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  CARDIOVASCULAR CHARACTERISTICS IN MARFAN SYNDROME AND THEIR RELATION TO THE GENOTYPE 1 

I .  I n t r o d u c t i o n  

 
I.1 The role of Marfan syndrome as a model for 

cardiovascular disease 

Over the past decade, the link between cardiovascular medicine and genetics 
has evolved from nearly inexistent to a major interactive field, both for researchers 
and for clinicians.   

Our growing understanding of the mechanisms by which single genes can 
cause disease in monogenic disorders has led to a better insight into the 
pathophysiological basis of more common, genetically complex cardiovascular 
diseases such as hypertension, hypercholesterolemia, hypertrophic cardiomyopathy, 
arrhythmias and aortic aneurysms/dissections (1).  

 
Marfan syndrome (MFS) is a monogenic disorder, caused by mutations in the 

fibrillin-1 gene (FBN1) (2). Marfan syndrome is part of a spectrum of Aortic 
Aneursysm and Dissection disorders (AAD) and has served as a major paradigm for 
the study of the pathogenesis of aortic aneurysms.  

Studying cardiovascular aspects of  MFS and their relationship to the 
genotype will not only  improve our knowledge on  mechanisms underlying aortic 
aneurysms, but also  other cardiovascular problems such as mitral valve prolapse or 
even left ventricular dysfunction.  In this respect, we performed a detailed 
characterisation of cardiovascular manifestations in MFS and studied their 
relationship to the FBN1 genotype. The results of these studies are provided in this 
thesis.  As an introduction, a brief overview on AAD in general is provided.  
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I.2 Aortic  aneurysms and dissections  

I . 2 . 1   D e f i n i t i o n s  a n d  e p i d e m i o l o g y   

Aortic aneurysm is an abnormal widening or dilatation of the aorta with a 
tendency to progressive expansion. The risk for dissection and/or rupture rises 
substantially with increasing diameters. Thoracic aortic aneurysms can involve the 
ascending aorta, the aortic arch or descending aorta. Abdominal aortic aneurysms 
affect the infrarenal aorta. Thoraco-abdominal aortic aneurysms originate in the 
descending aorta and extend to the abdominal aorta.   

 

Aortic dissection is a sudden event in which blood penetrates the aortic wall 
through an intimal tear and creates a false channel by dissection of the media (3). 
Aortic dissections are classified according to Stanford (fig 1).Type A is defined by 
the involvement of the ascending aorta irrespective of the location of the tear. In 
type B the dissection does not extend into the ascending aorta.   

 

 

Figure 1: Stanford classification of aortic dissection. See text for explanation. Note the distribution of 
the entry point for each type 
 
Aortic aneurysms cause significant cardiovascular morbidity and mortality 

and their rupture or dissection accounts for nearly 15,000 deaths annually  in the 
United States (4).  
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Prevention of these disorders through the early identification of predisposed 
individuals and the modification of contributing genetic and environmental factors is 
a potential life- and cost-saving approach for managing these diseases of the aorta. 

 
I . 2 . 2   P a t h o p h y s i o l o g y   

The normal aortic wall comprises a tunica intima, tunica media and tunica 
adventitia. In normal aorta, the intima and adventitia are thin and the main tensile 
strength of the wall is provided by the media. The media consists of smooth muscle 
cells in a well-organized extracellular matrix consisting of many different 
components. Among these, elastin, collagen and microfibrils are of interest for this 
work.  

One of the major constituents of the 10-12 extracellular matrix microfibrils is 
fibrillin1, which serves as a scaffold for the deposition of amorphous elastin. Elastin 
plays an important role in mediating elastic recoil  and allows the aorta to expand 
during systole (5). Microfibrils appear to subserve several global functions including 
scaffolding for tropoelastin deposition and elastic fibre formation and anchoring 
endothelial and epithelial cells to elastic fibres.  Microfibrils are extensible 
themselves and may contribute to the mechanical properties of mature elastic tissues 
by means of load redistribution between individual elastic fibres(6). Fibrillin1 
contains calcium binding sites that are important in stabilising the microfibril against 
proteolytic degradation by serine proteases and matrix metalloproteinases. Whether 
mutations in the gene encoding fibrillin 1 – which lead to MFS – influence aortic 
elasticity is unclear and will be discussed in this thesis.  

Fibrillar collagens (types I and II) are the main providers of tensile strength 
in the aortic wall. As the aorta is distended the initial load is taken by elastin; as 
further expansion occurs, the coiled collagen fibres are stretched and further 
expansion is prevented (7).  

 
In the descending thoracic and abdominal aortic aneurysm, atherosclerotic 

lesions are frequently found on the luminal surface. The media is thinned with loss 
of smooth muscle cells, decreased elastin content and a relative increase in collagen. 
A variable degree of chronic inflammation is usually seen.  These findings are 
commonly observed in older people. Hypertension has been identified as a major 
predisposing factor in these patients. 

Histological changes seen in the ascending aorta are slightly different and are 
characterized by varying degrees of medial necrosis (or cystic medial necrosis by 
Erdheim). Cystic medial necrosis is characterized by the degeneration of elastic 
fibers and collagen in the medial layer of the aorta and subsequent accumulation 
with mucoid material (8, 9) (fig 2).  
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Figure 2: Haematoxylin and Eosin staining of aortic medial layer in a normal control (A) and a MFS 
patient (B). Note the fragmented elastic fibres and the mucoid material forming cysts in the 
specimen of the MFS patient 
 
Cystic medial necrosis is typically observed in patients with MFS, but it is 

also encountered in aging aorta (10), in patients with hypertension (11) bicuspid 
aortic valves(12) and Fallot’s tetralogy (13).  

 
The subdivision in ascending and descending aortic aneurysms is arbitrary. It 

is now clear that substantial overlap exists in the pathophysiological process 
underlying aortic aneurysm formation, irrespective of the location or underlying 
histology of the aneurysm. The underlying triggers that cause the aorta to dilate are 
far from clear. It is now recognized that multiple factors play a role, including age, 
hypertension, inflammation and underlying connective tissue anomalies. 

The observation that aortic disease in MFS patients is not limited to the 
ascending aorta is a clear example of the fact that extracellular matrix integrity is 
important in the entire aorta.  

 
Over the years, increasing evidence has emerged for the contribution of 

genetic factors into the process of aneurysm formation.  
First of all, it has been recognized for several years that thoracic AAD occur 

in the context of specific genetic syndromes, in particular MFS  
Secondly, familial aggregation studies performed  as well in families with 

abdominal  as with thoracic aortic aneurysms have indicated that there is a higher 
prevalence of AAD in first-degree relatives of aortic aneurysm patients than in 
control groups (14-18). It is estimated that 20% of patients with AAD have other 
affected family members, supporting the hypothesis that genetic factors influence 
the formation of aortic aneurysms. Understanding the structural and functional role 

A B
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of the genes involved in this process may help to elucidate at least part of this 
complex process.   

 
Most syndromes associated with AAD as well as isolated familial AAD are 

transmitted in an autosomal dominant  fashion, meaning that  every child from an 
affected subject has a 50% chance for developing the disease with an equal 
distribution in both sexes. 

   
Correct identification of an underlying genetic syndrome in a patient 

presenting with AAD is important, not only for the purpose of management and 
follow-up of affected individuals, but also for providing accurate genetic counselling 
to the family. To this end, detailed family history taking and careful clinical 
examination in each patient as well as in his first degree relatives is mandatory, as 
will be illustrated in one of the papers in this thesis.  

  
 
 
I.3 Marfan syndrome 

I . 3 . 1  D e f i n i t i on  a n d  d i a g n o s i s  

Marfan syndrome (MFS) (MIM  #154700) is a connective tissue disorder 
with pleiotropic manifestations, mainly affecting the ocular, cardiovascular and 
skeletal organ systems (19).  Marfan syndrome is inherited in an autosomal 
dominant manner and is caused by mutations in the fibrillin-1 gene (FBN1). Up to 
one quarter of patients have sporadic mutations (20). 

The estimated prevalence of MFS is 2-3 per 10.000 (21).  
The diagnosis of MFS is based on the identification of major and minor 

criteria in different organ systems, as defined in the Ghent nosology (22).   Major 
manifestations are highly specific and include the presence of 4 out of 8 skeletal 
findings, ectopia lentis, dilatation/dissection of the ascending aorta at the level of the 
sinuses of Valsalva, and dural ectasia (figure 3). 
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Figure 3: Major manifestations of MFS (clockwise from upper left): a combination of 4 out of  8 
skeletal features (note the pectus excavatum; this patient also had arachnodactyly, flat feet and 
reduced elbow extension); ectopia lentis; dural ectasia and dilatation of the proximal aorta at the 
level of the sinuses of Valsalva. At the bottom is an illustration of autosomal dominant transmission.  
 
Minor manifestations are less specific and occur frequently in the general 

population; these include, among others, mitral valve prolapse, striae distensae, 
pneumothorax and joint hypermobility. The complete list of major and minor 
manifestations for each organ system can be found in the appendix.  

 
The diagnosis in an index patient is confirmed in the presence of major 

manifestations in at least 2 different organ systems, in association with involvement 
of a third organ system. For family members of the proband, the diagnosis is 
confirmed in the presence of a major manifestation in one organ system with 
involvement of a second organ system.  
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Although establishing a clinical diagnosis of MFS is usually straightforward 
in adult patients, it can be more problematic in certain instances for several reasons. 
First, many clinical manifestations of MFS, especially those in the cardiovascular 
system, are age-dependent, making the diagnosis in children particularly 
challenging. Second, substantial overlap can occur with other connective tissue 
disorders, related to MFS. Third, significant variability in clinical expression, both 
within as between families exists and may hamper the diagnosis or exclusion of 
MFS in family members of affected subjects.  

The role of additional molecular testing in the diagnostic decision making in 
these challenging cases of MFS is not well established at present and will be 
discussed in this thesis. The underlying mechanisms for the intra-familial variability 
are also largely unknown. One study indicates a possible role for the expression 
level of the wild-type allele as a modifier for intrafamilial variability (23). 
 
I . 3 . 2  M o l e c u l a r  A s p e c t s  

Marfan syndrome is caused by mutations in the gene encoding fibrillin1, 
located on chromosome 15 (15q21.1) (2). To date, over 550 different mutations have 
been identified, located along the entire length of the gene (24). Most families have 
unique or private mutations. 

The fibrillin1 gene (FBN1) contains 65 exons spanning 235kb of genomic 
DNA (25). It encodes a 350 kDa glycoprotein which is highly conserved among 
different species. The fibrillin 1 gene has a modular structure consisting of repetitive 
domains. The majority are calcium binding Epidermal Growth Factor like domains 
(Fig 4) 

 

Figure 4: schematic representation of the fibrillin1 gene (EGF: epidermal growth factor) 
 
 Most mutations occur within one of the 47 tandemly repeated epidermal 

growth factor-like domains, and cause the substitution of one of the six predictably 
spaced cystein residues which influence domain folding via disulfide bonding or 



Draf
t V

_2

www.dc
lsi

gn
s.b

e

 I. INTRODUCTION 

8 CARDIOVASCULAR CHARACTERISTICS IN MARFAN SYNDROME AND THEIR RELATION TO THE GENOTYPE 

affect residues that are involved in  calcium binding to fibrillin1. Such perturbations 
lead to enhanced cleavage and proteolytic degradation (26). 

With the current techniques for molecular analysis, the mutation detection 
rate reaches over 90% in patients fulfilling the clinical diagnostic criteria for MFS 
(27). About two-thirds of all FBN1 mutations are missense mutations, approximately 
20% are premature termination codons (PTC) and 12% are splice site mutations 
(28).  

To date, both comprehensive linkage and mutational analyses strongly favour 
locus homogeneity for the classic MFS phenotype(29-31). 

Based on the suggested structural role of fibrillin 1, the classification of 
mutations has been similar to other connective tissue disorders such as Osteogenesis 
Imperfecta where missense mutations are related to worse phenotypes due to a 
dominant negative effect of these mutations (32). In accordance with these findings, 
it was suggested that missense mutations in the FBN1 gene would result in worse 
phenotypes when compared to premature stop codons. Several attempts have been 
made to prove this hypothesis (33, 34), but none has been convincing so far, except 
for the higher incidence of lens luxation in patients with cysteine substitutions(35). 
Even the association between the severe neonatal form of the disease with a cluster 
of mutations in the regions corresponding to exons 24-32 does not seem to be 
absolute since milder phenotypes have been found in this region (36-38).  

 
Genotype-phenotype studies focussing on the cardiovascular manifestations 

of MFS are scarce in the literature.  
In patients with premature termination codon mutations, aortic dissection 

occurred more frequently in the group described by  Schrijver and co-workers (34). 
Mutations in the terminal region of the gene were thought to be associated with 
milder cardiovascular phenotypes (39).  

The underlying mechanisms for the intrafamilial variability are still poorly 
understood. It is suggested that both genetic and environmental factors are involved. 
An interesting mechanism, proposed by Hutchinson and co-workers, is that the 
expression level of the non-mutated allele may play a role in the determination of 
intrafamilial variability (23).   

 
In this work, we have searched for possible genotype/phenotype correlations 

in MFS, focussed on one specific cardiovascular characteristic, aortic stiffness. We 
also studied the role of the expression level of both alleles on clinic al variability. 
(see results section, chapter 4).   
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I . 3 . 3  C ar di ov a s c u l a r  m an i f e s t a ti on s  

Seventy to 100 % of the overall mortality in MFS patients is related to 
cardiovascular problems.  Eighty to 100% of these are the result of aortic dissection 
(40).  

Cardiovascular manifestations according to the Ghent nosology are listed in 
appendix1.  

 
I . 3 . 3 . 1  D i l a t a t i o n  o f  t h e  a s c e n d i n g  a o r t a  

The primary cardiovascular manifestation in MFS is a progressive dilatation 
of the ascending aorta eventually leading to aortic dissection or rupture. It is 
estimated that aortic root dilatation is present in >80% of adult MFS patients(41).  

Evaluation of ascending aortic dilatation requires careful echocardiographic 
measurement and obtained values should be compared to normal values in control 
subjects matched for age and body-surface area (42). This can be done using 
nomograms (figure 4) or using Z-scores derived from the regression equation on the 
nomogram  

 

X=obtained value; M=mean calculated value; SD=Standard Deviation 
The mean calculated value is calculated with the regression equation provided in the graph in fig 4. 
The standard deviation is calculated according to the following formula:  
SD = SEE/ (√(1-r²) x √(n/n-2)).  
With  r= correlation coefficient; n= study population 
 

SD 
Z-score= X - M 
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Figure 4: illustration and echocardiographic image of ascending aortic aneurysm at the level of the 
sinus of Valsalva in MFS. Measurement has to be done at end diastole using the “leading edge to 
leading edge” principle. LA: Left Atrium; LV: Left Ventricle.  The graph shows a nomogram with the 
according regression equation for the age range <18yrs (from Roman et al, Am J Cardiol 1989). 
 
Calculation of the body surface area is based on the formula by Dubois and 

Dubois, published in 1916 and based on measurements obtained in eight adults and 
one child (43). Values for infants and small children were obtained by extrapolation. 
Correction for body-surface area is certainly useful for the standardisation of cardiac 
output and intracardiac chambers, but is less useful for indexing linear cardiac 
chamber measurements, such as the aortic root, because the relation is nonlinear(44). 
Despite these inconveniencies, we preferred the use of this formula because both 
length and weight are considered and because most international publications on 
aortic root dimensions use the same formula, which facilitates comparison of the 
obtained measurements. One should however keep in mind that this formula might 
overestimate the importance of body weight – thus leading to false low values in 
obese subjects.   

Rosendaal and co-workers performed an interesting study assessing the 
relationship between body-surface area and aortic root dimensions in a large group 
of normal “tall” children (Dutch population). They demonstrated a larger scatter of 
normal values in this tall population when compared to the normal population 
published by Roman and co-workers(42). These findings should also be considered 
in the standardisation procedure (45). 
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The predilection for the ascending aorta to dilate is a result of both structural 
and local hemodynamic factors. It has been demonstrated that elastic fibres are 
relatively more common in the ascending aorta than in any other region of the 
arterial tree (46). Diseases such as MFS affecting elastic fibre integrity will therefore 
manifest more easily in this region. Furthermore, it is primarily the ascending 
portion of the aorta which is subjected to the repetitive stress of left ventricular 
ejection, eventually resulting in progressive dilatation (47, 48).  

 
In patients with aortic aneurysms not associated with MFS, the degree of 

aortic dilation has been well correlated with the risk of aortic rupture (49). The risk 
rises substantially when the diameter exceeds 55mm.  

By contrast, in patients with  MFS, risk of aortic rupture or dissection and 
degree of aortic dilation does not appear to depend solely on the degree of aortic 
dilation(50). Some patients develop aortic dissection at diameters below 55mm (40, 
51). Silverman and co-workers demonstrated that a family history of severe 
cardiovascular disease in  MFS is associated with increased aortic diameter and 
decreased survival (52).  

Other independent risk factors that have been described in the literature are 
central pulse pressure (pressure difference between systolic and diastolic pressure in 
the ascending aorta) (53) and aortic stiffness(54-57).   

Aortic stiffness has been investigated as an additional potential predictor of 
progressive aortic dilatation and dissection in patients with MFS. Several studies 
have demonstrated the presence of increased aortic stiffness, characterized by a 
decrease of local distensibility and an increase in flow wave velocity, assessed with 
magnetic resonance imaging or echocardiography in patients with MFS (54, 55, 57). 
More recently, it has been demonstrated that aortic stiffness is an independent 
predictor of progressive abdominal aortic dilatation(58). Furthermore, aortic 
stiffness appears to have a diagnostic value in young patients (59).  

 
In daily clinical practice however, these parameters are not easy to apply 

since no accurate cut-off values are available. In this thesis, we have tried to assess 
the correlation between local and global parameters of aortic wave reflections and 
aortic dilatation in MFS patients (chapter 3). 
 

Aortic stiffness is also associated with increased cardiovascular risk in a 
number of non-Marfan populations (60-63). A relationship between aortic stiffness 
and the FBN1 genotype has been suggested, both in healthy middle aged men (64) 
as in patients with coronary artery disease(65). However, a larger scale trial could 
not reproduce these findings, questioning the value of the findings of the first studies 
(66, 67) 
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In contrast to the large amount of data on ascending aortic dilatation in MFS, 

data regarding the prevalence and guidelines for the diagnosis of minor 
cardiovascular manifestations are scarce.  

 
I . 3 . 3 . 2  M i t r a l  v a l v e  p r o l a p s e  

Mitral Valve Prolapse (MVP) is the only manifestation for which the 
investigational technique and definition are well delineated. 2D-echocardiography is 
the currently recommended tool for the identification of MVP(68) (69). Classic 
prolapse is defined as leaflet displacement in systole exceeding the mitral valve 
annular plane by ≥ 2mm with leaflet thickening exceeding 5 mm. Non-classic 
prolapse refers to leaflet displacement without valve thickening. An example is 
illustrated in figure 5. 

 

Figure 5: echocardiographic picture of mitral valve prolapse. AML: anterior mitral valve leaflet; PML: 
posterior Mitral Valve leaflet; LA: left atrium; LV: left ventricle; Ao: aorta 
 
In a survey on 166 MFS patients,  more than 50%  were identified with 

auscultatory or echocardiographic evidence  of MVP (70). These findings were 
confirmed in more recent studies (71, 72).  

 

AML

PML
LA

LV
Ao 
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I . 3 . 3 . 3  M a i n  p u l m o n a r y  a r t e r y  d i l a t a t i o n  

Guidelines for the assessment of main pulmonary artery (MPA) dilatation are 
scarce in the literature. Nollen and colleagues clearly demonstrated increased 
diameters assessed with Magnetic Resonance Imaging (MRI) (73).  Using a cut-off 
value of 28 mm at the level of the MPA root, they report a prevalence of MPA 
dilatation of 74%. Since MRI is not recommended in a screening setting, we have 
attempted to set up guidelines for echocardiographic evaluation of MPA dilatation in 
MFS patients.  

Complications arising from MPA dilatation are mild. Pulmonary 
regurgitation is reported in many MFS patients (74). Pulmonary artery dissection 
however is very rare. With increasing life expectancy in MFS patients, 
complications arising from MPA dilatation in a later stage cannot be excluded.  
 

I . 3 . 3 . 4  D i l a t a t i o n  o r  d i s s e c t i o n  o f  t h e  d e s c e n d i n g  a o r t a  

Complications in the descending aorta occur in a minority of MFS patients 
(75, 76).  Marfan syndrome patients presenting with thoraco-abdominal aortic 
aneurysm/dissection are reported in a few case reports (77, 78). Other reports on the 
descending aorta in MFS patients are mainly limited to surgical data describing the 
occurrence of primary or secondary complications in the descending aorta 
necessitating surgical intervention. Finkbohner and colleagues report that 15% of 
their patients had a first surgical intervention involving portions of the descending 
aorta (79). Nollen and colleagues report on increased growth (defined as >1mm/y) in 
a small subset of patients (6% in the descending thoracic aorta and 7% in the 
abdominal aorta) (58). Kawamoto and colleagues studied the progression of thoraco-
abdominal aortic diameters in MFS patients after surgical repair and defined a 
subgroup of patients showing progressive dilatation of the distal aorta (>3mm yr) 
(80).  

Guidelines for the assessment of descending aortic dilatation are lacking in 
the literature. In this work, we performed a MRI study comparing aortic diameters in 
MFS patients to controls in an attempt to provide cut-off values (chapter 1). 

 
Interestingly, abnormal elastic properties of the aorta are not confined to the 

ascending aorta, but are also detected in the normal sized, more distal parts of the 
vessel (55) and this as well in patients having previously undergone aortic root 
surgery as in unoperated MFS patients (81).  Local distensibility of the descending 
thoracic aorta appeared to be an independent predictor of progressive descending 
aortic dilatation (58).  
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I . 3 . 3 . 5  L e f t  v e n t r i c u l a r  d y s f u n c t i o n  

Although not included in the diagnostic criteria for MFS, dilated 
cardiomyopathy, beyond that explained by aortic or mitral valve regurgitation, 
seems to occur with higher prevalence in patients with MFS, perhaps implicating a 
role of the extracellular matrix protein fibrillin1 in the cardiac ventricles (41).  

Left ventricular (LV) dysfunction in MFS may occur as a consequence of 
valvular heart disease. However, there is recent evidence suggesting that LV 
function may be impaired irrespective of the presence of valvular heart disease,   as 
indicated by increased LV dimensions in a subset of patients  (82). In addition it has 
been demonstrated in a few small studies that left ventricular diastolic function is 
also impaired in MFS  (83-85). 

In this work, we present results of a detailed study of LV systolic and 
diastolic function in MFS patients using dedicated techniques (chapter 2).  

 
 

I . 3 . 4  C ar di ov a s c u l a r  m or b i di t y  a n d m o r t a l i t y  i n  M ar f an  s yn d r om e  

Life expectancy in patients with MFS is mainly determined by aortic 
complications (dissection or rupture), especially at the aortic root (40, 86-89). In a 
prospective study of 72 patients in 1972, the median life expectancy was about 45 
years (87).  A more recent re-evaluation of life expectancy in MFS suggested that 
early diagnosis and refined medical and surgical management have increased 
median life expectancy to about 70 years (90).  Nevertheless, MFS continues to be 
associated with significant morbidity and selected subgroups are refractory to 
therapy and continue to show early mortality.  In the classic form of MFS diagnosed 
after infancy, it is estimated that up to 90% of affected individuals will have a 
cardiovascular ‘event’ during their lifetime, including surgical repair of the aortic 
root, fatal or non-fatal aortic dissection or mitral valve surgery (47, 91, 92).   
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I . 3 . 5  M a n a g e m e n t  a n d  t r e a t m e n t  o f  c a r d i o v a s c u l a r  
m a n i f e s t a ti o n s  i n  M a r fa n  s yn d r om e  

I . 3 . 5 . 1  F o l l o w - u p  

Once the diagnosis of MFS is established, every patient should undergo 
regular echocardiographic follow-up which should be every year in case of an aortic 
root diameter <45mm, and every six months when diameters exceed 45mm or in 
cases of fast growing aneurysms (defined as an increase ≥0.5cm/yr). Imaging of the 
entire aorta, preferentially  using MRI is recommended in every adult patient with 
MFS at the time of diagnosis and should be repeated yearly in  patients with a  
documented aortic dilatation/ dissection and/or in patients who previously had aortic 
root surgery (93). Computed tomography is a possible alternative for MRI, although 
we would not recommend this in a serial setting in view of the important radiation 
dose.  

  
I . 3 . 5 . 2  M e d i c a l  t r e a t m e n t  

Medical treatment is mainly aimed at modifying the progression of aortic 
dilatation.  
The standard of care for medical treatment in MFS consists of β-blockers. The 
rationale for this treatment strategy is primarily to decrease proximal aortic tensile 
wall stress, or dP/dT.  β-Blockers are likely beneficial both through negative 
inotropic and negative chronotropic effects. The only randomized trial assessing the 
effect of β-blockade in patients with MFS was published in 1994 (94). It was 
demonstrated that the rate of progression of aortic growth was diminished in MFS 
patients treated with β-blockers. The use of β-blockers does not prevent attainment 
of other important clinical endpoints including aortic valve dysfunction, surgery, 
dissection and death in all patients.   
Studies of aortic stiffness measured by echocardiography, MRI, and cardiac 
catheterization have shown a heterogeneous response to β-blockers in patients with 
MFS (95-97).  Advanced aortic root size correlated with lack of response (97). It is 
therefore recommended that these drugs be initiated at the earliest age possible(98). 

It is currently unclear whether the subgroup of patients not responding to β-
blockers has a worse outcome and whether they should be given an alternative 
treatment.  

Possible alternatives to β-blockers are calcium-channel blockers(99) and 
Angiotensin Converting Enzyme-inhibitors (100).  Since the trials evaluating the 
effect of these drugs are non-randomized and uncontrolled, it is recommended to 
reserve them for cases with proved intolerance to β-blockers.  
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I . 3 . 5 . 3  S u r g i c a l  t r e a t m e n t  

Surgical treatment for MFS has definitely contributed to the improved 
survival over the past decades (89).  

Elective surgery to repair the aortic root in patients with MFS is 
recommended when the maximal aortic diameter in adults or older children reaches 
5.0 cm (91, 101).  Additional considerations include the rate of aortic growth and 
family history of aortic dissection at a size less than 5.0 cm.  Earlier surgical 
intervention is recommended for individuals with an increase in aortic diameter 
exceeding 1 cm per year.   

 
The initial surgical procedure implemented by Bentall and de Bono consisted 

of replacement of the aortic root by a Dacron tube and replacement of the aortic 
valve with a mechanical prosthesis (the so- called composite graft procedure) in 
1968 (102).    

In a recent report by Gott and co-workers on the results of aortic root surgery 
using the composite graft procedure  in 675 patients with  MFS from multiple 
institutions, the operative mortality was 1.5% for elective operations and 11.7% for 
emergency operations (91). The actuarial survival rates were 84% at 5 years, and 
75% at 10 years. 

Because of the risks of thromboembolism and the lifetime requirement for 
oral anticoagulation associated with mechanical prosthetic aortic valves, recent 
surgical techniques have been developed (pioneered by David and colleagues) with 
the purpose to maintain the native aortic valve (so called valve-sparing procedures) 
(103, 104).  To date, no randomized clinical trials of valve replacement versus 
valve-sparing aortic root surgery have been performed, and long-term data on the 
outcomes with valve-sparing surgery are not yet available.  Nevertheless, the short-
term data are encouraging, with an extremely low rate of operative mortality 
(equivalent to that seen with composite graft repair) (105-107).  The valve-sparing 
approach is particularly attractive for young women with MFS who anticipate 
pregnancy since it precludes the need for oral anticoagulation, which are known 
teratogens.  Given the current preference for the valve-sparing procedure, the 
occurrence of significant aortic regurgitation is now widely accepted as an additional 
criterion to proceed with prophylactic surgery.  Valve function can often be 
improved surgically if this operation is performed before development of severe 
regurgitation. 
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I . 3 . 6  Di f fe r e n ti a l  di a gn o s i s  

In the differential diagnosis of MFS, other genetic syndromes associated with 
aortic aneurysm should be considered. For some of these disorders, the correct 
diagnosis may be easily established on clinical grounds, whereas in others, 
overlapping features with MFS may hamper confirmation of the diagnosis. 
Diagnosing a patient with MFS requires careful physical examination and 
assessment of other organ system involvement such as lens dislocation or dural 
ectasia. Additional molecular studies may be helpful in specific instances, as will be 
illustrated in this thesis (chapter 4). 

 
I . 3 . 6 . 1  L o e y s - D i e t z  s y n d r o m e   

Loeys-Dietz syndrome is a recently identified autosomal dominant aortic 
aneurysm syndrome (108) . In 2002, several patients were identified presenting with 
early onset aortic aneurysms with an aggressive course. Clinical examination 
revealed the presence of hypertelorism, cleft palate and/or bifid uvula and arterial 
tortuosity. Although some patients presented skeletal features of MFS such as 
arachnodactyly, pectus deformities and scoliosis, none of them fulfilled the clinical 
diagnostic criteria for MFS. None of these patients presented lens dislocation.  The 
disease has an autosomal dominant transmission. The underlying genetic defects in 
Loeys-Dietz syndrome are mutations in the Transforming Growth Factor β Receptor 
(TGFBR) genes 1 and 2. These genes were considered as likely candidates since 
mutations in these genes cause similar craniofacial abnormalities in mice. 
Furthermore, a TGFBR2 mutation had been identified in a large French family 
presenting clinical features of MFS (109).  

Loeys-Dietz syndrome certainly includes many features of MFS 
(arachnodactyly, pectus deformity, scoliosis, dural ectasia, ascending aortic 
aneurysm with dissection), but also many findings not seen in MFS patients (e.g. 
hypertelorism, cleft palate/bifid uvula, craniosynostosis, generalized arterial 
tortuosity, aneurysms and dissection throughout the arterial tree). Although there 
definitely is phenotypic overlap between Loeys-Dietz syndrome and MFS, the 
distinction between the two disorders is important in view of marked differences in 
natural history and prognosis. For example, the arterial involvement in Loeys-Dietz 
syndrome is more widespread and has a worse outcome than in MFS (110). Follow-
up and treatment are accordingly different for both syndromes.  

Interestingly, TGFBR2 mutations have also been identified in patients with 
isolated thoracic AAD (111), suggesting that there is a phenotypic spectrum with 
thoracic AAD at the mild end and Loeys-Dietz syndrome at the other end. 
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I . 3 . 6 . 2  E h l e r s - D a n l o s  s y n d r o m e  -  v a s c u l a r  t y p e   

The vascular type of Ehlers-Danlos syndrome (EDS) is caused by mutations 
in the COL3A1 gene encoding type III collagen, an important constituent of blood 
vessel walls and hollow organs. Vascular EDS is an autosomal dominant disorder 
clinically characterized by widespread tissue fragility with joint hyperlaxity, easy 
bruising, atrophic scars, intestinal and/or uterine rupture and vascular fragility. 
Although the aorta can be involved, typically smaller arteries rupture or dissect in 
patients with this syndrome. Dissections often occur in the absence of previous 
dilatation. The vascular complications of vascular EDS are difficult to manage and 
cause premature death, with the median age of death being 48 years (112).  

 
I . 3 . 6 . 3  E h l e r s - D a n l o s  s y n d r o m e  –  k y p h o s c o l i o t i c  t y p e   

The kyphoscoliotic type of EDS is caused by deficient activity of the enzyme 
lysyl hydroxylase. It is an autosomal recessive disorder caused by mutations of the 
PLOD1 gene (Procollagen-Lysine, 2-Oxoglutarate 5-Dioxygenase). Clinical 
characteristics include general joint laxity, progressive and severe kyphoscoliosis 
and scleral fragility(113). Arterial rupture occurs occasionally and aortic dissection 
has been reported in one patient (114). 
 
I . 3 . 6 . 4  A r t e r i a l  t o r t u o s i t y  s y n d r o m e   

Arterial Tortuosity Syndrome is a recently identified autosomal recessive 
disorder characterized by widespread arterial tortuosity, along with large artery 
stenosis. Aneurysm formation of the aorta and large arteries may also be present.  
Arterial Tortuosity Syndrome  is caused by mutations in the GLUT10 gene, 
encoding for a facilitative glucose transporter (115).  
 
I . 3 . 6 . 5  F a m i l i a l  A o r t i c  A n e u r y s m s  a n d  D i s s e c t i o n s  

Familial AAD comprise a genetically heterogeneous group of conditions. A 
few mutations in different genes have been identified, but the frequency of known 
mutations in this group is low, suggesting that many other unidentified genes exist. 

Some patients with familial AAD present minor manifestations of MFS such 
as mild skeletal symptoms or myopia. In such cases, the differential diagnosis with 
MFS may be very difficult and additional molecular studies may be helpful to 
establish a correct diagnosis. 
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FBN1 mutations have been detected in one family and two sporadic patients 
with ascending aortic disease which did otherwise not meet the clinical diagnostic 
criteria for MFS (116, 117).  

As already mentioned, mutations in the TGFBR2 gene have also been 
identified in patients with isolated thoracic AAD (111)  

Mutations in the Myosin Heavy Chain Gene 11 ( MYH11) gene have recently 
been identified in a large family with autosomal dominant transmission of thoracic 
AAD associated with patent ductus arteriosus (118).  

In addition, two other loci have been identified in families with autosomal 
dominant transmission of  AAD: the TAAD1 locus on chromosome 5 (5q13-14) (9) 
and the FAA1 locus on chromosome 11 (11q23-24) (119).  
 
I . 3 . 6 . 6  T h o r a c i c  a o r t i c  a n e u r y s m s  a n d  d i s s e c t i o n s  a s s o c i a t e d  w i t h  b i c u s p i d  

a o r t i c  v a l v e    

In patients with bicuspid aortic valves there is a nine fold increase in the risk 
of developing acute dissections when compared to patients with normal aortic 
valves. Recent studies suggest that there are associated congenital anomalies of the 
aortic wall in these patients. Aortic aneurysms and dissections occur irrespective of 
altered hemodynamics or age (120).  

The minimal frequency of familial occurrence of bicuspid aortic valve ranges 
between 9.1 and 17.1% (121, 122). Analysis of these families indicated that the 
condition is inherited in an autosomal dominant manner with reduced penetrance 
(121).  
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I I .  O u t l i n e  a n d  a i m s  

This thesis aims to provide a detailed study of cardiovascular characteristics 
of Marfan syndrome and to study their relationship to the genotype. 

 
Although dilatation of the ascending aorta is the main cardiovascular 

complication in MFS, the diagnostic value of other cardiovascular features in the 
evaluation and follow-up for MFS should not be underestimated.  

Defining cardiovascular involvement in the absence of proximal aortic 
dilatation may be crucial for a correct diagnosis of MFS. To this end, adequate 
cardiovascular diagnostic criteria are needed.  Although these criteria exist for the 
diagnosis of MVP, they are largely lacking for the other minor cardiovascular 
manifestations, such as dilatation of the MPA, dilatation and dissection of the 
descending aorta and calcification of the mitral valve annulus.   In chapter 1 of this 
thesis, we provide a critical evaluation of the current “minor” cardiovascular 
diagnostic criteria for MFS and formulate practical guidelines for correct evaluation 
and diagnosis of these “minor” manifestations. 

 
 As a result of increased life expectancy in MFS it is expected that other 

cardiovascular problems such as LV dysfunction may arise in MFS patients.  A few 
reports have mentioned the presence of diastolic and systolic cardiac dysfunction, 
however detailed studies are lacking. Therefore, we performed an in depth study 
combining classic echocardiography, Tissue Doppler Imaging (TDI)  and MRI, for 
the evaluation of left ventricular systolic and diastolic function in MFS patients that 
are free of significant valvular heart disease. The results of this study are presented 
in chapter 2.  

Aortic stiffness is increased in MFS patients, but the pathophysiological 
sequence underlying this process is largely unknown at present. It is unclear whether 
altered (proximal) aortic wall properties in MFS give rise to local wave reflections 
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and how these contribute to the global picture of wave reflection and the mechanical 
load imposed on the aortic wall. In chapter 3, we compared indices of local and 
global wave reflection in the aorta between MFS patients and control subjects using 
ultrasound and MRI.  

 
An intriguing aspect of MFS is the high degree of clinical variability both 

within and between families. It has been postulated that the FBN1 genotype plays a 
role in the determination of this variability. In chapter 4, we investigated this 
correlation. First, we studied the correlation between the FBN1 genotype and 
parameters of aortic stiffness in a large group of MFS patients. Second we present 
detailed clinical descriptions in three large families harbouring a FBN1 mutation and 
demonstrate extensive clinical variability among family members. We also illustrate 
the importance of repeated and thorough clinical follow-up, detailed family history 
taking and the value of additional molecular testing.  
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I I I .    M a t e r i a l s  a n d  M e t h o d s  

III.1 Patients and control  subjects 

To study the minor cardiovascular criteria, a total of 77 subjects, recruited both 
at the Ghent University Hospital (53 subjects) and at the Johns Hopkins University 
School of Medicine in Baltimore (24 subjects) with a mean age of 25.0 yrs (range 
4months – 55years) and fulfilling the Gent clinical diagnostic criteria for MFS were 
studied with echocardiography. Patients were compared with 77 age- and sex- 
matched control subjects, recruited among colleagues and family members of the 
researchers. A subgroup of 29 adult MFS and 31 control subjects also underwent MRI 
of the aorta. From this subgroup, 26 patients (mean age 32±10.9, 12 men) without 
significant valvular heart disease and 26 age- and sex matched controls were selected 
for the detailed evaluation of the LV function, using a combination of MRI and echo-
doppler parameters and for the evaluation of elastic parameters of the aorta, also using 
a combination of ultrasound and MRI. 

For the assessment of LV dimensions and function and for the study of the 
correlation between aortic stiffness and the FBN1 genotype, we collaborated with the 
group of Prof. B. Mulder at the Amsterdam Medical Centre (Amsterdam, NL).  

For the study of LV dimensions, the 26 patients from our study were included 
in a multi-centre study, pooling data from 4 university hospitals. In total 234 MFS 
patients were studied with conventional echocardiography.  

For the assessment of aortic stiffness parameters, a cohort of 67 MFS patients 
(31 men, mean age 32 ±10 years) fulfilling the Ghent criteria  representing 51 families 
with an identified FBN1 mutation underwent cardiac MRI in the Academic Medical 
Centre (Amsterdam, the Netherlands) (41 patients) and the Ghent University Hospital 
(Belgium) (26 patients). 
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III.2 Imaging techniques 

I I I . 2. 1  E c h oc a r di o gr a p h y  

I I I . 2 . 1 . 1  C o n v e n t i o n a l  e c h o c a r d i o g r a p h y  

All echocardiographic measurements were performed on a Vivid 7 
ultrasound machine (GE Vingmed Ultrasound, Horten, Norway).  Conventional 
echodoppler techniques were used for the evaluation of dimensions of the heart 
chambers and vessels (aorta and MPA) and for the evaluation of valvular function. 
Aortic diameters were measured in the parasternal long axis view at the level of the 
annulus, the sinuses of Valsalva, the sinotubular junction and the ascending aorta. 
Measurements were performed at end diastole with the leading edge to leading edge 
principle. Diameters were corrected for the body surface area (BSA) and compared 
with age dependent nomograms as proposed by Roman et al (41).  

Z-scores for the proximal aorta were calculated according to the formula:  

 
X=obtained value; M=mean calculated value; SD=Standard Deviation 
The mean calculated value is calculated with the regression equation provided in the graph in fig 4. 
The standard deviation is calculated according to the following formula:  
SD = SEE/ (√(1-r²) x √(n/n-2)).  
With  r= correlation coefficient; n= study population 

BSA and SD= Standard deviation. M and SD were obtained from the 
regression equations provided by Roman et al (41). Z-scores >2 indicates that the 
obtained value exceeds the mean value with more than two standard deviations and 
is considered as a significant increase. 

Mitral valve prolapse was evaluated from the parasternal long axis view and 
from the apical four chamber view. Classic MVP was defined as leaflet 
displacement exceeding 2mm and leaflet thickness of at least 5mm; nonclassic MVP 
was defined as leaflet displacement exceeding 2mm and leaflet thickness less than 
5mm, according to Freed et al (123).  

The MPA diameter was measured a few millimetres distally from the valve 
insertion at the broadest portion of the pulmonary artery, visualized from the 
parasternal short axis window. 

The LV dimensions were assessed in the parasternal long-axis view.  Left 
ventricular end-diastolic and end-systolic diameters as well as septal and posterior 
end-diastolic wall thickness were measured in 2D mode. For the multi-centre trial in 
chapter 2, the predicted normal values for LV end diastolic diameter and LV end 
systolic diameter were calculated for each patient according to their age and body 

X - M 

SD 
Z-score= 
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surface area using Henry’s regression equations (122). The LV dimension was 
expressed as a percentage of the predicted value according to the formula (observed 
dimension/predicted normal value X 100%). Fractional shortening was calculated 
using the formula: Fractional shortening = (LV end diastolic diameter- LV end 
systolic diameter)/LV end diastolic diameter X100%. Criteria for dilated 
cardiomyopathy were defined as a combination of (1) relative LV end diastolic 
diameter >117% (mean+2SD+5%); and (2) fractional shortening <25%. (123).  

For the assessment of transmitral Doppler signals, the sample volume (size 2 
mm) of the pulsed wave Doppler was placed between the tips of the mitral leaflets in 
the apical four chamber view.  Early (E)  and late (A) transmitral flow velocities, the 
ratio of early to late peak velocities (E/A) and deceleration time of early velocity 
(DTE) were obtained.  Isovolumic Relaxation Time was measured using continuous 
wave Doppler with the transducer beam angulated towards the left ventricular 
outflow tract, so that aortic and mitral flow was simultaneously recorded (124). 

 
I I I . 2 . 1 . 2  T i s s u e  D o p p l e r  I m a g i n g  

For the detailed evaluation of left ventricular function, we applied a newly 
developed technique, namely tissue Doppler imaging (TDI). 

Tissue Doppler Imaging is applicable for the quantification of myocardial 
velocities (125, 126). It can be used to assess global and regional systolic LV 
function and to identify abnormal LV relaxation in a variety of conditions.  

Tissue Doppler Imaging has been applied in the early identification of 
cardiac involvement in asymptomatic mutation carriers in several genetic conditions 
such as  hypertrophic cardiomyopathy, Becker Muscular Dystrophy and Fabry 
disease(127-130). We have summarized the results from different studies in a review 
paper (131). These findings indicate that TDI is a more sensitive technique for the 
detection of subtle (subclinical) impairment of LV function. TDI has not been 
previously applied in MFS patients. 

 
In the preparation of the protocol for echocardiographic measurements for 

this thesis, the following papers were published:  
1.  De Sutter J, De Backer J, Velghe A, Van de Veire N, De Buyzere M, 

Gillebert T Determinants of septal mitral annulus velocity (E’) and the ratio of 
transmitral early peak velocity to E’ (E/E’): effects of age, gender and left 
ventricular mass. American Journal of Cardiology . 2005 Apr 18; 513 (1-2): 35-45 

2. J. De Backer, D. Matthys, T.C. Gillebert, A. De Paepe , J. De Sutter. The 
use of Tissue Doppler Imaging for the assessment of changes in myocardial 
structure and function in inherited cardiomyopathies. European Journal of 
Echocardiography. 2005 Aug;6(4):243-50 
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I I I . 2 . 2  V a s c u l a r  s t u di e s   

For the vascular studies a combination of different techniques was used.  
Applanation tonometry (SPT 301, Millar Instruments, Houston, Texas) data 

were obtained at the level of the brachial artery using a dedicated data-acquisition 
platform. Waveforms were scaled to brachial diastolic and systolic blood pressure 
was used for the measurement of the brachial artery pressure waveform. Mean 
arterial pressure was obtained as the numeric integral of the scaled brachial 
tonometric curve, and brachial pulse pressure as the difference between systolic and 
diastolic brachial blood pressure. Diastolic blood pressure and mean arterial pressure 
obtained in this way were subsequently used to convert carotid diameter distension 
waveforms into carotid (central) pressure waveforms. 

The carotid artery diameter distension waveform was measured with a 12 
MHz vascular probe (12L) using a previously validated vessel wall tracking system 
(132). The central pressure waveform was derived from the carotid diameter 
distension waveform end from brachial diastolic and mean arterial pressure. The 
carotid distension waveform was converted into a carotid pressure waveform  
assuming that (i) the relation between pressure and diameter is linear and, (ii) 
diastolic and mean arterial pressure are similar at the brachial and carotid artery(133, 
134). This carotid pressure waveform is further considered as a surrogate of the 
central pressure waveform.  The maximum of the pressure waveform yielded carotid 
systolic blood pressure and carotid pulse pressure was calculated as systolic – 
diastolic pressure. 

The validation of the technique used for measurement of carotid pressure 
waves was published in the following manuscript: 

Patrick Segers, Stein Inge Rabben, Julie De Backer, Johan De Sutter, Thierry 
C Gillebert, Luc Van Bortel and Pascal Verdonck "Functional Analysis of the 
Common Carotid Artery : Relative Distension Differences over the Vessel Wall 
Measured In Vivo". J Hypertens 2004 May;22(5):973-81. 

 
Local reflection, arising from impedance mismatch between levels xx and yy, 

was quantified using local wave reflection coefficients (Γxx-yy) calculated as  

xxyy

xxyy
yyxx ZZ

ZZ

−−

−−
− +

−
=Γ

00

00

 

where Z0-xx is the characteristic impedance at level xx, approximated as 
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with ρ the density of blood (assumed 1030 kg/m3) and Axx the average value 
of Axxs and Axxd (s systolic and d diastolic respectively). SBP and DBP are central 
systolic and diastolic blood pressure, respectively. 

 
The augmentation index (AIx) is calculated as   

DBPP
DBPP100AIx

1

2
−
−=  

where P1 and P2 are either SBP, either the pressure associated with an 
inflection point visually identified on Pao. The pressure occurring first is labelled as 
P1. AIx<100% indicates arrival of the pressure wave in late systole; AIx > 100% is 
indicative for arrival in early systole. We also measured the time delay between the 
foot of Pao, and the moment of occurrence of the inflection point, ΔTf-b. This time 
interval is associated with the time needed for a wave to travel forth and back from 
the ascending aorta to its apparent reflection site (the effective length of the arterial 
system, Δx), calculated as  

 
2

TPWV. x b-fΔ=Δ
 

with PWV the aortic pulse wave velocity, assessed with magnetic resonance 
imaging. We refer to Figure 2 for illustration of the inflection point and timing 
intervals. 
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I I I . 2 . 3  M a g n e t i c  R e s o n a n c e  I m a g i n g  

Subjects were scanned on a 1.5T MR system (Magnetom Symphony, 
Siemens, Erlangen, Germany) with ECG gating. Left ventricular volumes were 
acquired with an ECG triggered trueFISP (Fast Imaging with Steady-state 
Precession) sequence. Stroke volume was calculated as the difference between end-
diastolic and end-systolic volume.  

The aorta was with an angiographic examination, followed by through-plane 
phase-contrast images at the level of the ascending, descending thoracic, thoracic-
abdominal (near the diaphragm) and low abdominal aorta. The distance between the 
different measuring sites was determined. The flow curves at these 4 levels were 
calculated with the Siemens Mean Curve software and interpolated to a temporal 
resolution of 1 ms. At each level, the time delay between the ECG R-top and the 
moment when flow reaches half of its peak value was calculated. With time and 
distance travelled by the propagating flow front known at 4 locations, pulse wave 
velocity (cm/sec) was calculated as the slope of the regression line through these 
data points (Mathlab, The Mathworks, Natick, Massachusetts)(51).   

Aortic distensibility at the 4 levels was calculated according to the following 
formula:  

D = (Amax-Amin)/(Amin x pulse pressure). 
D = distensibility (millimeters of mercury-1, mmHg-1), Amax = maximal 

(systolic) aortic area (square millimeters, mm²), Amin = minimal (diastolic) aortic 
area (mm²), pulse pressure = systolic blood pressure - diastolic blood pressure 
(millimeters of mercury, mmHg). 
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III.3 Genetic  studies 

The techniques used for the molecular analysis of the FBN1 gene have 
evolved during the course of this work from SSCP and CSGE to DHPLC and direct 
sequencing of the gene (27).  

SSCP (Single Stranded Conformation Polymorphism) is based on detecting 
conformational differences between mutant and control wild-type single strand 
DNA sequences after electrophoresis on a non-denaturing polyacrylamide gel. This 
method is suitable for the analysis of fragments ranging from 150 – 600 basepairs 
(135).  

CSGE (Conformation Sensitive Gel Electrophoresis) is a variant of 
heteroduplex analysis. The method is applicable for the analysis of DNA fragments 
up to 450 bp (136). 

dHPLC (denaturing High Performance Liquid Chromatography) compares a 
mixture of denatured and re-annealed Polymerase Chain Reaction (PCR) amplicons, 
revealing the presence of a mutation by the differential retention of homo- and 
heteroduplexes. Fragments as large as 1.5 Kb can be analysed with this method. 

Fragments showing an abnormal migration pattern with one of these three 
mutation-scanning methods were sequenced to determine the specific base change.   

Recently, the development of high-throughput and automatized sequencing 
techniques allows us to perform direct sequencing of the entire gene. This technique 
is indicated in those cases with a high clinical suspicion for MFS in whom previous 
screening techniques were negative.   

The causality of the different mutations was proven, based on conservation, 
functional importance, segregation of the mutation with the disease in one family 
and, if necessary on the absence of the mutation in 100 normal controls. 

The development and evolution of FBN1 mutation analysis has been 
described in detail in two papers from our group: 

 
Loeys B, Nuytinck L, Delvaux I, De Bie S, De Paepe A. Genotype and 

phenotype analysis of 171 patients referred for molecular study of the fibrillin-1 
gene FBN1 because of suspected Marfan syndrome. Arch Intern Med. 2001 Nov 
12;161(20):2447-54. 

 
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 Aug;24(2):140-6. 
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The Variable Number Tandem Repeat (VNTR) polymorphism (TAAAA in 
intron 28 of FBN1) was amplified by means of PCR. The following primers were 
used: forward: 5’ FAM ATC TCA GAG TAC ATA GAG TGT TTT AG 3’ and 
reverse 5’AGT TGT TTG AAT GAC ATC ATT G 3’. Genotypes for VNTR were 
determined with the use of an ABI 3100 Genetic Analyzer (Applied Biosystems). 
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I V .  R e s u l t s  

IV.  1 Chapter 1:  Analysis  of minor cardiovascular criteria 
in Marfan syndrome 

A  c r i t i c a l  a n a l y s i s  o f  m i n o r  c a r di o v a s c u l ar  c r i te r i a  i n  th e  
d i a g n o s t i c  e v a l u a t i on  o f  p a ti e n ts  w i th  M ar f an  s yn d r om e  

Julie De Backer, Bart Loeys, Dan Devos, Hal Dietz, Johan De Sutter,  Anne De Paepe  
Genetics in Medicine. 2006 Jul;8(7):401-8 

 
In this paper, the prevalence of each of the four current minor cardiovascular 

manifestation as defined in the Ghent nosology was assessed in 77 MFS patients (24 
children<14years and 53 adults) and 77 age- and sex matched control subjects. All 
patients and control subjects underwent echocardiography. A subset of 29 patients 
and 29 control subjects also underwent MRI scanning of the entire aorta.  

We found that the prevalence of MVP in MFS patients was 66.2%, with 
nearly equal proportions of classic and non-classic MVP.  

Because criteria for the diagnosis of MPA dilatation are lacking, we 
compared the obtained values in MFS patients to those in normal control subjects. 
This enabled us to define a cut-off value of 23mm for MPA dilatation in subjects of 
≥14 years of age. With this cut-off value, 85% of the adult MFS patients had MPA 
dilatation. Since age and body surface area (BSA) are important determinants of 
MPA diameter in children, we preferred the use of Z-scores in the age group <14 
years, based on age and BSA. We used normal values provided by Snider et al 
(124). Fifty percent of MFS children had MPA dilatation, defined as a Z-score >2.  
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Calcification of the mitral valve annulus was not encountered in the MFS 
patients.  

Diameters of the descending thoracic and abdominal aorta were larger in 
MFS patients than in control subjects. However, substantial overlap was observed 
between both populations, so that is was difficult to delineate a cut off-value to 
define dilatation of the descending thoracic and abdominal aorta.  

The observed findings were used to formulate practical guidelines for the 
cardiovascular evaluation of patients referred for MFS.  
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IV.2 Chapter 2:  Study of the Left Ventricular function in 
Marfan syndrome 

2 . 1 E v a l u a ti on  o f  L e f t  V e n tr i c u l ar  Di m e n s i o n s  a n d F u n c ti on  i n  
t h e  M a r f a n  S y n dr o m e  w i t h o u t  S i g n i f i c a n t  V a l v u l a r  
R e g u r gi t a t i o n .  

Lilian J. Meijboom,  Janneke Timmermans, Johan P. van Tintelen, Gijs J. Nollen, 
Julie De Backer, Maarten P. van den Berg, Gerard H.Boers, Barbara J.M. Mulder.  
American Journal of Cardiology 2005;95:795-797  

 
In this study 234 MFS patients, free of significant valvular heart disease were 

studied with conventional echocardiography. Left ventricular dimensions (end 
systolic- and end diastolic diameter) and systolic function (fractional shortening) 
were assessed and compared to predicted values from the literature.  

We demonstrated slightly elevated LV dimensions in these patients (relative 
LV end diastolic diameter 102±10%). Significantly increased LV end diastolic 
diameter defined as a relative dimension>117% occurred in 17 patients (7%). LV 
systolic function assessed with fractional shortening was decreased in 21 patients 
(8%).  
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I V . 2 . 2  P r i m a r y  I m p a i r m e n t  o f  l e f t  v e n t r i c u l a r  f u n c t i o n  i n  M a r f a n  
s y n dr o m e .   

Julie De Backer, Dan Devos, Patrick Segers, Dirk Matthys, Katrien François, 
Thierry Gillebert, Anne De Paepe, Johan De Sutter.  
Int J Cardiol. 2006. 112:353-358 

 
This paper describes the evaluation of LV systolic and diastolic function in 

26 MFS patients without significant valvular heart disease. The findings are 
compared to those of 26 age- and sex-matched control subjects.  

For this purpose, we used a combination of conventional echocardio-graphy, 
TDI and MRI. 

We clearly demonstrated abnormalities in both systolic and diastolic 
function, as summarized in the table1.  
 
 Marfan Control (N=26) P value 

LVESV/BSA (ml/m²) 36.0±9.5 29.5±6.7 0.007 

EF (%) 53.5±9.0 59.6±6.7 0.009 

Sm basal septum (cm/sec) 5.2±1.4 6.4±1.3 0.001 

DT E (msec) 171.8±40.5 141.1±36.2 0.001 

Ea (cm/sec) 9.6±2.5 11.9±3.3 0.003 

Aa (cm/sec) 6.9±2.3 8.2±2.2 0.023 

Ea/Sm basal septum 1.9±0.6 1.9±0.5 0.8 

Table 1: summary of the systolic and diastolic function parameters in MFS patients and controls. 
LVESV: Left ventricular end systolic volume; BSA: Body Surface Area; EF: Ejection Fraction; Sm: peak 
Systolic velocity at the mitral valve annulus; DTE: Deceleration time of the E wave; Ea: early mitral 
annulus velocity; Aa: late mitral annulus velocity 

 

When compared to normal control subjects, we found increased end systolic 
volume, decreased ejection fraction and decreased myocardial velocities in MFS 
patients, indicating impaired systolic function. In addition, MFS patients presented 
an increased deceleration time, lower early mitral valve inflow velocities and 
decreased late mitral annular velocities, indicating impaired diastolic function. 

The ratio of Ea to peak Sm at the basal septum was comparable between both 
groups, indicating a concordant reduction in contraction and relaxation velocities, 
with a preserved contraction/relaxation coupling in patients with MFS. As a 
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consequence the observed diastolic dysfunction should be interpreted as secondary 
to primary contractile dysfunction. 
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IV.3 Chapter 3:   Investigation of elastic  properties of 

the aorta in patients with Marfan Syndrome 

A o r t i c  r e f l e c t i o n  c o e f f i c i e n t s  a n d  t h e i r  a s s o c i a t i on  w i t h  g l o b a l  
i n di c e s  o f  w a v e  r e f l e c t i o n  i n  h e a l th y  c on tr o l s  a n d  p a ti e n ts  wi th  
M a r f a n  d i s e a s e .  

Patrick Segers*, Julie De Backer*, Dan Devos, Stein-Inge Rabben, Thieryy 
Gillebert, Luc Van Bortel, Johan De Sutter, Anne De Paepe, Pascal Verdonck.  
Am J Physiol Heart Cir Physiol 2006 Jun;290(6):H2385-92 
*both contributed equally to this work 
 

In this paper, we used a fully non-invasive protocol for the evaluation of 
aortic stiffness and local and global indices of wave reflection. We compared 26 
MFS patients with 26 age- and sex matched control subjects. We used a combination 
of ultrasound and MRI techniques.  

First, we assessed aortic stiffness through calculation of the pulse wave 
velocity (PWV) with MRI. Pulse wave velocity was significantly higher in MFS 
patients when compared to normal control subjects (4.86±1.10 and 5.19±1.00 m/s in 
normal controls versus MFS patients respectively, p<0.05).  

Next, we studied aspects of local and global wave reflection in the aorta of 
MFS patients. Early return of reflected waves boosts systolic pressure and presents 
an extra load for the heart and the central vessels. As such, these wave reflections 
are regarded as one of the important determinants of central blood pressure and can 
contribute to the development of aortic dilatation in MFS. Local wave reflection, 
assessed at four different levels in the aorta through calculation of local 
characteristic impedance, was not different between patients and controls, except at 
the level of the diaphragm where it was lower in MFS patients. Global wave 
reflection as quantified by the augmentation index (AIx) was not higher in MFS 
patients than in a control population. Nevertheless, wave reflection appeared to be 
enhanced in young MFS patients. Our data demonstrated that the major determinants 
of AIx were PWV and the effective length of the arterial system.  
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, 
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IV.4 Chapter 4:  Study of the correlation between the 
cardiovascular phenotype and the genotype 
  
4 . 1   V a r i a bi l i t y  o f  a o r t i c  s t i f f n e s s  i s  n ot  a s s oc i a te d w i t h  th e  

f i b r i l l i n 1 ge n ot y p e  i n  p a t i e n ts  wi t h  M ar f an  s y n d r om e .   

Julie De Backer, Gijs Nollen, Dan Devos, Gerard Pals, Paul Coucke, Koen 
Verstraete, Ernst E van der Wall, Anne De Paepe, Barbara JM Mulder.  
Heart. 2006 Jul;92(7):977-8  

 

In this paper we measured PWV and distensibility of the aorta with MRI as 
parameters of aortic stiffness. We compared aortic stiffness between on the one hand 
patients with missense and/or in frame-deletion mutations in FBN1 (group 1, N=35) 
and on the other hand patients with nonsense and/or out-of frame FBN1 mutations 
(group 2, N=29). In group 1, we performed a subanalysis in 18 patients with 
mutations involving a cystein residue (group 1sub).  

We also investigated the relation between aortic stiffness and a VNTR 
polymorphism in the FBN1 gene, thought to be related to aortic stiffness in non-
Marfan patients. The three most common haplotypes of this polymorphism were 
studied (2-2, 2-3 and 2-1).   

No significant differences regarding age, body surface area or Mean Arterial 
Pressure were observed between the different study groups.  

As demonstrated in table 2, no significant differences were observed between 
both groups of mutations for any of the aortic stiffness parameters.  

In a subanalysis comparing cystein substitutions versus nonsense or out of 
frame deletion/insertion mutations, no significant differences were observed. 

In addition, aortic stiffness within ten families with two affected subjects and 
one family with five affected subjects showed marked variability.  

No differences in aortic stiffness parameters were observed between the 
different genotypes identified by the VNTR polymorphism.  
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Table 2 Aortic stiffness parameters in both mutation groups, in the subgroup of cystein mutations 
and in the different polymorphism groups. * = measured in patients without aortic root 
replacement. Distensibility in 10-3 mmHg-1. Pulse Wave Velocity in m/s 
 

 Mutation type VNTR polymorphism 

Variable Group1 
(n=35) 

Group1sub 
(n=18) 

Group2 
(n=29) 

2-2 
(n=32) 

2-3 
(n=16) 

2-1 
(n=9) 

Pulse Wave Velocity  5.3±1.7 5.7±1.9 5.4±1.2 5.0±1.0 5.8±2.2 5.4±1.1 

Distensibility        

3.8±1.8 3.3±2.1 3.4±2.3 3.9±2.5 5.6±2.6 3.9±2.2 

3.7±2.0 3.3±1.8 3.2±1.7 3.6±2.6 3.6±2.2 4.5±2.6 

Ascending aorta* 
Descending 
Thoracic aorta 
Abdominal aorta 

 
4.0±2.2 

 
3.6±2.4 

 
3.0±1.6 

 
3.3±1.9 

 
3.9±2.2 

 
5.5±5.8 
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I V . 4 . 2  C h a l l e n ge s  i n  th e  di a g n o s ti c  e v a l u a ti on  fo r  M a r f an  
s y n dr o m e .  

J. De Backer, B. Loeys, B. Leroy , P. Coucke, H. Dietz, A. De Paepe 

Clinical Genetics, in press 
 
 
In this paper, we present three families which illustrate the variable 

presentations of MFS, between as well as within families, and highlight the place of 
molecular testing in the diagnosis of MFS.   

Detailed clinical investigations including physical examination by an 
experienced clinical geneticist, slit lamp examination of the eyes, echocardiography 
and magnetic resonance imaging for assessment of dural ectasia, were performed in 
36 subjects from three unrelated families in whom an underlying FBN1 mutation 
was identified.  

In family 1, the proband presented manifestations of MFS on the one hand 
and Weill-Marchesani syndrome on the other hand. Additional molecular analysis of 
the FBN1 gene and detailed clinical examination in first degree relatives were 
necessary to establish the correct diagnosis. 

In family 2, the proband presented as a child displaying overlap between 
MFS and the kyphoscoliotic form of Ehlers-Danlos syndrome. Follow-up over time 
and additional molecular and biochemical testing allowed us to make the correct 
diagnosis. Furthermore, molecular testing enabled us to identify several family 
members with incomplete expression of MFS.  

In family 3 an example is provided of extensive intrafamilial variability in 
MFS. Additional molecular testing was very helpful to identify subjects with very 
mild expression.  
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U t i l i ty  o f  m o l e c u l ar  an a l y s e s  i n  t h e  e x p l or a ti o n  o f  e x tr e m e  
i n t r a f am i l i a l  v ar i a bi l i ty  i n  th e  M a r f a n  s yn d r om e   

 
J. De Backer, B. Loeys, B. Leroy, P. Coucke, H. Dietz, A. De Paepe 
Clinical Genetics 2007 – in press 
 
A b s t r a c t   

Background: The diagnosis of Marfan syndrome may be hampered by the existence 
of very mild and atypical cases as well as by marked intrafamilial variability. In 
these instances, molecular analysis of the fibrillin-1 gene (FBN1) can be helpful to 
identify individuals at risk. The underlying molecular mechanism for the clinical 
variability is presently unknown.  
Methods: We performed clinical and molecular studies in 36 subjects from 3 
unrelated families. Expression studies of both FBN1 alleles were performed and 
related to the clinical severity. 
Results: In family 1 an overlapping phenotype between MFS and Weill-Marchesani 
syndrome is presented. The diagnosis necessitated molecular studies and clinical 
examination in first degree relatives. 
In family 2, the young proband presented with a phenotype overlapping between 
MFS and the kyphoscoliotic type of Ehlers-Danlos syndrome. Follow-up over time 
and identification of a FBN1 mutation allowed confirmation of the diagnosis. 
Mutation analysis enabled us to identify family members with mild expression. 
Family 3 illustrates the extensive intrafamilial variability in the clinical severity of 
MFS. Identification of a FBN1 mutation was helpful to identify subjects with mild 
expression and for the timely diagnosis in a neonate.  
In families 2 and 3, the relative expression of both FBN1 alleles was not related to 
clinical severity.  
Conclusion: Confirmation of the diagnosis of MFS may require detailed and 
repeated clinical evaluation and thorough family history taking. FBN1 mutation 
analysis is supportive for the diagnosis in mild and atypical presentations. 
 
K e y  w o r d s  

Marfan syndrome; fibrillin1 gene; intrafamilial variability; diagnostic criteria 
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I n t r o d u c t i o n  

Marfan syndrome (MFS) is an autosomal dominant pleiotropic connective tissue 
disorder caused by mutations in the fibrilllin-1 gene (FBN1) (1). The diagnosis is 
based on a combination of major and minor clinical criteria, involving different 
organ systems defined in the Ghent nosology (2). In an index patient the diagnosis 
of MFS requires the presence of major manifestations in at least two organ systems 
with involvement of a third organ system. In a relative of an index patient that 
independently fulfils the diagnosis of MFS, the diagnosis is confirmed in the 
presence of a major criterion in one organ system and involvement of a second 
organ system.  
Major criteria include the presence of 4 out of 8 specific skeletal manifestations, 
ectopia lentis, dilatation/dissection of the ascending aorta at the level of the sinuses 
of Valsalva, and dural ectasia. These have high diagnostic specificity, because they 
are uncommon in the general population, but all can be observed in other systemic 
connective tissue disorders. Minor criteria such as  mitral valve prolapse, striae 
distensae,  pneumothorax and joint hypermobility are less specific and occur 
frequently in the general population (3).  
Early diagnosis of individuals at risk for MFS is extremely important as timely 
treatment of cardiovascular manifestations can greatly improve life expectancy in 
MFS (4).  
The majority of adults with MFS meet the clinical criteria for MFS, allowing 
straightforward diagnosis on clinical grounds. For example in individuals with 
bilateral lens dislocation and dilatation of the proximal aorta, demonstrating the 
involvement of a third organ system will easily lead to the diagnosis of MFS. 
However, in some instances, confirmation of a clinical diagnosis is more 
challenging.  This is especially true in children in which some of the manifestations 
of MFS are not yet present. Mild or atypical presentation of MFS is sometimes 
present, in adult patients as well. In particular the differentiation between MFS or a 
MFS-like condition can be very difficult in the absence of typical ocular or 
cardiovascular manifestations of the MFS. 
In these challenging diagnostic cases, additional confirmation with molecular 
analysis of the FBN1 gene should be considered. The size of the gene and the 
presence of significant allelic heterogeneity have been major drawbacks for the 
routine application of molecular testing, but over the past decade, screening 
techniques have been refined and detection rates have significantly increased, thus 
justifying the use of molecular testing in clinical practice.  
In sporadic cases, molecular analysis may be indicated in patients presenting major 
manifestations in one organ system such as “isolated ectopia lentis” or a thoracic 
aortic aneurysm in young normotensive patients. In relatives of a patient in whom an 
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underlying FBN1 mutation has been identified, molecular testing may allow the 
diagnosis of MFS to be established in individuals presenting a very mild or 
“emerging” MFS phenotype. 
The underlying mechanisms for the intrafamilial variability are still poorly 
understood. It is suggested that both genetic and environmental factors are involved. 
An interesting mechanism, proposed by Hutchinson et al, is that the expression level 
of the non-mutated allele may play a role in the determination of intrafamilial 
variability (5).  
 
  In this paper, we want to highlight some challenges in the diagnosis of MFS by 
three illustrative case histories. Based on the clinical and molecular findings 
obtained in these families we want (1) to stress the importance of detailed history 
taking and repeated clinical examination in patients referred for possible MFS, (2) to 
illustrate the variable presentation and clinical severity of the MFS, (3) to 
demonstrate the role of molecular testing in the confirmation or exclusion of MFS in 
individuals in families with extreme variability and/or atypical presentations , (4) to 
explore the relevance of the expression level of either the mutant or wild-type allele 
as a determinant of intrafamilial phenotypic variability. 
  
M e t h o d s  

The three families described in this manuscript were selected based on their high 
didactic value, namely the availability of detailed clinical and molecular information 
in a large number of family members and the presence of striking intrafamilial 
clinical variability. 
1. Clinical evaluation 
Each patient underwent extensive physical examination by a clinical geneticist with 
experience in diagnosing heritable connective tissue disorders. Skeletal and 
cutaneous manifestations, as defined in the Ghent nosology (2), were looked for in 
detail.  
Slit lamp examination of the eyes was performed in every patient to investigate 
whether lens dislocation or another ocular manifestation of MFS was present.  
Each patient underwent a detailed echocardiographic study, for the assessment of the 
following cardiovascular manifestations: aortic root dilatation, mitral valve prolapse 
and main pulmonary artery dilatation. Z-scores for the aortic root at the level of the 
sinuses of Valsalva were calculated using the formula: Z-score= (obtained value – 
mean calculated value)/standard deviation. Mean calculated values and standard 
deviations related to age and body surface area were derived from the formulas 
provided by Roman et al (6).  
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Magnetic Resonance Imaging (MRI) was performed to look for dural ectasia in 
patients in whom the definitive diagnosis could not be established. T1 weighted 
spin-echo sequences were obtained in both axial and sagittal planes with a 1.5 T 
magnet. Dural ectasia was defined using previously published criteria (7).  
 
2.  Molecular  studies  

1 .  M u t a t i o n  s c r e e n i n g  o f  t h e  F B N 1  g e n e  

FBN1 mutational analysis was performed using a combination of different mutation 
screening techniques including SSCP (Single Strand Conformation Polymorphism 
analysis), CSGE (Conformation-Sensitive Gel Electrophoresis), and DHPLC 
analysis (Denaturing High Performance Liquid Chromatography). Aberrantly 
migrating fragments, detected by SSCP, CSGE or DHPLC were subsequently 
sequenced.  
In the proband, both complementary DNA (cDNA), reverse transcribed from mRNA 
from cultured fibroblasts, and genomic DNA (gDNA), extracted from blood or 
cultured fibroblasts, was studied.   
In samples which remained mutation-negative after SSCP, CSGE or DHPLC, direct 
sequencing analysis of the entire coding region of the FBN1 gene was carried out. 
In relatives, the presence of the mutation was studied on gDNA using PCR, 
followed by direct sequencing of the involved exon.  
 
 
2 .  E x p r e s s i o n  s t u d i e s  

2 . 1  F a m i l y  1  

We did not obtain fibroblasts from the patients in family 1, thus precluding 
expression studies in this family. Using a splice site prediction program, we tried to 
assess whether altered splicing was likely 
(http://www.fruitfly.org/seq_tools/splice.html/) 
 
2 . 2  F a m i l y  2  

We obtained fibroblasts for cDNA extraction from ten family members, representing 
two generations. Quantitative cDNA fragment analysis was performed on an ABI 
3100 Prism using a forward cDNA primer. (3’CAAACACAGTCAGCAGTTAC5’) 
and a FAM-labeled reverse cDNA primer (5’TGCAGCGTCCATTTTGACAG3’) 
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flanking the mutation. The peak height obtained was used as a marker of expression 
level. 
Since one normal (482bp) and two abnormal (325 and 470bp) fragments were 
obtained, we calculated 2 ratio’s, comparing the peak height of the wild-type allele 
to each of the mutated fragments. These ratio’s were then correlated to the Z-score 
of the aortic root as a parameter of clinical severity.  
 
2 . 3  F a m i l y  3  

To investigate the segregation of the wild-type allele in affected individuals, we 
analysed several FBN1 markers, as previously described (8).  The amount of mutant 
transcript was determined by PCR-based methods that have previously been shown 
to be quantitative(9). RNA extraction, reverse-transcription PCR, and allele-specific 
oligonucleotide (ASO) hybridization analysis for mutation R1596X were performed 
by use of standard procedures, without modification (10). The primers used to 
amplify fibroblast or lymphoblast cDNA were F6-S (5’-
ACCTGGATTCCAGCTGCC-3’) and F6-AS (5’-TCAGGATCTAGTGCACATTC-
3’). The probes used for ASO analysis were R1596-WT (5’-
GGATTTGGTCAGAAACCTTCC-3’) and X1596-MUT (5’-
CCTAAACCAAGCTTTGGAAGG-3’). The final wash temperature for both probes 
was 62C. Signal strength was quantified by use of an INSTANTIMAGER system 
(Packard Instrument). A correction factor was calculated in order to equalize the 
wild-type and mutant signals observed after sequential hybridization of the probes to 
PCR-amplified patient genomic DNA to adjust for varying exposure times and 
differential affinity of the two probes for their target sequences. 
 
C a s e  p r e s e n t a t i o n s  

1.  Cl inical  and molecular f indings 

F a m i l y  1  

This family was assessed through the 62-year-old male proband (F1-II: 1 in figure 1) 
in which a routine echocardiogram for palpitations revealed an aneurysm of the 
proximal aorta. The diameter of the aortic root at the level of the sinuses of Valsalva 
was 57mm (Z-score=6.2). Aortic root replacement was done using a composite 
graft: replacement of the proximal aorta by a Dacron graft and replacement of the 
aortic valve with a mechanical prosthesis (Bentall procedure). Subsequently, the 
patient was referred to us for diagnostic work-up for MFS.  
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His medical history revealed that he had ocular surgery at the age of 47 years for 
bilateral cataract and for glaucoma five years thereafter. Ocular examinations prior 
to these interventions had identified microspherophakia and very shallow anterior 
eye chambers, suggestive for Weill-Marchesani syndrome. 
On physical examination, the proband presented a muscular build. His height was 
1m72 and his weight 110 kg. His armspan (183cm) –to-height ratio was increased 
(ratio 1.06) but the upper/lower segment ratio was normal (0.92). He had a round 
face and brachycephaly of the skull. There was generalized stiffness of the finger 
joints. No skeletal nor skin manifestations reminiscent of MFS were present. Dural 
etasia was not assessed.  
The proband’s family history revealed that his elder brother and sister had a very 
similar phenotypic appearance. Reportedly, they both had ocular problems and died 
suddenly at the ages of 63 and 45 years respectively. The proband’s mother and 
maternal uncle had also been diagnosed with glaucoma. However they were tall and 
had long, slender fingers. They both died suddenly at age 84 and 70 years 
respectively from an “unspecified cardiac cause”. The proband had three children, 
but had limited contact with them and refused to refer them for further studies.  
Based on the cardiovascular findings and the family history of sudden death, FBN1 
mutation analysis was performed in the proband. A heterozygous 12nt deletion was 
detected in exon 20 of the FBN1 gene (c.2502-2513delTGAAAGTACTTT; p.Glu 
835-Leu838del). Upon communication of the results of the molecular study to the 
proband, he gave permission to contact his children for further clinical evaluation.  
Physical examination in his eldest son (F1-III: 1) showed the presence of typical 
skeletal features of MFS. In addition, he had severe myopia and bilateral upward 
luxation of the lenses and moderate dilatation of the proximal aorta at the level of 
the sinuses of Valsalva (43mm, Z-score 3.14). As such, the proband’s son 
unequivocally met the diagnostic criteria for MFS with major cardiovascular, ocular 
and skeletal manifestations.  
Examination of the proband’s 7 year old grandson revealed that he presented typical 
skeletal manifestations of MFS, as well as bilateral subluxation of the lenses and 
myopia. Echocardiographic evaluation was completely normal. Molecular studies 
confirmed the presence of the FBN1 deletion in the proband’s son and grandson. 
The proband’s daughter (F1-III:4) was clinically evaluated and did not present any 
manifestation of MFS. Molecular analysis confirmed the absence of the FBN1 
mutation.  
The proband’s granddaughter (F1-IV:2) was not clinically evaluated, but did not 
carry the FBN1 mutation.  
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F a m i l y  2  

The proband of family 2 (F2- IV:6 in figure 2) was initially referred to us at the age 
of 12 years for suspicion of MFS. He presented marked kyphoscoliosis, 
arachnodactyly, generalized joint hypermobility, flat feet, mild myopia and 
hyperextensible skin with one atrophic scar. Echocardiographic examination 
revealed mitral valve prolapse but a normal diameter of the proximal aorta. Slitlamp 
examination of the eyes excluded lens dislocation.  
Family history at that time revealed that the proband’s father (F2-III:3) had had 
surgical repair for an abdominal aortic aneurysm at the age of 44 years. He was tall, 
but presented no other skeletal or ocular features of MFS and the diameter of the 
proximal aorta was normal on echocardiography (37mm, Z-score 0.3), precluding 
clinical diagnosis of MFS. The paternal grandmother of the proband died suddenly 
at the age of 87 years.  
Based on the clinical findings in the proband and the family history, both MFS and 
the kyphoscoliotic form of Ehlers Danlos Syndrome (EDS-VI) were considered. A 
biochemical analysis of radio-labelled collagens extracted from cultured fibroblasts 
of the proband showed a normal migration pattern of both the α1(I) and α2(I) chains 
of type I collagen with no arguments for underhydroxylation of the collagen type Iα 
chains, making the diagnosis of kyphoscoliotic EDS unlikely.   
During the pubertal period, his kyphoscoliosis worsened and he developed pectus 
excavatum and stretch marks on the shoulders. By the age of 22 years, he had 
developed dilatation of the proximal aorta at the level of the sinuses of Valsalva. 
This evoked the possible diagnosis of MFS in him, since he presented major skeletal 
manifestations (8 out of 8 skeletal manifestations), aortic dilatation, stretch marks on 
the shoulders and mild myopia.  
When the proband was 32 years old, his father died at the age of 60 years during 
surgery for a thoracic aortic aneurysm.  
 
Molecular study of the FBN1 gene was performed in the proband and revealed a 
splice-site mutation (c. 989-1G>C) at the intron 9 – exon 9 junction. 
Subsequently, clinical and molecular investigations were performed in 28 additional 
family members, the results of which are summarized in Table 1. 
The FBN1 mutation was identified in 19 additional family members of the proband. 
None of these 19 relatives presented a classic MFS phenotype. Lens dislocation was 
absent in all of them; five individuals had mild myopia (F2-IV:4, IV:6, IV:9, IV:21 
and V:3); one had a history of retinal detachment in association with mitral valve 
prolapse (F2-V:19). Major skeletal manifestations were present in only one female 
patient of 25 years (F2-V:10),  who had neither cardiovascular nor ocular features of 
Marfan syndrome. Significant aortic root dilatation was present in two boys of 13 
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and  16 years respectively (F2-V:16 and F2-V:4) as well as in six adult relatives (F2- 
IV:1, IV:4, IV:10, IV:12, IV:16 and V:1). None of the individuals with aortic root 
dilatation had major skeletal or ocular manifestations but two had dural ectasia (F2-
IV:1 and V:1), one of them (F2-IV:16) had a pectus carinatum and flat feet and one 
had mild myopia (F2-IV:4). Three family members had died from a thoracic aortic 
dissection between 57 and 60 years (F2-III:3, III:6 and III:9), prior to the 
identification of the mutation in this family. The father of the proband (F2-III:3) had 
been clinically examined but he presented no physical manifestations of MFS; 
family members F2-III:6 and III:9 were never clinically examined but reportedly 
had normal stature and no ocular problems.   
Overall, the phenotypic features of individuals who tested positive for the presence 
of the FBN1 mutation and presented no aortic root dilatation were strikingly mild. 
One of them had mitral valve prolapse (F2-V:19), one had main pulmonary artery 
dilatation (F2-V:6), both without skeletal or ocular manifestations. One individual 
had pectus carinatum, arachnodactyly and decreased elbow extension (F2-V:8) 
without cardiovascular or ocular manifestations. Two female relatives in their mid 
fifties had no organ system involvement at all, except for mild myopia (F2-IV:9 and 
IV:21), although the diameter of the proximal aorta in F2-IV:9 had slightly 
increased over the last 3 years (last diameter 39mm, Z-score 1.7).  
Among the nine relatives who did not carry the mutation, mild connective tissue 
abnormalities reminiscent of MFS were present in three. One boy (F2-V:15) 
presented mild scoliosis, a pectus carinatum and a high arched palate. The proband’s 
34 year old sister (F2-IV:7), presented with borderline enlargement of the proximal 
aorta (35mm, Z-score 2.1) and mild scoliosis; on a follow-up examination 3 years 
later, the aortic root diameter remained stable at 35 mm. One 46 year old male had a 
history of retinal detachment with not other manifestations of MFS (F2-IV:3). 
 
F a m i l y  3  

The 28 year old female proband initially sought medical advice because of suspicion 
of MFS in her 4 year old son (F3-III:2 in figure 3). He had surgery for a right sided 
inguinal hernia at the age of 2 years. Clinical evaluation showed tall stature (103cm, 
97th percentile) and a prominent Marfanoid phenotype, with severe pectus 
excavatum, arachnodactyly and flat feet. Echocardiography showed dilatation of the 
proximal aorta (24mm at the level of the sinus Valsalva, Z-score=3.2) and slit lamp 
examination of the eyes revealed bilateral subluxation of the lenses.  
The proband (F3-II:2) underwent bilateral lens extraction at the age of 7 years, but 
no further diagnostic work-up was done at that time. Clinical examination at the age 
of 28 years demonstrated facial and skeletal manifestations of MFS. Stretch marks 
were present on the abdomen and on the lower back. Echocardiography showed 
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mild aortic root dilatation (37 mm at the sinus of Valsalva, Z-score=2.36) and the 
presence of a dissection flap at the level of the aortic arch. Subsequent MRI of the 
aorta revealed marked dilatation of the descending thoracic aorta (53mm at the level 
of the diaphragm) and the presence of a type B aortic dissection (extending from the 
aortic arch to the abdominal aorta, just proximal of the renal arteries).  
Based on these findings, the clinical diagnosis of MFS was made in both individuals 
(major skeletal and cardiovascular manifestations and stretch marks in the proband 
and major cardiovascular manifestation and involvement of the skeleton in her son). 
Molecular analysis demonstrated a nonsense mutation (p.R1596X) in exon 38 of the 
FBN1 gene in both of them.  
Subsequently, the proband’s three year old daughter (F3-III:3) and her sister (F3-
II:3) were also evaluated. While mild skeletal features were observed in the 
proband’s daughter, physical examination in her sister was completely normal 
except for the presence of contractures of her fifth digits (camptodactylia) and mild 
facial characteristics (dolichocephaly). Additional echocardiographic and 
ophtalmological examinations were normal in both. Dural ectasia was excluded by 
MRI in the proband’s sister who was shown to carry pR1596X.  
FBN1 mutation analysis demonstrated the presence of the mutation also in the 
proband’s father (F3-I:2) and half-brother (F3-II:5). Her father was reportedly 
healthy but refused further physical examination. Her half-brother had lens 
subluxation, mild aortic dilatation and severe dural ectasia, thus fulfilling the 
diagnostic criteria for MFS.  
At birth, a baby girl born to the proband’s sister (F3-III:4)presented no clinical 
manifestations of MFS, but was shown to carry the same FBN1 mutation as her 
mother and the other affected relatives. At the age of 6 months, proximal aortic 
dilatation was detected for which treatment with beta-blockers was initiated.  
 
2.  Expression studies 

1 .  F a m i l y  1   

To determine if the 12 bp deletion created a new cryptic splice donor or acceptor 
site, we used a splice site prediction software package. However, this search 
revealed no new splice site indicating that this specific deletion probably did not 
result in altered mRNA splicing. As no fibroblasts were available from patients of 
this family, no experiments could be performed to investigate mRNA expression.  
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2 .  F a m i l y  2  

We were able to demonstrate that the splice site mutation generates two different 
transcripts on the cDNA level: one in which exon 9 was skipped and another which 
was alternatively spliced and carried an in-frame deletion of 12 basepairs (c989-
1000delATGTTCGCCCAG).  
We found no correlation between the ratio’s (wild-type/alternatively spliced 
fragment, wild-type/exon skipped fragment or the alternatively spliced/exon skipped 
fragment) and the Z-score of the aortic root, indicating that the expression level of 
the alleles does not determine the cardiovascular severity in this family (figure 4).   
To exclude the influence of age on the obtained curves, we compared the mean age 
in the 5 patients with the lowest Z-score to the mean age in the 5 patients with the 
highest Z-score. No significant difference was observed (35.8yrs ± 17.7 in the group 
with lowest Z-scores versus 35.8yrs ± 11 in the group with the highest Z-scores, 
p=0.15 in an independent samples t-test).  
In comparing skeletal features in relation to the obtained ratio’s, we could not 
demonstrate significant differences. Three subjects (F2-V:9, IV:16 and IV:6) had 
skeletal features whereas seven others (F2-V:19, V:6, IV:21, IV:9, V:3, IV:1 and 
V:1) had no skeletal features. The mean value in both groups was not significantly 
different: see table 2.  
 
 
3 .  F a m i l y  3  

Segregation analysis revealed that individuals II:2 and II:3 share the same maternal 
wild-type allele and children III:2 and III:3, share the same paternal wild-type allele 
making it unlikely that the wild type allele would act as a modifier of the clinical 
severity.  
No significant differences were found between both sisters regarding the expression 
level of wild-type and mutant fragments (figure 4), indicating that the relative 
expression of both alleles is not determining the clinical severity.  
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D i s c u s s i o n  

These three families clearly illustrate that the clinical presentation of MFS can be 
very mild or atypical and display remarkable variability within families. The 
diagnosis of MFS was challenging in at least some of the relatives and required 
careful and repeated clinical evaluations over time as well as additional support from 
FBN1 testing. 
 
In the first family, the proband presented phenotypic features reminiscent of both 
MFS and Weill-Marchesani syndrome (WMS). Although the aortic root aneurysm 
definitely is a major manifestation of MFS, no second major criterion could be 
demonstrated in him. The skeletal (brachydactyly, stocky stature and stiff joints) and 
the ocular (microspherophakia) manifestations were suggestive for WMS. The 
diagnosis of MFS in the proband could only be established after the demonstration 
of a FBN1 mutation and the subsequent identification of typical features of MFS in 
the proband’s son and other family members, stressing the importance of careful 
clinical evaluation of first degree relatives.    
The apparent co-occurrence of WMS and MFS in one family had already been 
reported in 1959 by Bowers (11). WMS is a rare disorder characterized by short 
stature, brachydactyly, joint stiffness, microspherophakia with severe myopia, 
glaucoma and ectopia lentis. In the family described by Bowers, sixteen individuals 
were diagnosed with MFS, whereas two family members (one 3 year old boy and 
one adult) who presented a large head, short extremities and short stature were 
diagnosed with WMS. Re-evaluation of the family four years later, showed that 
WMS features in the 3-year old child were no longer present and that his physical 
appearance had evolved to that of classic MFS (12). This clearly illustrates the 
importance of repeated follow-up in patients with a suspicion or family history of 
MFS.  
In WMS, both autosomal dominant and recessive transmission has been described. 
While the autosomal recessive form is caused by mutations in the ADAMTS10 gene 
(13), the dominant form has been associated with FBN1 mutations. Faivre and co-
workers identified a 24nt in-frame deletion in exon 41 of the FBN1 gene in four 
individuals of a three-generation WMS family (14).  Since then three additional 
FBN1 mutations have been reported in WMS patients: G214S in exon 6 (15),  
R1596P in exon 38 (16) and an in-frame exonic deletion of exons 9-11 (16). It is 
unclear from the available literature data whether these WMS patients had aortic 
root dilatation, but our observations in family 1 warrant caution and regular 
cardiovascular evaluation in these patients.  
It is intriguing that the FBN1 mutations encountered in our family and in the WMS 
family reported by Faivre and co-workers are small in-frame deletions, which are 
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unusual FBN1 mutations. Only seven other small in-frame deletions have been 
reported. in the FBN1 mutation database(17). Three of them in neonatal MFS   (18-
20), three in classical MFS (21-23), and one in a patient not fulfilling the Ghent 
criteria for MFS(24), as was the case in our proband in family 1. However, it 
appeared that the patient described by Liu and co-workers had typical skeletal 
manifestations of MFS but did not have major cardiovascular manifestations – in 
contrast to the proband in family 1.   
 
In the second family the proband presented overlapping clinical features of both the 
MFS and kyphoscoliotic Ehlers-Danlos syndrome. Two subtypes of EDS should be 
considered in the differential diagnosis of MFS. Firstly, in cases presenting with 
aortic dissection in the absence of prior significant aneurysm formation, the vascular 
type of EDS should be excluded. Second, the kyphoscoliotic type should be 
considered when a combination of scoliosis and tissue fragility is present, as 
illustrated in the proband of family 2. Both types of EDS can be diagnosed by 
demonstration of abnormal electrophoretic patterns of radio-labelled collagens 
extracted from skin fibroblast cultures (25). 
 
The most important issue illustrated in family 2, is that the phenotype in MFS 
patients may be misleadingly mild. In fact the identification of the FBN1 mutation 
was the only tool that allowed us to identify at risk individuals in the family. 
Identification of a mutation in these individuals facilitated correct counselling in 
these patients and gave us a powerful argument to convince them of the importance 
of follow-up.  
Furthermore, we were able to identify affected children early in life with the help of 
FBN1 screening, which is important since it is recommended that medical treatment  
with beta-blockers be initiated at the earliest age possible(26).   
Three of the individuals in the family that died from a thoracic aortic dissection prior 
to the availability of molecular testing reportedly had limited MFS features. Based 
on the segregation of the mutation in this family and the occurrence of a thoracic 
aortic aneurysm, we have convincing evidence to assume that they had MFS. This 
clearly illustrates the risk for aortic disease in this family and mandates life-long 
follow-up in affected individuals. 
Molecular testing in family 2 also allowed us to exclude MFS in two young subjects 
presenting some “minor”, less specific features of MFS including scoliosis, high 
arched palate and pectus deformity in F2-V:15 and scoliosis and borderline diameter 
of the proximal aorta in F2-IV:7. Demonstration of the absence of the FBN1 
mutation alleviated the need for repeated follow-up in these two individuals.  
The splice-site mutation in family 2 has not been reported previously. In the FBN1 
database(17), a total of 13 splice-site mutations are reported that are known to cause 
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exon-skipping in association with neonatal MFS, classical MFS as well as in 
“incomplete” MFS.  
 
The third family again illustrates that clinical expression may vary significantly 
within the same family. If not for the additional molecular studies, the proband’s 
sister would not have been identified as a carrier since she presented very mild 
clinical features of MFS. The diagnosis in her baby girl (F3-III:4) was established 
very early in life through the identification of the FBN1 mutation. This girl is now 
under regular ophthalmologic, orthopaedic and cardiovascular follow-up.  
 
The three families presented here illustrate the striking variability in clinical severity 
that can be encountered in MFS. The mechanisms for this underlying intrafamilial 
variability are still poorly understood. It is suggested that both genetic and 
environmental factors are involved. An interesting mechanism, proposed by 
Hutchinson et al, is that the expression level of the normal allele may play a role in 
the determination of the intrafamilial variability (5). We studied the relative 
expression of the mutant and the normal FBN1 alleles in families 2 and 3 but could 
not demonstrate any correlation between the clinical severity and expression levels 
of either of the two FBN1 alleles, thus not supporting the data from Hutchinson. 
Several explanations are possible for this discrepancy: first of all, the molecular 
techniques used for the quantification of allele expression are different and thus not 
comparable. Secondly, with regards to the second family, the type of mutation was 
different (splice site mutation versus nonsense mutation in the manuscript by 
Hutchinson), which might result in differences in expression of the FBN1 alleles. 
Thirdly, it is possible that the expression level of the normal allele plays a role in the 
determination of clinical severity in certain families as in the one presented by 
Hutchinson and not in others, as in our families. Lastly, and importantly, it is very 
difficult, not to say impossible, to compare the clinical severity encountered in MFS 
patients. As MFS is a pleiotropic disorder with manifestations in different organ 
systems which are in addition each dependent on the age of the studied individual, it 
is very hard to define a global “severity score”. To deal with this difficulty, we 
applied two different strategies in these families. As we had data on a large number 
of individuals in family 2, we compared our molecular results with the Z-score of 
the diameter of the proximal aorta on the one hand and presence or absence of 
skeletal features on the other hand. The advantage of the use of the Z-score is that 
this parameter is linear, as opposed to the other clinical features which are 
categorical (either “present” or “absent”); in addition, age is taken into account in 
the calculation of the Z-score and we could compare the age in the group with the 
highest Z-score to that in the group with the lowest Z-score. In family 3, we had 
very distinct phenotypes in both sisters and were able to compare both with respect 
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to their expression level of the FBN1 alleles. Obviously, these results need 
confirmation in a larger group of patients. 
 
From the observations in these families, several practical recommendations can be 
formulated which can help to improve early and accurate diagnosis of MFS.  
First, diagnostic assessment of MFS in patients and, importantly, also in relatives, 
should at least include a thorough clinical evaluation by a clinician with experience 
in connective tissue disorders, in addition to an echocardiographic examination and 
slit-lamp examination of the eyes. Whether assessment of dural ectasia is necessary 
for the diagnosis, is a matter of debate. In the families described here, dural ectasia 
was present in two patients in family 2 (F2-V:1 and IV:1) and could confirm the 
diagnosis of MFS on clinical grounds in them. However, dural ectasia was absent in 
both a 21y old and a 55 y old female in family 2 (F2-V:3 and IV:9) as well as in the 
sister of the proband in family 3. Thus, dural ectasia assessment did not allow us to 
identify them as affected subjects, despite they all harboured a FBN1 mutation.  
Second, repeated evaluation, sometimes into adulthood is required in children 
suspected with MFS in view of the age related expression of the skeletal and 
cardiovascular manifestations. In addition, life-long follow-up may be necessary in 
adult patients who present major manifestations in only one organ system such as 
major skeletal involvement or lens dislocation and “minor” involvement of a second 
organ system. This has previously been demonstrated by Black and co-workers (27). 
They reported the development of aortic root dilatation in the 5th decade in patients 
presenting familial ectopia lentis. This confirms the need for life-long screening in 
adult patients carrying a FBN1 mutation in the absence of major manifestations, as 
was the case in several subjects reported in this paper (F2-IV:9 and IV:21; F3-II:3). 
Third, we show that molecular testing can help to (1) diagnose children with MFS 
early and (2) establish or refute the diagnosis in patients with atypical or very mild 
presentation of MFS.  
 
The large size of the gene, the extreme allelic heterogeneity and low mutation 
detection rates have been quoted as major drawbacks to advocate routine molecular 
testing. The identification TGFBR2 mutations in so-called “MFS2” have led to 
further confusion (28).  However, evidence for locus homogeneity in MFS is high 
and with current techniques mutation detection rates of over 95% are reached, which 
imply that the contribution of molecular testing in MFS needs to be re-evaluated 
(13). It is likely that high throughput molecular techniques will further reduce the 
cost and labour-intensity of the test. Until then, the identification of “atypical 
patients” will likely remain restricted to those families in which the identification of 
a mutation in the proband allows extended molecular and clinical testing in the other 
family members.  
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L i m i t a t i o n s  

We are well aware that this manuscript should not be regarded as a scientific study 
since it does only contain material from three (large) families with MFS. 
Nevertheless, we believe that the observations in these families are very illustrative 
for the challenges encountered in daily clinical practice and could therefore contain 
useful information for clinicians.  
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T a b l e  a n d  f i g u r e  l e g e n d s  

Table 1: summary of clinical and molecular results from family 2. 0 indicates no involvement; P: pectus deformity; A: 
arachnodactyly; S: scoliosis; E: decreased elbow extension; FF: flat feet; jh: joint hypermobility; hp: high arched palate; 
ARD: aortic root dilatation; MPA: main pulmonary artery dilatation; MVP: mitral valve prolapse.   NA: not available. + in 
the “skin” refers to stretch marks; + in “FBN1”  indicates presence of the mutation 

Table 2: Mean values of the obtained ratio’s in relation to the presence or absence of skeletal features. WT: Wild Type; 
AS: Alternatively Spliced; ES: Exon Skipped. 
 

Figure 1: pedigree of family 1. The proband is indicated with an arrow. Black symbols indicate affected subjects, 
fulfilling the Ghent criteria; Gray symbols indicate subjects with incomplete expression of the disease. Symbols with a 
vertical black bar indicate subjects affected by hearsay. Symbols with a “N” indicate subjects with normal clinical and 
molecular studies. The question mark indicates no clinical or molecular data are available. 

Figure 2: pedigree of family 2. The proband is indicated with an arrow. Black symbols indicate affected subjects, 
fulfilling the Ghent criteria; Gray symbols indicate subjects with incomplete expression of the disease. Symbols with a 
vertical black bar indicate subjects affected by hearsay. Symbols with a “N” indicate subjects with normal clinical and 
molecular studies.  
 

Figure 3: pedigree and molecular results of family 3. The proband is indicated with an arrow. Black symbols indicate 
affected subjects, fulfilling the Ghent criteria; Gray symbols indicate subjects with incomplete expression of the disease. 
The red bar indicates the mutated allele. ASO: allele-specific oligonucleotide hybridization analysis. 25x and 30x: value 
obtained after 25 and 30 PCR cycles respectively 

Figure 4: expression of the normal allele in relation to the Z-score in family 2. WT: Wild Type; AS: Alternatively Spliced; 
ES: Exon Skipped.  
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Table 1 
 
Patient ID (age/sex) Skeletal Cardiovascular Ocular Skin DE FBN1 

VI:3 (0,5/M) 0 0 0 0 NA + 

VI:1 (11/M) 0 0 0 0 NA + 

V:6 (13/M) 0 ARD 0 0 NA + 

V:9 (15/M) P, A, S, jh 0 0 0 NA + 

V:12(16/M) 0 MPA 0 0 NA + 

V:4 (16/M) A, E 0 0 0 NA + 

V:3 (21/F) 0 MPA, MVP mild myopia   + - + 

V:10 (25/F) P, A, E, FF, jh, hp 0 0 0 NA + 

V:8 (26/M) P, A, E  0 0 0 NA + 

V:1 (27/M) 0 ARD 0 + + + 

V:19 (28/F) 0 MVP retinal detachment + - + 

V:6 (28/M) 0 MPA 0 0 NA + 

IV:6 (36/M) P, A, E, S, FF, jh ARD mild myopia  + NA + 

IV:16 (44/M) P, FF ARD 0 + NA + 

IV:4 (45/M) 0 ARD mild myopia 0 NA + 

IV:1 (47/M) 0 ARD 0 0 + + 

IV:12 (49/M) 0 ARD 0 + NA + 

IV:10 (53/M) 0 ARD 0 0 NA + 

IV.21 (53/F) 0 0 mild myopia 0 NA + 

IV:9 (55/F) 0 0 0 0 - + 

VI:2 (8/F) 0 NA NA 0 NA - 

V:15 (14/M) S, P, hp 0 0 0 NA - 

V:14 (17/M) 0 NA 0 0 NA - 

V:5 (18/F) 0 NA 0 0 NA - 

V:11 (21/F) 0 0 0 0 NA - 

V:2 (24/M) 0 0 0 0 NA - 

IV:7 (37/F) S  0 0 0 NA - 

IV:15 (45/F) 0 0 0 0 NA - 

IV:3 (46/M) 0 0 retinal detachment 0 NA - 
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Table 2 
 

Ratio Present Absent p-value 

WT/ES 1.05±0.15 0.8±0.28 0.14 
WT/AS 2.14±0.11 2.03±0.16 0.31 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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V .  D i s c u s s i o n   

Cardiovascular complications are the main determinants of life expectancy in 
Marfan syndrome (MFS). Thanks to improved medical and surgical treatment and 
follow-up, life expectancy has significantly increased over the past decades. 

Despite this, significant morbidity and early mortality persist in MFS. This is 
related as well to inadequate or delayed diagnosis as to failure of medical or surgical 
treatments. Furthermore, the ageing MFS patient may develop cardiovascular 
problems that were unnoticed until now, such as left ventricular dysfunction.  

Therefore, research aiming to improve the efficacy of cardiovascular 
evaluation and the identification of predictors of cardiovascular outcome in MFS is 
still needed and constitutes the focus of this thesis.  

 
While guidelines for management of major cardiovascular manifestations of 

MFS such as aortic root dilatation are well established, the diagnosis and 
management of minor cardiovascular manifestations is still a challenge.  

Mitral valve prolapse is the only minor criterion for which clear diagnostic 
guidelines are available (68). For the other minor criteria such as dilatation of the 
descending thoracic aorta, dilatation of the MPA and calcification of the mitral valve 
annulus validated techniques and reference values are lacking. This hampers the use 
of these criteria in the diagnosis of MFS.  

In chapter 1 of this thesis, we have assessed the different minor 
cardiovascular features of MFS in order to formulate practical guidelines for correct 
cardiovascular assessment in MFS patients.  

Mitral valve prolapse, calcification of the mitral valve annulus and main 
pulmonary artery diameter were evaluated with echocardiography in 77 MFS 
patients (24 children < 14 years and 53 adults ≥ 14years). Diameters of the 
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descending thoracic and abdominal aorta were assessed with MRI in 29 adult 
patients.  
We observed a high prevalence of MVP in MFS patients (66.2%) with equal 
distribution of classic and non-classic MVP, which is in line with findings from 
previous studies (72, 125).  

Calcification of the mitral valve annulus has been reported as a 
cardiovascular manifestation of MFS. However, since correct quantification of 
calcification cannot be performed with echocardiography and would require 
computed tomography, we do not recommend the use of this criterion in a screening 
setting.  

Echocardiographic evaluation of the MPA diameter was possible in all 
children and in all but 3 adult MFS patients. Main pulmonary artery diameter in 
adult MFS patients (≥ 14 years) was significantly higher than in de control 
population. This enabled us to define a cut-off value of 23 mm. According to this 
cut-off value, 94.2% of the MFS patients had MPA dilatation and 85% of the normal 
control subjects did not have MPA dilatation. In children (<14 years), we preferred 
the use of Z-scores, since age and BSA significantly influence MPA diameter in this 
age group. Z-scores according to age and BSA were calculated on the basis of 
normal values provided by Snider et al (124). Fifty percent of children had MPA 
dilatation, defined as a Z-score >2.  

We observed a significant correlation between the MPA diameter and the 
diameter of the aortic root (r²=0.54), although it is noteworthy that some MFS 
patients with normal aortic root diameters already presented MPA dilatation. This 
indicates the additional value of assessment of MPA dilatation, since it enables us to 
identify cardiovascular manifestations before the occurrence of significant aortic 
root dilatation.  

Previously, Nollen and colleagues have measured the MPA diameter in 50 
MFS patients using MRI (73). They also found significant differences between MFS 
patients and controls. Using a cut-off value of 28 mm at the level of the main 
pulmonary artery root, they reported a prevalence of MPA dilatation of 74% in MFS 
patients. When applying this cut-off value of 28 mm on our patient group, we would 
detect MPA dilatation in 80% of patients, which is within the same range as the data 
from Nollen et al. The small difference in obtained values may be attributable to the 
different techniques used for the evaluation. A study comparing echocardiography 
and MRI for this purpose would be very useful to confirm the figures.  

The descending aorta, visualized with MRI was larger in MFS patients than 
in control subjects at all levels, but there was too much overlap to provide reliable 
cut-off values. Furthermore, imaging of the abdominal aorta requires either 
computed tomography or MRI scanning, which is not feasible in a screening setting. 
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We therefore do not recommend assessment the use of descending aortic diameters 
in the diagnostic assessment for MFS.  

When calculating the Z-scores of the thoraco-abdominal aorta, we found that 
increased Z-scores (≥2) occur in only a minority of patients and are more common 
in patients who had previously undergone aortic root surgery. Similar findings were 
reported in earlier studies of the thoraco-abdominal aorta in MFS patients (75, 80). 
Therefore, we recommend regular imaging of the distal aorta in MFS patients with 
previous aortic surgery. 

Based on our findings, we provide a practical flowchart for the 
cardiovascular assessment in patients referred for suspicion of MFS.  

Initial cardiovascular evaluation of a patient referred for Marfan syndrome

Echocardiography

Dilatation of the proximal aorta at the level of the sinusses of Valsalva (value corrected for 
age and BSA)?

Yes: major manifestation No

MVP? (classic or mitral valve bulging)

Yes: minor manifestation No

Main pulmonary artery dilatation?*

Yes: minor manifestation No

No cardiovascular involvement

 

Figure 6: flow chart for the cardiovascular assessment of patients referred for the diagnostic 
evaluation of MFS. 
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A subset of patients with MFS develops significant LV dilatation and/or 
failure, not related to valvular heart disease. Evaluation of LV (dys)function in MFS 
is important in view of delineating adequate management strategies for follow-up 
and treatment  and for predicting prognosis.  Data on LV function in MFS are 
scarce.  Our findings on this issue are provided in chapter 2.  

The first study, conducted in 234 MFS patients demonstrated that LV 
dimensions and systolic function assessed with conventional echocardiography were 
normal in most MFS patients. However, a small proportion of patients presented 
increased LV dimensions (in 7%) or decreased fractional shortening (in 9%). 
Whether left ventricular dysfunction is a rare but severe complication of MFS or 
rather a widespread but generally asymptomatic finding could not be concluded 
from this study. Furthermore, diastolic function in MFS was not assessed in this 
study.  

Therefore, we conducted a subsequent study of LV systolic and diastolic 
function in 26 MFS patients and 26 age- and sex matched control subjects, using 
Tissue Doppler Imaging (TDI) and Magnetic Resonance Imaging (MRI).  

In line with the results of the previous study, conventional echocardiographic 
parameters of LV systolic function were not significantly different between MFS 
patients and control subjects. However, with MRI and TDI, we observed impairment 
of both systolic and diastolic function in MFS patients: ejection fraction was 
reduced, systolic myocardial tissue velocities and diastolic mitral annular velocities 
assessed with TDI were decreased and the deceleration time of the E wave was 
prolonged.  

Left ventricular diastolic function in MFS has been evaluated in a few 
studies. A first study with MRI conducted by Savolainen and coworkers in 22 MFS 
children demonstrated impaired LV diastolic function with an increased DTE and 
isovolumetric relaxation time ascribed to weakened elastic recoil (83). A subsequent 
echocardiographic  study by Porciani and coworkers showed  an unusual pattern of 
transmitral diastolic flow in which a decreased ventricular compliance (decreased 
DTE) and reduced myocardial relaxation (increased isovolumetric relaxation time) 
coexist (84).  

Studies on left ventricular systolic function in MFS are even scarcer and are 
limited to assessment of LV diameters and ejection fraction. Two studies 
investigated the incidence of LV dilatation and function in a small cohort of MFS 
patients without valvular regurgitation. Savoilanen and coworkers found no 
statistically significant difference in LV size and systolic function in 22 children 
with MFS (83). In a study by Chatrath and coworkers, 7 of the 36 adult patients 
(19%) showed increased LV dimension with normal LV systolic function (82).   

Shortly after publication of our results, another study appeared which 
confirmed our results regarding diastolic dysfunction in MFS (85). It concerns a 
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study performed in 40 children and young adults with MFS using echocardiography. 
Prolonged DTE and decreased E wave velocity were observed, again suggesting 
impaired LV relaxation in MFS.   

The exact pathogenic mechanism by which microfibrillar deficiency leads to 
LV dysfunction is unclear at present. Immunohistochemical studies of the 
myocardium with fibrillin1 targeted antibodies have demonstrated that microfibrils 
form myofiber-collagen fiber linkages at sites where the power of myocardial 
contraction is being transmitted to the extracellular connective tissue framework in 
the myocardium (115). Mutations in the FBN1 gene may cause structural and/or 
functional abnormalities in the microfibrils which lead to impairment of myocardial 
contraction. To prove this, myocardial biopsies would berequired for 
immunohistological testing in MFS patients – which is not feasible in view of 
associated risks. 

Our findings also indicate the need for further follow up of LV function in 
MFS patients. Since aortic complications are now treatable to a large extent, it is 
likely that other problems such as LV dysfunction will gain importance. Our results 
may also have consequences for medical therapy in these patients who may benefit 
from drugs supporting myocardial contractile function such as Angiotensin 
Converting Enzyme inhibitors and/or Angiotensin II type-1 Receptor blockers.  

 
In chapter 3, we studied elastic properties of the aorta in MFS, namely 

PWV and determinants of aortic wave reflection.  
We applied a fully non-invasive protocol, combining ultrasound and MRI 

for wave reflection and central hemodynamics of the aorta. Early return of reflected 
pressure waves boosts systolic pressure and presents an extra load for the heart and 
the central vessels. In patients with MFS, this may increase the risk of aortic 
dilatation and rupture.  

To assess whether wave reflection is elevated in MFS, we measured local 
reflection coefficients along the aorta (characteristic impedance) and their 
contribution to indices of global wave reflection (augmentation index, AIx). When 
compared to values obtained in a control population, we found no differences with 
regards to indices of local wave reflection (characteristic impedance) or global wave 
reflection (AIx). Our findings indicate that the morphological and functional 
changes in the (proximal part of the) aorta in patients with MFS do not lead to an 
increase in local characteristic impedance of the aorta.  

These observations are in accordance with the findings from invasive studies 
by Yin and coworkers (126). A possible explanation is that both vessel calibre and 
stiffness counterbalance each other, with no net effect on characteristic impedance 
of the aorta.  
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We attempted to dissect the AIx into more specific determining factors and 
could demonstrate that the impact of local reflection properties was negligible. The 
main determinants of the AIx were PWV and the effective length of the arterial tree, 
which is in turn directly related to body length. Since both PWV and length of the 
arterial tree are elevated in MFS patients, they counterbalance each other, leading to 
no significant effect on the AIx. Our findings suggest that taller MFS patients have 
better indices of aortic stiffness. Unfortunately, the study was underpowered to 
detect significant differences according to length. Whether an increased length of the 
arterial tree and thus increased body length is related to a better prognosis is 
unknown and requires further study.  

 
Having studied the cardiovascular phenotype in great detail in the first three 

chapters of this thesis, we studied the correlation between the cardiovascular 
phenotype and the underlying FBN1 mutation in chapter 4.  

Genotype-phenotype correlations are a challenging point of research in MFS. 
Identifying persons at risk by knowledge of their genotype would reinforce the role 
of molecular testing in the management of MFS patients.  The issue of 
genotype/phenotype correlation in MFS was addressed in two different ways: firstly, 
we looked for a relationship between the FBN1 phenotype and parameters of aortic 
stiffness and secondly, we performed a detailed phenotypic study of three large MFS 
families in which the FBN1 mutation was known and which displayed striking 
variability in phenotypic severity.  In these families, we have also studied the role of 
the expression level of both FBN1 alleles in the determination of clinical severity. 
 

Aortic stiffness was estimated through measurement of distensibility and 
pulse wave velocity with MRI. For the characterization of the genotype, we 
classified patients according to the type of FBN1 mutation into two groups 
(missense and in frame deletions/insertions versus nonsense and out of frame 
deletions/insertions). Also, a subanalysis comparing nonsense mutations or out of 
frame deletions/insertions with cystein substitutions was performed. We found no 
association between the type of FBN1 mutation and parameters of aortic stiffness. 
These findings are in line with previous observations from our group, which already 
indicated that no correlation could be found between the severity of the MFS 
phenotype and the position or the nature of the FBN1 gene (35).  

We also found that aortic stiffness varies widely among five members of the 
same family, with a FBN1 splice site mutation, again showing that the FBN1 
genotype alone does not determine the severity of aortic stiffness.  

We also looked for a correlation between parameters of aortic stiffness in 
MFS patients and a specific polymorphism in the FBN1 gene (VNTR polymorphism 
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in exon 28) that had been shown to be associated to aortic stiffness in normal 
subjects as well as in patients with coronary artery disease (65), (64) 

No association was found between any of the assessed aortic stiffness 
parameters and the FBN1 polymorphism.   

This indicates that other factors outside the FBN1 gene account for the 
variation in aortic stiffness in MFS patients (such as modifying gene loci, or 
environmental factors). 

 
In the second part of chapter 4, we reinforce the observations regarding the 

absence of genotype/phenotype correlations in MFS by providing detailed clinical 
findings in three unrelated families with a known FBN1 mutation and striking 
intrafamilial variability. The clinical variability observed in these families is another 
illustration of the lack of genotype/phenotype correlations in MFS, since the same 
FBN1 mutation causes a classic MFS phenotype in one subject, whereas his or her 
relatives, who also harbour this FBN1 mutation, display only very mild or atypical 
features. To investigate one of the possible molecular mechanisms underlying the 
intrafamilial variability, we studied the relative expression of the mutant and the 
normal FBN1 alleles in families 2 and 3. We could not demonstrate any correlation 
between the clinical severity and expression levels of either of the two FBN1 alleles.   

 
These families clearly demonstrate that the diagnosis in MFS may be 

challenging because of: 
• Clinical overlap with other connective tissue disorders such as Ehlers-

Danlos syndrome or Weill-Marchesani syndrome  
• Age dependent expression of clinical features particularly relevant for 

diagnosis of children with MFS 
• Atypical or very mild presentation of MFS, for example in patients who 

have a causal FBN1 mutation with major involvement of only one or even 
no organ system and very mild or no involvement of other organ systems 

 
From these studies several practical recommendations can be formulated to 

optimize the diagnostic process for MFS.  
First, routine diagnostic assessment should include thorough clinical 

evaluation by a clinician with experience in connective tissue disorders in 
combination with echocardiographic examination and a slitlamp examination of the 
eyes. Repeated evaluation is necessary in all children with unclear diagnosis until 
they reach adulthood before definitely excluding a suspicion of MFS. Furthermore, 
it has previously been illustrated that clinical manifestations, especially in the 
cardiovascular system may be absent until late adulthood (127). We therefore 
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believe that lifelong cardiovascular screening is necessary in every patient suspected 
with MFS, such as patients presenting only one major manifestation.  

Second, extensive family history taking, including clinical examination in 
first degree relatives can be highly contributive to the diagnosis, as illustrated in the 
first family described in the paper.  

Third, additional molecular testing may be very helpful for confirmation or 
exclusion in patients with atypical presentation of MFS. Molecular testing enabled 
us to identify subjects with very mild phenotypes; it also enabled us to exclude MFS 
in family members displaying minor manifestations of MFS.  

The molecular mechanisms underlying the striking intrafamilial variability 
remain largely unknown and require further study of environmental and epigenetic 
factors.  

 
In conclusion, we have demonstrated that cardiovascular evaluation in 

patients with MFS should not be limited to measurement of the diameter of the 
aortic root. In a diagnostic setting, assessment of MVP and measurement of the 
MPA diameter can be very helpful. Careful study of LV function is needed in MFS 
in order to optimize treatment and follow-up. We also found that aortic wave 
reflection, a possible determinant of aortic dilatation, is not increased in MFS 
patients, due to the counterbalancing effect from increased aortic stiffness and 
increased length of the arterial tree. In our study, we found no correlation between 
the severity of the cardiovascular phenotype and the type of FBN1 mutation, 
indicating that the FBN1 genotype alone is not a major determinant of the clinical 
variability. Finally, we demonstrated the usefulness of additional molecular testing 
in patients with atypical or mild presentation of MFS.  

 



Draf
t V

_2

www.dc
lsi

gn
s.b

e

  CARDIOVASCULAR CHARACTERISTICS IN MARFAN SYNDROME AND THEIR RELATION TO THE GENOTYPE 97 

V I .  F u t u r e  p r o s p e c t s  

Several interesting topics for future research in MFS emerge from the results 
presented in this work 

 
1. Based on our evaluation of minor diagnostic criteria for the cardiovascular 

organ system in MFS, we recommend further refinement of the current diagnostic 
criteria (Ghent nosology) for MFS. Our proposed guidelines have already been 
applied in the discussion at the international MFS nosology meeting in February 
2007, and will be used in the finalized version of the revised Ghent nosology.  
 

2. Our observation of impaired LV function in MFS patients needs further 
study and should be repeated over time in order to evaluate its prognostic value. It 
also means that development of new treatment strategies to support LV function in 
MFS are necessary. The findings by Habashi and co-workers demonstrating a 
clearly beneficial effect of losartan on aortic root dilatation in mice is very 
promising in this respect (128). Losartan is an angiotensin II type 1 receptor blocker 
that is already widely used in the treatment of patients with hypertension and heart 
failure. It is hypothesized that this agent modulates many of the phenotypes 
occurring in MFS mice through attenuation of TGFβ signalling, including aortic 
aneurysm formation, pulmonary emphysema and muscle hypotonia.  If proven to be 
effective in MFS patients a beneficial effect of this drug on the LV function can be 
expected.  

Immunohistochemic studies in MFS mice have demonstrated that losartan 
acts through modulation of the TGFβ pathway in addition to the known 
hemodynamic effects of the drug. When compared to β-blockers, similar 
hemodynamic effects were obtained, whereas the effect on aortic root growth and 
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histologic abnormalities were significantly more pronounced in the losartan treated 
mice. It was concluded that β-blockers work in this model as suggested in several 
studies in humans. They slow but do not halt abnormal aortic growth, and do not 
appear to directly interface with the underlying pathogenetic mechanism. 

In contrast, angiotensin receptor blockers have the potential to completely 
arrest abnormal aortic growth and may even promote aortic wall remodelling. The 
similar hemodynamic effects of β-blockers and losartan therapy in this trial are 
suggestive that the particular protection afforded by angiotensin receptor blockers is 
not simply modification of the stress imposed on an inherently predisposed tissue, 
but rather relates to modification of the underlying predisposition presumably 
through antagonism of TGFβ.  

The scheme in figure 7 illustrates the suggested modes of action of losartan.  

Therapeutic potential of losartan
(angiotensin II type 1 receptor antagonist)

1. Decreases production of TGFβ

2. Decreases production of TGFβ
receptor

3. Decreases production of
thrombospondin-1 (TSP1),
a potent activator of TGFβ

 
We have recently been enrolled in a multi-centre study on MFS patients, 

organized by the Pediatric Heart Disease Clinical Research Network. In this study, 
patients will be randomized to receive either losartan or atenolol (current standard 
treatment with β-blocker).  The main endpoint of this study is aortic root growth, but 
an important secondary endpoint is LV function. 
 

3. In the last part of this thesis, we demonstrated that the variation in clinical 
severity in MFS is not significantly influenced by the type of FBN1 mutation. These 
observations clearly indicate the need for further studies to identify additional 
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modifiers of clinical variability in MFS. It has been demonstrated in several recent 
studies that fibrillin1 is an important modulator of the TGFβ signalling pathway. 
Upregulation of TGFβ signalling plays a role in the development of the pulmonary, 
muscular, cardiovascular and central nervous phenotype in MFS mice (129, 130). 
We intend to study the contribution of genetic variation in genes encoding 
components of the TGFβ signalling pathway to the clinical variability in MFS. 

To this purpose a Single Nucleotide Polymorphism (SNP) platform will be 
constructed to study a panel of polymorphic markers in a large group of MFS 
patients. The correlation between different SNPs in genes involved in the TGFβ 
pathway and parameters of clinical severity and therapeutic response to β-blockers 
and losartan will be analysed.  

 
Finally, since this work has clearly demonstrated the benefit of close 

collaboration between medical disciplines, we hope that further integration of 
genetics into the practice of cardiovascular medicine will benefit the daily care of 
MFS and other patients. 
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V I I .  S u m m a r y  

Marfan syndrome (MFS) is a systemic disorder of connective tissue with 
autosomal dominant inheritance. The diagnosis of MFS is based on the identification 
of a combination of clinical manifestations in the ocular, musculoskeletal, and 
cardiovascular organ systems defined in the Ghent Nosology (De Paepe et al, 1996). 
Confirmation of the diagnosis in an individual requires the presence of major 
clinical manifestations in at least two organ systems associated with involvement of 
a third organ system. In relatives of an affected proband, major involvement of one 
organ system and involvement of a second organ system confirms the diagnosis. 

 Major clinical criteria are very specific for MFS and include a combination 
of (4 out of 8) skeletal manifestations, ectopia lentis, dural ectasia and dilatation or 
dissection of the ascending aorta. The prevalence of- and the guidelines for the 
assessment of each of these major criteria are well established. Minor clinical 
criteria are less typical, but their importance in the diagnostic process should not be 
underestimated. Unfortunately, figures on the prevalence as well as practical 
guidelines for the assessment of most minor criteria are lacking, especially for those 
involving the cardiovascular system.  

 
The major cardiovascular manifestation in MFS is a progressive dilatation of 

the ascending aorta, leading to aortic aneurysm formation and eventually to fatal 
aortic rupture or dissection. Aortic dissection in early adult life is the leading cause 
of death in MFS. Early diagnosis of individuals at risk of the disease is extremely 
important as timely treatment of cardiovascular complications has greatly improved 
life expectancy in MFS. Despite progress in medical and surgical treatment of aortic 
aneurysms, MFS continues to be associated with significant morbidity and mortality. 
This may be related to inadequate diagnosis or treatment, but also to the occurrence 
of cardiovascular problems in ageing MFS patients that were unrecognised until 
now, such as left ventricular (LV) dysfunction.  
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This thesis is focused on the study of cardiovascular manifestations of MFS 

which localize beyond the aortic root and on the presently unknown relationship 
between the severity of the cardiovascular phenotype and the genotype.  

 
In the first part, we have studied the prevalence and diagnostic value of the 

following cardiovascular manifestations of MFS: mitral valve prolapse (MVP) and 
calcification of the mitral valve annulus, dilatation of the main pulmonary artery 
(MPA) and dilatation or dissection of the descending aorta. We found a significantly 
higher prevalence of MVP in MFS patients compared to normal controls, indicating 
that this feature is useful in the diagnostic evaluation of the condition.  In contrast, 
calcification of the mitral valve annulus appears to be very uncommon, difficult to 
quantify and therefore not useful in the diagnosis of MFS.  We also studied the 
dimension of the MPA in a series of MFS patients and defined a cut-of value that 
can be used in the diagnostic evaluation of adult MFS patients.  In addition, we 
showed that diameters of the aorta measured at different levels beyond the aortic 
root are increased in MFS patients compared to controls. Unfortunately, there was 
too much overlap with the values obtained in the normal control population to 
provide cut-off values for the descending aorta. Based on these findings, we 
developed practical guidelines for the cardiovascular evaluation of patients referred 
for MFS.  

In the second part, we studied LV function in MFS patients free of valvular 
heart disease using a combination of echocardiography (both conventional 
echocardiography and tissue Doppler imaging) and Magnetic Resonance Imaging. 
We could demonstrate that MFS patients present a combination of systolic and 
diastolic dysfunction that is not related to valvular heart disease. This may be 
attributed to a primary contractile dysfunction of the myocardium and is likely 
related to the underlying alterations in the elastic features of the myocardium, 
resulting from the microfibrillar defect. This observation is important in the 
development of new therapeutic strategies for MFS. Affected individuals may 
benefit from a treatment with agents that support myocardial function such as 
angiotensin converting enzyme - inhibitors or angiotensin II type-1 receptor 
blockers. Furthermore, since MFS patients survive longer thanks to improved 
medical and surgical treatments, LV dysfunction may become an important issue in 
the follow-up of these patients.  

In the third part, we have studied aspects of local and global wave reflection 
in the aorta of MFS patients. Early return of reflected waves boosts systolic pressure 
and presents an extra load for the heart and the central vessels. As such, these wave 
reflections are regarded as one of the important determinants of central blood 
pressure and can contribute to the development of aortic dilatation in MFS. 
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However, we were unable to demonstrate clear differences in both local and global 
parameters of wave reflection between MFS patients and normal controls. This 
could be explained by the fact that increased length of the aorta on the one hand and 
increased aortic stiffness on the other hand counterbalance each other in MFS 
patients without yielding any net effect on wave reflection. 

In the last part of this thesis, we investigated the correlation between the 
severity of the cardiovascular phenotype in MFS and the type of FBN1 mutation.  

 First, we investigated the correlation between parameters of aortic stiffness 
(distensibility and pulse wave velocity measured by Magnetic Resonance Imaging) 
and the type of FBN1 mutation (missense or in-frame deletions/insertions versus 
nonsense or out-of-frame deletions/insertions). We could not demonstrate any 
significant differences between these different mutation types, indicating that the 
FBN1 genotype is not the sole determinant of aortic stiffness.  

 Second, we provided a detailed description of clinical findings in three 
unrelated MFS families in which an FBN1 mutation was identified and which 
demonstrate striking intrafamilial phenotypic variability as another illustration of the 
absence of genotype/phenotype correlations in MFS. This study also illustrated 
several important issues in MFS. First, repeated clinical examination of suspected 
patients can be necessary in order to establish a correct and final diagnosis. Second, 
extensive family history taking and clinical examination of first degree relatives can 
be highly contributory to the diagnosis. Third, patients with an ‘atypical’ MFS 
phenotype may show substantial clinical overlap with other connective tissue 
disorders such as Weill-Marchesani syndrome or Ehlers-Danlos syndrome and 
represent a diagnostic challenge. We demonstrated that additional mutational 
analysis of the FBN1 gene can be a valuable aid to the diagnosis and help to outline 
medical management options in these challenging cases.   

 
In conclusion, we have refined diagnostic guidelines for the assessment of 

minor cardiovascular manifestations in MFS, shown that LV dysfunction is part of 
the cardiovascular spectrum and should be followed in the management of MFS 
patients, and demonstrated that aortic wave reflection is not elevated in MFS. In this 
work, we also investigated genotype/phenotype correlations, illustrated the marked 
(intrafamilial) variability in phenotypic expression of the condition, and the value of 
molecular testing in the diagnosis of MFS. 

 
Overall, this thesis nicely illustrates that close interaction and collaboration 

between cardiology and genetics is an added value to the study of disease 
pathogenesis of MFS and aortic aneurysms in general.   
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S a m e n v a t t i n g  

Marfan syndrome (MFS) is een bindweefselaandoening die autosomaal 
dominant wordt overgeërfd. De diagnose van MFS is gebaseerd op specifieke 
criteria, samengevat in de “Ghent Nosology” (De Paepe et al 1996) en wordt gesteld 
in aanwezigheid van een combinatie van klinische kenmerken in het oculair, 
musculoskeletaal en cardiovasculair orgaansysteem. Bevestiging van de diagnose bij 
een patiënt vereist de aanwezigheid van majeure klinische manifestaties in ten 
minste twee orgaansystemen samen met betrokkenheid van een derde 
orgaansysteem. Bij een familielid van een aangetaste proband is de majeure 
betrokkenheid van één orgaansysteem en betrokkenheid van een tweede 
orgaansysteem noodzakelijk om de diagnose te stellen.   

Majeure klinische criteria zijn zeer specifiek voor MFS en omvatten ectopia 
lentis, durale ectasie, dilatatie of dissectie van de aorta ascendens en een combinatie 
van minstens 4 uit een geheel van 8 skeletale manifestaties.  De prevalentie van deze 
majeure manifestaties en de evaluatiemethode om ze vast te stellen zijn goed 
gekend. Mineure klinische criteria voor MFS zijn echter heel wat minder specifiek. 
Toch mag het belang van deze mineure criteria in de diagnostiek niet onderschat 
worden.  Jammer genoeg zijn er weinig gegevens over de prevalentie van deze 
mineure criteria bij MFS en ontbreken ook vaak duidelijke richtlijnen om ze correct 
te diagnosticeren. Dit is zeker het geval voor de mineure criteria in het 
cardiovasculair system.   
 

De voornaamste cardiovasculaire manifestatie van MFS is een progressieve 
dilatatie van de ascenderende aorta, die leidt tot aneurysmavorming en uiteindelijk 
ruptuur of dissectie van de aorta. Dit gebeurt reeds op jonge volwassen leeftijd en is 
de voornaamste doodsoorzaak in het MFS. Ondanks de verbetering van zowel de 
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medische als de chirurgische behandeling van aorta aneurysma kent het MFS nog 
steeds een belangrijke morbiditeit en mortaliteit. Dit heeft zeker ten dele te maken 
met een laattijdige diagnose en/of behandeling, maar ook met het optreden van 
specifieke medische complicaties bij de oudere MFS patënten die tot hier toe niet 
opgemerkt werden, zoals linker ventrikel (LV) dysfunctie.  

 
Deze thesis beoogt de cardiovasculaire manifestaties van het MFS te 

bestuderen die buiten de proximale aorta gelocaliseerd zijn en de - op heden niet 
gekende - relatie tussen de ernst van het cardiovasculaire fenotype en het 
onderliggende genotype te evalueren.  

  
In het eerste deel van deze thesis hebben we de prevalentie en diagnostische 

waarde van een aantal “mineure” cardiovasculaire manifestaties bestudeerd, met 
name mitraalklepprolaps en calcificatie van de mitraalklepring, dilatatie van de 
truncus pulmonalis en dilatatie of dissectie van de descenderende aorta. We vonden 
een significant hogere prevalentie van mitraalklepprolaps bij MFS patiënten in 
vergelijking met gezonde controlepersonen, wat erop wijst dat een evaluatie van de 
mitraalklep zeker zinvol is in de diagnostische evaluatie van MFS. Daarentegen 
werd calcificatie van de mitraalklepring niet teruggevonden bij onze patiënten en 
bleek deze manifestatie bovendien moeilijk objectief te evalueren. Daarom 
beschouwen we dit teken als niet bruikbaar in de diagnostiek van het MFS. De 
diameter van de truncus pulmonalis werd gemeten met echocardiografie in een reeks 
MFS patiënten. Op basis hiervan werd een cut-off waarde bepaald voor het 
definiëren van dilatatie bij volwassen MFS patiënten. Daarnaast hebben we ook 
aangetoond dat de diameter van de aorta op verschillende niveaus voorbij de 
proximale aorta toegenomen is bij MFS patiënten in vergelijking met normale 
controles. Omwille van een te grote overlap tussen beide groepen kon geen 
bruikbare cut-off waarde van de diameter van de descenderende aorta bepaald 
worden in MFS patiënten. Op basis van onze bevindingen hebben we praktische 
richtlijnen opgesteld voor de cardiovasculaire evaluatie bij patiënten die verwezen 
worden voor MFS.  

 
In het tweede deel hebben we de LV functie bestudeerd bij patiënten met 

MFS met een combinatie van echocardiografie (zowel conventionele 
echocardiografie als tissue Doppler imaging) en Nucleair Magnetische Resonantie. 
We hebben aangetoond dat er bij MFS patiënten systolische en diastolische 
disfunctie aanwezig is die niet door kleplijden kan verklaard worden. We schrijven 
dit toe aan een primaire contractiele dysfunctie van het myocard die waarschijnlijk 
gerelateerd is aan de onderliggende veranderingen in de elastische eigenschappen 
van het myocard als gevolg van het microfibrillaire defect. Deze observatie is 
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belangrijk met het oog op de ontwikkeling van nieuwe behandelingen voor het MFS. 
Marfan patiënten zouden baat kunnen hebben bij een behandeling met medicatie die 
de myocardiale functie ondersteunt zoals angiotensine converting enzyme 
inhibitoren of angiotensine II receptor blokkers. Het valt te verwachten dat LV 
dysfunctie een belangrijke complicaties zal zijn bij de oudere MFS patiënt.  

 
In het derde deel hebben we aspecten van lokale en globale golfreflectie in 

de aorta bestudeerd bij MFS patiënten. Vroegtijdige terugkeer van gereflecteerde 
golven verhoogt de systolische bloeddruk en veroorzaakt een extra belasting voor 
het hart en de centrale bloedvaten. Deze golfreflecties worden dus beschouwd als 
belangrijke determinanten van de centrale bloeddruk en zouden kunnen meespelen 
in het ontwikkelen van aortadilatatie bij MFS. Wij konden evenwel geen belangrijke 
verschillen aantonen in zowel lokale als globale parameters van golfreflectie tussen 
MFS patiënten en normale controlepersonen. Dit zou kunnen verklaard worden door 
het feit dat een toegenomen lengte van de aorta enerzijds en een toegenomen 
stijfheid van de aorta anderzijds mekaar opheffen, waardoor er geen netto effect 
bestaat op de golfreflectie.  

 
In het laatste deel van deze thesis hebben we gezocht naar correlaties tussen 

het cardiovasculaire fenotype en de onderliggende FBN1  mutatie.  
Eerst hebben we de correlatie bestudeerd tussen parameters van aorta 

stijfheid (distensibiliteit en pulse wave velocity gemeten met nucleair magnetische 
resonantie) en het type FBN1 mutatie (missense of in-frame deletie/insertie versus 
nonsens of out-of frame deletie/insertie). We konden geen significante verschillen 
aantonen wat betreft aortastijfheid tussen deze verschillende types mutatie, wat erop 
wijst dat het type FBN1 mutatie niet de enige determinant is van aorta stijfheid.    

Daarnaast hebben we een gedetailleerde beschrijving gegeven van de 
klinische bevindingen in drie niet-gerelateerde MFS families waarbij een 
onderliggende FBN1 mutatie werd aangetoond. De opvallende intrafamiliale 
fenotypische variabiliteit in deze families illustreert de afwezigheid van 
genotype/fenotype correlaties in het MFS.  

 Deze studie brengt ook een aantal belangrijke management aspecten van 
MFS in aandacht. Ze toont duidelijk aan dat herhaald klinisch onderzoek soms 
noodzakelijk is alvorens de diagnose van MFS definitief kan bevestigd worden.  In 
bepaalde gevallen is uitgebreide familiale anamnese en klinisch onderzoek  bij 
eerstegraadsverwanten onontbeerlijk om de diagnose te kunnen stellen. Patiënten 
met een “atypisch” MFS fenotype kunnen belangrijke overlap tonen met andere 
bindweefselaandoeningen zoals Weill-Marchesani syndroom of Ehlers-Danlos 
syndroom. In deze gevallen kan aanvullend moleculair genetisch onderzoek een 
belangrijke additionele waarde hebben in de diagnostiek van het MFS.  
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Samenvattend hebben wij in dit werk de diagnostische richtlijnen voor 

evaluatie van de mineure cardiovasculaire manifestaties verfijnd; we hebben 
aangetoond dat  LV dysfunctie deel uitmaakt van het cardiovasculair spectrum bij 
MFS patiënten en dient opgevolgd te worden; we hebben aangetoond dat 
golfreflectie in de aorta niet toegenomen is bij MFS patiënten, in tegenstelling tot de 
verwachtingen. Tenslotte hebben we ook genotype/fenotype correlaties bestudeerd, 
de uitgesproken (intrafamiliale) variabiliteit in de fenotypische expressie 
geillustreerd evenals de waarde van moleculair genetisch onderzoek in de diagnose 
van MFS.  

 
Deze thesis illustreert zeer mooi de meerwaarde van een nauwe 

samenwerking tussen geneticus en cardioloog in de medische zorg voor Marfan 
patiënten en hun families.  
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R é s u m é  

Le syndrome de Marfan  (SMF) est une maladie des tissus conjonctifs qui se 
transmet sur un mode autosomique dominant. Le diagnostic du SMF se fait par 
identification de plusieurs manifestations cliniques dans différents systèmes : 
oculaires, musculo-squelettiques et cardiovasculaires définies dans le « Ghent 
Nosology » (De Paepe, 1996). 

Pour faire le diagnostic du patient SMF il faut une atteinte de trois systèmes 
dont au moins deux avec des signes majeurs. Pour le parent d’un individu atteint, il 
suffit d’une atteinte de deux systèmes avec un seul signe majeur. 

Pour faire le diagnostic du SMF il faut trouver des signes cliniques majeurs 
bien spécifiés et une combinaison d’au moins quatre des huit critères majeurs  tels 
que une atteinte du squelette, une luxation du cristallin, une ectasie durale et une 
dilatation ou dissection de l’aorte ascendante. La fréquence ainsi que la façon 
d’évaluation de ces critères majeurs a été bien établie.  

Les critères mineurs sont moins typiques, mais leur importance pour le 
diagnostic ne doit pas être sous-estimée. Malheureusement il n’y a pas de données 
sur leur fréquence ni de guide pratique pour l’évaluation de ces critères mineurs, en 
particulier de ceux concernant le système cardiovasculaire. 

La manifestation cardiovasculaire majeure dans le SMF est une dilatation 
progressive de l’aorte ascendante, allant jusqu'à  la formation d’un anévrysme 
aortique et éventuellement à une rupture ou une dissection aortique fatale. La 
dissection aortique chez le jeune adulte SMF est la cause principale de décès. Le 
diagnostic précoce d’individus à risque de cette maladie est très important car le 
traitement prompt des complications cardiovasculaires augmente considérablement 
l’espérance de vie. Malgré le progrès dans le traitement médical et chirurgical 
d’anévrysmes aortiques, le SMF reste associé à une morbidité et mortalité 
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significative. Ceci peut être relaté à un diagnostic difficile ou à traitement inadapté, 
mais aussi à la présence de problèmes cardiovasculaires inconnus jusqu'à présent, 
comme entre autre une dysfonction du ventricule gauche. 

Cette thèse se concentre sur l’étude des manifestations cardiovasculaires qui 
sont en dehors de l’aorte proximale et sur la recherche d’une corrélation, jusqu'à ce 
jour inconnue, entre la gravité du phénotype cardiovasculaire et le génotype associé. 

 
Dans une première partie, nous avons étudié la prévalence et la valeur 

diagnostique des manifestations cardiovasculaires telles que le prolapsus de la valve 
mitrale, la calcification de l’anneau de la valve mitrale, la dilatation de l’artère 
pulmonaire et enfin la dilatation ou la dissection de l’aorte descendante.  

Nous avons trouvé une prévalence significativement élevée du prolapsus de 
la valve mitrale dans les patients SMF comparé à des contrôles normaux, indiquant 
que cette constatation est utile pour le diagnostic de la maladie.  

Par contre, la calcification de l’anneau de la valve mitrale paraît très rare, 
difficile à quantifier et donc inutile pour le diagnostic.  

Nous avons aussi étudié la dimension de l’artère pulmonaire dans une série 
de patients et défini une valeur limite utile pour l’évaluation des patients SMF 
adultes.  

En plus, nous avons démontré que le diamètre de l’aorte mesuré à différents 
niveaux plus distaux est élevé chez les patients SMF comparé à un groupe contrôle. 
Malheureusement, il y avait trop de chevauchement des taux obtenus dans la 
population contrôle pour définir une valeur limite. 

Ces résultats nous ont amenés à développer un guide pratique d’évaluation 
cardiovasculaire de patients supposés atteints du SMF. 

 
Dans la seconde partie, nous avons étudié la fonction du ventricule gauche 

chez des patients SMF sans anomalies valvulaires en utilisant l’échocardiographie 
(conventionnelle et par Doppler tissulaire) et l’IRM.  Nous avons pu démontrer que 
ces patients présentent une combinaison  de dysfonction systolique et diastolique 
non liée à des anomalies valvulaires.  Ceci peut être attribué à une dysfonction 
contractile primaire du  myocarde qui est probablement relaté à des altérations sous-
jacentes  des tissus élastiques suite à un défaut dans le réseau microfibrillaire.  Cette 
observation est importante pour le développement de nouvelles  stratégies 
thérapeutiques du SMF. 

Des individus atteints pourraient bénéficier d’un traitement avec des 
inhibiteurs de l’enzyme de conversion et antagonistes de récepteurs de 
l’angiotensine II. En plus, puisque les patients SMF survivent actuellement plus 
longtemps grâce au traitement médical et chirurgical amélioré, la dysfonction du 
ventricule gauche pourrait devenir un facteur important dans le suivi. 
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En troisième partie, nous avons étudié la réflexion d’ondes locales et globales 

dans l’aorte de patients SMF. 
Le retour prématuré des ondes réfléchies augmente la pression systolique et 

représente une charge élevée pour le cœur et les vaisseaux centraux.  Dans ce cas-ci, 
ces ondes réfléchies sont  vues comme des déterminants importants de la pression 
centrale  et  ceci pourrait contribuer au développement de  la dilatation aortique dans 
le SMF.  En revanche, nous  n’avons pas pu démontrer de différence nette dans les 
paramètres locaux et globaux de réflexion d’ondes entre des patients SMF et des 
contrôles normaux. 
 

Ceci pourrait s’expliquer par la présence chez les patients SMF d’une aorte 
d’une part plus longue et d’autre part plus rigide qui se compensent sans produire 
d’effet net sur la réflexion d’ondes. 

 
Dans la dernière partie de cette thèse, nous avons cherché une corrélation 

entre la sévérité du phénotype cardiovasculaire et le type de mutation du gène de la 
fibrilline1 (FBN1). 

En premier lieu, nous avons étudié la corrélation entre les paramètres de 
rigidité aortique comme la « pulse wave » vélocité et la distensibilité artérielle 
mesurées en IRM et le type de mutation FBN1 : mutation non-sens ou 
délétions/insertions » in-frame » versus « out-of-frame ». Nous n’avons pu 
démontrer aucune différence entre ces différents types de mutation, indiquant que le 
génotype FBN1 n’est pas l’unique responsable de la rigidité aortique. 

En second lieu, nous avons donné une description détaillée des résultats 
cliniques dans trois familles SMF non apparentées, ayant une mutation FBN1 mais 
ayant une hétérogénéité phénotypique intrafamiliale prononcée comme autre 
illustration de l’absence de corrélation génotype/phénotype dans le SMF. 

Cette étude illustre aussi plusieurs autres aspects importants du suivi des 
patients SMF.   

Primo : un examen clinique régulier des patients suspects peut être nécessaire  
pour faire un diagnostic correct et définitif. 

Secundo : une anamnèse familiale approfondie et un examen clinique des 
parents du premier degré pourraient aider fortement au diagnostic.  

Tercio : le patient au phénotype ‘atypique’ du SMF peut montrer des 
symptômes cliniques communs avec d’autres maladies comme le syndrome de 
Weill-Marchesani ou le syndrome d’Ehlers-Danlos, ce qui rend le diagnostic 
difficile.  

Nous avons montré que l’analyse moléculaire du gène FBN1 peut être 
précieuse et aide à faciliter la gestion médicale de ces cas difficiles. 
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En conclusion, nous avons raffiné les critères diagnostiques pour l’évaluation 

des manifestations mineures cardiovasculaires dans le SMF ; nous avons démontré 
que la dysfonction du ventricule gauche fait partie du spectre cardiovasculaire et 
devrait être suivi dans les patients SMF, et que la réflexion des ondes aortiques n’est 
pas élevée chez les patients SMF. Nous avons aussi étudié les corrélations 
génotype/phénotype et illustré la variabilité (intrafamiliale) prononcée dans 
l’expression phénotypique de cette condition ainsi que la valeur de l’analyse 
moléculaire dans le diagnostic du SMF. 

 
En résumé, cette thèse démontre bien que l’interaction minutieuse et  la 

collaboration entre cardiologues et généticiens est une valeur ajoutée à l’étude de la 
pathogenèse du SFM et de l’anévrysme aortique en général. 
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A p p e n d i x   

Diagnostic criteria for Marfan syndrome (De Paepe et al, Gent nosology (22)) 
 

System Major Criteria Minor Criteria 
Skeletal 
System  

Presence of at least four of the 
following manifestations: 

• Pectus carinatum  
• Pectus excavatum requiring 

surgery  
• Decreased upper to lower 

segment ratio or arm span to 
height ratio greater than 
1.05  

• Positive wrist sign  or thumb 
sign 

• Scoliosis of greater than 20 
degrees, or spondylolisthesis 

• Reduced elbow extension  
• Flat feet 
• Protrusuio acetabuli 

• Pectus excavatum of moderate 
severity  

• Joint hypermobility  
• Highly arched palate  
• Facial appearance: dolichocephaly; 

malar hypoplasia; enophthalmos; 
retrognathia; downslanting 
palpebral fissures 
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System Major Criteria Minor Criteria 
Ocular System  • ectopia lentis • Abnormally flat cornea (as 

measured by keratometry)  
• Increased axial length of globe (as 

measured by ultrasound)  
• Hypoplastic iris or hypoplastic 

(under-developed) ciliary muscle 
causing decreased constriction of 
pupil (myosis) 

Cardiovascular 
System  

• Dilatation of the ascending 
aorta with or without aortic 
regurgitation and involving 
at least the sinuses of 
Valsalva; or  

• Dissection of the ascending 
aorta  

• Mitral valve prolapse (MVP) with 
or without mitral valve 
regurgitation (MVR)  

• Dilatation of the main pulmonary 
artery, in the absence of valvular or 
peripheral pulmonic stenosis  or 
any other obvious cause, below the 
age of 40  

• Calcification of the mitral annulus 
below the age of 40  

• Dilatation or dissection of the 
descending thoracic or abdominal 
aorta below the age of 50  

Pulmonary 
System   

None  • Spontaneous pneumothorax:  
• Apical blebs:  

Skin and 
Integument  

None  • Striae not associated with marked 
weight changes, pregnancy or 
repetitive stress  

• Recurrent or incisional herniae  

Dura (the 
covering of 
spinal cord and 
brain)  

• lumbosacral dural ectasia  
determined by CT or MRI  

None  
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System Major Criteria Minor Criteria 
Family/Genetic 
History  

• Having a parent, child or 
sibling who meets these 
diagnostic criteria 
independently  

• Presence of a mutation in 
FBN1 (the fibrillin 1 gene), 
known to be associated with 
Marfan syndrome  

• Presence of a haplotype 
around FBN1, inherited by 
descent, known to be 
associated with 
unequivocally diagnosed 
Marfan syndrome in the 
family  

None  
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