9 (2–35)

0.004
0.042

22 (15.4)
9.1 (1–50)

<0.001
0.101

ED visit, n (%) 40 (59.7) 7 (25) 0.002 42 (29) <0.001

Hospital admission, n (%) 28 (41.8) 5 (17.9) 0.025 16 (11) <0.001

Mortality, n (%) 2 (3%) 0 1.000 3 (2.1) 0.652

GI: gastrointestinal; SD: standard deviation; RBC: red blood cells; ED: Emergency Department; * Comparison
between GI involvement and unsuspected GI involvement groups.

Nine patients received treatment with octreotide: four with 100 mcg bid and five with long-acting
release (LAR) octreotide at doses between 10 and 30 mcg monthly. In five of these nine patients,
a marked decrease in the number of packed RBC units transfused was observed in the first weeks
of treatment. Only one patient presented diarrhea as a side effect with the 100 mcg bid dose, which
disappeared after switching to a monthly LAR formulation. Two patients without improvement after
octreotide daily doses received bevazicumab at doses of 5 mg/kg every two weeks with tapering
frequency to a final maintenance dose every 6–8 weeks. One of these patients needed hypertension
therapy adjustment because of bevacizumab-induced hypertension with severe epistaxis and an
increase of RBC transfusion requirements during the first six months of treatment. After blood pressure
control, both patients experienced a rather marked reduction in the number of packed RBC units
transfused under bevacizumab therapy (Table 5).
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4. Discussion

In our study, age, ENG mutation, tobacco use, and hemoglobin levels were associated with GI
involvement in HHT patients. We found a 7% increased risk of GI involvement per year of age. These
results are consistent with the mean age of GI bleeding onset observed in previous studies [4,13].
However, we have not detected previously described female predominance [4,17,21]. Smoking history
has been related to a 7-fold increase risk of GI involvement in our series. Tobacco use has already
been associated with an increased risk of upper GI bleeding and gastroduodenal ulcers in non-HHT
patients, but no relationship between tobacco and GI telangiectasia has been published [27]. Though
this finding strengthens the importance of avoiding tobacco in HHT patients, it also needs to be
confirmed in further studies. Canzonieri et al. and van Tuyl et al. systemically studied the extent of GI
involvement with EGD, VCE, and CS in 22 and 35 HHT patients, respectively, and found a higher
prevalence of telangiectasia in patients with ENG mutation [13,19]. However, Berg et al., Sabbà et al.,
and Letteboer et al. assessing genotype–phenotype relationships in HHT patients, reported similar
incidence of GI telangiectasia between HHT1 and HHT2 patients [28–30]. Differently, and according to
current guidelines, we studied patients with clinical suspicion of GI bleeding, but not indiscriminately
screened [4]. Thus, ENG mutation was associated with 5-fold increase risk of GI involvement compared
to those with negative endoscopic study. In addition, in our cohort, hemoglobin levels were also
associated with GI involvement. These four variables could help physicians experiencing the difficult
management of GI involvement in HHT patients.

Many cases of anemia are misattributed to overt epistaxis instead of attributing them to GI bleeding
among patients with HHT [16,31]. In fact, we have not found significant differences in epistaxis severity
measured by the ESS between patients with and without GI involvement. This finding supports that
lower hemoglobin levels found in patients with GI involvement were disproportionate. Moreover,
among patients with GI involvement, the ESS was higher in those with hemoglobin levels < 8 g/dL or
with transfusion requirements. This relationship could be explained by a microvessel predominant
pattern, as telangiectasis is a pathological feature in both nasal and digestive mucosae. Because both
types of bleeding can coexist, a high clinical suspicion of GI bleeding in patients with severe anemia,
despite a high ESS, is necessary.

In our series, telangiectasia is more frequently found in the stomach or duodenum. This location is
highly related to small bowels and colon telangiectasia in VCE. These results are in line with international
guidelines, which recommend EGD as the initial screening procedure when GI involvement is
suspected [4,13]. However, if the EGD is negative, VCE should be considered in patients with high
suspicion of GI involvement and severe anemia to detect telangiectasia within the small intestine, as it
occurred in 18.5% of our patients [13,19]. Longrace et al., in 43 consecutive HHT patients with GI
bleeding, reported that patients with >20 telangiectases had significantly lower hemoglobin levels
and higher transfusion requirements [21]. We found that patients with hemoglobin levels <8 g/dL
or RBC transfusion requirements had larger telangiectases. These endoscopic findings strengthen
the usefulness and benefits of VCE and should be taken into account in the follow-up and treatment
assessment of HHT patients with GI involvement.

Chronic GI bleeding treatment is largely endoscopic and supported by frequent blood transfusions.
In our study, patients with GI involvement needed RBC transfusions and medical attention more
often than those with no or unsuspected GI involvement. However, no difference in mortality was
found between groups. Although severe anemia secondary to GI bleeding can lead to multiple
complications, GI bleeding has not been described as a cause of the lower life expectancy of HHT
patients [29,32]. HHT patients with GI bleeding usually have telangiectases that are not fit for APC
treatment, and require pharmacological treatment, with different and controversial options [4,13,16,21].
Our series included nine patients on octreotide treatment from daily clinical practice. This agent
has shown a reduction in digestive bleeding and an anemia improvement in non-HHT patients with
intestinal angiodysplasia by reducing splanchnic blood flow, but evidence of its use in HHT patients is
scarce [33–36]. A non-randomized prospective clinical trial to assess the efficacy of monthly injection
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of 20 mg of octreotide LAR has been recently published [36]. Although this study was underpowered
(beta of 0.5), RBC transfusion requirements were lower during the six months treatment period than
they were prior to treatment, in all 11 patients included. We have observed similar results in five out of
nine patients treated with octreotide. Further studies are needed to confirm the efficacy and safety of
long-term octreotide therapy. Similarly, the benefit of bevacizumab in patients with GI involvement
needs has been poorly described [37,38]. Bevacizumab-induced hypertension is a well-known adverse
effect; high blood pressure can make epistaxis worse and provoke RBC transfusion requirements, as it
occurred in one of our patients [39]. Other treatments such as talidomide or estrogen/progesterone
preparations have also shown improvement in hemoglobin levels or transfusion requirements in case
reports or short series [21,22,40,41]. The hypothetical benefit in this scenario of future agents that block
or activate pathways involved in HHT pathogenesis, such as sirolimus, tacrolimus, nintedanib, or a
combination of them, needs further investigation [42–44].

There are some limitations and strengths of our study that should be mentioned. VCE was not
performed in all patients and GI involvement could be underestimated in patients with negative EGD.
Additionally, VCE could have influenced the number and size of small bowel telangiectases. Another
limitation is that endoscopic study was not performed on all patients. However, this is in agreement
with recommendations of current guidelines [4]. Difficulties in attributing low hemoglobin levels to
epistaxis or GI bleeding could be another inherent limitation. However, our study represents the largest
series of HHT patients with objectively confirmed GI involvement, and is the only one comparing these
patients with those with a negative endoscopic study or with unsuspected GI involvement. On top of
that, the prospective nature of our study and the broad long-term follow-up reinforce the robustness of
the results and allow for a better assessment of outcomes.

5. Conclusions

In conclusion, age, ENG mutation, tobacco use, and hemoglobin levels have been associated
with GI involvement in HHT patients. Telangiectasia was more frequently found in the stomach
and duodenum. Patients with large telangiectases have severe anemia and high RBC transfusion
requirements. VCE should be considered in patients with a high suspicion of GI bleeding, even if EGD
resulted negative. Among HHT patients, those with GI involvement need medical attention more
often, with no differences in mortality.
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Abstract: Epistaxis is a common debilitating manifestation in hereditary hemorrhagic telangiectasia
(HHT), due to mucocutaneous telangiectases. The epistaxis can be difficult to control despite available
treatments. Dysregulated angiogenesis has been shown to be associated with telangiectases formation.
Topical propranolol has demonstrated antiangiogenic properties. We performed a two-phase study,
i.e., a double-blind placebo-controlled phase, followed by an open-label phase. The aim of the
study was assessment of safety and efficacy of nasal propranolol gel in HHT-related epistaxis.
Twenty participants with moderate-severe HHT-related epistaxis were randomized to eight weeks of
propranolol gel 1.5%, or placebo 0.5 cc, applied to each nostril twice daily; and continued propranolol
for eight weeks in an open-label study. For the propranolol group, the epistaxis severity score (ESS)
improved significantly (−2.03 ± 1.7 as compared with −0.35 ± 0.68 for the placebo group, p = 0.009);
hemoglobin levels improved significantly (10.5 ± 2.6 to 11.4 ± 2.02 g/dL, p = 0.009); and intravenous
iron and blood transfusion requirement decreased. The change in nasal endoscopy findings was
not significant. During the open-label period, the ESS score improved significantly in the former
placebo group (−1.99 ± 1.41, p = 0.005). The most common adverse event was nasal mucosa burning
sensation. No cardiovascular events were reported. Our results suggest that topical propranolol gel
is safe and effective in HHT-related epistaxis.

Keywords: hereditary hemorrhagic telangiectasia; epistaxis; propranolol gel; epistaxis severity score;
nasal endoscopy; antiangiogenic properties

1. Introduction

Hereditary hemorrhagic telangiectasia (HHT) (ORPHA774, HHT 1 OMIM# 187300 and HHT 2
OMIM# 600376) is an autosomal dominant vascular disorder that leads to abnormally dilated blood
vessels and arteriovenous malformations. Telangiectases tend to rupture and result in recurrent
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gastrointestinal bleeding and spontaneous epistaxis, the latter being the most common clinical
presentation of patients with HHT [1]. Severely affected individuals may have gushing bleeds several
times a day, with consequent iron deficiency anemia and transfusion dependency [1]. Severe epistaxis
is associated with significant impairment in daily life activity and decreased quality of life (QOL) [2–4],
and is often resistant to standard measures [5].

Although the precise mechanism of arteriovenous malformations and telangiectases formation
in HHT is unknown, dysregulation of angiogenesis has been shown to result in an unbalanced
generation of abnormal blood vessels [6]. Several antiangiogenic therapeutic agents have been
proposed. Bevacizumab, the most frequently used, has demonstrated limited success as a topical
treatment of epistaxis [7,8], and significant side effects with systemic use [9].

The non-selective beta-blocker propranolol is commonly used as a topical and systemic treatment
for infantile hemangioma [10], with proven anti-angiogenic effects [11]. We previously reported the
efficacy of topical propranolol in an open-label study with six participants [12]. That report led us to
conduct the current trial to evaluate the safety and efficacy of topical propranolol gel in the treatment
of moderate to severe HHT-related epistaxis.

2. Experimental Section

This study was comprised of a double-blind placebo-controlled phase, with continuation to an
open-label phase (Figure 1). Patients with HHT having refractory moderate to severe epistaxis were
recruited from the Israeli National HHT Center at Schneider Children’s Medical Center of Israel
and Beilinson Medical Center. Study inclusion and exclusion criteria are summarized in Table 1.
Patients with concomitant significant gastrointestinal bleeding were referred for systemic treatment
and were not included in the study.

 

Figure 1. Study design.
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Table 1. Inclusion and exclusion criteria.

Inclusion criteria:
• Adults, 18 years and older
• Confirmed clinical [13] or genetic diagnosis of HHT
• Epistaxis severity score (ESS, range of scores: 0–10, 10 indicates greatest severity) [14]) ≥4
• Refractory to standard measures that control bleeding

Exclusion criteria:
• Congestive heart failure, baseline bradycardia (heart rate (HR) < 50/min), heart block, asthma or known

sensitivity to propranolol)
• Treatment with beta-blockers for other reasons
• Change in epistaxis care in the month prior to enrolment
• Use of any antiangiogenic medication in the month prior to enrolment
• Use of antiplatelet or anticoagulant medications

The study was approved by the local ethics committee (RMC-0191-15) and by the Israel Ministry of
Health (MOH, Clinical Trial Registration 20173382, www.health.gov.il/clinicaltrials). All the participants
signed an inform consent.

Propranolol gel was prepared with propranolol HCl 1.5% in an isotonic solution and preserved
hydroxyethyl cellulose 2% gel. The placebo gel was prepared with preserved hydroxyethyl cellulose
2% gel only. Patients were instructed to apply 0.5 cc propranolol or a placebo gel via a supplied 1 mL
syringe, to the nasal mucosa of each nostril, twice daily.

Following screening, the patients were randomly assigned, at a 1:1 ratio, to be treated with
propranolol gel or a placebo gel for a period of 8 weeks (the double-blind phase). Randomization was
performed by the pharmacy, and the treatment team was blinded to the process. Following the
double-blind phase, all the patients were offered to continue an open-label phase for an additional
8 weeks.

The study participants were examined at screening and randomization, and at the end of each
treatment phase (the 8th and 16th weeks). Each visit included a recent medical history and physical
examination; monitoring of side-effects; measurements of heart rate (HR), blood pressure (BP), blood
hemoglobin (HB), and iron and ferritin levels; a rhinology examination; assessment of epistaxis severity
according to the epistaxis severity score (ESS); and quality of life (QOL) according to the 12-Item Short
Form Health Survey (SF-12) questionnaire. An electrocardiogram was performed at screening and
repeated at the primary investigator’s discretion.

Nasal endoscopy was performed at screening, and at the 8th and 16th weeks, by a highly trained
rhinologist (ES), who was blinded to treatment allocation.

Patients’ nasal cavities were decongested with lidocaine 1.5% and phenylephrine 1% spray prior
to endoscopic examination with a zero-degree 4 mm endoscope connected to a high definition camera
and monitor (Storz). Endoscopies were recorded and representative photographs of the nasal cavities
were captured in a de-identified manner. Thus, all patient images were subsequently graded in an
anonymized fashion at the conclusion of the study. Nasal involvement with disease at recruitment
was graded as follows: mild-few punctate telangiectases, moderate-multiple telangiectases/large
arteriovenous malformations involving the anterior nasal septum, and severe-diffuse involvement
of the nasal mucosa with telangiectases. During follow up, endoscopies were defined as improved
versus no change or worsened.

A telephone interview was performed at each mid-treatment period (4th and 12th week) and
4 weeks after the open-label phase (20th week) to assess efficacy and safety.

Participants were instructed at recruitment to fill out a daily epistaxis diary indicating the severity,
frequency, and duration of the epistaxis episodes. Severity was recorded as mild-drops of blood (1),
moderate- mild bleed and clots (2), or severe gushing or major clots (3).

Bleeding frequency was recorded as the number of episodes per day. The total minutes of epistaxis
per day was recorded as the daily epistaxis duration. Participants were asked to mark in the diary
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when the medication was applied. Compliance was measured using the diary and by counting the
empty syringes returned at every visit. Participants were instructed to measure their BP and HR
weekly by their local health provider and to document these results in their diary. Participants were
also asked to document any local or systemic symptoms and report them to the investigators.

Indications to terminate the study were any of the following criteria: a systolic BP drop to less
than 80 mmHg or a drop of ≥20% from baseline systolic BP, a drop of HR to less than 50/min, any signs
of heart block on the electrocardiogram, grade > 2 (CTCAE [15]) local or systemic side effects such as
local irritation or an allergic reaction to the medication, and patient’s or physician’s request.

The primary outcome was the difference in ESS drop between both groups. ESS was first calculated
at randomization and was related to the prior 8 weeks, and then at the end of the double-blind period.
The change in ESS from randomization to the end of the first 8-week period was compared between the
propranolol and control groups. The secondary outcome measures were changes in blood hemoglobin
(Hb) levels and intravenous iron, packed cell transfusion (PC) requirements, a change in the intensity
of telangiectases in the nasal mucosa as documented by one otolaryngology surgeon (ES), and the
change in QOL. In the open-label period the secondary outcome was ESS change from the beginning
and the end of the open-label phase.

Statistical Analysis

The sample size was calculated from a pilot study [12], in which ESS improved by 2.85 ± 1.75
following the use of propranolol gel. We anticipated a similar improvement in the current study.
We assumed an improvement in ESS of 0.5 in the placebo group. Power analysis calculation (α of
0.05 and 1-β of 0.8) required 9 patients in each arm. Assuming that two participants would drop
out of the study per group, 11 participants were planned to be recruited in each group (for a total of
22 participants in the study).

Data were analyzed using SPSS, version 25. Armonk (NY, USA) (SPSS Inc., Chicago, IL,
USA). Demographic factors and clinical outcomes were summarized with percentage breakdown.
For comparing outcomes between the treatment groups, an independent samples t-test was used,
with a normal distribution assumed. Otherwise, Mann–Whitney or Wilcoxon rank-sum tests were
used. Changes in ESS and clinical parameters between two visits were analyzed using a paired
t-test. To analyze the improvement in nasal rhinology scoring between the two groups (improved/not
improved), the McNemar test was used. Normality assessment was performed using a Shapiro–Wilk
test. Normal distribution was assumed when p > 0.05.

3. Results

3.1. Study Participants

Twenty-three patients were recruited between April 2018 and March 2019, of whom, 18 (78%)
were female. The mean age at study entry was 54.6 ± 10.8 years (range 35–74 years).

Ten participants were randomized to the propranolol group, and 13 to the placebo group.
Three participants from the placebo group withdrew from the study, two because of low compliance
and one after the development of acute otitis media. None of the participants in the propranolol
group withdrew.

Twenty participants completed the double-blind phase, 10 participants in each study group.
Their baseline characteristics are presented in Table 2. Differences in the baseline ESS, and in
demographic and clinical parameters between the groups were not statistically significant.
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Table 2. Baseline characteristics.

Placebo (n = 10) Propranolol (n = 10) p

Age—years (mean ± SD) 51 ± 9 57 ± 11 0.262
Gender (F,M) 9:1 6:4 0.152

Gene mutation
(number of participants)

ACVRL1-8
Endoglin-1
ND-1

ACVRL1-5
Endoglin-3
ND-2

0.223

ESS 5.68 ± 1.8 6.50 ± 1.84 0.323
QOL 34.75 ± 10.9 35.1 ± 6.7 0.932
Hemoglobin (g/dL) 10.7 ± 2.52 10.57 ± 2.6 0.918
IV iron */IV PC * 16/3 9/7 0.739/0.481
Ferritin 65.4 ± 86.19 89.65 ± 212.04 0.715
Rhinology grading
(number of patients) 0.601

Grade I 4 3
Grade II 5 5
Grade III 1 2

Systolic BP mmHg
(mean ± SD) 110.2 ± 9.6 119.3 ± 12.3 0.09

Diastolic BP mmHg
(mean ± SD) 63.3 ± 9.2 69.0 ± 9.2 0.20

HR per minute
(mean ± SD) 76.0 ± 12.9 73.9 ± 111.7 0.71

* Total number of units of IV iron (Ferinject 500 mg)/IV packed cells (PC) in the 2 months prior to screening.
ESS, epistaxis severity score; ACVRL1, activin receptor-like 1; ND, not done; QOL, quality of life; IV, intravenous;
PC, packed cells; BP, blood pressure; HR, heart rate.

Compliance was high for both groups (propranolol 90.2± 10.3% vs. placebo 94.2± 8.1%, p = 0.371).

3.2. Primary Outcome

During the first phase of the study, the ESS showed a significant improvement in the propranolol
group (from a mean of 6.50 ± 1.84 to 4.47 ± 1.75, p = 0.004) and no change in the placebo group
(5.68 ± 1.8 to 5.33 ± 2.1, p = 0.133, Table 3). The change in ESS was −2.03 ± 1.7 in the propranolol group
as compared with −0.35 ± 0.68 in the placebo group, p = 0.009 (Figure 2, Table 4).

Table 3. Outcome measures during the double-blind phase of the study. (Placebo group and propranolol
group are analyzed separately).

Outcome Measure Placebo (n = 10) Propranolol (n = 10)

Baseline End of DB Phase p Baseline End of DB Phase p

Primary outcome

ESS 5.68 ± 1.8 5.33 ± 2.1 0.133 6.50 ± 1.84 4.47 ± 1.75 0.004

Secondary outcomes

Hb g/dL 10.7 ± 2.5 10.7 ± 2.3 0.91 10.5 ± 2.6 11.4 ± 2.02 <0.001
Total PC units required * 3 5 0.346 7 3 <0.001
Total IV iron **

16 14 0.233 9 4 0.15doses required *
QOL 34.75 ± 10.9 40.6 ± 9.11 0.03 35.1 ± 6.7 41 ± 7.39 0.048

ESS, epistaxis severity score; DB, double-blind; Hb, hemoglobin; PC, packed cells; IV, intravenous; QOL, quality of
life. * In the 2 prior months and ** dose, Ferinject 500 mg.
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Figure 2. Demonstrating a statistically significant decrease in epistaxis severity score in the propranolol
group in the randomized, double-blind phase of the trial.

Table 4. Comparison of the change in outcome measures during the double-blind period among the
placebo and propranolol groups.

Outcome Measure Placebo Propranolol p

Primary outcome

Change in ESS −0.35 ± 0.68 −2.03 ± 1.7 0.009

Secondary outcomes

Change in Hb level (g/dL) 0.68 ± 0.01 1.96 ± 0.85 0.216

Change in number of PC required −0.20 ± 0.63 −0.40 ± 0.69 0.029

Change in number of IV iron doses required * −0.20 ± 0.63 −0.50 ± 0.97 0.304

QOL 6.11 ± 5.85 6.06 ± 5.90 0.986

ESS, epistaxis severity score; Hb, hemoglobin; PC, packed cells; IV, intravenous; QOL, quality of life. * Dose,
Ferinject 500 mg.

Box and whisker plots of the decreases in ESS in the placebo and propranolol groups during the
double-blind phase of the study. The black horizontal lines represent the median values of decrease
and the range. The dots represent the mean and the boxes represent the interquartile range of decrease
(25% to 75%). ESS change of 0.71 was suggested to be the MID (minimal important difference) [16].

3.3. Secondary Outcomes

Significant improvement in Hb level was observed in the propranolol group but not in the
placebo group (Table 3). PC transfusion requirement decreased significantly in the propranolol group.
Changes were not observed in these parameters in the placebo group. The change in intravenous
iron units required was not statistically significant in both groups. QOL improved significantly in
both groups.

We also compared the change in the secondary outcomes during the study period between the
placebo and the propranolol groups (Table 4). The propranolol group had a significant decrease in
PC requirement as compared with the placebo group. There was no significant change in the other
secondary outcome measures.
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3.4. Nasal Endoscopy

Four patients in the placebo group improved (40%), of whom three were grade I at study
entry. Improvement was observed in seven patients (70%) in the propranolol group, of whom five
were grade II/III at study entry. One patient in the propranolol group worsened. The difference
in improvement between the groups at the end of the placebo-controlled phase was not significant
(p = 0.18). Among patients with higher grading (II and III) of nasal involvement, improvement was
observed in 71.4% of the propranolol group as compared with 16.7% of the placebo group (p = 0.078).

3.5. Side Effects

Hypotension or bradycardia were not observed among participants in the placebo and propranolol
groups. Mean BP measures were similar between the groups (systolic BP 108.5 ± 8.1 mmHg vs.
111.3 ± 5.95 mmHg, p = 0.402 and diastolic BP 60.2 ± 7.6 mmHg vs. 67.5 ± 12.6 mmHg, p = 0.137),
as was the mean heart rate (73.6 ± 9.7 beats per minute vs. 74.4 ± 13.45, p = 0.876).

The most important side effect observed was a burning sensation in the nasal mucosa and the
pharynx (Table 5). Five patients in the propranolol group and two in the placebo group had mild
and transient burning sensations that resolved during treatment. Four patients in the propranolol
and none in the placebo group complained of a substantial burning sensation. Overall, 9 patients in
the propranolol group and 2 in the placebo group had some burning sensation (p = 0.005). All the
patients had a thorough otolaryngologic examination and no visible mucosal injuries were observed.
Rhinorrhea was observed in three patients in the propranolol group and in none in the placebo group
(p = 0.06). Nasal dryness was observed in one participant in the placebo group.

Table 5. Side effects of the double-blind period.

Placebo (10) Propranolol (10) p

Any burning sensation 2 9 0.005

Sustained burning
sensation 0 4 0.086

Rhinorrhea 0 3 0.06

Nasal dryness 1 0 1

Otitis media 0 1 1

One patient in the propranolol group had acute otitis media. One patient in the placebo group
withdrew the study because of otitis media which led to her hospitalization. The patients both
recovered. No other side effects were observed.

3.6. Results of the Open-Label Phase of the Study

Fifteen participants completed the open-label phase, seven in the propranolol group and eight
in the placebo group. Two patients in the placebo group withdrew from the study at this phase,
as they were awaiting a Young’s procedure prior to the study and decided to proceed with this process.
Three patients in the propranolol group withdrew from the open-label label phase because of a burning
sensation; two of them also had rhinorrhea.

During the open-label phase, the former placebo group, now receiving propranolol gel, showed
significant improvement in the ESS score, with a mean drop of 1.99 ± 1.41 from 4.86 ± 1.85 to 2.87 ± 1.6
(p = 0.005). During this phase, the propranolol group maintained the decrease in ESS (open-label
period 4.6 ± 2.05 to 4.18 ± 0.99, p = 0.51) and completed a mean drop of 2.76 ± 1.52 in the 16 weeks
of treatment (p = 0.001). In addition, the entire cohort showed significant improvement in epistaxis
control, frequency and severity, and in daily duration of epistaxis (Table 6).
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Table 6. Diary outcome measures in the open label phase, diary comparison.

Outcome Measure (mean ± SD)
n = 15

Double Blind Period Open-Label Period p

Epistaxis frequency, bleeds/day 1.71 ± 1.34 1.24 ± 1.24 <0.001
Epistaxis severity 1.42 ± 0.64 1.03 ± 0.55 <0.001
Epistaxis duration, minutes/day 10.68 ± 9.01 6.13 ± 4.67 <0.001

There was no significant improvement in hemoglobin levels (11.42 ± 2.06 to 11.86 ± 1.79, p = 0.317)
and QOL (41.38 ± 7.38 to 42.92 ± 8.12, p = 0.17).

Compliance for the entire cohort during the open-label phase was a mean 78.74± 25.2%. Six patients
(40%) reported a burning sensation. One participant reported nasal dryness. There was no sign
of mucosal damage in any of the participants on rhinology examination, and all chose to continue
treatment. No significant change in BP or HR, nor any other side effects, were observed between the
beginning and the end of the open label period (systolic BP 110.4 ± 5.9 to 114.6 ± 13.8 mmHg, p = 0.27;
diastolic BP 63.5 ± 8.4 mmHg to 64.4 ± 9.1 mmHg, p = 0.54; HR 72.6 ± 11.8 to 71.6 ± 13 per minute,
p = 0.55, all respectively).

4. Discussion

In a randomized double-blind placebo-controlled study, we demonstrated a significant
improvement in epistaxis control in persons with HHT treated with topical propranolol gel for
moderate-severe epistaxis. A considerable proportion of persons with HHT have mutations in the
endoglin (ENG) and ACVLR1 genes, which encode components of the transforming growth factor
(TGF)-β receptor [1]. Recently, a Knudsonian two-hit mechanism was suggested for telangiectases
formation [17]. Nonetheless, increased blood and tissue levels of VEGF have been found in
persons with HHT [18], suggesting a role for this protein in the abnormal angiogenesis process [6].
The non-selective beta blocker propranolol is used routinely to treat infantile hemangiomas [10,11,19].
The possible mechanisms of action for propranolol include both vasoconstrictive and antiangiogenic
effects. The latter are related to VEGF expression, which is controlled by adrenergic stimulation.
Propranolol’s antiadrenergic properties directly reduce VEGF-stimulated angiogenesis [11]. In addition,
propranolol causes apoptosis of endothelial cells and reduces VEGF tissue expression [11].
Infantile hemangioma resembles HHT in several aspects, including dysregulated angiogenesis and
high levels of tissue VEGF [20,21]. These similarities suggest a role for propranolol in the treatment of
HHT. Furthermore, propranolol has been demonstrated to decrease in vitro migration and angiogenesis
of HHT endothelial cells [22].

Oral and topical propranolol for epistaxis in HHT has been reported in several uncontrolled
studies. In a retrospective study, followed by a prospective case series, 21 persons with HHT were
treated with oral propranolol, with daily doses of 80–160 mg. In the retrospective arm, a significant
decrease in ESS was observed, with improvement in both epistaxis duration and frequency. In the
prospective arm, 11 patients were treated with propranolol for three months, which led to a significant
decrease in epistaxis duration and in the number of episodes per month. Side effects caused one patient
to discontinue propranolol due to hypotension. Other side effects included asthenia, nightmares,
and erectile dysfunction [23]. Our group published a case series of six HHT patients treated with
nasal propranolol gel. All the patients reported improvement, with a mean decrease of ESS from
6.43 ± 2.11 to 3.47 ± 1.75 during 12 weeks of treatment (p = 0.007). Mean hemoglobin levels increased
from 8.42 ± 3.06 g/dL to 10.98 ± 1.78 g/dL (p = 0.01), and the number of blood transfusions over
a 24-week period decreased (p = 0.01). One patient reported a burning sensation during the first
week of treatment, which resolved during the second week. No other local or systemic effects were
observed [12]. A recent observational report demonstrated the efficacy of combined treatment of
sclerotherapy and propranolol on epistaxis control in persons with HHT [24]. Anecdotal use of topical
timolol has also been reported [25,26].
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The targeting of VEGF for treatment of epistaxis in HHT has been attempted with the antibody
bevacizumab [27–29]. Systemic administration of bevacizumab was found to control nosebleeds and
other HHT symptoms [27,28,30,31]. However, systemic bevacizumab caused undesired side effects
such as fever, headache, rash, and chills, and notably, epistaxis occurred [32]. Local nasal mucosal
injections or spray of bevacizumab have been shown to have a beneficial effect in several case studies
and uncontrolled studies, but failed to show an advantage in randomized trials [29]. Recent systematic
reviews summarizing the published studies suggest that intranasal bevacizumab treatment does not
have a significant effect on epistaxis in persons with HHT [7,8]. Other therapeutic options based
on the role of PI3K and mTOR role in telangiectases formation have been recently suggested [33,34].
Severe epistaxis may cause gushing bleeds several times a day, resulting in iron deficiency anemia
and transfusion dependency [1]. Response is sometimes inadequate to standard measures of nasal
packing, laser coagulation, and arterial embolization. Surgical procedures including septal dermoplasty
and Young’s nasal closure may be effective; however, these are partly irreversible and can result in
significant morbidity [27].

This randomized placebo-controlled study corroborates previous non-randomized uncontrolled
findings of a significant improvement in the ESS score in persons with HHT treated with propranolol.
Propranolol was superior to the placebo for improving epistaxis, measured by a significant drop in the
ESS. The improvement in epistaxis control with propranolol gel treatment was also demonstrated by
the significant increase in HB levels, and decreases in PC transfusions and IV iron requirements in
the treatment group but not in the placebo group. These results are strengthened by the significant
improvement in epistaxis control in the participants in the placebo group when they were switched
to propranolol treatment in the open-label phase. It should be noted that the propranolol group
maintained the decrease in ESS during the open label phase, and overall, demonstrated a significant
improvement during the 16 weeks of treatment.

Although a one-month run-in period was an option in the protocol, since patients recruited had
moderate to severe epistaxis, they were reluctant to have a run-in period. As there was no run-in period,
a diary was not available prior to medication administration to measure changes in epistaxis severity,
duration, and frequency in the double-blind phase; however, these outcome measures improved in
both groups in the open-label phase.

Nasal endoscopy findings in our study groups were defined during follow up visits as no
change, improved, or worsened. The rationale for these definitions was based on our experience
that improvement was mostly associated with flattening and paling of the lesions and much less
often with a change in grading. Improvement in nasal endoscopy findings was observed in 70%
of the propranolol and 40% of the placebo group. The improvement in the placebo arm may have
been associated with the rigorous regimen of daily nasal lubrication. Daily intranasal application of
propranolol gel was associated with improvement in an additional 30% of patients as compared with
the placebo group. Although these results were not statistically significant, a larger cohort may show
endoscopic improvement in patients treated with topical propranolol. QOL improved in both groups.
The improvement in the placebo group could be related to several factors. First, a major component of
the SF-12 questionnaire relates to the emotional state of the patient and its influence on their general
health. The close follow up and care, the hope for improvement when joining the open-label phase,
as well as the moistening effect of the gel, might have contributed to improvement in the patients’
well-being and in QOL. A questionnaire that is more specific to the effects of epistaxis might have
shown a statistically significant difference between the groups.

We did not observe any systemic side effects with propranolol treatment. A major side effect
was a burning sensation, which affected most of the participants, and led to the withdrawal of three
participants from the open-label study. However, the majority of participants reported disappearance
or reduction in this sensation with continued treatment. This side effect was less pronounced in
the open-label phase. While 40% of the patients reported a burning sensation, all chose to continue
treatment, and reported improvement in this side effect. Furthermore, no visible damage was observed
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in any of the participants in otolaryngologic examination. We believe that propranolol is a mucosal
irritant. Since this treatment might be given for longer periods of time, this side effect, as well as other
systemic side effects and dose adjustment, should be addressed in future studies.

One patient in the propranolol group and one who withdrew the study from the placebo group
developed otitis media. Whether or not methylcellulose gel is the cause is unknown.

Our study is limited due to the relatively small number of patients. Thus, we were unable to reach
conclusions regarding some secondary outcomes, as the need for iron infusion. Moreover, important
parameters that may affect bleeding such as clinical variants of HHT, type of mutations, as was
previously shown by Lesca et al. [35], family relations of the participants, age, and gender were not
evaluated. Notably, we had female predominance and, although recent publication did not find a
difference in epistaxis frequency between genders [36], a match for gender should be considered in a
larger study.

Our novel findings justify and urge a further study with a larger number of patients that could
refer to these matters. Further studies should also include a run-in period with an epistaxis diary.
The lack of this period in our study precluded assessing the improvement based on these diaries in the
placebo-controlled phase.

In summary, our novel findings suggest that topical propranolol gel is safe and effective for
epistaxis treatment in patients with HHT-related epistaxis. Larger studies are required to assess
the efficacy and safety of systemic and topical propranolol treatment for epistaxis and other HHT
related phenomena.
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Abstract: Although Hereditary Hemorrhagic Telangiectasia (HHT) is characterized by an overwhelming
bleeding propensity, patients with this disease may also present medical conditions that require
antithrombotic therapy (AT). However, precise information on indications, dosage, duration,
effectiveness, and safety of AT in HHT patients is lacking. We performed a retrospective analysis of
the HHT Registry of our University Hospital and found 26 patients who received AT for a total of
30 courses (19 courses of anticoagulant therapy and 11 courses of antiplatelet therapy). Indications
to treatments included: atrial fibrillation, venous thrombosis and pulmonary embolism, heart valve
replacement, retinal artery occlusion, secondary prevention after either stroke or myocardial infarction,
and thromboprophylaxis for surgery. The total time of exposure to antiplatelet therapy was 385 months
and to anticoagulant therapy 169 months. AT was generally well tolerated, with no fatal bleedings
and no significant changes in hemoglobin levels. However, we found three major bleedings, with an
incidence rate of 6.5 per 100 patients per year. When only patients treated with anticoagulants were
considered, the incidence rate of major bleedings increased to 21.6 per 100 patients per year. Our study
indicates that major bleeding may occur in HHT patients receiving AT, with a substantially increased
rate in those treated with anticoagulants. Further studies are needed to fully estimate the tolerability
of antithrombotic drugs in HHT.

Keywords: Hereditary Hemorrhagic Telangiectasia; antithrombotic therapy; anticoagulants;
antiplatelets; bleeding; safety
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1. Introduction

Hereditary Hemorrhagic Telangiectasia (HHT) is a rare autosomal dominant disease characterized
by recurrent spontaneous epistaxis, visceral arteriovenous malformations (AVMs), and mucocutaneous
telangiectases [1–3]. Five genetic types of HHT are recognized, with three being linked to particular
genes. More than 80% of all cases of HHT are due to mutations in either ENG or ACVRL1, which cause
HHT1 and HHT2, respectively [1–3]. About 2% of HHT are instead due to SMAD4 mutations,
which cause colonic polyposis in addition to HHT [1–3].

Although the hallmark of HHT is an overwhelming bleeding propensity, it is well known that
patients with this disease are not devoid of medical conditions that require antithrombotic therapy (AT).
For instance, they may have coronary artery disease (CAD), venous thromboembolism (VTE), or atrial
fibrillation (AF) [4–8]. Additionally, they may require thromboprophylactic anticoagulation when they
are hospitalized for an acute medical illness or when they undergo surgical procedures [9,10]. However,
precise information on the indications, dosage, duration, and effectiveness of AT in HHT patients is
lacking. Additionally, it is not clear whether subjects with HHT are able to tolerate AT, neither is it
known if bleedings associated with AT are more common in some HHT phenotypes than other. Finally,
no studies have been carried out to evaluate whether there are differences in AT tolerability between
subjects with HHT1 or HHT2. The consequence is that clinicians are often afraid to prescribe AT to
HHT patients, especially if they are not familiar with the disease. It may also happen that patients are
reluctant to take these drugs, since they have been advised to avoid the use of medications that may
worsen their risk of bleeding.

One of the most recent studies that evaluated the safety of AT in subjects with HHT was carried
out by the European Reference Network for Rare Multisystemic Vascular Diseases (VASCERN),
which retrospectively analyzed 28 HHT subjects treated with direct oral anticoagulants (DOACs)
for either AF or VTE [11]. The result was that epistaxis worsened in 24 cases and in 11 cases
patients had to discontinue treatment. Another recent study analyzed the RIETE Registry—which
specifically consists of subjects affected by VTE—and found 23 patients with HHT (in a time frame
of approximately 10 years), who presented 2 major bleedings and 6 non major bleedings during
anticoagulant treatment [12]. More recently, we published the interim results of a prospective study
conducted on 12 HHT subjects treated with either antiplatelet or anticoagulant therapy for various
clinical indications for a mean period of approximately 6 months, who did not present any bleeding
different from epistaxis while on treatment [13]. In addition, there was not epistaxis worsening and
there were not significant changes in hemoglobin levels after initiation of AT [13].

Here, we carried out a retrospective analysis of the “Gemelli Hospital HHT Registry”,
which contains demographic and clinical information of more than 200 subjects managed at the
HHT Center of our University Hospital, with the goal to provide real-world data on indications,
dosage, duration, effectiveness, and safety of AT in subjects with HHT.

2. Materials and Methods

We searched the Gemelli Hospital HHT Registry, which contains all the demographic and clinical
information of the patients followed at the HHT Center of the ‘Fondazione Policlinico Universitario A.
Gemelli IRCCS’, Rome, Italy. The creation of the Registry was approved by the Ethics Committee of the
above-mentioned hospital (protocol number 2999). The time frame of the search was from 1 June 2016
(opening day of the HHT Center) to 31 December 2018.

First, we looked for subjects with a ‘definite’ diagnosis of HHT, i.e., those with genetic confirmation
of the disease and/or those displaying at least 3 of the following 4 Curaçao criteria, as established in
the literature [14]: (1) recurrent and spontaneous nosebleeds (epistaxis); (2) multiple telangiectases on
the skin of the hands, lips, or face, or inside of the nose or mouth; (3) AVMs or telangiectases in one or
more internal organs, including the lungs, brain, liver, intestine, stomach, and spinal cord; (4) a family
history of HHT (i.e., first-degree relative, such as brother, sister, parent, or child, who meet these same
criteria for definite HHT or has been genetically diagnosed).
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Next, we identified subjects who were treated, or had been treated in the past, with AT.
We registered the indications to prescription and the type and dosage of the prescribed drug. Duration
of treatment and patient compliance to treatment were also registered. Since there were cases
of patients that were treated with AT more than once and/or with different drugs for different
indications, each course of AT was separately analyzed. We also assessed AT effectiveness and safety,
evaluating whether thrombotic/ischemic events or hemorrhagic events occurred while patients were
taking AT. To identify all the events, in addition to searching the Registry, we also asked patients
to come to our HHT Center to undergo a detailed medical interview and fill out a questionnaire,
upon signature of an informed consent. Hemorrhagic events were classified according to the criteria of
the International Society on Thrombosis and Haemostasis (ISTH) [15,16]: major bleedings were defined
as fatal bleedings, or symptomatic bleedings in critical areas or organs (such as intracranial, intraspinal,
intraocular, retroperitoneal, intraarticular or pericardial, or intramuscular with compartment syndrome),
or bleedings causing a fall in hemoglobin level of 2 g/dL or more, or leading to transfusion of two or
more units of whole blood or red cells; clinically relevant non-major (CRNM) bleedings were defined
as acute or subacute clinically overt bleedings that did not satisfy the criteria for major bleedings but
led to hospital admission for bleeding, or physician-guided medical or surgical treatment for bleeding,
or a change in AT due to bleeding; minor bleedings, with the exception of epistaxis, were defined as
acute clinically overt bleedings that did not meet the criteria for either major or CRNM bleedings.
We also assessed possible changes in hemoglobin levels after initiation of AT (determined by comparing
hemoglobin levels measured within the three months that preceded the initiation of AT with the
hemoglobin levels measured after at least 1 month of AT).

The study was approved by the Ethics Committee of the ‘Fondazione Policlinico Universitario A.
Gemelli IRCSS’ (Rome, Italy) (protocol number 49901/18, ID 2329, approval date 20 December 2018).

Statistical Analysis

The SPSS 20.0 and GraphPad Prism 7.0 software were used to perform statistical analysis.
Descriptive statistics were used to outline patients’ characteristics. Results are expressed as mean ± SD
or n (%). Incidence rate was calculated as number of bleeding events per 100 patients per year.
For parametric variables, we compared means using paired samples Student’s t test. P values less than
0.05 were considered statistically significant.

3. Results

3.1. Characteristics of the Study Population

The search of the Registry led to the identification of 29 subjects with a definite diagnosis of HHT
who had received AT. Of these, three were deceased at the time of study, for reasons unrelated to AT.
In particular, one patient died from severe liver cirrhosis, one from progressive heart failure, and one
suffered sudden cardiac death. In the first patient, the indication to AT was AF. He was treated with
anticoagulants for a short period of time and then therapy was stopped due to worsening of liver
failure. The second patient had AF, but he underwent left atrial appendage closure and therefore
was initially treated with anticoagulants and later with aspirin. He tolerated both treatments well.
In the third patient, the indication to AT was surgical VTE prophylaxis, for which he was treated with
prophylactic doses of enoxaparin for 1 month, without complications.

The 26 remaining patients accepted to participate and were included in the study.
The demographical and clinical characteristics of the study population are presented in Table 1.
There were 14 males and 12 females with a mean age of 59.3 ± 17.0 years. Nine patients had HHT1
due to ENG mutations, while 15 patients had HHT2 due to mutations of ACVRL1, consistent with
the proportion of the two types of HHT previously found in Italy [17]. A genetic confirmation of the
diagnosis was not available in 2 patients, but both fulfilled the Curaçao criteria for a ‘definite’ diagnosis
of HHT. All patients (100.0%) had epistaxis. Twenty-three patients (88.5%) had mucocutaneous
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telangiectases. There were 10 patients with pulmonary AVMs (pAVMs) (on a total of 22 who had
been screened by CT scan of the chest), 5 patients with hepatic AVMs (on a total of 24 who had been
screened by either abdominal ultrasound, CT scan, and/or MRI), and 2 patients with cerebral AVMs
(on a total of 20 who had been screened by either CT scan and/or MRI of the brain and spinal cord).
Ten patients (38.5%) had a history of GI bleeding due to the presence of GI AVMs (on a total of 15 who
had been screened by endoscopic procedures).

Table 1. Characteristics of the study population.

Mean age (years ± SD) 59.3 ± 17.0

Gender (male/female ratio) 14/12

HHT1/HHT2/Clinical diagnosis (n) 9/15/2

Epistaxis (n/total) 26/26

Mucocutaneous telangiectases (n/total) 23/26

Family history of HHT (n/total) 24/26

Pulmonary AVMs (n/screened) 10/22

Hepatic AVMs (n/screened) 5/24

Cerebral AVMs (n/screened) 2/20

Gastrointestinal AVMs (n/screened) 10/15

Previous gastrointestinal bleeding (n/total) 10/26

AT: antithrombotic therapy; HHT: Hereditary Hemorrhagic Telangiectasia; AVMs: arteriovenous malformations;
SD: standard deviation.

3.2. Antithrombotic Therapy (AT): Indications, Type, Dosage, Duration, and Reasons for
Therapy Discontinuation

The 26 HHT patients included in this study received a total of 30 AT courses. As shown in Table 2,
there were 19 courses of anticoagulant therapies and 11 courses of antiplatelet therapies. The drugs
used were the following: enoxaparin (6 courses), fondaparinux (4 courses), vitamin K antagonists
(VKA) (4 courses), direct oral anticoagulants (DOACs) (5 courses), acetylsalicylic acid (ASA) (9 courses),
clopidogrel (1 course), and indobufen (1 course).

The indications for treatment are also presented in Table 2. We found that anticoagulant drugs
were prescribed to our patients for the following reasons: AF (n = 6), heart valve bioprosthesis (n = 2),
pulmonary embolism (PE) (n = 1), cerebral vein thrombosis (CVT) (n = 1), superficial vein thrombosis
(SVT) (n = 3), retinal artery occlusion (RAO) in a patient with Horton’s diseases (n = 1), secondary
prevention after stroke in a patient with pAVMs (n = 1), surgical VTE prophylaxis (n = 4). The reasons
for prescribing antiplatelet medications were: secondary prevention after stroke in patients with
pAVMs (n = 3), secondary prevention after stroke or transient ischemic attack (TIA) (n = 3), secondary
prevention after a myocardial infarction (MI) (n = 2), prevention of cardiovascular (CV) events in
Horton’s disease (n = 1), primary CV prevention (n = 2).

Information regarding dosage and duration of any single AT course is presented in Table 3,
along with data regarding the genetic type of HHT and the reasons for possible cessation of therapy.
The total time of exposure to AT courses was 554 months. The total time of exposure to antiplatelet
courses was 385 months. The total time of exposure to anticoagulant courses was 169 months. In three
cases, AT was discontinued by the patient, without medical advice.
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3.3. AT: Effectiveness and Safety

The effectiveness of anticoagulant therapy was high. In particular, patients receiving anticoagulant
therapy for AF did not experience embolic stroke or systemic embolism during treatment. Patients
treated with anticoagulants for PE, SVT, or CVT did not display thrombotic recurrences during
treatment. There were no thrombotic complications during the two courses of anticoagulant therapy
prescribed for heart valve bioprosthesis. The patient with pAVM who was treated with acenocoumarol
after stroke did not experience new ischemic events during treatment. The patient with Horton’s
disease that had RAO and was treated with enoxaparin lost vision on the affected eye, but therapy
was started many days after onset of symptoms. Finally, patients receiving thromboprophylaxis for
surgery did not have thrombotic events while on treatment.

The effectiveness of antiplatelet therapy was also high. In particular, patients with and without
pAVMs who started therapy with ASA after stroke or MI did not experience new ischemic events
during treatment. The same happened to the patient treated with indobufen after TIA. Finally, the two
patients receiving ASA for primary CV prevention and the patient with Horton’s disease receiving
clopidogrel did not experience ischemic events while on treatment.

Safety data are reported in Table 4. In total, there were three major bleedings. Of these, two were
GI bleedings that occurred in the same patient during two different treatment courses with the DOAC
rivaroxaban. This patient had already experienced GI bleeding before starting anticoagulation and
bleeding while on rivaroxaban occurred after 6 months of treatment in one occasion and after 27 months
of the treatment in another occasion. The other case of major bleeding consisted of severe hematuria in
a patient treated with warfarin for AF. In the whole population, the incidence rate of major bleeding
was 6.5 per 100 patients per year. In the population of patients taking anticoagulants, the incidence
rate of major bleeding was 21.6 per 100 patients per year. There were no CRNM bleedings and no
minor bleedings different from epistaxis. Likewise, there were no differences in the mean hemoglobin
levels measured in the three months that preceded AT and those measured during AT (11.1 ± 2.5 vs.
10.8 ± 2.2 respectively, 95% CI −0.90–0.31, p = 0.3256) (Table 4 and Figure 1).

Table 4. Bleeding complications during AT.

Minor bleedings different from epistaxis (n/total of AT courses) 0/30

CRNM bleedings (n/total of AT courses) 0/30

Major bleedings (n/total of AT courses) 3/30
- in subjects taking anticoagulants (n/total of anticoagulant courses) 3/19

- in subjects taking antiplatelets (n/total of antiplatelet courses) 0/11

Hb levels (g/dL) during AT versus prior to AT (mean ± SD) 10.8 ± 2.2 vs. 11.1 ± 2.5
(95% CI −0.90–0.31) p = 0.3256

AT: antithrombotic therapy; CRNM: clinically relevant non-major; Hb: hemoglobin; SD: standard deviation.

Figure 1. Distribution of hemoglobin (Hb) levels before and during AT.
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4. Discussion

This study presents data on the way AT is managed in the real-world in patients with HHT.
One interesting point of discussion is the variety of medical conditions requiring AT that we found in
subjects with HHT. While some of these conditions, such as secondary CV prevention, and surgical
thromboprophylaxis, are relatively common for most physicians, other, such as AF, PE, CVT, RVO,
Horton’s disease, and stroke in subjects with pAVMs, may be more challenging and require specialized
expertise to be properly managed. For instance, in the case of AF, we found that four different
anticoagulants were used, which reflects the complexity of the therapeutic choices that can be made
in these patients. When the chosen anticoagulant was a DOAC, we found that a low dose was
always prescribed: rivaroxaban 15 mg o.d., dabigatran 110 mg b.i.d., and apixaban 2.5 mg b.i.d. It is
important to note that precise rules exist for the prescription of low doses of DOACs in patients with
AF, based on age, body weight, and kidney function [18,19]. We retrospectively assessed whether the
prescription of reduced doses in our patients was respectful of these rules and found that in three cases
(two therapeutic courses with rivaroxaban and one therapeutic course with apixaban) prescriptions
were off-label. It is known that the prescription of inappropriately low doses of DOACs may increase
the risk of stroke and systemic embolism and therefore it should be avoided [20]. It is possible to
speculate that the physicians that prescribed these DOACs were more concerned with the hemorrhagic,
rather than the thrombotic, risk of their patients and this led to the inappropriate use of low-dose
anticoagulant medications. However, it should be noted that, in the population that we analyzed,
the effectiveness of these therapies were high and no thrombotic events were registered. Of course,
this may be due to the limited number of patients and therefore it is not enough to justify the use of
off-labeled doses of DOACs in HHT patients.

Attention should also be paid to the way secondary prevention was managed in patients with
pAVMs that had an ischemic stroke. In three cases, it was prescribed an antiplatelet medication,
while in another patient it was prescribed the anticoagulant acenocoumarol. This is odd, since the
most recent recommendations on the medical treatment of stroke in subjects with pAVMs (produced
by the British Thoracic Society) state that, as in the general population, ischemic strokes in patients
with pAVM should be treated with antiplatelet agents, while anticoagulants should be used if other
indications, such as AF or VTE, coexist [21].

Regarding safety, our study shows that 90% of AT courses was completed without the occurrence
of significant hemorrhagic events and that only 10% of them was complicated by episodes of major
bleeding. Importantly, there were no episodes of fatal bleeding. Additionally, hemoglobin levels,
which are an objective outcome, did not change between before and after starting AT. However, when
the incidence of major bleeding was calculated, based on time of exposure to AT, it resulted to be as high
as 6.5/100 patients/year. Importantly, the incidence of major bleeding raised to 21.6/100 patients/year
when only patients taking anticoagulants were considered. On the other hand, there were no episodes
of major bleeding among HHT subjects treated with antiplatelet medications, although the total
exposure time to antiplatelet therapy (385 months) was approximately twice the total exposure time to
anticoagulant therapy (169 months).

As already mentioned in the Introduction section, two other studies have recently evaluated
whether HHT subjects tolerate AT [11,12]. These studies and ours have many similarities.
First, they include a similar number of HHT patients: 28 in the study by Shovlin et al. [11], 23 in
the study by Riera-Mestre et al. [12], and 26 in our study. Additionally, all these studies have a
retrospective design: Shovlin et al. utilized the databases of VASCERN-participating centers [11],
Riera-Mestre et al. analyzed the RIETE Registry [12], and we studied the database of the HHT Center
of our University Hospital. However, there are also important differences between our study and the
other two. For instance, in the study of Riera-Mestre et al., the authors were not able to retrospectively
assess Curaçao criteria and/or collect genetic data for all patients [12]. In contrast, in our study,
all patients had a ‘definite’ diagnosis of HHT and a genetic confirmation of the disease was present in
24 out of 26 patients. Another difference is that Shovlin et al. and Riera-Mestre et al. only studied
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subjects treated with anticoagulants (and only with DOACs in the case of Shovlin et al.) [11,12],
while we included individuals treated with antiplatelet medications. Additionally, the indications to
treatment were different between these three studies. In Shovlin’s study, all patients were affected by
either AF or VTE [11], while Riera-Mestre et al. only evaluated subjects with VTE [12]. In contrast,
the patients investigated in our study had more heterogeneous indications to AT, which included stroke,
MI, thromboprophylaxis, and other diseases. Regarding the results of these studies, Shovlin et al. found
that epistaxis worsened in 24 cases and in 11 cases patients had to discontinue treatment, on a total of
28 patients [11]. However, all their subjects were treated exclusively with DOACs. In addition, they did
not provide precise information on the medical regimen followed by patients and did not carry out a
distinction between bleedings, in terms of severity [11]. On the other hand, Riera-Mestre et al. found
two major bleedings and six non major bleedings during anticoagulant treatment, on a total of
23 patients [12]. Precise information on the medical regimen followed by patients was not provided in
this case either. Numerically speaking, our results (three major bleedings on a total of 26 patients who
received a total of 30 AT courses) appear similar to those reported by Riera-Mestre et al. However,
as mentioned above, our population is different, because it did not only include subjects with VTE
who were treated with anticoagulants. Therefore, no direct comparisons can be made.

Other important reports available in the literature on this topic are those published by
Edwards et al. in 2012 and Devlin et al. in 2013 [22,23]. A main difference between these two
studies and ours is that we were able to distinguish between major, CRNM, and minor bleedings,
thus providing data not only on the number of hemorrhagic complications, but also on their severity
and clinical impact, while this was not done in the study by Devlin et al. [23]. Additionally, the subjects
studied by Devlin et al. did not always have a ‘definite’ diagnosis of HHT [23] and those investigated
by Edwards et al. had lower rates of epistaxis, GI bleeding, anemia, and visceral AVMs compared to
our patients [22].

Our study has some limitations. It has a small sample size and a retrospective nature. It is
possible that some HHT subjects did not receive a prescription of AT despite the presence of a clinical
indication, and this might be a selection bias of our study. Additionally, the difference that we saw
in the safety of antiplatelet drugs compared to anticoagulant therapies might depend on the small
sample size, which also did not allow us to make distinctions between different types of antiplatelet
and anticoagulant medications. It is also possible that HHT subjects requiring anticoagulation are
different from those requiring antiplatelet therapy and that the increased rate of bleeding that we
observed in subjects treated with DOACs depends on the intrinsic characteristics of the patients rather
than on the drugs used. Finally, the small sample size did not allow us to investigate whether HHT1
and HHT2 patients have different tolerability to AT, which is a very intriguing issue that deserves
further investigation.

In conclusion, our study presents real-world data on HHT subjects treated with AT, providing
novel information on the way antiplatelet and anticoagulant medications are used in this unique
population, which has an intrinsically high hemorrhagic risk. Our results indicate that major bleeding
may occur in HHT patients receiving AT, especially those treated with anticoagulants. Further studies
are needed to better define the optimal use of these medications and fully assess the safety profile of
various types of AT agents in HHT patients.
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