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Abstract

Marfan syndrome (MFS) is an autosomal dominant, age-related but highly penetrant condition 

with substantial intrafamilial and interfamilial variability. MFS is caused by pathogenic variants 

in FBN1, which encodes fibrillin-1, a major structural component of the extracellular matrix 

that provides support to connective tissues, particularly in arteries, pericondrium and structures 

in the eye. Up to 25% of individuals with MFS have de novo variants. The most prominent 

manifestations of MFS are asymptomatic aortic root aneurysms, aortic dissections, dislocation of 

the ocular lens (ectopia lentis), and skeletal abnormalities that are characterized by overgrowth 

of the long bones. MFS is diagnosed based on the Ghent II nosology; genetic testing confirming 

the presence of a FBN1 pathogenic variant is not always required for diagnosis but can help 

to distinguish MFS from other heritable thoracic aortic disease syndromes that can present with 

skeletal features similar to MFS. Untreated aortic root aneurysms can progress to life-threatening 

acute aortic dissections. Management of MFS requires medical therapy to slow the rate of growth 

of aneurysms and decrease the risk for dissection. Routine surveillance with imaging techniques 

such as transthoracic echocardiography, CT or MRI is necessary to monitor aneurysm growth and 

determine when to perform prophylactic repair surgery to prevent an acute aortic dissection.

Toc blurb

Marfan syndrome (MFS) is a genetic disorder affecting the connective tissue, caused by mutations 

in FBN1 (encoding fibrillin-1, a structural component of the extracellular matrix); individuals with 

MFS usually present with cardiovascular (aortic aneurysms and dissections), skeletal and ocular 

manifestations.

INTRODUCTION

Marfan syndrome (MFS) is an autosomal dominant, age-related (that is, progressing with 

age) genetic disorder of the connective tissue with prominent manifestations in the skeletal, 

ocular and cardiovascular systems. The major pleiotropic manifestations of MFS are aortic 

root aneurysm, acute aortic dissection, disproportionate long bone overgrowth, and ectopia 

lentis (that is, the displacement or malposition of the crystalline lens of the eye). MFS 

is a highly penetrant condition that demonstrates substantial intrafamilial and interfamilial 

variability. In the early 1990s, pathogenetic variants in FBN1 (encoding the extracellular 

matrix glycoprotein fibrillin-1) were identified as the cause of MFS1–4 Up to 25% of FBN1 
pathogenetic variants are de novo5 , that is, the mutation is new in the affected individual. 

Gonad mosaicism, in which unaffected parents harbour the pathogenetic variant in some 

of their germline cells and, therefore, can have multiple affected offspring, is rare but 

has been documented 6. FBN1 missense variants, insertions and deletions, and variants 

associated with loss of expression from one allele lead to MFS and are demonstrated 

to result in decreased levels of fibrillin-14,7, which is secreted and incorporated into the 

extracellular matrix. Fibrillin-1 is a major component of extracellular matrix structures 

called microfibrils, which are found in tissues alone or closely associated with elastin fibers.

In 1955, Victor McKusick established the first classification of connective tissue disorders, 

which included MFS8. One of the cardinal manifestations of MFS is aortic complications 
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(Figure 1)9. In the majority of MFS patients, thoracic aortic disease begins as an 

asymptomatic enlargement of the aortic root, which progressively enlarges over time to form 

an aneurysm (a weakening of the artery wall leading to a bulge or distention). Medications 

can slow the rate of enlargement but do not prevent it. The aortic aneurysm becomes 

unstable as it enlarges and ultimately may lead to an acute ascending aortic dissection 

(known as the type A dissection based on Stanford classification), which is a life-threatening 

complication of MFS and can lead to decreased life expectancy 10,11. A dissection is a tear 

in the inner lining (intima) of the aorta that allows blood to enter the wall of the aorta 

and split through the middle layer (media) of the wall, causing the layers of the aorta to 

separate or dissect. (Figure 1) Type A aortic dissections are associated with high morbidity 

and mortality, and prior to the availability of aortic surgery, a large proportion of individuals 

with MFS died of complications of aortic dissection or rupture, with the majority dying 

by the age of 45 years.11,12 Currently, proper diagnosis and management of thoracic aortic 

aneurysms in individuals with MFS can prevent most acute type A aortic dissections, and 

since the 1970s patients with MFS have a life expectancy that approaches that of the general 

population13–15. It is important to note that <10% of MFS patients present with type B 

dissections, which originate just distal to the take of the left subclavian artery and typically 

propagate down the descending aorta16. These dissections are less acutely deadly than type 

A dissections but are associated with substantial morbidity and mortality. Importantly, type 

B dissections typically occur without substantial enlargement of the descending aorta where 

the dissections originate, and these patients commonly have aortic root enlargement at the 

time of type B dissection17.

In addition to thoracic aortic disease, MFS affects multiple other organs and tissues in 

the majority of patients. In fact, a clinical diagnosis of MFS requires identifying features 

present throughout the body and can be made with or without genetic testing for FBN1 
pathogenetic variants18. The most prominent MFS systemic features include ectopia lentis 

and skeletal abnormalities, including tall stature, disproportionately long arms and legs, 

abnormally flexible joints (including fallen arches of the feet), abnormal curvature of the 

spine (scoliosis), and protrusion (pectus carinatum) or indentation (pectus excavatum) of 

the sternum19 Over the past two decades, other features associated with MFS have been 

recognized, including a collapsed lung (pneumothorax, that is, abnormal collection of air 

in the pleural space between the lungs and the chest), abnormally indented hip sockets 

(protrusio acetabulae), enlargement of the lumbar segment of the spinal canal (dural ectasia), 

and stretch marks (striae).15

Because most bodily organs and structures are affected by MFS, understanding the 

pathophysiology of how the alteration of a single protein, fibrillin-1, can lead to such 

pleiotropic effects is essential to defining appropriate management. Importantly, basic 

research on mouse models of MFS, followed by clinical trials of molecularly targeted drugs, 

has provided additional therapies for all patients with thoracic aortic disease20,21.

In this Primer, we review our current understanding of the underlying pathophysiology of 

MFS, along with the diagnosis and management of individuals with MFS. The focus of 

the Primer is primarily on the aortic complications of MFS, owing to their association with 

premature death if not treated in an appropriate manner and to the fact that the majority 

Milewicz et al. Page 3

Nat Rev Dis Primers. Author manuscript; available in PMC 2022 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of basic and clinical research is focused on these particular complications of MFS, but 

discussion of the ocular and skeletal systems is also provided.

EPIDEMIOLOGY

An early estimate of the prevalence of MFS was based on patients in the Baltimore-

Washington region and evaluated at the Johns Hopkins Hospital. This estimate produced 

an obviously biased perspective and a prevalence of ~1 per 4–6,00022. Beginning in 1986, 

international experts have proposed criteria for diagnosis of MFS. The first set of criteria 

were developed in 1986 in Berlin23. These criteria were developed primarily to aid clinicians 

in determining which patients should be classified as having the condition. However, several 

studies used these criteria to attempt to determine prevalence with the following results: 

1.5 per 100,000 persons in Northern Ireland, 4.6 per 100,000 persons in Denmark, and as 

high as 6.8 per 100,000 persons in northeastern Scotland24. All of these figures potentially 

overestimated the prevalence because the clinical criteria continued to evolve and molecular 

confirmation did not exist. The prevalence of MFS has not been estimated in many regions 

of the world, but MFS has been reported in every country and ethnicity.

With the identification of FBN1 as the gene that, if mutated, predisposes to MFS, new 

diagnostic criteria were established in 1996, referred to as the Ghent criteria (Ghent I)25. 

These more stringent criteria focused on clarifying the contribution of molecular analysis, 

diagnosing family members when a relative was affected, and quantifying the pleiotropic 

features. An effort was made to separate MFS from other heritable conditions with partially 

overlapping features. As FBN1 sequencing became widely available, it was recognized that 

rare variants in FBN1 predispose to a range of conditions, including but not limited to 

autosomal dominant Weill-Marchesani syndrome and acromelic dysplasia (rare syndromes 

characterized by short stature, short hands and stiff joints), along with isolated familial 

ectopia lentis and skeletal features of MFS in the absence of ectopia lentis and thoracic 

aortic disease26–30. The Ghent criteria were modified in 2010 to emphasize the importance 

of thoracic aortic disease and these modified criteria are those currently in use (Ghent II) 
18. In 2015, prevalence of MFS was reassessed in Denmark on a nationwide registry and 

healthcare system using the Ghent II criteria.22 A total of 412 patients with MFS were 

identified in the population, of which 196 had genetic testing and 193 had a documented 

FBN1 mutation, suggesting a prevalence of 6.5 per 100,000 persons. A drawback of this 

analysis is that individuals and families can present with thoracic aortic disease due to an 

underlying FBN1 pathogenetic variant, thereby meeting the Ghent II criteria for MFS, but 

lack skeletal or ocular features and, therefore, often remain undiagnosed with MFS31,32. An 

additional issue with current prevalence estimates is that individuals can meet the Ghent 

II criteria of MFS but have mutations in other genes that lead to heritable thoracic aortic 

disease33,34.;

About one in four people with MFS who meet the Ghent II criteria do not have an affected 

parent.5 The phenotype of such ‘sporadic’ cases is often more severe than that of those who 

inherited a pathogenetic variant. Most instances of the severe, neonatal form of MFS result 

from de novo mutations in FBN135. The improved precision of diagnostic criteria of MFS 

has resulted in some conditions that were originally classified as MFS being recognized 
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as different entities. In some families with skeletal and aortic complications similar to 

those found in MFS, no FBN1 mutations were identified, suggesting genetic heterogeneity 

for MFS36. Subsequently, TGFBR2 (encoding transforming growth factor receptor 2) 

missense mutations were identified in these families and tentatively classified as causing 

‘Marfan syndrome 2’ (MFS2)33. Young children with either TGFBR2 mutations or TGFBR1 
mutations were found to have additional systemic features, including craniosynostosis 

(a congenital defect in which the bones of the skull are fused together too early in 

development), developmental delay, and risk for aneurysm in other arteries.37 This syndrome 

of Marfan-like habitus with craniosynostosis and aortic disease was originally described 

in 1987 and termed Furlong syndrome38. The syndrome was subsequently renamed as 

Loeys-Dietz syndrome and expanded to include patients with mutations in genes encoding 

proteins involved in canonical TGFβ signalling39–42.

Numerous ‘biobanks’ of thousands of individuals, either based on patient samples or 

unbiased population registries, will permit estimating of the frequency of pathogenetic or 

likely pathogenetic variants in FBN1. However, estimating the prevalence of MFS based on 

such data is complicated by the numerous phenotypes associated with FBN1 variants.

MECHANISMS/PATHOPHYSIOLOGY

FBN1 pathogenetic variants

FBN1 is located on the long arm of chromosome 15 and has 65 coding exons. Rare 

pathogenic variants predisposing to MFS are distributed throughout the gene (Figure 2). 

Almost 2000 rare variants have been identified in FBN1 to date, many of which predispose 

to MFS. Fibrillin-1 is the major constituent of extracellular matrix microfibrils2,43. 

Fibrillin-1 has a modular domain structure with two different cysteine-rich domains 

repeated throughout its sequence. Fibrillin-1 contains 47 repetitions of the first cysteine-rich 

domain, which contains 6 conserved cysteine residues, that have homology with epidermal 

growth factors, termed EGF-like domains; of these 47 repeated EGF-like domains, 43 

are predicted to bind calcium44. Disulfide bonds form between the 6 cysteines, thereby 

providing a rigid structure to these domains. In addition, there are 7 repeated domains of 

the second cysteine-rich domain, which contains 8 cysteine residues that share homology 

with domains found in latent transforming growth factor beta binding proteins (TGFBP 

modules). Finally, fibrillin-1 has a proline-rich domain and unique amino-terminal and 

carboxyl-terminal domains44. Missense variants are the most common type of disease-

causing mutations and typically disrupt the repetitive EGF-like domains in the protein 

by the following mechanisms: substituting or inserting cysteines crucial for the proper 

folding of the EGF domains; altering the residues involved in calcium binding to the 

EGF-domain; or changing a glycine in a standard position in the EGF domain that does 

not have an identified function7. Approximately 10% of disease-causing variants disrupt 

canonical splice donor or acceptor sites and cause splicing errors, which can lead to in-frame 

deletion of an entire EGF-like domain. Variants leading to splicing errors can also cause a 

frameshift in translation and, along with small insertions, deletions and stop codons, lead 

to haploinsufficiency (loss of expression of protein from one allele) through degradation of 

the mutant transcripts with premature stop codons; fibrillin-1 haploinsufficiency is the cause 
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of MFS in 10–15% of cases7. Up to 7% of MFS-causing mutations are large or complete 

deletions of FBN145.

Identification of FBN1 genotypes dictating a specific MFS phenotype has been complicated 

by the inter-familial and intra-familial variation in the clinical features of MFS. The most 

consistent and robust genotype-phenotype association is the association of de novo missense 

mutations in exons 24 through 32 with a severe, early onset form of MFS, termed neonatal 

or infantile MFS (Box 1)7,46–48. Although neonatal MFS variants cluster in this region, 

the majority of pathogenetic variants (>75%) in this region do not cause neonatal MFS49. 

Additional phenotype-genotype associations for FBN1 variants and MFS phenotype are the 

following: FBN1 pathogenic variants that disrupt cysteines are more common in patients 

with MFS presenting with ectopia lentis49,50and ectopia lentis was less common and skeletal 

features were more pronounced in patients with MFS with pathogenic variants leading to 

premature termination of translation7,51.

Fibrillin-1 function in tissues

Fibrillin-1 is a large, extracellular matrix (ECM) structural protein that polymerizes to form 

structures called microfibrils. Microfibrils adopt a tissue-specific architecture and provide 

strength and stability to tissues that undergo constant stretch and recoil, such as arteries, 

lung, and skin, but are also found in deformable tissues, such as perichondrium, sclera and 

cornea. Elastin is deposited onto bundles of microfibrils during development and growth, 

and, therefore, microfibrils in some tissues are intimately associated with elastin fibers.

Other proteins associate with fibrillin-1-containing microfibrils include latent TGF-β 
binding proteins (LTBPs)52. Fibrillin-1-containing microfibrils store and regulate growth 

factors in the TGFβ family, including TGFβ and bone morphometric proteins (BMPs) 
52–54. LTBPs are a family of proteins that regulate TGF-β activity by enabling its 

secretion, directing it to specific sites in the ECM, and participating in its activation55,56. 

TGFβ is secreted from cells bound to a complex that includes its dimeric pro-peptide 

(termed latency-associated peptide, or LAP) and one of the three LTBPs57. In the ECM, 

the C-terminal regions of LTBP-1 or LTBP-4, with inactive TGFβ covalently attached, 

interact with the four domains near the N terminus of fibrillin-158,59. Bound to the fibrillin-

microfibril scaffold, LAP bound to LTBP requires an activation step to release the active 

TGFβ peptide. For example, myofibroblasts in wounds activate TGF β in the ECM through 

integrin-mediated myofibroblast contraction60.

Thoracic Aortic Disease

The aorta is an elastic artery that is uniquely designed to withstand a lifetime of 

biomechanical forces due to pulsatile blood flow from the heart. The thick medial layer 

of the human thoracic aorta is composed of >50 alternating layers of elastic laminae (which 

are predominantly composed of elastin) and smooth muscle cells (SMCs), which confers 

elasticity and strength to the aortic wall provide the structural support to withstand these 

biomechanical forces (Fig. 3)61. In individuals with MFS, the aorta shows fragmentation 

and loss of elastin fibres, decreased density of SMCs and an increase in proteoglycan 

deposition62. Fibrillin-1 is the major protein in the microfibril extensions from the elastic 
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lamellae, which are anchored obliquely to focal adhesions (also termed dense plaques) on 

the cell surface of SMCs and, therefore, link the SMCs to the elastin fibers of the lamellae 

(Fig. 3)63. The integrin receptors in focal adhesions then link to the actin and myosin-

containing contractile units within the SMCs, enabling the propagation of mechanical 

forces between elastin and SMCs. Thus, this elastin-contractile unit design is predicted 

to coordinate SMC contractile and elastic tensions in response to mechanical stresses from 

the pulsatile blood imposed on the aorta. Interestingly, genes with mutations that predispose 

to heritable thoracic aortic disease commonly disrupt components of the elastin-contractile 

unit61,64–66. FBN1 mutations in patients with MFS lead to decreased synthesis or secretion 

of fibrillin-1 by SMCs and other cells, or disrupt the polymerization of fibrillin-1 into 

microfibrils, thereby potentially decreasing the connections between microfibrils in the 

elastin fibers and the SMC contractile unit1,4.

Insights from animal models—Genetically engineered mouse models of MFS have 

been used to understand the link between the mutant FBN1 and thoracic aortic disease. 

MFS mouse models include but are not limited to Fbn1−/− mice, which lack fibrillin-1, 

Fbn1mgR/mgR mice, which produce 20% of normal levels of fibrillin-1, and Fbn1 C1041G/+ 

mice, which produce equal amounts of wild-type fibrillin-1 and a mutant fibrillin-1 encoded 

by an Fbn1 allele harbouring a missense mutation disrupting a cysteine in an EGF-like 

domain that has been identified in a patient with MFS ()20,67–69. In these mouse models, 

the degree of disruption of fibrillin-1 production correlates with the severity of the aortic 

disease. For example, Fbn1−/− mice die within the first two weeks of postnatal life, whereas 

Fbn1mgR/mgR mice die by 6 months of age, both owing to thoracic aortic dissection70. 

By contrast, Fbn1 C1041G /+ mice exhibit slowly enlarging aortic root aneurysms, but these 

aneurysms seldom progress to dissection or rupture, whereas the aortic root aneurysms in 

patients with MFS do progress to type A dissections in the absence of surgical repair. In the 

Fbn1mgR/mgR aorta, electron microscopic analyses shows loss of connections between the 

SMCs and elastin fibers associated with fibrillin-1 deficiency71.

Initial studies in Fbn1 C1041G /+ mice identified excessive TGF-β signaling based on 

increased levels of its downstream target, that is, activated, phosphorylated Smad2 

(pSmad2), in the lung and aorta (Figure 3).20,72 TGF-β inhibition by a pan-TGF-β 
neutralizing antibody (TGF-β-NAb) prevented aneurysm formation and normalized pSmad2 

levels in medial SMCs. In animal models of chronic renal insufficiency and cardiomyopathy, 

Losartan (an angiotensin II receptor blocker used to treat hypertension) had been shown to 

block TGF-β signaling and, therefore, was used to block TGF-β signaling in the Fbn1 
C1041G /+ mice73,74. A study showed that Losartan was as effective as TGF-β-Nab in 

preventing aortic aneurysms in Fbn1 C1041G /+ mice and more effective than the standard 

of care, β-adrenergic receptor blockade (β-blockers)20.

Further studies disputed the hypothesis that excessive TGF-β activation is the primary 

driver of aortic disease in the MFS mouse model, and whether Losartan effectiveness is 

exclusively the result of TGF-β inhibition. First, SMAD2 may be activated by either TGF-β 
or Angiotensin II signaling75,76 and the MFS mice treated with either Losartan or TGF-β-

NAb do not discriminate between the contributions of TGF-β versus type 1 angiotensin 

II receptor (AT1R) activation. Second, neutralization of TGF-β signaling starting at a 
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young age (postnatal day 16) in Fbn1mgR/mgR mice accelerated rather than mitigated aortic 

aneurysm formation, leading to earlier dissection and death77. Similarly, genetic knockdown 

of TGF-β signaling in SMCs of Fbn1C1039G/+ mice, along with other mouse models of 

aneurysms, exacerbates rather than mitigates aortic pathology78–80.Third, losartan treatment 

does not prevent aneurysm formation and aortic ruptures in Fbn1mgR/mgR mice, suggesting 

that other AT1R-independent signaling pathways are activated77. Lastly and perhaps most 

importantly, loss-of-function mutations in genes involved in the canonical TGF-β signaling 

pathway, including mutations in the TGF-β receptors (TGFBR2 and TGFBR1), downstream 

signaling molecules (SMAD3), and TGF-β ligands(TGFB2), cause heritable thoracic aortic 

disease in humans81–84. Thus, studies of genes that, when mutated, predispose to thoracic 

aortic disease and mouse studies strongly support the hypothesis that lost rather than 

excessive TGFβ signaling is a driver of thoracic aortic disease.

Subsequent studies have further delineated a role for TGF-β and Ang II signaling in thoracic 

aortic disease in Fbn1mgR/mgR mice. Blocking TGF-β signaling in young animals at an 

early stage of disease worsened aortic outcomes, as mentioned above, whereas treatment 

at later stages attenuates disease77. Based on these observations, the treatment strategy was 

altered so that AT1R antagonists were administered early and continuously, followed by 

TGF-β-NAb administration at later timepoints. This combined strategy was effective to 

prevent aortic complications, and the results linked aberrant AT1R and TGF-β signaling 

with distinct stages of the disease progression. Further studies of the role of angiotensin II 

signaling determined that genetic inactivation of angiotensin II type I receptor, At1ar, which 

is blocked by losartan, in Fbn1C1039G/+ mice does not mitigate aneurysm formation and this 

finding has raised the intriguing possibility that losartan might exert its therapeutic effects 

independently of the targeted At1r receptor85. The fact that aneurysm formation is mitigated 

in Fbn1mgR/mgR mice with endothelial At1ar inactivation has implied that angiotensin II 

receptor signalling is a prominent determinant of aortic disease, most likely acting through 

intima-to-media communication76.

With additional mutant genes identified for heritable thoracic aortic disease, aberrant 

mechanosensing by SMCs has emerged as a possible mechanism for disease. Fibrillin-1 

is the major protein in the microfibril extensions of elastic laminae to the SMCs in the 

aortic media, and these connections are disrupted in the Fbn1mgR/mgR mice71. Consistent 

with the hypothesis that the architecture of the SMC contractile-elastin unit is a functional 

and structural element important for the structural integrity of the aorta, many of the 

altered genes that predispose to thoracic aortic disease disrupt other components of this 

unit (Figure 3)66,86,87. Additionally, focal adhesion signaling in SMCs is predicted to be 

disrupted by genetic alterations affecting components of the elastin-contractile unit, and 

focal adhesion signaling is the most altered pathway in SMCs in Fbn1C1039G/+ mice when 

compared to wildtype mice, on the basis of single cell RNA sequencing of the aorta88. Thus, 

mechanosignaling is emerging to have a role in the aortic disease, and studies in MFS mouse 

models also suggest that the aetiology of the cardiomyopathy is altered mechanosignaling 

owing to the underlying fibrillin-1 defect 89–91.

The thoracic aortic disease in the mouse models of MFS is associated with alterations in 

other signalling pathways that have not been as fully explored as TGF-β and Angiotensin 
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II signaling. Increased reactive oxygen species (ROS) is present in both SMCs explanted 

from patients with MFS and in the aortas of mouse models of MFS92–94. Interestingly, both 

MFS mouse models and another model of heritable thoracic aortic disease, Acta2−/− mice, 

present increased ROS levels and NADPH oxidase 4 (NOX4) activity, along with disruption 

of the elastin contractile unit93,95. ROS can activate the p38MAPK signaling pathway, 

which has been shown to be activated in both Fbn1mgR/mgR mice and SMCs derived from 

induced pluripotent stem cells harbouring a FBN1 mutation96,97. Aortic enlargement in 

the Fbn1C1039G/+ mice can also be attenuated by blocking metalloproteinase activity or 

caspase-driven SMC apoptosis98,99. Altering the expression of microRNAs, specifically 

blocking miR29b, which regulates apoptosis and ECM remodelling, can reduce aneurysm 

formation in a MFS mouse model100. Moderate aerobic exercise has been shown to attenuate 

aortic growth in the Fbn1C1039G/+ mice compared with Fbn1C1039G/+ mice with normal 

activity101. Potential therapeutic targets that mitigate thoracic aortic disease in preclinical 

studies in MFS mouse models need to be further explored through clinical studies in MFS 

patients86,102.

In summary, despite intense research on MFS disease mechanisms, the exact molecular 

pathogenetic pathway for thoracic aortic disease remains unknown and may involve complex 

interactions between cells in the aorta and biomechanical forces on the aorta86. Additionally, 

therapeutic efficacy in the mouse does not predict therapeutic success in patients with 

MFS. It is important to note that pursuing such studies may benefit the entire population 

of patients with thoracic aortic disease, as common genetic alterations in FBN1 increase 

the risk for thoracic aortic disease in the general population, suggesting that FBN1-driven 

pathways contribute to disease in all patients103.

Skeletal abnormalities

The severe skeletal abnormalities associated with MFS highlight the crucial role that 

fibrillin-1 and microfibrils have in bone formation and function, despite representing a 

low abundance component of skeletal matrices. The Fbn1mgR/mgR mouse model was the 

first in which severe kyphosis (forward rounding of the upper back) and overgrowth of 

the ribs, which are skeletal features associated with MFS were described 68. Studies of 

MFS mice have demonstrated a correlation between the skeletal phenotypes of these mutant 

animals and distinct pathophysiological mechanisms that reflect the contextual contribution 

of fibrillin-1 scaffolds to TGFβ signaling during growth and metabolism104,105.

The role of the mouse genetic backgrounds on kyphosis was assessed using heterozygotes 

for the mutant Fbn1 allele with an internal deletion of exons 19–24, with kyphosis more 

pronounced on a 129/Sv background than on C57Bk/6 one106. Interesting, the levels of Fbn1 
expression in tissues inversely correlated with kyphosis in this mouse model, and the degree 

of kyphosis correlated with thoracic aortic aneurysms and dissections106.

Ocular manifestations

Fibrillin-1-containing microfibrils are ubiquitous in the normal eye. However, the amount 

of fibrillin-1 differs among human ocular structures. Fibrillin-1 is prominently found in the 

ciliary zonules, which extend from the ciliary body to the equatorial region of the lens, 
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centering the lens in the eye and transmitting contracting forces from the ciliary muscle to 

the lens for accommodation107. The lack of fibrillin-1 in these zonules due to an underlying 

FBN1 mutation is most likely the cause of ectopia lentis in patients with MFS.

Fibrillin-1 is also found in the iris, the walls of Schlemm’s canal, throughout the sclera and 

in the subepithelial region of the peripheral cornea, and corneal stroma, but is absent in the 

vitreous. The lack of fibrillin-1 in patients with MFS can also lead to the enlarged corneal 

diameter, miosis (excessive constriction of the pupil), and hypoplasia of the iris 107–110.

Studies in mice sought to identify the fibrillin-1 producing cells contributing to ocular 

manifestations. Conditional knockout of Fbn1 in non-pigmented ciliary epithelium (NPCE) 

cells profoundly affected the ciliary zonule111. Deleting Fbn1 from just these NPCE cells 

lead to ectopia lentis by 3 months of age in the mouse model, increased length and 

volume of the eyes, and later, cataracts. Thus, deleting Fbn1 from one cell type in the 

eye recapitulates key aspects of MFS ocular complications.

DIAGNOSIS, SCREENING AND PREVENTION

Presentation

Patients with MFS are typically referred for diagnosis based on the presence of one or 

more of the following situations: skeletal features, ectopia lentis, thoracic aortic disease, 

or cascade testing for a disease-causing variant in a family member. Skeletal features 

often lead to the diagnosis. If the skeletal or ocular complications fail to lead to a timely 

diagnosis, asymptomatic and undetected aortic root aneurysms can eventually evolve into 

an acute aortic dissection, and presentation with a dissection is another feature that leads to 

diagnosis. In some cases, MFS is not diagnosed until an individual presents with an acute 

aortic dissection, which prompts sequencing of FBN1 and the subsequent identification of a 

pathogenic variant.32,112

MFS affects all ethnicities but may have a variable presentation depending on ethnic and 

racial specific features. The skeletal manifestations have been primarily described in adults 

of European descent but not extensively for other ethnicities. Importantly, Hispanic and 

Asian patients with MFS have been reported to lack substantial skeletal manifestations 

despite exhibiting ocular and aortic complications to the same extent as individuals with 

MFS of European descent113,114. Thus, these individuals are less likely to be referred for 

possible MFS owing to skeletal features.

The diagnostic criteria for MFS were most recently revised in 2010 and termed Ghent 

II nosology [Box 2]. The revised criteria emphasize the presence of the cardiovascular 

manifestations and incorporate FBN1 sequencing18,115. The criteria emphasize that 

individuals with features suggestive of other syndromes, such as Loeys-Dietz syndrome, 

Shprintzen-Goldberg syndrome, congenital contractural arachnodactyly, familial thoracic 

aortic aneurysms and dissection, and vascular Ehlers-Danlos syndrome, need to have these 

diagnoses excluded through genetic testing (Table 1).116 Of note, the diagnostic features for 

MFS in the Ghent II criteria that assess skeletal overgrowth, such as pectus deformities and 

scoliosis, may not be fully expressed until an individual completes bone growth18.
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Genetic testing panels for the genes leading to heritable thoracic aortic disease are often the 

most useful and economical option to diagnose a patient with MFS. These panels sequence 

all genes established to predispose to thoracic aortic disease, including FBN1, and often 

also include evaluation for gene duplications and deletions. Since features of MFS overlap 

considerably with features of Loeys-Dietz syndrome, these panels can confirm the correct 

diagnosis of MFS through the identification of a pathogenetic variant in FBN1.34

Aortic manifestations

The most frequent aortic event associated with MFS is the dilatation of the aortic root, 

the aortic segment closest to the heart. Dilatation of the aortic root is usually symmetrical 

and limited to the aortic root, at least at the beginning of disease progression. Aortic root 

dilatation has a diagnostic value, but the normal aortic root diameter has to be adjusted 

using nomograms that include age, sex, height and weight (see Aortic Imaging below). 

Aortic root dilatation is typically present at the first echocardiography in patients who are 

eventually diagnosed with MFS, even if it is performed in infancy48,117,118. Thus, any 

patient, children or adult, being evaluated for MFS should undergo an echocardiography. 

The expected increase of the aortic root in children on medical therapy is an average of 

~0.5–0.8 mm/year, although in a single year it may be as high as 3 mm21,119,120. For adults, 

mean aortic root growth is lower, ranging from 0.3 to 0.7 mm/year, with men and those with 

larger aortic roots at baseline having the fastest rates of growth, and with rates varying by 

treatment regimen.121–125. Thus, the growth rate of the aorta in an individual with MFS is 

greater than the normal growth rate of the aorta in an unaffected individual (0.1 mm per 

year) in the general population126.

In addition to diagnosis, the degree of aortic root enlargement also carries crucialprognostic 

information, specifically the risk of aortic dissection127. Aortic root diameter is the main 

criterion used to consider prophylactic aortic root surgery to prevent acute ascending 

aortic dissection128,129. In addition to the diameter of aortic root (also termed the sinuses 

of Valsalva), criteria for recommending prophylactic aortic surgery include the rate of 

dilatation in the aorta, a family history of aortic dissection with minimal enlargement of 

the aortic root, and the severity of aortic regurgitation (the leaking of the aortic valve of 

the heart that causes blood to flow in the reverse direction during ventricular diastole). In 

adults, aortic regurgitation typically becomes an issue when the aortic root diameter is larger 

than 5.0 cm and, therefore, aortic regurgitation may be observed in patients whose diagnosis 

is delayed, who are lost to follow up and are found to have a large aortic root diameter, 

or who do not comply with recommendations for at least annual imaging examination. 

Other potential risk factors for aortic dissections that require further study are increased 

aortic stiffness and increased arterial tortuosity, which is abnormal lengthening of an artery 

that causes twisting or distortion of arteries130–133. The importance of confirming the 

molecular diagnosis in individuals with MFS skeletal features and aortic root enlargement 

is emphasized by the fact that the underlying mutated gene also informs the risk for 

dissection at a given aortic diameter, as, for example, patients with Loeys-Dietz syndrome 

with TGFBR2 mutations are at a higher risk for aortic dissection at lower diameters of 

the aortic root132,134,135 In the future, a patient’s specific FBN1 mutation might be a 

criterion for recommending early surgery, but the data are insufficient to currently make this 
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recommendation136,137. Importantly, pregnancy in women with MFS can augment the rate 

of growth of aortic root and increase the risk for aortic dissections (Box 3).

Dilatation of the tubular ascending aorta can be observed in patients with MFS and is almost 

always associated with substantial dilatation of the aortic root. The additional dilatation 

of the tubular aorta is considered as indicating a higher risk for aortic dissection than 

dilatation of the aortic root alone138. In individuals with MFS, the aortic dilatation is very 

rarely greater at the level of the tubular ascending aorta than at the aortic root, whereas 

this presentation is more common in patients with aortic enlargement associated with a 

bicuspid aortic valve (BAV; aortic valve with two leaflets instead of three)139. Primary 

(nondissected) aneurysms involving the arch, descending, thoracoabdominal and abdominal 

aorta are relatively uncommon in patients with MFS 140,141

The largest diameter of the ascending aorta, regardless of whether it is in the root or in 

the tubular ascending aorta, is used to determine the timing of prophylactic repair of the 

aneurysm to prevent an acute type A aortic dissection. Type A dissections occur when there 

is a tear in the inner layer of the aorta (the intima) above the aortic root, and the blood enters 

the wall and extends into the middle layer of the aorta (the medial layer), establishing blood 

flow through a false lumen in the aortic wall. In most cases, the dissection can propagate 

further up to the distal parts of the ascending aorta and continues down the descending aorta. 

Alternatively, the blood can dissect proximally and rupture into the pericardial sac, and the 

majority of people who die suddenly owing to dissections die of pericardial tamponade142.

Individuals with MFS are also at risk for aortic dissections originating at a different aortic 

location, just distal to the orgin of the left subclavian artery (a branch of aortic arch going to 

the brain) and progressing down the descending aorta, termed type B dissections (Figure 1). 

These dissections less commonly cause sudden death and occur with little to no enlargement 

at the site of origin of the dissection. Complications requiring surgery can occur with type 

B dissection and include malperfusion of spinal arteries leading to paresis and paraplegia, 

malperfusion of visceral arteries leading to abdominal pain, and aortic rupture. In individuals 

with MFS, initial presentation with a type B dissection is less frequent than presentation 

for prophylactic aneurysm repair or type A dissection7. However, the observed rate of type 

B aortic dissection after prophylactic repair is increasing143. Some risk factors for type B 

aortic dissections that have been recognized include previous prophylactic surgery for the 

root and/or ascending aorta16,117, aortic diameter of the descending aorta > 27 mm16, and 

dilatation of the pulmonary artery144. Additionally, an aortic tortuosity index >1 (the ratio 

of the length of the aorta to the linear distance between the start and end of the aorta) 

raised the risk of type B dissection by 12.1-fold131. As type B dissections can occur in 

patients with MFS with normal aortic root diameter or after prophylactic repair of the aortic 

root, recommendations to prevent aortic dissections (avoidance of isometric exercise and 

treatment with β-adrenergic receptor blockers as discussed below) should be pursued in all 

patients with MFS 145.

Cardiac manifestations

MFS is also associated with complications involving the heart. Stretching of the aortic valve 

annulus (Figure 1) due to aortic root enlargement may give rise to leaflet malcoaptation, 
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in which the leaflets fail to join together at the closure of the valve, and aortic valve 

regurgitation. This presentation is often combined with aortic valve cusp prolapse and 

valve cusp commissural fenestrations (ovoid apertures). A study in paediatric patients with 

MFS (< 18 years of age), moderate to severe aortic valve regurgitation was found to be 

an independent predictor of aortic root growth and cardiovascular events (for example, 

death, aortic dissection and cardiac valve or aortic root surgery)119. With the introduction 

of valve sparing aortic root replacement techniques, aortic valve regurgitation has become 

an important feature to take into account when defining the threshold for prophylactic 

surgery146.

Mitral valve prolapse (MVP) and mitral valve regurgitation (MVR) are established 

complications in patients with MFS. The prevalence of MVP in adults with MFS is 

estimated between 40–68% (compared with 1–2% in the general population)147,148. MVP 

is present in ~32–38% of children with MFS (<18 years of age), and prevalence increases 

with age149,150. In a large cohort of children and young adults with MFS, MVP was more 

prevalent in females than in males151. In the neonatal MFS, severe mitral valve prolapse 

with moderate to severe MVR is a major complication present at birth47,152.

A population-based study found that patients with MFS have an increased risk of 28% for 

mitral valve-related clinical events (endocarditis, surgery, and heart failure), compared with 

13% in idiopathic MVP153. The age at the time of the event was also significantly lower 

in individuals with MFS than in individuals with MVP not associated with MFS (35 versus 

65 years of age). Severe mitral regurgitation due to degenerative mitral valve disease may 

be successfully repaired in MFS, but it is often a more complex procedure than the same 

procedure the general population154. More recently, mitral annulus disjunction (MAD) was 

found to be highly prevalent in patients with MFS. MAD was a marker of severe disease, 

including aortic events at younger ages and mitral valve disease requiring repair155. Thus, 

detection of MAD may infer close clinical follow-up.

Pulmonary artery dilatation occurs in children and in adults with MFS and is correlated with 

aortic root dilatation, previous aortic root surgery, reduced left ventricular ejection fraction 

and increased pulmonary artery systolic pressure120,150,156–159. Clinical complications of 

pulmonary root dilatation are rare and may occur only with associated increased pulmonary 

artery pressure.

Heart failure is the cause of death in 5–30% of patients with MFS160,161. Underlying 

causes are severe valvular dysfunction and an intrinsic myocardial dysfunction. The reported 

prevalence of ‘Marfan cardiomyopathy’ ranges from 3% to 68% across different series162. 

Mild cardiomyopathy usually does not evolve with time but can lead to an unfavourable 

course in the event of an additional hemodynamic trigger, such as valve dysfunction and / 

or aortic root replacement, 159,163. Several studies have reported end-stage heart failure 

necessitating heart transplantation in patients with MFS163,164.

Children and adults with MFS have a predisposition for supraventricular as well as 

ventricular arrhythmias (that is, irregular heartbeat), which are not always related to valvular 

abnormalities165,166. Three studies report life-threatening ventricular arrhythmias in 7–9% 
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of individuals in MFS cohorts, along with sudden cardiac arrest in up to 4% of individuals, 

which is most likely due to arrhythmia 166–168. A possible association with underlying 

intrinsic myocardial dysfunction, as described above, is supported by the finding that 

serum NT-proBNP levels (which increase as a result to damage to the myocardium) are 

the strongest independent predictor of arrhythmogenic events in patients with MFS166,167.

Skeletal manifestations—MFS is associated with substantial musculoskeletal 

abnormalities due to three pathophysiological processes. First, the growth of tubular bones 

is exaggerated, which results in elongation of the digits (arachnodactyly), legs (leading to 

disproportionate tall stature (dolichostenomelia)) and ribs (leading to pectus excavatum or 

carinatum) (Figure 4). Second, ligamentous laxity leads to joint hypermobility, especially 

of the digits, shoulders, knees, and ankles, and progressive vertebral column deformity 

(scoliosis). Third, progressive deformity of some areas leads to depressed hip joints 

(protrusion acetabulae) and thinning and widening of the lumbar vertebrae and neural 

foraminae (dural ectasia). Additionally, most patients develop degenerative arthritis earlier 

than expected15.

Ocular manifestations—The ocular manifestations in patients with MFS vary by 

mutation and resulting severity of the disease. Patients with typical features of MFS develop 

lenticular and/or axial myopia prior to ten years of age and should be referred to an 

ophthalmologist for assessment of their nearsightedness. If the lens is dislocated in one or 

both eyes, the diagnosis of MFS should be suspected and confirmed based on the Ghent 

II criteria (Box 2)18. In the absence of lens dislocation, enlarged corneal diameter, corneal 

astigmatism, miosis (excessive constriction of the pupil) and hypoplasia of the iris may 

suggest a diagnosis of MFS. About 60% of MFS patients will develop lens dislocation in 

their lifetime, with the majority of patients being diagnosed in their teens, when the growth 

of the ocular globe is complete, but lens dislocation may occur late into their seventies 

(Figure 4). Both corneal and lenticular astigmatism are common and severe159. Strabismus 

secondary to amblyopia (lazy eye) may arise in the first decade of life, because the lens 

dislocation is typically asymmetric leading to preference of the less severely affected 

eye. The resulting amblyopia in the fellow eye is rarely deep seated and can be reversed 

with careful refraction assessment and glasses or contact lenses109. Presenile cataracts 

are a common complication in patients with MFS169. Open angle glaucoma and retinal 

detachments are the complications that lead to vision loss in patients with MFS170.

In patients with the most severe form of MFS, neonatal MFS, the globe is typically 

enlarged at birth with an increased corneal diameter. In rare patients, open angle glaucoma is 

observed in the first few years of life. The pupil will be miotic preventing the microspheric 

lens from prolapsing into the anterior chamber, and pupillary block is rare. Very high 

myopia up to thirty diopters may be observed; it is usually composed of both lenticular and 

axial myopia171.

Age-associated manifestations—In addition to the typical consequences of aging, 

‘new’ manifestations of MFS have become apparent as the life expectancy of people with 

MFS increases15. The underlying pathogenesis of some of these manifestations remains 

unclear. People with MFS (and their physicians) are often surprised when these ‘new’ 
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problems arise. In many instances, the prevalence and rate of progression of such issues 

have not been studied adequately, and for most, no effective therapies have been tested. 

With age, fluid-filled cysts can develop in the kidneys or liver in individuals with MFS. 

Typically, these cysts are painless and cause no functional problems, and they are often 

incidental findings on radiologic imaging of the aorta172. Due in part to laxity of the 

oropharyngeal musculature and a receded mandible, obstructive sleep apnoea is common 
173. It typically presents with snoring, but sleep-disordered breathing can contribute to 

fatigue and difficulty with mental functions. In women, urogenital laxity occurs at younger 

ages and produces all of the typical problems, such as incontinence. Management can 

be quite inadequate and frustrating. Other abnormalities have been suggested to have 

increased frequency in older patients with MFS, but data to confirm these observations lack. 

These abnormalities include biliary tract disease, diaphragmatic hernia, premature labour, 

skeletal myopathy, reduced bone mineral density, atrophic scars, caries, craniomandibular 

dysfunction, migraine headaches, cognitive dysfunction, schizophrenia, depression, fatigue, 

and generalized pain174.

Finally, individuals with MFS across the age spectrum have psychosocial issues that 

can substantially affect their work-life balance; their relationships with relatives, friends 

and co-workers; and their general sense of well-being175–177. As with most of these 

emerging features, their prevalence and severity have not been well quantified. No 

specific management is recommended at this time, but counselling can be effective178. 

Any pharmacological treatment must account for medications already being used for 

cardiovascular complications.

Diagnosis

Assessment of the systemic features of MFS, along with the status of the thoracic aorta 

and FBN1 genetic testing, are the basis for the Ghent II nosology for the diagnosis of 

MFS (Box 2)18. The systemic features that are present in an individual, excluding thoracic 

aortic enlargement, result in a composite score up to 20 points. In practical terms, the 

radiologic imaging to identify protrusio acetabulae or dural ectasia is rarely performed 

when the diagnosis is being considered. If this systemic score is ≥7, it is combined with 

findings that are common in MFS but rare in the general population, that is, ectopia lentis, 

thoracic aortic dilatation, and/or a positive family history of MFS, and a diagnosis MFS is 

achieved. Sequencing of FBN1 to identify pathogenic variants is not required to make the 

diagnosis of MFS. However, FBN1 sequencing ensures that the MFS systemic features and 

thoracic aortic disease are not the result of pathogenic variants in another gene, for example, 

TGFBR2 or TGFBR1 (Table 1). A crucial caveat for making a clinical diagnosis of MFS 

is that the presence of both thoracic aortic disease and ectopia lentis is sufficient to make 

the diagnosis of MFS and is essentially always due an underlying FBN1 mutation. In the 

absence of family history of MFS, aortic dilatation or the presence of a FBN1 mutation 

known to cause aortic disease is required to make the diagnosis of MFS.

Cryptic pathogenic rare variants (variants not identified by standard genetic diagnostic 

studies) in FBN1 have been determined to cause MFS, including rare variants in the middle 

of introns (that is, far removed from splice donor and acceptor sites) that lead to intronic 
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sequences being spliced into the FBN1 transcript and haploinsuffiency due to nonsense 

mediated decay of the mutant transcript179. Functional studies are necessary to identify 

these cryptic mutations but are not available except in a research setting. Homozygous or 

compound heterozygous FBN1 mutations have been identified that may or may not lead to 

earlier onset and more severe complications of the MFS180,181.

Aortic imaging—Assessment of the diameter of the aortic root is crucial to both make the 

diagnosis of MFS in many cases and to prevent acute aortic dissection once the diagnosis 

is made. Transthoracic echocardiography (TTE) has a crucial role in the diagnosis, follow-

up and management of patients with MFS. Owing to its availability, reliability and lack 

of need for radiation or contrast material, TTE is the initial imaging tool used for the 

identification and serial follow-up of growth of the root and ascending aorta. The key 

echocardiographic measurement is the aortic root diameter (at the level of the sinuses of 

Valsalva). In adults, this measurement is standardly performed using the leading edge to 

leading edge convention at end-diastole and perpendicular to the long axis of the aorta by 

the parasternal long-axis view182 (Figure 5). This segment is dilated in 85–90% of patients 

with MFS183, and the aortic diameter in the root and ascending aorta is the best risk factor 

to predict a type A dissection (Fig. 5). Aortic root dilation is diagnosed if maximum aortic 

diameter is larger than the reference values obtained in a normal population when age, 

sex and body surface area are considered. Various nomograms with a normal upper limit 

or z-score equations (a score that reflects the two standard deviation from the mean) have 

been developed,184–188 but the consensus in the clinical community is to use the nomogram 

proposed by Campens,184 and the one proposed by Devereux 185 when the BMI is above or 

under the normal range. A z-score ≥ 2 in adults or ≥ 3 in children is considered abnormal129.

In children, aortic measurements are performed using the “paediatric method”, which 

measures the inner wall to inner wall distance across a structure in systole, as recommend by 

the American Society for Echocardiography in the pediatric population189. To determine if a 

pediatric patient has aortic root dilation, validated z-score algorithms should be used, with a 

z-score ≥ 2 defined as dilation186,190,191. Of note, z-scores for children may vary by model, 

and attention must be paid to the reference population. For example, some models including 

young children include very few children <10 years of age and rely on extrapolation. Also, 

z-scores may not be accurate in patients who have obesity or are severely underweight, 

as the algorithms are based on body surface area192. In these cases, practitioners should 

consider also calculating the z-score using ideal body weight, or calculating the aortic root 

ratio as aortic root diameter (mm) divided by the patient’s height (cm) multiplied by 100, 

with a ratio of ≥18.0 suggesting aortic root dilation, although this approach has not been 

validated in young children128.

At the time of initial diagnosis of MFS, additional imaging with CT or MRI is generally 

recommended to confirm that aorta size measured by TTE is accurate and to assess the 

distal ascending aorta, aortic arch and descending aortic segments, which rarely may be 

enlarged or chronically dissected. TTE provides suboptimal images in some patients with 

MFS, mainly when a substantial thorax deformation is present, and CT and MRI may 

be required. CT and/or MRI are not universally acquired at diagnosis in children, but are 

recommended if TTE is suboptimal, aortic dimensions are near surgical threshold, aortic 
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growth is rapid, or disease outside the proximal aorta is suspected. After initial surveillance, 

imaging at 6 months is recommended to assess the rate of aortic root enlargement. If the 

aortic diameter remains stable and is < 45 mm, annual aortic imaging is reasonable. Patients 

with rapid enlargement or aortic diameter >45 mm should undergo repeat aortic imaging 

more frequently182. When TTE cannot be used to annual imaging of the aorta, MRI is 

preferred over CT to limit radiation exposure.

Distinct from elective aortic imaging and surveillance, when acute aortic dissection is 

suspected, urgent contrast CT is the most commonly performed imaging study and has a 

>95% accuracy in diagnosing dissection193. Additionally, a combination of CT and TTE 

provides the best information in aortic dissection diagnosis and its complications194.

It is important to be aware of the differences in aortic measurements between different 

imaging modalities, particularly with multimodality imaging follow-up and before surgical 

intervention. As mentioned above, leading edge-to-leading edge measurements of diameter 

in end-diastole (immediately before the heart contracts) is recommended in adults by the 

American Society of Echocardiography182; however, inner edge-to-inner edge diameter 

in mid-systole (the time in the cardiac cycle during which the ventricles contract) is 

recommended in children189. Nevertheless, measurement differences between these methods 

of measurement of the aortic diameter are small188. These differences should be considered 

when caring for patients undergoing transition from a paediatric-based clinic to an adult-

based program (Box 4).

The recommendation for obtaining maximum aortic diameter by CT and cardiac MRI 

throughout the age range is to measure by inner edge-to-inner edge in end diastole182,195. 

Several studies demonstrated that “cusp to commissure” diameters on CT and cardiac MRI 

systematically underestimate aortic dilation by a mean value of 2–3mm when TTE is the 

reference196,197. Thus, most groups use maximum “cusp to cusp” diameter as it is closest 

to the maximum aortic diameter obtained by TTE198. When measuring distally to the aortic 

root, it is also important to avoid oblique imaging of the aorta as it will overestimate the 

maximum diameter199.

Screening

The diagnosis of MFS should trigger assessment of family members for MFS, which is 

accomplished most efficiently by testing for the presence of the causative FBN1 pathogenic 

variants (that is, site specific testing). Alternatively, physical exam, imaging of the aorta and 

ocular examination can be pursued in family members. The autosomal dominant inheritance 

of MFS predicts that 50% of offspring of a MFS patient will be similarly affected. The 

majority of patients with MFS have one affected parent and, therefore, their siblings have a 

50% risk of being affected. If both parents are unaffected, then the siblings are at a very low 

risk for having MFS, but this risk is not zero owing to the possibility of germline mosaicism 

for FBN1 pathogenic variants. Additional cascade testing for MFS is based on the pedigree 

of the family.

The American Heart Association recommendations on screening for cardiovascular 

abnormalities in competitive athletes includes specific segments to identify the presence 

Milewicz et al. Page 17

Nat Rev Dis Primers. Author manuscript; available in PMC 2022 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of MFS in the family history (as well as any family history of unexpected sudden death 

before age 50) and to evaluate for the presence of typical physical signs of MFS on the pre-

participation physical examination200. In some US states, the physical examination forms for 

participation to high school sports specifically list the presence of some MFS characteristic 

signs (kyphoscoliosis, high-arched palate, pectus excavatum, arachnodactyly, hyperlaxity, 

myopia, mitral valve prolapse and aortic insufficiency). Cardiovascular screening in 

major North American Professional sports teams typically involves the history, physical 

examination and electrocardiography201. Only some colleges and universities in the United 

States perform screening echocardiograms on collegiate athletes. In major professional 

sports in North America, only the National Basketball Association and Major League Soccer 

mandate echocardiograms on players (personal communication, Jonathan Kim, MD, Emory 

University, 3/25/2021). Some individuals discovered to have a dilated aortic root during 

screening echocardiogram in the NBA have ultimately been diagnosed with MFS.

MANAGEMENT

It is crucial to manage the risk for acute aortic dissections in patients with MFS, which 

requires routine imaging of the aorta, medications to slow the growth of the aorta, and 

timely surgical repair of the enlarged aorta or aneurysm when the diameter reaches 5.0 cm 

in adults. Routine eye exams are also required to prevent ocular complications, and skeletal 

complications are treated as they arise.

Skeletal complications

The principal skeletal issues that require frequent intervention are deformities of the anterior 

chest and the spine. Pectus excavatum (depression of the sternum) is common and often 

asymmetrical. As the ribs grow, the deformity can progress and becomes irreversible once 

growth is complete. The indications for surgical repair are clinically important diminished 

lung capacity (dyspnea on exertion), compression of cardiovascular structures, or need for 

ascending aortic repair.202 A minimally invasive approach (Nuss procedure) is successful in 

most patients, but in the most severe deformity a substernal bar needs to be inserted until 

bone healing is complete203.

In people without a connective tissue disorder, deformity of the spine (scoliosis, abnormal 

kyphosis or lordosis) progresses during skeletal growth and typically stabilizes with 

maturity. In Marfan syndrome, spinal deformity is common and may progress after skeletal 

maturity204,205.This progression is especially probable in individuals with severe deformity 

(for example, scoliosis curves >30 degrees). One consequence is discrepancy in leg length. 

External bracing should be considered in children with severe or rapidly progressive 

curvature. Surgical stabilization of spinal deformity should be considered when the curve 

progresses beyond 40 degrees and can now be performed in children and adolescents using 

expandable rods205.

Ocular Complications Management

The diagnosis and management of the ocular features of MFS have markedly improved over 

the last decades owing to DNA diagnosis of MFS and refinement of ocular technology. 
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Patients diagnosed with or suspected of having MFS ought to be examined at annual 

intervals or more often if complications have developed. Lens dislocation in MFS is 

often asymmetrical, leading to differences in acuity and refraction in the two eyes and 

development of amblyopia. This complication can be prevented if diagnosed early and an 

appropriate refraction is prescribed. Contact lenses are not contraindicated in individuals 

with MFS. If the lens is dislocated to the extent that the vision cannot be corrected 

through the lens, the risk, benefit and timing of removal of a dislocated lens have to be 

carefully weighed. An aphakic (that is, without lenses) prescription is usually well tolerated. 

Lensectomy and insertion of an artificial lens should be considered. This surgery aims for 

functional uncorrected vision and can usually be delayed until the eye is fully grown. Danger 

to the eye does not occur because of a dislocated lens; pupillary block is very rare and a 

totally dislocated lens in the vitreous cavity is well tolerated, however, phacolytic (caused 

by a leaking mature or hypermature cataract) glaucoma may develop if a totally dislocated 

lens remains in the vitreous cavity for many decades and will require lens removal. Many 

patients go through life without ever having their lenses removed, but their refraction shifts 

from phakic to aphakic (with and without lenses) with progression of the lens dislocation. 

Surgical removal of the dislocated lens and insertion of an intraocular implant should be 

performed by experienced surgeons.

Up to 10% of all patients with MFS develop a retinal detachment170, which may be 

secondary to the elongation of the globe due to decreased fibrillin-1 in the sclera. Retinal 

detachments need to be diagnosed early and can be managed with laser surgery, vitrectomy 

or scleral buckle according to the surgeon’s indications. Patients ought to be aware of the 

symptoms (flashes of light, sudden appearance of floaters and/or blurred vision) and seek 

consultations. The success rate of retinal reattachment surgery is high (>85%)206–208.

Another serious ocular complication is the development of glaucoma, which is seen in 30% 

of the patients during their lifetime171. The suspicion of glaucoma should always be present 

at annual examinations, and glaucoma needs to be aggressively managed. It can develop at 

all ages, and most often it is accompanied by an open angle. The exact pathogenesis remains 

unknown. Phacolytic glaucoma is also common. If signs of intraocular inflammation are 

seen, the lens ought to be removed as it may be the cause of phakolytic glaucoma207,209.

Planned cataract surgery with placement of an intraocular lens may become complicated in 

patients who have mild manifestations of MFS and, therefore, had not been diagnosed with 

MFS. The zonules may break, the capsule may rupture or the lens implant may progressively 

dislocate in the months following the surgery. Refractive corneal surgery may probably be 

safely performed in mildly affected patients. No long-term clinical data are available. The 

vitreous is normal, in contrast to the vitreous in individuals with Stickler syndrome (another 

genetic syndrome), a finding which may help in the differential diagnosis210.

Thoracic Aortic Disease

Lifestyle modifications.—Aortic aneurysms progressing to acute type A aortic 

dissections are the leading cause of mortality and morbidity in MFS. Regular imaging 

and lifestyle modifications are the first step to protect the aorta. Recreational exercise 

that includes low to moderate levels of aerobic exercise are important for physical and 
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mental health for all people, including for those with MFS. In general, most individuals 

with MFS should exercise regularly through low-intensity (aerobic), low-impact physical 

activities, which can be adapted to meet their specific needs. Non-competitive exercise 

and physical activity performed at a non-strenuous pace or at about 50% of capacity are 

suggested. It is recommended to avoid contact sports, intense weight training or isometric 

exercises. Because shear stresses on the aorta may have a role in the development of an acute 

aortic dissection, individuals with MFS are restricted from participating in most competitive 

athletics, as well as heavy weight lifting129,211.

Pharmacological therapy—Medical therapy to slow aortic growth and prophylactic 

aortic aneurysm surgery to prevent type A dissections have led to improved lifespan in 

MFS13,14,212. Medications, either affecting myocardial inotropy (the strength of contraction) 

and chronotropy (heart rate) or targeting signalling pathways that have been implicated 

in the pathogenesis of MFS in mouse models, can affect the natural history of this 

condition21,213.

Beta-adrenergic receptor blockers have haemodynamic effects potentially beneficial in 

thoracic aortic aneurysm disease129. These agents reduce the inotropic state of the heart, 

decrease the impact force of ejected blood on the aorta, and are primarily used to lower heart 

rate and blood pressure. Thus, it was theorized that treatment with β-adrenergic receptor 

blockers may benefit patients with MFS and reduce the risk of aortic rupture213. Early 

studies of these agents in severe hypertension supported this line of evidence214. When 

patients with malignant hypertension (that is, extremely high blood pressure) were treated 

with agents that reduced blood pressure but did not change the rate of rise of blood pressure 

(dP/dt, or the ratio of pressure change in the left ventricular cavity during contraction), 

the risk of aortic dissection was not improved215,216. Furthermore, models of dissection 

in turkeys or mice had improved survival and reduced aortic events when the β-blocker 

propranolol was added to their feed217.

In patients with MFS, studies examining acute or chronic effects of β-blockers on the 

biomechanical properties of the aorta, measured with both invasive and non-invasive 

methods, have reported mixed results21,123,124,218–222. In a long-term open-label randomized 

trial, propranolol was compared with no therapy in 70 young patients with MFS (mean 

age of 15 years at the time of enrolment)213. After a 10-year follow-up, individuals who 

received propranolol had a lower rate of aortic root dilatation than individuals who did not 

receive the drug. A retrospective, nonrandomized study of β-blockers use in children with 

MFS also demonstrated a slowing of aortic dilatation in treated patients compared with 

individuals who did not receive the drug213. In a study of 417 patients with MFS, those 

treated with β-blockers had a longer survival than those who did not receive β-blockers223. 

The 2010 AHA/ACC Thoracic Aortic Disease guidelines recommended that β-blockers 

therapy be administered to patients with MFS with aortic aneurysms to reduce the rate 

of aortic dilatation, and β-blockers therapy have been recommended to individuals with 

hypertension and thoracic aortic aneurysm disease129.

In a MFS mouse model, losartan prevented aneurysm growth20. This finding led to clinical 

trials worldwide using angiotensin II receptor blockers (ARB)s to block aneurysm growth in 
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patients with MFS (Table 2). Initially, a nonrandomized study of a small number of young 

patients with MFS with advanced aortic root dilation despite β-blockers therapy showed 

that ARB therapy (losartan or irbesartan) led to a dramatic reduction in the rate of aortic 

dilatation (3.5 mm/yr to 0.5 mm/yr)224. These encouraging results lead to multiple trials of 

ARB therapy in patients with MFS (Table 2)21,123,124,219–221. Randomized trials comparing 

an ARB to a β-blocker in patients with MFS found no statistically significant difference in 

the rate of aortic root dilation or clinical events, including aortic surgery or aortic dissection, 

among treatment groups21,221 Three large trials have compared the addition of an ARB 

to baseline therapy (which included a β-blocker in 50–86% of patients) in patients with 

MFS123,124,220 In two studies, the addition of an ARB led to a reduction of aortic growth 

rates over a 3 to 5-year follow-up123,124, whereas one study demonstrated no difference in 

aortic growth rate when ARB was added to baseline therapy220. These trials have confirmed 

a role of ARBs in preventing aortic growth in MFS, both alone and in combination with 

β-blockers, but found no evidence of a dramatic decrease or prevention of aortic growth with 

ARBs as it was observed in the MFS mouse model225.

Medical treatment is indicated in children, as studies demonstrate medication slows aortic 

dilation, and the earlier medication is started, the greater the effect21,118,119. Titration of 

medical therapy in children is important to reach a therapeutic level of the medication. 

For β-blockers, titration goals may include a 20% heart rate reduction or goal heart rates 

(70s bpm in younger children, 60s bpm in older children and adolescents), while avoiding 

substantial adverse side effects. For ARBs, doses are usually titrated to a goal dose while 

avoiding adverse side effects. Some strategies for titrating these medications prior to puberty 

also include increasing medications until a decline in aortic root z-score is noted.

In summary, both β-blockers and ARBs are well tolerated in randomized trials. When one 

of these agents is chosen to treat a patient with MFS, it is important to titrate the dose to 

the maximally tolerated dose. Although some experts may choose to initiate therapy with a 

β-blocker first, others choose to initiate with an ARB. Many also utilize both a β-blockers 

and an ARB together to lessen hemodynamic stress on the aortic wall and potentially affect 

signalling pathways that are implicated in the pathogenesis of disease. It is important to 

emphasize that management of hypertension is a central target for all patients with thoracic 

aortic disease.

Aortic Imaging—The entire aorta needs to be assessed at the time of diagnosis and 

then routinely thereafter to monitor the growth of the aortic root. TTE can be used for 

serial imaging follow-up of patients with MFS and dilated aortic root when the correlation 

between the dimensions measured by CT or MRI has been documented182. However, 

reproducibility of maximum aortic diameter measurement is better by ECG-gated CT 

(synchronized data acquisition with the ECG waveforms) and MRI than by TTE when image 

quality is not optimal. Diameter changes that are < 4 mm by CT, MRI or by TTE might not 

reflect a real change in the aorta size (Fig. 4)192,196,226. The European Society of Cardiology 

guidelines recommend surgery when aortic diameters increase > 3mm per year128, whereas 

AHA guidelines specify >5mm per year129. In clinical practice, these indications rarely 

support aortic surgical repair, as aortic root diameter dilation rate over time in patients with 

MFS is < 0.5 mm per year125.
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CT angiography (CTA) is the technique of choice for measuring aorta diameters and requires 

intravenous contrast medium to provide a volumetric data set that enables multiplanar and 

3D reformatting182,195. Radiation is the main drawback of CTA for patients with MFS, 

who require lifelong surveillance. ECG-gated low-voltage techniques substantially reduce 

ionizing radiation exposure and minimize potential long-term harm. MRI does not utilize 

ionizing radiation and may be a better option in some patients with MFS (Fig. 5). Although 

spatial resolution and acquisition time are inferior to those of CTA, MRI offers high-quality 

assessment of the aorta, morphologically and dynamically, even without intravenous contrast 

medium227,228 In clinical practice, repeat CT or MRI is recommended at least every 3 years 

in adults as part of surveillance, because patients with MFS can have descending aorta or 

branch vessel involvement, and to confirm that measurement of the ascending aorta by TTE 

remains reliable16,145,229. Aortic branch aneurysms are present in patients with MFS, are 

related to age and aortic dilation, and independently predict the need for aortic surgery230. 

(Figure 5). Patients with MFS and aneurysmal dilation of the descending thoracic aorta 

require regular CT or MRI to monitor aortic stability, as TTE does not provide reliable 

imaging of this region.

Other imaging biomarkers are being assessed as predictors for adverse outcomes in MFS. 

Aorta biomechanics impairment, assessed by aortic distensibility, has been identified 

in MFS during the early stages of aortic dilation and associates with progressive 

aortic dilation135,231. An emerging technique, 4D flow MRI, provides advanced flow 

information, such as wall shear stress, vascular stiffness (based on pulse wave velocity), 

flow eccentricity, pulse wave reflection, and turbulent kinetic energy122,132,232–234. Such 

assessment of hemodynamic parameters could provide valuable information on both the 

presurgical and postsurgical aorta232,233. Longitudinal strain of the ascending aorta may be 

a useful independent predictor of aortic root expansion and aortic events (such as elective 

surgery and dissection)122. Finally, vertebral or aortic tortuosity is a marker of adverse 

cardiovascular outcomes in patients with MFS130,131.

When elective surgery is indicated, ECG-gated CTA is performed to obtain accurate aortic 

morphometric data, which include accurate aortic annulus and root diameter measurements, 

identification of chest wall abnormalities, determination of surgical access, and an 

assessment for coronary artery disease. In addition, TTE is recommended for monitoring 

surgical treatment, especially with David or Yacoub valve sparing aortic surgery, to rule 

out substantial residual aortic regurgitation and to assess the presence and severity of 

aortic regurgitation, left ventricular function, and other abnormalities, such as mitral valve 

prolapse or substantial mitral regurgitation235,236. After elective aortic root replacement, 

TTE and CT or MRI are generally performed to establish a baseline aortic assessment 

within 6 months or a year. The frequency of subsequent aortic imaging is individualized 

according to patient characteristics, such as the type of operation performed and the extent 

of aortic dilatation elsewhere. Serial, postoperative follow-up imaging should focus on 

disease progression affecting the native aorta and common postoperative complications, 

including the development of pseudoaneurysm and coronary anastomotic aneurysms237.

Combination of CT and TTE provides the best information in the diagnosis of aortic 

dissection and its complications 194 MFS patients with repaired type A aortic dissection 
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should undergo serial aortic imaging with CT or MRI to monitor the remainder of the aorta, 

and similarly individuals with type B aortic dissection require routine follow-up imaging of 

the chest, abdomen and pelvis129. In patients with MFS with type A dissection, long-term 

outcome after surgery is related to the extent of the dissection and degeneration of the 

chronically dissected segments, leading to aneurysmal enlargement. In addition to MFS 

and maximum aorta diameter, a large entry tear (> 10mm) located in the proximal part 

of the dissection identifies a high-risk subgroup of patients who may benefit from a more 

aggressive surgical treatment238. Thus, exclusion of a large entry tear or large proximal 

secondary communications is fundamental to avoid progressive and substantial enlargement 

of the false lumen during follow-up. Enlargement of the false lumen requires surgical 

treatment of the descending aorta. Intraoperative transesophageal echocardiogram (TEE) 

helps in the identification of large communications between true and false lumen, and aids 

the indication of extension of aorta replacement - including the arch or proximal descending 

aorta239.

Aortic Surgery—Prophylactic surgery of the aortic aneurysm to prevent acute type A 

dissection is a major factor associated with improvement in lifespan in MFS13,14,160. 

The long-term survival is reduced in individuals who survive the acute dissection, and 

repeat aortic surgical interventions are more common after an aortic dissection17,160. Thus, 

aortic aneurysm surgery before aortic dissection or rupture is the goal of treatment. Many 

factors influence the surgical threshold for aortic root aneurysm repair in MFS, with aortic 

diameter being paramount. The 2010 ACC/AHA/AATS Thoracic Aortic Disease guidelines 

recommend surgery for aortic root aneurysm when the aortic diameter reaches or exceeds 5 

cm129. These guidelines are based upon expert opinion and observational studies. Elective 

aortic root replacement in MFS performed by experienced surgeons is highly successful and 

carries a low surgical risk160. There are multiple indications for considering prophylactic 

aortic root aneurysm surgery at an aortic diameter < 5 cm (but ≥4.5 cm). These indications 

may include a family history of aortic dissection at a relatively small aortic size (< 5.0 cm), 

rapid aortic growth (>3 mm per year if measurements are obtained using the same imaging 

technique), substantial aortic regurgitation, the requirement for mitral valve surgery, a prior 

type B aortic dissection, the desire for pregnancy, and patient or surgeon wishes (especially 

when considering valve-sparing root replacement). The patient’s age, sex, and body size and 

height may also be important factors to consider when sharing a decision about the timing 

of aortic root replacement. The Thoracic Aortic Disease guidelines recommend surgery if 

the maximal cross-sectional area (in square centimeters) of the aortic root divided by the 

patient’s height (in meters) is >10129.

The strategy of prophylactic surgery at an aortic diameter of ≥50 mm was evaluated in a 

population of 732 patients with MFS127. The risk of pre-operative aortic dissection rose 

with increasing aortic diameters: 0.09% with aortic diameter < 40 mm; 0.1% with aortic 

diameter 40–44 mm; 0.3% with aortic diameter 45–49 mm; 1.33% with aortic diameter 

50–54 mm; and 8.14% with aortic diameter 55–59 mm. In an observational study of MFS 

patients, 11 aortic events (death and aortic dissection) occurred during 2195 patient-years of 

follow-up240. The risk of aortic events was related to aortic diameter: 0.2% per year with 

diameter <40 mm; 0.3% per year between 40 and 44 mm; 1.3% per year between 45 and 49 
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mm; and 5.2% with diameters ≥ 50 mm240 240. The aortic event rate was also related to body 

size, with a higher event rate noted when the aortic size index (aortic size divided by body 

surface area) increased240.

There are no current guidelines on when to perform aortic root replacement in children, 

although some experts suggest the same guidelines as adults for most children241. 

Intervention may be indicated at < 50 mm in any of the following situations: another cardiac 

surgery is planned, a family history of dissection at an aortic root dimension <50 mm, or 

the patient reaches 40 mm at a very young age (that is, < 5 years of age)129. Most families 

of young patients seem to opt for valve-sparing surgery to avoid bleeding complication and 

lifetime anticoagulation therapy.

Surgery to replace the aortic root in MFS typically includes one of two main procedures: the 

composite aortic valve graft (CVG; also known as Bentall procedure), and the valve-sparing 

root replacement (VSRR) procedure using the reimplantation (David) technique160,242. In 

some cases, the decision to perform a VSRR or a CVG replacement is determined when the 

aortic valve leaflets are inspected during surgery. Ideal patients for VSRR have a relatively 

small aortic root (<55 mm), no more than mild aortic regurgitation, and normal appearing 

cusps on surgical inspection242. Aortic valve replacement may be preferable when leaflets 

have large fenestrations or heavy calcification and scarring. If VSRR is not deemed not 

appropriate, CVG is pursued.

CVG involves replacing the aortic valve with a prosthetic valve (typically a mechanical 

valve) and a prosthetic polyethylene terephthalate (brand name Dacron) graft, with re-

implantation of the mobilized coronary arteries into the graft. The aorta is typically 

replaced from the valve to the mid-to-distal ascending aorta. The major advantage of 

this procedure is the outstanding, long-term durability of the valve and graft160.When a 

mechanical aortic valve is used, lifelong anticoagulation therapy with warfarin is required to 

manage long-term risks such as valve-related thrombosis or embolism, bleeding risks related 

to anticoagulation, and infective endocarditis. VSRR utilizing the reimplantation (David) 

technique is a surgical procedure in which the aorta is replaced and the prosthetic graft sewn 

into the left ventricular outflow track extending to the ascending aorta, and the native aortic 

valve is re-implanted within the graft242. The coronary arteries are mobilized and sewn into 

the graft. An advantage of VSSR is that anticoagulation is not required. The main concern 

about VSRR is the durability of the repair and the potential for development of aortic valve 

regurgitation requiring reoperation243. Single center short-term and mid-term results report a 

relatively low rate of substantial aortic valve regurgitation and requirement for reoperation, 

especially when VSRR is performed by expert surgeons242. The Aortic Valve Operative 

Outcomes in Marfan Patients Study registry enrolled 316 nonrandomized patients with MFS 

between 2005 and 2010 at 19 centers in North and South America and Europe. In this study, 

7% of patients in the VSRR group developed moderate or severe aortic regurgitation by 

one-year follow-up243. Late follow-up will be important to assess the natural history in this 

cohort.

A novel technique to reinforce (rather than replace) the aortic root aneurysm in MFS 

known as the personalized external aortic root support (PEARS) has been developed244. 
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The PEARS procedure involves surgical implantation of a patient-specific individualized 

mesh support around the aortic root and ascending aorta to prevent further enlargement and 

dissections or ruptures. The graft is secured proximal to the coronary arteries and to the 

ascending aorta, and cardiopulmonary bypass is not typically required. This procedure has 

been performed on 162 patients with MFS with aortic diameters between 40 and 55 mm 

and no more than mild aortic regurgitation244. In a study of the first 30 patients with MFS 

undergoing PEARS (mean age 33 ± 13 years, mean aortic diameter 45 ± 2.8 mm, at an 

average follow-up of 6-years), there was no statistically significant change in aortic diameter 

or degree of aortic regurgitation245. Additional long-term outcome data are needed before 

this procedure can be recommended for patients with MFS.

After elective root replacement in MFS, long-term management includes continuation of 

pharmacotherapy and routine imaging surveillance of the entire aorta. Patients remain at 

risk for distal aortic disease, both type B dissection and aneurysm formation. In a series of 

258 individuals with MFS with acute aortic dissection, 64% had a type A dissection, and 

36% had acute type B dissection17. Notably, 44% of patients had undergone a prior cardiac 

surgery. In a series of 600 patients with MFS, there were 54 type B dissections at a mean 

age of 36 ± 14 years16. In 30 of these 54 individuals, (56%), a type B dissection was the first 

aortic complication. Importantly, prior elective aortic root replacement is a risk factor for 

subsequent acute type B dissection, which occurs at a rate of about 10% during a 6-to-7-year 

follow-up after root replacement16,246.

After an acute type A or B aortic dissection, long-term management includes therapy with 

a β-blocker and routine imaging surveillance of the aorta. It is common for MFS patients 

to require multiple aortic repairs after a type A dissection extends down the descending 

aorta, or after an isolated type B dissection. These aortic surgeries are required owing to 

the chronically dissected aorta degenerating and progressively enlarging14,136,247. In the 

absence of aortic dissection, multiple aortic surgeries are usually not required in individuals 

with MFS, a finding that supports the use of prophylactic aortic root surgery of the entire 

ascending aorta to prevent type A dissections. Open surgery of the descending aorta is often 

required and is associated with relatively high morbidity and mortality. Endovascular stent 

grafting is associated with complications in MFS patients and is still contraindicated in 

the more recent recommendations129. However, progress is being made, and a combined 

strategy is more and more frequently performed in high-risk patients with MFS with chronic 

aortic dissection248.

QUALITY OF LIFE

Living with MFS can affect the quality of life (Box 5, 6) A 2002 study of 174 adults with 

MFS found that overall quality of life was adequate but substantially lower in psychological 

domain249. The majority of individuals reported that MFS affected their reproductive 

decisions because of concerns about having an affected child and the cardiovascular risks 

to the pregnant woman with MFS. Data from the GenTAC (Genetically Triggered Thoracic 

Aortic Aneurysms and Cardiovascular Conditions Registry) of 389 adults with confirmed 

MFS found that the condition did decrease quality of life compared with that of the general 

population250. In multivariate analyses, insurance status and employment were significant 
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predictors of quality of life. A 2019 review of all publications studying psychosocial 

factors in MFS identified a negative effect of the condition on an individual’s formative 

years, quality of life, reproductive decision-making, work participation and satisfaction 

with life251. The Marfan Foundation conducted a survey of their members to identify 

the quality of life issues in the community of people with MFS and related disorders, 

and 1051 individuals completed the survey (ref 290). Nearly 85% of the respondents self-

reported as having MFS with Loeys-Dietz syndrome and Ehlers Danlos syndromebeing the 

other diagnoses most often present in respondents (29 and 24 individuals, respectively). 

Nearly 65% of respondents were 20–59 years of age, with the highest percentage (18%) 

being 30–39 years of age. The majority of respondents reported that pain (56%) and 

physical limitations (56%) were the greatest obstacles that affected their quality of life. 

Other reported challenges were lack of stamina (43%), vision issues (38%), sleep issues 

(36%), feeling “down” (31%), feeling anxious or restless (31%), financial insecurity (28%), 

gastrointestinal issues (26%), breathing issues (23%), and being underweight (20%). In 

a study of Norwegian patients, quality of life was reduced by physical but not mental 

limitations252.

OUTLOOK

Pathogenesis

To date, the research on thoracic aortic disease pathogenesis has focused extensively on the 

roles of TGF-β and Angiotensin II signaling primarily in aneurysm formation. Although 

both signalling have an established role in thoracic aortic disease in MFS, many other 

potential pathways need to be explored, including nitric oxide signaling253,254 and activation 

of stress pathways in SMCs96, along with other pathways255. Importantly, the MFS mouse 

model (Fbn1C1039G/+ mice) used for the majority of studies develop aneurysms but rarely 

progress to dissection. Thus, the molecular triggers for dissection have not been extensively 

studied.

A major unanswered question is how loss of fibrillin-1 drives long bone overgrowth. 

It was originally argued that loss of epiphyseal constraint by a structurally impaired 

perichondrial matrix might be responsible for the disproportionately long limbs. As a 

functional relationship was proposed between fibrillin-1 assembly and modulation of local 

TGF-β bioavailability, a new theory has emerged, postulating that TGFβ hyperactivity in 

skeletal tissues might account for MFS-related long bone overgrowth256. Future studies are 

needed to determine the pathogenesis of the long bone overgrowth.

As indicated by the Marfan Foundation survey discussed above, chronic pain and physical 

limitations are the major issues that decrease the quality of life for individuals with MFS. 

Although overuse associated with the joint laxity is the most probable contributor to the 

chronic pain, further studies are needed to address these major issues. In addition, little is 

known about the pathogenesis or complications of ‘new’ manifestations of MFS that arise as 

patients live longer.
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Advances in Treatment

The treatment for aortic disease has rapidly evolved with the introduction of endovascular 

treatment for subacute and chronic type B dissections. Although only graft-to-graft 

endovascular repair is currently recommended for non-emergent aortic repair in patients 

with MFS, further modifications may enable more extensive use of endovascular repair.

Studies are in progress to further refine the timing of thoracic aortic aneurysm repair to 

prevent dissection. Functional imaging to understand the pathophysiological process in the 

aortic wall and four-dimensional imaging to assess the flow patterns and wall stress are 

currently being pursued. Biomarkers, such as vertebral artery tortuosity and the presence 

of branch aneurysms130,230, need to be assessed in combination with aortic diameters to 

improve the timing of aortic aneurysm repair to prevent dissections. Genetic modifiers, 

including further delineation of the phenotype associated with specific FBN1 pathogenetic 

variants and other variants in the human genome that modify the phenotype, need to be 

included in this assessment as they are identified.
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Box 1:

Neonatal or Infantile MFS: The Severe End of the Phenotypic Spectrum of 
MFS

Neonatal or infantile MFS represents the most severe end of the phenotypic spectrum of 

MFS. Cardiovascular features often present at birth or developing before 1 year of age are 

severe mitral valve prolapse with moderate to severe mitral regurgitation, considerable 

aortic root dilation, left ventricular dilation, possible ventricular dysfunction, symptoms 

of congestive heart failure, and failure to thrive264,265. Other features of neonatal MFS 

include an abnormal progeroid (resembling premature aging) and cachectic (physical 

wasting with loss of weight and muscle mass) appearance, marked arachnodactyly 

(“spidery fingers”, that is, long and thin fingers), dolichocephaly, loose skin, crumpled 

ears, highly arched palate, micrognathia (or mandibular hypoplasia, a condition in 

which the lower jaw is smaller than usual), camptodactyly (permanently bent fingers), 

flexion contractures (bent joints that cannot be straightened), hyperextensible joints, 

anterior chest deformities, muscle hypoplasia, pulmonary disease (blebs (pockets of air), 

pulmonary cysts, and overt emphysema), megalocornea (enlarged cornea), and ectopia 

lentis. Many of these features of MFS can be present at birth, and it is proposed that the 

two clinical features that are uncommon in classic MFS but common in neonatal MFS, 

congenital emphysema and mitral and/or tricuspid valve regurgitation, be used to define 

neonatal MFS266. A third feature that is used to confirm neonatal MFS is that affected 

children have de novo mutations (missense and in frame deletions) in a limited region 

of FBN1 defined by exons 24 through 3247,267. In these children, the valve problems 

relentlessly progress and lead to congestive heart failure. Although case reports and 

very small series suggest a grim prognosis in this population with a high likelihood of 

mortality typically due to heart failure, a better prognosis results from early mitral valve 

surgery and heart transplant268–272.
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Box 2.

Ghent II criteria

Systemic features excluding aortic disease, ectopia lentis and family history for the 
diagnosis of MFS.

• Wrist and thumb signs (3 points)

• Wrist or thumb sign (1 point)

• Anterior chest deformity (2 points)

• Hind foot deformity (2 points)

• Pneumothorax (2 points)

• Dural ectasia (2 points)

• Protrusion acetabuli (2 points)

• Reduced upper segment or lower segment and increased arm span to height 

ratio (1 point)

• Reduced elbow extension (1 point)

• Facial features: dolichocephaly, enophthalmos, downslanting palpebral 

fissures, malar hypoplasia, and retrognathia (1 point if 3 out 5 features are 

present)

• Skin striae other than due to pregnancy or obesity (1 point)

• Myopia >3 diopters (1 point)

• Mitral valve prolapse (1 point)

The total score of the systemic features is used in the diagnostic criteria.

Requirement for the diagnosis of Marfan syndrome

• Aortic root dilatation & ectopia lentis

• Aortic root dilatation & a FBN1 mutation

• Aortic root dilatation & ≥7 systematic points (see above)

• Ectopia lentis with a FBN1 mutation known to cause ascending aorta dilation

• Family history of MFS & ectopia lentis

• Family history of MFS & ≥7 systematic points (see above)

• Family history of MFS & aortic root dilatation
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Box 3:

Pregnancy and MFS

Pregnancy is recognized as a risk factor for aortic dissection in women in the general 

population and in women with MFS128,129,273. The risk for aortic dissection is reported 

both during pregnancy, primarily during the third trimester, and up to several months 

postpartum273–275.However, pregnancy-associated dissections in the general population 

are rare 273,276–278. In women with MFS, the risk of dissection is associated with 

an increased aortic root dilatation rate in pregnancy279. In the majority of reported 

dissections, the diagnosis of MFS had not been made prior to the aortic dissection273. 

Thus, a missed diagnosis of MFS is an important risk factor for pregnancy-associated 

dissections and underscores the crucial role for diagnosis and cascade assessment of 

family members274. Importantly, women with MFS should have genetic counselling and 

a cardiovascular assessment prior to pregnancy. Aortic diameter remains a risk factor 

for dissection, and current recommendations for the care of women with MFS who are 

considering conceiving are based on aortic root diameter. However, type B dissections 

associated with pregnancy may occur without substantial aortic dilation273,275The risk 

of pregnancy-associated type A dissection is considered low when maximal diameter of 

the aortic root is < 4.0 cm, provided β-adrenergic receptor blockers are used throughout 

the pregnancy and the postpartum period. When the aortic root diameter is > 4.5 cm, 

prophylactic valve-sparing aortic root replacement surgery should be considered before 

the pregnancy280. When the diameter is between 4.0 and 4.5 cm, the decision is made on 

a case-by-case basis. Importantly, aortic root replacement does not completely eliminate 

the risk of dissections during preganacy275,281. Vaginal delivery is possible when aortic 

root diameter is < 4.0 cm, and, in addition to the usual indications, C-section should be 

mainly considered , when the aortic diameter is > 4.5 cm. In some cases, elective delivery 

before full term is recommended to lessen hemodynamic stresses, and an expedited 

second stage of labor with the use of regional anesthesia should be considered to prevent 

blood pressure spikes280. Lastly, although β-adrenergic receptor blockers are compatible 

with pregnancy, angiotensin-receptor blockers should not be used during pregnancy 

because of potential harm to the developing fetus282.

Milewicz et al. Page 46

Nat Rev Dis Primers. Author manuscript; available in PMC 2022 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Box 4.

Transitioning from Pediatric Care to Adult Care in MFS

Successful transition from pediatric to adult care for patients with MFS is crucial. Major 

topics of consideration for the transitioning patient include change in responsibility 

from parent to patient; change in provider from pediatric to adult provider; need for 

health insurance; risk for mental health disorders, especially depression and anxiety; 

exercise guidance (transition from school-based limitations to lifestyle modification); 

increased risk for non-compliance with medical therapy; alcohol, tobacco, cannabis, and 

other controlled or illegal substances use; family planning, including safe contraception, 

reproductive risks for women, and risks of MFS in offspring.

These topics should be considered by parents and practitioners far before the actual 

transition to adult care. Pediatric practices should have stable ties with adult practices or 

have a facility that provides continuous care throughout the age range with structures 

to facilitate management differences in a consistent way. Pediatric practices should 

document how aortic measurements are obtained from imaging studies and document 

initial diagnostic criteria, including results of genetic testing. Adult practices receiving 

a new teen or young adult should closely review pediatric records and account for 

differences in the measurement of the aorta.

Self-management is defined as the individual’s self-directed participation in lifelong 

surveillance and self-care to promote health. The patient should be involved in 

discussions of the above topics starting in early teenage years to optimize self-

management of their chronic condition283,284. Formal transition programmes have been 

developed for patients with chronic illness and have been shown to improve adherence 

and frequency of visits, but their efficacy over time still needs to be studied285,286. These 

transition programmes are now becoming more common for patients with MFS and 

hopefully will reduce the increased illness burden noted in the transition period287,288..
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Box 5.

Living with Marfan syndrome (1)

On March 26th 2012 my life was forever altered. It was a Sunday morning, and like most 

Sunday mornings I got up early to get ready for church. My sister-in-law called me to 

tell me she was riding in an ambulance with my older brother and they were headed to 

the Medical Center. My brother had been experiencing significant back pain for the past 

few days, and it had now intensified to the point where they were extremely concerned. 

She took him to a small local hospital by their home. It was determined that his aorta was 

dilating and had a tear, and he needed immediate surgery. He was on his way to a major 

hospital in the Houston Medical Center that could handle such a complicated procedure. I 

actually live near the Medical Center so I arrived before they did. They rushed him back 

to surgery quickly. My sister-in-law hugged and kissed him. With tears in my eyes he 

squeezed my hand and just looked at me as if to say everything will be fine. Shortly after 

my pastor arrived and prayed with our family. My brother passed away around 2AM the 

next morning. The tear to his aorta was too difficult to repair, and the surgeon was unable 

to gain control of the bleeding. He was only 32.

My brother and I inherited MFS from our mother. A connective tissue disorder that can 

significantly affect the connective tissue in the aorta, eyes and even the tissue surrounding 

the joints. We were both diagnosed as children by our pediatrician when the lenses 

dislocated in our eyes.

Living with MFS has changed my perspective on life. We don’t know how much time 

we have, and no day is promised to us. I live my life to the fullest, enjoying every day 

surrounded with love, peace, and happiness. I thank MFS for teaching me to appreciate 

everything and every moment.
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Box 6.

Living with Marfan syndrome (2)

Living with MFS means giving up some control (which, for a Type A person, is hard to 

admit). I learned at 13 years old, when a friend passed, that we can be educated about our 

diagnosis, and we can do all the right things, but when push comes to shove, we can’t 

control how our body responds to medication, or how medical professionals respond to 

us. Some days that still feels scary.

There’s a sense of loss sometimes, because MFS limits my options. For example, when 

I decided to get pregnant, there was no real choice of hospital or provider or birth plan. 

When it was time for college and graduate school, I picked universities, in part, by their 

proximity to a MFS clinic. It’s my kids worrying when I get sick, whether my body will 

betray me and I’ll end up in the hospital again. And, it’s the feeling that I can’t grieve the 

‘what might have beens’ because hey, I’m alive and I got to have kids, and too many of 

my friends can’t say the same.

Living with MFS is strength, too: a key part of my identity. I push back a little when 

unaffected parents say, “I won’t let MFS define my kid.” Why? Lots of things define 

me. I’m a mother, a writer, a student, and I’m also a ‘Marf’. I’ve faced more than any 

of my ‘non-Marf’ peers, and I’m still here. I have to be more flexible, empathetic, and 

determined. My experiences have shaped my career path. Even with the negatives of my 

diagnosis, I wouldn’t change anything.

At the end of the day, life with MFS is a duality of pride in who I am, and advocating for 

a world that is more appreciative of and accommodating to disability, while at the same 

time looking forward to the research that will someday stave off the worst aspects of the 

syndrome and make life physically more comfortable for the next generation.
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Figure 1. Aortic root aneurysm and acute aortic dissections in patients with MFS.
A. Illustration of the anatomy of the aorta, with a photo of an aortic root aneurysm. B, C. 

Patients with MFS present with aortic root aneurysms, which predispose to type A aortic 

dissections. D. Type B aortic dissection are also part of the disease spectrum. [CE: credit 

lines needed]
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Figure 2. Pathogenetic variants in FBN1.
Schematic of the structure of the protein fibrillin-1, with numbers and location of mutations 

in FBN1, which encodes fibrillin-1, identified in patients with MFS; the location of de novo 
pathogenetic variants leading to neonatal MFS is also shown. Mutation data were extracted 

in 2020 from the last update of the UMD-FBN1 database (Ref 289)
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Figure 3. Role of fibrillin-1 in the SMCs.
The human aorta is composed of over 50 layers of elastic lamellae and SMCs (note that 

for simplicity only a few layers are shown). Elastin fibers have oblique extensions that have 

microfibrils at the tips, which connect to focal adhesions on the SMC cell surface, and 

then to SMC contractile units; these structures are called elastin-contractile units. Fibrillin-1 

is the major protein in the connecting microfibrils. Genes that are altered to predispose 

to heritable thoracic aortic disease disrupt major proteins in the elastin-contractile unit. 

Research has focused on the role of excessive TGF-β and angiotensin II signalling as drivers 

of thoracic aortic disease. More recent research has indicated that loss of TGF-β signalling 

is a primary driver of thoracic aortic disease, but increased signaling may have a role in late 

stages of the disease process.
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Figure 4. Clinical manifestations of the Marfan syndrome.
The major manifestations of MFS are illustrated. A. Scoliosis or curvature of the spine. 

B. Chest wall deformities, such as pectus excavatum. Arachnodactyly as evident by a 

positive thumb (C) and wrist (D) signs. E. Ectopia lentis. F. Aortic root aneurysm as 

seen by transthoracic echocardiography in parasternal long-axis view. Panels A and B 

adapted from https://www.elsevier.com/books/emery-and-rimoin-s-principles-and-practice-

of-medical-genetics-and-genomics/pyeritz/978-0-12-812537-3; panels C and D adapted 

from https://www.nature.com/articles/5201851; [CE: credit lines needed]
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Figure 5. Imaging for thoracic aortic disease in Individuals with MFS.
Imaging for thoracic aortic disease in MFS patients. A) MRI of the thoracic aorta shows 

an aortic root aneurysm (double arrow). 3D reconstruction (b) of CTA imaging (d, e, and 

f) of an aortic root aneurysm. The methodology of acquiring double oblique aortic images 

using the sagittal and coronal images to achieve perpendicularity to the aortic flow results 

in a corrected true transversal image of the aortic lumen; C) measurement of aortic root 

aneurysm by MRI using cusp to cusp diameters at end-diastole. Solid double arrow line 

shows the maximum aortic root diameter.
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Table 1.

Differential Diagnoses of Marfan Syndrome.

Condition Overlapping features Distinguishing features Altered gene(s)

Congenital contractural 
arachnodactyly257 (MIM 
121050)

Arachnodactyly, Scoliosis and 
(rarely) aortic root dilatation

Congenital contractures of the digits, elbows and 
knees and crumpled ears

FBN2

Loeys-Diez syndrome258 

(MIM 609192, 610168, 
615582, 614816, 613795)

Aortic root aneurysms, 
Dissections, Joint 
hypermobility, Mitral valve 
prolapse and MFS skeletal 
features

Aneurysms and dissections of other arteries, 
Bifid (split or forked) uvula, Craniosynostosis, 
Hypertelorism (increased distance between the 
eyes), Blue sclera, Easy bruising And Thin, 
translucent skin that has clearly visible veins

TGFBR1
TGFBR2
SMAD3
TGFB2
TGFB3

Vascular Ehlers Danlos 
syndrome259,260 (MIM 
130050)

Ascending aortic aneurysms, 
Dissections And Joint laxity

Aneurysms and dissections of other arteries; Thin, 
translucent skin; Easy bruising; Blue sclera; Ptosis 
(drooping of the upper eyelid) and Spontaneous 
rupture of bowel and gravid uterus

COL3A1

Hereditary thoracic aortic 

disease (HTAD)
a261

Root and ascending thoracic 
aortic aneurysms and 
Dissections

No associated features or features distinct from 
MFS

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

a
Pathogenic variants in FBN1, TGFBR1, TGFBR2, SMAD3, and TGFB2 can cause heritable thoracic aortic disease in the absence of MFS 

systemic features.
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Table 2.

Randomized Clinical Trials of ARBs in Patients with Marfan Syndrome

Trial name Trial type Drugs 
tested

Patients 
age 
(years); 
number

Follow-
up time

Primary 
outcome

Results Notes

Pediatric Heart 
Network21

Double-
blind, 
stratified

Atenolol 
and 
Losartan

0.5–25; 608 3.0±0.1 y Rate of change 
in root Z-score 
per year

Primary 
outcome NS 
(−0.139 vs 
−-0.107 Z/y, 
p=0.08)

Pharmacogenomics 
substudy262; Aortic 
stiffness associated with 
aortic enlargement133

COMPARE123 Open-
label

Losartan >18; 233 3.1±0.4 y Change in 
absolute root 
diameter

Primary 
outcome NS 
(0.77 with 
losartan vs 1.35 
mm with no 
therapy, p=0.01)

Significant only 
for FBN1 
haploinsufficiency263

Spanish221 Double-
blind

Atenolol 
And 
Losartan

5–60; 140 3.0 y Change in 
absolute 
diameter or Z-
score of root 
and asc

Primary 
outcome NS 
(−-0.04 vs −0.01 
Z, P=0.193)

Ambulatory blood 
pressures not different 
between groups

Marfan 
Sartan220

Double-
blind

Losartan 
And 
Placebo

>10; 299 3.5 y Rate of change 
in root Z-
score/y

Primary 
outcome NS 
(−-0.01 vs 
−-0.03 Z/y, 
p=0.68)

100% sequenced: 78% 
of cases had an FBN1 
mutation

Taiwanese219 Open-
label

Losartan 
and a BB 
compared 
with a BB 
alone

None 
specified; 
29

~3 y Rate of change 
in absolute 
root 
diameter/y

Primary 
outcome 
significant (0.10 
vs 0.89 mm/y, 
p=0.02)

None

Aortic 
Irbesartan 
Marfan 
Study124

Double-
blind

Irbesartan 
and Placebo

6–40; 490 5 y Rate of change 
in absolute 
root 
diameter/y

Primary 
outcome 
significant (0.53 
vs 0.74mm/y, 
p=0.03)

None

Abbreviations: asc, ascending aorta, BB, β-blocker; d, day; m, month; y, year; NS, not significant.
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