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Abstract: Thoracic aortic aneurysms (TAAs) are commonly seen in cardiovascular practice. Acquired
and genetic conditions contribute to TAA formation. The natural history of genetically mediated
TAA underscores the importance of early detection, regular monitoring, and prompt treatment to
prevent complications, including dissection or rupture. The prognosis is poor in the event of acute
dissection, with high rates of in-hospital mortality. Healthcare providers need to remain vigilant
in their efforts to identify and surveil TAA to reduce the risk of complications. In this manuscript,
we review the natural history of TAA, discuss the most common causes leading to the development
of TAA, assess the value and limitations of diagnostic modalities, and review the management and
long-term surveillance of patients with aortic disease.
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1. Introduction

Thoracic aortic aneurysms are clinically silent but may have lethal consequences. Natu-
ral history studies highlight the need for the appropriate diagnosis and timely management
of thoracic disease to avoid aneurysmal expansion, leading to aortic dissection and potential
rupture [1]. In the event of acute aortic dissection, the prognosis is poor, with overall mortal-
ity estimated at 1 to 2% per hour over the first 48 h, warranting timely surgical intervention
or expeditious transfer to a tertiary care facility capable of providing acute aortic repair
to improve survival [2]. However, even in cases when immediate surgical management
can be achieved, the overall in-patient mortality remains high. The International Acute
Aortic Dissection (IRAD) registry reported in-hospital mortality rates of ~30% for patients
undergoing acute surgical management, while the mortality associated with medical man-
agement alone was greater than 50% [3]. The prognosis for patients sustaining an aortic
rupture was worse and was often associated with immediate death due to catastrophic
internal bleeding, poor distal perfusion to vital organs, and hypovolemic shock [3-5]. In
this manuscript, we review the pathophysiology of thoracic aortic aneurysms along with
the role of gender in aortic disease and discuss the most common genetic etiologies of
thoracic aortic aneurysms. We also review the value and limitations of available diagnostic
modalities and review the guidelines on the management and long-term surveillance of
patients with aortic disease.

Cardiogenetics 2023, 13, 154-172. https:/ /doi.org/10.3390/ cardiogenetics13040015

https:/ /www.mdpi.com/journal/cardiogenetics


https://doi.org/10.3390/cardiogenetics13040015
https://doi.org/10.3390/cardiogenetics13040015
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cardiogenetics
https://www.mdpi.com
https://orcid.org/0000-0002-9017-819X
https://doi.org/10.3390/cardiogenetics13040015
https://www.mdpi.com/journal/cardiogenetics
https://www.mdpi.com/article/10.3390/cardiogenetics13040015?type=check_update&version=1

Cardiogenetics 2023, 13

155

2. Overview of Thoracic Aortic Aneurysms
2.1. Epidemiology

Anatomically, aortic aneurysms are referred to as thoracic aortic aneurysms (TAAs),
abdominal aortic aneurysms (AAAs), and thoraco-abdominal aortic aneurysms (TAAAs),
the latter resulting from various degrees of the continuous dilatation of the descending
aorta extending into the abdominal aorta [6]. Though both TAA and AAA share a number
of similarities, each has its own unique characteristics contributing to pathophysiology,
diagnosis, variations in management, and long-term surveillance. TAA refers to aortic
disease in the thoracic cavity, which begins at the level of the aortic valve and extends to the
12th thoracic vertebra at the level of the diaphragmatic hiatus. TAA is an indolent process
with an annual incidence of approximately 6 to 10 cases per 100,000 patient years, though
the incidence is likely underestimated given the asymptomatic nature of the disease, lack
of routine screening guidelines, and high pre-hospital mortality in cases of acute aortic
dissection or rupture [5,6]. TAA can affect various aortic segments. The majority of TAAs
(~60%) are known to occur in the aortic root or ascending aorta, while ~10% can affect the
aortic arch [7,8]. It is not uncommon for patients with aortic disease to have aneurysms in
multiple locations as TAA and AAA occur concomitantly in ~20% of individuals [9].

2.2. Pathophysiology of Thoracic Aortic Aneurysms

A pathognomonic feature of TAAs is cystic medial degeneration, a process charac-
terized by the depletion of vascular smooth muscle cells (vSMCs), defects in collagen
architecture, fragmentation of elastic fibers, and accumulation of proteoglycans in the aortic
media [10]. Normally, the aorta is composed of three layers: intima, media, and adventitia.
The tunica intima, the inner-most layer of the vessel, consists of a single row of vascular
endothelium and supports the internal elastic lamina. The tunica media, the middle layer,
is composed of elastic fibers that are oriented concentrically and longitudinally, and are
both responsible for the aortic tensile strength and elasticity. The tunica adventitia, the
outer-most layer of the aorta, is composed of abundant connective tissue, vasa vasorium,
and nerve bundles supporting and anchoring the vessel from the outside [11]. In a healthy
thoracic aorta, vSMCs produce the extracellular matrix (ECM), which is mainly composed
of collagen and elastin, the essential scaffolding proteins of the aortic wall. The elastic fibers
are distensible with a low tensile strength, and the collagen fibers provide tensile strength
at higher pressures, allowing the aorta to act as an elastic reservoir capable of absorbing
the systolic pulsatile blood flow from the left heart prior to distributing blood downstream
during diastole. ECM proteins and vSMCs form a functional unit that maintains aortic
tensile strength [12,13]. Histologically, as compared to a normal ascending aorta, TAAs
exhibit more disorganization and fragmentation of the medial elastic fibers (Figure 1). In
comparison, AAAs exhibit even more widespread destruction of the medial elastic fibers
along with fibrocollagenous ECM replacement.

A number of prior studies reported that vSMC dysfunction remains a key player
in the formation and progression of aneurysmal disease. In both TAA and AAA, ECM
homeostatic disruption promotes vSMC instability, detachment, subsequent migration, and
apoptosis [14-16]. Moreover, aneurysmal disease affects the ability of vSMCs to undergo a
switch between synthetic and contractile phenotypes. Contractile vSMCs play a central role
in mechanotransduction and vessel integrity and express a higher number of contractile
markers while synthetic vSMCs represent the proliferative phenotype. During aneurysm
progression, the balance between contractile and proliferative vSMCs is shifted towards
synthetic vSMCs, which is associated with increased proteolytic enzyme production by
proliferative vSMCs and subsequent aneurysm formation, though the exact mechanism of
this process remains unknown [16,17].
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Figure 1. Histopathology of aortic aneurysms. Reprinted with permission from “Altered patterns
of gene expression distinguishing ascending aortic aneurysms from abdominal aortic aneurysms:
complementary DNA expression profiling in the molecular characterization of aortic disease”. TS
Absi et al., The Journal of Thoracic and Cardiovascular Surgery 2003, 126, 344-357.

2.3. Gender Differences in the Pathophysiology of Thoracic Aortic Aneurysms

TAAs are common in males; however, the rate of aneurysm expansion is generally
greater in females [18]. Females with TAA tend to have an atypical presentation of disease,
which may contribute to worse clinical outcomes [19]. Prior studies have demonstrated
that women with TAA experience higher mortality as compared to men, along with a 3-fold
increase in the risk of dissection or rupture. Women are diagnosed with TAA later in life
(up to a decade later), experience greater aneurysm growth rates, and may suffer aortic
dissections or ruptures at smaller aortic diameters [19-21].

The underlying etiology of the gender differences in aortic disease progression remains
poorly understood. Molecular and biomechanical factors may drive these differences as
women with degenerative TAAs tend to have higher levels of matrix metalloproteinases
(MMPs), a group of proteolytic enzymes capable of collagen, elastin, and extracellular
matrix degradation [22-24]. In vitro studies suggest that prolonged exposure to the MMP-2
and MMP-9 enzymes may inhibit calcium smooth muscle entry, inhibiting muscle con-
traction and promoting aortic dilation and aneurysm formation [25]. Additionally, the
expression of the tissue inhibitors of metalloproteinases 1 and 2 (TIMPs), enzymes that
normally counteract the effects of MMPs, have been reported to be lower in women with
TAA, which may result in more extensive proteolysis of the elastic and collagen fibers of the
aortic wall and increased stiffness of the thoracic aorta [18,24]. This process may provide
the basis for the deteriorated strength, progressive weakening, and stiffened stretch-stress
response of the aortic wall, predisposing the vessel to dissection and rupture [26,27].

2.4. Risk Factors for the Formation of Thoracic Aortic Aneurysms

Acquired and genetic conditions contribute to TAA formation and pose significant
risks for aortic dissections. Risk factors for TAA include older age, male gender, smoking,
chronic obstructive pulmonary disease, hypertension, atherosclerosis, apolipoprotein con-
centrations, and high body mass index [28-30]. Besides these conventional risk factors,
inflammatory, infectious, and genetic etiologies have also been implicated in TAA forma-
tion [18,31]. Generally, TAAs have a more robust genetic association than TAAA and AAA,
with nearly 20% of all TAAs exhibiting a genetic predisposition. The recognition of genetic
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aortopathies is essential in the management of thoracic aortic disease, and treatment should
be tailored based on specific genetic syndromes or non-syndromic variants.

3. Genetics of Thoracic Aortic Aneurysms
3.1. Marfan Syndrome

Marfan syndrome is an autosomal dominant connective tissue disorder with a preva-
lence of 2 to 3 per 10,000 persons [16]. The syndrome most commonly occurs due to a FBN1
mutation, located on chromosome 15q21.1, which encodes a cysteine-rich glycoprotein,
Fibrillin-1. Fibrillin-1 is an essential component of the calcium-binding microfibrils em-
bedded in the ECM and provides force-bearing structural support to various tissues. It is
most prevalent in the tunica adventitia and tunica media of the aorta. To date, more than
1800 mutations with varying degrees of penetrance have been described [32,33]. Marfan
syndrome is commonly inherited in an autosomal dominant pattern, but de novo mutations
can occur and account for about a third of all cases. This disorder produces significant
alterations in the connective fibers of the musculoskeletal, ocular, and cardiovascular sys-
tems, affecting the development and function of multiple organs. The most common
cardiovascular manifestations include the formation of a sinus of Valsalva aortic aneurysm,
descending thoracic and abdominal aortic aneurysm, mitral valve prolapse, and pulmonary
artery dilatation. Aortic tortuosity is an uncommon manifestation and is considered to be a
marker of worse cardiovascular outcomes [34].

Several mechanisms by which FBN1 mutations contribute to thoracic aortic disease
have been proposed. FBN1 mutations may lead to increased susceptibility to MMP-driven
proteolysis, though these effects may be counteracted by doxycycline administration,
a known non-specific MMP inhibitor, as previously demonstrated in a mouse model
(Fbn1¢1039G/+) " Moreover, the administration of doxycycline may be superior to beta-
blockade due to its ability to normalize aortic stiffness, smooth muscle contractility, and
aortic relaxation [35]. Another proposed mechanism of thoracic aortic disease in Marfan
syndrome involves transforming growth factor-beta-1 (TGF-beta-1). The increased activa-
tion of TGF-beta-1 and subsequent mothers against decapentaplegic homolog 2 (SMAD?2)
signaling in Marfan syndrome may contribute to vSMC apoptosis and impede aortic tissue
healing [36].

Neonatal Marfan syndrome, a distinct genotype and phenotype on the Marfan spec-
trum, is characterized by rapidly progressive, early-onset multi-valvular disease with
severe tricuspid and mitral valve insufficiencies. The prognosis of neonatal Marfan syn-
drome is poor with nearly 95% mortality from congestive heart failure in the first year of
life [37,38]. As compared to the neonatal type, the classic form of Marfan syndrome allows
for survival into adulthood, yet the average lifespan is still significantly shortened when
compared to the general population. The main cause of morbidity and mortality in this
patient population is associated with acute aortic dissection or rupture, accounting for
nearly 80% of deaths [39-41].

The management of Marfan syndrome revolves around the prevention of the pri-
mary manifestations of the disease and includes medical therapy with agents that reduce
hemodynamic stress on the aortic wall. Prior studies have demonstrated substantial ben-
efits of the long-term use of beta-adrenergic blockade in patients with Marfan syndrome
across all age groups, including young children. Patients receiving beta-blockers were
found to have slower aortic root growth and improved survival compared to the untreated
population, though some still progressed to develop major cardiovascular complications
warranting surgical intervention [42,43]. Similar results have been achieved in studies
utilizing angiotensin receptor (ARB) blockade, including additive protection when used in
combination with beta-blockers [44—47]. The American College of Cardiology/American
Heart Association (ACC/AHA) guidelines on the management of aortic disease from
2022 recommends the initiation of beta-adrenergic blockade or an ARB administered in
maximally tolerated doses as a Class I recommendation [48].
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Cardiac imaging is essential, not only in establishing the diagnosis of Marfan syn-
drome, but also in following the progression of disease. The current ACC/AHA guidelines
recommend diagnostic and surveillance imaging via a transthoracic echocardiogram (TTE)
to assess for valvular pathology and to monitor changes in the size of the aortic root and
ascending thoracic aorta, and/or a CT or MRI of the thoracic aorta if either the aortic root or
ascending aorta is sub-optimally visualized (Class I recommendation) [48]. Imaging should
take place 6 months following the initial diagnosis to assess the rate of aortic growth and
may be followed with annual surveillance imaging if the aortic diameters are stable. The
size of the aneurysm and the rate of aneurysmal growth are key factors in determining
the timing of operative repair [49]. Surgical intervention to replace the aortic root and
ascending aorta with a composite valve graft (CVG) is recommended when the aortic root
diameter is >5 cm (Class I recommendation), though earlier surgical management may be
considered in patients with an aortic root diameter >4.5 cm and high-risk features, such as
a family history of aortic dissection, rapid aneurysmal growth (>0.3 cm per year), diffuse
aortic root and ascending aorta dilation, or marked vertebral artery tortuosity (Class Ila rec-
ommendation) or with a cross-sectional aortic root area to patient height ratio >10 cm? /m
(Class Ila recommendation) [48,50]. Figure 2 depicts the specific mutations and ascending
aortic dimensions for prophylactic surgical intervention. Genetic testing can be considered
in patients with features of Marfan syndrome, early-onset thoracic aortic disease, those with
a known family history of aortic, intracranial, or peripheral aneurysms or dissections, or a
family history of unexplained sudden death in a first- or second-degree relative. Thoracic
aortic imaging of the family members of affected individuals is also recommended.
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Figure 2. Ascending aortic dimensions for prophylactic surgical intervention. Any gene newly
reported during the year 2018 to be associated with TAAD is highlighted in red. ECM, extracellular
matrix; SMC, smooth muscle cell; TGF, transforming growth factor. This image is obtained from
Faggion Vinholo et al. [51]. Open access.
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3.2. Loeys—Dietz Syndrome

Loeys-Dietz syndrome (LDS) is a rare, autosomal dominant connective tissue disorder
associated with mutations in the transforming growth factor beta receptor (TGFR1/TGFpR2)
genes, SMAD3 gene, and TGF32/TGF[33 genes [52]. De novo inheritance can also be ob-
served. The disorder is characterized by widespread systemic involvement including cran-
iofacial, musculoskeletal, neurologic, and vascular abnormalities. The existing phenotypes
of LDS are divided into five types, reflective of their severity, with type 1 being the most
severe phenotype and type 5 the least severe. All LDS syndrome phenotypes carry significant
cardiovascular risks, though the full clinical spectrum of this disorder remains unknown.
Similar to Marfan syndrome, aortic root aneurysms are common and can be associated
with aortic insufficiency. Other cardiovascular features include diffuse arterial tortuosity,
aneurysms affecting the arterial branches of the neck and intracranial vessels along with
the thoracic and abdominal aorta and its distal branches, congenital heart defects, such as
bicuspid aortic valve, patent ductus arteriosus, and atrial septal defects. Coronary artery
aneurysms and spontaneous coronary artery dissections have also been reported [53,54].
Prior studies have reported the median survival of LDS patients to be around 37 years of age,
and mortality was noted to occur primarily due to thoracic or abdominal aortic dissections,
rupture, or major cerebral hemorrhage. Notably, aortic dissections can occur without marked
arterial dilatation [55,56].

LDS demonstrates a similar prevalence of aortic aneurysm formation as compared to
other inherited aortopathies, such as Marfan syndrome, vascular Ehlers-Danlos syndrome,
or Turner Syndrome; however, the risk of dissections is much higher in patients with
LDS and tends to occur at a younger age [57]. ACC/AHA guidelines recommend a
baseline TTE to initially determine the diameter of the aortic root and ascending aorta,
followed by a repeat TTE 6 months afterwards to assess the rate of aortic growth (Class I
recommendation). If the disease is stable at 6 months, annual surveillance is recommended.
In patients with a dilated or dissected aorta at baseline, annual surveillance with CT or
MRI should be pursued (Class I recommendation). Additionally, given the propensity for
aneurysms to affect the arterial branches ranging from the neck and intracranial vessels to
the thoracic and abdominal aorta and its distal branches, patients with LDS benefit from
a baseline head to pelvis screening with CT or MRI (Class I recommendation). Similar to
the medical management of Marfan syndrome, ACC/AHA guidelines also recommend
medical management with maximally tolerated doses of a beta-blocker or an ARB regimen
(Class IIa), though, recommend lower thresholds for prophylactic surgical interventions
on the aortic root and thoracic aorta. However, the surgical approach remains based on
the specific genetic variant, aortic disease growth rate, extra-aortic features, and patient
preferences (Figure 2). Notably, LDS cases with high-risk features (i.e., women with
smaller body size with a TGFR2 mutation, severe extra-aortic features, family history
of aortic dissection, aortic growth rate > 0.3 cm per year) and mutations attributable to a
pathogenic variant in TGFR1 or TGFBR2 may benefit from prophylactic aortic root and
ascending aortic replacement at a diameter of >4.0 cm; in patients with isolated TGF3R1 or
TGFBR2 mutations without high-risk features or mutations in SMAD3 or TGFf32, surgical
replacement is recommended at a diameter of >4.5 cm [48,58-61].

3.3. Ehlers—Danlos Syndrome

Ehlers-Danlos syndrome (EDS) is a group of heterogeneous connective tissue dis-
orders that occur due to abnormal collagen metabolism. The most recent international
EDS classification recognizes 13 distinct EDS subtypes, but the classic and hypermobile
subtypes account for over 90% of cases. The estimated prevalence of EDS ranges from
1:5000 to 1:250,000 births. Vascular EDS, formerly known as type IV EDS, results from
an autosomal dominant mutation in the COL3A1 gene encoding the collagen alpha-1(III)
chain, also known as the alpha 1 chain of type III collagen. To date, more than 700 COL3A1
mutations have been detected, and most of them represent missense mutations that inter-
rupt the formation of the normal triple helical collagen structure [62]. Type III collagen is
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a major structural component of hollow organs, such as blood vessels and reproductive
and gastrointestinal tracts. Other functions of type III collagen include direct intraluminal
interaction with platelets in the coagulation cascade and wound healing. Type III collagen
constitutes 5-20% of the entire collagen content in humans [63].

Of the EDS subtypes, vascular EDS has fewer classic features (skin hyperextensibility
is not seen but is translucent with prominent superficial veins; joint hypermobility is
uncommon) but carries the worst prognosis due to the increased risk of spontaneous
arterial dissections (medium to large vessels are favored) and intestinal and uterine rupture
at a young age. The proximal branches of the aortic arch, descending aorta, abdominal
aorta, and distal branches such as the renal, mesenteric, iliac, and femoral arteries are
particularly affected [64]. The life expectancy is severely limited, as up to 25% of patients
with vascular EDS experience their first complication before the age of 20, and more than
80% of patients experience their first event by the age of 40 [65]. The median age of death is
estimated to be approximately 50 years of age.

Specific management guidelines for vascular EDS are lacking but screening and medi-
cal management includes initial baseline head to pelvis imaging (CT/MRI) with subsequent
annual surveillance imaging thereafter with aggressive blood pressure control and the
prevention of major blood pressure fluctuations to reduce the risk of arterial dissections
and ruptures. Beta-blockers are frequently utilized in patients with vascular EDS, though
evidence regarding the benefits of beta-blockers and ARBs is lacking. A study assessing the
use of celiprolol, a mixed (3-1 antagonist and partial 3-2 agonist in patients with vascular
EDS, found that it could potentially extend the time to vascular complications [66]. A
recent observational study revealed significantly lower mortality and clinical progression
scores in patients treated with beta-blockers or ARBs [67]. Due to the tissue fragility and
the high risk of perforations and subsequent bleeding complications, invasive surgical
management carries a heightened risk in this patient population, though patients with
rapid arterial aneurysmal growth should be considered for treatment [48,68]. All decisions
on intervention should include shared decision-making via a multidisciplinary heart team
approach [69,70].

3.4. Familial Thoracic Aortic Aneurysms

Familial thoracic aortic aneurysms represent a form of progressive thoracic aortic
disease in the absence of known genetic syndromes. Unlike syndromic aneurysms known
to be associated with pathogenic variants in the TGF-f3 signal and ECM-related genes, a
significant proportion (~20%) of familial thoracic aortic disease results from altered com-
ponents of the contractile apparatus of vSMCs, commonly encoded by MYLK, ACTA2,
MYH11, and PRKGI1 genes [71]. The MYLK gene encodes a myosin light chain kinase
(MLCK), a ubiquitously present kinase, the target of which is to phosphorylate the reg-
ulatory light chain (RLC) of smooth and non-muscle myosin II. On the molecular level,
RLC phosphorylation increases actin-activated myosin II ATPase and regulates many cel-
lular cytoskeleton-mediated functions of muscle cells including endocytosis, secretion,
cytokinesis, and migration [72]. MLCK is highly expressed in various SMCs, where RLC
phosphorylation promotes smooth muscle contraction within hollow organs. An in vivo
mice model demonstrated that the targeted deletion of smooth muscle-specific MLCK
results in a significant reduction in RLC phosphorylation, contributing to varying degrees
of arterial contractile impairment with resultant hypotension and smooth muscle dys-
function in the gastrointestinal and urinary tracts [73]. The histologic examination of the
aortas of experimental mice revealed molecular changes consistent with TAA development,
including notable pools of proteoglycans in the aortic media, the increased expression of
lumican and decorin, increased collagen staining in the adventitial layer of the aorta, and
increased MMP-2 expression.

The normal contractile function of the thoracic aorta is highly dependent on the
interactions between thin and thick filaments, composed of the smooth muscle-specific
isoform of alpha-actin proteins and 3-myosin, encoded by the ACTA2 and MYHI11 genes,
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respectively. Alpha-actin is the single most abundant protein in differentiated vSMCs, while
ACTA? is one of the most frequently mutated genes, responsible for about 12% to 21% of all
familial cases of thoracic aortic aneurysms and dissections [74]. The mechanism leading to
these events revolves around the impaired ability of vSMCs to contract in response to pulse
pressure changes in the aorta. In addition to thoracic aortic disease, mutations in ACTA2
have also been associated with the premature onset of familial coronary artery disease and
ischemic strokes, including Moyamoya disease, suggesting that a mutation in a single gene
can trigger a variety of vascular pathologies in a familial cluster [75,76]. The contribution
of ACTA2 mutations to non-familial vascular diseases has not been significant. In a large
international case series of individuals with ACTA2 mutations (all heterozygous except for
1 homozygous missense mutation), nearly 50% of patients experienced an aortic event, with
the vast majority (~88%) of these individuals presenting with thoracic aortic dissections [77].
Type A dissections were more prevalent (~54%) at an average age of 36 years, while type
B dissections occurred at a younger age (~27 years). Moreover, aortic events were more
prevalent in men (~62%) than in women (~38%), though the median age at the time of the
first aortic event was not influenced by gender. The overall risk of mortality from an acute
aortic event was noted to be 25% at a median age of 36 years. Despite significant variations
in the diameter of the aortic root and ascending aorta at the time of dissection, a third of the
patients experienced aortic dissections at a diameter < 5 cm. Notably, ACTA2-associated
aneurysms involved the entire ascending aorta, from the sinuses of Valsalva to the aortic
arch. These findings are of immense clinical value as they provide insight into the most
suitable imaging modalities for the screening, diagnosis, and surveillance of aortic disease,
and prompt discussions about timing of surgical aortic repair in these individuals.

Other studies have also recognized the role of genetic mutations associated with
inherited predisposition to TAAs and dissections [78,79]. In a recent study involving the
whole-exome sequencing of distant relatives affected by thoracic aortic disease, and the
Sanger sequencing of individuals affected by known familial thoracic aortic disease, the
presence of the same rare variant of the PRKG1 gene, PRKG1 ¢.530G>A (p.Argl77Gln), was
identified [80]. In a healthy aorta, the PRKGI gene encodes type I cGMP-dependent protein
kinase (PKG-1) which controls vSMC relaxation. Alterations in the p.Argl77GIn trigger an
increase in PKG-1 activity and subsequent reduction in RLC phosphorylation, decreasing
the vSMC contraction. In this study, the majority of the mutation-positive individuals and
relatives affected by the p.Argl177GIn defect (~63%) presented with acute aortic dissections,
and 37% of the individuals had an aortic root enlargement. Acute aortic dissections were
noted to occur as young as 17 years of age and were equally penetrant in men and women.
Interestingly, women with p.Arg177Gln alterations presented with thoracic dissections at
a younger age than they did with aortic root dilation (31 years vs. 43 years, p = 0.009),
whereas men did not (31 years vs. 39 years, p = 0.18). A review of the aortic tissue pathology
from the affected individuals was consistent with the typical pathology of thoracic aortic
disease discussed earlier in this article. This analysis demonstrates the complexity of the
genetic interactions between rare variants in PRKG1 and hereditary thoracic aortic disease
and provides further evidence that healthy vSMC contractility is essential for maintaining
the integrity of the thoracic aorta.

The predominant mode of inheritance in familial thoracic aortic aneurysms is auto-
somal dominant with varying degrees of penetrance and variable expressivity. Moreover,
there are noticeable familial patterns of aneurysm clustering, with a distinct separation
between ascending thoracic and descending thoracic aneurysms and AAAs. Familial
aneurysms tend to occur at a later age but grow at a higher rate compared to the syndromic
aortopathies [81,82]. The mean age of the affected individuals has previously been found to
be 63.8 years for males and 67.0 years for women [83]. Interestingly, the first-degree relatives
of patients with dissecting thoracic aortic aneurysms, particularly males, were also found
to have a threefold increased risk of sudden death, likely from dissected aortic aneurysms.
In the largest cross-sectional surveillance study of the at-risk relatives of individuals with
familial aortopathies, up to half of the patients affected by familial thoracic aneurysms had
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affected relatives, including those with aortic root/ascending aorta diameter >5.0 cm [84].
Given the significant risks associated with the complications of acute aortic dissections,
the current guidelines favor cascade genetic testing in patients with syndromic features; a
known family history of aortic, intracranial, or peripheral aneurysms; unexplained sudden
death, specifically in first-degree relatives; and in those diagnosed with an early onset
aortopathy (<60 years). Genetic testing should be followed by aortic imaging in patients
with identified pathologic variants. However, in cases when a pathogenic variant cannot be
identified via genetic testing, thoracic aortic imaging becomes the only reliable method to
diagnose thoracic aneurysms in high-risk families and should be pursued [85]. If negative,
the ACC/AHA guidelines for the management of thoracic disease recommend repeat
screening imaging in 5 years in young family members or 10 years in older family members,
informed by their family history.

Prophylactic elective surgeries are often considered in patients with familial thoracic
aortic aneurysms, given the higher risks of dissection and rupture compared to aneurysms
that are not genetically mediated. Generally, prophylactic surgery is warranted when the
maximal diameter of the aortic root reaches > 5 cm. However, prophylactic aortic repair
can be considered in those with diameters > 4.5 cm and who have a known family history
of aortic dissection at <5 cm. Similarly, patients with documented rapid aneurysmal growth
(>0.5 cm in 1 year or >0.3 cm in 2 consecutive years), or a family history of unexplained
sudden death at <50 years of age may benefit from a repair by experienced surgeons in
multidisciplinary aortic teams at a smaller diameter [86,87]. Figure 2 depicts the specific
mutations and ascending aortic dimensions for prophylactic surgical intervention.

3.5. Bicuspid Aortic Valve

Bicuspid aortic valve (BAV) is the most common congenital heart anomaly and occurs
in 1-2% of the population, with a strong male predominance [88]. BAV has been linked to a
wide range of cardiovascular conditions including aortic valve insufficiency, aortic stenosis,
infective endocarditis, aortic coarctation, and aortic aneurysms. Compared to the general
population, patients with BAV, especially males, are more likely to develop aneurysmal
disease, and various studies have shown that 20% to 30% of patients experience progressive
aneurysmal enlargement [89,90]. While any segment of the ascending aorta can be involved,
the most common location for BAV-related thoracic aneurysms is the tubular ascending
aorta. The pathogenesis of this process is often ascribed to significant hemodynamic stress
on the aortic wall from asymmetric high-velocity flow across the bicuspid valve leading to
elastic fiber fragmentation, reduced collagen expression, and vSMC apoptosis. Additionally,
significant variation in the expression of the MMP and TIMP enzymes has been noted
across various aortic sites, with higher levels of MMP-2 and TIMP-3 concentrated in the
concavity of the ascending aorta, suggestive of active, site-specific cellular processes [91,92].
It is not clear if hemodynamic forces are the only etiologic factor in the tubular ascending
aortic phenotype. While less common, BAV-associated thoracic aortic aneurysms involving
the aortic root at the sinuses of Valsalva have been reported to represent a more malignant
phenotype with rapidly progressive disease.

It is important to note that, while the estimated risk of aortic dissections in this patient
population has been reported to be eight times higher than in the general population, the
overall risk remains low, at 0.03% per year [93]. A retrospective cohort study of patients with
BAV living in Olmstead County, Minnesota, found that the incidence of aortic dissection
was 3.1 per 10,000 patient years as compared to the general population of the county [93]. In
patients 50 years of age or older, the incidence of aortic dissection and aortic aneurysms was
17.4 and 44.9 cases per 10,000 patient years, respectively. One of the most comprehensive
longitudinal studies of individuals affected by BAV provided clinical reassurance since no
significant hemodynamic deterioration was noted over a 20-year period [94]. The mortality
rates in these patients were similar compared to the general population. Accelerated
ascending aortic dilation was noted in about 40% of the patients. Despite a low overall
mortality, the morbidity was significant but mainly associated with progressive valvular
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defects and the subsequent development of congestive heart failure requiring aortic valve
replacement (AVR). The largest cohort study to date reinforced the concept that patients
with BAV did not carry a significantly higher risk of fatal aortic dissections or ruptures,
yet were at a higher risk of non-fatal cardiac events [95]. Notably, older age, moderate or
severe aortic stenosis, and moderate or severe aortic insufficiency served as independent
predictors of cardiac outcomes, and nearly 45% of the patients were found to have a dilated
aortic sinus and/or ascending aorta at the last follow-up.

Despite the growing body of knowledge about the natural history of BAV, the data
about definitive genetic and biological pathways leading to BAV pathogenesis remains
limited. Similar to non-syndromic aortic aneurysms, the familial clustering has been
noted to be around 9% in the first-degree relatives of affected individuals [96]. Thus, the
ACC/AHA aortic disease guidelines recommend screening for BAV and dilation of the
aortic root and/or ascending aorta in all the first-degree relatives of patients diagnosed with
BAV with BAV-associated aortopathy (Class I recommendation) or in patients with isolated
BAV without an associated aortopathy (Class Ila recommendation) [48]. TTE is favored as
the initial screening modality, but CT or MRI may be utilized if TTE is unable to provide
full anatomic assessment. The surgical replacement of the aortic root and/or ascending
aorta is currently recommended at an aortic diameter > 5.5 cm (Class I recommendation),
or with a cross-sectional area to height ratio > 10 cm?/m or with an aortic diameter of
5.0-5.4 cm if a high-risk feature is suspected (family history of aortic dissection, concomitant
aortic coarctation, “root phenotype” aortopathy, or rapid aneurysmal expansion) (Class
Ila recommendation). Additionally, the surgical replacement of the aortic root and/or
ascending aorta can be considered during AVR if the aortic diameter is found to be >4.5 cm
(Class Ila recommendation). It is important to note that, unlike in patients with a tricuspid
aortic valve, the rate of aortic dilation does not decrease after AVR in patients with BAV,
and late post-AVR aortic dissections can still occur.

3.6. Sporadic Thoracic Aortic Aneurysms

Although an increasing number of genetic associations contributing to TAA have been
discovered, there still remains a significant proportion of thoracic aortopathies that cannot
be explained by any specific underlying etiology. These TAAs are referred to as sporadic or
degenerative aneurysms.

As previously described, various risk factors, particularly hypertension and older age,
have been noted to promote TAA. Systemic hypertension is not only linked to thoracic
aneurysm formation but also considered to be the most common cause of thoracic aortic
dissection due to the prolonged mechanical stress on the aortic wall [97]. Age-related
degeneration of the elastic lamina, on the other hand, is often considered a precursor for
aneurysm formation. Other risk factors for TAA include smoking, atherosclerosis, and
chronic obstructive pulmonary disease [98]. In addition, genetic variants can affect the
susceptibility of hypertensive patients to thoracic aneurysmal disease. In a case—control
study of 1351 subjects, a variant allele of the THBS2 gene was noted to serve as a risk factor
for TAA formation, while the variant alleles of the HSPA8, GPX1, AGT, and TNF genes
provided protection against aneurysm formation in patients with hypertension [99]. Besides
genetic factors, vasoregulatory hormones, specifically angiotensin II, play an important
role in both hypertensive and aneurysmal diseases. Various prior studies on animal models
demonstrated that prolonged exposure to angiotensin II was associated with abdominal
aortic aneurysm formation; angiotensin-induced ascending thoracic aneurysmal disease
of Apo/E~/~ mice models has also been described [100]. However, the pathological
characteristics of aneurysmal disease varied significantly between abdominal and thoracic
regions, suggestive of different mechanisms of disease. A mice model identified a causal
relationship between systemic hypertension and pharmacologically induced degeneration
of the elastic lamina favoring both thoracic and abdominal aneurysm formation with
site-specific phenotypic differences [101]. Notably, the aneurysm formation in this animal
model was dependent on hypertension and not on the direct effects of angiotensin II on
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the aortic wall. Systemic treatment with anti-hypertensive agents reduced the formation of
both thoracic and abdominal aortic aneurysms in the experimental animals.

In the current ACC/AHA guidelines for the diagnosis and management of degenera-
tive aortic disease, anti-hypertensive management plays a central role. The recommended
blood pressure goals are strict (<130/80 mmHg), and the initiation of beta-blockers and/or
ARB therapy is recommended in the absence of contraindications [48]. Additionally,
moderate- or high-intensity statin therapy and low-dose aspirin may be considered in
patients with clinical or imaging evidence of atherosclerosis or concomitant evidence of
penetrating aortic ulceration.

Once the diagnosis of degenerative TAA has been established, surveillance imaging
with either TTE, CT, or MRI may be considered after 6-12 months. In the cases of aortic
root or ascending aortic aneurysms, surgical intervention is recommended for an aortic
diameter > 5.5 cm, rapid growth as defined by aneurysmal growth of >0.5 cm/year or
>0.3 cm/year for two consecutive years, or persistent clinical symptoms attributable to the
aneurysm (Class I recommendation) [48]. Additionally, surgical intervention on the aorta
may be considered at the time of aortic valve replacement with an aortic diameter > 5.0 cm
(Class Ila recommendation).

4. Diagnosis of Thoracic Aortic Aneurysms
4.1. Diagnostic Modalities of Thoracic Aortic Disease

A wide range of imaging modalities is available to help guide the diagnosis, surveil-
lance, and management of thoracic aortic aneurysms. Chest X-rays can detect abnormalities
in the size of the thoracic aorta or its contour, but lack specificity and are unable to provide
an in-depth evaluation of the aorta. Other modalities, such as TTE, are more specific and
can be used as a quick, cost-effective assessment of the aortic size at the sinus of Valsalva,
sinotubular junction, and ascending aorta. However, the ability of a TTE to fully visualize
the thoracic aorta is also limited by multiple factors that affect imaging quality. Computed
tomography angiography (CTA) utilizes iodine-based contrast to visualize the aorta and its
adjacent structures. A non-contrast CT may be obtained prior to contrast administration to
assess for intramural hematoma in the setting of an acute thoracic syndrome or to evaluate
the degree of aortic wall calcifications [102]. Magnetic resonance angiography (MRA) is
another diagnostic tool that provides high-quality vascular imaging without the use of
contrast nephrotoxicity and exposure to ionizing radiation. The disadvantages of this
modality include a lower spatial resolution compared to CTA, artifacts in the setting of
metallic implants and other hardware, the cost, and the time required to obtain the images.
Both CTA and MRA scans are able to provide volume rendered three-dimensional recon-
structions of aortic aneurysms and are useful in providing a visual overview of the extent
and progression of the disease [103]. Per the current American and European guidelines
for the management of aortic disease, the diameter of the aneurysm and rate of increase
in size play a key role in the determination of operative intervention, and non-invasive
imaging serves as an essential tool in planning for surgical repair [104].

While the above-mentioned modalities are useful in monitoring anatomic changes
and providing risk stratification associated with the expansion of thoracic aneurysms, it
is important to note that thoracic aortic disease is a dynamic pathophysiologic process.
Beyond anatomic imaging, the primary pathologic mechanisms of TAA such as chronic
inflammation leading to abnormal biomechanics of the aorta may be captured by positron
emission tomographic (PET) imaging. The use of molecular imaging with PET scans can
allow for the characterization of inflammatory activity in the aortic wall, and the use of the
fluorine-2-deoxy-D-glucose (FDG) radiotracer with elevated avidity for highly metabolic
cells has been previously correlated with the progression of aneurysmal disease in both
animal and clinical models [105-107].
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4.2. Role of Mock Loop Systems in Thoracic Aortic Disease

To better understand the mechanisms of aortic wall deterioration, various engineer-
ing setups have been developed to better illustrate specific hemodynamic conditions. In
addition to aneurysm size and anatomic location, an understanding of the biomechan-
ical wall shear stress distribution may fill an additive role in our understanding of the
disease process and improve individual patient risk stratification [108-110]. Mock loop
systems (MCLs), such as aortic MCLs, consist of active and passive elements, with the
active elements designed to optimize aortic flow waveforms to grant physiologic vessel
pulsatility. [111] Three-dimensional PC-MRI imaging is also utilized as an effective tool in
mapping vascular geometry and quantifying blood velocities in various aortic segments.
The use of these modalities allows for an accurate 3D printed reconstruction of the aorta,
which can be used in the creation of patient-specific MCLs. These models have the potential
to predict patient-specific outcomes and improve risk stratification.

5. Approach to Intervention

Despite the significant focus placed on the diagnosis and subsequent surveillance
of TAA, surgical intervention represents the most definitive management, especially in
high-risk patients. There are currently two principal approaches to TAA repair: thoracic
endovascular aortic repair (TEVAR) and open surgical repair [58]. The current international
(ESC/ACC/AHA) guidelines recommend that the decision to consider TEVAR or an open
repair should be made on an individualized basis, taking into account factors such as vas-
cular anatomy, pathology, and patient-specific comorbidities, utilizing a multidisciplinary
approach (Class I recommendation).

TEVAR represents a minimally invasive approach, in which aortic repair is accom-
plished via the retrograde transarterial advancement of an expandable stent graft. The goal
of this intervention is to prevent the further expansion and ultimate rupture of the TAA and
is generally less invasive than an open repair. It has been reported to be associated with
fewer complications as compared to open repair, though adverse events such as endoleaks,
paraparesis/paraplegia (0.8-1.9%), stroke (2.1-3.5%) [112], and retrograde dissection of the
ascending thoracic aorta (0.7-2.5%) [113] have been reported. In order to minimize the risk
of complications, careful pre-procedural planning is essential. Contrast-enhanced CT imag-
ing is the imaging modality of choice to assess the degree of aortic pathology and evaluate
access sites. Despite the advances in minimally invasive techniques, concerns about the
durability and safety of these interventions as compared to open surgical repair remain.

Open surgical repair is an alternative option in the management of advanced thoracic
aortic disease. The goal of open surgical repair in ascending thoracic aortic aneurysms is
to prevent the risk of aortic dissection and rupture, but techniques vary and it is highly
dependent on the location and affected structures. It is important to note that, in patients
with BAYV, the blood flow is altered and will remain so after repair. As such, reconstructive
aortic root surgery is often attempted to restore the natural hemodynamics; an aortic root
replacement with either a mechanical composite graft or a xenograft, depending on the
patient’s profile, may also be required. Surgical intervention on the aortic arch, whether
repair or replacement, remains high-risk, but several emerging techniques have significantly
lowered the risks associated with it. Among these techniques, the continuous use of
anterograde cerebral perfusion provides cerebral protection during prolonged periods of
circulatory arrest (Class Ila recommendation).

The optimal modality of TAA repair is patient-specific. In a recent systematic re-
view comparing the outcomes of patients undergoing elective endovascular stent grafting,
and open surgical repair in patients with aortic arch and ascending thoracic aneurysmes,
endovascular repair was initially associated with more favorable short-term outcomes,
though open surgical repair yielded better long-term outcomes if patients survive the initial
procedure [114]. The Gore TAG study found that the initial survival advantage associated
with endovascular repair waned 5 years following the intervention [115-118]. Additional
studies [119,120] suggested that the initial survival benefit from endovascular repair as
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compared to open aortic repair may wane earlier—up to 12 months post-intervention.
Certainly, these outcomes may be influenced by selection bias, as the decision to pursue
endovascular repair over open repair tends to be driven by patient-specific characteristics
(i.e., age, medical comorbidities). The evolution of surgical techniques and patient selection
over the years may also play a role in the reported long-term outcomes.

6. Prophylactic Surgical Intervention

The decision to proceed with prophylactic surgical intervention is based on the risk of
TAA dissection and rupture as compared to the risk associated with surgical intervention.
Driven by a significantly increased risk of in-hospital mortality in patients undergoing
acute surgical management (up to 20 to 30%) [3] coupled with the relatively low risk of elec-
tive surgical intervention (~2.2%) [121], societal guidelines reflect a trend towards earlier
prophylactic surgical intervention. The recent 2022 ACC/AHA guidelines now recommend
a >5.0 cm threshold for surgical intervention for sporadic TAA when performed by experi-
enced surgeons in a multidisciplinary aortic team, as compared to >5.5 cm recommended
in the 2010 ACC/AHA guidelines [48,58,122]. However, prophylactic surgical intervention
for sporadic TAA remains a contentious issue, as recommendations have mostly been based
on retrospective, observational studies and expert consensus [123]. In comparison, the
natural history and treatment course for abdominal aortic aneurysms is guided by robust
randomized evidence [124,125].

The difficulty with relying on our current evidence base to guide prophylactic interven-
tion for TAAs lies in the fact that only the patients who present to the medical system due
to a complication of their TAA are included, excluding the large numbers of asymptomatic
patients. Randomized controlled trials are needed to better confront this question and are
currently enrolling patients [126]. Additionally, the ability to intervene prophylactically
is dependent on an amenable medical system itself, which is difficult to accomplish in
some European countries, such as the United Kingdom, where surgical intervention must
be commissioned.

7. Conclusions

In conclusion, thoracic aortic diseases encompass a diverse spectrum of conditions that
pose significant challenges in clinical practice. These disorders require a comprehensive
understanding of their pathophysiology and accurate diagnosis, which often involves the
genetic testing of family members. The potential for life-threatening complications man-
dates careful risk assessment and tailored management strategies. Advances in diagnostic
imaging, genetic profiling, and research have contributed to better detection and risk pre-
diction. Treatment options, ranging from conservative surveillance to endovascular repair
or open surgical procedures have expanded therapeutic possibilities and personalized
patient care. Nevertheless, challenges remain, including risk stratification and long-term
surveillance for disease progression. Further research efforts and collaborative initiatives
are necessary to deepen our understanding, enhance prevention strategies, and optimize
the management of aortic diseases. By combining clinical expertise, technological advance-
ments, and research endeavors, we can strive towards improved outcomes and a better
quality of life for patients affected by these challenging conditions.
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Abbreviations

AAA Abdominal aortic aneurysm
AAS Acute aortic syndrome

ACC American College of Cardiology
AHA American Heart Association
ARB Angiotensin receptor antagonist
AVR Aortic valve replacement

BAV Bicuspid aortic valve

CVG Composite valve graft

CT Computed tomography

CTA Computed tomography angiography
ECG Electrocardiogram

ECM Extracellular matrix
EDS Ehlers-Danlos syndrome
IMH Intramural hematoma

IRAD International Registry of Aortic Dissection
LDS Loeys-Dietz syndrome

MCL Mock Loop Systems

MLCK  Myosin light chain kinase

MMP Matrix metalloproteinase

MRA Magnetic resonance angiography

MRI Magnetic resonance imaging
PAU penetrating aortic ulcer
PET Positron emission tomography

RLC Regulatory light chain kinase

SMAD  Subsequent mothers against decapentaplegic homolog
TAAA  Thoraco-abdominal aortic aneurysm

TAA Thoracic aortic aneurysm

TEVAR  Thoracic endovascular aortic repair

TGF-B  Transforming growth factor beta

TGFBR  Transforming growth factor beta receptor

TIMP Tissue inhibitor of metalloproteinase
TTE Transthoracic echocardiography
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