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The impact of genetic factors and testing on operative

‘ t') Check for updates

indications and extent of surgery for aortopathy

Elizabeth L. Norton, MS," and Bo Yang, MD, PhD"

Feature Editor Note—Great strides have been made in
understanding the genetic basis of thoracic aortic disease.
While many cases do not have a clear heritable pattern, for
those that do, knowledge of the genetic basis may have
direct implications for management of both the patient and
their relatives. Numerous causative genes have been
identified for both syndromic and nonsyndromic heritable
thoracic aortic disease, and it is expected that many more
have yet to be discovered. The patterns of aortic disease
associated with each mutation are being investigated, and
from this, we are learning that patient management should
be gene-specific. For example, the diameter threshold for
elective aortic resection and the extent of resection should
be tailored not just to the named syndrome but also to the
specific gene mutation, when it is known. In the
accompanying review, Yang and colleagues explain the
current state of genetic testing and its future in the
management of both patients and families with heritable
thoracic aortic disease.

Leora B. Balsam, MD

Thoracic aortic aneurysm affects 5.9 in 100,000 people a
year,I whereas acute aortic dissection affects 5 to 30 million
people a year” with 20% to 30% of patients with a thoracic
aortic aneurysm or dissection (TAAD) having an underlying
genetic predisposition.”* To date, variants in more than 30
genes have been implicated in TAAD,” with definitive or
strong evidence for 11 genes.” Heritable thoracic aortic dis-
ease (HTAD) can be syndromic—associated with addi-
tional systemic features, such as Marfan syndrome (MFS)
or Loeys—Dietz syndrome (LDS)—or nonsyndromic, as
with ACTA2, MYLK, and MYHI1 mutations.’ Although all
variants in causative genes are known as heritable thoracic
disease, each gene mutation behaves differently, resulting in
varying clinical courses. Identification of patients at risk
and understanding of the pathology and clinical course of
each mutation can facilitate clinical decision-making and
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Considerations in Genetic Aortopathy

Genetic testing, timing, and extent of resection in
patients with pathogenic variants.

CENTRAL MESSAGE

The recognition of genetic aort-
opathy is critically important in
the management of aortic dis-
ease and management should be
tailored based on specific causa-
tive genetic variant.

See Commentary on page 24.

improve outcomes in TAAD. In this review, we uniquely
(1) discuss the strategy of managing each aortopathy based
on the individual gene mutations instead of the named syn-
dromes; (2) incorporate the latest publications, such as sex
differences in patients with TGFBRI mutations and the dif-
ference in aortic events between SMAD3 mutations and
TGFBRI and TGFBR2 mutations despite being under the
LDS umbrella term; (3) discuss the management of these
patients from a surgical standpoint, both when to operate
based on specific gene mutations and how much to resect
in the initial elective surgery or emergent acute type A
dissection repair to prevent future complications and reop-
erations; and (4) provide a comprehensive list of Clinical
Laboratory Improvement Amendments—certified genetic
tests, respective company, and what genes are analyzed
with each test respectively.

GENES OF HTAD

The majority of causative variants categorized as HTAD
have been identified in genes that encode proteins of the
extracellular matrix, involved in vascular smooth muscle
contraction and metabolism, and transforming growth fac-
tor-G signaling pathways that are essential to the integrity
of the aortic wall.> MFS, LDS, and vascular Ehlers—
Danlos syndrome (VEDS) primarily comprise syndromic
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HTAD with mutations in FBNI, TGFBRI and TGFBR2,
and COL3A1I, respectively, with other syndromic TAAD
having been reported, although less prevalent and with
less cardiovascular burden.” " Other systemic features of
syndromic TAAD often include involvement of the
musculoskeletal, ocular, cutaneous, and integumentary
systems among others such as joint laxity, long bone
overgrowth, ectopia lentis, pectus deformity, scoliosis,
skin striae, etc.

MES is an autosomal-dominant connective tissue disor-
der that results from mutations in FBNI, the gene for
fibrillin-1 (an essential component of the extracellular ma-
trix), which results in skeletal (long bone overgrowth, joint
laxity, vertebral column deformity), ocular (lens displace-
ment, myopia), and cardiovascular (aortic root aneurysm
and dissection, mitral valve prolapse) abnormalities, among
others. The cardiovascular abnormalities, specifically aortic
dissection and rupture, are the leading cause of morbidity
and mortality."'

LDS is an autosomal-dominant connective tissue disor-
der that results from mutations in TGFBRI, TGFBR2,
SMAD3, TFGB2, and TGFB3, which encode proteins of
the TGF-8 signaling pathway, a critical pathway in blood
vessel development and vascular maintenance.”'" Patients
with LDS exhibit many overlapping features with MFS
(joint laxity, pectus, joint laxity, long bone overgrowth)
and VEDS (easy bruising, thin skin); however, craniofacial
features such as ocular hypertelorism, bifid uvula/cleft pal-
ate, and cervical spine instability are unique to LDS.” In
addition, aortic disease in LDS tends to be more severe
and aggressive, with aortic dissection and rupture at
younger ages and smaller aortic diameters and more wide-
spread vasculopathy, with aneurysms being more wide-
spread and not limited to the aorta as in MES.*"'?

vEDS is an autosomal-dominant connective tissue disor-
der that results from mutations in COL3A 1, the gene for pro-
alphal chains of type III collagen (the major structural
component of large blood vessels).® VEDS has the worst
prognosis of all EDS subtypes and is characterized by ab-
normalities of the skin and joints as well as arterial, intesti-
nal, and uterine fragility, with arterial dissection or rupture
being the most common cause of death, including the
thoracic or abdominal aorta.'”

Nonsyndromic HTAD, isolated cardiovascular findings
without systemic features, is a heterogeneous cohort of pa-
tients in which the underlying genetic causes include muta-
tions in ACTA2, MYHI11, MYLK, PRKGI, LOX, FOXE3,
MAT2A, MFAPS, BGN, ELN, NOTCHI, and COL5AI,
among others, in addition to FBNI, FBN2, TGFBRI,
TGFBR2, SMAD3, TFGB2, TGFB3, and COL3A1, which
can be syndromic or nonsyndromic,” with definitive or
strong for variants in ACTA2, COL3Al, FBNI, MYHII,
SMAD3, TGFB2, TGFBRI, TGFBR2, MYLK, LOX, and
PRKGI" (Table 1). In patients with nonsyndromic TAAD,
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TABLE 1. Genes with strong or definitive evidence associated with
syndromic and nonsyndromic heritable thoracic aortic disease

Heritable thoracic aortic

disease Associated genes
Syndromic
Marfan syndrome FBNI
Loeys-Dietz syndrome TGFBRI, TGFBR2, TGFB2, SMAD3
Vascular Ehlers—Danlos COL3A1
syndrome
Nonsyndromic ACTA2, MYLK,MYHI11, PRKGI, LOX

up to 20% have a strong family history—termed familial
thoracic aortic aneurysm and dissection, with up to 30%
of nonsyndromic HTAD having a causative pathogenic
variant in one of the known HTAD-related genes. The un-
derlying gene in which the pathogenic mutation is located
can predispose to a certain phenotype, for example, patients
with pathogenic variants in PRKGI present with aortic
dissection relatively early in life and at smaller aortic
diameters."”

Bicuspid aortic valve (BAV) is a heterogenous disorder
with associated aortopathy and despite established herita-
bility, specific causative variants remain unsubstantiated.
Genes with the most extensive evidence are NOTCHI,
GATA factors (GATA4, GATAS5, GATA6), KROX22, and
ROBO4; however, all of the variants combined account
for a small percentage of BAV cases and the mutations
are yet to be identified in the majority of BAV cases.'” "
Mutations in NOTCHI and ROBO4 have the most
evidence and could be associated with BAV; however,
clinical decisions are not based on genetic variants in
BAV since the association is not strong and there are no
genetic tests. Patients with BAV can be classified
clinically into 2 subtypes based on valvulopathy and
aortopathy as we presented previously'®: (a) malignant
form—root aneurysm and aortic insufficiency—and (b)
benign form—ascending aneurysm and aortic stenosis and
could be treated with a more aggressive and conservative
approach, respectively. Patients with BAV can be managed
based on phenotype as well as family history. For patients
with BAV we recommend an elective operation for thoracic
aortic aneurysm (root/ascending) at 5 cm for patients with a
family history of aortic dissection.

GENETIC TESTING

Advances over the past 20 years have led to increased dis-
covery and understanding of genetic and molecular mecha-
nisms involved in TAAD, with the number of causative
variants increasing with time; however, many still lack ev-
idence or remain undiscovered. Although a majority of
TAAD are degenerative in nature with hypertension as the
major risk factor, genetic predisposition is the second major
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risk factor.””' Genetics are a crucial piece in determining
clinical management of TAAD. Guidelines for when to pur-
sue surgical intervention are primarily based on aortic
diameter criteria; however, diameter ranges indicating a
need for surgical repair vary based on etiology. The Amer-
ican Heart Association/American College of Cardiology
guidelines”™ recommend that patients with genetically
mediated aneurysms undergo elective surgical repair at an
ascending or aortic root diameter of 4.0 to 5.0 cm, depend-
ing on the condition. However, underlying genetic etiology
often is unknown at time of presentation with TAAD, and
the identification of pathogenic genetic variants have the
potential to improve management and direct treatment stra-
tegies. A recent study by our group” identified pathogenic
variants in 10.8% of patients with a history of thoracic
aortic dissection, with pathogenic variants identified in
COL3Al, FBNI, LOX, PRKGI, SMAD3, and TGFBR?2. In
addition, age <50 years, no history of hypertension, and
family history of aortic disease were significantly associ-
ated with pathogenic variant carriers””; therefore, young pa-
tients (<50 years old) with a family history and without
hypertension should undergo genetic testing.

Similarly, Verhagen and colleagues”* recommend ge-
netic testing in patients with a thoracic aortic aneurysm
>45 mm or dissection and (1) age at diagnosis <50 years,
or (2) age at diagnosis 50-60 years and no hypertension,
or (3) positive family history, of (4) presence of syndromic
features.”* If the patient has a pathogenic variant, either syn-
dromic or nonsyndromic, then their family should be tested.
In nonsyndromic HTAD, first- and second-degree relatives
of patients with familial nonsyndromic HTAD and first-
degree relatives of patients with sporadic nonsyndromic
HTAD should be screened.” HTAD is a genetically hetero-
geneous disease: clinical manifestations overlap with many
different gene mutations, and current sequencing tech-
niques make it possible to sequence multiple genes within
a short period of time at an affordable cost; therefore,
testing of aortopathy gene panel should be conducted. Cur-
rent aortopathy panels vary in genes they analyze, analyzing
4-52 genes depending on the company (Table 2). Milewicz
and Regalado’ suggest genetic panels include some or all of
16 genes known to predispose to TAAD: ACTA2, BGN,
COL3Al, FBNI1, FOXE3, LOX, MAT2A, MFAPS5, MYH11,
MYLK, PRKGI, SMAD3, TGFB2, TGFB3, TGFBRI,
TGFBR2. ACTA2, FBNI1, MYH11, SMAD3, TGFBRI, and
TGFBR?2 are included in >90% of available panels (Table
3). If a high-risk, young patient returns a negative panel,
additional testing such as whole-exome sequencing,
genome-wide screening,”® and copy-number vibration anal-
ysis®’ may be indicated. In addition, testing could result in
identification of a variant of unknown significance or a path-
ogenic variant in a gene not yet identified. Even if all ge-
netic testing is negative, all first-degree family members
should undergo aortic imaging to rule out thoracic aortic

disease,” because there are many pathogenic variants not
discovered yet. Clinical genetic testing may help to prevent
devastating events, such as thoracic aortic dissections and
death, for patients and family members of pathogenic
variant carriers who are high risk but have yet to develop
the aortopathy.

IMPLICATIONS OF POSITIVE GENETIC TESTING

Genetic testing can return results indicating identification
of (1) a pathogenic variant (variant in the gene identified is
known to causative), (2) a variant of unknown significance
(variant in known HTAD-gene that remains unclear if it is
disease causing), and (3) no variant identified in the panel
tested (does not guarantee absent risk as mutation could
be present in genes not tested).”® Identification of a patho-
genic variant in an HTAD gene can occur in a variety of set-
tings and directly impacts the clinical decision making in
the patient carrying the variant as well as the patient’s
first-degree relatives. In a young patient who presents
with a thoracic aortic aneurysm with a family history of
aortic disease or systemic features of syndromic TAAD,
identification of a pathogenic variant can change surveil-
lance and threshold diameter criteria for prophylactic surgi-
cal repair to prevent aortic dissection or rupture and lead to
identification of TAAD in first-degree relatives, potentially
leading to surveillance and prevention of catastrophic aortic
events. However, it is important to use only well-validated
genes for decision-making in the clinical setting, especially
as new genes are identified.”’

If a pathogenic variant is identified in FBNI and the pa-
tient is diagnosed with MFS, an echocardiogram is recom-
mended at time of diagnosis, 6 months thereafter, and then
annually to assess aortic root and ascending aorta diame-
ters.”> Prophylactic surgical repair of the aortic root or
ascending aorta is indicated at an aortic diameter of
5.0 cm and smaller diameters if there is rapid growth
(>0.5 cm/year), family history of aortic dissection at a
diameter <5.0 cm, of if there is significant aortic
regurgitation.””*"

If a pathogenic variant is identified in TGFBRI,
TGFBR2, TGFB2, or SMAD3 and the diagnosis of LDS is
made then complete aortic imaging should be performed
at time of initial diagnosis and 6 months thereafter, similar
to patients with MFS. However, patients with LDS should
have an annual magnetic resonance imaging from the cere-
brovascular circulation to the pelvic circulation as the arte-
rial aneurysms in patients with LDS can be widespread.””
The American Heart Association/American College of Car-
diology guidelines recommend prophylactic aortic repair
when the aortic root or ascending aortic diameter is
>42 cm on transesophageal echocardiogram and
>4.4 cm on computed tomography or magnetic resonance
imaging.”” Prophylactic surgical repair of the aorta in adult
patients with LDS is reasonable when the aortic root or
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TABLE 2. Genetic testing for heritable thoracic aortic disease

Number
Name of genes Genetic panel genes Turnaround time
1 Invitae Aortopathy Comprehensive 24 ACTA2, CBS, COL3A1, COL5A1, COL5A2, EFEMP2, FBNI, 10-21 calendar days
Panel* FBN2, FLNA, FOXE3, MED12, MYHI11, MYLK, NOTCH1, (14 d on average)
PLODI, PRKGI, SKI, SLC2A10, SMAD3, SMAD4, TGFB2,
TGFB3, TGFBRI, TGFBR2
2 ARUP Aortopathy Panel 21 ACTA2, CBS, COL3A1, COL5A1, COL5A2, EFEMP2, FBNI, 3-6 wk
FBN2, FLNA, LOX,t MYHI1, MYLK, PLODI1, PRKGI1, SKI,
SLC2A10,SMAD3, SMAD4, TGFB2, TGFB3, TGFBRI1, TGFBR2
3 OHSU Knight Diagnostic 31 ACTA2, ADAMTS2, B3SGALT6, BAGALT7, CBS, CHSTI14, COLIAI,
Laboratories Familial Aneurysm COLIA2, COL3Al1, COL5A1, COL5A2, FBNI1, FBN2, FKBP14,
and Aortopathy Panel FLNA, MEDI12, MYHI11, MYLK, NOTCHI, PLODI, PRDMS,
SKI, SLC2A10, SLC39A13, SMAD3, TGFB2, TGFB3, TGFBRI,
TGFBR2, TNXB, ZNF469
4 Blueprint Genetics Aorta Panel 52 ABCC6,t ABLI, ACTA2, ADAMTS10, ADAMTS17, ADAMTS2,5 4 wk
ADAMTSLA, ALDHI8AI, ATP7A, B3GAT3,1,5 BGN, CBS,
COLIAI, COLIA2, COL2A1, COL3Al, COL4AS, COL5AI,
COL5A2, COLGALTI1, EFEMP2, ELN, ENPPI1, FBLNS, FBNI,
FBN2, FKBP14, FLNA, FOXE3, GATAS, HCN4, LOX, MAT2A,
MEDI2, MFAPS5, MYHI1, MYLK,: NOTCHI1, PLODI, PRKGI,
SKI, SLC2A10, SLC39A13, SMAD2, SMAD3, SMAD4, SMAD®G,
TGFB2, TGFB3, TGFBRI, TGFBR2, ZDHHC9
5 labcorp GeneSec: Cardio-Familial 10 ACTA2, COL3Al, FBNI1, MYH11, MYLK, SLC2A10, SMAD3, 18-24 d
Aortopathy Panel TGFB2, TGFBRI1, TGFBR2
6 GeneDx Marfan/TAAD Panel 26 ACTA2, BGN, CBS, COL3A1, COL5A1, COL5A2, FBNI1, FBN2, 4 wk
FLNA, LOX, MAT2A, MED12, MFAPS, MYHI11, MYLK,
NOTCHI, PRKGI1, SKI, SLC2A10, SMAD2, SMAD3, SMAD4,
TGFB2, TGFB3, TGFBRI, TGFBR2
7 AmbryGenetics TAADNext 35 ACTA2, BGN, CBS, CHSTI14, COLIAI, COLIA2, COL3Al, 14-21d
COL5A1, COL5A2, EFEMP2, FBNI, FBN2, FKBP14, FLNA,
FOXE3, LOX, MAT2A, MED12, MFAP5, MYHI1, MYLK,
NOTCHI, PLODI1, PRDMS5, PRKG1, SKI, SLC2A10, SMAD3,
SMAD4, TGFB2, TGFB3, TGFBRI1, TGFBR2, TNXB, ZNF469
8 PreventionGenetics Familial 17 ACTA2, COL3Al, FBNI, FOXE3, LOX, MAT2A, MFAPS5, MYH1 1, 18 d on average
Thoracic Aortic Aneurysm and MYLK, NOTCHI, PRKG1, SMAD3, SMAD4, TGFB2, TGFB3,
Dissection Panel TGFBRI1, TGFBR2
9 Collagen Diagnostic Lab Arterial 25 ACTA2, BGN, CBS, COLIAI, COL3Al, FBNI, FBN2, FOXE3,
Aneurysm Panel LOX, MAT2A, MFAPS5, MYHI1, MYLK, NOTCHI, PLOD3,
PRKG1, SKI, SLC2A10, SMAD2, SMAD3, SMAD4, SMADG,
TGFB2, TGFB3, TGFBRI, TGFBR2
10 FulgentGenetics Marfan Syndrome 33 ACTA2, BGN, CBS, COL3A1, COL5A1, COL5A2, EFEMP2, ELN, 3-5 wk
and TAAD Panel FBNI, FBN2, FLNA, FOXE3, HCN4, LOX, MAT2A, MED12,
MFAPS, MYHI1, MYLK, NOTCHI, PLODI, PRKG1, SKI,
SLC2A10, SMAD2, SMAD3, SMAD4, SMAD6, TAB2, TGFB2,
TGFB3, TGFBRI1, TGFBR2
11 EGL Genetics Marfan Syndrome, 17 ACTA2, CBS, COL3A1, COL5A1, COL5A2, FBNI1, FBN2, FLNA, 6 wk
TAAD, and Related Disorders MEDI2, MYHI1, MYLK, SKI, SLC2A10, SMAD3, TGFB2,
Panel TGFBRI, TGFBR2
12 Transgenomic Marfan Syndrome and 4 ACTA2, FBNI1, TGFBRI, TGFBR2 4-6 wk
Aortic Aneurysm Panel
13 Evicore TAAD Panel 23 ACTA2, CBS, COL3A1, COL5A1, COL5A2, EFEMP2, FBNI,
FBN2, FLNA, MED12, MYHI1, MYLK, NOTCHI, PLODI,
PRKGI, SKI, SLC2A10, SMAD3, SMAD4, TGFB2, TGFB3,
TGFBRI, TGFBR2
(Continued)
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TABLE 2. Continued

Number
Name of genes Genetic panel genes Turnaround time
14 Connective Tissue Gene Tests Marfan 28 ACTA2, BGN, CBS, COL3A1, COL5A1, COL5A2, FBNI1, FBN2, 2-4 wk
Syndrome, Loeys—Dietz FLNA, FOXE3, LOX, LTBP3, MAT2A, MED12, MFAP5, MYHI 1,
Syndrome, Familial TAAD, and MYLK, NOTCHI, PRKG1, SKI, SLC2A10, SMAD2, SMAD3,
Related Disorders Panel SMAD4, TGFB2, TGFB3, TGFBRI, TGFBR?2
15  Mayo Clinic Laboratories Marfan 21 ACTA2, CBS, COL3A1, COL5A1, COL5A2, FBN1, FBN2, FLNA, 2-4 wk
Syndrome and Related Disorders MFAPS, MYHI1, MYLK, NOTCHI, PRKGI, SKI, SLC2A10,
Multi-Gene Panel SMAD3, SMAD4, TGFB2, TGFB3, TGFBRI, TGFBR2
16  Asper Cardiogenetics Familial TAAD 19 ACTA2, BGN, COL3A1, COL5A1, FBN1, LOX, MAT2A, MFAPS, 6-9 wk
and Related Syndromes NGS Panel MYHI1, MYLK, NOTCHI, PRKG1, SLC2A10, SMAD3, TGFB2,
TGFB3, TGFBRI, TGFBR2, TGFBR3
17 CeGaT EDS, MFS, LDS, Aortic 49 ABCC6, ACTA2, ACVRI, ADAMTS2, ALDHI8AI, ATP6V0A2, 4-6 wk
Aneurysm and Differential ATP6VIA, ATP6VIEI, B3GALT6, BAGALT7, BGN, CIR, C1S,
Diagnoses CBS, CHST14, COLIAI, COLIA2, COL3AI, COL4Al, COL5AI,
COL5A2, DSE, EFEMP2, ELN, FBLNS, FBN1, FBN2, FKBP14,
FOXE3, GORAB, LOX, LTBP4, MFAPS5, MYH11, MYLK,
PLODI, PRDMS5, PYCRI, SKI, SLC2A10, SLC39A13, SMAD3,
SMAD4, TGFB2, TGFB3, TGFBRI1, TGFBR2, TNXB, ZNF469
18  Color Hereditary Heart Healthl| 30 ACTA2, ACTC1, APOB, COL3A1, SC2, DSG2, DSP, FBN1, GLA,
KCNH2, KCNQI, LDLR, LMNA, MYBPC3, MYH7, MYHI1,
MYL2, MYL3, PCSK9, PKP2, PRKAG2, RYR2, SCN5A, SMAD3,
TGFBRI1, TGFBR2, TMEM43, TNNI3, TNNT2, TPM1
19  DDC Clinic Molecular Diagnostics 10 ACTA2, FBNI, MYHI11, MYLK, SKI, SMAD3, SMADG6, TGFB2, 4 wk or less

Laboratory Familial TAAD Panel

TGFBRI, TGFBR2

OHSU, Oregon Health & Science University; TAAD, thoracic aortic aneurysm or dissection. *Add-on Preliminary-evidence Gene for Aortopathy; HCN4, MAT2A, SMADG.
tDeletion/duplication detection not available for this gene. {Some, or all, of the gene is duplicated in the genome. §The gene has suboptimal coverage (means <90% of the gene’s
target nucleotides are covered at >20X with mapping quality score (MQ >20) reads), and/or the gene has exons listed under test limitations section that are not included in the
panel, as they are not sufficiently covered with high-quality sequence reads. { or §The sensitivity to detect variants may be limited in these genes. ISeveral regions that cannot be
reliably assessed with standard target enrichment protocols are not analyzed: KCNH2 exon 4, KCNQ1 exon 1, and TGFBRI exon 1. In APOB, only positions known to impact
familial hypercholesterolemia risk are analyzed: only chr2:2.21229159_21229161 (APOB codon 3527) is analyzed. For the LDLR promoter region, the detection of deletions,
duplications, and complex structural rearrangements may be limited.References/Links to Panels
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http://uwcpdx.org/core-familial-aneurysm-panel/
https://www.fulgentgenetics.com/marfan-taad
https://www.egl-eurofins.com/tests/MM099
http://www.transgenomic.com/labs/cardiology/familion/marfan-taad.html
https://www.evicore.com/-/media/files/evicore/clinical-guidelines/solution/lab-management/healthplan/test-specific-guidelines/taad_panel_testing_2020_v2.pdf
https://www.evicore.com/-/media/files/evicore/clinical-guidelines/solution/lab-management/healthplan/test-specific-guidelines/taad_panel_testing_2020_v2.pdf
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https://www.mayocliniclabs.com/test-catalog/Performance/63029
https://www.asperbio.com/asper-cardiogenetics/familial-thoracic-aortic-aneurysm-and-dissection-and-related-syndromes-ngs-panel
https://www.cegat.de/en/diagnostics/diagnostic-panels/connective-tissue-diseases/
https://support.color.com/en/articles/2393820-what-is-the-color-hereditary-heart-health-test
https://www.ddccliniclab.org/test/detail/familial-thoracic-aortic-aneurysms-ngs-panel

Adult: Aorta: Invited Expert Opinion

Norton and Yang

TABLE 3. Genes among panels 1-19

Gene 1 2 3 4 5 6 7 8§ 9 10 1 12 13 14 15 16 17 18 19 Total
ACTA2 v v ¥ F f A S A e e s s A s e e e s 19 (100%)
BGN v o A v v 9 (47%)
COL3AI v v ¥ ¥ P r r e s o A 17 (89%)
FBNI A A A A S A A A S A~ A S A S e L e 17
FOXE3 v oo v v 8 (42%)
LOX v v A S v v 10 (53%)
MAT2A v o v v 8 (42%)
MFAPS v A A A A 10 (53%)
MYHII v ¥ F f e f s oo v e e 18(95%)
MYLK o R S R B A A A S 17 (89%)
PRKGI v v A oo s 12 (63%)
SMAD3 v ¥ F e o e e 18(95%)
TGFB2 v v ¥ ¥ P e s A v 17 (89%)
TGFB3 v ¥ v 1~ A R A A S 14 (74%)
TGFBRI v v 1 ¥ ¥ 1 s e 19 (100%)
TGFBR2 v v ¥ ¥ ¥ F P, s, e e, e e 19 (100%)

Panels 1-19 in top row corresponds to panels 1-19 in the first column of Table 2.

ascending aortic diameter is >4.0 cm.>?! However, the
different mutations within LDS have different phenotypes,
and it has been suggested that a threshold of >4.0 cm for
prophylactic surgical repair is overly aggressive for patients
with a pathogenic variant in SMAD3" due the dissection
occurring at larger aortic diameters; for example, Hostetler
and colleagues’” found that more than 67% of patients with
SMAD?3 variants had aortic roots >5.0 cm at time of dissec-
tion. In addition, patients with SMAD?3 variants had a later
onset of aortic events compared with those with TGFBRI
and TGBR?2 variants and that aortic events in children
were rare.’” In patients with TGFBRI mutations, female pa-
tients have less risk of aortic event than male patients; there-
fore, we could be less aggressive in female patients with
TGFBRI mutations compared to males. However, among
patients with TGFBR2 mutations, female and male patients
have similar aortic risk; and, therefore, both male and fe-
male patients with TGFBR2 mutations should be managed
similarly.””

If a pathogenic variant is identified in COL3AI and the
diagnosis of VEDS is made, then noninvasive vascular im-
aging is recommended. In contrast to MFS and LDS, the
role of prophylactic surgical repair of unruptured aneu-
rysms remains unclear; however, surgical repair of acute
aortic dissections and aortic root aneurysms can be accom-
plished, although it is complicated due to the friability of
tissues.””

In nonsyndromic TAAD, specific guidelines regarding
surveillance and prophylactic surgical repair for each
HTAD gene are lacking. Identification of a pathogenic
variant in ACTA2 warrants prophylactic surgical repair

20 JTCVS Open ¢ June 2021

when the aortic root or ascending aorta diameter is
>4.5 ¢cm.> Specific criteria do not exist for other known
HTAD genes despite the differing phenotypes. Patients
with a PRKGI mutation are predisposed to an aggressive
form of thoracic aortic disease and suffer aortic events at
relatively young ages and small aortic diameters.'**°
Around 30% of patients with a PRKG1 mutation suffered
a type A aortic dissection at an average age of 34 years
and an aortic diameter of 5.0 cm®. Around 17% of patients
with a MYH1 I mutation suffered a type A aortic dissection at
an average age of 44 years at an aortic diameter of 4.4 cm”.
Therefore, prophylactic aortic repair is reasonable at smaller
diameters than non-genetically mediated aortopathy.

EXTENT OF AORTIC REPAIR

In the setting of genetic aortopathy, once aortic diameter
reaches threshold or exceeds a growth rate of 0.5 cm/year,
prophylactic aortic repair should be performed. However,
to what extent should aortic repair be done? The aortic
root is mainly derived from the second heart field and
ascending aorta is derived from neural crest cells and the
second heart field in contrast to the descending thoracic
and abdominal aorta>’; therefore, these genetic aortopathies
affect the aortic root and ascending aorta differently than
the distal aorta.

For prophylactic repair, in regard to the aortic root, aortic
root replacement should be performed when the aortic root
is >5.0 cm in patients with MFS® and >4.0 cm in patients
with LDS.”* A valve-sparing root replacement should be
considered if depending on presence/extent of aortic regur-
gitation. Ascending aortic replacement should be
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Considerations in Genetic Aortopathy

Aortic dissection
* Age <50

* No history of smoking or hypertension
* Family history of aortic disease
First-degree relative of pathogenic variant carrier

Genetic Testing

Genes
FBN1,
TGFBR1,
TGFBR2, TGFB2,
SMAD3, COL3A1,
ACTA2, PRKG1,
LOX, MYH11,

MYLK

When to Operate

FBN1:>5.0 cm

TGFBR1: > 4.0 cm for &, less aggressive for ?
TGFBR2: > 4.0 cm for dand @

SMADS3: > 4.0 cm is overly aggressive
COL3AT: Unclear, surgical repair difficult
ACTA2:>4.5¢cm

FBN1: gene of human fibrillin-1
TGFBR1: gene of human transforming growth factor-f receptor type |
TGFBR2: gene of human transforming growth factor-P type receptor type Il
TGFB2: gene of human transforming growth factor -2

SMAD3: gene of human SMAD3

COL3A1: gene of human collagen 3 a1 chain

ACTA2: gene of human smooth muscle a-actin

LOX: gene of human lysyl oxidase
MYH?11: gene of human smooth muscle myosin heavy chain

Extent of Resection

FBN1: Ascending + Root
TGFBR1, TGFBR2: Ascending + Root + Arch

PRKG?1: gene of human cGMP-dependent protein kinase type |

MYLK: gene of human myosin light chain kinase

The recognition of genetic aortopathy is critically important in the management of thoracic aortic
disease and management should be tailored based on specific causative genetic variant

FIGURE 1. Genetic aortopathy is an important etiology of thoracic aortic aneurysms and dissections and clinical genetic testing should be considered in

high-risk patients. Identification of a pathogenic in a known heritable thoracic aortic disease-associated gene should guide clinical decision-making and both

when to operate and extent of resection should be tailored to the specific causative gene.

performed based on the same growth rate and diameter
thresholds; however, if replacing the root, the ascending
should also be replaced in patients with genetic aortopathies
to prevent ascending aortic dissection and rupture. In regard
to the aortic arch, patients with MFS rarely undergo arch in-
terventions if they have not had a type A aortic dissection;
however, patients with LDS require more aortic arch inter-
ventions.”® Therefore, in patients with MFS, prophylactic
replacement of the aortic arch at time of elective root/
ascending repair is not indicated.” It is reasonable to
consider prophylactic aortic arch replacement at time of
elective root/ascending repair in patients with LDS to pre-
vent subsequent arch interventions.*®

Despite adequate surveillance, acute dissection can occur
at diameters below recommended thresholds. When a pa-
tient presents with an acute type A aortic dissection
(ATAAD) with a known genetic diagnosis the question
regarding extent of repair persists. As with any ATAAD,
the ascending aorta should be replaced and both the primary
intimal tear and any aneurysmal section should be resected.
Patients with pathogenic variants have an increased inci-
dence of reoperation for aortic root pathology” if the aortic
root is not replaced; therefore, at time of ATAAD, the aortic

root should be replaced in patients with a known or sus-
pected to have genetic mutation.”'*** However, in regard
to the aortic arch, optimal extent remains controversial.
Some recommend an aggressive approach and arch replace-
ment in patients with MFS,*® whereas others think a conser-
vative approach is appropriate.”* When evaluating extent,
the goals of having the patient survive the operation and pre-
venting future reoperations need to be balanced. Yang and
colleagues™* found that MFS was not a significant risk fac-
tor for reoperation (hazard ratio, 1.15); therefore, a diag-
nosis of MFS alone should not be used as an indication
for aggressive arch replacement. Similarly, Schoenhoff
and colleagues™ found that arch reinterventions following
dissection were similar between patients with LDS and
MES; however, patients with LDS had a greater rate of
arch intervention after root surgery in the absence of dissec-
tion; therefore, if LDS are stable it is reasonable to aggres-
sively replace the aortic arch because of the greater risk of
arch reintervention during ATAAD repair. In addition, car-
rying a pathogenic variant was not a significant risk factor
for reoperation of the aortic arch, descending thoracic, or
abdominal aorta; however, this was in a population in which
FBN1 mutations make up 71% of the pathogenic
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mutations.* If pathogenic variant status is unknown at time
of dissection (often times the case), patients with a high
chance of carrying a pathogenic variant (marfanoid habitus,
family history of aortic disease, <50 years, and no history of
smoking or hypertension) should be managed as such.*’

CONCLUSIONS

Genetic aortopathy is an important etiology of thoracic
aortic aneurysms and dissections and clinical genetic
testing could better facilitate clinical practice and prevent
the morbidity and mortality associated with acute aortic
events. HTAD is a blanket term the encompasses a variety
of phenotypes and clinical courses. Therefore, the specific
causative gene should be used when determining clinical
decisions, specifically surveillance timeframe and modality,
when elective aortic repair is indicated, and extent of aortic
repair in both elective and emergent settings (Figure 1).
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