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Abstract: Thoracic aortic aneurysms are prevalent in the Western population and are often caused by
genetic defects. If undetected, aneurysms can dissect or rupture, which are events associated
with a high mortality rate. Hitherto no cure exists other than elective surgery if aneurysm
dimensions reach a certain threshold. In the past decades, genotype-phenotype associations
have emerged that enable clinicians to start stratifying patients according to risk for dissection.
Nonetheless, risk assessment is—to this day—confounded by the lack of full comprehension
of underlying genetics and modifying genetic risk factors that complicate the yet established
genotype-phenotype correlations. Further research that focuses on identifying these additional risk
markers is crucial.
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1. Introduction—Thoracic Aortic Aneurysms

An aortic aneurysm is an abnormal enlargement of the aorta, caused by progressive dilatation of
a weakened vascular wall [1]. Aortic aneurysms can be categorised into two subtypes according to
anatomical location: abdominal aortic aneurysms (AAAs, below the diaphragm) and thoracic aortic
aneurysms (TAAs, above the diaphragm). The prevalence, aetiology and pathology of AAAs and
TAAs differ substantially: whereas AAA occurrence is typically attributed to advanced age and risk
factors, such as smoking and atherosclerotic disease, TAAs appear in all age categories and have
a prominent genetic predisposition [2]. Consequently, in the past decades, gene discovery efforts
uncovered a vast number of monogenic disease causes and risk loci involved in TAA pathology of
both syndromic and non-syndromic forms. Functional characterization of disease genes revealed
aberrant extracellular matrix (ECM) homeostasis, TGF-3 signalling and vascular smooth muscle cell
contractility as fundamental processes underlying aortic wall weakening (Figure 1B) [1,3].

If TAAs remain unnoticed, they entail a significant risk for dissections, which associate with
catastrophic consequences such as acute aortic valve insufficiency, heart failure, stroke, aortic rupture
and a 24 h mortality rate of 25%. Dynamic factors, such as smoking status, dyslipidemia and high blood
pressure, increase the risk for these events even more (Figure 1A) [4]. Although medical blood pressure
control with B-blockers or angiotensin II receptor blockers can slow down aneurysm progression
to some extent, the only preventive measure with regard to aortic dissection is to perform elective
surgery in patients with an aortic diameter reaching a certain threshold (5.5 cm being the general
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recommendation) [5]. It is, however, important that identified TAAs are serially monitored by means
of cardiovascular echocardiography, CT, or MRI, since TAA growth rate, severity and dissection hazard
can differ greatly [1].
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Figure 1. (A): classification of currently known dynamic and genetic risk factors and emerging risk
factors for thoracic aortic aneurysm and dissection. (B): classification of identified genes involved in
syndromic and non-syndromic thoracic aortic aneurysms according to the pathway or cellular process
they are involved in. TAA: thoracic aortic aneurysm; VSMC: vascular smooth muscle cell.

By studying known molecular defects underlying varying TAA phenotypes, several
genotype-phenotype associations were discovered. Therefore, not only the rate of TAA progression,
but also family history for dissection, gender and genotype must be taken into consideration to
improve clinical risk stratification and decision-making [6]. For instance, the clinically overlapping
Marfan syndrome (MFS), Loeys-Dietz syndrome (LDS) and Meester-Loeys syndrome (MRLS) with
co-occurring TAA, are caused by pathogenic variants in different key players of the same pathway.
Nevertheless, it is important to distinguish these different syndromes, since TAA location and severity
differ significantly according to which pathway component is affected. Furthermore, the location
and type of variant in the same gene can influence the risk of aortic dissection: haplo-insufficient
(e.g., out-of-frame splice site mutations, premature stopcodons) or dominant negative mutations
(e.g., inframe indels and missense mutations) can affect survival rates in a different manner in TAA
diseases as demonstrated in the vascular Ehlers—Danlos syndrome [7]. These associations enable
clinicians to stratify patients according to risk, establish well-defined clinical guidelines and determine
endpoints for surgical intervention.

In the following sections, a short overview of current risk stratification strategies based on
established genotype-phenotype correlations will be provided for MFS, LDS, MRLS, vEDS and familial
TAA caused by ACTA2 mutations (Table 1). Lastly, genetic modifiers and emerging non-genetic risk
factors (Figure 1A) will be discussed.
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Table 1. Genotype/phenotype characteristics of thoracic aortic aneurysm syndromes. LDS, Loeys-Dietz
syndrome; VEDS, vascular Ehlers—Danlos syndrome; MRLS, Meester-Loeys syndrome; FTAA,
familial thoracic aortic aneurysm; MSMDS multisystemic smooth muscle dysfunction syndrome;
AD, autosomal dominant; XL, X-linked.

Disease MIM Gene Modoe of Inheritance Key Features Vascular Involvement
(% De Novo)

Ectopia Sinus of Valsalva
Marfan #154700 FBN1 AD (30%) lentis—skeletal . .
overgrowth aneurysm/dissection
LDS1 #609192 TGFBR1
LDS2 #610168 TCFBR2 Hypertelorism, bifid Widespread aortic
LDS3 #613795 SMAD3 AD (25%) uvula/cleft palate, and arterial
LDS4 #614816 TGFB? arterial tortuosity aneurysm/dissection
LDS5 #615582 TGFB3
o Thin skin—joint Predominant dissection
VEDS #130050 COL3AL AD (50%) hypermobility of middle-sized arteries
MRLS #300989 BGN XL Slljeyl}e’gf‘f’llggf;‘gls Aortic aneurysm
FTAAG 4611788 ACTA? AD (rare) Lev.1c.10 retlcul?rls, Ascending aortic
iris flocculi aneurysm
I\n/zirelleles;‘s/\i/t};tse Persistent ductus
MSMDS #613834 ACTA2-R179 AD (100%) bowel dysmotilitgl arteriosus, aortic
hypotonic bladder aneurysm

2. Current Genetic Risk Stratification Strategies

2.1. Stratification by Affected Genes: Marfan Syndrome and Loeys—Dietz Syndrome

Multiple syndromes presenting with TAAs exist, which are often clinically highly overlapping.
However, TAA severity and the location of aneurysm formation can differ significantly between
phenotypes, urging discrimination by identifying the causal mutation. This is illustrated by MFS and
LDS, two connective tissue disorders involving TAA that are assumedly caused by dysregulation of the
TGF-f3 pathway—a pathway that is involved in a multitude of cellular functions (Figure 2) [8,9]. MFS is
an autosomal dominant disorder caused by mutations in the fibrillin-1 gene (FBN1), which encodes a
protein that is assembled into microfibrils. Patients with this multisystem disorder primarily present
with skeletal overgrowth, ectopia lentis and aortic root aneurysms at the level of the Sinuses of Valsalva.
The risk of acute dissections is presumed to be directly proportional to the maximum diameter of the
aorta and prophylactic surgery is recommended at a diameter of 5 cm, or if the aneurysmal growth
rate exceeds 1 cm per annum [9]. Surgery should be considered in patients who have aortic root
aneurysm, with maximal ascending aortic diameters 4.5 cm for patients with Marfan syndrome with
risk factors [9]. Although it was initially assumed that aberrant fibrillin-1 solely caused a defect in
structural organization of the medial matrix, imbalanced TGF-f signaling is now also suggested to be
a disease culprit. Fibrillin-1 microfibrils normally sequester TGF-f3 in the extracellular matrix and,
thus, regulate its bioavailability. The observed increase of TGF-f3 signaling in MFS causes an overall
degeneration of the media due to elastic fiber fragmentation, deposition of mucoid ECM components
and an excess of disorganized collagen; ultimately leading to weakening, aneurysm formation and
dissection of the aortic wall [8,10].
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Figure 2. Depiction of the canonical TGF-f3 signaling pathway. Biglycan and Fibrillin 1 sequester
transforming growth factor- ligands (TGF-) in physiological conditions. When TGF-f3 is dissociated,
it binds to the TGF-f3 receptor complex encoded by TGFBR1 and 2, thereby initiating signaling cascades
and inducing transcription of TGF-p target genes. Upon binding of TGF-f3, the TGF-f3 receptor
complex phosphorylates transcription factors SMAD2 and 3 which translocate to the nucleus to start
transcription after forming a complex with SMAD4. When aberrant fibrillin 1 is unable to sequester
TGF-f3, signaling cascades are uncontrollably activated, resulting in overexpression of the target genes.
Intriguingly, defects in ligands TGF-32 and TGF-f33, TGF-f receptors, or SMAD?2 and 3 also appear to
augment TGF-f signaling. Mutations in BGN cause Meester-Loeys syndrome (1), mutations in FBN1
cause Marfan syndrome (2), mutations in TGFBR1 and 2 cause Loeys-Dietz syndrome 1 and 2 (3),
respectively (LDS1 and LDS2), mutations in TGFB2 and TGFB3 cause LDS4 and LDS5, respectively (4),
and mutations in SMAD3 cause LDS3 (5). Figure adapted from Verstraeten et al. [1].

The histological abnormalities mentioned above also appear in LDS, first described in 2005
as a consequence of dysfunctional TGF-f3 receptors 1 and 2 (encoded by TGFBR1 and TGFBR?2).
The presence of a bifid uvula or cleft palate, hypertelorism and more prominent arterial tortuosity
with widespread aneurysms distinguish LDS patients from MFS patients. Of great importance is
that, in patients suffering from LDS, aneurysms occur not only at the sinuses of Valsalva, but also
appear beyond the aortic root with pronounced involvement of aortic side branches [6,11]. Moreover,
aneurysms tend to be more aggressive and dissections occur at a younger age and smaller diameter.
The latter observations instigate imaging of the entire arterial tree and surgical intervention at an
aneurysmal diameter of 4cm—or if growth rate exceeds 0.5 cm/year [6].

Since the initial discovery of TGFBR1 and 2 mutations, variants in four more genes (i.e., TGFB2,
TGFB3, SMAD?2 and SMAD3) have been linked to LDS. Although severely affected LDS patients have
been described to carry pathogenic variants in any of these genes, certain genes typically cause milder
phenotypes (Figure 3) [12,13]. Defects in TGFBR1 and 2 cause LDS1 and LDS2, respectively, with an
equally more severe clinical presentation. Dissections occur at a young age—even as young as three
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months old—and at small aortic dimensions [6]. Bicuspid aortic valve, patent ductus arteriosus and
atrial septal defect occur more frequently in these patients and during the course of disease, numerous
vascular surgeries are necessary. LDS3 is the result of affected SMAD3 function, which is essential
for signal propagation in the TGF-f3 pathway. Here, phenotypes are somewhat comparable to LDS1
and LDS2 and patients have a stronger predisposition for osteoarthritis [14]. Pathogenic variants
in SMAD?2, TGFB2 (LDS4) and TGFB3 (LDS5) give rise to milder LDS phenotypes, with dissections
at a larger diameter compared to other subtypes, less systemic features and higher incidence of
non-penetrance [15-18].

Systemic features

Young age of onset Mild expression
Dissection < 4.5 cm Non-penetrance
TGFBR1/2 SMAD3 TGFB2 SMAD2 TGFB3

Figure 3. Visual representation of Loeys—Dietz syndrome cardiovascular severity by affected genes,
with most severe clinical presentation to the left and less severe to the right.

As such, LDS types exhibit a phenotypic spectrum of severity on their own, complicating
clinical delineation even more. A recent publication pointed out that TGFB3 carriers show profound
intrafamilial variable expressivity and that homozygous mutations in the TGFB3 gene cause a worse
disease course [19]. Furthermore, the ever expanding clinical spectrum of LDS-genes challenges
the well-established understanding that LDS patients display more aggressive TAA dissections,
as demonstrated by Muhlstadt et al., who performed a case-matched comparison between LDS and
MEFS [20]. These two studies encourage further reseach and large-scale comparative studies to fine
tune clinical considerations, apart from the current surgical endpoints being the aortic dimensions and
growth rate.

2.2. Stratification by Gender: Meester-Loeys Syndrome and Bicuspid Valve Associated TAA

Albeit TAA is mostly inherited in an autosomal dominant matter, an X-linked syndromic form was
recently identified in a patient cohort of male probands with molecularly unexplained LDS-like features.
The condition, now termed Meester—Loeys syndrome (MRLS), is characterized by early onset aneurysm
formation (from one year old) and dissection (as early as 15 years old) and strongly resembles MFS and
LDS with typical features such as pectus deformities, joint hypermobility, aortic root dilatation and
mitral valve insufficiency [21]. Distinctive LDS features, such as bifid uvula, hypertelorism and cervical
spine instability, are also found, and non-typical features, such as brain ventricular dilatation, gingival
hypertrophy and platyspondyly, differentiate MRLS from LDS and MFS. The strong resemblance to
these two other connective tissue disorders hinted towards involvement of another, X-linked ECM
gene with possible involvement in TGF-{3 signaling. Looking more closely at structural and functional
changes in the aortic wall, a low to normal collagen content and normal elastic fibers are noted in
contrast to the increased collagen and fragmented elastin in MFS and LDS; but enhanced TGF-f3
signaling was indeed demonstrated by increased SMAD2 phosphorylation. Targeted resequencing of
candidate ECM and TGF-f3 pathway genes identified loss-of-function mutations of the BGN gene as the
cause of disease. BGN encodes biglycan, a small leucine-rich protein sequestered in and responsible for
ECM assembly and maintenance and, like fibrillin, regulation of growth factors and signaling proteins.
The phenotype of female carriers of a BGN loss-of-function mutation can range from unaffected
to dilatation of the aortic root and death due to dissection, but is usually of milder cardiovascular
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severity [21]. As indicated before, due to the different levels of severity between MFS, LDS, MRLS but
also MRLS males versus MRLS females, differentiation with a molecular diagnosis is crucial—not only
for clinical guidelines regarding the aortic phenotype, but also to monitor other MRLS findings such as
cervical spine instability.

Another striking gender difference is observed in patients with a bicuspid aortic valve (BAV),
a congenital anomaly with a prevalence of 1-2%. Patients with this malformation have an aortic valve
comprising of two cusps instead of three, which can result in an elevation of shear stress on the aortic
wall due to abnormal blood flow patterns. Regions with increased shear stress display significant
remodeling and deterioration of the ECM with elastic fiber degeneration, rendering the aortic wall
more fragile and often resulting in dilatation of the aorta [22-24]. Consequently, TAA is 86 times
more prevalent in patients with BAV compared to normal individuals having a tricuspid aortic valve
and aortic surgery is performed at a smaller diameter [25]. Of note, BAV occurs three times more
and associated TAA occurrence is significantly higher among men compared to women, which is
attributable to a gender-dependent aortic remodeling: the matrix metalloproteases and their inhibitors
that regulate remodeling of the ECM are differentially expressed, resulting in decreased integrity of
collagen fibres compared to females. Lower survival of VSMC also contributes to a larger dilatation in
males. Hence, specific focus should be drawn to aortic dimensions in males with BAV, with regular
follow up to monitor growth rate and to plan timely interventions [26].

Overall, it is well established that gender plays a significant role in aneurysm development: the
male-to-female ratio in AAA is 6:1 and for TAA a lesser pronounced ratio of 1.7:1 [27,28]. There have
been animal studies where involvement of sex hormones in aortic aneurysm formation has been
indicated, suggesting either an aneurysm promoting role of testosterone, or a preventive role of
estrogen through reduction of ECM degrading enzymes [26]. The observation of a higher occurrence of
BAV, aortic dilatation, aneurysm and dissection in Turner syndrome patients (only one X chromosome,
no Y chromosome) compared to females with two X-chromosomes hints towards a protective role of
the X chromosome in aortopathy [29]. However, most of the genetic factors underpinning the observed
gender differences have yet to be uncovered.

2.3. Stratification by Variant Type: Vascular Ehlers—Danlos Syndrome, Haploinsufficiency and Dominant
Negative Mutations

2.3.1. Effect of Variant Types on the Presentation of Vascular Ehlers-Danlos Syndrome

With deficient ECM regulation being at the heart of TAA formation, pathogenic variants in genes
encoding important structural molecules of the connective tissue such as collagens, can cause frailty
of the aortic and arterial wall. One such disorder, caused by autosomal dominant mutations in the
COL3A1 gene, is termed vascular Ehlers-Danlos syndrome (VEDS) and presents with life-threatening
complications such as arterial dissections, bowel perforations and uterine ruptures. Aortic dissections
and ruptures are responsible for almost 70% of deaths with a mean survival of 50 years [7,30].
COL3A1 encodes the alpha chain of type 3 collagen which trimerizes into a triple helical configuration
to eventually form a type III collagen molecule, an essential ECM component in hollow organs, such as
blood vessels and the intestine [31]. Interestingly, a role for collagen III in sequestering BMP (bone
morphogenic protein), analogously to fibrillin-1 with TGF-f has been hypothesized.

In two large-scale studies with 572 [7] and 215 [30] vEDS subjects, genotype-phenotype association
analyses were carried out. Splice variants resulting in in frame exon-skipping or a shortened but
stably expressed product give rise to the most severe phenotype with a short lifespan and high risk
for dissection. Specifically, patients with a donor splice site mutation have mean survival age of
37 years, whereas acceptor splice site mutation carriers have a mean survival age of 52 years. The latter
is comparable to the mean survival of patients with glycine substitutions in the canonical Gly-X-Y
repeat of the triple helical domain [7]. Seemingly, the amino acid that replaces a helical glycine can
affect disease severity as well: when the survival per replacement amino acid was analyzed, it was
discovered that a replacement serine had a more detrimental effect on survival compared to arginine
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or aspartic acid, and that valine had a less severe consequence than all three previously mentioned
amino acids [7].

Of note, vEDS patients with a null mutation as a result of frameshift, nonsense substitutions or
large deletions have the best survival rate of all vVEDS patients: 70% had an event-free survival at the
age of 40 [7] and overall survival could not be estimated due to the low number of deaths [30]. That is
because splice site and glycine mutations hamper the stable assembly of type III collagen molecules into
procollagen homotrimers and thus act in a dominant-negative (DN) manner on the overall formation of
connective tissue. Contrariwise, null mutations—i.e., haploinsufficiency (HI)—just result in a reduced
amount of correctly assembled mature collagen [7,30].

2.3.2. Haploinsufficiency and Dominant-Negative FBN1 Mutations

Similar to vEDS, mutations in the FBN1 gene can be categorized into two subtypes. Whole gene
deletions, unstable mutant protein and nonsense mediated decay of abnormal mRNA all result in
HI, whereas variants that produce an aberrant protein that is stably expressed are classified as DN
mutations [32]. Similar to type III collagen, fibrillin-1 molecules interact to form fibrils. Consequently,
structurally disturbed molecules alter the entire fibril structure resulting in disorganized ECM and a
weakened aortic wall [33]. Although for many years it was suspected that, for MFS too, patients with
a DN genotype present with a more severe phenotype, recent studies with analyses of large patient
cohorts suggested that HI patients have an increased risk for aortic complication and cardiovascular
death [34,35]. Most recently, Meester et al. conducted a comparative study between patients with HI
and DN mutations, where no significant differences in cardiovascular phenotypes were discovered
(unpublished data).

Recently, a clinical trial on a Dutch cohort of 357 adult MFS patients (age > 18 years) was performed
to study the effect of genotype on responsiveness to Losartan—an angiotensin II receptor 1 blocker
that lowers blood pressure and TGF-f signaling. In this study, patients with HI FBNI mutations
demonstrated a marked decrease in aortic root dilatation rate compared to DN patients [32,36],
which indicates that the mutation type can determine whether a specific therapy could exert a beneficial
effect. However, in a younger cohort (age 6-25 years) of similar size we were unable to confirm this
difference (unpublished data).

2.4. Stratification by Variant Location: From Low-Penetrant Familial Thoracic Aortic Aneurysms to Severe
Early Onset Syndrome

As mentioned in the introduction, the location of the variant within a certain gene can affect the
phenotype significantly, ranging from incomplete penetrance or isolated aortic disease to an early-onset
multisystem disorder. A striking example is the missense mutation p.R179H in the ACTA2 gene,
which encodes smooth muscle specific actin (x-SMA). x-SMA is critical for the function of smooth
muscle cells within the aortic wall. Hence, apart from the TGF-3 pathway and ECM matrix, impairment
in smooth muscle cell function also contributes to TAA development, as illustrated in Figure 1 and the
section below.

Smooth muscle cells in the aortic wall and other visceral organs perform their function by
contracting in response to mechanical stretch. Smooth muscle-specific actin plays a pivotal role in this
process, as interactions between actin and myosin filaments result in contraction [37]. «-SMA consists
of free monomers organized into filaments by means of inter-strand bonds. When the concentration
free monomers is high in comparison with assembled filaments, a proliferative cell state is promoted
due to the increased expression of growth-responsive genes. When monomers are predominantly
polymerized into filaments, transcription and translation of contractile proteins is induced—essential
for functional performance of a mature, contractile smooth muscle cell.

Heterozygous mutations in ACTA2 account for up to 20% of familial non syndromic TAA
cases. Phenotypes in mutation carriers are age-related and often show incomplete penetrance (up
to 50%) [37]. Here, surgery is recommended when the maximal diameter of the aneurysm reaches
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4.5-5.0 cm [38]. However, one particular amino acid substitution (p.R179H) elicits a severe early onset
and highly penetrant phenotype with multisystemic smooth muscle dysfunction. In addition to TAA,
patients suffer from pulmonary hypertension, malrotation and hypoperistalsis of the gastrointestinal
system, hypotonic bladder, congenital mydriasis and cerebrovascular disease [38—40]. The amino
acid change in question, p.R179H, alters a critical interaction site for establishment of the inter-strand
binding of free actin monomers into filaments [39,41]. Accordingly, actin is unable to form filaments
and smooth muscle cells are inhibited to mature, proliferate continuously and secrete abnormal ECM
components [41].

3. Genetic Modifiers

Patients and families with Mendelian segregation of the same TA A-causing mutation often show
profound inter- and intra-familial phenotypic variability, going from non-penetrance to sudden death
at young age due to dissection. This hints towards the presence of additional genetic variation which
contributes to the final clinical presentation, complicating risk assessment and patient management.
As proof of principle for the existence of genetic modifiers in rare monogenic conditions, Drumm et al.
found that variants in the TGFB1 gene modify pulmonary disease and clinical outcome in cystic fibrosis
patients with the same CTFR mutation, thus identifying TGFB1 as a so-called genetic modifier [42].
As availability of patient samples and sufficient sample size for statistical significance are necessary,
genetic modifier studies are often challenging for rare diseases such as vVEDS, MFS and LDS. Nonetheless,
a recent paper studying genetic factors explaining clinical variability in MFS identified several
genetic modifier loci of which risk alleles exert a more severe phenotype. For example, a second
pathogenic event in the COL4A1 gene was found to worsen disease [43]. In another publication,
Landis et al. describe their efforts to identify genetic modifiers controlling syndromic and familial
TAA penetrance and expressivity. By means of exome sequencing, candidate genetic modifiers were
discovered, among which a rare variant in ADCK4 that segregated with mild TAA in several families.
The association between ADCK4 and TAA can be explained by the observed expression of this gene in
aortic smooth muscle cells and the suspected involvement in functioning and survival of these cells
through regulation of mitochondrial activity [44]. These two studies already represent an advancement
towards a complete understanding of the complex molecular fundament underlying TAA.

4. Emerging Non-Genetic Risk Determinants

As mentioned above, the aortic diameter is currently the mainstay for timing preventative
operations, since a fairly linear correlation was found between dilation and risk of dissection or rupture.
However, a recent study examined aortic dilatation at the time of dissection and noted that the average
aortic diameter at dissection was smaller than 5.5 cm, with 40% of patients even below 5 cm [5].
Aortic size alone, whether or not depending on an underlying molecular defect is, thus, not sufficient
for clinical decision-making and better risk predictors are necessary.

Where the currently uncovered genotype-phenotype associations and aortic diameters fail to
tully grasp risk and prognosis, several other non-genetic disease properties emerge as complementary
means to assess risk as precisely as possible. For instance, the stiffness of the ascending aorta—which
is calculated using blood pressure values and dimensions of the aorta in systole and diastole—has
been suggested to correlate with the growth rate and clinical outcomes [45,46]. At least one year before
the event of dissection, Emerel et al. identified increased stiffness and wall stress in the region where
tearing occurred in patients with TAA dissections by creating biomechanical property maps derived
from echocardiographical and computed tomography images [45]. Likewise, in the clinical study from
Tierney et al., MFS patients were shown to exhibit increased wall stiffness compared to controls—even
with normal aortic root dimensions. Higher stiffness associated with higher frequency of surgery,
dissection and death [46].

Franken et al. recently proposed another non-genetic indicator of cardiovascular severity in MFS.
In their study, a method to determine aortic tortuosity by 3D visualization of the aorta with magnetic
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resonance imaging (MRI) was developed and validated. The aortic tortuosity index in MFS patients was
significantly higher compared to control and correlated with a higher risk for aortic complications [47].
Moreover, Heuts et al. suggest aortic lengthening as a predictive marker of TAA dissection as they
observed an average increase of 2 cm of the ascending aorta in patients with calculations performed on
computed tomography images [48].

As previously described in Section 2.2, abnormal blood flow patterns can have a deleterious effect
on aortic wall integrity due to regional deviation of wall shear stress distribution and flow eccentricity,
inducing ECM remodeling and elastic fiber degeneration. 4D cardiovascular MRI enables to depict
these abberant outflow patterns and to calculate resulting shear stress, hemodynamic markers that
can be highly relevant for patients with a bicuspid aortic valve [22,49]. Elastic fiber degeneration
itself poses opportunities for biomarkers and imaging markers. One study investigated the relation
between aortic microcalcification (which co-localizes with aortic elastin degradation) and the risk for
dissection in MFS and hypothesizes that microcalcification may serve as a marker for aortic disease
severity [50]. Additionally, an association was found between fibrillin-1 fragment concentrations in the
blood circulation of TAA patients and the frequency and dissection of aneurysms [51].

The above results of the recent clinical studies demonstrate that measurement of predisposing
biomechanical markers with non-invasive methods offers opportunities to predict aortic
aneurysm dissection.

5. Towards Gene-Tailored Management

The difference in disease severity, survival and therapeutic response underlines yet again the
importance of genetics in prognosis, risk estimation and tailored therapeutic strategies for TAA and
other conditions. However, despite few but promising uncovered genotype-phenotype associations,
accurate assessment of aneurysm and dissection risk still remains difficult. Clarification of conflicting
results, identification of modifier genes and optimization of non-invasive bio- and imaging markers
will pave the way to accurate risk assessment and tailored clinical guidelines.
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