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A

ortic aneurysm and dissection is a common phenotype,
accounting for 1% to 2% of all deaths in industrialized
countries and ⬇50 000 deaths annually in the United States.1
In contrast to abdominal aortic aneurysm, thoracic aortic
aneurysm, particularly in the ascending segment, commonly
occurs in young individuals in the absence of identifiable
environmental risk factors. Marfan syndrome (MFS) is the
most common syndromic presentation of ascending aortic
aneurysm, but other syndromes such as vascular EhlersDanlos syndrome and Loeys-Dietz syndrome (LDS) also
have ascending aortic aneurysms and the associated cardiovascular risk of aortic dissection and rupture. Familial segregation of the risk for ascending aortic aneurysm can also
occur in the absence of associated systemic findings of a
connective tissue abnormality in patients with familial thoracic aortic aneurysm and dissection (FTAAD) or bicuspid
aortic valve with ascending aortic aneurysm (BAV/AscAA).
The knowledge gained through basic and clinical research
focused on MFS has improved and will continue to improve
the care of patients with these related conditions.
Recent paradigm-shifting discoveries about the molecular
pathogenesis of MFS have highlighted the need for a focused
research agenda to solidify the gains of the past 30 years and
set the stage for future advances in MFS and related conditions. In April 2007, the National Heart, Lung, and Blood
Institute (NHLBI) and the National Marfan Foundation convened a working group on research in MFS and related
disorders to foster a multidisciplinary discussion. The working group, which included experts in cardiovascular disease,
developmental biology, genetics and genomics, and proteomics, was charged with identifying opportunities and barriers to
advancing the research agenda and developing recommenda-

tions to the NHLBI in the context of the Institute’s strategic
plan (http://apps.nhlbi.nih.gov/strategicplan/).

Marfan Syndrome
MFS is a systemic disorder of connective tissue caused by
heterozygous mutations in the gene (FBN1) that encodes the
extracellular matrix protein fibrillin-1.2 The estimated prevalence of MFS ranges between 1 in 5000 and 1 in 10 000,
without any ethnic or gender bias. Manifestations occur in
many body systems, including the eye, skeleton, skin and
integument, lung, and most importantly, the heart and blood
vessels.3 The primary cause of death is cardiovascular collapse due to aortic dissection, rupture, and pericardial tamponade. The prognosis and clinical outcome for people with
MFS have improved steadily over the last 3 decades, largely
owing to medical and surgical advances. In 1972, the average
age at death and the median cumulative probability of
survival for an individual with MFS were 32 and 48 years,
respectively, but these had increased to 41 and 72 years,
respectively, when reassessed in 1995.4,5 Many of the current
medical and surgical practices for the care of individuals with
aortic aneurysm have either been developed or refined in
MFS, in part because validated animal models have been
developed. In addition, a highly motivated patient population
has facilitated clinical research.
Current therapy for the cardiovascular complications of
MFS consists of medical management, with the goal of
slowing the rate of aortic root dilation, and surgery to prevent
dissection when the aortic root reaches a diameter of ⬇5 cm
or is growing at a rate of more than 1 cm a year.3 Medical
therapy is usually with ␤-blockers, but ACE inhibitors and
calcium channel blockers have also been used (reviewed in
Keane and Pyeritz6). Although multiple small, largely retro-
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spective and nonrandomized studies in people with MFS have
suggested a benefit of ␤-blocker and other medical therapy,
these treatments neither arrest abnormal aortic growth nor
prevent the ultimate need for aortic surgery.
Prophylactic aortic root surgery is a noncontroversial
strategy to prevent aortic dissection in MFS. The introduction
in the late 1960s of the Bentall procedure, which involved
replacement of the aortic valve, root, and proximal ascending
aorta with a composite Dacron graft that incorporates an
artificial valve, heralded a new era for Marfan therapy, with
a better than 98% operative survival rate.7 Many large
surgical series documented the effectiveness and safety of
this procedure for MFS, among other conditions, and over
time, the aortic root dimension threshold for proceeding with
surgery fell from ⬇6.5 cm to the present dimension of ⬇5
cm, a size at which most agree that the risk of dissection
becomes markedly increased.8 Alternative thresholds for
surgical intervention, especially for adult patients with a
small body size, have been proposed.9 The most significant
downside to this operation is the lifelong need for anticoagulants and the risk of infection in individuals with a prosthetic
aortic valve. In the early 1990s, David and colleagues10
introduced a “valve-sparing” approach that addresses these
issues and that has been refined over time to ensure optimal
valve function. Both short- and intermediate-term results
have been excellent, and this procedure has emerged as the
operation of choice in suitable patients at many of the leading
surgical centers for the care of individuals with MFS.11–20
Effective repair or replacement procedures are also available
for the treatment of mitral valve prolapse and regurgitation
stemming from myxomatous changes in MFS.21

Molecular Pathogenesis
The strict mendelian inheritance and high clinical penetrance
of MFS made it ideal for successful use of a positional
candidate strategy to identify the responsible gene (FBN1)
and protein product, fibrillin-1.2,22–24 Fibrillin-1 monomers
aggregate to form complex extracellular structures called
microfibrils that cluster at the margins of maturing elastic
fibers during embryogenesis.25 Fibrillin-1 is not needed for
elastogenesis, as originally thought, but rather is critical for
elastic fiber maintenance in postnatal life.26,27 Early models
of disease pathogenesis invoked an acquired weakness of
affected tissues based on loss of structural integrity; however,
manifestations of MFS such as myxomatous valve changes or
long-bone overgrowth are not readily explained by this
model. These findings more plausibly relate to abnormalities
of cellular performance (proliferation, migration, and/or programmed death).
A breakthrough in understanding the pathogenesis of MFS
came while researchers were studying lung disease in mouse
models.28 Because affected mice were born with abnormal
lungs, rather than developing tissue destruction and inflammation over time, the “acquired weakness” model did not
hold. Homology between fibrillin-1 and a second family of
proteins called the latent transforming growth factor-␤
(TGF-␤) binding proteins led to the hypothesis that microfibrils might contribute to the regulation of TGF-␤, a growth
factor molecule that instructs cellular performance. In keep-

ing with this hypothesis, it was shown that fibrillin-1 can bind
to latent TGF-␤ binding proteins and that free (activated)
TGF-␤ was increased in the fibrillin-1– deficient lung.28,29
Systemic administration of TGF-␤–neutralizing antibody rescued lung septation in mouse models of MFS, which provided
evidence for a cause-and-effect relationship.28 Further animal
work showed that myxomatous changes of the atrioventricular valves correlate with increased TGF-␤ signaling, increased output of TGF-␤–responsive genes (including collagens), and excessive cellular proliferation and reduced
apoptosis in valve leaflets.30 Short-term administration of
TGF-␤–neutralizing antibody reduced valve length and
thickness.
The success of TGF-␤–neutralizing antibody in reversing
pulmonary and mitral valve pathology led to a randomized
and blinded trial of TGF-␤–neutralizing antibody to modify
aortic root changes in engineered mouse models of MFS.31
This study showed a reduced rate of aortic root growth and
improved aortic wall architecture. The next step was a study
of losartan, an angiotensin II type 1 receptor blocker that had
shown the ability to block TGF-␤ signaling in models of
chronic renal disease. In Marfan mice, losartan provided
dramatic protection, with normalized aortic root growth and
aortic dimension and an aortic wall architecture that was
indistinguishable from that seen in wild-type mice, even
when given after aortic dilation had already begun.31 Evidence suggests that angiotensin II type 1 receptor blockade
reduces expression of TGF-␤ ligands and receptors and limits
the production of potent activators of TGF-␤ such as
thrombospondin-1. Losartan also rescued other manifestations of MFS in mouse models, including muscle regeneration and strength and pulmonary alveolar septation.31,32
Taken together, these data indicate that (1) many of the
multisystem manifestations of MFS relate to excess TGF-␤
signaling, (2) TGF-␤ antagonism is a potential treatment
strategy for human MFS, and (3) Marfan mouse models could
provide a valuable resource to investigate the roles of TGF-␤
in tissue development and homeostasis and could be used to
assess the therapeutic value of other strategies aimed at
TGF-␤ antagonism or other mechanisms that relate to the
initiation or maintenance of pathogenetic programs. Indeed,
MFS mouse models were recently used to demonstrate that
the matrix metalloproteinase inhibitor doxycycline improved
aortic wall architecture and delayed aortic dissection.33 Given
that matrix metalloproteinases can contribute to the activation
of TGF-␤, it is possible that doxycycline and losartan will
show synergistic effects.

Other TGF-␤–Related Aneurysm Disorders
LDS is a recently described autosomal dominant condition
that includes selected features that overlap with MFS, including arachnodactyly, anterior chest deformity, scoliosis, dural
ectasia, and aortic root aneurysm.34,35 Cardiovascular involvement can include congenital heart malformations, but
most importantly, patients show widespread and aggressive
vascular disease with arterial tortuosity and a strong predisposition for aneurysms and dissections throughout the arterial
tree.34,35
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Mutations that cause LDS occur in either of the 2 genes
that encode the TGF-␤ receptor (TGFBR1 and TGFBR2).34,35
The skin, joint, and vascular manifestations of LDS can show
substantial overlap with the vascular form of Ehlers-Danlos
syndrome, a disorder caused by mutations in the type III
collagen gene (COL3A1).35,36 A phenotype now designated
LDS-II, which is intermediate between LDS and vascular
Ehlers-Danlos syndrome, is also associated with mutations in
the TGFBR genes.35
Mutations in TGFBR2 have also been reported in patients
described as having MFS or FTAAD, a designation historically used to describe patients with thoracic aortic aneurysms
(prominently involving the ascending aorta) in the absence of
more widespread vascular disease or systemic features of a
connective tissue disorder.37– 41 There are no apparent differences between the mutations that cause LDS and those
described as causing MFS or FTAAD. Indeed, many of the
identical mutations described as causing MFS or FTAAD
have been found in families with typical LDS-I or LDSII.34,35,42 Further work is needed to determine whether all
patients with TGF-␤ receptor mutations have or will develop
distinguishing clinical features of LDS. The available data
demonstrate increased TGF-␤ signaling in LDS patients in a
context that is directly relevant to tissue development and
homeostasis in vivo.34,35 The mechanism by which mutant
TGF-␤ receptors induce paradoxically enhanced TGF-␤ signaling in LDS remains incompletely understood.
Arterial tortuosity syndrome is a rare autosomal recessive
disorder characterized by generalized arterial tortuosity, joint
laxity, and skin hyperextensibility.43 Sudden cardiovascular
death is common early in life, but the precise cause of death
is not known in the majority of cases. Ischemic events,
critical arterial stenosis, and aortic aneurysms have been
observed. Patients who survive to adolescence have a much
better prognosis. Arterial tortuosity syndrome is caused by
homozygous or compound heterozygous loss-of-function mutations in the SLC2A10 gene encoding Glut10, a facilitative
glucose transporter.44 The arterial wall in arterial tortuosity
syndrome shows excessive TGF-␤ signaling, as evidenced by
nuclear accumulation of pSmad2 and increased output of
TGF-␤–responsive genes.44

Other Inherited Aneurysm Phenotypes
Familial Thoracic Aortic Aneurysm and Dissection
Historically, the diagnosis of FTAAD has been used to
designate a heritable predisposition for ascending aortic
aneurysm and dissection in the absence of systemic features
of a connective tissue disorder. There is considerable intrafamilial and interfamilial clinical heterogeneity, including the
degree of penetrance, age of onset, severity of manifestations,
and the risk for other cardiac pathology beyond the ascending
aorta.45
To date, 5 loci have been associated with a predisposition
for autosomal dominant FTAAD on chromosomes 5q13-14,
11q23, 3p24-25, 16p12.2-13.13, and 10q23.3.46 –50 The locus
on chromosome 16p correlates with mutations in the MYH11
gene.51 Affected individuals commonly have patent ductus
arteriosus. The 3p locus correlates with mutations in TG-
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FBR2.41 At least a subset of these patients show widespread
and aggressive vascular disease and skeletal involvement
reminiscent of LDS.48 Mutations in ACTA2, estimated to
account for 14% of FTAAD, are found in families, linked to
the chromosome 10q locus.50 Associated findings in a subset
of patients include iris flocculi, livedo reticularis, and patent
ductus arteriosus. In general, surgical management of
FTAAD relies on many of the same principles and procedures
used for MFS. Although dedicated studies in this patient
population have not been performed, some centers advocate
the use of medications to reduce hemodynamic stress. As in
MFS, earlier intervention (ie, at 5.0 cm) may improve the
outcome for valve-sparing procedures. These phenotypes
emphasize the crucial importance of a detailed family history
in any young or middle-aged person found to have an
ascending aortic aneurysm or dissection, followed by clinical
screening of relatives at risk.

Bicuspid Aortic Valve With Ascending
Aortic Aneurysm
The partial or complete fusion of aortic valve commissures
represents the most common form of congenital heart disease,
occurring in approximately up to 1% to 2% of individuals,
with a higher prevalence in males. BAV is part of a wider
spectrum of associated left-sided heart obstructive lesions
that include coarctation of the aorta and hypoplastic left heart
syndrome. BAV shows high heritability, and the preponderance of family studies suggest autosomal dominant inheritance with incomplete penetrance and wide variability in
clinical expression. A subset of individuals and families with
BAV show ascending aortic enlargement. In a study of
children with BAV, 12% showed marked aortic dilatation (z
score ⬎4.0) and 25% showed moderate dilatation (z score
between 2.0 and 4.0) at the time of the initial echocardiogram.52 Among children with BAV and normal ascending
aorta measurements at initial evaluation, 36% showed aortic
dilatation at follow-up.52 The genetic cause of BAV/AscAA
remains largely unknown. Mutations in NOTCH1 have been
described in affected families,53,54 but these account for a
small fraction of BAV/AscAA, perhaps enriched for cases
with early valve calcification or dysfunction.
The pathogenesis of ascending aortic aneurysm formation
in this setting is also unknown. The hypothesis that aneurysm
formation occurs as a consequence of perturbed blood flow
through a stenotic valve is supported by data showing that
aortic stenosis is a predictor of the rate of aneurysm growth
and clinical outcome in both adults and children.52,55 Other
studies, however, have demonstrated aneurysms without hemodynamically significant valve disease.56,57 Furthermore,
family members of an individual with BAV/AscAA can show
aortic aneurysm and dissection without the accompanying
valve abnormality.57 The emerging view is that BAV/AscAA
and other associated left-sided heart obstructive lesions are
variably penetrant primary manifestations of the underlying
gene abnormality. This information is critical to the counseling and management of individuals and families with
BAV/AscAA.
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Human Therapeutic Trials
Several small therapeutic trials have been reported for individuals with MFS, but none has been conducted for patients
with related conditions. Although most studies suggest that
␤-adrenergic blockers can slow the rate of aortic growth in
MFS, others have failed to support this hypothesis.58 – 64 ACE
inhibitors (ACEIs) were postulated to have therapeutic value
in MFS because of the potential ability to block apoptotic
pathways.65 An open-label, nonrandomized trial of ACEIs
versus ␤-blockers in MFS showed apparent therapeutic value
for ACEIs in terms of reduced aortic stiffness and smaller
increases in aortic root diameter.62 A more recent randomized
trial of perindopril versus placebo in MFS revealed improved
biomechanical properties of the aorta, slower aortic root
growth, and lower levels of circulating TGF-␤ in a small
number of patients treated for 24 weeks.66 ACEIs inhibit the
renin-angiotensin system by blocking the conversion of
angiotensin I to angiotensin II and thus decrease signaling
through both the angiotensin II type 1 and type 2 receptor
(AT2) pathways. Blocking the AT2 pathway can decrease
apoptosis, but apoptosis was not observed in the ascending
aorta of mouse models of MFS. Normal signaling through the
AT2 pathway can antagonize TGF-␤ signaling, in theory a
protective event in MFS,31 and thus, there are theoretical
concerns about reducing signaling through the AT2 pathway
with ACEIs, although the perindopril study did not support
this concern. In a rodent model of angiotensin II–induced
abdominal aortic aneurysm, selective angiotensin II type 1
receptor blockade prevented aneurysm, whereas selective
AT2 blockade increased both the frequency and severity of
aneurysm.67 However, ACEIs do not induce selective AT2
blockade, and these data are not from a Marfan animal model.
Larger randomized trials of ACEIs and losartan will be
needed to resolve these issues.
On the basis of the ability of losartan to rescue the
cardiovascular phenotype in the mouse model of MFS, a
small number of children with severe aortic dilatation have
been treated with losartan, either alone or in addition to
␤-blockers, with up to 4 years of follow-up.68 These data
demonstrate a significant reduction in aortic root growth.
Despite the promising nature of these results, they cannot
substitute for a large, long-term randomized trial with sufficient power to assess the clinical value of losartan compared
with ␤-blockade. The NHLBI-sponsored Pediatric Heart
Network is currently conducting such a study in children and
young adults with MFS.69

Recommendations
Bearing in mind the current state of the science, the Working
Group discussed scientific opportunities and barriers to
progress. The scientific opportunities to advance this field are
conferred by technological advances in gene discovery, the
ability to dissect cellular processes at the molecular level,
imaging, and the establishment of multidisciplinary research
teams. The barriers to progress are addressed through the
following 5 key recommendations. All of these recommendations are based on and consistent with the goals and
challenges in the NHLBI’s Strategic Plan (http://apps.nhlbi.
nih.gov/strategicplan/).

●

Existing registries should be expanded or new registries
developed to define the presentation and course of aneurysm syndromes. (NHLBI Strategic Plan Goal 2, Challenge
2.2.)

The prognosis and clinical outcome for people with MFS
has improved steadily over the last 3 decades, both because of
the ability to anticipate medical problems and the ability to
apply medical and surgical protocols that have been developed and refined to meet the needs of this discrete patient
population. Likewise, the basic science discoveries that have
the potential to further revolutionize care for MFS would not
have been possible before disease gene discovery, an event
that also required the ability to discriminate MFS from
overlapping phenotypes. Even if losartan or other therapies
fulfill their promise, the new reality will undoubtedly be the
need to define the new emerging clinical history of MFS that
will only become evident once genetically imposed predispositions integrate with those imposed by aging and prolonged environmental influence.
The need for accurate prospective data that permit correlation of multiple complex determinants of outcomes is
magnified for conditions that have been recognized only
recently (eg, LDS), that have few discriminating manifestations (eg, FTAAD), or that are extremely rare (eg, arterial
tortuosity syndrome). Examples of highly relevant questions
include the following: How well do follow-up and treatment
guidelines developed for MFS generalize to other genetically
induced forms of thoracic aortic aneurysm? Are there clinical
or imaging parameters that can inform patient counseling and
management? Should guidelines developed for the broader
cardiovascular community (eg, recent modification of American Heart Association guidelines to exclude mitral and/or
aortic valve regurgitation as an indication for bacterial endocarditis prophylaxis70) apply to individuals with systemic
connective tissue disorders?
National or international registries that capture clinical
information relevant to this broad patient population include
the International Registry of Acute Aortic Dissection, the
NHLBI-funded Genetically Triggered Thoracic Aortic Aneurysms and Cardiovascular Conditions registry (https://gentac.
rti.org/), and the Aortic Valve Operative Outcomes in Marfan
Patients registry. These efforts, although valuable, could have
considerable value added by the collection of detailed longitudinal phenotypic and imaging data. Rather than being
strictly observational, dedicated examinations and specialized
imaging could be used to address specific clinical questions
or hypotheses focused on a specific phenotype. The inclusion
of a sufficient number of children will ensure adequate
pediatric data to support management guidelines. In addition,
a common nomenclature for data elements across registries
will permit the robust aggregation of data from multiple
sources.
●

Biological sample collection should be incorporated into
every clinical research program on MFS and related disorders, and funds should be provided to ensure that this
occurs. Such resources, once established, should be widely
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shared among investigators. (NHLBI Strategic Plan Goal 2,
Challenges 2.1 to 2.3.)
A central repository for standardized clinical sample collection, processing, and distribution should be formed. Whenever feasible, every sponsored initiative dedicated to the
collection of phenotypic information relevant to aortic aneurysm conditions should collect and submit clinical specimens.
This resource would greatly facilitate gene discovery efforts
and other fundamental studies. There is a particular need to
obtain specimens that are temporally associated with clinical
events, such as the initiation of medical therapies, surgery,
aneurysm progression, and vascular dissection or rupture, to
identify diagnostic, prognostic, and therapeutic markers.
●

An Aortic Aneurysm Clinical Trials Network (ACTnet)
should be developed. Partnership in this effort should be
sought with industry, academic organizations, foundations,
and other governmental entities. (NHLBI Strategic Plan
Goal 2, Challenge 2.4.)

The number of emerging therapeutic strategies for aortic
aneurysm conditions parallels a refined understanding of their
causes and pathogenesis. The Pediatric Heart Network trial of
losartan versus atenolol has the true potential to inform the
care of people with MFS in a comprehensive and rigorous
manner; however, additional studies are needed to address
other clinical questions in MFS, as well as other patient
populations. The NHLBI network model provides an ideal
structure to test new medical or surgical therapies in rare
conditions, such as genetically induced aortic aneurysm.
Additional TGF-␤ antagonists, such as neutralizing antibodies or Smad kinase inhibitors, may prove useful in isolation or
in combination with angiotensin II type 1 receptor blockers.
Agents with other or overlapping mechanisms of action with
demonstrated or theoretical promise include matrix metalloproteinase and ACE inhibitors and angiotensin II type 2
receptor agonists, alone or in combination. An immediate
hypothesis to be tested is that TGF-␤ antagonists will prove
relevant to conditions other than MFS.
Given the relative rarity of genetically induced aortic
aneurysm conditions, a network of centers will be needed to
adequately test new medical or surgical therapies. As with the
Pediatric Heart Network, such an effort would be greatly
facilitated by centralized infrastructure and the availability of
flexible funding strategies to permit rapid response to novel
opportunities. Such collaboration may also be able to take
advantage of new infrastructure resources becoming available
through the National Center for Research Resources’ Clinical
and Translational Science Awards Program or the National
Institute of Health’s Office of Rare Diseases.
●

The identification of novel therapeutic targets should be
facilitated by the development of genetically defined animal models and the expanded use of genomic, proteomic,
and functional analyses. (NHLBI Strategic Plan Goal 1,
Challenge 1.2.)

It is likely that elucidation of events that occur upstream
(eg, mediators of TGF-␤ activation) and downstream (eg,
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transcriptional responses) of increased TGF-␤ signaling in
MFS will result in the identification of novel therapeutic
targets for this disorder. Parallel approaches should be directed at the identification of genetic modifiers of MFS. The
paradigm established for MFS that a deficiency of a structural
matrix element can initiate pathogenic perturbations of cell
signaling should be explored for other connective tissue
disorders, such as vascular Ehlers-Danlos syndrome. Such
efforts will be facilitated by the development of genetically
defined animal models and the expanded use of genomic,
proteomic, and functional analyses. There is a specific need
to develop robust in vivo reporter assays for the monitoring of
the TGF-␤ (and other cellular) signaling cascades.
●

The developmental underpinnings of apparently acquired
phenotypes should be explored. This effort will be facilitated by the dedicated analysis of both prenatal and early
postnatal tissues in genetically defined animal models and
through the expanded availability to researchers of surgical
specimens from affected children. (NHLBI Strategic Plan
Goal 1, Challenge 1.1.)

The recent finding that TGF-␤–induced developmental
perturbations may lead to abnormal lung development and
establish the structural predisposition for later-onset emphysema may prove relevant to other aspects of the Marfan
phenotype and to genetically induced forms of myxomatous
valve disease and/or aortic aneurysm in general. Elucidation
of the developmental sequelae of relative fibrillin-1 deficiency and excess TGF-␤ signaling may explain known
predispositions (eg, for dilation of vascular segments enriched for neural crest-derived vascular smooth muscle cells),
reveal unanticipated predispositions or limitations of postnatal interventions, or indicate novel therapeutic strategies. This
will require a more refined understanding of late (including
postnatal) developmental events that contribute to tissue
morphogenesis and homeostasis.

Acknowledgments
The authors would like to acknowledge the contributions of Patrice
Desvigne-Nickens, MD, and Eser Tolunay, PhD, NHLBI.

Sources of Funding
Drs Devereux, Milewicz, Rifkin, and Sakai have received research
grants from the National Heart, Lung, and Blood Institute. Drs
Loeys, Rifkin, and Sakai have received funding from the National
Marfan Foundation.

Disclosures
Drs Milewicz, Pyeritz, Ramirez, Sakai, and Dietz sit on the Professional Advisory Board of the National Marfan Foundation and act as
pro bono consultants.

References
1. Hoyert DL, Arias E, Smith BL, Murphy SL, Kochanek KD. Deaths: final
data for 1999. Natl Vital Stat Rep. 2001;49:1–113.
2. Dietz HC, Cutting GR, Pyeritz RE, Maslen CL, Sakai LY, Corson GM,
Puffenberger EG, Hamosh A, Nanthakumar EJ, Curristin SM, Stetten G,
Meyers DA, Francomano C. Marfan syndrome caused by a recurrent de
novo missense mutation in the fibrillin gene. Nature. 1991;352:337–339.
3. Judge DP, Dietz HC. Marfan’s syndrome. Lancet. 2005;366:1965–1976.

790

Circulation

August 12, 2008

4. Murdoch JL, Walker BA, Halpern BL, Kuzma JW, McKusick VA. Life
expectancy and causes of death in the Marfan syndrome. N Engl J Med.
1972;286:804 – 808.
5. Silverman DI, Burton KJ, Gray J, Bosner MS, Kouchoukos NT, Roman
MJ, Boxer M, Devereux RB, Tsipouras P. Life expectancy in the Marfan
syndrome. Am J Cardiol. 1995;75:157–160.
6. Keane MG, Pyeritz RE. Medical management of Marfan syndrome.
Circulation. 2008;117:2802–2813.
7. Bentall H, De Bono A. A technique for complete replacement of the
ascending aorta. Thorax. 1968;23:338 –339.
8. Elefteriades JA. Natural history of thoracic aortic aneurysms: indications
for surgery, and surgical versus nonsurgical risks. Ann Thorac Surg.
2002;74:S1877–S1880.
9. Svensson LG, Kim KH, Lytle BW, Cosgrove DM. Relationship of aortic
cross-sectional area to height ratio and the risk of aortic dissection in
patients with bicuspid aortic valves. J Thorac Cardiovasc Surg. 2003;
126:892– 893.
10. David TE, Feindel CM. An aortic valve-sparing operation for patients
with aortic incompetence and aneurysm of the ascending aorta. J Thorac
Cardiovasc Surg. 1992;103:617– 621.
11. Settepani F, Szeto WY, Pacini D, De Paulis R, Chiariello L, Di Bartolomeo R, Gallotti R, Bavaria JE. Reimplantation valve-sparing aortic
root replacement in Marfan syndrome using the Valsalva conduit: an
intercontinental multicenter study. Ann Thorac Surg. 2007;83:
S769 –S773.
12. Patel ND, Williams JA, Barreiro CJ, Bethea BT, Fitton TP, Dietz HC,
Lima JA, Spevak PJ, Gott VL, Vricella LA, Cameron DE. Valve-sparing
aortic root replacement: early experience with the De Paulis Valsalva
graft in 51 patients. Ann Thorac Surg. 2006;82:548 –553.
13. Pacini D, Settepani F, De Paulis R, Loforte A, Nardella S, Ornaghi D,
Gallotti R, Chiariello L, Di Bartolomeo R. Early results of valve-sparing
reimplantation procedure using the Valsalva conduit: a multicenter study.
Ann Thorac Surg. 2006;82:865– 871.
14. David TE, Feindel CM, Webb GD, Colman JM, Armstrong S, Maganti
M. Long-term results of aortic valve-sparing operations for aortic root
aneurysm. J Thorac Cardiovasc Surg. 2006;132:347–354.
15. Vricella LA, Williams JA, Ravekes WJ, Holmes KW, Dietz HC, Gott VL,
Cameron DE. Early experience with valve-sparing aortic root
replacement in children. Ann Thorac Surg. 2005;80:1622–1626.
16. Karck M, Kallenbach K, Hagl C, Rhein C, Leyh R, Haverich A. Aortic
root surgery in Marfan syndrome: comparison of aortic valve-sparing
reimplantation versus composite grafting. J Thorac Cardiovasc Surg.
2004;127:391–398.
17. Bethea BT, Fitton TP, Alejo DE, Barreiro CJ, Cattaneo SM, Dietz HC,
Spevak PJ, Lima JA, Gott VL, Cameron DE. Results of aortic valvesparing operations: experience with remodeling and reimplantation procedures in 65 patients. Ann Thorac Surg. 2004;78:767–772.
18. Kallenbach K, Hagl C, Walles T, Leyh RG, Pethig K, Haverich A,
Harringer W. Results of valve-sparing aortic root reconstruction in 158
consecutive patients. Ann Thorac Surg. 2002;74:2026 –2032.
19. Birks EJ, Webb C, Child A, Radley-Smith R, Yacoub MH. Early and
long-term results of a valve-sparing operation for Marfan syndrome.
Circulation. 1999;100(suppl II):II-29 –II-35.
20. Svensson LG, Blackstone EH, Feng J, de Oliveira D, Gillinov AM,
Thamilarasan M, Grimm RA, Griffin B, Hammer D, Williams T, Gladish
DH, Lytle BW. Are Marfan syndrome and marfanoid patients distinguishable on long-term follow-up? Ann Thorac Surg. 2007;83:
1067–1074.
21. Bhudia SK, Troughton R, Lam BK, Rajeswaran J, Mills WR, Gillinov
AM, Griffin BP, Blackstone EH, Lytle BW, Svensson LG. Mitral valve
surgery in the adult Marfan syndrome patient. Ann Thorac Surg. 2006;
81:843– 848.
22. Lee B, Godfrey M, Vitale E, Hori H, Mattei MG, Sarfarazi M, Tsipouras
P, Ramirez F, Hollister DW. Linkage of Marfan syndrome and a phenotypically related disorder to two different fibrillin genes. Nature. 1991;
352:330 –334.
23. Maslen CL, Corson GM, Maddox BK, Glanville RW, Sakai LY. Partial
sequence of a candidate gene for the Marfan syndrome. Nature. 1991;
352:334 –337.
24. Dietz HC, Pyeritz RE, Hall BD, Cadle RG, Hamosh A, Schwartz J,
Meyers DA, Francomano CA. The Marfan syndrome locus: confirmation
of assignment to chromosome 15 and identification of tightly linked
markers at 15q15-q21.3. Genomics. 1991;9:355–361.

25. Sakai LY, Keene DR, Engvall E. Fibrillin, a new 350-kD glycoprotein, is
a component of extracellular microfibrils. J Cell Biol. 1986;103:
2499 –2509.
26. Bunton TE, Biery NJ, Myers L, Gayraud B, Ramirez F, Dietz HC.
Phenotypic alteration of vascular smooth muscle cells precedes elastolysis in a mouse model of Marfan syndrome. Circ Res. 2001;88:37– 43.
27. Pereira L, Lee SY, Gayraud B, Andrikopoulos K, Shapiro SD, Bunton T,
Biery NJ, Dietz HC, Sakai LY, Ramirez F. Pathogenetic sequence for
aneurysm revealed in mice underexpressing fibrillin-1. Proc Natl Acad
Sci U S A. 1999;96:3819 –3823.
28. Neptune ER, Frischmeyer PA, Arking DE, Myers L, Bunton TE, Gayraud
B, Ramirez F, Sakai LY, Dietz HC. Dysregulation of TGF-beta activation
contributes to pathogenesis in Marfan syndrome. Nat Genet. 2003;33:
407– 411.
29. Isogai Z, Ono RN, Ushiro S, Keene DR, Chen Y, Mazzieri R, Charbonneau NL, Reinhardt DP, Rifkin DB, Sakai LY. Latent transforming
growth factor beta-binding protein 1 interacts with fibrillin and is a
microfibril-associated protein. J Biol Chem. 2002;278:2750 –2757.
30. Ng CM, Cheng A, Myers LA, Martinez-Murillo F, Jie C, Bedja D,
Gabrielson KL, Hausladen JM, Mecham RP, Judge DP, Dietz HC. TGFbeta-dependent pathogenesis of mitral valve prolapse in a mouse model of
Marfan syndrome. J Clin Invest. 2004;114:1586 –1592.
31. Habashi JP, Judge DP, Holm TM, Cohn RD, Loeys BL, Cooper TK,
Myers L, Klein EC, Liu G, Calvi C, Podowski M, Neptune ER, Halushka
MK, Bedja D, Gabrielson K, Rifkin DB, Carta L, Ramirez F, Huso DL,
Dietz HC. Losartan, an AT1 antagonist, prevents aortic aneurysm in a
mouse model of Marfan syndrome. Science. 2006;312:117–121.
32. Cohn RD, van Erp C, Habashi JP, Soleimani AA, Klein EC, Lisi MT,
Gamradt M, ap Rhys CM, Holm TM, Loeys BL, Ramirez F, Judge DP,
Ward CW, Dietz HC. Angiotensin II type 1 receptor blockade attenuates
TGF-beta-induced failure of muscle regeneration in multiple myopathic
states (published correction appears in Nat Med. 2007;13:511). Nat Med.
2007;13:204 –210.
33. Xiong W, Knispel RA, Dietz HC, Ramirez F, Baxter BT. Doxycycline
delays aneurysm rupture in a mouse model of Marfan syndrome. J Vasc
Surg. 2008;47:166 –172.
34. Loeys BL, Chen J, Neptune ER, Judge DP, Podowski M, Holm T, Meyers
J, Leitch CC, Katsanis N, Sharifi N, Xu FL, Myers LA, Spevak PJ,
Cameron DE, De Backer J, Hellemans J, Chen Y, Davis EC, Webb CL,
Kress W, Coucke P, Rifkin DB, De Paepe AM, Dietz HC. A syndrome of
altered cardiovascular, craniofacial, neurocognitive and skeletal development caused by mutations in TGFBR1 or TGFBR2. Nat Genet. 2005;
37:275–281.
35. Loeys BL, Schwarze U, Holm T, Callewaert BL, Thomas GH, Pannu H,
De Backer JF, Oswald GL, Symoens S, Manouvrier S, Roberts AE,
Faravelli F, Greco MA, Pyeritz RE, Milewicz DM, Coucke PJ, Cameron
DE, Braverman AC, Byers PH, De Paepe AM, Dietz HC. Aneurysm
syndromes caused by mutations in the TGF-beta receptor. N Engl J Med.
2006;355:788 –798.
36. Pepin M, Schwarze U, Superti-Furga A, Byers PH. Clinical and genetic
features of Ehlers-Danlos syndrome type IV, the vascular type. N Engl
J Med. 2000;342:673– 680.
37. Mizuguchi T, Collod-Beroud G, Akiyama T, Abifadel M, Harada N,
Morisaki T, Allard D, Varret M, Claustres M, Morisaki H, Ihara M,
Kinoshita A, Yoshiura K, Junien C, Kajii T, Jondeau G, Ohta T, Kishino
T, Furukawa Y, Nakamura Y, Niikawa N, Boileau C, Matsumoto N.
Heterozygous TGFBR2 mutations in Marfan syndrome. Nat Genet. 2004;
36:855– 860.
38. Sakai H, Visser R, Ikegawa S, Ito E, Numabe H, Watanabe Y, Mikami H,
Kondoh T, Kitoh H, Sugiyama R, Okamoto N, Ogata T, Fodde R, Mizuno
S, Takamura K, Egashira M, Sasaki N, Watanabe S, Nishimaki S, Takada
F, Nagai T, Okada Y, Aoka Y, Yasuda K, Iwasa M, Kogaki S, Harada N,
Mizuguchi T, Matsumoto N. Comprehensive genetic analysis of relevant
four genes in 49 patients with Marfan syndrome or Marfan-related phenotypes. Am J Med Genet A. 2006;140:1719 –1725.
39. Singh KK, Rommel K, Mishra A, Karck M, Haverich A, Schmidtke J,
Arslan-Kirchner M. TGFBR1 and TGFBR2 mutations in patients with
features of Marfan syndrome and Loeys-Dietz syndrome. Hum Mutat.
2006;27:770 –777.
40. Disabella E, Grasso M, Marziliano N, Ansaldi S, Lucchelli C, Porcu E,
Tagliani M, Pilotto A, Diegoli M, Lanzarini L, Malattia C, Pelliccia A,
Ficcadenti A, Gabrielli O, Arbustini E. Two novel and one known
mutation of the TGFBR2 gene in Marfan syndrome not associated with
FBN1 gene defects. Eur J Hum Genet. 2006;14:34 –38.

Pearson et al

Research in Marfan Syndrome and Related Disorders

41. Pannu H, Fadulu VT, Chang J, Lafont A, Hasham SN, Sparks E,
Giampietro PF, Zaleski C, Estrera AL, Safi HJ, Shete S, Willing MC,
Raman CS, Milewicz DM. Mutations in transforming growth factor-beta
receptor type II cause familial thoracic aortic aneurysms and dissections.
Circulation. 2005;112:513–520.
42. Law C, Bunyan D, Castle B, Day L, Simpson I, Westwood G, Keeton B.
Clinical features in a family with a R460H mutation in TGFBR2. J Med
Genet. 2006;43:908 –916.
43. Callewaert BL, Willaert A, Kerstjens-Frederikse WS, De Backer J,
Devriendt K, Albrecht B, Ramos-Arroyo MA, Doco-Fenzy M, Hennekam
RC, Pyeritz RE, Krogmann ON, Gillessen-kaesbach G, Wakeling EL,
Nik-zainal S, Francannet C, Mauran P, Booth C, Barrow M, Dekens R,
Loeys BL, Coucke PJ, De Paepe AM. Arterial tortuosity syndrome:
clinical and molecular findings in 12 newly identified families. Hum
Mutat. 2008;29:150 –158.
44. Coucke PJ, Willaert A, Wessels MW, Callewaert B, Zoppi N, De Backer
J, Fox JE, Mancini GM, Kambouris M, Gardella R, Facchetti F, Willems
PJ, Forsyth R, Dietz HC, Barlati S, Colombi M, Loeys B, De Paepe A.
Mutations in the facilitative glucose transporter GLUT10 alter angiogenesis and cause arterial tortuosity syndrome. Nat Genet. 2006;38:
452– 457.
45. Hasham SN, Guo DC, Milewicz DM. Genetic basis of thoracic aortic
aneurysms and dissections. Curr Opin Cardiol. 2002;17:677– 683.
46. Guo D, Hasham S, Kuang SQ, Vaughan CJ, Boerwinkle E, Chen H,
Abuelo D, Dietz HC, Basson CT, Shete SS, Milewicz DM. Familial
thoracic aortic aneurysms and dissections: genetic heterogeneity with a
major locus mapping to 5q13-14. Circulation. 2001;103:2461–2468.
47. Vaughan CJ, Casey M, He J, Veugelers M, Henderson K, Guo D,
Campagna R, Roman MJ, Milewicz DM, Devereux RB, Basson CT.
Identification of a chromosome 11q23.2-q24 locus for familial aortic
aneurysm disease, a genetically heterogeneous disorder. Circulation.
2001;103:2469 –2475.
48. Hasham SN, Willing MC, Guo DC, Muilenburg A, He R, Tran VT,
Scherer SE, Shete SS, Milewicz DM. Mapping a locus for familial
thoracic aortic aneurysms and dissections (TAAD2) to 3p24-25. Circulation.
2003;107:3184 –3190.
49. Khau Van Kien P, Mathieu F, Zhu L, Lalande A, Betard C, Lathrop M,
Brunotte F, Wolf JE, Jeunemaitre X. Mapping of familial thoracic aortic
aneurysm/dissection with patent ductus arteriosus to 16p12.2-p13.13.
Circulation. 2005;112:200 –206.
50. Guo DC, Pannu H, Tran-Fadulu V, Papke CL, Yu RK, Avidan N,
Bourgeois S, Estrera AL, Safi HJ, Sparks E, Amor D, Ades L, McConnell
V, Willoughby CE, Abuelo D, Willing M, Lewis RA, Kim DH, Scherer
S, Tung PP, Ahn C, Buja LM, Raman CS, Shete SS, Milewicz DM.
Mutations in smooth muscle alpha-actin (ACTA2) lead to thoracic aortic
aneurysms and dissections. Nat Genet. 2007;39:1488 –1493.
51. Zhu L, Vranckx R, Khau Van Kien P, Lalande A, Boisset N, Mathieu F,
Wegman M, Glancy L, Gasc JM, Brunotte F, Bruneval P, Wolf JE,
Michel JB, Jeunemaitre X. Mutations in myosin heavy chain 11 cause a
syndrome associating thoracic aortic aneurysm/aortic dissection and
patent ductus arteriosus. Nat Genet. 2006;38:343–349.
52. Holmes KW, Lehmann CU, Dalal D, Nasir K, Dietz HC, Ravekes WJ,
Thompson WR, Spevak PJ. Progressive dilation of the ascending aorta in
children with isolated bicuspid aortic valve. Am J Cardiol. 2007;99:
978 –983.
53. Garg V, Muth AN, Ransom JF, Schluterman MK, Barnes R, King IN,
Grossfeld PD, Srivastava D. Mutations in NOTCH1 cause aortic valve
disease. Nature. 2005;437:270 –274.
54. McKellar SH, Tester DJ, Yagubyan M, Majumdar R, Ackerman MJ,
Sundt TM III. Novel NOTCH1 mutations in patients with bicuspid aortic
valve disease and thoracic aortic aneurysms. J Thorac Cardiovasc Surg.
2007;134:290 –296.
55. Davies RR, Kaple RK, Mandapati D, Gallo A, Botta DM Jr, Elefteriades
JA, Coady MA. Natural history of ascending aortic aneurysms in the
setting of an unreplaced bicuspid aortic valve. Ann Thorac Surg. 2007;
83:1338 –1344.

791

56. Pachulski RT, Weinberg AL, Chan KL. Aortic aneurysm in patients with
functionally normal or minimally stenotic bicuspid aortic valve.
Am J Cardiol. 1991;67:781–782.
57. Loscalzo ML, Goh DL, Loeys B, Kent KC, Spevak PJ, Dietz HC.
Familial thoracic aortic dilation and bicommissural aortic valve: a prospective analysis of natural history and inheritance. Am J Med Genet A.
2007;143:1960 –1967.
58. Reed CM, Fox ME, Alpert BS. Aortic biomechanical properties in
pediatric patients with the Marfan syndrome, and the effects of atenolol.
Am J Cardiol. 1993;71:606 – 608.
59. Shores J, Berger KR, Murphy EA, Pyeritz RE. Progression of aortic
dilatation and the benefit of long-term beta-adrenergic blockade in
Marfan’s syndrome. N Engl J Med. 1994;330:1335–1341.
60. Groenink M, de Roos A, Mulder BJ, Spaan JA, van der Wall EE. Changes
in aortic distensibility and pulse wave velocity assessed with magnetic
resonance imaging following beta-blocker therapy in the Marfan
syndrome. Am J Cardiol. 1998;82:203–208.
61. Rios AS, Silber EN, Bavishi N, Varga P, Burton BK, Clark WA, Denes
P. Effect of long-term beta-blockade on aortic root compliance in patients
with Marfan syndrome. Am Heart J. 1999;137:1057–1061.
62. Yetman AT, Bornemeier RA, McCrindle BW. Usefulness of enalapril
versus propranolol or atenolol for prevention of aortic dilation in patients
with the Marfan syndrome. Am J Cardiol. 2005;95:1125–1127.
63. Selamet Tierney ES, Feingold B, Printz BF, Park SC, Graham D,
Kleinman CS, Mahnke CB, Timchak DM, Neches WH, Gersony WM.
Beta-blocker therapy does not alter the rate of aortic root dilation in
pediatric patients with Marfan syndrome. J Pediatr. 2007;150:77– 82.
64. Ladouceur M, Fermanian C, Lupoglazoff JM, Edouard T, Dulac Y, Acar
P, Magnier S, Jondeau G. Effect of beta-blockade on ascending aortic
dilatation in children with the Marfan syndrome. Am J Cardiol. 2007;99:
406 – 409.
65. Nagashima H, Sakomura Y, Aoka Y, Uto K, Kameyama K, Ogawa M,
Aomi S, Koyanagi H, Ishizuka N, Naruse M, Kawana M, Kasanuki H.
Angiotensin II type 2 receptor mediates vascular smooth muscle cell
apoptosis in cystic medial degeneration associated with Marfan’s
syndrome. Circulation. 2001;104(suppl I):I-282–I-287.
66. Ahimastos AA, Aggarwal A, D’Orsa KM, Formosa MF, White AJ,
Savarirayan R, Dart AM, Kingwell BA. Effect of perindopril on large
artery stiffness and aortic root diameter in patients with Marfan syndrome: a randomized controlled trial. JAMA. 2007;298:1539 –1547.
67. Daugherty A, Manning MW, Cassis LA. Antagonism of AT2 receptors
augments angiotensin II-induced abdominal aortic aneurysms and atherosclerosis. Br J Pharmacol. 2001;134:865– 870.
68. Brooke BS, Habashi JP, Judge DP, Patel N, Loeys B, Dietz HC. Angiotension II blockade and aortic root dilation in Marfan’s syndrome. N Engl
J Med. 2008;358:2787–2795.
69. Lacro RV, Dietz HC, Wruck LM, Bradley TJ, Colan SD, Devereux RB,
Klein GL, Li JS, Minich LL, Paridon SM, Pearson GD, Printz BF, Pyeritz
RE, Radojewski E, Roman MJ, Saul JP, Stylianou MP, Mahony L.
Rationale and design of a randomized clinical trial of beta-blocker
therapy (atenolol) versus angiotensin II receptor blocker therapy (losartan) in individuals with Marfan syndrome. Am Heart J. 2007;154:
624 – 631.
70. Wilson W, Taubert KA, Gewitz M, Lockhart PB, Baddour LM, Levison
M, Bolger A, Cabell CH, Takahashi M, Baltimore RS, Newburger JW,
Strom BL, Tani LY, Gerber M, Bonow RO, Pallasch T, Shulman ST,
Rowley AH, Burns JC, Ferrieri P, Gardner T, Goff D, Durack DT.
Prevention of infective endocarditis: guidelines from the American Heart
Association: a guideline from the American Heart Association Rheumatic
Fever, Endocarditis and Kawasaki Disease Committee, Council on Cardiovascular Disease in the Young, and the Council on Clinical Cardiology, Council on Cardiovascular Surgery and Anesthesia, and the
Quality of Care and Outcomes Research Interdisciplinary Working
Group. J Am Dent Assoc. 2007;138:739 –745, 747–760.
KEY WORDS: aortic aneurysm

䡲

Marfan syndrome

䡲

research

