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Central Message

Screening for nonsyndromic TAAD is valuable

and is becoming a cornerstone of clinical aortic
Nonsyndromic thoracic aortic aneurysm and dissection (TAAD) account for
95% of all TAAD cases and comprise a subset in which the lack of obvious
clinical signs makes diagnosis a challenge. Despite the potentially fatal natu-
ral history, timely diagnosis and prophylactic surgical intervention allow res-
toration of near-normal life expectancy in TAAD patients, underlining the
critical importance of screening tests. To date, more than 30 TAAD disease-
causing genes have been identified, and over 30% of nonsyndromic TAAD
patients have a genetic mutation in 1 or more of these genes. Whole exome
sequencing allows routine genetic testing in a clinical setting by screening
for all TAAD-related genes, thus facilitating personalized aortic care. Addi-
tionally, increased vigilance upon diagnosis of certain TAAD-related dis-
eases (“guilty associates”) and the emergence of modern radiologic and
novel serologic screening tests will further bolster efforts to detect undiag-
nosed asymptomatic nonsyndromic TAAD.
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INTRODUCTION
Although the prevalence of thoracic aortic aneurysm

(TAA) is relatively high, occurring in approximately 1% of
the general population,1 timely diagnosis of this pathologic
entity remains a challenge for clinicians. TAAs usually grow
slowly and silently to the point of either dissection and/or
rupture, with the most common presenting symptom being
death.2 In fact, aneurysm and dissection of the aorta is one
of the major causes of death in humans, accounting for
1�2% of deaths in Western countries.1 However, even this
statistic may represent an underestimation, as sudden
deaths are commonly attributed to coronary artery disease,
when in fact the cause of death may have been from an
aortic event: a postmortem study using computerized
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tomography at autopsy identified Type A aortic dissection
as the cause of death in 7% of out-of-hospital cardiopulmo-
nary arrests.3

Despite the natural virulence of TAAD, elective surgical
intervention can be performed with remarkable safety in the
present era, restoring survival to that of the general “healthy”
population.4 In our experience, mortality in all categories of
elective ascending aortic and arch operations ranges only from
0% to 1.9%.5�8

Therefore, the critical challenge at hand is to identify undiag-
nosed asymptomatic patients via screening, so as to allow mon-
itoring and timely surgical intervention to change the
potentially lethal fate of TAA.

Over the past 2 decades, it has become evident that
TAADs, especially those involving the ascending and trans-
verse arch portion of the aorta, are often familial in nature
and be passed on from one generation to the next. To
date, more than 30 genes have been discovered that cause
TAAD, which provide the basis for genetic testing and even
potential screening of individuals for this mainly asymp-
tomatic condition. In this manuscript, we review the cur-
rent understanding of the genetics of TAAD and discuss
the role of genetic testing in providing care for such
patients.
679/$�see front matter © 2019 Elsevier Inc. All rights reserved.
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ADULT � ACTA2
SYNDROMIC VS NONSYNDROMIC THORACIC
AORTIC ANEURYSM AND DISSECTION

Thoracic aortic aneurysm and dissection (TAAD) can be divided
into 2 entities: syndromic and nonsyndromic. Syndromic TAAD
involves other organ systems in addition to the aorta, whereas non-
syndromic TAAD is confined to the aorta. The involvement of
other organ systems can provide overt clinical signs of disease to
alert the physician. Syndromic patients suffer from systemic dis-
eases such as Marfan syndrome, Loeyz-Dietz syndrome, Ehlers-
Danlos syndrome, arterial tortuosity syndrome, aneurysm-osteoar-
thritis syndrome, and cutis laxa syndrome.9 However, these syn-
dromes only contribute approximately 5% of all TAADs, whereas
familial and sporadic nonsyndromic TAAD account for 95% of
TAAD.9,10 Furthermore, the distinct cardiovascular, musculoskele-
tal, and ocular phenotypic manifestations of syndromic TAAD
may bring these patients to medical attention earlier in their dis-
ease, whereas the lack of overt clinical stigmata in nonsyndromic
TAAD patients delays diagnosis, underlining the importance of
screening in this regard.

FAMILIAL PATTERNS OF NONSYNDROMIC TAAD
The discovery of familial aggregation of abdominal aortic

aneurysms (AAA) by Tilson at Yale in 198411 ultimately trig-
gered a search for genetic factors contributing to the develop-
ment of TAA in the late 1990s.12,13

Nonsyndromic TAAD can be divided into familial or spo-
radic, with familial nonsyndromic TAAD referring to the
instance when more than one family member harbors an arte-
rial aneurysm (familial clustering). Our previous studies con-
firmed the role of genetics in the causation of TAA by way of
detailed family pedigree analyses.12,14 Among patients with
nonsyndromic TAAD, we demonstrated that 21.5% had famil-
ial clustering and followed a predominantly autosomal domi-
nant mode of inheritance.14 However, this 21.5% statistic
almost certainly represents an underestimation, as most family
members of affected patients have not undergone the aortic
imaging (echocardiography or computed tomography) neces-
sary to reveal an aneurysm.14 Compared to the sporadic form,
we also found that patients in the familial category of the dis-
ease manifested an earlier age at presentation (58.2 vs 65.7
years) and a higher growth rate (0.21 vs 0.16 cm/y),14

highlighting the virulence of familial TAAD and arguing
strongly in favor of routine screening of all first-order family
members of patients presenting with TAA. In fact, recent rec-
ommendations stipulate that second-degree relatives of
patients with familial nonsyndromic TAAD should also be
screened, as this results in diagnosing otherwise silent disease
in a significant number of patients (Fig. 1).15

The genetic predisposition observed in the realm of nonsyn-
dromic TAAD kicked off an aggressive search for new genes
that could be related to the development of TAAD.

GENES ASSOCIATED WITH TAAD
It is now widely accepted by the medical community that

while descending aortic aneurysms are degenerative in nature
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and linked to pathologies such as atherosclerosis, hyperlipidemia,
and hypertension, the etiology of ascending aortic aneurysms is
predominantly linked to a crucial genetic component.10,16

To date, gene discovery efforts have identified over 30 genes
associated with the development of thoracic aortic aneurysm
or dissection (TAAD). In fact, over 30% of familial nonsyn-
dromic TAAD patients harbor a pathogenic variant in one or
more of these genes.17 From among these 30-plus genes, path-
ogenic variants in only 14 were found to be related with famil-
ial nonsyndromic TAAD,18 while the remaining genes are
associated with syndromic TAAD.

Most of the identified genes encode proteins related to extra-
cellular matrix (FBN1, FBN2, COL3A1, EFEMP2, ELN, EMILIN1,
MFAP5, LOX, BGN), smooth muscle cell contractile units
(MYH11, ACTA2, MYLK, PRKG1, FLNA, MAT2A, FOXE3), or
TGF-Beta signaling pathways (TGFBR1 and TGFBR2, TGFB2 and
TGFB3, SMAD, SKI, SLC2A10).9 The medial layer of the aorta is
predominantly composed of smooth muscle cells. Therefore, it is
intuitive that mutations occurring in genes that encode elements
of the contractile unit within a muscle cell could disrupt the
medial layer.9 Consequently, this impairment decreases the abil-
ity of these cells to properly regulate and remodel the extracellu-
lar matrix of the aortic tunica media.19

Mutations in ACTA2, a smooth muscle cell gene, have
proven to be the most common causative aberration in nonsyn-
dromic TAD, accounting for 12�21% of cases.18 Literature
review of ACTA2 mutation patients identifies cases where dis-
section has occurred at aortic dimensions less than 5 cm, mak-
ing it extremely important to identify patients with these
mutations, so that prophylactic aortic repair can take place
prior to the usual recommended threshold of 5�5.5 cm.

KIF6, one of the more recently identified genes that poses a
risk for aortic dissection, was first linked with coronary heart
disease (CHD).20 The KIF6 gene codes for a protein from the
kinesin superfamily, which is involved in the important role of
intracellular transportation (KIF6).20 The KIF6 719Arg variant,
specifically, was shown to increase the risk of patients develop-
ing CHD. Our group studied the possibility of mutations in
this gene predisposing to TAAD.20 Even after controlling the
potential confounding variable of patients having CHD, pres-
ence of the KIF6719Arg variant was associated with 2-fold
higher odds of aortic dissection compared with noncarriers.20

Despite the fact that nonsyndromic TAAD has been studied as
a separate entity from syndromic TAAD, genetic studies have
shown an overlap among genes between syndromic and nonsyn-
dromic patients. For example, mutations in FBN1, the gene
related to the pathogenesis of aortic disease in Marfan’s syn-
drome, have also been associated with sporadic nonsyndromic
TAAD.21 Furthermore, there are certain mutations that have
proven to predispose to aortic dissection at a smaller diameter,
necessitating surgical intervention at an earlier stage (Fig. 2).17

With the burgeoning armamentarium of culprit genes at our
disposal, genetic screening of individual patients provides a
personalized insight into the development and progression of
the disease, thereby better guiding surgical intervention.
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Figure 1. Proposed flow chart for a dedicated screening program for relatives of patients affected by nonsyndromic diseases of the
thoracic aorta based on the authors’ extensive literature review. The figure represents the best judgment of the authors. BAV,
bicuspid aortic valve; CT, computed tomography; FDRs, first-degree relatives; MRI, magnetic resonance imaging; NS-TAD, non-
syndromic thoracic aortic disease; SDRs, second-degree relatives; TTE, transthoracic echocardiogram. (Reproduced with permis-
sion from ref. 15).
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Furthermore, molecular genetic analysis provides invaluable
information to family members of the proband, for they may
be carrying the same mutation. Determining whether family
members carry the proband’s aortic mutation is useful no mat-
ter what the result. Carriers can be followed very closely, while
noncarriers are relieved of the emotional burden of expecting
an aneurysm and undergoing serial monitoring. While differ-
ent family members can carry the same pathogenic variant, the
presentation of each individual might be substantially different
due to variable penetrance.

ROUTINE GENETIC TESTING FOR TAA
Since 2012, we have been ordering genetic screening by way

of whole exome sequencing (WES) on nearly all patients pre-
senting to the Yale Aortic Institute. WES encompasses DNA
sequencing of all coding regions (exons) of a genome and
630 Seminars in T
provides the following benefits: (1) it is comprehensive, includ-
ing (but not limited to) testing all the 30-plus TAAD genes that
have been identified to date (all in one single test done at one
laboratory); (2) data can be reanalyzed retrospectively because
the entire exome is sequenced, permitting testing of new dis-
ease-causing genes as they are discovered; (3) it is usually more
affordable and efficient than testing individually for specific
genes and syndromes in various laboratories; and (4) it pro-
vides genome-wide data that can be “mined” for new muta-
tions.16 The fact that the genes identified to date only account
for approximately 30% of aortic diseases in nonsyndromic
TAAD patients leads us to believe that there are many more
genes yet to be discovered.18

The information gleaned from WES becomes very valuable
for family members of the proband. Once an individual is
found to have a specific mutation, we look for that specific
horacic and Cardiovascular Surgery � Volume 31, Number 4



Figure 2. Ascending aorta dimensions for prophylactic surgical intervention. Any gene newly reported during the past year to be
associated with TAAD is highlighted in red. ECM, extracellular matrix; SMC, smooth muscle cell; TAAD, thoracic aortic aneurysm
and/or dissection; TGF, transforming growth factor. (Reproduced with permission from ref. 17).

ADULT � ACTA2
mutation using the less complex and cheaper “single-site”
Sanger sequencing method in their family members.22 In this
technique, sequencing is targeted to the gene already shown to
harbor an anomalous variant in the proband genome.22 This
way, instead of going through the “whole genetic alphabet” we
can focus on the more likely culprit “letter” found in the pro-
band. To date, we have tested over 400 TAAD patients using
WES (Fig. 3).

We recently completed (to the best of our knowledge) the
largest genetic analysis of nonsyndromic TAAD to date, in
concert with our colleagues from the United Kingdom (on
blood and saliva samples from UK patients and surgical aor-
tic specimens from Yale Aortic Institute patients) using tar-
geted polymerase chain reaction and a next-generation
sequencing-based panel.21 Identified genetic variants were
classified as either “pathogenic,” “likely pathogenic,” “variant
of uncertain significance,” or “likely benign” according to
the American College of Medical Genetics and Genomics.23

We found that most pathogenic or likely pathogenic variants
were found in genes recognized to cause syndromic TAAD
(FBN1, TGFBR1, TGFBR2, COL1A1, COL1A2, COL3A1,
COL5A1, and COL5A2 genes). Furthermore, the probability
of carrying a pathogenic or likely pathogenic variant was ele-
vated in patients with a syndromic element, ascending aortic
aneurysm, positive family history of aortopathy, and early
age at presentation.21
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“GUILT BY ASSOCIATION—PARADIGM FOR
DETECTING A SILENT KILLER”

Previous studies by our group have identified a number of
diseases, or “guilty associates” that have a close association
with TAAD (Fig. 4).24 These include intracranial aneurysm,
bovine aortic arch, abdominal aortic aneurysm, renal cysts,
bicuspid aortic valve, family history of aortic/aneurysm disease,
thumb-palm test, temporal arteritis, and aortic coarctation.24

Diagnosis of these clinical conditions should prompt thorough
screening for TAA.

RADIOGRAPHIC SCREENING
The current US Guidelines for the Diagnosis and Manage-

ment of Patients with Thoracic Aortic Disease recommend
imaging of the aorta for all first-degree relatives of patients
diagnosed with TAAD. If one of the imaging screenings of a
first-degree relative comes back positive, it is recommended
that second-degree relatives also be screened for aortic
dilation.25

The most widely used imaging modalities for TAA screening
include echocardiography (transthoracic and transesophageal),
computed tomography (CT) scan, and magnetic resonance
imaging (MRI). FDG-PET/CT imaging, a vascular metabolic
imaging technique pioneered by Sakalihasan and colleagues
from Liege (Belgium), is also emerging as a method to monitor
aortic aneurysm disease progression and to predict the risk of
, Number 4 631



Figure 3. Frequency distribution of genetic defects in TAAD-related genes based on the Yale Aortic Institute routine genetic testing
program. (In part based on data from ref. 16).

Figure 4. Paradigm of “Guilt by Association” for detection of silent thoracic aortic aneurysms. (Reproduced with permission from
ref. 24).
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adverse aortic events, based on intensity of fluorodeoxyglucose
(FDG) uptake by inflammatory cells.26

There exists no “gold-standard” imaging modality for TAAs,
with each method having its own limitations and advantages.
Echocardiography is most useful for visualizing the aortic root,
and CT and MRI for the remaining segments of the aorta (mid
ascending, arch, and descending aorta). The use of all 3 modal-
ities allows for a comprehensive assessment of the aorta.27

Radiographic screening of aneurysms is extremely valuable
and addresses the most directly correlated factor for aortic
operation: the size of the aneurysm. However, imaging alone
does not suffice. We cannot image the entire general popula-
tion, where detection of asymptomatic TAA is paramount.
However, negative imaging may lead to missed aneurysms that
have not yet reached a detectable size. There are times when
negative events might occur without the aorta having gone
through a significant enlargement, especially in the setting of
pathogenic TAAD-causing genetic mutations, as detailed previ-
ously. This emphasizes the urgent need for biomarkers for
TAAs, and better screening tools for nonsyndromic TAD, as we
describe immediately below.

PROSPECTIVE SCREENING: RNA SIGNATURE
In addition to looking at the genetic profile of our patients

(DNA), we are currently working on identifying RNA expression
patterns in peripheral blood that could be diagnostic for TAA.
Success in such work would constitute a major advancement in
the clinical care of the general population. Our previous study
identified a distinct gene expression “RNA signature” in periph-
eral blood that was able successfully to identify whether a patient
had an aneurysm with over 80% overall accuracy.28 Further-
more, this RNA Signature test was able to differentiate very accu-
rately between ascending vs descending aortic aneurysm, and
between familial or sporadic TAA.28 We are currently complet-
ing a follow-up study aimed at validating our previous findings
and developing a clinically useful simple blood test that can not
only detect and monitor aneurysm disease, but also biologically
predict the risk of catastrophic aortic events based on the differ-
ential expression of aneurysm-related RNAs.

CONCLUSION
With the array of novel genetic, radiologic and serologic tests

becoming available in the context of aneurysm disease of the
aorta, screening for nonsyndromic TAAD in the current era is
very much possible—certainly for family members of aneu-
rysm patients, and, we hope for the general population or
selected subgroups of the general population.

Screening of nonsyndromic TAAD is very valuable and is
becoming a cornerstone of clinical aortic care, helping to cap-
ture undiagnosed asymptomatic patients before they suffer a
devastating complication. We are already witnessing patients
and affected family members being detected and safely stew-
arded through protective surgery.

Whereas radiological screening does address one of the most
important determinants for prophylactic surgical intervention,
Seminars in Thoracic and Cardiovascular Surgery � Volume 31
the size of the aneurysm, many nonsyndromic TAAD patients
in whom surgery is indicated may well be missed when relying
on imaging alone. Aortic size is not always a reliable indicator
for surgical intervention since some patients may develop aor-
tic dissection or rupture before reaching the 5.5 cm guideline-
defined threshold for surgical intervention,26,29 depending on
their genetic profile. Genetic screening allows provision of per-
sonalized aortic care, tailored to each individual patient, as well
as prognostic information on disease development and pro-
gression according to the involved gene. As genetic testing for
TAA becomes more widely available and further genes and
mutations are discovered, more undiagnosed and asymptom-
atic cases of nonsyndromic TAAD will be captured before lethal
events, substantially changing the fate of this silent killer.
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