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Introduction and outline
of the thesis

Introduction
In 1896 Antoine-Bernard Marfan was the first to describe a 5-year-old patient with
the typical MFS appearance, i.e. long slender fingers and extremities.1 After this first
delineation, other pleiotropic and phenotypic features were attributed to this disorder,
which finally was named ‘the Marfan syndrome’ (MFS). Currently, MFS is known to be a
heritable connective tissue disorder with a prevalence of 1 per 5000 individuals.2 MFS
affects multiple organ-systems, including the lungs, eyes, the skeleton and the aorta.
Aortic dilation is present in the vast majority of MFS patients, and may lead to the feared
aortic dissection, an important cause of morbidity and mortality. Since the introduction
of prophylactic aortic root surgery, life expectancy has significantly increased.3 However,
aortic root surgery is an invasive procedure during which the sternum is divided, the
heart-lung machine is used, and finally the dilated first part of the aorta is replaced.
Complications later in life may be accelerated by aortic root surgery due to altered
hemodynamic factors and wall dynamics, which affects the distal part of the aorta.4 Normally, patients with MFS are pharmacologically treated with β-blockers, which reduce
the stress on the aortic wall by decreasing inotropy, reducing chronotropy and lowering
the average blood pressure.5 However, aortic dilation is terminated in all patients, and
aortic dissection may still occur. Therefore, novel treatment strategies are necessary.
A major breakthrough in understanding the pathophysiology of MFS was the discovery
of the FBN1 gene in 1991.6 Currently, FBN1 mutations are found in approximately 90% of
MFS patients. Remarkably, MFS patients have a highly variable phenotype. Differences
are found in features, in the severity of the features, and in responsiveness to medical
treatment both between families as well as among family members.7 In general, MFS is
a progressive disorder. However, owing to the large variability also at the age of onset of
clinical features, outcome is hard to predict for the individual patient.
In order to get to the root of the problem of MFS, the main objectives of this thesis
are to obtain more insight in the diagnosis, prognosis and markers of aortic disease, to
obtain more knowledge about the importance of genetics in MFS, which is interlaced
with all aspects of the syndrome, and to obtain more insight in novel pharmacological
strategies to prevent aortic complications.

Outline of the thesis
In the first chapters of this thesis, we focus on the diagnosis, prognosis and markers of
aortic disease in MFS. In 2010, the Ghent criteria for assessing the MFS diagnosis were
revised, placing more emphasis on aortic root dilation, ectopia lentis and FBN1 mutation
testing. Although the revised criteria are easier to apply, some remarks have to be made.
10
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In addition to diagnostic adjustments, more understanding of the pathophysiology has
led to novel treatment strategies. Chapter 1 provides a critical appraisal of the revised
criteria, and highlights the future perspectives regarding the prevention of aortic complications in MFS patients.
The Ghent criteria are primarily based on clinical features of Caucasian MFS populations. However, the Asian population currently accounts for more than one-fifth of the
total world population. Previous research has also shown that specific MFS features,
such as myopia and scoliosis, have a higher frequency in the general Asian population.
Chapter 2 therefore determines whether the revised Ghent criteria apply also to Asian
MFS populations.
Advances in aortic surgery and MFS screening have significantly reduced mortality
due to aortic dissection. With the increased longevity of MFS patients, an increased
incidence of complications beyond the ascending aorta has been identified. Chapter 3
delineates patients at risk for aortic dissection by introducing the aortic tortuosity index
measured by means of magnetic resonance imaging.
Fibrillin-1 is a structural protein, which binds to the inactive form of transforming
growth factor-β (TGF-β). Mutations in the gene encoding for the fibrillin-1 protein (the
FBN1 gene) cause defective or deficient fibrillin-1 protein, which lead to altered matrix
sequestration, a less comprehensive aortic wall structure, and moreover activation and
enhanced release of TGF-β into the extracellular environment. Chapter 4 investigates
the role of plasma TGF-β as a biomarker for progressive aortic dilation and dissection.
In chapters 5, 6 and 7 we focus more deeply on the importance of genetics in MFS.
Chapter 5 provides an overview of all FBN1 mutations described in the universal FBN1
database. FBN1 mutations are classified based on their action on DNA level, and we
identified some interesting genotype-phenotype correlations. The findings of chapter
5 resulted in the classification of FBN1 mutations into two groups based on their effect
on the fibrillin-1 protein: haploinsufficiency (HI) or dominant negative effects (DN). In HIFBN1 mutations only non-mutated fibrillin-1 is produced due to degradation of mutated
fibrillin-1 mRNA or of protein, leading to a decreased amount of normal functioning
fibrillin-1 protein incorporated in the aortic wall. In DN-FBN1 mutations, non-mutated as
well as mutated fibrillin-1 proteins are incorporated in the extracellular matrix. Chapter
6 prospectively assesses the impact of FBN1 mutation type (HI versus DN) upon survival
and dissection-free survival in MFS patients. On top of that, chapter 7 aims to validate
the results of chapter 6 in a Spanish cohort of MFS patients and determines the relationship between HI and DN mutations upon aortic dilation rate and aortic complications
(dissection and cardiovascular mortality).
Finally, we focus on novel pharmacological strategies to prevent aortic dilation and
aortic complications in MFS. Chapter 8 determines whether losartan reduces the aortic
dilation rate in adults with MFS and - although underpowered - assesses if losartan
11

influences the incidence of aortic dissection, elective aortic surgery, or cardiovascular
death in a multicentre, open-label, randomized controlled trial with blinded endpoints.
Chapter 9 determines if TGF-β might function as therapeutic biomarker for effectiveness of losartan on aortic dilation rate. Chapter 10 investigates the effect of losartan on
aortic root dilation rate between MFS patients with a HI-FBN1 mutation and those with
a DN-FBN1 mutation. To finalize, chapter 11 examines the efficacy of anti-inflammatory
therapies in attenuating aortic root dilation in the MFS mouse model which was first
used to test the effectiveness of losartan therapy.
The thesis is completed with a summary and future perspectives in chapter 12, which
includes an overview of all finished randomized losartan trials in MFS patients so far, and
intends to give a treatment advice. Chapter 13 gives the Dutch summary, including the
Dutch publication of chapter 8.
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Abstract
Marfan syndrome is a multi-systemic connective tissue disorder, with primary involvement of the cardiovascular, ocular and skeletal systems. This autosomal heritable disease
is mainly attributable to a defect in the FBN1 gene. Until 2010, the clinical diagnosis of
Marfan syndrome was based on the Ghent criteria of 1996. Recently, the Ghent criteria
have been revised. The revised guidelines of 2010 place more emphasis on aortic root
dilation, ectopia lentis and FBN1 mutation testing in the diagnostic assessment of Marfan syndrome. Although the revised Ghent criteria of 2010 are easier to apply, they do
raise some remarks as compared to the guidelines of 1996.
In addition to adjustments in the diagnosis of Marfan syndrome, there is progress in
the understanding of the pathophysiology in Marfan syndrome, leading to new treatment strategies. Losartan, an angiotensin II receptor type 1 blocker, has been shown to
inhibit transforming growth factor beta signal transduction and thereby prevents aortic
root aneurysms in a mouse model of Marfan syndrome. This article will provide a critical
appraisal of the revised Ghent nosology in 2010 and will highlight the future perspectives regarding the treatment of Marfan syndrome.
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Introduction
Diagnosis
Marfan syndrome (MFS) is a multi-systemic autosomal dominant disorder of the connective tissue with a prevalence of 1 per 5000 individuals.1
MFS is mainly caused by mutations of the fibrillin-1 gene (FBN1) encoding for the extracellular
matrix protein fibrillin-1. Patients with MFS may
present with aortic dilation, ectopia lentis, dural
ectasia and skeletal features.2–8 Aortic dilations
are present in the vast majority of the patients
with MFS and are the most important cause for
morbidity and mortality in MFS (Figure 1).9–12 The
diagnosis MFS is based on the Ghent criteria of
1996 in which the features have been divided
into major and minor clinical criteria based on
their frequency in MFS, in other conditions and
in the general population (Table 1).13 In the revised Ghent criteria more weight has been given
to aortic root dilation, FBN1 testing and ectopia
lentis (Table 2).14 In this article we will discuss the
historical evolution of MFS and provide a critical
appraisal of the revised Ghent nosology of 2010.

Figure 1. MR image of aorta in a Marfan patient. The arrow points to the typical aortic
root dilation seen in most Marfa patients.

Treatment
Treatment of MFS consists mainly of prophylactic surgical replacement of aortic root aneurysms (or other dilated parts of the aorta). This procedure has resulted in an increased
life expectancy in MFS.15 Before the aortic aneurysm reaches dimensions which will
justify surgical prophylactic intervention, beta-blocking agents are standardly used to
lower aneurysm expansion rate.16 Recently, new possibilities for medical therapies have
emerged from animal experiments. MFS has recently been associated with an increased
Transforming Growth Factor (TGF)-β signalling.17,18 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.19 In addition to the
role of fibrillin-1 as a structural component of the ECM, it regulates TGF-β activation
through interactions with TGF-β precursors, keeping it in its inactive form. Due to defect
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. Many disease
15

manifestations, including aortic root dilation, mitral valve prolapse, developmental
emphysema and skeletal muscle myopathy were attenuated after TGF-β inhibition
using TGF-β neutralizing antibodies in MFS mice.20 Interestingly, similar protection was
achieved using the angiotensin II type I receptor (AT1R) blocker losartan. This article will
highlight the future perspectives regarding the treatment of MFS.
Table 1. The Ghent criteria for diagnosis of Marfan syndrome
Criteria for diagnosis of Marfan syndrome
For the index case without family/genetic history:
•

major criteria in at least 2 different organ systems and involvement of a third organ system

For the index case with family/genetic history:
•

one major criterion in an organ system and involvement of a second organ system

For a relative of an index case:
•

presence of a major criterion in the family history and

•

one major criterion in an organ system and involvement of a second organ system

Cardiovascular system
Major criterion (either of the following)
•

Dilatation of the ascending aorta and involving at least the sinuses of Valsalva

•

Dissection of the ascending aorta

Minor criteria (for involvement only one minor criteria must be present)
•

Mitral valve prolapse

•

Dilatation of the main pulmonary artery < 40 years age, in the absence of an obvious cause

•

Calcification of the mitral annulus younger than age 40 years

•

Dilatation or dissection of the descending thoracic or abdominal aorta younger than age 50 years

Skeletal system
Major criteria (at least four of the following features) (for involvement: two of the following features)
•

Pectus carinatum

•

Pectus excavatum, needing surgery

•

Reduced upper-segment to lower-segment ratio or arm span to height ratio >1.05

•

Wrist and thumb signs

•

Scoliosis of >20° or spondylolisthesis

•

Reduced extension at the elbows (<170°)

•

Medial displacement of the medial malleolus, causing pes planus

•

Protrusio acetabulae of any degree (ascertained on radiographs)

Minor criteria (for involvement one major criteria and two of the following features must be present)
•

Pectus excavatum of moderate severity

•

Joint hypermobility

•

Highly arched palate with crowding of teeth

•

Facial appearance (dolichocephaly, malar hypoplasia, enophthalmos, retrognathia, down-slanting
palpebral fissures)

Ocular system
Major criterion
•

Ectopia lentis

Minor criteria (for involvement at least two of the following features must be present)

16
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Table 1. The Ghent criteria for diagnosis of Marfan syndrome (continued)
Criteria for diagnosis of Marfan syndrome
•

Abnormally flat cornea

•

Increased axial length of globe

•

Hypoplastic iris or hypoplastic ciliary muscle, causing decreased miosis

Pulmonary system
Minor criteria (for involvement only one of the following features must be present)
•

Spontaneous pneumothorax

•

Apical blebs

Skin and integument
Minor criterion (for involvement only one of the following features must be present)
•

Striae atrophicae (stretch marks) without marked weight gain, pregnancy, or repetitive stress)

•

Recurrent or incisional herniae

Dura
Major criterion
•

Lumbosacral dural ectasia

Family/genetic history
Major criteria (any one of the following)
•

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

•

Presence of a mutation in FBN1, which is known to cause Marfan’s syndrome

•

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

Progress in diagnosis of Marfan syndrome
History
The Marfan syndrome owes its name to Professor Antoine-Bernard Marfan, who described a five-year-old girl with long slender digits and other skeletal abnormalities
in the Bulletin of the Medical Society of Paris in 1896.21 Ironically, most experts now
agree that the child originally presented by dr. Marfan was probably not affected by
the Marfan syndrome, but by ‘contractural arachnodactily’, a form of connective tissue
disease caused by FBN2 mutations. After this initial delineation, other aspects of the MFS
were recognised by Victor McKusick. He described a range of pleiotropic and phenotypic variability in MFS, including cardiovascular aspects, ectopia lentis, skeletal pectus
excavatum and kyfoscoliosis.22 To ensure accurate communication between health care
providers, researchers and patients, the Berlin nosology were predefined as clinical criteria for MFS in 1986.23 However, a pitfall of this nosology was overdiagnosis of patients
with a positive family history of MFS. These patients were sometimes only affected by
non-specific connective tissue findings themselves, without carrying the mutation present in more typically affected family members.24 Therefore, in 1996 the Ghent nosology
was reported as new diagnostic criteria to ensure stringent guidelines for the diagnosis
of MFS in unequivocally affected individuals and to separate mild connective tissue
17

disorders from MFS.13 The Ghent criteria made use of a classification for the different
clinical features, which were divided into major criteria with high diagnostic specificity
and minor criteria in which an organ system is involved (Table 1). The presence of a
major criterion in two different systems and a minor criterion in a third system were
required to make the diagnosis of MFS. The prevalence of a FBN1 mutation in patients
fulfilling the criteria for MFS currently is 91-95%.14,25 Nevertheless, the sensitivity of the
Ghent nosology was relatively low as most features of MFS are age dependent, which often postpones the diagnosis of MFS in children with a positive family history.26 Another
concern regarding the sensitivity of the Ghent nosology in diagnosing MFS were the
highly variable and diverse features, which are present as well in the general population
and in other connective tissue disorders.27

The revised Ghent nosology
An international panel of experts in the diagnosis and management of MFS aimed to improve the diagnostic criteria by following several guiding principles: maximal evidence
based decision-making, practical patient centric implications, a focus on features that
distinguish MFS from other disorders and definition of thresholds for diagnosis of MFS.
Purpose of the revised criteria
One of the aims of the panel for the new criteria was to prevent overdiagnosis of MFS in
the absence of evidence for aortic aneurysm, in order to protect patients for restriction
of career aspirations, insurance benefits and psychosocial stigmatization. Therefore, one
of the main revisions of the revised Ghent nosology was the requirement of aortic root
dilation in a personal and/or family history.14 In absence of aortic root dilation, identification of a pathogenic FBN1 mutation is required in order to establish the diagnosis MFS.
Presence of aortic root dilation according to Z-score and ectopia lentis is now sufficient
for establishing the diagnosis of MFS in individual patients. All other clinical features
contribute to a ‘systemic score’ (Table 2), which guides diagnosis when ectopia lentis or
aortic disease is absent. Less specific manifestations of MFS have been removed or made
less influential in the diagnostic evaluation. Even the major criterion ‘dural ectasia’ from
the old Ghent criteria has been included in the systemic score in the revised criteria.
Dural ectasia are now given 2 points out of 20, whereas more than 7 points is needed to
indicate systemic involvement.
Furthermore, a more prominent role is provided for molecular genetic screening of the
FBN1 gene and other relevant genes. The diagnosis of MFS should be avoided if a patient
has specific clinical or molecular observations, which could reveal alternative and often
more serious diagnoses.14 In these cases a delayed or ambiguous diagnosis of MFS is
prevented by requiring additional diagnostic tests to prove or exclude newly introduced
syndromes, such as ectopia lentis syndrome, Loeys-Dietz syndrome and mitral valve
18
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prolapse syndrome. However, in patients under 20 years of age these new syndromes
are not eligible, because phenotype may evolve with time. For these patients ‘potential
MFS’ was proposed. Above revisions of the Ghent criteria have ultimately resulted in the
revised Ghent nosology of 2010.
Table 2. Revised Ghent criteria for diagnosis of Marfan syndrome and related conditions
In the absence of family history of Marfan syndrome:
1. Ao (Z ≥ 2) AND EL = MFS*
2. Ao (Z ≥ 2) AND FBN1 = MFS
3. Ao (Z ≥ 2) AND Syst (≥ 7 points) = MFS*
4. EL AND FBN1 associated with Ao = MFS
EL with or without Syst AND with an FBN1 not previously been associated with Ao or no FBN1 = ELS
Ao (Z < 2) AND Syst (≥ 5 points) with at least one skeletal feature, without EL = MASS
MVP AND Ao (Z < 2) AND Syst (< 5) without EL = MVPS
In the presence of family history of Marfan syndrome:
5. EL AND FH = MFS
6. Syst (≥ 7 points) AND FH = MFS*
7. Ao (Z ≥ 2 above age of 20 years, ≥ 3 below age of 20 years) AND FH = MFS*
Scoring of systemic features
• Wrist AND thumb sign – 3 (wrist OR thumb sign – 1)
• Pectus carinatum deformity – 2 (pectus excavatum or chest asymmetry – 1)
• Hindfoot deformity – 2 (plain pes planus – 1)
• Pneumothorax – 2
• Dural ectasia – 2
• Protrusio acetabuli – 2
• Reduced US/LS AND increased arm/height AND no severe scoliosis – 1
• Scoliosis or thoracolumbar kyphosis – 1
• Reduced elbow extension – 1
• Facial features (3/5) – 1 (dolichocephaly, enophthalmos, downslanting palpebral fissures, malar hypoplasia,
retrognathia)
• Skin striae – 1
• Myopia > 3 diopters – 1
• Mitral valve prolapse (all types) – 1
Maximum total: 20 points; score ≥ 7 indicates systemic involvement

Caveat: without discriminating features of Shprintzen-Goldberg syndrome, Loeys-Dietz syndrome or vascular EDS syndrome. If present then TGFBR1/2 testing, collagen biochemistry, COL3A1 testing. Other conditions/genes will follow with time.
Abbreviations: Ao, aortic diameter at the sinuses of Valsalva above indicated Z-score or aortic root dissection; Z, Z-score; EL, ectopia lentis; MFS, Marfan syndrome; FBN1, fibrilline-1 mutation; Syst, systemic score;
ELS, ectopia lentis syndrome; MASS, myopia, mitral valve prolapse, borderline (Z<2) aortic root dilatation,
striae, skeletal findings phenotype; MVP, mitral valve prolapse; MVPS, mitral valve prolapse syndrome; FH,
family history; US/LS, upper segment/lower segment ratio
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Clinical implications of the Revised Ghent Nosology
Radonic et al. recently reported the practical applicability of the revised Ghent criteria
by applying them in an established adult Marfan population of 180 patients.28 In 164
patients (91%) diagnosis of MFS was confirmed with the revised Ghent nosology. In
three patients (2%) the syndrome was rejected, due to altered weight given to dural
ectasia in the revised criteria. These patients showed little or no other features of MFS,
besides aortic root dilation and dural ectasia. In 13 patients (7%) MFS was rejected due
to absence of aortic root dilation defined as Z-score ≥ 2. In this group, an aortic root
diameter of more than 40 mm was present in six patients, four of whom received an
alternative diagnosis, such as ectopia lentis syndrome and MASS phenotype. The other
seven patients with an aortic root diameter of less than 40 mm had an aortic root shape
typically for MFS of whom three patients were diagnosed differently.
Faivre et al. performed a similar kind of study, including 1009 probands with a pathogenic FBN1 mutation and a phenotype compatible with a connective tissue disorder.29
Each patient with a pathogenic FBN1 mutation had been classified according to the
Ghent criteria as well to the revised Ghent criteria, resulting in respectively 89% and
83% patients with MFS. Almost 90% of patients in the adult cohort who received the
diagnosis of MFS according to the Ghent criteria of 1996 kept the diagnosis MFS by
using the revised criteria; 8% were reassigned to ectopia lentis syndrome and 2% were
reassigned to MASS. Both studies have a confirmation of 90% for the diagnosis of MFS
when using the Ghent criteria of 1996 or the revised Ghent criteria of 2010.

Critical appraisal
The revised Ghent nosology offers some advantages as compared to the old nosology.
The guidelines seem to be easier to apply by physicians, because more weight is given to
ectopia lentis and aortic root aneurysm. Furthermore, several minor criteria which were
often subjective and difficult to assess have been eliminated. In addition, the use of the
revised criteria narrows the diagnosis of MFS to patients with fully expressed disease
and various new diagnoses are suggested to decrease the risk of premature diagnosis.
By introducing the revised Ghent criteria more specificity has been achievedwhile maintaining clinical relevance. However, the revised Ghent criteria of 2010 also raise some
remarks as compared to the guidelines of 1996 which will be described in the following
section.
Z-scores and body surface area
Comments can be made regarding one of the major changes in the new nosology, including the use of Z-score measurement for aortic root dilation in adults. Normal values
for aortic root dilation depend on age, height and weight (body surface area (BSA)).30

20
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The Z-score is a common statistical way of standardizing data on one scale in which each
Z-score corresponds to a point in a normal distribution (appendix).
Appendix - Z-score and mean dependent on age and body surface area
The Haycock formula:
BSA (m2)= 0.024265 x Height (cm)0.3964 x Weight (kg)0.5378
Z-score for aortic root diameter:
Z-score = AoD (mm) – mean (mm)
SD (mm)
Mean aortic root diameter:
- Age < 18 years: mean = 1.02 x (0.98 x BSA (m2))
- Age < 40 years: mean = 0.97 x (1.12 x BSA (m2))
- Age > 40 years: mean = 1.92 x (0.74 x BSA (m2))
BSA = body surface area (m²), Z = Z-score, AoD = aortic root diameter (mm), mean = mean aortic
root diameter in general population dependent on age and body surface area (mm), SD = standard
deviation (mm)

An aortic root diameter with Z-score ≥ 2 assumes an aortic root diameter with a value,
two standard deviations beyond its expectation value corrected for age and BSA. However, instead of a linear distribution between BSA and aortic root diameter, the curve
appears to flatten with increasing BSA in subjects above the 95th percentile for height
in a nonlinear correlation with maximum aortic root diameters of 40 mm.28,31,32 A large
study of 2317 highly trained athletes with high hemodynamic stress on aortic wall demonstrated an upper normal limit (> 99 percentile value) of the aortic root diameter of 40
mm in men (n=17) and 34 mm in women (n=10).33 These data suggest that aortic root
diameters of more than 40 mm are dilated.
A Marfan population differs significantly from the healthy population regarding BSA
and aortic root size variability.34 In addition, in MFS patients aortic root dilation is generally located at the level of the three sinuses of Valsalva and may terminates abruptly at
the sinotubular junction, resulting in a pear-shaped aortic root (Figure 2).35 Oosterhof
et al. have demonstrated that in 17 patients with a juvenile form of ascending aortic
dilation without MFS the aneurysm was mostly fusiform, whereas in 78 patients with
aortic root dilation in MFS all patients had pear-shaped dilations.36
Currently used Z-scores may underestimate aortic enlargement in patients with a
large BSA and may not reflect the potential progressive nature of it. Therefore, we propose to define aortic root dilation (corrected for BSA and age) as a Z-score > 2 and/or an
absolute aortic root diameter of more than 40 mm. However, an appropriate definition
of aortic root involvement in adult Marfan patients should also take into account the
typical pear-shaped aortic root.35,37–39
21

Figure 2. Echocardiography of dilated sinus of Valsalva.

FBN1 mutations
To determine whether a FBN1 mutation is associated with aortic root dilation, the
clinician needs to have access to a public up-to-date database of known pathogenic
mutations. Unfortunately, such an updated database is not available at this moment.
In the revised Ghent criteria more emphasis is placed on pathogenic FBN1 mutations.
However, the criteria for pathogenicity of these mutations as formulated by Loeys et
al.14 are incomplete and inaccurate. For example, the epidermal growth factor-like (EGF)
consensus sequence as shown in the revised Ghent criteria paper is represented as (D/N)
X(D/N)(E/Q)Xm(D/N)Xn(Y/F), implying that aspartic acid (D) as the first residue of an
EGF-like domain can be replaced by asparagin (N) without effect. However, the negative
charge of aspartic acid at this position is essential for calcium binding and this type of
mutation will undoubtedly lead to protein instability. Consequently, any missense mutation involving the first aspartic acid of any calcium binding EGF-like domain in FBN1
should be considered pathogenic. A more complete and comprehensive discussion will
be presented in chapter 5..
Differential diagnosis of MFS
The differential diagnosis of MFS includes mitral valve prolapse syndrome, ectopia
lentis syndrome and MASS phenotype. MASS phenotype is a syndrome including at
least two, but preferably three of the following manifestations: myopia, mitral valve
prolapse, borderline aortic root enlargement (Z-score < 2), skin and minor skeletal features.13 The term ‘borderline aortic root enlargement’ assumes a non-progressive nature
of the aortic root dilation, but it is currently unknown to what proportion of patients
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this applies. In patients with mitral valve prolapse syndrome, clinical features include
mitral valve prolapse, pectus excavatum, scoliosis and mild arachnodactily. However,
aortic enlargement and ectopia lentis preclude the diagnosis of mitral valve prolapse
syndrome. In patients with ectopia lentis syndrome, ectopia lentis is often accompanied
by some skeletal features of MFS and a FBN1 mutation; a key characteristic of ectopia
lentis syndrome is the absence of aortic disease.
In the revised Ghent criteria, annual cardiovascular monitoring is advised in individuals who meet the criteria for MFS, MFS related connective tissue disorders and individuals with features of connective tissue disorders under age 20. The reason for this strict
monitoring is the gradual dilation of the aortic root in MFS which can appear at all ages,
therefore the named syndromes may still evolve to MFS.38,40,41
However, diagnostic criteria should not be flexible, but reliable and clear, in order for
physicians and patients to know what to expect and know how to manage the disease
properly. Dynamic diagnosis implies follow-up in patients with a diagnosis other than
MFS even without cardiovascular disease, which creates a great burden on the hospital
capacities. In addition, patients with either ectopia lentis syndrome or MASS phenotype
should be counselled about the risk of a more severe presentation in their offspring since
aortic enlargement may evolve over time. This might be a psychological and unnecessary
burden for patients. Finally, genetic counselling should be uniform in members of the
same family to ensure that patients with the same mutation obtain the same diagnosis.
In order to determine the proportion of patients who will meet the criteria for MFS later
in life, a follow-up study of patients with such MFS-related diagnoses is required.
Optional additions to the revised criteria
Faivre et al. demonstrated that several patients have not been diagnosed with MFS by
applying the new criteria, but should be carefully monitored on aortic root dilation.29
For example, for patients with a systemic score of < 7 without aortic dilation or ectopia
lentis, but with a positive family history of MFS and a known pathogenic FBN1 mutation
associated with aortic dilation. These patients were classified as MFS in the study by
Faivre et al., so that members from one family, who are carrying the same FBN1 mutation, will achieve similar diagnoses.
For patients with a systemic score ≥ 7 and a known pathogenic FBN1 mutation without
family history no specific group is defined. Faivre et al. have proposed an adaptation in
the revised Ghent criteria so these patients can be diagnosed with MFS.
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Progress in treatment of Marfan syndrome
Currently, several pharmacological drugs are prescribed in order to slow down aortic
dilation in patients with MFS and their aim is to prevent surgical interventions. The most
frequent prescribed medicines in MFS are β-blockers. The pharmalogical rationale of the
use of β-blockers is based on reduction of stress on the proximal aorta by decreasing inotropy and chronotropy as well as lowering of the average blood pressure.42,43 Although
the only randomized clinical trial assessing the effect of β-blockers has demonstrated
a reduction in the rate of aortic root dilation16, β-blockers did not show any beneficial
effect on clinical cardiovascular endpoints such as aortic dissection or aortic rupture.
The beneficial effect of β-blockers is thought to derive from reducing the hemodynamic
stress on the aorta; however, they do not prevent the development of cystic medial
degeneration, the pathological substrate for aortic disease in MFS. Cystic medial degeneration in MFS is mostly characterized by vascular smooth muscle cell apoptosis,
elastolysis as well as accumulation of collagen and proteoglycans.44,45
Several cascades have shown to contribute to the development of MFS, of which pathways leading to TGF-β signal transduction appear to be most important. A deficiency
of fibrillin-1, due to FBN1 mutations, may lead to increased TGF-β signal transduction,
which in turn leads to cystic medial degeneration.20,46,47 Another major pathway leading
to an increased TGF-β signal transduction is the angiotensin II cascade. Angiotensin II
has a primarily role in the renin-angiotensin system as well as a contributive role to the
development of cystic medial degeneration in the aortic wall.48–50 The effect of angiotensin II is mediated by two receptors. Angiotensin II receptor type 1 (AT1R) increases TGF-β
signal transduction, while in most cell types and tissues angiotensin II receptor type 2
(AT2R) signalling has shown to oppose AT1R mediated enhancement of TGF-β signal
transduction.51,52 However, AT2R signalling has also shown to induce vascular smooth
muscle cell apoptosis and thereby contributes to cystic medial degeneration.52
Improved understanding of the histological abnormalities causing MFS has identified
several potential pharmacotherapies directly targeting cystic medial degeneration.
Most promising of all pharmacological treatment strategies is losartan, an AT1R blocker
which has already been prescribed in other cardiovascular diseases. Losartan, has drawn
interest for MFS treatment, after Habashi et al. demonstrated no difference in absolute
aortic root diameter between losartan treated MFS mice compared to wild-type mice.20
In addition, in the losartan treated MFS mice TGF-β signal transduction was diminished
and cystic medial necrosis development as well as elastic fibre fragmentation was prevented. However, a major limitation of the study by Habashi et al. was the use of a mouse
model with one specific FBN1 mutation, while in humans more than 1700 different FBN1
mutations have been reported.53 Following this study, Brooke et al. noticed in retrospect
a significant decrease in aortic root growth rate and absolute sinotubular junction
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Academic Medical Center (COMPARE) Mulder et al.
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et al.
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atenolol

DB, RCT irbesartan vs
placebo

DB, RCT losartan vs
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5-60
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1-55
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0,5- 25

150

490
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300
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330
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604

Change in AoR,
CA diameter

Change in AoR
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CA diameter

Change in AoR

Change in AoR

Change in AoR

Aortic biophysical
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Change in AoR

Age range Target Clinical
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AoR Aortic root; CA carotid artery; DB double-blind; echo: echocardiography; MRI magnetic resonance imaging; OB open label, blinded
endpoints; RCT randomized controlled trial;

Hospital Universitario Vall d’Hebron - Forteza October 2010
et al.

September 2010

45

January 2008

Heart and Stroke Foundation of Canada Sandor et al.

6

Royal Brompton Harefield Foundation (The
AIMS Trial) - Mullen et al.

October 2007

Brigham and Women’s Hospital - Creager
et al.

36

36

January 2007

Boston Children’s Hospital, Pediatric Heart
Network - Lacro et al.

Follow up
(months) Design

Ghent Hospital (Ghent Marfan Trial) - Moberg June 2009
et al.

Start date

Institution (Study)

Table 3. Ongoing losartan trials
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diameter in 18 paediatric MFS patients using AT1R blockers.54 These compelling findings have resulted in the initiation of multiple multicentre randomized controlled trials
assessing the effects of losartan on aortic root growth in humans with MFS (Table 3). If
losartan demonstrates beneficial effect on the aortic root in these trials, it may be the
first potential pharmacotherapy directly preventing aortic disease associated with MFS.
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Conclusion
The revised Ghent nosology of 2010 is an improvement in the diagnostic assessment
of MFS as compared to the Ghent criteria of 1996. However, the revised Ghent criteria
provoke some critical remarks. First, the use of Z-score for aortic root dilation is not
validated for patients with a large BSA, which is often the case in patients with MFS.
Besides Z-scores, an appropriate definition of aortic root involvement in adult Marfan
patients should take into account an upper normal limit of the aortic root of 40 mm as
well as the typical pear-shaped aortic root. Second, proper use of the criteria requires a
public up-to-date database with known mutations correlated to aortic root dilation and
a better understanding of pathogenicity of mutations in FBN1. As mentioned above,
this will be discussed in a separate paper. Third, in the revised Ghent criteria a gap for
two subgroups of patients with FBN1 mutations is described, who should be diagnosed
with MFS. For example, patients with a systemic score of < 7, without aortic dilation or
ectopia lentis but with a positive family history of MFS and a pathogenic FBN1 mutation.
In addition, patients with a systemic score ≥ 7 and a known pathogenic FBN1 mutation
without family history should also be diagnosed with MFS. Fourth, genetic counselling
should be uniform in members of the same family to ensure that patients with the same
mutation obtain the same diagnosis.
In all MFS related disorders (MASS phenotype, mitral valve prolapse syndrome and
ectopia lentis syndrome) annual cardiovascular monitoring is advised, because they
can evolve in MFS. However, according to their definition, these MFS related disorders
do not include patients with (severe) aortic root dilation. This annual monitoring is a
great burden on hospital capacities, patients and their offspring. In order to avoid unnecessary cardiovascular monitoring in diseases without development of severe aortic
dilation, criteria should not be flexible.
Currently, β-blockers are the most frequent prescribed medicines to slow down aortic
dilation in patients with MFS. The use of β-blockers is based on reduction of repetitive
stress on the proximal aorta, by decreasing heart rate as well as lowering of the average
blood pressure. However, the knowledge of pathophysiology of Marfan syndrome has
been increased, leading to new pharmacological treatment strategies. Losartan, an AT1R
blocker, has been shown to inhibit TGF-β signal transduction thereby, preventing aortic
root dilation in a mouse model of MFS. These findings have led to initiation of multiple
multicentre randomized clinical trials assessing the effects of losartan on aortic root
growth in MFS patients.
In conclusion, the revised Ghent criteria offer some advantages as compared to the
old nosology, since guidelines are easier to apply and patients with only fully expressed
disease are diagnosed with MFS. However, the remarks made above may require a reevaluation of criteria for diagnosing MFS at short notice.
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Abstract
Background: Prevention of aortic dissection and sudden death in Marfan syndrome
(MFS) requires accurate diagnosis. MFS is diagnosed by the Ghent criteria primarily
based on clinical features of Caucasian MFS populations. We determined whether the
Ghent criteria apply to Asian MFS populations.
Methods and Results: In this multicentre study, we included 255 adult MFS patients
according to the Ghent criteria of 2010. Patients were excluded if their race was not
Caucasian or Asian. The Asian MFS population (n=49) had a smaller body surface area
(BSA: 1.8 m² versus 2.0 m², p<0.001), a more severely affected aortic root (absolute aortic
diameter: 42.9 mm versus 43.3 mm, p=0.802; corrected for BSA: 24.9 mm versus 21.7
mm, p<0.001; Z-score: 4.5 versus 3.6, p=0.013), and more often a positive systemic score
(75.5% versus 60.0%, p=0.045), but less frequently ectopia lentis (24.5% versus 48.1%,
p=0.004) compared to the Caucasian population (n=206).
Conclusion: The Ghent criteria do not necessarily apply to Asian MFS populations,
resulting in a more severely affected cardiovascular system. This may be due to under
diagnosis of MFS by multiple factors, including the use of Z-score, and genetic and racial
differences. The Ghent criteria should be adapted for Asian populations in order to accurately diagnose MFS.
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Introduction
Marfan syndrome (MFS) is a monogenic connective tissue disorder, mainly caused by
mutations in the gene encoding for fibrillin-1 (FBN1),1 which leads to increased release
of transforming growth factor-β (TGF-β).2-4 Patients with Marfan syndrome (MFS) suffer
from an increased risk of cardiovascular manifestations such as aortic root dilation, mitral
valve prolapse, impaired biventricular function, and aortic dissection, the latter being
the main cause of sudden death.5-10 Pregnant women need particular attention, because
of the high risk for aortic dilation or dissection during and/or after pregnancy.11-13 Prevention of these cardiovascular complications requires accurate diagnosis,14, 15 which
is currently guided by the Ghent criteria.16 In the Ghent criteria, MFS is diagnosed by
genetic testing and more than 20 different clinical features, predominantly based on the
Caucasian race.16 However, MFS is equally prevalent all over the world,17 without specific
diagnostic criteria for races other than the Caucasian.
Currently, the general Asian population accounts for more than one-fifth of the total
world population.18 Previous research has shown that some clinical features of MFS, such
as myopia and scoliosis are more frequently present in the general Asian population.19,20
In addition, a study including Korean and Japanese MFS patients revealed differences
in clinical features compared to Caucasian MFS populations.21,22 Furthermore, genetic
testing is not performed on routine basis in some Asian countries such as Singapore,
adding even more weight to the accuracy of the Ghent criteria with regards to the clinical features in order to establish a reliable MFS diagnosis.
If the clinical MFS features differ between Asian and Caucasian MFS populations, the
Ghent criteria may need adjustment in order to prevent delayed diagnosis and thereby
to prevent cardiovascular complications. The aim of our study was to systematically
compare the clinical features between a Caucasian and an Asian MFS population.
In this study we addressed the following research questions: (1) Which of the cardiovascular, ocular and skeletal features differ between a Caucasian and an Asian MFS
population? (2) Do the observed differences between the Caucasian and Asian MFS
population reveal that the Ghent criteria need adjustment for Asian populations?

Methods
Patient population
In this retrospective multicentre study, we collected all relevant clinical and genetic data
of patients from a Dutch and Singaporean MFS cohort. The Dutch patients were participants of the COMPARE study. In short, the COMPARE study is a multi-centre randomized
clinical trial, investigating the effects of losartan on aortic dimensions.23 They all were
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enrolled through Marfan screening clinics of the four university hospitals in the Netherlands. Inclusion criteria are MFS according to the Ghent criteria of 1996 and adults aged
18 years or more. Patients were ineligible if they either were already using ACE inhibitors
or ARB, had renal dysfunction, had an aortic root diameter > 50 mm, had a history of
aortic dissection, or were planned for aortic surgery within six months of inclusion.
The Singaporean patients were collected from the Marfan screening clinic of the
National University Hospital of Singapore. In the Marfan screening clinic in Singapore,
absolute aortic diameters were used for diagnosis of MFS, we retrospectively calculated
the Z-scores for these patients. Furthermore, we retrospectively excluded Singaporean
patients not fulfilling the in- and exclusion criteria at the start of the COMPARE study
(year 2008). For this study we also excluded all patients not fulfilling the Ghent criteria of
2010. Furthermore, we excluded patients if they were not Caucasian or Asian (Figure 1).
Since genetic screening was not available for the Singaporean MFS population, an additional subgroup-analysis was performed, with only Caucasian patients who did not
depend on presence of a FBN1 mutation to fulfil the Ghent criteria.

Clinical features
The available data include cardiovascular, ocular and skeletal features of MFS, which
were determined by medical specialists of the attended hospital. Extended physical examination was performed by the clinical genetics departments. The aortic root diameter
was measured by means of echocardiography by cardiologists in end-diastole at the
level of the sinus of Valsalva at inclusion date by using the leading edge to leading edge
technique.24,25 Eye examination was performed by ophthalmologists. The specialists of
both countries identified the clinical features in the same manner following the Ghent
criteria of 2010.

Statistical analysis
Data are presented as mean value ± standard deviation or as number of patients (percent)
where appropriate. To determine the significant differences of clinical features between
the Caucasian and Asian MFS population, we used the Student’s t-test, Mann-Whitney
test or Fisher’s exact test, where appropriate. Similar analyses were performed for the
subgroup analysis. All statistical tests were two-sided and differences were considered
statistically significant at p < 0.05. Data analysis was performed using the SPSS statistical
package (19.0 for windows; SPSS Inc., Chicago, Illinois, USA).
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Dutch
population (n=233)

Singaporean
population (n=57)

290 Marfan patients
15 other race
20 not fullfilling Ghent 2010
255 Included

Caucasian
population (n=206)

Main
analysis

16 FBN1 dependency
Caucasian
population (n=190)

Asian
population (n=49)
1 FBN1 dependency

Subgroup
analysis

Asian
population (n=48)

Figure 1. Flow chart of inclusion of adult Marfan patients from a Dutch and Singaporean population for
main and subgroup analyses.

Results
After exclusion of 15 patients because they were of a race other than the Caucasian
or Asian race and 20 patients because they did not fulfil the Ghent criteria of 2010, a
total of 255 MFS patients were enrolled in this study: mean age was 40 years (range 1973 years) with 46% female (Figure 1). The Asian population (n=49) comprised 42 Chinese
patients (85.7%), 5 Malay patients (10.2%) and 2 Indian patients (4.1%). The Caucasian
population (n=206) was significantly older (41 years versus 35 years; p=0.008), taller (188
cm versus 178 cm; p<0.001) and heavier (79 kg versus 63 kg; p<0.001) compared to
the Asian population (n=49). Table 1 shows the clinical characteristics of the Caucasian
and Asian MFS population at the time the diagnosis was established. MFS diagnosis was
differently distributed in both populations. In the Caucasian population MFS diagnosis
mostly comprised aortic root dilation together with ectopia lentis (40%, Figure 2A),
whereas in the Asian population MFS diagnosis was mostly established by aortic root
dilation together with a positive skeletal score (47%, Figure 2B). Of all 255 patients 73%
used a β-blocker on regular basis, with no significant difference of β-blocker use in both
groups.
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Table 1. Characteristics of the Caucasian and Asian Marfan study population
Variables

Overall (n=255)

Caucasians (n=206)

Asian (n= 49)

P-value

Basic features
Female

116 (45.5)

98 (47.6)

18 (36.7)

ns

Age (years)

39.8 ± 13.4

40.8 ± 13.3

35.2 ± 13.4

0.008

Length (cm)

186.2 ± 11.7

188.0 ± 11.2

178.5 ± 11.0

<0.001

Weight (kg)

76.1 ± 16.4

79.1 ± 15.2

63.1 ± 14.9

<0.001

Body Surface Area (m²)

2.0 ± 0.3

2.0 ± 0.2

1.8 ± 0.2

<0.001

β-blocker treatment

187 (73.3)

146 (70.9)

41 (83.7)

ns

Aortic root dilatation

228 (89.4)

182 (88.3)

46 (93.9)

ns

Ectopia Lentis

111 (43.5)

99 (48.1)

12 (24.5)

0.004

Major Marfan features

FBN1 mutation*

168

166 (86.4)

2 out of 2

.

Skeletal score > 7

160 (62.7)

123 (60.0)

37 (75.5)

0.049

Positive family history

167 (65.5)

140 (68.0)

27 (55.1)

ns

Data presented as mean ± standard deviation or number of patients (percentage)
* of 8 Caucasian patients FBN1 mutation analysis was not performed

Cardiovascular system
Clinical features of the cardiovascular system in MFS comprised aortic root dilation,
aortic dissection (type A and B), descending aorta dilation and aortic surgery. Asian MFS
patients had overall a more severely affected cardiovascular system compared to Caucasian MFS patients. There was no difference in absolute aortic root diameter between
the Caucasian and Asian population (43.3 mm ± 4.7 versus 42.9 mm ± 8.5, respectively,
p=0.802). However, when aortic root diameter was corrected for body surface area (BSA)
or when Z-score was used, the aortic root was significantly larger among the Asian
population compared to the Caucasian (24.9 mm/m2 ± 5.8 versus 21.7 mm/m2 ± 2.7,
p<0.001 and 4.5 ± 3.2 versus 3.6 ± 1.7, respectively, p=0.013). No significant differences
were found between both groups for type B dissections, descending aorta dilation or
distal graft surgery (Figure 3A).

Ectopia Lentis and a positive Family History for Marfan syndrome
Besides aortic root dilation with a Z-score ≥ 2, ectopia lentis and a positive family history with proven MFS are major features of the Ghent criteria. Ectopia lentis was more
prevalent in the Caucasian population (48.1% versus 24.5%, p=0.004) compared to the
Asian population (Table 1). There was no difference in family history with proven MFS
between both groups.

Systemic score
Most skeletal features were more prevalent in the Asian population, with the exception of pectus abnormalities. A positive wrist and thumb sign was seen in 80% of the
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Table 2. Frequency of the involvement of major organ systems
Origin

Reference

Patient
no

Age
(years)

AoR dil
(%)

ADiss
(%)

Ocular Skeletal
(%)
(%)

FBN1
(%)

81

34 (18-59)

80

11

54

56

100

1.013

29 (9-34)

77

14

54

32

100

Caucasian
Caucasian

Arbustini et al. (26)

Caucasian

Faivre et al. (28)

Caucasian

Rommel et al. (30)

31

29 (19-40)

65

10

42

48

100

Caucasian

Soylen et al. (31)

36

34 (26-42)

80

31

58

43

100

Caucasian

This study

206

41 (30-50)

88

2

48

60

83

Asian
Japanese

Akutsu et al. (21)

46

36 (30-43)

98

24

33

15

100

Japanese

Matsukawa et al. (29)

12

38 (27-49)

100

31

75

100

100

Korean

Yang et al. (32)

48

36 (20-69)

96*

41

63

84

Korean

Yoo et al. (22)

39

29 (7-52)

95*

33

21

87

Chinese

Chung et al. (27)

24

19 (13-25)

79

8

21

17

100

Singaporean

This study

49

32 (24-45)

94

10

25

76

-

Abbreviations: AoR dil: aortic root dilatation, Adiss: aortic dissection
* These studies did not distinguish between aortic dilatation and aortic dissection for cardiovascular involvement

Asian MFS population and 48% of the Caucasian MFS population (Figure 3B, p < 0.001).
In addition, an arm length/height ratio of more than 1.05 was more present in Asians
(53% versus 18%, p < 0.001) compared to the Caucasian MFS population. Furthermore,
in the Asian MFS population prevalence of dural ectasia was higher (69% versus 47%,
p=0.008), scoliosis of more than 20% (53% versus 27%, p < 0.001), reduced extension
of the elbows (27% versus 13%, p=0.029), myopia more than 3 dioptres (47% versus
22%, p < 0.001) and mitral valve prolapse (MVP: 80% versus 57%, respectively p=0.005)
compared to the Caucasian MFS population (Figure 3A).
The pectus abnormalities were more prevalent in the Caucasian population with
more often pectus carinatum (39% versus 22%, p=0.032) and pectus excavatum, which
required surgery (14% versus 2%, p=0.022).

Subgroup-analysis
Subgroup-analysis was performed in Asian MFS patients and Caucasian MFS patients
who were not dependent on their FBN1 mutation to fulfil the Ghent criteria of 2010. For
the subgroup-analysis we excluded one patient from the Asian population and 16 patients from the Caucasian population. The subgroup analysis rendered similar results as
the main analysis, regarding the cardiovascular complications and differences between
clinical features (data not shown).
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A

B

Figure 2. (A) Pie chart of the different types of Marfan diagnoses in the study population of 206 Caucasian
Marfan patients according to the Ghent criteria of 2010. (B) Pie chart of the different types of Marfan diagnosis in the Asian population of 49 Marfan patients according to the Ghent criteria of 2010. EL, ectopia
lentis; FBN1, FBN1 mutation; FH, family history; Syst score, systemic score; Z, Z-score of aortic root dilatation.

Discussion
This study demonstrated significant differences in clinical features of the cardiovascular,
ocular and skeletal system between a Caucasian and Asian MFS population. Especially
the cardiovascular system seemed to be more severely affected in the Asian population,
with larger aortic root dimensions corrected for BSA or when Z-scores are used and
more frequently MVP, while there was similar use of β-blocker therapy.
In line with previously described Caucasian and Asian Marfan populations, we confirmed that Asian Marfan populations have a higher prevalence of aortic root dilation
compared to Caucasian Marfan populations (Table 2).21,22,26-32 A possible explanation
for the more severely affected cardiovascular system in the Asian population may be
due to under diagnosis of MFS by three factors. The first factor may involve “true” racial
differences between Caucasian and Asian populations in general. Some clinical features,
such as myopia and scoliosis, are much more common in the general Asian population
compared to the Caucasian population.33-35 Therefore, these features are less likely to be
noticed, resulting in reduced MFS screening and under diagnosis. In our study we also
found a high prevalence of myopia and scoliosis in the Asian MFS population. Furthermore, our study confirmed that the Asian population has a lower prevalence of ectopia
lentis and less pectus deformities.21,22
The second factor for under diagnosis of MFS may be that genetic testing for a FBN1
mutation is not routine practice in Singapore, as a consequence of insurance regulations. Since MFS is a progressive disease, genetic testing to reveal MFS is important in
patients who do not yet meet the Ghent criteria, such as mildly affected and young patients.36 They may develop MFS and cardiovascular complications over time. As a result,
36
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Figure 3. (A) Bar chart showing mean percentage of prevalence of different features of the cardiovascular
system between the Caucasian and Asian Marfan populations. All values are mean+standard deviation.
(B) Bar chart with mean percentage of prevalence of different features of the systemic score between the
Caucasian and Asian Marfan population. All values are mean+standard deviation. †P1.05; Scoliosis, scoliosis >20 degrees; Red elbows, reduced extension of the elbows; Facial, 3/5 facial features; MVP, mitral valve
prolapse.

patients will be diagnosed at a later stage of disease and therefore present with more
severe features. Therefore, especially in countries where genetic testing is not routinely
available, accurate applicability of the Ghent criteria to different races is a necessity to
prevent cardiovascular complications.
The third factor for under diagnosis of MFS is the use of absolute aortic diameters in
Singapore instead of Z-scores. Although the Asian and Caucasian MFS population had
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similar absolute aortic root diameters, the aortic root corrected with use of the Z-score
was significantly more dilated in the Asian compared to the Caucasian MFS population.
In populations with a large BSA, Z-scores seem to underestimate aortic root dilation,37
because the relationship between aortic root diameter and BSA is not linear but has an
absolute threshold in individuals with a large BSA of about 38 mm. However, in populations with much smaller BSA, such as the Asian population, the Z-score seems to be
more accurate in prediction of severity of aortic root dilation. Furthermore, the Z-score
is currently calculated following formulas using aortic root diameters and BSA of the
Caucasian population (See Appendix).
Appendix - Z-score and mean dependent on age and body surface area
The Haycock formula:
BSA (m2)= 0.024265 x Height (cm)0.3964 x Weight (kg)0.5378
Z-score for aortic root diameter:
Z-score = AoD (mm) – mean (mm)
SD (mm)
Mean aortic root diameter:
- Age < 18 years: mean = 1.02 x (0.98 x BSA (m2))
- Age < 40 years: mean = 0.97 x (1.12 x BSA (m2))
- Age > 40 years: mean = 1.92 x (0.74 x BSA (m2))
BSA = body surface area (m²), Z = Z-score, AoD = aortic root diameter (mm), mean = mean aortic
root diameter in general population dependent on age and body surface area (mm), SD = standard
deviation (mm)

Adjustment of these formulas for Asian populations with mean BSA measurements of
the general Asian population is recommended.
Although we confirmed several differences between the clinical features of an Asian
and Caucasian MFS population in comparison with some smaller studies, discrepancies
exist. Akutsu et al. and Yoo et al. found less involvement of the skeletal system in their
Japanese and Korean MFS population, respectively, compared to our Asian cohort.21,22
The studies of Akutsu et al. and Yoo et al. had some selection bias, since most of their
patients came to the hospital with an indication for aortic surgery or acute aortic dissection, whereas our patients were enrolled from Marfan screening clinics. Another
explanation may be the lack of genetic testing in our Singaporean cohort. However,
we propose this as a minor factor, because when we excluded MFS patients who were
dependent on their FBN1 mutation to fulfil the Ghent criteria of 2010 in our study, differences in clinical features between the Asian and Caucasian population were essentially
similar.
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In conclusion, clinical features of the cardiovascular, ocular and skeletal system significantly differ between a Caucasian and Asian MFS population. Following the outcomes
of our study, we recommend the use of Z-score for the indication of aortic root dilation
in Asian populations. Furthermore, more information about the prevalence of MFS features in the general and MFS Asian population is needed in order to optimize the Ghent
criteria for accurate diagnosis and prevention of cardiovascular complications of MFS for
the Asian race. Finally, genetic testing in young and mildly affected patients is recommended in order to diagnose MFS before the onset of cardiovascular complications.
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Abstract
Background: Patients with Marfan syndrome (MFS) have a highly variable occurrence of
aortic complications. Aortic tortuosity is often present in MFS and may help to identify
patients at risk for aortic complications.
Methods: 3D-visualization of the total aorta by MR imaging was performed in 211 adult
MFS patients (28% with prior aortic root replacement) and 20 controls. A method to
assess aortic tortuosity (aortic tortuosity index: ATI) was developed and reproducibility
was tested. The relation between ATI and age, body size and aortic dimensions at baseline was investigated. Relations between ATI at baseline and the occurrence of a clinical
endpoint (aortic dissection, and/or aortic surgery) and aortic dilation rate during 3 years
of follow-up were investigated.
Results: ATI intra- and interobserver agreement were excellent (ICC: 0.968 and 0.955,
respectively). Mean ATI was higher in 28 age-matched MFS patients than in the controls
(1.92±0.2 versus 1.82±0.1, p=0.048). In the total MFS cohort, mean ATI was 1.87±0.20,
and correlated with age (r=0.281, p<0.001), aortic root diameter (r=0.223, p=0.006), and
aortic volume expansion rate (r=0.177, p=0.026). After 49.3±8.8 months follow-up, 33
patients met the combined clinical endpoint (7 dissections) with a significantly higher
ATI at baseline than patients without endpoint (1.98±0.2 versus1.86±0.2, p=0.002).
Patients with an ATI>1.95 had a 12.8 times higher probability of meeting the combined
endpoint (log rank-test, p<0.001) and a 12.1 times higher probability of developing an
aortic dissection (log rank-test, p=0.003) compared to patients with an ATI<1.95.
Conclusions: Increased ATI is associated with a more severe aortic phenotype in MFS
patients.
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Introduction
Patients with Marfan syndrome (MFS) are at risk for potentially fatal aortic dissections.1,2
Aortic dissection is generally preceded by aortic dilation, which is regularly monitored
by aortic imaging in clinical practice. At a certain threshold diameter, prophylactic
aortic surgery is advised by current clinical guidelines.3,4 However, identification of MFS
patients at high risk for aortic dissection remains difficult and seems to be dependent
on prior aortic root surgery, aortic size, aortic distensibility and aortic diameter growth
above 0.5 mm/year.5 Besides gradual expansion of the aortic diameter, the aorta also
elongates.6 Considering the aorta in its anatomically fixed position, aortic elongation
may force the vessel to curve and become tortuous.7 Tortuosity of smaller arteries has
already been shown to be a marker for adverse cardiovascular outcomes in patients with
connective tissue disorders.8,9 However, in MFS patients the aorta rather than the smaller
arteries, is generally affected. Therefore, we adapted and applied the tortuosity index of
smaller arteries on 3D aortic images, acquired by magnetic resonance imaging (MRI) to
establish the aortic tortuosity index (ATI).8-11 We subsequently correlated ATI with aortic
expansion rate and clinical endpoints in 3-4 years of follow-up.
We hypothesized that ATI may serve as a marker for severity of aortic disease and may
predict aortic expansion rate and clinical outcome, such as elective aortic surgery and
aortic dissection.

Methods
Study subjects
Our study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki, as reflected in a priori approval by the medical ethics committee of the Academic
Medical Centre. All participating subjects gave written informed consent. All patients
were participants of the COMPARE study, a randomized trial in which the effect of losartan therapy (100mg, daily) on the aortic dilation rate was assessed.12 At baseline and
after three years of follow-up, we examined patients’ medical history and performed MRI
of the entire aorta. Clinical events were evaluated until February 2014. FBN1 mutation
analysis was performed in all patients. When no FBN1 mutation was found, the following
connective tissue genes were subsequently screened: TGFBR1, TGFBR2, TGFB2, MYH11,
MYLK1, SMAD3, and ACTA2. Because of the possible impact of mutations other than
FBN1 on ATI, we excluded patients with a pathogenic non-FBN1 mutation for the main
analysis. These excluded patients were separately analysed.
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Purpose and outcomes
The primary aim of this study was to investigate the association of ATI with severity of aortic phenotype in MFS patients. Hereto, we 1) investigated applicability and reproducibility
of ATI in MFS patients (n=14) by two investigators, 2) compared ATI of control subjects in
whom aortic disease was definitely ruled out (n=20) with age, sex and length-matched
MFS patients (n=28), 3) correlated ATI with age, aortic root diameter and aortic volume at
baseline, and 4) compared ATI between MFS subgroups based on genotypes.
Secondary aims were to assess the predictive value of ATI during follow-up on aortic
root dilation rate, aortic volume expansion rate, the combined clinical endpoint (prophylactic aortic surgery, aortic dissection and death), and separately on aortic dissection.
The decision to perform prophylactic aortic surgery was completely at the discretion of
the attending cardiologists, based on European and American guidelines.3,4

Magnetic Resonance Imaging
All MRI scans were obtained in two centres (AMC, Amsterdam and LUMC, Leiden, The
Netherlands) with a 1.5 Tesla MR system Avanto (Siemens, Erlangen, Germany) or a Philips (Intera, release 11 and 12; Philips Medical Systems, Best, the Netherlands). Contrastenhanced MRI of the total aorta was performed using standardised protocols, which
has been described previously.12,13 In case of significantly reduced image quality due to
metal scoliosis implants, patients were excluded from analysis. Aortic root diameter was
assessed by measuring the greatest diameter between the three cusp - cusp dimensions
in diastole. Aortic volume was measured from the aortic annulus to the aortic bifurcation, as described previously.13

Aortic Tortuosity Index
ATI was calculated as the ratio of ‘aortic length’ to ‘geometric length’ (Figure 1). The aortic
length was defined as the length of a centreline through the entire aorta (from annulus
to aortic bifurcation) created by manually placed seeding points through the lumen of
the aorta in the axial, sagittal and coronal plane using vessel analysis software (3mensio
vascular, 3Mensio Medical Imaging BV, Bilthoven, the Netherlands). Geometric length
was considered to be the Cartesian distance between aortic valve annulus and aortic
bifurcation. The measurement of ATI can be easily performed within 5 minutes.

Statistical analysis
Statistical analysis was performed using SPSS (SPSS, release 20.0 for Windows). Intraand interobserver agreements for ATI were determined with the calculation of the intraclass correlation coefficients (ICCs) and were processed using Bland-Altman plots. We
matched the control subjects to Marfan patients of this cohort based on age (±5 years),
sex and height (±10 cm). Linear regression analysis and the Pearson`s correlation coef44
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Figure 1. View of image processing software. The seeding points are placed manually central in the coronal,
sagittal and axial planes in the contrast enhanced lumen of the aorta (left). Aortic length (AL) is measured in
a multiplanar reconstructed stretched view of the aorta. Geometric length (GL) is the Cartesian distance between its 2 endpoints calculated by exported spatial coordinates. Aortic Tortuosity Index (ATI) is measured
by dividing AL (in blue) by GL (in yellow).

ficient were used to correlate ATI with aortic root diameter, aortic volume, body surface
area, age and aortic volume expansion rate. Means of different groups were compared
with the Student’s t-test or paired t-test where appropriate. Uni- and multivariate Coxregression analysis was used to demonstrate whether ATI was an individual risk-factor
for clinical outcome. Optimal cut-off point for ATI was determined by maximizing the
c-statistic of the cox-model. Kaplan Meier analysis and the Log Rank test were used to
compare the high and low ATI groups. To compare the patients with a TGFBR1, TGFBR2,
TGFB2, MYH11 or MYLK1 mutation to patients with a FBN1 mutation, ANOVA and MannWhitney U tests were used.

Results
A total of 233 patients were included in the COMPARE trial. For the present study,
we excluded patients with a non-FBN1 mutation (n=9), a distal aortic graft (n=7), a
scoliosis implant which led to large artefacts on MRI (n=4), and those who underwent
45

233 patients in COMPARE trial

ATI not in main analysis:
9 other than FBN1 gene
7 Distal aortic graft
4 Surgical scoliosis repair
2 CT-scan
211 baseline ATI:
Matched to controls (n=28)
Aortic root diameter (n=153)
Aortic volume (n=189)

CT-scanning instead of MRI (n=2). Baseline
ATI measurement was performed in 211
patients (Figure 2), whose characteristics
are shown in Table 1.

Aortic tortuosity index is associated
with severity of aortic phenotype

The mean difference of the intra- and
interobserver variability of ATI were 0.002
± 0.0274 (ICC: 0.968) and 0.002 ± 0.0342
158 follow-up ATI measurements:
Aortic root dilatation rate (n=145)
(ICC: 0.955) in 14 MFS patients, respecAortic volume expansion rate (n=158)
tively. In non-MFS controls (n=20), ATI was
Figure 2. Flowchart of included patients with
significantly correlated with age (r=0.740,
Marfan syndrome.
p<0.001, Figure 3A). The control subjects
were significantly older (52.5 years ± 12 versus 36 years ± 13, p<0.001), shorter (182 SD 8cm
versus 188 SD 11cm, p=0.006) and more often male (85% versus 53%, p<0.001) compared
to the total MFS cohort. Therefore, we compared ATI of the control subjects with sex-, ageand height-matched MFS patients (Table 2). Mean ATI was significantly lower in controls as
compared to the matched MFS patients (1.82 SD 0.1 versus1.92 SD 0.2, p=0.048).
In the total MFS cohort (n=211), mean ATI was 1.87 SD 0.20. We found a positive correlation between ATI and age (r=0.281, p<0.001, Figure 3A) and only a trend towards
a negative correlation between ATI and body surface area (r=-0.119, p=0.086). We did
not find a difference in ATI between females and males (1.89 SD 0.2 versus 1.86 SD 0.2,
respectively, p=0.38). We could also not demonstrate a significant difference in ATI between patients with and without prior aortic root replacement at baseline (1.88 SD 0.2
versus 1.87 SD 0.2, p=0.73, Table 1). Finally, ATI correlated both with diameter of the aortic root (r=0.223, p=0.006) and volume of the total aorta (r=0.280, p<0.001, Figure 3B).
All patients in our cohort were diagnosed with MFS based on the Ghent criteria of 1996.
Patients also fulfilled the revised Ghent criteria of 2010, and did not have distinguishing
features of other connective tissue disorders. Patients without a FBN1 mutation (n=34,
15%) did not differ significantly in ATI from the MFS patients with a known FBN1 mutation (n=177, 84%) 1.86 SD 0.15 versus 1.88 SD 0.22, respectively, p=0.54. Interestingly,
the ATI of the TGFBR2 patients (n=2) seemed higher as compared to non-mutation MFS
patients (ATI=2.21 SD 0.10 versus 1.86 SD 0.15, p=0.018) and slightly higher as compared
to FBN1 mutation MFS patients (p=0.13, Figure 4). The TGFBR2 patients were comparable
to the total cohort without distinguishing features of Loeys-Dietz syndrome (LDS). One
had a height of 181 cm and an age of 25 years, and one patient had a height of 185 cm
and 58 years. ATI of patients with mutations in other connective tissue genes than FBN1
or TGFBR2 was similar to that of the FBN1 patients (Figure 4).
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Table 1. Baseline characteristics of the study population.
Variables

All patients
n = 211

Native aortic valve
n = 153

Aortic valve replacement
n = 58

Age (years)

37 ± 13

36 ± 13

39 ± 12

Female gender

100 (47)

79 (52)

21 (36)

Height (cm)

188 ± 11

187 ± 11

190 ± 10

FBN1 mutation*

177 (84)

131 (86)

46 (79)

Ectopia Lentis

101 (48)

73 (48)

28 (48)

System score > 7

124 (59)

88 (58)

36 (62)

Aortic root (mm)

44.3 ± 5

44.3 ± 5

-

Aortic volume

231 ± 63

218 ± 53#

268 ± 73#

Aortic volume expansion rate
Aortic Tortuosity Index

12 ± 16

10 ± 16#

19 ± 17#

1.87 ± 0.2

1.88 ± 0.2

1.87 ± 0.2

Losartan at inclusion

107 (51)

81 (53)

26 (45)

β-blockers at inclusion

150 (71)

113 (74)

37 (64)

Data presented as number (percentage) or mean ± standard deviation.
* 1 patient refused genotyping # p<0.001

Aortic tortuosity index predicts aortic disease progression during follow-up
After three years of follow-up, mean ATI increased slowly but not significantly in MFS
patients (+0.02 SD 0.1, p=0.12). Baseline ATI measurements were significantly associated
with aortic volume expansion rate in three years follow-up (r=0.177, p<0.001), but not with
aortic root dilation rate (r=0.043, p=0.63). After a mean follow-up of 49.3 SD 8.8 months
from the first MRI scan, clinical endpoints were reached in 33 patients: 26 elective aortic
root replacements and 7 type B aortic dissections (no deaths or type A aortic dissections).
We also assessed the effects of losartan treatment (100mg, daily) on the ATI. There
was no difference in baseline ATI between patients receiving losartan or no additional
losartan therapy (1.87 SD 0.2 versus 1.88 SD 0.2, p=0.55). Losartan therapy did not influence the occurrence of the combined clinical endpoint (16 versus 17, p=0.46) or the
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Figure 3. Scatterplots demonstrating an association of aortic tortuosity index with A) age in Marfan patients and controls and B) aortic volume.
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Table 2. Characteristics matched Marfan patients and controls
Variables

Marfan patients N=28

Control subjects N=20

P-value
0.65

Age (years)

51 ± 9

52 ± 12

Male gender

19 (68)

17 (85)

0.31

Height (cm)

189 ± 11

184 ± 10

0.56

Aortic length (mm)

528 ± 39

473 ± 29

<0.001

Geometric length (mm)

277 ± 28

257 ± 20

0.005

Aortic Tortuosity Index

1.92 ± 0.2

1.82 ± 0.1

0.048

Data presented as number (percentage) or mean ± standard deviation. HR: Hazard Ratio

occurrence of aortic dissection compared to patients without losartan therapy (3 versus
4, p=0.48).
A significantly higher ATI at baseline was found in patients who met the combined
clinical endpoint (1.98 SD 0.2 versus 1.86 SD 0.2, p=0.002), as well as in patients with
aortic dissection (2.03 SD 0.1 versus 1.86 SD 0.2, p=0.015) compared with patients without a clinical endpoint. Univariate analysis of sex, age, BSA and aortic root dimensions
as predictors for the combined clinical endpoint and aortic dissection are described in
Table 3. After multiple regression analysis, ATI and aortic root diameter were the sole
independent predictors for the combined clinical endpoint (Table 3, ATI: Hazard Ration
(HR)=12.8, p=0.030; aortic root diameter: HR=1.451, p<0.001). ATI was the only predictor
for aortic dissection (HR=12.083,Project2:Fig
p=0.039).
on the c-statistic, an ATI value of 1.95
4 - Wed OctBased
21 20:52:35 2015
had largest discriminating power for aortic dissection (c-statistic of 0.75 (95%CI = 0.64 to
0.85, p=0.025). For detailed analysis of the effect of ATI on the combined endpoint and
on aortic dissections, the total cohort was divided into two groups (Group 1: ATI<1.95,
Group 2: ATI>1.95). Between the two groups, there was no significant difference in
percentage of patients using losartan treatment (ATI<1.95: 47% versus ATI>1.95: 56%,
p=0.26). Kaplan-Meier curve analysis revealed that patients with an ATI above 1.95
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Figure 4. Bar chart demonstrating increased ATI in aneurysm patients with a TGFBR2 mutation compared
to Marfan patients which fulfilled the Ghent criteria of 2010 without a mutation.
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Table 3. Univariate and multivariate analysis for combined clinical endpoint and aortic dissection
combined clinical endpoint (n=33)
Univariate
Variables

aortic dissection (n=7)

Multivariate

HR

P-value

Age (years)

1.004

Female gender

HR

Univariate

P-value

HR

P-value

0.80

1.004

0.89

1.505

0.26

2.226

0.34

BSA (m2)

3.166

0.14

5.740

0.30

Aortic root diameter (mm)

1.454

<0.001

1.451

<0.001

1.203

0.25

Aortic volume (ml)

1.005

0.077

0.993

0.277

1.008

0.11

Aortic Tortuosity Index

7.174

0.001

12.841

0.030

12.083

0.039

Losartan at inclusion

0.860

0.67

0.658

0.71

had a significant higher probability of meeting the combined endpoint (log rank-test,
p<0.001, Figure 5A), and a significant higher probability of experiencing a type B aortic
dissection (log rank-test, p=0.003, Figure 5B).
Subgroup analysis revealed that patients with a native aortic root at the start of the
study and an ATI above 1.95 had a significantly higher probability of meeting the combined endpoint (log rank-test, p=0.004).
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Figure 5. Kaplan-Meier curve analysis demonstrated that an aortic tortuosity index above 1.95 predicts the
combined clinical endpoint (A) and aortic dissection (B) in patients with Marfan syndrome.

Discussion
In this study we introduced ATI as a novel and straightforward method to measure
aortic tortuosity with excellent reproducibility. ATI seemed to be comparable in males
and females, was relatively independent of body stature and slowly increased over time.
Several associations with aortic disease severity in adult patients with MFS were found:
ATI showed positive correlations with age, aortic diameter, and aortic volume expansion
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rate. Moreover, we were able to show that a high ATI is an independent predictor of
clinical events, including aortic dissection.

Tortuosity in connective tissue disease
The aorta dilates slowly during ageing and becomes more tortuous, which has been
shown in humans without connective tissue disease.6,14 Indeed, we observed a correlation between ATI and age in our non-MFS controls, and this also holds true for the MFS
patients. Importantly however, ATI was significantly higher in the MFS patients compared to the controls. Arterial tortuosity is a relatively common feature in several types
of connective tissue disease, especially in Aortic Tortuosity Syndrome patients (SLC2A10
mutations) and Loeys-Dietz Syndrome patients (TGFBR1 and TGFBR2 mutations).15
Loeys-Dietz Syndrome patients are known to have an aggressive form of aortic disease,
with increased tortuosity of large and smaller arteries, and aortic dissections at an earlier
age when compared to patients with a FBN1 mutation.15,16 In line with these data, only
the two patients with a mutation in the TGFBR2 gene in our cohort, showed an excessive
ATI. In our earlier work, we demonstrated increased plasma TGFβ levels and correlations
between TGFβ levels and aortic disease severity in MFS, which may be related to aortic
tortuosity.17,18 In line with our current and previous results, Hillebrand and colleagues
also demonstrated increased levels of TGFβ in MFS and LDS, yet lower levels in patients
with MYH11 mutations.19 Therefore, TGFβ-mediated signalling may play a role in the
development of aortic tortuosity. Tortuosity of smaller arteries in patients with MFS and
LDS has already been shown to be associated with younger age at surgery, earlier age at
dissection and death by Morris et al.8 Interestingly, a family with a TGFB2 mutation (some
specialists propose to name this syndrome ‘Loeys-Dietz Syndrome type IV’) showed
many non-cardiac features related to the mutation, and tortuosity only of the smaller
arteries (not of the aorta). In this family there was no history of aortic complications.20
This suggests that tortuosity may be (arterial) site specific, depending on the type of
mutation, and that tortuosity of the aorta is a better predictor for aortic complications
than tortuosity in other smaller arteries.

Effect of aortic tortuosity on hemodynamic indices
Aortic tortuosity may also contribute to aortic disease. In 1990, Wenn and Newman
hypothesized that the haemodynamic effect of tortuosity creates flow profile asymmetries leading to abnormal wall shear stress patterns.11 Indeed, it has been observed that
age-related prolongation of the ascending aorta is related to increased proximal aortic
stiffness, even in individuals without cardiovascular disease.21 Thus, increased aortic
stiffness, known to be an independent predictor for progressive aortic dilation,22-24 may
also be related to aortic tortuosity in MFS patients. In our cohort, ATI did not significantly
increase over time, probably due to the relatively short follow-up. However, when cor50
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relating baseline ATI to aortic growth during three years of follow-up, we demonstrated
that a higher baseline ATI was associated with a higher aortic volume expansion rate. On
the other hand, ATI did not correlate with aortic root dilation rate. It could therefore be
speculated that the altered flow profile through a tortuous aorta independently leads
to a more severe (distal) aortic phenotype and enhanced susceptibility to aortic dissections.

Clinical value of the aortic tortuosity index
Acute aortic dissection is the most feared and potentially lethal consequence of thoracic aortic aneurysms, mostly preceded by an excessive increase in aortic diameter.4
However, type B aortic dissections occur frequently without significant aortic dilation
in MFS, and therefore prediction of type B aortic dissections remains difficult.5 Besides
predicting aortic volume expansion rate, we also showed that baseline ATI could be
used as a prognostic tool to distinguish patients at higher risk for aortic complications.
In this study, MFS patients with an ATI above 1.95 had a 12-fold increased risk for aortic
dissection. ATI was actually the only significant predictor for dissection in the present
cohort of MFS patients. We recently proposed a prediction model for type B dissections
in MFS patients, which is composed of different variables.5 The prediction model showed
that MFS patients with prior prophylactic aortic surgery and a slightly dilated proximal
descending aorta diameter ≥27mm are at substantial risk for type B aortic dissection,
and that losartan seemed to reduce the risk of aortic dissection. Addition of ATI may
further improve the prediction accuracy of this model. We recommend measuring the
ATI at least once in MFS patients, in order to discriminate patients at risk for aortic dissection.
In conclusion, ATI is a straightforward method to measure aortic tortuosity and ATI
could predict MFS patients at risk for clinical events during four year follow-up. In particular, ATI independently predicted aortic dissections, which should be further evaluated in larger prospective studies in MFS patients and other aortic aneurysm patients.
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Abstract
Background: Patients with Marfan syndrome (MFS) are at risk for cardiovascular disease.
Marfan associated mutations in the FBN1 gene lead to increased transforming growth
factor-β (TGF-β) activation. The aim of this study was to investigate the role of plasma
TGF-β as a biomarker for progressive aortic root dilation and dissection.
Methods: Plasma TGF-β level and aortic root diameter by means of echocardiography
were assessed in 99 MFS patients. After 38 months of follow-up measurement of the
aortic root was repeated and individual aortic root dilation curves were constructed.
Clinical events were evaluated. The primary composite endpoint was defined as aortic
dissection and prophylactic aortic root replacement.
Results: TGF-β levels were higher in MFS patients as compared to healthy controls (109
pg/ml versus 54 pg/ml, p<0.001). Higher plasma TGF-β levels correlated with larger
aortic root dimensions (r=0.26, p=0.027), previous aortic root surgery (161 pg/ml versus
88 pg/ml, p=0.007) and faster aortic root dilation rate (r=0.42, p<0.001). During 38
months of follow-up, 17 events were observed (four type B dissections and 13 aortic
root replacements). Patients with TGF-β levels above 140 pg/ml had a 6.5 times higher
risk of experiencing the composite endpoint compared to patients with TGF-β levels
below 140 pg/ml (95% CI: 2.1 to 20.1, p=0.001) with 65% sensitivity and 78% specificity.
Conclusion: Elevated TGF-β level in patients with Marfan syndrome is correlated with
larger aortic root diameters and faster aortic root dilation rate. Level of plasma TGF-β
predicts cardiovascular events and might serve as a prognostic biomarker in MFS.
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Introduction
Marfan syndrome (MFS) is an autosomal connective tissue disorder caused by mutations
in the FBN1 gene with high penetrance, but great clinical variability.1,2 Patients with MFS
suffer from an increased risk of cardiovascular manifestations like (asymmetric) aortic
root dilation, mitral valve prolapse, impaired biventricular function and aortic dissection, the latter being the main cause of premature death.3-6 However, it is hard to predict
which MFS patient is prone for aortic dissection, since dissections may occur unexpectedly in non-dilated aortas and after prophylactic aortic root surgery.7,8
Originally, it was thought that MFS was due to structural deficiency of fibrillin-1,
leading to weakened microfibrils.9 This hypothesis provided a plausible explanation for
aortic disease and eye lens dislocation, but other clinical features such as long bone
overgrowth remained incompletely understood. Besides being a structural protein,
fibrillin-1 normally binds to a large latent complex (LLC), which comprises the inactive
form of transforming growth factor-β (TGF-β).10 Defective or deficient fibrillin-1, by
FBN1 mutations, alters the matrix sequestration of the LLC resulting in activation and
enhanced release of TGF-β into the extracellular environment.10 Free and active TGF-β
is involved in many cellular processes, including growth inhibition, cell migration and
extracellular matrix remodeling.11
Studies with MFS mouse models have consistently demonstrated an increased TGF-β
signaling.12-14 Treatment of these MFS mice with TGF-β neutralizing antibodies prevented
the development of pathological changes in the aortic wall, progressive aortic root
dilation.20 as well as attenuating of other clinical manifestations of MFS, including pulmonary alveolar septation,15 and myxomatous degeneration of the mitral valve.14 High
circulating TGF-β is correlated with increased age and aortic diameters, and decreases
upon losartan treatment in MFS mice.16 To our knowledge no clear correlation between
circulating TGF-β and aortic diameter in humans with a classic MFS phenotype has been
shown.
MFS is a highly variable disease in phenotype and age of onset of various manifestations, so a biomarker which predicts aortic disease activity and pathogenic events would
be of tremendous value. The purpose of the current study was therefore to investigate
whether increased circulating TGF-β levels at baseline can predict progressive aortic
root dilation and aortic dissections.
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Methods
Patient population
In this predefined sub-study of the COMPARE trial, we included 99 adult MFS patients from
four academic centres in the Netherlands between 2008-2009 (Academic Medical Centre;
Amsterdam Radboud University Nijmegen; Leiden University Medical Centre; University
Medical Centre Groningen).17 In short, the COMPARE study is a multi-centre randomized
clinical trial, investigating the effects of losartan on aortic dimensions. One of the secondary objectives is to determine whether TGF-β can be associated with different phenotypic
expressions. Inclusion criteria include diagnosis of MFS according to the Ghent criteria18
and age ≥ 18 years. Exclusion criteria are angiotensin converting enzyme (ACE) inhibitor
usage and previous replacement of more than one part of the aorta. The trial was conducted with approval from institutional review boards in four participating academic
hospitals in the Netherlands. Written informed consent was obtained from all participants.

Baseline examination
During the baseline visit, all patients were evaluated with extended clinical examination
by two investigators (determination of MFS). History of cardiovascular surgery and use of
cardiovascular drugs were obtained from patients’ medical records and questionnaires.
For analysis of plasma TGF-β, venous serum blood was collected and measured in EDTA
plasma samples. Total TGF-β1, i.e. latent and active TGF-β, was determined by means
of ELISA using a commercially available kit (Bio-Rad, Richmond, Canada) following the
manufacturer’s recommendations. In order to be able to measure the neo-epitope in
active TGF-β, the latent TGF-β1 samples were first acid-activated before assaying. The
TGF-β levels of MFS patients, measured in the same laboratory, were compared to TGF-β
levels of 22 healthy controls. Healthy controls were recruited among the spouses and
non-affected siblings of MFS patients.

Follow-up
Doppler echocardiography was performed at baseline and after every year of followup. Aortic root growth was calculated on basis of the aortic root diameter of the most
recent echocardiogram minus the aortic root diameter of the baseline echocardiogram.
Elective aortic root replacement was blinded for TGF-β levels and completely dependent
on the judgement of treating cardiologist based on the 2010 ACC/AHA/AATS and ESC
guidelines for the management of patients with Thoracic Aortic Disease.19,20 Patients
who had undergone aortic root replacement before the start of the study were excluded
in this analysis. In cases with aortic root replacement during the study, the echocardiogram made before surgery was used if available. The follow-up period varied between
two and five years, therefore the absolute growth in millimetre (mm) was divided by
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time in months and multiplied by 12 to obtain a growth rate per year (mm/year). Data
on events such as aortic dissection and elective aortic root replacement were taken from
the databases of the participating hospitals and were evaluated after the two to five
years of follow-up.

Transthoracic echocardiography
Transthoracic Doppler echocardiography was performed with a Vivid 7 (GE, Vingmed
Ultrasound, Horton, Norway) ultrasound system by multiple echocardiographers. Aortic root diameters were measured in end-diastole at the level of the sinus of Valsalva.
Aortic dimensions were measured using the leading edge to leading edge technique,
consistent with the current American Society of Echocardiography guidelines.21,22 All
echocardiographic images were acquired and recorded digitally, and analysed by a
single observer (RF).

Statistical analysis
Data are presented as mean value ± standard error of the mean or as mean value (range)
or as number of patients (percent) or as median and 95% confidence interval (CI), where
appropriate. Comparisons between continuous variables were made by two-tailed Student t-tests. Linear regression analysis was used to identify determinants for progressive
aortic dilation and clinical events. Receiver operator characteristic (ROC) analysis was
performed to determine sensitivity and specificity of TGF-β in predicting clinical events.
Kaplan-Meier analysis was used for survival comparison between patients with high
(TGF-β > 140 pg/ml) and low TGF-β (TGF-β < 140 pg/ml). All statistical tests were twosided and differences were considered statistically significant at p < 0.05. Data analysis
was performed using the SPSS statistical package (19.0 for windows; SPSS Inc., Chicago,
Illinois, USA). ROC analysis and figures were generated using GraphPad Prism (version
5.01 for Windows, GraphPad Software, San Diego California USA). The authors of this
manuscript have certified that they comply with the Principles of Ethical Publishing in
the International Journal of Cardiology.

Results
A total of 99 MFS patients (mean age: 36 years (range 18-62 years)), diagnosed according
to the Ghent criteria of 1996,18 were enrolled, with a mean follow-up of 38 months (range
24–53 months). Thirty-one patients (31%) had a previous aortic root repair at baseline,
with a mean age at first cardiovascular surgery of 31 years (range 12–56 years). In 84%
of the MFS patients a FBN1 mutation was found. The MFS patients and healthy controls
were comparable for age (36 years, SEM = 1 versus 34 years, SEM = 2, p = 0.27) and
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gender (58% versus 55%, p= 0.8). The use of cardiovascular drug therapy and previous
cardiovascular surgery was only observed in MFS patients. Baseline demographics of the
study population are provided in Table 1.

Age and cardiovascular medical treatment
Baseline plasma TGF-β levels were significantly higher in patients with MFS compared
to healthy controls (109 pg/ml, SEM = 12 pg/ml versus 54 pg/ml, SEM = 9 pg/ml,
p = <0.001) (Figure 1A). In our cohort 78 patients used cardiovascular drug therapy, 74%
of the patients were using β-blockers, three patients were on calcium channel blockers,
one patient used a diuretic and one patient used flecaïnide (Table 1). Patients using
β-blocker therapy did not have lower TGF-β levels compared to MFS patients without
using cardiovascular medicine (109 pg/ml, SEM = 12 pg/ml versus 81 pg/ml, SEM = 15
pg/ml, p = 0.17) (Figure 1A). No significant difference in aortic root diameter was found
between patients using β-blockers (43.8 mm, SEM = 0.6 mm) and patients without
β-blocker treatment (41.6 mm, SEM = 1.1 mm, p = 0.09). Figure 1B shows no relation
between age and level of plasma TGF-β in MFS patients (r² = 0.03, p = 0.07) nor in healthy
controls (r² = 0.04, p= 0.35).

Aortic root dimensions, previous aortic root surgery and skeletal features
Within our MFS cohort 31% of the patients had undergone aortic root surgery before
the start of the study. TGF-β levels were studied in the patient group without aortic
repair and compared to the patients with their native aortic root. In patients without
previous aortic root surgery, aortic root diameter was significantly correlated with circulating total TGF-β levels (n = 71, r = 0.26, p = 0.027) (Figure 2A). Furthermore, patients
with an aortic root replacement before inclusion had significant higher circulating TGF-β
levels in plasma compared to patients without prior cardiovascular surgery (164 pg/ml,
SEM = 27 versus 88 pg/ml, SEM = 13, p = 0.005) (Figure 2B). No correlation was found
between circulating TGF-β and body surface area (BSA) (r² < 0.001, p = 0.978). Moreover,
no difference was demonstrated between TGF-β levels and patients with or without
skeletal involvement (106 pg/ml, SEM = 14 versus 115 pg/ml, SEM = 25, p = 0.759), with
or without a known FBN1 mutation (106 pg/ml, SEM = 13 versus 89 pg/ml. SEM = 28,
p = 0.598) and between TGF-β levels and patients with or without ectopia lentis (101 pg/
ml, SEM = 15 versus 116 pg/ml, SEM = 19, p= 0.539).

TGF-β levels and follow-up
Figure 3A shows a significant correlation between circulating TGF-β levels and aortic
root dilation rate in patients with MFS after a mean follow-up of 3 years (n=67, r = 0.42,
p < 0.001). Univariate analysis of gender, age, BSA and aortic root dimensions as predictors for aortic root dilation rate (mm/year) are described in Table 2. Besides plasma
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levels of TGF-β no other significant predictor for aortic root dilation rate in our cohort
was found. Correction for β-blocker usage revealed that TGF-β level was the sole independent parameter associated with aortic root dilation rate (β = 0.45, SEM < 0.001,
p < 0.001).
During a mean period of 38 months follow-up 17 events were observed (four aortic
type B dissections and 13 elective aortic root replacements indicated following the
current guidelines), with a mean time to event of 28 months, SEM = 4 months. ROC
curve analysis revealed an optimum cut-off value of 140 pg/ml for the composite clinical
endpoint, with an area under the curve (AUC) of 0.71 (95% CI=0.58 to 0.84; p = 0.006),
yielding a sensitivity of 65% (95% CI = 38% to 86%) and a specificity of 78% (95%
CI = 68% to 86%) (Figure 3B). This cut-off value corresponded to the mean TGF-β level
plus two times the standard deviation of our healthy controls (mean 54 pg/ml, standard
deviation 41 pg/ml, cut-off value: 136 pg/ml). For detailed analysis of the effect of TGF-β
plasma level, the total patient cohort was divided into two groups (Group 1: <140 pg/
ml and Group 2: > 140 pg/ml). Kaplan-Meier survival analysis revealed that patients
with a TGF-β level above 140 pg/ml had a significant higher probability of meeting the
combined endpoint (log rank - test, p = 0.006) (Figure 3C), with a Hazard Ratio of 6.5
(95% CI: 2.1 to 20.1, p = 0.001).

Discussion
Our study is the first to demonstrate that TGF-β might serve as a prognostic biomarker,
since a single determination of TGF-β level at baseline is an independent predictor for
cardiovascular events in MFS. Patients with a TGF-β level above 140 pg/ml had a 6.5
times higher likelihood to reach the combined endpoint (aortic dissection and elective
aortic root surgery). Moreover, we demonstrated a positive correlation between circulating TGF-β levels and aortic root diameters at baseline, as well as aortic root dilation rate
after a mean follow-up of 38 months.
The importance of cardiovascular features in MFS was already emphasized by Murdoch in 1972, showing that lifespan in MFS patients was markedly shortened due to
unpredictable cardiovascular events.23 Patients with MFS may develop an aortic dissection due to progressive dilation in the entire aorta,24 which can be predicted by both
aortic diameter and aortic elasticity as independent parameters.6,25,26 Furthermore,
the asymmetry of the aortic root might be of clinical importance in unexpected aortic
root dissection.5 Increased clinical awareness and availability of a surgical technique
for prophylactic aortic root replacement have greatly increased life expectancy by 30
years in the MFS population.27 However, patients with MFS are still at risk for aortic
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dissection, predominantly in the distal aorta after successful prophylactic aortic root
replacement.4,28,29
Moreover, aortic dissection may also occur in patients without prior aortic dilation.4,7,28,29 In the last decades tremendous progress has been made in elucidating the
common molecular mechanisms underlying the pathogenesis of MFS. However, despite
increased FBN1 mutation screening, clinical severity cannot be predicted yet, due to the
unclear genotype-phenotype correlations. These observations highlight the need for an
informative distinctive prognostic marker to monitor aortic disease in MFS.
Previous studies have shown that the aortic vessel of humans and mice with MFS
had excessive TGF-β activation by studying phosphorylation of downstream signalling
molecules, transcription factors SMAD 2/3.13,15,16,30 Haskett et al, demonstrated in MFS
mice that disruption in the elastic lamina of non-aneurismal descending aortas due
to biaxial testing is accompanied by an increasing TGF-β signaling and that TGF-β can
regulate collagen organization.31 Furthermore, in a MFS mouse dissection model, it has
Table 1. Baseline characteristics of the study population
MFS patients
Variables

n = 99

Age (years, range)

36 ±12

Male gender

57 (58%)

BSA (m²)

2,0 ± 0,3

Aortic root dilatation
absolute diameter (mm)

43 ± 4

mean z-score

3,8 ± 1,7

FBN1 mutation *

79 (84%)

Ectopia Lentis

50 (51%)

Skeletal involvement

70 (71%)

Dural ectasia

51 (52%)

Cardiovascular surgery(%)

31 (31%)

Aortic root replacement

28 (28%)

David procedure

7 (7%)

Bentall procedure

21 (21%)

Mitral valve correction **

3 (3%)

Distal aortic graft

1 (1%)

Cardiovascular medicin
β-blockers

3 (3%)

Flecainide

1 (1%)

Diuretics

1 (1%)

Data presented as number (percentage) or mean ± standard deviation.
Abbreviations: BSA = body surface area, FBN1 = fibrillin 1 gene,
* 5 of 99 patients did not have FBN1 diagnostics
** 1 of 3 patients also had had a Bentall procedure
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been shown that serum TGF-β levels were significantly increased before a dissection
occurred.32 These data suggest that pathological changes in the aortic wall, ultimately
leading to dissection, might lead to dysregulation of TGF-β. This is consistent with the
current model of MFS in which large latent complex fails to be sequestered by defective fibrilline-1, resulting in more bioavailable TGF-β, leading to chronic and excessive
activation of the
SMAD transcription factors.10,30,33 Along the line, TGF-β antagonism
23102012.pzf:Figure 1a - Thu Oct 22 09:56:29 2015
through TGF-β neutralizing antibodies or inhibition of the angiotensin II receptor type 1
(that stimulates TGF-β production) by losartan treatment prevented progressive aortic
dilation15 and other clinical features in MFS mouse models. The therapeutic benefits of
TGF-β antagonism, by losartan treatment, were confirmed in humans in a small MFS
paediatric cohort.34 Plasma TGF-β levels might be increased in other diseased in other
diseases such as myocardial infarction or hypertrophic cardiomyopathy is not very likely.
In the study of Matt et al, strong correlations were found between circulating TGF-β
levels and aortic root diameters in MFS mice, however no correlations could be dem16
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between aortic root diameters and TGF-β levels, which is probably due to the clinically
more severely affected MFS population as expressed in larger aortic root dimensions
and z-scores. Furthermore, 26% of the MFS population studied by Matt et al. used losartan treatment, with significantly lower TGF-β levels and another 7% used ACE inhibitors
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Table 2. Univariate analysis for predictors for aortic root growth and clinical events
Aortic root growth
β

p

Gender

-0.06

Age

-0.1

Body Surface Area

Clinical events
β

p

0.62

0.12

0.24

0.94

-0.07

0.48

0.31

0.80

0.06

0.56

β-blocker use

-0.07

0.58

-0.03

0.75

TGF-β level

0.42

<0.001

0.28

0.03

0.07

0.58

Baseline Characteristics

Aortic root diameter (mm) by echo

Abbreviations: echo: echocardiography

with a tendency towards lower TGF-β levels.16 ACE inhibitors prevent angiotensin II
conversion leading to reduced signalling via both angiotensin receptors type 1 and 2,
23102012.pzf:Figure 2a - Thu Oct 22 10:03:25 2015
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while losartan only inhibits the type 1 receptor. Both medications
will give lower TGF-β
production, however, the signalling via the type 2 receptor is beneficial for the vessel
wall. For this reason we did not include MFS patients on ACE inhibitors in our cohort. In
this highly variable population a clear correlation between TGF-β levels and aortic root
diameters could not be found and no follow-up data was available. To our knowledge,
the observed correlation in our study between TGF-β and progressive aortic root dilation rate - and even more remarkable - the predictive value of TGF-β levels on clinical
events have not been reported before. Plasma TGF-β might thus serve as a prognostic
biomarker in patients with MFS. Aortic root replacement in medical history showed
higher plasma TGF-β levels compared to patients with their native aortic root. This may
be caused by aortic stiffness alteration after prosthetic aortic root replacement or it may
be due to permanent wall damage in other parts of the aorta . Furthermore, TGF-β levels
B
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Figure 2. (A) Correlation between total plasma TGF-β levels and echocardiographic aortic root diameters
in patients with Marfan syndrome. (B) Mean and standard of the mean of total TGF-β plasma levels in MFS
patients without previous aortic root (AoR) surgery (black box) and MFS patients with previous AoR surgery
(white box).
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and aortic root diameters were not very strongly correlated, nevertheless TGF-β level is
highly predictive for aortic events. This also suggests that high TGF-β levels are rather a
consequence of severe wall damage than the cause of the aortic pathology. This implies
that there might23102012.pzf:Figure
be an even23102012.pzf:Figure
more
comprehensive
pathway
3C - Thu
2015 leading to the cardiovascular
3C
- Thu Oct
22 10:05:56
2015Oct 22 10:05:56
features of MFS. It has been suggested that inflammation plays a modifying role in the
pathogenesis of MFS, and that inflammation might be a novel therapeutic target in
MFS patients.35 More fundamental research to unravel new molecular pathways remains
necessary to optimize treatment in MFS patients. In the meantime results of several
multicentre, randomized, controlled clinical trials are awaited.
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Limitations
In this observational follow-up study, relatively small patient numbers were included
and only four patients reached the clinical endpoint of aortic dissection. Therefore, the
combined endpoint of aortic dissections with -physician driven- elective aortic root
surgery was chosen.
Our study aimed to predict aortic root dilation rate and aortic events by a single
baseline determination of plasma TGF-β level. An interesting point would have been the
repetitive testing of TGF-β to garner precise information about the time dependency
and stability of these values in each patient. A drawback for the implementation of
TGF-β measurements as a prognostic tool for aortic damage may be the large variability
in TGF-β measurements in different laboratories. Therefore, our data cannot be easily
extrapolated to other centres, and normalized standards should be determined by each
individual centre.
Asymmetrical shape of the aortic root in MFS can bias the echocardiographic measurements, other imaging modalities such as cardiac magnetic resonance imaging or
computed tomography are better exam methods for aorta root measurements and
follow-up.

Conclusion
Plasma TGF-β levels are correlated with aortic dimensions of adults with MFS. Our study
is the first to demonstrate the prognostic value of TGF-β on aortic root dilation rate and
clinical events, such as aortic dissection and elective aortic root surgery. Plasma TGF-β
might therefore serve as a prognostic biomarker in MFS.
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Abstract
Introduction: Marfan syndrome (MFS) is a connective tissue disorder with highly variable features in cardiovascular, ocular and skeletal systems. MFS is generally caused by
one of the 2900+ described different genetic mutations in FBN1 .
Areas covered: By revising the Ghent criteria in 2010, more weight has been given to
genetic testing in the diagnosis of MFS. We provide an overview of correlations between
different mutation-types and clinical MFS features by using the Universal Mutation
Database (UMD).
Expert opinion: In this study we classified FBN1 mutations based on their action on
DNA level and we found the following genotype-phenotype correlations: 1) cysteine
mutations are associated with ectopia lentis; 2) introduction of a cysteine leads to less
severe involvement of cardiovascular and skeletal systems; 3) whole gene deletions and
premature termination codon (PTC) mutations are associated with increased skeletal
and cardiovascular involvement, but lower prevalence of ectopia lentis; and 4) intronic
mutations lead to MFS by exon skipping, small insertions/deletions and PTC mutations.
Classification based on mutation-effect at protein level (reduced versus truncated/
deformed fibrillin-1) may partly explain genotype-phenotype association and warrants
further investigation for individualized prognosis and treatment.
Conclusion: Genotype-phenotype correlations can be identified in MFS and may be
explained by their mutation-effect on protein level.
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Introduction
Marfan syndrome (MFS) is a multi-system connective tissue disorder with a prevalence
of 1 per 5000 individuals, generally caused by mutations in the gene encoding for fibrillin-1 (FBN1) and inherited in an autosomal dominant manner.1 FBN1 mutations induce
abnormal or deficient fibrillin-1 protein synthesis, affecting the structural integrity of the
extracellular matrix in a multitude of organs. The most feared and often lethal complication is aortic dissection, which mostly occurs after gradual dilation of the aorta.2 Aortic
dilation is caused by degenerative features in the aortic wall, which are associated with
enhanced release of transforming growth factor-β (TGF-β).3,4 Aortic dilation, especially
of the aortic root, is present in the vast majority of MFS patients.5-7 The introduction
of prophylactic aortic root replacement (generally at an aortic diameter of 50 mm) has
led to increased life expectancy.8 In addition, several pharmacological drugs have been
reported to slow down aortic dilation in patients with MFS.9 Diagnosis is based on major
and minor criteria, comprising family history of MFS, mutation analysis and specific
phenotypic characteristics, including ectopia lentis, dural ectasia, skeletal features, and
aortic dilation or dissection (Table 1).10-13 These criteria (the so called ‘Ghent’ criteria)
have been revised in 2010 by a panel of experts in the field of MFS.
In this review, we will focus on the increased importance of genetic testing as stated
in the revised Ghent criteria for diagnosis of MFS. Furthermore, we will provide 1) an
overview of different mutation-types based on their effect on RNA or protein level and
2) correlations between mutation-subtypes and clinical MFS features.

Table 1. Possible combinations of major criteria leading to Marfan syndrome
FH

Ao

EL

*

*

*

Syst

FBNc

*

*

*
*

*
*
*

FBNa

*

*
*
*

Abbreviations: Ao: aortic dilatation (Z≥2) or aortic dissection, EL: ectopia lentis,
FBNc: FBN1 mutation, FBNa: FBN1 mutation associated with aortic pathology,
FH: family member with Marfan syndrome, Syst: systemic score ≥ 7 out of 20 points
Each line represent a possible combination leading to Marfan syndrome
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The history of diagnosing Marfan syndrome
Antoine-Bernard Marfan was the first to describe a five-year-old patient with long
slender fingers and other skeletal abnormalities in 1896.14 After this initial delineation,
other pleiotropic and phenotypic features of MFS were recognised by Victor McKusick.15
Finally, the Berlin nosology was formulated in 1986; the first guidelines for the clinical
diagnosis of MFS.16 However, some pitfalls including overdiagnosis of family members
forced experts in the field to develop a new diagnostic guideline published as ‘the Ghent criteria’ in 1996.17 The Ghent criteria made use of a classification for the different
clinical features, which were divided into major criteria with high diagnostic specificity
and minor criteria. The presence of a major criterion in two different organ systems and
a minor criterion in a third organ system were required to fulfil the diagnosis of MFS.17
A major breakthrough in understanding the pathophysiology of MFS was the discovery of the FBN1 gene on the long arm of chromosome 15 in 1991.18 Mutations in this
gene were shown to result in MFS in a considerable number of patients. To date, FBN1
mutations are found in approximately 90% of patients. Later, other gene mutations leading to MFS-like disease were discovered, such as mutations in the TGFBR1 and TGFBR2
genes, now considered to compose a specific entity known as Loeys-Dietz Syndrome.19
A revision of the Ghent criteria has been published in 2010.20 These revised guidelines
can be considered as a simplification of previous guidelines by giving more weight to
aortic root dilation, FBN1 mutation analysis and ectopia lentis.20 Criteria regarding less
specific manifestations of MFS were removed or became less influential in the diagnostic
evaluation. Diagnosis of MFS in patients without affected family members can now be
established when a patient has two major criteria: 1) aortic root dilation (Z-score ≥2); 2)
ectopia lentis; 3) skeletal score ≥ 7 points (out of 20); and 4) pathogenic FBN1 mutation
leading to aortic dilation. In patients with a MFS affected family member, only one of the
four major criteria is needed to establish diagnosis of MFS (Table 1).
Reconsidering the child originally presented by Antoine Marfan, the diagnostic value
of mutation analysis becomes clear. This child was probably not affected by MFS, but by
congenital contractural arachnodactily, a connective tissue disorder caused by a FBN2
mutation. These patients have more pronounced skeletal abnormalities, but rarely have
aortic root dilation – the main cause of morbidity and mortality in MFS.21

The FBN1 gene
Patients with MFS have a highly variable phenotype, vary in age of onset of manifestations, and vary in responsiveness to medical treatment, both between different families
as within families sharing the same mutation.22,23 Currently, more than 2900 different
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mutations in the FBN1 gene have been described, and over 90% of these mutations are
unique to an individual or family.24
The FBN1 gene is located on the long arm of chromosome 15 at 15q15-q21.1. It is
a large gene fragmented in 65 exons, including 47 epidermal growth factor (EGF)-like
domains, each containing six conserved cysteine amino acids, of which 43 EGF-domains
are known to bind calcium.25 The calcium binding (cb) potential is important for the
protection against proteolytic activity and for correct folding of the fibrillin-1 protein.
Furthermore, the FBN1 gene contains seven domains that bear homology to latent
TGF-β binding proteins (TB-domains)26, each containing eight cysteines.26 In addition,
there are two hybrid domains (the HB-domains) with homology to both EGF- and TBdomains.27 In between the 65 exons encoding the fibrillin-1 protein, the FBN1 gene also
contains introns; these introns are normally removed by RNA splicing to generate the
mature RNA that will be translated. Mutations leading to MFS comprise deletions of (a
part of ) the FBN1 gene, or minor mutations which can be located in all EGF-like domains,
the TB- and HB-domains, as well as in the introns.
Location of the FBN1 mutations is of great importance. For example, FBN1 mutations
located between exon 24-32 often lead to a neonatal form of MFS – a severe form of MFS
usually diagnosed at birth, with lethal cardiorespiratory failure during the first weeks of
life.28-31 Furthermore, mutations in the FBN1 gene may also lead to stiff skin syndrome
located in exon 37, acromicric dysplasia located in exon 41-42, and Shprintzen-Goldberg
craniosynostosis syndrome located in exon 29.31-34 Thus, the position of the FBN1 mutation determines the resulting phenotype, which is not exclusively MFS. In this review we
give an overview of MFS phenotypes correlated to the different FBN1 mutations.

Overview of literature
We reviewed all articles reported in the Universal Mutation Database (UMD). We included all patients from the UMD, registered until March 2014, with (partially) described
phenotypes. 35 We carefully monitored duplicate mutations to avoid the description of a
patient more than once. We scored the following clinical features: gender, age, cardiac
involvement (including aortic aneurysm or aortic dissection as ‘major’, and mitral valve
prolapse as ‘minor’), ocular involvement (including ectopia lentis as ‘major’, or one of
the minor ocular features as ‘minor’) and skeletal involvement. The definition of ‘major
involvement of the skeletal system’ in this manuscript comprised patients with major
skeletal involvement according to the Ghent criteria of 1996, or/and patients with ≥ 7
points according to the Ghent criteria of 2010. Minor skeletal involvement was defined
as at least one of the known skeletal features present in MFS.
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In total, we reviewed 143 articles and included 1511 patients with a pathogenic FBN1
mutation with (partially) known MFS phenotype. In these patients a missense mutation
was present in 846 patients (56%) in whom a cysteine amino acid was involved in 555
patients (66%). A premature termination codon (PTC) was present in 442 patients (29%),
a deletion or insertion of (a part of ) the FBN1 gene was present in 116 patients (8%)
and an intron mutation was present in 161 patients (11%). Finally, two patients had a
homozygous mutation and 7 patients carried two different FBN1 mutations.
Mean age of the total cohort was 30 years, with 48% females and 80% prevalence
of cardiac involvement (aortic aneurysm 71%, aortic dissection 22%, and mitral valve
prolapse 51%). Furthermore, ectopia lentis was present in 52% of the patients and 29%
had major involvement of the skeletal system (Table 2). All test were performed by twosided Fisher’s exacts tests.

Different types of FBN1 mutations
Cysteine mutation
A cysteine mutation is a missense mutation substituting the amino acid cysteine for
another amino acid, or introducing a cysteine at a new position. A cysteine substitution
is the most common mutation type among all pathogenic FBN1 mutations. Cysteines are
essential in forming disulphide bridges to establish the ternary structure of a protein.
In fibrillin-1 there are more than 360 cysteines present, which is an exceptional large
number for a single protein. The substitution of a cysteine by glycine is responsible for
the development of a MFS phenotype in a well-known MFS mouse model (p.C1039G).36
Most cysteine substitutions involve a cb-EGF-like domain; this calcium-binding property is important for correct folding of fibrillin-1. The cb-EGF-like domains are highly
conserved and contain 6 cysteine amino acids per domain, forming three disulphide
bridges.37 Cysteine substitutions disrupt one of these three disulphide bridges, which
has a predictable detrimental effect on the domain itself as well as on the cb-property
of the domain.
We affirmed that a correlation between cysteine mutations and increased prevalence
of ectopia lentis exists, compared to the total cohort of patients with a (partially)
known phenotype and a pathological FBN1 mutation (71% versus 52%, p<0.001). We
summarized these results and other clinical features in Table 2.32,34,38-85 Interestingly,
there was a difference in MFS phenotype between cysteine substitutions and cysteine
introductions, with a higher prevalence of aortic aneurysms and mitral valve prolapse in
patients with a cysteine substitution compared to patients with a cysteine introduction
(aneurysm: 78% versus 52%, p<0.001; mitral valve prolapse: 61% versus 27%, p<0.001,
respectively). As noted previously, it seems that the disappearance of a conserved cys72
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teine leads to a more severe cardiovascular involvement compared to the introduction
of a new cysteine.86

Non-cysteine missense mutations
Another large group of FBN1 mutations comprise missense mutations substituting an
amino acid by another amino acid (without involvement of a cysteine). Interestingly,
patients with a non-cysteine missense mutation had a more severely affected cardiovascular system (aneurysms: 65% versus 52%, p=0.031; mitral valve prolapse: 44% versus
27%, p=0.023), as well as skeletal system (skeletal involvement 86% versus 63%, p<0.001),
compared to patients with a missense mutation where a cysteine was introduced.
However, the non-cysteine missense group did not significantly differ from the cysteine
substitution group (Table 2).18,32-34,37-40,42,44,46-48,50,51,59,60,64,66,67,74,75,78,80-82,85,87-109 We did not find
an explanation for these unexpected results. Missense FBN1 mutations are traditionally
thought to cause a ‘dominant negative effect’, leading to disturbed folding of the protein
or disturbed interactions with fibrillin-1 or other extracellular matrix proteins, hence a
disorganized tissue matrix. Apparently, there seems to be more distinction between
these different missense mutation groups, which deserves further investigation.

Intron mutations and other mutations leading to minor in frame deletions or
insertions
In approximately 90% of the MFS patients a FBN1 mutation is found. Recently, Gillis
E et al. suggested that deep intronic mutations may cause MFS in patients without a
Table 2. Missense mutations leading to deformed fibrillin-1 protein
Overall
n = 1511
Gender (female)
Age (years)
Cardiac involvement

Total C mutation¹
n = 555

From C to #¹
n=398

From # to C¹
n=157

From # to # ²
n=298

381 (48%)

151 / 311 (49%)

113 / 228 (50%)

38 / 83 (46%)

74 / 163 (45%)

30 ± 19

29 ± 18 (n=343)

27 ± 16 (n=255)

35 ± 20 (n=88)

31 ± 18 (n=165)

1050 / 1315 (80%) 351 / 459 (76%)+

286 / 347 (82%) 65 / 112 (58%)** 187 / 257 (73%)*

Aortic aneurysm

817 / 1146 (71%)

279 / 392 (71%)

231 / 299 (77%)*

Aortic dissection

134 / 619 (22%)

42 / 220 (19%)

36 / 169 (21%)

Mitral valve prolapse

452 / 885 (51%)

165 / 324 (51%)

139 / 233 (59%)*

26 / 91 (29%)** 74 / 170 (44%)+

389 / 477 (82%)

286 / 343 (83%)

103 / 134 (77%) 162 / 231 (70%)

Ocular involvement

875 / 1277 (69%)

Ectopia Lentis

661 / 1277 (52%)

Minor involvement
Skeletal involvement

835 / 1277 (65%)

48 / 93 (52%)** 143 / 219 (65%)+
6 / 51 (12%)

19 / 98 (19%)

340 / 477 (71%)** 248 / 343 (72%)** 92 / 134 (69%)** 123 / 231 (53%)
49 / 477 (10%)

1274 / 1511 (84%) 436 / 555 (79%)**

38 / 343 (11%)

11 / 134 (8%)

39 / 231 (17%)

337 / 398 (85%) 99 / 157 (63%)** 255 / 298 (86%)

Major involvement

439 / 1511 (29%)

131 / 555 (24%)

109 / 398 (27%)

22 / 157 (14%)

70 / 298 (24%)

Minor involvement

835 / 1511 (55%)

305 / 555 (55%)

228 / 398 (57%)

77 / 157 (49%)

185 / 298 (62%)

Fisher’s test demonstrated significant differences between the total cohort and subgroups marked with a symbol.
Abbreviations: C = cysteine amino acid, #: amino acid other than cysteine, + = p<0.05, * = p<0.01, ** = p<0.001
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discovered pathogenic FBN1 mutation upon exon sequencing.110 Introns are normally
removed by RNA splicing, however intron mutations leading to MFS were present in
8% of the patients with a known MFS phenotype. These intron mutations may lead to
splice site disturbances and subsequently exon skipping or activation of a cryptic splice
site causing partial exon deletion or a (partial) intron insertion.110 In the UMD, an intron
mutation was found in 161 patients, but the mutation-effect was not tested in 85 patients (53%). In patients with an intronic mutation with a confirmed effect, the mutation
led to exon skipping (n=29, 38%), in frame deletion of a part of the exon (n=22, 29%), a
frameshift leading to a PTC (n=22, 29%), and in 3 patients it resulted in a small in frame
insertion (4%). The intron mutations leading to PTC are described in paragraph 5.5.
In total, 96 patients had a mutation resulting in a minor in frame deletion or insertion, of whom 55 patients had one exon deletion, 14 patients had less than one exon
deletion, 14 patients had more than one exon deletion, and in 13 patients the mutation
resulted in a minor in frame insertion.
Minor in frame deletion or insertions in exons, leading to altered fibrillin-1 protein
may also be caused by deletion of a nucleotide(s) (n=25), insertion/duplication of
a nucleotide(s) (n=9), missense mutation (n=1), or an unknown cause (n=7). There
were no significant differences in cardiovascular and systemic involvement, between
the patients with a mutation leading to at least 1 exon skipping, in frame deletion or
insertion, and intron mutations with unknown effect. Remarkably, patients with a small
in-frame deletion or insertion had a more severely affected ocular system compared to
patients with at least 1 exon deletion (Fisher exact tests: ectopia lentis: 85% versus 49%,
p=0.003). In Table 3, we described the phenotypes of patients with a deletion of one
or more exons, and the combination of minor deletion or minor insertion, and intron
mutations with unknown effect.27,29,32,38-40,42,46,47,50,51,57,59,64,66-67,74,82,84,111-129

Whole gene deletions, deletion of the exon 1 or exon 65
Besides mutations leading to deformed fibrillin-1, another type of mutation exists, leading to a reduced amount of normal fibrillin-1 protein. This condition is known as ‘haploinsufficiency’. In the minority of these mutations, deletion of the entire gene on one
allele is the cause of MFS. In MFS mice with a centrally deleted FBN1 allele (Fbn1mg∆/mg∆),
an excessive amount of active TGF-β is liberated from the matrix, which is considered to
be the cause of the clinical MFS manifestations in this MFS mouse model.4 It is currently
unknown whether excessive TGF-β signalling is also the cause of the MFS phenotype in
humans with an allelic deletion of the FBN1 gene. Haploinsufficiency, due to deletion of
the whole gene has been shown to result in a great variety of MFS manifestations, from
mild to severe.87,130-132 In addition to whole gene deletions, no transcript will be produced
when at least the first exon is deleted, sometimes accompanied by a deletion upstream
of FBN1, deleting also the regulatory and promoter regions of FBN1. In addition, deletion
74
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Table 3. Mutations in introns, small insertions and deletions
Overall
n = 1511
Gender (female)

≥ 1 Exon del ¹
n=69

Inframe del/ins²
n=27

Intron, unknown³
n = 85

381 (48%)

24 / 51 (53%)

7 / 11 (64%)

20 / 37 (54%)

30 ± 19

27 ± 16 (n=39)

43 ± 67 (n=16)

25 ± 14 (n=61)

Cardiac involvement

1050 / 1315 (80%)

48 / 62 (77%)

17 / 22 (77%)

65 / 74 (88%)

Aortic aneurysm

817 / 1146 (71%)

39 / 54 (72%)

12 / 20 (60%)*

51 / 66 (77%)

Aortic dissection

134 / 619 (22%)

1 / 15 (7%)

2 / 9 (22%)

9 / 38 (24%)

Mitral valve prolapse

452 / 885 (51%)

22 / 47 (47%)

10 /16 (63%)

20 / 41 (49%)
51 / 72 (71%)

Age (years)

Ocular involvement

875 / 1277 (69%)

28 / 57 (49%)

17 / 20 (85%)

Ectopia Lentis

661 / 1277 (52%)

20 / 57 (35%)*

14 / 20 (70%)*

40 / 72 (56%)

Minor involvement

835 / 1277 (65%)

15 / 45 (33%)

6 / 38 (16%)

11 / 72 (15%)

Skeletal involvement

1274 / 1511 (84%)

55 / 69 (80%)

22 / 27 (81%)

74 / 85 (87%)

Major involvement

439 / 1511 (29%)

13 / 69 (19%)

5 / 27 (19%)

27 / 85 (32%)

Minor involvement

835 / 1511 (55%)

42 / 69 (61%)

17 / 27 (63%)

47 / 85 (55%)

Fisher’s test demonstrated significant differences between the total cohort and subgroups marked with a
symbol.
Abbreviations: del: deletion, ins: insertion, * = p<0.01

of the last exon (exon 65) will result in extended transcription due to the disappearance
of the termination codon, and the abnormal protein will be degraded subsequently.
There was one patient with a deletion of exon 65 in the database, revealing mainly eye
and skeletal symptoms, but no cardiovascular involvement (Table 4). Patients with a
whole gene deletion had significantly lower prevalence of ectopia lentis compared to
the total cohort (Fisher’s exact test: 28% versus 52%, p=0.006) and increased skeletal involvement (100% versus 84%, p=0.049). We summarized the clinical features of patients
with deletions of the whole FBN1 gene or deletions of at least the first exon in Table 4.
Large differences were seen between studies, possibly caused by extended deletions
beyond the FBN1 gene, which suggests that the function of genes upstream of the FBN1
gene on chromosome 15, including SLC24A5, MYEF2, CTXN2, SLC12A1 and DUT may be
involved in these phenotypes as well. In conclusion, haploinsufficiency results in a high
prevalence of cardiovascular involvement (95%), and a 100% involvement of the skeletal
system (Table 4). 66,87,130,133,134

Premature Termination Codon mutations
In DNA, triplets of nucleotides (codon), encode for amino acids. From the generated
mRNA, translation starts at the start codon and stops after passing the termination
codon (nucleotide sequence UAG, UAA or UGA). In patients with mutations leading to
a PTC, a novel termination codon is built into the transcribed mRNA, which will overrule the ‘normal’ termination codon and thus terminates the translation prematurely. In
MFS, 29% of the FBN1 mutations in the database were PTC mutations. PTCs were caused
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by 1) nonsense mutations and 2) frameshift mutations. Nonsense mutations are point
mutations directly leading to a novel termination codon. Deletions or insertions of one
or more nucleotides (not a multiple of three) change the reading frame, and introduce
novel termination codons. In addition, intron mutations sometimes lead to a PTC.
Schrijver, et al., revealed by FBN1 mRNA quantitation that mutant transcript levels were
decreased, which suggests that mutant mRNA is preferentially degraded by a nonsensemediated mRNA decay mechanism. 135 In Table 4 we summarized the clinical features
of patients with a PTC and known phenotype. In line with the results of whole gene
deletions, Fisher’s exact tests revealed that MFS patients with PTCs led more often to
major involvement of the skeletal system (82% versus 65%, p<0.001, respectively), but
less frequently to ectopia lentis (29% versus 41%, p<0.001, respectively) compared to
the total cohort, suggesting that most PTCs result in a haploinsufficient MFS phenotype.
29,34,39,40,42,47,51,58,59,61,64,66,67,74,75,78,80-82,89,94,122-124,126,136-154

Homozygous mutations and patients carrying two different FBN1 mutations
MFS is mostly an autosomal dominant inheritable connective tissue disorder. However,
index cases with a confirmed homozygous mutation in the FBN1 gene exist, and thus
MFS rarely inherit recessively. In 2007 de Vries et al. were the first to confirm a recessive mutation in the FBN1 gene. The homozygous mutations in two sibs, affected with
classical MFS, were located in exon 11 of the FBN1 gene (c.1453C>T, p.R485C). All four
blood-related parents, with mild signs of MFS, were heterozygous for the c.1453C>T
FBN1 mutation. One other sibling, without clinical features of MFS was tested positive
as carrier of the mutation.155 In 2010 another recessive family was described, in whom a
heterozygous mutation did not exert an important effect, but the homozygous patient
was affected with the classical clinical MFS phenotype.101
A second rare phenomenon within the spectrum of MFS is the presence of two
different FBN1 mutations in one individual. In total 7 patients had two different FBN1
mutations, with in general a more severely affected MFS phenotype (Table 4). For example, one child carried the maternal intronic mutation (c.2728+3A>G) in combination
with the paternal (p.Q454P) mutation, and demonstrated a more severe cardiovascular
phenotype compared to his brother with only the maternal mutation. The father only
showed mild aortic dilation, while the mother showed classical MFS.39

Conclusion
In conclusion, MFS is mostly an autosomal dominant heritable connective tissue disorder
with a heterogeneous expression of clinical features ranging from mild skeletal abnormalities to fatal aortic dissections. Associations between different genotypic mutation76
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Table 4. Mutations leading to reduced fibrillin-1 protein and patients with two different FBN1 mutations

Gender (female)
Age (years)

Overall
n = 1511

Whole gene del¹
n=19

PTC²
n=442

two mutations³
n=7

381 (48%)

9 / 16 (56%)

91 / 193 (47%)

1 / 2 (50%)

30 ± 19

23 ± 14 (n=19)

31 ± 15 (n=326)

33 ± 7 (n=3)

Cardiac involvement

1050 / 1315 (80%)

18 / 19 (95%)

351/406 (86%)**

5 / 6 (83%)

Aortic aneurysm

817 / 1146 (71%)

16 / 18 (89%)

267/366 (73%)

5 / 6 (83%)

Aortic dissection

134 / 619 (22%)

0/18 (0%)#

60/211 (28%)*

0 / 5 (0%)

Mitral valve prolapse

452 / 885 (51%)

11 / 19 (58%)

144/257 (56%)+

2 / 5 (40%)

Ocular involvement

875 / 1277 (69%)

10 / 18 (56%)

206/389 (53%)

6 / 7 (86%)

Ectopia Lentis

661 / 1277 (52%)

5 / 18 (28%)*

107/389 (28%)**

6 / 7 (86%)

Minor involvement

835 / 1277 (65%)

8 /18 (28%)

99/389 (25%)

0 / 7 (0%)

Skeletal involvement

1274 / 1511 (84%)

19 / 19 (100%)+

400 / 442 (90%)*

6 / 7 (86%)

Major involvement

439 / 1511 (29%)

5 / 19 (26%)

183/442 (41%)

3 / 7 (43%)

Minor involvement

835 / 1511 (55%)

14 / 15 (74%)

217/442 (49%)

3 / 7 (43%)

Fisher’s test demonstrated significant differences between the total cohort and subgroups marked with a
symbol.
Abbreviations: del: deletion, PTC: premature termination codon mutation, + = p<0.05, * = p<0.01,
** = p<0.001

types and their phenotype lead to the following interesting results: 1) cysteine missense
mutations lead more often to ectopia lentis; 2) introduction of a cysteine mutation leads
to a less severe cardiovascular and skeletal phenotype than other missense mutations;
3) whole gene deletions lead to a 95% cardiovascular involvement and a 100% skeletal
involvement which is the highest of all mutation-types, but a much lower prevalence
of ectopia lentis (28%); 4) Furthermore, we found that patients with a PTC mutation
(leading to reduced amounts of normal fibrillin-1 protein) have a similar phenotype
compared to patients with a whole gene deletion (summarized in Figure 1).

Expert opinion
Since the first presentation of a patient with long slender fingers by Antoine Marfan,
MFS has evolved into a worldwide known syndrome in which the diagnosis can be
established according to clear guidelines. The introduction of mutation analysis catalysed the knowledge of different connective tissue disorders. Currently, the presence
of a pathogenic FBN1 mutation has a prominent role in the diagnosis of MFS. However,
significant uncertainties, including the large heterogeneity in phenotype and treatment
response, still remain in 2014.
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Figure 1. An overview of different FBN1 mutation types. Missense mutations, exon skipping and minor
in frame insertions or deletions will lead to a mutant fibrillin-1 protein interfering with normal fibrillin-1.
Whole gene deletions and premature termination codons (including frameshifts and nonsense mutations)
will lead to less normal fibrillin-1 protein. The symbols identify significant differences between the mutation type and the total cohort of 1511 patients minus the patients of the mutation type.

In this review we attempt to categorize the genetic mutations in FBN1 and we give an
overview of the phenotypes associated with these different types of mutations. The
limitations of this review include the large differences in data presented by different
authors, differences in used guidelines for diagnosing MFS, and the exclusion of FBN1
mutations where no phenotype is reported. However, since we included all patients with
(partially) known phenotype, we expect that these differences are normally distributed
over all mutation-types.
Our analysis of the existing data revealed a number of interesting findings. Remarkably, patients with a PTC mutation had a similar phenotype compared to patients with
a whole gene deletion. Probably, because a PTC leads to nonsense mediated decay and
thus a reduced amount of normal fibrillin-1 protein, known as ‘haploinsufficiency’. This
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Chapter 5: Diagnosis and genetics

phenomenon, of a reduced amount of normal fibrillin-1 leading to MFS, has already
been described by Schrijver, et al in 2002.139 Reduced prevalence of ectopia lentis and
increased prevalence of cardiovascular involvement in patients with a PTC mutation are
novel findings in our study. Absence of ectopia lentis may delay MFS diagnosis, yet these
patients are at higher risk for aortic dissection. Furthermore, the pathogenesis of patients
with a PTC mutation is different compared to patients with a missense mutation. Rapid
nonsense mediated decay of mutant transcripts leads to a loss-of-function phenotype,
and thus this phenotype resembles patients with a whole gene deletion. In contrast,
missense mutations or mutations leading to exon skipping result in the synthesis of
truncated or deformed fibrillin-1. Truncated or deformed fibrillin-1 may have a dominant
negative effect for some phenotypic features, such as ectopia lentis. On the other hand,
deformed or truncated fibrillin-1 protein may have a partially normal function, leading
to a less severe mutation-effect on skeletal features and aortic aneurysms compared to
patients with reduced amounts of normal fibrillin-1.
Our data suggest that mutation effect at protein level partly explains differences in
the development of clinical features. However, even in the group leading to truncated or
deformed fibrillin-1, differences in phenotype exist. For example, ectopia lentis was more
frequently present in patients with a cysteine missense mutation compared to patients
with a missense mutation not involving a cysteine amino acid. Thus, the structure of the
mutated fibrillin-1 protein is clearly important in the development of ectopia lentis.35
It could be speculated that the modification of fibrillin-1 also changes the fibrillin-1
function, and subsequently alters TGF-β signaling. However, more preclinical research
is needed to confirm or reject this hypothesis and to create more consensus about the
role of TGF-β in the pathogenesis of MFS. In our opinion, increased TGF-β level in MFS
is rather a readout of the disease state of the aorta than the initiator of damage/clinical
features.156
Key questions that warrant further investigation include the role of mutations in
treatment effects of beta-blockers and losartan on aortic dilation rates and aortic dissections. Currently, there are no studies investigating the treatment effects between
different mutation-types. A classification in patients with a reduced amount of fibrillin-1
and patients with expression of mutated or truncated protein may result in a different
response to treatment, and thus may reveal the first step in individualized prognosis and
treatment in MFS.
The highly variable phenotype of MFS patients may be based on mutation effect at
protein level (reduced versus truncated/deformed fibrillin-1). Further investigation at
this level is needed for individualized prognosis and treatment.
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Abstract
Aims: The aorta in Marfan syndrome (MFS) patients is variably affected. We investigated
the assumed genotype-effect on protein production as a risk factor for a severe aortic
phenotype in adult MFS patients.
Methods and Results: We collected clinical and genetic data from all 570 adults with
MFS who had been included in the Dutch CONCOR registry since the start in 2001. Mean
age was 36.5±13.5 years (51.2% male, 28.9% prior aortic surgery, 8.2% prior aortic dissection). Patients were prospectively followed for a mean duration of 8.2±3.1 years. Men
had more frequently aortic surgery at baseline (38.0% versus 19.4%, p<0.001) and during follow-up (24.0% versus 15.1%, p=0.008) compared to women. After ten-year followup cumulative survival was 93.8% and dissection-free survival was 84.2%. We found a
pathogenic FBN1 mutation in 357 patients, of whom 146 patients (40.9%) were positive
for a mutation causing haploinsufficiency (reduced fibrillin-1 protein) and 211 (59.1%)
for a mutation leading to a dominant negative effect (abnormal fibrillin-1 protein). Corrected for age, sex, and previous aortic complications, patients with a haploinsufficient
mutation had a 2.5-fold increased risk for cardiovascular death (HR: 2.5, 95%CI: 1.0-6.1,
p=0.049), a 2.4-fold increased risk for the combined endpoint comprising death and
dissection (HR: 2.4, 95%CI: 1.4-4.2, p<0.001) and a 1.6-fold increased risk for any aortic
complication compared to patients with a dominant negative mutation (HR: 1.6, 95%CI
1.1-2.3, p=0.014).
Conclusion: MFS patients with a haploinsufficient mutation are at increased risk for
cardiovascular death and aortic dissection compared to patients with a dominant negative mutation.
Translational perspective: This study demonstrates that genotype impacts phenotype
severity in patients with MFS, and implicates that patients with a reduced amount of
fibrillin-1 protein have a worse prognosis, with increased risk for aortic surgery, aortic
dissection and mortality. For optimal assessment of prognosis and treatment of MFS
patients, more extensive genetic screening, and evaluation of the FBN1 mutation effect
on fibrillin-1 protein is warranted.
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Introduction
Marfan syndrome (MFS) is a connective tissue disorder caused by mutations in the
FBN1 gene encoding the fibrillin-1 protein, a structural component of elastic fibres in
the tunica media in large arteries.1 Mortality and morbidity is mainly determined by the
development of an aortic aneurysm and subsequent dissection.2 Prophylactic aortic surgery has increased survival and is currently relatively uniformly incorporated in clinical
management of MFS patients at certain threshold values of aortic diameter.3 The current
guidelines recommend that patients should undergo prophylactic aortic surgery when
the aortic maximal diameter is >50 mm, or at 46-50 mm with a family history of aortic
dissection, progressive dilation >2 mm/year as confirmed by repeated measurement,
severe aortic or mitral valve regurgitation, or with a desire of pregnancy.3 However, the
observation of both very large undissected aneurysms in MFS, and the occurrence of
dissection below surgical thresholds, raise suspicion that more risk factors are necessary
to reliably predict aortic dissection.4
Although MFS is being considered monogenetic in nature, a multitude of mutations
(>2900 currently known) in the large FBN1 gene (>200 kb, 65 exons) lead to a very
heterogeneous vascular phenotype.5 Recently, we demonstrated that we were able to
predict the effect of the FBN1 mutation on fibrillin-1 protein: 1) mutations resulting in
deficient fibrillin-1 protein, where mainly the non-mutated allele is expressed (called
haploinsufficient (HI) mutations), and 2) mutations resulting in abnormal fibrillin-1
formation interacting with normal fibrillin-1 derived from the non-mutated allele (called
dominant-negative (DN) mutations).6 However, the influence of this classification on
mortality and aortic dissection, is still unknown. Accordingly, the aim of this study was
to retrospectively assess the impact of FBN1 mutation type (HI versus DN) upon prospective outcome, including survival and dissection-free survival in MFS patients.

Methods
Patient population
The CONgenital CORvitia (CONCOR) Dutch national registry database, started in January
2001, aims to facilitate research into the aetiology of congenital heart disease and on its
outcome.7 The registry complied with the Declaration of Helsinki and written informed
consent was obtained from all participants. In CONCOR, all patients with congenital heart
disease aged 18 years or older have been recruited and included by three independent,
permanently employed research nurses. Currently, 107 Dutch hospitals are participating, including all eight tertiary referral centres from which 65% of patients originate.
An estimated 35–50% (over 15,000 patients) of the total adult congenital heart disease
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population in the Netherlands is registered in CONCOR. Between 2001 and 2014, 570
patients aged 18 years or older were included in CONCOR diagnosed as having MFS by
one of the four Dutch multidisciplinary screening teams. Diagnosis was performed according to the Ghent criteria during the period 1996–2010 and according to the revised
Ghent criteria thereafter.8,9 In December 2014 we updated the CONCOR registry with
aortic complications and type of the FBN1 mutation, when available.

Mutation classification
Sanger sequencing of the 65 coding FBN1 exons in genomic DNA from blood cells
was used to detect mutations. Large deletions were tested with multiplex ligationdependent probe amplification (MRC-Holland, MLPA kit P065 and P066). All known
pathogenic FBN1 mutations were classified into HI mutations or DN mutations as
described previously.6 In short, HI mutations lead to production of a reduced amount
of normal functioning fibrillin-1 protein (derived from the non-mutated allele), since
the mutations cause protein degradation, nonsense mediated decay or prevent protein
translation, mostly by premature termination codon mutations and frameshift mutations.10,11 DN mutations lead to stable mutant fibrillin-1 protein with altered structure or
a shorter but stable fibrillin-1 protein, mostly by missense mutations and exon-skipping
mutations.12,13 Mutant fibrillin-1 forms a matrix together with normal fibrillin-1 protein
(derived from the non-mutated allele). Skin biopsies were taken from all patients with a
splice site mutation, in order to study mRNA to differentiate between nonsense mediated decay or an in-frame event.

Endpoints
Primary endpoints were death and aortic dissection. Patients were followed from date
of inclusion in the CONCOR registry until date of dissection or date of death. Aortic dissection was defined as any dissection (type A and type B) in the aorta confirmed with an
imaging modality. Patients were censored at January 1st of 2015. Secondary endpoint
was aortic surgery. The decision to perform aortic surgery was completely at the discretion of the attending ‘Heart team’, based on guidelines.3 Complication-free survival was
defined as the time-interval between date of inclusion in CONCOR registry and date of
first event (death, aortic dissection, aortic surgery).

Statistical analysis
Data are presented as mean value ± standard deviation and first to third quartile (Q1-Q3)
or as number of patients (percent). Comparisons between continuous variables were
made by Student’s T test. Comparisons between categorical variables were made by
Fisher’s exact tests. Cox-regression analysis was used to analyse survival, dissection-free
survival and complication-free survival during follow-up. Cox-regression was corrected
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for aortic dissection and aortic surgery before inclusion in CONCOR and for sex and age
at baseline, since these factors were found to influence the event rate. All statistical tests
were two-sided and differences were considered statistically significant at p < 0.05. Data
analysis was performed using the SPSS statistical package (20.0 for windows; SPSS Inc.,
Chicago, Illinois, USA).

Results
Baseline Characteristics
A total of 570 MFS patients, mean age 36.5±13.5 years (Q1-Q3: 25 – 47 years), were
registered in the Dutch CONCOR registry since January 2001, 30.9% of the patients were
known with at least one aortic complication at time of inclusion: aortic dissection (8.2%)
and aortic surgery (28.9%). Sex was equally distributed in the total cohort with 51.2%
males. Men had a history of aortic surgery before inclusion in CONCOR more frequently
(38.0% men versus 19.4% women, p<0.001). There was no sex difference in the medical
history of aortic dissections (8.9% men versus 7.6% women, p=0.648).

High survival and dissection-free survival in patients with Marfan syndrome
After a mean follow-up of 8.2 years (Q1-Q3: 6.0-11.0 years), a total of 161 patients (28.2%)
developed one or more complications (cardiovascular death, aortic dissection or aortic
surgery). The complications included 33 deaths (5.8%, mean age 54.1±13.3), 77 dissections (13.5%, 24 type A, 49 type B and 4 arterial dissections, mean age 47.6±13.3), and
112 aortic surgeries (19.6%, mean age 38.5±11.8). During follow-up aortic surgery was
performed significantly more often in men (24.0%) compared to women (15.1%, hazard
ratio (HR): 1.6, 95%CI 1.1-2.4, p=0.008). Sex was not associated with the occurrence of
aortic dissection (12.9% men versus 13.4% women, p=0.902) nor with the occurrence of
cardiovascular death (6.2% men versus 5.4% women, p=0.723).
Five-year and ten-year cumulative survival was 96.9% and 93.8%, respectively. After
five and ten years, dissection-free survival was 92.9% and 84.2%, respectively (Figure 1).
FBN1 mutation analysis was performed in 433 patients (76%); 357 pathogenic FBN1 mutations (82.4%) were found in the patients included in the CONCOR registry. In the 357
patients carrying a pathogenic FBN1 mutation, cumulative survival and dissection-free
survival were similar to the total cohort (cumulative survival was 97.3% after five-year
and 92.5% after ten-year; dissection-free survival was 93.6% after five-year and 83.7%
after ten-year). Of the remaining 213 reported MFS patients fulfilling the Revised Ghent criteria, in 65 patients (11.4%) no FBN1 mutation was shown after recent analysis,
4 had a TGFBR1 mutation, 4 had a TGFBR2 mutation, 1 had a TGFB2 mutation, 2 had an
SMAD3 mutation and 1 had an MYH11 mutation and in 136 (24%) patients no analysis
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Patients with previous aortic complications are at increased risk for novel aortic
complications
Patients with an aortic dissection before inclusion in CONCOR (n=47, mean age: 45.6
years (Q1-Q3: 37.0-53.0 years), 55% men) were at increased risk for the combined clinical
endpoint aortic dissection, cardiovascular mortality and surgery (HR: 1.9, 95%CI: 1.23.1, p=0.005), for the combined clinical endpoint aortic dissection and cardiovascular
mortality (HR: 2.8, 95%CI: 1.6-4.9, p<0.001), and demonstrated an increased risk for
cardiovascular mortality (HR: 3.8, 95%CI: 1.7-8.3, p=0.001).
Patients with an aortic root replacement before inclusion in CONCOR (n=165, mean
age: 38.4±13.3 years (Q1-Q3: 27.0-49.0 years), 67% men) were at increased risk for the
combined clinical endpoint aortic dissection, cardiovascular mortality and surgery (HR:
1.6, 95%CI: 1.1-2.2, p=0.005), for the combined clinical endpoint aortic dissection and
cardiovascular mortality, (HR: 3.4, 95%CI: 2.2-5.2, p<0.001), and demonstrated a trend
towards increased risk of cardiovascular mortality (HR: 1.9, 95%CI: 1.0-3.9, p=0.057).

Table 1. Differences in events between patients with an FBN1 mutation and the remaining patients.
Number (%)

Any complication

Mortality

Dissection

Aortic surgery

FBN1 mutation

357 (62,6%)

123 (34.5%)

21 (5.9%)

55 (15.4%)

88 (24.6%)

No mutation

65 (11.4%)

15 (23.1%)

4 (6.2%)

8 (12.3%)

7 (10.8%)

Mutation in different gene

12 (2.1%)

6 (50%)

1 (8.3%)

2 (16.7%)

5 (41.7%)

No analysis performed

136 (24%)

19 (14.0%)

6 (4.4%)

11 (8.1%)

12 (8.8%)
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Patients with a haploinsufficiency mutation are at increased risk for aortic
complications
Classification of mutations revealed that 146 patients (40.9%) were positive for a HI
mutation and 211 patients (59.1%) were positive for a DN mutation. The Supplemental
Table 1 demonstrates all HI mutations and Supplemental Table 2 shows the DN mutations. Baseline characteristics were similar between the two groups (Table 2), with the
exception of age at time of inclusion in CONCOR: HI patients were significantly younger
compared to DN patients (33.3±11.5 versus 37.1±14.0 years, p=0.005).
The clinical endpoints aortic dissection (HI: 22.6% versus DN: 10.4%, p=0.003) and aortic
surgery (HI: 30.1% versus DN: 20.4%, p=0.045) were significantly more often reached in HI
patients compared with DN patients. Cardiovascular mortality did not significantly differ
between both groups (HI: 7.5% versus DN: 4.7%, p=0.360). In addition, age at any endpoint
did not significantly differ between both groups: cardiovascular death (HI: 48.2±12.1 years
versus DN: 55.8±12.5 years, p=0.172); aortic dissection (HI: 43.5±11.8 years versus DN:
48.5±13.6 years, p=0.158); aortic surgery (HI: 37.1±11.4 years versus DN: 40.0±12.7 years,
p=0.265); or first of any event (HI: 39.9±11.7 years versus DN: 42.5±13.4, p=0.265).
Cox-regression analysis was adjusted by prior aortic dissection, prior aortic surgery,
sex and age at baseline, since these factors were found to influence the event rate. HI
patients had a 2.5-fold increased risk for cardiovascular death as compared with DN
patients (adjusted HR: 2.5, 95%CI: 1.0-6.1, p=0.049, Figure 2A). HI patients had a 2.4-fold
figuur
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15

0
0

2
2

4
4

6

0

80

108
108
164
164

102

12
124

14 6

8

98

141

dominant negative

10
10
0
0

4

6

8

10

12

14

122

108

98

70

36

15

181
4

164
6

141
8

85
10

39
12

18
14

122

108

98

70

36

15

181

164

141

85

39

18

dominant negative

30
20

dominant negative
negative
dominant

10
0

0
2
4
6
8
8
10
0
2
4
6
8 0 10
10 2 12
12 4 14
14 6
years
years
follow-up
years follow-up
follow-up
Adjusted HR: 2.8 (95%CI:
1.6-4.8)
haploinsufficiency
146
136
114
100
87
146
57
136
27
114
12
100
87
57
146 136 114 100
87
57
27
12
70 p<0.001
36
15
211 202
202 175
211 78
78
30
211
175 155
155 134
134
78202 35
35175 16
16155 134
85
39
18

10

14
years
follow-up40

98
146 70
140 36
122 15
108
98
70
36
15
141
85
211
204 39
181 18
164
haploinsufficiency
141
85
39
18

20
20

12

14

40

HR: 2.8and
(95%CI:
1.6-4.8)
Figure 2. (A) Cumulative mortality rate andAdjusted
(B) mortality
/ or dissection
rate
p<0.001
20 to
of patients with a FBN1 mutation leading
a
dominant
negative
effect
(DN,
red
30
haploinsufficiency
dotted line)
and patients
dominant
negativewith a mutation leading to haploinsufficiency (HI, blue
10
line). The hazard ratios shown are adjusted
for sex, age at inclusion, and pres20
ence of aortic dissection and aortic surgery at baseline.

HR: 2.8 (95%CI: 1.1-6.9)

years follow-up

dominant
dominant negative
negative

5

6
8
10
years
years follow-up
follow-up

146
146 140
140 122
122
211
204
211 1.1-6.9)
204 181
181
HR: 2.8 (95%CI:

years follow-up

figuur 2.pzf:Layout 8 - Thu Oct 22 10:19:34 2015

Cumulative
Cumulative
mortalitymortality
/ dissection
/ dissection
rate
rate

5
5

10

40

Adjusted HR:
HR: 2.8
2.8 (95%CI:
(95%CI: 1.6-4.8)
1.6-4.8)
Adjusted HR: 2.8 (95%CI:
1.6-4.8)
Adjusted
haploinsufficiency
haploinsufficiency
p<0.001
p<0.001
p<0.001

30
30
haploinsufficiency

8haploinsufficiency
- Thu
Oct 22 10:19:34 2015
Adjusted
1.1-6.9)
Adjustedfiguur
HR:2.pzf:Layout
2.8 (95%CI:
1.1-6.9)
haploinsufficiency
Adjusted HR:
HR: 2.8
2.8 (95%CI:
(95%CI: 1.1-6.9)
p=0.031
p=0.031
p=0.031

10
10

40
40

Cumulative
mortality / dissection rate

20

Cumulative
Cumulative
mortality
mortality//dissection
dissectionrate
rate

15
15

0
0

B

Cumulative mortality rate

Cumulative
Cumulativemortality
mortalityrate
rate

A
20
20

0
10 0

2

4

6

146

136

114

0211
0

202
2

175
4

146

136

114

211

202

175

haploinsufficiency
dominant negative

dominant negative

8

10

12

14

100

87

57

27

12

155
6

134
8

78
10

35
12

16
14

100

87

57

27

12

155

134

78

35

16

years follow-up

years follow-up

93

12

14

27

12

35

16

Table 2. Baseline characteristics based on mutation type
Haploinsuffciency n=146

Dominant Negative n=211

Age (Q1-Q3 in years)*

33.3±11.5

37.1±14.0

Sex (male)

74 (50.7%)

110 (52.1%)
69 (32.7%)

Prior aortic surgery

57 (39.0%)

Prior aortic dissection

13 (8.9%)

19 (9.0%)

No aortic complication at inclusion

89 (61.0%)

139 (66.0%)

8.5±3.4

8.3± 3.1

Follow-up (Q1-Q3 in years)

*p=0.005

Genetic risk stratification in patients without any aortic complication
Finally, we performed analysis in patients without a previous aortic complication and a
pathogenic FBN1 mutation. For this analysis we were able to include 139 patients with a
DN mutation and 89 patients with a HI mutation. Sex was similar between both groups
(men HI: 38.2% versus men DN 44.6%, p=0.410), yet age was significantly lower in HI
patients (HI: 31.4±10.7 years versus 35.1±13.3 years, p=0.021). In patients without an
aortic complication at baseline, there was no difference between HI and DN patients
for cardiovascular mortality (adjusted HR 1.7, 95%CI 0.2-5.1, p=0.373). HI patients had
a significant 4.0-fold increased risk for the combined clinical endpoint cardiovascular
mortality and aortic dissection (95%CI 1.7-9.5, p=0.002) and a 1.7-fold increased risk
for any aortic complication (cardiovascular death, aortic dissection or aortic surgery)
compared to DN patients during follow-up (95%CI 1.1-2.7, p=0.016), corrected for sex
and age at inclusion. Age at cardiovascular mortality and at aortic dissection was lower
in HI patients compared with DN patients (mortality: HI: 46.2±15.5 versus DN: 59.6±7.6,
p=0.052, dissection: HI: 44.0±13.6 versus DN: 59.0±7.4, p=0.003). Age at surgery was not
significantly different between groups.

Table 3, increased mortality in HI patients compared with DN patients
HI N=146

DN N=211

Adjusted
HR (95%CI) p-value HR (95%CI) p-value

Survival

135 (92.5%)

201 (95.3%)

1.5 (0.7-3.6)

0.322

2.5 (1.0-6.1)

0.049

Dissection-free survival

112 (76.7%)

187 (88.6%)

2.1 (1.3-3.6)

0.005

2.4 (1.4-4.2)

<0.001

Complication-free survival

84 (58.2%)

150 (71.19%)

1.5 (1.1-2.2)

0.018

1.6 (1.1-2.3)

0.014

Adjusted HR is corrected for age at baseline, sex, prior aortic dissection and prior aortic surgery
Abbreviations: HR: hazard ratio
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Discussion
This is the first study to demonstrate that FBN1 mutation type has a major impact on
survival in adults with MFS. Our study shows that HI patients have a 2.5-fold higher risk
of cardiovascular death, a 2.4-fold increased risk of meeting the combined endpoint
comprising death or dissection and a 1.6-fold higher risk of any aortic complication after
a mean follow-up of 8.2 years compared with DN patients.
Prognosis in MFS is mainly determined by progressive dilation of the aorta leading to
aortic dissection or rupture, which is the major cause of death. Although phenotypegenotype relations have been investigated extensively in the past decades, genotype
has never been shown to be of importance in survival of MFS patients.3 In this study,
we evaluated the effects of FBN1 mutation type on morbidity and mortality in a large
cohort of adults MFS patients. Despite a low mortality rate, patients with a HI mutation
were at increased risk for cardiovascular death, aortic dissection or the combined clinical endpoint, when compared to DN patients (59.1% of the patients with a pathogenic
FBN1 mutation). The percentage of patients having a HI mutation (40.9%) in this study
reveals that FBN1 HI comprises a substantial part of the adult MFS population, similar
to our previous study population in the COMPARE cohort,6 and similar to the mutations
included in the Universal Mutation Database for FBN1 mutations.5,14 It is commonly
thought that patients with a HI mutation have a milder phenotype due to nonsense
mediated decay, compared to patients with a DN mutation.15 However, several studies
have shown that HI patients seem to have a more severe vascular phenotype compared
to DN patients.5,6,10,11 Furthermore, Baudhuin and colleagues recently demonstrated that
aortic complications more frequently occurred in a small cohort of MFS patients with
a nonsense or frameshift mutations (HI mutation),16 suggesting that the effect of the
FBN1 mutation on fibrillin-1 protein synthesis partly determines MFS phenotype. In the
present study, we retrospectively confirmed in a large cohort that patients with a HI
mutation are at increased risk for “hard clinical endpoints”, including aortic dissection
and mortality.
Currently, there is no definite explanation for a more severe vascular phenotype in HI
patients. In the well-known FBN1 (C1039G) mouse model, the dominant negative mutation leads to characteristics of the Marfan phenotype, i.e. aortic dilation and skeletal deformity.17 However, addition of a wild-type FBN1 transgene to this FBN1 (C1039G) mouse
model, rescues the aortic phenotype.18 This indicates that limited amount of normal
fibrillin-1 rather than production of mutant protein is the primary determinant of failed
microfibrillar assembly. Further evidence for this hypothesis is provided by a recent study
where the level of WT FBN1 expression in HI patients was inversely correlated with aortic
root size.19 In addition, one older study with smaller numbers already published in 1995
revealed that mutations leading to a smaller amount of fibrillin-1 protein was associated
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with a shortened event-free survival and more severe cardiovascular complications.20
This study underscores the relation between survival and type of FBN1 mutation.
Notably, men had more frequently a history of aortic surgery before inclusion in CONCOR compared to women, and men were at increased risk to undergo aortic surgery
during follow-up as well. Since men are not at increased risk for aortic dissections or
cardiovascular mortality, the increased risk for aortic surgery may be due to the absolute
threshold for aortic surgery (45-50 mm) and the fact that men overall have a larger body
surface area.3
In other studies, more genetic subgroups with a genotype-phenotype association
have been investigated. For example, cysteine substitutions have been associated with
ectopia lentis. In addition, Kuhne et al, and Aydin et al, differentiated DN-FBN1 mutations
based on their location in the FBN1 gene, i.e. mutations in calcium-binding EGF-domains
or in the TB-domains, and their correlations with mitral valve disease and ventricular
arrhythmia.21,22 However, the impact of these associations on survival has not been assessed. The most striking association between survival and genotype has been found
in neonatal MFS, caused by mutations in exons 24-32.23 Neonatal MFS is rare and often
lethal due to heart failure at a very young age. In our opinion, this condition should be
regarded as a specific entity. In the multitude of FBN1 mutations, we have now applied a
relatively simple method, based on the effect of the mutation on FBN1 protein synthesis,
to discriminate between more and less affected (groups of ) MFS patients. Further subclassification of the patients with a DN-FBN1 mutation may be an important next step
in order to enlighten the genotype-phenotype correlations within the different types
of DN-FBN1 mutations, such as attempted by Kuhne and Aydin.21,22 Another interesting
differentiation of DN-FBN1 mutations might be the type of FBN1 mutation (i.e. cysteine
substitution versus exon skipping mutations). For these types of classifications, much
larger patient cohorts are necessary and international cooperation should be encouraged.
The present study has several limitations. First, patients with the most severe
cardiovascular phenotype, who died before adulthood, are not accounted for in this
study. Second, patients with a FBN1 mutation, yet not fulfilling the Ghent criteria are
not included in CONCOR. In addition, diagnosis was performed according to the Ghent criteria during the period 1996–2010 and according to the revised Ghent criteria
thereafter, which may have introduced some bias, since in the revised Ghent criteria
more weight has been given to genetic analysis. Third, only few patients have died during follow-up, thus mortality analyses are based on a small number of patients. Fourth,
in only 76% of the patients, mutation analysis was performed; others refused mutation
analysis or analysis was not considered necessary for diagnosis and counselling. Finally,
our classification of missense mutations as DN is not completely validated, because
some mutations may lead to unstable protein and HI. We tested splice site mutations on
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skin biopsies, however, we have not tested protein stability. Consequently, among our
DN classified samples some may actually have a HI effect due to protein degradation.
Despite this possible misclassification in a small number of cases, our approach lead to
surprising data.
In conclusion, MFS patients with a HI mutation are at increased risk for cardiovascular
death and aortic dissection compared to DN patients. The results of this study, in combination with the available evidence so far, implicate that patients with a reduced amount
of fibrillin-1 protein have a worse prognosis. Currently, genetic screening is only part
of the diagnostic process and not standardly performed in all patients. As suggested
by our preliminary results, genotype could be of great importance for patient management and thus change clinical guidelines and reimbursement strategies of insurance
companies. For optimal assessment of prognosis and treatment of MFS patients, more
research upon genetic screening, and clinical evaluation is warranted.
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Abstract
Background: Patients with Marfan syndrome (MFS) often have aortic disease that limits
their survival. This study determined the impact of the FBN1-mutation type upon aortic
diameters and dilation rates.
Methods: MFS patients were included when carrying a FBN1 mutation classified into
dominant negative (DN, incorporation of non-mutated and mutated fibrillin-1 in the
extracellular matrix) or haploinsufficiency (HI, only incorporation of non-mutated fibrillin-1, thus decreased amount of fibrillin-1 protein). The study objectives were differences
in aortic diameters and aortic dilation rate at the level of the aortic root and arch, and
ascending, descending and abdominal aorta by echocardiography, and the combined
end-point comprising dissection and death.
Results: 290 MFS patients were included, with a HI-FBN1 mutation in 113 (39%), and
a DN-FBN1 in 177 (61%) patients. At baseline, HI-FBN1 patients had a larger aortic root
diameter than DN-FBN1 patients (HI: 39.3±7.2 mm versus DN: 37.3±6.8 mm, p=0.022),
without differences in age nor body surface area. After a mean follow-up duration of
4.9±2.0 years, aortic root and ascending dilation rate were increased in HI-FBN1 patients (HI: 0.57±0.8 versus DN: 0.28±0.5 mm/year, p=0.004, and HI: 0.59±0.9 versus DN:
0.30±0.7 mm/year, p=0.032, respectively). Furthermore, HI-FBN1 patients tended to be
at increased risk for the combined end-point of dissection and death compared to DNFBN1 patients (HR: 3.3, 95%CI: 1.0-11.4, p=0.060).
Conclusions: Patients with an HI-FBN1 mutation have a more rapid aortic root and
ascending dilation rate compared to patients with a DN-FBN1 mutation.
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Introduction
Marfan syndrome (MFS) is a progressive connective tissue disorder caused by mutations
in the FBN1 gene encoding the fibrillin-1 protein.1 MFS patients often have aortic dilation,
requiring aortic surgery to prevent aortic dissection and thus to extend their life span.2
However, MFS patients are known to have large variations in phenotypic expression as
well as in age of onset of manifestations.3 Previous studies suggest that cardiovascular
phenotype depends on FBN1-mutation effect on the fibrillin-1 protein.3-7
Over 2900 different FBN1 mutations have been described in the International Database.8 These mutations can be classified as dominant negative (DN) or haploinsufficiency
(HI).4 DN mutations lead to disturbed folding of the protein, owing to interference of
mutated with non-mutated fibrillin-1 protein, which result in a disorganized extracellular matrix.9 On the other hand, HI mutations lead to production of only non-mutated
fibrillin-1 protein, by FBN1 gene deletions,10 by degradation of mutated mRNA by nonsense mediated decay,11 or due to protein degradation after mRNA synthesis.12
We previously have found that patients with a HI-FBN1 mutation more often have aortic dissections and a shorter survival compared to patients with a DN-FBN1 mutation.13
However, to date a clear correlation between aortic diameter and aortic dilation rate is
lacking. To confirm that HI-FBN1 patients have a more severely affected cardiovascular
system compared to DN-FBN1 patients, we correlate aortic diameters and aortic dilation
rate to genotype classification (HI versus DN) in a well-controlled MFS cohort.

Methods
Patient population
All children and adults diagnosed with MFS, carrying a pathogenic FBN1 mutation, and
who were followed up at two specialised MFS centres in Spain between 2004 and 2015
were included. Diagnosis of MFS was determined according to the Ghent criteria during
the period of 1996–2010 and according to the revised Ghent criteria thereafter.14,15

Mutation classification
All known pathogenic FBN1 mutations were classified into DN or HI mutations as
described previously.4 In short DN mutations lead to stable mutant fibrillin-1 protein
with altered or shorter structure, which is incorporated together with normal fibrillin-1
protein (derived from the non-mutated allele). DN is mostly caused by missense and
exon-skipping mutations.12,13,16 HI mutations lead to a reduced amount of normal nonmutated fibrillin-1 protein, derived from the non-mutated allele only. HI is caused by
whole FBN1 gene deletion,10 degradation of mutated mRNA by nonsense mediated
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decay in frameshift and nonsense mutations,11 or by protein degradation after mRNA
synthesis.12 Mutations, which could not be classified in one of the two groups without
skin biopsies were excluded for analysis.

Study objectives.
Study objectives were determination of the impact of mutation type on 1) aortic diameters, 2) aortic dilation rate and on 3) cardiovascular events (i.e. aortic dissection and
cardiovascular mortality).
For the first two study objectives, aortic diameters were measured by two experienced
observers (R.F., V.G.) using the leading edge-to-leading edge technique in end-diastole
at the level of the sinuses of Valsalva, tubular ascending aorta, aortic arch, proximal
descending thoracic aorta and abdominal aorta. The progression of aortic dilation was
calculated in all patients with at least 1-year of follow-up, as the difference between the
first and last echocardiographic follow-up study. For the third study objective, patients
were followed up from the first clinical visit until the date of the first cardiovascular
event: aortic dissection, cardiovascular death, or the first date of the combined endpoint of dissection and death. Patients were censored at their last clinical visit. Aortic
dissection was defined as any dissection (type A and type B) in the aorta confirmed with
an imaging modality. Cardiovascular events were updated in April 2015.

Statistical analysis
Data are presented as mean value ± standard deviation or as number of patients and
percentage. Comparisons between continuous variables were made by Student’s T test.
Comparisons between categorical variables were made by Fisher’s exact tests. Aortic dilation rate was evaluated by covariance analysis with baseline aortic diameter as covariate.
Cox-regression analysis corrected for age at baseline and gender was used to analyse the
mutation-effect on the clinical events. All statistical tests were two-sided and differences
were considered statistically significant at p < 0.05. Data analysis was performed using the
SPSS statistical package (20.0 for windows; SPSS Inc., Chicago, Illinois, USA).

Results
Baseline Characteristics
In the two specialised centres 537 patients fulfilling the Ghent criteria were followed up,
of whom 351 (65.4%) underwent mutation analysis. In 312 patients (88.9%) a pathogenic
FBN1 mutation was found, of whom 22 could not be classified because of uncertainty of
classification (Supplemental Table 1). Finally, 290 MFS patients with a classified FBN1 mutation were included in the analysis, with a mean age of 30.2±14.7 years and sex was equally
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distributed in the cohort with 48.5% males. A mutation leading to HI was present in 113
patients (39.0%), comprising 54 nonsense mutations, 45 frameshift mutations leading to
nonsense mediated decay, 9 missense mutations leading to either unstable fibrilline-1
protein and subsequently protein degradation (n=8) or no conversion of profibrillin-1
to fibrillin-1 and thus no production of fibrillin-1 (n=1), and 5 intronic mutations leading
to a splice site mutation and subsequently nonsense mediated decay, confirmed by skin
biopsies. A DN mutation was present in 177 patients (61.0%), comprising 136 missense
mutations, 21 small in-frame insertions or deletions, 15 in-frame exon skipping mutations,
and 5 frameshift mutations in the nonsense mediated decay insensitive area (Supplemental Table 1). The baseline characteristics are shown in Table 1. At baseline, patients with a HI
mutation had a significantly larger aortic root diameter than those with a DN mutation (HI:
39.3±7.2 mm versus DN: 37.3±6.8 mm, p=0.012, Figure 1), without differences in age (HI:
28.7±13.8 years versus DN: 31.1±15.2 years, p=0.191) nor body surface area (HI: 1.84±0.38
years versus DN: 1.85±0.31 years, p=0.841). Furthermore, at baseline prevalence of previous aortic surgery (HI: 18.6% versus DN: 16.3%, p=0.635) or aortic dissection (HI: 10.6%
versus DN: 6.2%, p=0.186) did not differ between groups. However, age at previous surgery was significantly lower in HI patients (HI: 29.9±10.1 years versus DN: 36.6±12.9 years,
p=0.050) than DN patients. No differences existed in cardiovascular treatment at baseline
(HI: 53.2% versus DN: 56.1%, p=0.712). Patients with a DN mutation more frequently had
ectopia lentis than HI patients (HI: 24.8% versus DN: 52.8%, p<0.001).
Table 1. Baseline Characteristics
Value

HI mutation (n=113)

DN mutation (n=177)

Age (years)

28.7 (±13.8)

31.1 (±15.2)

0.191

sex (male)

50.4%

47.2%

0.631

1.84 (±0.38)

1.85 (±0.31)

0.841

24.8%

52.8%

<0.001

body surface area (mm2)
ectopia lentis
previous aortic complication

p-value

19.5%

16.9%

18.6%

16.3%

29.9 (10.1)

36.6 (±12.9)

0.050

10.6%

6.2%

0.186

34.9 (±8.3)

39.7 (±12.8)

0.307

53.2%

56.1%

0.712

losartan

18.3%

20.2%

0.759

betablockers

30.3%

27.2%

0.590

losartan and betablockers

1.8%

2.9%

0.710

sinus of valsalva

39.3 (±7.2)

37.3 (±6.8)

0.022

tubular ascending aorta

31.1 (±7.2)

30.9 (±7.4)

0.853

arch

23.4 (±6.2)

24.3 (±6.9)

0.436

proximal descending thoracic aorta

18.4 (±7.3)

18.7 (±7.3)

0.834

abdominal aorta

19.0 (±6.2)

17.2 (±4.0)

0.127

previous surgery
age at previous surgery (years)
previous dissection
age at previous dissection (years)
cardiovascular treatment

0.635

aortic dimensions (mm)
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Aortic root diameter (mm)

42

p = 0.012

Figure 1. Graph shows the mean aortic root diameter with the 95% confidence interval, demonstrating that patients with a HI mutation (in red)
had a significantly larger aortic root diameter than
those with a DN mutation (in blue), corrected for
body surface area.

40

38

36

DN

HI

Aortic root dilation rate between genotype subgroups
The clinical follow-up data is shown in Table 2. Corrected for baseline aortic diameter, aortic dilation rate was significantly increased in HI patients at the aortic root (HI:
0.57±0.8 versus DN: 0.28±0.5 mm/year, p=0.004) and at the tubular ascending aorta
(HI: 0.59±0.9 versus DN: 0.30±0.7 mm/year, p=0.032). For the arch and the proximal
descending thoracic and abdominal aorta no differences were demonstrated between
DN and HI patients (Figure 2).
Table 2. Aortic dilation rate between genotype subgroups
Value
follow-up (years)

HI mutation (n=98)

DN mutation (n=150)

P

5.0 (±2.3)

4.9 (±1.9)

0.960

Corr P

aortic dilation rate (mm/year)
sinus of valsalva

0.57 (±0.8)

0.28 (±0.5)

0.008

0.004

tubular ascending aorta

0.59 (±0.9)

0.30 (±0.7)

0.044

0.032

arch

0.66 (±0.9)

0.59 (±0.8)

0.732

0.799

proximal descending thoracic aorta

0.61 (±0.7)

0.42 (±1.0)

0.408

0.403

abdominal aorta

0.50 (±0.4)

0.49 (±0.8)

0.948

0.912

Corr P, is the p-value corrected for baseline aortic dimension

Aortic complications between genotype subgroups
During follow-up 5 patients died (mean age: 42.2±13.2 years), 11 patients had an aortic
dissection (mean age 41.4±10.3 years) and 55 patients needed aortic surgery (mean age
36.7±11.4 years).
Patients with an HI mutation tended to at 3.3-fold increased risk for the combined
clinical endpoint (HI: 6.2% versus DN: 2.3%, HR: 3.3, 95%CI: 1.0-11.4, p=0.060), corrected
for age at baseline and gender. For the individual endpoints, HI patients were not at
significant increased risk for cardiovascular mortality (HI: 2.7% versus DN: 1.1%, HR: 2.8,
95%CI: 0.5-17.1, p=0.265), aortic dissection (HI: 6.2% versus DN: 2.3%, HR: 3.3, 95%CI:
1.0-11.4, p=0.060), nor for aortic surgery corrected for sex and age at baseline between
the two groups (HI: 18.6% versus DN: 17.4%, HR: 1.1, 95%CI: 0.6-1.9, p=0.787). Figure 2
demonstrates the barcharts of the aortic dilation rates between HI and DN patients.
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ns

1.0
0.8

*

*

AoR

Asc

ns

ns

0.6
0.4
0.2
0.0

Arch Desc

Abd

Figure 2. Barcharts demonstrate
the aortic dilation rates in patients
DN
with a dominant negative (DN)
HI
mutation (blue barcharts) and a
* p < 0.05
haploinsufficient (HI) mutation
ns not significant (red bar charts) at the level of the
sinuses of Valsalva of the aortic
root (AoR), tubular ascending aorta (Asc), aortic arch (arch), proximal descending thoracic aorta
(Desc) and abdominal aorta (Abd).
* p < 0.01, ns, not significant.

Discussion
This is the first study to demonstrate that patients with a HI-FBN1 mutation had a larger
aortic root diameter, and a more rapid dilation rate of the aortic root and ascending
aorta compared to patients with a DN-FBN1 mutation.
Although genotype-phenotype correlations in MFS are difficult due to the clinical
variability within and between families, a couple of genotype-phenotype correlations
are established. In a large cohort of 1013 probands, Faivre et al, have demonstrated that
patients with a cysteine missense mutation (DN) are at increased risk of ectopia lentis,
compared to patients with a premature termination codon (HI).17 In addition, a study of
Aoyama et al. already demonstrated in 1995 that mutations leading to a very low deposition of the fibrillin-1 protein (HI) were associated with shortened event-free survival
and more severe cardiovascular complications.6 Moreover, among Ghent-positive MFS
patients, a higher frequency of HI-FBN1 mutations was found in patients with cardiovascular events (79%) versus patients without an event (48%, p=0.0039) even at a younger
age, when compared to patients with a DN-FBN1 mutation.5 Furthermore, in a review
summarizing 1511 patients, it was shown that HI-FBN1 patients have increased skeletal
and cardiovascular involvement and DN-FBN1 patients more often have ectopia lentis.3
Finally, we recently confirmed that patients with a HI-FBN1 mutation are at increased risk
for hard clinical endpoints, including aortic dissection and mortality, compared to patients with a DN-FBN1 mutation.13 These studies revealed intrinsic differences between
MFS populations with a HI- or DN-FBN1 mutation. In the present study, we retrospectively confirmed in a large cohort that patients with a HI-FBN1 mutation have increased
dilation rate of the aortic root and ascending aorta, the most affected parts of the MFS
aorta. Furthermore, we validated that HI-FBN1 patients tended to have an increased risk
for the combined clinical end-endpoint (i.e. aortic dissection and mortality) compared
to DN-FBN1 patients.
Currently, it is unknown why patients with an HI-FBN1 mutation are at increased
cardiovascular risk compared to DN-FBN1 patients. Interestingly, Aubart et al., have
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demonstrated a 4-fold variation in FBN1 mRNA synthesis level between controls without
MFS with a very stable 50/50 allelic contribution7 and a similar FBN1-mRNA variation
was found in MFS patients with a HI-FBN1 mutation; however the level of FBN1 mRNA
was half of those in the controls and >90% was transcribed from the non-mutated allele,
confirming the concept of HI. Finally, the authors demonstrated that a low level of FBN1
mRNA is an important determinant for severity of phenotype and tends to increase the
risk of aortic dilation.7 It seems to be that a low amount of fibrillin-1 protein leads to a
more severe phenotype.
This HI-FBN1 in MFS is in contrast with that in other disorders, such as COL3A1, where
a null-allele (HI) leads to a milder and variable phenotype of Ehlers-Danlos syndrome,
another aortic aneurysm disorder.18 The reason for concerted mRNA expression of the
mutated and non-mutated allele in MFS is unknown. However, this may lead to interesting novel therapeutic options for HI-FBN1 patients, for example by stimulate the
non-mutated allele by FBN1 expression regulators located outside the FBN1 locus.7 In addition, in a sub-study of the COMPARE study, HI-FBN1 patients responded to the addition
of losartan on top of beta-blockers with a significant reduction of aortic dilation rate.4
The present retrospective study has several limitations. First, in only 64% of the patients, mutation analysis was performed; others refused mutation analysis or analysis
was not considered necessary for diagnosis and counselling. Second, our classification
is based on software programming, knowledge of previous mutations and literature. We
did not have skin biopsies to test protein stability and effect on mRNA. Third, only few
patients have died or have had an aortic dissection during follow-up, thus the clinical
endpoint is based on a small numbers of patients.
In conclusion, patients with a HI mutation had a more severely affected aortic phenotype, with larger aortic root diameters, a more rapid dilation rate and tended to have an
increased risk of death and dissections compared to patients with a DN mutation.
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Abstract
Aim: Patients with Marfan syndrome have an increased risk of life-threatening aortic
complications, mostly preceded by aortic dilation. Treatment with losartan, an angiotensin-II receptor-1 blocker, may reduce aortic dilation rate in Marfan patients.
Methods and results: In this multicentre, open-label, randomized controlled trial with
blinded assessments, we compared losartan treatment with no additional treatment in
operated and unoperated adults with Marfan syndrome. The primary endpoint was aortic dilation rate at any predefined aortic level after 3 years of follow-up, as determined
by magnetic resonance imaging. A total of 233 participants (47% female) underwent
randomization to either losartan (n = 116) or no additional treatment (n = 117). Aortic
root dilation rate after 3.1 ± 0.4 years of follow-up was significantly lower in the losartan
group than in controls (0.77 ± 1.36 versus 1.35 ± 1.55 mm, P = 0.014). Aortic dilation
rate in the trajectory beyond the aortic root was not significantly reduced by losartan.
In patients with prior aortic root replacement, aortic arch dilation rate was significantly
lower in the losartan group when compared with the control group (0.50 ± 1.26 versus
1.01 ± 1.31 mm, P = 0.033). No significant differences in separate clinical endpoints or
the composite endpoint (aortic dissection, elective aortic surgery, cardiovascular death)
between the groups could be demonstrated.
Conclusion: In adult Marfan patients, losartan treatment reduces aortic root dilation
rate. After aortic root replacement, losartan treatment reduces dilation rate of the aortic
arch.
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Chapter 8: Losartan reduces aortic dilatation

Introduction
Patients with Marfan syndrome (MFS) have an increased risk of sudden death due to
aortic dissection, mostly preceded by aortic dilation.1-3 Life expectancy has improved
due to surgical techniques for prophylactic aortic root replacement1 and possibly due to
β-blocker therapy.2-4 However, cardiovascular complications remain a major problem.5-7
Marfan syndrome is usually caused by mutations in the FBN1 gene, leading to deficiency or malformations of the fibrillin-1 protein.8 Abnormal or deficient fibrillin-1 probably affects structural integrity of the extracellular matrix and may thereby enhance the
release of active transforming growth factor-β (TGF-β).9-10 These processes are assumed
to contribute to the development of aortic medial degeneration and subsequent aortic
dilation and/or dissection.11,12
Recently, losartan emerged as a potentially effective novel treatment strategy due to its
ability to inhibit TGF-β signalling and thereby preventing progressive aortic root dilation
in an MFS mouse model.13 The apparent beneficial effect of losartan treatment may also
be attributed to other mechanisms. Losartan selectively blocks the angiotensin-II type
1 (AT1) receptor within the renin–angiotensin–aldosterone system14 and attenuates canonical TGF-β signalling in the aorta. Furthermore, losartan inhibits TGF-β-mediated activation of extracellular signal regulated kinase, by allowing continued signalling thought
the AT2 receptor.15 Indeed, losartan was reported to slow down the aortic root dilation
rate in a small retrospective cohort of paediatric patients with a severe MFS phenotype.16
The primary aim of the COMPARE (COzaar in Marfan PAtients Reduces aortic Enlargement) study was to determine whether Cozaar (losartan) reduces the aortic dilation rate
at any predefined aortic level in adults with MFS. Additional aims of the study were to
determine whether losartan influences aortic volume and incidence of aortic dissection,
elective aortic surgery, or cardiovascular death.17

Methods
Study design and participants
The design of the COMPARE study was a randomized, multicentre, open-label trial
with blinded assessments of endpoints.17 Patients were enrolled from January 2008 to
December 2009. Patients were identified by all four Dutch university hospitals with a
specialized multidisciplinary Marfan screening clinic and by using the national database
of adults with congenital heart disease (CONCOR).18 Eligible patients were adults (≥18
years) who were diagnosed with MFS according to the Ghent criteria of 1996.19 Patients
were ineligible if they (i) had a history of angioedema or other known intolerance
for angiotensin-converting enzyme inhibitors (ACEi) and/or angiotensin-II receptor
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blockers (ARB), (ii) were already using ACEi or ARB, (iii) had renal dysfunction, (iv) had
a known intolerance for i.v. contrast agents, (v) had an aortic root diameter >50 mm,
(vi) had a history of aortic dissection, (vii) had more than one vascular prosthesis, (viii)
were planned for aortic surgery within 6 months of inclusion, or (ix) had the intention
to become pregnant in the following 3 years. All previously prescribed medication,
including β-blockers and calcium channel blockers, was continued after inclusion. The
trial complied with the Declaration of Helsinki and was conducted with approval of the
Medical Ethical Committees of all participating hospitals. Written informed consent was
obtained from all participants. This trial is registered at the Netherlands Trial Register
(number NTR1423).

Medication
Patients in the losartan group started on 50 mg daily, and the dosage was doubled after
14 days. When side effects, such as dizziness, syncope, angioedema, or renal dysfunction,
occurred; losartan dosage was either reduced or treatment was terminated. Patients
were randomly assigned into a 1:1 ratio to receive losartan daily (losartan group) or no
additional treatment (control group). Randomization was performed with a computer
generated randomization sequence using randomly permuted blocks of 10. We stratified for the four hospitals.

Assessment and outcomes
Participating patients started losartan treatment after baseline examinations. At baseline and after 3 years of follow-up, we examined patients’ medical history and performed
magnetic resonance imaging (MRI) of the entire aorta. When MRI was contraindicated,
computed tomography (CT) was performed. Annually, patients were evaluated by transthoracic echocardiography (TTE) and interviewed for side-effects, changes in medication
use and clinical events. Aortic measurements were evaluated independently by three
observers (A.W.d.H., R.F., and A.M.S.) without knowledge of patients’ medical therapy.
The primary endpoint of this study was aortic dilation rate at the six predefined aortic
levels, from the aortic root to the bifurcation, measured by means of MRI or CT after 3
years of follow-up. The secondary endpoints were (i) total aortic volume expansion rate
and (ii) the incidence of the combined endpoint: cardiovascular mortality/aortic dissection/prophylactic aortic surgery. The decision to perform prophylactic aortic surgery
was completely at the discretion of the attending cardiologists, based on European and
American guidelines.20,21 When the surgical threshold was reached, patients underwent
either a Bentall or David procedure to replace the dilated aortic root. Anticoagulation
therapy was initiated when appropriate.
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Cardiovascular imaging
All MRI scans were performed at two centres (AMC Amsterdam and LUMC Leiden).
Aortic diameters were measured at six landmark levels on the MRI and CT scans; the
aortic root, the ascending and descending thoracic aorta at the level of the pulmonary
bifurcation, the aortic arch, the descending thoracic aorta at the level of the diaphragm
and the abdominal aorta just proximal to the aortic bifurcation. When aortic aneurysms
were detected between these landmark levels, separate aneurysm measurements were
performed. Aortic volume was measured from the aortic annulus to the aortic bifurcation. Additionally, the aortic root was measured by TTE. (See Appendix A for a detailed
description of MRI, CT, and TTE acquisitions.)

Statistical methods
Sample size calculation (330 patients) was based on the primary endpoint. We assumed
that the mean aortic root dilation rate in MFS patients would be 0.9 mm/year,22 and that
losartan would reduce this to 0.5 ± 1.5 mm/year (two-sided α = 0.05; β = 0.2).17 The effect
of losartan on aortic dilation rate was evaluated by covariance analysis with baseline aortic
dimension as covariate. As our primary outcome parameter consisted of the changes of
aortic diameters at six levels that were possibly correlated, we performed multiple testing
correction by using a permutation approach of 1000 permutations that took the correlations between the diameters at the six levels into account. From the permutation distribution we derived that when using a significance level of 0.0159, the family wise error was
maintained at 0.05. The P-values of the aorta diameter changes at the six levels were obtained from the permutation Null-distribution. All analyses were performed on the basis of
intention-to-treat. Additionally, per protocol and sensitivity analyses were performed. Per
protocol analyses were performed to evaluate change in diameter between the two groups
of MFS patients who continued their losartan treatment throughout the entire study and in
whom losartan treatment was not started during the study, respectively. For the sensitivity
analyses, patients who experienced a clinical endpoint were also included. Data shown are
mean ± SD. The combined secondary endpoint (aortic dissection, elective aortic surgery,
or cardiovascular death) was evaluated by means of the χ2 test. The proportions of patients
with a stable aortic root diameter during 3 years of follow-up (dilation rate ≤0 mm/3 year)
were compared using Fisher’s exact test. Covariance analysis was also used to evaluate the
losartan effect on aortic dilation rate in subgroups of patients: males versus females, with
or without a known FBN1 mutation or β-blocker therapy, mean arterial pressure ≤ or >90
mmHg, baseline aortic root diameter ≤ or >45 mm and age ≤ or >40 years. The mean differences in aortic root dilation rate between losartan-treated patients and control patients
were plotted in a forest plot23 and tested for significance using the interaction test between
treatment-indicator (losartan or no losartan) and subgroup. Data analysis was performed
using the SPSS statistical package (19.0 for windows; SPSS, Inc., Chicago, IL, USA).
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Results
Patients
From January 2008 until December 2009, 233 patients (38 ± 13 years, 47% females)
were enrolled; 116 were randomly assigned to treatment with losartan and 117 to no
additional treatment (Figure 1). Patient characteristics at baseline are shown in Table 1.
Follow-up was 3.1 ± 0.4 years, similar in both arms. A losartan dosage of 100 mg daily
was achieved in 63 patients (54%). In 34 patients (29%), losartan dosage was 50 mg
daily; in 2 patients (2%), losartan dosage was reduced to 25 mg and in 17 patients (15%)
losartan treatment was ceased due to side-effects, including dizziness caused by low
blood pressure (n = 14), renal dysfunction (n = 1), extreme fatigue (n = 1), or angioedema
(n = 1). In one patient randomized to the control group, losartan was initiated after 2
years (Figure 1). Other cardiovascular medicinal treatment regimens did not change
during the study between baseline and follow-up. Five patients underwent a contrastenhanced ECG-triggered CT scan instead of MRI.

Primary endpoint
Aortic root dilation rate could be evaluated in 145 patients with a native aortic root
at the time of exclusion (Figure 1). Baseline characteristics were comparable between
patients with and without a native aortic root, with exception of the distal aortic dimensions (aortic volume; 222 ± 56 mL versus 271 ± 70 mL, respectively, P < 0.001). There
were no statistical significant differences between the losartan treated and control
group in these 145 MFS patients with a native aortic root (aortic root diameter; 43.8
± 5.0 versus 43.2 ± 4.4 mm, P = 0.436). The aortic root dilation rate was significantly
lower in the losartan group than in the control group, 0.77 ± 1.36 versus 1.35 ± 1.55
mm/3 years, respectively, P = 0.014 (Table 2, Figures 2 and 3). Aortic root dilation rate in
patients on only losartan therapy was 0.91 ± 1.25 mm/3 years (n = 17) and in patients
without losartan or any other form of cardiovascular medical therapy was 1.34 ± 1.12
mm/3 years (n = 21, P = 0.268). The per protocol and sensitivity analyses rendered similar
results. Losartan was also significantly associated with reduced aortic root dilation rate
as measured by TTE in the intention-to-treat analysis, respectively, 1.34 ± 1.51 versus
1.93 ± 1.39 mm/3 years, P = 0.021 (Table 2).
As expected, losartan significantly reduced mean arterial blood pressure by 6 ± 11
mmHg compared with baseline (P < 0.001) and differed significantly from blood pressure changes in the control group after 3 years (3 ± 9 mmHg, P = 0.032). No correlation was found between mean arterial blood pressure or systolic blood pressure with
aortic root dimension (P = 0.855 and P = 0.819, respectively) or aortic root dilation rate
(P = 0.716 and P = 0.967, respectively). Furthermore, regression analysis showed that
change in the mean arterial blood pressure or change in systolic blood pressure was
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Patients from all four participating Marfan screening clinics and
CONCOR assessed 797 patients for screening

564 Were not eligible
334 Did not meet protocol criteria
89 More than 1 aortic graft
56 Prior aortic dissection
72 Already using ACEi or ARB
22 Mental retardation
20 Child wish
253 Declined participation
142 Miscellaneous reasons
69 Refused medical treatment
42 Logistic reasons
52 Did not respond

233 patients underwent
randomization

116 patients were assigned to
Losartan group

117 patients were assigned to
Control group

Follow up not performed due to
1 Non cardiova scular death
2 Refused participation

113 patients in the
intention-to-treat analysis

Follow up not performed due to
2 Type B aortic dissection
10 Refused participation

105 patients in the
intention-to-treat analysis

Aortic root replacement*
27 replacements prior to study
10 replacements during study

Aortic root replacement**
36 replacements prior to study
8 replacements during study

78 patients in
the intention-to-treat
aortic root analysis

67 patients in
the intention-to-treat
aortic root analysis

17 patients prematurely discontinued
losartan treatment due to
14 dizziness or low blood pressure
1 renal dysfunction
1 extreme fatigue
1 angioedema

1 patient started losartan therapy
during study

Figure 1. Randomisation and follow-up for aortic diameter analysis. Patients were excluded from aortic diameter analysis due to refusal of participation in follow-up, non-cardiovascular death in the losartan group
or type B aortic dissection in the control group. ACEi denotes angiotensin converting enzyme inhibitors
and ARB denotes angiotensin-II receptor blockers. *After 3 years, a total of 37 patients had an aortic root
graft (27 prior to the study and 10 during the study) in the losartan group. Of these 37 patients, 2 are not
included in the box ‘aortic root replacement’ due to non-cardiovascular death and refusal to participate in
follow-up. **After 3 years, a total of 44 patients had an aortic root graft (36 prior to the study and 8 during
the study) in the control group. Six of the 44 patients are not included in the box ‘aortic root replacement’
due to refusal to participate in follow-up.
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Table 1. Baseline demographic and clinical characteristics of the patients. *
Variables

Control N=117

Losartan N=116

Gender (female)

62 (53.0)

47 (40.5)

Body Surface Area (m²)

2.0 ± 0.2

2.0 ± 0.2

37.8 ± 13.4

36.3 ± 12.3

General features

Age (years)
≤ 40 years

69 (59.0)

70 (60.3)

> 40 years

48 (41.0)

46 (39.7)

Mean aortic pressure
≤ 90 mmHg

65 (55.6)

63 (54.3)

> 90 mmHg

52 (44.4)

53 (45.7)

Aortic root
≤ 45 mm

50 (61.7)

44 (49.4)

> 45 mm

31 (38.3)

45 (50.6)

FBN1 mutation†

97 (88.2)

86 (74.8)

β-blocker usage

82 (70.1)

87 (75.0)

Calcium Channel Blocker
Aortic root surgery

3 (3)

2 (2)

36 (30.8)

27 (23.3)

Distal aorta surgery

5 (4.3)

2 (1.7)

Mitral valve prolapse

65 (55.6)

63 (54.3)

Mitral valve surgery

5 (4.3)

4 (3.4)

Aortic dimension by MRI
Aortic root (mm)

43.7 ± 4.8

44.8 ± 5.6

Ascending aorta (mm)

28.1 ± 3.9

28.0 ± 3.6

Aortic arch (mm)

24.4 ± 3.3

23.6 ± 2.8

Descending aorta
pulmonary artery (mm)

23.9 ± 3.6

23.7 ± 3.7

diaphragm (mm) ‡

21.2 ± 3.5

20.3 ± 2.5

abdominal (mm)

16.2 ± 3.4

16.4 ± 3.9

244 ± 70

226 ± 55

42.7 ± 4.4

43.3 ± 5.0

Aortic volume (ml) ‡
Aortic dimension by TTE
Aortic root (mm)

* Plus-minus values are means ± SD. None of these characteristics differed significantly
between the two groups (P>0.05 for all comparisons), unless otherwise noted.
† FBN1 analyses was not performed in 1 patient in the losartan group and in 3 of the control
group. In the losartan also mutations were found in TGFB2 (n=4) and MYH1 (n=1) gene.
In the control group mutations were found in TGFB2 (n=1), MYLK (n=1), MYH1 (n=1) and
TGFBR1 (n=1) gene.
‡ P<0.05 for the comparison among the two study groups
Abbreviations: TTE = transthoracic echocardiography, MRI = magnetic resonance imaging

not correlated with aortic root dilation rate in patients treated with losartan or controls
(respectively, r = 0.058; P = 0.630 and r = 0.001; P = 0.993, Figure 4). The percentage of
participants with a stable aortic root (defined as a dilation rate ≤0 mm/3 years) was 50%
in the losartan group and 31% in the control group (P = 0.022), with a number-needed116
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Aortic Root Diameter (mm)

46

Figure 2. Aortic root dimensions at baseline and after 3 years of follow up of both groups. BL-L denotes
baseline aortic root diameter of patients treated with
losartan, FU-L denotes Follow up aortic root diameter
of patients treated with losartan, BL-C denotes Baseline aortic root diameter of patients without losartan
therapy, FU-C denotes follow-up aortic root diameter
of patients without losartan therapy. Data shown are
mean ± standard error of the mean.

45
44
43
42
41
40

BL-L

FU-L

BL-C

FU-C

to-treat of 5.3 patients. Aortic dilation rate beyond the aortic root was evaluated in 218
patients (Figure 1). Aortic dilation rate in the trajectory beyond the aortic root was not
significantly reduced by losartan (Table 2).

Secondary outcomes
Aortic volume increase was assessed in 168 MFS patients with a native aortic root or
aortic root replacement prior to study inclusion (excluded due to technical issues: 33,
clinical endpoints: 20, refusal: 12, see Figure 1). In the intention-to-treat-analysis, the
total aortic volume increase was similar in both groups (Table 2). The per protocol and
sensitivity analyses rendered similar results.

Table 2. Primary outcomes in the intention-to-treat population during the study period. *
Outcome

Control N=105

Losartan N=113

P-value

Aortic root#

1.35 ± 1.55

0.77 ± 1.36

0.026

Ascending aorta

0.85 ± 1.23

0.78 ± 1.32

0.743

Aortic arch

0.61 ± 1.35

0.52 ± 1.37

0.368

pulmonary artery

0.72 ± 1.40

0.54 ± 1.40

0.381

diaphragm

0.43 ± 1.13

0.31 ± 1.13

0.512

abdominal

0.37 ± 1.12

0.51 ± 2.18

0.574

12 ± 16

12 ± 14

0.812

1.93 ± 1.39

1.34 ± 1.51

0.021

Aortic dimensions by MRI

Descending aorta

Aortic volume
Aortic dimensions by TTE
Aortic root
#

Aortic root assessed in 145 patients (67 in control group, 78 in losartan group)
* Data are change in milimeter per 3 years, with the exception of aortic volume (mililiter per 3 years).
* Plus-minus values are means ± SD.
Abbreviations: TTE = transthoracic echocardiography, MRI = magnetic resonance imaging
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Figure 3. Magnetic resonance images showing the aortic root in short axis of a COMPARE patient with Marfan syndrome at baseline and after 3 years of follow-up. Greatest aortic root diameter of three measured
distances was used; (A and D) non coronary cusp to right coronary cusp increased from 41 to 43 mm; (B and
E) right coronary cusp to left coronary cusp increased from 42 to 44 mm; (C and F) non-coronary cusp to left
coronary cusp increased from 41 to 42 mm.

A total of 19 patients underwent prophylactic aortic surgery due to progressive aortic
dilation. No difference in separate clinical endpoints or the composite endpoint was
found between the groups (prophylactic aortic root surgery: 10 versus 8, distal aortic
surgical intervention: 0 versus 1, type B aortic dissection: 0 versus 2, respectively, for the
losartan and control groups). No cardiovascular deaths occurred during the study.

Losartan treatment and aortic root replacement
A history of aortic root replacement prior to inclusion was present in 63 patients (27 in
the losartan group). At baseline, patients with aortic root replacement demonstrated
greater aortic dimensions in the remaining aortic trajectory when compared with
Table 3. Aortic dilatation Rate by MRI in patients with aortic root replacement at baseline. *
Outcome

Control N=36

Losartan N=27

P-value

Aortic arch

1.01 ± 1.31

0.50 ± 1.26

0.033

pulmonary artery

1.00 ± 1.25

0.50 ± 1.79

0.249

diaphragm

0.48 ± 1.37

0.41 ± 1.04

0.376

abdominal

0.16 ± 1.37

0.71 ± 3.02

0.348

20 ± 18

15 ± 10

0.438

Descending aorta

Aortic volume

* Data are change in millimeter per 3 years, with the exception of aortic volume (milliliter per 3 years).
* Plus-minus values are means ± SD.
Abbreviations: MRI = magnetic resonance imaging
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Table 4. Aortic dilatation Rate by MRI in patients with a native aortic root at baseline. *
Outcome

Control N=73

Losartan N=82

P-value

Aortic arch

0.44 ± 1.35

0.52 ± 1.41

0.809

pulmonary artery

0.60 ± 1.45

0.55 ± 1.27

0.833

diaphragm

0.40 ± 1.02

0.28 ± 1.15

0.441

abdominal

0.46 ± 1.00

0.46 ± 1.92

0.348

8 ± 13

11 ± 15

0.292

Descending aorta

Aortic volume

* Data are change in millimeter per 3 years, with the exception of aortic volume (milliliter per 3 years).
* Plus-minus values are means ± SD.
Abbreviations: MRI = magnetic resonance imaging

the total patient cohort. Furthermore, patients randomized to losartan demonstrated
smaller dimensions of the aortic arch and the descending thoracic aorta at the level of
the diaphragm when compared with the control group at baseline (respectively, 24 ± 3
versus 26 ± 4 mm, P = 0.029 and 21 ± 2 versus 23 ± 4 mm, P = 0.009).
Patients with prior aortic root replacement demonstrated greater distal aortic dilation
rates when compared with unoperated patients (Tables 3 and 4). After aortic root replacement, aortic arch dilation rate was significantly lower in the losartan group than in the
control group (0.50 ± 1.26 versus 1.01 ± 1.31 mm/3 years, respectively, P = 0.033). Aortic
dilation rate in the descending aorta at the level of the pulmonary artery and diaphragm
was comparable between the groups (Table 3). No significant difference in aortic volume
increase between groups could be demonstrated (Table 3). However, operated patients

Figure 4. No correlation between
systolic blood pressure change and
aortic root dilatation rate in both
groups. Correlation between change
in systolic blood pressure and aortic
root dilatation rate in patients treated
with losartan (r=0.058, p=0.630) and
in controls (r=0.001, p=0.993).

119

Characteristics
FBN1-mutation + (116)
FBN1 mutation - (24)
Beta-Blocker + (106)
Beta-Blocker - (37)
MAP > 90 (65)
MAP < 90 (74)
Aortic root > 45 (55)
Aortic root < 45 (87)

Mean (95% CI)
-0.647 (-1.180, -0.114)
-0.291 (-1.622, 1.039)
-0.610 (-1.208,-0.012)
-0.434 (-1.212, 0.344)
-0.723 (-1.432, -0.015)
-0.501 (-1.186, 0.183)
-0.316 (-1.119, 0.486)
-0.677 (-1.297, -0.064)

Female (73)
Male (70)

-0.406 (-0.990, 0.178)
-0.713 (-1.488, 0.062)

Age > 40 (52)
Age < 40 (91)

-0.331 (-1.050, 0.389)
-0.630 (-1.247, -0.014)

-1

Losartan effective

0

1

2

Losartan not effective

Figure 5. Effect of losartan treatment on aortic root dilatation rate in subgroups of Marfan patients. Among
subgroups of patients, the mean differences in aortic root dilatation rate between losartan treated patients
and control patients are indicated by solid squares. Horizontal lines represent 95% confidence intervals
(95% CI). (n) denotes number of patients in subgroup-analysis, MAP (mean arterial pressure, mmHg), aortic
root is presented in mm, age is presented in years.

in the control group showed a significantly larger increase in aortic volume during the
follow-up than unoperated patients (20 ± 18 versus 8 ± 13 mL/3 years, respectively, P =
0.004). Losartan-treated patients in the operated and unoperated subgroups did not
show this disparity (15 ± 10 versus 11 ± 15 mL/3 years, respectively, P = 0.488).

Subgroup analysis
No subgroups (FBN1 mutation, mean arterial pressure, aortic root diameter, concomitant
β-blocker usage, gender, and age) could be identified in whom losartan therapy was
more beneficial in reducing aortic root dilation rate (Figure 5). No interaction between
treatment-indicator and subgroups could be demonstrated (P= 0.467).

Discussion
This is the first prospective, randomized, controlled trial indicating a beneficial effect of
losartan treatment on aortic root dilation rate in adults with MFS. The reduction of mean
aortic root dilation rate in the losartan group was present, irrespective of age, sex, blood
pressure, aortic root size, presence of a FBN1 mutation and concomitant β-blocker use
(Figure 5). As subgroup analyses were performed on relatively small groups of patients,
these results should be interpreted with some prudence. Subgroup analysis on aortic
root dilation rate between patients on only losartan and those without medical therapy
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did not show a significant difference, due to limited sample size. The effects of losartan
monotherapy on aortic root dilation rate will have to be awaited from other studies.
Although we could not demonstrate a significant association of losartan treatment
with reduced aortic dilation rate beyond the aortic root or with clinical events, losartan
was significantly associated with reduced dilation rate of the aortic arch in the subgroup
of patients with a history of aortic root surgery. However, this result should be interpreted with some caution as baseline aortic dimensions of patients with prior aortic root
replacement were not completely comparable between the groups.
We found large variability in individual aortic root dilation rates in the losartan group
and losartan treatment did not normalize the dilation rate to that of the healthy population (aortic root dilation rate of 0.8–0.9 mm for each advancing decade of life).24 The large
interindividual differences in response to losartan treatment may be partly explained
by genetic factors, such as different types of FBN1 mutations25 and genetic modifiers,
especially those involved in other inflammatory pathways26 and partly by interindividual
variation in forces acting on the aortic tissue. However, subgroup analyses could not
identify any patient group with larger or smaller reduction in aortic root dilation rate,
most likely due to lack of power.
Furthermore, aortic root diameters measured by MRI were larger than measured by
TTE (mean difference 0.9 ± 1.6 mm); however, aortic root dilation rate reduction measured by MRI was comparable with TTE findings (0.58 and 0.59 mm). This phenomenon
has been observed and explained previously.27
The incidence of clinical events was low in our study. Therefore, the clinical relevance
of losartan treatment on aortic surgery and aortic dissection could not be determined
by this trial and requires a prospective study with longer follow-up and a much larger
sample size. The low incidence of aortic dissections and the absence of death in our
study may have been caused by the low threshold for prophylactic aortic root surgery in
MFS at 45–50 mm according to current guidelines.20,21
In the current era of aggressive surgical prophylactic treatment, ascending aortic dissection has become a rare event in patients with known MFS. As a corollary, the fate of
the aortic trajectory beyond the aortic root has become a major clinical issue. We could
not demonstrate a reduction of aortic dilation rate beyond the aortic root associated
with losartan treatment in the entire cohort, most likely due to lack of power. Another
possible explanation may relate to the different developmental origin of aortic root
(neural crest cells) when compared with the remaining aorta. Neural crest cells showed
to have a different response to TGF-β signalling.28,29
By blocking the AT1-receptor, losartan reduces arterial blood pressure and wall stress
by vaso-active mechanisms.14 In our study, the mean arterial blood pressure was significantly reduced in the losartan treatment group when compared with the controls.
However, no correlation was found between change in the mean arterial pressure or
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systolic blood pressure with aortic root dilation rate. A possible explanation for the
beneficial effect of losartan might be due to the ability of losartan to inhibit TGF-β
signalling. Transforming growth factor-β antagonists, other than losartan, that have no
effect on blood pressure, provide overt vascular protection in mouse models.15 However,
wall stress appears to be an essential precondition for the development of aortic media
degeneration, as shown by the completely normal architecture of the aortic wall in
newborn MFS mice. Therefore, the beneficial effects of losartan may be caused by both
signalling and blood pressure-lowering effects.
Targeted treatment dosage of 100 mg losartan daily was reached in only 54% of the
patients, mainly due to side-effects, such as hypotension by concomitant β-blocker use.
However, in the intention-to-treat analysis, which includes the lower losartan treatment
dosage as well, a beneficial effect of losartan on aortic root dilation rate could be demonstrated. A possible explanation could be that a low dosage of losartan daily might
already be enough to inhibit a TGF-β signalling cascade.
We observed that the trajectory beyond the aortic root dilates more progressively
in patients with a history of aortic root replacement, as previously reported.6,30,31 The
aortic dilation rate of the aortic trajectory beyond the aortic root may be enhanced by
haemodynamic factors, altered wall mechanics, loss of the Windkessel effect with higher
pulsatile forces acting onto the descending aorta, or clamping of the aorta during the
operation.6
In summary, losartan treatment reduces aortic root dilation rate in adults with MFS
with a number-needed-to-treat of 5.3 patients when comparing the percentage of patients with stable aortic root between both groups. Following prophylactic aortic root
replacement, losartan treatment also has a beneficial effect on dilation rate in the aortic
arch.

Study limitations
We were unable to enrol the original defined total sample size of 330 patients, mainly
due to our strict inclusion and exclusion criteria. Second, inclusion was limited to the
patients known at the designated four Dutch university hospitals with a specialized
multidisciplinary Marfan screening clinic and by using the national database of adults
with congenital heart disease (CONCOR).
Aortic root dilation rate was overestimated in our original sample size analysis (dilation rate: 1.35 mm/3 years as opposed to the expected 2.7 mm/3 years). Although this
could be interpreted as a result of a less severely affected study cohort, similar aortic
root dilation rates have been reported previously.32
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Another limitation of our study design is that aortic root dilation rate could only be
assessed in 145 MFS patients with a native aortic root. The decision to include MFS patients with prior aortic root replacement in our study was based on the hypothesis that
losartan might also have a beneficial effect on the aortic trajectory beyond the aortic
root. Furthermore, this is clinically highly relevant as a large proportion of the current
MFS population already underwent aortic root replacement or most likely will undergo
in the near future.
Furthermore, the open label character of this study is a limitation. We were persuaded
by the clinical urgency to rapidly assess the effect of losartan after the positive results in
mice. A double-blinded study would have delayed this process. More and more patients
were already being treated with losartan before any evidence of a beneficial effect in
humans (see Figure 1). Therefore, we decided to perform an open label study in collaboration with the Dutch Marfan Organisation. Nevertheless, the endpoints were evaluated
without knowledge of patients’ medical therapy.

Appendix
Image acquisition
Magnetic resonance imaging acquisition was performed by either an Avanto (Siemens,
Erlangen, Germany) or a Philips (Intera, release 11 and 12; Philips Medical Systems, Best,
the Netherlands) 1.5 Tesla MRI scanner using a phased array cardiac receiver coil.
Contrast-enhanced magnetic resonance angiography (MRA) of the total aorta was performed by first pass imaging of 0.2 mL/kg body weight contrast bolus of gadovist (Bayer
Schering AG, Berlin, Germany) with a molarity of 1 mmol/L. Contrast agent was injected
intravenously in the brachial vein at an infusion rate of 2 mL/s, and subsequently ﬂushed
by 20 mL saline at 2 mL/s, using contrast power injectors (Mallinckrodt, Inc., St Louis,
MO, USA or Medrad Spectris Solaris EP MR Injection System, Warrendale, USA). Contrast
enhanced MRA image acquisition was triggered by scout imaging of the contrast bolus
and aimed to visualize the total aorta during first pass of the contrast bolus in the aorta.
Imaging occurred during breath-holding at end-inspiration. The contrast enhanced MRA
of the full aorta was acquired by means of a standard, commercially available non-ECG
gated 3D, T1-weighed, spoiled gradient-echo sequence (either 3DFLASH on the Siemens
system or 3DFFE on the Philips system). This resulted in a 3D presentation of the entire
aorta with a near-isotropic resolution of 1.4 × 1.3 × 1.4 mm/voxel.
In patients without aortic root replacement, aortic root size was assessed by cine
imaging sequences (Steady State Free Precession, SSFP) perpendicular to the long axis
of the aortic root as shown by coronal and sagittal scouts (either TrueFisp on the Siemens system or Balanced TFE on the Philips system) during end-expiration. Typical SSFP
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characteristics were: slice thickness 6 mm, flip angle 60–80°, field of view 300–400 mm,
matrix size 256 × 192, 25–50 frames per cardiac cycle. These acquisitions resulted in a
CINE short-axis representation of the aortic root at the level of the sinus of Valsalva with
an in-plane spatial resolution of 1.2–1.8 × 1.4–1.8 mm/pixel and a temporal resolution
of ∼20–30 ms.
Transthoracic echocardiography was performed with a Vivid 7 (GE, Vingmed Ultrasound, Horton, Norway) ultrasound system by experienced ultrasound technicians.
Aortic root diameters were measured in end-diastole at the level of the sinus of Valsalva,
by using the leading edge to leading edge technique in parasternal long axis, consistent
with the current American Society of Echocardiography guidelines.33
Computed tomography was performed by the use of a Philips 64 slice CT scanner,
using generally available iodine-based contrast agents in a small number of patients.

Image processing
Aortic root diameter was assessed by greatest end-diastolic diameter of three cusp-cusp
dimensions from the outer to inner wall on the SSFP images. All measurements beyond
the aortic root were performed on multiplanar MRA reconstructions from inner to inner
edge.
The Vessel analysis software (3 mensio vascular, 3mensio Medical Imaging BV,
Bilthoven, the Netherlands) was used to calculated aortic volumes. Intra- and inter-observer variability of aortic volume assessment showed excellent reproducibility. Images
were loaded in the software with window and level settings acquired from the DICOM
data. The total aortic volume was determined by the following technique; a central lumen line was created by manually placing a seeding point through the lumen of the
aorta in the axial, the sagittal, and the coronal plane. A complete set of multi-planar
reformats was reconstructed by the computer perpendicular to this central lumen
line, resulting in a stretched vessel view of the aorta, from the aortic valve to the aortic
bifurcation. The aortic lumen was manually separated from the surrounding tissue by
placing a cut-off line between the enhanced aortic lumen voxels and the surrounding
voxels in four cross-sections. The volume of the contrast-enhanced aortic lumen was
reconstructed from the individually segmented axial slices, starting at the level of the
aortic root and ending at the level of the aortic bifurcation.
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Abstract
Background: Recently, we demonstrated that losartan reduced aortic root dilation rate
(AoDR) in adults with Marfan syndrome (MFS); however, responsiveness was diverse.
Aim was to determine the role of transforming growth factor-β (TGF-β) as therapeutic
biomarker for effectiveness of losartan on AoDR.
Methods: Baseline plasma TGF-β levels of 22 healthy controls and 99 MFS patients, and
TGF-β levels after one month of losartan treatment in 42 MFS patients were measured.
AoDR was assessed by magnetic resonance imaging at baseline and after three years of
follow-up.
Results: MFS patients had higher TGF-β levels compared to healthy controls (121 pg/ml
versus 54 pg/mL, p=0.006). After one month of therapy, losartan normalized TGF-β level
in 15 patients (36%); the other 27 patients (64%) showed a significant increase of TGF-β.
After three years of losartan therapy, patients with a decrease in TGF-β had significantly
higher AoDR compared to patients with increased TGF-β (1.5 mm/3 years versus 0.5
mm/3 years, p=0.04). Patients showing a decrease in TGF-β after losartan therapy had
significantly elevated baseline TGF-β levels compared to patients with increased TGF-β
(189 pg/ml versus 94 pg/ml, p=0.05).
Conclusion: Patients responding on losartan therapy with a reduction of plasma TGF-β
level had higher baseline TGF-β levels and a higher AoDR. Most likely, TGF-β levels may
be considered as readout of the diseased state of the aorta. We propose that increased
angiotensin II is the initiator of aorta dilation and is responsible for increased TGF-β
levels in Marfan syndrome. The concept of TGF-β as initiator of aortic dilation in Marfan
patients should be nuanced.
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Introduction
Aortic root dilation is a hazardous complication in patients with Marfan syndrome
(MFS), an heritable connective tissue disorder equally prevalent all over the world.1,2
MFS is caused by mutations in the FBN1 gene.3 These mutations induce abnormal or
deficient fibrillin-1 protein affecting the structural integrity of the vascular extracellular
matrix, and have been described to enhance the release of transforming growth factor-β
(TGF-β).4 We have shown that plasma TGF-β indeed was elevated in MFS patients, which
correlated to increased aortic root diameter and aortic root dilation rate (AoDR).5
Current treatment comprises prophylactic aortic root replacement and β-blocker
therapy, which significantly improved life expectancy of MFS patients. However, cardiovascular complications remain a problem.6,7 In a MFS mouse model losartan was superior
to β-blocker therapy in decreasing AoDR. This losartan effect was attributed to reduced
TGF-β expression, which was mimicked by treatment with neutralizing TGF-β antibodies.8
These findings in mice have resulted in the initiation of multiple studies assessing the
effect of losartan on AoDR in MFS patients. Recently, we demonstrated that losartan
reduced AoDR in a randomized and prospective cohort of adult MFS patients (COMPARE
trial).9,10 In addition, a small study in 20 children revealed beneficial effects of losartan
on AoDR.11,12 However, the responsiveness to losartan treatment was diverse, which may
depend on variability in expression and release of TGF-β. In order to determine the role
of TGF-β as therapeutic biomarker for the effectiveness of losartan therapy on AoDR,
we performed a sub-study of the COMPARE trial and revealed that TGF-β is an indirect
effector of aortic dilation.

The effect of losartan therapy on plasma TGF-β levels
For this sub-study we measured baseline TGF-β levels of 99 MFS patients, all monitored
by the Academic Medical Centre Amsterdam, of whom 55 were randomized to 100 mg
losartan and 44 to no losartan. In 42 patients on losartan therapy, plasma TGF-β levels
were also assessed after one month of treatment. We recruited 22 ‘healthy controls’ in
whom MFS was definitely ruled out (Figure 1A). In order to determine AoDR, MFS patients underwent magnetic resonance imaging of the aorta at baseline and after three
years of follow-up.
Despite inter-laboratory variations in TGF-β measurements throughout the medical
world, our TGF-β measurements show that MFS patients had significantly higher TGF-β
levels compared to healthy controls (121 pg/ml versus 54 pg/mL, p=0.006), which is in
line with our previous results.2 Surprisingly, one-month losartan therapy did not reduce
circulating TGF-β levels (101 pg/mL; 95%CI:-27:229 pg/mL; p=0.12, Figure 1B). Only in
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15 of the 42 patients, TGF-β levels were normalized to the control level (p=0.26). In the
remaining 27 patients TGF-β did not decrease after one-month losartan therapy, and
showed a significantly higher TGF-β compared to the healthy controls (292 pg/ml versus
54 pg/mL, p=0.028). Unexpectedly, after three years of losartan therapy, patients with a
decrease in TGF-β had a significantly higher AoDR compared to patients without reduced
TGF-β levels (1.5±0.8 mm/3 years versus 0.5±1.2 mm/3 years, respectively; p=0.04). In
addition, 91% of the patients with a decrease in TGF-β showed a significant increase in
AoDR despite losartan therapy, compared to 33% of the patients with increased/stable
TGF-β levels after losartan (p=0.013, Figure 1A,B). In order to explain these unexpected
results, we compared baseline characteristics between these groups. Patient groups
were comparable, with the exception of baseline TGF-β levels (Table 1). Patients showing a decrease in TGF-β after losartan therapy had significantly elevated baseline TGF-β
levels compared to patients who did not show this decrease (189±166 pg/ml versus
94±113 pg/ml, p=0.05, Figure 1B). Interestingly, we found a linear association between
the change in TGF-β level and the increase in AoDR in patients using losartan therapy
(r=0.47, p=0.02, Figure 1C). This effect could not be ascribed to β-blocker therapy, because β-blocker therapy +/- losartan therapy was not different at any level (data not
shown).

The revised role of TGF-β in aortic aneurysms in Marfan syndrome
This sub-study highlights a paradoxical topic of TGF-β in the pathogenesis of MFS.
Although three year losartan therapy reduces the overall AoDR in MFS patients,9 only
one third of MFS patients responded by a reduction of plasma TGF-β after one-month
losartan therapy. These responders had elevated baseline TGF-β levels and an increase
in AoDR after three years, despite losartan therapy. Considering that treatment with 100
mg losartan is a sufficient dose to reduce AoDR in MFS,9 and assuming that one-month
treatment is sufficient to initiate a TGF-β response, we have three possible explanations
for our findings.
The first explanation for the fact that losartan did not reduce overall TGF-β levels is
that TGF-β is a readout of the diseased state of the aorta. Losartan did reduce TGF-β
levels in a subgroup of MFS patients, yet these patients revealed a higher AoDR after
three years therapy. This increase in AoDR may be explained by the elevated baseline
TGF-β levels and the slightly, but non-significant larger aortic root dimension at baseline
(45±4 mm versus 43±6 mm, p=0.215). Both factors are associated with an increase in
AoDR.5 These results suggest that elevated plasma TGF-β is a marker for aortic damage,
such as fibrosis, rather than the initial cause of aortic dilation.
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Table 1.
MFS patients with:

Decreased TGF-β (n=15)

Increased/stable TGF-β (n=27)

Mean age (SD)

38 (10)

35 (11)

Sex (male)

7 (47)

18 (67)

189 (166)

94 (113)

p-value

Clinical features

Baseline TGF-β level*

0.05

Cardiovascular
AoR dilatation

15 (100)

22 (81)

Mean AoR diameter (SD)

45 (4)

43 (6)

AoR operation

4 (27)

9 (33)

Mean age AoR operation (SD)

31 (11)

31 (15)

MV prolapse

12 (80)

17 (63)

MV repair

1 (7)

3 (11)

FH of dissection

6 (40)

12 (44)

Dilatation of distal aorta

2 (13)

3 (11)

10 (67)

21 (78)

dosage >100 mg

5 (33)

14 (52)

dosage <100 mg

5 (33)

7 (26)

β-blocker

Values are given in absolute numbers (percentage) if not otherwise indicated.
SD: standard deviation; AoR: aortic root; MV: mitral valve; FH: family history

A second explanation for the variable response of TGF-β to losartan therapy comprises
the multitude of FBN1 mutations. At present, more than 2900 different mutations have
been described in the Universal Mutation Database.13 Most FBN1 mutations result in
expression of mutated fibrillin-1 proteins, which are improperly folded. The abnormal
fibrillin-1 protein may have a dominant-negative effect on the structure of the extracellular fibrillin network when it interacts with normal fibrillin-1 protein of the non-mutated
allele and other extracellular matrix proteins. Both the strength of the fibrillin-1 matrix
may be changed as well as the release of TGF-β that is captured in the fibrillin-1 network.
Mutations in one of the seven TGF-β binding protein-like (TB) domains of the FBN1 gene
may especially alter TGF-β levels.
Other FBN1 mutations will lead to reduced fibrillin-1 protein levels as a result of deletion of the entire FBN1 gene on one allele14 or for example upon deletion of the first exon
of FBN1 (such that the mRNA is not translated), causing ‘haploinsufficiency’. The reduced
level of normal fibrillin-1 protein presumably results in a thinner fibrillin-1 matrix in the
vasculature and thus in reduced aortic wall strength. In such patients, angiotensin II (AngII) activation may be increased to maintain normal blood pressure. The AngII-mediated
signalling cascade is a common inducer of TGF-β production in the vessel wall and thus
involved in the increased plasma TGF-β levels in these patients. Blocking the AngII receptor-1 (AT1) with losartan will diminish TGF-β production as well as other AngII-mediated
detrimental processes in the vessel wall such as blood pressure increase, enhanced
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Figure 1. (A) Flowchart shows an overview of MFS patients and controls. Plasma TGF-β was analysed by
ELISA (R&D Systems). (B) In 15 of the 42 MFS patients losartan normalized plasma TGF-β levels to that of
controls. In 27 of MFS patients no reduction of plasma TGF-β was observed. (C) Decrease in TGF-β level is
associated with an increase in AoDR in patients using losartan therapy (r=0.47, p=0.02). Linear regression
analysis was used.
132

Chapter 9: Revised role of TGF-β in Marfan syndrome

pro-inflammatory responses, myofibroblast differentiation and reactive oxygen species
(ROS) generation. Therefore, we hypothesize that patients with a FBN1 mutation leading
to haploinsufficiency respond better to losartan on aortic dilation compared to patients
with a dominant-negative mutation. We anticipate that genetics plays a critical role in
the TGF-β response to losartan.15
A third explanation for the variable TGF-β response to losartan therapy comprises
variation in the abundance of AT1 expression or activity, or by polymorphisms in the
renin-angiotensin-aldosterone system (RAAS). Increased AngII-mediated signalling as a
result of these type of polymorphisms will coincide with increased TGF-β production. A
number of polymorphisms have been identified in RAAS that are associated with aneurysms. For example, the ACE deletion/insertion polymorphism is significantly associated
with an increased risk for thoracic aortic aneurysm formation.16
Figure 2. Schematic overview of proposed
mechanism involving AngII- and TGF-βmediated signalling in aortic dilatation in
MFS. AngII induces a number of detrimental
processes via AngII-receptor type 1 (AT1),
when (chronically) elevated. AngII directly
activates Smad2 (pSmad2) and increases
TGF-β production, which can be secreted
and subsequently binds to its cell surface
receptor and thereby increases Smad2 activation further. Losartan blocks AT1 and thus
inhibits AngII-mediated signalling including
Smad2 activation, TGF-β production, blood
pressure increase, pro-inflammatory responses, myofibroblast differentiation and
ROS generation. pSmad2 = phosphorylated
Smad2; ROS = reactive oxygen species.

Angiotensin II as a cause of aortic dilation?
In MFS mice, direct inhibition of TGF-β was effective against AoDR.8 However, in most
studies TGF-β signalling has been extrapolated from the abundance of Smad2 activation
(pSmad2) in the dilated aortic tissue.17 Smad signalling is best known from its role in the
TGF-β-induced signalling cascade, where it transfers the extracellular TGF-β signal to the
nucleus to act as a transcription factor and to regulate gene expression.18 Before birth,
TGF-β is essential for the development of the cardiovascular system.19 In later life, TGF-β
is expressed in reaction to injury, mediating a fibrotic response for repair. This accentuates the possibility that TGF-β is a result and not the cause of aortic damage. Interestingly, AngII can induce Smad2 activation directly through its receptor AT1,20,21 as well
as indirectly by enhancing TGF-β expression (Figure 2). Thus, increased levels of TGF-β
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and pSmad2 levels in MFS may both result from increased AngII-mediated signalling.
When AngII is considered as a primary cause of aortic disease in MFS, other detrimental
AngII-mediated pathways may be responsible for initiation of arterial damage (Figure 2).
Excessive TGF-β signalling subsequently leads to secondary disease progression.
In mice, chronic infusion of AngII is known to affect the integrity of the vasculature
resulting in aneurysms in the ascending and descending aorta.22,23 We propose that the
beneficial effect of losartan on AoDR in MFS mice and patients5,6,8 is obtained through
inhibition of the unfavourable AngII-mediated signalling cascades, involving TGF-β
synthesis and pSmad2 signalling, blood pressure increase, myofibroblast differentiation,
ROS generation and pro-inflammatory responses.22,24

Limitations
We wish to emphasize that the power of our study was limited, therefore a prospective trial with a larger patients’ cohort is needed to confirm our results. Furthermore,
TGF-β levels are known to vary between different laboratories. In order to prevent these
variations, we collected plasma samples and performed all TGF-β measurements in
the same laboratory at the same time. Finally, it would have been interesting to have
the follow-up TGF-β measurements after three years of losartan therapy. Despite these
study limitations, our results are in line with our previous results.5

Conclusion
In conclusion, the variable effect of losartan on plasma TGF-β levels probably reflects,
at least in part, the heterogeneity in FBN1 mutations or RAAS modifiers. We showed
that MFS patients who responded with a decrease in plasma TGF-β level during losartan
therapy had higher baseline TGF-β levels. Most likely, TGF-β levels may be considered
as readout of the disease state of the aorta. Significantly, the effectiveness of losartan
on the AoDR in MFS patients6,8 proves that AngII-mediated signalling is crucial in the
vascular pathology of MFS. We propose that increased AngII signalling is the initiator of
aorta dilation and is responsible for the increased TGF-β levels in MFS. The concept of
TGF-β as the initiator of aortic dilation in MFS patients should be nuanced now it is clear
that AngII-mediated signalling is instructive and affects more than just TGF-β levels.
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Abstract
Background: It has been shown that losartan reduces aortic dilation in patients with
Marfan syndrome. However, treatment response is highly variable. This study investigates losartan effectiveness in genetically classified subgroups.
Methods and results: In this predefined sub-study of COMPARE, Marfan patients were
randomized to daily receive losartan 100mg or no losartan. Aortic root dimensions were
measured by magnetic resonance imaging at baseline and after 3 years. FBN1 mutations
were classified based on fibrillin-1 protein effect into 1) ‘Haploinsufficiency’, decreased
amount of normal fibrillin-1, 2) ‘Dominant negative’, normal fibrillin-1 abundance with
mutant fibrillin-1 incorporated in the matrix.
A pathogenic FBN1 mutation was found in 117 patients, of whom 79 patients were
positive for a dominant negative mutation (67.5%) and 38 for a mutation causing haploinsufficiency (32.5%). Baseline characteristics between treatment groups were similar.
Overall, losartan significantly reduced aortic root dilation rate (no losartan: 1.3±1.5
mm/3 years, n=59, versus losartan: 0.8±1.4 mm/3 years, n=58, p=0.009). However,
losartan only reduced aortic root dilation rate in haploinsufficient patients (no losartan:
1.8±1.5 mm/3 years, n=21, versus losartan 0.5±0.8 mm/3 years, n=17, p=0.001) and not
in dominant negative patients (no losartan: 1.2±1.7 mm/3 years, n=38, versus losartan
0.8±1.3 mm/3 years, n=41, p=0.197).
Conclusions: Marfan patients with haploinsufficient FBN1 mutations appear to be
more responsive to losartan therapy for inhibition of aortic root dilation rate compared
to dominant negative patients. Additional treatment strategies are needed in Marfan
patients with dominant negative FBN1 mutations.
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Introduction
Marfan syndrome is a progressive disorder caused by mutations in FBN1 encoding the
protein fibrillin-1.1 Recently, losartan has been found to reduce aortic root dilation rate
in patients with Marfan syndrome.2 However, there appeared to be large inter-individual
variability in response. The aim of this study was therefore to identify patients with a
more enhanced effect of losartan therapy.
Currently, over 2000 mutations have been described in the International Database.3,4
FBN1 mutations can be classified as ‘dominant negative’ or ‘haploinsufficient’ depending
on the effect of the FBN1 mutation on the fibrillin-1 protein.5 Dominant negative mutations lead to disturbed function, or folding of the protein, causing disturbed interactions
with fibrillin-1 and other proteins, hence a disorganized extracellular matrix.6 Both the
strength of the fibrillin-1 matrix may be changed, as well as the release of binding proteins, such as transforming growth factor-β (TGF-β), which is (indirectly) captured in the
fibrillin-1 network. Indeed, plasma TGF-β levels are elevated in Marfan patients, and are
correlated to aortic dissection and aortic root dilation.7,8
On the other hand, a lower production of normal fibrillin-1 protein by haploinsufficient mutations, will also lead to reduced binding of TGF-β,9,10 either due to whole
gene deletions of FBN1,11 or degradation of the mutant protein,12 or nonsense mediated
decay by degradation of fibrillin-1 encoding messenger RNA (mRNA).13 The latter type
of mutations leads to a homogeneous phenotype, since there is no mutant protein.5
The reduced level of normal fibrillin-1 protein presumably results in a thinner fibrillin-1
matrix in the vasculature and thus in reduced aortic wall strength.
The objective of this study is to investigate the losartan effect on aortic root dilation
rate between Marfan patients with a FBN1 mutation leading to haploinsufficiency and
Marfan patients with a FBN1 mutation leading to a dominant negative fibrillin-1 effect.

Methods
Patient population
In order to investigate the losartan effect on aortic root dilation rate between haploinsufficient and dominant negative FBN1 mutations, we included all patients with a pathogenic FBN1 mutation and a native aortic root at time of inclusion and exclusion scan
of the COMPARE study. In short, the COMPARE trial investigated the effects of losartan
(100 mg) on aortic dimensions in a multi-centre randomized, controlled clinical trial on
top of prescribed cardiovascular medication.2 Inclusion criteria were diagnosis of Marfan
syndrome14 and age ≥ 18 years.15 Exclusion criteria were angiotensin converting enzyme
inhibitor usage and previous replacement of more than one part of the aorta.15 The
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trial complied with the Declaration of Helsinki and was conducted with approval of the
Medical Ethical Committees of all participating hospitals. Written informed consent was
obtained from all participants. This trial is registered at the Netherlands Trial Register
(number NTR1423).

Baseline examination
As part of the COMPARE trial, during the baseline visit, medical specialists extensively
examined all patients on clinical features of Marfan syndrome in cardiovascular, ocular
and skeletal systems according to the Ghent criteria of 1996.14 Punch skin biopsies were
taken from the upper thigh of 55 patients at the onset of the trial after local anaesthesia
with ethyl chloride spray. Aortic root diameter was measured at end diastole by ECG
triggered Magnetic Resonance Imaging (MRI) in short axis views at the level of the sinus
of Valsalva during end-expiration. After a mean follow-up of three years, patients underwent a second MRI and subsequently aortic root dilation rate was calculated. Clinical
events, including aortic root surgery, aortic dissection type A and B, mitral valve surgery
and cardiovascular death were also evaluated at the end of the study. Sanger sequencing of the 65 coding FBN1 exons in genomic DNA (gDNA) from blood cells was used to
detect mutations. Large deletions were tested with multiplex ligation-dependent probe
amplification (MRC-Holland, MLPA kit P065 and P066).11

Mutation classification
Mutations were classified as ‘dominant negative’ in the case of: 1) missense mutations
leading to stable mutant fibrillin-1 protein with altered structure; 2) mutations leading
to exon skipping or deletion resulting in in-frame events and consequently a shorter
stable protein;16 3) Premature Termination Codon (PTC) or frameshift mutations leading
to a shorter fibrillin-1 protein without causing nonsense mediated decay (NMD).
Mutations were classified as ‘haploinsufficient’ in case of: 1) deletion of the whole
FBN1 gene; 2) deletion of at least the first (exon 1) or the last exon (exon 65) of the FBN1
gene, which prevents transcription and/or translation of the gene; 3) PTC or frameshift
mutations leading to a null-allele as a consequence of NMD;13 4) missense mutations
leading to degradation of the mutant protein;12 and 5) mutations leading to a very short
truncated protein (translation of less than the first 10 exons of the FBN1 gene), which will
not participate in fibril formation.
Effects of the mutations were predicted by Alamut® software (Interactive Biosoftware,
Rouen, France). In order to confirm the mutation classification, fibrillin-1 messenger RNA
(mRNA) production was measured in fibroblast cultures from available skin biopsies. In
55 patients the effect of the mutation was tested on mRNA expression. mRNA expression in cultured fibroblasts was studied by mRNA isolation, complementary DNA (cDNA)
synthesis and QPCR on a Lightcycler LC480 (Roche), using UPL probe #78 (Roche) with
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primers: agcggggattctcacttgat (forward) and cctcacactcgtccacgtc (reverse), with the
GAPD UPL reference gene kit (Roche).

Statistical analysis
Data are presented as mean value ± standard deviation or as number of patients
(percent). Comparisons between continuous variables were made by Mann-Whitney U
test. Comparisons between categorical variables were made by Fisher’s exact tests. A
two way analysis of variance was used after ranking of the aortic root dilation rates, to
calculate the difference in effect size of losartan between both groups. All statistical
tests were two-sided and differences were considered statistically significant at p < 0·05.
Data analysis was performed using the SPSS statistical package (19.0 for windows; SPSS
Inc., Chicago, Illinois, USA).

233 Marfan patients
47 exclusion because of
- 37 no mutation in FBN1
- 1 analysis not performed
- 9 mutation in other gene

n

Haploinsufficiency

n

Dominant negative

186 FBN1 mutations
69 exclusion because of
- 53 AoRR before start of study
- 16 AoRR during study
117 FBN1 mutations

42 cysteine
missense
41

1

23 other
missense
21

2

11
frameshift
2

9

18
nonsense
18

15 intron
mutation
9

6 inframe
deletion

2 deletion
whole gene

6

Figure 1. Flow chart of study population. In the COMPARE trial, 233 patients were included. For this additive analysis, we excluded 47 patients not having a pathogenic FBN1 mutation, and 69 patients because of
replacement of the aortic root before or during study. The black boxes include patients with a haploinsufficient mutation; the grey boxes comprise patients with a dominant negative mutation. AoRR indicates
aortic root replacement.
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Results
Classification into dominant negative and haploinsufficient FBN1 mutations
In our COMPARE cohort, we found 186 patients with a pathogenic FBN1 mutation. All
patients in our cohort were diagnosed with MFS based on the Ghent criteria of 1996
and 2010, and did not have distinguishing features of other connective tissue disorders.
A mutation in another connective tissue disorder gene was found in 9 patients: TGFBR2
(n=2), TGFBR1 (n=1), MYH11 (n=2), TGFB2 (n=3), and in the MYLK1 gene (n=1). A pathogenic FBN1 mutation could not be demonstrated in 37 patients (16%) after sequencing
and MLPA analysis. One patient refused mutation analysis. In addition, 69 patients were

Figure 2. Examples of testing the effect of mutations on mRNA. Mutations were detected in genomic DNA
(gDNA, top panels) and compared with complementary DNA (cDNA) that was prepared from messenger
RNA (mRNA) of patient fibroblasts. Three examples are shown: A, The mutation c.6412T>A is detected in
gDNA (top panel). It changes a codon for Phenylalanin (AAA) into a stop (TAA), which may lead to a truncated protein, or to degradation of the mutant mRNA by nonsense mediated decay (NMD). In the cDNA
sequence (bottom panel), the mutation is not present, which proves absence of mutant mRNA, which is
evidence of haploinsufficiency. B, The single base insertion c.2851insG is detected in gDNA (top panel).
This leads to a shift in the DNA reading frame and subsequently a stop codon. The double sequence peaks
after the mutation is caused by overlap of normal and mutant sequence. In cDNA (bottom panel) only
the normal sequence is seen, showing evidence of NMD and haploinsufficiency. C, The intronic mutation
c.6164-1G>A destroys the canonical splice site and may lead to exon skipping or intron retention with
NMD. The cDNA sequence shows 2 sequences, with evidence of skipping of exon 50. This is confirmed by a
double band of the PCR product on an agarose gel. This is an inframe deletion in the mRNA and will result
in a shorter protein with a dominant negative effect. D, The PCR products of the cDNA samples that were
used for sequence analysis show a double band for the exon skipping.
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excluded for our current analysis, because they already had an aortic root replacement
at the start of the study (n=53), or during the study (n=16, Figure 1). We included 117
patients with a pathogenic FBN1 mutation and a native aortic root at the time of the
exclusion scan (mean age: 35.3 years (range 18-71 years). Classification of mutations
revealed that 79 patients were positive for a dominant negative mutation (67.5%) and
38 patients were positive for a mutation causing haploinsufficiency (32.5%).
In order to validate the predicted mutation effect by Alamut, we compared gDNA with
complementary DNA (cDNA), synthesized from mRNA of cultured fibroblasts from skin
biopsies. In total we tested the effect of the mutation on cDNA sequence analyse of 55
Marfan patients. Examples are shown in Figure 2.

Clinical features between dominant negative and haploinsufficient patients
Medical specialists completely mapped our Marfan patients, resulting in a sample rate
of clinical features of 100% (Table 1). Clinical features of the cardiovascular system
which are scored in MFS comprise aortic root dilation with a Z-score > 2 and mitral
valve prolapse. There were no differences between patients with dominant negative
or haploinsufficient mutations for each variable of the cardiovascular system. However,
corrected for age, patients with an haploinsufficient FBN1 mutation had a trend towards
an increased aortic root diameter compared to dominant negative patients (1.49 ± 0.5
versus 1.35 ± 0.5, respectively, p=0.093).
Interestingly, patients with haploinsufficient FBN1 mutations had more frequently
presence of pectus carinatum (50% versus 29%, p=0.035), dural ectasia (61% versus
32%, p=0.003), and skin striae (84% versus 65%, p=0.017) compared to patients with
dominant negative FBN1 mutations (Table 1). Baseline characteristics were similar between the losartan and no losartan treatment group of haploinsufficient patients, as
well as dominant negative patients (Table 2).

Losartan effect on haploinsufficient and dominant negative patients
Losartan is commonly used as a blood pressure regulator. Overall in the Marfan patients,
losartan significantly reduced mean arterial pressure (-6 ± 10 mmHg versus -0.8 ± 8
mmHg, p=0.002). However, this blood pressure lowering effect of losartan was only
found in the patients with a dominant negative FBN1 mutation (-7 ± 9 mmHg versus 0.7
± 7 mmHg, p<0.001) and not in patients with a haploinsufficient FBN1 mutation (-4 ± 10
mmHg versus -3 ± 9 mmHg, p=0.864). No correlation was found between mean arterial
blood pressure with aortic root dilation rate or between haploinsufficient and dominant
negative patients (Figure 3).
We recently showed that losartan significantly reduces aortic root dilation rate in Marfan patients.2 Here, in our selected cohort of patients with a pathogenic FBN1 mutation,
patients treated with losartan also showed significant reduction in aortic root dilation
143

rate compared to patients without losartan therapy (no losartan: 1.3 ± 1.5 mm/3 years,
n=59 versus losartan: 0.8 ± 1.4 mm/3 years, n=58, p=0.009).
Noteworthy, losartan therapy was highly beneficial for patients with a haploinsufficient mutation, since these patients showed a prominent and significant reduction in
aortic root dilation rate (no losartan: 1.8 ± 1.5 mm/3 year, n=21 versus losartan: 0.5 ± 0.8
mm/3 year, p=0.001, n=17, Figure 4). In contrast, in patients with a dominant negative

Table 1. Characteristics of Dominant Negative and Haploinsufficient FBN1 patients
Variables

Dominant Negative (n=79)

Haploinsufficiency (n=38)

Basic features
Female
Age (years)

43 (54.4)

19 (50.0)

36.7 ± 12.9

32.5 ± 12.1

Body Surface Area (m²)

2.0 ± 0.2

2.0 ± 0.2

Beta-blockers

59 (74.7)

27 (71.1)

Aortic root diameter (mm)

43.7 ± 4.6

43.2 ± 5.2

Aortic root diameter / age (mm/year)

1.35 ± 0.5

1.49 ± 0.5

Cardiovascular features

Distal aortic surgery

2 (2.5)

1 (2.6)

Mitral valve prolapse

41 (51.9)

24 (63.2)

Mean Arterial Pressure (mmHg)

89.4 ± 9.2

91.5 ± 10.1

Ectopia Lentis

44 (55.7)

15 (39.5)

Myopia > 3 diopters

15 (19.0)

8 (21.1)

Flat cornea

4 (5.1)

6 (15.8)

Increased axial length

6 (7.6)

7 (18.4)

Hypoplastic iris

6 (7.6)

4 (10.5)
21 (55.3)

Ocular features

Skeletal features
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Wrist and thumb sign

31 (39.2)

Severe Pectus Excavatum

12 (15.2)

4 (10.5)

Pectus Carinatum*

23 (29.1)

19 (50.0)

Hindfoot deformity

21 (26.6)

10 (26.3)

Pes Planus

32 (40.5)

16 (42.1)

Spontaneous pneumothorax

9 (11.4)

6 (15.8)

Dural Ectasia**

25 (31.6)

23 (60.5)

Joint hypermobility

16 (20.3)

10 (26.3)

Highly arched palate

50 (63.3)

28 (73.7)

Span ratio > 1.05

15 (19.0)

5 (13.2)

Scoliosis > 20⁰

17 (21.5)

13 (34.2)

Reduced extension of elbows

10 (12.7)

5 (13.2)

Facial features

22 (27.8)

15 (39.5)
32 (84.2)

Skin striae*

51 (64.6)

Skeletal score

7.6 ± 3.3

7.5 ± 3.5

Skin striae*

51 (64.6)

32 (84.2)
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mutation the effect of losartan was not significant (no losartan: 1.2 ± 1.7 mm/3year,
n=38, versus losartan: 0.8 ± 1.3 mm/3year, n=41, p=0.197, Figure 4). In absolute terms,
the percentage of haploinsufficient patients with a stable aortic root (defined as a dilation rate ≤0 mm/3 years) was 58.8% in the losartan group and 19.0% in the control
group (p=0.014). The percentage of dominant negative patients with a stable aortic root
was 51.2% in the losartan group and 60.5% in the control group (p=0.498). When a two
way analysis of variance was used to calculate the difference in effect size of losartan
between both groups, no statistical significance in this relatively small cohort (p=0.147)
was shown.
Table 2A. Characteristics between losartan and no losartan Dominant negative FBN1 patients
Variables
Female
Age (years)

No Losartan (n=38)

Losartan (n=41)

21 (55.3)

22 (53.7)

37.0 ± 13.2

36.4 ± 12.8

Body Surface Area (m²)

2.0 ± 0.2

2.0 ± 0.2

Aortic root diameter (mm)

43.6 ± 4.3

43.9 ± 4.8

Mean Arterial Pressure (mmHg)

89.0 ± 8.6

89.8 ± 9.7

Ectopia Lentis

19 (50.0)

25 (61.0)

Systemic score

7.5 ± 3.4

7.7 ± 3.1

Table 2B. Characteristics between losartan and no losartan Haploinsufficient FBN1 patients
Variables
Female
Age (years)

No Losartan (n=21)

Losartan (n=17)

10 (47.6)

9 (52.9)

33.8 ± 13.5

30.9 ± 10.4

Body Surface Area (m²)

2.0 ± 0.2

1.9 ± 0.2

Aortic root diameter (mm)

42.8 ± 4.8

43.6 ± 5.7

Mean Arterial Pressure (mmHg)

90.6 ± 8.8

92.7 ± 11.6

Ectopia Lentis

6 (28.6)

9 (52.9)

Systemic score

7.1 ± 3.3

8.0 ± 3.8

Discussion
This is the first study to demonstrate the value of classification of FBN1 mutations
based on their effect on fibrillin-1 protein level. Our study shows that classification into
haploinsufficient (32.5%) and dominant negative (67.5%) patients is feasible and that
both groups have similar cardiovascular pathology. Interestingly, losartan therapy significantly reduced the aortic root dilation rate in the haploinsufficient patients, whereas
only a modest insignificant reduction was found in dominant negative patients.
Losartan, an angiotensin II receptor type 1 (AT1) inhibitor, is known to reduce TGF-β
signalling in a well-known mouse model with Marfan syndrome. Therefore, it was hypoth145
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Figure 3. Aortic root dilatation rate is
not associated with change in blood
pressure. Reduction of aortic root dilatation rate was independent of change
in mean arterial blood pressure in haploinsufficient patients (black), as well as
in dominant negative patients (grey).
DN indicates dominant negative; and
HI, haploinsufficiency.
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esized that losartan has a beneficial effect in Marfan patients by lowering blood pressure
and by reducing TGF-β signalling. However, we demonstrated that mean arterial blood
pressure did not correlate with aortic root dilation rate in dominant negative, as well as
haploinsufficient patients treated with losartan. Therefore, the effect of losartan on the
aortic root dilation rate is not merely blood pressure related. There is a multitude of signaling cascades downstream of AT1 activation. It seems that one of the other pathways has a
detrimental effect on the vessel wall upon chronic AT1 activation.17-20
A possible explanation for the more enhanced beneficial effect of losartan in haploinsufficient patients may be that their aortic wall suffers from hyperextension because
Project1:Copy of Data 1 - Thu Oct 22 18:37:32 2015
of a thinner fibrillin-1
network. The fibrillin-1 network is connected to the elastin and
collagen network to limit excessive stretch, which may be hampered in these patients.21
Hyperextension of the aorta or ‘aortic stretch’ may damage the aortic wall directly, causing AT1 activation for a rapid damage response by producing TGF-β.22 Furthermore, local
Angiotensin II has been associated with aneurysm formation.19 Altogether, haploinsufficient patients may have more locally produced Angiotensin II and thus a more beneficial
effect of losartan on local aneurysm forming.
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Figure 4. Losartan effect between haploinsufficient and dominant negative patients. We classified the 117 Marfan patients with a pathogenic
FBN1 mutation and a native aortic root in 4 groups:
patients with a haploinsufficient mutation without (black) and with losartan therapy (black with
blocks), and patients with a dominant negative
mutation without (grey) and with losartan therapy
(grey with blocks). The median is marked with a
black or a white line, and the boxes delineate all
data between 10 and 90%. Remarkably, losartan
therapy only significantly reduced aortic root
dilatation rate in patients with a haploinsufficient
mutation. DN indicates dominant negative; and HI,
haploinsufficiency.
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Traditionally, most FBN1 mutations were thought to cause a dominant negative
effect on the fibrillin-1 protein, resulting in Marfan syndrome.6, 9 However, multiple
studies, including this study, have revealed that FBN1 haploinsufficiency leads to the full
spectrum of Marfan syndrome and is present in a substantial part (32.5%) of the adult
Marfan population.11,13 Haploinsufficient patients have a homogeneous phenotype, due
to similar mutation effect on fibrillin-1: reduced but functionally normal fibrillin-1 protein. In contrast, patients with dominant negative mutations display a broad spectrum
dysfunctional fibrillin-1 proteins. This probably explains the highly variable response to
losartan in this patient group. In addition, we demonstrated a different effect of losartan
therapy, based on this phenotypic classification, underlining the relevance of categorization Marfan patients genetically.
In conclusion, our results show that the beneficial effect of losartan therapy on aortic
root dilation rate is more pronounced in patients with a mutation causing FBN1 haploinsufficiency. We recommend to analyse and categorize the FBN1 mutations in all Marfan
patients by genetic specialists in order to predict individual losartan effectiveness.
Moreover, enhanced effort should be made to further characterize the Marfan patients
with dominant negative FBN1 mutations,23 to find novel therapeutics reducing aortic
dilation rate for this patient population.
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Abstract
Aims: Patients with Marfan syndrome have an increased risk of life-threatening aortic
complications, mostly preceded by aortic dilation. In the FBN1C1039G/+ Marfan mouse
model, losartan decreases aortic root dilation. We recently confirmed this beneficial effect of losartan in adult patients with Marfan syndrome. The straightforward translation
of this mouse model to man is reassuring to test novel treatment strategies. A number of
studies have shown signs of inflammation in aortic tissue of Marfan patients. This study
examined the efficacy of anti-inflammatory therapies in attenuating aortic root dilation
in Marfan syndrome and compared effects to the main preventative agent, losartan.
Methods and Results: To inhibit inflammation in FBN1C1039G/+ Marfan mice, we treated
the mice with losartan (angiotensin II receptor type 1 inhibitor), methylprednisolone
(corticosteroid) or abatacept (T-cell-specific inhibitor). Treatment was initiated in adult
Marfan mice with already existing aortic root dilation, and applied for eight weeks.
Methylprednisolone- or abatacept-treated mice did not reveal a reduction in aortic root
dilation. In this short time frame, losartan was the only treatment that significantly reduced aorta inflammation, transforming growth factor-beta (TGF-β) signaling and aortic
root dilation rate in these adult Marfan mice. Moreover, the methylprednisolone-treated
mice had significantly more aortic alcian blue staining as a marker for aortic damage.
Conclusion: Anti-inflammatory agents do not reduce the aortic dilation rate in Marfan
mice, but possibly increase aortic damage. Currently, the most promising therapeutic
drug in Marfan syndrome is losartan, by blocking the angiotensin II receptor type 1 and
thereby inhibiting pSmad2 signaling.
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Introduction
Marfan syndrome is a monogenic connective tissue disorder, caused by mutations in the
gene encoding fibrillin-1 (FBN1).1 The major feature of Marfan syndrome is development
of aortic aneurysms, especially of the aortic root, which subsequently may lead to aortic
dissection and sudden death.2-6
In a well-known Marfan mouse model with a cysteine substitution in FBN1 (C1039G),
losartan effectively inhibits aortic root dilation by blocking the angiotensin II type
1 receptor (AT1R), and thereby the downstream production of transforming growth
factor (TGF)-β.7 The destructive role for TGF-β was confirmed since neutralizing TGF-β
antibodies inhibited aortic root dilation in Marfan mice and inhibited the activation
of TGF-β-downstream transcription factor Smad2.7 Increased Smad2 activation is usually observed in human Marfan aortic tissue and considered crucial in the pathology
of aortic degeneration.8 Even though the response to losartan was highly variable, we
recently confirmed the overall beneficial effect of losartan on aortic dilation in a cohort
of 233 human adult Marfan patients.9 The direct translation of this therapeutic approach
from the Marfan mouse model to the clinic, exemplifies the extraordinary power of this
mouse model to test novel treatment strategies, which are still necessary to achieve
optimal personalized care.
In aortic tissue of Marfan patients, inflammation is observed, which may contribute
to aortic aneurysm formation and is the focus of the current study. In the FBN1 hypomorphic mgR Marfan mouse model, macrophages infiltrate the medial smooth muscle
cell layer followed by fragmentation of the elastic lamina and adventitial inflammation.10
Furthermore, fibrillin-1 and elastin fragments seem to induce macrophage chemotaxis
through the elastin binding protein signaling pathway in mice and human Marfan aortic
tissue.11,12 Increased numbers of CD3+ T-cells and CD68+ macrophages were observed in
aortic aneurysm specimens of Marfan patients, and even higher numbers of these cell
types were shown in aortic dissection samples of Marfan patients.13 In line with these
data, we demonstrated increased cell counts of CD4+ T-helper cells and macrophages in
the aortic media of Marfan patients and increased numbers of cytotoxic CD8+ T-cells in
the adventitia, when compared to aortic root tissues of non-Marfan patients.14 In addition, we showed that increased expression of class II major histocompatibility complex
(MHC-II) genes, HLA-DRB1 and HLA-DRB5, correlated to aortic root dilation in Marfan patients.14 Moreover, we found that patients with progressive aortic disease had increased
serum concentrations of Macrophage Colony Stimulating Factor.14
All these findings suggest a role for inflammation in the pathophysiology of aortic
aneurysm formation in Marfan syndrome. However, it is still unclear whether these
inflammatory reactions are the cause or the consequence of aortic disease. To interfere
with inflammation, we studied three anti-inflammatory drugs in adult FBN1C1039G/+
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Marfan mice. Losartan is known to have AT1R-dependent anti-inflammatory effects on
the vessel wall,15 and has proven effectiveness on aortic root dilation upon long term
treatment in this Marfan mouse model.7,16 Besides losartan, we will investigate the effectiveness of two anti-inflammatory agents that have never been applied in Marfan
mice, namely the immunosuppressive corticosteroid methylprednisolone and T-cell
activation blocker abatacept. Methylprednisolone preferentially binds to the ubiquitously expressed glucocorticoid receptor, a nuclear receptor, modifying inflammatory
gene transcription. Abatacept is a CTLA4-Ig fusion protein that selectively binds T-cells
to block CD28-CD80/86 co-stimulatory activation by MHC-II positive dendritic cells and
macrophages.
In this study, we investigate the effect of these three anti-inflammatory agents on the
aortic root dilation rate, the inflammatory response in the aortic vessel wall, and Smad2
activation in adult Marfan mice.

Methods
Animal and study design
FBN1C1039G/+ Marfan mice have a C57Bl6J background and are maintained as a heterozygous breeding colony in our animal facility. For breeding we used wild-type females
and Marfan males to prevent death of Marfan females during pregnancy and labour.
The mice included in the treatment groups were an equal mix between males and
females. Polymerase chain reaction (PCR) was used to identify Marfan mice and wildtype littermates. Mice were housed in a temperature-controlled environment with 12
hour light/dark cycles and had access to food and water ad libitum. All animal protocols
were approved by the Institutional Animal Welfare Committee of the Academic Medical
Centre Amsterdam in the Netherlands.
Treatment was started at 8 weeks of age and was continued for 8 weeks. There was
no difference in weight between Marfan and wild-type mice (males and females together and equal distribution per group; 32 ± 19 gram versus 28 ± 19 gram, respectively,
p=0.243). Treatment dosage in the losartan group was 0.6 g/L orally given in drinking
water, which was used in previous studies.7,16 The two novel anti-inflammatory treatment groups received methylprednisolone 12 mg/kg or abatacept 10 mg/kg based on
equal dosage in humans and previously documented dosages in mice. 17-19 The mice
were injected three times a week by intraperitoneal (i.p.) injections of 300 μL each time.
Placebo-treated Marfan mice were 1) injected i.p., three times a week with saline or 2)
were not treated at all. There was no difference between the two Marfan placebo groups
on aortic dilation, medial area and elastic lamina breaks and therefore the groups were
pooled. All groups contained n=11 mice per group, except the Marfan placebo group,
152

Chapter 11: Anti-inflammatory therapies in Marfan mice

which consisted of n=12 mice. At the end of the treatment period, the mice were sacrificed by an overdose of ketamine/xylazine anaesthesia. Subsequently, the mice were
slowly perfused with phosphate-buffered saline (PBS; 1 min) and fixative (1:5 diluted
Shandon Formal-Fixx (Thermo Scientific); 1 min), through the heart. As a reference for
baseline aortic dimensions and to be able to calculate the aortic root dilation rate, wildtype and Marfan mice were sacrificed at 8 weeks of age.

Histology and Immunohistochemistry
Specimens of mouse hearts, containing the aortic root and part of the ascending aorta,
were stored in fixative overnight at 4°C. Tissues were embedded in paraffin and then
sectioned from the middle of the heart (around the mitral valves) towards the aortic arch
into 7μm sections and used for histological analyses. A standardized reference point for
aortic root diameter quantification was set at the first section of the aortic root where
the valve leaflets (or remnants) were not present any longer. To perform immunohistochemistry, consecutive sections were taken at this specific location.
Sections were stained with haematoxylin and eosin and were photographed (Leica
Microsystem, QWin software). Image analysis software (Adobe Photoshop CS5) was used
to measure the aortic wall thickness (medial area) and the aortic root perimeter (luminal
circumference). The luminal aorta diameter was calculated from the perimeter. The cell
nuclei were counted in two views with 200x amplification. To visualize the elastic fibres
of the aortic wall, sections were stained with Lawson stain. The degree of fragmentation
of the elastic fibres was examined by a pathologist (TR) blinded to the genotype and
treatment group. The number of elastic lamina breaks was counted within the aortic media of each mouse. Alcian blue staining was performed to visualize acidic polysaccharide
accumulation, such as glycosaminoglycans, at areas of aortic damage and quantified
(corrected for medial area) with QWin software (Leica Microsystem). Nuclear Fast red
was used as counterstain for nuclei.
Immunohistochemical examinations were carried out after deparaffinization and
rehydration. Endogenous peroxidase activity was quenched by 20-minute incubation in
1% H2O2 and epitope retrieval was heat-induced for 10 minutes in citrate buffer pH6. Tissue sections were incubated overnight at 4°C with antibodies recognizing CD45 (clone
30 F-11, eBioscience), Mac3 (M3/84, Pharmingen) or pSmad2 (kindly provided by Peter
ten Dijke). 20 The sections were subsequently washed in tris buffered saline (TBS) and
incubated with a rabbit anti-rat IgG secondary antibody (DAKO E0468) for 1h (for CD45).
The sections were incubated for 30 minutes with a horseradish peroxidase (HRP) conjugated anti-rabbit-IgG polymer (BrightVision, ImmunoLogic) for CD45 and pSmad2 and
with HRP-conjugated donkey anti-rat-antibody (Jackson Lab) for Mac3. After washing,
antigen detection was performed by development with diaminobenzidine tetrachloride (DAB). The sections were then mounted in Pertex and analysed. The presence of
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CD45, Mac3 and pSmad2 was quantified by QWin software and expressed as positive
area corrected for the total aortic wall (expressed in arbitrary units (AU)), including the
intima, media and adventitia. As negative control we used normal rabbit serum, diluted
similarly as the pSmad2 antiserum, which revealed no nuclear staining (data not shown).
Due to the limited number of sections at the specific aortic root location, we measured
one section per mouse for each staining, n≥11 per group, by an investigator blinded to
the treatment.

Statistical analysis
Statistical analysis was performed using the Kruskal–Wallis one-way analysis of variance.
When the Kruskal-Wallis test leads to significant results, the two-sided Mann-Whitney
U test was performed. The Spearman’s rank correlation was used for the correlation between CD45 or Mac3 and aortic dilation rate. Data are presented as median ± range. The
CD45, Mac3, alcian blue and pSmad2 measurements are plotted on log scale to improve
the comparison, the horizontal lines reflect the median, and the vertical lines reflect
the minimum and maximum measured values. Since we compared two novel treatment
groups, p<0.025 was considered statistically significant. Data analysis was performed
using the SPSS statistical package (19.0 for Windows; SPSS Inc., Chicago, Illinois, USA).

Results
Increased inflammation in FBN1C1039G/+ Marfan mouse aortic root
To evaluate the presence of inflammation in the FBN1C1039G/+ Marfan mouse model, we
quantified the presence of leukocyte and macrophage migration into the medial and
adventitial layer of the aortic wall (Figures 1 and S1). Leukocyte migration (CD45) into
the aortic wall was significantly increased in the Marfan placebo group as compared to
wild-type mice (2.4 ± 10 versus 0.8 ± 1, p<0.001, Figure 1A). Macrophages influx (Mac3)
is considered detrimental to vascular integrity and these inflammatory cells were thus
specifically analysed. Significantly more macrophages were present in the vessel wall
of the Marfan placebo mice as compared to the wild-type mice (1.9 ± 11 versus 0.9 ± 3,
p=0.003, Figure 1B).

Aortic histology upon anti-inflammatory treatment
Leukocyte migration (CD45) into the aortic wall was significantly reduced by losartan (1.1
± 2, p=0.004). Methylprednisolone (1.4 ± 3, p=0.050) and abatacept (1.6 ± 2, p=0.149),
did not reduce leukocyte infiltration significantly, when compared to Marfan placebo
mice (Figure 1A), although methylprednisolone showed a trend. However, macrophage
influx was significantly reduced by losartan (0.6 ± 5, p=0.022), methylprednisolone (1.0
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Figure 1. Inflammatory cells in the aortic vessel wall. Immunohistochemical staining (positive area/ total
aortic wall area) for leukocytes (A; CD45) and macrophages (B; Mac3) revealed that placebo-treated Marfan
mice contained significantly more leukocytes and macrophages in the aortic wall as compared to wildtype
mice. Losartan significantly reduced both leukocyte and macrophage influx. While methylprednisolone revealed a trend in decreased leukocytes (* p=0.050), abatacept did not. Yet, all drugs significantly decreased
the macrophage influx. Each group of mice comprises 11 mice, except Marfan placebo with n=12, with
equal male/female distribution.

± 2, p=0.015) as well as by abatacept (1.0 ± 2, p=0.010) (Figure 1B). Thus, the two novel
anti-inflammatory treatment strategies predominantly reduce macrophage influx into
the vessel wall.
As a measure of changed morphology of the vessel wall, we determined the thickness of the smooth muscle cell containing medial layer of the aortic root (Figure 2A).
The area of the aortic media was significantly increased in Marfan mice, compared to
wild-type mice (0.32 ± 0.1 versus 0.24 ± 0.1 mm2, p=0.004), which was not changed by
losartan (0.30 ± 0.1 mm2, p=0.767). Abatacept did not show a difference (0.36 ± 0.2 mm2,
p=0.148), while methylprednisolone showed a trend towards an increased thickness of
the medial layer (0.35 ± 0.4 mm2, p=0.066). The number of smooth muscle cells (cell
nuclei) were similar between untreated Marfan mice (227 ± 19 cell nuclei) and methylprednisolone- (220 ± 28 cell nuclei, p=0.674) or abatacept-treated Marfan mice (231 ±
28 cell nuclei, p=0.786).
The degree of elastic lamina breaks in the medial layer is a measure of vascular
damage and was compared between treatment groups. Placebo-treated Marfan mice
showed a significant increase in elastic lamina breaks (Marfan: 12 ± 20 versus wild-type:
3 ± 9, p<0.001, Figure 2B). None of the treatment groups preserved the vascular integrity
by decreasing the number of elastic lamina breaks within the medial layer. However,
methylprednisolone showed a trend towards increased number of elastic lamina breaks
(25 ± 31, p=0.076).
In Marfan patients, it is known that alcian blue staining detects areas of cystic medial
necrosis.21 At sites of smooth muscle cell death and elastic lamina breaks, acidic polysaccharides such as glycosaminoglycans (GAG) accumulate. Therefore, alcian blue staining
is performed to visualize the medial necrosis in the various Marfan treatment groups
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(Figure 2C,D). Interestingly, the methylprednisolone group showed a significant increase
in alcian blue staining as compared to the Marfan placebo-treated mice (p=0.010), and
abatacept revealed a trend in increased GAG accumulation (p=0.066), suggesting that
these anti-inflammatory treatment strategies are potentially harmful. In conclusion,
all anti-inflammatory treatment groups, including losartan, revealed decreased macrophages within the aortic wall, but none of these drugs improved aorta morphology
in this short time frame. Methylprednisolone-treated mice seemed to have even more
aortic damage.

Losartan inhibits the aortic dilation rate, which is not affected by the other drugs
To study whether all three anti-inflammatory drugs used in this study have an effect on
aortic root dilation in Marfan syndrome, we measured the aortic root diameters in tissue

Figure 2. Aortic wall thickness, elastin breaks and GAG accumulation. (A) The area of the aortic media of
placebo-treated Marfan mice was significantly thickened compared to wall thickness in wildtype mice.
Methylprednisolone showed a trend towards enhanced thickening of the aortic media in Marfan mice (*
p=0.066). (B) There were significantly more elastic lamina breaks in the aortic wall of Marfan mice compared
to wildtype mice. Methylprednisolone revealed a trend towards enhanced elastic lamina breaks in the aortic media in Marfan mice (* p=0.076). (C) There was enhanced alcian blue positive area in the aortic media
of methylprednisolone-treated mice, as compared to Marfan placebo mice, as a marker for medial necrosis.
Abatacept showed a trend towards increased GAG accumulation as visualized by alcian blue (* p=0.066).
(D) Alcian blue staining (blue) is present in the media (black line) in placebo-treated Marfan mice, yet it is
more pronounced in the Methylprednisolone-treated aortic root. Pink stain=cytoplasm, red dots=nuclei,
A=adventitia, L=lumen
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sections. Losartan showed a protective effect on aortic root dilation when treatment
started at 6 weeks of age and persisted during 6.5 months.7,16 We started treatment in
adult mice at 8 weeks of age. The Marfan mice then already showed a significant increase in aortic root diameter when compared to wild-type littermates (0.62 mm ± 0.09
versus 0.55 mm ± 0.10, p=0.007). After a treatment period of only 8 weeks, the aortic
root diameter was dilated more pronounced in placebo-treated Marfan mice compared
to the diameter of wild-type mice (1.15 mm ± 0.21 versus 0.98 mm ± 0.27, respectively,
p<0.001). Losartan could significantly attenuate aortic root diameter enlargement in
this short time frame in Marfan mice (1.09 mm ± 0.23, p=0.023). However, methylprednisolone (1.15 mm ± 0.37, p=0.898) and abatacept (1.21 mm ± 0.46, p=0.847) did not
inhibit aortic root dilation.
We calculated the aortic root dilation rate by using the aortic root diameters of wildtype and Marfan mice that were sacrificed at the age of 8 weeks old (initiation of treatment) and 16 weeks old (termination of treatment). Placebo-treated Marfan mice demonstrated a significantly increased aortic root dilation rate, when compared to wild-type
mice (+0.52 ± 0.24 mm/2 months versus +0.43 ± 0.25 mm/2 months, p=0.004, Figure 3).
Losartan was again the only drug that inhibited the aortic root dilation rate significantly
(+0.47 ± 0.25, p=0.025). Methylprednisolone and abatacept did not show any significant
change in the aortic root dilation rate when compared to placebo-treated Marfan mice
(+0.55 ± 0.34, p=0.848 and +0.58 ± 0.43, p=0.876, respectively).
For the correlation between inflammation and aortic root diameter / aortic root
dilation rate we included each individual mouse of this experiment. As expected from
earlier observations in human Marfan patients and the mgR Marfan mice, the number
of leukocytes in the vessel wall (CD45) correlates with aortic root diameter (r=0.563,
p<0.001), and with aortic root dilation rate (r=0.405, p=0.003). The number of infiltrated

Figure 3. Aortic dilatation in Marfan mice reduced by losartan. The aortic root dilatation rate was determined. Placebo-treated Marfan mice had a significantly higher dilatation rate compared to wildtype mice.
Losartan attenuated the aortic root dilatation rate in Marfan mice significantly, whereas the other treatment strategies did not change the aortic root dilatation rate compared to placebo-treated Marfan mice.
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macrophages (Mac3) correlates with aortic root diameter (r=0.304, p=0.012), but surprisingly not with aortic root dilation rate (r=0.185, p=0.177).

Aortic Smad2 signaling
AT1R and TGF-β signaling are considered detrimental in Marfan syndrome; therefore we
also investigated activation of its downstream transcription factor Smad2 in the aortic
root. We measured phosphorylated Smad2 (pSmad2) in the nucleus of aortic endothelial
cells (intima), smooth muscle cells (media) and fibroblasts (adventitia) and inflammatory
cells locally present. In placebo-treated Marfan mice, nuclear pSmad2 was increased
compared to wild-type littermates (4.0 ± 11 versus 2.8 ± 10, p=0.022, Figure 4A).
Methylprednisolone or abatacept did not show a change in pSmad2 compared to
placebo-treated Marfan mice (6.2 ± 9, p=0.511 and 4.7 ± 9, p=0.793, respectively).
Significantly, losartan decreased nuclear pSmad2 staining (1.6 ± 5, p=0.003), which is
almost absent in the smooth muscle cells (Figure 4B). In conclusion, where all three
anti-inflammatory treatments responded equally in decreasing the macrophage influx
into the aortic wall, a decrease in total leukocytes or pSmad2 was only observed in the
losartan-treated mice. We hypothesize that a reduced macrophage influx alone interferes with extracellular matrix homeostasis, while additional suppression of leukocyte
influx and pSmad2 signaling reduces aortic dilation (Figure 5).

Figure 4. Aortic SMAD2 signaling. (A) Phosphorylation of Smad2 (pSmad2) and localization in the nucleus of vascular cells in the aortic wall (positive area/total aortic wall area)
is expressed in arbitrary units (AU). pSmad2
was significantly reduced by losartan treatment, as compared to placebo-treated Marfan mice. The other anti-inflammatory drugs
did not affect the number of pSmad2-positive
nuclei. (B) An example of pSmad2 staining in
placebo-treated Marfan mice and reduced
pSmad2 in losartan-treated Marfan mice.
A=adventitia, L=lumen, line indicates media.

Discussion
In the present study we showed increased vascular inflammation in the aortic root of
adult Marfan mice, which was significantly reduced by short term losartan treatment,
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Figure 5. Proposed mechanism. Losartan is currently the only drug that effectively inhibits aortic root
dilatation in mice and men, and specifically targets the angiotensin-II receptor type 1. Losartan clearly decreases TGF-β/pSmad2 signaling, decreases total leukocyte and macrophage influx into the vessel wall,
and diminishes aortic root dilatation. TGF-β is known to polarize macrophages into a repair phenotype and
at the same time induces collagen synthesis and matrix metalloproteinase activity to degrade extracellular matrix proteins (ECM). Methylprednisolone and abatacept decreased macrophage influx significantly,
which resulted in increased GAG accumulation in the aortic vessel wall, thus disturbing ECM homeostasis,
which may be potentially harmful.

accompanied by decreased nuclear pSmad2 in the vessel wall and prevention of aortic
root dilation.
We demonstrate that the increased inflammatory profile of the human Marfan aorta
is also observed in the aortic vessel wall of adult FBN1C1039G/+ Marfan mice. Therefore, we
chose to intervene with the established general anti-inflammatory drug methylprednisolone which activates the glucocorticoid receptor that is protective in vascular disease, as
summarized in a recent review.21 When treating Marfan mice with methylprednisolone,
a significant decrease in macrophage influx was demonstrated. However, an increase in
GAG accumulation was observed, while the aortic dilation rate remained the same. This
indicates that glucocorticoids should not become the drug of choice to prevent aortic
dilation in Marfan syndrome, especially when taking into consideration that these drugs
have severe side effects in chronic use.
We previously revealed that MHC-II genes HLA-DRB1 and HLA-DRB5 correlate in Marfan patients with an increased aortic root dilation rate.14 Therefore, we chose to treat
Marfan mice with abatacept, which blocks T-cell activation by MHC-II positive antigen
presenting cells. Abatacept has been shown to effectively inhibit atherosclerosis in
mice22 and to reduce renin-angiotensin-aldosterone (RAAS)-induced hypertension.23 In
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Marfan mice, abatacept treatment resulted in a decreased macrophage influx into the
aorta, yet abatacept did not protect from aortic dilation.
An underestimated aspect of vascular inflammation is the variety in inflammatory
responses. Vascular inflammation either promotes or repairs damage.24,25 Here, we observed an increased influx of inflammatory cells in Marfan placebo mice, and a clear
correlation between leukocyte presence in the vessel wall and aortic dilation rate.
Yet, a correlation between macrophages and aortic dilation rate was not significant,
while methylprednisolone and abatacept predominantly reduced macrophage influx.
Even though we did not further characterize the leukocyte populations, it seems that
leukocytes, other than macrophages, may be detrimental in aortic dilation, while
the macrophages may promote vascular repair in Marfan syndrome. In immunology,
TGF-β (abundantly present in Marfan)26 is mostly known as an anti-inflammatory factor,
promoting resolution of inflammation by skewing macrophages towards a protective
“repair” phenotype.27
The increased accumulation of GAG in the aortic media of methylprednisolonetreated mice, suggests that there is increased vascular damage upon use of this immunosuppressive drug, which may be harmful upon long term treatment. In line with
these data, Lindeman et al. presented a case study in which a patient with an abdominal
aortic aneurysm (AAA) had a sudden increase in aortic dilation rate (from 3.4 cm to 7.0
cm in 27 months) upon immunosuppressive therapy (combination therapy containing glucocorticoids) after kidney transplantation.28 In addition, in 18 patients with
abdominal or thoracic aneurysms, the aneurysm dilation rate was increased from 0.46
cm/year before transplantation to 1.0 cm/year after transplant operation and the start
of immunosuppressive drugs.29 Similarly, in the Blotchy mouse aneurysm model, aortic
rupture occurred upon glucocorticoid treatment.30 So, based on these and our data, a
similar phenomenon may occur in Marfan patients with existing aorta dilation, when
using glucocorticoids. In general, the anti-inflammatory drugs did not contribute to the
improvement of aorta pathology in Marfan mice, suggesting that the macrophage influx
is rather a consequence of aortic damage than the cause of aortic dilation in Marfan
syndrome. However, a beneficial effect of the anti-inflammatory drugs after longer treatment or in older Marfan mice with more severe aortic inflammation cannot be excluded.
In this 8-week treatment period in adult Marfan mice, losartan consistently reduced
vascular inflammation, nuclear pSmad2 and most importantly aortic root dilation, despite lack of improvement in medial thickness or elastin breaks. Our treatment strategy
could therefore be considered as a rapid screening approach for novel drugs in Marfan
syndrome. Losartan is the first treatment targeting the underlying aortic pathophysiology in Marfan syndrome and is effective in reducing aortic dilation rate in patients and
mice with Marfan syndrome.7,9 Losartan is an AT1R-blocker, which counteracts the effect
of angiotensin II-mediated detrimental signaling cascades; including TGF-β production,
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pSmad2 signaling, increasing blood pressure, reactive oxygen species generation, and
induction of a pro-inflammatory response.31-33 Thus increased leukocytes (other than
macrophages) and TGF-β/pSmad2 by angiotensin II-induced signaling seems to be the
underlying devastating pathway of Marfan syndrome.34 Recently, a study has demonstrated epigenetic changes in the Smad2 promoter in vascular smooth muscle cells
derived from human thoracic aneurysm tissue.35 This study highlights the important
role of Smad2 and TGF-β in thoracic aortic aneurysms. In addition, mutations in the
TGF-β receptor genes (TGFBR1 and TGFBR2) result in Marfan-like syndromes with aortic
aneurysms and dissections as well, named ‘Loeys-Dietz Syndrome’.36
Besides losartan therapy, doxycycline, an antibiotic with anti-inflammatory and matrix
metalloproteinases (MMP) inhibition capacities,37 reduced aortic root dilation rate in
two different mouse models of Marfan syndrome (FBN1C1039G/+ and FBN1mgR/mgR).38-40 It has
been suggested that doxycycline reduces aortic root dilation rate through the TGF-β
and pSmad2 pathway.38-41 TGF-β stimulates the expression of MMP in vascular cells. Furthermore, MMP can activate TGF-β through proteolytic degradation of the latent TGF-β
complex. 42 In conclusion, doxycycline may reduce aortic dilation rate in Marfan mice by
inhibiting TGF-β-induced MMP production and by inhibiting MMP-induced release of
TGF-β, rather than by reducing inflammation. However, in the only trial in patients with
aneurysms, doxycycline presented an unexpected increase in aortic diameter of 0.8 mm
after 18 months, when compared to the placebo AAA patients. 43
In conclusion, the use of anti-inflammatory drugs methylprednisolone and abatacept
did not protect against progressive aortic root dilation in Marfan mice. So far, losartan is
the only drug that can prevent aortic dilation in adult Marfan mice and patients. Inhibition of macrophage influx did not reduce the aortic diameter and aortic root dilation
rate. Thus, macrophages do not seem to play a major role in promoting aortic pathology.
Hence, inhibition of inflammation may be potentially harmful in Marfan patients. When
long-term immunosuppressive therapy is needed in Marfan patients, the aorta should
be carefully monitored for excessive dilation.
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Figure S1. Leukocyte and macrophage presence in the aortic root. Left panel: Leukocytes (CD45) were
hardly detectable in wildtype (WT) mice, whereas leukocytes were present (dark brown) in the Marfan
(MFS) aorta, mostly in the intima at the lumen side (L) or in the adventitia (A). Right panel: Macrophages
(MAC3) were barely located in wildtype mice (dark brown), but were observed in the Marfan mice, occasionally within the aortic media (black line). blue dots= nuclei
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Losartan versus atenolol in the
Marfan aorta - How to treat?
Nat Rev Cardiol. 2015;12(8):447-8
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Uncertainty surrounds the benefit of preventive pharmacological therapies in reducing
aortic disease in patients with Marfan syndrome. The Marfan Sartan trial now suggests
that losartan is not beneficial in reducing the rate of aortic dilation - the precursor of
dissections and premature death in Marfan syndrome. Patients with Marfan syndrome
are at increased risk of premature death when untreated. To reduce the risk of aortic
complications, patients with Marfan syndrome undergo elective aortic surgery when the
diameter of the aorta exceeds 50 mm, and β-blockers are administered to reduce aortic
haemodynamic stress. Losartan might be an alternative or complementary therapy to
β-blockers, given that losartan reduces arterial pressure and potentially interferes with
the pathophysiology of Marfan syndrome.
In the randomized, placebo-controlled Marfan Sartan trial,1 investigators evaluated
the benefit of adding losartan to baseline therapy. A total of 292 patients aged >10 years
were included (mean age 30 years, 38% aged <18 years). During 3.5 years of follow-up,
146 patients received losartan (50 mg if <50 kg [15%] or 100 mg if ≥50 kg [85%]), and 146
patients received a placebo in addition to baseline therapy (86% received β-blockers,
mean dosage 65 mg). The rate of aortic root dilation was measured by linear regression lines using echocardiography performed every 6 months. The primary end point,
expressed as mean change in z-score per year, was similar for the losartan and placebo
groups (–0.03 versus –0.01 z-score per year; P = 0.69), as was the mean change in dilation
rate (0.44 versus 0.51 mm per year; P = 0.36). Losartan tended to be more beneficial in
patients with an FBN1 mutation compared with those without (–0.04 versus 0.00 z-score
per year and 0.40 versus 0.51 mm per year; P value not reported). No significant differences in clinical events were reported between the losartan and placebo groups (zero
versus three deaths, 15 versus 13 aortic surgeries, and one versus two dissections). The
investigators conclude that their study provides no evidence that losartan might be of
benefit in patients with Marfan syndrome, and that β-blockers alone should remain the
first-line therapy.1
We would like to highlight the importance of studies evaluating pharmacological
treatment in Marfan syndrome, because the benefits of preventive therapies are uncertain. The current most-frequently prescribed preventive pharmacological treatment
is β-blockade, as recommended in the US guidelines (level of evidence B) and noted
without recommendation in the European guidelines. However, for 20 years, β-blockade
has been prescribed on the basis of studies with conflicting results, and only one small,
prospective, randomized study of 70 patients.2 Now, the uncertainty of treatment continues with losartan. This drug is hypothetically useful in slowing aortic disease, because
it reduces arterial pressure and antagonizes transforming growth factor β, a protein that
is found at elevated levels in patients with Marfan syndrome and which is associated
with severity of cardiovascular disease.3
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After evidence for the effectiveness of losartan in a mouse model of Marfan syndrome,
losartan significantly decreased the rate of aortic dilation from 3.54 ± 2.87 mm per
year to 0.46 ± 0.62 mm per year (P<0.001) in a retrospective, observational study of 18
children with a rapid rate of aortic dilation despite other medical therapy.4 Worldwide,
eight randomized clinical trials were initiated to test whether losartan given in addition
to, or instead of, β-blockers would be beneficial in reducing the rate of aortic dilation
in patients with Marfan syndrome (Table 1). So far, four studies have been published.
At first, a small pilot study demonstrated that losartan (50 mg in children, 100 mg in
adults) combined with β-blockers (2 mg/kg in children, maximum of 150 mg in adults,
n = 15) significantly reduced the rate of aortic root dilation compared with β-blockers
alone (n = 13; 0.10 versus 0.89 mm per year; P = 0.02) measured using echocardiography
during 35 months of follow-up.5 The COMPARE trial6 demonstrated the beneficial effect
of losartan added to baseline therapy (mostly β-blockers [74%], 50–100 mg) compared
with no losartan in a study with an open-label design and blinded end points. After
37 months of follow-up, losartan (n = 76) significantly reduced the rate of aortic root
dilation compared with no losartan (n = 61) in patients with a native aortic root (0.26
versus 0.45 mm per year; P = 0.01), and the rate of aortic arch dilation in patients with
previous aortic root surgery (0.17 versus 0.34 mm per year; P = 0.03), as measured using
MRI.6 In line with the results of the Marfan Sartan trial,1 losartan seemed to be more
effective in reducing the rate of aortic dilation in patients with an FBN1 mutation.7 Lastly,
investigators in the Pediatric Heart network study8 compared losartan versus atenolol in
a large, blinded trial including 608 children (mean age 11 years, range 0.5–25.0 years)
with the use of echocardiography during 36 months of follow-up. They demonstrated
that losartan (1.3 mg/kg, maximum of 100 mg) and β-blockers (2.7 mg/ kg, maximum
of 250 mg) were both effective in reducing the aortic z-score, but losartan was neither
superior nor inferior to atenolol (–0.107 versus –0.139 z-score per year; P = 0.08).8
How can we explain the discrepancies between the results of these studies? Important
differences exist in study design, which might explain the variability in outcome. Firstly,
the use of placebo is preferable to an open-label design. The open-label design of the
pilot study5 and the COMPARE trial6 might, theoretically, have positively influenced the
beneficial effect of losartan. Secondly, losartan in addition to β-blockers was investigated
in three studies, whereas losartan was compared with β-blockers in one study. Furthermore, the dosage of the β-blocker used varied from low to very high, both within and
between the studies. Thirdly, the use of MRI in the COMPARE trial6 is more accurate than
echocardiography, especially for measurements of only several millimetres of growth.
Aortic root asymmetry and chest deformation are well-known features in Marfan syndrome, indicating that the high interobserver variability with echocardiography might
limit its value in a clinical trial over 3.5 years, during which the aorta dilates only 0.1–0.9
mm per year. Fourthly, study population size and differences in power calculation might
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influence the results of the different studies. Investigators in the COMPARE trial6 did not
enrol the intended 330 patients. The results of the Marfan Sartan trial1 were based on
intention-to-treat analysis, but 69 patients prematurely stopped the trial drug (28% of
those in the losartan group), thereby diluting a possible beneficial effect of losartan.
Lastly, the age of the included patients differed sub-stantially between the four studies.
A post-hoc sub analysis between children and adults in the Marfan Sartan trial might be
informative.
The large heterogeneity of Marfan syndrome might be an alternative explanation
for the present uncertainty about the effect of losartan on aortic dilation. The type of
FBN1 mutation might influence the drug response. Indeed, in a small sub-study of the
COMPARE trial, patients with an FBN1 mutation leading to haploinsufficiency responded
better to losartan treatment than patients with a dominant-negative FBN1 mutation.7
As haploinsufficient mutations comprise only around 35% of FBN1 mutations, the effect
of losartan on the overall Marfan population might have been masked by the larger
number of dominant-negative mutations. These analyses should be explored in more
depth in larger cohorts. The three ongoing trials should be awaited to have a complete
overview of losartan and β-blocker treatment in Marfan syndrome. Then, a collaboration
between the trialists from all the losartan studies is planned to perform a meta-analysis.9
Despite the differences in study design and outcome, we can conclude that losartan
does not seem to be more effective in reducing the rate of aortic dilation than a high
dosage of β-blockers. Losartan in addition to β-blockers seems to be more effective
than a low dosage of β-blockers (50–100 mg). Even when added to β-blocker therapy,
losartan is well-tolerated and a safe treatment option in patients with Marfan syndrome.
Losartan can be administered as an alternative treatment when β-blockers are not well
tolerated. Losartan does not seem to be a panacea in the treatment of aortic disease in
Marfan syndrome. However, until the results of ongoing trials and meta-analyses are
known, losartan can safely be administered as an alternative treatment to β-blockers or
in addition to low-dose β-blockers.
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Table 1. Randomized clinical trials into losartan and β‑blockers in Marfan syndrome
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Summary
Marfan syndrome (MFS) is the most common connective tissue disorder, with a prevalence of 1 per 5000 individuals.1 In 2010, the criteria for assessing the MFS diagnosis were
improved.2 Currently, the diagnosis of MFS is established by the revised Ghent criteria,
which includes the family history, an FBN1 mutation, aortic dilation (Z-score ≥ 2), aortic
dissection, ectopia lentis and a list of systemic features.2 Cardiovascular manifestations
of the MFS comprise aortic root dilation, with or without aortic valve regurgitation,
thickening and prolapse of the mitral valve, and aortic dissection. Chapter 1 introduces
this thesis by providing the history of MFS, highlighting the progress in treatment of
MFS patients and describing the progress in the diagnosis of MFS including some critical remarks upon the revised Ghent criteria. These criteria are predominantly based on
the Caucasian race. Although MFS is equally prevalent all over the world, specific racial
diagnostic criteria are lacking. In Chapter 2, we demonstrate that the Ghent criteria do
not necessarily apply to Asian MFS populations. The clinical features of the cardiovascular, ocular and skeletal systems differ significantly between the Caucasian and Asian
MFS populations. The Asian MFS population in this study as well as previously described
Asian MFS populations present with a more severely affected cardiovascular phenotype,
including higher rates of aortic dilation and dissection. This may be caused by under
diagnosis of MFS due to genetic and racial differences, and due to the use of absolute
aortic diameters in Asian populations instead of using the Z-score. Based on chapter
2, we recommend to genetically test young and mildly affected patients in order to
diagnose MFS before the onset of (severe) cardiovascular complications.
The median life expectancy among non-treated MFS patients is approximately 32
years.3 After the introduction of prophylactic aortic root replacements, the median
life expectancy has been increased tremendously to 72 years.4 However, MFS patients
experience an increased morbidity, and they still have an increased risk of premature
death. Especially aortic dissection impacts the life span negatively. Identification of MFS
patients at risk for aortic dissection remains difficult and seems to be dependent on
prior aortic root surgery, aortic diameters, aortic distensibility and an aortic dilation
rate above 0.5 mm/year.5 Besides dilating in the width, the aorta also elongates, and
subsequently becomes more tortuous during elongation. In chapter 3 we introduce the
aortic tortuosity index (ATI) as a novel and straightforward method to measure the tortuosity of the aorta. We demonstrate that the ATI slowly increases over time and that an
increased tortuosity of the aorta is associated with increased age, aortic diameter, and
the volume expansion rate. Interestingly, MFS patients with a high ATI are at increased
risk for aortic dissection. Despite novel imaging markers for the prediction of aortic dissection, we also show that plasma TGF-β levels might serve as a prognostic biomarker
in MFS. Since 1991, FBN1 mutations are strongly related to the MFS phenotype.6 The
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fibrillin-1 protein constitutes in the extracellular matrix and has a role in maintaining the
structural integrity and cell development in arteries.7 Furthermore, fibrillin-1 is known
to bind to latent TGF-β complexes, and therefore seems to play a role in the TGF-β homeostasis.8
In chapter 4 we demonstrate that plasma TGF-β levels are elevated in MFS patients
compared to healthy controls, and that elevated plasma TGF-β levels correlate with
larger aortic root diameters, faster aortic dilation rates and predict cardiovascular events,
including prophylactic aortic root surgery and aortic dissections. However, a drawback
for the implementation of plasma TGF-β as a prognostic tool for aortic damage may be
the large variability in TGF-β measurements in different laboratories.
Currently, FBN1 mutations are found in approximately 90% of the MFS patients. A
mutation in the FBN1 gene may lead to less or less functioning fibrillin-1 protein. These
different mutations result in the highly variable phenotypic appearance of MFS patients.
In the chapters 5, 6 and 7 we focused on the importance of genetics in MFS. An extensive
overview covering all the different FBN1 mutations found in the Universal Mutation
Database is given in chapter 5. FBN1 mutations are classified based on their actions on
DNA level. We identify some interesting genotype-phenotype correlations, such as an
association between cysteine mutations and ectopia lentis, and an increased skeletal
and cardiovascular involvement in patients with a whole gene deletion or premature
termination codon (PTC) mutation, which are called haploinsufficiency (HI)-FBN1 mutations. In HI-FBN1 mutations only non-mutated fibrillin-1 is produced due to degradation
of mutated fibrillin-1 mRNA or due to protein leading to a decreased amount of normal
functioning fibrillin-1 protein incorporated in the aortic wall. In dominant negative
(DN)-FBN1 mutations, non-mutated as well as mutated fibrillin-1 proteins are incorporated in the extracellular matrix. In chapter 6 we confirm that patients with an HI-FBN1
mutation are at increased risk for prophylactic aortic root surgery, aortic dissection and
cardiovascular mortality, compared to patients with a DN-FBN1 mutation. Currently,
there is no definite explanation for the more severe vascular phenotype in HI patients.
Between families as well as between members of the same family, differences are found
in features and their severity, which might be explained by the fact that there is a normal
distribution of the amount of fibrillin-1 protein in non-MFS patients as well as in MFS
patients with a HI mutation.9 In MFS patients with a HI-FBN1 mutation, less fibrillin-1
expression lead to a more severely affected phenotype,9 which suggests that a lack of
fibrillin-1 protein is more important than the shape of fibrillin-1 protein. The results of
chapter 6 are validated in a different cohort in Spain and described in chapter 7. MFS
patients with a HI mutation in Spain are also at increased risk for the combined endpoint
cardiovascular death and aortic dissection, as well as for increased aortic dilation rate
measured by echocardiography. The results of chapter 6 and 7, in combination with the
available evidence so far, imply that patients with a reduced amount of fibrillin-1 protein
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have a worse prognosis. Therefore, for optimal assessment of prognosis and treatment
of MFS patients, more research upon genetic screening and clinical evaluation is warranted.
Complications later in life may be accelerated by aortic root surgery due to altered
hemodynamic factors and wall dynamics, which affect the distal part of the aorta.5 In
order to reduce aortic dilation rate and subsequently delay the prophylactic aortic root
surgery, patients are normally pharmacologically treated with β-blockers, which reduce
the stress on the aortic wall by decreasing inotropy, reducing chronotropy and lowering
the average blood pressure.10 However, β-blockers are not able to completely prevent
aortic dilation, and aortic complications, thus novel treatment strategies are still necessary. In Chapter 8 we show a beneficial effect of losartan treatment on aortic root dilation rate in adults with MFS in a prospective, randomized, controlled trial. Furthermore,
losartan is significantly associated with a reduced aortic dilation rate of the aortic arch in
the subgroup of patients with a history of aortic root surgery. However, we do find large
variability in individual aortic root dilation rates upon losartan treatment.
Chapter 9 could not show the benefits of TGF-β as therapeutic biomarker for effectiveness of losartan on the aortic dilation rate. A variable effect of losartan on plasma
TGF-β levels is found; MFS patients who responded with a decrease in plasma TGF-β
level during losartan therapy, have higher baseline TGF-β levels and a faster aortic dilation rate during follow-up. Therefore, we hypothesize that TGF-β is rather a readout of
the disease state of the aorta than the initiator of aortic dilation in MFS patients.
Chapter 10 shows that losartan significantly reduces the aortic root dilation rate in
the MFS patients with a HI-FBN1 mutation, whereas only a modest insignificant reduction is found in those with a DN-FBN1 mutation. A possible explanation may be that the
aortic wall of HI patients suffers from hyperextension due to a thinner fibrillin-1 network,
causing increased angiotensin II receptor 1 activation and increased local angiotensin
II release. However, more translational research is necessary to confirm this hypothesis.
Finally, in Chapter 11 we show increased vascular inflammation in the aortic root of
adult MFS mice, which is significantly reduced by a short term treatment with losartan
or anti-inflammatory treatment. However, anti-inflammatory agents do not reduce the
aortic dilation rate in MFS mice, and possibly lead to an increase in aortic damage.
In the first part of chapter 12, we provide an overview of all finished randomized losartan trials in MFS patients so far. Despite the differences in study design and outcome,
we conclude that losartan on top of β-blockers seems to be more effective than a low
dose of β-blockers. However, losartan does not seem to be more effective in reducing
the aortic dilation rate than a high dose of β-blockers. To conclude, while awaiting the
ongoing losartan trials and the final meta-analysis, losartan is well-tolerated and a safe
treatment option in MFS patients and can be administered as an alternative treatment
when β-blockers are not well tolerated.
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Future perspectives
In this thesis we have tried to get to the root of the problem of MFS. We obtained more
insight in the diagnosis, prognosis and markers of aortic disease, and we obtained more
knowledge about the importance of genetics in MFS. Although not in this thesis, we have
previously identified the aortic diameter, prior aortic root surgery, aortic distensibility
and an aortic dilation rate above 0.5 mm/year, as clinical parameters associated with type
B aortic dissection.5 Now, we have added three novel predictors for aortic complications:
the aortic tortuosity index, the biomarker TGF-β, and the HI-FBN1 mutation. A risk model
including all predictors for cardiovascular outcome, may help to identify patients at risk
for aortic dissection and cardiovascular mortality in MFS. Furthermore, the importance
of genetics was shown because losartan significantly reduce the aortic root dilation
rate in the MFS patients with a HI-FBN1 mutation, whereas only a modest insignificant
reduction is found in those with a DN-FBN1 mutation. This benefit is important, since
patients with a HI-mutation are at increased risk for growth of the aorta, aortic dissection and mortality. However, our results are not yet confirmed by the ongoing trials, and
the meta-analysis should be awaited. In addition, due to genetic variation the amount
of normal fibrillin-1 protein varies, even between unaffected (non-MFS) persons.9 Thus
the type of FBN1 mutation and the related genetic classification (HI/DN), in combination
with the amount of produced wild-type/healthy fibrillin-1 protein may impact disease
severity. Moreover, there may be other (epi)genetic variations that can modify disease
severity on top of the FBN1 mutation, which is a highly interesting field for exploration.
Finally, we obtained more insight in novel pharmacological strategies to prevent aortic complications. We demonstrate that losartan on top of β-blockers is more effective
than a low dose of β-blockers, especially in patients with a HI-FBN1 mutation. However,
not all the other international research groups could confirm this beneficial effect of
losartan. The variability in outcome may be explained by important differences in study
design. For example, in the COMPARE trial the MRI was used to measure aortic dilation
rate, which is more accurate than echocardiography. Studies with longer duration of
follow-up will clarify the effect of losartan on the descending aorta, taking into account
clinical events such as aortic dissection and cardiovascular death.
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Gestructureerde samenvatting
Doel: Het bepalen van het effect van losartan op de snelheid van aortadilatatie bij
volwassenen met het Marfan syndroom.
Opzet: Gerandomiseerd, gecontroleerde klinische multicentrische trial (NTR: 1423).
Methoden: Volwassen Marfan patiënten van de vier Marfan centra in Nederland met
maximaal één aortaprothese werden gerandomiseerd naar 100 mg losartan of geen additionele losartan therapie. Alle patiënten continueerden hun standaard behandeling
(voornamelijk β-blokkers). De primaire uitkomstmaat was afname van de aortadilatatie
snelheid. Secundaire uitkomstmaten waren toename van aortavolume en incidentie van
het gecombineerde eindpunt: cardiovasculair overlijden, aortadissecties en aortaoperaties.
Resultaten: Er werden 233 patiënten geïncludeerd. Absolute aorta diameters werden
gemeten op baseline en aan het eind van de studie. Na 3 jaar was de aortawortel dilatatie snelheid significant lager in de losartan groep vergeleken met de controle groep
(0,77±1,36 mm/3 jaar versus 1,35±1,55 mm/3 jaar, p=0,014). Dilatatie snelheid in het
resterende aortatraject was vergelijkbaar in beide groepen. Er waren geen verschillen
in de secundaire uitkomstmaten tussen beide groepen. Subanalyse van patiënten met
een reeds chirurgisch vervangen aortawortel vóór de inclusie in de studie toonde dat
losartan therapie leidde tot een significante afname van aortadilatatie snelheid ter
plaatse van de aortaboog in vergelijking met de controle groep (0,50±1,26 mm/3 jaar
versus 1,01±1,31 mm/3 jaar, p=0,033).
Conclusie: In volwassen Marfan patiënten reduceert losartan therapie de aortawortel
dilatatie snelheid. Na aortawortel chirurgie reduceert losartan therapie de aortadilatatie
snelheid ter plaatse van de aortaboog.
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Inleiding
Het Marfan syndroom is een aangeboren bindweefselaandoening met een prevalentie
van 1:5000, gepaard gaand met onder meer skeletafwijkingen en ooglens luxaties. Daarnaast is aortawortel dilatatie een belangrijk kenmerk van Marfan syndroom, wat een
verhoogd risico op aortadissecties en plots overlijden geeft.1,2 De levensverwachting van
patiënten met Marfan syndroom is sterk verbeterd sinds de invoering van profylactische
aortawortel vervanging. Deze operatie is echter ingrijpend. De medicinale standaard
behandeling bestaat uit β-blokkers, die de stress op de vaatwand verlagen door een daling van zowel het hartminuutvolume als de bloeddruk. Beide therapieën behandelen
de oorzaak van de ziekte niet, waardoor risico op dilatatie en dissecties in het distale
deel van de aorta blijft bestaan.3-5 Het is daarom van belang dat een behandeling wordt
gevonden die ingrijpt op het ziektemechanisme.
Bij het Marfan syndroom veroorzaken mutaties in het fibrilline-1 gen een tekort of
vervormd fibrilline-1 eiwit, zodat de bindweefselstructuur wordt aangetast en transforming growth factor-β (TGF-β) wordt vrijgelaten. Waarschijnlijk leiden deze twee
factoren samen tot aortadilatatie en dissectie.6,7 Losartan is een angiotensine II type 1
receptor (AT1)-antagonist. In een Marfan muismodel voorkwam losartan zowel TGF-β
afgifte als aortawortel dilatatie.8 Vervolgens rapporteerden Brooke et al., in een klein
retrospectief onderzoek dat losartan de aortawortel dilatatie snelheid vertraagde in een
groep kinderen met een ernstig Marfanoid fenotype.9
Het doel van onze studie was om prospectief en gerandomiseerd te onderzoeken
of losartan therapie bovenop de standaard behandeling (β-blokkers) de aortadilatatie
snelheid reduceert bij patiënten met het Marfan syndroom en wat de effecten van
losartan zijn op toename in aortavolume en incidentie van cardiovasculair overlijden,
aortadissecties en aorta operaties.

Methoden
Studiepopulatie
In het kader van deze gerandomiseerde, gecontroleerde klinische multicentrische
studie werden vanaf januari 2008 tot en met december 2009 volwassen patiënten
geïncludeerd vanuit vier grote participerende Marfan centra in Nederland (AMC, LUMC,
UMCN st.Radboud, UMCG).10 De diagnose werd gesteld volgens de Gentse richtlijnen.11
De belangrijkste exclusiecriteria waren intolerantie voor angiotensin converting enzyme
(ACE)-remmers en/of AT1-antagonisten, nierinsufficiëntie, aortawortel diameter ≥50
mm, aortadissectie en/of meer dan één vasculaire prothese. De trial werd uitgevoerd
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met toestemming van de medisch ethische commissies van alle deelnemende ziekenhuizen. Schriftelijke toestemming werd verkregen van alle deelnemers.

Medicatie
Na inclusie continueerden alle patiënten hun standaard behandeling. Patiënten werden
in clusters van 10 achtereenvolgende patiënten per deelnemend Marfan centrum gerandomiseerd in een 1:1 ratio naar 100 mg losartan of geen losartan therapie. Patiënten in
de losartan groep startten met 50 mg losartan per dag en de dosis werd verdubbeld na
14 dagen. Wanneer bijwerkingen optraden, werd de dosis losartan verlaagd of gestopt.
Alle eerder voorgeschreven medicijnen, waaronder β-blokkers, werden gecontinueerd
na start van de studie.

Doelen en onderzoeken
Het primaire doel was nagaan of 3 jaar losartan therapie bovenop de standaard behandeling leidde tot een significante afname van aortadilatatie snelheid. Hiervoor werd
een magnetic resonance imaging (MRI) scan gemaakt bij inclusie en na 3 jaar follow-up.
Aortadiameters werden gemeten ter hoogte van de aortawortel, de aorta ascendens en
descendens ter hoogte van de bifurcatie van de arteria pulmonalis, de aortaboog, de
aorta descendens bij het diafragma en boven de bifurcatie van de iliacale vaten. Aortadimensies werden door drie artsen gemeten, geblindeerd voor medicamenteuze therapie.
De secundaire eindpunten waren het effect van losartan op aortavolume toename en
incidentie van het gecombineerde eindpunt: cardiovasculair overlijden, aortadissecties
en aorta operaties. Aortavolumes werden berekend vanaf het begin van de aortawortel
tot aan de bifurcatie bij de iliacale vaten.12 Patiënten werden geopereerd indien ze hiervoor in aanmerking kwamen volgens huidige Europese en Amerikaanse richtlijnen.13,14
De beslissing om te opereren werd gemaakt door de behandelend cardioloog en ging
geheel buiten de onderzoekers om.

Statistische analyse
Statistische analyses werden uitgevoerd met SPSS (19.0 voor Windows, Chicago, Illinois,
USA). Beschrijvende statistiek werd gebruikt voor demografische kenmerken: frequenties en percentages voor categorische data en gemiddelden met standaard deviatie
voor continue variabelen. Het effect van losartan werd geëvalueerd door middel van
covariantie-analyse met de baseline aortadiameter als covariaat, op basis van intentionto-treat. Aangezien onze primaire uitkomstmaat bestond uit veranderingen van
aortadiameter op zes niveaus die mogelijk waren gecorreleerd, werd een permutatie
distributie test uitgevoerd met een significantie niveau van 0,0159 om te corrigeren voor
het multipele toetsen van zes gecorreleerde variabelen. Het gecombineerde secundaire
eindpunt (aortadissectie, aorta chirurgie of cardiovasculaire dood) werd geëvalueerd
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met behulp van de X2-test. De proportie patiënten met een stabiele niet groeiende aortawortel diameter (dilatatie snelheid ≤0 mm/3 jaar) werd vergeleken met de proportie
patiënten met dilaterende aortawortels door middel van de Fisher’s exact toets.

Resultaten
Patientkenmerken
In de periode januari 2008-december 2009 werden 233 patiënten gerandomiseerd (tabel
1). De gemiddelde leeftijd was 41 ± 13 jaar en 47% was vrouw. Losartan dosering van 100
mg per dag werd bereikt in 63 patiënten (54%). Bij 34 patiënten (29%) was de losartan
dosering 50 mg per dag, in 2 patiënten (2%) 25 mg en in 17 patiënten (15%) werd losartan
behandeling gestaakt vanwege bijwerkingen (Figuur 1). Cardiovasculaire medicamenten
zoals β-blokkers, gestart voor de inclusie veranderden niet tijdens de studie.
Tabel 1. Demografische kenmerken van de studiegroepen tijdens inclusie
Kenmerken

Controle groep N=117

Losartan groep N=116

Geslacht, vrouw

62 (53,0)

47 (40,5)

Lichaamsoppervlakte, m²

2,0 ± 0,2

2,0 ± 0,2

37,8 ± 13,4

36,3 ± 12,3

82 (70,1)

87 (75,0)

3 (2,6)

2 (1,7)

Systolisch, mmHg

125 ± 13

124 ± 14

Diastolisch, mmHg

74 ± 10

74 ± 11

FBN1 mutatie

97 (88,2)

86 (74,8)

Aortawortel chirurgie

36 (30,8)

27 (23,3)

Algemene Kenmerken

Leeftijd, jaren
Cardiovasculaire medicatie
β-blokker
Calcium antagonist
Bloeddruk

Aorta chirurgie distale aorta
Mitralisklep prolaps
Mitralisklep chirurgie

5 (4,3)

2 (1,7)

65 (55,6)

63 (54,3)

5 (4,3)

4 (3,4)

Aorta dimensie met Magnetic Resonance Imaging
Aortawortel, mm

43,7 ± 4,8

44,8 ± 5,6

Aorta ascendens, mm

28,1 ± 3,9

28,0 ± 3,6

Aorta boog, mm

24,4 ± 3,3

23,6 ± 2,8

arteria pulmonalis, mm

23,9 ± 3,6

23,7 ± 3,7

diafragma, mm

21,2 ± 3,5

20,3 ± 2,5

bifurcatie, mm

16,2 ± 3,4

16,4 ± 3,9

Aorta volume, ml

244 ± 70

226 ± 55

Aorta descendens

Waarden zijn weergegeven als aantallen (percentage) of als gemiddelde ± SD
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Figuur 1. Stroomdiagram van de randomisatie en follow-up van de studie populatie.

Aortadilatatie
Aortawortel dilatatie snelheid kon worden geëvalueerd in 145 patiënten met een natieve aortawortel tijdens in- en exclusie. In deze patiënten waren geen demografische
verschillen of verschillen in aorta dimensies tussen de losartan en controle groep. Tabel 2
toont dat de aortawortel dilatatie snelheid significant verlaagd was in de losartan groep
ten opzichte van de controle groep, respectievelijk 0,77 ± 1,36 mm/3 jaar versus 1,35 ±
1,55 mm/3 jaar, p=0,014. Het percentage deelnemers met een stabiele aortawortel (dilatatie snelheid ≤0 mm/3 jaar) was 50% in de losartan groep en 31% in de controlegroep
(p=0,022, number-needed-to-treat=5,3 patiënten). Aortadilatatie in het traject na de
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Tabel 2. Aortadilatatie snelheid in de studiegroepen tijdens de studie periode
Aorta dimensie

Controle groep N=105

Losartan groep N=113

P-waarde

Aortawortel #, mm/3 jaar

1,35 ± 1,55

0,77 ± 1,36

0,014

Aorta ascendens, mm/3 jaar

0,85 ± 1,23

0,78 ± 1,32

0,726

Aorta boog, mm/3 jaar

0,61 ± 1,35

0,52 ± 1,37

0,598

arteria pulmonalis, mm/3 jaar

0,72 ± 1,40

0,54 ± 1,40

0,366

diafragma, mm/3 jaar

0,43 ± 1,13

0,31 ± 1,13

0,472

bifurcatie, mm/3 jaar

0,37 ± 1,12

0,51 ± 2,18

0,594

12 ± 16

12 ± 14

0,812

Aorta descendens

Aorta volume, ml/3 jaar
#

Aortawortel analyse in 145 patiënten (67 in controle groep, 78 in losartan groep)
Waarden zijn weergegeven als gemiddelde ± standaard deviatie

aortawortel werd geëvalueerd bij 218 patiënten (Figuur 1). Er waren geen significante
verschillen in aortadilatatie snelheid ter hoogte van de overige 5 aortaniveaus tussen
beide groepen.

Bloeddruk
Losartan verminderde de gemiddelde arteriële bloeddruk met 11 ± 6 mmHg ten opzichte van de baseline (p<0,001) en ten opzichte van de controlegroep na 3 jaar (9 ±
3 mmHg; p=0,032). Er werd geen correlatie gevonden tussen de gemiddelde arteriële
of systolische bloeddruk en aortawortel diameter (respectievelijk p=0,855 en p=0,819)
of aortawortel dilatatie snelheid (respectievelijk p=0,716 en p=0,967). Bovendien correleerde de verandering in de gemiddelde arteriële of systolische bloeddruk niet met
aortawortel dilatatie snelheid (respectievelijk r=0,058 p=0,630 en r=0,001 p=0,993).

Secundaire eindpunten
Tussen beide groepen werd geen verschil in aortavolume toename en in de afzonderlijke of samengestelde eindpunten gevonden (aortawortel chirurgie: 10 versus 8
patiënten, chirurgie in de distale aorta: 0 versus 1 patiënt, type B aortadissectie: 0 versus
2 patiënten, respectievelijk voor de losartan en de controlegroep). Er deden zich geen
cardiovasculaire sterfgevallen voor tijdens de studie. Verder konden geen subgroepen
worden geïdentificeerd waarin losartan therapie een gunstiger of ongunstiger effect
had op de aortawortel dilatatie snelheid (Figuur 2).

Na aortawortel vervanging
Bij aanvang van de studie hadden reeds 63 patiënten aortawortel chirurgie ondergaan.
Zij hadden grotere aortadiameters dan de totale patiëntengroep. In de losartan behandelde geopereerde groep werden bij aanvang van de studie kleinere dimensies van de
aortaboog gevonden ten opzichte van de controle groep (24 ± 3 mm versus 26 ± 4
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Figuur 2. Boomfiguur met het effect van losartan op aortawortel dilatatie snelheid in subgroepen Marfan
patiënten. Tussen de subgroepen staat het gemiddelde verschil tussen de losartan en controle groep in
aortawortel dilatatie snelheid weergegeven in een vierkant. De horizontale lijnen tonen de 95% betrouwbaarheidsintervallen (95% BI). De n staat voor aantal patiënten, MAP staat voor gemiddelde arteriële bloeddruk.

mm p=0,029; respectievelijk). De dilatatie snelheid van de aortaboog was significant
verlaagd in de losartan groep ten opzichte van de controle groep, respectievelijk 0.50
± 1.26 mm/3 jaar versus 1,01 ± 1,31 mm/3 jaar; p=0,033. Op de overige aortaniveaus
werden geen significante verschillen in aortadilatatie snelheid gevonden.
Geopereerde patiënten in de controlegroep hadden een significant grotere aortavolume toename dan de ongeopereerde patiënten (20 ± 18 ml/3 jaar versus 8 ± 13 ml/3 jaar,
respectievelijk p=0,004). In de losartan behandelde geopereerde en niet geopereerde
subgroepen bleef het aortavolume stabiel (15 ± 10 ml/3 jaar versus 11 ± 15 ml/3 jaar,
respectievelijk, p=0,488).

Beschouwing
Dit is de eerste prospectieve, gerandomiseerde studie naar de effectiviteit van losartan
bovenop standaard behandeling bij volwassenen met het Marfan syndroom. Deze
studie toont aan dat losartan een gunstig effect heeft op aortawortel dilatatie snelheid.
Er konden geen significante verschillen worden aangetoond in dilatatie snelheid van de
distale aorta of in incidentie van operaties en dissecties tussen de groepen. Echter, in
patiënten met een voorgeschiedenis van aortawortel chirurgie verminderde losartan de
dilatatie snelheid op het niveau van de aortaboog. Dit moet met enige voorzichtigheid
worden geïnterpreteerd, aangezien de gemiddelde baseline diameters van de aortaboog niet vergelijkbaar was tussen de groepen.
184

Chapter 13: Losartan vermindert aortadilatatie

Grote variabiliteit
We vonden een grote variabiliteit in individuele aortawortel dilatatie snelheid in beide
groepen. De grote inter-individuele verschillen konden niet worden verklaard door
subgroep-analyse. Losartan lijkt effect te hebben in elke bestudeerde subgroep.

Operatie en dissectie
De incidentie van klinische eindpunten was laag in onze studie. Daardoor kon de waarde
van losartan op aorta chirurgie en aortadissectie niet worden aangetoond. Dit vereist
een prospectieve studie met een langere follow-up en een grotere steekproef. De lage
incidentie van aortadissecties in onze studie wordt waarschijnlijk veroorzaakt door de
lage drempel voor profylactische aortawortel chirurgie bij Marfan patiënten.

Dilatatie na de aortawortel
In het huidige tijdperk van vroege aorta chirurgie (de operatiegrens ligt nu op 45-50
mm) is aortadissectie in de aorta ascendens een zeldzame gebeurtenis geworden in
bekende Marfan patiënten. Door betere overleving is het aortatraject na de aortawortel
belangrijk geworden. Deze studie kon echter niet aantonen dat losartan behandeling
de distale aortadilatatie snelheid vermindert. Dit kan komen door relatief kleine groepsgrootte en korte duur van de studie. Een andere oorzaak is een verschillende embryonale oorsprong van de aortawortel, die zich voornamelijk ontwikkelt uit de neurale
lijstcellen, vergeleken met de distale aorta, dat ontstaat uit het secundaire hartveld.15

Bloeddruk
Door het blokkeren van de AT1-receptor verlaagt losartan de bloeddruk en wandspanning. In onze studie daalde de gemiddelde arteriële bloeddruk significant in de losartan
groep. Echter, de afname in de bloeddruk correleerde niet met aortawortel dilatatie
snelheid. Een andere verklaring voor het losartan effect kan de TGF-β blokkade zijn, aangezien andere TGF-β antagonisten (zonder bloeddrukverlagend effect) ook vasculaire
bescherming bieden in muismodellen. Dit verklaart mogelijk ook waarom lage dosering
van losartan (25-50 mg) ook effect heeft op de aortawortel dilatatie. De gunstige effecten van losartan kunnen dus worden veroorzaakt door zowel de veranderde TGF-β
signalering als bloeddrukverlagende effecten.

Aorta na chirurgie
We observeerden dat het traject voorbij de aortawortel geleidelijk meer verwijdt bij
patiënten met aortawortel chirurgie in de voorgeschiedenis, zoals eerder al beschreven.16,17 De distale aortadilatatie kan versterkt worden door veranderde flow patronen
en hemodynamische wandstress.18 Losartan lijkt in deze groep patiënten enig positief
effect te hebben, maar meer prospectief onderzoek is nodig.
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Klinische toepassing
Op dit moment is losartan nog geen alternatief voor β−blokker therapie. Lopende
gerandomiseerde studies vergelijken het effect van losartan met β−blokker therapie
en zullen moeten worden afgewacht. Deze studie toont wel aan dat losartan veilig en
effectief kan worden voorgeschreven bovenop β−blokker therapie. Verder kan losartan
ook als aanvullende therapie gegeven worden na aortawortel chirurgie en losartan is
een goed alternatief voor patiënten die geen β−blokkers verdragen.

Beperking
We hebben de oorspronkelijke gedefinieerde totale steekproef van 330 patiënten niet
gehaald wat voornamelijk te wijten is aan onze strenge in- en exclusie criteria. Verder
werd de aortawortel dilatatie in onze oorspronkelijke poweranalyse overschat (dilatatie
snelheid: 1,35 mm/3 jaar in plaats van de verwachte 2,7 mm/3 jaar). Hoewel dit kan
worden geïnterpreteerd als een gevolg van inclusie van minder aangedane patiënten in
ons studiecohort, zijn soortgelijke aortawortel dilatatie snelheden eerder beschreven.19
Een tweede beperking van onze studie is dat de aortawortel dilatatie slechts in 145
Marfan patiënten kon worden beoordeeld, namelijk in patiënten zonder voorafgaande
aortawortel chirurgie. Laatstgenoemde patiënten werden desalniettemin geïncludeerd
omdat wij hadden verwacht dat losartan ook een gunstig effect zou hebben op de distale
aorta. Bovendien is dit klinisch zeer relevant aangezien een groot deel van de huidige
Marfan populatie al een aortawortel vervanging heeft ondergaan of zeer waarschijnlijk
zal ondergaan in de nabije toekomst. Een derde beperking is het open label karakter van
deze studie. We hebben het effect hiervan getracht te beperken door de eindpunten te
evalueren zonder kennis van medische therapie.

Conclusie
Losartan bovenop de standaard behandeling vermindert aortawortel dilatatie bij volwassenen met het Marfan syndroom. Na aortawortel chirurgie lijkt het toevoegen van
losartan aan de standaard behandeling ook enig gunstig effect te hebben.
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Het Marfan syndroom is een aangeboren bindweefselaandoening, die wordt veroorzaakt door een fout (mutatie) in het DNA. Marfan patiënten kunnen vanaf jonge leeftijd
verschillende symptomen ontwikkelen in verschillende delen van het lichaam, zoals
in het hart, de ogen, de huid, botten en longen. Het doel van de onderzoeken in dit
proefschrift is meer kennis vergaren over de diagnose en prognose van aortaziekte in
het Marfan syndroom, het belang van genetica in dit ziektebeeld, en de behandeling
van aortaziekte.
Hoofdstuk 1 is een algemene introductie over het Marfan syndroom en begint met
de geschiedenis van de ziekte. Het Marfan syndroom dankt zijn naam aan Professor
Antoine Bernard Marfan, die in 1896 een vijfjarig meisje beschreef met lange slanke
vingers. Na deze eerste beschrijving werden na verloop van tijd richtlijnen opgesteld
om op nauwkeurige wijze de diagnose te kunnen stellen. In de nieuwste richtlijnen uit
2010 zijn de belangrijkste kenmerken: verwijding van de aorta (aneurysma), scheuren
van de aorta (dissectie), loslaten van de ooglens (ectopia lentis) en een mutatie in het
fibrilline-1-gen (FBN1). Andere symptomen werden gebundeld in een systeemscore of
zijn niet meer belangrijk bij de diagnose van het Marfan syndroom.
Het Marfan syndroom is een zeldzame ziekte die over de gehele wereld voorkomt,
even vaak bij mannen als vrouwen, met een prevalentie van ongeveer één op de 5000
mensen. De huidige richtlijnen uit 2010 onderschatten echter de prevalentie van het
Marfan syndroom in de Aziatische bevolking (hoofdstuk 2). Wij vonden dat ectopia
lentis vaker voorkomt bij westerse Marfan patiënten, maar wij zagen ook dat bijna alle
skeletskenmerken vaker voorkomen bij Aziatische patiënten uit Singapore. Verder had
de Aziatische Marfan populatie een ernstiger aangedane aorta wanneer wordt gecorrigeerd voor lichaamsgrootte of leeftijd. De onderschatting van het Marfan syndroom
bij de Aziatische bevolking kan worden veroorzaakt doordat artsen in Azië hier minder
alert op zijn. Er is namelijk een hoge prevalentie van sommige typische skelet kenmerken in de Aziatische bevolking, zoals het dragen van een bril (bijziendheid) of een verkromming van de wervelkolom (scoliose). Ook is het zo dat de genetische analyse van
het FBN1-gen minder vaak wordt uitgevoerd in Singapore, waardoor milde (en jongere)
Marfan patiënten kunnen worden gemist. Wij adviseren dan ook om, indien mogelijk,
het FBN1-gen te analyseren en om de aortaworteldiameter te corrigeren voor leeftijd
en lichaamsgrootte (Z-score), zodat een relatief verwijde aorta makkelijker kan worden
opgespoord.
Het opsporen van een verwijde aorta is belangrijk omdat het Marfan syndroom een
progressief karakter kent, waardoor de aortawortel (het eerste gedeelte van de aorta
in het hart) in de loop van het leven wijder wordt. Dit geldt bijvoorbeeld ook voor de
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buikaorta. Hoe wijder de aorta is, hoe groter de kans is dat de aorta scheurt. Een dissectie in het eerste gedeelte van de aorta levert een hoog sterfterisico op en daarom
is de belangrijkste levensverlengende behandeling het chirurgisch vervangen van de
aortawortel bij een diameter van 45-50 mm. De aortaworteldiameter wordt jaarlijks gemeten met behulp van echocardiografie of met een magnetic resonance imaging (MRI)
scan waarmee de gehele aorta goed in kaart gebracht kan worden. Om de groei van de
aorta te meten en om te bepalen of er een verhoogd risico is op aortadissectie, wordt
de diameter van de aorta op meerdere plaatsen gemeten. In hoofdstuk 3 introduceren
we een nieuwe MRI-meetmethode, die de aorta ziekte op een andere manier in beeld
brengt, namelijk de aorta tortuositeit index (ATI) om de kronkelige aard van de aorta
(tortuositeit) in Marfan patiënten te objectiveren. Wanneer de aorta meer tortueus is,
gaat dit samen met een ernstigere aortaziekte en een 12-maal hoger risico op aortadissectie. Zowel bij Marfan patiënten als bij mensen zonder het Marfan syndroom kronkelt
de aorta meer in de loop van het leven. Dit lijkt dan ook te komen door een veroudering
van de aorta. De aorta’s van Marfan patiënten kennen een meer tortueus verloop in
vergelijking met mensen zonder het Marfan syndroom. Patiënten met een TGFBR2mutatie hebben zelfs een nog hogere aorta tortuositeit en zij hebben ook een hoger
risico op aortadissecties. De aorta tortuositeit lijkt dus een belangrijke aanvullende
beeldvormende marker te zijn.
In 1991 werd ontdekt dat een fout (mutatie) in het FBN1-gen de veroorzaker is. Het
FBN1-gen zorgt voor de vorming van het eiwit fibrilline-1, dat er op zijn beurt weer voor
zorgt dat het bindweefsel in onder andere de aorta en de huid goed functioneert. Fibrilline-1 zorgt niet alleen voor een goede functie van het bindweefsel, maar bindt ook
verschillende eiwitten zoals transforming growth factor-β (TGF-β). Een mutatie in het
fibrilline-1 eiwit zorgt dus enerzijds voor minder goed functionerend bindweefsel en
anderzijds voor meer vrij en actief TGF-β. In hoofdstuk 4 hebben we aangetoond dat
patiënten met het Marfan syndroom inderdaad een hogere concentratie TGF-β in hun
bloed hebben dan mensen zonder Marfan. Bovendien correleert een hogere waarde
van TGF-β met een grotere diameter van de aortawortel, een snellere groei van de aortawortel en een hogere kans op aortadissecties.
Het Marfan syndroom wordt vastgesteld op basis van richtlijnen die zich focussen
op het uiterlijk van de Marfan patiënt en op de genetica. Op dit moment wordt in
ongeveer 90% van de Marfan patiënten een mutatie gevonden in het FBN1-gen, die
leidt tot minder of minder goed functionerend fibrilline-1-eiwit. De laatste jaren zijn
we steeds beter geworden in het opsporen van de fouten in dit grote gen en er zijn al
meer dan 3000 verschillende mutaties bekend die allemaal tot het Marfan syndroom
kunnen leiden. Deze verschillende mutaties leiden tot een ander uiterlijk van de Marfan
patiënt, maar ook patiënten binnen één familie met dezelfde mutatie kunnen een ander
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uiterlijk hebben. In hoofdstuk 5 hebben we de mutaties die nu bekend zijn in een grote
internationale mutatiedatabase verzameld en bij 1511 patiënten was er ook informatie
beschikbaar over het uiterlijk. We hebben de verschillende mutaties ingedeeld in een
aantal groepen, gebaseerd op het type mutaties. Je hebt mutaties die leiden tot een
verkorting van het eiwit, maar je hebt ook mutaties die ervoor zorgen dat het eiwit zich
anders vouwt. We hebben een aantal interessante verschillen gevonden. Patiënten met
een cysteine-mutatie (dominant negatieve mutatie) hebben bijvoorbeeld vaker een
ooglensloslating, terwijl patiënten die veel minder normaal fibrilline-1 hebben (haploinsufficiënte mutatie) vaker aortaziekte lijken te hebben.
Deze grote verschillen hebben ons er toegebracht om in hoofdstuk 6 alle 570 Marfan
patiënten uit CONCOR in te delen op basis van hun type mutatie (genotype). CONCOR
is een grote databank waarin patiënten met een aangeboren hartafwijking zich kunnen
laten registreren. We kozen ervoor om een simpele indeling aan te houden en patiënten
in te delen in twee groepen: 1) haploinsufficiënte (HI), patiënten met minder fibrilline1-eiwit, waarbij het aanwezige fibrilline-1-eiwit wel van goede kwaliteit is, 2) dominant
negatieve mutaties (DN), patiënten hebben wel voldoende fibrilline-1-eiwit, maar het
fibrilline-1-eiwit bevat een foutje waardoor de structuur van de bindweefsels anders
wordt. Gemiddeld acht jaar nadat patiënten zich geregistreerd hadden in CONCOR
zagen we dat patiënten met een HI-mutatie (met minder fibrilline-1) een hoger risico
hadden op sterfte of dissectie en een hoger risico hadden op een aortacomplicatie in
het algemeen in vergelijking met patiënten met een DN-mutatie (veranderd eiwit).
De resultaten van hoofdstuk 6 zijn bevestigd in een Spaanse populatie met Marfan patiënten. Patiënten met een HI-mutatie hadden een ernstiger verloop van de aortaziekte,
met een hoger risico op aortacomplicaties (chirurgie, dissectie of overleden) en met een
snellere groei van de aorta, wat wordt beschreven in hoofdstuk 7.
De levensverwachting van patiënten met Marfan syndroom is sterk verbeterd sinds de
invoering van de chirurgische aortawortelvervanging bij een diameter van 45-50 mm.
Deze operatie is echter ingrijpend, aangezien de patiënt aan de hart-long machine wordt
gekoppeld om een operatie mogelijk te maken. Om de stress op de vaatwand te verlagen en de aortagroei zoveel mogelijk tegen te gaan worden ook bloeddrukverlagende
medicijnen voorgeschreven. De β-blokkers zijn de belangrijkste medicijnen en worden
het meest voorgeschreven bij patiënten met het Marfan syndroom. De β-blokkers
verlagen stress op de vaatwand door een daling van zowel het hartminuutvolume als
de bloeddruk. β-blokkers bestrijden echter alleen de symptomen van de ziekte (er is
minder aortagroei), maar het bestrijdt de oorzaak van de ziekte (een FBN1-mutatie die
leidt tot meer TGF-β) niet. Losartan is een medicijn dat ingrijpt op het angiotensinesysteem en dat de hoeveelheid TGF-β in het bloed kan laten dalen. In een muizensoort
met het Marfan syndroom, remde losartan de groei van de aorta. Dit maakt losartan dus
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een interessant medicijn om verder te onderzoeken bij patiënten met het Marfan syndroom. In hoofdstuk 8 laten wij de resultaten zien van de COMPARE-studie. We hebben
deze studie ook in het Nederlands gepubliceerd in het Nederlands Tijdschrift voor de
Geneeskunde en u kunt deze publicatie vinden vlak voor deze Nederlandse samenvatting in dit proefschrift. De COMPARE-studie onderzoekt of losartan in combinatie met
de ‘standaard’ medicatie de aortagroei verminderd bij Marfan patiënten. We hebben 233
Marfan patiënten willekeurig verdeeld over twee groepen, de ene groep kreeg het middel losartan gedurende 3 jaar en de andere groep kreeg dit middel niet. Aan het begin
en aan het eind van de studie ondergingen de patiënten een MRI-scan om de snelheid
van de aortagroei te meten. Uiteindelijk konden we na 3 jaar bevestigen dat losartan de
aortagroei verminderd. Helaas werkte losartan niet voor alle Marfan patiënten, er zijn
ook patiënten waarbij de aortawortel op de normale manier doorgroeit. In hoofdstuk
9 beschrijven we waarom wij denken dat dit zo is. We zagen bijvoorbeeld dat losartan
niet bij iedere patiënt zorgde voor een daling van TGF-β. Vooral bij de patiënten met
hogere TGF-β-waarden aan het begin van de studie en een snellere aortagroei tijdens
de studie leek de concentratie TGF-β te dalen. Maar deze patiënten reageerden dus niet
beter op losartan. Wij denken dat TGF-β niet de oorzaak is van aortagroei in het Marfan
syndroom, maar een marker van aortaschade. Dit komt ook overeen met de resultaten
die we vonden in hoofdstuk 8.
Uiteindelijk hebben we in hoofdstuk 10 gekeken of de genetische indeling (HI versus
DN) zorgt voor een verschil in de reactie op de behandeling met losartan. We zagen
dat patiënten met een HI-mutatie, die een veel ernstiger fenotype hebben zonder behandeling, beter reageren op losartan therapie dan de patiënten met een DN-mutatie.
Bij patiënten met een DN-mutatie kan losartan veilig worden gegeven, maar bij deze
patiënten is het effect van de behandeling veel minder groot.
In hoofdstuk 11 probeerden we een nieuwe behandeling te vinden voor de patiënten
die niet goed reageren op losartan. Aangezien we niet precies weten hoe mensen reageren op deze behandelingen, hebben we eerst de medicijnen getest op het muismodel met Marfan syndroom. We behandelden Marfan muizen met ontstekingsremmers,
prednison en abatacept. In de vaatwanden van Marfan patiënten worden vaak ontstekingscellen gevonden en onze hypothese was dat deze ontstekingscellen bijdragen aan
de verwijding van de aorta. Het remmen van de ontsteking kan dan wellicht ook de
aortagroei tegengaan. We zagen echter dat ontstekingsremmers de groei niet verminderen. Sterker nog, het leek erop dat ontstekingsremmers de aortaschade verergerden.
In hoofdstuk 12 bespreken we de studies van andere onderzoekers. Groepen in
Amerika en Frankrijk konden niet aantonen dat losartan de aortagroei verminderd of
sterker verminderd dan β-blokkers. Waar dit door komt weten we niet, maar het kan
193

zijn dat een groot deel van onze patiënten zowel losartan als een β-blokker kregen
voorgeschreven. Het kan zijn dat onze MRI-metingen een preciezer beeld geven van
de aortagroei, vergeleken met echometingen. Verder verschilde het onderzoeksprotocol tussen de verschillende landen. Wij gebruikten bijvoorbeeld geen placebopil en
onderzochten de aortagroei alleen bij volwassenen door losartan toe te voegen aan een
al voorgeschreven therapie, terwijl andere groepen (ook) kinderen onderzochten, een
placebo gebruikten of willekeurig indeelden tussen losartan en een β-blokker. Ondanks
de verschillen in onderzoeksopzet en resultaten, kunnen we concluderen dat losartan
niet effectiever lijkt te werken in het verminderen van de aorta groei snelheid dan een
hoge dosis β-blokkers. Bovendien lijkt losartan samen met een β-blokker behandeling
effectiever te zijn dan een lage dosis van β-blokker alleen. Tot slot, in afwachting van
de nog steeds lopende losartan onderzoeken concludeerden we in hoofdstuk 12 dat
losartan goed wordt verdragen en een veilige behandeling optie is voor Marfan patiënten, en kan worden voorgeschreven als een alternatieve behandeling als β-blokkers niet
goed worden verdragen.
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Dr. Groenink, beste Maarten, de middagen op F3Zuid waren intens, maar o zo leerzaam.
Het is mooi om te zien hoe jij gepassioneerd stukken tekst kunt herschrijven tot een
literair hoogstandje. Ook jouw dansvaardigheden zal ik nooit vergeten.
Dr. de Waard, beste Vivian, ik ben heel blij dat jij je in de COMPARE-groep hebt gevestigd.
Je hebt veel tijd genomen om me te begeleiden en feedback te geven, zowel op werk
als op persoonlijk vlak. We hebben een aantal verhitte discussies gehad, maar altijd met
een goed einde, en het eindresultaat is er zeker beter van geworden, bedankt!
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De leden van de promotiecommissie, Prof. dr. R.C.M. Hennekam, dr. J.P. van Tintelen,
Prof. dr. C.J.M. de Vries, Prof. dr. Y.M. Pinto, Prof. dr. N.A. Blom, Prof. dr. A. Evangelista
Masip en dr. D.R. Koolbergen, ben ik zeer erkentelijk voor het beschikbaar stellen van
hun expertise voor de beoordeling van de inhoud van mijn proefschrift en voor hun
bereidheid te opponeren, bedankt!
Prof. dr. Evangelista, querido Artur, gracias por una bienvenida cálida en Barcelona. Me
dio la oportunidad de hacer muchos cursos en cardiología y en español. Me alegro de
que hiciéramos juntos la investigación, y estoy muy halagado de que se puede estar en
la actualidad en este día particular.
Dr. Pals, beste Gerard, ik ben heel blij dat wij elkaar hebben leren kennen. Je hebt een
ontzettende belangrijke kijk op de genetica, wat een grote bijdrage heeft geleverd aan
het begrijpen van het Marfan syndroom. Je hebt me de grondbeginselen van de genetica bijgebracht en samen hebben we een aantal gezellige middagen gehad en leuke
stukken geschreven! Hartelijk bedankt!
De medeauteurs prof. dr. Maarten van den Berg, dr. Arthur Scholte en dr. Janneke Timmermans, jullie wil ik graag bedanken voor de snelle kritieken en soms erg noodzakelijke
correcties! Ik vond het erg prettig om met jullie samen te werken!
Soha, hartelijk bedankt dat je in het begin van mijn promotie zoveel tijd hebt genomen
om me de grondbeginselen van MRI bij te brengen. Je bent een heel bijzondere vrouw,
en ik ben blij dat ik je heb leren kennen.
Ook had mijn proefschrift hier niet kunnen liggen zonder de hulp van Anita en Regina,
bedankt dames! Peggy, die alles rondom het plannen van MRI’s regelt! Rachel en alle
andere MRI-laboranten die mij tijdens de vele zondagen hebben getolereerd, begeleid
en geholpen. Carlie en haar lab met medewerkers van K1, zij hebben me ontzettend
goed geholpen tijdens mijn werkzaamheden daar! Vooral Anouk en Mariska wisten me
altijd te verbazen met nieuwe trucjes zodat het pipetteren beter ging. Het zonnetje van
het lab, Stijntje, bedankt voor een superleuke tijd, je bent een heel bijzonder persoon en
ik ben blij dat ik je heb leren kennen! Inge, die met veel geduld de muizenecho’s heeft
verzorgd! Nady, thank you for your input during your stay in the Netherlands! Miryam,
ontzettend bedankt voor het corrigeren van mijn Nederlandse samenvatting en dankwoord! Alle studenten die soms voor studiepunten, soms voor de ervaring onderzoek
bij me gedaan hebben. In het bijzonder wil ik Suzan bedanken, zij is mijn eerste student
geweest en zij heeft me geleerd hoe je een student moet begeleiden. Maar ook wil ik
Leo, Liz, Tom, Abdel en Helena bedanken voor de contributie aan één van de hoofdstuk203

ken van dit proefschrift! En natuurlijk Friso en Marina, Charissa en Debby, Doortje, Kofi
en Luigi, we hebben (nog) geen manuscript geschreven, maar wat in het vat zit…
Mijn collega’s bij de congenitale cardiologie zijn erg belangrijk geweest; bedankt Paul,
Annelieke, Teun, Mark, Maayke, Josephine, George, Ilja, Hayang, Martina, Jim (het geniale
brein achter de titel van dit proefschrift!), Klaartje, Joey, Sylvia en Lia en in het bijzonder
bedank ik mijn kamergenootjes gedurende langere tijd Alexander, Jouke en Susan. Jullie
hebben de bergen werk behapbaar gemaakt. Congresjes, etentjes, paintballen, cocktailworkshops, je deelt lief en leed met elkaar en een aantal zijn echt vrienden geworden.
Zeliha, je bent hilarisch, ik ben blij dat we samen ons promotiefeest gaan vieren!
Uiteraard wil ik ook alle andere arts-onderzoekers en technisch geneeskundig-onderzoekers bedanken voor een toptijd! De extra-promotionele activiteiten georganiseerd
door CRASH, door de borrelcommissie of zomaar spontaan door collega’s waren echt de
krenten in de pap! De feestjes, BBQ’s en wintersporten zijn onvergetelijk! Ik zou een heel
proefschrift kunnen vullen met jullie namen, maar ik nodig jullie liever uit op mijn feest!
Susan en Sara, bedankt dat jullie op deze bijzondere dag naast me willen staan. Als er
twee mensen mijn promotie van dichtbij hebben meegemaakt zijn jullie dit! Susan,
bedankt dat je altijd tijd had voor een bakkie koffie (na de lunch, om 3 uur, half 4, half 5
of nou ja altijd) en een felle rakker op zijn tijd! Je bent uitgegroeid tot een heel goede
vriendin en ik heb ontzettend veel zin om samen met jou de opleiding te gaan doen!
En Sara, fijn dat je altijd mee wilde denken of naar mijn verhalen wilde luisteren als ik
thuis kwam van mijn werk. Ik ben blij dat we elkaar hebben herontdekt en dat je altijd
voor de nodige (en juiste!) afleiding zorgde! Jij bracht balans tussen werk en het leven
in Amsterdam!
Naast alle collega’s en mensen die inhoudelijk aan dit proefschrift hebben bijgedragen,
wil ik ook nog een aantal mensen bedanken die me hebben geïnspireerd, die me een
open visie hebben laten behouden en relativeringsvermogen hebben gegeven. Het
leven is meer dan werken alleen en dat komt zeker ook door de volgende mensen.
De meiden van Quantitatis Qualitates, mijn gilde QQ, jullie spelen nog altijd een belangrijke rol in mijn leven! ‘Quaff!’
De meiden van dames ’07, mijn wedstrijdroeiboot, waar we af en toe nog wijntjes mee
drinken, met de altijd zeer inspirerende woorden: ‘Gaan met die banaan!’
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Mijn Capoeira groep met mestre Grilo, jullie hebben mijn leven een nieuwe kleur gegeven. ´Muite Obrigado!´
Mijn vrienden uit de Leiden groep: Anja, Marlon, Ann-Marie, Christel, Liset, Brian, Onno,
Rebecca, Marielle en Michiel. We hebben afgelopen jaren veel lief en leed meegemaakt
en gedeeld. Heftige en mooie levensgebeurtenissen doen je beseffen dat alles relatief
is. Ook het verliezen van een potje Keezen!
Mijn festivalmatties met in het bijzonder Mara en Janine, voor inspirerende en motiverende gesprekken en etentjes.
Een speciale plaats voor Corinne en Lex, die altijd een veilige haven in Arnhem bieden,
waar jullie me vertroetelen met heerlijk eten en wijn en waar we filosoferen over de
toekomst. Ik ben erg dankbaar dat jullie in mijn leven zijn!
Gina, je bent een topper! Christel, ik ben heel dankbaar dat je nog steeds zo’n grote rol in
mijn leven speelt! Lale en Lili, bedankt voor de onvoorwaardelijke steun! Sjors, bedankt
voor de mooie jaren! Francis, ik ben trots op je! Hebertho, thanks for being here. Laia
y Pau, muchas gracias por el buen tiempo en Barcelona. Gisela, te has convertido en
una amiga. Marian, je bent nog steeds mijn rolmodel! En lieve tante Edith, mijn oma,
bedankt voor het prachtige ontwerp van de omslag van het boekje, het is schitterend!
Last but not least, wil ik mijn ouders bedanken, die me hebben gevormd tot wie ik ben.
Mam ik ben trots op je! En pa, bedankt dat je altijd mijn vader bent geweest, ik hou van
jullie!
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