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Introduction
Aortic diseases, or aortopathies, include thoracic abdominal 
aortic aneurysm (TAA) and abdominal aortic aneurysm 
(AAA). They are the 18th most common cause of death, 
responsible for 1% to 2% of all deaths in the industrialized 
world.1,2 An aneurysm is a localized arterial dilation to a diam-
eter 50% above normal.3 By the Laplace law, wall tension 
equates to lumen radius multiplied by the pressure such that 
arterial dilation begets further dilation due to a progressive rise 
in wall tension.3 As such, the natural history of aneurysmal 
dilation is progressive expansion, occasionally culminating in 
catastrophic consequences such as dissection or rupture. Prior 
to a potentially lethal event, only 5% of the patients are fore-
warned by symptoms, whereas death is the first symptom for 
the remaining majority.1 Aortic aneurysms convey a significant 
mortality burden that is likely underestimated due to their 
silent nature and increasing incidence.1 The reported increas-
ing incidence is likely from a combination of the major growth 
in diagnostic imaging as well as an aging population.4,5 The 
largely silent, unpredictable, and deadly features of aneurysmal 
disease all necessitate a better understanding by clinicians of 
the relevant risk factors, pathophysiology, screening modalities, 
and available treatments.

Aortic aneurysms include both TAA and AAA. Abdominal 
aortic aneurysms are common and are typically degenerative 
disorders associated with traditional atherosclerotic risk factors 
such as advanced age, cigarette smoking, hypertension, and 
hypercholesterolemia.2,6 These aneurysms likely arise from 
complicated interactions of multiple predisposing genes and 

environmental risk factors.2 In contrast, thoracic aortic aneu-
rysms occur in all age groups and are more likely to be associ-
ated with a genetic background, presenting as either part of a 
syndromic disorder or an isolated aberration.2,7 In addition, 
TAAs may occur as a sporadic phenomenon or as a familial 
disorder; the latter may follow classic Mendelian inheritance or 
nonclassic inheritance of a complex trait.2,8 Elefteriades et al1 
classified aortic aneurysms by their anatomic relationship to 
the ligamentum arteriosum. Aneurysms proximal to the liga-
ment are more likely to be nonarteriosclerotic, whereas those 
distal to the ligamentum are primarily of arteriosclerotic origin. 
Familial and some syndromic TAAs often have faster growth 
rates than sporadic TAAs and therefore may present earlier.5 
As such, thoracic aortic aneurysm dissection (TAAD) is an 
important cause of premature death in young adults. In fact, 
Puranik et al9 found that aortic dissection caused 5.4% of sud-
den cardiac deaths in an autopsy series of 427 individuals with 
mean age of 26.8 years.

Genetic aortopathies are an underappreciated group of dis-
orders which pose a significant healthcare burden. The goal of 
this review is to familiarize the clinician with some of the key 
inherited TAA entities as well as the current recommended 
guidelines for surveillance and management. Areas requiring 
further investigation are also discussed.

Genetic Thoracic Aortic Aneurysms
Thoracic aortic aneurysms and dissections, respectively, have a 
strong genetic basis. Examples of syndromic TAA disorders 
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include Marfan syndrome (MFS), Loeys-Dietz syndrome 
(LDS), and vascular Ehlers-Danlos syndrome (vEDS). Familial 
TAAD (FTAAD) denotes a group of nonsyndromic disorders 
which generally present with isolated TAAs, without associ-
ated characteristic systemic features. Advances in next-genera-
tion sequencing are rapidly uncovering novel genes and/or loci 
associated with hereditary TAAs.7 Most genetic causes of her-
itable TAA disorders are inherited as monogenic defects with 
an autosomal dominant pattern of inheritance with high pen-
etrance.7 Altogether, genetic triggers account for about 20% of 
thoracic aortic disease; however, this is likely an underestimate 
due to underdiagnosis of silent TAAs in family members of 
probands and infrequent use of genetic testing in the clinical 
setting.1,8,10 This review is not a comprehensive catalogue of all 
known genetic TAA disorders but rather offers an overview of 
4 important entities: MFS, LDS, vEDS, and FTAAD (Table 1). 
Awareness of the more common genetic TAA disorders is  
paramount due to variable natural progression, different  
surveillance and management, and excessive early mortality.

Genetically mediated thoracic aortic disorders share histo-
pathologic features of medial degeneration, characterized by 
destructive matrix remodeling with elastin fragmentation, 
impaired proliferation of vascular smooth muscle cells, and pro-
teoglycan deposition.2,3 There is increased matrix metallopro-
teinase (MMP)-2 and MMP-9 activity which lyse elastic fibers 
and break down extracellular matrix (ECM).3 Because genes 
mutated in MFS and vEDS both encode ECM proteins (fibril-
lin-1 and type III procollagen, respectively), the original 
hypothesis was that altered ECM contents led to structural 
weakness in the aortic wall, thereby leading to progressive aneu-
rysmal dilation.2 However, this purely mechanical hypothesis 

was later found to be too simplistic. An important hint to the 
contrary came from studying fibrillin-1–deficient mice which 
were noted to have abnormal septation of distal alveoli; these 
mice displayed increased levels of free transforming growth fac-
tor β (TGF-β) and increased activation of its downstream 
effectors (pSMAD2/3).20 Transforming growth factor β inhibi-
tion in this MFS mouse model restored distal alveolar septation, 
implicating increased TGF-β signaling as a key abnormality in 
MFS.20 Fibrillin proteins bear significant homology to latent 
TGF-β–binding proteins which sequester TGF-β, thereby 
downregulating the bioavailability and activity of TGF-β; 
fibrillin-1 deficiency therefore leads to increased TGF-β levels 
and its downstream effectors, including MMPs (Figure 1).2

Transforming growth factor β is a regulatory cytokine 
expressed by vascular smooth muscle that regulates MMP 
activity and is involved in numerous pathways related to cell 
growth, differentiation, and oncogenesis.3,7 There is mount-
ing evidence that dysregulation of TGF-β signaling may be 
a primary etiologic factor underlying numerous TAA disor-
ders that includes the following: (1) serum TGF-β levels 
correlate with rate of aneurysmal growth in mouse MFS 
models,22 (2) serum TGF-β levels are markedly elevated in 
patients with acute aortic dissection,23,24 (3) in patients with 
MFS, TGF-β levels correlate with both size and rate of 
growth of aortic root aneurysms,25 (4) TGF-β levels predict 
aortic dissection and elective aortic root surgery,25 and (5) 
high TGF-β levels have been noted in other TAA disorders 
ranging from FTAAD to bicuspid aortic valve–associated 
TAA.2 Notably, TGF-β levels may serve as a prognostic and 
therapeutic marker in patients with TAA, although this 
remains theoretical.2,22,23,25

Table 1.  Thoracic aortic aneurysm disorders.

Disorder Genes Features

MFS11 FBN-1—fibrillin-1 Skeletal, ocular, and cardiovascular defects. Aortic dilation occurs at the 
sinuses of Valsalva

LDS12 TGFBR1—TGF-β receptor 1
TGFBR2—TGF-β receptor 2
SMAD3—SMAD family member 3
TGFB2—TGF-β 2 ligand
TGFB3—TGF-β 3 ligand

LDS, all forms—aggressive TAA, fast growth rates, mean age at death 
26 y
LDS type 1—bifid uvula, cleft palate, orbital hypertelorism, and 
craniosynostosis
LDS type 2—easy bruising, joint laxity, visceral rupture, and thin, 
translucent skin

vEDS13 COL3A1—type III procollagen Risk for spontaneous intestinal, uterine, and arterial rupture as well as 
joint and cutaneous manifestations. High surgical mortality

FTAAD 1. ACTA2—smooth muscle alpha-2-actin14,15

2. MYH11—smooth muscle myosin heavy chain16

3. TGFBR2—TGF-β receptor 217

4. MYLK—myosin light chain kinase18

5. �PRKG1—type I cGMP-dependent protein 
kinase regulating smooth muscle cell 
relaxation19

1. �Most common FTAAD. Associated with livedo reticularis, iris floculi, 
patent ductus arteriosus, nonthoracic aneurysms, premature coronary 
artery disease, ischemic strokes, and moyamoya

2. Associated with patent ductus arteriosus
3. �Mutations involving Arg460. Associated with abdominal, cerebral, and 

coronary aneurysms
4. �Acute aortic dissection with little or no precedent aneurysm
5. �Gain of function mutation leading to aortic dissections occurring at a 

young age, associated with coronary aneurysm and dissection

Abbreviations: cGMP, cyclic guanosine monophosphate; FTAAD, familial thoracic aortic aneurysm and dissection; LDS, Loeys-Dietz syndrome; MFS, Marfan syndrome; 
vEDS, vascular Ehlers-Danlos syndrome.
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Marfan syndrome

Marfan syndrome is an autosomal dominant syndromic disor-
der with variable expression and pleiotropic features affecting 
the skeletal, ocular, and cardiovascular systems, with the latter 
being the major source of morbidity and mortality.21,26 Marfan 
syndrome affects approximately 1 in every 5000 persons and 
accounts for 5% of all aortic dissections, without a sex, racial, or 
ethnic bias. 11,27,28 French pediatrician Antoine-Bernard Marfan 
classically described the skeletal features of the syndrome in 
1896, including arachnodactyly, pectus deformity, and dispro-
portionately long extremities, among others.29 McKusick26 
described the cardiovascular manifestations of MFS in a case 
series of 105 patients and their families in 1955, calling atten-
tion to the occurrence of aortic aneurysms and dissections.

Aortic dilation in MFS typically occurs at the sinuses of 
Valsalva and the tubular portion of the ascending aorta form-
ing a “pear-shaped” annuloaortic ectasia (Figure 2), and these 
aneurysms typically grow approximately 0.1 cm/year.5,11 
Without surgical intervention, the lifetime risk for aortic dis-
section is an alarming 50% with rare survival past the 
1940s.11,28 Indeed, progressive aortic root enlargement result-
ing ultimately in dissection is the main cause of premature 
mortality in patients with MFS.27 Treatment with β-blockers 
and improved surgical technique has prolonged median sur-
vival from 48 years in the 1972 to 72 years in 1993.30 
Nevertheless, despite adequate medical management, 90% of 
patients with MFS will have aortic surgery or suffer an aortic 
dissection in their lifetime.7

Despite the description of Marfan syndrome in 1896, it was 
not until 1991 that the causative gene for MFS was discovered to 
be FBN-1 encoding fibrillin-1, which is an ECM glycoprotein 
abundantly present in the suspensory ligament of the lens, the 
periosteum of bone, and the aortic media.31–33 As noted above, 
this mutation leads to fibrillin-1 deficiency, which then results in 
an excess of TGF-β (Figure 1). More than 800 distinct FBN-1 
mutations have been described.34 Individual families may have 
their own private mutation, but family members sharing the same 
mutation often display a heterogeneous phenotype.11 Notably, 
25% of MFS arises de novo from a sporadic mutation.21

Diagnostic criteria for MFS have undergone several revi-
sions. Revision by Loeys et al35 in 2010 placed greater weight 
on the 2 cardinal manifestations of MFS: ectopia lentis and 
aortic root dilation. With a family history of MFS, the diagno-
sis can be made if the patient has at least one of the following: 
ectopia lentis, aortic root dilation, or a systemic score ≥7 based 
on systemic correlates. In the absence of family history, the 
diagnosis requires a combination of the cardinal features, sys-
temic score, and FBN-1 gene mutation (Figure 3 and Table 2). 
Notably, FBN-1 gene mutation is neither necessary nor suffi-
cient for the diagnosis because testing is not yet broadly avail-
able in the clinical setting and a given mutation may be either 
silent or result in phenotypes other than MFS.7

Loeys-Dietz syndrome

First described in 2005, LDS is an autosomal dominant syn-
dromic aortopathy with variable expression characterized by 

Figure 1.  TGF-β regulation and signaling. Increased TGF-β signaling is associated with TAAs. In Marfan syndrome, mutations in fibrillin-1 result in 

increased TGF-β bioavailability and therefore increased activity of both the canonical (blue) and noncanonical (green) TGF-β signaling pathways, with 

overexpression of target genes including matrix metalloproteinases. Loeys-Dietz syndrome results from loss of function mutations in the TGF-β ligands, 

receptors, or R-Smad effectors which paradoxically result in increased TGF-β signaling. TAAs indicate thoracic aortic aneurysms; TGF-β, transforming 

growth factor β. Reproduced with permission from Verstraeten et al.21
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aggressive TAAs.36 Loeys-Dietz syndrome type 1 is associ-
ated with craniofacial defects (bifid uvula, cleft palate, 
orbital hypertelorism, and craniosynostosis), and LDS type 
2 has vascular EDS-type features (easy bruising, joint laxity, 
visceral rupture, and thin, translucent skin), both caused by 
TGF-β receptor (TGFBR) mutations (TGFBR1 and 
TGFBR2).12 Loeys-Dietz syndrome types 3, 4, and 5 were 
also subsequently described and arise, respectively, from 
mutations of the TGF-β downstream effector SMAD3 
gene, the TGF-β 2 ligand (TGFB2) gene, and the TGF-β 3 
ligand (TGFB3) gene (Figure 1).21,37 MacCarrick et  al37 
proposed a revised nosology in 2014 to reduce emphasis on 
systemic dysmorphic features because the primary concern 
with all the LDS-associated mutations is the underlying 
vascular disease. Accordingly, they proposed that the pres-
ence of an aneurysm or dissection and any of the associated 
mutations is sufficient to make the diagnosis of LDS irre-
spective of other systemic features.37 There is also signifi-
cant clinical variability between family members with the 
same mutation.12

The vascular-related morbidity and mortality of LDS is 
alarming. Thoracic aortic aneurysms in LDS can grow faster 
than 1.0 cm/year, 10 times faster than the average MFS TAA.5 
In a series of 90 patients with LDS, Loeys et al12 found that the 
mean age at death was 26 years (range: 0.5-47 years), where 
TAADs claimed 67%, abdominal aortic dissections claimed 
22%, and cerebral bleeding claimed 7%. A total of 32% had a 
vascular event (dissection, surgery, or death from dissection or 
rupture) before 19 years of age. Arterial involvement was wide-
spread beyond the aorta, involving both the head and neck as 
well as abdominal arterial branches.

Loeys-Dietz syndrome and MFS likely share aberrant 
TGF-β signaling as part of their pathogenesis (Figure 1). As 
described above, fibrillin-1 deficiency in MFS results in 
increased TGF-β bioavailability and activity such that fibrillin-
1–deficient mice have increased free TGF-β levels and 

Figure 2.  Aortic root dilation in Marfan syndrome. These images show 

aortic root dilation in a 27-year-old male with Marfan syndrome. Note the 

dilation of the sinuses of Valsalva, forming a pear-shaped appearance. 

Importantly, different imaging modalities, cross sections, and planes give 

different measurements of the same aortic aneurysm. Follow-up imaging 

should therefore use the same imaging modality and measurements 

should be made perpendicular to the axis of the aorta for reliable 

longitudinal comparisons. 

(A) Transthoracic echocardiography in the parasternal long-axis view.

(B) and (C) Contrast enhanced computed tomographic (CT) scan in the 

transverse (B) and sagittal (C) planes. 

Figure 3.  Revised Ghent criteria for diagnosis of Marfan syndrome.35 *Caveat: without discriminating features of Shprintzen-Goldberg syndrome, 

Loeys-Dietz syndrome, or vascular Ehlers-Danlos syndrome (as defined elsewhere) and after TGFBR1/2, collagen biochemistry, and COL3A1 testing if 

indicated; other conditions/genes may emerge with time. In the absence of a family history of Marfan syndrome, ectopia lentis and fibrillin-1 mutation 

indicate either (a) Marfan syndrome in the presence of aortic dilation or (b) ectopia lentis syndrome in the absence of aortic dilation. See Table 2 for the 

systemic score. FBN1 indicates fibrillin-1.
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downstream effectors such as pSMAD2/3.2 In LDS, despite 
loss-of-function mutations in TGF-β receptors, the aortic 
walls of patients with heterozygous mutations indicate 
increased TGF-β activity: they have increased collagen, nuclear 
phosphorylated SMAD2, and expression of connective tissue 
growth factor which is a TGF-β–responsive gene.36,38 This 
paradox is poorly understood. Therefore, both MFS and LDS 
share enhanced TGF-β signaling as a core abnormality at the 
molecular level.

There is phenotypic overlap between LDS and both MFS 
and vEDS. However, genetic testing to distinguish among 
these disorders is paramount given differences in prognosis and 
management. Indeed, the median survival for LDS is only 
37 years, lower than with both vEDS (48 years) and treated 
MFS (70 years).12,30,39 Although there are no established diag-
nostic criteria for LDS, mutation in any of the 5 LDS genes 
(TFBR1, TGFBR2, SMAD3, TGFB2, and TGFB3) in com-
bination with arterial aneurysm, dissection, or family history of 
LDS is sufficient to make the diagnosis.37

Vascular Ehlers-Danlos syndrome

Vascular Ehlers-Danlos syndrome, or Ehlers-Danlos syndrome 
type IV, is an autosomal dominant disorder characterized by 
risk for spontaneous intestinal, uterine, and arterial rupture as 
well as joint and cutaneous manifestations.39 The prevalence of 

vEDS is about 1 in 90 000.40 In a study of 419 patients with 
vEDS and affected relatives, Pepin et al39 described a median 
survival of 48 years with the most (79%) dying of arterial rup-
ture and the rest mostly of either organ (uterus, left ventricle, 
liver, spleen) or gastrointestinal rupture. Of all arterial compli-
cations identified, approximately half involved the thoracic or 
abdominal arteries, and the rest were split between the head 
and neck, and limb arteries. Mean age at first complication was 
30.6 years.40

The culprit gene (COL3A1) encodes for type III procolla-
gen, a component of skin, vessel wall, and hollow organs.7,13 
The defect results in friable aortic tissue with tears along the 
aorta and its branches, leading to rupture and dissection often 
without prerequisite aneurysm and high surgical mortality.7,39

The clinical diagnosis of vEDS, as per revised nosology of 
Villefranche, requires the presence of 2 of the following: (1) 
thin, translucent skin; (2) arterial, intestinal, or uterine rupture; 
(3) easy bruising; and (4) characteristic facial appearances.41 
Diagnosis is confirmed by either finding of structurally abnor-
mal type III procollagen in a culture of dermal fibroblasts or 
COL3A1 gene mutation.13 Due to its rarity, the diagnosis of 
vEDS is often not made until arterial or organ rupture.40

Familial thoracic aortic aneurysm

Familial thoracic aortic aneurysms and dissections are a heter-
ogeneous group of nonsyndromic TAA disorders which are 
heritable with autosomal dominance, variable expression, and 
incomplete penetrance.7 Isolated TAAs are discovered in 11% 
to 19% of first-degree relatives of patients with TAAs, although 
the true rate may be higher due to undiscovered aneurysms.38 
Although by definition, “isolated” TAAD occurs in the absence 
of other manifestations, many affected families do have identi-
fiable extra-aortic features.7 Causative mutations in the follow-
ing genes have been associated with FTAAD: smooth 
muscle–specific α-actin (ACTA2), vascular smooth muscle 
contractile protein β-MHC (MYH11), TGFBR2, myosin 
light chain kinase (MYLK), and a type 1 cyclic guanosine 
monophosphate–dependent protein kinase that controls 
smooth muscle relaxation (PRKG1).3,42

Mutations in ACTA2 are the most commonly identified, 
accounting for 10% to 14% of FTAAD.14 Patients present with 
TAAs, livedo reticularis, iris flocculi, a patent ductus arteriosus, 
and nonthoracic aneurysms.38 These patients are also at higher 
risk for premature coronary artery disease, ischemic stroke, and 
moyamoya.15 Mutations in MYH11, which encodes a major 
contractile protein in vascular smooth muscle, are found in 
FTAAD associated with patent ductus arteriosus, possibly due 
to impaired smooth muscle proliferation, migration, and con-
traction.16,38 As with LDS, FTAAD has also been described in 
association with TGFBR2 mutations, specifically involving 
Arg460 in the intracellular domain associated with paradoxically 
increased TGF-β activity.17,38 In addition to TAA, mutations of 

Table 2.  Systemic score for Marfan syndrome.

Points Features

3 Wrist AND thumb sign (1 point for wrist OR thumb 
sign)

2 Pectus carinatum deformity (1 point for pectus 
excavatum or chest asymmetry)

2 Hindfoot deformity (1 point for plain pes planus)

2 Pneumothorax

2 Dural ectasia

2 Protrusio acetabuli

1 Reduced upper segment/lower segment ratio AND 
increased arm/height AND no severe scoliosis

1 Scoliosis or thoracolumbar kyphosis

1 Reduced elbow extension

1 3/5 facial features: dolichocephaly, enophthalmos, 
downslanting palpebral fissures, malar hypoplasia, 
retrognathia

1 Skin striae

1 Myopia > 3 diopters

1 Mitral valve prolapse (all types)

Maximum of 20 points. A score of ≥7 indicates systemic involvement. Adapted 
from Loeys et al.35
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the TGFBR2 Arg460 residue are also associated with abdomi-
nal, cerebral, and coronary aneurysms.17 Mutations in MYLK 
are associated with acute aortic dissection with little or no aortic 
enlargement.18 A gain of function mutation of PRKG1 is associ-
ated with dissections occurring at a young age—as early at 
17 years—as well as coronary aneurysm and dissection.19 
Identifying other genetic links to FTAAD is a subject of ongo-
ing research.

The paucity of data on specific FTAAD conditions limits 
understanding of the natural history of its various forms. 
Diagnosis relies on a typical family history and exclusion of 
known genetic syndromic disorders.

The clustering of mutations involving matrix components, 
TGF-β signaling, and smooth muscle contractile elements 
among the genetic TAA entities is beginning to clarify the 
pathogenetic underpinnings of thoracic aneurysmal disease, 
opening avenues for rational medical therapy.

Management of Thoracic Aortic Aneurysms
In caring for patients with TAAs, the virtues of early diagno-
sis, family screening, timely surveillance, medical manage-
ment, and early elective aortic root replacement to avert a 
lethal catastrophe cannot be overstated. The bedrock of any 
clinical diagnosis remains obtaining a complete medical his-
tory and a detailed family history and performing a compre-
hensive physical exam. However, this bedrock is undermined 
by the variable expression, incomplete penetrance, phenotypic 
overlap, and clinically silent albeit life-threatening features of 
the genetic aortopathies.7,8 Only 5% of TAAs are sympto-
matic.1 For the remainder, the diagnosis is made either inci-
dentally on imaging performed for other indications or 
following the potentially deadly complications of dissection 
and/or rupture. Noninvasive imaging and genetic testing are 
key to the diagnosis of genetic aortopathies. Once the diagno-
sis is made, treatment includes medical therapy with the goal 
of reducing dilation rate to prevent aortic catastrophe, periodic 
surveillance to monitor rate of dilation, and prophylactic sur-
gical correction in high-risk persons.

Medical therapy

The goal of medical management of patients with TAAs is 
to retard the rate of aneurysmal expansion to mitigate the 
risk of a potentially catastrophic dissection or rupture. The 
therapeutic arsenal includes aggressive risk factor manage-
ment and medication. Risk factor reduction includes the 
following: (1) treating hypertension to the lowest tolerated 
blood pressure, (2) treating dyslipidemia, (3) promoting 
smoking cessation, (4) avoidance of strenuous isometric 
exercise, (5) discouraging cocaine and other adrenergic 
agents, (6) stress management, and (7) close multidiscipli-
nary monitoring during pregnancy.3,43 Figure 4 illustrates 
the pathogenetic rationale for currently available medical 
therapies.

β-blocker therapy.  In 1982, Boucek et  al45 demonstrated that 
propranolol reduced dissections in a turkey model of aortic 
aneurysms, postulating this effect to be due to reduced hyper-
tension, decreased pulsatile wall stress, and by directly affecting 
tissue elasticity. More than just blood pressure reduction, the 
specific reduction in change in pressure with respect to time 
(dP/dT) by β-blockers reduces sheer stress and likely contrib-
utes to their efficacy in TAA treatment (Figure 4).46 In 1994, 
Shores et al47 published an open-label, randomized trial of pro-
pranolol in patients with MFS demonstrating a significant 
reduction in rate of aortic dilation in the treatment group (0.023 
vs 0.084 cm/year) despite a larger baseline aortic diameter (34.6 
vs 30.2 cm). Ladouceur et al48 published a retrospective study in 
2007 comparing 77 MFS children treated with β-blockers (ate-
nolol in >70%, nadolol in 17%, and propranolol in 6%) with 78 
untreated MFS children; the β-blocker–treated children had a 
statistically significant decrease in rate of dilation at the sinuses 
of Valsalva by 0.16 mm/year. β-blockers thus became the main-
stay of medical therapy for patients with TAAs.

The use of β-blockers for patients with TAAs is not without 
controversy. A meta-analysis of β-blocker treatment in 802 
patients with MFS from 6 studies found no difference in rates 
of aortic dissection, rupture, surgery, or death.49 The studies 
showing benefit with β-blockers are limited to patients with 
MFS; there is currently no evidence of benefit in the other syn-
dromic TAAs or FTAAD. β-blockers may further reduce the 
elasticity of the aortic wall, possibly compounding medial 
degeneration already present in TAAs.1 Furthermore, lifetime 
β-blocker therapy in young patients with TAA is not without 
side effects.

Although β-blockers have become the mainstay of medical 
treatment for those with TAAs, their role in the prevention of 
TAA complications remains equivocal.

Renin-angiotensin-aldosterone inhibition.  As previously dis-
cussed, increased TGF-β activity may be a key aberration 
underlying multiple genetic aortopathies.2 Angiotensin II 
receptor blockers (ARBs) inhibit TGF-β activity via selective 
AT1 receptor blockade without affecting the AT2 receptor 
(Figure 4).44 Treating fibrillin-1–deficient mice with TGF-β–
neutralizing antibodies corrects the arterial and alveolar abnor-
malities associated with TGF-β hyperactivity.20,50 Habashi 
et  al50 found that treatment with the ARB losartan similarly 
corrected these abnormalities. The group also tested fibrillin-
1–deficient mice with documented aortic root aneurysms with 
placebo, propranolol, or losartan; in contrast with the other 2 
groups, the losartan-treated mice lacked elastic fiber fragmenta-
tion, had reduced nuclear pSMAD2, and had slower aortic root 
growth rates indistinguishable from that of wild-type mice 
(Figure 5).50 Aortic root growth rate in the propranolol-treated 
MFS mice was slower than in the placebo-treated MFS mice 
but still faster than in the wild-type mice. Two years later, 
Brooke et al27 published a case series of 18 patients with MFS 
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in whom an ARB was added to β-blocker therapy at the Johns 
Hopkins Hospital; they found that the rate of aortic root dila-
tion decreased significantly from 3.54 ± 2.87 to 0.46 ± 0.62 mm/

year after adding an ARB (irbesartan in 1 and losartan in 17 
patients). Interestingly, there was no blood pressure change, 
indicating an alternate mechanism of benefit. This laid the 
groundwork for further inquiry into the role of ARBs in the 
medical treatment of TAAs.

Further suggesting the efficacy of ARBs was the 
COMPARE study, a multicenter, open-label, randomized con-
trolled trial which randomized 233 patients with MFS to 
either losartan (n = 116) or no additional treatment (n = 117).51 
Over 3 years of follow-up, the rate of aortic root dilation was 
significantly lower in the losartan arm than in the control arm 
(0.77 ± 1.36 vs 1.35 ± 1.55 mm). Again, there was no apparent 
correlation between the degree of blood pressure lowering and 
aortic root dilation rate. However, despite mechanistic plausi-
bility and early positive clinical studies, the benefit of ARBs in 
TAAs has been questioned in subsequent studies. The Pediatric 
Heart Network published a randomized controlled trial of 608 
patients with MFS who received either atenolol or losartan.52 
Over a 3-year period, there was no significant difference in the 
rate of aortic root change. Notably, both groups experienced a 
decrease in aortic root size, and younger age was associated 
with a greater decrease in aortic root size. The lack of a placebo 
group was a significant shortcoming. The Marfan Sartan study, 
a double-blind, randomized controlled trial of 303 patients 
with MFS given either losartan or placebo, further weakened 
the case for ARBs.53 Over a median follow-up of 3.5 years, 
there was no difference in the change in aortic root diameter. 
The authors concluded that losartan should not be considered 
standard therapy for patients with MFS.

Figure 4.  Pathogenetic rationale for medical therapies against thoracic aneurysms. Angiotensin II both promotes aneurysm formation by stimulating AT1 

receptors by potentiating transforming growth factor β (TGF-β) signaling and attenuates aneurysmal dilation by stimulating AT2 receptors via extracellular 

signal–regulated kinase antagonism. Angiotensin receptor blockers (ARBs) preferentially inhibit the AT1 receptor, whereas angiotensin-converting 

enzyme inhibitors (ACEIs) decrease both AT1 and AT2 receptor activation. Increased AT1 receptor activity results in increased reactive oxygen species 

through the NADH/NADPH system, in turn increasing matrix metalloproteinase (MMP) levels and inflammation which result in medial degeneration and 

aneurysm formation. Statins inhibit the NADH/NADPH system and doxycycline inhibits MMPs. β-blockers reduce shear stress by reducing dP/dT. 

Reproduced with permission from Danyi et al.44

Figure 5.  Aortic root growth rate in MFS mice (Fbn1C1039G/+) treated with 

placebo, propranolol, and losartan. This graph compares the average 

aortic root aneurysm growth rate during 6 months of treatment in (from 

right to left): (1) wild-type mice, (2) MFS mice treated with placebo, (3) 

MFS mice treated with a β-blocker (propranolol), and (4) MFS mice 

treated with an angiotensin receptor blocker (losartan). Growth rate is 

greatest for the placebo-treated MFS mice. The growth rate in losartan-

treated MFS mice is indistinguishable from that of wild-type mice. 

Propranolol treatment results in a growth rate intermediate between 

placebo treatment and the wild-type state. Reproduced with permission 

from Habashi et al.50
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Angiotensin-converting enzyme inhibitors (ACEIs) block 
the conversion of angiotensin I to angiotensin II, a peptide 
hormone which acts on both AT1 and AT2 receptors. Although 
ARBs specifically block the AT1 receptor, ACEIs reduce both 
AT1 and AT2 receptor signaling (Figure 4). AT1 receptor 
stimulation promotes aneurysmal dilation by potentiating 
TGF-β signaling, whereas AT2 receptor stimulation attenu-
ates dilation by inhibiting TGF-β–mediated activation of 
extracellular signal–regulated kinase.54 Because of this, ACEIs, 
which decrease both AT1 and AT2 receptor signaling, would 
logically be of lesser benefit compared with ARBs, which selec-
tively inhibit AT1 receptors. Indeed, the ACEI enalapril was 
less effective in attenuating aortic root growth than the ARB 
losartan in a mouse model of MFS.54

As with β-blockers, the benefit of ARBs and ACEIs in 
attenuating progression of TAAs and preventing complications 
remains unproven. In addition, the weight of evidence is spe-
cific to MFS and cannot be extrapolated to treatment of TAAs 
of other causes.

Other pharmacologic interventions.  Other promising, though 
unproven, medical options for TAAs include statin drugs, dox-
ycycline, immunosuppressants (rapamycin), and anti-inflam-
matory agents (COX inhibitors).3,7,38 In a retrospective review 
of 1560 patients with TAAs, those receiving statin therapy 
(n = 369, 24%) had lower rates of adverse events (death, dissec-
tion, or rupture) and of requiring surgery for those with ascend-
ing, arch, and descending TAAs; no benefit was seen in those 
with root TAAs.55 Doxycycline inhibits MMPs which contrib-
ute to aortic aneurysm by lysing elastic fibers and breaking 
down the ECM (Figure 4).3,38 In a mouse model of MFS, 
doxycycline treatment lowered MMP-2 and MMP-9 levels, 
reduced elastic fiber degradation, and prolonged life (132 vs 79 
days).56 Another study compared the effects of doxycycline 
versus atenolol in MFS mice; in contrast to the atenolol-treated 
mice, the doxycycline-treated mice displayed decreased 
MMP-2 and MMP-9 activation, decreased TGF-β expression, 
and normalized aortic wall stiffness.57 Most importantly, the 
doxycycline-treated mice did not develop TAAs, whereas the 
atenolol-treated mice did.

The past decade has seen incredible advances in our under-
standing of the molecular mechanisms underlying thoracic 
aortic aneurysms. This understanding has provided the theo-
retical grounds for exciting new medical interventions. 
However, clinical data are either lacking or conflicting. High-
quality trials are necessary to clarify the role of medical therapy 
in managing thoracic aortic aneurysms.

Surveillance and Timing of Repair

Individuals with known TAAs should undergo periodic sur-
veillance of aneurysm diameter with noninvasive imaging. 
Prophylactic surgery is recommended once a critical diameter 

is reached to avert emergent thoracic aortic syndromes given 
the high mortality in the acute setting. In a series of 675 
patients with MFS who underwent aortic root replacement, 
30-day mortality rate was 1.5% for elective repair versus 11.7% 
for emergent repair.58 In the same series, nearly half of the aor-
tic dissections occurred with an aortic diameter of 6.5 cm or 
less, prompting the authors to recommend prophylactic repair 
when the diameter is “well below” this size. The excess mortal-
ity of realized acute aortic syndromes compared with elective 
repair underscores the critical role of active surveillance with 
prophylactic surgery.

Elefteriades et  al identified “hinge points” of 6 cm for 
ascending TAAs and 7 cm for descending TAAs, above which 
the risk or dissection or rupture increases by 32.1% and 43% 
points, respectively, far above the risk of death associated with 
elective surgery (Figure 6).1,28,59 Prophylactic repair is therefore 
generally recommended once the ascending aorta reaches 
5.5 cm for asymptomatic nonsyndromic TAAs or with aneu-
rysm growth rate greater than 0.5 cm/year.3,42,43 Guidelines for 
surveillance and repair of TAAs differ depending on the under-
lying predisposition.

Patients with MFS should undergo imaging on diagnosis, at 
6 months, and then annually if stable.3,43 Transthoracic echo-
cardiography should evaluate the proximal aorta including the 
diameter of the root at its largest dimension, the sinotubular 
junction, and the ascending aorta; when technical difficulty 
limits echocardiographic views, computed tomographic (CT) 
or magnetic resonance (MR) angiography may be used (Figure 
2).60 The recommended threshold for surgical repair in patients 
with MFS is 5.0 cm, smaller than for nonsyndromic TAAs due 
to a greater tendency to rupture at smaller diameters.42,43,61 
Repair at 4.5 cm may be appropriate in those with high-risk 
features including those with a family history of dissection at a 
diameter less than 5.0 cm, dilation rate >3 to 5 mm/year, severe 
aortic regurgitation, or desired pregnancy.42,43,60 Following pro-
phylactic repair of the ascending aorta, surveillance imaging of 
the aortic arch and descending aorta should be performed as 
these are sites of later-onset aneurysms and dissections.43

Patients with LDS should undergo CT or MR angiogra-
phy from head to pelvis at baseline, at 6 months, and then at 
1 to 2-year intervals due to widespread vascular involvement 
beyond the aorta.37,43 Although aortic dissection risk increases 
with MFS at or above 5.0 cm aortic root dimension, dissec-
tions have been reported in patients with LDS at 3.9 to 
4.0 cm.12,37 In addition, vascular surgical mortality in LDS is 
only 1.7% versus about 45% in vEDS.12,39 Prophylactic surgi-
cal aortic root repair in patients with LDS with TAA is there-
fore recommended once the maximal root diameter reaches 
4.2 cm internal diameter by transesophageal echocardiogra-
phy or 4.4 to 4.6 cm external diameter by CT or MR 
angiography.37,43

In patients with vEDS, imaging surveillance and prophy-
lactic repair of vascular aneurysms are less well established due 



Goyal et al	 9

to tendency to rupture without prerequisite aneurysm forma-
tion and high surgical mortality.3,39,43 Indeed, Pepin et  al 
described a surgical mortality of just more than 40%, attrib-
uted to tissue fragility, poor wound healing, excess bleeding, 
fistulae formation, and adhesions seen in these patients.3,39 
Surgery is therefore typically reserved for life-threatening vas-
cular complications.13 In practice, a higher threshold for pur-
suing surgery is exercised along with the least traumatic 
approach when surgery is performed; this is in contrast to 
patients with LDS in whom the role of early prophylactic sur-
gery is well established.13,43

There are no formal recommendations specific to the man-
agement of FTAAD due to significant clinical variability 
between and within its various genetic types and lack of suffi-
cient data and experience regarding natural history to guide 
management. In practice, management involves baseline and 
surveillance imaging guided by the specific family history of 
vascular events.42

Table 3 summarizes the recommended timing of thoracic 
aortic aneurysm repair for the different populations discussed 
above.

Figure 6.  Risk of aortic complications as a function of aortic size. The y-axis depicts the probability of aortic complication (dissection or rupture) as a 

function of aortic size, demonstrating the “hinge points” at which the lifetime risk jumps substantially: 6 cm for the ascending aorta (top) and 7 cm for the 

descending aorta (bottom). Reproduced with permission from Coady et al.59

Table 3.  Timing of thoracic aortic repair.42,43

TAA population Timing of referral for repair

General ≥5.5 cm aorta diameter
Growth rate > 0.5 cm/y

MFS ≥5.0 cm aorta diameter without risk factors
≥4.5 cm aorta diameter with risk factors: 
family history of dissection, dilation rate >3 to 
5 mm/y, severe aortic regurgitation, or desired 
pregnancy

LDS ≥4.2 cm aorta diameter by transesophageal 
echocardiography
≥4.4 to 4.6 cm external diameter by CT or MR 
angiography

vEDS Role of prophylactic repair is not established 
due to high procedural mortality and the 
tendency to dissect/rupture without 
precedent aneurysm

FTAAD No specific recommendations due to 
heterogeneity and lack of data regarding 
natural history of the individual disorders
Management should be individualized with 
specific attention to family history

Abbreviations: CT: computed tomography; FTAAD, familial thoracic aortic 
aneurysm and dissection; LDS, Loeys-Dietz syndrome; MFS, Marfan syndrome; 
MR; magnetic resonance; vEDS, vascular Ehlers-Danlos syndrome.
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Conclusions
The understanding of aortic aneurysmal disease has grown 
exponentially. Identification of specific genes associated with 
genetic aortopathies has delineated molecular mechanisms 
underlying aneurysm formation and allowed for investigations 
into rational targeted therapy. Clarification of the natural his-
tory of the various TAA entities has led to specific recommen-
dations regarding surveillance and timing of prophylactic 
repair, significantly reducing mortality from catastrophic aortic 
complications. Despite the rapid growth of understanding of 
genetic aortopathies, there yet remain significant uncertainty 
and with it exciting avenues for future research.

The advent of next-generation sequencing and identification 
of new genes will undoubtedly enhance our understanding of 
pathogenetic mechanisms leading to aneurysm formation, 
thereby uncovering novel therapeutic targets.7 The conflicting 
data on currently available therapies will benefit from further 
study. Timing of prophylactic repair may soon be fine-tuned by 
exciting new approaches that go beyond size such as biomarkers 
of impending rupture or dissection, noninvasive assessments of 
aortic mechanical properties such as distensibility and wall ten-
sion, and positron emission tomography to assess the activity of 
an aneurysm.1 Management may become more personalized 
and specific to an individual’s predisposing mutation.

Clearly, there remain many unanswered questions in the 
management of genetic aortopathies. Sir William Osler’s 
observation that “There is no disease more conducive to clini-
cal humility than aneurysm of the aorta” is as true today as it 
was more than 100 years ago.1,62
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