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Chapter 1

ConneCtive tissue disorders

Hereditary connective tissue disorders are relatively rare diseases affecting the extracellular matrix 

(ECM). The ECM consists mainly of collagens, and has numerous functions, including supplying 

support for neighbouring cells and regulating cell behaviour. In the cardiovascular system, the 

ECM provides compliance and elasticity to the heart (valves) and vascular tree. The cardiovascular 

manifestations of connective tissue disorders vary greatly, from uncomplicated valve abnormalities 

in (familial) mitral valve prolapse (MVP) to disastrous aortic or other larger vessel dissection in, for 

example, Marfan syndrome (MFS), Loeys-Dietz syndrome (LDS), familial thoracic aortic aneurysm 

and/or dissection (FTAAD) and the vascular type of Ehlers-Danlos syndrome (EDS).1-5 There are many 

connective tissue disorders with cardiovascular involvement and it is beyond the scope of this 

thesis to discuss all of them in detail. Instead, the focus will be on the heritable connective tissue 

disorders MFS, LDS and familial MVP. A short general introduction to these disorders follows in the 

next sections. Appendix A (page 128) provides an overview of other connective tissue disorders 

with cardiovascular involvement.

MArfAn syndroMe

In 1896 Antoine Bernard-Jean Marfan presented a case of a 5-year-old girl with disproportionally 

long limbs accompanied by long and slender fingers and toes. In the years that followed, several 

more cases were presented with similar characteristics. Other features were described, including 

cardiovascular abnormalities and dislocation of the ocular lens. As the understanding of the disease 

progressed, the name Marfan syndrome was coined. In more than a century of medical development, 

the knowledge of MFS has expanded tremendously and the patient presented by Antoine Bernard-

Jean Marfan probably actually suffered from congenital contractural arachnodactily instead of MFS. 

Currently, MFS is known as a clinically heterogeneous disorder (due to variable gene expression) 

caused by mutations in the fibrillin 1 gene (FBN1), and in rare cases by mutations in the transforming 

growth factor (TGF)-β receptor 1 (TGFBR1) or -2 genes (TGFBR2).6,7 The estimated prevalence of MFS 

is approximately 1-3 in 5,000 persons and it is inherited in an autosomal dominant mode.8 Typical 

characteristics of MFS include aortic root dilatation, MVP, ectopia lentis, slender body habitus, 

long extremities and pectus deformities. If left untreated, aortic root dilatation can lead to aortic 

dissection or rupture and is the cause of premature mortality and reduced life expectancy in 

patients with MFS. In addition to the aortic root, other parts of the aorta are also at risk for dissection 

or rupture in MFS. Since 1996, a MFS diagnosis has been made when a patient fulfils the Ghent 

nosology, and these criteria were updated in 2010 giving rise to the revised Ghent nosology (table 

I).9,10 Signature characteristics in establishing a MFS diagnosis are aortic root dilatation (typically 

pear-shaped, figure I), ectopia lentis, a family history of MFS and mutations in FBN1. Nevertheless, 

MFS can also be diagnosed by evaluating other less-typical features (table I). In the Netherlands, 

patients suspected of MFS are seen at specialized outpatient clinics located in Groningen, 

Amsterdam, Nijmegen and Leiden. In these clinics, patients are systematically evaluated according 
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table i. Diagnostic criteria for MFS according to the 2010 Ghent nosology

In the absence of a family history of MFS:
 1. Aortic root Z-score >2 AND ectopia lentis
 2. Aortic root Z-score >2 AND an FBN1 mutation
 3. Aortic root Z-score >2 AND a systemic score* >7 points
 4. Ectopia lentis AND an FBN1 mutation with known aortic pathology

In the presence of a family history of MFS (as defined above):
 1. Ectopia lentis
 2. Systemic score* >7
 3. Aortic root Z-score >2

* Points for systemic score
-  Wrist AND thumb sign = 3 (wrist OR thumb sign = 1)
-  Pectus carinatum deformity = 2 (pectus excavatum or chest asymmetry = 1)
-  Hindfoot deformity = 2 (plain pes planus = 1)
-  Dural ectasia = 2
-  Protrusio acetabula = 2
-  Reduced upper segment/lower segment ratio AND increased arm/height AND no severe scoliosis = 1
- Scoliosis or thoracolumbar kyphosis = 1
- Reduced elbow extension = 1
- Facial features (3/5) = 1 (dolichocephaply, enophthalmos, downslanting palpebral fissures, malar 

hypoplasia, retrognathia)
-  Skin striae = 1
- Myopia > 3 diopters = 1
- MVP = 1

FBN1 fibrillin 1 gene, MFS Marfan syndrome, MVP Mitral valve prolapse, Z-score number of standard deviations 
above the mean

figure i. Echocardiographic image of a pear-shaped aortic root in a patient with Marfan syndrome (parasternal 
long axis view).
LV left ventricle, LA left atrium
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to the Ghent nosology. In cases where MFS is excluded, other connective disorders can sometimes 

be discovered. Currently, cardiovascular treatment of MFS consists of β-blockade to slow down 

aortic root growth and prophylactic aortic (root) surgery.11-13 Recently, the results of the COMPARE 

(COzaar in Marfan PAtients Reduces aortic Enlargement) study were published. 14 This was the first 

study to demonstrate that losartan, which antagonizes the effects of TGF-β (an important cytokine 

in the pathophysiology of MFS), reduces aortic root dilatation in adults with MFS.14 The results of 

other studies investigating the effect of losartan on aortic growth are awaited and, depending on 

the results, losartan might have an important role in the treatment of MFS in the future.15-18 

Loeys-dietz syndroMe

LDS was first described in 2005 and it is thought that its prevalence lies somewhere between 

that of vascular EDS (1:50,000) and MFS (1-3:5,000), although solid data are lacking.19 The clinical 

spectrum of LDS is also heterogeneous and has been subdivided into two types which form a 

continuum. LDS type I is characterized by facial dysmorphic features like a cleft palate, wide/bifid 

uvula, craniosynostosis (premature closure of cranial sutures) and hypertelorism (increased distance 

between the pupils). Neurocognitive development disorders can also be present. LDS type II does 

not have craniofacial abnormalities, but has striking cutaneous manifestations like a velvety skin, 

easy bruising and atrophic scars, although a wide/bifid uvula and hypertelorism can sometimes 

be present.20 Aggressive arterial aneurysms (e.g. aortic root, cerebral) and vascular tortuosity can 

be found in both types and are the major cause of mortality. LDS is caused by mutations in TGFBR1 

or TGFBR2 and the mode of inheritance is autosomal dominant. The diagnosis is established when 

typical features combined with mutations in TGFBR1 or TGFBR2 are present. Aortic complications 

tend to occur at smaller diameters than in MFS and timely prophylactic surgery is crucial.21 Just as 

in MFS, there might be a role for treatment with β-blockade and losartan, however, this has not yet 

been investigated. 

MitrAL vALve ProLAPse

MVP is a common valvular abnormality with an estimated prevalence of 2-3 in 100 individuals 

and it is characterized by single or bileaflet systolic billowing of the mitral valve in the left atrium 

(figure II).22 In addition, there is often leaflet thickening and redundancy, also known as myxomatous 

degeneration (Barlow disease).23 MVP can occur in isolation or as part of a connective tissue 

disorder, for example in MFS and LDS. In isolated MVP, sporadic and familial forms have been 

described. Mutations in FLNA were the first, and thus far only mutations, described to cause isolated 

myxomatous valvular dystrophy, of which MVP is the most common form.24 Inheritance of FLNA is 

X-linked dominant and therefore men are more severely affected than women when mutations in 

this gene occur. MVP can be asymptomatic, however, it can also be accompanied by complications 

such as significant mitral regurgitation (MR), bacterial endocarditis, thromboembolism and even 

sudden cardiac death due to ventricular tachyarrhythmias.1,22,25 Treatment depends on the clinical 
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situation; in case of significant MR, surgical intervention may be required and in case of ventricular 

arrhythmias, an implantable cardioverter defibrillator (ICD) may be indicated in addition to 

treatment with a β-blocker. 

PAthoPhysioLoGy And GenetiCs

Although the clinical manifestations of the individual connective tissue disorders are diverse, there 

is overlap in the pathophysiology of these diseases. Dysregulation of the TGF-β-cytokine pathway 

is, for example, present in MFS and in LDS. TGF-β stimulates cell proliferation, inflammation and 

activates matrix metalloproteinases. Once TGF-β has been formed, it binds to several proteins 

and is secreted into the ECM as a large latent complex. In the ECM, the collagen fibrillin-1 binds 

the TGF-β latent complex, thereby reducing the release of free TGF-β. In MFS, mutations in FBN1 

lead to abnormal fibrillin-1, which may have less affinity for TGF-β. As a consequence, more free 

TGF-β is present in the ECM, which then activates its receptors, and, through signal transducer- 

and transcriptional modulator-proteins (SMADs), transcriptional responses eventually cause the 

clinical manifestations of MFS.2,3 In addition to this SMAD-dependent (canonical) pathway, TGF-β 

also activates other (non-canonical) pathways like the RhoA and mitogen-activated protein kinase 

(MAPK) cascades, also leading to the transcriptional responses ultimately responsible for the 

characteristics of MFS (figure IIIa and IIIb).26

figure ii. 3-Dimensional transoesophageal echocardiographic image showing prolapse of the anterior and 
posterior mitral valve leaflet. 
AML anterior mitral valve leaflet, PML posterior mitral valve leaflet
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figure iii a. Normal TGF-β pathway. TGF-β is secreted into the extracellular matrix as a large latent complex, 
where it is bound by fibrillin-1. Through the canonical (SMADs) and the non-canonical (for example MAPK and 
RhoA) pathway TGF-β can influence transcriptional responses. 

figure iii b. TGF-β pathway in Marfan syndrome. Due to abnormal fibrillin-1 more free TGF-β is present in 
the extracellular matrix. As a consequence the TGF-β receptors are more stimulated leading to increased 
transcriptional responses, ultimately causing the characteristics of Marfan syndrome. 
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In LDS, TGF-β dysregulation takes place at the level of the TGF-β receptors since LDS is caused 

by mutations in the genes encoding TGF-β receptor 1 (TGFBR1) and 2 (TGFBR2).4 Myxomatous valve 

degeneration, of which MVP is an example, can be caused by mutations in FLNA and, through 

interaction with SMADs, abnormal filamin A also leads to dysregulation of TGF-β.27,28

In addition to causing LDS, mutations in the TGF-β receptors can also be found in FTAAD.29 

Other genes known to cause FTAAD are MYH11, ACTA2, FBN1, SMAD3, MYLK and NOTCH1.30-34 

TGF-β upregulation was found in the aortic wall of patients with mutations in MYH11 and ACTA2, 

emphasizing the importance of the TGF-β pathway in connective tissue disorders with cardiovascular 

involvement.35 

Table II provides an overview of the pathophysiology and the genes involved in the discussed 

connective tissue disorders. 

table ii. Overview of the discussed heritable connective tissue disorders with cardiovascular involvement

Connective tissue 
disorder

Pathophysiology Gene (chromosome)

Marfan syndrome TGF-β signalling 
Fibrillin-1

FBN1(15.q21.1), TGBR1 (9q22.33),TGFBR2(3p24.1)

Loeys-Dietz 
syndrome

TGF-β signalling TGFBR1(9q22.33), TGFBR2(3p24.1), SMAD3 (15q22.33)

Familial MVP TGF-β signalling,
Filamin A

FLNA (Xq28)

FTAAD TGF-β signalling, 
SMC function

ACTA2 (10q23.31), TGFBR1(9q22.33), TGFBR2(3p24.1), 
FBN1(15.q21.1), MYH11 (16p13.11),
SMAD3 (15q22.33), MYLK (3q21), NOTCH1 (9q34.3)

FTAAD familial thoracic aortic aneurysm and/or dissection, MVP mitral valve prolapse, SMC smooth muscle cell, 
TGF-β transforming growth factor beta

outLine of the thesis 

Although much is already known about connective tissue disorders, many unresolved issues remain 

with regard to the pathophysiology, clinical presentation, recognition and management of these 

disorders. In this thesis several cardiological and genetic aspects of MFS, LDS, and familial MVPS will 

be addressed. 

Chapter 2 investigates the diagnostic yield of the Groningen Marfan outpatient clinic and the 

impact of the recent revision of the diagnostic criteria for MFS (Ghent nosology). 

Chapter 3 discusses the clinical characteristics and management of LDS in a group of Dutch 

patients with this syndrome. 

Chapter 4 investigates whether familial MVP can be caused by mutations in TGFBR1 and TGFBR2.

Chapter 5 explores the detailed clinical heterogeneity of MFS and describes the largest family 
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with MFS ever reported. 

Chapter 6 investigates whether a relationship exists between LV dilatation in patients with MFS 

and the specific FBN1 genotype.

Chapter 7 investigates biventricular function and the influence of aortic elasticity in MFS by 

means of cardiac magnetic resonance imaging (MRI).

Chapter 8 investigates whether a protocol for prophylactic aortic root surgery in MFS based on 

body surface area (BSA) is effective and safe. 

Chapters 9 and 10 summarize the findings of the preceding chapters and explore future 

perspectives. 
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ABstrACt

Introduction 

Marfan syndrome (MFS) is diagnosed according to the Ghent nosology, which has recently been 

revised. In the Netherlands, evaluation for possible MFS is usually performed in specialized Marfan 

outpatient clinics. We investigated the diagnostic yield in our clinic and the impact of the revised 

2010 nosology. 

Methods 

All adult patients (n=343; 174 men/169 women) who visited our clinic between 1998-2008 were 

included. We analyzed their reasons for referral, characteristics and established diagnoses. In 

addition, we applied the 2010 nosology to all patients and compared the outcomes to those 

obtained with the 1996 nosology.

Results 

In 41% of the patients a diagnosis could be made at initial evaluation: 13% MFS, 6% familial thoracic 

aortic aneurysm and/or dissection, 1% Loeys-Dietz syndrome, and 1% familial mitral valve prolapse 

syndrome (MVPS). Applying the 2010 nosology led to a significant increase in the number of 

diagnoses made (48% vs. 41%, p<0.001): 4 additional cases of MFS were identified (only 1 patient 

was ‘lost’ who no longer fulfilled the criteria) and 23 additional cases of MVPS. The diagnostic yield 

of patients with aortic root dilatation was high both at initial evaluation and after applying the 2010 

Ghent nosology (65% and 70%, respectively).

Conclusion 

The diagnostic yield in our specialized clinic was high in particular in patients with aortic root 

dilatation. The 2010 Ghent nosology led to a significant increase in the number of diagnoses made, 

mainly due to the lowering of the diagnostic threshold for MVPS.
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introduCtion

Marfan syndrome (MFS) is an autosomal, dominantly inherited, connective tissue disorder with 

an estimated prevalence of approximately 1-3 in 5,000 and it is usually caused by a mutation in 

the fibrillin-1 gene (FBN1).1,2 Manifestations of MFS occur in the ocular system, skeletal system, 

pulmonary system, skin and integument, central nervous system (CNS; dural ectasia) and, most 

importantly, in the cardiovascular system. Characteristic features of MFS include ectopia lentis 

(subluxation and luxation of the lens), thin body habitus and long extremities, pectus deformities 

and aortic root dilatation. Evaluation of possible MFS patients is usually performed in specialized 

Marfan outpatient clinics (MOC) and the diagnosis is established according to the Ghent nosology, 

which has recently been revised.3,4 The main purpose of evaluation is to confirm or exclude MFS 

in a patient, but it may also lead to many other, clinically relevant diagnoses, such as Loeys-Dietz 

syndrome (LDS), familial thoracic aortic aneurysm and/or dissection (FTAAD), familial mitral valve 

prolapse syndrome (MVPS), mitral valve, aorta, skeleton and skin (MASS) phenotype and Ehlers-

Danlos syndrome (EDS). Establishing the correct diagnosis is important as it provides prognostic 

information, has implications for treatment, and also guides (genetic) counseling of family members. 

So far, only two studies have reported on the outcome (diagnosis) in adult patients analyzed for 

possible MFS.5,6 In order to establish the diagnostic yield of our clinic we determined the final 

diagnosis of all the patients referred for evaluation of MFS in a ten-year period. We were particularly 

interested in the diagnostic yield in patients with cardiovascular manifestations, since these carry 

important prognostic implications. Finally, we used the opportunity to analyze what the diagnostic 

yield would have been using the 2010 Ghent criteria.3,4

study population and diagnostic evaluations

All adult patients (age >18 years) referred for evaluation for possible MFS to our clinic between 

1998-2008 were included in our study. Every physician who suspected MFS in a certain patient was 

allowed to refer this patient to our MOC and there were no specific criteria patients had to meet 

to allow evaluation. The reason(s) for referral for all patients was routinely recorded. Evaluation of 

the patients was performed by a team of dedicated specialists, consisting of a clinical geneticist 

(JPvT), a cardiologist (MPvdB), an ophthalmologist (BAEvdP), and an orthopaedic surgeon. Inherent 

to this period of referral (i.e. up to 2008), the patient characteristics were collected according to 

the 1996 Ghent nosology.3 Not all the Ghent criteria were evaluated in each patient, only when 

clinically relevant, i.e. when necessary to confirm or exclude MFS. All patient data, including 

echocardiographic data, were routinely fed into a clinical database. Mitral valve prolapse was 

defined as echocardiographic single or bileaflet prolapse of at least 2 mm beyond the long-axis 

annular plane, with or without leaflet thickening.7 Finally, it is important to note that patients with a 

bicuspid aortic valve were not evaluated at this specific clinic.
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definitions of Mfs and other relevant diagnoses

The diagnoses were established using the 1996 Ghent nosology but, as part of this study, we also 

retrospectively applied the 2010 Ghent nosology to all patients based on their characteristics as 

collected at the time of referral. Other diagnoses that could be made but are not mentioned in (one) 

of the Ghent nosologies were also established. 

The 1996 nosology for MFS distinguished major and minor criteria in different (organ) systems. 

MFS was present if two major (organ) systems were involved and if a third (organ) system was 

involved in a minor way.3 In the 2010 nosology, there is no differentiation between major and 

minor criteria. Aortic root dilatation (Z-score >2) combined with one of the following characteristics 

establishes a diagnosis of MFS (see also Table I): ectopia lentis, FBN1 mutation, family history of MFS 

or a systemic score >7. A family history of MFS combined with ectopia lentis or a systemic score >7 

also establishes a diagnosis of MFS.4 Besides defining MFS, the Ghent nosology (in particular the 2010 

nosology) also considers disorders that need to be differentiated from MFS. These include MASS 

phenotype, MVPS (familial or incidental), FTAAD, EDS, LDS and ectopia lentis syndrome.3,4,7-9 Some 

of these disorders have not been summarized in the 1996 Ghent nosology but were added to the 

2010 Ghent nosology, such as FTAAD, LDS and ectopia lentis syndrome. In addition, the definitions 

table i. diagnostic criteria for Mfs in adults according to the 2010 Ghent nosology

In the absence of a family history of MFS:
1.    Aortic root Z-score >2 AND ectopia lentis
2.    Aortic root Z-score >2 AND an FBN1 mutation
3.    Aortic root Z-score >2 AND a systemic score* >7 points
4.    Ectopia lentis AND an FBN1 mutation with known aortic pathology

In the presence of a family history of MFS (as defined above):
1.    Ectopia lentis
2.    Systemic score* >7
3.    Aortic root Z-score >2

* Points for systemic score
 Wrist AND thumb sign = 3 (wrist OR thumb sign = 1)
 Pectus carinatum deformity = 2 (pectus excavatum or chest asymmetry = 1)
 Hindfoot deformity = 2 (plain pes planus = 1)  
 Dural ectasia = 2
 Protrusio acetabula = 2
 Reduced upper segment/lower segment ratio AND increased arm/height AND no severe scoliosis = 1
 Scoliosis or thoracolumbar kyphosis = 1
 Reduced elbow extension = 1
 Facial features (3/5) = 1 (dolichocephaply, enophthalmos, downslanting palpebral fissures, malar 

hypoplasia, retrognathia)
 Skin striae = 1
 Myopia > 3 diopters = 1
 Mitral valve prolapse = 1

MFS; Marfan syndrome.
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of some of these disorders differ between the 1996 and the 2010 Ghent nosologies. First, in the 1996 

nosology, a MASS phenotype is defined as the presence of three of the following manifestations: 

myopia, mitral valve prolapse, borderline aortic root dilatation, striae and minor skeletal criteria. In 

the 2010 nosology, a MASS phenotype is defined as borderline aortic root dilatation and a systemic 

score >5 with at least one skeletal feature. Second, in the 1996 nosology, (familial) MVPS is defined 

as an autosomal, dominantly inherited trait, whereas in the revised nosology, the familial occurrence 

is no longer required, a prolapse of the mitral valve and a systemic score <5 is sufficient for the 

diagnosis MVPS. Benign hypermobility syndrome (BHMS) was defined according to Simpson et al.10 

An aneurysm of the thoracic aorta of unknown origin (UO) was defined here as: dilatation of the 

thoracic aorta (Z score >2) without evidence for a systemic or familial disorder. 

statistical analysis

Continuous data are reported as mean ± SD and categorical data as percentages unless stated 

otherwise. Differences between groups were tested using parametric or non-parametric tests, as 

appropriate. A p-value <0.05 was considered to indicate statistical significance. The analyses were 

performed using SPSS 16.0 software (SPSS, Chicago, Ill).

resuLts

Patients

Between 1998 and 2008, 349 adult patients were referred to our clinic for evaluation of possible 

MFS. Six patients were excluded from analysis because of incomplete data, leaving a study group of 

343 patients. Men (n=174) and women (n=169) were equally represented (p=0.829) and the average 

age was 40 ± 14 years. Reasons for referral are given in Figure 1, the most common being aortic 

pathology (aortic dilatation or aortic dissection). More than one reason for referral was present in 

113 patients. 

figure 1 Reasons for patients being referred to our Marfan outpatient clinic (n=343).
MFS, Marfan syndrome.
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Patient characteristics

In Table II and Figure 2 the characteristics of the patients according to the 1996 nosology are 

presented. Major cardiovascular involvement (aortic root dilatation/type A aortic dissection) was 

present in 28% of the patients. Ectopia lentis was present in 8% of patients and 40% of the patients 

had a family history of MFS and/or an FBN1 mutation in the family. Dural ectasia was evaluated in 

88/343 patients and was detected in 31 of them (35%). Major skeletal involvement was rare; it was 

present in only two patients.

table ii Prevalence of characteristics in 343 patients evaluated at our clinic according to the 1996 Ghent 
nosology

System Major  Minor None Not evaluated 

Cardiovascular  95 (28%) 42 (12%) 192 (56%)  14a (4%)

skeletal  2 (0.6%) 66 (19%) 246 (72%)  29b (8%)

ocular 29 (8%) 7 (2%) 274 (80%)  33b (10%)

familial/genetic 136 (40%) n.a. 207 (60%)        -

Pulmonary n.a. 11 (3%) 296(86%)  36b (10%)

skin n.a. 114 (33%) 197 (57%)  32b (9%)

Cns 31 (10%) n.a. 57 (17%)  255b (74%)

n.a.,not applicable; CNS, central nervous system.
a in these 14 cases only DNA analysis was performed because of familial MFS with a pathogenic FBN1 mutation. 
b in these cases evaluation was deemed not relevant, since regardless of the outcome this would not have had 
any clinical consequences.

figure 2 Prevalence of the characteristics according to the 1996 Ghent nosology of the 343 patients evaluated 
at our Marfan outpatient clinic.
CNS, central nervous system.
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table iii diagnoses of the 343 patients evaluated at our clinic according to the 1996 and 2010 Ghent 
nosologies

initial evaluation reevaluation

other† 1996 nosology 2010 nosology other‡

diagnosis

Mfs 44 (13%) 47 (14%)

MvPs 5 (1%) 28 (8%)

MAss phenotype 6 (2%) 3 (1%)

eds hypermobile type 5 (1%) 5 (1%)

BhMs 19 (6%) 19 (6%)

ftAAd 22 (6%) 22 (6%)

Lds 4 (1%) 4 (1%)

ectopia lentis syndrome 1 (0.3%)

thoracic aortic aneurysm uo 30 (9%) 31 (9%)

remaining diagnosesd 5 (1%) 5 (1%)

no diagnoses 203 (59%) 178 (52%)

total 343 (100%) 343 (100%)

BHMS, benign hypermobility syndrome; EDS, Ehlers-Danlos syndrome; FTAAD, familial thoracic aortic aneurysm 
and/or dissection; LDS, Loeys-Dietz syndrome; MFS, Marfan syndrome; MVPS, mitral valve prolapse syndrome; 
UO, unknown origin. 
† Diagnoses not mentioned in the 1996 Ghent nosology.
‡ Diagnoses not mentioned in the 2010 Ghent nosology.

d Duane syndrome, Lujan-Fryns syndrome, XYY-karyotype, dilated cardiomyopathy, congenital cataract.

diagnoses

In Table III the diagnoses of all patients are presented, both at initial evaluation  using the 1996 

nosology and after reevaluation applying the 2010 nosology. The patients were not clinically 

reevaluated, but the 2010 nosology was applied to the already established characteristics of the 

patients. In addition diagnoses that were established but not mentioned in (one) of the Ghent 

nosologies are also presented. At initial evaluation, a diagnosis could be made in 41% (n=140) of 

the patients. MFS was the most common diagnosis (13%), followed by a thoracic aortic aneurysm 

of unknown origin (9%), FTAAD (6%) and BHMS (6%). MVPS was found in 1%. Other diagnoses are 

listed in Table III. No specific diagnosis could be made in 59% (n=203) of the patients. Thirteen of 

these patients without a specific diagnosis had a high likelihood of MFS but did not (yet) fulfill 

the 1996 diagnostic criteria. They fulfilled one of the following profiles: 1. aortic root dilatation/

type A aortic dissection combined with ectopia lentis OR an FBN1 mutation, 2. (suspected) family 

history of MFS AND an FBN1 mutation 3. ectopia lentis AND an FBN1 mutation. Age did not differ 
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significantly between patients with or without a diagnosis (38±14 years vs. 41±14 years; p=0.123) 

and distribution of gender was equal (p=0.274). 

After applying the 2010 Ghent nosology, a diagnosis could be made in 48% (n=165) of the 

patients (vs. 41% using the 1996 nosology, p<0.001). There were several changes compared to the 

diagnoses made at initial evaluation. The diagnosis of 4 patients changed from no specific diagnosis 

to MFS. All 4 of these patients belonged to the group of 13 patients with a high likelihood of MFS at 

initial evaluation. Two of these patients had aortic root dilatation and an FBN1 mutation. The other 

2 patients had aortic root dilatation and ectopia lentis. Conversely, in one patient MFS could no 

longer be confirmed using the 2010 criteria (1/44 patients). This patient had a history of acute type 

A aortic dissection, dural ectasia, dolichocephaly, malar hypoplasia, striae and no FBN1 mutation. 

According to the 2010 nosology this leads to a systemic score of 3, which together with the type 

A aortic dissection was insufficient for a “revised” diagnosis of MFS. In one patient in whom initially 

no specific diagnosis could be made because of ectopia lentis and an FBN1 mutation, the diagnosis 

changed to ectopia lentis syndrome. There were further major changes for MVPS: according to the 

1996 nosology MVPS was diagnosed in 5 patients (1%) but according to the 2010 nosology MVPS 

was present in as many as 28 patients (8%). In three patients the diagnosis changed from MASS 

phenotype to “no diagnosis”. Age did not differ significantly between patients with or without a 

diagnosis when using the 2010 nosology (38±14 years vs. 39±14 years; p=0.205) and distribution of 

gender was equal (p=0.476). 

FBN1 mutations

DNA analysis for FBN1 mutations was performed in 140 patients.

Of the 44 MFS patients diagnosed using the 1996 nosology, 34 patients had an FBN1 mutation (77%). 

In 11 other patients an FBN1 mutation was also present. They all had a high likelihood of MFS but did 

not (yet) fulfill the diagnostic criteria (see previous paragraph for the definition of these patients).

Of the 47 MFS patients diagnosed using the 2010 nosology, 36 patients had an FBN1 mutation 

(77%). In 9 other patients an FBN1 mutation was also present. One had ELS and the other 8 all had a 

(suspected) family history of MFS and an FBN1 mutation. 

Aortic root dilatation

In 65% (n=52) of the patients with aortic root dilatation (n=80) a specific diagnosis could be 

established at initial evaluation, compared to 70% (n=56) after applying the 2010 nosology. Figure 3 

summarizes the diagnoses of the patients with aortic root dilatation using both the 1996 and 2010 

Ghent nosologies.
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disCussion

diagnostic yield

Here we have presented the diagnostic yield in our specialised MFS clinic between 1998-2008. 

We used the 1996 Ghent nosology and specific criteria for other disorders to evaluate the patients 

at that time. The overall diagnostic yield at initial evaluation in terms of establishing a specific 

figure 3 Diagnostic yield of aortic root dilatation using the 1996 and 2010 Ghent nosologies.
MFS, Marfan syndrome; FTAAD, familial thoracic aortic aneurysm and/or dissection; LDS, Loeys-Dietz syndrome; 
MVPS, mitral valve prolapse syndrome; UO, unknown origin.
e

 This patient had familial MVPS and aortic root dilatation caused by a previously described FLNA mutation.

Aortic root 
dilatation (n=80)

Initial evaluation

MFS (n=31)

FTAAD (n=15)

LDS (n=4)

MVPSe (n=1)

Lujan Fryns 
syndrome (n=1)

Aneurysm UO 
(n=28)

2010 Ghent 
nosology

MFS (n=35)

FTAAD (n=15)

LDS (n=4)

MVPSe (n=1)

Lujan Fryns 
syndrome (n=1)

Aneurysm UO 
(n=24)
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diagnosis was 41%. Besides MFS (13%) many other important diagnoses were made, including 

FTAAD in 6%, LDS in 1% and familial MVPS in 1% of the patients. Compared to a study by Rybczynski 

et al., who also evaluated the diagnostic yield of patients referred for a possible diagnosis of MFS, 

we diagnosed MFS less frequently (13%; n=44 vs. their 50%; n=138).5 This might be due to the low 

threshold for referral to our center and a certain selection in the patients referred to their institution. 

They only evaluated 279 patients in 9 years from the Hamburg metropolitan area (approximately 4.3 

million inhabitants), whereas we evaluated 343 patients in 10 years from three northern provinces 

in the Netherlands (approximately 1.7 million inhabitants). However, Rybczynski et al. diagnosed 

FTAAD in 3% and MVPS in 3% of their patients, which is comparable to our results (6% and 1%, 

respectively) and argue against a selection in the German study. Hamod et al. also reported on the 

diagnostic yield of patients referred for a possible diagnosis of MFS. In a relatively small study (n=75) 

they diagnosed MFS in 37% (n=28) of the patients. However, they did not report on other diagnoses 

that were made.6

The cardiovascular relevance of a timely diagnosis of MFS is obvious; MFS predisposes to aortic 

dissection and/or rupture causing significant morbidity and mortality. Lifelong follow-up of the 

aortic (root) dimensions, beta-blocker therapy, prophylactic aortic surgery (when thresholds are 

reached), and screening of family members is indicated as soon as MFS is established.4,11

Likewise, timely diagnosis of FTAAD and LDS is important as both are also characterized by aggressive 

aortic pathology. Family members of patients with these syndromes should also be screened. 

Finally, it is also preferably if familial MVPS is recognized early since it can be accompanied 

by serious complications, such as significant mitral regurgitation, bacterial endocarditis, 

thromboembolism and even sudden cardiac death.12-14

Aortic root dilatation

The diagnostic yield in patients with aortic root dilatation was high: 65% at initial evaluation and 

70% after applying the 2010 criteria. Diagnoses that we made in this patient category were: MFS, 

FTAAD, LDS, familial MVPS and Lujan-Fryns syndrome. As a practical implication, we believe it would 

be reasonable to evaluate all patients younger than 50 years with unexplained aortic root dilatation, 

established by whatever imaging technique, for a possible connective tissue disorder. 

implications of the revised Ghent nosology

In addition to establishing the diagnostic yield of our clinic, we were also able to evaluate the 

implications of the recent revision of the MFS Ghent nosology. Although the 1996 nosology had 

a high specificity for detecting patients with FBN1 mutations and was clinically useful, there were 

points of criticism, stimulating the development of the revised nosology.15 In the 2010 nosology 

more emphasis is placed on cardiovascular manifestations, ectopia lentis and genetic evaluation. 

More attention is also paid to the differential diagnosis. Using the revised nosology for our study 

population led to several changes compared to the outcome of the 1996 nosology. A diagnosis 
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of MFS could be established in 4 additional cases. All patients had aortic root dilatation combined 

with an FBN1 mutation (2 cases) or ectopia lentis (2 cases). These cases nicely illustrate the hallmarks 

and the clinical consequences of the 2010 nosology for MFS. The diagnosis is more straightforward 

and specific characteristics of MFS are highlighted: aortic root dilatation, ectopia lentis and FBN1 

mutations. On the other hand, skeletal features, CNS involvement (dural ectasia), skin abnormalities, 

atypical cardiovascular and ocular manifestations are less relevant in the 2010 nosology. This 

is illustrated by the patient who no longer fulfilled the diagnostic criteria for MFS. Although this 

patient no longer has MFS, this does not have any clinical consequences. Due to the type A aortic 

dissection, regular imaging of the entire aorta is indicated to timely discover and treat a possible 

post-dissection aneurysm. 

Furthermore, the use of the 2010 nosology led to a significant increase in the total number of 

diagnoses made. This was mainly due to an increase in the number of patients diagnosed with MVPS. 

Familial occurrence is no longer required in the 2010 nosology and therefore everyone with solely 

a mitral valve prolapse qualifies for MVPS. As mitral valve prolapse is a common valvular disorder 

(estimated prevalence 2-3%), mostly with a benign course (as opposed to certain familial forms), 

it is debatable whether it is useful to label all these patients as mitral valve prolapse syndrome.12 It 

does not have clinical consequences as these patients are already well defined and guidelines for 

follow-up are available.16 Instead, we believe the term mitral valve prolapse is sufficient in the large 

majority of patients with this valvular disorder.

At initial evaluation, a small number of patients (n=13) with no specific diagnosis had a high 

likelihood of MFS. The 2010 Ghent nosology established definite MFS in 4 of these patients and one 

of them could be diagnosed as ectopia lentis syndrome. The remaining 8 patients are all patients 

with a (suspected) family history of MFS and an FBN1 mutation. In the 2010 nosology it is proposed 

to label children with a family history of MFS and an FBN1 mutation as ‘potential MFS’. We think it 

would be useful to also use this term in adults, as they also have a substantial risk for eventually 

developing definite MFS. They should at least have regular echocardiographic follow-up of aortic 

diameters. An age limit of 50 years for follow-up appears reasonable as the chances of developing 

MFS are not very large if aortic diameters at that age are still normal.

Finally, the revised criteria led to a less frequent diagnosis of MASS phenotype. The diagnostic 

criteria for this phenotype have been changed slightly, but remain rather subjective. In particular 

the criterion of borderline aortic root dilatation is unsatisfying. 

strengths and limitations

One strength of our study is that all the patients were seen by the same team of specialists. Another 

is that we determined the impact of the 2010 Ghent nosology by using it on patients suspected of 

MFS who were initially evaluated by the 1996 nosology, rather than applying the new nosology to 

patients with established MFS according to the old nosology, since this would introduce a bias. In 

addition, we did not evaluate patients with a bicuspid aortic valve at this particular clinic, since this 
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could introduce a bias in the outcome of the analysis. Our study is limited by the fact that not all 

the Ghent criteria were evaluated in each patient, although all the criteria necessary to establish a 

definite diagnosis were evaluated. 

ConCLusion And PrACtiCAL iMPLiCAtions 

The general diagnostic yield of our specialised clinic was high: at initial evaluation, a diagnosis could 

be made in 41% of all referrals. Besides establishing or excluding MFS, our clinic’s evaluation of a 

patient can lead to the diagnosis of other clinically relevant connective tissue disorders, like FTAAD, 

LDS and familial MVPS. Using the 2010 Ghent nosology led to a significant increase in the number of 

diagnoses that were made (diagnoses in 48% of the patients), which was mainly due to a lowering 

of the diagnostic threshold of MVPS. In addition, the 2010 nosology affords a more straightforward 

diagnosis of MFS in patients with aortic root dilatation, ectopia lentis and FBN1 mutations. Finally, as 

the diagnostic yield in patients with aortic root dilatation was particularly high, all such patients (age 

<50 years) should be referred to a specialised MFS clinic to be evaluated for a possible connective 

tissue disorder. 

Acknowledgements 

We thank Jackie Senior for editing the manuscript.



31

Diagnostic yield in adults screened at the Marfan outpatient

2

referenCes 

1.  Gray JR, Bridges AB, Faed MJ, Pringle T, Baines P, Dean J, Boxer M. Ascertainment and severity of Marfan 
syndrome in a Scottish population. J Med Genet, 1994;31:51-54.

2.  Dietz HC, Cutting GR, Pyeritz RE, Maslen CL, Sakai LY, Corson GM, Puffenberger EG, Hamosh A, 
Nanthakumar EJ, Curristin SM, Setten G, Meyers DA, Francomano CA. Marfan syndrome caused by a 
recurrent de novo missense mutation in the fibrillin gene. Nature, 1991;352:337-339.

3.  De Paepe A, Devereux RB, Dietz HC, Hennekam RC, Pyeritz RE. Revised diagnostic criteria for the Marfan 
syndrome. Am J Med Genet, 1996;62:417-426.

4. Loeys BL, Dietz HC, Braverman AC, Callewaert BL, De Backer J, Devereux RB, Hilhorst-Hofstee Y, Jondeau 
G, Faivre L, Milewicz DM, Peyeritz RE, Sponseller PD, Wordsworth P, De Paepe AM. The revised Ghent 
nosology for the Marfan syndrome. J Med Genet, 2010;47:476-485.

5. Rybczynski M, Bernhardt AMJ, Rehder U, Fuisting B, Meiss L, Voss U, Habermann C, Detter C, Robinson 
PN, Arslan-Kirchner M, Schmidtke J, Mir TS, Berger J, Meinertz T, von Kodolitsch Y. The spectrum of 
syndromes and manifestations in individuals screened for suspected Marfan syndrome. Am J Med Genet 
Part A, 2008;146 A:3157-66.

6. Hamod A, Moodie D, Clark B, Traboulsi EI. Presenting signs and clinical diagnosis in individuals referred 
to rule of Marfan syndrome. Ophthalmic Genet, 2003;24:35-39.

7. Hayek E, Gring CN, Griffin BP. Mitral valve prolapse. Lancet, 2005;365:507-518.

8.  Beighton P, De Paepe A, Steinmann B, Tsipouras P, Wenstrup RJ. Ehlers-Danlos syndromes: revised 
nosology. Am J Med Genet, 1998;77:31-37.

9. 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, Pyertiz 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;24:788-798.

10.  Simpson MR. Benign joint hypermobility syndrome: evaluation, diagnosis, and management. J Am 
Osteopath Assoc, 2006;106:531-6.

11.  Aalberts JJ, TW Waterbolk, JP van Tintelen, Hillege HL, Boonstra PW, van den Berg MP. Prophylactic aortic 
root surgery in patients with Marfan syndrome: 10 years’ experience with a protocol based on body 
surface area. Eur J Cardiothorac Surg, 2008;34:589-594.  

12.  Freed LA, Levy D, Levine RA, Larson MG, Evans JC, Fuller DL, Lehman B, Benjamin EJ. Prevalence and 
clinical outcome of mitral-valve prolapse. N Engl J Med, 1999;341:1-7.

13.  Avierinos JF, Gersh BJ, Melton LJ, Bailey KR, Shub C, Nishimura RA, Tajik AJ, Enriquez-Sarano M. Natural 
history of asymptomatic mitral valve prolapse in the community. Circulation, 2002;106:1355-1361.

14.  Pocock WA, Bosman CK, Chesler E, Barlow JB, Edwards JE. Sudden death in primary mitral valve prolapse. 
Am Heart J, 1984;107:378-82.

15.  Loeys B, de Backer J, van Acker P, Wettinck K, Pals G, Nuytinck L, Coucke P, De Paepe A. Comprehensive 
molecular screening of the FBN1 gene favors locus homogeneity of classical Marfan syndrome. Hum 
Mutat, 2004;24:140-146.

16.  Vahanian A, Baumgartner H, Bax J, Butchart E, Dion R, Filippatos G, Flachskampf F, Hall R, Iung B, Kasprzak 
J, Nataf P, Tornos P, Torracca L, Wenink A. Guidelines on the management of valvular heart disease: The 
Task Force on the Management of Valvular Heart Disease of the European Society of Cardiogy. Eur Heart 
J, 2007;28:230-268.

17.  Kyndt F, Gueffet JP, Probst V, Jaafar P, Legendre A, Le Bouffant F, Toquet C, Roy E, McGregor L, Lynch SA, et 
al. Mutations in the gene encoding filamin A as a cause for familial cardiac valvular dystrophy, 2007;115:40-
49.



32



33

CH
A

PT
ER3

the many faces of aggressive aortic pathology: 
Loeys-dietz syndrome

Jan J.J. Aalberts
Maarten P. van den Berg

Jorieke E.H. Bergman
Gideon J. du Marchie Sarvaas

Jan G. Post
Hans van Unen

Gerard Pals
Piet W. Boonstra

J. Peter van Tintelen

Neth Heart J. 2008;16:299-304



34

Chapter 3

ABstrACt

Background 

Loeys-Dietz syndrome (LDS) is a new disorder of connective tissue which shares overlapping 

features with Marfan syndrome (MFS) and the vascular type of Ehlers-Danlos syndrome, including 

aortic root dilatation and skin abnormalities. It is clinically classified into types I and II. LDS type I can 

be recognized by craniofacial characteristics, e.g. hypertelorism, bifid uvula or cleft palate, whereas 

these are absent in LDS type II. It is important to recognize LDS because its vascular pathology is 

aggressive. We describe nine LDS patients from four families, relate their features to published cases, 

and discuss important aspects of the diagnosis and management of LDS in order to make clinicians 

aware of this new syndrome. 

Results 

Characteristics found in the majority of these LDS patients were aortic root dilatation, cleft palate 

and/or a bifid/abnormal uvula.

Conclusion 

Because aortic dissection and rupture in LDS tend to occur at a young age or at aortic root diameters 

not considered at risk in MFS, and because the vascular pathology can be seen throughout the 

entire arterial tree, patients should be carefully followed up and aggressive surgical treatment is 

mandatory. Clinicians must therefore be aware of LDS as a cause of aggressive aortic pathology and 

that its distinguishing features can sometimes be easily recognized. 
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introduCtion

Aortic dissection and rupture can be associated with generalized connective tissue disorders, 

especially when these catastrophic events occur at a young age. The vascular type of Ehlers-Danlos 

syndrome (EDS) and Marfan syndrome (MFS) are the most prevalent connective tissue disorders 

in these patients.1,2 Recently, however, a new connective tissue disorder, Loeys-Dietz syndrome 

(LDS), has been described, which is also accompanied by these severe aortic complications.3 LDS 

is an autosomal dominantly inherited disorder of connective tissue caused by mutations in the 

transforming growth factor beta (TGF-β) receptor 1 or 2 genes.3,4 The exact prevalence is unknown 

but given the fact that LDS has only recently been discovered, many cases might not have been 

diagnosed yet. The first type of this syndrome (LDS type I) has many overlapping features with 

Marfan syndrome (MFS), including aortic root dilatation, arachnodactyly (long slender fingers), 

dolichostenomelia (thin body habitus and long extremities), pectus deformity and joint laxity, 

whereas LDS type II has features that overlap with the vascular type of EDS. (see table 1 for an 

overview of differentiating characteristics of the syndromes)3,4 Vascular pathology in LDS, however, 

is more aggressive than in MFS. 3-5 It is therefore of uttermost importance to recognize this disorder. 

This is facilitated by distinctive, frequently occurring and easily recognizable characteristics of LDS 

(see table 1).3,4 

vascular Marfan LDS 1 LDS 2 EDS 4

Aortic aneurysm/dissection ++ +++ +++ +++
Tortuosity - +++ +++ -
ASD - + + -
skeletal
Arachnodactylya +++ ++ ++ -
Dolichostenomeliab ++ + -
Pectus abnormalities ++ ++ ++ -
Joint laxity ++ ++ +++ + (small joints)
Pes equinovarusc - + +

facial                                                                                                                                               “old looking”, deep set eyes
Craniosynostosisd - +/++ - -
Hypertelorisme - +++ - -
Cleft palate/bifid uvula - +++ + (uvula) -
skin
Excessive striae + - - -
Easy bruising - +++ ++
Soft, velvety translucent - + ++/+++ +++
eyes
Ectopia lentisf ++ - - -
other
Rupture large organs - - +/++ ++

The presence or absence of features in italic and underlined might help to differentiate from Marfan syndrome
- = infrequently, + = around 25-50%, ++ = around 50-75%, +++ = >75%, a = long slender fingers
b = thin body habitus and long extremities, c = clubfeet, d = premature closure of cranial sutures 
e = increased distance between pupil, f = lens subluxation 

table 1.  Major clinical features of Loeys-Dietz syndromes type 1 and 2, Marfan syndrome and the vascular type 
of Ehlers Danlos syndrome (type IV). 
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In order to publicize these features, we here describe 9 patients, from 4 families, who presented at 

our department and in whom we genetically confirmed LDS. In addition, we discuss some important 

aspects concerning the diagnosis and management of LDS.

PAtients And Methods 

Patients 

All patients and families were referred to our Marfan outpatients’ clinic for evaluating a possible 

diagnosis of MFS or other connective tissue disorder. Subjects were characterized both clinically 

and genetically, and the diagnosis of LDS was confirmed by a mutation in the TGF-β receptor 1 or 2 

gene in 7/9 patients. In one family the results of DNA analysis are still pending. 

Mutation analysis 

DNA analysis of the TGFBR1 and TGFBR2 genes was performed by direct DNA sequencing of genomic 

DNA, using the BIG Dye version 3 dye terminator kit (Applied Biosystems, Torrence, CA, USA). Primer 

sequences are available on request.

resuLts

Clinical and genetic evaluation

Index patient A was a 21-year old woman (figure 1) who was referred for a Marfanoid habitus. 

Echocardiographic assessment revealed an aortic root aneurysm and an impaired left ventricular 

function with hypokinetic apical and septal regions. In addition, the pulmonary artery was dilated 

(figure 2). Further clinical characteristics are summarized in table 2. DNA sequencing revealed a 

previously described missense mutation c.1609C>T (p.Arg537Cys)6 in the TGF-β receptor 2 gene. It 

could not be found in her parents, implying a de novo mutation. 

figure 1. Patient A: this patient did not demonstrate typical craniofacial characteristics of LDS type I, e.g. 
hypertelorism, cleft palate, bifid uvula or malar hypoplasia. In lateral view, only a slight retrognathia can be 
recognized. 
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Index patient B was a 4-year old boy (figure 3) who was referred for a syndromal diagnosis. At 

birth he was diagnosed with a cleft palate with a bifid uvula and a windmill deformity of his left foot 

(figure 4) and, at age 4 months, an aortic root aneurysm was also found. His clinical characteristics 

are listed in table 2. DNA sequencing revealed a novel c.1051G>C (p.Asp351His) mutation in the 

TGF-β receptor 1 gene. Genetic screening in his parents did not find the mutation, implying a de 

novo mutation.

Index patient C was a 23-year old woman who was evaluated at our clinic in 1999 because of a 

family history of aortic dissection. Her mother suffered from an acute type A aortic dissection at the 

age of 40 years and died from a ruptured abdominal aneurysm three years later. Patient C did not 

meet the formal MFS (Ghent) criteria7 but did show an aortic root aneurysm. In addition, she had a 

cleft palate. Her characteristics are given in table 2. Her brother (C-II) was also evaluated at our clinic 

at the age of 19 years. He had been diagnosed with an aortic root aneurysm and also had a cleft 

palate. His clinical characteristics are listed in table 2. He underwent a Bentall procedure at the age 

figure 2. Echographic image (parasternal short axis view) in patient A demonstrating marked dilatation of the 
pulmonary artery, including the root, the trunk and the branches (a. pulmonalis sinistra and dextra). Dimensions 
were 2.9 cm, 2.7 cm, 1,4 cm and 1.4 cm, respectively, which is too large relative to the limited body surface area.

figure 3. Patient B demonstrating several 
facial abnormalities; malar hypoplasia, long 
philtrum and thin upper lip (although none is 
specific for LDS). 

figure 4. Left foot of patient B demonstrating a 
windmill deformity.
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of 22 years because of an aortic root aneurysm of 51 mm and experienced a myocardial infarction 

shortly after surgery due to an unknown cause. A computed tomography (CT) scan of the coronary 

arteries did not reveal any explanation for the myocardial infarction but did show a rapid tapering 

of the right coronary artery and the left anterior descending coronary artery. At the age of 24 years 

he died suddenly during physical activity. DNA sequencing is pending.

Index patient D was a 42-year old man who presented along with his 6-year old daughter and 

his 3-year old son. At the age of 33 years he underwent an aortic valve replacement for severe aortic 

insufficiency. Two years later he had a reoperation because of an aortic root aneurysm of 52 mm. 

He did not fulfil the MFS (Ghent) criteria and had a bifid uvula. His 6-year old daughter (D-II) had 

a congenital joint dislocation of her right hip. In addition, she had an aortic root aneurysm and a 

bifid uvula (figure 5). His 3-year old son (D-III) also had a bifid uvula. Further characteristics of these 

subjects are given in table 2. The brother (D-IV) of the index patient (D) had undergone a Bentall 

procedure and a partial aortic arch replacement because of aneurysms of these parts of the aorta.  

He was born with pes equinovares (clubfeet) and underwent surgery for bilateral inguinal hernia. 

His daughter (D V) also has an inguinal hernia and a mild scoliosis. The mother of D and D-IV died 

of the consequences of a ruptured type B aortic dissection when she was 56 years old. In all the 

patients from family D we identified a c.1609C>T (p.Arg537Cys) mutation in the TGF-β receptor 2 

gene, conforming a diagnosis of LDS.

figure 5. Patient D-II demonstrating a bifid uvula, one of the typical characteristics of LDS. This characteristic 
was also seen in patients B, C, C-II, D and D-III.

disCussion

In 2005 Loeys and Dietz described a new autosomally dominant inherited disorder of connective 

tissue which shares many similarities with MFS and the vascular type of EDS (see table 1).3,4 

However, there are apparent phenotypic differences which are important for both the recognition 

and treatment of the syndromes. Typical and easily recognizable characteristics that distinguish 

LDS type I from MFS are hypertelorism (increased distance between the pupils), cleft palate or 

bifid uvula, generalized arterial tortuosity, craniosynostosis (premature closure of cranial sutures), 
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patent ductus arteriosus and atrial septal defect, whereas LDS type II patients demonstrate skin 

abnormalities (easy bruising, translucent velvety skin), joint laxity and rupture of visceral organs 

(see also table 1 and 2).3,4 Ectopia lentis (lens subluxation), which can be found in 40-56% of patients 

with MFS, as well as other ocular manifestations are absent in LDS.3,4,8 However LDS is clinically 

highly variable, as demonstrated by our nine patients with LDS.9 This variability may hamper proper 

classification in the two subtypes of the syndrome. Note for example the differences between 

patients A and B (table 2, figures 1, 2 and 3). Remarkably, none of our patients demonstrated 

hypertelorism (increased distance between pupils) or craniosynostosis (premature closure of cranial 

sutures), which are allegedly encountered in 90% and 50% of LDS type I patients, respectively.4 In 

addition, arterial tortuosity, although it has not yet been systematically evaluated in all our patients, 

was not found in our group.  This example underscores the wide clinical variability and the need for 

a critical evaluation of all patients presenting with one of the symptoms of the syndrome. 

Patients with LDS type I tend to require earlier cardiovascular surgery and have a shorter life 

expectancy than those with LDS type II.4 However, it should be kept in mind that all LDS patients 

show aggressive vascular disease and thus all require careful follow-up and management; we will 

discuss this later. Patients suspected of having LDS should undergo a physical examination, paying 

special attention to the typical characteristics of LDS, echo cardio graphic assessment and genetic 

testing for TGF-β receptor 1 and 2 gene mutations. 

An altered signalling of the TGF-β cytokine family, which plays an important role in cell 

proliferation and differentiation, apoptosis and extracellular matrix formation, underlies both LDS 

and MFS.10,11 The altered TGF-β signalling causes disarrayed elastic fibres and loss of elastin content 

in the aortic media, predisposing to dilatation and dissection of the aortic wall.3 In MFS an abnormal 

fibrillin protein causes an increased activity of TGF-β and this leads to the typical phenotypic 

characteristics of the disease.11 However, in LDS, disruption of the normal TGF-β signalling takes 

place at the level of the TGF-β receptors.3 Mutations in either the TGF-β receptor 1 or 2 genes have 

been identified in one-third and two-thirds of LDS patients, respectively.3,4 

As TGF-β molecules also play an important role in cardiovascular embryogenesis, including 

guidance of the formation of the ventricular myocardium, mutations in the TGF-β receptors could 

well have an effect on ventricular function and might underlie the impaired left ventricular function 

with hypokinetic apical and septal regions in patient A, a feature which has not been described in 

patients with LDS.12 

The recognition of LDS is especially important from a management point of view. Cardiovascular 

disease seems to be more aggressive and widespread in LDS than in MFS. Recently Williams et 

al.5 reported aortic rupture and dissection in young patients and in patients with aortic root 

diameters not considered at risk in MFS (< 4.5 cm), in addition they reported high rates of repeat 

surgical interventions. Furthermore, aneurysms were not confined to the aortic root but occurred 

throughout the entire arterial tree.5,13 

The above observations have important clinical consequences for patients with LDS. Firstly, 
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table 3. Indications for surgical intervention in Loeys-Dietz syndrome* 

Adults
a. Aortic root > 4.0 cm or expanding rapidly (> 0.5 cm/year)
b. Descending thoracic aorta > 5.0 cm or expanding rapidly (> 0.5 cm/year)
c. Abdominal aorta > 4.0 cm or expanding rapidly (> 0.5 cm/year)
d. Rapid expansion of peripheral aneurysms

Children 
a. 1. Severe craniofacial features: aortic root z-score > 3.0 or expanding rapidly (> 0.5 cm/year) 

2. Mild craniofacial features: aortic root z-score > 4.0 or expanding rapidly (> 0.5 cm/year)
b. Effort should be made to delay surgery until the annulus reaches 1.8 cm, allowing placement of a 

valve-sparing graft of sufficient size to accommodate growth
c. Large size or rapid expansion of the descending aorta or other vessels

*derived from Williams et al.5 

after establishing the diagnosis, regular repeated echocardiographic assessment should be 

performed, paying particular attention to the aortic root diameter and the growth of this diameter. 

In addition, patients should undergo MR angiography from head to pelvis to discover other possible 

aneurysms.5 Secondly, when there is an aortic root aneurysm present, beta-blockade therapy 

should be initiated to reduce further dilatation. Alternatively, LDS patients might benefit more from 

losartan, an angiotensin II receptor antagonist, as this drug antagonizes TGF-β and has proven to be 

effective in mouse models of MFS.14 Thirdly, surgical intervention should probably be considered 

earlier than in MFS. Current recommendations for adult and paediatric patients, as proposed by 

Williams et al., are summarized in table 3.5 However, it should be noted that these recommendations 

were not empirically established. Since little is known about the natural history of the syndrome, 

these are the only recommendations currently available. Earlier intervention should be considered 

based upon the family history or an assessment of risk versus benefit for an individual patient. 

Although vascular disease is aggressive in LDS, patients do not have friable vascular tissue, 

unlike the vascular type of EDS, and they appear to tolerate surgery well in an elective setting.5,15 

After surgical intervention, follow-up should be continued and regular imaging of the entire arterial 

tree should be performed so that new arterial pathology can be recognized and treated in good 

time. 

ConCLusion

We have described nine LDS patients and discussed important aspects concerning the diagnosis 

and management of the disease. Every cardiologist and cardiothoracic surgeon, particularly those 

specializing in aortic pathology, should be aware of this new syndrome. Young patients presenting 

with aortic dissection, aortic root aneurysm, or aneurysms elsewhere should be evaluated for LDS. 

A simple physical examination – checking for hypertelorism, cleft palate or bifid uvula and skin 

abnormalities – can provide important clues to the presence of the syndrome. Given the potentially 

aggressive nature of LDS, careful follow-up and early surgical intervention are mandatory. 
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ABstrACt

So far only mutations in the filamin A gene (FLNA) have been identified as causing familial mitral 

valve prolapse (MVP). Previous studies have linked dysregulation of the transforming growth factor 

beta (TGF-β) cytokine family to MVP. We investigated whether mutations in the TGF-β receptors 

genes type I (TGFBR1) and II (TGFBR2) underlie isolated familial MVP cases. Eight families with 

isolated familial MVP were evaluated clinically and genetically. Ventricular arrhythmias were present 

in five of the eight families and sudden cardiac death occurred in 6 patients. Tissue obtained during 

mitral valve surgery or autopsy was available for histologic examination in 6 cases; all demonstrated 

myxomatous degeneration. A previously described FLNA missense mutation (p.G288R) was 

identified in one large family, but no mutations were discovered in TGFBR1 or TGFBR2. Our results 

suggest that TGFBR1 and TGFBR2 mutations do not play a major role in isolated myxomatous 

valve dystrophy. Screening for FLNA mutations is recommended in familial myxomatous valvular 

dystrophy, particularly if X-linked inheritance is suspected.   
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introduCtion

Mitral valve prolapse (MVP) is a common cardiac abnormality with an estimated prevalence of 2-3%.1 

It is characterized by single or bileaflet systolic billowing of the mitral valve into the left atrium. 

There is often leaflet thickening and redundancy, histologically characterized by myxomatous 

degeneration (Barlow disease).2 The natural history of MVP varies from asymptomatic with normal 

life expectancy to serious complications such as significant mitral regurgitation (MR), bacterial 

endocarditis, thromboembolism and even sudden cardiac death.1,3,4 Although these complications 

are uncommon, MVP is the most frequent cause of isolated MR requiring mitral valve surgery.5,6 

MVP can be part of a generalized connective tissue disorder, especially Marfan syndrome 

(MFS) and sub-diagnostic variants, but usually occurs as an isolated anomaly.7  Isolated MVP cases 

are mostly sporadic but autosomal dominant or X-linked forms have been described. The gene 

encoding filamin A (FLNA) is located on the X-chromosome and was the first gene discovered to 

cause isolated myxomatous valvular dystrophy, of which MVP is the most common form (OMIM 

300017).8 Other studies have identified loci on chromosomes 11, 13, and 16 linked to familial MVP.9-

11 Connective tissue disorders, besides MFS, in which MVP can occur are, for example, Loeys-Dietz 

syndrome and Ehlers-Danlos syndrome.12,13 Dysregulation of the transforming growth factor beta 

(TGF-β) cytokine family is a key factor in the pathogenesis of these syndromes. In addition, Ng et 

al. found a relationship between dysregulation of TGF-β and the development of MVP in a murine 

model of MFS. In the prolapsing valves of the Marfan-mice there was increased activity and signaling 

of TGF-β.14 A recent study also found TGF-β upregulation in the mitral valves of patients with isolated 

myxomatous MVP.15 

We therefore investigated whether mutations in the genes encoding the TGF-β receptors type 

I (TGFBR1) and II (TGFBR2) underlie non-syndromal familial MVP. As FLNA mutations have been 

previously shown to cause myxomatous valvular dystrophy, we also screened our patients for 

mutations in this gene.

Methods

All families with isolated familial MVP known at our cardiogenetics outpatient clinics in two centers 

(University Medical Center Groningen and Antonius Hospital Sneek) were included in this study. 

Routine procedures at the cardiogenetics outpatient clinic include: complete evaluation of the 

index patient and constructing a pedigree. We provide letters for the index patients to give to family 

members at risk inviting them to our outpatient clinic for presymptomatic (“cascade”) screening.16 

The clinical and genetic data of the index patients and family members were retrieved from clinical 

records. MVP was defined as echocardiographic single or bileaflet prolapse of at least 2 mm beyond 

the long-axis annular plane. Prolapse with thickening of the valve leaflets greater than 5 mm was 

termed classic prolapse.17 Familial MVP was considered present if there were at least two first- or 

second-degree relatives with MVP. As part of routine procedures, written informed consent was 

obtained from all patients for DNA-analysis, including DNA-analysis for scientific purposes.
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dnA analysis

Genomic DNA was isolated from peripheral blood samples according to standard protocols. 

Bidirectional direct sequencing of the coding regions and flanking intronic sequences of TGFBR1, 

TGFBR2 and FLNA was performed in all index patients, using the BigDye Terminator DNA sequencing 

kit (version 2.0). Results were analyzed by standard software packages. Conditions and primers are 

available upon request. 

resuLts

Clinical evaluation

Eight families with familial isolated MVP were evaluated; seven families from the University 

Medical Center Groningen (family A to G) and one family from the Antonius Hospital Sneek (family 

H). Characteristics of the patients are summarized in Table I and see Figure 1. for pedigrees of all 

families. None of the patients had other anomalies and MFS or other generalized connective tissue 

diseases were excluded in all patients. 

table i. Characteristics of the patients

Patient Age 
(years)

sex echocardiography Lv 
function

Pathologic 
examination

Arrhythmia Mutation

A-1

A-2

39

30

F

M

prolapse AML, early 
systolic MR

prolapse AML, mild MR

normal

normal

NA

NA

-

-

-

-

B-1

B-2 

51

34*

F

M

classic prolapse AML 
and PML, moderate MR 

NA

moderate 

NA

NA

myxomatous 
degeneration 
mitral valve

sustained VT 
(ICD)

VF

-

-

C-1

C-2

C-3

C-4

45

36*

17

46

F

M

F

M

prolapse AML and PML, 
late systolic MR

NA

prolapse PML, mild late 
systolic MR

prolapse AML and PML, 
late systolic MR

normal

NA

normal

normal

NA

myxomatous 
degeneration 
mitral valve

NA

NA

-

VF

-

-

-

-

-

-

D-1

D-2

D-3

18*

42

41

F

M

M

NA 

prolapse AML, late 
systolic MR

NA

NA

normal

NA 

myxomatous 
degeneration 
mitral valve

NA

NA

VF

-

-

-

-

NA
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E-1 29 F classic prolapse AML, 
mild MR

normal NA - -

E-2

E-3

25

48*

M

M

classic prolapse AML 
and PML, mild MR, mild 

annulus calcification, 
bicuspid aortic valve
classic prolapse AML 

and PML, bicuspid 
aortic valve with aortic 

stenosis 

moderate

normal

NA

myxomatous 
degeneration 

mitral and 
aortic valve

SSS and 2nd 
degree AV- 
block (DDD 
pacemaker)
3rd degree 

AV-block (VVI 
pm)

-

-

F-1

F-2

F-3

54

29*

24

F

M

F

classic prolapse AML 
and mild MR

NA

prolapse AML, mild MR

normal 

NA

moderate

NA

myxomatous 
degeneration 
mitral valve

NA

non-sustained 

VT (ICD)
VF

-

-

-

-

G-1

G-2

38

33

F

F

classic prolapse AML 
and PML, mild late 

systolic MR
classic MVP

normal

normal

NA

NA

-

-

-

-

H-1 26 M prosthetic valve, dilated 
left ventricle 

moderate NA - FLNA

H-2

H-3

H-4

H-6

H-5

19*

50

86

23

57

M

F

F

F

F

classic prolapse AML 
and PML

prolapsed AML

prolapse AML

normal

normal

normal

normal

normal

normal

normal

myxomatous 
degeneration 
mitral valve

NA

NA

NA

NA

VF

-

3rd degree AV-
block (DDD-R 

pm)

-

-

FLNA

FLNA

FLNA

FLNA

FLNA

AML: anterior mitral valve leaflet, AVR: aortic valve replacement, DDD-R, dual-dual-dual-rate, F: female, ICD: 
implantable cardioverter defibrillator, LV: left ventricular, M: male, MR: mitral regurgitation, MVR: mitral valve 
replacement, NA: not available, PML: posterior mitral leaflet, PVC: premature ventricular complex, SSS: sick 
sinus syndrome, VF: ventricular fibrillation, VT: ventricular tachycardia 
- not present
* sudden cardiac death
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Patient A-1 was a 39-year-old woman who was referred to our MFS outpatient clinic because 

of a long and slender body habitus and a mid-systolic click on auscultation of the heart. Aortic 

dimensions were normal on echocardiography but a prolapse of the anterior mitral valve leaflet 

(AML) and late systolic MR were discovered. No other signs of MFS were present. She had a 30-year-

old brother (patient A-2) with a prolapse of the AML accompanied by mild regurgitation. Aortic 

diameters were normal but he had a dilated left ventricle with a normal ejection fraction.

Patient B-1 was a 51-year-old woman who was also evaluated for a possible diagnosis of MFS. 

She had a classic prolapse of the AML and posterior mitral valve leaflet (PML) with moderate MR, 

aortic diameters were normal. Her brother (patient B-2) had died suddenly at the age of 34 years 

and autopsy had shown an abnormally formed mitral valve with myxomatous degeneration, 

aortic dimension were normal. Holter examination of patient B-1 showed frequent non-sustained 

ventricular tachycardias (VT). This, combined with her family history, was reason to implant a 

cardioverter defibrillator (ICD). Two months post implantation she experienced a sustained VT 

which was successfully terminated by the ICD. 

Patient C-1 was a 45-year-old woman who was evaluated because her brother (patient C-2) had 

died suddenly at the age of 36 years. Autopsy had documented a floppy mitral valve and a rupture of 

one of the chordae (Fig. 2). Aortic dimensions were normal. On microscopic examination there was 

extensive myxomatous degeneration of the mitral valve. Echocardiography of patient C-1 showed 

a prolapse of the AML and PML with mild late systolic MR. Her 17-year-old daughter (patient C-3) 

had a prolapse of the PML and late systolic MR. Patient C-1’s younger brother (patient C-4) was also 

figure 1. Pedigrees of all families. Filled symbols: individuals with a MVP. Filled symbols family H: individuals with 
a MVP and the FLNA missense mutation (p.G288.R). Patients H-5 and H-6 have the FLNA missense mutation but 
do not have a MVP. 
* denotes patients with (sustained) ventricular arrhythmias
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evaluated. On echocardiography there was a prolapse of the AML and PML with mild late systolic 

MR. Aortic dimensions of patients C-1, C-3 and C-4 were normal.   

Patient D-1 was an 18-year-old woman who collapsed due to ventricular fibrillation while 

giving an oral presentation at high school. Cardiopulmonary resuscitation was unsuccessful. 

Autopsy demonstrated an enlarged and thickened mitral valve showing extensive myxomatous 

degeneration. Her uncle (patient D-2) had a prolapse of the AML with mild late systolic MR, but in 

contrast to his niece he had no thickening of the mitral valve. In both patients aortic dimensions 

were normal. Patient D-1’s father (patient D-3) had died aged 41 years of a non-cardiac cause when 

she was 17 years old, cardiac analysis was never performed. 

Patient E-1 was a 29-year-old woman who was evaluated because of familial occurrence 

of valvular heart disease. Echocardiography demonstrated a classic prolapse of the AML with 

moderate MR. Her brother (patient E-2) had a classic prolapse of the AML and PML with mild 

holosystolic MR. He had received a DDD-R pacemaker because of a “sick sinus syndrome” and a 

2nd degree atrioventricular block. They had a sister who had died neonatally of heart failure. The 

autopsy report mentioned a ‘glassy papillary thickening of all heart valves’. Their father (patient E-3) 

had a classic MVP, a tricuspid valve prolapse (TVP), and a bicuspid aortic valve. At the age of 44 years 

figure 2. Postmortem examination of the mitral valve of patient C-2, which, on measurement, revealed an 
expansion of the mitral valve area and dilatation of the mitral valve ring. The mitral valve leaflets were dome-
shaped and expanded due to myxomatous change. Several chordae of the posterior mitral valve leaflet were 
ruptured. 
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he was operated on because of severe aortic stenosis and severe MR, both valves being replaced by 

mechanical prostheses. Postoperatively a VVI pacemaker was implanted because of 3rd degree AV-

block. Four years later he died suddenly, but no autopsy was performed. All patients in this family 

had normal aortic diameters. 

Patient F-1 was a 54-year-old woman who was evaluated because her son (patient F-2) had died 

suddenly due to ventricular fibrillation (VF) at the age of 29 years. Autopsy had shown myxomatous 

degeneration of the mitral valve. Echocardiography of patient F-1 revealed a classic prolapse of 

the AML with mild MR. She received an ICD because of non-sustained VT-’s, unexplained syncope 

and her family history. Her daughter (patient F-3) was also screened and a prolapse of the AML was 

discovered. All patients in this family had normal aortic diameters. 

Patient G-1 was a 38-year-old woman who was evaluated because of palpitations. On 

echocardiography a classic prolapse of the AML was visible with moderate MR. Her sister (patient G-2) 

had a classic prolapse with late-systolic moderate MR. Both patients had normal aortic diameters. 

Patient H-1 was a 26-year-old man who was referred for evaluation of a possible genetic cause of 

his mitral valve pathology, aortic root dilatation (aortic root diameter: 39 mm; maximum predicted 

aortic root diameter: 36 mm) and dilated left ventricle.18 At the age of 3 years he had received a 

mechanical prosthetic valve (Björk-Shiley 23 mm) in the mitral valve position due to severe MR and 

figure 3. Microscopy (after hematoxylin and eosin staining) of the mitral valve leaflet of patient H-2  showing a 
superficial stromal nodule with surface fibrosis and extensive myxomatous change. Original magnification 200x.
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stenosis. He had a brother (patient H-2), who had died suddenly at the age of 19 years, who also 

had mitral valve pathology. Since his youth he had a classic prolapse of the AML and PML with 

myxomatous degeneration. In addition, the other valves (aortic, pulmonary and tricuspid) were also 

abnormal, being thickened and having abundant tissue. Furthermore, he had a muscular ventricular 

septal defect. At the age of 18 years he was operated on because of severe MR. Pathologic 

examination of the resected valve-tissue showed myxomatous degeneration (Fig. 3). One year later 

he died suddenly. Besides the known valve pathology, autopsy revealed no other anomalies. Their 

mother (H-3) and grandmother (H-4) were also evaluated and both had a prolapse of the AML. No 

anomalies were discovered on the echocardiogram of their aunt (H-5) and her daughter (H-6).

Genetic evaluation

TGFBR1, TGFBR2 and FLNA were analyzed by direct sequencing in all index-patients. This led to the 

identification of a previously described FLNA missense mutation (c.862G>A), leading to a change 

of amino acid glycine into arginine at position 288 (p.G288R) in family H.8 Family members were all 

shown to be carriers of the mutation. No mutations in TGFBR1 and TGFBR2 were identified and there 

were no FLNA mutations found in families A-G.

disCussion

Until now, only mutations in the FLNA gene have been demonstrated to cause isolated MVP. In 2007 

Kyndt et al. described 4 families having myxomatous valvular dystrophy, transmitted in an X-linked 

recessive pattern.8 They identified 4 different mutations in FLNA causing the valvular dystrophy; 3 

missense mutations and one 1944-bp genomic deletion of exons 16 to 19. 

FLNA is one of the 3 filamin genes expressed in humans and filamin A is a protein that crosslinks 

filamentous actin (an important component of the cytoskeleton) into orthogonal networks, 

contributing to both strength and flexibility of cells.19 The FLNA mutations lead to impaired binding 

abilities of filamin A which eventually influences the elastic properties of cells. As FLNA is located 

on the X-chromosome, women carrying FLNA mutations are usually unaffected or only mildly 

affected as they have another (normal) FLNA gene copy on their second X-chromosome. Besides a 

major component of the cytoskeleton, filamin A is also involved in the regulation of TGF-β signaling 

through interaction with SMADs (signal transducer- and transcriptional modulator-proteins).20 The 

TGF-β signaling pathway is one of the many regulatory pathways involved in controlling normal 

and abnormal cardiac valve development. Genetic deletion of SMAD6, which inhibits TGF-β 

signaling, causes atrioventricular canal and outflow tract valve primordial hyperplasia in mice.21 

TGF-β signaling plays a role in endocardial cushion formation and endothelial to mesenchymal 

transdifferentiation (EMT) of endocardial endothelial cells, a crucial step in the development of the 

mitral valve. In addition, when EMT is completed, TGF-β activity and other signaling mechanisms 

induce mesenchymal cell proliferation, another important process in the development of the mitral 

valve.22 Furthermore, TGF-β plays an important role in the pathogenesis of MFS and Loeys-Dietz 
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syndrome, in which MVP can be present. 

Based on the above premises, and a recent study demonstrating upregulation of TGF-β in the 

mitral valves of patients with isolated myxomatous MVP, we argued that isolated familial MVP might 

be caused by mutations in the TGF-β receptors I and II.15 However, we found no mutations in TGFBR1 

and TGFBR2 in our group of eight families, suggesting that mutations in these genes generally do 

not cause isolated familial MVP. This confirms earlier observations by Arrington et al. that TGFBR1 

and TGFBR2 mutations are absent in isolated valve pathology.23 Although our patient group was 

relatively small, it was well defined and important disease was clearly present; MVP affected all index 

patients, ventricular arrhythmias were present in at least 5 of the 8 families, and 6 family members 

had died suddenly. The high prevalence of ventricular arrhythmias and sudden cardiac death in our 

patient group is striking, although there might be a referral-bias to our tertiary center. Indeed the 

association between MVP and sudden cardiac death has been established, still the exact cause of 

the malignant ventricular arrhythmias remains obscure. In sudden death survivors with solely a MVP, 

a high background rate of complex ventricular ectopy (ventricular bigeminy and/or non-sustained 

VT) has been reported. This frequent ventricular ectopy might be caused by mechanical reasons 

from the MVP, but why they deteriorate in to even more malignant arrhythmias remains unknown.24

Although no mutations were identified in TGFBR1 and TGFBR2 in our patients, we did, however, 

identify a previously described p.G288R missense mutation in FLNA in family H. Phenotypic 

characteristics in this family varied from normal (patient H-5 and H-6) to asymptomatic, MVP (patient 

H-3 and H-4) in female carriers to early onset of polyvalvular pathology (patient H-2) and sudden 

death in affected males. Aortic root dilatation was also present in one of these patients (patient 

H-1). In the 4 families described by Kyndt et al., the cardiac phenotype was mainly characterized 

by dystrophy of the mitral and/or aortic valve.8 Involvement of the tricuspid and pulmonary valves 

occurred less frequently and aortic root dilatation was not reported.8 In Table II we summarize the 

clinical characteristics of all the patients having an p.G288R missense mutation in FLNA. Besides 

causing X-linked valvular dystrophy, FLNA mutations can also cause X-linked periventricular nodular 

heterotopia (OMIM 300017), X-linked chronic idiopathic intestinal pseudo-obstruction (OMIM 

300048), otopalatodigital syndrome types I and II (OMIM 311300), Melnick-Needles syndrome (OMIM 

309350), frontometaphyseal dysplasia (OMIM 305620) and FG syndrome-2 (OMIM 300321). Cardiac 

defects have been described in these diseases, for example aortic coarctation, aortic dilatation, 

aortic regurgitation, aortic stenosis, double outlet right ventricle, hypoplastic left ventricle, left 

ventricular noncompaction, mitral atresia, mitral valve prolapse, patent ductus arteriosus, and 

tricuspid valve prolapse.25-29 Although there are many (unknown) causes of these cardiac defects 

other than FLNA mutations, screening for FLNA mutations could be considered in unexplained 

cases, and in particular in the case of suspected X-linked inheritance.   
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ConCLusion

We screened 8 families with familial MVP for mutations in TGFBR1, TGFBR2 and FLNA. Importantly, 

malignant arrhythmias were present in at least five of them and sudden death occurred in six 

patients. In one family we discovered a previously described FLNA missense mutation but we 

found no TGFBR1 and TGFBR2 mutations, suggesting that such mutations do not play a major role 

in isolated myxomatous valvular dystrophy. These latter findings need to be confirmed in larger 

cohort studies. Screening for FLNA mutations is recommended in familial mitral valve dystrophy, 

particularly if X-linked inheritance is suspected. In other unexplained cardiac defects, screening 

for FLNA mutations could also be considered, again particularly if inheritance is suspected to be 

X-linked.
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table ii. overview of all patients so far described as having an p.G288r FLNA missense mutation

Patient Age at diagnosis sex Clinical characteristics 

H-III-5 26 years M Mitral valve pathology, dilated left ventricle and aortic root 
dilatation

H-III-6 19 years M Myxomatous degeneration mitral valve, thickened tricuspid, 
pulmonary and aortic valve, muscular VSD, sudden cardiac death

H-II-4 57 years F Normal 

H-II-5 50 years F Prolapse AML

H-I-2 86 years F Prolapse AML 

J-IV† 1 day M Dystrophy of all valves and an ASD, died of heart failure 24 hours 
after birth

J-II-2† 41 years M Myxomatous degeneration mitral and aortic valve, persistent 
foramen ovale 

J-II-1†
K-III-1‡

K-III-2‡

30 years
4 years 
3 years

M
M
M

Mitral and aortic valve disease (not further specified) 
Pan-valvular prolapse, bicuspid aortic valve, ASD
Pan-valvular prolapse, membranous VSD

 
† Described by Kindt et al.8  Due to the X-linked inheritance there must be two obligate female carriers in the 
family described by Kindt et al. However, they did not provide any clinical characteristics of these persons, so 
we have not added them to the table. 
‡ Described by Bernstein et al.30 They described an additional 2 female carriers but did not provide any clinical 
characteristics of these persons. So we have not added them to the table.  
AML: anterior mitral valve leaflet, ASD: atrial septal defect, VSD: ventricular septal defect
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ABstrACt 

Background/Methods 

Marfan syndrome (MFS) is a heritable connective tissue disorder usually caused by a mutation 

in the fibrillin 1 (FBN1) gene. Typical characteristics of MFS that have been described are e.g. 

dolichostenomelia, ectopia lentis and aortic root dilatation. However, there is great clinical variability 

in the expression of the syndrome’s manifestations, both between and within families. Here we 

discuss the clinical variability of MFS by describing a large four-generation Dutch family with MFS.

Results

Nineteen individuals of one family with a single missense FBN1 mutation (c.7916A>G) were 

identified. The same mutation was found in one unrelated person. Clinical variability was extensive 

and not all mutation carriers fulfilled the diagnostic criteria for MFS. Some patients only expressed 

mild skeletal abnormalities, whereas aortic root dilation was present in eight patients, an acute type 

A aortic dissection was recorded in two other patients, and a mitral valve prolapse was present 

in eight patients. In some patients cardiac features were not present on initial screening, but did 

however develop over time. 

Conclusion 

MFS is a clinically highly variable syndrome, which means a meticulous evaluation of suspected 

cases is crucial. Mutation carriers should be re-evaluated regularly as cardiovascular symptoms may 

develop over time. 
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introduCtion

Marfan syndrome (MFS) is a heritable connective tissue disorder primarily involving the ocular, 

skeletal and the cardiovascular system.1 The diagnosis is made according to the Ghent nosology 

(Table 1).1 Typical characteristics of MFS are dolichostenomelia (thin body habitus and long 

extremities), ectopia lentis (lens (sub-)luxation), pectus carinatum/excavatum, and aortic root 

dilatation.1,2 There is, however, extensive variability in the phenotype of MFS patients, both between 

and within affected families.3-5 The prevalence of MFS is relatively low, approximately 1:5,000, but 

considering the great clinical heterogeneity less typical patients may well remain undiagnosed.6 

The syndrome is usually caused by a mutation in the fibrillin-1 (FBN1) gene on chromosome 15. 

In about 25% of the patients this is the result of a de novo mutation, in other cases the mutation 

is inherited in an autosomal dominant way.7,8 In rare cases, MFS is caused by a mutation in the 

table 1. Diagnostic criteria for Marfan syndrome according to Ghent nosology.1 At least two major criteria 
from two different organ systems + involvement of a third organ system is required for a diagnosis of Marfan 
syndrome. 

organ system Major criteria Minor criteria

Cardiovascular - aortic root dilatation
- type A aortic dissection

- mitral valve prolapse calcification of the   
mitral annulus <40 years

- dilatation of pulmonary artery <40 years
- dilatation/dissection of descending aorta 

<50 years

skeletal*   (≥4 required)
- pectus carinatum
- pectus excavatum requiring surgery
- pes planus
- wrist and thumb sign
- scoliosis >20° or spondylolysthesis
- arm span-height ratio >1.05
- protrusio acetabulae 
- diminished extension elbows (<170°)

- moderate pectus excavatum
- high narrowly arched palate
- typical face
- joint hypermobility

ocular - ectopia lentis   (≥2 required)
- flat cornea, myopia, increased axial length 

of globe, hypoplastic iris

family/Genetic 
history

- independent diagnosis in parent, child, 
sibling 

  none

- mutation FBN1   none 
Pulmonary   none - spontaneous pneumothorax, apical bulla

skin   none - unexplained striae, recurrent or incisional 
herniae

Central nervous 
system

- lumbal sacral dural ectasia     none

* 2 major or 1 major + 2 minor criteria required for the skeletal system to be involved
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transforming growth factor beta (TGF- β) receptor 1 or 2 genes.9-11 

Although MFS is often the result of a transmitted mutation, large families with MFS spanning 

multiple generations with a single founder mutation have rarely been reported. In this article series 

on recurrent and founder mutations we present a large, four-generation Dutch family and another 

unrelated patient with a single recurrent FBN1 missense mutation that has not been reported 

before. To our knowledge this is one of the largest families described in the literature. On the basis 

of this family and the unrelated patient we discuss the clinical variability of the syndrome. 

PAtients And Methods

Clinical data were collected from the Marfan outpatients’ clinics at the University Medical Center 

Groningen, Radboud University Nijmegen Medical Center, Leiden University Medical Center and 

Academic Medical Center Amsterdam. 

Mutation analysis

Genomic DNA was extracted from peripheral blood leukocytes and mutational analysis of the 

FBN1 gene was performed by Denaturing High Performance Liquid Chromatography (DHPLC) with 

subsequent sequencing of fragments with aberrant patterns.12  

haplotype analysis

Seven repeat markers, D15S132, D15S123, D15S1024, D15S992, D15S1028, D15S126 and D15S119, 

in and around the FBN1 gene were analyzed in three patients from the large pedigree and in the 

unrelated patient and his unaffected sister and mother (primers and conditions are available upon 

request). 

resuLts 

Clinical

Four index patients were evaluated for MFS in four different centers. After diagnosing MFS, DNA 

analysis revealed an identical FBN1 mutation (see below). Subsequent genealogical investigation 

revealed that three of the four index patients could be traced back to one ancestral couple. In 

Figure 1 the pedigree of the family is presented and in table 2 the phenotypic characteristics of the 

patients according to the Ghent nosology are displayed. Nineteen patients all carrying the same 

FBN1 mutation (see below) could be linked to each other (Figure 1). One index patient was shown 

to harbour the identical FBN1 mutation but he could not be linked to the pedigree. Most patients 

expressed important cardiovascular manifestations: eight patients had aortic root dilatation, two 

other patients had an acute type A aortic dissection, and seven had a mitral valve prolapse. In 

some patients cardiac manifestations were not present at the initial screening, but did develop 

over time. For example patient IV-7 showed no cardiac features at the age of ten, but eight years 

later he had an aortic root dilatation and a mitral valve prolapse. Skeletal symptoms varied widely 
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figure 1. Filled symbols: (obligate) carriers of the FBN1 mutation 7916A>G
Index patients marked green

table 2. Characteristics of the subjects according to the Ghent nosology 

organ system

Patient
(age in yrs)

Cardiovascular skeletal ocular skin dural 
ectasia

fBn1 
mutation 

(age in yrs*)

II-1 (80) MVP PP,S,AS,HP - striae na + (74)
II-2 (died at 52) AAD na na na na oc (na)
II-3 (died at 58) na na na na na oc (na)
II-4 (82) - - - herniae - oc ($)
III-2 (died at 39) AAD na na na na oc (na)
III-3 (57) - AS, HP - striae - + ($)
III-6 (58) - HP - striae na oc ($)
III-7 (53) ARD, MVP HP, PE, - striae na + (37)
III-10 (36) MVP WT, S, PE, HP - striae na + (33)
III-12 (53) MVP PE, PP, HP, typical 

face
minor - + + (44)

IV-1 (24) ARD, MVP PC, PP, WT, typical 
face

EL striae na + (11)

IV-3 (29) ARD HP - - na + (11)
IV-5 (34) ARD AS, DE, HP - striae - + (27)
IV-7 (25) ARD HP - striae na + ($)
IV-8 (23) ARD, MVP PC, WT, HP, EL na na + (13)
IV-10 (27) - PP, mild PE, HP, DE EL na na + (15)
IV-11 (31) na WT, mild PE - striae na + (19)
IV-13 (8) MVP HP - - na + ($)
 V-1 (3) ARD PC, PP EL - na + (2)
- (33) ARD,MVP mild PE, JH, PP EL - + (23)

Cardiovascular: ARD aortic root dilatation, AAD type A aortic dissection, MVP mitral valve prolapse
skeletal: AS arm span-height ratio >1.05, DE diminished extension elbows, HP high arched palatum, JH joint 
hypermobility, PC pectus carinatum, PE pectus excavatum requiring surgery, PP pes planus, S scoliosis, WT wrist 
and thumb sign
ocular: EL ectopia lentis na not available, oc obligate carrier, - no manifestations
* age at diagnosis of Marfan syndrome, $ not fulfilling Ghent criteria 
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between the family members, but none of our patients had major involvement of the skeleton. A 

high arched palate was one of the most frequent skeletal manifestations seen in our patients. Also, 

pectus excavatum or carinatum was seen in almost half of the patients. Scoliosis was only seen in 

two patients. In about half of the patients the were no ocular manifestations present. Striae were 

reported frequently as a skin manifestation (in 9 of 20 patients), whereas recurrent herniae were not. 

Lumbosacral MRIs to detect the presence of dural ectasia were performed only in five of the patients, 

of whom one had dural ectasias. None of the patients reported a spontaneous pneumothorax. There 

were five patients (II-4, III-3, III-6, IV-7 and IV-13) who did not completely satisfy the Ghent criteria for 

the diagnosis of MFS at ages 82, 57, 58, 25 and 8 years, respectively.

Genetic analysis

A missense mutation in exon 63 (c.7916A>G) leading to a change of amino acid tyrosine into cysteine 

at position 2639 (p.Y2639C) was identified in all the tested family members (table 2). This amino acid 

concerns a highly conserved residue in calcium-binding epidermal growth factor (EGF)-like domain 

42. The new cysteine residue is predicted to disturb disulphide bonding, which is essential for the 

stability of the EGF-like domains of fibrillin and will affect protein stability. The mutation was absent 

in an ethnically-matched healthy control population (n=1,000 chromosomes) and has not been 

described as a cause of MFS before. 

One index patient (final patient in table 2) could not be linked to the large family, but carries 

the same FBN1 mutation. Both his parents were examined for skeletal, cardiological and ocular 

symptoms but did not show any symptoms of MFS. His mother tested negative for the FBN1 

mutation. His father was not tested. An additional silent DNA variant was detected in exon 43 in this 

patient. This variant, c.5343G>A:[p.V1781V] was not found in the mother and hence is located on 

the paternal allele that contains the mutation in exon 63. 

haplotype analysis 

Haplotype analysis revealed an identical haplotype for affected individuals from the large family 

around the FBN1 gene for seven markers located within a 2.3 Mb region on chromosome 15. This 

haplotype was absent in the unrelated patient who carried the same mutation (data not shown).

disCussion

MFS is diagnosed according to the Ghent nosology (see table 1 for the diagnostic criteria) and 

is usually caused by a mutation in the FBN1 gene.1,7 Fibrillin-1 is an extracellular matrix protein 

regulating TGF-β activity, which is a cytokine that plays an important role in cell proliferation and 

differentiation, apoptosis and extracellular matrix formation.13,14 Increased TGF-β signalling plays an 

important role in the pathogenesis of MFS, causing deleterious effects on, for example the aortic 

wall, the mitral valve, and pulmonary tissue.13,15,16 

More than 1,000 different mutations, spread throughout the entire gene, have been identified 
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in the FBN1 gene.17,18 The types of mutations are diverse, although missense mutations are the most 

prevalent, in particular a missense mutation affecting a cysteine residue, leading to a disruption 

of the tertiary structure of fibrillin.19 Most mutations are unique for a certain MFS family, and only 

approximately 10% of mutations are recurrent in different families.20 In about 25% of individual 

Marfan patients, the syndrome is caused by a de novo mutation in the FBN1 gene. In other cases, 

MFS is the result of an autosomal dominantly transmitted mutation.8 Here we have both situations: 

a recurrent missense mutation which spread through four generations in one family and an 

identical mutation which is believed to be de novo in a single MFS patient. Because the different 

index patients were ascertained in different centres and were not aware of each other and the fact 

that this is a large four generation family, we suggest that this mutation can be considered a founder 

mutation. Large MFS families spanning multiple generations are rare and the MFS family presented 

here constitutes an exception as few such large families have been described in the literature.21 The 

FBN1 mutation described here, was found in one unrelated individual, who had a neutral variant on 

the mutant allele that was not present in the large family. Haplotype analysis of repeat markers in 

and around the FBN1 gene showed no common haplotype. Consequently this mutation does not 

appear to be a founder mutation in this particular index patient. 

The potentially aggressive nature of MFS could explain the rare occurrence of large MFS families. 

Patients with severe (cardiovascular) complications early in life might not produce offspring, making 

multiple-generation families less likely to occur. 

MFS is known for its clinical variability, both between families and within families, as also evident 

in the family we describe. For example, patient II-4, an 82-year old female, and patient II-1, an 80-year-

old female only demonstrated mild manifestations of MFS (herniae and mitral valve prolapse with 

some skeletal abnormalities, respectively). Whereas their brother (patient II-2) developed an acute 

type A aortic dissection at the age of 52 years, which was fatal. The son of patient II-1 (patient III-

2) developed a type A aortic dissection at age 37 years, which was operated on successfully. In 

contrast, her other son (patient III-3), aged 57 years, only expressed mild skeletal abnormalities. Due 

to this clinical variability, ‘mild’ cases may well go unnoticed, as these people will only be recognized 

as having MFS by a meticulous clinical and genetic examination according to the Ghent nosology. 

It is, however, important to recognize these cases, as important (cardiovascular) manifestations and 

complications can develop over time. Family members not completely fulfilling diagnostic criteria 

for MFS should have confirmatory or presymptomatic genetic testing for a possible FBN1 mutation. 

If a FBN1 mutation is present, regular cardiological follow-up is necessary to discover and treat 

possible cardiovascular manifestations in a timely way. 

It is uncertain what causes the clinical variability of MFS. Hutchinson et al. have suggested that 

allelic variation of normal FBN1 expression (of the non-mutated FBN1 allele) might contribute to 

the clinical variability, particularly in patients with premature termination codon mutations, where 

fibrillin-1 is predominantly derived from the normal allele (non-mutated allele).5 In addition, Van 

Dijk et al. described two families with MFS, in which certain individuals had two FBN1 mutations, 
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and suggested that the additional mutations might have a modifying role as a cause of intrafamilial 

variability.22 Giusti et al. found a relationship between severity of cardiovascular manifestations 

and elevated homocysteine levels.4 It should further be kept in mind that many genes are involved 

in the complicated process of extracellular matrix formation, many parts of which have yet to be 

discovered. These genes are likely to play an important role in modifying the phenotypic expression 

of MFS. 

ConCLusion

We have described a unique, large four-generation Marfan syndrome family, in which 19 individuals 

have a single missense founder mutation in the FBN1 gene (c.7916A>G). We also found the same 

mutation in one other, unrelated individual, proving that this mutation can also be recurrent. The 

mutation carriers showed extensive clinical variability in symptoms and signs of MFS and not all 

mutation carriers fulfilled diagnostic criteria for MFS, even at advanced ages. The variability in the 

phenotypic expression makes a careful clinical and genetic evaluation of suspected cases crucial. 

Mutation carriers should undergo regular follow-up with regards to the cardiovascular system as 

symptoms may develop over time. 
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ABstrACt

Cardiovascular manifestations in patients with Marfan syndrome (MFS) are related to aortic and 

valvular abnormalities. However, dilatation of the left ventricle (LV) can occur, even in the absence of 

aortic surgery or valvular abnormalities. We evaluated genetic characteristics of patients with MFS 

with LV dilatation. 182 patients fulfilling the MFS criteria, without valvular abnormalities or previous 

aortic surgery, with a complete FBN1 analysis, were studied. FBN1 mutations were identified in over 

81% of patients. Twenty-nine patients (16%) demonstrated LV dilatation (LV end diastolic diameter 

corrected for age and body surface area >112%). FBN1-positive patients carrying a non-missense 

mutation more often had LV dilatation than missense mutation carriers (14/74 versus 5/75; p<0.05). 

Finally, FBN1-negative MFS patients significantly more often demonstrated LV dilatation than FBN1-

positive patients (10/33 versus 19/149; p<0.05). It is concluded that LV dilatation in MFS patients is 

more often seen in patients with a non-missense mutation and in those patients without an FBN1 

mutation. Therefore physicians should be aware of the possibility of LV dilatation in these patients 

even in the absence of valvular pathology.  
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introduCtion

Marfan syndrome (MFS; MIM#154700) is an autosomal dominant disorder of the connective tissue, 

caused in a majority of cases by mutations in the gene encoding fibrillin-1 (FBN1; MIM#134797). 

More than 600 FBN1 mutations have been reported so far and about 25-30% of cases represent 

de novo mutations (for the FBN1 mutation database see: www.umd.be). The mutation detection 

rate reaches over 80% in patients fulfilling the diagnostic revised Ghent criteria for MFS.1-3 Recently, 

mutations in the transforming growth factor-β receptor 1 and 2 genes (TGFBR1 and TGFBR2) have 

also been identified in a subset of MFS patients who did not carry an FBN1 mutation.4-7 

MFS affects the cardiovascular system amongst others, with the main cardiovascular manifestations 

being aortic dilatation/dissection and valvular abnormalities. In addition, the presence of mild 

left ventricular (LV) dilatation (i.e. increased LV end diastolic dimension (LVEDD)) and/or mild 

impairment of both LV systolic and diastolic function) has been reported, even in patients without 

significant valvular abnormalities or previous aortic surgery.8-14 Elaborating on our previous study, 

in the present study we focussed on LV dilatation and we investigated whether a relationship exists 

between LV dilatation in patients with MFS and genotype.10

PAtient dAtA/MAteriAL/Methods

Patient selection

Patient selection has been reported previously.10 Briefly, 529 consecutive adult (over 17 years of 

age) patients fulfilled the diagnostic revised Ghent criteria for MFS and did not show features 

suggestive for Loeys-Dietz syndrome.6 In 295 patients previous aortic surgery or significant valvular 

abnormalities noted on echocardiogram (moderate or severe aortic and/or mitral regurgitation) 

precluded participation in this study.15 Of the remaining 234 MFS patients, DNA data were available 

for 184 patients. Two more patients were excluded because their DNA results did not allow for a 

single interpretation. We thus had 182 patients in our study group.

echocardiography

Echocardiograms were performed in accordance with standard techniques and as reported 

previously.10,15 Briefly, LVEDD was derived from two-dimensional echocardiograms. For each patient 

the predicted normal value for LVEDD was calculated according to their age and body surface area 

using the regression equations proposed by Henry.17 The LVEDD was expressed as a percentage 

of the predicted value: observed dimension/predicted normal value x100. In accordance with the 

guidelines, 112% (mean + 2SD) was used as the cut-off value for increased LV dimension.18 

dnA analysis

Genomic DNA was extracted from peripheral blood leukocytes or skin fibroblasts. Mutational 

analysis of the FBN1 gene was performed by Denaturing High Performance Liquid Chromatography 

(DHPLC) with subsequent sequencing of fragments with aberrant patterns.19 The effect of potential 
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splice-site mutations was confirmed using reverse-transcription PCR.  If DHPLC analysis was 

negative, additional investigations were performed to elucidate a potential pathogenic role of the 

FBN1 gene, namely: (a) Multiplex Ligation-dependent Probe Amplification (MLPA) analyses to assess 

large genomic duplications or deletions, and (b) determination of potential mono-allelic expression 

on messenger RNA of heterozygous polymorphisms representative for a null allele. If this screening 

was negative, TGFBR1 and TGFBR2 were screened like we described earlier.20 

If an FBN1 mutation was present, we defined its characteristics and the type of mutation, as 

reported previously.3 Mutations were classified into missense and non-missense mutations. 

The missense mutations were categorized into mutations affecting cysteine residues (cysteine 

mutations) or mutations affecting other amino-acids (non-cysteine mutations). Non-missense 

mutations were subcategorized further based upon the results of in-silico prediction-programmes 

and RNA studies when available. The following categories were defined: nonsense mutations, 

mutations leading to in-frame events, mutations leading to out-of-frame events and null alleles. 

When mono-allelic expression of heterozygous polymorphisms on messenger RNA was found, in 

the absence of a mutation in genomic DNA, a null allele was considered causative. Silent mutations 

were defined as mutations which do not lead to an amino-acid change.

 

statistics

Data are presented as a mean with SD or proportions/percentages. Differences between groups 

were evaluated using the Student’s t-test for continuous variables, the Mann-Whitney U test was 

used for non-parametric variables and the Chi-square test for proportions/ percentages. A p-value 

<0.05 was considered to indicate statistical significance. Analyses were performed using IBM SPSS 

Statistics 20.

resuLts

Patients

Data on DNA analyses were available for 184 patients. Two of these patients carried two FBN1 

mutations that may both influence the phenotype. They were therefore excluded from further 

analysis, leaving 182 patients from 120 different families. Ninety-five mutation positive index-

patients, carried 84 different mutations (supplementary Table 1). The mean age of the total group 

was 33.5 ± 11.8 years and 92 (50.5%) were male (Table 1). The mean body surface area was 2.0 ± 0.2 

m2 and the mean aortic root diameter was 41 ± 5.8 (25-57) mm. Two-thirds of patients (122/182) 

were on beta-blocker therapy (Table 1).

echocardiography 

The mean LVEDD in the group of 182 patients was 50.7 ± 5.7mm, which corresponded with 103.3 ± 

9.8% of the predicted value. In 29 patients, from 26 different families, the LVEDD exceeded the upper 

limit of normal (112%)(Table 1). The records of these 29 patients with LV dilatation were reviewed for 
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table 1. Characteristics of the total study group and the subgroups +/- FBN1 mutation, ≤ />LVEDD112% and 
combinations thereof.

Subgroup Male Sex
(%)

Age in years
(SD)

On Beta- 
blockade

Total group
 (n=182) 92 (51%) 33.5 (11.8) 122 (67%)

Total group
 (n=182)

FBN1+ (n=149)
FBN1- (n=33)

68 (46%)
24 (73%) } p<0.05

33.6 (11.8)
33.1 (11.7)

99 (66%)
23 (70%)

Total group 
(n=182)

LVEDD≤112 
(n=153)
LVEDD>112 
(n=29)

70 (46%)

22 (76%) } p<0.01
34.2 (12.1)

29.5  (8.8)

 

101 (66%)

21 (72%)

FBN1 + group
(n=149)

FBN1+/LVEDD≤112 
(n=130)
FBN1+/LVEDD>112 
(n=19)

55 (42%)

13 (68%)

33.9 (12.2)

31.7 (9.1)

84 (65%)

15 (79%)

FBN1 – group
 (n=33)

FBN1-/LVEDD≤112 
(n=23)
FBN1-/LVEDD>112 
(n=10)

15 (65%)

9 (90%)

36.4 (11.9)

25.5 (7.0)
} p<0.05

17 (74%)

6 (60%)

FBN1+=with FBN1 mutation; FBN-=without FBN1 mutation; LVEDD= left ventricular end diastolic dimensions, 
SD= standard deviation, 
All differences are non-significant, unless indicated

factors other than MFS that might explain the dilatation (e.g. hypertension, coronary disease), but 

none of these factors could be identified. No patients suffered from heart failure. Twenty-two of the 

29 patients with LVEDD >112% were male (76%), which is significantly more than in the group of 

MFS patients with LVEDD≤112% (p<0.01)(Table 1).

dnA analysis 

In 149/182 (81.9%) patients a putative pathogenic mutation in the FBN1 gene or a null allele was 

identified, whereas no mutation (n=30) or a silent mutation (n=3 patients carrying 4 silent mutations) 

in FBN1 was found in 33 (18.1%) patients. The groups of patients with or without an FBN1 mutation 

did not differ in terms of diagnostic criteria, mean body surface area, mean aortic root diameter 

or beta-blocker use, but more males (24/33) without an FBN1 mutation were identified (Table 1). 

One TGFBR2 variant (c.1274T>A; p.Met425Lys) was identified in a patient who also demonstrated 

LVEDD >112%. Although a mutation affecting this identical amino-acid residue has been described 

before, its pathogenic character remains to be established as this mutation could not be found in 

the patient’s brother who showed a similar clinical picture.21 In total, 84 different FBN1 mutations 
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table 2: Distribution of number of patients according to type of FBN1 mutation in the two LV dilatation categories

Mutation 
according to 
groups

Subtype of 
mutation

LVEDD≤112% LVEDD>112%

}19 (12.8%)†

FBN1+   
(n=149)

Missense 
(n=75)

non-cysteine 
missense
cysteine-
missense 

37
33    }   70

3 (7.5%)
2 (5.7%)    }  5 (6.7%)*

Non-missense 
(n=74)

in frame
nonsense 
out of frame
null allele 

13
24    }   

60
23
0

5 (27.7%)
2 (7.7%)    } 

14
 

(19.2%)*
5 (17.8%)
2 

FBN1-
(n=33)

23 10                    10 (30.3%) 10 (30.3%)†

Total 153 29

*=p<0.05, †=p<0.05

FBN1+ = with FBN1 mutation; FBN1- =without FBN1 mutation; LVEDD= left ventricular end diastolic dimension 

were identified, 57 of which were unique and 27 of which were found more often. 

Genotype - phenotype relationship 

Table 2 shows the relationship between LV dilatation (LVEDD >112%) and the categories: missense 

mutations, non-missense mutations and absence of an FBN1 mutation. Patients carrying missense 

mutations less frequently (5/75; 6.7%) showed LV dilatation compared to patients having a non-

missense mutation (14/74; 18.9%) (p<0.05) (Table 2).  LV dilatation was present in 10/33 patients 

without an FBN1 mutation or silent mutation carriers (30.3%) versus 19/149 patients carrying an 

FBN1 mutation (12.8%)(p<0.05) (Table 2). Patients in the FBN1-negative group with LVEDD >112% 

were younger than those with normal LVEDDs (25.5 vs. 36.4 years, p<0.05) (Table 1). 

disCussion

Dilated cardiomyopathy, characterised by both marked LV dilatation and systolic dysfunction, in the 

absence of significant valvular pathology is very rare in MFS.18 However, isolated mild LV dilatation 

is relatively common, occurring in about one in six patients with MFS.9,10 This is not an entirely 

unexpected finding given the fact that fibrillin-1 is a component of the myocardium. In the present 

study, we investigated the genotype-phenotype relationship regarding LV dilatation in a large group 

of patients with MFS. Our data show that patients carrying non-missense mutations, more often 

had LV dilatation than patients carrying missense FBN1 mutations. We speculate that this might be 

due to the fact that in the non-missense mutation group haploinsufficiency is believed to be the 

main mechanism leading to disease and this may underlie LV dilatation as well. However, this needs 

confirmation in other series because we were not able to investigate haploinsufficiency due to 
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nonsense mediated mRNA decay in all non-missense mutations (supplementary Table 1). Although 

a dominant negative effect of premature stop-codon-introducing mutations, leading to production 

of shortened proteins, can be expected, this is probably largely eliminated due to preferential 

degradation of transcripts (nonsense mediated mRNA decay), which is believed to be common in 

FBN1 premature termination mutations.22,23 For in-frame deletions, it has been established that the 

mutant protein product interferes with microfibril assembly by a dominant negative mechanism, 

which might also underlie the more severe ventricular phenotype.24 However, the explanations for 

these differences are highly speculative, in particular given the complex interactions of fibrillin with 

other extracellular matrix proteins and growth factors.25-27 Our data also show that it is important 

whether an FBN1 mutation is present or not, because in those patients without such a mutation 

the prevalence of LV dilatation was significantly higher than in those in whom an FBN1 mutation 

was identified. In fact, in nearly one-third of all patients without an FBN1 mutation, the phenotype 

was characterized by LV dilatation. However, there appeared to be a possible sex effect, since males 

more often than females did not harbour an FBN1 mutation and they also showed LV-dilatation 

more often (Table 1). A possible explanation for this phenomenon might be that aortic root size 

in males is on average 2.4 mm larger than females, even after correction for larger body size and 

thus may lead to more MFS diagnoses in males, as enlarged aortic root size is a major criterion in 

the diagnostics of MFS.28,29 As this can be considered a phenocopy, this subsequently may lead to 

a lower yield in FBN1 analysis. Another explanation might be the presence of a yet unrecognised 

phenocopy with MFS (-like) features and enlarged LV diameters, which is more predominant in 

males. Although we can not provide a conclusive explanation for the observed male predominance, 

this may have led to a potential confounder effect in the analyses. Recently, mutations in TGFBR2, 

encoding transforming growth factor b (TGFb) receptor type 2, were identified in MFS patients.4,30 

TGFb regulates proliferation and differentiation of cells.31 Several lines of evidence have implicated 

TGFb signalling in the pathogenesis of connective tissue disorders, including MFS. Based on the 

above considerations, it can be speculated that the present study should have revealed TGFBR1 or -2 

mutations in the subset of patients without a mutation in FBN1 and that these mutations could play 

a causative role in the process of LV dilatation. However, we excluded overrepresentation of TGFBR1 

or -2 in LV dilatation in MFS patients who do not carry an FBN1 mutation because we only identified 

one single variant of unknown significance, while in the literature TGFBR mutations are also being 

identified in a few percent of cases.4-7 

strengths and weaknesses of the study

This is the first study on the relationship between genotype and LV dilatation in MFS patients and 

is unique given the size of the population studied. Nonetheless, the sizes of different subgroups 

that were compared were sometimes still relatively small. As a result, certain trends may not have 

reached significance, and reproduction of our findings in an independent and larger population 

would be desirable. In addition, not all of the initial 234 MFS patients had undergone FBN1 mutation 
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analysis. This may have given rise to a certain bias. Furthermore, since the definition of LV dilatation 

(in the context of familial dilated cardiomyopathy) is based on M-mode echocardiography, we 

used M-mode but the validity of this technique can be questioned.17,18 Finally, given our previous 

study in which we demonstrated the presence of LV dilatation but not impairment of LV function 

in MFS patients, the present study was also only about LV dilatation, not about LV function.10 A 

definite strength of this study lies in the extensive and complete genetic analyses we performed, 

including MLPA to exclude large rearrangements, the demonstration of bi-allelic FBN1 expression, 

and complete TGFBR1 and -2 analyses in patients in whom no FBN1 mutation was identified.  

ConCLusion

Dilatation of the LV is not uncommon in patients with MFS. We have shown for the first time that 

this LV dilatation may occur particularly in MFS patients carrying non-missense mutations and in 

those in whom no FBN1 mutation is demonstrable. Therefore, clinicians should be aware of the 

possibility of LV dilatation developing in these patients even in the absence of predisposing factors 

like valvular pathology. 
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ABstrACt

Background

Marfan syndrome (MFS) is an autosomal, dominantly inherited, connective tissue disorder usually 

caused by a mutation in the fibrillin-1 gene (FBN1). As fibrillin-1 is a component of the extracellular 

matrix of the myocardium, mutations in FBN1 may cause impairment of ventricular function. 

Furthermore, aortic elasticity is decreased in MFS patients, which might also impair ventricular 

function. We assessed biventricular function and the influence of aortic elasticity in patients with 

MFS by means of cardiac magnetic resonance imaging (CMR).

Methods and Results

CMR was performed in 144 MFS patients without significant valvular dysfunction, previous cardiac 

surgery, or previous aortic surgery. Biventricular diastolic and systolic volumes were measured 

and ejection fractions were calculated. Flow wave velocity (FWV), a measurable derivate of aortic 

elasticity, was measured between the ascending aorta and the bifurcation. When compared to 

healthy controls (n=19), left ventricular ejection fraction (LVEF) was impaired in MFS patients (53 

± 7% vs. 57 ± 4%, p< 0.005), as was right ventricular ejection fraction (RVEF) (51 ± 7% vs. 56 ± 4%, 

p< 0.005). LVEF and RVEF were strongly correlated. (r=0.7, p<0.001). No significant differences were 

found between patients with β-blocker therapy and without. There was no correlation between 

aortic elasticity as measured by FWV and LVEF.

Conclusions 

Biventricular ejection fraction was impaired in patients with MFS and the impairment was 

independent of aortic elasticity and ß-blocker usage. There was also a strong correlation between 

LVEF and RVEF. Our findings suggest intrinsic myocardial dysfunction in patients with MFS. 
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introduCtion 

Marfan syndrome (MFS) is an autosomal, dominantly inherited, connective tissue disorder with 

characteristic features primarily involving the ocular, skeletal and cardiovascular system.1 MFS 

is diagnosed according to the Ghent nosology and is usually caused by a mutation in the gene 

encoding the extracellular matrix (ECM) protein fibrillin-1 (FBN1).2 Besides serving as a structural 

component of the extracellular matrix, fibrillin-1 also binds and inactivates transforming growth 

factor-ß (TGF-ß).3 Mutations in FBN1 lead to abnormal signalling of the TGF-ß cytokine family, which 

control cell differentiation and proliferation, resulting in the phenotypic characteristics of MFS. The 

most important cardiovascular characteristic of MFS is aortic root dilatation, predisposing to aortic 

dissection and rupture, which are the leading causes of morbidity and mortality in patients with 

MFS. Due to improved diagnosis, β-blocker therapy and most importantly prophylactic aortic root 

replacement, survival has improved significantly the last decades.4 Another common cardiovascular 

manifestation of MFS is mitral valve prolapse, which may cause severe mitral regurgitation requiring 

surgical intervention. Besides these well-established cardiovascular manifestations of MFS, there 

are clues suggesting a ventricular dysfunction in MFS patients that is independent of the presence 

of valvular disease. Given the fact that fibrillin-1 is a component of the ECM of the myocardium, and 

that it binds and inactivates TGF-ß, it may be surmised that mutations in FBN1 cause impairment 

of ventricular function. Furthermore, aortic wall elasticity is reduced in MFS patients which may 

augment left ventricular function through “ventricular arterial coupling”.5,6,7,8 Indeed, the results of 

previous echocardiography studies and a small study using cardiac magnetic resonance imaging 

(CMR) suggested the presence of ventricular dysfunction in MFS patients, although the data were 

conflicting and inconclusive.9,10,11,12,13,14,15 In addition, a recent, somewhat larger, study assessing 

ventricular function using CMR provided evidence for biventricular dysfunction in patients with 

MFS.16 However, the effect of aortic elasticity on ventricular function was not taken into account in 

any of these studies. Recently, a study on 26 MFS patients found that decreased aortic elasticity, as 

measured by applanation tonometry, influenced left ventricular systolic function, as measured by 

mitral annular displacement.17 In the present study we performed CMR to establish left ventricular 

and right ventricular function in a large cohort of 144 MFS patients and we related the findings 

on ventricular function to aortic elasticity. Left and right ventricular dimensions and function were 

compared with a group of healthy controls.

Methods

study subjects

All study subjects with MFS were participants of the COMPARE study.18 Briefly, the COMPARE 

study investigates the effect of losartan on aortic growth in patients with MFS. Inclusion criteria 

of the COMPARE study were: diagnosis of MFS according to the Ghent criteria19 and age ≥18 years. 

Exclusion criteria were: current pregnancy, angiotensin converting enzyme inhibitor or angiotensin 

receptor blocker usage, previous replacement of more than one part of the aorta, and previous 
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aortic dissection. In the present predefined substudy, we excluded patients with “significant” (i.e. 

more than mild) aortic or mitral valve regurgitation as well as patients with any previous cardiac or 

aortic surgery. Figure 1 shows a flow chart of how the patients were selected for the study. Control 

subjects were healthy volunteers recruited among colleagues of one of the researchers. None of 

them was known with cardiovascular disease. The ethics committees of the participating centres 

gave approval and patients gave written and oral informed consent.

Cardiac magnetic resonance imaging

Aortic diameters, ventricular volumes and aortic elasticity were assessed in all patients by CMR at the 

time of inclusion in the COMPARE trial. This was performed with a 1.5 Tesla MR system (Sonata/Avanto, 

Siemens, Erlangen, Germany) using a phased array cardiac receiver coil. ECG-gated cine images were 

acquired during breath-hold using segmented, steady-state, free-precession sequence. Short axis 

views were obtained every 10 mm, starting from the base up to the apex and covering both entire 

ventricles. To visualize the entire aorta, a three-dimensional, T1-weighed, spoiled gradient-echo 

sequence was used after administration of intravenous gadolinium. A high-resolution, gradient-

echo pulse sequence with a velocity encoding gradient was applied perpendicular to the aorta at 

the level of the ascending aorta and just above the bifurcation. This resulted in multiphase modulus 

and phase-coded images with a temporal resolution of 25 ms. Participants had a wash-out period 

of three days for ß-blocker therapy prior to CMR, as ß-blocker therapy influences aortic elasticity in 

MFS patients by shifting the pressure-area relation of the aorta to the elastin-determined part.20

echocardiography

Routine echocardiography was performed in all patients in the COMPARE study to evaluate valvular 

dysfunction and aortic root dimensions. Severity of aortic and mitral valve regurgitation was defined 

according to the ESC guidelines on valvular heart disease of 2007.21 Significant aortic regurgitation 

was defined as a ratio >0.25 of the width of the regurgitant stream at the level of the aortic valve 

relative to the size of the left ventricular outflow tract measured in the parasternal long-axis view. 

Significant mitral regurgitation was defined as a regurgitant jet of more than 4 cm2 or more than 

20% of the left atrial area. 

 

image analysis 

MASS and FLOW image analysis software (Medis, Leiden, the Netherlands) were used for analyses 

on a separate workstation by one experienced investigator (JJJA). The slices at the base of the 

heart were considered to be in the ventricle if the blood was at least half surrounded by ventricular 

myocardium.

Endocardial contours of the left and right ventricle were manually traced in end-systole and end-

diastole on all short-axis images in each patient, where end-diastole was defined as the phase with 

the largest ventricular area and end-systole as the phase with the smallest ventricular area. Left and 
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right ventricular end-diastolic and end-systolic volumes were determined and the left ventricular 

ejection fraction (LVEF) and right ventricular ejection fraction (RVEF) were calculated. Epicardial 

contours of the left ventricle were manually traced in end-diastole on all short-axis images in each 

patient, allowing calculation of left ventricular mass. 

Aortic contours were drawn manually on the modulus images of all cardiac phases, and flow 

(m/s) through both aortic levels was calculated using the areas on the modulus images and the 

velocity values of the corresponding velocity encoded images. Distances between the levels were 

measured on the console by drawing a line through the middle of the aortic lumen on the oblique 

sagittal images. Flow wave velocity (FWV), the propagation velocity of the flow wave through the 

aorta, was calculated as the ratio of the distance between these levels and the time difference 

between arrival of the flow wave at these levels. FWV from the entire aorta was calculated (i.e. from 

ascending aorta to the bifurcation) and taken as a measure of overall aortic elasticity. Data on the 

reproducibility of this FWV measurement has been published previously by our group6 and the 

measurement is validated in vivo.23 

Aortic diameters were measured at five levels: the aortic root, the ascending and descending 

thoracic aorta at the level of the pulmonary artery, at the level of the diaphragm and just above the 

bifurcation. The aortic root was measured in end-diastole from leading edge to leading edge. The 

other diameters were measured on the angiogram.

statistical analysis

Continuous variables are shown as mean ± standard deviation and categorical variables 

as percentages. Continuous variables with a normal distribution were compared using the 

independent samples t test. Mann-Whitney U test was used to compare non-normal distributed 

variables. Multivariate linear regression was used to determine the effect of demographic and 

clinical variables on LVEF. A p-value <0.05 was considered significant. The statistical package SPSS 

version 18 was used for analysis. 

resuLts

demographic and clinical characteristics 

We studied 144 MFS patients (70 men and 74 women) and 19 healthy volunteers (9 men and 10 

women) (Figure 1). In total there were 226 MFS patients included in the original COMPARE study, 

of which five had a contra-indication for CMR and 72 were excluded from our study because they 

had undergone previous cardiac surgery (valvular surgery or aortic root surgery) or had significant 

aortic or mitral valve dysfunction. Of the remaining 149 patients, we could not assess the left 

ventricular function in five patients for one of the following reasons: triggering problems, poor 

image acquisition, claustrophobia or an adverse reaction to gadolinium during image acquisition. 

Demographic and clinical characteristics are shown in table 1. MFS patients were taller compared to 
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controls (mean height 187 ± 11 cm  vs. 178 ± 9 cm, p<0.005), and the aortic root was relatively large 

(43.3 ± 4.9 mm), as expected in a MFS patient population. 97 patients used ß-blocker therapy (67%); 

no other cardiovascular medication was used. 

CMr 

End-diastolic and end-systolic volumes of both ventricles, corrected for BSA, are shown in Table 2. 

End-diastolic volume of the left ventricle corrected for BSA was not significantly enlarged in MFS 

patients when compared to the controls. End-systolic volume was significantly larger (40 ± 11 vs 

34 ± 7 in the controls, p=0.008) and LVEF was impaired in MFS patients (53 ± 7% vs. 57 ± 4% in the 

controls , p<0.005). Thirteen MFS patients had a LVEF <45% (Table 3). None of these patients had 

a diagnosis or history of heart failure, as assessed by the attending physician. Three out of these 

13 patients also had an enlarged left ventricular end-diastolic volume corrected for BSA, age and 

gender, thus fulfilling the diagnosis of dilated cardiomyopathy.  End-systolic volume of the right 

ventricle was significantly larger in MFS patients (41 ± 13 ml/m2 vs. 35 ± 7 ml/m2, p=0.02), and RVEF 

was significantly impaired when compared to the controls (51 ± 7% vs. 56 ± 4%, p<0.005).

The correlations between LVEF and RVEF and demographic and clinical variables are shown in 

figure 1: Flow chart of selecting patients from 
COMPARE study for this ventricular function study.

COMPARE STUDY
226 patients included

Contra-indication
for CMR

5 patients

CNR obtained in 221
patients

Exclusion from
analysis (previous
cardiac surgery,

signi�cant vascular
insu�ciency)

72 patients

Poor image
acquisition
5 patients

Ventricular function
analysis in 144

patients
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table 1. Demographic and clinical characteristics.

  Marfan (n=144) Control (n=19)   p value

Age (years) 36 ± 12 34 ± 9 0.5
Male 70 (49) 9 (46) 1
Height (cm) 187 ± 11 178 ± 9 <0.005
Weight (kg) 78 ± 15 73 ± 18 0.2
BSA (m2) 2.0 ± 0.2 1.8 ± 0.2 <0.005
BMI (kg/m2) 22.5 ± 4.1 22.1 ± 1.8 0.6

Heart rate (bpm) 66.2 ± 12.7 70.3 ± 10.5 0.1
Systolic blood pressure (mmHg) 124 ± 13
Diastolic blood pressure (mmHg) 74 ± 10
Mean arterial pressure (mmHg) 91 ± 10
Mitral valve prolapse 37 (26)
Mild mitral valve regurgitation 43 (30)
Mild aortic valve regurgitation 11 (8)
Left ventricular mass (g) 97 ± 25
aortic root (mm) 43.3 ± 4.9
aortic root / BSA (mm/m2) 21.8 ± 3.0 
ascending aorta (mm) 29.4 ± 4.1
ascending aorta / BSA (mm/m2) 14.8 ± 2.4
aortic arch (mm) 23.5 ± 3.6
aortic arch / BSA (mm/m2) 11.8 ± 2.0
descending aorta (mm) 23.2 ± 3.4
descending aorta / BSA (mm/m2) 11.7 ± 1.8

FWV (m/s) 5.5 ± 1.2

ß-blocker therapy 97 (67)      

values are expressed as mean ± SD or n (%)
BSA = body surface area; BMI = body mass index; 
FWV = flow wave velocity

    Marfan Control P value

Left ventricle  
end-diastolic volume/BSA (ml/m2) 84 ± 18 (36 - 134) 80 ± 13 (56 - 110) 0.4

 
end-systolic volume/BSA (ml/m2) 40 ± 11 (16 - 77) 34 ± 7 (20 - 43) 0.008

 
ejection fraction (%) 53 ± 7  (38 - 70) 57 ± 4 (53 - 67) <0.005

 
Right ventricle  

end-diastolic volume/BSA (ml/m2) 83 ± 19 (30 - 140) 80 ± 13 (60 - 114) 0.3
 

end-systolic volume/BSA (ml/m2) 41 ± 13 (16 - 89) 35 ± 7 (25 - 50) 0.02
 

  ejection fraction (%) 51 ± 7 (32 - 70) 56 ± 4 (46 - 62) <0.005

BSA = body surface area

table 2. Ventricular dimensions and function.
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Table 4. LVEF was significantly related with age, body mass index, and heart rate. After multivariable 

linear regression analysis, all three variables remained independent predictors for LVEF. There 

was no relation between LVEF and ß-blocker use (mean LVEF 53 ± 1% for ß-blocker use vs. 52 ± 

1% for no ß-blocker, p=0.62). Similarly, LVEF was not related with aortic elasticity as measured by 

FWV. RVEF was significantly related with age, sex and height. Because of a high degree of multi-

collinearity between these variables, we performed a backward multivariable regression analysis, 

demonstrating that RVEF was significantly related with male sex (ß -0.253, p=0.004). No relation was 

found between FWV and left ventricular mass (r=0.01, p=0.90), but FWV was positively related with 

mean arterial pressure (r=0.24, p=0.01) and left ventricular mass was positively related with systolic 

blood pressure (r=0.2, p=0.04). Finally, we found there was a significant correlation (r=0.7, p<0.005) 

between LVEF and RVEF (Figure 2). 

table 3. Patients with a left ventricular ejection fraction <45%. 

BSA=body surface area; FWV=flow wave velocity; LVEDV=left ventricular end-diastolic volume; LVEF=left 
ventricle ejection fraction; LVESV=left ventricular end-systolic volume 
Note: Patients 8, 11 and 12 had an enlarged end-diastolic volume of the left ventricle corrected for BSA, age 
and gender. Patient 1 developed an episode of heart failure after aortic root replacement (David procedure) 
6 months after the inclusion in this study, requiring a prolonged ICU admission. None of the other patients 
included in our study developed an episode of heart failure.

 Sex Age Height Weight BSA LVEDV/BSA LVESV/BSA LVEF FWV
   (years)  (cm) (kg) (m2) (ml/m2) (ml/m2) (%) (m/s)

1 M 36 201 95 2.3 82 51 38 5.2
2 F 18 185 67 1.9 86 53 38 5.2
3 M 18 194 67 1.9 106 65 39 4.5
4 M 22 197 84 2.1 89 54 40 4.1
5 M 31 210 80 2.1 107 64 40 5.4
6 M 35 192 80 2.1 87 52 41 5.2
7 M 49 186 85 2.1 58 34 42 5.9
8 M 33 205 74 2.1 133 77 42 4.9
9 F 44 181 86 2.1 86 50 42 4.7
10 F 32 169 43 1.4 60 35 43 4.8
11 M 26 204 71 2.0 113 65 43 5.8
12 M 21 202 75 2.1 117 66 44 5.1
13 M 32 201 117 2.6 65 37 44 5.3
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table 4. Correlations of LVEF and RVEF with demographic and clinical variables in MFS patients.

figure 2: Relation between LVEF and RVEF.
LVEF, left ventricular ejection fraction; RVEF, right ventricular ejection fraction.

  LVEF   RVEF
 Beta  p value Beta  p value

Age 0.3  <0.005 0.22  0.01
Sex -0.05  0.6 0.26  <0.005
Height -0.16  0.1 -0.28 <0.005
Weight 0.13  0.1 -0.08 0.36
BSA 0.06  0.5 -0.15 0.08
BMI 0.23  0.006 0.10  0.24
Heart rate -0.2  0.04 -0.09 0.32
β-blocker usage 0.04  0.6 0.02  0.8
Systolic blood pressure 0.05  0.6  
Diastolic blood pressure -0.12  0.2  
Mean arterial pressure -0.05  0.5  
Mitral valve prolapse -0.11  0.2  
Mild mitral valve regurgitation -0.01  0.9  
Mild aortic valve regurgitation 0.07  0.4  
Left ventricular mass (g) -0.13  0.14  
Aortic root diameter  -0.07  0.4  
Aortic root diameter/BSA -0.15  0.09  
Ascending aorta diameter 0.13  0.10  
Ascending aorta diameter/BSA 0.03  0.8  
Aortic arch diameter -0.01  0.9  
Aortic arch diameter/BSA -0.66  0.4  
Descending thoracic aorta diameter 0.09  0.3  
Descending thoracic aorta diameter/BSA -0.01  0.9  
FWV 0.12  0.2  

BMI=body mass index; BSA=body surface area; FWV=flow wave velocity
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disCussion

In the largest study evaluating ventricular function in MFS patients by CMR thus far, we demonstrated 

a reduced LVEF in MFS patients compared to healthy individuals. We found that the impairment of 

ventricular function was independent of aortic elasticity. In addition, RVEF was also reduced in MFS 

patients, and there was a strong correlation between left and right ventricular function. Together, 

our findings strongly support the existence of a cardiomyopathy as an integral part of MFS, which 

can occasionally be more severe than merely mild. 

Previous studies

The first studies evaluating ventricular function in MFS used conventional echocardiography and did 

not find impairment in left ventricular systolic function.9,10,13,15,24 With evolving echocardiographic 

techniques, mild systolic and diastolic dysfunction was found in multiple studies.11,14,25 Most 

echocardiographic studies, however, did not find a reduction in ejection fraction, which is the most 

widely used measure of systolic function.

Alpendurada et al. retrospectively assessed ventricular function by CMR in 68 MFS patients.15 

They found a mean LVEF of 62% and a reduced ejection fraction in 25% of the patients. In our study 

we found a lower mean LVEF in both MFS patients (53 ± 7%) and controls (57 ± 4%). Age in both 

studies was comparable (34 ± 12 years vs. 36 ± 12 years in our study), as was aortic root diameter 

(44.6 ± 6 mm vs. 43.3 ± 5 mm in our study). ß blocker usage was higher in our study (67% vs. 54%), 

but this did not affect ventricular function results in either study. 

In addition, De Backer et al. found a significantly reduced LVEF in MFS patients compared to age- 

and sex-matched controls in a smaller study using CMR 54% vs. 60%).11 An older study evaluating 

ventricular function in children with MFS by CMR found no difference in LVEF between MFS patients 

and healthy controls.15 This might be explained by the relatively small patient population studied in 

combination with a less accurate CMR technique. 

role of aortic elasticity and other factors 

In MFS, aortic elasticity (of which FWV is a measurable derivative) is decreased compared to healthy 

individuals.6,26,27,28 This reduction in aortic elasticity in MFS patients might influence ventricular 

function because of increased afterload, through ventricular-arterial coupling. Mean FWV was 5.3 

m/s in our study. FWV was in the same order of magnitude as in our previous studies investigating 

aortic elasticity in MFS patients by means of CMR.6,29,30 In these studies, FWV was significantly higher 

in MFS patients compared to a matched control group (5.2 m/s vs 4.3 m/s, p<0.001), suggesting 

that aortic elasticity was also reduced in the present patient group. However, we found no 

significant relation between LVEF and FWV, suggesting that the impairment of ventricular function 

was not due to reduced aortic elasticity. Neither did we find a significant relation between FWV 

and left ventricular mass which supports this finding. Only one study had previously evaluated 

the relationship between aortic elasticity and ventricular function in MFS17: they evaluated pulse 
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wave velocity, measured by applanation tonometry, and left ventricular function, measured by 

mitral annular displacement, on echocardiography in 26 MFS patients, and compared these with 

30 normal controls. They found that increased carotid-femoral pulse wave velocity was associated 

with reduced left ventricular longitudinal systolic function. They did not, however, find a significant 

relation between carotid-radial pulse wave velocity and left ventricular longitudinal systolic 

function. Unfortunately, they gave no explanation for this finding. They also found a reduced LVEF 

measured by echocardiography (66% vs. 70%), but did not perform a regression analysis with the 

ejection fraction as a dependent variable. It is therefore difficult to compare their findings with our 

study. 

We found age was positively related with LVEF (albeit rather weak), while LVEF is known to 

remain relatively stable during life in healthy individuals.31 This unexpected finding can possibly 

be explained by the exclusion of patients with aortic dissection, operated patients and patients 

with significant valvular dysfunction. As a consequence, the older patients included in our study 

were probably relatively mildly affected by MFS, which might  also apply to ventricular function. 

Male sex was associated with lower RVEF, which is in line with the reference values provided by 

multiple studies.22,32,33 Finally, we found a strong correlation between LVEF and RVEF (r=0.7, p<0.05). 

Together, these findings support the existence of a cardiomyopathy affecting both ventricles as 

an integral part of MFS, which is usually merely mild but can also be more severe. Our finding of a 

dilated cardiomyopathy in three MFS patients without significant valvular regurgitation or previous 

cardiac surgery supports this conclusion.

Pathophysiology 

Fibrillin-1, the major constituent of microfibrils, is present in the myocardium as an integral part of the 

normal myocardial ECM, and it is particularly found at sites where myocardial contraction transmits 

power to the ECM.34,35 Although the present study was not designed to address the underlying 

pathophysiology, it is conceivable that deficient fibrillin-1 causes impairment of myocardial 

contraction. Furthermore, deficient fibrillin-1 leads to an altered TGF-ß expression in the ECM of 

the myocardium.3 Excess TGF-ß in the ECM of the myocardium possibly leads to altered genetic 

expression through activation of the SMAD pathway, and consequently to myocardial structural 

changes. TGF-ß is also known to be involved in fibrosis in pressure-loaded heart failure36, and to 

be overexpressed in the myocardium of patients with idiopathic hypertrophic cardiomyopathy.37 

Losartan, an ATII blocker with TGF-ß antagonizing properties, has the potential to improve the 

myocardial function in MFS. At the moment there are several trials evaluating the effects of losartan 

on aortic growth and ventricular function in MFS patients.18,38,39,40 

study limitations 

First, we did not analyze the diastolic ventricular function, although it would be interesting to 

evaluate whether the decrease in aortic elasticity is related to diastolic dysfunction secondary 



88

Chapter 7

to ventricular-arterial coupling. Second, since our control group was not a case control group, it 

could not be used as a reference population. With 19 patients in the control group however we had 

enough power (>95%) to detect a significant difference in ventricular function.  

Possible clinical implications

Overt heart failure in the absence of significant valvular regurgitation is rare in patients with MFS. 

However, since significant impairment of ventricular function may occur it seems reasonable to 

perform at least one CMR with assessment of ventricular function in all patients with MFS. If an 

impaired ejection fraction is found, tailored therapy with an ACE inhibitor or angiotensin receptor 

blocker should be considered to prevent further deterioration of ventricular function or perioperative 

episodes of heart failure, especially in patients who also have an enlarged end-diastolic volume of 

the left ventricle.
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ABstrACt

Background 

Current guidelines recommending prophylactic aortic root replacement in Marfan syndrome are 

based on absolute diameters of the aortic root. However, aortic root diameter is a function of body 

surface area (BSA). Here, we report our experience with a protocol for prophylactic aortic root 

replacement based on BSA.

Methods  

Patients with established Marfan syndrome (Ghent criteria) and without prior aortic surgery were 

eligible for our study. Aortic root ratio was defined as the ratio between the observed aortic root 

diameter (as measured during annual echocardiography) and the maximum predicted aortic root 

diameter as calculated according to age and BSA. Replacement surgery was performed if dilatation 

of the aortic root during follow up resulted in an aortic root ratio >1.3.

Results 

Fifty-three patients fulfilled the entry criteria (24 men/29 women, median age at baseline 27 years, 

range 18-59 years). During follow up between 1997 and 2007 (mean 4.7 ±3.2 years) four patients 

underwent uncomplicated aortic root replacement; two had an aortic root ratio >1.3 (aortic root 

diameters were 4.9 and 5.2 cm, respectively), one had aortic root dilatation of 0.4 cm/year and a 

positive family history for aortic dissection and one had an aneurysm of the ascending aorta as the 

primary indication. None of the patients in the whole group suffered from type A aortic dissection 

and there was no mortality.

Conclusions 

Although numbers are small, our protocol for prophylactic aortic root replacement in patients with 

Marfan syndrome based on BSA, was effective in terms of preventing aortic dissection and mortality.
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introduCtion

Marfan syndrome is an autosomal dominantly inherited disorder of connective tissue involving the 

ocular, skeletal and cardiovascular systems.1 From a management point of view, aortic root dilatation 

is the most important cardiovascular manifestation, predisposing to aortic dissection and rupture. 2 

Prophylactic aortic root replacement is being applied to prevent these potentially catastrophic aortic 

complications but there is still some debate about the diameter at which the aortic root should be 

replaced. The current international guideline states that the aortic root should be replaced when the 

diameter is >5.0-5.5 cm.3 The Dutch guideline4 provides a further specification and states that the 

following situations warrant surgical intervention: 1) an aortic root diameter  >5.5 cm, 2) an aortic 

root diameter >5.0 cm in patients with a family history of aortic dissection, aortic root dilatation >0.2 

cm/year, or severe aortic or mitral valve regurgitation that necessitates surgery, or 3) progressive 

dilatation or a diameter of approximately 5.0 cm in other parts of the aorta. However, several studies 

have shown that below these respective thresholds, aortic dissection and rupture can still occur.5,6 

Interestingly, in a retrospective analysis, Legget et al. demonstrated that when body surface area 

(BSA) is taken into account, Marfan syndrome patients are particularly at risk for dissection, rupture 

or cardiovascular death when the aortic root ratio (measured diameter/predicted diameter) is >1.3 

(relative risk 2.7).7 From 1997 onwards, we have applied Legget et al.’s threshold in a protocol for 

prophylactic aortic root replacement (with a slight modification). This study aims to describe our ten 

years of experience with this protocol based on BSA.  

PAtients And Methods

The study was performed in compliance with the principles outlined in the declaration of Helsinki 

and consistent with the regulations of the institutional ethics committee. Only patients who fulfilled 

the Ghent criteria for Marfan syndrome, as judged by the clinical geneticist (JPvT), were eligible 

for this study.8 Part of our routine follow-up is to have every Marfan syndrome patient visit our 

outpatient clinic annually, and echocardiographic imaging is performed during this visit. If deemed 

necessary by the attending cardiologist (MPvdB), and particularly in the case of rapid dilatation of 

the aortic root, echocardiograms are done more often. Echocardiograms are performed according 

to a standard protocol, which includes measuring the aortic diameter at the level of the sinuses of 

Valsalva (aortic root).  To account for possible inaccuracies in case of poor image quality is poor, an 

MRI- or CT-scan is performed. Only patients >18 years and for whom at least two echocardiograms 

were available, were included in this study. Patients who had prior aortic surgery were excluded. All 

Marfan syndrome patients in our institution receive treatment with a beta-blocker, unless contra-

indicated or not tolerated. Alternative treatments consist of an angiotensin converting enzyme 

(ACE)-inhibitor or an angiotensin-2 (AT) receptor blocker. 

The aortic root diameter was used to calculate the “aortic root ratio”. This ratio was defined as:  

aortic root ratio  =            
 observed aortic root diameter (cm)

   maximum predicted aortic root diameter (cm)
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The maximum predicted aortic root diameter based on body surface area (BSA) and age was 

established by inspecting the graphs as provided by Roman et al. which display in different age 

groups of healthy subjects the relation between BSA and aortic root diameter, including the upper 

limit of normal (figure 1a and 1b).9 Body surface area was calculated using the following formula:10 

BSA (m2)   =   weight (kg)0.5378 x length (cm)0.3964 x 0.024265

Note: we used the maximum instead of the mean predicted aortic root diameter to calculate the 

aortic root ratio, by adding two standard deviations to the mean predicted aortic root diameter.  

figure 1a. 95% normal confidence limits for aortic root diameter at the sinuses of Valsalva in relation to body 
surface area in adults younger than 40 years of age (reprinted with permission).9
figure 1b. 95% normal confidence limits for aortic root diameter at the sinuses of Valsalva in relation to body 
surface area in adults 40 years of age and older (reprinted with permission).9

According to the devised protocol, patients with an aortic root ratio >1.3 underwent prophylactic 

aortic root replacement within 3 months. In addition, prophylactic aortic root replacement was 

performed if aortic root dilatation was >0.2 cm/year, irrespective of the aortic root diameter, and 

especially in the case of a positive family history of aortic dissection. When echocardiographic 

assessment showed that patients met the criteria for prophylactic aortic root replacement, additional 

imaging studies were performed (CT- or MRI scan) to confirm echocardiographic measurements.

Finally, in order to get a global impression of the potential impact of our protocol on clinical 

practice, we also reviewed our surgical database to retrieve all the cases of surgically treated, acute 

type A aortic dissection in our institution between 1990 and 2006. 

data analysis

Continuous data are reported as mean (± SD) and categorical data as percentages unless stated 

otherwise. Median values (with range) are given in the case of non-normal distributions. Differences 

between groups were tested using parametric or non-parametric tests, as appropriate. A Multilevel 
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Model for Change was used to assess aortic root dilatation as a function of time and a p-value 

<0.05 was considered to indicate statistical significance. The analyses were carried out using STATA, 

version 10.0.

resuLts

Clinical characteristics

Between January 1997 and April 2007, 53 patients fulfilled the inclusion criteria of this study. Their 

clinical characteristics are summarized in Table 1. Median age at baseline was 27 years (range 18-59 

years). BSA varied considerably, ranging from 1.80 to 2.20 m2. Accordingly, the threshold diameter 

for aortic root replacement (1.3 x maximum predicted aortic root diameter) varied considerably, 

ranging from 4.2 to 5.6 cm. Note: not only the absolute diameter at the first measurement but also 

the aortic root ratio was significantly larger in men compared to women, as well as the threshold for 

aortic root replacement. Beta-blocking agents were used by 33 patients (62%), ACE-inhibitors were 

used by 3 patients and an AT-receptor blocker was used by 1 patient. Mean follow-up was 4.7 years 

(±3.2), ranging from 0.1 to 10.3 years and total follow-up for the group was 251 years. The median 

number of repeated echocardiographic measurements was 4, ranging from 2 to 12.  

table 1. Clinical characteristics of the 53 patients with Marfan syndrome included in the study

Characteristic Men
n = 24

Women
n = 29

p-value

Age at first measurement (range in years) 24 (18-59) 29 (30-55) 0.661

Aortic root diameter at first measurement (cm) 4.1 (±0.44) 3.5 (±0.53) <0.001

Body surface area (BSA) (m2) 2.12 (±0.17) 1.89 (±0.14) <0.001

Aortic root ratio at first calculation 1.05 (±0.12) 0.95 (±0.13) 0.011

Threshold diameter for aortic root replacement (cm) 5.1 (±0.33) 4.7 (±0.27) <0.001

Aortic root dilatation

The diameter of the aortic root as a function of time (aging) is given in Figure 2. Despite individual 

differences, there was a modest but statistically significant progression of the aortic root dilatation 

over time with an average of 0.132 cm/year (95% confidence interval: 0.0145 - 0.249, p=0.028). 

The aortic root ratio as a function of time is given in Figure 3. Likewise, on average, there was a 

modest but statistically significant increase of the aortic root ratio over time with 0.005/year (95% 

confidence interval: 0.0006016 - 0.0101333, p=0.027). There was no difference in the aortic root 

dilatation rate between men and women. 

type A aortic dissection  

During the follow-up (251 patient-years), none of the patients suffered from type A aortic dissection. 

Furthermore, no mortality was observed, and particularly no cardiovascular mortality. 
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Prophylactic aortic root replacement 

During follow-up, 4 patients underwent prophylactic aortic root replacement; their clinical 

characteristics are summarized in Table 2. An aortic root ratio >1.3 was the reason for prophylactic 

aortic root replacement in patients A and B. Progressive dilatation (0.4 cm/year) of the aortic root 

diameter, in combination with a positive family history for aortic dissection, was the reason for 

replacement in patient C. Concomitantly with surgery for an aneurysm of the ascending aorta, 

patient D also underwent prophylactic aortic root replacement. In all 4 patients, the operation was 

uncomplicated. 

figure 2. Diameter of the aortic root as a function of time (aging) measured in the group of 53 Marfan syndrome 
patients. Every thin line represents an individual patient (fitted function); the thick line represents the calculated 
average function.

figure 3. Aortic root ratio as a function of time (aging) measured in the group of 53 Marfan syndrome patients. 
Every thin line represents an individual patient (fitted function); the thick line represents the calculated average 
function. 
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During follow-up patient B required re-operation on the biological aortic valve because of rapid 

degeneration. The valve was replaced by a mechanical aortic valve 5 years after the initial operation. 

Patient C developed severe aortic regurgitation due to dilatation of the aortic annulus, necessitating 

replacement of the native valve by a mechanical aortic valve 9 years after the first operation. 

other consequences

During follow-up in our institution, 1 patient developed an uncomplicated type B aortic dissection, 

which was treated medically. However, she developed a post-dissection aneurysm of her abdominal 

aorta requiring surgical treatment 2 years after the dissection. Another patient also developed an 

abdominal aneurysm, which was also treated surgically. Outcome in both patients after surgery was 

uncomplicated. 

During the follow-up period, 9 patients moved to other regions in the Netherlands. All of them 

were followed in other cardiologic centers and thus were not necessarily treated according to our 

protocol. Obtained correspondence indicated that the clinical course was uneventful in 7 patients 

and that 1 patient underwent an uncomplicated Bentall procedure. However, one patient, a 23-year-

old female, died in 2006 from a fatal acute type A aortic dissection. The final measurement of the 

aortic root in our institution in 2004 prior to her transfer was 3.8 cm and the final measurement prior 

to the aortic dissection in 2006 was 4.3 cm, corresponding with an aortic root ratio of 1.19, but the 

yearly dilatation was thus greater than 0.2 cm. Her mother had died shortly before due to aortic 

dissection.

surgically treated acute type A aortic dissections 

During the period 1990-2006, a total of 105 patients were surgically treated for an acute type A 

aortic dissection. Marfan syndrome was diagnosed in four of these patients, either before or after 

the operation. The dissection in these four patients occurred in the period 1990-1997, i.e. before our 

protocol for prophylactic aortic root replacement was implemented. Thereafter no patients with 

Marfan syndrome were surgically treated for type A aortic dissection. 

table 2. Clinical characteristics of the 4 patients who underwent aortic root replacement

Patient Gender Age
(years)

Aortic root  
diameter

cm

Aortic root 
ratio 

Indication for surgery Operative 
procedure

A male 33 4.9 1.31 ratio >1.3 David I

B male 22 5.2 1.38 ratio >1.3 Bentall 
(bioprosthetic valve)

C female 50 4.7 1.15 0.4 cm dilatation/ 
year

Yacoub

D male 42 4.6 1.15 aneurysm ascending 
aorta (5.0 cm)

Bentall + arch 
replacement
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disCussion

Medical and surgical treatment has greatly improved life expectancy in patients with Marfan 

syndrome.11,12 Beta-blockade therapy is being applied to slow down aortic root dilatation and 

prophylactic aortic root replacement can prevent aortic dissection. However, there is still debate 

about the diameter at which the aortic root should be replaced. Since the normal aortic root diameter 

is dependent on BSA (figure 1a and 1b)9 and Legget et al. discovered that patients with Marfan 

syndrome are particularly at risk for aortic dissection or cardiovascular mortality with an aortic root 

ratio >1.3 (relative risk 2.7),7 we decided to apply this finding in a protocol for prophylactic aortic root 

replacement. However, we used the maximum predicted aortic diameter (i.e. upper limit of normal) 

to determine the aortic root ratio instead of the mean predicted aortic root diameter, because we felt 

that many patients would otherwise undergo aortic root replacement “too early”. The results show 

that our modified protocol has so far been effective; only four patients underwent prophylactic 

aortic root replacement, none of the patients suffered from acute type A aortic dissection and 

there was also no cardiovascular mortality. Importantly, according to the international guideline3 at 

least three of the four patients (A, C and D) would not have been candidates for surgery, and even 

according to the current Dutch guideline4 at least two patients (patient A and B) would have not 

been considered candidates. Of course, it remains uncertain whether aortic dissection would have 

occurred in any of the four patients operated, and perhaps their aortic root could have grown safely 

to a diameter of 5.5 cm. However, based on the literature, they would thus have been at considerable 

risk for aortic dissection and cardiovascular mortality.5-7 Support (albeit circumstantial evidence) for 

our approach is also provided by the finding that there were four cases of surgery for acute type A 

aortic dissection in Marfan patients from 1990 to 1997 before the implementation of our protocol, 

whereas no such cases were observed thereafter.

Notwithstanding our findings, one could wonder why BSA should be taken into account at all 

when considering the risk of an event (dissection or rupture) in the aorta, since Laplace’s law states 

that aortic wall tension is merely defined by pressure, radius and wall thickness (P (pressure) x R 

(radius) / wall thickness). However, it is rather likely that patients with larger BSA’s in principle also 

have a thicker aortic wall, which would keep aortic wall tension within normal limits. Moreover, 

our approach is supported by a recent study in patients with thoracic aneurysms (mainly due to 

hypertension and atherosclerosis) which found that relative aortic size (i.e. corrected for BSA) was 

more important than absolute size in predicting complications.13 Having said that, as patients with 

Marfan syndrome often have large BSA’s (due to their tall stature), their threshold for aortic root 

replacement, when applying our protocol, can exceed 5.5 cm. However, in our opinion patients 

with Marfan syndrome should probably not be allowed to have an aortic root diameter >5.5 cm, 

irrespective of their BSA*. Our protocol is based on a previous study where subjects with (very) large 

BSA’s were relatively underrepresented,9 so it is not sure whether it is safe to allow Marfan patients 

to have aortic root diameters >5.5 cm.

*  See also Chapter 9
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The patient with a fatal acute type A aortic dissection, who moved to another region in the 

Netherlands and was not treated according to our protocol, showed a progression of aortic root 

dilatation of 0.5 cm in the last two years before the dissection (3.8 cm → 4.3 cm). This would have 

qualified her for prophylactic aortic root replacement according to our protocol (dilatation >0.2 cm/

year) and also according to the current Dutch guideline. This case exemplifies that rapid dilatation 

of the aortic root is a dangerous scenario, requiring careful management. 

Aortic root replacement in Marfan syndrome patients has been shown to be safe in an elective 

setting, in-hospital mortality ranging from 0-2.6%5,14,15 whereas in-hospital mortality of surgical 

treated acute type A aortic dissections is 20-25%.16,17 This means elective aortic root replacement 

is highly preferred compared to an acute operation. Indeed, aortic root replacement has also been 

performed uneventfully in our (albeit small) population. Two patients did require re-operation, 

including one patient (B) who had rapid degeneration of a bioprosthetic aortic valve. Perhaps it is 

more important to mention the re-operation in patient C, who initially underwent a valve sparing 

aortic root replacement according to Yacoub.18 Good results have been described with this technique 

but others have mentioned that it might not be appropriate in patients with Marfan syndrome.19,20 

Dilatation of the aortic annulus can still occur in these patients, creating aortic regurgitation that 

might require re-operation in the future.21,22 In the currently preferred valve-sparing technique 

according to David, annular dilatation is prevented as the entire aortic valve is secured inside a 

tubular vascular graft.20 Finally, the results of our study confirm the common fact that patients with 

Marfan syndrome are also at risk for pathology in the distal aorta (one patient with type B aortic 

dissection followed by aneurysm of the abdominal aorta and one patient with an abdominal aortic 

aneurysm).21

Coincidentally, we observed a smaller aortic ratio in women compared to men. In fact, at first 

measurement the aortic ratio in the female patients was still, on average, below the upper limit 

of normal, unlike the aortic ratio in the male patients (0.95 and 1.05, respectively). A gender-

difference was not observed by Roman et al. whose regression formulas we used to calculate the 

predicted aortic root diameter; in their study, aortic root diameters in a healthy population were 

only dependent on BSA and not on gender.9 In contrast, Vasan et al. reported a smaller aortic root 

diameter in women compared to men even when taking BSA into account.22 To our knowledge, our 

study is the first to report a gender difference in Marfan patients; on average the female patients 

appeared to have a smaller aortic root than the male patients, even after correcting for their smaller 

BSA. The clinical implication of this finding is as yet uncertain. In our study we did not observe a 

difference in outcome between men and women. Meijboom et al. reported more type A aortic 

dissections in women (n=9) than men (n=4) (not significant).5 In addition, more men than women 

underwent prophylactic aortic root replacement in their patient group, but the investigators did 

not correct for BSA. It is possible that men reached the threshold (not specified) for prophylactic 

aortic root replacement earlier.5 Future research is needed to establish if gender differences have to 

be taken into account in guidelines for  prophylactic aortic root replacement in Marfan syndrome 

patients. 
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Methodologic considerations

Our study was limited by the fact that it was not a randomized comparison between two treatment 

strategies. Moreover, our small number of patients and the relatively short follow-up period obviously 

limited the possibility to test our protocol thoroughly. A strength of our study was the dedicated 

management of the patients in terms of consistency in diagnosis, follow-up and treatment (Ghent 

criteria, echocardiography, operation) executed by an experienced team.

ConCLusions

In this study we describe the results of a protocol for prophylactic aortic root replacement in Marfan 

syndrome patients based on body surface area. We feel our findings, warrant reconsideration of 

the current guidelines for prophylactic aortic root replacement and that body surface area should 

be taken into account. In addition, rapid dilatation of the aortic root and a family history of aortic 

dissection should play a larger role when considering the option of aortic root replacement. This 

would enable a better risk assessment and a more individually tailored treatment of patients with 

Marfan syndrome. 
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diAGnostiC ProCess

Diagnosing a particular connective tissue disorder with cardiovascular involvement is a challenging 

adventure. Most patients are being referred for evaluation because of suspicion of a specific 

connective tissue disorder, MFS for example. Multidisciplinary evaluation of these patients is 

important, because when MFS is excluded, other hereditary connective tissue disorders can be 

present. Therefore the Marfan outpatient clinics in Groningen, Leiden, Amsterdam and Nijmegen 

do not just  provide a diagnostic process to confirm or to exclude MFS, but also an evaluation for 

connective tissue disorders in general (see figure I for the number of patients screened throughout 

figure i. Number of patients screened at the Groningen Marfan outpatient clinic from 1998-2013

the years at the Groningen Marfan outpatient clinic). The key player in this process is the clinical 

geneticist with a knowledge of connective tissue disorders. He/she can direct other specialists in 

the diagnostic work-up, for example, the ophthalmologist and the orthopaedic surgeon. There is 

also an important task for the cardiologist or paediatric cardiologist, since he/she is the expert on 

cardiovascular pathology and, in many connective tissue disorders with cardiovascular involvement, 

complications in this area significantly impact life expectancy. Even if initial cardiovascular screening 

does not reveal abnormalities, repeated examinations can be necessary as features may develop 

over time. 

However, before the diagnostic work-up can be initiated, there needs to be the suspicion of 

a connective tissue disorder. Every physician can recognize features that potentially point to a 

connective tissue disorder, for example, a long and slender body habitus, aortic pathology at a 

young age (<50 years), easy bruising, translucent skin, abnormal uvula, joint laxity and lens (sub)

luxation. Unfortunately, most of these characteristics are neither sensitive nor specific for a particular 



105

Discussion and future perspectives

9

connective tissue disorder, making it difficult to say which patients should be referred for evaluation 

for a connective tissue disorder. In the case of a family history of a connective tissue disorder, 

sudden death or aortic pathology at a young age (aneurysm, dissection, rupture), there is no doubt 

that an evaluation should take place. In other cases, the decision to refer a patient for evaluation 

is more arbitrary. Recently, Sheikhzadeh et al. have tried to make this more objective  for patients 

with possible MFS.1 They made a prediction model using seven clinical variables to estimate the 

probability of MFS. The following variables were given points: ectopia lentis (4 points), family history 

of MFS (2 points), previous aortic surgery (1 point), pectus excavatum (1 point), wrist and thumb 

sign (1 point), previous pneumothorax (1 point) and skin striae (1 point). If a patient had a score <1 

point the probability of MFS was 12%, with a score of 1-3.5 the probability of MFS was 42%, and with 

a score >3.5 the probability of MFS was 92%. Although this was an interesting attempt to better 

identify patients specifically at risk for MFS, the negative predictive value is too low to exclude MFS 

in the low-risk group. In addition, there was no attention paid to other connective tissue disorders 

with cardiovascular involvement, making this prediction model ineffectual in clinical practice. It 

seems unlikely that it will be possible in the future to precisely determine which patients should 

and which should not be evaluated for a connective tissue disorder. Just as in the diagnostic process 

of many other diseases, we must trust the general awareness, skills and experience of doctors to 

recognize this patient category. Of course, there is also a role for patient organisations, which can 

help create awareness of connective tissue disorders. The “Contactgroep Marfan Nederland” is very 

useful in providing information and creating awareness, not only for established MFS patients 

but also for general practitioners and other health professionals. In addition, the next generation 

sequencing techniques in genome diagnostics, which are getting more cost-effective all the time, 

could be helpful in this respect, because even without clinical pre-selection, they can help establish 

a diagnosis. Of course, finding a mutation points to, but does not establish, a clinical diagnosis. 

2010 Ghent nosology 

Connective tissue disorders are relatively rare diseases with great clinical variability, making it 

important to cautiously evaluate individuals suspected of having such a disease. The diagnostic 

process has to be done meticulously and criteria for a specific disorder should be clear-cut. Ideally, 

all cases are recognized in the diagnostic workup and no one is incorrectly diagnosed with a specific 

connective tissue disorder. Clinical practice is, of course, not done in utopia, giving rise to under-

diagnosis as well as over-diagnosis. To eliminate these undesirable outcomes as much as possible, 

regular critical assessment and, if needed, adjustment of diagnostic criteria is essential. In MFS, re-

assessment and re-adjustment of the diagnostic criteria has taken place over the years, leading us 

from the Berlin nosology in 1986 to the Ghent nosology in 1996, and to the revised Ghent nosology 

in 2010.2-4 Even though the 2010 Ghent nosology is more direct in diagnosing MFS compared to 

the 1996 nosology, makes more use of specific criteria of MFS, and is more ambitious in providing 

a better differential diagnosis, it is still not perfect. For example, it is unclear why the diagnostic 
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threshold of MVPS has been adjusted. The fact that familial occurrence is no longer required (in 

contrast to the 1996 nosology) serves no apparent clinical purpose and led to 23 extra patients with 

MVPS in the study in Chapter 2. Perhaps the authors of the 2010 Ghent nosology meant to diagnose 

patients with merely a MVP and limited systemic features (systemic score less than 5) as MVPS. The 

consequence of this definition is that patients without any systemic features and a MVP also have 

MVPS. Isolated mitral valve prolapse is a common valvular disorder and it is inappropriate to label 

these patients as having a syndrome. 

Another shortcoming of the 2010 Ghent nosology is the subjective criteria for mitral valve, 

aorta, skin, skeletal (MASS) phenotype. To be more specific, the criterion of borderline aortic root 

dilatation is unsatisfying and clinically difficult to use.

Pathophysiology of connective tissue disorders 

In the introduction to this thesis, the considerable overlap in the pathophysiology and clinical 

manifestations of the different connective tissue disorders with cardiovascular involvement was 

discussed. Following this overlapping principle, one could see all connective tissue disorders with 

cardiovascular features together in a Venn diagram (figure II). That diagram shows the different 

connective tissue disorders sharing a common space and TGF-β is a crucial component of that 

figure ii. Venn diagram of connective tissue disorders with cardiovascular involvement in which TGF-β plays a 
role in the pathophysiology. 
ATS; arterial tortuosity syndrome, FTAAD; familial thoracic aneurysms and/or dissection, LDS; Loeys-Dietz 
syndrome, MFS; Marfan syndrome, MVP; (myxomatous) mitral valve prolapse, SGS; Sphrintzen-Goldberg 
syndrome
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common space. Disturbed TGF-β signalling is known to play a role in MFS, LDS, familial myxomatous 

valve degeneration, FTAAD, arterial tortuosity syndrome, and Sphrintzen-Goldberg syndrome, and 

its role in other connective tissue disorders with cardiovascular involvement might follow in the 

future as new genes and pathophysiologic pathways are unravelled using genetic techniques like 

whole exome sequencing (WES) and even whole genome sequencing.5-13 At the moment, WES is 

too expensive to use in daily clinical practice and there are still ethical issues around this technique 

that need to be discussed. 

Marfan syndrome

Aortic root size and shape 

Over the years the diagnostic criteria for Marfan syndrome have been refined and, currently, 

diagnostic evaluation takes place following the 2010 Ghent nosology. Even with the latest 

diagnostic criteria, there are still issues that need to be addressed to further increase the sensitivity 

and specificity of the diagnostic criteria. One of these points concerns the definition of aortic root 

dilatation. At the moment, aortic root dilatation is defined as a Z-score >2. The problem with this 

definition is that it seems to underestimate aortic root dilation in patients with large BSAs (>2.0 m2), 

as linearity between BSA and aortic root diameter above a BSA of 2.0 m2 has been assumed but not 

proven.14 Studies in healthy subjects have shown that the upper limit diameter of a normal aortic 

root is 4.0 cm in men and 3.4 cm in women, suggesting that every aortic root with a diameter >4.0 

cm is aneurysmatic. Radonic et al. have presented six patients with a mean BSA of 2.1 m2, an aortic 

root diameter >4.0 cm and an aortic root Z-score <2 in which the MFS diagnosis might have falsely 

been rejected (if the Z-score would have been >2 they all would have fulfilled the diagnostic criteria 

for MFS).15 This indicates that a better definition of aortic root dilatation is needed. Perhaps the 

Z-score can be used until an absolute aortic diameter of <4.0 cm and all diameters >4.0 cm should be 

regarded as dilated. However, one important point should be kept in mind: accurate measurement 

of the aortic root diameter is crucial, and just a few millimetres can make the difference between a 

dilated aortic root and a normal one. It can sometimes be very difficult to measure the aortic root 

precisely by echocardiography and it is challenging to measure the aortic root in the exact same 

way in follow-up investigations. Magnetic resonance imaging (MRA) of the aorta can be used if the 

aortic root diameter cannot accurately be measured by echocardiography, and it may be that all 

patients should be repeatedly evaluated by MRA. 

Another aspect of the aortic pathology in MFS is the shape of the aorta. In MFS, the aortic root 

is typically pear-shaped (figure III) and Radonic et al. have suggested that new parameters may be 

needed to make an objective evaluation of this morphologic characteristic of the Marfan aortic root 

so that it could also be included in the diagnostic criteria. Further research on how best to define 

and measure aortic root pathology is needed because aortic root dilatation is a crucial diagnostic 

criterion in the Ghent nosology. 
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Sex differences

Just as in healthy subjects, there is a sex difference in the aortic root diameter in patients with MFS, 

even after correction for differences in BSA. As reported in in Chapter 8, women have a significantly 

smaller average aortic root diameter. Meijboom et al. previously observed this in a study on aortic 

root growth in 221 patients with MFS.16 The difficulty with this finding is that the clinical implications 

are uncertain. Do we need to lower the threshold diameter for a dilated aortic root in women? Do 

we need to lower the threshold for elective aortic root replacement in women? To date, there have 

not been any studies showing significantly more aortic root complications in women with MFS, but 

more research is needed to clarify this issue. 

Ventricular dysfunction

It has become clear that ventricular dysfunction, independent of valvular disease and aortic elasticity, 

is present in MFS. This has already been demonstrated by several studies using echocardiography 

as well as CMR.17-21 Although ventricular dysfunction can be present in MFS, the clinical implications 

of this finding are uncertain. Ventricular dysfunction is mild in most cases and clinically significant 

heart failure in patients with MFS without valvular disease is rare. This might become more of a 

problem in the future as patient life expectancy increases due to improved treatment, and MFS 

patients have more time to develop pronounced ventricular dysfunction.

figure iii. Echocardiographic image of a pear-shaped aortic root in a patient with Marfan syndrome (parasternal 
long axis view)
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Treatment

Established therapy for the cardiovascular manifestations of MFS consists of β-blockade and 

prophylactic aortic root replacement. Recently, the results of the COMPARE study demonstrated 

that losartan, which antagonizes the effects of TGF-β, reduces aortic root dilatation rate in adults 

with MFS.22 Results of comparable studies are eagerly awaited and could lead to a better drug-based 

management of MFS, hopefully reducing aortic complications and the need for prophylactic aortic 

replacement.23-26 The COMPARE study also investigated the influence of losartan on ventricular 

function, however the results of this sub-study are not yet available. 

Prophylactic aortic surgery is an important part of the treatment of MFS and should take place 

in hospitals with a dedicated and experienced Marfan team. In the European Society of Cardiology 

guideline, the threshold diameter for aortic root replacement is set at >5.0 cm. In the case of a 

family history of dissection or progressive dilatation (>2 mm/year) or severe aortic regurgitation/

MR or desire to become pregnant, replacement should take place at a diameter of 4.6 – 5.0 cm 

(table I).27 These guidelines thus focus on an absolute aortic root diameter to establish the 

indication for prophylactic replacement. However, the study in Chapter 8 showed that a protocol 

for prophylactic aortic root replacement based on BSA was effective and safe in terms of preventing 

table i. European Society of Cardiology guideline for prophylactic aortic root replacement in MFS

Aortic root diameter >5.0 cm

Aortic root diameter >4.5 – 5.0 cm AND
Family history of dissection OR
Progressive >0.2 cm/year confirmed by repeated measurement OR
Severe aortic or mitral regurgitation OR
Desire of pregnancy

Aortic root replacement should be considered when other parts of the aorta >5.0 cm

aortic dissections. The findings of this study need to be confirmed in future research, but there are 

reasons to support a protocol based on a relative aortic size: it is in line with the definition of a 

dilated aorta in the 2010 Ghent nosology as it also uses a relative aortic size, and, in addition, in 

non-Marfan patients with an aortic aneurysm a relative aortic size has been shown to better predict 

aortic complications. Nonetheless, the aortic root should not exceed 5.0 cm* irrespective of (a large) 

BSA due to under-representation of patients with larger BSAs in studies, thereby underestimating 

the risk of aortic complications.28 There is also evidence from studies of non-Marfan patients for an 

absolute maximum aortic diameter which is safe, irrespective of (a large) BSA.29 In the same way, a 

cut-off diameter of 5.0 cm for smaller people is probably too lenient and underestimates the risk for 

* In the study in Chapter 8 it is stated that the aortic root should not be allowed to exceed 5.5 cm irrespective of 
BSA.30 This was however based on the international guideline for prophylactic aortic root replacement at that 
time, recommending aortic root replacement at an aortic root diameter of 5.0 -5.5 cm. Current guidelines recom-
mend replacement at a diameter of  >5.0 cm. 
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complications at diameters a few millimetres below 5.0 cm. 

To summarize this somewhat confusing issue concerning relative and absolute aortic diameter: 

it is safe to use a protocol based on BSA for prophylactic aortic root replacement in MFS as long as 

the aortic diameter does not exceed 5.0 cm (see figure IV). Further studies are needed to precisely 

determine how to deal with these issues. 

figure iv. Aortic root diameter as function of BSA at which prophylactic surgery should take place. Derived 
from Roman et al., Legget et al. and Aalberts et al.14,28,30 See appendix B for details. 

Loeys-dietz syndrome

This connective tissue disorder was first described in 2005, but has existed for much longer. In Victor 

McKusick’s landmark article on MFS from 1955, a 24-year-old male patient is described with the 

following features: slender body habitus, pectus excavatum, partial club foot, flexion deformities 

of the fingers, a bifid uvula, lumbar kyphosis and a type A aortic dissection.31 With our current 

knowledge this patient must have suffered from LDS instead of MFS, which underscores the 

importance of keeping an open mind towards assumed known diseases. Clinically, it is important 

to determine whether a patient has LDS or MFS. Aortic pathology appears to be more aggressive in 

LDS, with rupture and dissection occurring at smaller aortic diameters. 

LDS is a rare disorder, making it difficult to collect a substantial number of patients for further 

research. From a management point of view, there are several questions that need to be answered: 

How should patients with LDS be treated? Should medical therapy consist of β-blockers or losartan? 

How should they be followed up with regard to generalized vascular pathology? Although there 

are recommendations for prophylactic aortic surgery, they are based on the experiences of a single 

centre. At the moment, these recommendations should be used and evaluated to establish if they 

are effective in preventing aortic complications. Animal models could also be used to gain more 
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insight into LDS and could lead to the discovery of possible drug treatments. 

Mitral valve prolapse

At the moment, mutations in FLNA are the only known causes of myxomatous valve degeneration, 

of which MVP is the most common form. It is likely that in the coming years other genes will be 

discovered and this will, hopefully, also help in unravelling the pathophysiology of this clinically 

heterogeneous disorder. In particular, the sudden cardiac death associated with this disorder 

remains mysterious: why do ventricular arrhythmias occur in patients without apparent ventricular 

dysfunction or significant MR? 

As malignant forms of MVP are rare, i.e. MVP combined with ventricular arrhythmias, it would 

be useful to set up an international and/or national study or database. This would increase patient 

numbers significantly and should lead to a better understanding of this disease. Of course, once 

ventricular arrhythmias are present, there is no doubt treatment should be aggressive. However, 

at the moment, discriminating tools to identify those patients with ‘merely’ an MVP at risk for 

ventricular arrhythmias are lacking. In a recent study by Sriram et al., bileaflet MVP was present 

in 10 out of 24 patients with idiopathic out-of-hospital cardiac arrest (the remaining 14 patients 

had normal mitral valves).32 Significantly more females were present in the group of patients with 

bileaflet MVP compared to the patients with normal mitral valves (90% vs. 50%; p=0.04). In addition, 

the bileaflet MVP-patients had a higher prevalence of biphasic/inverted T waves inferolateral (77.8% 

vs. 29%; p=0.04). This suggests that bileaflet MVP, being female, and inferolateral repolarization 

abnormalities are all risk factors for ventricular arrhythmias in patients with an MVP. The greatest 

limitations of the study by Sriram et al. were the retrospective design and the fact that the patients 

were highly selected, as they had already experienced a ventricular arrhythmia. A prospective study 

following patients with an MVP could help to clarify these issues. 

final remarks

In summary, much progress has been made in the diagnostic process, genetics, pathophysiology 

and treatment of MFS. In particular fundamental research has led to a new rational therapy for MFS, 

i.e. treatment with losartan. Although the results of further studies need to be awaited, the results 

of the COMPARE study are promising and treatment with losartan will probably further improve 

the prognosis of patients with MFS.22 Still there remains work to be done. The diagnostic criteria 

should be further improved and the pathophysiology needs to be understood more fundamentally. 

Hopefully, attaining the latter will lead to new treatment options.

For LDS the greatest achievement is that it has been identified as a distinct connective tissue 

disorder. Due to the rarity of the syndrome, clinical research will be challenging, but should still be 

performed.  

Finally, in the near future hopefully other genes besides FLNA as a cause of familial myxomatous 

MVP will be discovered.  



112

Chapter 9

referenCes

1.  Sheikhzadeh S, Kusch ML, Rybczynski M, Kade C, Keyser B, Bernhardt AM, Hillebrand M, Mir TS, Fuisting B, 
Robinson PN, Berger J, Lorenzen V, Schmidtke J, Blankenberg S, von Kodolitsch Y. A simple clinical model 
to estimate the probability of Marfan syndrome. Q J Med, 2012;105:527-535. 

2.  Beighton P, De Paepe A, Danks D, Finidori G, Gedde-Dahl T, Goodman R, et al. International nosology of 
heritable of connective tissue. Am J Med Genet, 1986;29:581-594.

3.  De Paepe A, Devereux RB, Dietz HC, Hennekam RCM, Pyeritz RE. Revised diagnostic criteria for the Marfan 
syndrome. Am J Med Genet, 1996;62:417-426.

4.  Loeys BL, Dietz HC, Braverman AC, Callewaert BL, De Backer J, Devereux RB, Hilhorst-Hofstee Y, Jondeau G, 
Faivre L, Milewicz DM, Peyeritz RE, Sponseller PD, Wordsworth P, De Paepe AM. The revised Ghent nosology 
for the Marfan syndrome. J Med Genet, 2010;47:476-485.

5.  Ramirez F, Dietz HC. Marfan syndrome: from molecular pathogenesis to clinical treatment. Curr Opin Genet 
Dev, 2007;17:252-258. 

6.  Keane MG, Pyeritz RE. Medical management of Marfan syndrome. Circulation, 2008;117: 2802-2813. 

7.  Hemelrijk van C, Renard M, Loeys B. The Loeys-Dietz syndrome: an update for the clinician. Curr Opin 
Cardiol, 2010;25:246-551.

8.  Kyndt F, Gueffet JP, Probst V, Jafaar P, Legendre A, Le Bouffant F, Toquet C, Roy E, McGregor L, Lynch SA, 
Newbury-Ecob R, Tran V, Young I, Trochu JN, Le Marec H, Schott JJ. Mutations in the gene encoding filamin 
A as a cause for familial cardiac valvular dystrophy. Circulation, 2007;115:40-49.

9.  Sasaki A, Masuda Y, Ohta Y, Ikeda K, Watanabe K. Filamin associates with Smads and regulates transforming 
growthfactor-β signaling. J BiolChem, 2001;276:1781-1787.

10.  Milewicz DM, Guo DC, Tran-FaduluV, Lafont AL, Papke CL, Inamoto S, Kwartler CS, Pannu H. Genetic basis of 
thoracic aortic aneurysms and dissections: focus on smooth muscle cell contractile dysfunction. Annu Rev 
Genomics Hum Genet, 2008;9:283-302. 

11.  Guo DC, Papke CL, Tran-Fadulu V, Regalado ES, Avidan N, Johnson RJ, Kim DH, Pannu H, Willing MC, Sparks 
E, PyeritzRE, Singh MN, Dalman RL, Grotta JC, Marian AJ, BoerwinkleEA, Frazier LQ, LeMaire SA, Coselli 
JS, Estrera AL, Safi HJ,Veeraraghavan S, Muzny DM, Wheeler DA, Willerson JT, YuRK, Shete SS, Scherer SE, 
Raman CS, Buja LM, Milewicz DM. Mutations in smooth muscle alpha-actin (ACTA2) cause coronary artery 
disease, stroke, and Moyamoya disease, along with thoracic aortic disease. Am J Hum Genet, 2009;84:617–
627.

12.  Presley C, Guo D, Estrera AL, Safi HJ, Brasier AR, Vick GW,Marian AJ, Raman CS, Buja LM, Milewicz DM. MYH11 
mutations result in a distinct vascular pathology driven by insulin-like growth factor 1 and angiotensin II. 
Hum Mol Genet, 2007;16:2453–2462.

13.  Doyle AJ, Doyle JJ, Bessling S, Maragh S, Lindsay ME, Schepers D, Gillis E, Mortier G, Homfray T, Sauls K, 
Norris R, Huso ND, Leahy D, Mohr DW, Caulfield MJ, Scott AF, Destrée A, Hennekam R, Arn PH, Curry C, Van 
Laer L, McCallion AS, Loeys BL, Dietz HC. Mutations in the TGF‐β repressor SKI cause Shprintzen‐Goldberg 
syndrome with aortic aneurysm. Nat Genet, 2012;44:1249-1254.

14.  Roman MJ, Devereux RB, Kramer-Fox R, O’Loughlin J. Two Dimensional echocardiographic aortic root 
dimensions in normal children and adults. Am J Cardiol, 1989;64:507-512. 

15.  Radonic T, de Witte P, Groenink M, de Bruin-Bon RACM, Timmermans J, Scholte AJH, van den Berg MP, Baars 
MJH, van Tintelen JP, Kempers M, Zwinderman AH, Mulder BJM. Critical appraisal of the revised Ghent 
criteria for diagnosis of Marfan syndrome. Clin Genet, 2011;80:346-353. 

16.  Meijboom LJ, Timmermans J, Zwinderman AH, Engelfriet PM, Mulder BJM. Aortic root growth in men and 
women with the Marfan’s syndrome. Am J Cardiol, 2005;96:1441-1444.



113

Discussion and future perspectives

9

17.  De Backer JF, Devos D, Segers P, Marrhys D, Francois K, Gillebert TC, De Paepe AM, De Sutter J. Primary 
impairment of left ventricular function in Marfan syndrome. Int J Cardiol, 2006;112:353-358.

18.  Rybczynski M, Koschyk DH, Aydin MA, Robinson PN, Brinken T, Franzen O, Berger J, Hofmann T, Meinertz T, 
von Kodolitsch Y. Clin Cardiol, 2007;30:19-24.

19.  Alpendurada F, Wong J, Kiotsekoglou A, Banya W, Child A, Prasad SK, Pennell DJ, Mohiaddin RH. Eur J Heart 
Fail, 2010;12:1085-1091.

20.  Kiotsekoglou A, Saha SK, Moggridge JC, Kapetanakis V, Bijnens BH, Mullen MJ, Camm J, Sutherland GR, 
Wilkinson IB, Child AH. Hellenic J Cardiol, 2010;51:501-511.

21.  Kiotsekoglou A, Bajpai A, Bijnens BH, Kapetanakis V, Athanassopoulos G, Moggridge, Mullen MJ, Nassiri 
DK, Camm J, Sutherland GR, Child AH. Eur J Echocardiogr, 2008;9:605-613.

22.  Groenink M, den Hartog AW, Franken R, Radonic T, de Waard V, Timmermans J, Scholte AJ, van den Berg 
MP, Spijkerboer A, Marquering HA, Zwinderman AH, Mulder BJM. Losartan reduces aortic dilatation rate in 
adults with Marfan syndrome: a randomized controlled trial. Eur Heart J, 2013[Epub ahead of print].

23.  Gambarin FI, Favalli V, Serio A, Regazzi M, Pasotti M, Klersy C, Dore R, Mannarion S, Vigano M, Odero A, 
Amata S, Tavazzi L, Arbustini E. Rationale and design of a trial evaluating the effects of losartan vs. nebivolol 
vs. the association of both on the progression of aortic root dilation in Marfan syndrome with FBN1 gene 
mutations.  J Cardiovas Med (Hagerstown), 2009;10:351-362.

24.  Detaint D, Aegerter P, Tubach F, Hoffman I, Plauchu H, Dulac Y, Faivre LO, Delrue MA, Collignon P, Odent 
S, Tchitchinadze M, Bouffard C, Arnoult F, Gautier M, Boileau C, Jondeau G. Rationale and design of a 
randomized clinical trial (Marfan Sartan) of angiotensin II receptor blocker therapy versus placebo in 
individuals with Marfan syndrome. Arch Cardiovasc Dis, 2010;103:317-325. 

25.  Möberg K, De Nobele S, Devos D, Goetghebeur E, Segers P, Trachet B, Vervaet C, Renard M, Coucke P, Loeys 
B, De Paepe A, De Backer J. The Ghent Marfan Trial – a randomized, double blind placebo controlled trial 
with losartan in Marfan patients treated with β-blockers. Int J Cardiol, 2012;157:354-358. 

26.  Lacro RV, Dietz HC, Wruck LM, Bradley TJ, Colan SV, Devereux RB, Klein GL, Li JS, Minich LA, Paridon SM, 
Pearson GD, Printz BF, Pyeritz RE, Radojewski E, Roman MJ, Saul P, Stylianou MP, Mahony L. Rationale and 
design of a randomized clinical trial of beta blocker therapy (atenolol) vs angiotensin II receptor blocker 
therapy (losartan) in individuals with Marfan syndrome. Am Heart J 2007;154:624-631.

27.  Baumgartner HB, Bonhoeffer P, De Groot N.M.S, Haan de F, Deanfield JE, Galie N, Gatzoulis MA, Gohlke-
Baerwolf C, Kaemmerer H, Kilner P, Meijboom F, Mulder BJM, Oechslin E, Oliver JM, Serraf, Szatmari A, 
Thaulow E, Vouhe PR, Walma E. ESC Guidelines for the management of grown-up congenital heart disease. 
Eur Heart J, 2010;31:2915-2957.

28. Legget ME, Unger TA, O’Sullivan CK, Zwink TR, Bennett RL, Byers PH, et al. Aortic root complications in 
Marfan’s syndrome: identification of a lower risk group. Heart, 1996; 75:389-395.

29.  Kinoshita N, Mimura J, Obayashi C, Katsukawa F, Onishi S, Yamazaki H. Aortic root dilatation among young 
competitive athletes: echocardiographic screening of 1929 athletes between 15 and 34 years of age. Am 
Heart J, 2000;139:723-728. 

30.  Aalberts JJ, Waterbolk TW, van Tintelen JP, Hillege HL, Boonstra PW, van den Berg MP. Eur J Cardiothorac 
Surg, 2008;34:589-594.

31.  McKusick VA. The cardiovascular aspects of Marfan’s syndrome: A heritable disorder of connective tissue. 
Circulation, 1955;11:321-342.

32.  Sriram CS, Syed FF, Ferguson ME, Johnson JN, Sarano ME, Cetta F, Cannon BC, Asirvatham SJ, Ackerman MJ. 
Malignant bileaflet mitral valve prolapse syndrome in patients with otherwise idiopathic out of hospital 
cardiac arrest. J Am Coll Cardiol, 2013 [Epub ahead of print].



114



115

CH
A

PT
ER10

summary

nederlandse samenvatting
       

dankwoord



116

Chapter 10
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The results of the study on the diagnostic yield of the Groningen Marfan outpatient clinic (Chapter 

2) showed that the 2010 Ghent nosology has not caused any major changes in the number of 

patients diagnosed with MFS compared to the 1996 Ghent nosology (13% vs. 14% using the 1996 

and the 2010 nosology, respectively). However, the extra cases of MFS that were diagnosed using 

the 2010 nosology demonstrate  that this nosology is more straightforward and specific compared 

to the 1996 version; aortic root dilatation combined with a FBN1 mutation (two cases) or ectopia 

lentis (two cases) led to four extra cases of MFS. In addition, the results of the study in Chapter 

2 demonstrated a significant increase in non-Marfan diagnoses using the 2010 Ghent nosology. 

This was caused by a significant increase in cases of MVPS (1% vs. 8% using the 1996 and the 2010 

nosology, respectively). 

Another important result of the study in Chapter 2 was the high diagnostic yield in patients 

with aortic root dilatation (65% vs. 70% using the 1996 and 2010 nosology, respectively) and it 

therefore seems reasonable to evaluate all patients younger than 50 years with unexplained aortic 

root dilatation for a possible connective tissue disorder. 

Chapter 3 addressed LDS, which can also be a cause of aortic dilatation. LDS should therefore 

be in the differential diagnosis in a patient suspected to have MFS. The study in Chapter 3 discussed 

important aspects of LDS: how it can be recognized, how it can be diagnosed and how it should be 

managed. Distinctive features are arterial aneurysms and tortuosity, craniosynostosis (premature 

closure of cranial sutures), hypertelorism (increased distance between the pupils) and a cleft palate/

bifid uvula. LDS is diagnosed when typical features combined with a mutation in TGFBR1 or TGFBR2 

are present. Non-surgical management consists of regular echocardiography, paying special 

attention to the aortic root, and magnetic resonance angiography from head to pelvis to discover 

other arterial aneurysms. In addition, β-blocker therapy and/or treatment with losartan might 

be indicated. Prophylactic surgical intervention should be performed at smaller aortic diameters 

compared to MFS (Chapter 3: table 3).

Chapter 4 addressed familial MVP, a slightly different connective tissue disorder in which 

aortic pathology is not a major feature. It can, however, be associated with malignant ventricular 

arrhythmias that can, just like aortic pathology, have devastating consequences. Besides causing 

LDS, FTAAD and MFS, the hypothesis was that mutations in TGFBR1 or TGFBR2 might also cause 

isolated familial MVP, as there is a relation between dysregulation of TGF-β and the development 

of MVP. The results of the study in Chapter 4 in 8 families with isolated MVP suggested otherwise: 

one previously described FLNA missense mutation (p.Gly288Arg) was identified but mutations in 

TGFBR1 and TGFBR2 were absent. Along with a prior study, these results indicate that mutations 

in TGFBR and TGFBR2 presumably do not play a major role in isolated valve pathology. For now, 

with regard to familial MVP with myxomatous degeneration, FLNA remains the only gene known 

to cause this disease. Mutations in FLNA should certainly be suspected in MVP with myxomatous 

degeneration when inheritance is expected to be X-linked dominant. 
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Chapter 5 highlighted an interesting aspect of MFS: intrafamilial phenotypic heterogeneity. 

The study in Chapter 5 presented the largest family ever reported with a single recurrent FBN1 

(c.7916A>G) mutation, leading to a change of amino acid tyrosine into cysteine at position 2639 

(p.Y2639C). Some patients in the four-generation family only had mild skeletal or cutaneous 

manifestations like a pectus excavatum or striae, whereas others had severe cardiovascular 

involvement with aortic root dilatation or type A aortic dissection. 

Possible causes of clinical variability in MFS are: allelic variation in the non-mutated FBN1 

allele, multiple FBN1 mutations (compound heterozygosity), other regulatory genes involved in 

the process of extracellular matrix formation and homocysteine levels, as well as non-genetic, i.e. 

environmental, influences such as physical exercise. 

The clinical variability of MFS has consequences for the diagnostic process of patients suspected 

of MFS. ‘Mild’ cases could well go unnoticed and, in the absence of aortic pathology, this might 

seem unimportant, but a family member or future offspring could have a more ‘aggressive’ form of 

MFS that might not be recognized in time if the ‘mild’ case passes by unperceived. This stresses the 

importance of a careful diagnostic work-up. 

Chapter 6 further explored the relationship between genotype and phenotype in MFS. Mild 

dilatation of the left ventricle (LV) can occur in MFS, even in patients without significant valvular 

disease. In the study in Chapter 6, Marfan patients with a mutation leading to haploinsufficiency 

demonstrated LV dilatation (LV end diastolic diameter corrected for age and body surface area 

>112%) more often than patients with missense mutations. Furthermore, patients without an FBN1 

mutation more often had LV dilatation compared to patients with an FBN1 mutation. The clinical 

implication of these findings is limited as (mild) dilatation of the LV does not necessarily imply 

reduced LV function and heart failure is not a common manifestation of MFS in patients without 

severe valvular disease. Nonetheless, as life expectancy for patients with MFS has increased over 

the years, ventricular dysfunction may develop over time and patients with mutations leading to 

haploinsufficiency or FBN1-negative patients might be at increased risk. 

Chapter 7 continued on from Chapter 6: do Marfan patients have ventricular dysfunction? In 

a study of 144 MFS patients using cardiac magnetic resonance imaging (CMR) there was a mild 

biventricular dysfunction compared to healthy controls that was independent of aortic elasticity 

and β-blocker usage. Thirteen patients had an left ventricular ejection fraction (LVEF) <45% and 

three of these patients even fulfilled the diagnostic criteria for a dilated cardiomyopathy. Together 

these results suggest the existence of an intrinsic biventricular cardiomyopathy in MFS. Clinical 

implications of these findings are not readily apparent as none of the patients had a diagnosis or 

history of heart failure at the time, but it is conceivable that some of these subjects may develop 

heart failure in the future. Every MFS patient will probably have MRA of their aorta at some time and 

it seems reasonable to combine this with CMR to assess ventricular function. Treatment with ACE 

inhibitors or angiotensin II blockers should be considered in patients with a reduced LV ejection 

fraction. 



118

Chapter 10

Chapter 8 dealt with the clinically most relevant manifestation of MFS: aortic root dilatation. 

In the study in Chapter 8 a protocol for prophylactic aortic root replacement based on BSA was 

shown to be safe and effective in preventing aortic dissection and mortality. Patients were operated 

on if their relative aortic size was >1.3 (measured aortic root diameter/maximum predicted aortic 

root diameter). In accordance with the guidelines at that time, other indications for prophylactic 

aortic root replacement were growth of >0.2 cm/year and an aneurysm of the ascending aorta. 

Incidentally, a smaller aortic root diameter (corrected for BSA) was found in women compared to 

men. 

Finally in Chapter 9 the results of the preceding studies were discussed and possible future 

developments were shortly explored. 
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Erfelijke bindweefselziekten zijn relatief zeldzame aandoeningen die worden gekenmerkt door 

afwijkingen in de extracellulaire matrix. In dit proefschrift wordt nader ingegaan op belangrijke 

cardiale en genetische aspecten van drie van deze bindweefselziekten. De studies in dit proefschrift 

dragen op deze manier bij aan de kennis over deze ziektebeelden. Het gaat om het marfansyndroom, 

het loeys-dietzsyndroom en familiaire mitralisklepprolaps. 

hoofdstuk 1 geeft een algemene inleiding over deze erfelijke bindweefselziekten en hun 

pathofysiologie. Het marfansyndroom is een klinisch heterogene aandoening veroorzaakt door 

mutaties in het fibrilline 1 gen (FBN1) en in zeldzame gevallen door mutaties in de transforming 

growth factor-β receptor 1 (TGFBR1) en 2 (TGFBR2) genen. Typische kenmerken van dit syndroom 

zijn o.a. aortaworteldilatatie, mitralisklepprolaps, lens(sub)luxaties, lange en slanke lichaamsbouw, 

en pectus afwijkingen. De diagnose marfansyndroom wordt sinds 1996 gesteld aan de hand van 

de Gentse nosologie en deze diagnostische criteria werden in 2010 gereviseerd. In Nederland 

worden patiënten waarbij het vermoeden bestaat op het marfansyndroom systematisch 

geëvalueerd op gespecialiseerde poliklinieken in Groningen, Amsterdam, Nijmegen of Leiden. De 

cardiovasculaire behandeling van het marfansyndroom bestaat op dit moment uit β-blokkade, om 

de aortaworteldilatatie af te remmen, en profylactische aorta(wortel)chirurgie.

Het loeys-dietzsyndroom is eveneens klinisch heterogeen en wordt veroorzaakt door mutaties 

in TGFBR1 of TGFBR2. Er worden twee typen van het syndroom onderscheiden die samen een 

continuüm vormen. Loeys-dietzsyndroom type I wordt gekarakteriseerd door craniofaciale 

afwijkingen zoals een schisis, brede/wijde uvula, craniosynostosis (prematuur sluiten van 

schedelnaden) en hypertelorisme (toegenomen afstand tussen de pupillen). Bij type II komen 

geen craniofaciale afwijkingen voor, maar uitgesproken huidafwijkingen, zoals een ‘fluwelen’ huid, 

het snel ontwikkelen van blauwe plekken en atrofische littekens. Echter soms kunnen bij loeys-

dietzsyndroom type II toch een wijde/brede uvula en hypertelorisme aanwezig zijn. Daarnaast 

treden in beide typen agressieve arteriële aneurysmata (bijv. aortawortel, cerebraal) en vasculaire 

tortuositeit op. De diagnose loeys-dietzsyndroom wordt gesteld wanneer typische kenmerken 

gecombineerd met een mutatie in TGFBR1 of TGFBR2 aanwezig zijn. Tijdige profylactische chirurgie 

is op dit moment de enige cardiovasculaire behandeling. 

Mitralisklepprolaps wordt gekenmerkt door een systolische doorbuiging van één of beide 

mitralisklepbladen in het linker atrium. Daarnaast kan er sprake zijn van verdikte (mitralis)klepbladen 

en overmatig klepweefsel, dat laatste wordt histologisch gekenmerkt door myxomateuze 

degeneratie. Mitralisklepprolaps kan voorkomen in het kader van een algemene bindweefselziekte, 

bijvoorbeeld bij het marfansyndroom, maar mitralisklepprolaps kan ook geïsoleerd (familiair) 

voorkomen. Mutaties in het filamine A gen (FLNA) zijn de eerste en dusverre enige mutaties 

beschreven die geïsoleerde myxomateuze valvulaire dystrofie kunnen voorzaken en daarvan is 

mitralisklepprolaps de meest voorkomende vorm. 
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Mitralisklepprolaps kan worden gecompliceerd door belangrijke mitralisklepinsufficiëntie, 

bacteriële endocarditis, trombo-embolieën en zelfs plotse cardiale dood als gevolg van ventriculaire 

ritmestoornissen. De behandeling hangt af van de klinische situatie; een chirurgische interventie is 

aangewezen bij belangrijke mitralisklepinsufficiëntie en behalve behandeling met β-blokkers kan 

een implanteerbare cardioverter defibrillator (ICD) nodig zijn bij ventriculaire ritmestoornissen

De resultaten van de studie in hoofdstuk 2 tonen aan dat de 2010 Gentse nosologie in vergelijking 

met de 1996 Gentse nosologie geen belangrijke veranderingen geeft met betrekking tot het aantal 

patiënten dat wordt gediagnosticeerd met het marfansyndroom (1996;13% vs. 2010;14%). De extra 

patiënten die met het marfansyndroom werden gediagnosticeerd gebruikmakende van de 2010 

Gentse nosologie illustreren dat de 2010 Gentse nosologie directer en specifieker is in vergelijking 

met de 1996 Gentse nosologie; aortaworteldilatatie gecombineerd met een FBN1 mutatie (twee 

patiënten) of ectopia lentis (twee patiënten) leidde tot vier extra gevallen van het marfansyndroom. 

Verder tonen de resultaten van hoofdstuk 2 dat de 2010 Gentse nosologie een significante 

toename geeft van het aantal non-marfan diagnoses. Dit werd veroorzaak door een significante 

toename van het aantal patiënten met het mitralisklepprolapssyndroom (1996; 1% vs. 2010; 8%). 

Een andere belangrijke bevinding van de studie in hoofdstuk 2 is de hoge diagnostische opbrengst 

van patiënten met een aortaworteldilatatie (1996;65% vs. 2010;70%). Het lijkt daarom verstandig 

om alle patiënten jonger dan 50 jaar met een onverklaarde aortaworteldilatatie te evalueren voor 

een mogelijke bindweefselziekte. 

In hoofdstuk 3 wordt het loeys-dietzsyndroom besproken, wat ook een oorzaak van 

aortaworteldilatatie kan zijn. Dit ziektebeeld hoort dan ook in de differentiële diagnose te staan 

van een patiënt die wordt verdacht van het marfansyndroom. In de studie van hoofdstuk 3 

worden belangrijke aspecten van het loeys-dietzsyndroom besproken; de herkenning, het stellen 

van de diagnose en de behandeling. Onderscheidende kenmerken zijn arteriële aneurysmata en 

tortuositeit, craniosynostose (prematuur sluiten van schedelnaden), hypertelorisme (toegenomen 

afstand tussen de pupillen) en een gespleten/bifide uvula. De diagnose loeys-dietzsyndroom wordt 

gesteld wanneer typische kenmerken gecombineerd met een mutatie in TGFBR1 of TGFBR2 aanwezig 

zijn. Non-chirurgische behandeling bestaat uit regelmatige echocardiografie, waarbij er speciale 

aandacht voor de aortawortel moet zijn, en magnetische resonantie angiografie (MRA) van hoofd 

tot bekken om andere arteriële aneurysmata te ontdekken. Mogelijk is behandeling met β-blokkers 

en/of losartan ook geïndiceerd. Profylactische chirurgische interventie moet plaatsvinden bij een 

kleinere aortadiameter in vergelijking met het marfansyndroom. 

Familiaire mitralisklepprolaps komt aan de orde in hoofdstuk 4. Een enigszins andere 

bindweefselziekte waarbij aortapathologie niet een belangrijk kenmerk is. Familiare 

mitralisklepprolaps kan echter gepaard gaan met maligne ventriculaire aritmieën die net als 
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aortapathologie verschrikkelijke consequenties kunnen hebben. De hypothese van de studie in 

hoofdstuk 4 was dat mutaties in TGFBR1 of TGFBR2 familiaire mitralisklepprolaps zouden kunnen 

veroorzaken, aangezien er een relatie bestaat tussen disregulatie van TGF-β en het ontwikkelen van 

mitralisklepprolaps. De resultaten suggereren anders: één eerder beschreven missense mutatie in 

FLNA (p.Gly288 Arg) werd gevonden en mutaties in TGFBR1 of TGFBR2 waren afwezig. Samen met 

een eerdere studie geven deze resultaten aan dat mutaties in TGFBR1 of TGFBR2 waarschijnlijk geen 

belangrijk rol spelen bij geïsoleerde kleppathologie. 

Op dit moment blijft FLNA het enige gen waarvan bekend is dat het familiaire mitralisklepprolaps met 

myxomateuze degeneratie kan veroorzaken. Er moet zeker aan mutaties in FLNA worden gedacht 

wanneer er sprake lijkt te zijn van mitralisklepprolaps met X-gebonden dominante overerving. 

hoofdstuk 5 benadrukt een interessant aspect van het marfansyndroom: intrafamiliale fenotypische 

heterogeniteit. In de studie van hoofdstuk 5 wordt de grootste familie ooit beschreven met een 

enkele terugkerende mutatie in FBN1 (c.7916A>G). Sommige van de patiënten in de vier generatie 

grote familie hadden slechts milde skelet- of huidafwijkingen, zoals een pectus excavatum of 

striae. Andere leden van de familie hadden ernstige cardiovasculaire manifestaties hadden zoals 

aortaworteldilatatie of een type A aortadissectie. Mogelijke oorzaken van de klinische variabiliteit 

van het marfansyndroom zijn: allelische variatie van het niet-gemuteerde FBN1 allel, multipele FBN1 

mutaties (samengesteld heterozygoot), andere regulerende genen betrokken bij het proces van 

extracellulaire matrix formatie, homocysteïne spiegels, maar ook niet-genetische factoren zoals 

lichamelijke inspanning. 

De klinische variabiliteit van het marfansyndroom heeft consequenties voor het diagnostische 

proces van patiënten verdacht van het marfansyndroom. ‘Milde’ gevallen kunnen onopgemerkt 

blijven en in de afwezigheid van aortapathologie lijkt dit misschien onbelangrijk. Echter een familielid 

of toekomstige nakomelingen zouden een meer ‘agressieve’ vorm van het marfansyndroom kunnen 

hebben en dit zou misschien niet tijdig herkend worden wanneer ‘milde’ gevallen onopgemerkt 

blijven. Dit benadrukt het belang van een zorgvuldige diagnostische evaluatie. 

hoofdstuk 6 onderzoekt de relatie tussen genotype en fenotype in het marfansyndroom nader. 

Een milde dilatatie van de linker ventrikel kan optreden in het marfansyndroom, zelfs bij patiënten 

zonder belangrijk kleplijden. In de studie in hoofdstuk 6 hadden marfanpatiënten met een mutatie 

die leidde tot haploinsufficiëntie vaker linker ventrikel dilatatie (linker ventrikel einddiastolische 

diameter gecorrigeerd voor leeftijd en lichaamsoppervlakte >112%) in vergelijking met patiënten 

met missense mutaties. Verder hadden patiënten zonder een FBN1 mutatie vaker linker ventrikel 

dilatatie in vergelijking met patiënten zonder een FBN1 mutatie. 

De klinische implicaties van deze bevindingen zijn beperkt; aangezien (milde) dilatatie van 

de linker ventrikel niet per se een verminderde functie betekent en hartfalen geen algemeen 

verschijnsel is bij patiënten met het marfansyndroom zonder belangrijk kleplijden. Gezien de 
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toenemende levensverwachting van patiënten met het marfansyndroom, zou ventriculaire 

disfunctie zich in de loop van de tijd desondanks kunnen ontwikkelen. En patiënten met mutaties 

die leiden tot haploinsufficiëntie of FBN1-negatieve patiënten zouden een verhoogd risico hierop 

kunnen lopen. 

hoofdstuk 7 gaat verder waar hoofdstuk 6 was gebleven: hebben patiënten met het 

marfansyndroom ventriculaire disfunctie? In een cardiale MRI-studie van honderdvierenveertig 

marfanpatiënten was er een milde biventriculaire disfunctie bij de marfanpatiënten in vergelijking 

met gezonde controles, onafhankelijk van aorta-elasticiteit en β-blokker gebruik. Dertien patiënten 

hadden een linker ventrikel ejectiefractie <45% en drie daarvan voldeden aan de diagnostische 

criteria voor een dilaterende cardiomyopathie. Deze resultaten suggereren het bestaan van een 

intrinsieke biventriculaire cardiomyopathie bij het marfansyndroom. 

De klinische implicaties van deze bevindingen zijn niet direct duidelijk, aangezien geen van de 

patiënten bekend waren met hartfalen. Het is echter denkbaar dat sommige van deze patiënten te 

zijner tijd hartfalen zullen ontwikkelen. 

Elke marfanpatiënt zal op een bepaald moment een MRA van zijn aorta ondergaan en het 

lijkt verstandig dit te combineren met een cardiale MRI om de ventriculaire functie te beoordelen. 

Behandeling met ACE-remmers of angiotensine-II blokkers moet worden overwogen bij patiënten 

met een verminderde linker ventrikel ejectiefractie. 

hoofdstuk 8 behandelt de klinisch meest relevante manifestatie van het marfansyndroom: 

aortaworteldilatatie. In de studie van hoofdstuk 8 was een protocol voor profylactische 

aortawortelchirurgie gebaseerd op lichaamsoppervlakte veilig en effectief in het voorkomen van 

aortadissectie en mortaliteit. Patiënten werden geopereerd wanneer hun relatieve aortamaat 

>1.3 was (gemeten aortaworteldiameter/maximaal voorspelde aortaworteldiameter). In 

overeenstemming met de richtlijnen van die tijd, waren andere indicaties voor profylactische 

aortawortelvervanging: groei van >0.2 cm/jaar en een aneurysma van de aorta ascendens. 

Bijkomstig werd er een gemiddeld kleinere aortawortel bij vrouwen in vergelijking met mannen 

gevonden (gecorrigeerd voor lichaamsoppervlakte). 

Ten slotte worden in hoofdstuk 9 de bevindingen van de studies uit de eerder hoofdstukken 

bediscussieerd en wordt kort ingegaan op mogelijke toekomstige ontwikkelingen.
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dAnkwoord

Dan rest nu nog een belangrijk en waarschijnlijk meest gelezen onderdeel van een proefschrift, het 

dankwoord. Belangrijk is het zeker, want zonder hulp van anderen is het onmogelijk om ‘een boekje’ 

te schrijven. Of het ook terecht het meest gelezen onderdeel is, laat ik graag aan de lezer over. 

Prof. dr. van den Berg, Maarten, jouw bijdrage aan dit proefschrift kan niet worden overschat. Na 

mijn eerste wetenschappelijke project bij de cardiothoracale chirurgie kwam ik in contact met jou 

en vijf jaar later heeft het uitgemond in dit proefschrift. Dank voor je ideeën voor studies, dank voor 

je scherpe, snelle prikkelende commentaar op mijn manuscripten, en dank voor de tijd die je me 

hebt gegeven om dit proefschrift naast mijn opleiding te doen. Je wist me steeds met een paar 

aanwijzingen grote stappen vooruit te brengen. Verder ben ik je erg erkentelijk voor de kans die je 

me hebt gegeven om cardioloog te worden. 

Dr. van Tintelen, Peter, ook jij hebt een grote rol gespeeld bij de totstandkoming van dit proefschrift. 

Via Maarten kwam ik bij jou terecht en hoorde ik voor het eerst van het bestaan van het loeys-

dietzsyndroom en vanuit daar volgde de rest. Ook jou bedank ik voor je ideeën voor studies, dank 

voor het uitzoeken van allerlei ‘genetische informatie’, zonder jouw werk zou ik nog veel meer tijd 

hebben moeten steken in mijn promotie. Je commentaar was altijd helder en praktisch, precies wat 

ik nodig had om verder te komen. 

Prof. dr. van Langen, Irene, je bent wat later bij mijn promotieonderzoek betrokken geraakt dan 

Maarten en Peter, maar niettemin heb je een belangrijke bijdrage geleverd aan dit proefschrift.         

Je was altijd snel met commentaar op manuscripten, maar wel heel zorgvuldig. Regelmatig kwam ik 

de zin tegen: ‘wat bedoel je hiermee’. Zeer nuttig, want duidelijkheid is belangrijk in de wetenschap.

Nu volgen in willekeurige volgorde een heleboel andere mensen die een bijdrage hebben geleverd 

aan dit proefschrift. Ongetwijfeld ben ik mensen vergeten en daarom bedank ik in algemene zin 

alvast iedereen die er niet tussen staat, maar dit wel heeft verdiend. 

Chris Thio bedankt voor al het werk voor de studie over de marfanpolikliniek, je inzet en uitwerking 

waren uitstekend en je hebt me daardoor ontzettend vooruit geholpen met een belangrijk onderdeel 

van mijn proefschrift. Piet de Witte en Teodora Radonic bedankt voor de goede samenwerking 

tijdens de studie over de ventriculaire functie van marfanpatiënten, het was eerst even worstelen 

met de MRI’s, maar we zijn er uitgekomen. Dr. Boonstra, Piet, bij jou begon mijn wetenschappelijke 

project, bedankt dat je me op weg hebt gebracht. Drs. Waterbolk, Tjalling, dank voor je adviezen 

over de studie over aortawortelchirurgie bij marfanpatiënten en bedankt voor alles wat ik van je 

heb geleerd tijdens mijn periode bij de cardiothoracale chirurgie. Bij jou bleef het grote technische 
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vak van de cardiothoracale chirurgie toch altijd menselijk. Prof. dr. Ebels, Tjark, ook jij was betrokken 

bij de studie over aortawortelchirurgie bij marfanpatiënten, bedankt voor je hulp en commentaar. 

Verder bedank ik je voor alle operaties waar ik je bij mocht staan; je kunt zonder zichtbare moeite 

de meest complexe problemen tot de essentie terugbrengen en een ‘eenvoudige’ oplossing geven. 

Een aantal mensen in het bijzonder van de genetica wil ik ook bedanken voor hun hulp: Jorieke 

Bergman, Agnes Schuurman, Karin van Spaendonck, Gerdien Bosman, Rina Ceupink en Eelco Dulfer. 

Zonder ‘jullie patiënten’ en gegevens was ik niet ver gekomen. Daarnaast natuurlijk het secretariaat 

van de genetica, dank voor het opvragen van alle dossiers. 

Alma Guikema bedankt voor je secretariële en organisatorische ondersteuning, bij jou komen deze 

dingen altijd goed. Verder bedank ik natuurlijk ook de rest van het secretariaat van de cardiologie 

voor het af en toe opvragen van patiëntendossiers. Marco Willemsen, bedankt voor de fraaie 3-D 

echo figuren. Jackie Senior, ontzettend bedankt voor het editen van bijna al mijn manuscripten. 

Peter van der Sijde, heel erg bedankt voor het opmaken van dit proefschrift. 

De leden van de promotiecommissie, prof. dr. Loeys, prof. dr. Mariani en prof. dr. Mulder, dank voor 

het beoordelen van dit proefschrift. 

Ook bedank ik alle patiënten, zonder hen was dit proefschrift zeker niet mogelijk geweest. 

Marko en Jan dank dat jullie mij terzijde willen staan tijdens de verdediging van dit ‘boekje. We 

kennen elkaar al sinds het begin van de studie en hebben ontzettend veel ‘goeie’ discussies, gezellige 

borrels en gave vakanties samen beleefd. Ik hoop dat we hier nog een lange tijd mee doorgaan.

Ten slotte hebben de afgelopen jaren allerlei andere mensen een rol gespeeld in mijn leven, maar 

niets te maken gehad met dit proefschrift. Toch wil ik ze hieronder kort bedanken.

Een opsomming maken van al mijn (voormalige) collega arts-assistenten van zowel de 

cardiothoracale chirurgie, de interne geneeskunde als de cardiologie is onbegonnen werk, daarom 

iedereen bedankt voor de vrijwel altijd fijne samenwerking en gezelligheid. Hopelijk blijft dit in 

de toekomst ook zo en gaan we niet allemaal op ons eigen eilandje zitten. Cees Halma, Loek de 

Heide, en de rest van de opleidingsgroep van de interne geneeskunde in het MCL bedankt voor de 

leerzame twee jaren. Peter Paul van Geel, mijn opleider bij de cardiologie, jij komt als geen ander op 

voor de belangen van de AIOS, dank daarvoor en blijf dit doen. De stafleden van de cardiologie van 

het UMCG, dank dat jullie je vak aan mij leren. Daarbij wil ik ook de stafleden van de cardiothoracale 

chirurgie bedanken, bij jullie heb ik veel dingen geleerd en gezien die als cardioloog zeker van pas 

komen. 
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Sander, jou wil ik vooral bedanken voor al onze culturele en muzikale uitstapjes. Op en neer naar 

Parijs voor Jeff Koons in Versailles, naar Londen voor Damien Hirst in het Tate Modern en naar 

München om Vampire weekend live te zien, het zijn onvergetelijke reisjes geworden. 

Mahir, Henk, Frans, Allart, Joris en Hans, bedankt voor alle gezelligheid en gave tripjes. 

Mem en heit bedankt voor alle vrijheid en mogelijkheden die jullie mij hebben gegeven. Lucie, 

Willemijn en Bianca, mijn ‘kleine zusjes’, met jullie is het altijd leuk, dank daarvoor.

Lieve Mayke, wat hebben we het goed samen, ik kijk uit naar alle mooie dingen die we nog samen 

gaan beleven! En niet te vergeten, bedankt voor je tekeningen. 
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Appendix A: heritable connective tissue disorders and syndromes with cardiovascular involvement 

Connective tissue 
disorder

Gene(s)a(locus) Protein Cardiovascular 
features

Prevalence 

Alagille syndrome JAG1 (20p12) JAGGED 1 congenital heart 
malformations, aortic 
aneurysm, aortic 
coarctation

1:70 000

Allport syndrome 
X-linked

COL4A5 (Xq22.3) α5 type IV 
procollagen

aortic aneurysm 1: 50 000

Arterial tortuosity 
syndrome 

SLC2A10 (20q13.1) glucose transporter 
10

arterial tortuosity 
and aneurysms

unknown 

Autosomal 
dominant cutis laxa

ELN (7q11.2) elastin aortic coarctation, 
aortic aneurysm, 
congenital heart 
malformations

extremely rare

Autosomal 
recessive cutis laxa

EFEMP2 (11q13) fibulin-4 arterial tortuosity, 
arterial aneurysms

extremely rare

Bicuspid aortic 
valve

NOTCH1 (9q34.3), 
ACTA2(10q23.31)

NOTCH1, smooth 
muscle aortic alpha-
actin

aortic aneurysm, 
aortic coarctation

1: 50 - 200

Ehlers-Danlos 
syndrome vascular 
type

COL3A1 (2q31) α1 type III 
procollagen

arterial dissection 
without aneurysm

1: 50 000

FTAAD ACTA2 (10q23.31), 
TGFBR1(9q22.33), 
TGFBR2(3p24.1), 
FBN1(15.
q21.1), MYH11 
(16p13.11),SMAD3 
(15q22.33), MYLK 
(3q21), NOTCH1 
(9q34.3)

smooth muscle 
aortic alpha-actin, 
TGF-β-receptor, 
fibrillin-1, smooth 
muscle myosin 
heavy-chain-11, 
SMAD3, myosin 
light chain kinase, 
NOTCH1

thoracic aortic 
aneurysm

unknown

Hereditary 
hemorrhagic 
telangiectasia

ENG (9q34.1), 
ACVRL1 
(12q11-q14), 
SMAD4 (18q21.2)

endoglin, activin A 
receptor type II-like 
1, SMAD4

aortic aneurysm, 
mitral valve prolapse, 
arteriovenous 
malformations

1: 10 000

Loeys-Dietz 
syndrome

TGFBR1 (9q22.33), 
TGFBR2 (3p24.1), 
SMAD3

TGF-β-receptor, 
SMAD3

arterial aneurysms 
and dissecion

unknown

Lujan-Fryns 
syndrome

MED12 (Xq13.1) mediator-12 aortic root dilatation, 
ventricular septal 
defect

unknown

Marfan syndrome FBN1 (15q21.1), 
TGFBR1 (9q22.33), 
TGFBR2 (3p24.1)

fibrillin-1, TGF- β aortic aneurysm, 
mitral valve prolapse

1-3: 5 000

MASS phenotype FBN115q21.1) fibrillin-1 borderline aortic 
root dilatation, mitral 
valve prolapse

unknown 
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Connective tissue 
disorder

Gene(s)a(locus) Protein Cardiovascular 
features

Prevalence 

Mitral valve 
prolapse syndrome, 
familial

FLNA (Xq28) filamin A valvular dystrophy, 
aortic aneurysm

unknown

Neurofibromatosis 
type I

NF1 (17q11.2) neurofibromin-1 congenital heart 
malformations, aortic 
coarctation, arterial 
aneurysm

1: 4 000

Noonan syndrome PTPN11 (12q24.1) protein-tyrosine 
phosphatise 2c or 
SHP2

congenital heart 
malformations, aortic 
coarctation

1: 1 000 - 2500

Osteogenesis 
imperfecta

COL1A1 (17q21.31), 
COL1A2 (7q22.1)

α1 type I 
procollagen, α2 type 
I procollagen

aortic aneurysm 1:15 000

Shprintzen-
Goldberg 
syndrome

FBN1 (15q21.1) fibrillin-1 aortic aneurysm, 
congenital heart 
malformations

extremely rare

a Currently identified gene(s) causing the connective tissue disorder. Note: identifying a mutation is not per se 
needed in order to diagnose a particular connective tissue disorder
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Appendix B: explanation of graphs chapter 10 figure iv

- Function of graph “age: younger than 40 years”: 

y = (1.12 x BSA + 0.97 + 2 SD) x 1.3 

BSA (body surface area) = weight (kg) 0.5378 x length (cm) 0.3964 x 0.024265

SD (standard deviation) = 0.24

y = aortic root diameter (cm) 

- Function of graph “age: 40 years and older”: 

y = 0.74 x BSA + 1.92 + 2 SD) x 1.3

BSA (body surface area) = weight (kg) 0.5378 x length (cm) 0.3964 x 0.024265

SD = 0.37

y = aortic root diameter (cm)
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APPendix C: List of abbreviations

ACE  angiotensin converting enzyme 

ACTA2  smooth muscle aortic alpha-actin 2 gene

BSA  body surface area

COL3A1  type III collagen 3 alpha-1 chain gene

COMPARE COzaar in Marfan PAtients Reduces aortic Enlargement

CMR  cardiac magnetic resonance imaging 

ECM  extracellular matrix

EDS  Ehlers-Danlos syndrome

FBN1  fibrillin 1 gene

FLNA  filamin A gene

FTAAD  familial thoracic aortic aneurysm and/or dissection

ICD  implantable cardioverter defibrillator 

LDS  Loeys-Dietz syndrome

LV  left ventricle

MASS  mitral valve, aorta, skin, skeletal phenotype 

MFS  Marfan syndrome

MR  mitral regurgitation 

MRA  magnetic resonance angiography 

MRI   magnetic resonance imaging

MVP  mitral valve prolapse

MVPS  mitral valve prolapse syndrome

MYH11  smooth muscle myosin heavy-chain 11 gene

MYLK  myosin light chain kinase gene

NOTCH1  translocation-associated Notch 1 gene

SMADs  signal transducer- and transcriptional modulator-proteins

SMAD3  signal transducer- and transcriptional modulator 3 gene

SMC  smooth muscle cell

TGF-β  transforming growth factor beta

TGFBR1  transforming growth factor receptor 1 gene

TGFBR2  transforming growth factor receptor 2 gene

WES  whole exome sequencing



Marfan syndrome is probably the best known heritable connective tissue disorder with 
cardiovascular involvement and was named after Antoine Bernard-Jean Marfan. In 1896 he 
presented the case of a 5-year old girl with disproportionally long limbs accompanied by long 
and slender �ngers and toes. Since then, more than 100 years of medical development have 
passed and Marfan syndrome is now known as a clinically heterogeneous disorder caused by 
mutations in the �brillin-1 gene (FBN1). Typical features include aortic root dilatation, mitral 
valve prolapse, lens (sub)luxation, slender body habitus and pectus deformities. This thesis 
addresses several interesting cardiological and  genetic aspects of Marfan syndrome. For 
example the diagnostic yield of an outpatient clinic where patients suspected of Marfan 
syndrome are evaluated, the impact of the 2010 Ghent nosology, the relation between geno-
type and phenotype in Marfan syndrome, biventricular function in Marfan syndrome and the 
e�ectiveness of a protocol for prophylactic aortic root surgery in Marfan syndrome based on 
body surface area. 
Besides Marfan syndrome, this thesis also discusses cardiological and genetic aspects of the 
connective tissue disorders Loeys-Dietz syndrome and familial mitral valve prolapse, which 
both share characteristics with Marfan syndrome. 

Marfan syndrome and 
related connective tissue disorders

Cardiological and genetic aspects




