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Abstract

Hereditary hemorrhagic telangiectasia (HHT) is a rare autosomal dominant

hereditary disorder characterized by recurrent spontaneous epistaxis, muco-

cutaneous telangiectasias, and solid organ arteriovenous malformations

(AVMs). Pulmonary hypertension (PH) is an increasingly recognized

complication in patients with HHT, most often precipitated by high‐output
heart failure in the presence of hepatic AVMs as well as pulmonary arterial

hypertension in the form of a proliferative vasculopathy. The presence of PH

in patients with HHT is associated with significant elevations in rates of

morbidity and mortality. Additionally, there is growing recognition of a

thromboembolic propensity in this population that increases the risk of

chronic thromboembolic PH, posing unique clinical considerations regarding

the use of anticoagulation. Patients with HHT are also at risk of PH due to

disorders commonly seen in the general population, including left‐sided heart

and lung disease. The etiology of PH in HHT is multifaceted and complex; the

diagnostic approach and treatment strategies must consider the underlying

pathophysiology of HHT. This comprehensive review summarizes current

knowledge of PH in HHT, detailing the pathogenesis of known etiologies,

diagnostic evaluation, and suggested treatment modalities as well as emerging

therapies that may be of future interest.
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HEREDITARY HEMORRHAGIC
TELANGIECTASIA

Hereditary hemorrhagic telangiectasia (HHT) is a rare
autosomal dominant hereditary disorder with an esti-
mated incidence of 1–2 cases per 10,000 individuals that
results in systemic vascular dysplasia.1,2 The genetic
disorder leads to mucocutaneous telangiectasias and
visceral arteriovenous malformations (AVMs), producing
a phenotypically diverse clinical syndrome that ranges
from recurrent epistaxis to critical solid organ bleeds.
Pulmonary hypertension (PH) is a chronic, progressive
condition that was initially described in patients with
HHT in 1969 and is increasingly recognized as a clinical
complication of the disorder, with an estimated preva-
lence of 8%–40%.3–7 Although several etiologies of HHT‐
related PH have been characterized, appropriate clinical
evaluation and management remain incompletely
defined. This comprehensive review summarizes current
knowledge of PH in HHT, detailing mechanisms of
pathogenesis for known etiologies, diagnostic evaluation,
and suggested therapies for this clinical entity.

Pathogenesis

HHT is a genetically heterogenous disorder in which all
known mutations occur in genes encoding proteins of the
transforming growth factor beta (TGF‐β) signaling path-
way.8 Ligand‐binding induces complexing of a mem-
brane glycoprotein, endoglin, with multiple receptor
serine/threonine kinases such as activin receptor‐like
kinase 1 (ALK1). This leads to phosphorylation of a
group of receptor‐regulated SMAD proteins—critical
downstream effectors. The SMAD proteins complex with
co‐factor SMAD4 and migrate to the cell nucleus to
function as transcription factors. Signal transduction also
occurs via interactions with other classes of proteins
within the TGF‐β superfamily, including the bone
morphogenetic protein (BMP) and growth differentiation
factor (GDF) classes. Among the former, BMP9 and
BMP10 are especially involved in endoglin/ALK1 molec-
ular interactions, with pathogenic mutations linked to
vascular anomalies.9 There is a high degree of expression
of the proteins of the TGF‐β signaling pathway in the
endothelium, promoting vascular integrity. Pathologic
defects disrupt angiogenetic mechanisms and impair
endothelial remodeling, resulting in fragile, chronically
dilated vessels in the form of telangiectasias and AVMs.

HHT type 1 (HHT1) is due to mutations in endoglin
(ENG, chromosome 9q34), while HHT2 is caused by
mutations in ALK1 (ACVRL1, chromosome 12q13), a
receptor serine/threonine kinase.10,11 Mutations in

SMAD4 (MADH4, chromosome 18q21) result in com-
bined Juvenile Polyposis/HHT.12 Up to 85% of causative
mutations of HHT are found in ENG and ACVRL1, with
the frequency exceeding 95% when restricting observa-
tions to patients with definite HHT based on established
diagnostic criteria.13 Causative mutations in this group of
patients with HHT are predominantly observed in ENG
(50%–60%) followed by ACVRL1 (30%–40%) and MADH4
(2%–5%). Hundreds of pathogenic mutations have been
identified; in cases of HHT1, HHT2, and combined
Juvenile Polyposis/HHT, underlying mutations primarily
lead to haploinsufficiency.

The genetic basis of the remaining cases of HHT is
not well characterized. Linkage analysis has demon-
strated HHT loci at chromosome 5q31 (HHT3) and
chromosome 7p14 (HHT4), although the specific genes
remain unknown.14–17 Mutations in BMP9 (GDF2,
chromosome 10q11) have been associated with HHT‐
like symptoms (HHT5).18 The identified causative muta-
tions of HHT express variable penetrance depending on
site and type; some mutations in the same gene may not
be linked to the development of HHT at all. For instance,
different GDF2 mutations result in varying measurable
plasma BMP9 and BMP10 levels with or without clinical
evidence of HHT.19 This highlights the role of epigenetic,
environmental, and other factors in mechanisms of HHT
development. The current gene HHT panel tests for
pathologic mutations in ACVRL1, ENG, SMAD4, and
GDF2 as well as RASA1 and EPHB4. Genetic alterations
in the RASA1 gene, which encodes a protein in the RAS‐
MAPK (mitogen‐activated protein kinase) signal trans-
duction pathway, have been implicated in the develop-
ment of HHT, although stronger evidence suggests
associations with the HHT‐mimic capillary
malformation‐arteriovenous malformation syndrome.20

Mutations in EPHB4, a transmembrane tyrosine kinase
receptor, also result in capillary malformation‐
arteriovenous malformation syndrome type II.21 Novel
mutations in the bone morphogenetic protein receptor
type II (BMPR2, chromosome 2q33), which is an
important pathogenic genetic factor in the development
of heritable PH, have been linked to HHT.22 Mutations in
the ADAM17 and PTPN14 genes have been identified as
genetic modifiers of angiogenetic processes in patients
with HHT, with pathogenic variants resulting in diversity
of phenotype and clinical severity.13

Clinical characteristics

Clinical manifestations of HHT exhibit age‐related
penetrance.10–12 Patients gradually develop recurrent
spontaneous epistaxis, mucocutaneous telangiectasias,
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and solid organ AVMs. Visceral AVMs are most
commonly present in the liver, lungs, gastrointestinal
tract, and brain. The sequelae of these malformed,
dilated vessels include critical hemorrhage, symptomatic
iron deficiency anemia, and hemorrhagic and/or ische-
mic stroke. Although onset and presentation can vary,
clinical diagnosis can be made in an adult patient based
on the presence of four Curaçao criteria: (1) spontaneous,
recurrent epistaxis, (2) a first‐degree relative with HHT,
(3) multiple cutaneous or mucosal telangiectasias, and
(4) visceral AVMs.23–25 The presence of three or more
criteria confers a definite diagnosis, two criteria elicit a
possible diagnosis, and one or less criteria suggest an
unlikely diagnosis of HHT.

Although a negative result is not exclusionary, as
approximately 10‐15% of patients with HHT have no
identified pathogenic mutation, genetic testing should be
conducted in all suspected cases of HHT.13 Not only does
genetic testing guide screening and management (e.g.,
colonoscopy in combined Juvenile Polyposis/HHT), but
there is substantial evidence of phenotypic variation by
molecular subtype, most notably in regard to the relative
frequency and distribution of visceral AVMs. In patients
with HHT, up to 75% develop hepatic AVMs, up to 45%
have pulmonary AVMs, and up to 10% demonstrate
cerebral AVMs.26,27 Pulmonary and cerebral AVMs are
more common in patients with HHT1, while hepatic
manifestations are more often observed in HHT2. In the
case of pulmonary and hepatic AVMs, clinical features
may also be a consequence of arteriovenous shunting,
including cerebral stroke, portal hypertension, and
ischemic cholangiopathy.

PULMONARY HYPERTENSION

PH is a heterogeneous group of chronic, progressive
hemodynamic disorders of different etiologies character-
ized by increased blood pressure in the pulmonary
arteries that over time may lead to right heart dys-
function. In general, PH is defined on right heart
catheterization (RHC) by a mean pulmonary arterial
pressure (mPAP) > 20mmHg at rest.28,29

Diagnostic evaluation

Patients with PH will often present with nonspecific
progressive exertional dyspnea, peripheral edema, chest
pain, or fatigue. Multiple diagnostic and radiologic
findings may suggest an underlying diagnosis of PH.
Electrocardiogram may demonstrate evidence of right
atrial enlargement (e.g., P pulmonale) and right

ventricular stress (e.g., right axis deviation and right
ventricular strain). Radiographic imaging can show right
heart and pulmonary artery enlargement and etiology‐
specific findings, such as signs of left‐sided heart disease,
chronic pulmonary emboli, or parenchymal lung disease.
Echocardiogram is a vital component of evaluation,
allowing the assignment of an initial level of probability
of PH using a comprehensive sum of parameters.
Findings may include an elevated peak tricuspid
regurgitation velocity which, when combined with
noninvasive estimates of right atrial pressure, can also
demonstrate increased right ventricular systolic pressure.
Additional morphologic and functional variables that
may aid in the evaluation of PH include an increased
right atrial area, right ventricular dilatation, inter-
ventricular dependence, decreased tricuspid annular
plane systolic excursion, and decreased tricuspid annular
plane systolic excursion‐systolic pulmonary arterial
pressure ratio.

Echocardiogram can also provide a noninvasive
estimation of cardiac output (CO) with good correlation
to thermodilution‐derived CO measurements, which may
be particularly helpful in patients in a high‐flow state.30

CO is defined as CO = SV × HR, where SV is stroke
volume and HR is heart rate. SV is approximated in
echocardiogram as a cylinder of blood volume leaving
the left ventricle via the left ventricular outflow tract
(LVOT), such that SV = CSA × VTILVOT LVOT, where CSA
is the cross‐sectional area and VTI is the velocity time
integral. CSA is clinically obtained by measurement of

the diameter of the LVOT: πCSA = ( )
diameter

2
2. The

diameter of the LVOT is measured in the parasternal
long‐axis view of the aortic valve at mid‐systole, and VTI
is obtained in the apical five‐chamber view through
pulsed wave doppler interrogation of the LVOT.

RHC is the gold standard for diagnosis and classifica-
tion of PH. Important hemodynamic variables include
pulmonary vascular resistance (PVR), pulmonary arterial
wedge pressure (PAWP), and CO and cardiac index (CI).
PH can be divided into precapillary and postcapillary PH.
Precapillary PH is a result of pulmonary vascular
remodeling leading to increased vascular resistance and
is hemodynamically defined by mPAP > 20mmHg,
PAWP ≤ 15mmHg, and PVR> 2 Wood units (WUs).
Postcapillary PH is caused by increased pulmonary
venous pressure, such as in left‐sided heart disease, and
is defined as mPAP> 20mmHg, PAWP> 15mmHg, and
PVR ≤ 2 WUs, and combined pre‐ and postcapillary PH is
defined as an mPAP > 20mmHg, PAWP> 15mmHg,
and PVR> 2 WUs.28 PH is also defined by etiology, being
divided into one of five clinical classifications (groups
1–5) based on underlying pathophysiology and charac-
teristics of the condition.29 Therefore, additional studies
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such as pulmonary function tests, imaging studies of the
liver and lungs, and ventilation/perfusion lung scans are
part of a complete diagnostic workup of PH. Precapillary
PH is generally compromised of clinical group 1
(pulmonary arterial hypertension [PAH]) and group 3
(associated with lung diseases and/or hypoxia), while
postcapillary PH is typically a result of clinical group 2
(associated with left‐sided heart disease and high CO
states). Clinical group 4 (associated with pulmonary
artery obstructions) and group 5 (unclear and/or multi-
factorial mechanisms) may exhibit both hemodynamic
classifications.

Hereditary hemorrhagic telangiectasia

PH is an increasingly recognized clinical phenomenon in
patients with HHT, although there are currently no
recommendations for PH screening in this population.25

A sizeable portion of studies rely on transthoracic
echocardiographic data with no subsequent RHC to
diagnose PH. There is also a reported lack of systematic
echocardiographic examinations in this patient popula-
tion. Investigations may also be subject to referral bias
given the advanced care required to manage patients
with this rare disease. Therefore, true prevalence is
currently unknown. Nonetheless, the number off hospi-
talizations of patients with both HHT and PH exhibited a
relative increase of over 200% between 2000 and 2014.31

The age at presentation is highly etiology‐specific.
Patients with HHT and PH are disproportionately more
likely to be women, even when compared to the baseline
female sex predilection observed in studies of HHT.31

Concomitant HHT and PH are associated with worse
overall age‐adjusted survival when compared to patients
with HHT and no PH.3,5 Inpatient mortality is also
higher with more comorbidity burden, namely conges-
tive heart failure, liver disease, and blood loss or iron
deficiency anemia.31 While elevated mortality in patients
with HHT and PH is multi‐factorial, the underlying
mechanism seems to be related to advanced PH and
right‐sided heart failure.

In patients with HHT‐related PH, the two most
common etiologies are, in order of prevalence, post-
capillary PH secondary to high‐output heart failure
(HOHF) in the presence of hepatic AVMs and anemia
followed by PAH in the form of a proliferative,
obliterative plexiform vasculopathy of the small pulmo-
nary arteries as a result of pathogenic gene mutations.4

Both clinical phenotypes are more common in HHT2; in
the case of HHT‐related PAH, patients almost exclusively
exhibit ACVLR1 mutations. HHT‐mediated states of
hypercoagulability resulting in chronic thromboembolic

pulmonary hypertension (CTEPH) have been rarely
observed.32 Moreover, other types of PH—not necessarily
related to HHT—may exist in these patients as well. In
patients with HHT, up to 70% can exhibit clinical signs of
left‐sided heart disease and up to 20% may demonstrate
lung disease.33 Multiple clinical etiologies of PH per
individual have been observed in studies of patients with
HHT.34 Thus, a complete hemodynamic profiling of
patients with HHT presenting with signs and symptoms
suggestive of PH is required. An algorithm to assess PH
in patients with HHT is presented to augment estab-
lished diagnostic evaluations (Figure 1).

Right heart catheterization in hereditary
hemorrhagic telangiectasia

There are considerations to be appraised when perform-
ing and evaluating the results of RHC in patients with
HHT. All patients undergoing RHC should receive a
thorough evaluation to assess the type of PH, including
determination of hemodynamic profile as well as
evaluation for right‐to‐left shunting. Measurements of
right atrial pressure, pulmonary arterial pressures and
mPAP, PAWP, and CO/CI should be performed. For
evaluation of PH, the thermodilution method of CO/CI
measurement is recommended.38 In patients with
evidence of a high CO state and/or a central mixed
venous saturation greater than 70%, an oxygen saturation
run study should be conducted in which oxygen
saturations are assessed at the level of the pulmonary
artery, right ventricle, right atrium, superior vena cava,
and inferior vena cava. In patients with HOHF due to
liver AVMs, a step‐up in oxygen saturation within the
inferior vena cava at the level of the liver would be
present. Additional complications to be considered when
performing RHC in patients with HHT include the
difficulty in laying some patients flat or in raising the legs
due to exacerbation of epistaxis. In addition, in patients
with suspected HOHF from a liver or abdominal AVM, a
femoral approach may be required to obtain a detailed
saturation study at varying levels in the inferior vena
cava, if indicated.

HIGH ‐OUTPUT HEART FAILURE

HOHF is a rare clinical phenotype of heart failure
associated with decreased systemic vascular resistance
and elevated CI on RHC (>4 L/min/m2), resulting in
signs and symptoms of diffuse venous congestion.35,36

Etiologies can be broadly classified into either a
pathologic state of increased metabolic demand (e.g.,
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FIGURE 1 (See caption on next page).
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hyperthyroidism and myeloproliferative disorders) or a
disorder of arteriocapillary bypass resulting in increased
flow into venous circulation (e.g., liver disease and
arteriovenous shunts). Postcapillary PH in HOHF is due
to high pulmonary flow; although PH in HOHF
technically falls within PH clinical group 2 due to
elevated PAWP pressures, the disease state is not
inherently a disorder of the left ventricle and evaluation
as well as management for this phenotype of heart failure
can significantly differ from the standard approach.

Pathophysiology and presentation

Liver AVMs can be present in up to 75% of patients with
HHT but manifest with clinical signs and symptoms in
less than 10% of patients.39 AVMs of the body and
extremities can be classified based on angioarchitecture,
which morphologically separates AVMs into the feeding
arteries, the network of arteriovenous shunts (referred to
as the nidus), and the draining veins. AVMs bypass high‐
resistance arteriocapillary beds and lead to increased
flow of blood to the right side of the heart. In the case of
the liver, AVMs can result in three patterns of shunting:
hepatic arteries to hepatic veins, hepatic arteries to portal
veins, and portal veins to hepatic veins.

In instances of shunting of oxygenated blood from the
hepatic artery to the hepatic veins, there is decreased
effective hepatic perfusion. Increased oxygen demand
and decreased systemic vascular resistance along with
reduced hepatic and renal perfusion results in the
activation of neurohormonal cascades, including the
renin‐angiotensin‐aldosterone system and the adrenergic
nervous system. The consequent elevated CO leads to
enhanced venous return and cardiac filling pressures
which may, over time, manifest in cardiac failure once
the pump capacity of the left ventricle is exceeded. This
hyperdynamic circulation also facilitates backward trans-
mission of blood flow and pressure that can supersede
the distensibility of the pulmonary vasculature to cause
postcapillary PH via endothelial shear stress and

pulmonary venous congestion. Chronic progression of
left‐sided heart dysfunction and PH can contribute to the
onset of atrial fibrillation as well as right heart failure. Of
note, the volume of blood involved in arteriovenous
shunting typically exceeds 20% of the CO to produce such
hemodynamic disorders.40

While the majority of hemodynamic profiles of
patients with HHT and PH secondary to HOHF
demonstrate isolated postcapillary PH, a considerable
number of studies reports combined pre‐ and postcapil-
lary PH.41–43 This may be due to mild pulmonary arterial
remodeling in the setting of chronic exposure to
increased blood flow. However, investigations have also
highlighted an unmasking of heritable pulmonary
arteriopathy following successful treatment of initial
HOHF symptoms as well as cases of portopulmonary
hypertension concomitant with HOHF‐mediated PH.42,44

In the case of the latter, patients have presented with
symptoms of HOHF as well as hepatic encephalopathy.45

Furthermore, one study has shown that 40% of patients
with HHT have elevated ammonia levels.46 Elevated
ammonia levels were significantly associated with the
presence of hepatic AVMs as well as elevated right
ventricular systolic pressure; elevated serum ammonia
provided an 80% sensitivity and 71% specificity in the
prediction of PH in this cohort. These findings affirm
that portopulmonary hypertension may serve as a
contributory component in cases of HOHF‐mediated
PH with combined pre‐ and postcapillary PH.

Clinically, patients with HOHF will present with
signs and symptoms of volume overload (e.g., orthopnea,
exertional dyspnea, and ascites). In patients with HHT,
this is often also accompanied by worsening epistaxis and
increased transfusion requirements. Patients will usually
be female and in the fifth to seventh decades of life.47

Therefore, HOHF and HOHF‐mediated PH are unlikely
to be the initial clinical manifestation of HHT. In the
event of a patient with no relevant medical history
presenting with HOHF and evidence of liver shunts, the
clinical provider should firstly consider a diagnosis of
HHT; the presence of a congenital extrahepatic

FIGURE 1 A practical algorithm to assist in the detection of and treatment for pulmonary hypertension (PH) in patients with
hereditary hemorrhagic telangiectasia (HHT). Etiologies of precapillary PH in patients with HHT are in blue text and/or on the left‐hand
flowchart line, while etiologies of postcapillary PH are in red text and/or on the right‐hand flowchart line. The latter is divided by cardiac
index, in which a value greater than 4 L/min/m2 indicates a high output state.35,36 Recommendations are on the basis of the most recently
established guidelines for the treatment of PH in the general population as well as for the management of complications of HHT.25,28 In PH
due to hypoxic lung disease, inhaled treprostinil may be indicated in cases of pathologic interstitial subtypes.37 AVM, arteriovenous
malformation; BPA, balloon pulmonary angioplasty; CTEPH, chronic thromboembolic pulmonary hypertension; HOHF, high‐output heart
failure; mPAP, mean pulmonary artery pressure; PAH, pulmonary arterial hypertension; PAWP, pulmonary arterial wedge pressure; PTEA,
pulmonary thromboendarterectomy; PVR, pulmonary vascular resistance; RHC, right heart catheterization; V/Q, ventilation/perfusion lung
scan; WU, Wood unit.
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portosystemic shunt, though rare, would be an alterna-
tive diagnosis. As noted, liver AVMs are far more
common in HHT2. Thus, patients with HHT presenting
with HOHF will most often possess mutations in
ACVRL1, although some reports have demonstrated
HOHF‐mediated PH in patients with pathogenic ENG
variants.48,49

Evaluation, treatment, and outcomes

Clinical findings of heart failure combined with evidence
of a high CO state, most often via echocardiogram, yield
the diagnosis of HOHF. However, determination of
underlying etiology is paramount. In the case of patients
with HHT, almost all individuals will have a confirmed
history of the disorder due to prior phenotypic manifes-
tations. Thus, both Doppler ultrasound and abdominal
computed tomography can be subsequently employed to
confirm the presence of liver AVMs. RHC will show
elevated CO/CI and, most often, postcapillary PH.
Central venous oxygen saturation is often elevated and
an oxygen saturation step‐up at the level of the inferior
vena cava will confirm shunting at the level of hepatic
AVM. The presence of combined pre‐ and postcapillary
PH can indicate chronic HOHF or concomitant etiologies
of PAH, which may need further evaluation.

Moreover, the presence of underlying hyper-
thyroidism must also be considered in any patient with
high CO. Hyperthyroidism induces systemic vasodilation
and increases metabolic demand. This disease state has
been linked with the onset of precapillary as well as
postcapillary PH.35 Because thyroid dysfunction is
relatively common in the hospital setting, elucidating
its exact etiology in patients with high CO is paramount.
This may be complicated by the effects of medical
therapies with known alterations to thyroid function,
such as intravenous diuretics or prostanoid thera-
pies.50–52 Dysregulated levels of thyroid‐stimulating
hormone, T4 and T3 can obscure the identification of
the pathogenic mechanism of high CO. It is suggested
that the clinician guide suspicions based on the overt
presence of signs and symptoms of thyrotoxicosis. While
there may be a benefit to maintaining a low threshold to
treat hyperthyroidism, a high CO state in patients with
HHT should primarily prompt further evaluation for
hepatic AVMs, which are a more likely etiology and have
effective therapies for management.

Initial management consists of diuretic therapy with
salt and water restriction as well as oxygen supplemen-
tation as needed. There is no systematic appraisal of the
efficacy of antihypertensive or antiarrhythmic therapies.
Vasodilators and inotropes may exacerbate the

hyperdynamic state. All patients should be evaluated
for iron deficiency anemia as the subsequent low blood
viscosity and increased metabolic demand can exacerbate
HOHF. If present, the patient can be treated with oral
iron supplementation. Intravenous iron replacement may
be considered for patients in whom oral repletion is not
effective or tolerated. Intravenous bevacizumab is an
antiangiogenic inhibitor of vascular endothelial growth
factor A. Currently, the use of bevacizumab is indicated
for various primary and metastatic malignancies as per
guidelines of the Food and Drug Administration.
However, bevacizumab has also successfully been
employed for epistaxis and gastrointestinal bleeding in
patients with HHT.53–57 Additionally, the 2020 Interna-
tional HHT Guidelines recommend the use of bevacizu-
mab for patients with HHT and symptomatic HOHF due
to liver AVMs who have failed to respond to initial
management.25

A single‐center, phase II trial of 25 patients with
confirmed HHT, severe liver involvement, and a high CI
investigated response to intravenous bevacizumab.
Results indicated normalization of CI in five and partial
response in 15 patients at 6 months of follow‐up. Rates of
epistaxis also markedly improved.58 In a survey of 31
centers treating HHT, encompassing 150 patients,
bevacizumab was reported to result in significant
improvement in CI and HOHF symptoms in 55% of
cases; however, sustained normalization of cardiac
parameters was not common.59 Adverse events second-
ary to therapy occurred in less than 10% of cases. Relapse
following bevacizumab discontinuation remains a con-
cern, but there is a paucity of data regarding its
incidence. Per recommendations, the induction regimen
for bevacizumab therapy involves administration of six
doses every 2 weeks at a dose of 5 mg/kg.25 The
maintenance regimen may vary between patients, but
generally involves one dose every 4–6 months at a dose of
5 mg/kg.

The only known curative treatment of HOHF
secondary to liver AVMs is orthotopic liver transplanta-
tion. Consideration for liver transplantation is recom-
mended for patients with HHT who have refractory
HOHF despite bevacizumab therapy, biliary ischemia, or
complicated portal hypertension.25 Following transplan-
tation, 5‐ and 10‐year survival rates are estimated to be
greater than 80%.60,61 Although recurrence of hepatic
involvement was considered to be rare, a recent study of
14 patients demonstrated a cumulative 47.9% recurrence
risk at 15 years after a median of 127 months.62 However,
these recurrent hepatic vascular lesions remained largely
asymptomatic. It is recommended that a model for end‐
stage liver disease exception score of 22 be supplied for
patients with HHT and intractable heart failure.63
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Currently, it is also recommended that liver transplanta-
tion can be undertaken even in the presence of PH if the
PVR is less than 3 WUs. In a systematic review of
22 patients with HHT and HHT‐related HOHF who
underwent orthotopic liver transplantation, hemodynamic
parameters, and symptoms improved or normalized in all
but two patients.64 Furthermore, one patient with
combined pre‐ and postcapillary PH (PVR> 3 WUs)
demonstrated normalization of parameters following
transplantation. The suspected etiology of the patient's
presentation was HOHF and portopulmonary hyper-
tension. This suggests cases of PH with combined pre‐
and postcapillary components in this population may
require additional appraisal regarding the utility of liver
transplantation. Other invasive treatments, including
hepatic artery ligation or embolization, are not recom-
mended as they are temporizing measures with significant
morbidity and mortality.25

PULMONARY ARTERIAL
HYPERTENSION

PAH is a rare hemodynamic disorder typified by elevated
pulmonary arterial pressures and vascular resistance as a
result of proliferative vasculopathy (clinical group 1).
PAH can be idiopathic, heritable, or associated with
certain drugs and toxins as well as various disease states
(e.g., connective tissue diseases, portal hypertension, and
congenital heart disease).28 Rare etiologies of PAH
include pulmonary veno‐occlusive disease, characterized
by chronic, progressive obstruction of small pulmonary
veins, and pulmonary capillary hemangiomatosis, distin-
guished by abnormal pulmonary capillary proliferation.
PAH is a precapillary PH that can result in right‐sided
cardiac enlargement, dysfunction, and heart failure.

Pathophysiology and presentation

Idiopathic and heritable PAH are clinically and histolog-
ically indistinguishable; the latter entity is designated
when heritable genetic alterations implicated in the onset
of PAH are identified in an individual. The patho-
physiology of PAH involves uncontrolled endothelial and
smooth muscle cell proliferation with dysregulated
programmed cell death, vessel fibrosis, and microthrom-
bi formation. These processes result in vessel narrowing
and elevation of pulmonary arterial pressures that impart
a burden on the right ventricle, ultimately exceeding the
compensatory mechanisms of the chamber to lead to
clinical heart failure. Pathologic findings in PAH
correlate to disease severity, starting with medial

hypertrophy and intimal hyperplasia of pulmonary
arterioles, transitioning to collagenous replacement and
fibrosis of the intimal cells, and concluding with the
gradual development of plexiform lesions.65

Up to 80% of cases of heritable PAH are due to
pathogenic mutations in BMPR2, which encodes for the
BMPR2 protein that is a member of the TGF‐β family and
regulates endothelial cell proliferation.9,66 Of the remain-
ing cases, genetic alterations in ACVLR1, ENG, SMAD4,
and GDF2 have been increasingly identified and, in many
cases, are associated with patients with HHT.28,67

Histologically, PAH in patients with HHT is
indistinguishable from those with heritable PAH due to
alterations in BMPR2, including the presence of intimal
hyperplasia and end‐stage plexogenic lesions.68 Observa-
tions of PAH in patients with HHT have underlined the
pleiotropic nature of TGF‐β signaling proteins, which
may promote divergent intimal growth and apoptotic
processes that explain the presence of both occlusive and
dilated vascular phenotypes in patients with HHT.69

Overall, the penetrance of these heritable mutations in
the development of PAH is 20%–30%.66,70

Almost all cases of PAH in patients with HHT have
been associated with pathogenic mutations in
ACVLR1.4,71,72 Reports of HHT‐related PAH associated
with ENG mutations have typically lacked patient‐
specific data, including results from RHC studies, and
have often involved other precipitating factors, such as
the concomitant use of dexfenfluramine or extensive
stimulant abuse.73,74 Therefore, patients with HHT1
exhibiting precapillary PH should be thoroughly evalu-
ated to exclude other etiologies (e.g., CTEPH and
congenital heart disease). Rarely, PAH has been identi-
fied in patients with HHT and mutations in GDF2 and
BMPR2.22,75 Alternative causes of PAH, including pul-
monary capillary hemangiomatosis and portal hyper-
tension, have also been observed in patients with
HHT.76,77

Clinically, patients with PAH will present with
progressive exertional dyspnea and decreased exercise
tolerance. This may be accompanied by orthopnea and
edema in cases of right heart failure. Patients will usually
be female and younger than patients with HHT who
present with HOHF (typically in the second to fourth
decades of life).71 Some reports present PAH as the initial
manifestation of HHT in pediatric patients.72,78,79

Evaluation, treatment, and outcomes

Because PAH involves a chronic, nonspecific clinical
course, a complete diagnostic workup is indicated. This
includes imaging of the chest (demonstrating pruning of
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peripheral vasculature), pulmonary function tests, echo-
cardiography, ventilation/perfusion lung scan, and RHC
(indicating precapillary PH). The presence of liver AVMs
or high CO/CI should be investigated. Vasoreactivity
testing should be performed in heritable PAH to identify
potential responders to calcium channel blocker therapy.
Although understudied, patients with HHT and PAH
have largely been found to have minimal pulmonary
vasoreactivity.80

Beyond supportive therapy (e.g., oxygen supplemen-
tation, diuretics, and iron replacement), the treatment of
PAH in patients with HHT currently involves the use of
standard PAH vasodilator therapies, including endothe-
lin receptor antagonists, phosphodiesterase inhibitors,
soluble guanylate cyclase stimulators, and prostanoids.
Individual studies have reported success, either in
normalization of hemodynamic parameters or improve-
ment of functional status, with the use of bosentan,
sildenafil, selexipag, epoprostenol, treprostinil, and ilo-
prost.81–87 One investigation included a cohort of five
patients as well as an analysis of 32 subjects across 21
studies, all of whom were patients with HHT and PAH
treated with oral or intravenous prostanoids.87 Results
showed significant improvement in mPAP (65 ± 19
pretreatment vs. 51 ± 16mmHg posttreatment; p= 0.04)
and PVR (12 ± 6 pretreatment vs. 8 ± 4 WUs post-
treatment; p= 0.01) following therapy, with no signifi-
cant difference in survival between those who received
oral or intravenous medication.

The collection of studies assessing the efficacy of
pulmonary vasodilator therapy in patients with HHT and
PAH has highlighted the known side effects of such
therapies that pose unique concerns in patients with HHT.
Endothelin receptor antagonists (bosentan and macitentan,
but not ambrisentan) and soluble guanylate cyclase
stimulators increase the risk of anemia.88,89 Phosphodies-
terase inhibitors are associated with increased rates of
epistaxis and prostanoids possess antiplatelet properties.90

The frequency of such adverse events in this patient
population is not yet characterized and should remain an
important consideration when selecting therapy for PAH.
Patients with HHT and PAH should have their therapeutic
regimen tailored to their clinical needs and individual side
effect profiles. Escalation of therapy is generally based on
assessment of risk status (low, intermediate, or high),
which is comprised of a combination of hemodynamic,
clinical, exercise, and morphologic parameters to estimate
1‐year mortality.91 Ideally, patients should be managed
with oral pulmonary vasodilator therapy with the addition
of one or more agents if they do not achieve a low‐risk
PAH profile. Of note, parenteral prostacyclin therapy is
usually reserved for patients with high‐risk features and
progressive disease.

When the clinician is initiating pulmonary vasodilator
therapy for PAH in patients with HHT, they should identify
and document the baseline epistaxis in the patient. The
Epistaxis Severity Score, developed from a prospective,
survey‐based study of nine hundred participants from over
20 countries, is a six‐question evaluation tool, scored from 0
to 10, that aids in determining the current severity of the
patient's nosebleeds.92 More recently, the Nasal Outcome
Score for Epistaxis has been published as a 29‐item
instrument to describe the biopsychosocial components of
patient epistaxis burden more adequately.93 Both tools may
assist in discerning the evolution of epistaxis severity during
treatment for PAH in patients with HHT. Of note, clinicians
should consider that epistaxis may be transiently exacer-
bated during periods of up‐titration of vasodilator therapy.

Lung transplantation is sought in patients with severe
PAH refractory to standard therapy. One study has
described successful double lung transplant in a patient
with HHT and severe PAH, resulting in resolution of
symptoms and normalization of hemodynamic parame-
ters.83 Another investigation reviewed the clinical
outcomes of three female patients with HHT who
received a double lung transplant for PAH.94 Patients
were 36, 19, and 14 years of age at the time of transplant,
and were alive four, 196, and 224 months later,
respectively. Mild epistaxis was the only reported
bleeding complication post‐transplant.

Patients with HHT who develop PAH have elevated
mortality rates, typically succumbing to cardiac disease,
major bleeding events, and sepsis.31,43 One‐year and
3‐year survival rates of these patients are 78% and 53%,
respectively—lower than matched patients with idio-
pathic PAH.95 Clinical outcomes in patients with
mutations in the ACVRL1 gene may be even worse.
Patients with HHT2 develop PAH at a significantly
younger age than patients with heritable PAH due to
BMPR2 mutation or with idiopathic PAH and exhibit a
lower overall survival.80

There are several emerging therapies with potential
utility in the treatment of PAH in patients with HHT.
Bevacizumab may be employed as adjunct therapy as it is
hypothesized to reduce adverse bleeding events in patients
receiving standard pulmonary vasodilators. Thalidomide is
an oral medication employed in the treatment of several
cancers.96 Its mechanism of action is multifactorial,
including enhancing expression of platelet‐derived growth
factor‐B and reducing activity of vascular endothelial
growth factor, resulting in normalization of vessel
maturation. The administration of thalidomide has suc-
cessfully mitigated significant adverse bleeding events
associated with tadalafil and ambrisentan use in a patient
with HHT and PAH.97 However, adverse effects such as
neuropathy limit its therapeutic use.
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Sotatercept is a novel fusion protein therapy consist-
ing of the extracellular domain of the human activin
receptor type IIA fused to the Fc domain of human IgG1.
It targets members of the TGF‐β superfamily, particularly
pro‐proliferative activin ligands (e.g., activin A, GDF8,
GDF11), by serving as a “ligand trap” to restore
regulation within the pathway.98,99 A phase 2 placebo‐
controlled trial of 106 adults receiving background
medical therapy for PAH showed significant reduction
in the primary endpoint of PVR.98 A subsequent phase 3
trial of 163 patients receiving sotatercept compared to
160 placebo‐controlled patients demonstrated improve-
ment in the primary endpoint of exercise capacity (i.e.,
6‐min walk distance) as well as multiple secondary
endpoints, including PVR, N‐terminal pro–B‐type natri-
uretic peptide levels, and functional class.99 Although
generally well tolerated, an elevated risk of epistaxis,
thrombocytopenia, and, notably, telangiectasias was
noted. Therefore, the role of this agent in the treatment
of HHT‐related PAH remains unclear until its long‐term
safety profile is better characterized.

CHRONIC THROMBOEMBOLIC
PULMONARY HYPERTENSION

CTEPH is a progressive hemodynamic disorder character-
ized by chronic obstruction of vessels of the pulmonary
arterial tree by organizing thromboembolisms, resulting in
increased resistance to flow and development of PH (clinical
group 4).28 Risk factors for this recurrent, inflammatory
thrombotic state include malignancy, inflammatory bowel
disease, the presence of antiphospholipid antibodies, hypo-
thyroidism, or a history of splenectomy.100 Signs and
symptoms are nonspecific, but may include progressive
exertional dyspnea, edema, and hemoptysis. Features more
specific to a thromboembolic event (e.g., unilateral leg
swelling, and pleuritic chest pain) may raise clinical
suspicion. Chronically elevated pulmonary arterial pressures
can result in right‐sided heart failure.

Pathophysiology and presentation

Although HHT is characterized by its bleeding complica-
tions, the vascular disorder also imparts a prothrombic
state and is associated with increased clotting events. In a
study of 309 patients with HHT, factor VIII and von
Willebrand factor antigen concentrations were found to
be significantly elevated when compared to patients
without HHT.101 Levels of factor VIII antigen were also
significantly associated with increasing age, with the
presence of pulmonary AVMs, and with the incidence of

venous thromboembolism. A subsequent prospective
study recruited 609 patients with HHT to identify
potential biomarkers associated with high factor VIII in
this population.102 Investigators discovered a notable,
significant association between elevated factor VIII levels
and low serum iron levels in the absence of concurrent,
confounding inflammation. Low serum iron levels were
also significantly associated with the incidence of venous
thromboembolisms, depending on concomitant factor
VIII levels. It was postulated that low intracellular iron
promotes interactions between iron reactive proteins and
iron response elements, eventually leading to elevated
levels of factor VIII transcripts.103 Another study
demonstrating significant association between iron defi-
ciency and the rate of ischemic stroke in patients with
HHT presented platelet studies indicating iron deficiency
amplifies platelet aggregation in response to serotonin.104

Considering the significant degree of iron deficiency
anemia secondary to bleeding events observed in patients
with HHT, these findings revealed the propensity for
clotting events in this population. Importantly, elevated
factor VIII has been identified as a prothrombotic risk
factor for CTEPH, with higher serum levels compared to
patients with PAH as well as to healthy patients.105,106

Patients with HHT and CTEPH have only been
detailed in a few case studies. One study presented data
from RHC in 31 patients with HHT; among the
23 patients with an mPAP> 20mmHg, four patients
had significant perfusion defects on ventilation/perfusion
lung scans and evidence of thromboembolic patterns on
computed tomography, suggestive of CTEPH.34 Another
report detailed a 54‐year‐old female patient with HHT
and recurrent venous thromboembolisms despite active
warfarin therapy who presented with over 6 months of
exertional dyspnea.32 Chest computed tomography dem-
onstrated bilateral pulmonary emboli with filling defects.
Multiple large AVMs were noted in the upper and lower
lobes. Echocardiogram followed by RHC yielded an
mPAP of 53.7 mmHg, PAWP of 16mmHg, PVR of 7.6
WUs, and CI of 2.38 L/min/m2. The patient was
diagnosed with CTEPH. After unsuccessful treatment
with tadalafil and treprostinil, the patient underwent
pulmonary thromboendarterectomy. Postoperative
mPAP was 19.3 mmHg, and 6‐month follow‐up demon-
strated resolution of cardiopulmonary symptoms.

Evaluation, treatment, and outcomes

In patients with CTEPH, echocardiogram and RHC will
generally demonstrate PH with precapillary hemo-
dynamics; however, some patients may exhibit combined
pre‐ and postcapillary components. Ventilation/perfusion
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lung scan will demonstrate one or more mismatched
perfusion defects, and subsequent computed pulmonary
arteriography will confirm the presence of organized
thromboembolic material with associated filling defects.
Patients diagnosed with CTEPH typically receive
indefinite anticoagulant therapy. Pulmonary thromboen-
darterectomy is the only definitive therapy. In patients
with HHT, the presence of pulmonary AVMs does not
prohibit the need for pulmonary thromboendarterect-
omy, but consideration should be given to embolize any
known large pulmonary AVMs before planned pulmo-
nary thromboendarterectomy surgery. In cases of
inoperable or recurrent CTEPH, riociguat, a soluble
guanylate cyclase stimulator, is the only approved
medical therapy as it has shown sustained improvement
of functional capacity at 1‐year evaluations.107 Patients
with CTEPH who are not surgical candidates may be
eligible for multimodal therapy in the form of targeted
medical therapy with or without interventional balloon
pulmonary angioplasty.28

The use of anticoagulant and antiplatelet therapy in
patients with HHT requires additional appraisal. Despite
the potential for exacerbation of bleeding events in
patients with HHT, antithrombotic therapy is not
absolutely contraindicated and may be employed under
careful observation.25 Based on early studies, the 2020
International HHT Guidelines recommended that if
anticoagulant therapy is deemed necessary in patients
with HHT, the use of unfractionated heparin, low‐
molecular‐weight heparin, and vitamin K antagonists is
preferred over the administration of direct‐acting oral
anticoagulants.25 Furthermore, avoidance of combina-
tion anticoagulant/antiplatelet therapy or dual antiplate-
let therapy was recommended.

Recently, a review of over 500 episodes of antith-
rombic therapy use in over 400 patients with HHT across
over 70 unique studies was conducted.108 Treatment
regimens primarily consisted of anticoagulant therapy
only, followed by antiplatelet therapy only. Anticoagu-
lant therapy was largely in the form of warfarin or low‐
molecular‐weight heparin. Exacerbation of HHT‐related
bleeding events (e.g., epistaxis and gastrointestinal
bleeding) occurred in almost 40% of cases, and therapy
discontinuation was observed in almost 30% of cases.
Approximately 15% of cases required additional local
ablative or systemic therapies to target adverse bleeding
events. Findings demonstrated significant variability
between studies in the frequency and severity of observed
adverse events following antithrombotic therapy use in
patients with HHT, emphasizing the need for additional
investigations to determine optimal therapy in this
patient population.

A study of patients with HHT and suspected
precapillary PH notably demonstrated that less than half
of patients received ventilation/perfusion lung scans,
reinforcing the need for a complete diagnostic approach
in this setting.43 Finally, in light of increasing recognition
of the association between iron deficiency and thrombo-
embolic events in patients with HHT, a more proactive
approach in the screening and treatment of iron
deficiency regardless of the presence of clinical signs
and symptoms of anemia may be warranted.

ADDITIONAL ETIOLOGIES OF
PULMONARY HYPERTENSION IN
HEREDITARY HEMORRHAGIC
TELANGIECTASIA

Left‐sided heart disease (clinical group 2) or lung
diseases and/or hypoxia (clinical group 3) are the most
common etiologies of PH in the general population;
while likely under‐reported, signs and symptoms of these
pathologies are also prevalent in a significant portion of
patients with HHT.33,109,110 Left‐sided heart disease as
well as restrictive and obstructive lung disease have been
observed in patients with HHT and PH.34 Patients with
HHT are at an elevated risk of myocardial infarction due
to paradoxical embolism through pulmonary AVMs,
leading to subsequent cardiomyopathy. Mutations in
ENG and ACVRL1 may also promote a chronic mal-
adaptive response to hypoxia.8,9

In patients with HHT and evidence of left‐sided heart
or lung disease, established guideline‐directed and
etiology‐specific management is recommended along
with mitigation of risk factors. The mechanism of action
and known side effects of medical therapies, and their
potential to exacerbate pre‐existing complications in this
population, should be considered. For instance, use of
vasodilator therapy in left‐sided heart failure may
unmask or encourage a hyperkinetic state secondary to
known or unknown liver AVMs. Additionally, the use of
inhaled prostanoid treprostinil, approved for group 3 PH
associated with interstitial lung disease, is indicated even
in patients with HHT but may worsen bleeding events.
Clinicians should remain aware of the unknown effects
of more specialized therapy in the context of HHT
pathophysiology; use of tyrosine kinase inhibitor ninte-
danib for idiopathic pulmonary fibrosis in a patient with
HHT was correlated with an unanticipated improvement
in the frequency of epistaxis and skin telangiectasias.111

As the understanding of the pathogenesis of HHT
continues to be improved, such therapeutic agents may
garner additional interest.
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SPECIAL CONSIDERATIONS

Pulmonary AVMs

Pulmonary AVMs are abnormal capillary‐free vascular
structures and anatomic right‐to‐left shunts with low‐
resistance, high‐flow properties. As a significant clinical
concern in patients with HHT, who most often demon-
strate asymptomatic hypoxemia followed by exertional
dyspnea, the 2020 International HHT Guidelines recom-
mend screening for pulmonary AVMs via bubble echo-
cardiogram or low‐dose non‐contrast chest computed
tomography.25 Due to an elevated risk of neurological
and hemorrhagic complications, it is recommended that
pulmonary AVMs are treated, if the size is amenable, with
transcatheter embolization using metallic coils or vascular
plugs. There is a theoretical concern that closure of the
low‐resistance vessel may result in a consequent rise in
pulmonary vasculature pressures; however, studies have
demonstrated successful improvement in arterial oxygen
saturation without significant acute or sustained increase
in mPAP following embolization.112 Due to the high
burden of pulmonary AVMs in patients with HHT as well
as the overall small diameter of feeding arteries and
potential for recanalization, treatment most often results in
significant shunt reduction rather than complete eradica-
tion of AVMs.113,114 Therefore, continuing medical follow‐
up is necessary. Patients’ iron status should be optimized
before the procedure. In patients with concomitant HHT‐
related PAH and significantly elevated PVR, a course of
medical vasodilator therapy before embolization may be
warranted. Risks of the procedure include pulmonary
edema, paradoxical emboli, and hemorrhagic events (e.g.,
hemoptysis, hemothorax secondary to rupture of pulmo-
nary AVMs). In addition, the presence of pulmonary
AVMs, especially when large, should be taken into
consideration when initiating parenteral prostacyclin
therapy in patients with HHT and PAH given the possible
risk of paradoxical emboli.

Pregnancy and hereditary hemorrhagic
telangiectasia

In patients with HHT, the physiologic adaptations of
pregnancy, including markedly decreased peripheral vas-
cular resistance and increased CO, can deleteriously affect
the course and severity of PH. The degree of HOHF can
worsen, particularly in the third trimester. Bevacizumab is
classified as category C by the Food and Drug Administra-
tion due to evidence of teratogenicity and is therefore
contraindicated in pregnancy. In women with PAH,
mortality during pregnancy remains high, including within

the post‐partum period, and there is an elevated risk of
fetal complications such as prematurity. It is currently
recommended that patients with PAH avoid pregnancy.28

Hypercoagulability and an associated elevated thrombo-
embolic potential during pregnancy are well documented,
which could further increase the risk of CTEPH in patients
with HHT. Finally, the burden of shunting lesions,
including both pulmonary and liver AVMs, increases
during pregnancy due to elevated blood volume, increasing
the risk of fatal hemorrhagic complications as well as
thromboembolic events.78

CONCLUSION

PH is an increasingly recognized complication in patients
with HHT with a multifaceted pathophysiology and
varying etiologies, requiring specialized management.
The overall prevalence of PH in this population remains
unknown. The most common clinical phenotypes are PH
secondary to HOHF followed by PAH. Moreover, there is
a recent growing understanding of the thromboembolic
propensity in HHT, raising the risk for CTEPH in this
population. Therefore, a complete diagnostic approach in
evaluating PH in patients with HHT is encouraged to
ensure proper diagnosis of the underlying etiology. Due
to disease complexity, patients should be referred for
treatment at a center with expertise in management of
both HHT and PH.
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