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Building on a genetic framework: Can we personalize the
timing of surgical repair for patients with heritable
thoracic aortic disease?
Ashley Dawson, MD,a and Scott A. LeMaire, MDa,b,c,d
Aortic aneurysms in heritable aortic disease typi-
cally involve the aortic root.

CENTRAL MESSAGE

The expansion of genetic
research combined with the
rigorous requirements for iden-
tifying clinically valid genes has
important implications for the
surgical management of herita-
ble aortic disease.

This Invited Expert Opinion provides a perspec-
tive on the following paper: J Am Coll Cardiol.
2018;72:605-615. https://doi.org/10.1016/j.jacc.2018.
04.089.

See Commentary on page 906.
Feature Editor’s Introduction—Cardiovascular genetics is
a nascent but promising arena to improve and personalize
care. Recent advances in technology, efficiency, and acces-
sibility of genetic sequencing has increased the pace and
quantity of scientific discovery. However, information alone
does not translate to clinical management. The interpreta-
tion of genetic variation requires an integration with indi-
vidual clinical information, including family history. In
hereditary thoracic aortopathies, the relative lack of symp-
toms in concert with the life-threatening sequelae of dissec-
tion or rupture render early identification and screening
paramount. As genetic sequencing technology continues
apace, the potential for “incidental” discovery remains.
Commercial availability of with direct-to-consumer genetic
testing kits, wherein health care providers’ roles may be
minimized, is another area for concern.

In this edition of the Journal, Dawson and LeMaire high-
light the work of the Aortopathy Working Group in the
context of the Clinical Genome Resource. Through curation,
synthesis of evidence, and classification of the strength of
gene–disease relationships in aortopathies, the group has
built a framework on which to construct patient-specific rec-
ommendations. Dawson and LeMaire also provide a brief
review of aortopathies in general, and specific recommenda-
tions for individual heritable aortopathies. Thiswork supple-
ments the current guidelines on the management of thoracic
aortic diseases, providing more granular detail on when and
whom to refer for testing, and when to intervene.
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Thoracic aortic aneurysms are life-threatening and often
asymptomatic. Identifying patients who are at risk and initi-
ating an early screening regimen can improve the timing of
operative intervention and reduce the incidence of fatal com-
plications such as dissection and rupture. In many cases,
thoracic aortic aneurysms and dissections (TAAD) are genet-
ically triggered. Current research and clinical observations
indicate that heritable aortic disease is linked to autosomal
dominant single-gene disorders that predominantly involve
the aortic root and ascending aorta initially.1,2

Advancements in the accessibility and efficiency of
genetic sequencing have led to an increasingly long list
of candidate genes potentially associated with TAAD.
Because the screening recommendations and timing of
intervention depend on the disorder, restricting diagnostic
panels to genes that are strongly associated with clinically
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relevant aortic disease is important for meaningful coun-
seling and surveillance and for minimizing false positives.
The problem of excessive potential gene–disease relation-
ships—many with conflicting evidence—is not unique
to aortic disease. To address this, the Clinical Genome
Resource (ClinGen) has developed a curation process that
synthesizes clinical and experimental evidence to determine
the strength of a gene–disease relationship.3Within the Car-
diovascular Disease Working Group in ClinGen, an
AortopathyWorking Group was assembled, including inter-
national experts in clinical and molecular genetics, to eval-
uate genes by using the rigorous curation methodology and
analytical framework developed by the ClinGen Gene Cu-
ration Working Group.4 Using this methodology, the Aort-
opathy Working Group made up of Renard and colleagues4

sought to classify the strength of evidence for genes
that potentially predispose patients to hereditable TAAD
(HTAAD). For a gene to show a “strong” association with
a disease, a role for that gene in the disease must be shown
in at least 2 independent studies and in numerous unrelated
probands, and the evidence must be supported by compel-
ling gene-level experimental data. For a gene to show a
“definitive” association with a disease, these findings must
be upheld over time (at least 3 years).

The Aortopathy Working Group evaluated 53 candidate
genes selected from the literature and clinical aortopathy
gene test panels. Probands were examined for gene patho-
genicity on the basis of the variant type and protein domain
involved. A standardized, semiquantitative assessment of
the available evidence revealed 11 genes that had a “defin-
itive” or “strong” association with HTAAD. These genes
were considered “clinically actionable” with implications
for gene-specific management in screening, surveillance,
and surgical management. Four genes were classified as
having “limited evidence,” and 23 genes were classified
as having “no clinical evidence” for an association with
HTAAD, with the supporting literature based solely on
experimental data. Several of these genes with
“limited” or no “clinical evidence,” including CBS,
COL5A1, COL5A2, MED12, and PLOD1, are currently
included on multiple aortopathy comprehensive gene
testing panels. Because these genes have not been shown
to contribute to clinically relevant aortic disease, removing
them from comprehensive genetic screening may minimize
unnecessary stress to patients and reduce the need for sur-
veillance. In addition, 7 genes were identified as “uncer-
tain”; that is, having insufficient evidence to currently
assign a classification. These genes are expected to be re-
curated as new data become available, and ongoing
screening of these genes in the interim is recommended.
The progressive expansion of genetic research will continue
to provide new targets and evidence for genes associated
with HTAAD, resulting in the aortopathy-curated gene list
becoming a living tool that evolves with the literature.
902 The Journal of Thoracic and Cardiovascular Surg
Currently, surgical intervention is indicated when the risk
of rupture or dissection is substantial. In patients with he-
reditable thoracic aortic aneurysm, this risk is not directly
associated with aneurysm diameter and varies among disor-
ders.1,5,6 Determining which genes are clinically associated
with HTAAD allows clinicians to study each variant’s pro-
gression and to form more specific clinical histories. A bet-
ter understanding of how heritable aortic disease manifests
will provide a framework for developing gene- and
mutation-specific recommendations for the timing of repair.

SYNDROMIC VERSUS NONSYNDROMIC
THORACIC AORTIC DISEASE

Heritable thoracic aortic disease may be categorized as
syndromic or nonsyndromic. The syndromic form presents
within a disease such as Marfan syndrome (MFS) in which
multiple organ systems are affected by the mutation. Syn-
dromic disease phenotypes can be used for diagnosis; how-
ever, because several syndromic phenotypes overlap,
confirmation with genetic testing is useful.

In nonsyndromic disease, the effect of the genetic muta-
tion appears to be limited to the cardiovascular system. In
these cases, understanding the pathogenic variant can help
to determine a probable disease course and identify other
family members at risk.

Syndromic Disorders
MFS. MFS is characterized by manifestations in the eyes,
skeletal system, and cardiovascular system; these features
contribute to the overall phenotype used for diagnosis. In
2010, new diagnostic criteria for Marfan syndrome were
released, known as the revised Ghent nosology, and have
given more weight to aortic aneurysm or dissection in the
diagnosis of MFS.7 The relationship between the extracel-
lular matrix glycoprotein fibrillin-1 (encoded by FBN1)
andMFS has been well established in the literature2,8; as ex-
pected, FBN1 was classified as “definitive” by Renard and
colleagues.4 FBN1 mutations have been shown to affect
both structural and cell signaling processes, leading to
aortic root aneurysms with characteristic morphology
(Figure 1) and mitral valve prolapse.9,10 Notably, 90% of
patients with MFS require an aortic operation during their
lifetime. Because cardiothoracic and vascular manifesta-
tions are largely responsible for morbidity and mortality
in MFS patients, operative timing is an important factor in
a patient’s disease management. Performing elective root
replacement before aortic dissection occurs has been shown
to improve life expectancy.11,12 For patients with FBN1mu-
tations, aortic root replacement is recommended if the
external diameter reaches 5.0 cm. An even lower threshold
for diameter is recommended for patients with high-risk
characteristics such as rapid aortic expansion, a family his-
tory of aortic dissection or rupture, or severe systemic
features.13,14
ery c October 2020



FIGURE 1. Aortic aneurysms in heritable aortic disease typically involve

the aortic root. The illustration shows the characteristic morphology of

aortic root aneurysms in patients with Marfan syndrome. Used with

permission of Baylor College of Medicine.
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Loeys-Dietz syndrome and other transforming growth
factor b vasculopathies. The phenotype associated with
transforming growth factor (TGF)-b vasculopathies ranges
from isolated TAAD to the severe systemic features present
in patients with Loeys-Dietz syndrome (LDS).15-17 LDS is
characterized by some clinical features that are similar
to those in MFS, including skeletal and cutaneous
manifestations, and was not recognized as a separate disease
until 2005.16Geneswithmutations known to causeTGF-bvas-
culopathies include TGFBR1, TGFBR2, TGFB2, and
SMAD3.15,17 These geneswere noted to be “definitive” in their
associationwithHTAAD.4TGFB3 has also been implicated in
HTAAD18; however, this gene is currently classified as “uncer-
tain” with potential for reclassification.4

In patients with TGF-b vasculopathies, cardiovascular
manifestations such as arterial tortuosity and aortic aneu-
rysm are more severe, with progression to aortic dissec-
tion at an earlier age and at smaller aortic diameters
than in MFS.19 The risk of vascular complications is
increased in patients with systemic features (ie, arterial
tortuosity, small body surface area, hypertelorism, and
wide scars), rapid expansion of the aneurysm, or a family
history of early aortic dissection or rupture.15 Notably,
one-third of patients with LDS experience an aortic event
(eg, dissection, surgery, or death resulting from dissection
or rupture) before 19 years of age.17 Women with
TGFBR2 mutations, small body surface area, and syn-
dromic features appear to be at particularly high risk.15

Therefore, for patients with mutations involving TGFBR1,
TGFBR2, or SMAD3, ascending aortic repair is recom-
mended if the aortic diameter reaches 4 cm in patients
with risk factors or 4.5 cm in patients without risk
factors.13
The Journal of Thoracic and Ca
Shprintzen-Goldberg syndrome. Shprintzen-Goldberg
syndrome is associated with a genetic mutation in the SKI
gene that can result in systemic features similar to those
in MFS and LDS.20 Unlike MFS or LDS, aortic disease is
not the defining feature in Shprintzen-Goldberg syndrome,
and cardiovascular abnormalities are generally less severe.
Although the evidence for SKI as a direct causative gene for
HTAAD was classified as “moderate,”4 it remains benefi-
cial on aortopathy gene panels to distinguish Shprintzen-
Goldberg syndrome from other syndromes with a higher
risk of aortic complications.
Vascular Ehlers-Danlos syndrome. Vascular Ehlers-
Danlos syndrome (ie, Ehlers-Danlos type IV) is caused by
pathologic variants in the collagen gene COL3A1. This dis-
ease is characterized by fragile vascular tissues, and aortic
dissection occurs at smaller aortic diameters than in the other
syndromic disorders.21 Because a strong association has been
consistently observed between pathogenic variants of
COL3A1 and acute aortic dissection, COL3A1 was classified
as “definitive” in its association with HTAAD.4 To minimize
the risk of dissection, repair is recommended in the appro-
priate patients when aortic diameter reaches 4.5 cm.13
Nonsyndromic Disorders
Patients who present with isolated cardiovascular disease

without systemic features are classified as nonsyndromic.
At least 20% of patients with non-syndromic TAAD have
been shown to have a strong family history; these cases
are termed familial thoracic aortic aneurysms (FTAA).13

In the absence of syndromic features, genetic testing is
recommended for patients who present with TAAD at a
young age (younger than age 50 years) or with a positive
family history.22,23 The Netherlands National Working
Group on Bicuspid Aortic Valve and Thoracic Aortic Aneu-
rysms has also recommended testing patients between ages
of 50 and 60 years who present with TAAD without a his-
tory of hypertension.23 Genetic testing in patients with non-
syndromic HTAAD involves using panels that include a
large set of known causative genes.
TheAmericanCollege ofCardiologyFoundation/American

Heart Association guidelines for the management of thoracic
aortic aneurysm specify that mutations in FBN1, TGFBR1,
TGFBR2, COL3A1, ACTA2, or MYH11 prompt further aortic
imaging in first-degree relatives of patients with TAAD.14

Those genes, as well as SMAD3, TFGB2, MYLK, LOX, and
PRKG1 are classified as “strong or definitive” in their relation-
ship to HTAAD by Renard and colleagues.4 An ideal aortop-
athy gene panel would include these “strong or definitive”
genes and minimize variants of uncertain significance.
Screening beyond first-degree relatives may also be

indicated. A recent systematic review by Mariscalco and
colleagues24 revealed that nonsyndromic thoracic aortic
disease affected more than 30% of first-degree and 20%
rdiovascular Surgery c Volume 160, Number 4 903
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of second-degree relatives. However, increased screening
for FTAA highlights the importance of using only rigor-
ously validated genes when making clinical decisions based
on genetic variants. Testing positive for a variant of uncer-
tain significance may result in family members undergoing
costly imaging for a disease they may not be at risk for
developing. Alternatively, testing negative for a variant
may provide false reassurance. Although genetic screening
has become less expensive, the cost of testing does not ac-
count for imaging and surveillance studies after a positive
result. Cost analysis of aortopathy screening was not per-
formed in any of the studies included in the review by Mar-
iscalco and colleagues,24 indicating an area for future study.

Because of the increased likelihood of aortic dissection at
smaller aortic diameters in patients with FTAA, the optimal
recommended timing of surgery in these patients is generally
when aortic aneurysm diameter reaches 4.5 cm.13,14 In pa-
tients who have a strong family history without a genetic
diagnosis, repair is recommended at 5.0 cm.13 Recommenda-
tions for the timing of repair in patients with FTAA may
become more specific as the likelihood of dissection associ-
ated with each gene is better understood. Mariscalco and col-
leagues24 showed that aortic dissection occurred at aortic
diameters smaller than 4.5 cm in only some of the genes stud-
ied, including FBN1, FOXE2, MYLK, PRKG1, SMAD3,
TGFB2, TGFBR1, and TGFBR2. Other genes associated
with FTAA, such as ACTA2, LOX, andMYH11, were associ-
ated with dissection at diameters larger than 5.5 cm. These
findings suggest that risk stratification could be used to deter-
mine the timing of surgical repair for patients with nonsyn-
dromic HTAAD. The standardized reporting of
measurement location and methodology for each genetic
variant will also be helpful in consolidating the results of
different studies to make definitive recommendations.

FURTHER CONSIDERATIONS IN THE TIMING OF
REPAIR

In addition to stratifying risk based on genetic diagnosis,
other patient factors must be considered when counseling
patients on the timing of repair. Measuring the indexed
aortic diameter along with the true aortic diameter may be
helpful, particularly in women or patients with smaller stat-
ure. Some authors have advocated using maximal aortic
aneurysm cross-sectional area divided by the patient’s
height as an approach to adjusting for body size, with a
recommendation to consider surgery when this value ex-
ceeds 10.14 Concerning features such as a family history
of early disease progression or an increased rate of expan-
sion (more than 0.5 cm/year) indicate the need for earlier
repair.14 Increased vessel tortuosity has also been shown to
be associated with an increased risk of adverse outcomes.25

The risk of aortic dissection is markedly increased during
pregnancy in patients with HTAAD because of changes in
hemodynamic parameters, as well as in the aortic media.26
904 The Journal of Thoracic and Cardiovascular Surg
Therefore, preconception counseling and imaging of the
entire aorta are recommended. Elective aortic root repair is
generally recommended in patients with MFS when aortic
aneurysm size exceeds 4.5 cm, or in patients with LDS
when aortic aneurysm size exceeds 4.0 cm.13 In patients
with FTAA, aortic root repair is generally recommended at
an aneurysm size of 5.0 cmor larger.13 During pregnancy, pa-
tients remain at risk for aortic events distal to the ascending
aorta, and frequent evaluation is indicated.15

Bicuspid aortic valve (BAV) is also associated with non-
syndromic TAAD. Compared with patients who have triscus-
pid aortic valve, a history of BAValone has not been shown to
be a risk factor for dissection at smaller aneurysm sizes, and
repair is recommended at 5.5 cm.13,27 Screening the first-
degree familymembers of patients with BAV for both valvular
abnormalities and ascending aortic aneurysm is recommen-
ded.14 If a patient is undergoing aortic valve replacement,
concomitant prophylactic replacement of the ascending aorta
is considered if the aortic diameter is larger than 4.5 cm.13,27

CONCLUSIONS AND FUTURE DIRECTIONS
Genetic sequencing has significantly increased in power

and availability and has immense potential for improving
the diagnosis and management of HTAAD. However, many
of the gene–disease relationships identified through genetic
sequencing have been questionable, resulting in potentially
unnecessary stress and surveillance. The curation methodol-
ogy used by the Aortopathy Working Group4 provides a
living framework for evaluating and re-evaluating genes
with a potential relationship to HTAAD.Asmore data are ac-
quired, new genes with “definitive” or “strong relationships”
to HTAAD will continue to be identified. With this ongoing
expansion of data from researchers studying heritable aortic
disease, standardizing reporting methods is critical. Renard
and colleagues4 have provided a table of minimal clinical
and genetic data that should be reported. The consistent re-
porting of phenotypic features and cardiovascular disease
presentation will optimize future gene curation.

The increased ability to provide patients with a specific ge-
netic diagnosis that can be confidently linked to aortic dis-
ease has important implications. A definitive genetic
diagnosis itself may improve outcomes by prompting pa-
tients and physicians to have a high index of suspicion for
aortic complications. For example, patients with known
MFS have been shown to have a shorter length of time
from the onset of symptoms to the diagnosis of acute aortic
dissection.28 Asmore data are collected, increasingly person-
alized recommendations for patients with HTAAD are
possible. In addition to the variation in the timing of surgical
intervention described above, knowledge of the expected
clinical course for a given pathogenic variant allows for
more precise risk stratification in patients undergoing the
medical management of hereditary aortic disease. This may
help guide the choice of antihypertension or
ery c October 2020
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antihyperlipidemia medications. Understanding an individ-
ual’s risk of developing aortic dissection or aneurysm rupture
may also be helpful when weighing the risks and benefits of
starting a medication that is potentially detrimental to the
aortic wall. For example, fluoroquinolone use has been clin-
ically associated with an increased risk of aortic aneurysm
and dissection.29,30 These findings are supported by recent
work from our lab showing in a mouse model of sporadic
aortic aneurysm and dissection that the administration of cip-
rofloxacin increased rates of aortic dissection and rupture.
Identifying genes associated with HTAAD that also show
increased susceptibility to fluoroquinolones may be helpful
in selecting an antibiotic regimen in patients with HTAAD.31

Genetic research continues to expand and has important
implications for the treatment of HTAAD. The gene cura-
tion effort by the Aortopathy Working Group4 has estab-
lished a list of “clinically valid” genes in HTAAD, with
the potential for adding new genes as data become avail-
able. Limiting the genes used in the clinical setting to
only those that are well validated ensures that evidence-
based information is used when counseling patients with a
specific pathogenic variant.
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