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Abstract: Hereditary hemorrhagic telangiectasia (HHT) is a genetic disorder of blood vessel formation

resulting in mucocutaneous telangiectasias and visceral arteriovenous malformations. Nearly half of patients

with HHT will have pulmonary arteriovenous malformations (PAVM) that place them at risk for potentially

fatal complications that can occur when blood bypasses the pulmonary capillary circulation or as a result of

PAVM rupture. Other manifestations of HHT outside the lung may increase the rate and severity of PAVM

complications, creating unique clinical challenges. Management hinges on timely screening and diagnosis,

followed by treatment of amenable PAVMs with transcatheter embolization in conjunction with medical

management and prophylactic measures to treat and prevent complications. The purpose of this review is

to highlight the clinical manifestations of PAVMs specific to patients with HHT and to detail screening and

treatment strategies that can reduce the risk of developing life-threatening complications.
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Introduction

Hereditary hemorrhagic telangiectasia (HHT) is an
inherited disorder of blood vessel formation characterized
by mucocutaneous and visceral vascular malformations
resulting in direct communication between arterioles
and venules without intervening capillary beds (1). These
malformations lead to variable clinical manifestations that
depend on where they occur and to what extent. Certain
tissues are affected more often than others, but virtually
any tissue can be involved. Recurrent epistaxis from nasal
telangiectasias is present in nearly all patients by the age
of 40 (2,3). Gastrointestinal telangiectasias and hepatic
and cerebral vascular malformations are seen with varying
frequency. The diagnosis of HHT is based on clinical
criteria (4) whereby the presence of at least three of the
following four criteria establishes a definite diagnosis
of HHT: recurrent epistaxis, multiple characteristic
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telangiectasias, visceral vascular malformations, and a
first-degree relative meeting diagnostic criteria for HH'T
(1able I). Pulmonary arteriovenous malformations (PAVMs)
are the most common pulmonary manifestation of HHT
and only rarely occur sporadically in patients without HH'T.
It is essential, therefore, that physicians who provide care to
patients with PAVMs be aware of the clinical manifestations
of HHT in general and of HH'T-related PAVMs in particular.

Pathogenesis

HHT is inherited in an autosomal dominant pattern,
affecting more than 1 in 10,000 people worldwide (5), and
results from mutations in genes that encode proteins critical
to transforming growth factor beta (TGF-p) signaling.
Most cases involve mutations in two such genes, endoglin
and ACVRLI. Pathogenic mutations in endoglin, which
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Table 1 Curacao criteria for the diagnosis of HHT (1)

Diagnostic certainty Criteria' satisfied

Unlikely <1
Possible 2
Definite >3

', recurrent spontaneous epistaxis; multiple characteristic

telangiectasias; visceral vascular malformation; first-degree
family member meeting HHT criteria. HHT, Hereditary
hemorrhagic telangiectasia.

Table 2 Genes responsible for HHT

Gene Location Phenotype Frequency
Endoglin  9q34.11 HHTA 39-59% (10,12)
ACVRL1 12913.13 HHT2 25-57% (12,13)
Smad4 18g21.1 HHT-juvenile 1-2% (12)
polyposis syndrome

GDF2 10q11.22 HHT5 (11) <1%
Unknown 5g31.3-g32 HHT3 (14) Unknown
Unknown 7p14 HHT4 (15) Unknown

HHT, hereditary hemorrhagic telangiectasia; GDF, growth
differentiation factor 2.

encodes a type III TGF-p receptor, are associated with early
HHT onset and a tendency for lung and brain AVMs (6-8).
ACVRLI encodes the type I TGF-B receptor activin-like
kinase 1 (ALK1) (6,8,9). Pathogenic ACVRLI1 mutations
are associated with a higher prevalence of hepatic vascular
malformations and a lower prevalence of pulmonary and
brain AVMs compared to patients with endoglin mutations.
Mutations in other TGF-f genes have been identified in a
minority of cases (10,11) (Table 2).

The mechanisms by which defects in TGF-p signaling
lead to the vascular malformations of HHT remain
incompletely understood. ALK1 and endoglin are highly
expressed in vascular endothelial cells and play essential
roles in angiogenesis and vascular stability (16). Reduced
expression of endoglin or ALK is probably not sufficient by
itself to result in defective angiogenesis since most vascular
beds develop normally in patients with HHT. Instead, a two-
hit hypothesis has been proposed postulating that a trigger
for abnormal blood vessel formation must exist on top of
the underlying genetic defect. Suggested triggers include
context-specific loss of heterozygosity and reduced endoglin
expression in areas of inflammation or hypoxia (17).
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Regardless of the specific trigger, in the proper genetic and
environmental context, disordered angiogenesis leads to
the vascular malformations observed in patients with HHT,
including those in the lung. This process is thought to occur
in a stepwise fashion starting with dilation of post-capillary
venules followed by arteriolar dilation and then loss of the
intervening capillary bed (18).

Clinical manifestations

PAVMs are found in up to half of patients with HHT (19,20)
and can lead to fatal embolic and hemorrhagic complications.
PAVMs occur in three general forms. Most PAVMs in HHT
are morphologically simple, consisting of a feeding vessel
that originates from a single segmental pulmonary artery
and connects to a draining pulmonary vein via a single
aneurysmal nidus (21,22). Complex PAVMs are fed by more
than one segmental pulmonary artery and may have multiple
draining veins (23). Less than 10% of PAVMs are diffuse,
defined as diffusely involving at least one lung segment (24),
and have been associated with higher rates of hypoxemia and
embolic complications (25,26).

Blood that transits a PAVM does not participate in
alveolar gas exchange, reducing the oxygen content of the
blood returning to the left heart. Importantly, that blood
will also not undergo physical filtration, a critical function
of the pulmonary circulation by which the pulmonary
capillary network prevents passage of thrombi and other
blood-borne material into systemic circulation (27). The
pulmonary capillary circulation may also play a role in
innate immunity by removing circulating bacteria that enter
the bloodstream. Recent evidence suggests that bacteria
sequestered in pulmonary capillaries are efficiently removed
by marginated neutrophils (28) and that bypassing this
function might increase the risk of septic complications.
Whether this mechanism contributes to the relatively high
incidence of serious infections in patients with HHT (29)
has not been established.

Symptoms

Most HHT-related PAVMs are asymptomatic. Dyspnea is
the most commonly reported symptom but can be difficult
to differentiate from that caused by other features of HHT
such as iron deficiency anemia, high output heart failure
in patients with extensive intrahepatic shunting, venous
thromboembolism (VTE), or rare instances of HHT-
associated heritable pulmonary arterial hypertension.
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The reported prevalence of hypoxemia varies. Older
reports suggest most HH'T patients with PAVMs will
have a reduced PaO, (30) while more recent series that
include patients with smaller PAVMs place the prevalence
considerably lower (31). Cyanosis and clubbing are likewise
less common than suggested by early reports. Orthodeoxia
may be present, but platypnea is rare. In a series of
257 patients with PAVMs, of the 75 that exhibited
orthodeoxia none reported platypnea (32).

Paradoxical septic emboli

HHT patients with PAVMs are several hundred-fold more
likely to develop brain abscess compared to the general
population (33), and the associated morbidity is significant.
In one cohort, 80% of those that developed brain
abscess were unable to return to work due to persistent
neurologic deficits (34). Male gender, presence of deep
vein thrombosis, and low resting oxygen saturation were
associated with increased abscess risk. Preceding dental
procedure was the most commonly identified risk factor.
Poor dental hygiene also increases risk, and in some cases a
precipitating event cannot be identified. Encephalomalacia
from prior embolic infarcts may also increase risk as the
damaged cortical tissue can serve as a nidus for bacterial
growth and abscess development (35). When culture data
are available, periodontal microbes are responsible for most
brain abscesses. In the same cohort study described above,
28 patients developed brain abscess with most cultures
failing to grow any organism. Cultured organisms included
those commonly found in endo- and periodontal infections,
and half of the positive cultures were polymicrobial (34).

Stroke

Patients with HHT are at increased risk of cerebral
ischemic events attributable to paradoxical embolization of
thrombus through PAVMs. Reported rates vary depending
on the study population and how the event is defined. In
a cohort referred for PAVM embolotherapy, nearly 40%
reported a prior transient ischemic attack and 18% had
experienced a clinical stroke (36). The rate is lower when
patients with smaller PAVMs are included (26,27,34).
Conventional stroke risk factors are often not present.
Instead, higher grade intra-pulmonary shunting on contrast
echocardiography (37) and low serum iron levels have been
linked to an increased stroke risk in this population (27).
Low serum iron status has also been associated with
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increased incidence of VTE, which occurs at a rate at least
two-fold higher in patients with HHT than in a general
hospitalized population. Indeed, low serum iron was
found to be the most significant predictor of VTE risk
among patients with HHT even after adjustment for age,
inflammation, and von Willebrand factor (38), suggesting
that iron deficiency anemia may be a modifiable risk factor
for both VTE and stroke in patients with HH'T. Consensus
guidelines call for annual evaluation of hemoglobin and/or
hematocrit for patients with HHT older than 35 and closely
monitoring trends in iron status irrespective of hemoglobin
level (1). This approach is critical as hypoxemia secondary
to shunting through PAVMs may lead to a hemoglobin that
is higher than would otherwise be expected, potentially
masking clinically important iron deficiency (31).

Hemorrbage

Spontaneous rupture of PAVMs can result in massive
hemoptysis or hemothorax and has been estimated to
affect between 1% and 8% (39-41) of HH'T patients with
PAVMs. Pregnant patients are particularly vulnerable
to PAVM rupture due to physiologic changes resulting
in increased flow through and enlargement of existing
AVMs. Three of the seven women who experienced
massive hemoptysis in one study were pregnant (39). In
specific cohorts of pregnant women with HH'T, between
1% and 2% experienced PAVM rupture, and the risk
of rupture may remain elevated for some time after
delivery (42,43). Clinical presentation depends on the
site of rupture and extent of hemorrhage. Symptoms of
spontaneous hemothorax can include pleuritic chest pain,
dyspnea, hypoxemia, and hemodynamic compromise, if
sufficient bleeding occurs. Intra-pulmonary hemorrhage
may be heralded by minor hemoptysis prior to the onset of
massive, life-threatening hemorrhage, potentially allowing
an opportunity for therapeutic intervention (42). Not all
hemoptysis in HHT is indicative of PAVM rupture (44),
but hemoptysis in a patient with PAVMs, especially during
pregnancy, should be evaluated promptly to exclude PAVM

rupture prior to the onset of massive hemorrhage.

Screening for PAVMs

Effective screening is necessary to identify which
HHT patients have PAVMs so that their dire clinical

consequences can be avoided. Transthoracic contrast

echocardiography (T'TCE) is the preferred method for

Cardiovasc Diagn Ther 2018;8(3):316-324



Cardiovascular Diagnosis and Therapy, Vol 8, No 3 June 2018

319

Table 3 Predictive value of two shunt-grading methods for PAVM screening with TTCE

Qualitative schemes

Quantitative schemes

Grade Opacification’ PPV (47,49,50) Microcavitations* PPV (51,52)
1 Minimal 0-0.02 <30 0.13-0.23
2 Moderate 0.25 30-100 0.35-0.45
3 Extensive 0.56-0.80 >100 0.83-0.92
4 Extensive, with endocardial definition 1.0 - -

', qualitative degree of left ventricular opacification after contrast injection (48). ¥, maximum number of microcavitations seen in left
ventricle on single still frame (51). PAVM, pulmonary arteriovenous malformation; TTCE, transthoracic contrast echocardiography. PPV,

positive predictive value.

PAVM screening because of its high sensitivity and excellent
negative predictive value (45-47). The absence of shunting
on TTCE excludes a treatable PAVM on CT and requires
no confirmatory imaging. Positive predictive value varies
with the extent of right-to-left shunting. Quantitative and
qualitative schemes have been used to grade right-to-left
shunting, but regardless of the specific method, increasing
shunt grades are associated with higher probabilities of
confirming the presence of PAVMs on CT and of detecting
treatment-amenable PAVMs (48-52) (Table 3). Shunt grade
has also been shown to predict the prevalence of cerebral
embolic manifestations including stroke, transient ischemic
attack, or brain abscess (37). As with any assessment of
shunting alone, TTCE cannot establish that the shunt
is intrapulmonary and cannot define PAVM location or
anatomy. A delay of 3-4 or more cardiac cycles and the
appearance of bubbles in the pulmonary vein prior to
entering the left ventricle are indicative of extra-cardiac
shunting; however, shunting that arises between 1 and
3 cardiac cycles does not exclude an extra-cardiac shunt
since other factors can influence shunt timing (48).
Although reports of adverse events from agitated
saline echocardiography are reported too infrequently
to accurately describe their incidence, a large survey of
neurologists by the American Society of Echocardiography
yielded an estimate of 0.062%, none of which resulted in
durable effects (53). The side effects seen were all deemed
consistent with gas embolization and were associated with
excellent image quality, suggestive of a dose-response
relationship. A more recent case series identified 5 adverse
events out of 3,314 TTCE and transcranial Doppler
studies (54). Mechanisms proposed were speculative but
included introduction of large bubbles by insufficiently
vertical syringe angle, large needle/catheter size, operator
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indiscretion, or migrainous vasospasm triggered by agitated
saline. Precautions should be taken to minimize these risks,
most importantly by avoiding the injection of a visible
quantity of air, especially in patients with known shunt.

Alternate methods to assess right-to-left shunting are
used less often for PAVM screening. An elevated shunt
fraction is present in essentially all patients with PAVMs,
and can be calculated after breathing 100% oxygen for
15-20 minutes. The most precise measurement of shunt
fraction requires invasive sampling of mixed venous
blood and is not routinely done. Instead, shunt fraction
can be estimated from the arterial PaO, (55). In a patient
with otherwise normal gas exchange, a shunt fraction of
greater than 5% is indicative of right to left shunting.
Radionuclide perfusion lung scanning is another method
to determine shunt fraction and may have utility when
contrast echocardiography or 100% oxygen method
cannot be obtained (55). In this technique, radiolabeled
macro aggregated albumin microspheres 7-25 pm in size
are injected intravenously (56). In individuals without
a right to left shunt, the material is filtered as particles
>8 pm are normally unable to pass through the pulmonary
capillary bed. The shunt fraction is deduced from
quantification of uptake, typically in the right kidney to
minimize effect of overlying splenic activity, relative to the
total dose of radiolabeled substrate administered. Overall,
perfusion scanning is marginally less invasive, quicker, and
more comfortable than the 100% oxygen method (57).
Disadvantages include high cost and inability to distinguish
intrapulmonary from intra-cardiac shunting.

PAVM screening is recommended for all patients at
the initial HHT evaluation. If negative, repeat screening
is recommended after puberty, within 5 years of planned
pregnancy, after pregnancy, and otherwise every 5 to
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10 years (1). The issue of whether and when ongoing
screening can safely be discontinued after repeatedly
negative results has not been settled, but it is unlikely that
new PAVMs will arise after middle age. Chest imaging
to confirm PAVM and to assess treatment feasibility is
recommended after positive screening. CT can reliably
diagnose PAVMs using established criteria and has replaced
angiography for that purpose (58). Contrast is not required
but can assist in better defining AVM architecture, precisely
defining the origin of the feeding artery, and assessing
whether an AVM remains perfused. Once diagnosed, long-
term follow-up is essential since small, untreated PAVMs can
grow, and previously treated PAVMs can reperfuse. Current
recommendations advise CT at 1 to 5 year intervals to assess
for interval growth. Relatively slow growth rates of most
PAVMs and concern about cumulative radiation exposure
have led many to favor a 5-year interval (59). Some degree
of right-to-left shunting will usually persist after PAVM
closure (60), limiting the role TTCE in long term follow
up of treated PAVMs. Instead, CT chest is advised within
6-12 months of treatment and then every 5 years if
successful closure is confirmed (Figure I).

Treatment

The goals of PAVM management are to minimize embolic
complications, prevent and treat hemorrhage from PAVM
rupture, and improve functional capacity by reducing shunt-
related hypoxemia. These objectives are accomplished
through physical disruption of PAVMs when feasible, in
conjunction with medical strategies to mitigate PAVM risk
and treat complications.

Oxygen

Hypoxemia is often well tolerated in HHT patients with
PAVMs. Compensatory erythrocytosis and increased cardiac
output can maintain normal oxygen delivery to tissues as
long as there are sufficient iron stores to allow hemoglobin
synthesis (31). It is important, therefore, that iron deficiency
be corrected and that hemorrhagic complications of HHT
be addressed to limit further blood loss. In symptomatic
patients, supplemental oxygen can reduce dyspnea and
improve functional capacity but is not indicated to prevent
pulmonary hypertension since PAVM-associated hypoxemia
is not accompanied by alveolar hypoxia (25,31). Shunting
through PAVMs can lead to pronounced hypoxemia in
some cases (25), but patients often remain asymptomatic
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and highly functional for years. In a cohort of 36 patients
with diffuse PAVMs, none of the 9 deaths over the follow
up period were directly related to hypoxemia or its
complications, and oxygen levels were not significantly
lower among those who died (24). Formatting comment:
alter line spacing to indicate end of paragraph.

Therapeutic embolization

Disruption of flow through PAVMs via transcatheter
embolization has been the standard approach to
management since the 1980s (22,23,36). Surgical resection
of PAVMs, at one time the only definitive treatment option,
is now rarely performed except when urgent treatment
is required in settings where expertise in embolotherapy
is lacking. Until recently, PAVMs with feeding vessels
<3 mm in diameter were considered low risk, but emerging
evidence suggests that paradoxical embolic complications
can arise from PAVMs fed by smaller vessels (25,61) and
embolic risk may not be directly related to feeding vessel
diameter (34). For that reason, treatment decisions are
increasingly being made on the basis of technical feasibility
and safety considerations rather than feeding artery
diameter. The benefits of embolotherapy in reducing
PAVM-related complications are supported by the results of
observational studies showing that successful PAVM closure
reduces shunt fraction (62), improves oxygenation (30),
and reduces the rate of brain abscess and stroke (27).
Sustained PAVM closure can be achieved in most cases (63).
Failures result most often from recanalization of the treated
artery but can also occur by collateral perfusion from an
adjacent PA branch, perfusion by untreated feeding vessels
in complex PAVMs, and by systemic perfusion (30,63-66).

Prophylaxis

Steps to reduce embolic complications are recommended
for all patients with PAVMs and for patients with confirmed
or suspected HHT who have not yet been screened
for PAVMs. To prevent septic embolic complications,
antibiotics are recommended before procedures that may
result in bacteremia (67). Choice of antibiotic follows
American Heart Association guidelines for the prevention
of infective endocarditis (68). To prevent embolization of
air, in-line filters can be used during intravenous infusions
should standard precautions fail. Avoidance of SCUBA
diving has also been recommended over concern that gas
embolism associated with rapid decompression may be
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PAVM screening
contrast echocardiography
or other assessment of RLS

Repeat screening
every 5-10 years

\

321

CT chest

Treatable PAVM

CT chest

every 1-5 years

> Embolotherapy

PAVM reperfusion

CT chest within
6-12 months

Figure 1 Approach to screening, treatment, and follow up of PAVMs. If initial screen is negative, repeat screening should also be performed

after puberty, prior to planned pregnancy, and after pregnancy. Prophylactic measures are advised for all patients after positive screening

regardless of CT results. RLS, right-to-left shunt. PAVMs, pulmonary arteriovenous malformation; CT, computed tomography.

particularly deleterious to patients with PAVMs (1).

Conclusions

PAVMs are a common feature of HHT and are associated
with a range of potential clinical manifestations, from
symptomatic hypoxemia to life-threatening septic embolic
events, paradoxical thromboembolism, and hemorrhage
from PAVM rupture. The management of HHT patients
with PAVMs requires a comprehensive approach that
addresses the PAVM directly and HHT generally.
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Contrast echocardiography is the preferred screening
modality, followed by chest CT if shunting is detected.
Specific management of PAVMs involves a combination
of interventional, medical, and prophylactic modalities.
Transcatheter embolization should be considered for
amenable PAVMs. Long term PAVM monitoring and
prophylactic measures are advocated to further reduce
risk. Importantly, other HHT disease manifestations
such as VTE and iron deficiency from recurrent blood
loss may influence the rate and severity of PAVM-related
complications and should be identified and treated, if
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present. Together, these strategies have the potential to
prevent life-altering and fatal complications associated with
PAVMs in patients with HHT.
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