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INTRODUCTION 

Marfan syndrome (MFS) is a heritable disorder of the connective tissue. It has an incidence of 2-3 

in 10,000 and it is inherited in an autosomal-dominant manner[1]. It was described in 19th century when 

the Parisian professor of pediatrics, Antoine-Barnard Marfan reported typical skeletal abnormalities in a 

five-year old girl Gabrielle[2]. Nowadays, this syndrome bearing his name interests a broad molecular and 

clinical scientific public because of its pleiotropic phenotype and dynamic pathogenesis. MFS is caused 

by mutations in the FBN1 gene which codes for fibrillin-1 protein, an abundant protein of the 

extracellular matrix[3]. In recent years, a role of fibrillin-1 in the bioavailability of the cytokine 

Transforming Growth Factor (TGF)-β emerged[4]. Increased TGF-β signaling was found to be associated 

with aortic root dilatation and most other features in a mouse model of MFS[5–7]. Moreover, aortic root 

dilatation was ameliorated after administration of neutralizing TGF-β antibodies. This shifted our 

understanding of the MFS from a structural to a functional disease. 

Aortic disease in MFS 

Aortic root dilatation is the hallmark of MFS and occurs in about 80-90% of patients[8]. It is progressive 

and leads to aneurysm formation, dissection or rupture if untreated. It is responsible for the morbidity and 

mortality in this patient group with most progression between 20 and 40 years of age[9]. Yearly follow-up 

of the aortic root diameters is therefore necessary. Furthermore, up-to 30% of patients develops a 

dilatation or dissection of the distal parts of the aorta [10,11]. Current treatment includes beta-blockers in 

order to reduce the haemodynamic stress on the aortic root and surgical repair when aortic root reach 

diameters which threaten a dissection[12]. It is important to note that even treated patients continue to 

have abnormal aortic growth. Together, aortic disease is a major health problem in MFS patient 

population.  
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Therapy 

The prominent role of TGF-β in the pathogenesis of MFS opened novel possibilities for treatment 

of these patients. Angiotensine II receptor 1 blocker losartan, a drug widely used for treatment of 

hypertension, emerged as a novel treatment strategy in MFS patients as it reduced TGF-β signaling in 

several rat models of kidney failure. In MFS mouse model losartan reduced aortic root dilatation to the 

level of wild-type mice [5–7]. This effect was confirmed in a small observational study in children with a 

severe aortic root disease. [13] Furthermore, similar effects were achieved with losartan and mitral valve 

prolapse, myopathy and lung emphysema in these mice. These findings introduced losartan as a high 

potential novel therapy in MFS. We and other groups initiated clinical trials investigating effects of 

losartan on the aortic disease  in MFS patients[14].  

Clinical variability in MFS patients 

As mutated fibrillin-1 protein is present in the extracellular matrix of most organ systems, MFS is a multi-

system disorder. Other features in MFS patients are dislocation of the ocular lens (ectopia lentis), skeletal 

features resulting from overgrowth of long bones, osteopenia, lung emphysema and mild myopathy.  

MFS is a clinically variable disorder with weak genotype-phenotype relations[15,16]. Mutations in the 

middle part of the FBN1 gene cause more severe phenotype. Mutations involving cysteine-residues are 

more likely to cause dislocation of the ocular lens. Nevertheless, neither the location of the mutation nor 

the type of aminoacid altered nor even the family presentation are sufficient to predict the phenotype both 

among as within the affected families. This suggests that other pathways modify the course of the disease.      

The objective of this thesis was to investigate a broad wire of clinical and molecular diagnostic and 

therapeutic targets in MFS patients which could improve our knowledge about the pathogenesis of MFS 

and offer novel therapeutic strategies. We searched for modifying pathways of MFS clinical features and 

explored the variability of the molecular response to losartan treatment in MFS patients. In addition, we 
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investigated ventricular function and aortic volume in MFS patients using cardiac MRI. Finally, we 

analyzed the impact of MFS on patients’ quality of life and genetic susceptibility to its impairment. 

OUTLINE OF THIS THESIS 

Work presented in this thesis explores both clinical and molecular aspects of MFS. In Part 1, chapters 2-

5, we describe clinical aspects of the disease: the Dutch losartan clinical trial (COMPARE study), 

repercussions of revised diagnostic criteria in adult MFS patients, cardiac function of MFS patients and 

aortic volume as a global monitoring method of aortic disease. 

Losartan showed very promising effects on the aortic root dilatation in MFS mice. We, therefore, initiated 

a clinical trial investigating the effects of losartan on the aortic root dilatation and several other 

cardiovascular end-points. Rationale and design of the COMPARE trial are described in chapter 2. 

Ever since it was described, MFS remained a clinical diagnosis. Our knowledge about its molecular basis 

increased throughout the years and additional related connective tissue disorders emerged, i.e. Loeys-

Dietz syndrome. Diagnostic criteria for MFS were revised by Loeys and Dietz whereby aortic root 

dilatation, defined as a Z-score of the aortic root diameter, was made central. In chapter 3 we applied the 

revised criteria in an established adult MFS patient group in order to define its repercussions for clinical 

practice and individual patient.  

Several lines of evidence suggested a ventricular dysfunction in MFS patients without valvular disease. In 

chapter 4 we analyzed biventricular function in a large cohort of MFS patients when compared to healthy 

volunteers and its’ correlation with the elastic properties of the aorta.  

In chapter 5 we investigated aortic volume measured by 3D Magnetic Resonance Angiography (MRA) 

as method of global aortic expansion surveillance in MFS patients. This method would allow more 

accurate surveillance of the aortic disease than by using aortic diameters only and can be of particular 

importance in clinical trials. 
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In Part 2, chapters 6-10, we investigated molecular aspects of clinical variability in MFS patients. In 

chapter 6 we investigated global gene expression profiles in skin of MFS patients using microarrays and 

compared expression profiles between patients with different disease features. Patients with more severe 

aortic disease had higher expression of inflammatory genes. This was validated by cytokine levels in 

blood and inflammatory cell profile in the aorta. Similarly, patients with other disease features had pro-

inflammatory expression profiles. Inspired by these findings, in chapter 7 we explored the genetic 

variability (single nucleotide polymorphisms-SNPs) in inflammatory genes which could contribute to the 

aortic root disease severity, the most important disease characteristic of MFS. 

MFS is a clinically variable disorder and it is, therefore, likely that MFS patients might have a variable 

response to losartan treatment. Molecular response to losartan, measured as circulating TGF-β decrease 

and gene expression changes, was investigated in chapter 8.  

Quality of life is an emerging parameter of patients’ well-being and it is not related to disease severity or 

therapy. As such, it might have a genetic basis. In chapter 9 we explored the quality of life in MFS 

patients, measured by means of SF-36 questionnaire. As it was not strongly related with disease severity, 

we explored its genetic basis using gene expressions and SNPs. 

Chapter 10 summarized the findings of this thesis in the light of the aortic disease pathogenesis in MFS. 

We discuss the contribution of different pathways in the aortic root disease and implications for the 

further research.  
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ABSTRACT 

Background 

Marfan syndrome (MFS) is one of the most common systemic disorders of connective tissue with the 

incidence of approximately 2-3 per 10 000 individuals. Aortic disease, leading to progressive aneurysmal 

dilatation and dissection is the main cause of morbidity and mortality of Marfan patients. Current 

treatment (e.g. beta blockers and elective surgery) does postpone but cannot prevent aortic complications 

in these patients. Recent studies have found Transforming Growth Factor β (TGF β) to be involved in the 

aortic aneurysm formation. Losartan, an Angiotensin II type 1 receptor blocker inhibits TGFβ in a mouse 

model of Marfan syndrome leading to inhibition of aortic growth. The main objective of this trial is to 

assess whether losartan treatment leads to a clinically relevant decrease of aortic dilatation in adult 

patients with Marfan syndrome. 

Methods/Design 

COMPARE study (COzaar in Marfan Patients Reduces aortic Enlargement) is an open-label, randomized, 

controlled trial with blinded end-points. Treatment with losartan will be compared with no additional 

treatment after 3 years of follow-up.  We will enroll 330 patients with MFS who will be randomly 

assigned to receive losartan or not. Patients taking beta-blockers will continue taking their standard 

treatment. The primary end-point is the largest change in aortic diameter at any aortic level measured by 

means of MRI. Secondary end-points are change in mortality, incidence of dissection, elective aortic 

surgery, aortic volume, aortic stiffness and ventricular function. We will also investigate gene and protein 

expression change in the skin under losartan therapy and create prediction models for losartan-treatment 

response and aortic dilatation. 
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Discussion 

The COMPARE study will provide important evidence of effects of losartan treatment in adult Marfan 

patient population.  We expect losartan to significantly reduce the occurrence and progression of aortic 

dilatation. This trial investigates a wide spectrum of clinical, genetic and biochemical effects of losartan 

aiming to provide further insight in the pathogenesis and treatment of Marfan syndrome.  

Trial registration 

Netherlands Trial Register NTR1423
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BACKGROUND 

Marfan syndrome (MFS) is one of the most common systemic disorders of connective tissue with the 

incidence of approximately 2-3 per 10 000 individuals. [1] MFS is an autosomal dominant disorder with 

cardinal clinical features involving the cardiovascular, ocular and skeletal systems. MFS is a clinical 

diagnosis which is made when an index patient fulfils major criteria in two systems and has an 

involvement in a third system according to Ghent criteria. [2]Clinical features involve ocular lens 

luxation, long bone overgrowth, lung emphysema and cardiovascular complications including aortic 

aneurysm and mitral valve prolapse.  

Aortic disease, leading to progressive aneurysmal dilatation and dissection is the main cause of morbidity 

and mortality of Marfan patients. Routine monitoring of aortic growth is necessary to detect and quantify 

the progression of aortic dilatation, in combination with β adrenergic receptor antagonist therapy to slow 

down aortic growth. [3]Prophylactic aortic repair is indicated when dilatation reaches sufficient size to 

threaten aortic dissection.[4] Current therapy has improved life expectancy of this group of patients. 

However, it is important to note that even treated patients continue to have abnormal aortic growth. 

Moreover, dissection may occur in not-operated parts of the aorta. Therefore, current treatment does 

postpone but cannot prevent aortic complications in these patients.  

MFS is caused by mutations in FBN1, the gene encoding fibrillin-1, which is the main component of the 

extracellular matrix.[5] Fibrillin-1 was initially thought to play primarily a structural role in connective 

tissue. Some of the features of Marfan syndrome like lens luxation can be explained by weakness of 

connective tissue due to a defect fibrilline-1. However, this hypothesis was insufficient to clarify the 

pathogenesis of other features, like bone overgrowth and facial appearance in these patients. The 

additional role of fibrilline-1 as a regulator of a cytokine named Transforming Growth Factor β (TGF-β) 

emerged. [6-8]  
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TGF-β is a growth factor which is involved in many biological processes including cellular proliferation, 

deposition of the extracellular matrix, differentiation, apoptosis etc. [6-9]In a mouse model of MFS, 

increased TGF-β signaling appeared to play a causal role in many phenotypic features of MFS like 

progressive aortic root dilatation, defect lung development resulting in bullae formation and failed muscle 

regeneration. [6,7,9,10] 

These new insights in the pathophysiology of MFS are a major step forward in the understanding of 

connective tissue disorders, offering new opportunities for treatment of these patients.  

Angiotensin II type 1 receptor (AT1) blocker losartan was found to be potentially useful in MFS because 

it leads to antagonism of TGF-ß in animal models of chronic renal insufficiency and cardiomyopathy.[11] 

Numerous studies describe the ability of losartan to achieve a clinically relevant inhibition of TGFβ. This 

led to an assumption that losartan can treat or even prevent some features of MSF.  Promising preliminary 

results on aortic dilatation inhibition have been achieved in a small observational study with children with 

severe MFS. [10] 

MFS is a very pleiotropic disorder. Up-till now no parameters of genotype-phenotype correlation have 

been found . [12] Neither the location of the mutation nor the type of aminoacid altered nor even the 

family presentation are sufficient to predict the phenotype both among as within the affected families.[13] 

These findings suggest that other genes may be involved in the pathogenesis modifying the phenotype.   

METHODS/DESIGN 

The COMPARE trial is an open-label, randomized, controlled trial with blinded end-points. Treatment 

with losartan will be compared with no additional treatment after 3 years of follow-up. We will enroll 330 

patients with MFS who will be randomly assigned to receive losartan or not.  Patients taking beta-

blockers will continue taking their standard treatment. This multi-center study will be conducted in four 

academic centers in the Netherlands: Academic Medical Center in Amsterdam, University Medical 
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Center St. Radboud in Nijmegen, University Medical Center Groningen and Leiden University Medical 

Center. A flow chart of the study design is shown in the Figure 1. 

Figure 1: Flow of participants, COMPARE study 
 

 

Patient with Marfan syndrome 

Screening for inclusion and exclusion criteria 

Baseline investigations: MRI, echocardiography, skinbiopsy, 

blood control  

Randomization 

Losartan 

uptitration 

to 100 mg 

No additional 

treatment 

Skinbiopsy after 

4 weeks 

Echocardiography after 1 and 2 years 

Final assessment with MRI after 3 years 

Skinbiopsy after 

1 year 
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OBJECTIVES  

Primary objective  

The main objective of this study is to assess whether losartan reduces aortic dilatation at any aortic level, 

from the aortic root to the bifurcation. The primary end-point is the largest aortic diameter at any level 

measured by means of Magnetic Resonance Angiogram (MRA). If MRA is contraindicated, a Computed 

Tomography (CT) will be performed.  

We will therefore test the null hypothesis that there is no significant difference in aortic diameters after 3 

years of follow-up in the treated and the control groups. MRA’s will be assessed by a person who is 

blinded for patient’s treatment.  

Secondary objectives  

The secondary objectives are to assess whether losartan influences: 

• Mortality, incidence of newly diagnosed dissection in any main vessel and incidence of elective 

aortic surgery combined into one event endpoint  

• Aortic volume measured by means of MRA 

• Aortic pulse wave velocity (PWV) and distensiblity measured by means of Magnetic Resonance 

Imaging (MRI)  

• Ventricular function measured by means of MRI 

Objectives of genetic expression studies 

This study aims also to provide further understanding of the pathofysiology of MFS. Skin samples will be 

used as a model of the aortic tissue. We will assess gene expression in the skin samples of the treated 

patients at three points: at baseline, after four weeks of treatment and after one year of losartan treatment. 
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Genome wide expression will be measured to identify genes the expression of which changes under 

losartan therapy. The expression analysis is mainly exploratory and will be performed also for pathways 

involved in the pathogenesis of Marfan syndrome, i.e. TGF-β pathway. Expression panels will be 

correlated with the rate of aortic dilatation. Results will be used to build prediction models of the losartan-

therapy response and to identify genes which may influence the phenotype. Results will be validated in 

aortic tissue collected from Marfan patients operated in one of the four participating centers.  

Inclusion criteria are: 

- Diagnosis of MFS according to Ghent criteria 

- Age ≥ 18 years 

Exclusion criteria: 

- More than one vascular prosthesis  

- Aortic root diameter > 50 mm 

- Aortic dissection 

- Renal dysfunction (creatinine > 130 µg/ml and/or K > 5mmol/ml) 

- Treatment with Angiotensin-Converting Enzyme (ACE) inhibitors or Angiotensin 

Receptor Blockers (ARB’s)  

- History of angioedema or other intolerance to ACE-inhibitors and ARB’s.  

- Intolerance of intravenous contrast for MRI/CT. 

- Aortic surgery within 6 months of inclusion 
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Eligible patients will be randomly assigned in a 1:1 ratio to receive losartan 2x50 mg or not. We will start 

with 50 mg and double the dosage to 100 mg after 14 days. The maximal tolerable dosage will be 

continued. Randomization is stratified according to site, with blocks of 10.  

Follow-up 

After inclusion the following will be obtained during the baseline investigations (V1): 

• Patients medical history 

• Echocardiography 

• MRI or a CT of the heart and entire aorta  

• Blood samples  

• Punch skin biopsy 

Patients will be evaluated after one, two and three years of treatment by means of echocardiography. 

After 4 weeks and one year of the treatment an additional skin biopsy will be obtained.  At every visit, 

patient’s medical history will be obtained. Date of dissection, operation or death will be carefully noted.  

The final assessment will be after three years of treatment by means of MRI. 

Ethical aspects and trial organization 

The protocol has been approved by the Medical Ethical Committee of the Academic Medical Center in 

Amsterdam. The feasibility approvals have been obtained of all the participating centers. This trial is 

registered in the Netherlands Trial Register under number NTR1423. Enrollment began in March 2008 

and in October 2009 230 patients have been enrolled. 
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Statistical considerations 

Mean change in aortic diameter in patients with MFS is 0.9-1.5 mm/year[4]. Sample size calculation is 

based on the primary endpoint (rate of change of aortic diameter). The expected difference between two 

groups is 0.5 mm/year with a standard deviation of 1.5 mm (2-sided α=0.05; β=0.2). Based on these 

assumptions we calculated that 286 patients are required. To compensate for an estimated 20% drop-out, 

the inclusion of at least 330 patients is advised. 

Primary analyses will be performed on an intention to treat basis. To evaluate the primary end-point a 

covariate analysis of the diameter change will be used in two groups (no treatment vs losartan) at baseline 

and after 3 years. Covariate analyses will be also used for the following secondary points: aortic volume, 

distensibility, pulse-wave velocity, left and right ventricle volumes. “Safety parameters” (i.e. mortality, 

dissections, surgery) will be evaluated by means of a Χ² test. 

Discussion 

COMPARE study will provide important evidence of effects of losartan treatment in adult Marfan 

patients and lead to evidence-based recommendations. It is of immense importance for this trial to be 

conducted before Losartan (Cozaar ®), an existent anti-hypertensive drug, is subscribed to Marfan 

patients based on promising preliminary results. This study aims to provide further insight in the 

pathogenesis and genetics of Marfan syndrome unraveling the phenotype-genotype correlation and may 

provide more evidence based support for the counseling of this group of patients. Insights in the causes 

and treatment of the aortic dilatation in MFS and therefore the integrity of vascular wall can undoubtedly 

be extended to other common types of aneurysm. 

List of abbreviations 

MFS – Marfan syndrome. TGF-β - Transforming Growth Factor β.  AT1 - Angiotensin II type 1 receptor. 

MRA - Magnetic Resonance Angiogram. CT - Computed Tomography. PWV - Pulse wave velocity. MRI 
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- Magnetic Resonance Imaging. ACE - Angiotensin-Converting Enzyme.  ARB - Angiotensin Receptor 

Blockers. 
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ABSTRACT 

 

Marfan syndrome (MFS) is a connective tissue disorder with major features in cardiovascular, ocular and 

skeletal systems. Recently, diagnostic criteria were revised where more weight was given to the aortic 

root dilatation. We applied the revised Marfan nosology in an established adult Marfan population to 

define practical repercussions of novel criteria for clinical practice and individual patients. 

Out of 180 MFS patients, in 91% (n=164) the diagnosis of MFS remained. Out of 16 patients with 

rejected diagnosis, four patients were diagnosed as MASS phenotype, three as ectopia lentis syndrome 

and in nine patients no alternative diagnosis was established. In 13 patients the diagnosis was rejected 

because the Z-score of the aortic root was <2, although the aortic diameter was larger than 40 mm in six 

of them. In three other patients the diagnosis of MFS was rejected because dural ectasia was given less 

weight in the revised nosology. Following the revised Marfan nosology, the diagnosis of MFS was 

rejected in 9% of patients, mostly due to absence of aortic root dilatation defined as Z-score ≥2. Currently 

used Z-scores seem to underestimate aortic root dilatation, especially in patients with large BSA. We 

recommend re-evaluation of criteria for aortic root involvement in adult patients with a suspected 

diagnosis of MFS. 
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INTRODUCTION 

Marfan syndrome (MFS) is an autosomal-dominant connective tissue disorder with systemic 

involvement. Major features of MFS are progressive aortic root dilatation(1-3), ectopia lentis (EL) and 

skeletal features resulting from overgrowth of long bones. Other features are dilatation and aneurysms in 

other parts of aorta, mitral valve prolapse(4;5), progressive myopia, mild myopathy and osteopenia, dural 

ectasia and skin striae.(6)  In 1991 heterozygous mutations in the FBN-1 gene coding for fibrillin-1 were 

reported to cause MFS. Nowadays, a FBN1 mutation is found in 90-95 % of Marfan patients.(7;8) 

However, because of the large clinical variability (both within and between families) and genetic 

heterogeneity (9;10), MFS remained a clinical diagnosis. Other connective tissue disorders, a relatively 

large group of syndromes with comparable clinical pictures, make the differential diagnosis challenging. 

Lately, novel syndromes of the connective tissue like Loeys-Dietz syndrome (LDS) and arterial tortuosity 

syndrome (ATS) emerged (11;12). To a large extent, these diseases share a similar pathophysiology and 

clinical features with MFS (13). Most features of MFS are age dependent, which often postpones the 

diagnosis in children and sometimes even in adults with a positive family history. This may lead to an 

anticipatory diagnosis in order to avoid uncertainty. Both situations raise anxiety in the family and 

possibly lead to unnecessary stigmatizing (14), restriction of insurance and career opportunities and 

reproductive choices. Therefore, there is a need for accurate diagnostic criteria in order to standardize the 

diagnosis of MFS, delineate it from similar syndromes, and put the diagnosis in the perspective of clinical 

relevance for the patient. 

In 1996 the Ghent criteria were defined.(15) These original Ghent criteria made use of classification of 

different features into major and minor criteria. Presence of 2 major criteria in different organ systems 

and involvement of a third system were sufficient to establish the diagnosis. Major criteria were aortic 

root dilatation or dissection, EL, a combination of at least four out of eight major skeletal features, dural 

ectasia and a FBN1 mutation or a first degree family member fulfilling the same criteria for diagnosis. 

Minor criteria included some less specific features in different organ systems. These criteria had an 
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excellent specificity as a mutation in the FBN1 gene could be found in up to 97% of patients fulfilling 

them(16). However, the sensitivity was lower as the “target population” was not defined easily and some 

features, like dural ectasia, had rather subjective thresholds or no clinical relevance. 

In order to address these issues, the original Ghent criteria were recently revised.(17) An international 

panel of experts aimed to improve the diagnostic criteria by using a practical patient-centric approach and 

maximal evidence based decision making. More weight was given to two cardinal features – aortic 

dilatation and EL, which was considered sufficient for making the diagnosis. FBN1 mutations were 

assigned a more prominent role, as well as mutations in the genes of related disorders (eg. TGFBR1 and 

2) for differential diagnostic purposes. Less specific features were considered less valuable and some 

were removed from the revised nosology. Besides, the new nosology formalized a need to exclude 

features of related disorders even if the patient had sufficient findings to fulfill the criteria for diagnosis of 

MFS. In the case of findings suspicious for related disorders, additional diagnostics (often genetic or 

molecular testing) are now needed.  It is important to differentiate these diseases as there are differences 

in health risks and needed clinical care. For example, aortic dissection in LDS may occur without 

substantial aortic dilatation and requires surgery at smaller aortic diameters than in MFS. (18) 

According to the revised Marfan nosology, a diagnosis of MFS in a proband can be established in 

presence of: 

- Aortic root dilatation (Z score ≥2) and ectopia lentis. 

- Aortic root dilatation (Z≥2) and FBN1 mutation 

- Aortic dilatation (Z≥2) and systemic score ≥ 7 points (Table 1). 

- Ectopia lentis and FBN1 mutation known to be associated with aortic dilatation in family 

members or the literature. 
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Table 1. Scoring of systemic features following the new revised 2010 nosology 

Thumb and wrist sign – 3 

Wrist or thumb – 1 

 

Pectus carinatum – 2 

Pectus excavatum or chest asymmetry – 1 

 

Hind foot deformity – 2 

Plain pes planus – 1 

 

Pneumothorax -2  

Dural ectasia – 2  

Protrusio acetabuli – 2  

Reduced upper segment/lower segment and increased 

arm/length ratio and no severe scoliosis - 1 

 

Scoliosis or thoracolumbal kyphosis - 1  

Reduced  elbow extension - 1  

Facial features (3/5) - 1 (dolichocephaly, enophtalmos, 

downslanting palpebral fissures, malar hypoplasia, 

retrognathia) 

 

Skin striae - 1  

Myopia > 3 diopters - 1  

Mitral valve prolapse - 1  

 

In a first degree relative of a MFS patient, diagnosis can now be made in the presence of either aortic 

dilatation (Z≥2), ectopia lentis or systemic score≥ 7.  Special considerations were given to a diagnosis of 

MFS in children which we will not discuss in this paper. The authors anticipated that the criteria might 

postpone the diagnosis and defined criteria for 3 alternative diagnoses: ectopia lentis syndrome, MASS 

phenotype (myopia, mitral valve prolapse, borderline non-progressive aortic root dilatation, skeletal 

findings and striae) and MVPS (mitral valve prolapse) syndrome.  

In this paper we applied the revised Ghent criteria to an established cohort of 180 adult Marfan patients in 

order to evaluate the practical repercussions of the novel criteria for clinical practice and individual 

patients.  In addition, we assessed the relation between BSA and aortic root diameter in a group of 38 
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healthy volunteers with a relatively large BSA to evaluate the reliability of the Z-score in patients with a 

large BSA. 

MATERIALS AND METHODS 

Patients 

Patients included in this analysis are the participants of the COMPARE study (19) in whom sufficient 

data were available. All patients fulfilled the original Ghent criteria and were diagnosed with MFS in one 

of four specialized Marfan outpatient clinics of the Netherlands. In all patients a physical examination 

was performed at inclusion in the COMPARE study and all clinical features of the MFS were reevaluated. 

Data about ectopia lentis, ocular minor criteria and myopia, dural ectasia, protrusio acetabuli and 

pneumothorax were derived from patients’ charts. Genotyping was performed if necessary to confirm or 

rule out the diagnosis. If no FBN1 mutation was found, TGFBR1, TGFBR2 and in several patients 

ACTA2 mutations were also screened. Data on the family history of MFS were derived from the patients’ 

charts and family history was assumed positive when a first-degree family member fulfilled the revised 

criteria. If data were missing or inconclusive, no family history in the proband was assumed. In patients 

with a pathogenic FBN1 mutation and no family history of MFS, published data and databases were 

searched in order to determine whether the mutation is associated with aortic dilatation. 

Aortic diameters were measured at the time of inclusion in the COMPARE study by means of standard 

echocardiography and Magnetic Resonance Imaging (MRI), in end-diastole from leading edge to leading 

edge. Normative data for aortic root diameter used were published before by Roman et al.(20) and Z-

scores were calculated using the following formulas: Zage<40 years= (measured aortic root diameter-

(0.97+1.12xBSA))/0.24 ; Zage>40 years=(measured aortic root diameter-(1.92+0.74xBSA))/0.37. Dural 

ectasia were evaluated by means of MRI and dural sac ratios were calculated as described before.(21) 

Protrusio acetabuli involvement was excluded from the analysis due to a high frequency of missing data 
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as X-rays of the hips were not routinely used for diagnostic purposes. In all patients bifid uvula, mental 

retardation, cranisynostosis and hypertelorism were excluded. 

For the evaluation of the relation between BSA and aortic root dimensions healthy volunteers with a 

relatively large BSA were asked to participate. After exclusion of cardiac disease, connective tissue 

disorders and hypertension, echocardiography was performed. Aortic root diameters were measured 

during end-diastole from leading edge to leading edge, according to the guidelines. (22) 

Statistics 

Data are shown as percentages and mean (standard deviation). SPSS version 18 statistical package was 

used for statistical analysis. 

RESULTS 

We applied the proposed revised Marfan nosology in 180 adult Marfan patients (53% male, mean age 37 

(range 18-62)). Frequencies of features according to original Ghent criteria and the revised Marfan 

nosology in the patient population are shown in tables 2 and 3.  

Table 2. Characteristics of 180 patients according to the original Ghent criteria 

Original Ghent criteria 

 Major criteria Involvement 

Cardiovascular 86% (154/180) 56% (86/151) 

Eyes 47% (84/180) 31% (28/89) 

Skeletal system 13% (24/180) 53% (96/180) 

Dura 76% (66/87)  

Family history/FBN1mutation 88% (129/146)  

Skin/integmentum  64% (114/177) 

Lungs  14% (25/180) 
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Table 3: The revised Marfan nosology in 180 adult Marfan patients  

Revised Marfan nosology 

Aortic Root Z -score>2 86% (155/180) 

Ectopia lentis 45% (81/180) 

Family history/FBN1mutation 88% (129/146) 

Systemic Score≥7 46% (75/180) 

 

In 91 % (164) of patients the diagnosis of Marfan syndrome was confirmed when the revised criteria were 

applied. Of these patients 80% had aortic root dilatation in combination with ectopia lentis, systemic 

involvement or a FBN1 mutation/family history. Another 20% were diagnosed based on family history of 

MFS /FBN1 mutation in combination with either ectopia lentis or systemic involvement. Out of 16 

patients in whom the diagnosis of MFS was rejected according to the revised nosology, four received the 

diagnosis of MASS phenotype, three patients were diagnosed with ectopia lentis syndrome and in nine 

patients no alternative diagnosis could be established (figure 1).  

Data of the 16 patients with a rejected diagnosis of MFS are shown in table 4. In three of these patients 

the Z-score was > 2 but they lacked ectopia lentis, a systemic score >7 or a FBN1 mutation. These 

patients fulfilled the original Ghent criteria because they had dural ectasia, a major criterion in the 

original Ghent criteria. The other 13 patients with a rejected diagnosis of MFS in the revised criteria had a 

Z-score < 2, of whom six patients with an absolute aortic diameter of 40 mm or more and seven patients 

with an aortic diameter less than 40 mm. In the latter group, the aortic root commonly had a shape typical 

for Marfan syndrome (Figure 2), whereas the absolute diameters and Z-scores of these patients were 

normal. One patient with an aortic root diameter of 44 mm had a Z-score < 2 due to a large BSA.   
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Figure 1. Flow diagram of the application of the new criteria on 180 adult Marfan patients 

 

 

Figure 1: Differential diagnosis proposed in Revised Ghent nosology 

EL syndrome – ectopia lentis syndrome - is diagnosed in presence of ectopia lentis with or without systemic score, 

with or without a FBN1 mutation not associated with aortic root dilatation (AoR); MASS phenotype -myopia, mitral 

valve prolapse, borderline non-progressive aortic root dilatation, skeletal findings and striae. Diagnosis of MASS is 

made in individuals with an aortic root size below Z=2, at least one skeletal feature and a systemic score ≥5. The 

presence of ectopia lentis precludes this diagnosis. When mitral valve prolapse is present in association with limited 

systemic features (systemic score < 5), the term mitral valve prolapse syndrome (MVPS) was suggested. In patients 

presented in this paper no MVPS patients were found.
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Table 4. Overview of 17 patients with a rejected diagnosis of MFS    

Three patients with Z-score > 2 and no alternative diagnosis  

 Age Sex Height (m) Weight (kg) BSA AoR Z score EL SS Specification SS* FBN1 FH DE DD 

1 58 m 2.00 90 2.24 4.4 2.23 - 3 DE, facial features - - + - 

2 31 m 1.80 95 2.18 4.4 4.12 - 5 
Pectus carinatum, 

hindfoot,DE 
- - + - 

3 52 m 1.78 70 1.86 4.6 3.52 - 2 DE - - + - 

 

 

 

Seven patients with normal Z-score and aortic root diameter >=40 mm 

 Age Sex Height (m) Weight (kg) BSA AoR Z score EL SS Specification SS FBN1 FH DE DD 

1 56 f 1.83 86 2.09 4.1 1.71 - 6 
wrist and thumb sign; hindfoot; 
reduced US/LS and increased 

arm/height 
- - + MASS 

2 42 m 1.92 105 2.38 4.4 1.94 - 0 - 
c.6884 G>A 

(p.Cys2295Tyr) 
+ - - 

3 61 f 1.83 89 2.13 4 1.36 - 6 wrist sign; hindfoot; DE - + - MASS 

4 46 f 1.91 75 1.99 4 1.64 - 9 
pectus carinatum, hindfoot 

deformity;DE; striae 
np - + MASS 

5 43 f 1.83 75 1.95 4 1.72 + 9 
wrist and thumb sign;hindfoot;DE; 

scoliosis; facial features 
np - + EL sy 

6 44 f 1.81 86 2.08 4.1 1.73 - 1 thumb sign 
c.2147G>C 

(p.Gly716Ala) 
- np - 
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 Seven patients with normal Z-score and aortic root diameter < 40 mm 

 Age Sex Height Weight BSA AoR Z score EL SS Specification SS FBN1 FH DE DD 

1 47 f 1.87 72 1.93 3.5 0.41 + 9 
wrist and thumb sign; pectus excavatum; 

hindfoot; scoliosis; striae 
c.6113 G>A 

(p.Cys2038Tyr) 
- np EL sy 

2 46 m 1.86 85 2.10 3.5 0.07 - 9  Np - + MASS 

3 44 f 1.75 62 1.74 3.6 1.06 - 3  
c.7940 A>C 

(p.Gln2617Pro) 
+ + - 

4 56 f 1.78 54 1.63 3.7 1.55 + 7 
thumb sign; pectus carinatum; hindfoot; 

DE 
- - + EL sy 

5 49 f 1.72 104 2.23 3.6 0.08 - 3 DE; striae 
c.2860C>T 

(p.Arg954Cys) 
+ + - 

6 33 f 1.84 87 2.11 3.8 1.94 - 3 
DE; reduced US/LS and increased 

arm/height 
c.2860C>T 

(p.Arg954Cys) 
+ + - 

7 23 f 1.86 84 2.08 3.5 0.83 - 5 
thumb sign; hindfoot; facial features; 

striae 
c.2913delT 

(p.Ile971MetfsX28) 
- np - 

 

*Height and Weight are presented in m and kg respectively 

AoR – Aortic root diameter in cm 

EL-ectopia lentis 

SS- systemic score 

FH-Family hisory 

DE- dural ectasia 

DD –differential diagnosis according to the revised Marfan nosology 

*- these patients fulfilled the original Ghent criteria due to two majors (aortic root dilatation and DE) an involvement of, respectively, ocular 

system, skeletal system and integmentum
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Figure 2. Aortic roots of 7 patients with Z-score< 2 and the diameter < 40 

 

Echocardiograpic images of aortic roots in long axis of seven patients with normal Z-score and aortic 
root diameter < 40 mm chronologically from left to right Patient 1-Patient 7 as listed in Table 4 

 

An echocardiogram was performed in 38 healthy volunteers (14 female, mean age 40 years, range 24-70). 

The mean BSA was 2.0 (range 1.5 – 2.7), and the mean aortic root diameter was 32 mm (range 24-38 

mm). Correlation of aortic diameters with the BSA is shown in figure 3. No aortic diameters of 40 mm 

and larger were found. 
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Figure 3. Correlation of BSA and aortic root diameters in 38 healthy volunteers 

 

 

DISCUSSION 

Our retrospective analysis shows that, implementing the revised Marfan nosology, the diagnosis of MFS 

is not confirmed in 9% of patients with an established diagnosis of MFS according to the original Ghent 

criteria. The diagnosis was rejected mainly due to the use of the Z-score for the definition of aortic root 

dilatation. Currently used Z-scores seem to underestimate aortic root dilatation in patients with a large 

BSA. We recommend a re-evaluation of the criteria for aortic involvement in patients with a suspected 

diagnosis of MFS.  

MFS remained a clinical diagnosis since it was described for the first time in the 19th century. Different 

classifications were meanwhile proposed in order to reach maximal sensitivity and specificity on the one 

hand and emphasize clinical relevance on the other hand. The field of heritable connective tissue 

disorders expanded with novel syndromes as causative genes emerged. Loeys, Dietz and colleagues 

provided an excellent revision of the Ghent nosology addressing these issues. The revised Marfan 
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nosology narrows the diagnosis of MFS to patients with fully expressed disease (aortic dilatation, EL and 

selected systemic features) and gives more weight to aortic dilatation, avoiding the unnecessary 

stigmatizing of a patient. In three patients with dilated aortic root and little or no other features of MFS 

except dural ectasia, the diagnosis was correctly rejected. In 20% of adult Marfan patients the diagnosis 

was made in absence of significant aortic dilatation (based on family history of MFS and/or FBN1 

mutation associated with aortic root dilatation in combination with systemic score or ectopia lentis), 

which reflects a mild disease. These patients require regular follow-up of the aortic root (23) and can have 

an offspring with severe disease.  

In the present study, in the 16 patients with a rejected diagnosis of MFS, the diagnoses of MASS 

phenotype, MVP syndrome and EL syndrome were proposed as alternatives according to the revised 

Marfan nosology. All three diagnoses were based on the absence of significant aortic root dilatation, 

defined as Z-score > 2, in combination with variable skeletal features or ectopia lentis. The stringent use 

of Z-scores for aortic involvement in the new criteria underestimates the actual aortic root dilatation in 

patients with large BSA and may not reflect the potential progressive nature of it. Superior definition of 

aortic root involvement, other than Z scores is therefore needed in adults with MFS as aortic root 

dilatation is made central in the Revised Marfan nosology. In the original Ghent criteria, aortic 

involvement was defined as “dilatation of the ascending aorta” and provided more flexibility for 

cardiologists to define aortic involvement. Revised Marfan nosology advises regular cardiovascular 

follow-up of all MASS phenotype, MVP and EL syndrome patients as they might still evolve in the MFS. 

This might be psychologically and unnecessary burdening for patients, certainly adults. Comprehensive 

research of the natural history of EL and MASS phenotypes is warranted in order to provide superior risk 

stratification for progressive aortic root dilatation and delineate these syndromes from MFS. 

The Z-score quantifies the distance measured in standard deviations between the patient’s aortic root 

diameter and that of a healthy individual with the same BSA. Normative data which long since are used 
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as a golden standard are derived from a publication by Roman et al. These authors showed that BSA and 

aortic root diameters correlated significantly (p<0.0005). Regression line seemed to be linear up to the 

largest aortic diameter found (38 mm), but above that diameter linearity was merely assumed but not 

proven, and the linear relationship was only extrapolated. Moreover, Reed et al. demonstrated an only  

weak relationship between anthropometric measurements and aortic root dimensions in healthy controls 

with a large BSA (mean BSA 2.3 m2) and height exceeding 95th percentile.(24) A screening study in over 

1900 young competitive athletes also showed a nonlinear relation between BSA and aortic root 

dimensions, with an absolute threshold in individuals with a large BSA.(25)  Recently, another study with 

over 2300 highly trained athletes found an upper normal limit (<99 percentile value) of the aortic root of 

40 mm in men and 34 mm in women.  Finally, in our group of 38 healthy individuals with a relatively 

large BSA, the largest aortic root was 38 mm. These data suggest that aortic roots with a diameter ≥40 

mm are all dilated. The diagnosis of MFS might be falsely rejected in patients with a Z-score <2 due to a 

large BSA. 

In seven patients in our patient group with a Z-score <2 and an aortic root diameter <40mm, the aortic 

root is nevertheless clearly affected, having a convex or pear shape. It is difficult to include subjective 

criteria in guidelines. Therefore, new parameters might be needed for aortic involvement which could 

objectivise these typical, not dilated but pear-shaped aortic roots, as they may still show progressive 

dilatation.(26) These patients received either no alternative diagnosis or the diagnosis of MASS and EL 

syndromes in absence of aortic root dilatation according to the revised Ghent criteria. The natural 

progression of aortic root involvement in these MASS and EL syndrome patients is still not well 

documented and both syndromes can evolve in MFS if aortic root dilatation occurs. Less frequent follow-

up might be desirable. 

In conclusion, according to the revised Ghent criteria the diagnosis of MFS can be established in presence 

of only cardinal features of MFS, aortic dilatation in particular, which prevents unnecessary 
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stigmatization of patients. The definition of aortic root dilatation in the revised nosology based on Z-

scores alone, however, underestimates aortic involvement, especially in adult Marfan patients with large 

BSA. Appropriate definition of aortic root involvement in adult Marfan patients is therefore not ensured 

and may lead to inaccurate diagnosis of MFS. We recommend re-evaluation of the criteria for aortic 

involvement in adult patients with a suspected diagnosis of MFS. 
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ABSTRACT  

Background 

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

by a mutation in the fibrillin-1 gene (FBN1). As fibrillin-1 is a component of the extracellular matrix of 

the myocardium, mutations in FBN1 may cause impairment of ventricular function. Furthermore, aortic 

elasticity is decreased in MFS patients, which might also impair ventricular function. We assessed 

biventricular function and the influence of aortic elasticity in patients with MFS by means of cardiac 

magnetic resonance imaging (CMR). 

Methods and results 

CMR was performed in 144 MFS patients without significant valvular dysfunction, previous cardiac 

surgery, or previous aortic surgery. Biventricular diastolic and systolic volumes were measured and 

ejection fractions were calculated. Flow wave velocity (FWV), a measurable derivate of aortic elasticity, 

was measured between the ascending aorta and the bifurcation. When compared to healthy controls 

(n=19), left ventricular ejection fraction (LVEF) was impaired in MFS patients (53 ± 7% vs. 57 ± 4%, p< 

0.005), as was right ventricular ejection fraction (RVEF) (51 ± 7% vs. 56 ± 4%, p< 0.005). LVEF and 

RVEF were strongly correlated. (r=0.7, p<0.001). No significant differences were found between patients 

with β-blocker therapy and without. There was no correlation between aortic elasticity as measured by 

FWV and LVEF. 

Conclusions 

Biventricular ejection fraction was impaired in patients with MFS and the impairment was independent of 

aortic elasticity and ß-blocker usage. There was also a strong correlation between LVEF and RVEF. Our 

findings suggest intrinsic myocardial dysfunction in patients with MFS.  

Clinical trial registration 

http://www.trialregister.nl/trialreg/admin/rctview.asp?TC=1423 

Unique Identifier: NTR1423 
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INTRODUCTION  

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

characteristic features primarily involving the ocular, skeletal and cardiovascular system [1]. MFS is 

diagnosed according to the Ghent nosology and is usually caused by a mutation in the gene encoding the 

extracellular matrix (ECM) protein fibrillin-1 (FBN1) [2]. Besides serving as a structural component of 

the extracellular matrix, fibrillin-1 also binds and inactivates transforming growth factor-ß (TGF-ß) [3]. 

Mutations in FBN1 lead to abnormal signalling of the TGF-ß cytokine family, which control cell 

differentiation and proliferation, resulting in the phenotypic characteristics of MFS. The most important 

cardiovascular characteristic of MFS is aortic root dilatation, predisposing to aortic dissection and 

rupture, which are the leading causes of morbidity and mortality in patients with MFS. Due to improved 

diagnosis, β-blocker therapy and most importantly prophylactic aortic root replacement, survival has 

improved significantly the last decades [4]. Another common cardiovascular manifestation of MFS is 

mitral valve prolapse, which may cause severe mitral regurgitation requiring surgical intervention. 

Besides these well-established cardiovascular manifestations of MFS, there are clues suggesting a 

ventricular dysfunction in MFS patients that is independent of the presence of valvular disease. Given the 

fact that fibrillin-1 is a component of the ECM of the myocardium, and that it binds and inactivates TGF-

ß, it may be surmised that mutations in FBN1 cause impairment of ventricular function. Furthermore, 

aortic wall elasticity is reduced in MFS patients which may augment left ventricular function through 

“ventricular arterial coupling” [5 6 7 8]. Indeed, the results of previous echocardiography studies and a 

small study using cardiac magnetic resonance imaging (CMR) suggested the presence of ventricular 

dysfunction in MFS patients, although the data were conflicting and inconclusive [9 10 11 12 13 14 15]. 

In addition, a recent, somewhat larger, study assessing ventricular function using CMR provided evidence 

for biventricular dysfunction in patients with MFS [16]. However, the effect of aortic elasticity on 

ventricular function was not taken into account in any of these studies. Recently, a study on 26 MFS 

patients found that decreased aortic elasticity, as measured by applanation tonometry, influenced left 
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ventricular systolic function, as measured by mitral annular displacement [17]. In the present study we 

performed CMR to establish left ventricular and right ventricular function in a large cohort of 144 MFS 

patients and we related the findings on ventricular function to aortic elasticity. Left and right ventricular 

dimensions and function were compared with a group of healthy controls. 

METHODS 

Study subjects. All study subjects with MFS were participants of the COMPARE study [18]. Briefly, the 

COMPARE study investigates the effect of losartan on aortic growth in patients with MFS. Inclusion 

criteria of the COMPARE study were: diagnosis of MFS according to the Ghent criteria [19] and age ≥18 

years. Exclusion criteria were: current pregnancy, angiotensin converting enzyme inhibitor or angiotensin 

receptor blocker usage, previous replacement of more than one part of the aorta, and previous aortic 

dissection. In the present predefined substudy, we excluded patients with “significant” (i.e. more than 

mild) aortic or mitral valve regurgitation as well as patients with any previous cardiac or aortic surgery. 

Figure 1 shows a flow chart of how the patients were selected for the study. Control subjects were healthy 

volunteers recruited among colleagues of one of the researchers. None of them was known with 

cardiovascular disease. The ethics committees of the participating centres gave approval and patients gave 

written and oral informed consent. 

Cardiac magnetic resonance imaging. Aortic diameters, ventricular volumes and aortic elasticity were 

assessed in all patients by CMR at the time of inclusion in the COMPARE trial. This was performed with 

a 1.5 Tesla MR system (Sonata/Avanto, Siemens, Erlangen, Germany) using a phased array cardiac 

receiver coil. ECG-gated cine images were acquired during breath-hold using segmented, steady-state, 

free-precession sequence. Short axis views were obtained every 10 mm, starting from the base up to the 

apex and covering both entire ventricles. To visualize the entire aorta, a three-dimensional, T1-weighed, 

spoiled gradient-echo sequence was used after administration of intravenous gadolinium. A high-

resolution, gradient-echo pulse sequence with a velocity encoding gradient was applied perpendicular to 
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the aorta at the level of the ascending aorta and just above the bifurcation. This resulted in multiphase 

modulus and phase-coded images with a temporal resolution of 25 ms. Participants had a wash-out period 

of three days for ß-blocker therapy prior to CMR, as ß-blocker therapy influences aortic elasticity in MFS 

patients by shifting the pressure-area relation of the aorta to the elastin-determined part [20]. 

Echocardiography. Routine echocardiography was performed in all patients in the COMPARE study to 

evaluate valvular dysfunction and aortic root dimensions. Severity of aortic and mitral valve regurgitation 

was defined according to the ESC guidelines on valvular heart disease of 2007 [21]. Significant aortic 

regurgitation was defined as a ratio >0.25 of the width of the regurgitant stream at the level of the aortic 

valve relative to the size of the left ventricular outflow tract measured in the parasternal long-axis view. 

Significant mitral regurgitation was defined as a regurgitant jet of more than 4 cm2 or more than 20% of 

the left atrial area.  

 Image analysis. MASS and FLOW image analysis software (Medis, Leiden, the Netherlands) were used 

for analyses on a separate workstation by one experienced investigator (JJJA). The slices at the base of 

the heart were considered to be in the ventricle if the blood was at least half surrounded by ventricular 

myocardium. 

Endocardial contours of the left and right ventricle were manually traced in end-systole and end-diastole 

on all short-axis images in each patient, where end-diastole was defined as the phase with the largest 

ventricular area and end-systole as the phase with the smallest ventricular area. Left and right ventricular 

end-diastolic and end-systolic volumes were determined and the left ventricular ejection fraction (LVEF) 

and right ventricular ejection fraction (RVEF) were calculated. Epicardial contours of the left ventricle 

were manually traced in end-diastole on all short-axis images in each patient, allowing calculation of left 

ventricular mass.  

Aortic contours were drawn manually on the modulus images of all cardiac phases, and flow (m/s) 

through both aortic levels was calculated using the areas on the modulus images and the velocity values 
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of the corresponding velocity encoded images. Distances between the levels were measured on the 

console by drawing a line through the middle of the aortic lumen on the oblique sagittal images. Flow 

wave velocity (FWV), the propagation velocity of the flow wave through the aorta, was calculated as the 

ratio of the distance between these levels and the time difference between arrival of the flow wave at 

these levels. FWV from the entire aorta was calculated (i.e. from ascending aorta to the bifurcation) and 

taken as a measure of overall aortic elasticity. Data on the reproducibility of this FWV measurement has 

been published previously by our group [6] and the measurement is validated in vivo [23].  

Aortic diameters were measured at five levels: the aortic root, the ascending and descending thoracic 

aorta at the level of the pulmonary artery, at the level of the diaphragm and just above the bifurcation. The 

aortic root was measured in end-diastole from leading edge to leading edge. The other diameters were 

measured on the angiogram. 

Statistical analysis. Continuous variables are shown as mean ± standard deviation and categorical 

variables as percentages. Continuous variables with a normal distribution were compared using the 

independent samples t test. Mann-Whitney U test was used to compare non-normal distributed variables. 

Multivariate linear regression was used to determine the effect of demographic and clinical variables on 

LVEF. A p-value <0.05 was considered significant. The statistical package SPSS version 18 was used for 

analysis.  

RESULTS 

Demographic and clinical characteristics. We studied 144 MFS patients (70 men and 74 women) and 

19 healthy volunteers (9 men and 10 women) (Figure 1). In total there were 226 MFS patients included in 

the original COMPARE study, of which five had a contra-indication for CMR and 72 were excluded from 

our study because they had undergone previous cardiac surgery (valvular surgery or aortic root surgery) 

or had significant aortic or mitral valve dysfunction. Of the remaining 149 patients, we could not assess 
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the left ventricular function in five patients for one of the following reasons: triggering problems, poor 

image acquisition, claustrophobia or an adverse reaction to gadolinium during image acquisition.  

Figure 1 Flow chart of selecting patients from COMPARE study for this ventricular function study. 

 

 

Demographic and clinical characteristics are shown in Table 1. MFS patients were taller compared to 

controls (mean height 187 ± 11 cm  vs. 178 ± 9 cm, p<0.005), and the aortic root was relatively large 

(43.3 ± 4.9 mm), as expected in a MFS patient population. 97 patients used ß-blocker therapy (67%); no 

other cardiovascular medication was used. 
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Table 1: Demographic and clinical characteristics 

 
Marfan (n=144) Control (n=19) p value 

Age (years) 36 ± 12 34 ± 9 0.5 

Male 70 (49) 9 (46) 1 

Height (cm) 187 ± 11 178 ± 9 <0.005 

Weight (kg) 78 ± 15 73 ± 18 0.2 

BSA (m2) 2.0 ± 0.2 1.8 ± 0.2 <0.005 

BMI (kg/m2) 22.5 ± 4.1 22.1 ± 1.8 0.6 

Heart rate (bpm) 66.2 ± 12.7 70.3 ± 10.5 0.1 

Systolic blood pressure (mmHg) 124 ± 13 
  

Diastolic blood pressure (mmHg) 74 ± 10 
  

Mean arterial pressure (mmHg) 91 ± 10 
  

Mitral valve prolapse 37 (26) 
  

Mild mitral valve regurgitation 43 (30) 
  

Mild aortic valve regurgitation 11 (8) 
  

Left ventricular mass (g) 97 ± 25 
  

aortic root (mm) 43.3 ± 4.9 
  

aortic root / BSA (mm/m2) 21.8 ± 3.0 
  

ascending aorta (mm) 29.4 ± 4.1 
  

ascending aorta / BSA (mm/m2) 14.8 ± 2.4 
  

aortic arch (mm) 23.5 ± 3.6 
 

 

aortic arch / BSA (mm/m2) 11.8 ± 2.0 
  

descending aorta (mm) 23.2 ± 3.4 
  

descending aorta / BSA (mm/m2) 11.7 ± 1.8 
  

FWV (m/s) 5.5 ± 1.2 
  

ß-blocker therapy 97 (67) 
  

*values are expressed as  

mean ± SD or n (%) 

BSA = body surface area;  

BMI = body mass index;  

FWV = flow wave velocity 
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CMR. End-diastolic and end-systolic volumes of both ventricles, corrected for BSA, are shown in Table 

2. End-diastolic volume of the left ventricle corrected for BSA was not significantly enlarged in MFS 

patients when compared to the controls. End-systolic volume was significantly larger (40 ± 11 vs 34 ± 7 

in the controls, p=0.008) and LVEF was impaired in MFS patients (53 ± 7% vs. 57 ± 4% in the controls , 

p<0.005). Thirteen MFS patients had a LVEF <45% (Table 3). None of these patients had a diagnosis or 

history of heart failure, as assessed by the attending physician. Three out of these 13 patients also had an 

enlarged left ventricular end-diastolic volume corrected for BSA, age and gender, thus fulfilling the 

diagnosis of dilated cardiomyopathy.  End-systolic volume of the right ventricle was significantly larger 

in MFS patients (41 ± 13 ml/m2 vs. 35 ± 7 ml/m2, p=0.02), and RVEF was significantly impaired when 

compared to the controls (51 ± 7% vs. 56 ± 4%, p<0.005). 

Table 2: Ventricular dimensions and function 

Marfan Control P value 

Left ventricle  

end-diastolic volume/BSA (ml/m2) 84 ± 18 (36 - 134) 80 ± 13 (56 - 110) 0.4 

end-systolic volume/BSA (ml/m2) 40 ± 11 (16 - 77) 34 ± 7 (20 - 43) 0.008 

ejection fraction (%) 53 ± 7  (38 - 70) 57 ± 4 (53 - 67) <0.005 

Right ventricle  

end-diastolic volume/BSA (ml/m2) 83 ± 19 (30 - 140) 80 ± 13 (60 - 114) 0.3 

end-systolic volume/BSA (ml/m2) 41 ± 13 (16 - 89) 35 ± 7 (25 - 50) 0.02 

  ejection fraction (%) 51 ± 7 (32 - 70) 56 ± 4 (46 - 62) <0.005 

* BSA = body surface area 
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Table 3: Patients with a left ventricular ejection fraction <45%. 

 
sex 

(M/F) 
age 

(years) 
height 
(cm) 

weight 
(kg) 

BSA 
(m2) 

LVEDV/BSA 
(ml/m2) 

LVESV/BSA 
(ml/m2) 

LVEF     
(%) 

FWV       
(m/s) 

1 M 36 201 95 2.3 82 51 38 5.2 

2 F 18 185 67 1.9 86 53 38 5.2 

3 M 18 194 67 1.9 106 65 39 4.5 

4 M 22 197 84 2.1 89 54 40 4.1 

5 M 31 210 80 2.1 107 64 40 5.4 

6 M 35 192 80 2.1 87 52 41 5.2 

7 M 49 186 85 2.1 58 34 42 5.9 

8 M 33 205 74 2.1 133 77 42 4.9 

9 F 44 181 86 2.1 86 50 42 4.7 

10 F 32 169 43 1.4 60 35 43 4.8 

11 M 26 204 71 2 113 65 43 5.8 

12 M 21 202 75 2.1 117 66 44 5.1 

13 M 32 201 117 2.6 65 37 44 5.3 

Note: Patients 8, 11 and 12 had an enlarged end-diastolic volume of the left ventricle corrected for BSA, age and 
gender. Patient 1 developed an episode of heart failure after aortic root replacement (David procedure) 6 months 
after the inclusion in this study, requiring a prolonged ICU admission. None of the other patients included in our 
study developed an episode of heart failure. BSA = body surface area; LVEDV = end-diastolic volume of the left 
ventricle; LVESV = end-systolic volume of the left ventricle; LVEF = left ventricle ejection fraction; FWV = flow 
wave velocity.            

The correlations between LVEF and RVEF and demographic and clinical variables are shown in Table 4. 

LVEF was significantly related with age, body mass index, and heart rate. After multivariable linear 

regression analysis, all three variables remained independent predictors for LVEF. There was no relation 

between LVEF and ß-blocker use (mean LVEF 53 ± 1% for ß-blocker use vs. 52 ± 1% for no ß-blocker, 

p=0.62). Similarly, LVEF was not related with aortic elasticity as measured by FWV. RVEF was 

significantly related with age, sex and height. Because of a high degree of multi-collinearity between 

these variables, we performed a backward multivariable regression analysis, demonstrating that RVEF 

was significantly related with male sex (ß -0.253, p=0.004). No relation was found between FWV and left 

ventricular mass (r=0.01, p=0.90), but FWV was positively related with mean arterial pressure (r=0.24, 

p=0.01) and left ventricular mass was positively related with systolic blood pressure (r=0.2, p=0.04). 
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Finally, we found there was a significant correlation (r=0.7, p<0.005) between LVEF and RVEF (Figure 

2).  

Table 4. Correlations of LVEF and RVEF with demographic and clinical variables in MFS 

patients. 

LVEF RVEF 

 
Beta p value Beta p value 

Age 0.3 <0.005 0.22 0.01 

Sex -0.05 0.6 0.26 <0.005 

Height -0.16 0.1 -0.28 <0.005 

Weight 0.13 0.1 -0.08 0.36 

BSA 0.06 0.5 -0.15 0.08 

BMI 0.23 0.006 0.10 0.24 

Heart rate -0.2 0.04 -0.09 0.32 

ß-blocker usage 0.04 0.6 0.02 0.8 

Systolic blood pressure 0.05 0.6 
  

Diastolic blood pressure -0.12 0.2 
  

Mean arterial pressure -0.05 0.5 
  

Mitral valve prolapse -0.11 0.2 
  

Mild mitral valve regurgitation -0.01 0.9 
  

Mild aortic valve regurgitation 0.07 0.4 
  

Left ventricular mass -0.13 0.14 
  

Aortic root diameter -0.07 0.4 
  

Aortic root / BSA -0.15 0.09 
  

Ascending aorta diameter 0.13 0.1 
  

Ascending aorta diameter / BSA 0.03 0.8 
  

Aortic arch diameter -0.01 0.9 
  

Aortic arch diameter / BSA -0.66 0.4 
  

Descending thoracic aorta diameter 0.09 0.3 
  

Descending thoracic aorta diameter / BSA -0.01 0.9 
  

FWV 0.12 0.2 
  

     
*BSA = body surface area; BMI = body mass index; FWV = flow wave velocity. 
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Figure 2: Relation between LVEF and RVEF 
 

 
 
 
DISCUSSION 

In the largest study evaluating ventricular function in MFS patients by CMR thus far, we demonstrated a 

reduced LVEF in MFS patients compared to healthy individuals. We found that the impairment of 

ventricular function was independent of aortic elasticity. In addition, RVEF was also reduced in MFS 

patients, and there was a strong correlation between left and right ventricular function. Together, our 

findings strongly support the existence of a cardiomyopathy as an integral part of MFS, which can 

occasionally be more severe than merely mild.  

Previous studies. The first studies evaluating ventricular function in MFS used conventional 

echocardiography and did not find impairment in left ventricular systolic function [9 10 13 15 24]. With 

evolving echocardiographic techniques, mild systolic and diastolic dysfunction was found in multiple 

studies [11 14 25]. Most echocardiographic studies, however, did not find a reduction in ejection fraction, 

which is the most widely used measure of systolic function. 
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Alpendurada et al. retrospectively assessed ventricular function by CMR in 68 MFS patients [15]. 

They found a mean LVEF of 62% and a reduced ejection fraction in 25% of the patients. In our study we 

found a lower mean LVEF in both MFS patients (53 ± 7%) and controls (57 ± 4%). Age in both studies 

was comparable (34 ± 12 years vs. 36 ± 12 years in our study), as was aortic root diameter (44.6 ± 6 mm 

vs. 43.3 ± 5 mm in our study). ß blocker usage was higher in our study (67% vs. 54%), but this did not 

affect ventricular function results in either study.  

In addition, De Backer et al. found a significantly reduced LVEF in MFS patients compared to 

age- and sex-matched controls in a smaller study using CMR 54% vs. 60%) [11]. An older study 

evaluating ventricular function in children with MFS by CMR found no difference in LVEF between 

MFS patients and healthy controls [15]. This might be explained by the relatively small patient population 

studied in combination with a less accurate CMR technique.  

Role of aortic elasticity and other factors. In MFS, aortic elasticity (of which FWV is a measurable 

derivative) is decreased compared to healthy individuals [6 26 27 28]. This reduction in aortic elasticity in 

MFS patients might influence ventricular function because of increased afterload, through ventricular-

arterial coupling. Mean FWV was 5.3 m/s in our study. FWV was in the same order of magnitude as in 

our previous studies investigating aortic elasticity in MFS patients by means of CMR [6 29 30]. In these 

studies, FWV was significantly higher in MFS patients compared to a matched control group (5.2 m/s vs 

4.3 m/s, p<0.001), suggesting that aortic elasticity was also reduced in the present patient group. 

However, we found no significant relation between LVEF and FWV, suggesting that the impairment of 

ventricular function was not due to reduced aortic elasticity. Neither did we find a significant relation 

between FWV and left ventricular mass which supports this finding. Only one study had previously 

evaluated the relationship between aortic elasticity and ventricular function in MFS [17]: they evaluated 

pulse wave velocity, measured by applanation tonometry, and left ventricular function, measured by 

mitral annular displacement, on echocardiography in 26 MFS patients, and compared these with 30 



67 

 

normal controls. They found that increased carotid-femoral pulse wave velocity was associated with 

reduced left ventricular longitudinal systolic function. They did not, however, find a significant relation 

between carotid-radial pulse wave velocity and left ventricular longitudinal systolic function. 

Unfortunately, they gave no explanation for this finding. They also found a reduced LVEF measured by 

echocardiography (66% vs. 70%), but did not perform a regression analysis with the ejection fraction as a 

dependent variable. It is therefore difficult to compare their findings with our study.  

 We found age was positively related with LVEF (albeit rather weak), while LVEF is known to 

remain relatively stable during life in healthy individuals [31]. This unexpected finding can possibly be 

explained by the exclusion of patients with aortic dissection, operated patients and patients with 

significant valvular dysfunction. As a consequence, the older patients included in our study were probably 

relatively mildly affected by MFS, which might  also apply to ventricular function. Male sex was 

associated with lower RVEF, which is in line with the reference values provided by multiple studies [22 

32 33]. Finally, we found a strong correlation between LVEF and RVEF (r=0.7, p<0.05). Together, these 

findings support the existence of a cardiomyopathy affecting both ventricles as an integral part of MFS, 

which is usually merely mild but can also be more severe. Our finding of a dilated cardiomyopathy in 

three MFS patients without significant valvular regurgitation or previous cardiac surgery supports this 

conclusion. 

Pathophysiology. Fibrillin-1, the major constituent of microfibrils, is present in the myocardium as an 

integral part of the normal myocardial ECM, and it is particularly found at sites where myocardial 

contraction transmits power to the ECM [34 35]. Although the present study was not designed to address 

the underlying pathophysiology, it is conceivable that deficient fibrillin-1 causes impairment of 

myocardial contraction. Furthermore, deficient fibrillin-1 leads to an altered TGF-ß expression in the 

ECM of the myocardium [3]. Excess TGF-ß in the ECM of the myocardium possibly leads to altered 

genetic expression through activation of the SMAD pathway, and consequently to myocardial structural 
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changes. TGF-ß is also known to be involved in fibrosis in pressure-loaded heart failure [36], and to be 

overexpressed in the myocardium of patients with idiopathic hypertrophic cardiomyopathy [37]. Losartan, 

an ATII blocker with TGF-ß antagonizing properties, has the potential to improve the myocardial 

function in MFS. At the moment there are several trials evaluating the effects of losartan on aortic growth 

and ventricular function in MFS patients [18 38 39 40].  

Study limitations. First, we did not analyze the diastolic ventricular function, although it would be 

interesting to evaluate whether the decrease in aortic elasticity is related to diastolic dysfunction 

secondary to ventricular-arterial coupling. Second, since our control group was not a case control group, it 

could not be used as a reference population. With 19 patients in the control group however we had 

enough power (>95%) to detect a significant difference in ventricular function.   

Possible clinical implications. Overt heart failure in the absence of significant valvular regurgitation is 

rare in patients with MFS. However, since significant impairment of ventricular function may occur it 

seems reasonable to perform at least one CMR with assessment of ventricular function in all patients with 

MFS. If an impaired ejection fraction is found, tailored therapy with an angiotensin converting enzyme 

inhibitor or angiotensin receptor blocker should be considered to prevent further deterioration of 

ventricular function or perioperative episodes of heart failure, especially in patients who also have an 

enlarged end-diastolic volume of the left ventricle. 

Disclosures: No potential conflicts of interest. 
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ABSTRACT 

Aim:  To assess the feasibility and reproducibility of total aortic volume measurement in 3D MR image 

data of the aorta in Marfan patients, to compare total aortic volume with aortic diameter measurement and 

to compare aortic expansion rate between aortic volume and aortic diameters. 

Methods: Gadolinium enhanced 3D MRI of the aorta was performed in 62 Marfan patients without 

previous aortic dissection (mean age 37±13, 32 males (52%), 18 (29%) after prophylactic aortic root 

replacement). Semi automated 3D analysis software (3Mensio, Bilthoven, the Netherlands) was used to 

measure total aortic volume. Intra- and inter-observer variability was determined in 10 patients. Aortic 

diameters of all patients were measured at five levels. After three years the protocol was repeated and 

aortic expansion rates as measured by volume were compared with those measured by diameter.  

Results: Mean aortic volume of 62 Marfan patients at baseline was 233 ml (SD=65 ml).  Intra-observer 

difference was 4.63 ml (ICC= 0.996; SD=4.83). Inter-observer difference was 0.06 ml (ICC=0.979; 

SD=11.96). A significant correlation was found between aortic volume and age (R=0.6, p<0.005, increase 

of 1.53 ± 0.27 ml/m²/year). Mean aortic volume increased from 259± 62.5 ml to 282 ±74.7 ml (Cohen’s d 

0.3) in 15 patients and mean aortic diameter increased from 24.93 ± 2.76 mm to 25.34 ± 2.91 mm 

(Cohen’s d 0.1) in 15 patients. The sensitivity of aortic expansion was significantly higher using aortic 

volume as compared to aortic diameters (effect size 0.3 and 0.1 respectively, p<0.005).  

Conclusions: Total aortic volume measurement is a highly reproducible novel method facilitating 

improved surveillance of global aortic expansion rate in patients with Marfan syndrome. Follow up by the 

use of aortic volume is more sensitive than follow up by the use of aortic diameter. 

Keywords: Marfan syndrome, MRI, aortic volume 
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INTRODUCTION 

Marfan syndrome is an autosomal dominant systemic connective-tissue disorder caused by a mutation in 

the fibrillin-1 gene (FBN1) with an incidence of approximately 2-3 per 10000 individuals (1).  FBN-1 

encodes for the extracellular matrix protein fibrillin-1, which has structural and regulatory functions in the 

extracellular matrix (2). Development of aortic aneurysms during adolescence and early adulthood, with 

subsequent risk of aortic dissection and sudden death, is the leading cause of morbidity and mortality in 

patients with Marfan syndrome (1). Therefore, surveillance of aortic dimensions is of utmost importance 

in daily clinical practice for well-timed surgical intervention (3-5). The total aorta can be visualized by 

three dimensional (3D) imaging techniques such as magnetic resonance imaging (MRI) and computed 

tomography (CT). Generally, aortic expansion rate is evaluated by repeated measurements of the diameter 

at different levels of the aorta. However, gradual total aortic expansion might be missed by measuring 

mere aortic diameters during follow-up (5). Post processing of 3D MRI and CT images of the aorta 

facilitates total aortic volume measurement, which might improve detection of gradual aortic expansion in 

patients with Marfan syndrome and related disorders. Accordingly, the aim of this study was to determine 

feasibility and reproducibility of total aortic volume measurements in Marfan patients by 3D MRI and to 

compare total aortic expansion rate as determined by total aortic volume measurements with expansion 

rate as determined by measurements of aortic diameters on the same 3D data sets. 

METHODS 

Patients 

Total aortic volume and aortic diameters were measured in 62 patients with Marfan syndrome on MRI. 

All patients were participants of the COMPARE study, which studies the effect of losartan on the aortic 

expansion rate in patients with Marfan syndrome (6). The inclusion criteria were diagnosis of Marfan 

syndrome according to the Ghent criteria (7) and an age of 18 years or older. Exclusion criteria were: 

current pregnancy, angiotensin converting enzyme inhibitor or angiotensin receptor blocker usage, 
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previous elective replacement of more than one part of the aorta, and previous aortic dissection. The MRI 

was repeated after three years in 15 patients without dissection or aortic operation after the first MRI.  

The study was approved by the AMC medical ethics committee, and all subjects gave written informed 

consent. The study was conducted in accordance with the declaration of Helsinki. 

Magnetic Resonance Imaging 

Aortic volumes and aortic diameters were assessed in all patients by 3D MRI, performed with a 1.5 Tesla 

MR system (Avanto, Siemens, Erlangen, Germany) using a phased array cardiac receiver coil. All scans 

were obtained in a single center (AMC, Amsterdam, The Netherlands). To visualize the total aorta, a 

three-dimensional, T1-weighed, spoiled gradient-echo sequence (FLASH3D) was applied in the oblique 

sagittal direction after administration of 0.1 mmol/kg intravenous gadolinium (FA 25 degrees, FOV 500 

mm, 80 slice/slab, base resolution 384, phase percentage 60-80%, 10% slice oversampling). This resulted 

in a 3D set of contrast enhanced images encompassing the total aorta with a near isotropic resolution of 

1.4x1.3x1.4 mm/voxel. 

Image Processing 

Total aortic volume was determined using 3D vessel analysis software (3mensio vascular, 3mensio 

medical imaging BV, Bilthoven, the Netherlands) (8). MRI angiographic datasets were loaded in the 

program (Fig. 1). A centerline was generated by manually placing control points in the center of the aorta, 

starting at the aortic valve to the aortic bifurcation (Fig. 2). Subsequently, the software constructed a 

stretched vessel view of the aorta. After manually placing points at both sides of the aortic lumen in four 

cross-sections (Fig. 3A) the software calculated total aortic volume (Fig. 3B).  
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Figure 1: The aorta is represented in the program in three adjustable cross sections and as a whole.  

 

Figure 2: The other centreline points are manually placed and represented in three directions 
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Aortic diameters were measured at five levels: the aortic root (mean diameter of three sinuses), the 

ascending and descending thoracic aorta at the level of the pulmonary root, at the level of the diaphragm 

and just above the bifurcation. Mean diameter was calculated as the average of these 5 measurements.  

Intra- and inter- observer variability of aortic volume was determined by analyzing 10 datasets twice by 

one observer (WS) and once by another observer (PW). Intra- and inter observer variability of diameter 

measurements was determined in 15 patients by the same observers.

A 

B 
Figure 3: A - The aorta is represented 

in a stretched view in four directions. 

The border of the aortic lumen is 

manually indicated at both sides in all 

four directions B - Total aortic volume 

is indicated by the program 
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Statistical Methods 

Statistical analysis was performed by commercially available software (SPSS, release 17.0 for Windows; 

SPSS, Chicago, IL). Intra- and inter-observer agreements were determined with the interclass correlation 

coefficient and processed in a Bland-Altman plot. Correlations were analyzed with Pearson correlation. 

Effect size was calculated with Cohen’s d. P-values smaller than 0.05 were considered to be statistically 

significant. 

RESULTS 

The mean age in 62 Marfan patients was 37 ±13 years and 52% was male. Aortic volume measurement 

took approximately 20 minutes per patient. No evident aortic aneurysms were found. Mean aortic volume 

was 233 ml (SD=65). Aortic volume was comparable in men and women (121 ± 32 ml/m² vs 112 ±39 

ml/m² respectively, p=0.3). Baseline characteristics are shown in Table 1.  

Table 1: Patients characteristics 

Characteristics Mean (SD) or n (%) 

Age (years) 37 ± 13 

Male 32 (52) 

Lenght (cm) 188 ± 11 

Weight (kg) 78 ± 16 

BMI (kg/m2) 22 ± 4 

BSA (m2) 2.0 ± 0.2 

Previous aortic root replacement 18 (29) 

Volume (ml) 233 ± 65 

Volume normalised for BSA (ml/m2) 116 ±32 

 

There was no significant difference in aortic volume in patients with and without previous aortic root 

replacement (255 ± 67 ml vs 224 ± 62 ml respectively p= 0.08). Volume corrected for BSA was strongly 

associated with age (R=0.6, p<0.005, increase of 1.53 ± 0.27 ml/m²/year). Mean aortic diameter corrected 

for BSA also showed a strong correlation with age (R=0.6, p<0.005, increase of 0.67 ± 0.14 mm/m²/year, 

Figure 4a and 4b). 
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Figure 4: Correlation between age, aortic volume (A)  and diameter(B) 
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Intra-observer and inter-observer difference were 4.63 ml (ICC= 0.996; SD=4.83, Fig 5A) and 0.06 ml 

(ICC=0.979; SD=11.96, Fig 5B) respectively. Intra- and inter-observer variability of aortic diameter 

determined in 15 patients at 5 levels showed comparable results (ICC=0.971 and 0.974, respectively).  In 

three years time, mean aortic volume increased from 259 ± 62.5 ml  to 282 ±74.7 ml (Cohen’s d 0.3) in 

15 patients and mean aortic diameter increased from 24.93 ± 2.76 mm to 25.34 ± 2,91 mm  

(Cohen’s d 0.1) in 15 patients (Figure 6). The difference in effect size was significant (p<0.005). 

A B 
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Figure 5: Bland-Altman plot of the inter-observer (A) and intra-observer (B) variability 
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Figure 6: Individual growth curves of aortic volume corrected for BSA and mean diameter in 15 patients 
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DISCUSSION 

Here we demonstrate that total aortic volume assessment by 3D MRA is a highly reproducible and 

sensitive method facilitating surveillance of global aortic expansion rate in patients with Marfan 

syndrome.  Aortic dissection beyond the aortic root in Marfan patients has always been difficult to predict 

and may occur at a relatively normal aortic diameter (9). Gradual aortic dilatation may precede aortic 

complications and may be unnoticed when mere aortic diameters are taken into account.   

An increasing number of studies are being performed to evaluate the volume of abdominal aneurysms (5, 

10-12). We found similar high reproducibility of volume measurement as these studies. All these studies 

used CT imaging instead of MRI. In our opinion image acquisition with MRI is favorable in our patient 

group because of the prevention of radiation exposure.   

Furthermore, we show that aortic volume measurement is more sensitive than diameter measurement for 

surveillance of aortic expansion rate. Volume measurements are physically more logical to use, because 

smaller changes in aortic size can be detected earlier due to the fact that a change in three dimensions is 

reflected by a much smaller change in one dimension. This might be important in clinical trials evaluating 

the effects of medication (i.e. losartan) on aortic expansion rate in patients with connective tissue disease 

like Marfan syndrome. The use of aortic volume instead of diameters may reduce the follow-up time and 

effect size needed to observe the differences. This might also be true for other connective tissue disorders 

like the Loeys Dietz syndrome (LDS)(13). This syndrome is characterized by aneurysms throughout the 

arterial tree, arterial tortuosity and aortic dissections at even smaller diameters than observed in Marfan 

syndrome (14). 

Although the used software was developed for CTA image analysis, it was successfully applied to 

volumetric MRI datasets. The main limitation of present study is that, because of the use of MRI datasets, 

additional manual interaction was required. Manual interaction commonly results in a lower degree of 

reproducibility; however, even with the manual interaction the method proofed to be highly reproducible. 

Another limitation is that aortic volume measurement was rather time demanding. Measuring aortic 
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diameters took approximately 5 minutes per patient while total aortic volume measurement took 

approximately 20 minutes per patient. This might be a limitation for the introduction in daily patient care 

of not-complicated MFS patients. 

In conclusion, total aortic volume measurement is a highly reproducible novel method facilitating 

improved surveillance of global aortic expansion rate in patients with Marfan syndrome and possibly 

other connective tissue diseases affecting the vascular system.  Studies evaluating global aortic expansion 

rate should consider measuring total aortic volume. 
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ABSTRACT 

Background: Marfan syndrome (MFS) is a pleiotropic genetic disorder with major features in 

cardiovascular, ocular and skeletal systems, associated with large clinical variability. Numerous studies 

reveal an involvement of TGF-β signaling. However, the contribution of tissue inflammation is not 

addressed so far.   

Methodology/ Principal findings: Here we showed that both TGF-β and inflammation are up-regulated 

in patients with MFS. We analyzed transcriptome-wide gene expression in 55 MFS patients using 

Affymetrix Human Exon 1.0 ST Array and levels of TGF-β and various cytokines in their plasma. Within 

our MFS population, increased plasma levels of TGF-β were found especially in MFS patients with aortic 

root dilatation (124 pg/ml), when compared to MFS patients with normal aorta (10 pg/ml; p=8x10-6, 95% 

CI: 70-159 pg/ml). Interestingly, our microarray data show that increased expression of inflammatory 

genes was associated with major clinical features within the MFS patients group; namely severity of the 

aortic root dilatation (HLA-DRB1 and HLA-DRB5 genes; r=0.56 for both; False Discovery 

Rate(FDR)=0%), ocular lens dislocation (RAET1L, CCL19 and HLA-DQB2; Fold Change (FC) = 1.8; 

1.4; 1.5, FDR=0%) and specific skeletal features (HLA-DRB1, HLA-DRB5, GZMK;  FC=8.8, 7.1, 1.3; 

FDR=0%). Patients with progressive aortic disease had higher levels of Macrophage Colony Stimulating 

Factor (M-CSF) in blood. When comparing MFS aortic root vessel wall with non-MFS aortic root, 

increased numbers of CD4+ T-cells were found in the media (p=0.02) and increased number of CD8+ T-

cells (p=0.003) in the adventitia of the MFS patients.  

Conclusion/Significance: In conclusion, our results imply a modifying role of inflammation in MFS. 

Inflammation might be a novel therapeutic target in these patients. 
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INTRODUCTION 

Marfan syndrome (MFS) is an autosomal dominant connective tissue disorder with a systemic 

involvement. Main clinical features are aortic root dilatation, ocular lens dislocation and typical skeletal 

features resulting from overgrowth of long bones. Other organ systems like lungs, dura and in tegmentum 

are also often affected. It has an incidence of approximately 1 in 5,000 and is probably the most common 

monogenetic connective tissue disorder. [1]  

MFS is caused by mutations in the fibrillin-1 gene (FBN1, MIM 134797) coding for the fibillin-1 protein, 

which is an abundant component of the extracellular matrix throughout all organ-systems [2,3]. It has 

been thought that structural weakness of the connective tissue due to a defect fibrillin-1 protein leads to 

its clinical manifestations. Recently, evidence emerged about the role of altered Transforming Growth 

Factor-β (TGF-β) signaling in MFS pathogenesis. The extracellular matrix was found to regulate 

activation and bioavailability of TGF-β.[4] Due to a defect or deficient fibrillin-1, enhanced release and 

activation of TGF-β occurs in the extracellular matrix. Both Smad-dependent and non-canonical (ERK 

dependent) TGF-β signaling contribute to the development of aortic root aneurysm in mouse model of 

MFS [5,6]. TGF-β blockade by anti-TGF-β antibodies reduced the aortic root dilatation and myopathy in 

a mouse model of MFS. [7,8] 

Interestingly, losartan, a commonly used anti-hypertensive drug with angiotensin (Ang) II blocking 

effects, had the same effect as anti-TGF-β antibodies, which offers novel treatment possibilities [7–9]. 

Losartan blocks selectively the angiotensine type 1 (AT1) receptor, allowing the protective angiotensine 

type 2 (AT2) receptor signaling in Marfan mice [5]. Apart from its role in hypertension, Ang II is a well 

known pro-inflammatory peptide that effects the cardiovascular system and can even induce aortic 

aneurysm formation (predominantly in the descending aorta) in mice. TGF-β activity, however, protects 

against inflammatory aneurysm progression in the murine AngII-induced aneurysm model, which is 
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contradictory to the pathogenic role of TGF-β in MFS [10]. This reflects the complexity of the relation of 

TGF-β signaling and inflammation during aortic dilatation, which remains elusive in MFS.  

Apart from losartan, there are more indications that inflammation plays a role in aortic root dilatation in 

the Marfan mouse model. Aortic wall extracts of Marfan mice induced increased chemotaxis of 

macrophages in vitro, mainly induced by elastin binding protein, showing  a chemotactic stimulatory  

activity of fibrillin-1fragments [11]. These results were recently confirmed in MFS patients’ aortas.[12] 

Furthermore, macrophages found in the aortic wall of these mice are positive for certain matrix 

metalloproteinases, which are enzymes that contribute to the degradation of the extracellular matrix. 

Doxycycline, a nonspecific inhibitor of matrix metalloproteinases, ameliorated aortic dilatation, improved 

elastic fiber organization and reduced TGF-β signaling in MFS mice. This suggests that macrophage 

activation contributes to the microfibril reduction and subsequent aortic dilatation. In addition, in patients 

with MFS increased counts of inflammatory cells were found in the media of the aortic wall when 

compared with non-MFS controls, suggesting that an inflammatory process could enhance disease 

progression [13].   

MFS is a pleiotropic disorder with large clinical and genetic variability both between and within MFS 

families [14,15]. The variable and unpredictable clinical course of the disease hampers clinical 

management and counseling of these patients. In this transcriptome wide gene expression study, we 

investigated the role of TGF-β and inflammation related genes within a group of MFS patients, to 

elucidate if these pathways are correlated to MFS severity or specific MFS clinical features.  

RESULTS 

Microarray analysis was performed with fresh frozen skin biopsies of 55 MFS patients, using Affymetrix 

Human Exon 1.0 ST Arrays (approximately 17,800 genes). Patients’ characteristics are presented in Table 

1. Skin was used as a model of the connective tissue, because of the presence of myofibroblasts that 
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produce extracellular matrix proteins in the most voluminous part of connective tissue in our body, 

namely the skin-dermis.  

Upon transcriptome wide gene expression analysis, patients were clustered based on gene expression 

profiles using hierarchical clustering. This analysis revealed four distinct patient clusters. (Figure S1). 

However, disease severity did not differ between the patients clusters (data not shown). This implies that 

there is no uniform gene expression pattern in the connective tissue of the skin that can predict disease 

severity or a pattern of clinical MFS features. Gene expression may not be regulated in a patient specific 

manner, but possibly in an organ specific manner. To test this, we investigated whether different features 

co-segregated in same patients and found low correlations (r=0-0.3, data not shown). This supports the 

hypothesis that the pathogenesis of different phenotypes in MFS is most probably organ specific. In order 

to identify genes and pathways contributing to the pathogenesis of different clinical features of MFS 

(concerning specific organ-systems), we compared gene expression profiles per MFS feature within the 

MFS patient group, where different patients show  different MFS features, as listed in Table 1. 

Aortic root dilatation is associated with increased expression of inflammatory genes and enhanced 

TGF-β levels in blood  

Gene expression was first compared between MFS patients with and without aortic root dilatation. It 

revealed one significantly down-regulated gene in patients with aortic root dilatation: MEGF8 (Multiple 

Epidermal Growth Factor-like-domains 8) (FDR=0%, FC=0.62) (Figure 1).  

Next, we studied gene expression in the subpopulation of MFS patients who are monitored in time for 

aortic root dilatation. Aortic phenotype was first analyzed as aortic root dilatation rate (mm/yr) in non-

operated patients, which reflects the progressiveness of the disease.  Strikingly, patients with progressive 

aortic root dilatation (mean aortic dilatation rate of 0.9 mm/year) had an increased expression of HLA-
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DRB1 and HLA-DRB5 genes (r=0.56 for both; FDR=0%) (Figure 2) when compared to the patients with 

Table 1: Patients characteristics 

Features A 55 MFS Patients 

Age,y, mean (range) 36 (18-62) 

Sex (male/female) 33/22 

Cardiovascular features  

 Aortic root dilatationB 47 (85) 

 Mean aortic root dilatation rate (SD) 0.46 (0.4) 

 Mitral valve prolapse 25 (45) 

Ocular lens dislocations  32 (58) 

Skeletal features  

 Pectus deformity 33 (60) 

  severe excavatum  10 (18) 

  mild excavatum 7 (12) 

  Carinatum 16 (30) 

 Reduced elbow extension 9 (16) 

 Joints hypermobility 14 (25) 

 Severe scoliosis 15 (27) 

 Hindfoot deformity 26 (47) 

 Wrist and thumb sign 37 (60) 

Other MFS features  

Dural ectasia 21 (38) 

Pneumothorax/apical blebs 11 (20) 
A Data are shown in N (%) if not otherwise indicated B Of these 18 had aortic root replacement and two had 

dilatation of descending aorta
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low aortic root dilatation rate (mean aortic dilatation rate of 0.1 mm/yr). These two genes code for the 

heavy chain of the MHC II, which mediates activation of T helper cells during an adaptive immune 

response. Up-regulation of these genes indicates an increased inflammatory response in patients with 

progressive aortic disease compared to patients with mild aortic disease. Interestingly, whereas the 

expression of a growth related gene was down-regulated when comparing MFS with versus without aortic 

dilatation, expression of inflammatory genes was up-regulated in patients with progressive aortic disease. 

 Figure 1 

 

 

Figure 2 

 

Differences in aortic root dilatation rates measured over a period of 3-12 years between patients with low (0.1 
mm/yr) and high (0.9 mm/yr) gene expressions of HLA-DRB1 and HLA-DRB5 genes.  

In patients with aortic root dilatation 
MEGF8 was found relatively down-
regulated (FDR=0%, FC=0.62). MEGF8 
contains multiple EGF-like domains which 
are believed to play an important role in 
cell-adhesion and receptor-ligand 
interactions. 
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We further compared inflammatory cell-profiles in aortic surgical specimens of 11 MFS patients after 

aortic root replacement with 6 control aortic root specimens of patients with Marfan-unrelated aortic 

pathology. Immunohistochemistry was performed using well-established markers of macrophages, T-

helper cells and cytotoxic T-cells (CD68+, CD4+ and CD8+, respectively). Aortic media and adventitia 

were analyzed separately. Histological analysis of Marfan patients’ aortic media revealed cystic media 

necrosis with increased macrophage counts, although not significantly (p=0.16) (Figure 3A).  CD4+T 

helper cell counts were significantly increased (p=0.02), whereas the counts of cytotoxic T-cells did not 

differ between the groups in the aortic media (2 cells/field +/- 2; p=0.4). In the adventitia, however, we 

found increased counts of cytotoxic T-cells (p=0.003) (Figure 3A) and no difference in the counts of other 

cell-types (CD68: 24 cells/field +/- 10, p=0.8; CD4: 18 cells/field +/- 13, p=1 ). Both in aortic media and 

adventitia, inflammatory cells segregated along the media/adventitia border (Figure 3B). 

Similarly, we investigated whether TGF-β or inflammatory markers in blood would correlate to aortic 

phenotype in MFS patients. TGF-β, C-Reactive Protein (CRP; a well established aspecific marker of 

systemic inflammation) and several prominent cytokines were measured in plasma of our MFS patient 

group (Table S1). The tested cytokines are pro- or anti-inflammatory in nature and can be produced by 

activated tissue cells and inflammatory cells during an inflammatory response, causing 

growth/differentiation and chemoattraction [16]. The average levels of a large number of cytokines was 

barely detectable (namely IL-1β, IL-2, IL-4, IL-6, IL-10 and TNFα). Certain cytokines had substantially 

detectable levels in plasma (for example IL-8, IL-17, IL-18, IFN-γ and MCP-1) in a number of patients, 

however we could not correlate these high levels in these patients to specific MFS features. Interestingly 

MFS patients with aortic root dilatation had a 10-fold higher level of TGF-β (125 pg/ml) when compared 

to the patients without aortic root dilatation (p=8 x 10-6) (Figure 4A). Yet, TGF-β levels did neither 

correlate with the aortic root diameter when corrected for age, sex and BSA (Z-score of the aortic root), 

nor with the progressiveness of the aortic dilatation rate (p=0.2 and p=1, respectively) (Figure S2A and 

Figure S2B). In MFS patients, CRP levels were not elevated (Table S1). CRP levels in the normal range 
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(<5 mg/L) are known to be predictive of atherosclerosis-related cardiovascular events such as myocardial 

infarction or stroke, with moderate risk at levels >1 mg/L and high risk at levels >3 mg/L. CRP levels, 

however, did not correlate with any features investigated.  

 

Figure 3 

Inflammatory cells present in the aortic root vessel wall. (A) Increased cell counts of macrophages (CD68+) and T 
helper cells (CD4+) were found in the aortic media of MFS patients when compared to 6 non-Marfan controls. In 
adventitia, however, we found increased numbers of cytotoxic T cells (CD8+). (B) In the media, the inflammatory 
cells were segregating around fields of cystic media necrosis (arrows), predominantly along the adventitial side of 
aortic wall, in MFS patients. In the adventitia, the CD8+ T-cells showed the same segregation pattern along the 
media-adventitia border. M- aortic media; A- aortic adventitia. 

 



96 

 

 Of all inflammatory cytokines measured, only Macrophage-Colony Stimulating Factor (M-CSF) 

correlated with a specific MFS feature, namely progressive aortic root dilatation. Patients with a dilatation 

rate of 0.9 mm/year had 2-fold higher levels of M-CSF in plasma (1 pg/ml, p=0.05) when compared with 

patients with mild aortic disease with an aortic dilatation rate of 0.1 mm/year (Figure 4b). Therefore, the 

progression of the disease correlated with a potent macrophage attractant, namely M-CSF. Together, these 

findings point to the role of an increased TGF-β signaling in initiating aortic dilatation, whereas the 

severity of disease progression seems to be defined by an inflammatory response.  

Figure 4 

 

Legend Figure 4. Cytokines in plasma from MFS patients. (A) In patients with aortic root dilatation strikingly 
higher levels of TGF-β were found (p=8 x 10-6), when compared to the patients without aortic root dilatation. (B) 
The progression of the aortic disease was reflected by the levels of M-CSF. Patients with progressive aortic root 
dilatation (aortic dilatation rate of 0.9  mm/year) had higher levels of Macrophage-Colony Stimulating Factor (M-
CSF) in plasma (p=0.05) when compared to patients with mild aortic disease (aortic dilatation rate of 0.1 mm/y). 

Other features of MFS are associated with inflammation 

We further investigated whether inflammation contributes to the pathogenesis of other Marfan features, 

such as ocular lens dislocation and skeletal features.  

Ocular lens dislocation  

Analysis of differences in gene expression between the patients with ocular lens dislocation and those 

without ocular lens dislocation revealed eight differentially expressed genes (FDR=0%) (Table S2). 
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Interestingly, three of these genes were involved in inflammatory pathways, specifically RAET1L, CCL19 

and HLA-DQB2 (Figure 5). These genes were all up-regulated in MFS patients with ocular lens 

dislocation. RAETL1 is a member of the MHC I complex family and it activates Natural Killer (NK) cells 

and T cells. CCL19 encodes for the MIP-3β cytokine, which is involved in lymphocyte homing and 

migration. HLA-DQB2 encodes for the heavy β chain of the antigen presenting MHC II complex. They 

are members of both the innate and the adaptive inflammatory pathways. 

Figure 5 

 

Inflammatory genes significantly up-regulated in patients with ocular lens dislocation.  RAETL1 is a member of the 
MHC I complex, it activates NK and T cells via NKG2D ligand. CCL19 codes for the MIP-3β cytokine which is 
involved in normal lymphocyte homing and migration. HLA-DQB2 codes for the heavy β chain of the antigen 
presenting MHC II complex. (FC=1.8; 1.4; 1.5 respectively, FDR=0%) 

 

Skeletal features 

Furthermore, skeletal features were analyzed. In patients with elbow contractures and scoliosis (sideways 

curving of the spine), an up-regulation of three inflammatory genes was found when compared with 

patients without those features, namely HLA-DRB1 and HLA-DRB5, (FC=8.8, 7.1), and GZMK (FC=1.3; 

FDR=0%) (Figure 6). The same HLA-DRB genes were also increased in the MFS patients with enhanced 

aortic dilatation rates. HLA-DRB proteins are involved in MHC-II activation of T-helper cells, while 

GMZK encodes for granzyme K, a cytokine produced by cytotoxic T cells. Cytotoxic T cells were also 
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found to be increased in the adventitia of the MFS aortic vessel wall. The appearance of inflammatory 

genes in multiple features of MFS strengthens our view that inflammation can play an important role in 

MFS.  

Figure 6     

 
Inflammatory genes up-regulated in patients with reduced elbow extension and scoliosis . HLA-DRB1 and HLA-
DRB5 genes code for the heavy chain of the MHC II and are involved in antigen presenting. GZMK gene codes for 
granzyme K, produced by cytotoxic T-cells and NK cells which induces apoptosis. (FC=8.8, 7.1 and 1.3 
respectively, FDR=0%). 

 

Interestingly, in patients with chest deformities resulting from the over-growth of ribs, we found a 

predominant up-regulation of growth-related genes. Expression profiles of patients carrying pectus 

deformities (severe pectus excavatum and pectus carinatum) were compared with patients without these 

features. Multiclass analysis of these deformities revealed 40 differentially expressed genes with 

FDR=0% between the groups. (Table S3 for up-regulated genes and Table S4 for down-regulated genes). 

Some of these genes are known TGF-β related genes (FLRT3, WISP2, CLK1, ACVRL1 and IGFBP4).  

In addition, six inflammatory genes were present in the list of differentially expressed genes, namely 

CD68, CD13, CD248, CD24, CD81 and SOD3 (Figure 7).  The CD molecules are cell surface molecules 

participating in pro-inflammatory cell interactions. SOD3 encodes for extracellular superoxide dismutase, 

which is an enzyme that protects against oxidative stress caused by inflammatory cells. (FC=0.6, 0.8; 0.6; 

0.6; 1.6; 0.6 respectively; FDR=0%). Five of these inflammatory genes were down-regulated in patients 

with chest deformities when compared to patients without these features. Only CD24 was increased in 



99 

 

this subpopulation of MFS patients. CD24 is known to selectively repress tissue damage-induced immune 

responses [17] and in that light high CD24 is anti-inflammatory.  

Figure 7 

 

Six inflammatory genes differentially expressed in patients with pectus deformities, of which five are down-
regulated. The CD molecules are cell surface molecules participating in inflammatory cell interactions. SOD3 
encodes for extracellular superoxide dismutase, which is an enzyme that protects against oxidative stress caused by 
inflammatory cells. (FC=0.6, 0.8; 0.6; 1.6; 0.6; 0.6respectively; FDR=0%) 

 

When looking at a relationship between blood TGF-β levels and chest deformities, no significant 

correlation was found, even though genes related to TGF-β signaling are differentially regulated strongly 

in this MFS feature.  

MFS patients with other skeletal features, mitral valve prolapse, dural ectasia and pneumothorax revealed 

no gene expression differences when comparing them to MFS patients without these specific features. 
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DISCUSSION 

In this study we demonstrate that, next to the established role of TGF-β, there is an association of 

increased expression of inflammatory genes with aortic root dilatation, ocular lens dislocation and most 

skeletal features in MFS. Our results introduce a potential aggravating role of inflammation in disease 

severity which seems to be “on top of” disturbed TGF-β signaling.  

All Marfan features develop during the postnatal life, they are age dependent and accompanied by 

microfibril-reduction on the molecular level. Low-grade inflammation may contribute to this process. It is 

known that some of these features, like the elbow contractures and spine deformities, can be seen in other 

inflammatory and auto-immune diseases, such as rheumatoid arthritis and ankylosing spondylitis. 

Whereas many MFS features showed and increased inflammatory profile, only chest deformities resulting 

from overgrowth of the ribs showed a reduced inflammatory response and increased TGF-β signaling on a 

gene expression level.  

On protein level, TGF-β plasma values were highly increased in MFS patients with aortic root dilatation. 

On gene expression level, decreased expression of MEGF8 gene was found in MFS patients with aortic 

root dilatation. Although there is little known about the function of this gene, it contains multiple EGF-

like domains like FBN1 gene which are believed to play an important role in cell-adhesion and receptor-

ligand interactions. Recently, mutations in this gene were found to result in extensive cardiac 

malformations in mice and zebrafish (heterotaxy) indicating that this gene is important for normal 

development of the cardiovascular system [18]. Aortic disease is the main clinical problem in MFS 

patients and defines the morbidity and the mortality in this patient group.  Strikingly, the high levels of 

TGF-β in blood showed no correlation with the progressiveness of the aortic disease. Inflammation, 

however, did correlate with progression measured in time as the aortic root dilatation rate. The discrete 

“on-top-of disturbed TGF-β signaling” contribution of inflammation in the disease pathogenesis might be 

the reason that MFS was never seen as an inflammatory disease. Now it seems that TGF-β levels in blood 
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could possibly function as a biomarker to predict the onset of an aortic phenotype. In addition, when MFS 

patients have been diagnosed with aortic root dilatation, increased blood M-CSF levels can indicate the 

aggressiveness of the aortic disease in order to differentiate MFS patients needing frequent or less 

frequent follow-up of aortic root diameters. With the knowledge that inflammation plays a key role in the 

aortic root dilatation rate, an active search can be started to find even stronger biomarkers for disease 

progression.  

On gene expression level, expression levels of HLA-DRB1 and HLA-DRB5 genes in the skin could 

distinguish between patients with mild aortic disease and those with progressive aortic disease. 

Interestingly, HLA-DRB1 polymorphisms are linked to chronic periaortitis patients (with incidence of 

aneurysm development) and abdominal aortic aneurysm patients [19–22], suggesting these genes have 

significance in aortic aneurysm formation. SNP analysis of these polymorphisms in large groups of MFS 

patients may therefore be informative as to which MFS patient is susceptible to develop progressive aortic 

root dilatation (or elbow contractures).  

Our data indicate that inflammatory responses contribute particularly to aortic disease progression and 

may independently explain the large clinical variability seen in patients carrying even the same FBN1 

gene mutation. Along this line, the aortic root phenotype was clearly improved in Marfan mice when the 

drugs with additional anti-inflammatory properties (losartan [23,24] or doxycyclin [25–27]) were 

administered.  Even less MFS manifestation was observed when both drugs were given simultaneously, 

indicating different inflammatory pathways involved in aortic root dilatation (19). The improved MFS 

phenotype with anti-inflammatory drugs was established in the background of TGF-β signaling in these 

mice, which should thus also be feasible in human MFS patients in future.  

Historically, aortic disease in MFS is considered a disease of the aortic media, where we indeed find 

medial necrosis and inflammatory cells. However, our histological results also show significantly 

increased counts of CD8+ T-cells in the Marfan aortas, emphasizing a role for the aortic adventitia. In line 
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with these data, Lindeman and co-workers found that collagen microarchitecture in the aortic adventitia 

of MFS patients was impaired, whereas the medial layer is relatively intact when it comes to endurance of 

pressure [28]. Basically, the adventitia serves as an “external stent” determining maximal diameter of the 

vessel. When its structure is impaired its “stent” function is lost. The authors also showed that fibrillin-1 

is more abundantly present in the adventitia of healthy control tissue (where it is associated to collagen 

fibers), rather than in the media of the aortic wall (20). Therefore, it seems that FBN1 mutations could 

easily affect the organization of the collagen fibers in the aortic adventitia. TGF-β signaling is known to 

enhance collagen production, however, the quality of the collagen triple helix and the network of fibers 

formed is presumably more important that the amount of collagen alone. Defective fibrillin-1 in MFS 

apparently leads to an impaired collagen fiber/network organization. Aortic damage due to impaired 

resistance to pressure may cause collagen damage, and collagen degradation products resulting from this 

process may induce inflammation. The susceptibility of certain MFS patients to develop aortic 

inflammation remains to be elucidated.   

The main limitation of this study is its correlational character, as biological material obtained allowed no 

functional studies. Our work provided interesting directions for future comprehensive research on 

interactions of TGF-β and inflammatory pathways.   

In conclusion, the most prominent finding of this paper is a simultaneous increase of TGF-β and 

inflammation in aortic dilatation in Marfan syndrome, with TGF-β being predictive for aortic dilatation 

and inflammation being correlated to the progression of aortic root dilatation. In addition, we presented 

evidence of inflammatory contribution in the development of many of the other clinical features of MFS, 

with the exception of chest deformities. These findings open novel possibilities for anti-inflammatory 

treatment strategies in Marfan patients to reduce MFS severity. 

 



103 

 

METHODS 

Study subjects, phenotype and biological material.  

 Patients were adult patients with an established diagnosis of MFS according to the Ghent criteria, 

participating in the COMPARE study [29]. All the analyses presented in this study were performed in the 

biological material collected at the study inclusion, prior to losartan initiation. The COMPARE study is a 

randomized clinical trial investigating effects of losartan on a wide range of clinical and molecular 

parameters in MFS patients. Phenotypic features were scored at the inclusion in the COMPARE study by 

two investigators as indicated for the diagnosis of the MFS according to the Ghent criteria[30]. Aortic 

root dilatation was assessed by means of cardiac Magentic Resonance (cMRI) as described earlier [31]. 

Aortic root dilatation rate (mm/y) was derived first in a discovery set of 20 patients in whom aortic root 

dilatation rate was available from a period of 12 years of follow-up with cMRI. In additional 13 patients 

aortic root dilatation rate was derived from clinical cMRI scans over a period of at least 3 years. Punch 

skin biopsies were taken from the upper thigh of consenting patients and immediately snap-frozen. 

Biological material sampling and the trial were conducted with approval from institutional review boards 

in four participating academic hospitals in the Netherlands (Academic Medical Centre Amsterdam; 

Radboud University Nijmegen Medical Centre; Leiden University Medical Centre; University Medical 

Centre Groningen). Written informed consent was obtained from all participants. 

RNA isolation  

Full skin punch biopsies of 4 mm (~5-15 mg) were used to isolate total RNA. Skin biopsies were 

pulverized in liquid nitrogen and transferred to 1.5 ml tubes containing Qiazol (Qiagen). Crude RNA 

extractions were obtained according to manufacturer’s instructions with the addition of Phase-Lock Gel 

Heavy (5 Prime) to obtain a better phase separation. The crude RNA fractions were further purified with 

the RNeasy Minelute Cleanup Kit (Qiagen) according to Appendix D protocol: RNA Cleanup after Lysis 
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and Homogenization with QIAzol Lysis Reagent. RNA yield was measured on a Nanodrop ND-1000 

(Thermo Fisher Scientific) and the RNA quality was investigated on the BioAnalyzer 2100 (Agilent 

Technologies) with the RNA 6000 Pico Chip Kit (Agilent Technologies). Only RNA samples with 

sufficient yield and RIN-values above 6.5 were used for analysis.  

Microarrays  

Gene expression was analyzed with Affymetric Human Exon 1.0 ST Arrays in 55 patients. Sense-strand 

cDNA was generated from total RNA using Ambion WT Expression Kit (Applied Biosystems) conform 

manufacturer’s instructions. Further steps were performed using manufacturer’s protocols for the 

GeneChip platform (Affymetrix). Those included purification of double-stranded cDNA, synthesis of 

cRNA by in vitro transcription, recovery and quantitation of biotin-labeled cRNA, fragmentation of this 

cRNA and subsequent hybridization to the microarray slide, posthybridization washings and detection of 

the hybridized cRNA using a streptavidin-coupled fluorescent dye. Hybridized Affymetrix Arrays were 

scanned using Gene-Chip Scanner 3000-7G (Affymetrix). Image generation and feature extraction were 

performed using Affymetrix GCOS Software v1.4.0.036. 

TGF-β and cytokine measurements  

Cytokines and TGF-β were assessed in EDTA plasma samples.  Total TGF-β1, i.e. latent and active TGF-

β, was determined with an ELISA using commercially available kit (Bio-Rad, Richmond, CA). The neo-

epitope in active TGF-β that is recognized by the antibody pair is induced in latent TGF-β1 by acid-

activation (with 1N HCl). Inflammatory mediators were measured using the custom suspension bead 

assays (Bio-Rad, Richmond, CA) using a Luminex reader. 

Immunohistochemistry of aortic specimen  

Aortic tissue of MFS patients was collected from operated patients in the period of 2008-2010 and was 

immediately formalin-fixated. Aortic tissue of six control patients was gathered from the pathology 
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records of AMC Amsterdam. Primary aortic pathology in six control aortic samples (age range 21-68 

years) was unrelated to MFS: four of controls were surgical specimen and two were autopsy material. 

Autopsy specimens were from two patients who died from subarachnoidal bleeding and myocardial 

infarction. Surgical specimens were: post-stenotic aortic root dilatation; aspecific atherosclerosis of aorta; 

degenerative aortic dilatation; bicuspid aortic valve malformation without cystic media necrosis.  Patients 

and control aortic samples were paraffin-embedded and immunohistochemical staining was performed 

using widely used and established antibodies, detecting CD+4, CD8+ and CD68+ markers. Cells were 

counted in the aortic media and adventitia. 

Statistical analysis and functional annotation 

 Hierarchical clustering of microarray data was performed in R program using “stats” package. 

Differences in clinical features between patients in different clusters were investigated using ANOVA and 

Chi-square tests in R program using “stats” package. T-test was used to investigate cytokine differences 

between groups of patients in “stats” package.  Differences in gene expression between patients were 

analyzed using univariate linear regression analysis with permutation testing in Significance Analysis of 

Microarrays R package in R program [32]. Only genes with a q-value (FDR) of 0 were considered 

significant. Gene functions presented in tables were searched manually in NCBI databases; only direct 

experimental evidence or associations from genome wide association studies were included in functional 

annotation reported in tables.  
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SUPPLEMENT 

Table S1: Plasma levels of TGF-β, CRP, and cytokines in MFS patients. 

Cytokine pg/mlA SD Cytokine pg/mlA SD Cytokine pg/mlA SD 

TGF-β 112.08 119.6 IL6 0.36 0.96 IL18 45.57 24.7 

CRP 2.26B 4.98 IL8 6.52 37.3 IFN-ϒ 6.03 16.2 

IL1- β 0.04 0.15 IL10 0.05 0.2 MCP-1 14.37 14.3 

IL2 0.43 1.34 IL12 1.20 3.6 TNF-α 0 0 

IL4 0.01 0.06 IL17 32.04 191.3 M-CSF 0.92 1.3 

Note: A – mean levels of cytokines in plasma of patients; B – mean level of CRP (mg/L) in patients serum 

Table S2: Genes differentially expressed in patients with and without ectopia lentis 

Gene FCA Function FDR (%) 

UNC93A 1.5  - 0 

FAM83D 1.3 Mitotic spindle protein 0 

RAET1L 
1.8 Member of the MHCI complex; activates NK and T cells via NKG2D 

ligand 

0 

CCL19 1.4 Normal lymphocyte homing and migration  0 

C5orf46 1.3  - 0 

HLA-DQB2 1.5 Antigen presenting; heavy chain of MHCII complex 0 

SDR9C7 1.3  - 0 

HIST1H3B 1.4 Activation of immediate-early gene transcription 0 

Note: A- Fold change, a ratio between mean expression levels in patients with ectopia lentis and ones without it 
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Table S3: Up-regulated genes in patients with pectus deformities 

Gene FC 
excA 

FC 
carB 

Function FDR 
(%) 

FLRT3 2.0 1.5 TGF-β signaling-mediated morphogenesis 0 

SFRS7 1.5 1.3 Pre-mRNA splicing factor; part of the spliceosome 0 

DSG3 1.7 1.4  Mediates cell-cell junctions; part of desmosomes and cadherin cell adhesion family 0 

ZNF138 1.5 1.5  - 0 

MPHOSPH6 1.5 1.1 Exosome-associated RNA-binding protein involved in rRNA maturation 0 

CLK1 1.6 1.5 Indirect role in TGF-β1 induced splice site selection during pre-mRNA processing 0 

ACAT2 1.7 1.7 Lipid metabolism 0 

PEX3 1.6 1.4 Peroxisome biosynthesis and integrity 0 

FAM111B 1.4 1.2  - 0 

PIK3C2G 1.6 1.5 Phosphoinositide 3-kinase (PI3K) family; involved in cell proliferation and survival, oncogenic transformation  0 

C6orf105 2.2 2.1 Associated with non-syndromic cleft palate 0 

GEN1 1.4 1.3  - 0 

ACADM 1.8 2.1 Mitochondrial fatty acid beta-oxidation pathway 0 

CD24 1.6 1.5 Inhibition of nuclear factor kappaB during innate immune responses 0 

TMEM168 1.6 1.3  - 0 

ATL2 1.4 1.3  - 0 

GPR87 1.7 1.4 Cell-cell communiation; overexpressed in squamous carcinomas 0 

NOP58 1.5 1.3 Modification of rRNA via snoRNAs 0 

TMPRSS11E 2.8 3.0  - 0 

CA13 1.5 1.3 Family of zinc metalloenzymes 0 
Note: A- FC exc –ratio between mean expression levels of patients with severe pectus excavatum and patients without pectus deformity 

B- FC car- ratio between mean expression levels of patients with pectus carinatum and patients without pectus deformity 
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Table S4: Down-regulated genes in patients with pectus deformities 

Gene FC 
excA 

FC 
carB 

Function FDR 
(%) 

IGFBP4 0.7 0.8 Antagonism of insulin-like growth factors I and II 0 

WISP2 0.6 0.7 Member of the connective tissue growth factor family; anti-TGFβ signaling effects in myocardium 0 

HSPB6 0.6 0.7 Associates with actin and mediates smooth muscle cell relaxation 0 

IFI35 0.8 0.8 Mediates cell differentiation, apoptosis and cytoskeleton regulation in interaction with CKIP1 0 

FXYD5 0.8 0.9 Reduction of cell adhesions via down-regulation of E-cadherin 0 

CD68 0.6 0.7 Macrophages marker; Member of scavenger receptor family 0 

SLC17A7 0.8 0.8 Neurotransmission via glutamate vesicle transport 0 

MFAP4 0.5 0.8 Microbifril-associated protein involved in cell adhesions and interactions 0 

XPNPEP2 0.6 0.8 Regulates levels of aminopeptidase P in bradykinin metabolism and angioedema 0 

PTGIS 0.5 0.7 Catalyzes the conversion of prostglandin H2 to prostacyclin (prostaglandin I2) 0 

ACVRL1 0.7 0.8 Type I cell-surface receptor for the TGF-beta superfamily 0 

CD81 0.8 0.8 Member of the transmembrane 4 superfamily; mediates signal transduction events  0 

CD13 0.6 0.9 Cell surface molecules; induce and participate in critical inflammatory cell interactions 0 

RAMP2 0.7 0.8 Induces vasorelaxation by adrenomodulin in myocytes 0 

TCN2 0.7 0.8 B12-binding protein family; associated with obesity and homocysteine levels 0 
CD248 0.6 0.7 Fibroblast cell marker; expressed in proliferating tissues; contributes to fibroblasts proliferation and 

inflammation 
0 

GABRB2 0.7 0.8 Encodes neurotrasmitter GABA A receptor, beta 2 subunit 0 

PRELP 0.6 0.8 Binds type I collagen to basement membranes and type II collagen to cartilage in ECM 0 

SOD3 0.7 0.8 Anti-oxidative stress protein; inflammatory cytokine and adhesion molecule expression inhibition 0 

TCIRG1 0.8 0.8 Bone morphogenesis; mutations in this gene cause osteopetrosis, excessive bone mineralization 0 
Note: A-FC exc –ratio between mean expression levels of patients with severe pectus excavatum and patients without pectus deformity 

B- FC car- ratio between mean expression levels of patients with pectus carinatum and patients without pectus deformity
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Figure S1 

 

Heatmap of the hierarchical clustering of 55 MFS patients based on similar gene expression patterns. 

Four distinct patients’ clusters of 16, 27, one and 11 patients were defined. Approximately 1800 genes 

differed significantly (FDR=0%, minimal fold change=2) between the clusters. However, clinical 

significance of these findings seems to be limited as no differences were found in disease severity between 

the patients’ clusters. 
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Figure S2 

 

Plots of the correlation of (A) Z-score (aortic root diameter corrected for age, sex and Body Surface 

Area) and (B) aortic root dilatation rate with TGF-β levels in plasma of MFS patients. None of the two 

parameters of progressiveness of aortic disease correlated with TGF-β (p=0.2 and 1 respectively).  
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ABSTRACT 

Marfan syndrome (MFS) is a monogenetic disorder of connective tissue, associated with increased 

Transforming Growth Factor (TGF)-β signaling. Aortic disease is the major clinical problem in patients 

with MFS. Progressive aortic root dilatation, with the subsequent risk of aortic dissection, will generally 

develop around the third decade of life. A certain degree of aortic root dilatation requires prophylactic 

aortic root surgery. Because the rate of aortic root dilatation is highly variable, at least yearly  

examination of aortic root dimensions is necessary. Until now, no explanation for the variability in aortic 

root dilatation rate has been found. In our previous work we showed association of aortic root dilatation 

rate with increased expression of Human Leukocyte Antigene (HLA)-DRB genes in MFS patients. In the 

present study we investigated whether genetic variability in inflammation related genes could explain the 

variation in aortic disease severity in 170 MFS patients. Aortic disease severity was defined as aortic root 

dilatation rate over a period of up-to 15 years.  Aortic disease severity did not correlate with 7544 Single 

Nucleotide Polymorphisms (SNPs) in the Major Histocompatibility Complex (MHC) region on 

chromosome 6. However, analysis of 15169 SNPs in 943 additional inflammatory genes revealed a 

significant association of aortic disease severity with a SNP in the Sialic Acid Binding Ig-like Lectin 7 

(SIGLEC7) gene (p=3.5x10-7). Furthermore, a trail of SNPs was observed in interleukine 16 (IL16) gene 

(p=7x10-5). Finally, these associations were replicated in a cohort of patients with ruptured intracranial 

aneurysms using the diameter of the aneurysm at the time of rupture as a proxy for the disease severity 

(p=0.03 and p=0.05 respectively).The SIGLEC7 gene controls innate immune response to tissue damage, 

while the IL16 gene is a chemoattractant of various pro-inflammatory cells and induces expression of 

HLA-DR genes in monocytes.  In conclusion, genetic variability in inflammation-related loci may modify  

aortic disease severity in MFS, and possibly in other vascular diseases.
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INTRODUCTION 

MFS is an autosomal dominant disorder of connective tissue (OMIM: 154700), almost always 

caused by mutations in the FBN1 gene (1). FBN1 codes for fibrillin-1, an abundant protein of the 

extracellular matrix (ECM). MFS has an incidence of 1-2 in 10,000 individuals. Development of aortic 

root aneurysms is the main cause of morbidity and mortality of MFS patients (2-4). Aortic disease is 

mostly progressive and may result in aortic dissection and sudden death at young age, if untreated by 

prophylactic aortic root surgery(5). Although monogenetic, MFS is a clinically variable disorder without 

a clear genotype-phenotype correlation regarding aortic disease severity(6) (7). Severity and age of onset 

of aortic disease are unpredictable in MFS, suggesting that there are modifying genes involved in the 

pathogenesis of aortic disease. 

In our previous work we presented evidence that inflammation is associated the severity of the 

aortic disease in MFS. In an extensive study of gene expression in MFS patients, we found that the aortic 

root dilatation rate correlated with the expression of Human Leukocyte Antigen (HLA)-DRB1 and HLA-

DRB5 genes in connective tissue. In our patient population both TGF-β signaling and inflammation were 

increased. MFS patients with normal TGF-β levels did not develop aortic root dilatation whereas in 

patients with increased TGF-β levels aortic dilatation was present and its progression correlated with the 

expression of pro-inflammatory genes in the connective tissue and cytokines in blood. Together, these 

results suggest that individual immune responses modify the aortic disease severity in MFS.  

Accordingly, in the present study we investigated the influence of genetic variation in inflammation-

related genes on aortic disease severity. 

For many years MFS has been considered to be a structural disease of the connective tissue, because 

ocular lens dislocation, another common phenotypic feature in MFS, results from the failure of the 

fibrillin-1 rich suspensory lens ligaments. In recent years, however, evidence of increased TGF-β 

signaling in MFS has changed ideas about MFS pathophysiology. In a well established mouse model of 
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MFS increased TGF-β signaling contributed to the development of most of the MFS features. (8-10) In 

MFS mice aortic root dilatation could be counteracted by administration of both TGF-β neutralizing anti-

bodies and the anti-hypertensive drug losartan (9). Losartan is a selective angiotensin II receptor 1 blocker 

widely used for treatment of hypertension and heart failure. Many trials investigating its effects on aortic 

disease severity in MFS were initiated worldwide(11-13).    

In abdominal, thoracic and intracranial aneurysms, inflammation plays an important role in 

aneurysm formation and progression, both in animal models and humans. Examination of human 

pathological material of abdominal aneurysms reveals thinning of vascular wall and destruction of 

extracellular matrix accompanied by a prominent cell infiltrate(14,15). In intracranial aneurysms both 

cellular and humoral immunity were implicated in the aneurysm formation and progression (16,17). 

Although MFS was always considered to be a non-inflammatory disorder, there is now substantial 

evidence that inflammation plays a role in disease pathogenesis. In a mouse model of MFS, doxycycline 

reduced aortic dilatation and increased TGF-β signaling in the aortic wall(18-20). Doxycycline is a non-

specific anti-inflammatory agent which inhibits enzymes of the extracellular matrix produced by 

macrophages: matrix metalloproteinases (MMPs). MMPs contribute to the extracellular matrix 

degradation and aneurysm formation in thoracic and abdominal aneurysms (21). In addition, Guo et al. 

found that aortic extracts of both MFS mice and MFS patients induced increased macrophage chemotaxis 

suggesting a pro-inflammatory potential of fibrillin-1 degradation products(22,23).  

METHODS 

Design of the study 

Adult MFS patients from the four specialized Marfan clinics in the Netherlands were included. 

Genome wide genotyping was performed using Illumina HumanOmniExpress BeadChip which measures 

approximately 733 k SNPs.  As aortic root dilatation rates were associated with gene expression of HLA-
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DR genes, in the first step of this study we associated SNPs in the Major Histocompatibility Complex 

(MHC) region on chromosome 6. In the second step, SNPs in 943 inflammatory genes as described by 

Loza et al. (24) were investigated. Genetic associations with aortic root dilatation rate measured over the 

period of 2-15 years as outcome were evaluated. Top hits were validated in a cohort of patients with 

ruptured intracranial aneurysms. 

Patients 

One hundred and seventy patients with a clinical diagnosis of MFS according to the Ghent 

criteria were included  (25).  

Approximately 85% of patients were the participants of the COMPARE study (12). The other 

15% were MFS patients who were registered in the CONCOR database and biobank(26). We included 

patients with the whole spectrum of the aortic disease: MFS patients without aortic root dilatation (n=31), 

MFS patients with aortic root dilatation (n=139) of which some had elective aortic root replacement 

(n=54) or aortic dissection (n=2).   

In patients who underwent aortic root surgery, aortic root dilatation rate was calculated over the 

period prior to the operation. Aortic root diameters were derived from patients’ charts based on the yearly 

follow-up of the aortic root diameter by means of echocardiography. Mean aortic root dilatation rate was 

calculated as a mean aortic root dilatation rate (linear regression coefficient of aortic root diameters over 

time (mm/year)) and reflects the severity of aortic disease. Patients with higher aortic root dilatation rates 

reach the critical aortic root dilatation of 45-50 mm in a shorter period of time and are therefore operated 

at younger age (27). All patients gave a written informed consent. 

The validation cohort consisted of 403 patients with a ruptured intracranial aneurysm (leading to 

a subarachnoidal bleeding) admitted to the neurology and neurosurgery ward of the University Medical 

Center Utrecht in the Netherlands. These 403 patients with ruptured aneurysm of whom imaging studies 
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to measure the size of the aneurysm were available, available from the Dutch patients with ruptured and 

unruptured aneurysms who were previously genotyped in a genome wide association study (GWAS) on 

intracranial aneurysms(28,29).  Inflammation is thought to play an aggravating role on intracranial 

aneurysm progression in these patients and leads to rupture (30-32). Therefore, intracranial aneurysm 

patients were dichotomized into two groups: 214 patients with a ruptured aneurysm at diameters<7 mm 

and 189 patients with a ruptured aneurysm at diameter ≥7mm, according to current clinical guidelines 

(33). The largest diameter of the lumen of the aaneurysm was measured by means of angiography 

(conventional angiogram, CT- angiogram).  

SNP selection  

In our previous work, high aortic root dilatation rates in MFS patients were associated with high 

expression of HLA-DRB genes in connective tissue. Therefore, we first included all genotyped SNPs 

from the HLA region on chromosome 6 in the analysis (NCBI Build 36, base positions 25760204 to 

33529555).  

In the second step, we analyzed SNPs in candidate genes in the whole inflammatory pathway. 

Candidate genes were described by Loza et al..(34) We included inflammation-related genes of various 

phases of the immune response (i.e. development of immune cells, sensing of danger, influx of cells to 

sites of insult, activation and functional responses of immune and non-immune cells, and resolution of the 

immune response) and divided them into 17 functional sub-pathways. As the genes from the HLA region 

were analyzed in the previous step, we excluded these from this second analysis. In total, 943 genes in 

these pathways were analyzed (Table 1). A selection of SNPs was made in the target sequences including 

genomic regions containing the entire candidate genes, 2kb before transcription start site, and 2kb after 

the transcription end site, based on the annotation in NCBI Build 36. In total 15169 SNPs in these regions 

were found and included in the analysis.   



121 

 

Table 1: Inflammatory genes and pathways 

Pathway Genes SNPs 

Adhesion-Extravasation-Migration 131 1463 

Apoptosis Signaling 66 916 

Calcium Signaling 14 577 

Complement Cascade 34 568 

Cytokine signaling 154 2024 

Eicosanoid Signaling 36 817 

Glucocorticoid/PPARsignaling 17 485 

G-Protein Coupled Receptor Signaling 41 2050 

Innate pathogen detection 37 384 

Leukocyte signaling 109 1598 

MAPK signaling 111 2550 

Natural Killer Cell Signaling 25 220 

NF-kB signaling 31 365 

Phagocytosis-Ag presentation 21 151 

PI3K/AKT Signaling 35 435 

ROS/Glutathione/Cytotoxic granules 20 215 

TNF Superfamily Signaling 32 351 

 

Genotyping 

Genomic DNA of MFS patients was extracted from peripheral blood using the gentra puregene 

blood kit (Qiagen, the Netherlands) according to the manufacturer's instructions. Microarray-based DNA 

genotyping was performed at ServiceXS (ServiceXS B.V., Leiden, The Netherlands) using the 

HumanOmniExpress BeadChip (Illumina, Inc., San Diego, CA, U.S.A). This array interrogates >700,000 

loci with a median marker spacing of 2.2 kb. Of each sample, 4 µl genomic DNA at 50 ng/µl was 

processed and hybridized to the BeadChips, according to the manufacturer's instructions. The BeadChip 

images were scanned on the iScan system and the data was extracted into Illumina's GenomeStudio 

software v2010.1. The software's default settings were used with the cluster file as developed by Illumina 

for genotype calling. 
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The genotypes of the validation cohort were retrieved from a previous GWAS on intracranial 

aneurysms (28,29) using Illumina CNV370-duo chips. 

 Statistical analysis 

 Statistical analysis was performed using GenABEL package (35) in the R statistical program (R 

Development Core Team (2010). R: A language and environment for  statistical computing. R Foundation 

for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-project.org). Linear 

regression analysis assuming an additive genetic model with adjustment for age and sex was used to 

analyze the association of the aortic root dilatation rates and genotypes. Multiple quality control measures 

were implemented. The estimated sex for each individual determined by genotyping was compared with 

their phenotypic sex. Only SNPs with a minor allele frequency of >5% were included in the analysis. 

Exclusion criteria included deviation from Hardy-Weinberg equilibrium at p<10−3, sample call rate 

<0.95 and SNP call rate <0.98. Bonferroni correction for the target p-value was applied.  

Significant SNPs were validated in the intracranial aneurysms patients cohort using Chi-square test. 

RESULTS 

Association of markers in the MHC region and aortic disease severity 

First we investigated whether genetic variation in MHC region associated with the aortic root dilatation 

rates. In total, 7544 markers and 170 patients were included in the quality control step. Patients’ 

characteristics of 170 included patients are shown in Table 2. Then, 2008 markers were excluded due to a 

low minor allele frequency (27%); another 169 markers were excluded due to a low call rate (2%); 33 

markers were excluded because they were out of the Hardy-Weinberg equilibrium (0.4%). Three patients 

were excluded due to a high identity by state (IBS; 2%).  
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Table 2: Marfan patients’ characteristics 

Clinical features 170 MFS patients (%) 

Mean age (range) 36 (18-63) 

Sex (male) 88 (52) 

Mean aortic dilatation rate, 

 mm/yr (SD) 0.6 (0.9) 

Aortic root dilatation 139 (82) 

 Aortic root operation 54 (32) 

 Aortic dissection 2 (1) 

Mitral valve prolapse 70 (41) 

Dilatation of distal aorta 9 (5) 

 

Association of 5367 markers and aortic root dilatation rates in 167 patients showed the lowest p-value of 

1.6 x 10-4 for SNP rs209160  which did not reach the significance level set by the Bonferroni correction 

(p=7x10 -6). The top SNPs were in linkage disequilibrium (r2>0.8) and covered the region of the TRIM27 

gene (Supplementary Table).  

Association of inflammation-related genes and aortic disease severity 

In total 15169 SNPs in 943 genes and 170 patients were included in the analysis of which 153 patients 

and 11383 markers passed the quality control step: 3569 (24%) markers were excluded from the analysis 

due to a low minor allele frequency and 225 (1.4%) markers due to a low call rate.  Other 24 (0.1%) 

markers were excluded from the analysis due to deviation from the Hardy-Weinberg equilibrium.    

Results of the association study revealed p-values ranging from 3.5 x 10-7 to 8.5 x10-4 for the top 20 hits 

(Table 3). The most significant hit, rs273660, with a p-value of 3.5x10-7, reached the significance level set 

by Bonferroni correction (4x10 -6). It was a SNP in the SIGLEC7 gene, which is involved in natural killer 

cell signaling. MFS patients carrying one risk allele in this SNP (G) had on average 1 mm/year more 
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aortic root growth than MFS patients without it. Thus, these patients had more progressive aortic root 

growth and therefore were at risk for an operation at younger age or aortic root dissection. No other SNPs 

in this gene were genotyped. Furthermore, we observed a SNP trail with a p-value of the top hit 7x10 -5 in 

IL16 gene (Figure 1). Similarly, MFS patients carrying a risk allele (T) in the top SNP in this gene 

(rs4778636) had on average 0.7 mm/year higher aortic root dilatation rate and were at risk for an 

operation at young age or a dissection.  

Table 3 Top hits 

SNP Chromosome Position Minor allele Gene β* p-value 

rs273660 19 51655950 G SIGLEC7 1.0 3.8E-07 

rs11126453 2 75368740 T TACR1 0.6 7.0E-05 

rs4778636 15 81591639 T IL16 0.7 7.3E-05 

rs11556218 15 81598269 G IL16 0.7 7.3E-05 

rs1803275 15 81598416 A IL16 0.7 7.3E-05 

rs4952801 2 46354245 C PRKCE 0.4 9.5E-05 

rs3771833 2 75366937 T TACR1 0.6 2.9E-04 

rs10494783 1 198663661 A PTPRC 0.7 32E-04 

rs1025325 9 93597669 C SYK 0.4 3.6E-04 

rs2110071 12 7065576 G PTPN6 0.7 3.9E-04 

rs10906152 10 12487739 C CAMK1D 0.6 4.6E-04 

rs2768451 10 12490786 T CAMK1D 0.6 4.6E-04 

rs3754569 2 46352453 T PRKCE 0.4 5.4E-04 

rs11964650 6 112081938 T FYN 0.7 6.0E-04 

rs8006914 14 23310485 T MMP14 0.4 6.5E-04 

rs2939 9 21166004 G IFNA21 0.4 7.1E-04 

rs697642 6 112053105 A FYN 0.5 7.5E-04 

rs16889869 5 58755580 G PDE4D 0.5 8.3E-04 

rs4953318 2 46355051 C PRKCE 0.4 8.3E-04 

rs10744724 12 7065281 C PTPN6 0.6 8.5E-04 

rs17796040 5 58754510 T PDE4D 0.6 9.2E-04 
Note: β- mean aortic dilatation rate difference per one minor allele (mm/year) 
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Figure 1 Regional association plot for IL16 gene 

Locus-specific association map generated from genotyped SNPs in IL16 gene, centered at rs4778636. SNPs in red 
have r2 ≥ 0.8 with rs4778636; SNPs in pink have r2=0.5–0.8; SNPs in rose have r2=0.2–0.5; and SNPs in white 
have r2 < 0.2 with the leading SNP. Superimposed on the plot are gene locations (green) and recombination rates 
(blue). Chromosome positions are based on HapMap release 22 build 36.2 and b was prepared using SNAP(47). 

Replication of the associations in a cohort of patients with IA aneurysm 

We next validated the association of the two leading SNPs in SIGLEC7 and IL16 genes in a cohort of IA 

patients. The risk T allele of SNP rs4778636 in the IL16 gene was more abundant in patients with 

ruptured IA at small diameters (<7 mm), compared with IA patients with a ruptured aneurysm at larger 

diameters, p=0.05. The top hit in the SIGLEC7 gene, rs273660 was not genotyped in the IA cohort. Its 

proxy, however, rs273674, with r2=0.924 (HapMap 3, release 2) was genotyped and revealed a p=0.03 

(Table 4). 
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Table 4: Patient characteristics validation cohort 

Patient characteristics 403 patients with intracranial aneurysm* 

Mean age at the time of rupture (SD) 51 (12) 

Sex (% male) 25 

Mean aneurysm diameter (SD) 7.6 (4.4) 

 

Table 5: Top hits validation 

SNP Gene Odds ratio (95% CI) p-value 

rs273674 SIGLEC7 2.0 (1.0-3.9) 0.03 

rs4778636 IL16 1.8 (1.0-3.4) 0.05 

 

DISCUSSION 

In this genetic association study searching for modifiers of the aortic phenotype in MFS we 

identified a susceptibility variant for progressive aortic disease in a gene of the innate inflammatory 

pathway: SIGLEC7. In addition, this study provided evidence that SNPs in IL16 gene may also be 

associated with progressive aortic disease in MFS. 

In our MFS patients, progressive aortic root dilatation was associated with genetic variation in 

SIGLEC7 gene: patients carrying the minor allele in this gene had more progressive aortic root dilatation. 

This was validated in patients with a ruptured intracranial aneurysm: aneurysms in patients carrying the 

minor allele in this gene ruptured at smaller diameters. The SIGLEC-family of genes, in particular 

SIGLEC7, is involved in pattern-recognition and subsequent attenuation of innate immunity (36,37). 

Innate immune response is a non-specific immediate response to a pathogen or tissue damage which 

activates further immunological cascade. While innate immune response to tissue damage is important for 

tissue repair and healing, it is normally well controlled to avoid auto-immune destruction. In MFS 

patients with progressive aortic disease this immune response to structural tissue damage at the aortic root 
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might be extensive leading to more tissue damage and subsequent severe aortic root dilatation. In this 

light, aortic dilatation in MFS is possibly the result of several factors: a structurally deficient aortic root 

due to the mutant fibrillin-1 protein and increased TGF-β signaling, aggravated by hemodynamic stress, 

which, together, activate the immune system in a healing process. In susceptible patients this healing 

mechanism is not well controlled and leads to more excessive damage which then activates a positive 

feedback loop and progressive aortic root dilatation as a result. 

In our previous work we demonstrated that increased HLA-DRB1 and HLA-DRB5 gene 

expression was associated with progressive aortic dilatation rates in MFS patients suggesting an 

inflammatory process in the connective tissue of these patients. In the current study we found that 

multiple SNPs in IL16 gene are also associated with aortic dilatation rates in these patients while no 

association was found with SNPs in HLA region on chromosome 6. The Minor allele in IL16 gene was 

also significantly more frequent in patients with IA which ruptured at smaller diameters. IL16 gene codes 

for IL16 protein, a cytokine described as a first T-cell attractant. It is a chemoattractant of a variety of 

CD4+ immune cells which contributes to the regulatory process of CD4+ cell recruitment and activation 

at sites of inflammation (reviewed in (38) and (39) ). Interestingly, IL16 induced stimulation of 

monocytes, macrophage precursors, resulted in up-regulation of HLA-DR gene expression and monocytic 

recruitment (40). With this knowledge, genetic variation in IL16 gene and subsequent altered IL16 

signaling may lead to increased expression of the HLA-DRB genes and macrophage attraction to the tissue 

damage site. Macrophages play an important role in the pathogenesis of the aneurysm formation in MFS. 

Aortic extracts of MFS mice and human aortas induced increased chemotaxis of macrophages(22,23). 

They produce matrix matelloproteinases (MMPs), proteolytic enzymes which contribute to extracellular 

matrix degradation (41,42). When treated with doxycycline, a non-specific MMPs inhibitor, MFS mice 

exhibited a delayed aortic aneurysm progression (18,20,43). Together these data indicate that IL16 and 

SIGLEC7 genes activate a complicated immunological cascade which might lead to increased immune 

activation in MFS patients with susceptibility loci resulting in progressive aortic dilatation.  



128 

 

There are, however, two limitations to this study: a small sample size and a non-MFS validation 

cohort. Due to a relatively small sample size, the p-value for SNPs in IL16 gene did not reach the 

Bonferroni set p-value. Nevertheless, a trail of several SNPs was observed of which the top-hit was 

validated suggesting the observed association is less likely to be a coincidental result. Our top-hits were 

validated in a cohort of intracranial aneurysms. Although the pathogenesis of intracranial aneurysms is 

probably different from that of MFS (the vast majority of intracranial aneurysms is multifactorial while 

MFS is a monogenetic disorder of the extracellular matrix) these two diseases share some common 

pathways. Genetic association studies in the genes of the extracellular matrix and TGF-β pathway genes 

have been investigated in patients with intracranial aneurysm. Genes involved in the maintenance of the 

extracellular matrix were associated with intracranial aneurysm (44) while no clear involvement of TGF-β 

signaling  genes was found in these patients (45,46). Our study introduced inflammatory process as 

another common pathway of MFS and intracranial aneurysms. 

In conclusion, this study introduced two inflammation-related genes, namely SIGLEC7 and IL16, 

as susceptibility genes for progressive aortic disease in MFS. Genetic variants in these genes are likely to 

be risk loci for progressive vascular disease and aneurysm rupture also in other, non-MFS aneurysms.  

Although the aortic disease in MFS is probably caused by increased TGF-β signaling, inflammation plays 

an important role in the aortic disease progression. Further work on the role of inflammation in MFS 

disease pathogenesis and its utility in patient care is warranted. 
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SUPPLEMENT 

Table Association of the SNPs in MHC region with the aortic root disease severity 

SNP Gene Position Beta p-value 

rs209160 TRIM27 28839879 0.3 1.6E-04 

rs763009 TRIM27 28915108 0.3 1.7E-04 

rs209153 TRIM27 28846249 0.3 3.2E-04 

rs209184 TRIM27 28791289 0.3 3.9E-04 

rs209176 TRIM27 28804186 0.3 3.9E-04 

rs209126 TRIM27 28872446 0.3 4.2E-04 

rs3129792 TRIM27 28956416 0.3 4.3E-04 

rs2765219 TRIM27 28770349 -0.3 4.3E-04 

rs2754767 TRIM27 28775241 -0.3 4.3E-04 

rs377392 TRIM27 28784741 -0.3 4.3E-04 

rs1233602 TRIM27 28733403 0.3 4.4E-04 

rs1233627 TRIM27 28751727 0.3 4.4E-04 

rs169679 TRIM27 28856572 0.3 5.4E-04 

rs209148 TRIM27 28857269 0.3 5.4E-04 

rs209128 TRIM27 28869173 0.3 5.4E-04 

rs932776 TRIM27 28901034 0.3 5.4E-04 

rs1004062 TRIM27 28902133 0.3 5.4E-04 

rs2071790 TRIM27 28911802 0.3 5.4E-04 

rs1476016 TRIM27 28922719 0.3 5.4E-04 

rs386628 TRIM27 28784396 -0.3 5.6E-04 
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ABSTRACT 

Background: Marfan syndrome (MFS) is a genetic connective tissue disorder, associated with an 

increased TGF-β signaling. Losartan, a selective type 1Angiotensin II receptor blocker, emerged as a 

potential therapy for aortic disease in Marfan patients for its TGF-β antagonistic effects. We explored the 

role of TGF-β as a prognostic and therapeutic biomarker in adults with MFS. 

Methods and results:  

Plasma TGF-β levels were measured prior to initiation of losartan therapy in Marfan patients, compared 

with healthy controls and correlated with phenotype. After 1 month, measurements were repeated and 

molecular response in terms of TGF-β reduction was investigated.  

MFS patients had higher TGF-β levels than healthy controls (p=0.002; n=99; mean+/-SEM, 126 +/-21 

pg/ml versus n=22; mean+/-SEM, 54+/-9 pg/mL). TGF-β levels correlated with larger aortic root 

diameter and age (p=0.05 and 0.02).  Losartan reduced TGF-β levels in only 15 (36%) of 42 treated 

Marfan patients (responders) to levels observed in healthy controls (p=0.31). Other 27 (64%) of treated 

MFS patients showed no change or an increase in plasma TGF-β (non-responders). Responders had 

higher baseline TGF-β levels (p=0.05, n=15; mean+/-SEM, 189+/-43 pg/nl versus n=27, mean+/-SEM, 

90+/-22), more severe aortic disease and distinct FBN1 genotype as compared to non-responders. 

Baseline TGF-β levels and response were independent of additional beta-blocker therapy.  

Conclusions: Only a minority (36%) of MFS patients responded to losartan therapy with reduction of 

plasma TGF-β. These patients had higher baseline TGF-β levels, more severe aortic disease and distinct 

FBN1 genotypes. Plasma TGF-β might serve as prognostic and therapeutic marker in MFS.  
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INTRODUCTION 

Marfan syndrome (MFS) is a genetic disorder of the connective tissue affecting approximately 1-2 in 

5,000 individuals. It is a pleiotropic disorder with major features in cardiovascular, ocular and skeletal 

systems1. Aortic root dilatation accounts for most of the morbidity and mortality of these patients2. It is 

progressive and results in dissection and sudden death if untreated3. In a substantial number of patients 

aortic disease affects the descending aorta as well4. MFS is caused by mutations in the gene encoding for 

a fibrillin-1 (FBN1), a ubiquitous protein of the extra-cellular matrix (ECM)5.  

MFS has recently been associated with increased Transforming Growth Factor (TGF)-β signaling6. TGF-

β is a cytokine with diverse cellular functions, including cell proliferation and differentiation. It is 

involved in cancer pathogenesis, immunity, tissue fibrosis and many other processes. In addition to the 

role of fibrillin-1 as a structural component of the ECM, it regulates TGF-β activation through 

interactions with a TGF-β precursor, keeping it in its inactive form7. Due to aberrant or deficient fibrillin-

1, increased sequestration and activation of TGF-β occurs, causing most of the disease features in a well-

established mouse-model of MFS 6. Many disease manifestations, including aortic root dilatation, mitral 

valve prolapse, developmental emphysema and skeletal muscle myopathy were attenuated after TGF-β 

inhibition using TGF-β neutralizing antibodies in MFS mice. Interestingly, similar protection was 

achieved using Angiotensin II type receptor (AT) 1 blocker losartan8-10. Beneficial effect of losartan was 

confirmed in a small observational study with 18 MFS children with a severe aortic dilatation. However, 

in this study a highly variable response to losartan was observed11.  

Losartan is widely used for the treatment of hypertension and congestive heart failure. In addition to its 

anti-hypertensive effects, anti-inflammatory effects, reduction in platelet aggregation and the risk of 

diabetes type 2 has been suggested12, 13. Losartan is metabolized in the liver by cytochrome-P450 into two 

major metabolites: EXP3174 with predominantly AT1 receptor blocking effects and EXP3179 which 

exhibits anti-inflammatory and beneficial metabolic effects in an AT1 receptor independent fashion14. 
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Losartan decreases TGF-β signaling in tissues by reducing the expression of TGF-β ligands, receptors and 

activators15, 16. In MFS mice, both canonical (Smad-dependent) and non-canonical TGF-β signaling drive 

the aortic aneurysm development which is antagonized by losartan17, 18. However, the exact mechanism of 

TGF-β attenuation by losartan in MFS is not fully elucidated.  

In this study we explored the role of TGF-β as a prognostic and therapeutic biomarker in MFS. In 

addition, we investigated immediate molecular effects of losartan after therapy initiation on TGF-β blood 

levels and gene expression. We hypothesized that the molecular parameters of this immediate effect could 

be used as a biomarker of losartan therapy response in MFS patients if losartan proves to be clinically 

effective.   

METHODS 

MFS patients were the participants of the COMPARE trial 19, a randomized open-label trial investigating 

effects of losartan on aortic root dilatation in adult MFS patients on-top of beta-blockers. TGF-β levels 

were measured in plasma blood samples of participants at baseline and after one month losartan therapy. 

At the same time points transriptome wide gene expression in skin fibroblasts was assessed.  

Patients 

Present study is a sub-study of the COMPARE study19. The COMPARE study is a randomized 

clinical trial investigating effects of losartan on a wide range of clinical and molecular parameters in 

Marfan patients, which is still ongoing. Included patients were adults with an established diagnosis of 

MFS by Ghent Criteria 20, receiving no other cardiovascular medication than β-blockers. Patients were 

randomized to receive 100 mg losartan or no additional treatment. Healthy controls were recruited among 

the spouses and not affected siblings of MFS patients. Biological material sampling and the trial were 

conducted with approval from institutional review boards in four participating academic hospitals in the 

Netherlands (Academic Medical Centre Amsterdam; Radboud University Nijmegen Medical Centre; 



139 

 

Leiden University Medical Centre; University Medical Centre Groningen). Written informed consent was 

obtained from all participants. The COMPARE trial is registered: NTR1423. 

Patients were seen by a physician with experience in MFS at inclusion when all clinical features 

of MFS and medication were assessed. Aortic root diameters were measured by means of 

echocardiography according to the guidelines of European Society of Cardiology21.  Aortic root 

distensibility was measured by means of Magnetic Resonance Imaging (MRI) using methods described 

before22.    

Biological material 

Plasma sampling in MFS patients was performed at inclusion and after 1 month of losartan 

therapy. At the same time genome wide gene expression was assessed. Blood sampling in healthy 

controls was performed at one time point. EDTA blood was immediately stored on ice and processed 

within 30 minutes. Blood was centrifuged on 4 C°, 3220 rcf, for 10 minutes and snap frozen in aliquots in 

order to avoid repetitive thawing.   

Punch skin biopsies were taken from the upper thigh of patients after local anesthesia with ethyl 

chloride spray. In losartan treated patients, biopsies were repeated in proximity of the initial biopsy 

localization after one month of losartan therapy. Biopsies were immediately snap frozen in liquid nitrogen 

and stored at -80 °C until further processing.  

TGF-β measurements  

TGF-β levels were assessed in EDTA plasma samples.  Total TGF-β1, i.e. latent and active TGF-β, was 

determined with an ELISA using a commercially available kit (R&D Systems, Minneapolis, USA). The 

neo-epitope in active TGF-β that is recognized by the antibody pair is induced in latent TGF-β1 by acid-

activation (with 1M HCl).  
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Mutation detection and classification 

Mutation detection was performed using standard clinically available methods. In brief, mutation 

screening, with the consent of the patient, was performed by using either Single-Strand Conformation 

Polymorphism (SSCP) analysis, denaturing high-performance liquid chromatography, heteroduplex 

analysis, long-range RT-PCR, or direct sequencing of RNA extracted from cell lines or of genomic DNA 

from peripheral-blood samples. Pathogenic nature of the putative mutation was assessed using standard 

methods described earlier, also applied in the patient care 23-27.   

Furthermore, mutations were classified based on the effect on the fibrillin-1 protein in two major classes: 

mutations most likely leading to production of less or no mutant protein and mutations leading to 

dominant negative effect of the mutant protein  on the wild-type allele of FBN1. A full list of mutations 

and their classification are given in Supplementary table 1. 

Mutations leading to less fibrillin1- protein were considered to be: 

- Nonsense or frameshift mutations leading to a zero-allele as a consequence of nonsense mediated 

decay 

- Haploinsufficiency 

- Mutations leading to very short truncated protein 

- Missense mutations leading to degradation of the mutant protein 28. 

Mutations predicted to cause dominant negative effect were: 

- Mutations leading to exon skipping and thus shorter protein 

- Late nonsense mutations leading to shorter protein but close to the splice site not causing 

nonsense mediated decay 
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- Missense mutations leading to incorporation of stabile mutant protein into fibrils 

Predictions of mutation effects were made using Alamut software version 1.5 (http://www.interactive-

biosoftware) and predictions of glycosilation alterations due to mutations were made using YinOYang 1.2 

server (http://www.cbs.dtu.dk/services/YinOYang/). 

RNA isolation  

Full skin punch biopsies of 4 mm (~5-15 mg) were used to isolate total RNA. Skin biopsies were 

pulverized in liquid nitrogen and transferred to 1.5 ml tubes containing Qiazol (Qiagen Hilden, Germany). 

Crude RNA extractions were obtained according to the manufacturer’s instructions with the addition of 

Phase-Lock Gel Heavy (5 Prime) to obtain a better phase separation. The crude RNA fractions were 

further purified with the RNeasy Minelute Cleanup Kit (Qiagen Hilden, Germany) according to Appendix 

D protocol: RNA Cleanup after Lysis and Homogenization with QIAzol Lysis Reagent. RNA yield was 

measured on a Nanodrop ND-1000 (Thermo Fisher Scientific, Bremen, Germany) and the RNA quality 

was investigated on the BioAnalyzer 2100 (Agilent Technologies, Palo Alto, CA) with the RNA 6000 

Pico Chip Kit (Agilent Technologies, Palo Alto, CA). Only RNA samples with sufficient yield and RIN-

values above 6.5 were used for analysis.  

Microarrays  

Sense-strand cDNA was generated from total RNA using Ambion WT Expression Kit (Applied 

Biosystems, Foster City, CA) according to the  manufacturer’s instructions. Further steps were performed 

using manufacturer’s protocols for the GeneChip platform (Affymetrix, Santa Clara, CA). Those included 

purification of double-stranded cDNA, synthesis of cRNA by in vitro transcription, recovery and 

quantitation of biotin-labeled cRNA, fragmentation of this cRNA and subsequent hybridization to the 

microarray slide, posthybridization washings and detection of the hybridized cRNA using a streptavidin-

coupled fluorescent dye. Hybridized Affymetrix Arrays were scanned using the Gene-Chip Scanner 3000-
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7G (Affymetrix, Santa Clara, CA). Image generation and feature extraction were performed using 

Affymetrix GCOS Software v1.4.0.036 (Affymetrix, Santa Clara, CA). 

Statistical analysis 

Differences and correlations of plasma TGF-β levels  and different phenotypes were analyzed using 

(paired) t-test and linear regression modeling in the “stats” package of the R program (R Development 

Core Team (2010). R: A language and environment for statistical computing. R Foundation for Statistical 

Computing, Vienna, Austria.http://www.R-project.org).  Distribution of clinical features among the 

groups was tested using Chi-square test and Fisher-exact test in R program. Microarray data were 

analyzed using paired univariate linear regression analysis with permutation testing using Significance 

Analysis of Microarrays package 29 in R program. Gene set analysis was performed using globaltest 

package in R program 30.  

RESULTS 

We included 99 MFS patients enrolled in the COMPARE trial of whom 42 were treated with losartan. 

Patients’ characteristics are presented in Table 1. Plasma TGF-β levels were also measured in 22 healthy 

volunteers, mean age 33 years (SD=9 years), 10 men (45%).  

 High plasma TGF-β levels were associated with severe aortic disease in MFS  

We first compared plasma TGF-β levels between MFS patients and healthy controls. Mean 

baseline plasma TGF-β level in MFS patients (126 pg/ml, SEM=21 pg/ml) was significantly higher than 

in healthy controls (53.6 pg/ml, SEM=8.7 pg/ml, p=0.002) (Figure 1).  
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Table 1: Patients characteristics 

Clinical features 
99 patients  

n (%) 
High TGF-β,  

30 MFS patients 
Normal TGF-β,  
69 MFS patients 

Mean age (SD)* 36 (11) 39 (12) 34 (11) 

Sex (male) 58 (58) 33 (57) 39 (58) 

β-blocker 73 (74) 21 (70) 52 (75) 

Cardiovascular    

 Aortic root dilatation† 84 (85) 30 (100) 54 (78) 

 Mean aortic root diameter, mm (SD) † 44 (5) 46 (4) 43 (5) 

 Aortic root operation 29 (29) 11 (37) 18 (26) 

 Mitral valve prolapsed 46 (46) 16 (53) 30 (43) 

 Dilatation of distal aorta 5 (3) 2 (7) 3 (4) 

 
Mean distensibility of aorta ascendens 
(SD), †  0.0034 (0.0019) 0.0024 (0.0015) 0.0036 (0.0019) 

Ocular    

 Lens dislocation 47 (47) 14 (47) 33 (48) 

Skeletal    

 Thumb and wrist sign 53 (53) 14 (47) 39 (56) 

 Pectus deformity*,‡ 55 (55) 12 (40) 43 (62) 

 Scoliosis 29 (29) 9 (30) 21 (30) 

 Hindfoot deformity 48 (48) 16 (53) 32 (46) 

 Joint hypermobility 22 (22) 6 (20) 16 (27) 

 Reduced elbow extension 15 (15) 5 (17) 11 (16) 

Other    

 Pneumothorax 15 (15) 7 (23) 8 (11) 

 Striae 68 (69) 18 (60) 50 (72) 

Note: Frequencies are given in patients numbers (%) if not indicated otherwise. SD –standard deviation; High 
versus normal TGF-β levels were defined based on the TGF-β levels in healthy volunteers:>/<135 pg/ml (mean 
value +2SD).   * -p=0.07 ; †- p<0.05; ‡Severe pectus excavatum and pectus carinatum were pooled together 
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Figure 1:  
MFS patients had significantly higher 
plasma TGF-β than healthy controls. 
Plasma TGF-β levels are shown in 
logarithmic scale. 

Figure 2: 
 Patients with high plasma TGF-β levels 
had more severe cardiovascular 
phenotype. A: All patients with high 
baseline TGF-β levels (>135 pg/ml) had 
dilated aortic root. B: Baseline plasma 
TGF-β levels correlated significantly with 
absolute aortic root diameters (regression 
prediction lines with 95% confidence 
intervals). C: Significant correlation of 
baseline plasma TGF-β levels with age 
were also observed  (regression prediction 
lines with 95% confidence intervals, TGF-
β levels are shown in logarithmic scale). 
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Next, we investigated whether patients with high plasma TGF-β levels had distinct clinical 

features. A threshold of 135 pg/ml was set based on the plasma TGF-β in healthy controls (mean plasma 

TGF-β +2SD). Patients were divided in two groups based on baseline plasma TGF-β levels: 30 MFS 146 

patients (30%) with high baseline plasma TGF-β levels (>135 pg/ml) and 69 (70%) with normal plasma 

TGF-β levels (<135 pg/ml). The distribution of clinical features in these groups is shown in Table 1. 

Interestingly, all patients with high TGF-β had aortic root dilatation (OR=inf, 95% CI:0-0.7; p=0.004) 

(Figure 2A); absolute aortic root diameter correlated with plasma TGF-β (β= 0.01, t=1.9, p=0.05) (Figure 

2B). Aortic root distensibility was lower (t=-2.5; p=0.02) (Table 1), indicating that these patients had 

more severe aortic disease. Furthermore, plasma TGF-β levels correlated with the age (β=2.5; 95% 

CI=0.43-4.5, p=0.02) (Figure 2C). Patients treated with beta-blockers had comparable plasma TGF-β 

levels to patients without beta-blockers (p-0.91) (Figure 2D). In addition, pectus deformities were more 

frequent in patients with high plasma TGF-β (t=1.9, p=0.07). 

Effects of losartan on plasma TGF-β levels 

In 42 patients who were randomized to losartan treatment, effects of losartan on plasma TGF-β 

levels after one month therapy were analyzed. Losartan showed no significant reduction of the average 

circulating TGF-β in plasma blood of all 42 treated patients (mean difference 101 pg/ml; 95% CI: -27:229 

pg/ml; p=0.12). However, there was a large variability in patients’ responses in terms of plasma TGF-β 

levels: in 15 patients (36%) plasma TGF-β levels reduced after the therapy initiation (responders), while 

in 27 (64%) patients either no change or an increase in plasma TGF-β levels were seen (non-responders). 

In responders, baseline TGF-β levels were significantly higher than in non-responders (189 ng/ml vs 93.5 

ng/ml, p=0.05) and reduced after 1 month of therapy to the level which was not different from the plasma 

TGF-β levels in healthy controls (t=1; p=0.31) Figure 3. 

 



146 

 

Figure 3  

 

Figure 3: In 36% of MFS patients (responders) losartan showed a decrease in plasma TGF-β levels after 1 month of 

treatment. Mean plasma TGF-β levels reduced to an average of 77 pg/ml which was not different from plasma TGF-

β levels in healthy controls. In other 64 % of MFS patients no reduction of plasma TGF-β was observed (non-

responders). Responders had significantly higher baseline TGF-β levels than non-responders. TGF-β levels are 

shown in logarithmic scale. 

 

To investigate whether responders were a clinically distinct group of patients, we compared the 

disease severity between responders and non-responders. (Table 2). Although no statistically significant 

differences were found, cardio-vascular profile of responders seemed more severe than that of non-

responders (Table 2). Responders were on average also slightly older than the non-responders, which is in 

concordance with higher TGF-β levels. The distribution of clinical features was therefore comparable to 

that of patients with high and normal baseline TGF-β. Interestingly, β-blocker therapy independently of 

dosage did not influence the response to losartan therapy or the baseline TGF-β levels (Table 2).  
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Table 2 Differences in clinical features and FBN1 genotype between responders and non-responders 

Clinical features 42 MFS patients, n (%) 15 responders 27 non-responders 

Mean age (SD) 36 (11) 38 (10) 35 (11) 

Sex (male) 25 (59) 7 (47) 18 (67) 

Cardiovascular    

 AoR dilatation 37 (88) 15 (100) 22 (81) 

 Mean AoR diameter (SD) 44 (5) 45 (4) 43 (6) 

 AoR operation 13 (31) 4 (27) 9 (33) 

 Mean age AoR operation (SD) 31 (14) 31 (11) 31 (15) 

 MV prolapsed 29 (69) 12 (80) 17 (63) 

 MV repair 4 (9) 1 (7) 3 (11) 

 FH of dissection 18 (43) 6 (40) 12 (44) 

 Dilatation of distal aorta 5 (12) 2 (13) 3 (11) 

 
Distensibility of a. ascendens 
(mmHg-1)  0.0030 ( 0.0020) 

0.0025 
(0.0016) 0.0034 (0.0021) 

β-blocker 33 (78) 11 (73) 22 (81) 

 dosage >=100 mg  19 (57) 6 (40) 13 (48) 

 dosage <100 mg  14 (43) 5 (33) 9 (33) 

Mutation*    

 dominant negative effect 24 (71) 14 (100) 10 (50) 

 less protein 10 (29) 0 (0) 10 (50) 
Note: Values are given in absolute numbers (percentage) if not otherwise indicated.  
SD –standard deviation; AoR – aortic root ; a.-aorta; MV-mitral valve; FH-family history 
* p=0.002. In 36 patients a FBN1 mutation was found; in three patients mutation analysis was not performed and in 
three patients (8%) no mutation in FBN1, TGFBR1, TGFBR2 and ACTA2 genes was found. In two patients effects 
on the protein could not be predicted 

 

Next, genotypes of responders and non-responders were compared. Interestingly, all responders carried a 

FBN1 mutation leading to a dominant negative effect on the normal fibrilline-1 allele, while all mutations 

leading to less fibrillin-1 protein were in the group of non-responders (Table 2). This difference was 

statistically significant (OR=0; 95% CI: 0-0.43; p=0.002). As responders also had higher baseline TGF-β 

levels than non-responders, we compared baseline TGF-β between the two genotype groups in order to 

investigate the contribution of genotype to circulating TGF-β levels. Patients carrying FBN1 mutations 

leading to dominant negative effect had higher plasma TGF-β levels (mean+/-SEM: 169 +/- 32 pg/ml) 
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compared to patients carrying mutations leading to less fibrillin-1 production (mean+/-SEM: 50+/- 27 

pg/ml; t=2.9, p=0.008). (Figure 4) 

 

Figure 4: Effects of mutation type on plasma 
TGF-β levels. Plasma TGF-β was significantly 
higher in MFS patients carrying a FBN1 
mutation leading to a dominant negative effect 
on fibrillin-1 protein level than in patients with 
a FBN1 mutation leading to less fibrillin-1 
production (mean+/-SEM: 169 +/- 32 pg/ml 
versus 50+/- 27 pg/ml; t=2.9, p=0.008). 
Dominant negative mutations lead to a 

structurally defect fibrillin-1 protein which is incorporated in fibrils, antagonizes the product of the normal allele 
and results most probably in more TGF-β activation than in mutations leading simply to less fibrillin-1 protein 
production. TGF-β levels are shown in logarithmic scale. 

 

As baseline plasma TGF-β was higher in the responders than non-responders, we investigated 

whether this process could also be seen on gene expression level. Therefore we compared baseline gene 

expression profiles across the groups of responders and non-responders in whom gene expression 

measurements were available (n=6 and n=10 respectively). Responders had also higher expression levels 

of TGFβ-induced factor homeobox 2-like (TGIF2LY) gene in skin (FDR=0%), which reduced to the 

levels seen in non-responders after 1 month of losartan therapy (t=3, p=0.03), Figure 5.  

Figure 5: Differences in 
baseline gene expression 
pattern in skin between 
responders and non 
responders. In responders, 
baseline levels of TGIF2LY 
gene was higher than in non-
responders and significantly 
reduced after 1 month of 
losartan therapy. FDR-false 
discovery rate 
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Effects of losartan on gene expression of the connective tissue 

When transcriptome wide gene expression changes after one month of losartan therapy were 

investigated, expression of 59 genes was significantly up-regulated (FDR<5%), Supplementary Table 

2.Most genes were involved in lipid metabolism, which was confirmed when these genes were tested for 

functional annotation with significance level of <0.01 in the KEGG and Gene Ontology (GO) databases. 

According to the KEGG database, three pathways were significantly overrepresented: proteasome, steroid 

biosynthesis and peroxisome proliferator-activated receptor (PPAR) signaling pathways. According to the 

GO, 22 hits for GO biological process were significant, with lipid metabolism and ubiquitin-protein ligase 

pathways predominating (data not shown).  

As losartan seemed to have effects on TGF-β pathway, lipid metabolic pathway and 

inflammation, we investigated on gene expression level which pathway is most affected after initiation of 

losartan therapy ( i.e. after 1 month of treatment) on gene expression level, using gene set analysis 

approach. We investigated five pathways (Table 3). TGF-β receptor signaling pathway (GO: 0007179) 

and TGF-β production pathway (GO:0071604) revealed the lowest p-values (p=0.07 and p=0.04 

respectively). 

Table 3 Pathway specific gene set analysis of gene expression changes after 1 month of losartan therapy  

Pathway GO ID Number of genes p-value 

TGF-β receptor signaling pathway GO:0007179 149 0.07 

TGF-β production GO:0071604  77 0.04 

Lipid metabolic process GO:0006629 541 0.12 

Inflammatory response GO:0006954 1576 0.15 

Renin-angiotensin blood pressure regulation GO:0003081 19 0.22 
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DISCUSSION 

This study showed two prominent novel findings: a highly variable response between losartan treated 

patients in terms of plasma TGF-β reduction and a correlation of aortic disease severity with plasma TGF-

β levels in MFS patients.  

Only 36% of treated patients had a reduction of plasma TGF-β after initiation of therapy 

(responders). Interestingly, TGF-β was reduced to normal levels. These patients had higher baseline TGF-

β levels, more severe aortic disease and a distinct FBN1 genotype compared to non-responders. Similar 

baseline TGF-β levels dependent response to losartan therapy was previously found by Esmatjes et al in 

diabetes mellitus patients31. Losartan reduced albuminuria and TGF-β levels only in those patients who 

had increased baseline TGF-β. In our study, responders always had a FBN1 genotype leading to a 

dominant negative effect on fibrillin-1 protein level. Dominant negative mutations lead to a structurally 

defect fibrillin-1protein which is incorporated in fibrils and antagonizes the product of the normal FBN1 

allele. These mutations have a more severe effect on microfibril structure than mutations simply leading 

to less protein production. Microfibrils bind TGF-β precursors and keep it in inactive form. In that light, 

dominant negative mutations are expected to lead to more TGF-β activation as we found in our patient 

population. On gene expression level, responders had increased levels of TGIF2LY  gene, which belongs 

to a TGF-β induced homeobox family of transcription factors. Its’ levels decreased significantly after 

losartan therapy. TGIF2LY is situated on the Y chromosome in a block of sequence that is considered to 

be the result of a large X-to-Y chromosome transposition32. It has a homolog TGIF2LX on X chromosome 

which is structurally very similar. Cross-hybridization on the microarray is therefore likely33, thus 

expression levels measured probably reflect the expression levels of both genes. 

To the best of our knowledge, this is the first study which found a correlation of plasma TGF-β levels 

and aortic phenotype in MFS patients. Patients with high plasma TGF-β levels had more severe aortic 

root disease. However, these patients were also slightly older than those with normal TGF-β levels. This 
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suggests plasma TGF-β increases with age, just as aortic root dilatation is age-dependent. Our patient 

population consisted of average adult MFS patients in whom the age-dependent aspect of the disease is 

most prominent with aortic root dilatation generally occurring between 20 and 40 years of age 3. Plasma 

TGF-β may  therefore serve as a biomarker of aortic disease progression, although a comprehensive 

prospective study of TGF-β levels in most severe young MFS patients would be of additional benefit in 

defining the role of plasma TGF-β levels as a biomarker of aortic disease.  Plasma TGF-β levels in our 

patient population were markedly lower than in MFS patients reported by Matt et al34. This can probably 

be explained by different blood collection and processing protocols, as plasma TGF-β has a very short 

half-time in blood 35 and is released by different blood cells, predominantly platelets. In our study, blood 

samples were processed in a uniform way which allows a comparison. This issue may be a problem for 

defining the absolute inter-laboratory thresholds for initiation of losartan therapy if plasma TGF-β proves 

to be a good biomarker of its clinical effects.  

 Interestingly, plasma TGF-β levels were similar in β-blockers treated MFS patients and those without 

beta-blockers. In addition, prospective reduction of plasma TGF-β levels was not dependent on additional 

beta-blocking therapy. Therefore, we demonstrated that losartan reduces plasma TGF-β levels in MFS 

patients already treated with beta-blockers. This is the first study indicating that losartan might have 

superior effects on top of beta-blockers in adult MFS patients, although the clinical relevance of this 

finding still needs to be confirmed. The only other observational study investigating circulating TGF-β 

levels in MFS patients by Matt et al. found that patients treated with losartan and beta-blockers had same 

circulating TGF-β levels as those on beta-blockers only34. Several studies linked β-adrenergic and TGF-β 

signaling. In our population, however, beta-blockers did not show lowering effects on plasma TGF-β. 

Beta-blockers reduce the structural damage of the aortic root through their negative chronotropic and 

inotropic effects. Therefore, beta-blockade might indirectly reduce TGF-β activation as a remodeling 

mediator. Losartan, however, has more direct effects on TGF-β signaling pathway and reduces both TGF-
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β expression and activation36. In line with this evidence, on gene expression level in skin we found that 

losartan modified the TGF-β production and signaling pathway.  

The main limitation of this study is a short follow-up and no information on clinical response to 

losartan therapy. Although a clinical response is not expected after such a short period of time and the 

clinical trial is still running, our findings raise the question whether clinical response is expected in only 

about 35% of adult MFS patients. Two possible explanations for such a low response rate could be low 

therapy compliance and the problem of reaching the molecular effects with a clinical dosage of losartan. 

The first problem is perhaps less likely in our study design because molecular response was measured 

after a short period after therapy initiation (1 month) in motivated participants at the first study visit to 

evaluate the side effects of the drug. Second explanation – the problem of reaching molecular effects with 

clinical dosage of losartan- might be of greater concern. In addition, this molecular response might be 

more time consuming or indirect in certain patients and clinical response would be of a great additional 

value to evaluating this problem.  

In conclusion, plasma TGF-β levels are significantly higher in MFS patients than healthy controls and 

correlate with the absolute aortic diameters in MFS patients. Losartan reduced circulating TGF-β levels 

only in 36% of treated patients after therapy initiation to normal levels, irrespective of additional beta-

blocker treatment. These patients had higher plasma TGF-β levels, more severe aortic disease and a 

distinct FBN1 genotype compared to non-responders. Losartan therapy response seemed dependent on the 

level of TGF-β activation which was supported on transcriptional level in skin. Together, these findings 

introduce the role of plasma TGF-β as a possible prognostic and therapeutic biomarker and support the 

expected clinical outcome of losartan therapy- a superior reduction of aortic dilatation in a subgroup of 

MFS patients. 

   ACKNOWLEGMENTS : We thank the Microarray department for RNA isolation and performing the 
microarrays.  



153 

 

FUNDING SOURCES: This work is funded by a grant of the Netherlands Heart Foundation (2008B115) and 
Fighting Aneurismal Disease (FAD) European project. 

DISCLOSURES: All authors declare no competing interests.  



154 

 

REFERENCES 

 

 (1)  Judge DP, Dietz HC. Marfan's syndrome. Lancet. 2005;366(9501):1965-76. 

 (2)  Nollen GJ, Groenink M, Van Der Wall EE, Mulder BJ. Current insights in diagnosis and management of 
the cardiovascular complications of Marfan's syndrome. Cardiol Young. 2002;12(4):320-7. 

 (3)  Meijboom LJ, Timmermans J, Zwinderman AH, Engelfriet PM, Mulder BJ. Aortic root growth in men and 
women with the Marfan's syndrome. Am J Cardiol. 2005;96(10):1441-4. 

 (4)  Mulder BJ. The distal aorta in the Marfan syndrome. Neth Heart J. 2008;16(11):382-6. 

 (5)  Dietz HC, Cutting GR, Pyeritz RE, Maslen CL, Sakai LY, Corson GM, Puffenberger EG, Hamosh A, 
Nanthakumar EJ, Curristin SM, Stetten G, Meyers AM, Francomano CA. Marfan syndrome caused by a 
recurrent de novo missense mutation in the fibrillin gene. Nature 1991;352(6333):337-9. 

 (6)  Neptune ER, Frischmeyer PA, Arking DE, Myers L, Bunton TE, Gayraud B, Ramirez F, Sakai LY, Dietz 
HC. Dysregulation of TGF-beta activation contributes to pathogenesis in Marfan syndrome. Nat Genet. 
2003;33(3):407-11. 

 (7)  Ramirez F, Dietz HC. Fibrillin-rich microfibrils: Structural determinants of morphogenetic and homeostatic 
events. J Cell Physiol .2007;213(2):326-30. 

 (8)  Cohn RD, van Erp C, Habashi JP, Soleimani AA, Klein EC, Lisi MT, Gamradt M, ap Rhys CM, Holm TM, 
Loeys BL, Ramirez F, Judge DP, Ward CW, Dietz HC. Angiotensin II type 1 receptor blockade attenuates 
TGF-beta-induced failure of muscle regeneration in multiple myopathic states. Nat Med. 2007;13(2):204-
10. 

 (9)  Habashi JP, Judge DP, Holm TM, Cohn RD, Loeys BL, Cooper TK, Myers L, Klein EC, Liu G, Calvi C, 
Podowski M, Neptune ER, Halushka MK, Bedja D, Gabrielson K, Rifkin DB, Carta L, Ramirez F, Huso 
DL, Dietz HC. Losartan, an AT1 antagonist, prevents aortic aneurysm in a mouse model of Marfan 
syndrome. Science. April ;312(5770):117-21. 

 (10)  Ng CM, Cheng A, Myers LA, Martinez-Murillo F, Jie C, Bedja D, Gabrielson KL, Hausladen JM, Mecham 
RP, Judge DP, Dietz HC. TGF-beta-dependent pathogenesis of mitral valve prolapse in a mouse model of 
Marfan syndrome. J Clin Invest. 2004;114(11):1586-92. 

 (11)  Brooke BS, Habashi JP, Judge DP, Patel N, Loeys B, Dietz HC, III. Angiotensin II blockade and aortic-
root dilation in Marfan's syndrome. N Engl J Med. 2008;358(26):2787-95. 

 (12)  Dahlöf B, Devereux RB, Kjeldsen SE, Julius S, Beevers G, de Faire U, Fyhrquist F, Ibsen H, Kristiansson 
K, Lederballe-Pedersen O, Lindholm LH, Nieminen MS, Omvik P, Oparil S, Wedel H; LIFE Study Group. 
Cardiovascular morbidity and mortality in the Losartan Intervention For Endpoint reduction in 
hypertension study (LIFE): a randomised trial against atenolol. Lancet. 2002;359(9311):995-1003. 

 (13)  Krämer C, Sunkomat J, Witte J, Luchtefeld M, Walden M, Schmidt B, Tsikas D, Böger RH, Forssmann 
WG, Drexler H, Schieffer B. Angiotensin II receptor-independent antiinflammatory and antiaggregatory 
properties of losartan: role of the active metabolite EXP3179. Circ Res. 2002;90(7):770-6. 

 (14)  Watanabe T, Suzuki J, Yamawaki H, Sharma VK, Sheu SS, Berk BC. Losartan metabolite EXP3179 
activates Akt and endothelial nitric oxide synthase via vascular endothelial growth factor receptor-2 in 



155 

 

endothelial cells: angiotensin II type 1 receptor-independent effects of EXP3179. Circulation. 
2005;112(12):1798-805. 

 (15)  Fukuda N, Hu WY, Kubo A, Kishioka H, Satoh C, Soma M, Izumi Y, Kanmatsuse K. Angiotensin II 
upregulates transforming growth factor-beta type I receptor on rat vascular smooth muscle cells. Am J 
Hypertens 2000;13(2):191-8. 

 (16)  Wolf G, Ziyadeh FN, Stahl RA. Angiotensin II stimulates expression of transforming growth factor beta 
receptor type II in cultured mouse proximal tubular cells. J Mol Med. 1999;77(7):556-64. 

 (17)  Habashi JP, Doyle JJ, Holm TM, Aziz H, Schoenhoff F, Bedja D, Chen Y, Modiri AN, Judge DP, Dietz 
HC. Angiotensin II type 2 receptor signaling attenuates aortic aneurysm in mice through ERK antagonism. 
Science. 2011;332(6027):361-5. 

 (18)  Holm TM, Habashi JP, Doyle JJ, Bedja D, Chen Y, van Erp C, Lindsay ME, Kim D, Schoenhoff F, Cohn 
RD, Loeys BL, Thomas CJ, Patnaik S, Marugan JJ, Judge DP, Dietz HC. Noncanonical TGFbeta signaling 
contributes to aortic aneurysm progression in Marfan syndrome mice. Science. 2011;332(6027):358-61. 

 (19)  Radonic T, de Witte P, Baars MJ, Zwinderman AH, Mulder BJ, Groenink M; COMPARE study group. 
Losartan therapy in adults with Marfan syndrome: study protocol of the multi-center randomized controlled 
COMPARE trial. Trials.2010;11(1):3. 

 (20)  De PA, Devereux RB, Dietz HC, Hennekam RC, Pyeritz RE. Revised diagnostic criteria for the Marfan 
syndrome. Am J Med Genet. 1996;62(4):417-26. 

 (21)  Baumgartner H, Bonhoeffer P, De Groot NM, de Haan F, Deanfield JE, Galie N, Gatzoulis MA, Gohlke-
Baerwolf C, Kaemmerer H, Kilner P, Meijboom F, Mulder BJ, Oechslin E, Oliver JM, Serraf A, Szatmari 
A, Thaulow E, Vouhe PR, Walma E, Vahanian A, Auricchio A, Bax J, Ceconi C, Dean V, Filippatos G, 
Funck-Brentano C, Hobbs R, Kearney P, McDonagh T, Popescu BA, Reiner Z, Sechtem U, Sirnes PA, 
Tendera M, Vardas P, Widimsky P, McDonagh T, Swan L, Andreotti F, Beghetti M, Borggrefe M, Bozio 
A, Brecker S, Budts W, Hess J, Hirsch R, Jondeau G, Kokkonen J, Kozelj M, Kucukoglu S, Laan M, Lionis 
C, Metreveli I, Moons P, Pieper PG, Pilossoff V, Popelova J, Price S, Roos-Hesselink J, Uva MS, Tornos 
P, Trindade PT, Ukkonen H, Walker H, Webb GD, Westby J. ESC Guidelines for the management of 
grown-up congenital heart disease (new version 2010). Eur Heart J. 2010;31(23):2915-57. 

 (22)  Groenink M, Mulder BJ. Severe cardiovascular features of marfan syndrome in childhood: just another 
manifestation or a specific entity? Int J Cardiovasc Imaging. 2004;20(4):269-70. 

 (23)  Dietz HC, Pyeritz RE. Mutations in the human gene for fibrillin-1 (FBN1) in the Marfan syndrome and 
related disorders. Hum Mol Genet. 1995;4 Spec No:1799-809. 

 (24)  Shapiro MB, Senapathy P. RNA splice junctions of different classes of eukaryotes: sequence statistics and 
functional implications in gene expression. Nucleic Acids Res. 1987;15(17):7155-74. 

 (25)  Senapathy P, Shapiro MB, Harris NL. Splice junctions, branch point sites, and exons: sequence statistics, 
identification, and applications to genome project. Methods Enzymol. 1990;183:252-78. 

 (26)  Beroud C, Hamroun D, Collod-Beroud G, Boileau C, Soussi T, Claustres M. UMD (Universal Mutation 
Database): 2005 update. Hum Mutat. 2005;26(3):184-91. 

 (27)  Downing AK, Knott V, Werner JM, Cardy CM, Campbell ID, Handford PA. Solution structure of a pair of 
calcium-binding epidermal growth factor-like domains: implications for the Marfan syndrome and other 
genetic disorders. Cell .1996;85(4):597-605. 



156 

 

 (28)  Schrijver I, Liu W, Brenn T, Furthmayr H, Francke U. Cysteine substitutions in epidermal growth factor-
like domains of fibrillin-1: distinct effects on biochemical and clinical phenotypes. Am J Hum Genet. 
1999;65(4):1007-20. 

 (29)  Tusher VG, Tibshirani R, Chu G. Significance analysis of microarrays applied to the ionizing radiation 
response. Proc Natl Acad Sci USA .2001;98(9):5116-21. 

 (30)  Goeman JJ, van de Geer SA, de KF, van Houwelingen HC. A global test for groups of genes: testing 
association with a clinical outcome. Bioinformatics. 2004;20(1):93-9. 

 (31)  Esmatjes E, Flores L, Inigo P, Lario S, Ruilope LM, Campistol JM. Effect of losartan on TGF-beta1 and 
urinary albumin excretion in patients with type 2 diabetes mellitus and microalbuminuria. Nephrol Dial 
Transplant. 2001;16 Suppl 1:90-3. 

 (32)  Skaletsky H, Kuroda-Kawaguchi T, Minx PJ, Cordum HS, Hillier L, Brown LG, Repping S, Pyntikova T, 
Ali J, Bieri T, Chinwalla A, Delehaunty A, Delehaunty K, Du H, Fewell G, Fulton L, Fulton R, Graves T, 
Hou SF, Latrielle P, Leonard S, Mardis E, Maupin R, McPherson J, Miner T, Nash W, Nguyen C, Ozersky 
P, Pepin K, Rock S, Rohlfing T, Scott K, Schultz B, Strong C, Tin-Wollam A, Yang SP, Waterston RH, 
Wilson RK, Rozen S, Page DC. The male-specific region of the human Y chromosome is a mosaic of 
discrete sequence classes. Nature. 2003;423(6942):825-37. 

 (33)  Wang Y, Barbacioru C, Hyland F, Xiao W, Hunkapiller KL, Blake J, Chan F, Gonzalez C, Zhang L, 
Samaha RR.Large scale real-time PCR validation on gene expression measurements from two commercial 
long-oligonucleotide microarrays. BMC Genomics. 2006;7:59. 

 (34)  Matt P, Schoenhoff F, Habashi J, Holm T, Van Erp C, Loch D, Carlson OD, Griswold BF, Fu Q, De 
Backer J, Loeys B, Huso DL, McDonnell NB, Van Eyk JE, Dietz HC; GenTAC Consortium. Circulating 
transforming growth factor-beta in Marfan syndrome. Circulation. 2009;120(6):526-32. 

 (35)  Mangasser-Stephan K, Gressner AM. Molecular and functional aspects of latent transforming growth 
factor-beta binding protein: just a masking protein? Cell Tissue Res. 1999;297(3):363-70. 

 (36)  Shigeyama J, Yasumura Y, Sakamoto A, Ishida Y, Fukutomi T, Itoh M, Miyatake K, Kitakaze M. 
Increased gene expression of collagen Types I and III is inhibited by beta-receptor blockade in patients 
with dilated cardiomyopathy. Eur Heart J. 2005;26(24):2698-705. 



157 

 

Supplementary Table 1: FBN1 mutations of losartan treated MFS patient and their classification based on effects on fibrillin-1 protein: 

Mutation Aminoacid level Predicted or proven effect on the protein 

c.737-1G>A inframe deletion, exon 6 skip Dominant negative effect  

c.2216G>A Cys739Tyr Dominant negative effect  

c.4605T>A Tyr1535X Dominant negative effect  

c.7916A>G Tyr2639Cys Dominant negative effect  

Deletion exons50-63 inframe deletion Dominant negative effect  

c.5371T>C Cys1791Arg Dominant negative effect  

c.4526A>G Tyr1529Cys Dominant negative effect  

c.2181T>A Cys727X Dominant negative effect  

c.2462G>T Cys821Phe Dominant negative effect  

c.6997+5G>A splice error, exon skip Dominant negative effect  

c.364C>T Arg122Cys Dominant negative effect  

c.6038-1G>C splice error, exon skip Dominant negative effect  

c.6883T>C Cys2295Arg Dominant negative effect  

c.2132G>A Cyst711Tyr Dominant negative effect  

c.2638G>A Gly880Ser Dominant negative effect  

c.5437C>T Gln1813X Less fibrillin-1 protein  

c.6386A>G Asp2129Gly Less fibrillin-1 protein  

c.1011C>A Tyr337X Less fibrillin-1 protein  

c.5371T>C Cys1791Arg Dominant negative effect  

c.5504G>A Cys1853Tyr Less fibrillin-1 protein  

c.4942+2T>C splice error Less fibrillin-1 protein  

c.8015G>A Cys2672Tyr Dominant negative effect  

c.6548delA Frameshift Less fibrillin-1 protein  

c.4998C>G Silent no effect predicted, no fibroblasts available for analysis 
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Mutation Aminoacid level Predicted or proven effect on the protein 

c.3464-6C>A insertion of 4 bases leading to 
frameshift and 0-allele 

Less fibrillin-1 protein  

c.7940A>C Gln2617Pro no effect predicted, no fibroblasts available for analysis 

c.2638G>A Gly880Ser Dominant negative effect  

c.6616+1G>A splice error, exon skip Dominant negative effect  

c.4686C>A Cys1562X Less fibrillin-1 protein  

c.6806T>C Ile2269Thr Dominant negative effect  

c.656delA His219Pro Less fibrillin-1 protein  

c.1463G>T Cys488Phe Less fibrillin-1 protein  

deletionexons50-63 inframe deletion Dominant negative effect  

c.1076G>A Cys359Tyr Dominant negative effect  
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Gene FC FDR Function 

HNRNPH2 1.2 0.0 pre-mRNA processing 

ELOVL3 1.8 0.0 Skin barrier function 

PSMB5 1.2 0.0 Non-lysosomal ATP dependent protein cleavage 

KRT79 1.9 0.0 Skin barrier function 

PM20D1 2.2 0.0 - 

GAL 2.1 0.0 Neurotransmitter with neuroendocrine functions 

AWAT2 1.9 0.0 Lipid metabolism 

HNRNPH3 1.2 0.0 pre-mRNA processing 

ACSBG1 1.5 0.0 Lipid metabolism 

DGAT2L6 1.9 0.0 Lipid metabolism 

ACSM3 1.4 0.0 Lipid metabolism 

PSMB6 1.4 0.0 Non-lysosomal ATP dependant protein cleavage 

HMGCS1 1.4 0.0 Fatty acid and steroid metabolism 

PXMP2 1.2 0.0 Chanel forming protein of peroxismal membrane 

EIF3E 1.3 0.0 Cap-dependent translation initiation 

TMEM97 1.3 0.0 Cellular cholesterol levels regulation 

FUS 1.2 0.0 Component of the hnRNP complex 

FAR2 1.4 0.0 Fatty alcohol synthesis 

FADS1 1.6 0.0 Desaturation of fatty acids 

SOAT1 1.5 0.0 Cholesterol ether synthesis 

TMEM91 1.2 0.0 - 

CIDEA 1.3 0.0 Apoptosis 

FADS2 1.8 2.0 Desaturation of fatty acids 

TAF15 1.2 2.0 RNA transcription 

KARS 1.1 2.0 Class II family of tRNA synthetases 

AGPAT3 1.2 2.0 Phospholipids biosynthetic pathway 

MAGT1 1.1 2.0 Magnesium transporter on cell membrane 

NSDHL 1.2 2.0 Cholesterol  biosynthesis 

C7orf68 1.2 2.0  - 

NME1 1.2 2.0 Involved in methastatic cancer progression 

BCL2L2 1.1 2.0 Regulation of apoptosis 

MRPL28 1.1 2.0 Mitochondrial ribisomal protein 

RDH11 1.2 2.0 Short chain dehydrogenase, androgens metabolism 

FBP1 1.2 2.0 Gluconeogenesis 

INSIG1 1.3 2.6 Cholesterol metabolism, insulin induced 

SPINK1 1.3 2.6 Trypsin inhibitor 

LOC171220 1.2 2.6  - 

Supplementary Table 2: Genes after 1 month of losartan therapy  
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Gene FC FDR Function 

SLC27A2 1.4 2.6 Fatty acid metabolism 

SLMO2 1.2 2.6  - 

CYP4F8 1.4 2.6 Cytochrome P450 family 8 

RAB21 1.2 2.6 Intracellular vesicular targeting 

IDI1 1.2 2.6 Cholesterol biosynthesis 

PSMC5 1.1 2.6 Proteasome protein 

SEPX1 1.2 2.6 Transcription regulation 

SC5DL 1.2 2.6 Cholesterol biosynthesis 

HAO2 1.3 2.6 Glycolate metabolism 

PGRMC2 1.2 2.6 Steroid metabolism 

ACSL1 1.2 2.6 Fatty acid metabolism 

ME1 1.3 2.6 NADPH signaling 

PSMA7 1.1 2.6 Immunoproteasome (MHC I) 

S100A14 1.3 2.6 Ca++-dependent signal transduction 

HNRNPH1 1.1 2.6 pre-mRNA processing 

BRCC3 1.2 3.5 Member of BRCA1/2 containing complex; DNA repair 

OSTF1 1.2 3.5 Osteoclast formation and bone resorption 

ADFP 1.2 3.5 Lipid accumulation 

VPS29 1.1 3.5 Vacuolar transport 

SGK2 1.3 3.5 Serine/threonine protein kinase 

FDFT1 1.2 3.5 Cholesterol biosynthesis 

RCAN1 1.1 3.5 Regulation of calcineurin pathway 

 

 

Supplementary Table 3: Functional annotation of significantly changing genes after losartan therapy 

according to KEGG database 

Pathway KEGG ID Genes OR p-value 

Proteasome 03050 PSMB5,PSMB6,PSMC5,PSMA7 3.5 0.001 

Steroid biosynthesis 00100 SOAT1,NSDHL,SC5DL,FDFT1 4.9 0.00002 

PPAR signaling  03320 FADS2,SLC27A2,ACSL1,ME1 3.2 0.002 
Note: OR-Odds ratio when compared to the whole genome
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ABSTRACT 

Background: Quality of life (QoL) in patients with chronic disease is impaired and cannot be solely 

explained by disease severity. We explored whether genetic variability and activity contributes to QoL in 

patients with Marfan syndrome (MFS), a genetic connective tissue disorder.  

Methodology/Principal findings: 121 MFS patients completed the SF-36 to measure QoL and patient 

characteristics (i.e. demographics and MFS-related symptoms) were assessed. In addition, gene 

expression and Single Nucleotide Polymorphysms (SNPs) were available. QoL was first analyzed and 

associated with patient characteristics. Patients’ physical QoL was impaired and weakly related with age 

and scoliosis while mental quality of life was normal. To explain a largely lacking correlation between 

disease severity and QoL, we related genome wide gene expression to QoL. Patients with lower mental 

quality of life scores had high expression levels of CXCL9 and CXCL11 cytokine-related genes 

(p=0.001; p=0.002); similarly, patients with low vitality scores had high expression levels of CXCL9, 

CXCL11 and IFNA6 cytokine-related genes (p=0.02; p=0.02; p=0.04), independent of patient 

characteristics. Subsequently, we associated 484 cytokine related SNPs to QoL. Mental quality of life was 

associated with a SNP-cluster in the IL4R gene (strongest association p=0.0017). Although overall mental 

QoL was normal, >10% of patients had low scores for MCS and vitality. Post-hoc analysis of systemic 

inflammatory mediators showed that patients with lowest MCS and vitality scores had high levels of 

CCL11 cytokine (p=0.03; p=0.04).  

Conclusions/Significance: Variation in cytokine genetic pathway and its activation is related to mental 

QoL. These findings might allow us to identify and, ultimately, treat patients susceptible to poor QoL.
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INTRODUCTION 

Quality of life (QoL) is an emerging general parameter of patients well-being. Quality of life can be 

defined in various ways. It is a multifactorial concept consisting of individual perception of physical, 

psychological and social functioning[1]. In general, research has documented that patient characteristics, 

such as age, sex, racial, and psychological factors, such as mood states, and stress, influence patients' 

quality of life (QoL) [2–5]. However, there is a large variation between individuals that is not explained 

by these factors. This suggessts that intrinsic factors, i.e. individual genetic predisposition, contributes to 

ones perception of his or hers well-being. In diverse psychiatric and psycological states a genetic 

disposition is emerging as an important causative factor. Such examples are negative emotional states 

(e.g. depression) [6], positive emotional states (e.g. subjective well-being)[7], self-rated health [8], pain 

[9] and fatigue [10]. In addition, results from twin studies show that the heritability for subjective well-

being and life-satisfaction is up to 40-50%, while for both depression and anxiety is around 30-40% [11]. 

Different biological pathways have been associated with various QoL elements, i.e.  mood, overall well-

being, pain and fatigue [12]. Examples of these biological pathways are the hypothalamic-pituitary-

adrenal axis, immune, neuroendocrine, and cardiovascular systems [12].  

The genetic basis for QoL has been largely ignored. Recently, the GENEQOL Consortium was initiated 

aiming to investigate the genetic disposition of quality-of-life [13]. A first study by Rauch et al has shown 

that various single nucleotide polymorphisms (SNPs) in cytokine genes are related to QoL in lung cancer 

survivors [14]. 

 In this study we investigated the QoL and its’ genetic basis in Marfan syndrome (MFS) patients. 

It is a chronic heritable disorder involving many organ systems at young age[15]. Main features are aortic 

root dilatation with risk of sudden death, skeletal deformities resuliting from overgrowth of long bones 

and dislocation of ocular lens. Most of the features require regular medical follow-up and often operative 

treatment at young age [16]. Living with MFS can have a profound impact on daily life [17] and one 
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would expect impairments of patients’ QoL. Four studies have examined QoL in MFS patients [18–21]. 

Three of these studies reported impairments in physical QoL, while the mental QoL was similar compared 

to the normal population [18,20,21]. Only one study investigated the influence of disease characteristics 

on QoL and concluded that QoL can not be explaned by disease severity in these patients.  [20].  

 In this study we explored the QoL and the influece of disease severity on it in MFS patients. 

Furthermore, we searched for intrinsic factors which contribute to QoL by exploring gene expression, 

SNPs and cytokine levels in MFS patients.    

METHODS 

Study population and procedure 

The patient sample participating in the “COzaar in Marfan PAtients Reduces aortic Enlargement” 

(COMPARE) study [22], was included in this study. In short, the COMPARE study investigates the effect 

of losartan on aortic dilatation in patients with MFS. Inclusion criteria of the COMPARE study were: 

diagnosis of MFS according to the Ghent criteria and age ≥18 years. Exclusion criteria were: previous 

replacement of more than one part of the aorta, previous aortic dissection, angiotensin converting enzyme 

inhibitor or angiotensin receptor blocker usage, current pregnancy. The COMPARE study was conducted 

in four Marfan centers in the Netherlands (Academic Medical Center Amsterdam, Leiden University 

Medical Center, St. Radboud University Medical Center Nijmegen, Groningen University Medical 

Center). The study was approved by four medical ethics committees of the participating centers. All 

patients gave written and oral informed consent. Patients were in regular follow-up by a cardiologist. 

Each patient was seen by a research physician at inclusion to assess Marfan-related symptoms, disease 

history and medication use. Furthermore, a questionnaire measuring QoL was handed out by a research 

physician before consultation. 
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Measurements 

Patient characteristics  

The following dichotomised (yes/no) MFS-related symptoms were assessed by research physicians at 

intake in the COMPARE study: aortic root dilatation, aortic root replacement, mitral valve prolapse, beta-

blocker usage, pectus deformity, ectopia lentis, joint hypermobility (Beighton score >4/9), severe 

scoliosis (>20°), hindfoot deformity, wrist and thumb sign, striae, and pneumothorax. All features were 

scored according to the Ghent diagnostic criteria for MFS [23]. Aortic root dilatation and mitral valve 

prolapse were assessed by means of echocardiography at inclusion of the COMPARE study [22]. 

Additionally, age, sex, medication and co-morbidities were obtained at intake when QoL was measured. 

Quality of life  

QoL was measured with the Short Form Health Survey-36 (SF-36), yielding eight domains, i.e. Vitality 

(VT; energy level), Social Functioning (SF; ability to participate in social activities), Role Emotional 

(RE; ability to participate in daily and occupation activities despite emotional constraints), Mental Health 

(MH; moods), Physical Functioning (PF; the ability to perform usual and energetic activities), Role 

Physical (RP; ability to participate in daily and occupation activities despite physical constraints), Bodily 

Pain (BP; pain level), and General Health (GH; current health) [24]. The first four domains load on a 

mental component summary (MCS), while the last four load on a physical component summary (PCS). 

For all eight domains and both subscales, higher scores reflect a better quality of life. The SF-36 is 

validated and yield good psychometric properties [25].  

Gene expression 

Genome wide expression, i.e. expression of all well referenced genes (approximately 18,000 genes) was 

measured in skin biopsies of patients using Affymetrix Human Exon 1.0 ST Array. Punch skin biopsies 

were in consenting patients after local anesthesia with ethyl chloride spray. Biopsies were immediately 
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snap frozen in liquid nitrogen and stored at -80 °C until further processing. Peripheral EDTA blood was 

collected at inclusion for DNA isolation.  

Single Nucleotide Polymorphisms (SNPs) 

Genomic DNA was extracted from peripheral blood using the gentra puregene blood kit (Qiagen, the 

Netherlands) according to the manufacturer's instructions. Genotyping of the patients was performed 

using Illumina Human Omni Express Bead Chip measuring >700 000 SNPs. Multiple quality control 

measures were implemented. The estimated sex for each individual determined by genotyping was 

compared with their phenotypic sex. Exclusion criteria included deviation from Hardy-Weinberg 

equilibrium at p<10−3, sample call rate <0.95 and SNP call rate <0.98.  

Statistical analyses 

Quality of life 

We first compared MFS patients’ QoL to the normal population. MFS patients’ mean scores on the eight 

QoL domains were therefore transformed to standard scores based on the scores of an age- and gender-

matched Dutch reference population. Standard scores were calculated by dividing the difference between 

the mean scores of the MFS patients and the scores of the age- and gender-matched reference population, 

by the standard deviation of the reference population. The value of the standard scores can be interpreted 

according to Cohen’s effect size (d), where a score of <0.2 indicates a small, 0.5-0.8 a moderate and >0.8 

a large difference. Additionally, the MCS and PCS scores were compared to the mean of the general 

population (mean scores=50), by means of two t-tests at a significance level of 5%. 

 Second, the relation between patient characteristics and QoL was examined. As a first step 

several linear regression analyses were employed to identify which patient characteristics were 

significantly (p<0.10) related to each of the QoL outcomes (i.e. the eight QoL-domains and both QoL-
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subscales). Subsequently, multivariate regression analyses for each of the QoL outcomes were employed 

to examine the independent relation with patient characteristics (p <0.05). 

Relating gene expression and SNPs to QoL 

First, QoL-outcomes were correlated with the genome wide gene expression in skin using univariate 

linear regression analyses with permutation testing in Significance Analysis of Microarrays package in R 

program [26]. In order to avoid multiple testing problems, we chose a conservative False Discovery Rate 

(FDR) of 0% as significant. Subsequently, multivariate regression analyses were used to test whether the 

relation between gene expression and QoL remained significant after controlling for the significantly 

independently associated patient characteristics (p<0.05).  

Second, SNPs belonging to the genes of the pathway found in the gene expression study (in the previous 

step) were selected for an association study. Only SNPs with a minor allele frequency 5% were analyzed. 

Linear regression analysis assuming an additive genetic model with adjustment for age and sex was used. 

For all analyses we used the GenABEL analysis package in R program [27]. Bonferroni correction for 

multiple testing was used to define the target p-value. 

RESULTS 

Patient characteristics and their relation with quality of life 

Of the 228 selected patients from the COMPARE study [22], 121 patients filled out the SF-36 (response 

rate 52.6%) and were thus included in this study. Patient characteristics for the patient group included in 

this study (n=121) and non-responders (n=107) are presented in Table 1. Only ectopia lentis and usage of 

beta-blockers were more frequent in the investigated group (n=121) compared to the non-responders, 

Table 1. Gene expression was available for 40 of the 121 patients (33%), whereas genotypes (SNPs) were 

available for 111 patients. Patient characteristics (Table 1) of both groups were compared to the total 

group (n=121). Results showed that ectopia lentis and two skeletal features (severe scoliosis and hindfoot 
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deformity) were more frequent in the total group (n=121) compared to the group for whom gene 

expression was available (n=40).  

Table 1: Patient characteristics in frequencies (percentages) 

Patient characteristics Total group 
(n=121) 

Non-responders 
(n=107) 

Demographics   

     Age (mean, SD) 37 (13) 37 (12) 

 Sex (male) 67 (55) 53 (50) 

Cardiac features   

 Aortic root dilatation 100 (88) 90 (84) 

 Root replacement 41 (33.9) 35 (32) 

 Mitral valve prolapse 51 (42) 37 (32) 

 Beta-blocker usage* 92 (76) 65 (60) 

Ectopia lentis* 58 (53.7) 37 (35) 

Skeletal features   

 Pectus deformity 86 (71) 72 (67) 

 Joint hypermobility 19 (17) 24 (22) 

 Severe scoliosis 23 (21) 29 (27) 

 Hindfoot deformity 54 (49) 33 (31) 

 Wrist and thumb sign 67 (55) 63 (59) 

Striae 68 (61) 69 (64) 

Pneumothorax 17 (15) 7 (7) 

Note: Frequencies (percentages) for the presence of the symptoms are given for all dichotomous variables. Age is 
given in mean years (standard deviation). * p< 0.05 
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When QoL of MFS patients (n=121) was compared to that of an age- and gender-matched population, 

scores on six of the eight QoL domains were significantly lower in MFS patients (p<0.01) (Figure 1). 

MFS patients had a similar mental QoL (t (116) = -0.5, p = 0.63) as the general population. The physical 

QoL of MFS patients was significantly lower than that of the age- and gender-matched population (t (116) 

= -4.8, p < 0.01). On average 10% of patients had an impaired QoL (standardized score ≤ 2, data not 

shown).  

Figure 1: Standard QoL scores on the eight QoL-domains 

 

A standardized 
QoL score <0 
indicates a 
QoL score that 
is worse than 
the age- and 
gender-
matched 

reference population, and scores >0 indicates better QoL-scores. The standardized scores can be interpreted as 
Cohen’s d, indicating the effect size. VT = Vitality, SF = Social Functioning, RE = Role Emotional, MH = Mental 
Health, PF = Physical Functioning, RP = Role Physical, BP = Bodily Pain, GH = General Health. Domains which 
significantly (p<0.05) differed from the age- and gender-matched reference population are marked with * 

 

Results of the analyses relating patient characteristics to QoL showed that correlations were largely 

lacking, only age and the presence of severe scoliosis were independently related to the QoL-domains and 

-subscales (p < 0.05). The variance in QoL explained by these characteristics ranged from 8.9% to 28.3%, 

see Table 2
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Table 2: Patient characteristics independently related to quality of life 

Quality of Life Patient characteristics Explained variance (%) Quality of Life Patient characteristics Explained variance (%) 

MCS Severe scoliosis* 13.9 PCS Severe scoliosis* 13.9 

 Age**   Age**  

Mental health Striae 16.2 General Health Striae 20.5 

 Bblockers*   Severe scoliosis**  

 Severe scoliosis**   Pneumothorax**  

 Aortic root replacement 
  Age 

 

 Age**  Bodily pain Striae 13.1 

Role Emotional Ectopia lentis 8.6  Severe scoliosis*  

 Age*   Age*  

Social  functioning Striae 28.3 Physical function Striae 20.2 

 Bblockers*   Severe scoliosis  

 Severe scoliosis**   Sex  

 Aortic root replacement   Age**  

 Age**  Role physical Aortic dilatation 20.0 

Vitality Severe scoliosis** 19.9  Bblocker**  

 Sex*   Aortic root replacement  

 Age**    Age**   

Note: All 121 patients were included. SF36=Short Form MOS-36; IV=independent variables univariately significant associated with QoL; MCS-mental component summary; 
PCS=physical component summary; *p<0.05; **<0.01 
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Expression of inflammatory genes are independently related to variability in mental QoL 

Since correlations between patient characteristics and QoL were weak and the explained variance was 

low, we explored whether variation in QoL was related to gene expression in MFS patients (n=40). 

Results of these analyses revealed that physical QoL was not correlated with gene expression. Mental 

quality of life (MCS and vitality), however, was associated with expression of genes coding for cytokines. 

MCS was associated with the genes CXCL9 and CXCL11 (FDR=0% for all; t (39) = -2.9; t (39) = -2.8 

respectively). Vitality was associated with expression levels of CXCL9, CXCL11 and IFNA6 genes 

(FDR=0% for all; t (39) = -3.2; t (39) = -2.6; t (39) = -2.6, respectively). Thus, patients with a worse 

mental QoL have more active cytokine genes (Figure 2).  

This relation between gene expression and mental QoL and vitality remained significant, after controlling 

for the significant independent related patient characteristics reported in Table 2. Mental QoL (i.e. MSC) 

was related to the genes CXCL9 (β = -3.6, p = 0.001) and CXLC11 (β = -3.4, p = 0.002), after controlling 

for age and the presence of severe scoliosis, which were both no longer significantly related to QoL. The 

explained variance in mental QoL increased from 13.9% (only patient characteristics) to an average of 

35% (patient characteristics and gene expression). Vitality remained significantly associated with 

expression levels of, CXCL9 (β = -2.5, p = 0.02), CXCL11 (β = -2.5, p = 0.02), and IFNA6 (β = -2.2, p = 

0.04) after controlling for patient characteristics (i.e. age, sex, and the severe scoliosis). Only age 

remained an independent significant correlate with vitality. The explained variance in vitality scores 

increased from 19.9% to an average of 42%. Given the immunological character of the associated genes, 

we explored the prevalence of immunological co-morbidities and clinical depression. Both prevalence 

levels were comparable to the general population (Table S1); there were no significant differences.  
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Figure 2 

 

A Scatterplot of gene expression levels of significantly associated genes (FDR=0%) with the mental component score. B Scatterplot of gene expression levels of 
significantly associated genes (FDR=0%) with the vitality domain. 
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SNPs in IL4R gene correlate with mental QoL 

As mental QoL was associated with the expression of cytokine genes, we selected SNPs in 88 cytokine-

related genes and 2 kb up- and down-stream of these. In total 659 SNPs were found in these genes of 

which 484 passed the quality control and were included in the analysis. Results of the association study of 

the 484 SNPs showed that the mental QoL (i.e. MCS) and vitality were associated with several SNPs with 

highest p-value of 0.0017 (Table S3). MCS was associated with a top SNP rs4787423 (p = 0.0017) 

located in the IL4R gene (Table 3). Several SNPs in IL4R gene had a significant p-value forming a trail 

(Supplementary material, Figure S1). Vitality showed the strongest association in rs2023906 SNP (p = 

0.0017), single SNP in CCR7 gene which suggests this finding is likely to be incidental. 

Table 3: Association of SNP clusters in IL4R gene with mental QoL 

QoLa SNP-ID Chr b Phys. Positionc Minor alleled Gene βe S.E. f pg 

MCSh  rs4787423 16 27367334 C IL4R -4.5 1.5 0.0017 

  rs3024536 16 27352713 T IL4R -3.6 1.7 0.0169 

  rs3024537 16 27352819 A IL4R -3.6 1.7 0.0169 

  rs3024544 16 27353357 T IL4R -3.6 1.7 0.0169 

  rs3024570 16 27357784 A IL4R -4.1 2.0 0.0198 

  rs3024633 16 27366499 A IL4R -4.1 2.0 0.0198 

  rs4359426 16 57392733 A IL4R -5.2 2.8 0.0339 

  rs170359 16 57395664 G IL4R -5.2 2.8 0.0339 

  rs170360 16 57397950 C IL4R -5.2 2.9 0.0346 

  rs3024560 16 27356667 G IL4R 2.6 1.4 0.0363 

  rs3024619 16 27364806 A IL4R 2.5 1.4 0.0407 

  rs2234895 16 27357927 T IL4R -3.5 2.1 0.0423 

  rs3024607 16 27363611 A IL4R -3.5 2.1 0.0423 

  rs6498011 16 27331894 A IL4R 2.5 1.5 0.0466 

  rs223819 16 57394862 C IL4R -4.3 2.7 0.0521 

Note: a: QoL = Quality of life; b: Chr = chromosome; c: Phys. Position = Position of the SNP on the chromosome; 
d: β = mean MCS score difference per one minor allele; e: S.E. = standard error of the beta; f: p = p-value; g: MSC 

= Mental component score. 
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Given that mental QoL and vitality scores were not related to MFS symptoms, there was an 

overall trend to lower mental QoL scores with approximately 10% of patients having low mental QoL 

scores . Therefore we post-hoc explored the systemic levels of inflammatory markers (i.e. IL4, IL5, IL13, 

GM-CSF and CCL11) in patients with the lowest mental QoL and vitality scores. These cytokines are in 

the same inflammatory pathway as the IL4R gene and are all involved in the pathogenesis of allergy (e.g. 

asthma and rhinitis). Peripheral EDTA blood was sampled at the time of QoL measurement, centrifuged 

at 3220 rfm for 10 minutes, snap-frozen and stored in small portions at -80°C. Cytokines were measured 

using Inflammatory mediators with the suspension bead assays (Bio-Rad, Richmond, CA) using a 

Luminex reader (BioRad, BioSource, Linco). Lowest detection rate ranged from 0.12-0.91 pg/ml and 

intra- and inter-assay coefficients of variation <5%. The 25% of patients with the lowest MCS scores 

were compared to the 25% patients with the highest mental QoL. In this line, patients with the lowest 

vitality scores (standardized score ≤1.5) were compared to patients with normal scores (standardized 

score ≥0). Results from both comparisons showed that patients with a low mental QoL  had higher levels 

of CCL11 in plasma blood compared to patients with normal mental QoL (p = 0.03 and p = 0.04),  

Figure 3. 

 

Figure 3: Left: Differences in plasma levels of CCL11 between the 25% of patients with the lowest mental QoL 
(MCS) scores, and the 25% of patients with the highest MCS scores. Right: Differences in plasma levels of CCL11 
between patients with the lowest vitality (VT) score (standardized score ≤ 1.5) compared to the patients with high 
vitality scores (standardized score ≥ 0).  
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DISCUSSION 

In our study, physical QoL of MFS patients was impaired and related to age and presence of scoliosis. 

Mental QoL, however, was comparable to the normal population. Both mental QoL and vitality were 

independently of patient characteristics (i.e. demographics, MFS-related symptoms and co-morbidities) 

associated with genetic variation in cytokine genes and their activity. Moreover, the impairments in QoL 

were not associated with MFS-related genes (i.e. genes in the TGF-β pathway). Therefore, this relation 

seems to be not MFS specific and might be extrapolated to the normal population. However, there were 

slightly more patients with impaired mental QoL and vitality than expected. In those patients with low 

QoL high systemic levels of the cytokine CCL11 were found. 

 Our primary finding, that the variation in mental QoL can be independently explained by 

cytokine-related genes, is in concordance with the emerging literature about the immunological basis of 

QoL-related symptoms and disorders such as depression and fatigue [28–34]. It is important to note that 

although related, depression, fatigue and QoL are distinct concepts. In our study both mental QoL and 

vitality were independently, negatively related to CXCL9 and CXCL11 expression levels. These 

cytokines belong to the same family together with CXCL10 and share the common receptor CXCR3. In 

normal conditions their levels are generally not detectable but are strongly induced by interferon-gamma 

(IFN- γ) [35]. Previous research has demonstrated that global QoL was negatively related to IFN-γ [36]. 

Serum levels of the related CXCL10 gene were found to be related to depression [37,38]. Additionally, in 

our patient population vitality was negatively related to the IFNA6 gene. Although there is little known 

about the function of this gene, IFN-induced fatigue is a common phenomenon [30,31].  

 Interestingly, the SNPs in CXCL9, CXCL10, CXCL11 and IFN genes were not significantly 

associated with QoL. High expression levels of these genes are most likely induced by other 

inflammatory genes up-stream in a complex immunological cascade. In line with this hypothesis, we 

found a relation between mental QoL and SNPs in the IL4R gene. This gene codes for the IL4 receptor. 
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Polymorphisms in this gene are associated with asthma and rhinitis in case-control studies [39,40]. In our 

patient population the prevalence of immunological and allergic disorders was not increased suggesting 

SNPs in IL4R gene independently contributed to mental QoL. Numerous studies have shown that higher 

IL4 levels are protective for depression [29,41,42]. Mechanisms through which genes and QoL are related 

are unknown. In short, it can be hypothesized that high expression levels of cytokine-related genes lead to 

high levels of cytokines, which in turn are found to be associated with sickness-behavior (i.e. fatigue, high 

temperature) leading to an impaired QoL.  

 Although mental QoL and vitality were unrelated to MFS, there was a high number of patients, 

approximately 10%, with impaired QoL. Therefore, other factors than MFS-related symptoms might be 

involved. We found that patients with lowest mental QoL and vitality scores showed high systemic levels 

of the CCL11, a cytokine involved in pathogenesis of allergy. To our knowledge no studies have been 

published on cytokine production in MFS patients. Similar results have been found in depressed patients; 

they showed elevated CCL11 levels compared to age- and gender-matched controls [43]. This cytokine 

stimulates the immune response in asthma and recruits eosinophils and mast-cells [44,45]. Other factors 

not measured are likely to be related to QoL as well. For example, MFS patients are likely to have 

emotional problems, such as feelings of guilt on inheritance and concerns about their career, family 

planning, insurance and housing [46]. In addition, factors not related to MFS, such as lack of social 

support and personality may play a role as well. Future studies should explore additional factors 

associated with QoL in MFS patients.  

 There are some limitations to this study. First, most severe cardiovascular MFS patients were not 

included, due to the exclusion criteria of the COMPARE study. This might have led to an underestimation 

of the impairment in physical QoL and its relation with cardiovascular disease severity. Second, the main 

limitation of this study is a relatively small sample size. The highest p-value (p = 0.0017) in the genetic 

association study did not reach the targeted p-value after Bonferroni correction (p = 0.0001). However, 
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most SNPs in IL4R gene had p-values less than 0.05 which suggest the association is not likely to be 

incidental. This is still the largest study on QoL in MFS patients and the first study exploring the genetic 

basis of their QoL. Furthermore, both gene expression and SNPs were used as an indicator of genetic 

variation.  

 In conclusion, we found a genetic basis for mental QoL in cytokine genes and their activity. This 

relation does not seem specific for MFS and is independent of patient characteristics. Knowledge about 

this genetic component of QoL provides insight and can eventually allow us to identify patients 

susceptible to poor QoL. This information might guide clinicians in deciding making, opting for 

treatments with the smallest negative impact on QoL. Furthermore, we will be able to better target 

specific support to those who need it. Note that  validation in larger patient populations is warranted. 

Ultimately, immunological treatment strategies can be developed to improve patients’ QoL.  
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SUPPLEMENT 

Table S1: Prevalence of immunologically-related disorders and treated depression in MFS population  

Disorder 
Prevalence study 
population (%) 

Prevalence Dutch population 
(%) 

Rheumatoid arthritis 0.8 0.5 

Asthma 3.3 2.5 

Allergic rhinitis 0.8 15 

 

Figure S1 

 

Locus-specific association map generated from genotyped SNPs in IL4R gene, centered at rs4787423. SNPs in red 
have r2 ≥ 0.8 with rs2824293; SNPs in orange have r2=0.5–0.8; SNPs in yellow have r2=0.2–0.5; and SNPs in 
white have r2 < 0.2 with the leading SNP. Superimposed on the plot are gene locations (green) and recombination 
rates (blue). Chromosome positions are based on HapMap release 22 build 36.2 and b was prepared using SNAP 
(Johnson AD, Handsaker RE, Pulit SL, Nizzari MM, O'Donnell CJ, de Bakker PI. SNAP: a web-based tool for 
identification and annotation of proxy SNPs using HapMap. Bioinformatics 2008;24(24):2938-2939.) 
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Introduction 

Marfan syndrome (MFS) is a heritable connective tissue disorder with clinical features in several 

organ systems. The incidence of MFS is about 2-3 in 10,000 people.[1] Progressive aortic root dilatation 

is the most relevant clinical feature of MFS as it is responsible for most of the morbidity and the mortality 

of MFS patients [2–5]. It affects the sinuses of Valsava resulting in a typical pear-shaped aneurysm which 

has an abnormally weak wall, prone to dissection and rupture. Aortic root dilatation generally develops 

during adolescence and early adulthood ,with most disease progression in the 3d and 4th decade of life, 

which may lead to aortic dissection and sudden death  if untreated [4]. Other clinical characteristics of 

MFS are dislocation of the ocular lens, skeletal features resulting from overgrowth of long bones[6], lung 

emphysema[7], mild myopathy, osteopenia[8] and cardiac ventricular dysfunction [9] [chapter 4]. 

MFS is caused by mutations in FBN1 gene which encodes for the fibrillin-1 protein.[10,11] The 

fibrillin protein forms microfibrils and elastic fibers of the connective tissue and extracellular matrix 

throughout organ systems[12]. Despite the increasing knowledge of the genetic background and 

pathogenesis, MFS remained a clinical diagnosis[13,14] due to extraordinary clinical variability and weak 

genotype-phenotype correlations[15].   
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Molecular genetics of MFS 

In up-to 99% of patients, a FBN1 mutation can be demonstrated [16]. FBN1 is a large gene on 

chromosome 15q21.1 and consists of 65 exons. It codes for a fibrillin-1 protein which is highly abundant 

in many tissues and contains 47 epidermal growth factor-like domains, including 43 binding calcium, and 

seven TGF-β binding protein-like domains[17], (Figure adapted from Ramirez F. et al.[18]).  

Cystein-residues are present in a high percentage and have an important role in providing the 

three-dimensional structure of the protein by forming disulphide bonds[19]. Six highly conserved cystein 

residues in growth factor-like domains are of particular importance as they also warrant the stability of the 

protein[20]. Fibrillin-1 polymerizes into microfibrils and forms elastic fibers in combination with elastin. 

There are more than 1000 mutations in FBN1 described and many families have a unique 

mutation. Genotype-phenotype correlations appeared to be robustly weak [15]. Main genotype-phenotype 

correlation observed was a severe phenotype in patients with a mutation in the middle part of the gene 

(exons 24-32). Even when patients with neonatal MFS were excluded from the analysis, mutations in this 

region resulted in a severe cardiovascular phenotype. Another observation was that patients harboring a 

missense mutation which alters the number of cysteine-residues, have a higher chance of developing lens 

dislocation. [15] 

In general, mutations in FBN1 gene are thought to have two main effects on the fibrillin-1 

protein: dominant-negative effect and haplo-insufficiency[21]. The dominant-negative effect is based on 
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the incorporation of a mutant fibrillin-1 during the polymerization with a normal other fibrillin-1. Mutant 

fibrillin-1 then disturbs the structure and function of the whole polymer. Haplo-insufficiency results from 

the degradation or low production of the mutant fibrillin-1. In that way the patient has only lower levels 

of normal fibrillin-1. The latter mechanism emerged from a mouse model of MFS (C1039G mice) which 

faithfully recapitulates the disease [21]. Recently, this was confirmed in human MFS patients. Genomic 

deletions of even the whole FBN1 gene, which also result in a haplo-insufficiency, were associated with 

classical MFS[22]. Genotype-phenotype correlation studies in MFS patients based on the effect of the 

mutation on protein level are lacking. This approach might provide stronger correlations than genomic 

mutations only and come closer to explaining the large clinical variability. It requires, however, extensive 

studies on fibrillin-1 RNA level extracted from skin biopsies in a large patient population. In chapter 8 we 

found that patients, harboring a mutation with a predicted dominant-negative effect on fibrillin-1 protein, 

have higher circulating TGF-β. This might be explained by a poisoning effect of incorporation of the 

mutant protein into microfibrills. In the majority of patients, however, these predictions were made using 

different prediction programs in lack of patient material (fibroblast culture). These findings offer an 

interesting basis for further research on this matter. 

Histological findings in the aortic tissue 

At a histological level, the normal aorta consists of three layers: the tunica intima, tunica media, 

and tunica adventitia. The tunica media contains elastin, smooth muscle cells, collagen, and ground 

substance. The predominance of elastic fibers in the aortic wall and their arrangement as circumferential 

lamellae distinguish the elastic artery from the smaller muscular arteries[23]. A lamellar unit is made up 

of two concentric elastic lamellae, smooth muscle cells, collagen, and ground substance contained within. 

The thoracic aorta incorporates a thickness of  35 to 56 lamellar units and the abdominal aorta about 28 

units[24]. These elastic lamellae enable the aorta to dilate during systole and propagate the blood bolus 

during elastic recoil in diastole[25]. Surrounding the tunica media is the tunica adventitia, which is 
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composed of loose connective tissue, including fibrillin-1, fibroblasts, collagen fibers, elastin, and ground 

substance. The adventitia is essential for the "strength" of the aorta and provides its solidity mainly 

because the abundant presence of collagen. This is reflected in a “J-shaped” stress-strain curve of the 

aorta: the elastic medial layer is responsible for the flat, horizontal part of the curve and the adventitial 

knitting results in the steep arm of stress–strain curve[26].  

 The main histological finding in the aorta of MFS is mucoid degeneration in the tunica media 

(also known as ‘cystic media necrosis’): areas of degradation of elastic fibers, aggregation of hialuronans, 

proteoglycans and smooth muscle cell apoptosis. It is not specific for MFS; it only appears at younger age 

than in other types of thoracic aneurysms. Because of the histological abnormalities, MFS has always 

been viewed as a disease of the aortic media. Only in recent years the focus is shifting to adventitia for 

several reasons:  

1. In genetic disorders of elastin such as pseudoxanthoma elasticum, aortic aneurysm is a very rare 

manifestation, suggesting that the elastic breaks seen in MFS are rather secondary to aortic 

dilatation, than the primary cause. [27]  

2. Fibrillin-1, considered to be the genetic basis of the disease, is more abundant in the adventitia 

than in the media [28].  

3. The aortic media is providing only the elasticity of the vessel and can sometimes be totally 

removed (during endarterectomy for example) without subsequent dilatation and aneurysm 

formation as long as the adventitia remains intact.  

Lindeman et al. found that collagen of the adventitia in MFS showed normal biochemical properties but 

its microarchitecture was disturbed with complete absence of the normal collagen fibril organization and 

deposition. Functional analysis of the adventitial layer revealed an impaired collagen network behavior 

with inability of individual fibers to transfer the stress and strain to the neighboring fibers.  These factors 
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together may contribute to aortic aneurysm formation with elastic degeneration in the tunica media as a 

consequence.[29]   

Aneurysm formation and role of TGF-β: lessons from animal models and related disorders 

 In recent years MFS raised attention of a broad scientific public after many studies were 

published in several well established mouse models of the disease [30–32]. 

First, mg∆ mice were created by invoking an in-frame deletion of the middle part of Fbn1 gene in 

order to replicate the dominant negative effect of FBN1 mutation in humans[33]. Mice homozygous for 

this mutation (Fbn1 mg∆/mg∆) produce shorter fibrillin-1 protein in lower levels (10-fold lower than 

normal). This, however, did not interfere with the production of elastic fibers, which were structurally and 

quantitatively normal at birth in these mice. Thus, elastic fibers can assemble in absence of normal 

fibrillin-1 protein. These mice are born normal but develop severe aortic dilatation and die from 

dissection approximately three weeks after birth. Histological findings in the dilated parts of the aorta 

showed elastic fiber segmentation, accumulation of medial degeneration, recruitment of inflammatory 

cells and proliferation of adventitial cells. Interestingly, elastic fibers remained normal in not-affected 

parts of the aorta. Another mouse model is the mgR/mgR mouse that produces about a quarter of the 

normal amount of fibrillin-1 and display phenotypic features in the skeleton and the aorta similar to those 

of patients with classic MFS[34]. These mice are also born normal but die from aortic dissection at the 

age of approximately 4 months. Elastic lamellae in the tunica media were normal at birth and vascular 

disease began with focal linear calcification of intact elastic lamellae as early as 6 weeks of age. Calcified 

segments increased in frequency and expanded with intimal hyperplasia and deposition of abnormal and 

exuberant collagen and elastin. Monocytic infiltration became evident and the amount of infiltration 

correlated with loss of elastin content. The adventitial layer showed inflammation with fibroblast 

hyperplasia and macrophage infiltration. These macrophages produced MMP12 with the specific 

capability of fibrillin-1 binding. Taken together, these findings suggest that secondary events initiated by 
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a relative deficiency in fibrillin-1 may cause a dynamic and progressive loss of microfibrillar abundance, 

integrity, and function in both the aortic tunica media and the aortic adventitia. 

These secondary events were contributed to altered TGF-β signaling. Extracellular microfibrils 

normally bind the large latent complex of TGF-β, composed of the mature TGF-β, latency-associated 

peptide and one of three latent transforming growth factor-β binding proteins. This interaction is proposed 

to suppress the release of free and active TGF-β. Due to mutant or deficient fibrillin-1, failure of matrix 

sequestration of the large latent complex promotes the activation of TGF-β. TGF-β was found to 

contribute to the distal alveolar septation which results in lung emphysema in these mice. [32] Inhibition 

of TGF-β by TGF-β-neutralizing antibodies improved the lung phenotype. TGF-β was found to be 

increased while its ligand which binds it to the extracellular matrix was found to be decreased. It was 

concluded that increased sequestration of TGF-β precursors leads to its increased signaling in the lung. 

Similar rescue of the phenotype by TGF-β neutralizing antibody was demonstrated in the aorta[30], mitral 

valve[35] and muscles [36] of a third and most widely used mouse model of MFS is Fbn1 C1039G/+ 

mouse. This mouse model harbors a heterozygous missense mutation of Fbn1 resulting in a haplo-

insufficiency, representative of the most common class of mutations causing MFS[15]. Losartan, an 

angiotensine II receptor 1 blocker achieved comparable phenotype rescue as TGF-β antibodies [30,35,36]. 

In addition, its positive effects on the aortic root dilatation were demonstrated in a small observational 

study in MFS patients with severe aortic root disease. We and other groups initiated clinical trials 

investigating effects of losartan in MFS patients[chapter 2] [37–39].   

TGF-β is a remodeling cytokine which generally plays a role of the “master switch” between 

inflammation and fibrosis after injury in the cardiovascular system. In cardiac injury, i.e. infarcted heart, 

TGF-β signaling suppressed inflammatory reaction by macrophage deactivation and promoted 

myofibroblast transdifferentiation and matrix preservation[40]. This was supported by TGF-β inhibition 

experiments which, however, showed phase-related effects of TGF-β. In an early injury TGF-β inhibition 
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resulted in increased mortality, enhanced neutrophil infiltration and increased pro-inflammatory cytokine 

and chemokine gene expression[41]. In contrast, late TGF-inhibition attenuated adverse remodeling and 

decreased collagen deposition[42]. In abdominal aortic aneurysm similar effects of TGF-β are observed. 

In contrast to MFS mice, TGF-β attenuation resulted in aneurysm rupture and death in AngII -induced 

mouse model of abdominal aneurysms [43]. Although TGF-β seems to have differential effects in these 

cardiovascular diseases, losartan exerts similar positive effects both in myocardial infarction, abdominal 

aneurysms and MFS[44,45]. Losartan acts through inhibition of the Ang-II receptor 1 (AT1) which 

suggests that the angiotensine II (Ang-II) pathway plays an important role in MFS, similarly as in 

myocardial infarction or abdominal aneurysms. In MFS mice Ang-II was found to play a role in aneurysm 

formation through ERK-signaling[31]. Inhibition of the AT1 receptor and preservation of signaling 

through angiotensine receptor AT2 (as done by selective AT1 inhibitor losartan) attenuated aortic disease. 

In an Ang-II induced abdominal aortic aneurysm mouse model, ascending aortic aneurysms developed as 

well in response to Ang-II infusion[46]. Interestingly, in this mouse model, abdominal aneurysms and 

ascending aortic aneurysm were different in pathological substrate. Abdominal aneurysms formed rapidly 

as a consequence of a highly localized transmural elastin disruption that colocalized with focal medial 

macrophage accumulation[47]. Adventitial thrombi formed and promoted an intense inflammatory 

response with the recruitment of macrophages. In contrast, ascending aortas exhibited extensive elastin 

fragmentation following infusion of AngII, but not transmural in media and adventitia as seen in 

abdominal aneurysms. Regions of greatest elastin disruption and intra-laminar expansion were associated 

with macrophage accumulation on the adventitial side of the vessel, as seen in human MFS aortic root 

material [chapter 6]. These differences in response to Ang-II between different parts of aorta might be 

explained by functional diversity of smooth muscle cells based on their embryological origin.[48] The 

ascending aorta to just distal of subclavian artery (a predilection place for type B dissections in MFS 

patients) is populated by smooth muscle cells from neural crest origin while smooth muscle cells of distal 

aorta originate from the mesodermal layer. Interestingly, ascending aneurysm formation in these mice 
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was attenuated by CCR2 whole body deficiency[46]. CCR2 is a receptor for MCP-1 protein, a potent 

macrophage attractant. These findings together indicate that Ang-II might contribute to MFS aneurysm 

formation and that inflammatory cells play a role in this process. Only this process is less acute than that 

observed in Ang-II induced abdominal aneurysms. This might also explain contrary effects of TGF-β 

inhibition in MFS and abdominal aneurysms, similarly to contrary effects of TGF-β inhibition in acute 

and chronic phase of myocardial infarction. In this light, increased TGF-β in MFS might be a remodeling 

effort of the aortic wall in response to structural damage and Ang-II, just as in many other cardiovascular 

states. We found in chapter 6 that patients without significant aortic dilatation, regardless of the age, had 

remarkably low circulating total TGF-β levels. In chapter 8 circulating TGF-β levels also correlated with 

aortic root diameter, suggesting that circulating TGF-β level may reflect the degree of aortic root damage.  

Interestingly, our further observation in chapter 8 was that only about 30% of MFS patients 

demonstrated a decrease of circulating TGF-β after initiation of losartan. These patients had higher levels 

of circulating TGF-β prior to the therapy and harbored mutations with dominant negative effect on 

fibrillin-1 level. There is little known about the mechanism of TGF-β reduction by losartan, it has been 

suggested it reduces the expression of TGF-β. This could be downstream of Ang-II and therefore the 

reduction of TGF-β might be a time consuming process. In addition, this molecular response to losartan 

might be dependent on losartan doses as it is metabolized in the liver and some patients might require 

higher doses in order to reach its molecular effects. This might be of particular importance for adult 

patients who are being treated with beta-blockers and do not tolerate higher doses of losartan on top of it. 

On a histological level, increased levels of stored TGF-β were found in outer layers of media and 

inner adventitia of all types of ascending aortic aneurysms, also the non-syndromic forms: MFS, bicuspid 

valve and degenerative aortic aneurysms[49]. Thus, increased stored TGF-β levels are not specific for 

MFS syndrome and can be extended to all types of ascending aneurysms, in line with the notion that it 

might be a secondary remodeling response. Another common pathway that all these aneurysm types share 
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is increased Smad2 signaling. It was long thought that enhanced phosphorylated Smad2 intracellular 

signal in MFS was part of the canonical TGF-β signaling mainly because it was increased in MFS mice 

aortas and decreased after administration of losartan or TGF-β neutralizing antibodies[30]. This increased 

Smad2 signaling in thoracic aneurysms was specific for aortic smooth muscle cells, i.e. not found in 

fibrobalsts or other cell types in the aortic wall. If TGF-β is released by a simple sequestration of the 

extracellular matrix, it would be expected that it affects all cells equally. In contrast, this increased Smad2 

signaling was found to be dissociated from TGF-β in MFS and other types of thoracic aortic aneurysms. It 

correlated with the degree of elastic fiber degradation. Together, these observations indicate that Smad2 

signaling might also be secondary to structural damage or another, still unknown process and that it is not 

a direct consequence of TGF-β in the aortic wall. It is known that Smad2 can be activated by Ang-II 

independently of TGF-β[50].  

In conclusion, although increased TGF-β signaling plays an important role in MFS vascular 

disease, this might be a secondary remodeling process, as in other cardiovascular diseases including non 

MFS aortic aneurysms. The Ang-II pathway may have an important role in MFS aortic aneurysm 

pathogenesis and its role is still insufficiently investigated. 

Inflammation in MFS aneurysm 

 Evidence about the functional role of inflammation in MFS aneurysm development is limited. 

Inflammation has an established role in abdominal aortic aneurysm which is characterized by an extensive 

inflammatory cell infiltrate in the adventitia . In MFS, inflammatory cell infiltrates in media and 

adventitia are also observed. In chapter 6 we found increased levels of CD4+ T-cells and macrophages on 

the adventitial side of aortic media where most of mucoid degeneration was present. In the adventitia, 

increased counts of CD8+ cells were observed. He et al. also found increased levels of T-cells and 

macrophages in MFS aortas which correlated negatively with the age of the patients [51]. This might 

indicate that inflammation enhances  aneurysm development.  In line with these findings, using a 
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microarray approach we found that the expression of Human Leukocyte Antigen (HLA)-DRB1 and HLA-

DRB5 correlated with the rate of the aortic dilatation [chapter 6]. These genes code for the heavy chain of 

the major histocompatibility complex on antigen presenting cells which is recognized by CD4+ T-cells 

involved in T helper 1 (Th1) immune response. Increased levels of these genes indicate an inflammatory 

process in the connective tissue of patients with progressive aortic disease. Thus, the severity of the aortic 

root dilatation is associated with Th1 cell immune response [chapter 6]. Other studies also describe a 

similar adaptive immune response in thoracic aorta aneurysm tissue. Aneurysm tissue had increased 

expression of the prototypical Th1 cytokine, interferon (IFN)-gamma, and undetectable Th2 cytokines. 

Specimens displayed robust production of IFN-gamma, induction of the IFN-gamma-inducible 

chemokines IP-10 and Mig, and recruitment of lymphocytes bearing their cognate receptor CXCR3. In 

addition, He et al. found a T-cell associated vasculitis of vasa vasorum and increased expression of 

leukocyte adhesion molecules by the endothelial cells of the vasa vasorum. These findings suggest that 

the pathway for T-cell migration into the media is from the adventitia. Thus, T-cells and macrophages 

infiltrate the aortic media and adventitia of MFS patients and play an important role in disease 

progression. 

 These findings raise the question what triggers this immune response in the aorta. One of the 

fibrillin-1 domains contains an aminoacid sequence Arg-Gly-Asp, also known as RDG,  that mediates 

binding to several integrins and thereby plays a role in adhesion and migration of cells. Fibrillin-1 

additionally contains three Gly-x-x-Pro-Gly (GxxPG) motifs similar to elastin (Val-Gly-Val-Ala-Pro-

Gly), which is known for its chemotactic activity to fibroblasts and monocytes. This effect is mediated by 

binding to the elastin binding protein present on the surface of mononuclear phagocytes. Guo et al. found 

that ascending aortic extracts from the mgR/mgR MFS mice as well as a GxxPG-containing fibrillin-1 

fragment significantly increased macrophage chemotaxis compared with extracts from wild-type mice. 

This chemotactic response was driven by an elastin binding protein sequence on macrophages. Similar 

results were found with samples from the ascending aorta of patients with MFS. Increased chemotactic 
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ability of ascending aortic aneurysm extracts is due to the increased concentrations of elastin and fibrillin-

1 degradation products. In line with the important role of macrophages in the aortic dilatation in MFS, we 

found that the circulating levels of the cytokine macrophage colony stimulating factor (M-CSF) in MFS 

patients were associated with the severity of the aortic root dilatation [chapter 6]. Together, fibrillin-1 and 

elastin degradation fragments are immunogenic and might be the main triggers of immune response in 

MFS. 

 In our previous work we explored the underlying pathways which could explain the large clinical 

variability in MFS patients. Patients within MFS group were compared in order to investigate which 

genes and pathways distinguish patients carrying certain disease features from those not. In chapter 6, 

expression of inflammatory genes was found to be associated with numerous features of MFS: aortic 

disease severity (HLA-DRB1 and HLA-DRB5), dislocation of ocular lens (RAET1L, CCL19 and HLA-

DQB2) and specific skeletal features (HLA-DRB1, HLA-DRB5, GZMK) except chest deformities in 

which growth-related genes were up-regulated. These genes belong to both the adaptive and innate 

immune responses indicating a complex inflammatory process. Inspired by these findings we 

hypothesized that patients with progressive aortic disease have distinct genetic inflammatory profiles. 

Inflammation is a part of a normal healing process, but in some patients it might be more excessive and 

lead to more tissue damage. In chapter 7 we found that patients with progressive aortic disease had 

distinct genetic variants in two genes: Sialic Acid Binding Ig-like Lectin 7 (SIGLEC7) and in interleukine 

16 (IL16). The SIGLEC7 gene controls innate immune response to tissue damage, while the IL16 gene is 

a chemoattractant of various pro-inflammatory cells and induces expression of HLA-DR genes in 

monocytes. These interesting findings are in line with our hypothesis that patients with progressive aortic 

disease have distinct genetic variants in inflammatory genes which might enhance the normal healing 

mechanism of damaged aortic tissue and enhances aortic aneurysm formation. Translated to the clinical 

practice, only a distinct group of patients might benefit from anti-inflammatory interventions although 

further research on this matter is needed. Interestingly, in chapter 9 we found that quality of life scores in 
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MFS patients were also associated with variants in inflammatory genes, independently of disease features 

and severity. Quality of life is an emerging parameter of patients’ well-being and it is thought that it has a 

genetic basis because it is independent of disease severity and therapy. MFS is a chronic multi-system 

disorder and impaired quality of life is expected. We found that physical quality of life was impaired and 

associated with the presence of scoliosis. Mental quality of life, however, was normal in MFS patients. 

This normal variability in mental quality of life was associated with expression (CXCL9, CXCL11 and 

IFNA6) and genetic variants (IL4R) in inflammatory genes. This association might be extrapolated to the 

normal population as mental quality was comparable to that of healthy population, although a validation 

is necessary.  

 Functional studies exploring the exact role and type of inflammatory response in MFS are 

lacking. There is, however, largely indirect evidence that inflammation aggravates aortic root dilatation in 

MFS mice. Beneficial effects of treatment with agents with anti-inflammatory properties have been 

described. Doxycycline, inhibitor of proteolytic enzymes matrix metalloproteinases (MMPs) produced by 

macrophages, reduced aortic dilatation in MFS mice[51–53]. Combination treatment of doxycycline and 

losartan showed even better results on the aortic diameter and preservation of the aortic wall structure. 

[54]Similarly, pravastatin, a statin with pleiotropic anti-inflammatory effects, also reduced aortic root 

dilatation in these mice[55]. Even though inflammatory infiltrates and expression of inflammatory genes 

accompany most of MFS features, inflammation might still be a necessary part of the healing process in 

damaged aortic wall, as has been shown in abdominal aortic aneurysms [56,57]. Abdominal aneurysms 

are characterized by a general proinflammatory response accompanied by excess matrix turnover. 

Excessive cytokine expression and inflammatory cell infiltrate include interleukine (IL)-6 and IL8, T-

cells, B-cells, macrophages, mast-cells and other type of inflammatory cells[56,58,59]. However, several 

cohorts and case reports of patients with immunesuppression after solid organ transplantation were 

described whereby patients develop accelerated aortic growth up to 2 mm/yr and a rupture of 

aneurysm[60]. Lindeman et al. described a patient with an extremely malicious dilatation of the aortic 
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aneurysm after a kidney transplantation in whom a13-fold reduction of interferon-γ was observed in the 

aortic tissue and a complete absence of T-cells, B-cells and neutrophils[61]. Other factors which could 

contribute to the excessive aneurysm dilatation (collagen type I and III; IL-6, IL-8, tumor necrosis factor 

α; matrix metalloproteinase types 2 and 9) were comparable with controls.  This points to a diminished 

adaptive immune response in this patient. This and other reports on the aggressive clinical behavior of 

aneurysms in patients with a solid-organ transplant question the current hypothesis of the role of 

inflammation in aneurysmal disease.  

Together, these findings indicate that the historically degenerative disease profile of MFS is promoted by 

inflammation, which plays an important modulatory role in MFS. Further mechanistic studies are needed 

before anti-inflammatory interventions can be implemented in the clinical practice.  

Aortic disease in MFS as a clinical problem 

Aortic root aneurysm develops in approximately 80-90% of patients[62], mostly between 20-40 

years of age[4], although the spectrum of the aortic disease is wide and may affect children and neonates 

as well[63]. It is progressive and leads to dissection or rupture if untreated[2,64]. In terms of risks, high 

blood pressure and hemodynamic stress are thought to accelerate the development of aortic  dilatation in 

MFS patients. Therefore, accurate blood pressure control is indicated. MFS patients are also advised to 

avoid activities which result in an abrupt hemodynamic stress (i.e. collision sports) [65]. Medicament 

treatment of aortic disease includes beta-adrenergic blockers which have negative ionotropic and 

chronotropic effects in the aortic root and in that way might slow down the aortic dilatation[66–68], 

although their utility remains controversial[69]. Yearly monitoring of the aortic diameters is necessary and 

prophylactic aortic root replacement is considered when diameters reach sufficient size to threaten a 

dissection or rupture. This is according to the current guidelines at aortic root diameter of 45-50 mm. [65] 
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Aortic root surgery involves two major techniques: total aortic root replacement (also called 

Bentall operation)[70] and valve sparing aortic root replacement[71–73]. Total aortic root replacement 

involves a composite mechanical valve conduit implantation and requires lifelong anti-coagulation. It was 

considered a “gold standard” for a long time. However, a significant proportion of patients experienced 

complications of long term anticoagulation[74]. In the past decade valve sparing aortic root replacement 

emerged as an alternative to Bentall operation. It preserves native aortic valves and therefore requires 

functionally normal aortic valve leaflets. Valves can be preserved using two techniques: reimplantation or 

remodeling of aortic leaflets. Advantage of valve sparing is that it avoids long-term anticoagulation and 

its complications in a relatively young patient population as in MFS. Main complication of valve sparing 

technique is reoperation due to the failure of aortic valves which carry the defective fibrillin-1[74]. In a 

large meta-analysis the valve sparing aortic root replacement was found associated with a fourfold risk of 

reintervention compared to total aortic root replacement[74]. Reimplantation of aortic leaflets is preferred 

because it carries less risk for reintervention than remodeling. 

In a substantial percent of patients the distal aorta becomes also affected as aortic root surgery 

prolonged life expectancy of MFS patients [75–78]. In a retrospective study of adults with MFS distal 

aortic aneurysm was found in up-to 30% of patients[77]. These patients were more likely to have 

cardiovascular risk factors (smoking, hypertension, and hyperlipidemia) than those without peripheral 

aortic disease. Interestingly, the authors found that MFS patients without peripheral aortic disease used 

Angiotensine Converting Enzyme (ACE) inhibitors more often which suggests this medication has 

protective effects.  

Despite a tremendous progress in operative techniques and intensive care which prolonged the 

life expectancy in MFS patients[79], most of the morbidity is still associated with aortic root dilatation 

and operation[62]. Because of the large impact on patients’ health and wellbeing, aortic aneurysm was 

placed central in the new diagnostic criteria for MFS[14]. According to the revised Ghent criteria, the 



202 

 

diagnosis of MFS can be established only in presence of aortic root dilatation or an evident risk for 

developing it (i.e. mutation which is described to be associated with aortic dilatation in another patient). 

The definition of aortic dilatation is based on a Z-score of which the normograms of Roman et al.[80] are 

widely used. This however, can lead to several problems. We found in chapter 3 that Z-scores can 

underestimate the aortic root dilatation in adult MFS patients [39] as it was based on a relatively small 

population of healthy volunteers and proposes a linear relationship between the aortic root diameter and 

body surface area (BSA). This relationship is, however not linear [chapter 3 and [81]] and can be 

disturbed by high body mass index (BMI) in obese patients. High BMI, for example, can result in a large 

BSA and a falsely normal Z –score. Aortic root diameter of 40 mm and more should always be 

considered as dilated. Another problem is that, even though the aortic dilatation was placed central in the 

novel criteria, the diagnosis of MFS can be made in its absence if a first grade family member has aortic 

root dilatation or a FBN1 mutation which is described to be associated with it. However, clinical 

variability between the members of the same family and carriers of the same mutation, even within one 

family, is large and precludes the accurate risk stratification for aortic root dilatation. Actually, risk 

stratification for aortic root dilatation and dissection is largely lacking and the current guidelines use a 

“one size fits all” strategy for operation indication based on the aortic root diameter only [65].   

Degeneration of the aortic wall is reflected in reduced elasticity of the aortic wall. Two main 

derivatives of the elasticity are distensibility and pulse wave velocity, both measured by means of 

magenetic resonance imaging (MRI). MFS patients have reduced elasticity of the aorta even prior to 

aneurysm formation suggesting it is a long process and the dilatation is just an end-stage of the aortic 

disease[82,83]. Interestingly, aortic elasticity was a major predictor of thoracic descending aortic 

dilatation[84]. This is the predilection place for the dissection type B in MFS patients which occurs 

suddenly without previous aneurysm formation[85]. Reduced elasticicty of the thoracic aorta is therefore a 

promising predictor of the aortic dissection. Prospective studies investigating this matter might gain 

interesting results.   
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   Conclusions 

 Although MFS is a monogenetic heritable disorder, aortic dilatation, its main clinical 

characteristic, can be described as a multi-factorial disease.  

This might explain the large clinical 

variability observed in this patient group. 

Structural weakness, altered collagenesis of 

adventitia, haemodynamic stress, 

perturbations in TGF-β pathway, Ang-II 

and inflammation play important roles in 

its pathogenesis. An integrative approach 

in further research and its implementation 

in the clinical practice might be most 

appropriate.    
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SUMMARY  SAMENVATTING 

Het Marfan syndroom is een pleiotrope hereditaire aandoening van het bindweefsel en wordt veroorzaakt 

door mutaties in het FBN1 gen. Het voornaamste probleem bij Marfan patiënten is een progressieve 

dilatatie van de aortawortel wat onbehandeld op jonge leeftijd kan leiden tot een plotse dood door 

dissectie. Hoofdstuk 1 introduceert de belangrijkste klinische problemen en therapeutische opties bij 

Marfan patiënten en eindigt met een overzicht van dit proefschrift. De laatste jaren is ons begrip van de 

pathogenese van het Marfan syndroom toegenomen en er heeft een verschuiving plaatsgevonden van 

structurele zwakte van het bindweefsel naar een functionele rol van Transformerende Groei Factor 

(TGF)- β. Losartan, een Angiotensine II receptor 1 antagonist, een geneesmiddel op grote schaal gebruikt 

voor de behandeling van hypertensie, is naar voren gekomen als een potentiële behandeling door zijn 

TGF- β-antagonistische werking en heeft aangetoonde positieve effecten op de ziekte van de aorta in het 

muismodel van het Marfan Syndroom. Wij en andere groepen over de hele wereld zijn gestart met 

klinische studies naar de effecten van losartan op de aorta ziekte. Hoofdstuk 2 beschrijft het protocol van 

onze Nederlandse klinische studie naar de effecten van losartan (COMPARE studie). De COMPARE 

studie is een open-label, gerandomiseerde, gecontroleerde trial met geblindeerde eindpunten. De 

behandeling met losartan wordt vergeleken met geen extra behandeling na 3 jaar follow-up, terwijl de 

behandeling met beta-blokkers wordt voortgezet. Het primaire eindpunt is de grootste verandering in 

aorta diameter op elk aorta-niveau gemeten door middel van MRI. Secundaire eindpunten zijn 

verandering van de mortaliteit, incidentie van dissectie, electieve aorta-chirurgie, aorta-volume, stijfheid 

van de aorta en ventriculaire functie. Tevens wordt verandering van gen- en eiwitexpressie in de huid bij  

losartan therapie onderzocht. 

Vanwege de grote klinische variabiliteit bleef het syndroom van Marfan een klinische diagnose, 

ondanks de toegenomen genetische kennis over de oorzaken ervan. Door de jaren heen zijn er 

verschillende diagnostische criteria opgesteld en herzien om te komen tot uniformiteit ten aanzien van de 
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diagnose van het Marfan Syndroom en om deze aandoening te onderscheiden van vergelijkbare 

aandoeningen. In 2010 is er een herziene Gent-nosologie opgesteld die de dilatatie van de aortawortel 

centraal zet in de diagnose van het Marfan Syndroom. In hoofdstuk 3 wordt de herziene nosologie 

toegepast op een gevestigde populatie met volwassen Marfan-patiёnten om de praktische gevolgen van 

deze nieuwe criteria voor de klinische praktijk en de individuele patiënten te bepalen. In een groep van 

180 Marfan-patiënten bleef de diagnose van het Marfan syndroom bestaan bij 91% (n = 164) wanneer de 

herziene criteria worden toegepast. Van de 16 patiënten waarbij de diagnose werd verworpen, werd bij 4 

patienten het MASS fenotype gediagnosticeerd, bij drie het ectopia Lentis syndroom en bij negen 

patiënten werd geen andere diagnose gesteld. Bij 13 patiënten werd de diagnose verworpen omdat de Z-

score van de aorta wortel minder dan 2 was, hoewel de aorta diameter bij 6 van hen groter was dan 40 

mm. Bij drie andere patiënten werd de diagnose van het Marfan Syndroom verworpen omdat aan durale 

ectasia minder gewicht werd toegekend in de herziene nosologie. Na de herziene Marfan nosologie werd 

de diagnose verworpen in 9% van de patiënten, vooral door het ontbreken van aortawortel dilatatie 

gedefinieerd als Z-score ≥ 2. Deze Z-scores lijken de aortawortel dilatatie te onderschatten, vooral bij 

patiënten met een groot lichaamsoppervlak. Bovendien kunnen andere parameters, zoals de vorm van de 

aortawortel en de verhouding van de diameter tot de omringende structuren, mogelijk ook de mate van 

aortawortel-ziekte aangeven. We concludeerden dat een herziening van de criteria voor de betrokkenheid 

van de aortawortel op zijn plaats is. 

Aangezien fibrillin-1 een component is van de extracellulaire matrix van het myocard, kunnen 

mutaties in FBN1 leiden tot aantasting van de ventrikelfunctie bij Marfan patiënten. Bovendien is de aorta 

elasticiteit verminderd bij deze patiënten, hetgeen tevens een negatieve invloed kan hebben op de 

ventrikelfunctie. In hoofdstuk 4 onderzochten we de biventriculaire functie en de invloed van de aorta-

elasticiteit bij patiënten met het syndroom van Marfan door middel van MRI van het hart. Van 144 

Marfan patiënten, zonder significante hartklep-disfunctie of hart-aorta chirurgie in de voorgeschiedenis, 

werd de biventriculaire functie en elasticiteit van de aorta gemeten. Wij vonden dat, in vergelijking met 
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gezonde controles, zowel de linker als rechter ventriculaire ejectiefractie verminderd werden (p <0,005) 

en sterk gecorreleerd waren in Marfan patiënten (r = 0,7, p <0,001). Er was geen correlatie tussen de 

aorta-elasticiteit en de linker ventrikelfunctie. Deze bevindingen suggereren dat er een intrinsieke 

myocardiale disfunctie is bij patiënten met het Marfan Syndroom. 

Aorta diameters zijn een standaardmaat van aortaziekte en worden gebruikt in de dagelijkse 

klinische praktijk. Echter, aorta diameters lijken een regionale uitzetting van de aortawand weer te geven. 

In hoofdstuk 5 werd het totale volume van de aorta van Marfan patiënten gemeten en onderzochten we 

de haalbaarheid en de reproduceerbaarheid van deze nieuwe methode om de totale aorta expansie te 

beoordelen. Een 3D-MRI met gadolinium van de aorta werd uitgevoerd bij 62 Marfan patiënten zonder 

voorafgaande aortadissectie. Het gemiddelde aortavolume van 62 Marfan patiënten bij aanvang was 233 

ml (SD = 65 ml). Het intra-observer verschil was 4,63 ml (ICC = 0,996; SD = 4,83). Het inter-observer 

verschil was 0,06 ml (ICC = 0,979; SD = 11.96). Het gemiddelde aortavolume steeg van 259 ± 62,5 ml 

tot 282 ± 74,7 ml (Cohen's d 0,3) en de gemiddelde diameter van de aorta nam toe van 24,93 ± 2,76 mm 

tot 25,34 ± 2,91 mm (Cohen's d 0,1) bij 15 patiënten. De sensitiviteit van de aorta expansie was 

significant hoger wanneer het aortavolume gebruikt werd in vergelijking met de aortadiameter (effect 

grootte 0,3 en 0,1 respectievelijk, p <0,005). Dit kan van bijzonder belang zijn voor klinische 

onderzoeken omdat het de steekproefgrootte en de follow-up tijd (die nodig is om het effect van het 

onderzochte geneesmiddel  te meten) kan doen afnemen. 

In deel II van dit proefschrift hebben we ons gericht op de moleculaire aspecten van het Marfan 

syndroom. 

In hoofdstuk 6 onderzochten we de globale gen-expressie in de huid, als model voor het 

bindweefsel. We hebben aangetoond dat zowel TGF-β als ontsteking worden opgereguleerd in patiënten 

met het Marfan syndroom. Wij onderzochten transcriptoom- genexpressie van 55 patiënten 

gebruikmakende van de Marfan Affymetrix exon 1,0 ST array en de niveaus van TGF-β en verschillende 
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cytokines in hun plasma. Verhoogde plasmaspiegels van TGF-β werden vooral gevonden in Marfan 

patiënten met aortawortel dilatatie (124 pg / ml) vergeleken met patiënten met Marfan patienten met een 

normale aorta. (10 pg / ml, p = 8x10-6). Interessant genoeg, tonen onze microarray gegevens aan dat een 

verhoogde expressie van inflammatoire genen geassocieerd zijn met de belangrijkste klinische kenmerken 

binnen de Marfan patiënten groep, namelijk de ernst van de aortawortel dilatatie (HLA-DRB1 en HLA-

DRB5 genen), oculaire lens dislocatie (RAET1L, CCL19 en HLA-DQB2) en specifieke skeletkenmerken 

(HLA-DRB1, HLA-DRB5, GZMK). Patiënten met progressieve aortaziekte hadden hogere spiegels 

macrofaag kolonie stimulerende factor (M-CSF) in het bloed. Bij het vergelijken van de vaatwand van de 

aortawortel van Marfan patiënten met niet-Marfan patienten, werden verhoogde aantallen CD4 + T-cellen 

gevonden in de media (p = 0,02) en een toename van het aantal CD8 + T-cellen (p = 0,003) in de 

adventitia bij Marfan patiënten. Daarom impliceren onze resultaten een modificerende rol van ontsteking 

in het Marfan syndroom. Ontsteking zou een nieuw therapeutisch doel bij deze patiënten kunnen zijn. 

Geïnspireerd door deze bevindingen, hebben we in hoofdstuk 7 een genetische associatie studie 

uitgevoerd om te onderzoeken of de genetische variabiliteit van de ontstekinggerelateerde genen de 

variatie in de ernst van de aortaziekte kan verklaren bij 170 Marfan patiënten. De ernst van de aortaziekte 

werd gedefinieerd als de dilatatiesnelheid van de aortawortel over een periode tot 15 jaar. Analyse van de 

15.169 SNPs in 943 bijkomende inflammatoire genen toonde een significant verband van de ernst van 

aortaziekte met een SNP in het Siaalzuurbinding Ig-achtige Lectin 7 (SIGLEC7) gen (p = 3.5x10-7). 

Bovendien werd een spoor van SNPs waargenomen in het interleukine 16 (IL16) gen (P = 7x10-5). Ten 

slotte werden deze associaties gerepliceerd in een cohort van patiënten met geruptureerde intracraniële 

aneurysma’s met de diameter van het aneurysma op het moment van ruptuur als maatstaf voor de ernst 

van de aandoening (P = 0,03 p = 0,05 en respectievelijk). Het SIGLEC7 gen controleert de aangeboren 

immuunreactie op weefselbeschadiging, terwijl het IL16 gen een chemoattractant is van verschillende 

pro-inflammatoire cellen en de expressie induceert van HLA-DR genen in monocyten. We concludeerden 
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dat de genetische variabiliteit in inflammatie-gerelateerde loci de ernst van de aortaziekte van Marfan 

patiënten kan veranderen, en mogelijk ook bij andere vasculaire aandoeningen. 

De afgelopen jaren is TGF-β naar voren gekomen als potentiële prognostische en therapeutische 

biomarker van de aortaziekte in het Marfan syndroom. Daarnaast zijn we ervan uitgegaan dat de respons 

van patiënten op losartan misschien ook variabel is, aangezien de meeste ziektekenmerken bij het Marfan 

syndroom klinisch zeer variabel zijn. In hoofdstuk 8 onderzochten we de correlatie van TGF-β met het 

aorta fenotype en de moleculaire reactie op losartan in een groep van 99 Marfan patiënten. Marfan 

patiënten hadden hogere TGF-β niveaus dan gezonde controles (p = 0,002). TGF-β niveaus correleerden 

met een grotere aortawortel en met de leeftijd (p = 0,05 en 0,02). Losartan verlaagde TGF-β niveaus in 

slechts 15 (36%) van 42 behandelde Marfan patiënten (responders) naar het niveau van de gezonde 

controles (p = 0,31). De andere 27 (64%) van behandelde Marfan patiënten toonde geen verandering of 

een toename van plasma TGF-β niveaus (non-responders). De responders hadden een hogere baseline 

TGF-β niveaus (p = 0,05), ernstigere aortaziekte en een verschillend FBN1 genotype in vergelijking met 

non-responders. Baseline TGF-β niveaus en de respons waren onafhankelijk van additionele bèta-blokker 

therapie. Onze resultaten geven aan dat slechts een derde van de Marfan patiënten zullen reageren op 

losartan indien TGF-β een goede therapeutische marker van de klinische effecten blijkt te zijn. 

Het Marfan syndroom is een chronische aandoening die op jonge leeftijd tot veel beperkingen kan 

leiden. Kwaliteit van leven is een nieuwe parameter van het welzijn van de patiënt en suggereert een 

intrinsiek kenmerk te zijn daar het vaak onafhankelijk is van ziekte-ernst en behandeling. In hoofdstuk 9 

hebben we de kwaliteit van leven in 121 Marfan patiënten en haar genetische basis onderzocht. Wij 

vonden dat de fysieke kwaliteit van leven werd aangetast en een zwak verband had met de leeftijd en 

scoliose, terwijl de mentale kwaliteit van leven normaal was. Omdat een correlatie tussen ziekte-ernst en 

kwaliteit van leven grotendeels ontbreekt, hebben we de ‘genome wide gene expressie’ in verband 

gebracht met kwaliteit van leven. Patiënten met een lagere mentale kwaliteit van leven hadden hoge 
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expressie-niveaus van CXCL9 en CXCL11 cytokine genen (p = 0.001, p = 0,002); Ook patiënten met een 

lage vitaliteit hadden hoge expressie niveaus van CXCL9, CXCL11 en IFNA6 cytokine genen (p = 0,02 , 

p = 0,02, p = 0,04), onafhankelijk van de patiënt eigenschappen.  Vervolgens hebben we 484 SNPs in 

cytokine genen in verband gebracht met kwaliteit van leven. Mentale kwaliteit van leven was 

geassocieerd met een SNP-cluster in het IL4R gen (sterkste associatie p = 0,0017). Hoewel de totale 

mentale kwaliteit van leven normaal was, hadden> 10% van de patiënten lage scores voor MCS (mental 

component score) en vitaliteit. Post-hoc analyse van daarmee gerelateerde systemische 

ontstekingsmediatoren toonde aan dat patiënten met de laagste MCS en vitaliteit scores een hoge mate 

van CCL11 cytokine (p = 0,03, p = 0,04) hadden. We concludeerden dat de aanwezigheid van scoliose en 

een geactiveerde cytokine pathway leiden tot beperkingen van de kwaliteit van leven. Dit komt overeen 

met onze eerdere bevindingen over een belangrijke rol van ontsteking in de pathogenese van het Marfan 

syndroom. 

Dit proefschrift eindigt met een discussie over de huidige bevindingen en de huidige literatuur in 

het licht van de pathogenese van aortaziekte in hoofdstuk 10. 
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Marfan syndrome is a pleiotropic heritable disorder of the connective tissue. Marfan syndrome is caused 

by mutations in FBN1 gene. Main problem in Marfan patients is a progressive aortic root dilatation which 

leads to a sudden death from dissection at young age if untreated. Chapter 1 introduces the main clinical 

problems and therapeutic options in Marfan patients and ends with the outline of this thesis. In recent 

years our understanding of Marfan syndrome pathogenesis shifted from structural weakness of the 

connective tissue to functional role of Transforming Growth Factor (TGF)-β. Losartan, an Angiotensine II 

receptor 1 blocker, a drug widely used for treatment of hypertension, emerged as a potential therapy for 

its TGF-β antagonistic properties and proved to have positive effects on the aortic disease in the Marfan 

syndrome mouse model. We and other groups worldwide initiated clinical trials investigating the effects 

of losartan on the aortic disease. Chapter 2 describes the protocol of the Dutch losartan clinical trial 

(COMPARE study). COMPARE study is an open-label, randomized, controlled trial with blinded end-

points. Treatment with losartan will be compared with no additional treatment after 3 years of follow-up 

while beta-blockers therapy is continued. The primary end-point is the largest change in aortic diameter at 

any aortic level measured by means of MRI. Secondary end-points are change in mortality, incidence of 

dissection, elective aortic surgery, aortic volume, aortic stiffness and ventricular function. We will also 

investigate gene and protein expression change in the skin under losartan therapy.  

Because of the large clinical variability, Marfan syndrome (MFS) remained a clinical diagnosis despite 

the emerging genetic knowledge about its causes. In order to make the diagnosis of MFS uniform and 

distinguish it from the similar disorders, different diagnostic criteria have been set up and revised 

throughout years. In 2010 a revised Ghent nosology emerged which put the aortic root dilatation central 

in the diagnosis of MFS. In chapter 3 we applied the revised nosology in an established adult Marfan 

population to define practical repercussions of novel criteria for clinical practice and individual patients. 

Out of 180 MFS patients, in 91% (n=164) the diagnosis of MFS remained. Out of 16 patients with 

rejected diagnosis, four patients were diagnosed as MASS phenotype, three as ectopia lentis syndrome 

and in nine patients no alternative diagnosis was established. In 13 patients the diagnosis was rejected 



221 

 

because the Z-score of the aortic root was <2, although the aortic diameter was larger than 40 mm in six 

of them. In three other patients the diagnosis of MFS was rejected because dural ectasia was given less 

weight in the revised nosology. Following the revised Marfan nosology, the diagnosis of MFS was 

rejected in 9% of patients, mostly due to absence of aortic root dilatation defined as Z-score ≥2. Currently 

used Z-scores seem to underestimate aortic root dilatation, especially in patients with large Body Surface 

Area. In addition, other parameters such as the shape of the aortic root and the relation of its diameter to 

surrounding structures might also indicate the aortic root disease. We concluded that a revision of the 

criteria for the aortic root involvement may be indicated. 

As fibrillin-1 is a component of the extracellular matrix of the myocardium, mutations in FBN1 may 

cause impairment of ventricular function in Marfan patients. Furthermore, aortic elasticity is decreased in 

these patients, which might also impair ventricular function. In chapter 4 we assessed biventricular 

function and the influence of aortic elasticity in patients with Marfan syndrome by means of cardiac 

magnetic resonance imaging. In 144 Marfan patients without significant valvular dysfunction, previous 

cardiac surgery, or previous aortic surgery, biventricular function and aortic elasticity were measured. We 

found that when compared to healthy controls, both left and  right ventricular ejection fraction of Marfan 

patients were impaired (p< 0.005) and were strongly correlated (r=0.7, p<0.001). There was no 

correlation between aortic elasticity left ventricular function. These findings suggest an intrinsic 

myocardial dysfunction in patients with MFS. 

Aortic diameters are a standard parameter of the aortic disease and are used in a daily clinical practice. 

However, aortic diameters seem to reflect regional expansion of the aortic wall. In chapter 5 we 

measured total aortic volume in Marfan patients and explored its feasibility and reproducibility as a novel 

tool to assess the total aortic expansion.  Gadolinium enhanced 3D MRI of the aorta was performed in 62 

Marfan patients without previous aortic dissection. Mean aortic volume of 62 Marfan patients at baseline 

was 233 ml (SD=65 ml). Intra-observer difference was 4.63 ml (ICC= 0.996; SD=4.83). Inter-observer 



222 

 

difference was 0.06 ml (ICC=0.979; SD=11.96). Mean aortic volume increased from 259± 62.5 ml to 282 

±74.7 ml (Cohen’s d 0.3) and mean aortic diameter increased from 24.93 ± 2.76 mm to 25.34 ± 2.91 mm 

(Cohen’s d 0.1) in 15 patients. The sensitivity of aortic expansion was significantly higher using aortic 

volume as compared to aortic diameters (effect size 0.3 and 0.1 respectively, p<0.005). This might be of 

particular importance in clinical trials as it would reduce the sample size and the follow-up time needed to 

observe the effect of the studied drug. 

In Part II of this thesis we focused on the molecular aspects of Marfan syndrome. In chapter 6 we 

investigated the global gene expression in skin, as a model of the connective tissue. We showed that both 

TGF-β and inflammation are up-regulated in patients with Marfan syndrome. We analyzed transcriptome-

wide gene expression in 55 Marfan patients using Affymetrix Human Exon 1.0 ST Array and levels of 

TGF-β and various cytokines in their plasma. Increased plasma levels of TGF-β were found especially in 

MFS patients with aortic root dilatation (124 pg/ml), when compared to Marfan patients with normal 

aorta (10 pg/ml; p=8x10-6). Interestingly, our microarray data show that increased expression of 

inflammatory genes was associated with major clinical features within the Marfan patients group; namely 

severity of the aortic root dilatation (HLA-DRB1 and HLA-DRB5 genes), ocular lens dislocation 

(RAET1L, CCL19 and HLA-DQB2) and specific skeletal features (HLA-DRB1, HLA-DRB5, GZMK). 

Patients with progressive aortic disease had higher levels of Macrophage Colony Stimulating Factor (M-

CSF) in blood. When comparing Marfan aortic root vessel wall with non-Marfan aortic root, increased 

numbers of CD4+ T-cells were found in the media (p=0.02) and increased number of CD8+ Tcells 

(p=0.003) in the adventitia of the Marfan patients. Therefore, our results imply a modifying role of 

inflammation in Marfan syndrome. Inflammation might be a novel therapeutic target in these patients.  

Inspired by these findings, in chapter 7 we performed a genetic association study in order to investigate 

whether genetic variability in inflammation related genes could explain the variation in aortic disease 

severity in 170 MFS patients. Aortic disease severity was defined as aortic root dilatation rate over a 
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period of up-to 15 years. Analysis of 15169 SNPs in 943 additional inflammatory genes revealed a 

significant association of aortic disease severity with a SNP in the Sialic Acid Binding Ig-like Lectin 7 

(SIGLEC7) gene (p=3.5x10-7). Furthermore, a trail of SNPs was observed in interleukine 16 (IL16) gene 

(p=7x10-5). Finally, these associations were replicated in a cohort of patients with ruptured intracranial 

aneurysms using the diameter of the aneurysm at the time of rupture as a proxy for the disease severity 

(p=0.03 and p=0.05 respectively).The SIGLEC7 gene controls innate immune response to tissue damage, 

while the IL16 gene is a chemoattractant of various pro-inflammatory cells and induces expression of 

HLA-DR genes in monocytes. We concluded that genetic variability in inflammation-related loci may 

modify the aortic disease severity in MFS, and possibly in other vascular diseases. 

In recent years TGF-β emerged as potential prognostic and therapeutic biomarker of the aortic disease in 

Marfan syndrome. In addition, we assumed that patients response to losartan might also be variable, as 

most of the disease features in Marfan syndrome are clinically highly variable. In chapter 8 we 

investigated the correlation of TGF-β with theaortic phenotype and the molecular response to losartan in a 

group of 99 Marfan patients. Marfan patients had higher TGF-β levels than healthy controls (p=0.002). 

TGF-β levels correlated with larger aortic root diameter and age (p=0.05 and 0.02). Losartan reduced 

TGF-β levels in only 15 (36%) of 42 treated Marfan patients (responders) to levels observed in healthy 

controls (p=0.31). Other 27 (64%) of treated MFS patients showed no change or an increase in plasma 

TGF-β(non-responders). Responders had higher baseline TGF-β  levels (p=0.05), more severe aortic 

disease and distinct FBN1 genotype as compared to non-responders. Baseline TGF-β levels and response 

were independent of additional beta-blocker therapy. Our results indicate that only one-third of the 

Marfan patients may respond to losartan if TGF-β proves to be a good therapeutic marker of its clinical 

effects. 

Marfan syndrome is a chronic disorder which leads to many health impairments in young age. Quality of 

life is a novel parameter of patients well-being and it is often independent of the disease severity and 



224 

 

therapy suggesting it is an intrinsic feature. In chapter 9 we explored the quality of life in 121nMarfan 

patients and its genetic basis. We found that patients’ physical QoL was impaired and weakly related with 

age and scoliosis while mental quality of life was normal. To explain a largely lacking correlation 

between disease severity and QoL, we related genome wide gene expression to QoL. Patients with lower 

mental quality of life had high expression levels of CXCL9 and CXCL11 cytokine genes (p=0.001; 

p=0.002); similarly, patients with low vitality scores had high expression levels of CXCL9, CXCL11 and 

IFNA6 cytokine genes (p=0.02; p=0.02; p=0.04), independent of patient characteristics. Subsequently, we 

associated 484 SNPs in cytokine genes to QoL. Mental quality of life was associated with a SNP-cluster 

in the IL4R gene (strongest association p=0.0017). Although overall mental QoL was normal, >10% of 

patients had low scores for MCS and vitality. Post-hoc analysis of several related systemic inflammatory 

mediators showed that patients with lowest MCS and vitality scores had high levels of CCL11 cytokine 

(p=0.03; p=0.04). We concluded that the presence of scoliosis and activated cytokine pathway lead to 

impairments of Marfa patients quality of life. This is line with our previous findings over an important 

role of inflammation in the Marfan disease pathogenesis.   

This thesis ends with a discussion of the present findings and the current literature in the light of the aortic 

disease pathogenesis in chapter 10.  
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Dankwoord 
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Het is zover! Het proefschrift is af en ik mag het dankwoord schrijven. Ik heb al het langste dankwoord 

beloofd, niet omdat ik langdradig ben maar omdat heel veel mensen bijgedragen hebben aan het ontstaan 

van dit boekje. OK, misschien ben ik toch een beetje langdradig ☺ 

Ten eerste wil ik “mijn” Marfan patiënten bedanken, zonder jullie was dit werk nooit tot stand gekomen. 

Het is de leukste patiëntengroep om onderzoek mee te doen: ontzettend gemotiveerd en nieuwsgierig 

maar ook kritisch. En niks is te veel, zelfs niet om naar Amsterdam te komen op zondag en een “klein” 

stukje huid af te staan (dat ook nog meerdere keren). Ik hoop dat jullie in de toekomst veel baat zullen 

hebben van de COMPARE studie. 

Mijn promotoren en de co-promotor. Bedankt voor alle begeleiding en de vrijheid in afgelopen 4 jaar die 

tot dit boekje hebben geleid. 

Prof. dr. AH Zwinderman, beste Koos, het is een plezier om met jou wetenschap te doen, vele keren dacht 

ik dat dit de leukste baan in de wereld was. Onze discussies op jouw witte bord of in de trein naar Leiden, 

even dit of dat laten zien van mijn analyses, je kon altijd de tijd vinden of maken.  Met een halve zin was 

alles al duidelijk van beide kanten! En het belangrijkste: je had op cruciale momenten vertrouwen in mij 

en hield het vogelperspectief over mijn werk. 

Prof. dr. BJM Mulder, beste Barbara, jouw gedrevenheid en efficiëntie zijn wonderlijk. Je was vanaf het 

begin enorm enthousiast over de COMPARE studie en wist de COMPARE op zijn poten te houden ook 

toen de inclusie een zetje in de rug nodig had. Ik heb veel van jou maar ook vooral door jou geleerd. Mijn 

papers kreeg ik altijd binnen twee dagen terug met een efficiënt en praktisch commentaar. Je wist het 

maximum uit mij te halen en dat elke keer opnieuw. 

Dr. M. Groenink, Beste Maarten, jouw scherpe geest heeft tot de belangrijkste bochten geleid in het 

ontstaan van dit proefschrift. Ik werd soms wanhopig van“Hier zit iets in”, of  “deze twee stukken horen 

eigenlijk bij elkaar” op het moment dat ik dacht dat alles klaar was, maar vaak had je gelijk. Jouw humor 

heeft onze woensdag-besprekingen regelmatig met een half uur verlengd, het was ook leuk om je prive 

kant te zien op het Marfan symposium in Warrenton (“why is always salt and pepper on the table, why 

not curry or cinnamon, have you ever thought about that?”). 

Mijn COMPARE kameraden. Beste Fleur, we hebben veel met elkaar meegemaakt. Je hebt bijna de hele 

inclusie meegemaakt en ondanks je drukke opleiding tot klinisch geneticus op zondagen ervoor gestaan. 

We hebben het altijd gezellig gehad (Marfan-dag, Groningen...) en waren een leuk team (Marfan 

meisjes!). Ik hoop dat je daar toch iets aan hebt gehad en ben blij voor je dat je promotie goed gelukt is. 

Beste Piet, het was heel prettig met je samen te werken, we konden elkaar heel goed aanvullen en 

begrijpen. Je hebt je best gedaan voor de COMPARE en vond het oprecht leuk. We hebben veel met 
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elkaar gelachen, je humor heeft het harde werken verzacht! Ik ben blij dat je gelukkig bent met je 

opleiding en je gezinnetje. 

COMPARE studie groep. 

Beste Janneke, Marlies, Arthur, Yvonne, Peter en Maarten, jullie medewerking heeft van de COMPARE 

een wereld studie gemaakt. Nog “even” de data van een patiënt of even langskomen was nooit een 

probleem, bedankt daarvoor en voor alle logistieke ondersteuning. Beste Jos en Gerda, jullie hebben veel 

voor de COMPARE gedaan ook toen het niet hoefde, bedankt daarvoor, ik zal het niet vergeten. 

Een leuke afdeling is altijd heel belangrijk tijdens de promotie: fijne collega’s om je up’s en down’s mee 

te delen maar ook van te leren. In dat opzicht was de KEBB ideaal. 

Beste Gré en Petra (ook al ben je al een tijdje weg), jullie zorgden altijd voor de gezelligheid en 

coherentie op de afdeling! Gré, je bent een borrel- en feest-meester! En als Gré je hotel voor een congres 

organiseert, zit je zeker in een chique en gezellig hotelletje of bed-and-breakfast. Dank voor je hulp met 

de laatste loodjes voor dit proefschrift. 

Promoveren schept een band. Mijn kamergenoten! Marlies, Mariska en Fleur. Ik belande als een 

kersverse onderzoeker in jullie kamer en dat was maar goed ook! Jullie hadden al veel ervaring en rust en 

waren ontzettend gezellig. Ik heb nog de “je-hebt-het-veel-te-druk” cavia als een blijvende herinnering 

aan die tijd. Beste Fleur, je bent een heel leuk mens, je rose-, schoenen- en dysmorfomania hebben mij uit 

de diepste downs gehaald! Kimiko en Jolande, het gyn-duo, ik weet nu alles over de opleiding tot 

gynaecoloog! Kimiko, je bent ontzettend energiek en vrolijk, het hield niet op (Aziatisch of Indisch 

koken, reizen, detox thee, lezen, kunst-nagels, trouwen en yoga), we hebben veel gelachen! En op het 

laatst Parvin, Eleanor and Gaori, nog veel succes met jullie promotie! Parvin, we konden een kritische 

blik geven op elkaars werk en mee denken met elkaar, dat was vaak erg leuk en ook nuttig (je hebt het 

best georganiseerde bureau van de wereld!). 210-1 dames: Marjolein, Annet, Inge en Esther. Even 

binnenlopen was altijd een feest, we hebben elkaar reality checks gegeven of gewoon hard gelachen en ik 

had weer energie om door te gaan, ik neem jullie mee naar de next level! Marjo (het is net ons mam), je 

bent ontzettend leuk, je droge humor of praktische tips (zeker in mijn geval) waren onmisbaar. Annet, je 

zachte g met karakter is een winnende combinatie. Inge, het was een match vanaf dag 1 (niet alleen op het 

chaotische niveau), grapjes over allochtonen en dyslexie of gewoon de counsel-sessies (met een biertje 

erbij) gaan we nog vaak doen. Esther, je was een steady factor van 210-1 en mijn trein-kameraad. En mijn 

alter-kamer, legendary 207. Erik, Michel en Iris, ondanks het leeftijds- maar vooral levensfaseverschil, 

was ik one of us! R-line, syntax fixen of “dat moet je met dit programmatje doen”  hebben enorm 

bijgedragen tot mijn statistische en programmeer-waardigheden. Erik, even mijn data imputeren of 

“plinken” was nooit een probleem. Michel, the R-master en de beste eind-driver, bedankt voor al je hulp 
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met R, ik heb er enorm van geleerd. OK, loops zijn niet echt mijn ding, maar ik ben ten slotte gewoon een 

dokter! Iris, we zijn er samen aan begonnen, veel met elkaar meegemaakt (Goteborg, even shoppen of 

feesten) en gaan het samen afmaken! Het begon als een grapje maar het is gelukt, we gaan op dezelfde 

dag promoveren! Je bent mijn deputy paranimf, ik ben blij dat je een leuke baan hebt en dat het gelukt is 

met de verhuizing naar Engeland ten gelijke tijd met de laatste loodjes van de promotie, heel knap. 

Gelukkig hebben we het feest om ernaar uit te kijken! 

Cardio-collega’s: Michiel, Jeroen, Paul, Zeliha en Klaartje, ik kon altijd met de praktische vragen bij 

jullie terecht (METC, onderzoeken aanvragen ezv) of gewoon even kletsen. Ik wens jullie veel succes met 

de opleiding. Dounya, ik vond het ontzettend leuk met jou samen te werken, we hebben er het beste van 

gemaakt door elkaar aan te vullen en een kritische blik te werpen op elkaars veld. Het is een mooi stuk 

geworden waar ik trots op ben. Daarnaast was het ontzettend gezellig! 

Shreyas, erg bedankt voor je steun in het begin van de COMPARE. Alles kon en niks was te gek, even 

centrifuge meenemen of de sleutel van het lab krijgen, je bent zelfs een paar keer geweest op zondagen 

om ons te helpen! Marco, bedankt voor je hulp met de validaties. Vivian, je energie, enthousiasme en 

kennis over aneurysma’s hebben veel bijgedragen aan dit werk, door jou kon ik weer het bos door de 

bomen zien, het was ontzettend leuk met je samen te werken. Ik ben heel benieuwd hoe onze muizen 

studie die we samen hebben opgezet, verloopt! Rene, het was heel inspirerend om met jou samen te 

werken, nog aan het begin van het “ontstekingspad” van dit proefschrift. Je kon altijd tijd voor mij 

vinden, analyses uitvoeren (en altijd snel!) of even van gedachtes wisselen op je witte bord, dank voor die 

leuke tijd. Marnix, onze samenwerking heeft van mijn interesse in pathologie een  beroepskeuze gemaakt 

en daar ben ik erg mee blij! Je werd vaak gek van mijn enthousiasme en ongeduld maar je kon altijd tijd 

maken voor ons project ondanks je drukke opleiding. 

Lieve Joost, van “de vriend van Ido” uit “Svetlana” tijden, zijn we goede maatjes geworden. En wat leuk 

dat je naast me staat op deze dag! Lieve Judith, wat leuk dat jullie elkaar hebben gevonden en dat jullie 

wilden helpen met alles, het is ons eigen “kunstprojectje” geworden. 

Draga Bojana, prijatelju i divni covece! Kako smo se tiho divno pratili jos od studentskih dana na 

vezbama, do ucenja zajedno u Solunskoj, izleta i zurki pa do ove Holandije, brakova i dece! Tvoja tanana 

dusa i apsolutni sluh za super provod (od kuvanja raznih specijaliteta, do dana Brazila u Botanickoj basti, 

izleta, koncerata i cuvanja Tare) su nas zblizili svih ovih godina. Srecna sam sto te imam i u ovoj 

Holandiji i sto ces biti uz mene i danas. 

Lieve Peter en Wieneke, vanaf dag één hebben jullie mij als je eigen dochter gezien, dat schepte een 

bijzondere band. Bedankt voor jullie steun al die tijd op veel verschillende manieren en begrip voor mijn 
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werk, daarzonder was het nooit gelukt! Jullie oppas-acties hebben ook de laatste loodjes van dit 

proefschrift mogelijk gemaakt. Er staan ons nog vele gezellige jaren te wachten. 

Dragi teto, Gago, Daco, Dado, teto, Pavle, Hristina, mama, tata i Nemanja, iako je Tolstoj rekao da su sve 

srecne porodice iste a nesrecne svaka na svoj nacin, milsim da nije bio u pravu. Mi smo eto bili srecni na 

svoj nacin (ipak sam uvek vise volela Dostojevskog!). Vasa neiscrpna podrska svih mojih ideja od malih 

nogu i divljenje mojim uspesima su ucinili da verujem da mi je nebo granica. I evo, skidam vam zvezde 

sa neba danas sa nadom da vam uzvracam bar deo onoga sto ste mi pruzili. Svako od vas nam je na svoj 

nacin bio majka i otac i ucinio od nas ljude kakvi jesmo. Mnogo vas sve volim. Majka, ti si me naucila da 

izvucem maksimum iz sebe, toj nekoj upornosti koja mi je bila glavno oruzije proteklih godina a tvoja 

neiscrpna ljubav i podrska u svim situacijama- snaga. Tata, jos od clanskih karti za “drustvo za zastitu 

zivotinja”, preko (muzickih) skola pa do doktorata, uvek smo delili romanticarski pogled na svet koji me 

je cesto odrzavao proteklih godina. Nemke, moj bato,u svim situacijama i uvek smo se voleli i cuvali, 

ponosna sam na tebe, hvala ti za podrsku zadnjih godina, zajedno sa Rubiom. 

Lieve Ido, mijn soulmate en supernatant! Je begrip voor mijn promotie afgelopen jaren, alle zondagen dat 

je mee bent geweest zodat we elkaar toch een beetje konden zien of gewoon om de centrifuge te sjouwen 

en je geduld met de laatste loodjes, hebben mij de sterkte gegeven om door te gaan. We hebben heel 

intensief geleefd en veel met elkaar meegemaakt. Volim te, ti si moje sidro i vetar. Tara i Jano, vi ste 

mamine zvezdice , kako ste lepe, kako vas volim i kako sam ponosna na vas. Sa vama troma sam 

najsrecnija zena na svetu. 

 

 

Teodora 
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