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Introduction and outline of the thesis

introduction
Marfan syndrome (MFS) is a heritable disorder of the connective tissue with a prevalence of 1 per 5000 and is known to affect multiple organ system, including lungs, eyes,
skeleton en the entire cardiovascular system.(1,2) MFS is caused by a deficiency of the
protein fibrillin-1 that is imposed by heterozygous mutations in FBN1 and excessive
transforming growth factor-β (TGF-β) expression.
The MFS diagnosis is established by the revised Ghent criteria, which includes the
family history, aortic dilatation and dissection, ectopia lentis and a list of systemic features.(3) The most common cardiovascular manifestation of MFS include aortic (root)
dilatation (Figure 1), which may lead to aortic dissection (Stanford type A or B; Figure 2),
thickening and prolapse of the atrioventricular valves with or without valve regurgitation and ventricular dysfunction.

figure 1 Aortic root aneurysm

In order to prevent aortic dissection current MFS guidelines advocate prophylactic
replacement of the aortic root when the diameter exceeds 45 - 50 mm.(4) Furthermore,
treatment with β-blockers is recommended in order to lower blood pressure, chronotropy and the inotropic state of the heart in order to diminish the cyclic repetitive forces
exerted on the aortic wall and thereby reducing the onset and progression of aortic dilatation and possibly preventing aortic dissection.(5) However, MFS studies assessing the
effect of β-blockers on aortic dilatation are conflicting and this pharmacological strategy
focusses on prevention of aortic dilatation without targeting the underlying cause of
the progressive aortic disease in MFS. The pathological substrate for aortic disease in
MFS is referred as aortic media degeneration and consists of vascular smooth-muscle
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cell apoptosis, adventitial inflammation, interstitial mucoid deposits and degeneration
of elastin fibrils along with accumulation of collagen and proteoglycans. Aortic media
degeneration is caused by a deficiency of normal fibrillin-1 protein that leads to intense
elastolysis and increased TGF-β expression. Angiotensin II contributes to aortic medial
degeneration by promoting endothelial dysfunction, hypertrophy of the aortic wall
and inducing pro-inflammatory responses. The effect of angiotensin II is mediated by
angiotensin II receptor type 1, which increases TGF-β expression by stimulating autocrine production in cardiac fibroblasts and Smad expression. Overexpression of TGF-β
in fibrillin-1-deficient mice leads to MFS phenotypical features and treatment of these
mice with losartan has showed to prevent aortic media degeneration and dilatation.(2)
In this thesis the effect of losartan on both aortic dilatation rate and ventricular function in MFS patients is addressed. Furthermore, the occurrence of type B aortic dissection in MFS is investigated.

figure 2 Classification of aortic dissection localization
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outline of this thesis
chapter 1 provides an overview of the current pharmacological treatment options used
to prevent or delay aortic complications in adults with MFS. Furthermore, this chapter
discusses insights on the biochemical pathways leading to aortic disease, new targets
for pharmacological therapy and ongoing pharmacological trials as well, which can be
viewed as a general introduction into the field of MFS.
MFS is caused by mutations in the gene that encodes for fibrillin-1 protein, a structural protein that normally binds TGF-β. MFS mice studies have shown an association
between aortic diameter and TGF-β level.(2) chapter 2 addresses the role of TGF-β as a
biomarker for aortic dilatation, aortic root growth and dissection in adult MFS patients.
A major clinical manifestation of MFS is type A aortic dissection. With the introduction of prophylactic aortic root surgery at an aortic root diameter of 45–50 cm, type
A aortic dissection can be prevented. This aggressive surgical approach and medicinal
therapy has improved life expectancy of MFS patients. With this improved survival an
increased incidence of type B aortic dissections has been reported. Therefore, current
guidelines advocate regular visualization of the total aorta. However, type B aortic dissection, especially after surgical aortic replacement, shows to be very difficult to foresee
by measuring aortic diameters and most likely does not reflect the extent of aortic
disease.(6) Volume measurement of the aorta could reflect the extent of aortic disease
more sensitively. In chapter 3 the reproducibility of aortic volume estimates as a novel
method to measure the extent of aortic disease is assessed. Furthermore, we will test its
use serially to determine global aortic dilatation in MFS patients.
In chapter 4 we investigate the association of type B aortic dissection in patients with
MFS with various clinical parameters, including genetic analysis, aortic dimensions, and
aortic elastic properties. Furthermore, we establish a risk model to predict the occurrence of type B aortic dissection in adult patients with MFS.
In the last two chapters we focus on the effect of pharmacological treatment with
losartan to prevent cardiovascular complications in MFS. In chapter 5 a multicentre,
open-label randomized control trial with blinded endpoints is presented. Here the potential role of losartan treatment in reducing aortic complications in MFS is investigated.
In chapter 6 the effect of losartan on ventricular volumes and function in genetically
classified subgroups of asymptomatic MFS patients is addressed.
Finally, we complete this thesis with a summary, future perspectives and a Dutch summary.
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abstract
introduction
Marfan syndrome is a multisystemic connective tissue disorder caused mainly by mutations in the fibrillin-1 gene. The entire cardiovascular system is affected in patients with
Marfan syndrome. Aortic root dilatation, aortic valve regurgitation or - the most feared
and life-threatening symptom - aortic root dissection are the most common manifestations. Therapeutic strategies, such as prophylactic aortic root surgery and pharmacological therapy, focus on the prevention of aortic dissection. Currently, the standard medicinal treatments targeting aortic dilatation and dissection consist of agents generally
used to lower blood pressure and/or the inotropic state of the heart. By these means, the
cyclic repetitive forces exerted on the aortic wall are diminished and thus the onset of
aortic dilatation is potentially prevented. Although these pharmacological agents may
offer some benefit in reduction of aortic aneurysm expansion rate, they do not target
the underlying cause of the progressive aortic degradation.

areas covered
This review discusses the effectiveness of frequently prescribed medications used to
prevent and delay aortic complications in Marfan syndrome. New insights on the biochemical pathways leading to aortic disease are also discussed to highlight new targets
for pharmacological therapy.

expert opinion
Recent insights in the transforming growth factor beta signaling pathway and inflammatory mechanisms in a well-established mouse model of Marfan syndrome, have
led to studies exploring new pharmacological treatment strategies with doxycycline,
statins and angiotensin II receptor blockers. Pharmacological therapy is focused more
on prevention than on delay of aortic wall pathology in Marfan syndrome. Of the new
pharmacological treatment strategies targeting aortic pathology in Marfan syndrome,
angiotensin receptor type 1 blockers are promising candidates, with several clinical trials currently ongoing.

Current and future pharmacological treatment strategies regarding aortic disease in Marfan syndrome
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introduction
Marfan syndrome (MFS) is a multi-systemic disorder of the connective tissue with a
prevalence of 1 per 5000 individuals and is mainly caused by mutations in the fibrillin-1
(FBN1) gene.(1) MFS is inherited in an autosomal dominant manner. Currently, more than
1700 genetic mutations have been described in patients with MFS and over 90% of these
mutations are unique to an individual or family.(2) To date, no genotype-phenotype
correlations or predictors for MFS severity have been found on the basis of the location
or type of FBN1 mutations. Even within families, in which affected individuals share the
same mutation, extreme variable phenotype expression has been shown.(3)
The diagnosis of MFS as established by the Ghent Nosology of 1996 is based on family history and a combination of clinical manifestations in various organs such as the
skeletal, cardiovascular and ocular system (Table 1).(4) The criteria are divided into major
and minor criteria based on their frequency in patients with MFS and in the general
population in the presence of other conditions. As several features of MFS are age-dependent, the 1996 Ghent Nosology had a relative low sensitivity. Therefore, the criteria
have been revised and published as the Revised Ghent Nosology of 2010. The revised
criteria give more weight to aortic root dilatation, FBN1 mutation, other relevant genes
and ectopia lentis. All other features have become minor criteria and are described by a
‘systemic score’ (Table 1).(5;6) According to the Revised Ghent Nosology, the diagnosis of
MFS will be established in the presence of: (1) aortic root enlargement (Z score ≥2) and
ectopia lentis, (2) aortic root enlargement (Z score ≥2) and a FBN1 mutation, (3) aortic
root enlargement (Z score ≥2) and systemic features of MFS resulting in a systemic score
≥7 points, or (4) ectopia lentis and an FBN1 mutation that is known to be associated with
aortic disease in MFS.

cardiovascular manifestations of marfan syndrome
Cardiovascular manifestations of MFS comprise aortic root dilatation (Figure 1) with or
without aortic valve regurgitation (this is present in 80 % of patients with MFS),(7;8)
thickening and prolapse of the atrioventricular valves with or without regurgitation
and aortic dissection.(9) Less common cardiovascular manifestations of MFS include
arrhythmias,(10-13) systolic (14;15) and diastolic dysfunction (16) as well as calcification
of aortic- and atrioventricular valves.(17;18) In addition to these features, aortic elastic
behaviour is generally affected in MFS of which distensibility and pulse wave velocity
are in vivo measurable derivatives.(19-21) Mitral valve disease has become a minor criterion in the Revised Ghent Nosology due to its lack of specificity for MFS, rather than
lack of importance. The prevalence of mitral valve disease in MFS is highly divergent
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table 1 Revised Ghent criteria for diagnosis of Marfan syndrome and related conditions
criteria for diagnosis of marfan syndrome
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

Current and future pharmacological treatment strategies regarding aortic disease in Marfan syndrome

(28 - 77%),(17;22;23) which may be explained by small cohorts and by differences in the
criteria used to assign the presence of mitral valve disease. In MFS, one or both of the
mitral leaflets are frequently prolonged, often accompanied by myxomatous thickening
and billowing. Neonatal MFS is often complicated by severe mitral valve prolapse and
regurgitation, which is a major contributor to poor prognosis and is the leading cause of
morbidity.(24;25) Morse et al. reported in 22 infants with MFS that mitral valve prolapse
was present in 82% in the first 3 months of life.(24) Investigators of the Universal MFS
database reported among 320 children with MFS at age <18 years a prevalence of mitral
valve prolapse of 73% among those classified as having neonatal MFS (diagnosed prior
to age 4 weeks), 62% among those diagnosed between age 4 weeks and 10 years, and
59% among those diagnosed between 10 and 18 years of age.(26)

figure 1 Echocardiographic long axis image of a Marfan patient with aortic root dilatation

survival
Since the introduction of surgical techniques for aortic root repair, the life expectancy
of patients with MFS has nearly normalized.(27) Over the years, improvements in surgical techniques and post-operative care have resulted in a continuous lowering of the
threshold for prophylactic aortic root repair, which is currently advised at an aortic root
diameter of 50 mm. Aortic valve repair is getting increasingly favoured over prosthetic
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valve replacement for a variety of lesions causing aortic regurgitation.(28-34) Advantages of repair over replacement include a lower incidence of thrombo-embolic events,
the avoidance of long-term anticoagulation, and reduced risks of endocarditis.(35) However, the durability of aortic repair procedures has been a matter of great concern.(28) le
Polain de Waroux et al. showed that intraoperative transesophageal echocardiography
can be used to identify MFS patients undergoing aortic root repair who are at increased
risk for developing recurrent severe aortic regurgitation.(36) These parameters include
the persistence of a residual aortic root jet, a coaptation length <4 mm, a coaptation
level occurring below the level of the aortic annulus and an enlarged aortic annulus.
(36) In an European survey, events and diameters involving the distal aorta were greater
in patients who had undergone aortic root surgery as compared to those who had not.
(37) A possible explanation for this expansion of the distal aorta after prophylactic aortic
surgery may be a more advanced stage of MFS in these patients, aortic root replacement
has an impact on the distal aorta as a result of altered hemodynamic factors and altered
wall mechanics or due to clamping of the aorta during the procedure.(38)

histology and biochemical Pathways
The pathological substrate for aortic disease in MFS consists of vascular smooth muscle
cell apoptosis, adventitial inflammation, interstitial mucoid desposits as well as degeneration of elastin fibrils along with accumulation of collagen and proteoglycans in the
aortic wall, often referred to as “aortic medial degeneration”.(39-41)
Fibrillin-1 constitutes a major component of microfibrils in the extracellular matrix
and has a role in maintaining the structural integrity and cell development in arteries.
This complex glycoprotein confers elasticity to the arterial wall and facilitates the vessel
to retain its original geometry after expansion due to the repetitive cyclic hemodynamic
forces by linking vascular smooth muscle cells to adjacent elastin fibrils.(42) Furthermore,
fibrillin-1-rich-microfibrils have a role in modulating cell development and homeostasis
through regulation of transforming growth factor beta (TGF-β) and matrix metalloproteinases (MMPs).(43) A deficiency of normal fibrillin-1 in tissues of MFS patients may lead
to ineffective tissue repair due to intense elastolysis and increased TGF-β expression.
The ultimate consequence of this cascade is aortic medial degeneration development.
Overexpression of TGF-β in fibrillin-1 deficient mice leads to phenotypical features also
present in patients with MFS, such as myxomatous changes with mitral valve pathology,
aortic dilatation and emphysematous pulmonary changes.(44-46)
In addition to fibrillin-1 abnormalities, angiotensin II may contribute to the development of aortic medial degeneration by promoting endothelial dysfunction, hypertrophy
of the aortic wall (47-49) and inducing pro-inflammatory responses.(50;51) Generally,
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the effect of angiotensin II is mediated by two receptors. Angiotensin II receptor type
1 (AT1R) increases TGF-β expression by stimulating the autocrine production in cardiac
fibroblasts (52) and Smad expression.(53) Angiotensin II receptor type 2 (AT2R) signaling
may induce vascular smooth muscle cell apoptosis and is expressed significantly higher
in the aorta of patients with MFS (Figure 2).(41;54) AT2R signalling has the capacity to
attenuate both Smad-dependent and mitogen activated protein kinase TGF-β signalling
cascades, most notably the extracellular signal–regulated kinase (ERK)(55;56). However,
in some cell types and tissues, AT2R signaling has shown to oppose AT1R mediated
enhancement of TGF-β expression.(54;57) Thus, AT1R stimulation drives ERK1/2 activation, whereas AT2R signalling can both augment and inhibit aneurysm formation in
preclinical models.
A third pathway contributing to the development of aortic medial degeneration is
MMP overexpression. Abdominal aortic aneurysms studies led to the hypothesis that
increased production of proteinases in the aneurismal wall is involved,(58;59) especially
the MMP-2 and MMP-9.(60-63) MMPs represent a family of zinc dependent, calcium
activated, locally produced endopeptidases that are expressed weakly in healthy aortic
tissue. Fragmentation of FBN1 leads to overexpression of MMPs, in particular MMP-2 and
MMP-9, in patients with MFS and are secreted by mesenchymal cells as well as aneurysm infiltrating macrophages.(64-67) Elevated expression of MMPs results in extensive
degeneration of elastic fibres, endothelium dysfunction, reduction of smooth muscle
contractility, has show to degraded arterial elastin and correlates with aortic aneurysm
diameter. (68-71)
Aortic medial degeneration does not exclusively occur in MFS. It is rather considered
to be a degenerative end-stage of a multitude of conditions including the normal aging
process, bicuspid aortic valve disease, atherosclerosis and hypertension.(72)

Pharmacological treatment of aortic disease in marfan
syndrome
Pharmacotherapy is routinely undertaken to slow down aortic dilatation in patients with
MFS, thereby preventing or postponing the need for surgical intervention. Improved
understanding of the histological abnormalities causing MFS can potentially identify
other pharmacotherapeutic agents that target the pathogenic basis for MFS, ultimately
preventing cardiovascular complications, which would improve life expectancy and
quality of life.
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beta-adrenoceptor antagonist (β-blockers)
Currently, β-blockers are regarded as the standard medical therapy in order to delay and
prevent aortic dilatation and aortic dissection in patients with MFS. The rationale of the
use of β-blockers to attenuate aortic pathology in MFS is based on reduction of stress
on the proximal aorta.(Figure 2) Although there is no supporting data, it is thought that
relieving wall stress from the aortic wall is achieved by decreasing inotropy (diminishing rate of volume and pressure change in the ascending aorta, dp/dt), chronotropy
and blood pressure. The use of β-blockers began in 1960, for the management of aortic
aneurysms prone to dissection in patients with malignant hypertension.(73;74)
In 1970 Simpson et al. demonstrated that turkeys, prone to spontaneous aortic dissection, had a reduced incidence of aortic dissection when propranolol was added to
their feed.(75) Based on these results, Halpern et al. described in 1971 that propranolol
might reduce the risk of aortic dilatation and dissection in six adult patients with MFS.
(76) However, in 1977 after a mean 6 year follow up of 25 patients with MFS the same
group concluded, that propranolol did not protect against aortic dilatation or dissection, after 20% of patients died of aortic dissection.(77) In 1994, Shores et al. published
a open-label randomized trial of propranolol in 70 adolescents and adults with MFS.
(78) They demonstrated no significant difference between the placebo and propranolol
treated groups with regard to cardiovascular endpoints, such as aortic root regurgitation, dissection and rupture. However, over a follow up period of 10 years the rate of
aortic dilatation in the propranolol treated group was significantly lower than in the
placebo group (p<0.001).(78) To date, several studies have been published regarding
the effectiveness of β-blockers on cardiovascular endpoints in MFS.(27;79-82) These
studies show conflicting results and none were prospective, double blinded randomized
trials. A large (n = 417) retrospective study by Silverman et al. noticed no beneficial effect of either propranolol, atenolol, metoprolol, nadolol or a combination of β-blockers
on aortic root dilatation. However, this study was limited by a lack of understanding
of the cause of death and only data on aortic surgery was used as a clinical endpoint.
(27) In a prospective study, Salim et al. demonstrated a beneficial effect of atenolol and
propranolol on aortic root dilatation in 113 patients with MFS,(82) while Tahernia et al.
noticed in a small prospective study (n=6) that there was no progression of aortic root
dilatation in patients with MFS receiving β-blockers.(81) In a meta-analysis Gersony et al.
concluded that there is no evidence for the use of β-blockers to prevent cardiovascular
endpoints in MFS.(83) In MFS, the aorta dilates gradually and aortic distensibility decreases due to degeneration of the aortic media.(84;85) The effect of β-blockers on these
aortic properties has been assessed thoroughly and has also shown conflicting results.
If β-blockers benefit the aorta through its negative chronotropic and inotropic actions,
the elastic aortic wall properties should improve after administration of a β-blocker. A
study by Groenink et al. reported an increase in aortic distensibility and a decrease in
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pulse wave velocity in the groups treated with a β-blocker (either metoprolol or atenolol), thereby potentially reducing the risk of aortic dilatation and aortic dissection.(20)
However, several studies found no beneficial effect of β-blockers on reduction of aortic
stiffness in MFS patients, including 2 studies of patients undergoing cardiac catheterization showed an increased stiffness and decreased distensibility after administration of
propranolol.(86-91) A small study by Nollen et al. found no difference in aortic diameter
or distensibility as measured by magnetic resonance imaging between patients with
MFS treated with β-blockers and those not treated with β-blockers.(87) In patients after
entire aortic replacement, the use of atenolol or labetalol did not decrease aortic pressure.(88) Haouzi et al. and Rios et al. described a heterogeneous response in aortic root
elastic properties of MFS patients treated with either metoprolol or atenolol.(84;91)
Pharmacological intervention routinely used in adult patients with MFS is also applicable in children and pregnant women with MFS. However, there are conflicting data regarding the therapeutic potential of β-blockers to treat aortic root dilatation in children
with MFS.(92;93) In a retrospective study with 63 paediatric MFS patients Selamet et al.
found no significant difference in rate of aortic root dilatation between the β-blocker
treated group and the control group after a mean 6 year follow up.(92) Conversely, in a
retrospective study with 115 paediatric MFS patients, Ladouceur et al. showed a reduction in aortic root expansion rate in the β-blocker treated group as compared to the
control group.(93)
During pregnancy hormonal alterations in pregnant MFS patients lead to histological
changes of the aortic wall, such as fragmentation of the reticulum fibres, diminishing
amount of mucopolysaccharides and loss of the normal corrugation of elastic fibres.(94)
Pregnancy has shown to increase the risk of aortic dissection in women with MFS, probably due to both hemodynamic and hormonal alterations.(95-102) However, pregnancy
seems to be relatively safe up to an aortic root diameter of 45 mm.(97) Propranolol
and metoprolol are regarded as safe and non-teratogenic for the unborn child and are
regard as the standard pharmacological therapy in order to prevent aortic complications.(98;103;104) However, no trial has ever been performed assessing the efficacy of
β-blockers on aortic root dilatation in women with MFS during pregnancy.
A potential undesirable effect of β-blockers is increasing systemic vascular resistance,
which could increase the amplitude of reflected pulse waves and decrease total aortic
compliance. Yin et al. demonstrated an increase in magnitude of wave reflection in
patients with MFS as compared to a healthy control group and this wave reflection is
further increased by propranolol.(90) Patients with MFS may develop aneurysm and dissection of the aorta beyond the sinuses of Valsalva.(105-107) Yetman et al. demonstrated
that distal peripheral arterial aneurysms are present in one third of adults with MFS.
(105) β-blocker therapy is often continued after aortic aneurysms surgery, although its
efficacy has never been demonstrated.(37;108) On the contrary, increased rigidity due
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to the artificial grafts and elevated vascular resistance during β-adrenergic blockade
may even augment wave reflections in the aorta, thereby increasing shear stress in the
main side branches.(109-111) Meijboom et al. doubted the use of atenolol, a commonly
prescribed β-blocker, in patients with MFS after entire aortic replacement. This doubt
stemmed from the result of a small prospective study showing that pulse pressure, systolic pressure, wave speed and wave reflections were significantly increased in patients
with MFS after entire aortic replacement as compared to controls.(88) In these operated
MFS patients, Meijboom et al. found no decrease in aortic pressure and a trend towards
increase in wave reflection when treated with β-blockers.

doxycycline
Doxycycline, a tetracycline-class antibiotic, is known to inhibit MMP secretion. The
inhibitory effect of doxycycline on MMP expression may be attributed to the following mechanisms: binding to zinc/calcium at the catalytic sites on MMPs, inhibition of
pro-MMP activity, promoting proteolysis of pro-MMPs and decreased levels of MMP
mRNA (Figure 2).(112;113) Several aortic aneurysm studies in a mouse model of MFS
and an aneurysm rat model assessing the effects of doxycycline noted a stabilizing effect on the aortic wall by preventing aortic elastic fibre fragmentation and normalize
endothelium dependent relaxation.(67;88;114-128) In addition, these studies reported
that doxycycline may inhibit MMP-2 and MMP-9 production,(112;113) TGF-β expression
and Smad2 signalling.(67;129;130) Chung et al. noted that doxycycline is more effective in preventing aortic aneurysm formation than atenolol in a well established mouse
model of MFS and reported that the aneurysm suppressing properties of doxycycline
are in part attributable to its inhibitory effects op MMP-2 and MMP-9 expression.(118)
Whereas in animal studies doxycycline appears to be beneficial in preventing aneurysm
disease, the evidence in human studies is, according to the meta analysis by Dodd et al.,
conflicting.(131) Therefore, further studies are required in order to examine the efficacy
of doxycycline in preventing aneurysm development in patients with MFS.

statin
Statin treatment is one of the cornerstone therapies in coronary artery disease by reducing the progression of atherosclerosis. In addition to their lipoprotein-reducing properties, statin treatment may have a beneficial effect on aneurysm formation by decreasing
MMP expression and have a positive effect on aortic distensibility trough an increase
in endothelial nitric oxide synthase (eNOS) and a decrease in reactive oxygen species
(ROS). In an in- vivo model of diabetic glucose intolerance, statins have been shown to
reduce expression of TGF-β, as well as diminish oxidative stress by blocking the effects
of ROS on aneurysms.(132;133) Statins achieve these results through the suppression of
the NADH/NADPH oxidase system (Figure 2).(134) To date, statins have shown to reduce
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aortic aneurysms in an observational study,(135) although another study noticed no
beneficial effect of statin treatment on aortic aneurysm expansion rate.(136) A recent
study by McLoughlin et al. assessing the effect of pravastatine in a mouse model of
MFS demonstrated that pravastatine treatment attenuated aortic root dilatation to the
same degree as losartan treatment but preserves elastin content within the aortic wall
significantly better than losartan.(137) Although this study is only a proof of principle
and substantial effort is still needed to elucidate the precise mechanism involved, it is a
potential beneficial treatment strategy.
Molecular mechanisms of aneurysm formation and the effects of different medications. Angiotensin promotes aneurysm formation through angiotensin 1 (AT1) receptors.
Increased angiotensin II causes an increase in reactive oxygen species (ROS) through
the NADH/NADPH system, which in turn increases cyclophilin A and matrix metalloproteinase (MMP) levels. This promotes inflammatory reaction and subsequent medial
degeneration, leading to aneurysm formation. Fibrillin gene mutations cause enhanced
transforming growth factor (TGF)-β signaling. This results in cellular proliferation and
matrix degradation probably through signaling via the psmad2 system. Angiotensin
receptor blockers are thought to inhibit the above pathways via inhibition of the AT1 receptors. Angiotensin-converting enzyme inhibitors (ACE-I) block angiotensin II. Statins
block the NADH/NADPH system; tetracyclines and macrolides reduce MMP activity.
β-Blockers reduce shear stress on the vessel.(138)

figure 2 Pathways leading to aortic medial degeneration in MFS and the effects of different medications

27

1

28

Chapter 1

renin-angiotensin-aldosteron system inhibitors
Angiotensin II and its two receptors (AT1R and AT2R) have shown to play an important
role in the development of aortic medial degeneration in MFS. Inhibition of the reninangiotensin-aldosteron system (RAAS) cascade may therefore prevent aortic medial
degeneration and thereby preclude aneurysm formation.

angiotensin converting enzyme inhibitors
Angiotensin converting enzyme inhibitors (ACE-I) such as enalapril and perindopril have
been utilized in numerous cardiovascular diseases including heart failure, hypertension,
coronary artery disease, dilated cardiomyopathy and post myocardial infarction.(139)
The beneficial effects of ACE-I in MFS may be attributed to different mechanisms. First,
ACE-I may stabilize the aortic wall by down regulating angiotensin II and hence limit
signalling through both the AT1R and the AT2R pathway (Figure 2). Furthermore, ACE-I
may reduce TGF-β and MMP expression, reduce Smad2 phosphorylation, diminish angiotensin II mediated vascular smooth muscle cell apoptosis and block the effects of
hyperhomocysteinemia.(140) In addition, the use of ACE-I augments collagen syntheses,
increases elastin en fibrillin deposition, reduces vascular inflammation, decreases pulse
wave velocity and improves aortic compliances.(141) Other beneficial effects of ACE-I
include inhibition of kininase, which results in increased bradykinin that leads in turn
to bradykinin-mediated improvement in aortic elastic tone by vasodilatation.(142;143)
Two clinical trials have assessed the effect of ACE-I as compared to β-blockers in patients with MFS. A non-randomized, controlled, prospective trial investigated the effect
of enalapril, atenolol or propanolol in 58 patients with MFS.(144) After a follow-up of 3
years, patients treated with enalapril showed an improvement of aortic distensibility
and a reduction in the aortic stiffness relative to patients treated with β-blockers. These
hemodynamic changes were associated with a smaller increase in aortic root diameter
and fewer clinical endpoints during follow up as compared with either β-blockers or
no medical therapy. Another randomized, prospective trial assessed the effects of perindopril in 17 patients with MFS.(141) A significant improvement in the ACE-I treated
group (n=10) as compared to the control group (n=7) was noticed in relation to arterial
compliance, central and peripheral pulse wave velocities as well as aortic root diameters. In addition, perindopril reduced TGF-β expression after 24 weeks of therapy as
compared to placebo (p=0.01).(141) These two clinical trials suggest that ACE-I may offer
therapeutic benefit in MFS patients by inhibiting angiotensin II expression. However, a
large prospective randomized controlled trial is needed to confirm these results.
ACE-I have shown to prevent aortic expansion and rupture in animal models of aortic
aneurysms.(145) In addition, ACE-I may lower the incidence of distal aortic disease
and may reduce the risk of abdominal aortic aneurysm rupture in humans.(105;146)
Although the short-term survival of type B acute aortic dissection is excellent, 40 % of
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patients experience aortic events, such as rupture, recurrent dissection and aneurismal
dilatation.(147-151) A retrospective study by Takeshita et al. showed that treatment with
ACE-I was associated with a significantly reduced risk of dissection related aortic events
in patients who survived aortic type B dissection.(152)

angiotensin ii type 1 receptor blocker
AT1R blockers, such as losartan and irbesartan, are used to treat hypertension and other
cardiovascular diseases when ACE-Is are not tolerated due to bradykinin-mediated side
effects like dry hacking cough.
AT1R blockers have drawn interest for treatment of MFS since Habashi et al. demonstrated in a MFS mouse model with FBN1C1039G/+ mice, the most common class of FBN1
mutation in people with MFS, that aortic medial degeneration development and TGF-β
signalling were diminished by losartan (Figure 2).(45) In addition, Habashi et al. noticed
that aortic dilatation and absolute aortic root diameter were indistinguishable between
losartan treated transgenic mice and wild-type mice and losartan seemed to prevent
elastic fibre fragmentation, which is crucial in preserving aortic wall architecture. Following this study, Brooke et al. assessed in a retrospective unblinded trial the effect of
an AT1R blocker in 18 paediatric MFS patients relative to 65 paediatric MFS patients
treated with β-blockers.(153) AT1R blocker therapy, either losartan (n=17) or irbesartan,
was prescribed in cases of rapid aortic root dilatation despite other medical therapy
(n=11), aortic root diameter approaching the threshold for surgical intervention (n=6)
or unacceptable adverse events (n=1) in conventional pharmacology. Brooke et al. noticed a significant decrease in aortic root growth rate and absolute sinotubular junction
diameter in each member of the group using AT1R blockers.
Unlike studies with the frequently used FBN1C1039G/+ mouse models, Nistala et al.
showed a less pronounced effect of losartan on aortic wall degradation in FBN1mgR/mgR
mice, whereas the effect on aneurysm expansion were comparable to treatment with
beta-blockers.(154) Nistala et al. have suggested that inhibition of aortic medial degeneration in severe MFS may require higher losartan dosage.
Habashi et al. demonstrated that dual blockade of AT1R mediated ERK1/2 activation and AT2R mediated ERK1/2 inhibition, as occurs either with the use of ACE-I in
FBN1C1039G/+ mice or the use of losartan in AT2KO:FBN1C1039G/+ mice, results in no net
change in ERK1/2 activation status.(155). This indicates that, in the presence of AT1
receptor blockade, ongoing AT2 receptor signalling is required for the attenuation of
ERK cascade. Losartan reduces ERK1/2 activation by blocking both the AT1R cascade
while simultaneously shunting angiotensin II signalling through the AT2 receptor. The
lack of effect of enalapril lack on ERK is probably attributable to the loss of AT2 receptor
signalling. The differential effect of enalapril treatment suggests that TGF-β mediated
ERK1/2 activation is the predominant driver of aneurysm progression in MFS.
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Yang et al. assessed the effect of losartan combined with doxycycline in a mouse model
of MFS and demonstrated that neither losartan nor doxycycline alone could restore vascular integrity and cell function.(128) In addition, they noticed that the combination of
losartan and doxycycline reduced the size of aneurysm throughout the life spam more
effective than single drug therapy. It did this by improving elastic fibre organization,
normalizing vasomotor function, inhibiting MMP-2 and MMP-9 expression and TGF-β
activation.(128) Currently, multiple randomized controlled trials have been initiated in
humans with MFS examining the efficacy of losartan on aortic root growth (Table 2).

calcium channel blockers
Between 10 and 20% of MFS patients do not tolerate β-blockers or these are contraindicated because of asthma bronchiale, diabetes mellitus or depression. Although
prescribed in patients with MFS, clinical data to support the use of calcium antagonists
in MFS are lacking. To date, only one small prospective observational study assessed the
effect of calcium antagonists in children with MFS.(79) In this study a calcium antagonist, most often verapamil, was prescribed to 6 patients with MFS. Due to the limited
number of patients receiving calcium antagonists, these patients were combined with
those receiving β-blockers and defined as the treatment group. Overall, the treatmentgroup was found to have a slower rate of aortic root growth when compared to an older
patient population.

nitrate
The endothelium constitutively releases vasodilators, including nitric oxide (NO), to
regulate smooth muscle contractility and thus arteriolar tone.(156) Chung et al. demonstrated that the endothelium-function and signalling of NO production is impaired
in the thoracic aorta of mice with MFS. This endothelium dysfunction is most likely due
to the downregulation of calcium-dependent endothelial NO synthase.(157) However,
the endothelium-independent vasodilatory response in a small study of 10 MFS patients
with sodium nitroprusside, a nitrate, was similar to that of 10 healthy age- and sexmatched controls, indicating normal sensitivity of smooth muscle cells to NO in MFS.
(158) To assess the effectiveness of nitroprusside in MFS on prevention of aortic dilatation, a randomised, placebo controlled trial is currently running with 30 MFS patients.
(159)

conclusion
The cardiovascular manifestations of MFS include aortic root dilatation, aortic valve
regurgitation and aortic dissection. Aortic dissection is the main cause of morbidity
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and mortality in MFS and therapeutic strategies, such as prophylactic aortic root surgery and pharmacological therapy, focus primarily on preventing the onset of aortic
dissection. Despite limited and conflicting evidence, β-blockers are regarded as the
standard medical therapy in order to delay and prevent cardiovascular complications in
MFS, including in children, in pregnant women as well as after aortic surgery. Although
there are no supporting data, the rationale of the use of β-blockers to attenuate aortic
pathology in MFS is based on reduction of stress on the proximal aorta by decreasing
inotropy, chronotropy and blood pressure.(Figure 2) So far, the only open-label randomized clinical trial assessing the effect of propranolol demonstrated a reduction in the
rate of aortic root dilatation. However, propranolol did not show any beneficial effect
on clinical cardiovascular endpoints such as aortic dissection or aortic rupture. To date,
several studies have been published regarding the effectiveness of β-blockers on cardiovascular endpoints in MFS.(27;79-82) These studies show conflicting results and none
were prospective, double blinded randomized trials.
Evidence for beneficial effect of calcium channel blockers on aortic root dilatation in
MFS is still lacking. The only trial ever assessing calcium channel blocker efficacy was
a small study whereby the treatment group was defined as patients receiving calcium
antagonists combined with patients receiving β-blockers.
A randomized trial assessing the effectiveness of nitroprusside on reducing arterial
stiffness in patients with MFS is ongoing, after few studies demonstrated an impairment
of the NO production in patients with MFS. Although β-blockers are thought to be beneficial by reducing the hemodynamic stress on the aorta, they do not prevent the development of aortic medial degeneration, the pathological substrate for aortic disease
in MFS. Recent publications have demonstrated several pathways contributing to the
development of aortic medial degeneration such as fibrillin-1 abnormalities, along with
overexpression of angiotensin II, TGF-β and MMPs (Figure 2). Improved understanding
of the histological abnormalities causing MFS has identified several potential pharmacotherapies directly targeting aortic medial degeneration. These therapies include doxycycline, statins, ACE-I and AT1R blockers.(Figure 2) In a mouse model of MFS, doxycycline
has shown to be more effective in preventing aortic aneurysm formation than atenolol
by preserving elastic fibre integrity, normalizing vasomotor function, suppressing TGF-β
activation and inhibiting MMP-2 and 9 expression. However, the efficacy of doxycycline
in preventing aneurysms in human MFS studies is conflicting.
Another potential beneficial therapy, statin, has demonstrated to slow down aortic
root dilatation rate by preserving elastin with in the aortic wall, decreasing MMP expression and reducing the expression of TGF-β in a MFS mouse model. A recent study in a
mouse model of MFS demonstrated that pravastatine treatment attenuated aortic root
dilatation to the same degree as losartan treatment. Although few clinical trials have
been conducted assessing the effects of ACE-I in MFS patients, two studies have sug-
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wu et al.
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design
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0,5- 25
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vs placebo

DB, RCT losartan
vs placebo
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6-40
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300
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diameter
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level, CA diameter
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AoR Aortic root; CA carotid artery; DB double-blind; echo: echocardiography; MRI magnetic resonance imaging; OB open label, blinded endpoints; OF open factorial;
RCT randomized controlled trial;

forteza et al.

hospital universitario vall
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mullen et al.

royal brompton harefield
foundation (the aims trial)

moberg et al.

ghent hospital (ghent marfan
trial)

detaint et al.

hospital bichat Paris (marfan
sartan)

start date

table 2 Ongoing trials assessing the effect of losartan on aortic properties in Marfan syndrome (continued)
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gested that patients treated with an ACE-I had a reduction in the aortic stiffness index,
a slower rate of aortic growth and reduced mean arterial pressure. In addition, ACE-I has
shown to reduced the risk of dissection related events in patients who survived aortic
type B dissection.
Another promising pharmacological treatment strategy targeting aortic medial
degeneration in MFS are AT1R blockers. These agents have been shown to diminish
TGF-β signalling, restore aortic wall architecture in FBN1C1039G/+ mice. In the study by
Habashi et al., aortic dilatation and absolute aortic root diameter were indistinguishable
between losartan treated transgenic and wild-type mice. Another study by Habashi et
al., demonstrated that TGF-β mediated ERK1/2 activation is the predominant driver of
aneurysm progression in MFS and is reduced by losartan, which blocks the AT1R cascade
while simultaneously shunting angiotensin II signalling through the AT2R. In contrast to
earlier studies, Nistala et al. showed a less pronounced effect of losartan on aortic wall
degradation in FBN1mgR/mgR mice, and suggested that inhibition of aortic medial degeneration in severe MFS might require higher losartan dosage. Yang et al. showed that the
combination of losartan and doxycycline reduced the size of aneurysm more effective
than single drug therapy bin a mouse model. It did this by improving elastic fiber organization, normalizing vasomotor function, inhibiting MMP-2, MMP-9 and TGF-β activation.
In a retrospective, unblinded trial, Brook et al. noticed a significant decrease in aortic
root growth rate and absolute sinotubular junction diameter in 18 paediatric patients
using AT1R blockers. These findings resulted in the initiation of multicentre randomized
controlled clinical trials assessing the effect of losartan on aortic root growth in humans
with MFS (Table 2).

exPert oPinion
The evidence for the efficacy of β-blockers on aortic root dilatation is controversial and
limited. In order to assess the efficacy of β-blockers, a randomized blinded trial with a
comparison of β-blockers and ACE-I and/or AT2 antagonists in MFS patients is needed.
However, this has become impossible as it is considered unethical to discontinue
β-blockers in patients with MFS following several studies that demonstrated a beneficial
effect of β-blockers on aortic root dilatation rate. Although β-blockers may offer some
benefit in reduction of aortic root dilatation rate in MFS patients, they do not prevent
the development of aortic medial degeneration, the underlying pathological cause for
aortic disease in MFS. Recent studies in MFS have demonstrated that a deficiency of normal fibrillin-1, due to FBN1 mutations, may lead to increased TGF-β and MMP expression,
thereby contributing to the development of aortic medial degeneration. The elucida-
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tion of these pathways has resulted in new potential pharmacotherapies targeting the
pathogenic basis for MFS for example doxycycline, statins, ACE-I and AT1R blockers.
Doxycycline and pravastatine have demonstrated to slow aortic root dilatation rate
and to preserve elastin within the aortic wall by hindering the development of aortic
medial degeneration in a MFS mouse model. Although both have shown to be beneficial
in a mouse model of MFS, translation of these agents in preventing aortic root dilatation
in patients with MFS requires prospective randomized clinical trials.
The AT1R blockers are another promising new pharmacological treatment strategy
in MFS targeting aortic medial degeneration. Several studies with the AT1R blocker
losartan have shown that medical treatment strategies targeting the specific pathogenic factors may prevent aortic root dilatation by diminishing TGF-β activity. However,
a major limitation of the study by Habashi et al., investigating efficacy of losartan, was
that prevention of aortic medial degeneration development was demonstrated in a
mouse model with one specific FBN1 mutation. In addition, Nistala et al. showed a less
pronounced effect of losartan on aortic wall degradation in FBN1mgR/mgR mice, a more
aggressive mutation, and have suggested that inhibition of aortic medial degeneration
in severe MFS may require higher losartan dosage.
In humans more than 1700 different FBN1 mutations have been reported and it is
therefore uncertain whether losartan therapy has the same effect in patients with different mutations causing MFS. It is possible that different types of FBN1 mutations cause
different molecular and biophysical outcomes, thus MFS patients using losartan might
be divided into a responder and non-responder group. These findings have resulted in
the initiation of multiple multicentre randomized controlled trials assessing the effects
of AT1R blocker on aortic root growth in humans with MFS (Table 2). The primary goal
of these trials will be to determine whether aortic root dilatation and its associated
complications are reduced in patients with MFS receiving AT1R blocker, relative to those
receiving β-blockers therapy or placebo. Secondary aims of these trials are to answer
questions such as what is the long term efficacy of AT1R blocker, what are the possible
side effects and to assess the potential of AT1R blocker to reverse aortic damage. These
trials are crucial in assessing the efficacy and safety of AT1R blocker in humans with
MFS. If AT1R blocker demonstrates therapeutic capacity, it may be the first potential
pharmacotherapy directed towards preventing phenotypes associated with MFS.
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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 dilatation 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 growth 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 growth 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 growth. 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 dilatation, 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 (7) and after prophylactic aortic root surgery (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 dilatation (15), as
well as attenuating of other clinical manifestations of MFS, including pulmonary alveolar
septation (13), 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 dilatation and aortic dissections.

methods
Patient population
In this predefined sub-study of the COMPARE trial, we included 99 adult MFS patients
from four academic centers in the Netherlands between 2008 and 2009 (Academic Medi-
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cal Center Amsterdam; St. Radboud University Medical Center Nijmegen; Leiden University Medical Center; University Medical Center Groningen) (17). In short, the COMPARE
study is a multi-center 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 criteria (18) and age ≥18 years. Exclusion criteria are angiotensin converting enzyme (ACE) inhibitor usage and previous replacement of more
than one part of the aorta. All patients were included in this substudy, irrespective of the
medication they used. 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 mostly recruited among the spouses,
who were not suspicious of having MFS. A couple of healthy controls were non-affected
siblings of MFS patients, who were excluded of having MFS by a clinical geneticist,
cardiologist and ophthalmologist from the Marfan outpatient screening clinic in the
Academic Medical Centre Amsterdam (The Netherlands).

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 judgment of treating cardiologists 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 study, the echocardiogram
made before surgery was used if available, patients with aortic root replacement just
after the first echocardiography were excluded from this analysis. The follow-up period
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varied between two and five years, therefore the absolute growth in millimeter (mm)
was divided by 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 analyzed by a
single observer (RF).

statistical analysis
Data are presented as mean value ± standard error of the mean or 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 dilatation
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 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). 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
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controls were comparable for age (36 years, SEM = 1 versus 34 years, SEM = 2, p = 0.27)
and gender (58% versus 55%, p = 0.8). The use of cardiovascular drug therapy and previous cardiovascular surgery were only observed in MFS patients. Baseline demographics
of the study population are provided in Table 1.
table 1 Baseline characteristics of the study population.
variables

mfs patients n = 99

Age (years)

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 (a)

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 (b)

3 (3%)

Distal aortic graft

1 (1%)

cardiovascular medicine
β-blockers

73 (74%)

Calcium channel 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.
a = 5 of 99 patients did not have FBN1 diagnostics
b = 1 of 3 patients also had had a Bentall procedure

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 flecainide (Table 1). Patients using
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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 (r = 0.17, p = 0.07) as well as in
healthy controls (r = 0.2, p = 0.35).

figure 1
A: Mean and standard error of the mean of total TGF-β plasma levels in patients with Marfan syndrome
(MFS) (black box), healthy controls (white box), MFS patients without cardiovascular (CV) drugs (dark gray
box) and MFS patients with β-blocker use (light gray box).
B: Relation of plasma TGF-β levels and age in patients with Marfan syndrome (MFS) in black dots and
healthy controls in white dots.

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 with aortic root
repair and compared to the patients with their native aortic root. In patients without
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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) (r < 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).

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).

tgf-β levels and follow-uP
Figure 3A shows a significant correlation between circulating TGF-β levels and aortic
root growth in patients with MFS after a mean follow-up of 3 years (n = 67, r = 0.42,
p < 0.001). In total 28 patients were excluded from this analysis because they already
had undergone aortic root surgery previous to the study, another four patients were
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excluded from this analysis because they were sent to surgery just after the first echocardiography. Univariate analysis of gender, age, BSA and aortic root dimensions as
predictors for aortic root growth (mm/year) are described in Table 2. Besides plasma
levels of TGF-β no other significant predictor for aortic root growth in our cohort was
found. Correction for β -blocker usage revealed that TGF-β level was the sole independent parameter associated with aortic root growth (β = 0.45, SEM < 0.001, p < 0.001).
Subanalyses in patients with and without β-blocker treatment revealed similar results
with regard to TGF-β and aortic root growth (n = 49, r = 0.50, p < 0.001 versus n = 18, r
= 0.32, p = 0.20). Subanalyses in patients with and without losartan treatment showed
similar results with regard to TGF-β and aortic root growth (n = 40, r = 0.42, p = 0.006
versus n = 27, r = 0.41, p = 0.04).
table 2 Univariate analysis for predictors for aortic root growth and clinical events.
aortic root growth

clinical events

β

p

β

p

Gender

- 0.06

0.62

0.12

0.24

Age

- 0.1

0.94

- 0.07

0.48

Body surface area

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

Aortic root diameter (mm) by echo

0.07

0.58

baseline characteristics

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).
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figure 3
A: Correlation between total plasma TGF-β
levels and aortic root growth in mm/year
measured by echocardiogram in patients
with Marfan syndrome.
B: Area under curve (AUC) shows sensitivity and specificity of TGF-β as predictive
value for the combined primary endpoint
elective aortic root replacement and aortic dissection.
C: Kaplan–Meier curve shows percentage
freedom of events of TGF-β < 140 pg/ml
and TGF-β > 140 pg/ml. Numbers of patients at risk of events are demonstrated
below the figure.
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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 growth 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 dilatation 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 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 dilatation (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 signaling molecules, transcription factors SMAD 2/3 (13,15,16,30).
Haskett et al. demonstrated in MFS mice that disruption in the elastic lamina of nonaneurismal 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 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 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 dilatation (15) and other clinical features in MFS
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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 diseases such as myocardial fibrosis, however in this young
cohort with cardiovascular management, 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 demonstrated in their human cohort (16). In our study, we did find a
significant correlation 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 with a tendency toward lower TGF-β levels (16). ACE inhibitors prevent
angiotensin II conversion leading to reduced signaling via both angiotensin receptor
types 1 and 2, while losartan only inhibits the type 1 receptor. Both medications will give
lower TGF-β production, however, the signaling 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. In our
subanalysis in this study we found similar results for patients with and without losartan
or β-blocker treatment regarding TGF-β and aortic root growth. This suggests that TGF-β
corresponds to aortic root growth irrespective to the use of cardiovascular medication.
To our knowledge, the observed correlation in our study between TGF-β and progressive
aortic root growth – 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 or it may be
due to permanent wall damage in other parts of the aorta. Furthermore, TGF-β levels
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 might be an even more comprehensive pathway leading to the cardiovascular
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 mean time 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 growth 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 centers, and normalized standards should
be determined by each individual centre. Asymmetrical shape of 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 growth 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
Purpose
To assess reproducibility of aortic volume estimates and test its use serially in Marfan
patients.

materials and methods
The study was approved by the medical ethics committee and all subjects gave written
informed consent. In 81 Marfan patients, 7 healthy control subjects and in 22 Marfan patients at baseline and at 3 year follow-up, aortic volumes and diameters were estimated
by contrast enhanced magnetic resonance imaging. Total aortic volume was defined as
volume measurement starting at the level of the aortic annulus up to the aortic bifurcation. Intra- and interobserver agreement of aortic volume calculation was calculated
by intraclass correlation coefficients (ICC). Differences in variables were analyzed with
Student’s t-test and logistic regression. Effect size was calculated.

results
Intra- and interobserver agreement of aortic volume calculation was respectively
ICC=0.996 and ICC=0.980. Mean aortic volume was significantly greater in Marfan patients than in controls, respectively 104 ml/m² (95 % CI: 95 - 114 ml/m²) versus 74 ml/m²
(95 % CI: 62 - 87 ml/m²), p<0.001. In 22 Marfan patients, mean aortic volume increased
in 3 years with 17 ml (95 % CI: 8 - 26 ml, p=0.001, effect size 0.29), while mean aortic
diameter did not increase significantly (0.4 mm, 95 % CI: 0.0 - 0.9 mm, p=0.171, effect
size 0.13).

conclusion
Assessment of aortic volume is highly reproducible and may be suited for the detection
of aortic expansion in patients with Marfan syndrome.
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introduction
Marfan syndrome (MFS) is an autosomal dominant systemic connective-tissue disorder
caused by mutations in the fibrillin-1 gene with an incidence of approximately 2-3 per
10 000 individuals.(1) In patients with MFS the aorta gradually dilates, ultimately leading
to aortic aneurysm formation and aortic dissection. Aortic complications are the leading cause of morbidity and mortality in patients with MFS.(2;3) With the introduction of
prophylactic aortic root surgery at an aortic root diameter of 4.5–5.0 cm, type A aortic
dissection can be prevented effectively and life expectancy has increased significantly.
(4-6) Prolonged longevity in MFS has shown that aortic complications are not limited
to the aortic root and can occur throughout the entire aorta.(7) Therefore, it is recommended to visualize the total aorta by magnetic resonance imaging (MRI) or computed
tomography (CT) at regular intervals.(8) However, complications in the aortic trajectory
beyond the aortic root proof to be very difficult to foresee by measuring diameters.(9)
Therefore, aortic diameter assessment in the aortic trajectory without localized aneurysms may not be a good marker for the extent of aortic disease. Volume measurement
of the aorta could potentially reflect the extent of aortic disease more sensitively. The
purpose of our study is to assess reproducibility of aortic volume estimates and test its
use serially in Marfan patients.

materials and methods
Analysis software for evaluation of functionality used in this study was 3Mensio Vascular
(3Mensio Medical Imaging, Bilthoven, the Netherlands) and was provided without cost.
Authors had full control of the data and information at all times

study subjects
The study was approved by the Academic Medical Center medical ethics committee and
all participating subjects gave written informed consent. Between January 2008 and
March 2010 total aortic volume and aortic diameters were measured in 81 patients with
MFS by contrast enhanced three dimensional magnetic resonance imaging (3D-MRI). All
patients were participants of the COMPARE study, which studies the effect of losartan on
the aortic expansion rate in patients with MFS.(10) The inclusion criteria were diagnosis
of MFS according to the Ghent criteria,(11) aortic root diameter < 50 mm, a maximum
of 1 vascular prosthesis, absence of aortic dissection and an age of 18 years or older.
Twenty patients had prophylactic aortic root replacement before the study started and
eight patients underwent aortic root replacement during the study. All twenty-eight
patients were operated due to progressive aortic root dilatation. Medical history and
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standardized measurements of height and weight were obtained from patients’ medical
charts. See Table 1 for patient characteristics.
Total aortic volumes and aortic diameters of a subpopulation of 22 MFS patients
without a history of aortic surgery were compared with those of seven sex and age
matched controls in whom aortic pathology was definitely ruled out. The 22 MFS patients underwent a second contrast enhanced 3D-MRI after 3 ± 0.2 years of follow up. In
this follow up cohort aortic expansion rate measured by means of aortic diameter and
aortic volume was calculated.

magnetic resonance imaging
All MRI scans were obtained in a single center (AMC, Amsterdam, The Netherlands)
and acquired by a standardized commercial available protocol with a 1.5 Tesla MR
system (Avanto, Siemens, Erlangen, Germany) 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 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). Breath-holding at end-inspiration was performed. Contrast enhanced MRA was
obtained by imaging the aorta continuously and subsequently triggered by scout imaging of the contrast bolus in the ascending aorta and aimed to visualize the total aorta
during first pass of the contrast bolus in the aorta. The contrast enhanced MRA of the full
aorta was acquired by means of a non-ECG gated 3D, T1-weighed, spoiled gradient-echo
sequence (FLASH3D: Flip Angle 25 degrees, Field of View 400-500 mm, matrix 348x227,
80 slice/slab, phase percentage 60-80%, 10% slice oversampling) with correction for
gradient non-linearity and without zero-filling. This resulted in a near isotropic resolution of 1.4x1.3x1.4 mm/voxel. In order to perform valid volume assessment of the total
aorta, (starting at the level of the aortic annulus and ending at the level of the aortic
bifurcation) it was mandatory to visualize both the carotid vessels and iliac arteries on
the contrast enhanced MRA. Aortic root size was measured 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 (Slice thickness 6 mm, Flip Angle 80 degrees, Field
of View 340 mm, matrix 256 x 192, 25-50 frames per cardiac cycle, resulting in spatial
resolution of 1.8x1.8x6.0 mm/voxel) during end-expiration.

image processing
The datasets were evaluated independently in a random order by two observers (AdH,
PdW), both with two years of experience in cardiovascular imaging. Evaluation of data
was supervised by cardiologist (MG) with over 15 years of experience in MFS and cardio-
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vascular imaging. Vessel analysis software (3mensio vascular, 3mensio Medical Imaging
BV, Bilthoven, the Netherlands) was used to calculated aortic volumes.(12) Images were
loaded in the software with window and level settings acquired from the DICOM data.
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.(Figure 1) A complete set of multi-planar
reformats were 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 in four cross-sections a cut off line between the enhanced aortic lumen voxels
and the surrounding voxels.(Figure 1)
The volume of the contrast-enhanced aortic lumen was reconstructed from the
individually segmented axial slices. Aortic diameters were assessed at six landmark
levels; the aortic root (greatest diameter of three cusp - cusp dimensions in diastole),
the ascending and descending thoracic aorta at the level of the pulmonary bifurcation,
the aortic arch, at the level of the diaphragm and the abdominal aorta. Aortic diameters
beyond the aortic root were measured with electronic calipers perpendicular to the
aortic lumen (inner wall to inner wall) in the long axis of a maximum intensity projecting of a contrast enhanced MR image. (Figure 2a and 2b) Where in doubt, multi-planar
reconstructions were used to assess diameter. Mean aortic diameter was calculated as
the average of these six measurements.
Intra- and interobserver agreements of aortic volume and diameter were determined
by analyzing 10 individual datasets twice by one observer (WvdS) and once by another
observer (PdW). Repeated measurements were obtained in a random order without
knowledge of the previous values.

statistical methods
Statistical analysis was performed by using SPSS (SPSS, release 17.0 for Windows; SPSS,
Chicago, IL). Normally distributed quantitative data are expressed as mean and 95 % CI.
Intra- and interobserver agreements of aortic diameter and total aortic volume were determined with intraclass correlation coefficients (ICC) and processed in a Bland-Altman
plot. Correlations in patients’ characteristics were sought with Pearson’s correlation
coefficient. Differences in variables within the group were compared with Student’s
t-test and logistic regression. Effect sizes of aortic diameter and aortic volume to detect
aortic growth were calculated as the ratios’ of the mean difference between baseline
and follow-up measurements divided by the pooled standard deviation. Effect sizes
were compared using a t-test, which is described in Appendix I. P-values smaller than
0.05 were considered to be statistically significant.
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figure 1 View of the aorta during processing
View of post processing software where seeding points are placed manually in the axial, the sagittal and
the coronal plane of the contrast enhanced lumen of the aorta. Next to it a multi-planar reconstructed
stretched view of an aorta with manually placed cut off lines.

Aortic volume assessment for surveillance of aortic disease in Marfan syndrome

figure 2a Maximum intensity projecting showing
the aorta of a patient with Marfan syndrome
At indicated levels aortic diameter was calculated.
A = Ascending aorta
B = Arch of the aorta
C = Descending aorta
D = Aorta at level of the diaphragm
E = Abdominal aorta

figure 2b MR image showing an aortic root in the
short axis of a patient with Marfan syndrome
Greatest aortic root diameter was used of 3 measured distances.
1 = right coronary cusp – left coronary cusp
2 = non coronary cusp – left coronary cusp
3 = non coronary cusp – right coronary cusp

results
Results are shown in Table 1. Mean aortic volume and mean aortic diameter of the 81
MFS patients were respectively 231 ml (95 % CI: 218 - 245 ml) and 25.7 mm (95 % CI:
25.1 - 26.4 mm). No aortic aneurysms between measured levels were detected.
Intra-and interobserver variability of aortic volume determined in 10 MFS patients
were respectively 4.63 ml (SD=4.82 ml, ICC=0.996) and 0.06 ml (SD=11.96 ml, ICC=0.980)
and were as reproducible as mean aortic diameter measurements, respectively 0.2 mm
(SD=0.38 mm, ICC=0.974) and 0.03 mm (SD=1.0 mm, ICC=0.901).(Table 2, Figure 3a and
3b)
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table 1 Patient characteristics
marfan patients
n

81

Age (years)

34 (32-37)

Male (%)

43 (53)

Length (cm)

188 (186 – 191)

Weight (kg)

77 (73 – 80)

Body Surface Area (m2)

2.0 (1.95 – 2.05)

Prior aortic root replacement (%)

20 (25)

aortic volume (av)
- AV normalized for BSA (ml/m²)

116 (109 – 122)

- AV normalized for BSA in males (ml/m²)

119 (112 – 127)

- AV normalized for BSA in females (ml/m²)

111 (100 – 122)

aortic diameter normalized for bsa
- Aortic root (mm/m²)

20.9 (19.9 – 21.8)

- Ascending aorta (mm/m²)

14.4 (13.9 – 14.9)

- Aortic arch (mm/m²)

12.0 (11.6 – 12.4)

- Proximal Descending aorta (mm/m²)

11.9 (11.5 – 12.4)

- Aorta at level of Diaphragm (mm/m²)

10.3 (9.8 – 10.8)

- Abdominal aorta (mm/m²)

8.4 (8.0 – 8.8)

- Mean aortic diameter (mm/m²)

12.9 (12.6 – 13.3)

Values are expressed as mean and (95 % CI) or n (%), n denotes number of patients

table 2 Intra-observer and inter-observer variability of aortic volume and aortic diameter of 10 patients
with Marfan syndrome
intra-observer variability
aortic:

measurement 1

icc

measurement 2

-Volume (ml)

219 ± 55

215 ± 54

0.996

-Mean diameter (mm)

28.8 ± 1.7

28.6 ± 1.6

0.974

inter-observer variability
observer 1

observer 2

-Volume (ml)

186 ± 57

186 ± 60

0.980

-Mean diameter (mm)

28.8 ± 1.7

28.6 ± 2.2

0.901

Values are expressed as mean ± SD or n (%), ICC denotes intraclass correlation coefficient

Aortic volume and mean aortic diameter were associated with Body Surface Area
(BSA), respectively R=0.43, p<0.001 for both.(Figure 4a and 4b) The association of aortic
volume and age was comparable with the association of mean aortic diameter and age,
respectively R=0.55 and R=0.56, p<0.001 for both.
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figure 3a Intra-observer variability
of aortic volume measurements in
10 patients with Marfan syndrome

3

figure 3b Inter-observer variability
of aortic volume measurement in 10
patients with Marfan syndrome

Aortic volume corrected for BSA and mean aortic diameter corrected for BSA in 22
Marfan patients were significantly greater than in seven sex and age-matched controls,
respectively 104 ml/m² (95 % CI: 95 - 114 ml/m²) versus 74 ml/m² (95 % CI: 62 - 87 ml/
m²), p<0.001 and 12.5 mm/m² (95 % CI: 12.1 - 12.9 mm/m²) versus 11.4 mm/m² (95 % CI:
10.3 - 12.5 mm/m²), p=0.042.(Table 3)
Multiple logistic regression analysis showed that aortic volume corrected for BSA
could discriminate between MFS patients and controls, while mean aortic diameter corrected for BSA could not, respectively OR 0.881 (95 % CI: 0.810 - 0.959, p=0.003) vs OR
0.571 (95 % CI: 0.257 -1.266, p=0.167).
In 22 patients with MFS, mean aortic volume increased in 3 years with 17 ml (95 %
CI: 8 - 26 ml, p=0.001, effect size 0.29), while mean aortic diameter did not increase significantly, respectively 0.4 mm (95 % CI: 0.0 - 0.9 mm, p=0.171, effect size 0.13).(Table 4)
Mean aortic diameter corrected for BSA in Marfan patients with prior aortic root
replacement was comparable with Marfan patients without aortic root replacement,
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figure 4a Correlation between
body surface area and aortic volume in 81 patients with Marfan
syndrome.

figure 4b Correlation between
body surface area and mean aortic
diameter in 81 patients with Marfan
syndrome.

respectively 12.5 mm/m² (95 % CI: 11.6 - 13.5 mm/m²) versus 13.1 mm/m² (95 % CI: 12.7
- 13.5 mm/m²), p=0.238, while total aortic volume corrected for BSA was greater in MFS
patients with prior aortic root replacement as compared to patients without aortic root
replacement, respectively 127 ml/m² (95 % CI: 109 - 145 ml/m²) versus 112 ml/m² (95 %
CI: 105-118 ml/m²), p=0.040.(Table 5)
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table 3 Aortic dimensions of 22 patients with Marfan syndrome and 7 controls
marfan
n
Age (years)
Male (%)

controls

P- value

22

7

18 – 31

18 – 31

0.092

12 (55)

5 (71)

0.430

1.95 (1.85 – 2.03)

1.96 (1.73 – 2.21)

0.856

- Aortic root (mm/m²)

22.9 (22.1 – 23.7)

16.5 (14.5 – 18.4)

<0.001

- Ascending aorta (mm/m²)

13.2 (12.6 – 13.9)

13.7 (11.6 – 15.8)

0.637

- Aortic arch (mm/m²)

11.0 (10.7 – 11.4)

11.7 (10.7 – 12.8)

0.175

- Proximal Descending aorta (mm/m²)

11.2 (10.6 – 11.4)

10.3 (8.9 – 11.7)

0.201

- Aorta at level of Diaphragm (mm/m²)

9.3 (8.9 – 9.7)

9.3 (8.2 – 10.3)

0.912

Body Surface Area (m²)
Aortic diameter normalized for BSA

- Abdominal aorta (mm/m²)
- Mean aortic diameter (mm/m²)
Aortic volume normalized for BSA (ml/m²)

7.7 (6.9 – 8.5)

6.9 (6.3 – 7.5)

0.078

12.5 (12.1 – 12.9)

11.4 (10.3 – 12.5)

0.042

104 (95 – 114)

74 (62 – 87)

<0.001

Values are expressed as mean and (95 % CI) or n (%), n denotes number of patients
table 4 Aortic growth of 22 patients with Marfan syndrome in 3 years
aortic dimensions (mm)

baseline

follow up

growth

effect size

- Aortic root

44.3 (42.5 – 46.1)

44.9 (42.3 – 47.5)

0.7 (-1.0 – 2.1)

0.10

- Ascending aorta

25.6 (24.4 – 26.9)

26.6 (25.1 – 28.2)

0.9 (-0.2 – 2.1)

0.28

- Aortic arch

21.4 (20.4 – 22.4)

21.4 (20.5 – 22.3)

0.0 (-0.8 – 0.8)

0.0

- Proximal Descending aorta

21.7 (20.4 – 23.1)

22.0 (20.4 – 23.7)

0.3 (-0.4 – 1.1)

0.08

- Aorta at level of Diaphragm

18.0 (17.2 – 18.9)

18.4 (17.6 – 19.3)

0.4 (-0.2 – 0.9)

0.16

- Abdominal aorta

15.0 (13.4 – 16.5)

15.4 (13.8 – 17.6)

0.4 (-0.6 – 1.4)

0.11

- Mean aortic diameter

24.3 (23.3 – 25.2)

24.6 (23.6 – 25.7)

0.4 (0.0 – 0.9)

0.13

203 (183 – 224)

220 (194 – 246)

17 (8 – 26)

0.29

Aortic Volume (ml)

Values are expressed as mean and (95 % CI)
table 5 Aortic volume in 81 patients with and without aortic root replacement
aortic root replacement
Age (years)
Male (%)

P- value

Yes (n=20)

No (n=61)

37

34

0.298

13 (65)

30 (49)

0.219

257 (224 – 289)

223 (208 – 237)

0.057

127 (109 – 145)

112 (105 – 118)

0.040

aortic:
-Volume (ml)
-Volume normalized for BSA (ml/m²)
-Mean Aortic Diameter (mm)

25.2 (23.9 – 26.6) 25.9 (25.2 – 26.6)

0.362

-Mean Aortic Diameter normalized for BSA (mm/m²)

12.5 (11.6 – 13.5) 13.1 (12.7 – 13.5)

0.238

Values are expressed as mean and (95 % CI) or n (%), n denotes number of patients
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discussion
In this study we have shown good reproducibility of total aortic volume assessment. A
significant difference in aortic volume between patients with global aortic pathology
and without aortic pathology could be demonstrated. Furthermore, we demonstrated a
superior effect size of aortic volume assessment over diameter assessment in total aortic
expansion rate by serial imaging at three years follow-up.
Reproducibility of aortic volume assessment in our study was comparable to reproducibility of volume measurements in abdominal aneurysms.(13-15) However, these
studies used CT images for aortic volume rendering. MRI offers the advantage of lack
of ionizing radiation exposure, important in relatively young MFS patients who will be
receiving frequent examinations during their lifetime.
In daily clinical practice, Marfan patients undergo MRI of the entire aorta at regular
intervals, as advocated by current guidelines.(16;17) Generally, aortic diameter is measured at several aortic levels to quantify the extent of local aortic disease. Comparison
of aortic diameter at several levels in MFS patients with a limited number of controls
(Table 3) did only show significant differences at the level of the aortic root, which is a
major clinical feature of MFS. Still, mean aortic diameter remained significantly larger in
MFS, although the differences in aortic root size were somewhat averaged out (Table 3).
In 3 years time, the only significant increase in aortic diameter in MFS patients could be
shown at the level of the ascending aorta (Table 4).
Although we do not advocate follow up of known aortic aneurysms by this method,
we assessed the extent of total aortic disease in MFS patients by estimates of mean
aortic diameter and total aortic volume. This was performed in MFS patients without
localized aneurysms beyond the aortic root. Management of localized aortic aneurysms
(as in the aortic root) is still based on the measurement of local aortic dimensions. However, a measure of total aortic size is relevant for estimation of extent and progression of
aortic disease, both in clinical studies and clinical practice. Aortic volume measurement
could limit follow-up time and sample size in clinical trials where the effect of medicinal
therapy on aortic dilatation rate is assessed or to estimate the amount of aortic disease
beyond the aortic root.(10)
The ‘mean aortic diameter’ is a mere approximation of total aortic volume, because of
a very limited ‘sample size’ (six in case of mean aortic diameter and almost unlimited in
case of volume assessment). Hence, no statistically significant differences in mean aortic
diameter between MFS patients and controls could be demonstrated. On the contrary,
by means of aortic volume assessment, a statistically significant difference between MFS
patients and controls was shown. Repeated assessment of aortic diameters, especially
beyond the aortic root, do not often show an increase in aortic size. Accordingly, total
aortic expansion rate measured by mean aortic diameter was very small (0.1 mm/year)
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in our study and could easily be attributed to patient-, equipment- or technician dependent factors. Total aortic expansion rate became more obvious when aortic volume was
assessed (5.6 ml/year).
Aortic volume in operated MFS patients was significant different from non-operated
patients, which could not be shown by aortic diameter measurement. MFS patients with
prophylactic aortic root surgery have a more complicated clinical course.(7) However,
complications in the aortic trajectory beyond the aortic root proof to be very difficult
to predict by measuring aortic diameters.(18) Future studies are needed to assess the
predictive value of aortic volume on aortic complications, such as aortic dissection
beyond the aortic root.

study limitation
Till date, reference values for total aortic volume have not previously been established in
the literature. Therefore, the main limitation of our study is the absence of an independent reference standard for aortic volume. Furthermore, a control group of 7 individuals
to calculate aortic volume must be regarded as very small.
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aPPendix i - definition and comParison of the effect sizes of
aortic diameter and aortic volume growth.
Because aortic diameters and aortic volumes are measured on different scales we calculated the extent of change as the ratio of the difference between the baseline and
follow-up means over the pooled standard deviation of the volumes/diameters. Thus,
the statistic then equals

3
Where
is the mean at baseline,
is the mean at follow up and S the (pooled) standard deviation. In that case we may write
the variance of d as follows

where n is the sample size, and r is the correlation between baseline and follow up
measurements.
To compare the effect sizes of the diameters, ddiameter, and of the volumes, dvolume ,
we calculated the test statistic

where the variance of the difference, var(ddiameter-dvolume), equals
var(ddiameter-dvolume)=2*{(1-rdiameter)+(1-rvolume)-(rd,v-r’d,v)} / n
and where rdiameter is the correlation between baseline and follow-up diameters,
rvolume is the correlation between baseline and follow-up volumes, rd,v is the (pooled)
correlation between diameter and volume at the same time (either at baseline or at
follow-up) and r’d,v is the correlation between volume and diameter measured at different times. We assumed that our t-statistic followed approximately a normal distribution.
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abstract
background
Aortic complications beyond the ascending aorta have become a major clinical problem
in patients with Marfan syndrome.

objectives
To identify clinical parameters associated with type B aortic dissection and to develop a
risk model to predict type B aortic dissection in patients with Marfan syndrome.

methods
Marfan patients attending a Dutch Marfan clinic were recruited. Association of type B
aortic dissection with several clinical parameters was assessed. A risk model was developed to predict type B dissection.

results
Between 1998 and 2013, 54 type B aortic dissections occurred in 600 Marfan patients
(36±14 years, 52% male). Independent variables associated with type B aortic dissection were (A) prior prophylactic aortic surgery (HR:2.1; 95%CI:1.2-3.8; p=0.010), and (B)
a proximal descending aorta diameter ≥27mm (HR:2.2; 95%CI:1.1-4.3; p=0.020). In our
risk model, the 10 years occurrence of type B aortic dissection in the low, moderate,
and high risk patients was 6%, 19%, and 34%, respectively. Angiotensin-II receptor
blocker therapy was associated with less type B aortic dissections (HR:0.3; 95%CI:0.1-0.9;
p=0.030).

conclusions
Marfan patients with prior prophylactic aortic surgery are at substantial risk for type B
aortic dissection, even when the descending aorta is only slightly dilated. Angiotensin-II
receptor blocker therapy may be protective in the prevention of type B aortic dissections.
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introduction
Life expectancy of patients with Marfan syndrome (MFS) has improved due to a more
aggressive surgical approach in prophylactic aortic root and ascending aorta replacement (AoRR).(1) However, increased longevity of MFS patients has revealed an increased
occurrence of complications beyond the ascending aorta (hereafter mentioned as ‘distal
aorta’).(2;3) Current surgical guidelines advocate prophylactic surgery of the distal aorta
when the diameter exceeds 50mm.(4;5) However, type B aortic dissection, currently defined as aortic dissection not involving the ascending aorta, occurs frequently without
significant aortic dilatation in MFS.(2;6) In the present study we investigated the association of type B aortic dissection in MFS patients with clinical parameters, including
genetic analysis, aortic dimensions and elastic properties. Furthermore, we established
a risk model to predict the occurrence of type B aortic dissection in adult MFS patients.

methods
study design and participants
We included all adult patients who were diagnosed with MFS by a multidisciplinary
Marfan screening team according to the Revised Ghent criteria.(7) Included patients had
to attend one of the four Dutch university Marfan screening clinics between 1998 and
2013, in which period one or more scans of the total aorta should have been acquired
either by means of Magnetic Resonance Imaging (MRI) or Computed Tomography (CT).
Patients with evidence of aortic dissection on the first available MRI or CT images were
excluded. Starting point of the study was defined as the date of the first available aortic
images (MRI or CT). Endpoints were the occurrence of type B aortic dissection or the
combined endpoint, defined as the first of the following events: type B aortic dissection,
distal aortic surgery or death. Type B aortic dissection was defined as a dissection of the
descending aorta without involvement of the ascending aorta, which had to be confirmed by MRI or CT.(8;9) Patients in whom type A aortic dissection (with involvement of
the ascending aorta) occurred during the study, were censored. Patient demographics,
medicinal treatment, surgical history, the presence of a FBN1 mutation, date of type B
aortic dissection and family history were obtained from patients’ medical charts. In patients negatively tested for a FBN1 mutation, the TGFBR1, TGFBR2, TGFB2, MYH11, MYLK1,
SMAD3, ACTA2 genes were subsequently screened. Patients with a mutation leading
to another connective tissue disease than MFS, such as Loeys-Dietz syndrome, were
excluded from analysis. Aortic diameters were measured from the first and last available
MRI and/or CT scan during follow-up and aortic dilatation rates were calculated. The
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study was conducted in accordance with all human research regulatory guidelines and
the institutional conduct code for health related research.

image analysis
Standard, commercially available, non ECG gated imaging techniques were used for aortic imaging: three
dimensional Gadolinium enhanced spoiled gradient
echo for MRI and contrast enhanced imaging for CT. In
a subset of patients, ECG gated MR CINE imaging was
performed perpendicular to the descending aorta at the
level of the pulmonary artery as described earlier.(10)
Diameter measurements were performed by one analyst
(AWdH) on multiplanar MRI/CT reconstructions from
inner to inner edge. The largest diameter was measured
in the following aortic segments: (1) from the origin of
the brachiocephalic trunk to the origin of the subclavian
artery (aortic arch), (2) from the origin of the subclavian
artery to the diaphragm (descending thoracic aorta),
and (3) from the diaphragm to the aortic bifurcation
(abdominal aorta).(Figure 1)
The frequency of the following aortic characteristics
was determined: (A) global dilatation of the descending
aorta (defined as an aortic diameter in ≥2 segments
above the normal mean(11;12)), (B) aortic diameter
above the upper limit of normal (≥27mm(11)) and aortic
diameter above the optimal cut-off point derived from
the ROC curve, (C) presence of an aortic ‘hump’ (defined
as a local increase of ≥1 mm in aortic diameter within
a segment).(Figure 3) Aortic distensibility was calculated
by one analyst (AWdH) from MRI CINE images and noninvasively measured blood pressure during MR imaging,
as described earlier.(13)

figure 1 This image shows a 3D
MR image of the aorta in the long
axis of a patient with Marfan syndrome

statistical analysis
Data analysis was performed using the SPSS statistical package (20.0 for windows; SPSS
Inc., Chicago, Illinois, USA). Continuous variables were expressed as mean ± standard
deviation (SD). Categorical variables were summarized as number with percentage.
Cox proportional hazard analysis was used to identify determinants of type B aortic dissection or the combined outcome. The risks were expressed as hazard ratios (HR) with
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corresponding 95% confidence intervals (95%CI). Quantitative risk factors were dichotomized. Relevant cut-off values were obtained by plotting a ROC curve and assessing the
area under the curve (AUC) at fixed times points during follow-up. Aortic diameter was
dichotomized depending on the upper limit of the normal range (<27mm or ≥27mm
(11)). Aortic dilatation rate and distensibility were dichotomized using a threshold maximizing the concordance statistic of the Cox regression model.
Two analyses were performed. In the first analysis patients were followed from the
date of the first available MRI/CT images onwards until the occurrence of an event or
end of follow-up. In the type B aortic dissection analysis, MFS patients who died without
the occurrence of type B aortic dissection were censored at date of death. Prophylactic
aortic surgery during follow-up and aortic dilatation rate was used as a time dependent
covariate.
In the second analysis, patients were followed from the date of the last available MRI/
CT imaging onwards. In this second analysis, prophylactic aortic surgery occurring
before the date of the last available MRI/CT images, and aortic dilatation rate, were
included as baseline predictor variables.
Variables with a p-value ≤0.20 in univariable analyses were considered in multivariable models. Missing data were imputed five times and the regression parameters were
estimated by the mean of the 5 imputation results. The multivariable Cox model on the
selected determinants was analyzed with a forward conditional algorithm on each of
the 5 imputed datasets. The final model included all predictor variables selected in at
least one of the imputed datasets.

risk model
A risk model to predict type B aortic dissection in MFS patients from the date of the first
available aortic images onwards was developed. In the risk model, clinical variables that
were independently associated with type B aortic dissection were included. We did not
consider medicinal treatment as a prognostic variable in this risk model. To facilitate
quick risk stratification we simplified the regression model by rounding the estimated
regression parameters to the nearest integer values. Consequently, the risk score of
an individual patient equals the number of risk factors in the patient, weighted with a
simple integer value. To assess the discriminatory ability of the risk model we compared
the Kaplan-Meier curves of the cumulative type B aortic dissection risk in the different
risk strata (% with standard error). We also calculated the c-statistic of the risk model.(14)
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results
Patients
A total of 646 adult MFS patients visited one of the participating centres between 1998
and 2013. Of these 646 MFS patients, 46 patients were excluded due to a type A aortic
dissection prior to first available aortic imaging by MRI or CT. No aortic arch dissections
occurred. In the remaining 600 adult MFS patients (36±14 years, 52% male) aortic diameters, dilatation rate and distensibility were available in respectively 532 (89%), 423
(71%) and 140 (23%) patients. Aortic imaging by MRI was available in 500 patients (94%)
and by CT in 32 patients (6%). FBN1 mutation analysis was available in 542 patients
(90%) and a FBN1 mutation was found in 446 patients (83%). At baseline, ≥1 prophylactic
aortic surgery had been performed in 143 MFS patients (24%; prophylactic AoRR n=134;
distal prophylactic aortic surgery n=2; prophylactic AoRR and distal aortic surgery n=7).
Baseline characteristics are summarized in Table 1.

outcomes
Type B aortic dissection
During a median follow-up of 6.0 years from first available images onwards (3639 personyears), 2 type A aortic dissections (0.05%/year) and 54 type B aortic dissections (1.5%/
year) occurred. Sixty-six patients underwent prophylactic aortic surgery (1.8%/year;
prophylactic AoRR n=52, prophylactic distal aortic surgery n=13; prophylactic AoRR and
distal aortic surgery n=1). Out of a total of 9 deaths (0.25%/year), 5 were MFS related. Two
patients died as a result of multiple distal aortic surgeries after type B aortic dissection,
one patient died as a result of heart failure following multiple aortic surgeries after type
A aortic dissection, one patient died as a result of heart failure with multi organ failure
9 months after re-operation of the AoRR, and 1 patient refused treatment before and
after type B aortic dissection and subsequently died. The remaining 4 patients died from
intestinal surgery, traumatic brain injury, neurological disorder, or an unknown cause.
In 48 patients (89%) the origin of the type B aortic dissection was the proximal descending aorta and in 6 patients (11%) the origin was either the distal descending thoracic aorta or the abdominal aorta. In 30 MFS patients (56%), AoRR had been performed
before type B aortic dissection occurred. In the remaining 24 MFS patients (44%), type B
aortic dissection was the first aortic complication.
In univariate Cox analysis, type B aortic dissection was associated with prior prophylactic aortic surgery, greater aortic diameter in all segments, decreased distensibility and
global aortic dilatation (Table 1). Faster aortic dilatation rate was also associated with
type B aortic dissection.(Table 2) The optimal cut-off values to discriminate between
high and low risk for type B aortic dissection were: a descending thoracic aortic diameter
≥27mm, an aortic dilatation rate of ≥0.5 mm/year and aortic distensibility of <2.5•10-3
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table 1 Baseline characteristics and associations with type B aortic dissection of 600 Marfan patients at the
time of the first available aortic images

total
cohort

b
dissection

no b
dissection

univariable analysis

600

54

546

Age (years)

36 ± 14

37 ± 14

36 ± 14

1.0 1.0 - 1.0

0.317

Male

312 (52)

30 (57)

282 (52)

1.6 0.8 - 3.5

0.195
0.766

variable
Number of patients

2

hr

95% ci p-value

BSA (m )

2.0 ± 0.2 2.1 ± 0.2 2.0 ± 0.2

1.3 0.3 - 5.7

FBN1 mutation

447 (83)

36 (86)

411 (82)

1.2 0.4 - 3.6

0.706

aortic surgery#

143 (24)

27 (51)

116 (21)

4.4 2.2 - 8.9

<0.001

AoRR

141 (24)

27 (51)

114 (21)

4.4 2.2 - 9.0

<0.001

Age at AoRR

32 ± 14

31 ± 15

33 ± 13

1.0 1.0 - 1.0

0.958

distal aortic surgery

9 (2)

4 (7)

5 (1)

Arch + prox desc
replacement

3 (1)

2 (4)

1 (<1)

Mid-thoracic
replacement

1 (<1)

1 (2)

0

Bifurcation
replacement

5 (1)

1 (2)

4 (1)

multivariable analysis
hr

95% ci p-value

2.1 1.2 - 3.8

0.010

4

9.6 2.9 - 31.8 <0.001

aortic diameters (mm) and characteristics (n=532)
Segment I

24 ± 4

26 ± 8

24 ± 4

1.1 1.0 - 1.2

<0.001

Segment II

25 ± 5

28 ± 7

24 ± 5

1.1 1.1 - 1.2

<0.001

12 ± 3

14 ± 4

12 ± 3

1.2 1.1 - 1.3

0.001

n (%) patients with
diameter above
normal*

163 (31)

16 (50)

147 (29)

2.5 1.3 - 4.9

0.009

Global descending
dilatation

172 (32)

17 (53)

155 (31)

2.6 1.3 - 5.2

0.007

Presence of aortic
hump

256 (48)

18 (56)

238 (48)

1.4 0.7 - 2.9

0.312

Hump in dilated aorta

226 (42)

21 (66)

205 (41)

2.8 1.0 - 8.1

0.049

21 ± 5

25 ± 10

20 ± 4

1.0 1.0 - 1.1

<0.001

Segment II/BSA

Segment III

2.2 1.1 - 4.3

0.020

aortic distensibility (10 -3 mm/hg) (n=140)
Proximal descending
n (%) patients with
distensibility < 2.5

3.5 ± 1.7 2.1 ± 0.6 3.6 ± 1.7
45 (32)

6 (75)

39 (30)

0.4 0.2 - 0.8

0.017

4.7 1.2 - 18.8

0.029

Diaphragm

6.0 ± 2.5 3.6 ± 1.2 6.2 ± 2.4

0.5 0.3 - 0.7

0.001

Abdominal

6.3 ± 3.8 4.1 ± 3.1 6.5 ± 3.8

0.9 0.7 - 1.1

0.199

Abbreviations: BSA = body surface area; AoRR = aortic root replacement
Plus-minus values are means ± SD.
Categorical variables were summarized as number (%)
# At baseline, in 7 patients distal aortic surgery had been performed after AoRR (not included in 143)
* ≥ 27 (Reference 10)
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mmHg-1 with an AUC of 0.839, 0.694 and 0.747, respectively. The optimal cut-off value
for aortic diameter of 27 mm corresponded with aortic diameter above the upper limit
of normal.(11) Kaplan-Meier curves (Figure 2a) illustrate the risk for type B aortic dissection between patients with a descending thoracic aortic diameter larger or smaller
than the upper limit of normal (27mm). Kaplan-Meier curves for aortic distensibility are
shown in Figure 2b. No Kaplan-Meier curves could be constructed for aortic dilatation
rate, because of its time depending nature.
In multivariable Cox analysis, prior prophylactic aortic surgery and an increased diameter of the descending thoracic aorta above the normal upper limit (≥27mm) were
associated with type B aortic dissection, HR:2.1; 95%CI:1.2-3.8; p=0.010 and HR:2.2;
95%CI:1.1-4.3; p=0.020, respectively.(Table 1) During follow-up, dilatation rate of the
descending thoracic aorta ≥0.5mm/year was also associated with type B aortic dissection, HR:2.4; 95%CI:1.2-4.7; p=0.015, respectively.(Table 2)
In the second analysis, aortic characteristics of the last available MRI/CT images onwards were used. The mean diameter of the descending thoracic aorta of MFS patients
with a type B aortic dissection during follow-up, measured median 1.4 years prior to the
event, was 31±7 mm. In patients without a type B aortic dissection during follow-up,
mean diameter of the descending thoracic aorta, measured median 1.9 years prior to
the end of the study, was 26±5 mm (p<0.001). Overall, the second analysis rendered
similar results as the first analysis; prior prophylactic aortic surgery (HR:2.3; 95%CI:1.34.2; p=0.007) and enlarged aortic diameter in all segments (proximal descending aorta
diameter ≥27mm HR:3.4; 95%CI:1.5-8.0; p=0.006) were associated with risk of type B
aortic dissection.(Table 3) In multivariable Cox analysis, dilatation rate of the aorta was
not independently associated with risk of type B aortic dissection. Furthermore, analysis
of medicinal treatment during the last available scan showed that in 146 patients using
angiotensin II receptor blockers (ARBs), type B aortic dissection was less frequent as
compared to 436 patients not on ARB therapyHR:0.3; 95%CI:0.1-0.9; p=0.030. In addition, in univariate analysis, a trend is visible of the potential detrimental effect of ACEi
(HR: 2.4, p=0.072), but in multivariate analysis this trend is no longer present (HR=1.7,
p=0.188) (Table 3). No association with blood pressure could be demonstrated (Table 3)
Combined endpoint
A total of 51 type B aortic dissections, 14 distal aortic surgeries and 6 deaths occurred
as first event. In multivariable Cox analysis the following clinical parameters were associated with the combined endpoint: (1) prior prophylactic aortic surgery (HR:1.9;
95%CI:1.1-3.1; p=0.018), (2) a descending thoracic aorta ≥27mm (HR:2.1; 95%CI:1.2-3.9;
p=0.015), and dilatation rate of the proximal descending thoracic aorta ≥0.5mm/year
(HR:2.4; 95%CI:1.3-4.4; p=0.004).
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figure 2a Kaplan-Meier curves
Kaplan–Meier curve showing percentage freedom of type B aortic dissection in Marfan patients with an aortic diameter of ≥27 mm and in
patients with an aortic diameter of <27 mm at
the level of the proximal descending aorta from
first available aortic images. Numbers of patients
at risk of type B aortic dissection are demonstrated below the figure.
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figure 2b Kaplan-Meier curves
Kaplan–Meier curve showing percentage freedom of type B aortic dissection in Marfan patients with an aortic distensibility of ≥2.5•10-3
mmHg-1 and in patients with an aortic distensibility of <2.5•10-3 mmHg-1 at the level of the proximal descending aorta from first available aortic
images. Numbers of patients at risk of type B aortic dissection are demonstrated below the figure.

risk score for type b aortic dissection
Independent risk factors for type B aortic dissection at the first available aortic images
onwards were prior prophylactic aortic surgery and a descending thoracic aorta diameter
≥27mm. Therefore, three subgroups of patients were created: (1) patients without risk
factors, (2) patients with one risk factor, and (3) patients with both risk factors. KaplanMeier curves of the cumulative risk of type B aortic dissection are given in the Figure 3.
After 10 years of follow-up the cumulative risks of type B aortic dissection were 6% (se
2%), 19% (se 4%), and 34% (se 8%), respectively for low (n=345), moderate (n=176), and
high risk patients (n=79) (p < 0.001). Optimal corrected c-statistic of this model was 0.53.
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391

0.2 ± 0.6

0.2 ± 0.6

1.2

1.0 - 1.3

0.007

Segment II

0.4 ± 0.6

0.6 ± 0.3

0.3 ± 0.6

1.1

1.1 - 1.3

<0.001

Dilatation rate ≥ 0.5
Segment III

135 (32)

11 (50)

124 (31)

5.4 2.5 - 11.8 <0.001

0.3 ± 0.8

0.5 ± 0.5

0.2 ± 0.8

1.2

1.1 - 1.2

2.4

p-value

32

0.2 ± 0.6

dilatation rate (mm/year)

95% ci

423

Segment I

follow-up variables

multivariable
analysis

hr

95% ci

p-value

univariable analysis

hr

b dissection

no b dissection

table 2 Aortic dilatation rate during follow-up and association with type B aortic dissection
total cohort
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1.2 - 4.7 0.015

0.002

Plus-minus values are means ± SD.
Categorical variables were summarized as number (%)

survival after type b aortic dissection
Median follow-up after type B aortic dissection was 7 years. In this period, 25 patients
were treated conservatively (41%), 29 patients had ≥1 surgical procedure (53%), and 3
patients died after type B aortic dissection (6%).

discussion
Herewith we provide a contemporary overview of clinical outcomes in patients with
known MFS without prior aortic dissection in one of the largest MFS studies till date,
using 3-dimensional imaging techniques. We have shown a type B aortic dissection rate
of 9% during a median follow-up of 6 years. Type B aortic dissections generally occurred
in mildly dilated proximal descending aortas, especially in patients with prior prophylactic aortic surgery. Furthermore, we were able to develop a risk score to predict type
B aortic dissection in MFS patients based on history of prophylactic aortic root surgery
and proximal descending aortic diameter.
Apparently, the occurrence of type A aortic dissection has become a rare event in
patients with known MFS in the era of aggressive prophylactic surgery, most likely due
to the strict adherence to guidelines for prophylactic intervention in specialized Marfan
Centers in the Netherlands. Although AoRR has improved life expectancy considerably,
the disease process is uninterrupted and will continue to affect the remainder of the
aorta and great vessels in the majority of patients with MFS. Replacement of the aortic
root/ascending aorta with a stiff vascular prosthesis may result in higher pulsatile forces
acting onto the native aortic arch and proximal descending aorta, which become the
main constituents of remaining “windkessel” function. The fact that age at the time of
prophylactic aortic root surgery was similar in both groups (31±15 years vs.33 ± 13 years)
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figure 3 Kaplan-Meier curve and four types of Marfan aortas
At the top the kaplan-Meier curve based on our Risk model. Below the examples of 4 types of Marfan
Aortas. Kaplan–Meier curve showing percentage freedom of type B aortic dissection in the 3 different
patient groups. Starting point of this Kaplan-Meier was defined as the time of first available aortic images.
Numbers of patients at risk for type B aortic dissection in the different categories are shown below the
figure.

312 (52)

Male
448 (75)

49 ± 12

Pulse pressure

191 (32)
32 ± 13
18 (3)

AoRR*

Age at AoRR

Distal aortic surgery **

1.5

33 (6)
198 (33)

20 (3)

CA-Blockers

Diuretics

2.6

39 (7)

aortic surgery#

0.4

146 (25)

ARB

ACE-I

8.8

1.0

6.5

6.3

2.4

0.7

1.0

1.0

1.0

1.2

1.6

1.9

1.0

hr

3.6 - 21.5

1.0 - 1.0

3.0 - 14.0

2.9 - 13.5

0.5 - 4.8

0.6 - 11.0

1.0 - 6.5

0.2 - 1.3

0.3 - 1.5

1.0 - 1.0

1.0 - 1.0

1.0 - 1.0

0.4 - 3.6

0.4 - 7.5

0.9 - 4.0

1.0 - 1.0

95% ci

univariable analysis

426 (73)

β - blocker

medication

90 ± 10
123 ± 15

Mean arterial pressure

Systolic blood pressure

blood pressure (mmhg)

2.0 ± 0.2

BSA (m )

FBN1 mutation

2

40 ± 14

600

mean

Age (years)

number of patients

variable

<0.001

0.428

<0.001

<0.001

0.531

0.193

0.072

0.115

0.428

0.766

0.891

0.659

0.686

0.534

0.074

0.697

p-value

2.3

0.3

hr

1.3 - 4.2

0.1 - 0.9

95% ci

multivariable analysis

table 3 Patient characteristics and clinical parameters associated with type B aortic dissection by using the last available aortic images as starting point

0.007

0.030

p-value
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281 (54)
242 (46)

Presence of aortic hump

Hump in dilated aorta
1.1

3.5

3.1

4.5

1.9

Abbreviations: AoRR = aortic root replacement; ARB = angiotensin receptor blocker;
ACE-I = angiotensin-converting-enzyme inhibitor CA = calcium channel
Plus-minus values are means ± SD.
Categorical variables were summarized as number (%)
#
A total of 11 patients underwent distal aortic surgery after AoRR (not included in 198)
* In 3 MFS patients, AoRR occured after last aortic imaging (not included in 191)
** 5 Distal aortic surgeries occured after last aortic imaging (not included in 18)
*** ≥ 27 (Reference 10)

22 ± 5

382 (72)

Global descending dilatation

Segment III

135 (32)

Dilatation rate ≥ 0.5 mm/year

5.2

1.1

13 ± 3
220 (41)

Segment II/BSA

n (%) patients with diameter above normal***

1.1

25 ± 4
26 ± 5

1.1

hr

1.0 - 1.1

1.4 - 7.4

1.3 - 7.0

1.4 - 14.9

0.9 - 4.4

2.3 - 11.6

1.1 - 1.2

1.1 - 1.1

1.0 - 1.2

95% ci

univariable analysis

Segment I

mean

Segment II

aortic diameters (mm) and characteristics

variable

<0.001

0.003

0.008

0.013

0.112

< 0.001

<0.001

<0.001

<0.001

p-value

95% ci

1.5 - 8.0

hr

3.4

multivariable analysis

0.006

p-value

table 3 Patient characteristics and clinical parameters associated with type B aortic dissection by using the last available aortic images as starting point (continued)
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seems to underscore the possibility that the procedure itself may be a risk factor for
subsequent type B dissection. However, another clarification may be that patients who
undergo elective surgery are patients with a more advanced stage of the disease, for
example caused by the effect of the FBN1 mutation on fibrillin-1 protein, and that these
patients therefore are more at risk for aortic dissections. Both factors may play a role in
the occurrence of subsequent dissection in the proximal descending aorta.(6;10;15) At
the last available aortic images (approximately 1.4 years before the occurrence of type
B aortic dissection) mean diameter of the proximal descending aorta was only 31±7
mm. We showed that a descending thoracic aorta diameter ≥27mm was associated with
type B aortic dissection in patients with a mean age of 36 ± 14 years and a mean BSA
of 2.0 ± 0.2 m2. To discriminate between high and low risk we calculated optimal cut-off
values for 3, 5, 7 and 10 years of follow-up, yielding 27, 25, 25 and 26 mm respectively.
We chose 27 mm because this corresponded with the reported upper level of normal of
the thoracic descending aorta and because of the small differences generated by variability in follow-up duration. Although aortic dilation rate was significantly associated
with type B dissection in our univariate analysis, this was not the case in our multivariate
analysis. The aortic dilatation rates were low in our study and probably outweighed by
aortic diameter in the multivariate analysis.
Currently, the surgical guidelines advocate replacement of an aneurysm of the distal
aorta in MFS when the diameter exceeds 50 mm.4 Notably, none of the MFS patients
with a distal aortic dissection were approaching this threshold for distal aortic surgery
in our study. Despite that open thoracoabdominal aortic replacement can be achieved
relatively safely in experienced centres, 23 it is associated with lung damage, spinal cord
injury and diffuse bleeding requiring surgical revision. Therefore, future studies are warranted that assess the risks of elective surgery against the risks of the natural course of
the development of descending thoracic aortic aneurysms into distal dissections.

treatment effects
In patients with MFS, rigorous antihypertensive medical treatment, aiming at a systolic
blood pressure <120 mmHg, is thought to be important in the prevention of type B aortic dissection.(4) We could not demonstrate an association of blood pressure with type B
aortic dissection, probably because blood pressure was generally well regulated in the
total cohort. No beneficial effect of β-blockers on prevention of type B aortic dissection
in the cohort could be shown. This may be due to the design of this study (retrospective,
non-randomized trial) and to the high percentage of patients already using β-blockers,
large variety in β-blocking agents, dosages, treatment duration and unknown patient
compliance. On the other hand, we demonstrated that the use of ARBs could be beneficial in the prevention of type B aortic dissection in MFS patients. Recently, beneficial
effects of losartan on the aortic dilatation rate and aortic arch dilatation rate after AoRR
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was shown in adult patients with MFS.(16) However, the effect of losartan on (distal)
aortic dissections could not be determined due to the low incidence of events and relative short follow-up. Meta-analysis of several running trials may serve to address this
issue prospectively.(17-19)

study limitations
The limitations of our study include its retrospective nature, irregular imaging schemes
with non ECG gated scans, practice variation between centers, and the different modalities of aortic imaging (MRI/CT). Furthermore, reference values for normal aortic
size were derived from measurements including the aortic wall (ref JACC Cardiovasc
Imaging 2008 March;1(2):200-9.), whereas we used measurements from ‘inner-edge to
inner edge’ (thus excluding the aortic wall). Therefore our cut-off value of 27 mm is actually somewhat larger than reported upper limit of normal. However, aortic diameters
measured by various imaging modes have generally been found to correlate well.(20;21)
Furthermore, analysis performed with data derived only from MRI rendered similar results. We developed an easily applicable risk scoring system to predict the probability of
a type B aortic dissection. However, the variables used in the scoring system are inherent
characteristics of the population to which the model was applied and will need validation in a prospective study or validation cohort. Furthermore, this study represents MFS
patients treated at specialized MFS centers.

conclusion
Predictors for type B aortic dissection in MFS include prior prophylactic aortic surgery,
and a slightly enlarged descending thoracic aorta. Angiotensin-II receptor blocker
therapy appears to reduce the incidence of type B aortic dissections. Furthermore, our
risk model strongly discriminates MFS patients with a low risk for type B aortic dissection
from high risk MFS patients.
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abstract
aim
Patients with Marfan syndrome have an increased risk of life-threatening aortic complications, mostly preceded by aortic dilatation. Treatment with losartan, an angiotensin-II
receptor-1 blocker, may reduce aortic dilatation rate in Marfan patients.

methods and results
In this multicenter, open-label, randomised 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 dilatation rate at
any predefined aortic level after three years of follow-up, as determined by magnetic
resonance imaging. A total of 233 participants (47% female) underwent randomisation
to either losartan (n=116) or no additional treatment (n=117). Aortic root dilatation rate
after 3.1±0.4 years of follow-up, was significantly lower in the losartan group than in controls (0.77±1.36 mm vs. 1.35±1.55 mm, p=0.014). Aortic dilatation rate in the trajectory
beyond the aortic root was not significantly reduced by losartan. In patients with prior
aortic root replacement, aortic arch dilatation rate was significantly lower in the losartan
group as compared to the control group (0.50±1.26 mm vs. 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 dilatation rate. After
aortic root replacement, losartan treatment reduces dilatation rate of the aortic arch.
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introduction
Patients with Marfan syndrome (MFS) have an increased risk of sudden death due to aortic dissection, mostly preceded by aortic dilatation (1-3). Life expectancy has improved
due to surgical techniques for prophylactic aortic root replacement (1) and possibly
due to β-blocker therapy (2-4). However, cardiovascular complications remain a major
problem (5-7).
MFS 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 release of active
transforming growth factor-β (TGF-β) (9;10). These processes are assumed to contribute
to development of aortic medial degeneration and subsequent aortic dilatation 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 dilatation in a 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 system
(14) and attenuates canonical TGF-β signalling in the aorta. Furthermore, losartan inhibits TGF-β-mediated activation of extracellular signal regulated kinase (ERK), by allowing
continued signalling thought the angiotensin-II type 2 receptor. (15). Indeed, losartan
was reported to slow the aortic root dilatation 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 dilatation
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 randomised, multicenter, 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
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ineligible if they 1) had a history of angioedema or other known intolerance for angiotensin converting enzyme inhibitors (ACEi) and/or angiotensin-II receptor blockers (ARB),
2) were already using ACEi or ARB, 3) had renal dysfunction, 4) had a known intolerance
for intravenous contrast agents, 5) had an aortic root diameter > 50 mm, 6) had a history
of aortic dissection, 7) had more than one vascular prosthesis, 8) were planned for aortic
surgery within six months of inclusion, or 9) had the intention to become pregnant in
the following three 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). Randomisation was performed with a computer
generated randomisation 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 three 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 (AWdH, RF and AMS) without knowledge of patients’
medical therapy.
The primary endpoint of this study was aortic dilatation rate at the 6 predefined aortic
levels, from the aortic root to the bifurcation, measured by means of MRI or CT after
three years of follow-up. The secondary endpoints were 1) total aortic volume expansion rate and 2) 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 dilatation rate in MFS patients would be 0.9 mm/year (22),
and that losartan would reduce this to 0.5±1.5 mm/year (2-sided α=0.05; β=0.2) (17).
The effect of losartan on aortic dilatation 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 1,000 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 ± standard deviation. The
combined secondary endpoint (aortic dissection, elective aortic surgery or cardiovascular death) was evaluated by means of the X2 test. The proportions of patients with a
stable aortic root diameter during three years of follow-up (dilatation rate £ 0 mm/3year)
were compared using Fisher’s exact test. Covariance analysis was also used to evaluate
the losartan effect on aortic dilatation rate in subgroups of patients: males vs. females,
with or without a known FBN1 mutation or b-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 dilatation rate between losartan treated patients and
control patients were plotted in a forest plot (23) and tested for significance using the
interaction test between treatment-indicator (losartan or no losartan) and subgroup.
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Data analysis was performed using the SPSS statistical package (19.0 for windows; SPSS
Inc., Chicago, Illinois, USA).

results
Patients
From January 2008 until December 2009, 233 patients (41±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 randomised
to the control group, losartan was initiated after 2 years (Figure 1). Other cardiovascular
medicinal treatment regimes did not change during the study between baseline and
follow-up. Five patients underwent a contrast-enhanced ECG triggered CT scan instead
of MRI.

Primary endpoint
Aortic root dilatation rate could be evaluated in 145 patients with a native aortic root
at the time of exclusion (Figure 1). Baseline characterises were comparable between
patients with and without a native aortic root, with exception of the distal aortic dimensions (aortic volume; 222±56 ml vs. 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 mm vs.
43.2±4.4 mm, p=0.436). The aortic root dilatation rate was significantly lower in the losartan group than in the control group, 0.77±1.36 mm/3 years vs. 1.35±1.55 mm/3 years,
respectively, p=0.014 (Table 2, Figure 2 and 3). Aortic root dilatation 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 dilatation rate as measured by
TTE in the intention-to-treat analysis, respectively 1.34±1.51 mm/3 years vs. 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 to baseline (p<0.001) and differed significantly from blood pressure
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Patients from all four participating Marfan screening clinics
and CONCOR assessed 797 patients for screening

564 Were not eligible
259 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 Pregnancy
253 Declined participation
142 Miscellaneous reasons
69 Refused medical treatment
42 Logistic reasons
52 Did not respond

233 patients underwent
randomisation

116 patients were assigned to
Losartan group

117 patients were assigned to
Control group

Follow up not performed due to
1 Non cardiovascular 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, noncardiovascular 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 three 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 three 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

losartan

N=117

N=116

62 (53.0)

47 (40.5)

general features
Gender (female)
Body Surface Area (m²)

2.0 ± 0.2

2.0 ± 0.2

37.8 ± 13.4

36.3 ± 12.3

≤ 40 years

69 (59.0)

70 (60.3)

> 40 years

48 (41.0)

46 (39.7)

82 (70.1)

87 (75.0)

3 (2.6)

2 (1.7)

Systolic (mmHg)

125 ± 13

124 ± 14

Diastolic (mmHg)

74 ± 10

74 ± 11

≤ 90 mmHg

65 (55.6)

63 (54.3)

> 90 mmHg

52 (44.4)

53 (45.7)

≤ 45 mm

50 (61.7)

44 (49.4)

> 45 mm

31 (38.3)

45 (50.6)

Age (years)

Cardiovascular medication usage
β-Blocker
Calcium Channel Blocker
Blood pressure

Mean Aortic Pressure

Aortic root

FBN1 mutation†

97 (88.2)

86 (74.8)

Aortic root surgery

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 root (mm)

43.7 ± 4.8

44.8 ± 5.6

Z-Score Aortic root

3.8 ± 1.6

3.9 ± 1.5

Ascending aorta (mm)

28.1 ± 3.9

28.0 ± 3.6

Aortic arch (mm)

24.4 ± 3.3

23.6 ± 2.8

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 dimensions by mri

Descending aorta

Aortic volume (ml)
aortic dimensions by tte
Aortic root (mm)

* Plus-minus values are means ± SD.
† FBN1 analyses were not performed in 1 patient in the losartan group and in 3 patients in the control
group. In 5 patients from the losartan group mutations were found in TGFB2 and MYH11 (n=1) gene. In 4
patients from the control group mutations were found in TGFB2 (n=1), MYLK (n=1), MYH11 (n=1) and TGFBR1
(n=1) gene.
Abbreviations: TTE = transthoracic echocardiography, MRI = magnetic resonance imaging
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table 2. Primary Outcomes in the Intention-to-Treat Population during the Study Period. *
control

losartan

N=105

N=113

Aortic root#

1.35 ± 1.55

0.77 ± 1.36

0.014

Ascending aorta

0.85 ± 1.23

0.78 ± 1.32

0.726

Aortic arch

0.61 ± 1.35

0.52 ± 1.37

0.598

pulmonary artery

0.72 ± 1.40

0.54 ± 1.40

0.366

diaphragm

0.43 ± 1.13

0.31 ± 1.13

0.472

abdominal

0.37 ± 1.12

0.51 ± 2.18

0.594

12 ± 16

12 ± 14

0.812

1.93 ± 1.39

1.34 ± 1.51

0.021

Outcome

P-value†

aortic dilatation rate by mri

Descending aorta

Aortic volume
aortic dilatation rate by tte
Aortic root

* Data are change in milimeter per 3 years, with the exception of aortic volume (mililiter per 3 years)
* Plus-minus values are means ± SD
† P-value after multiple testing correction
#
Aortic root assessed in 145 patients (67 in control group, 78 in losartan group)
Abbreviations: TTE = transthoracic echocardiography, MRI = magnetic resonance imaging

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.

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 dilatation rate (p=0.716
and p=0.967, respectively). Furthermore, regression analysis showed that change in
mean arterial blood pressure or change in systolic blood pressure was not correlated
with aortic root dilatation 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 dilatation rate ≤ 0 mm/3 years) was 50% in the losartan
group and 31% in the control group (p=0.022), with a number-needed-to-treat of 5.3
patients.
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figure 3 MR Images Showing the Aortic Root in Short Axis of a COMPARE Patient with Marfan at Baseline
and after 3 Years of Follow-up
Greatest aortic root diameter of 3 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.

Aortic dilatation rate beyond the aortic root was evaluated in 218 patients (Figure
1). Aortic dilatation rate in the trajectory beyond the aortic root was not significantly
reduced by losartan (Table 2).

figure 4 Absence of 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).
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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.
A total of 19 patients underwent prophylactic aortic surgery due to progressive aortic
dilatation. No difference in separate clinical endpoints or the composite endpoint was
found between the groups (prophylactic aortic root surgery: 10 vs. 8, distal aortic surgical intervention: 0 vs. 1, type B aortic dissection: 0 vs. 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 as compared to the total
patient cohort. Furthermore, patients randomised to losartan demonstrated smaller
dimensions of the aortic arch and the descending thoracic aorta at the level of the diaphragm as compared to the control group at baseline (respectively 24±3 mm vs. 26±4
mm, p=0.029 and 21±2 mm vs. 23±4 mm, p=0.009).
Patients with prior aortic root replacement demonstrated greater distal aortic dilatation rates as compared to unoperated patients (Table 3 and Table 4). After aortic root
replacement, aortic arch dilatation rate was significantly lower in the losartan group
than in the control group (0.50±1.26 mm/3 years vs. 1.01±1.31 mm/3 years, respectively
p=0.033). Aortic dilatation 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 in the control group showed a significantly larger increase
in aortic volume during follow-up than unoperated patients (20±18 ml/3 years vs.
8±13 ml/3 years, respectively, p=0.004). Losartan-treated patients in the operated and
unoperated subgroups did not show this disparity (15±10/3 years vs. 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 dilatation rate (Figure 5). No interaction between
treatment-indicator and subgroups could be demonstrated (p>0.467).
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table 3. Aortic Dilatation Rate by MRI in Patients with Aortic Root Replacement at Baseline. *
control

losartan

N=36

N=27

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

Outcome
Aortic arch

P-value

Descending aorta

Aortic volume

* 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: MRI = magnetic resonance imaging
table 4. Aortic Dilatation Rate by MRI in Patients with a Native Aortic Root at Baseline. *
control

losartan

N=73

N=82

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

Outcome
Aortic arch

P-value

Descending aorta

Aortic volume

* 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: MRI = magnetic resonance imaging

figure 5 Effect of Losartan Treatment on Aortic Root Dilatation 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.
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discussion
This is the first prospective, randomised, controlled trial indicating a beneficial effect
of losartan treatment on aortic root dilatation rate in adults with MFS. The reduction
of mean aortic root dilatation 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 dilatation rate between patients on only losartan and those
without medical therapy did not show a significant difference, due to limited sample
size. The effects of losartan monotherapy on aortic root dilatation rate will have to be
awaited from other studies.
Although we could not demonstrate a significant association of losartan treatment
with reduced aortic dilatation rate beyond the aortic root or with clinical events, losartan was significantly associated with reduced dilatation 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 dilatation rates in the losartan
group and losartan treatment did not normalize the dilatation rate to that of the healthy
population (aortic root dilatation 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 mutations (25)
and genetic modifiers, especially those involved in other inflammatory pathways (26)
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 dilatation 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±1.6mm); however, aortic root dilatation rate reduction measured
by MRI was comparable to TTE findings (0.58 mm 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 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
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the aortic trajectory beyond the aortic root has become a major clinical issue. We could
not demonstrate a reduction of aortic dilatation 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) as compared to 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, mean arterial blood pressure was significantly reduced in the losartan treatment group as compared to the controls. However,
no correlation was found between change in mean arterial pressure or systolic blood
pressure with aortic root dilatation rate. A possible explanation for the beneficial effect of losartan might be due to the ability of losartan to inhibit TGF-β signalling. TGF-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 dilatation rate could be demonstrated. A possible explanation could be that a low dosage of losartan daily might
already be enough to inhibit 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 dilatation rate of the aortic trajectory beyond the aortic root may be enhanced
by hemodynamic factors, altered wall mechanics, loss of 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 dilatation 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 dilatation rate in the
aortic arch.
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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 dilatation rate was overestimated in our original sample size analysis
(dilatation 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 dilatation rates have been reported previously (32).
Another limitation of our study design is that aortic root dilatation 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.
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aPPendix a - image acquisition
MRI 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 1.4x1.3x1.4 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 characteristics were: Slice thickness 6 mm, Flip Angle 60-80 degrees, Field of View 300-400
mm, matrix size 256x192, 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 1.2-1.8x1.4-1.8 mm/pixel.and a temporal resolution of
approximately 20-30 ms.
TTE 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).
CT was performed by use of a Philips 64 slice CT scanner, using generally available iodine
based contrast agents in a small number of patients.
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image Processing
Aortic root diameter was assessed by greatest end-diastolic diameter of three cusp-cusp
dimensions from 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.
Vessel analysis software (3mensio 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 (34). Images were
loaded in the software with window and level settings acquired from the DICOM data.
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 cutoff 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
Mild biventricular dysfunction is often present in patients with Marfan syndrome.
Losartan has been shown to reduce aortic dilatation in patients with Marfan syndrome.
This study assesses the effect of losartan on ventricular volume and function in genetically classified subgroups of asymptomatic Marfan patients without significant valvular
regurgitation.

methods
In this predefined substudy of the COMPARE study, Marfan patients were classified
based on the effect of their FBN1 mutation on fibrillin-1 protein, categorised as haploinsufficient or dominant negative. Patients were randomised to a daily dose of losartan
100 mg or no additional treatment. Ventricular volumes and function were measured by
magnetic resonance imaging at baseline and after 3 years of follow-up.

results
Changes in biventricular dimensions were assessed in 163 Marfan patients (48% female;
mean age 38±13 years). In patients with a haploinsufficient FBN1 mutation (n=43),
losartan therapy (n=19) increased both biventricular end diastolic volume (EDV) and
stroke volume (SV) when compared with no additional losartan (n=24) : left ventricular
EDV: 9±26 ml vs. -8±24 ml, p=0.035 and right ventricular EDV 12±23 ml vs. -18±24 ml;
p<0.001 and for left ventricle SV: 6±16 ml vs. -8±17 ml; p=0.009 and right ventricle SV:
8±16 ml vs. -7±19 ml; p=0.009, respectively. No effect was observed in patients with a
dominant negative FBN1 mutation (n=92), or without an FBN1 mutation (n=28).

conclusion
Losartan therapy in haploinsufficient Marfan patients increases biventricular end
diastolic volume and stroke volume, furthermore, losartan also appears to ameliorate
biventricular filling properties.
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introduction
Marfan syndrome (MFS) is caused by mutations in the FBN1 gene, leading to deficiency
(haploinsufficient {HI} mutations) or malformation (dominant-negative {DN} mutations)
of the fibrillin-1 protein,(1) ultimately leading to aortic dilatation and dissection.(2-4)
Treatment with losartan, an angiotensin-II receptor-1 blocker (ARB), has been shown to
have a beneficial effect on aortic pathology in MFS murine models. Human MFS studies
on aortic dilatation rate have demonstrated conflicting results,(5-7) however, losartan
may have a beneficial effect in patients with an HI mutation.
Although a mild biventricular dysfunction is often present in MFS patients without
significant valvular pathology,(8-12) the effect of losartan on cardiac dimensions and
function in MFS patients is still unknown. Here, we assess the effect of losartan on left
and right ventricular dimensions and function in both HI and DN asymptomatic MFS
patients without significant valvular regurgitation by cardiac magnetic resonance imaging (CMR).

methods
Patients
All study subjects were participants in the multicentre, randomised COMPARE trial.
(5;13) In short, the COMPARE trial was designed to investigate the effect of losartan
on the aortic dilatation rate in adult MFS patients. Patients (≥18 years) fulfilling the
Ghent criteria of 1996 were included.(14) Exclusion criteria were: (A) treatment with
angiotensin-converting-enzyme inhibitor (ACEi) or ARB before study entry, (B) an aortic
root diameter >50 mm, (C) a history of aortic dissection, and (D) ≥1 vascular prosthesis.
For the current predefined study, (E) only patients fulfilling the revised Ghent criteria of
2010 (15) were included, and (F) patients with moderate to severe valvular regurgitation
were excluded.(16) All previously prescribed medication, including β-blockers and calcium channel blockers, was continued during the study. Written informed consent was
obtained from all participants. The study protocol conforms to the ethical guidelines of
the 1975 Declaration of Helsinki and was approved by the institution’s human research
committee. All patients gave their informed consent.

mutation classification
To detect mutations, sanger sequencing of the 65 coding FBN1 exons in genomic DNA
was used. Mutations were classified into two groups according to the effect of the mutation on the fibrillin-1 protein.(17) Patients with a DN effect were defined as having mutations leading to production of malfunctional fibrillin-1 protein. DN mutations included:
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1) missense mutations leading to stable mutant fibrillin-1 protein; 2) mutations leading
to exon skipping or deletion resulting in in-frame events (18); and 3) premature termination codon mutations leading to a shorter but stable fibrillin-1 protein (> 10 exons).
An HI effect of the FBN1 mutation was defined as a mutation leading to a reduced
amount of normal fibrillin-1 protein (19-21) as predicted by the Alamut® software (Interactive Biosoftware, Rouen, France).(21) HI mutations included: 1) deletion of the whole
FBN1 gene; 2) deletion of at least the first or last exon; 3) premature termination codon
mutations leading to nonsense mediated decay or to a very short truncated protein
(translation < 10 exons of the FBN1 gene) (22); and 4) missense mutations leading to
degradation of the protein.(23)

medication
Participating patients started on losartan treatment after baseline examinations. Patients were randomly assigned to a 1:1 ratio to receive losartan daily (losartan group),
or to no additional treatment (control group). Target dosage was 100 mg losartan daily.

magnetic resonance imaging
At baseline and after 3 years of follow-up, CMR imaging of the right and left ventricle was
performed. All CMR scans were performed at two centres (Academic Medical Center Amsterdam and Leiden University Medical Center). To obtain ventricular volumes, magnetic
resonance imaging was performed with 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. ECG-gated cine images
were acquired during breath-hold using a segmented, steady-state, free-precession
sequence. Short-axis views were obtained every 10 mm, starting from the base up to
the apex and covering the entirety of both ventricles. Additionally, flow (m/s) through
the aortic root and ascending aorta was assessed by phase contrast velocity mapping to
rule out significant valvular regurgitation, unnoticed at prior echocardiography.

image analysis
The primary endpoint of this study was change in left and right ventricular volumes
and systolic function after 3 years of follow-up measured by CMR. All measurements
were performed using MASS ® and FLOW ® image analysis software (Medis, Leiden, the
Netherlands) by a single observer (AWdH) under the supervision of an experienced
cardiologist (MG) and radiologist (AMS) with no prior knowledge of patients’ medical
therapy.
Endocardial contours of the left and right ventricle were manually traced in end systole
and end diastole on all short-axis images. End diastole was defined as the phase with the
largest ventricular area and end systole as the phase with the smallest ventricular area.
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Left ventricular (LV) and right ventricular (RV) end diastolic volume (EDV), end systolic
volume (ESV) and stroke volume (SV=EDV-ESV) were determined. Left and right ventricular ejection fraction (EF) was calculated (EF=SV/EDV). Flow through the aorta was
calculated using manually drawn areas on the modulus images and the velocity values
of the corresponding velocity encoded images by using flow image analysis software
(Flow ®, Medis, Leiden, the Netherlands). Severity of valvular regurgitation was assessed
quantitatively by CMR in accordance with ACC/AHH guidelines for the management of
patients with valvular heart disease.(16) Moderate to severe valvular regurgitation was
defined as regurgitant volume of ≥30 ml per beat or a regurgitant fraction of ≥30%.(16)
A dilated ventricle was assumed to exceed an EDV of 97 ml/m2.(24)

statistical analysis
Data are presented as mean value ± standard deviation and categorical variables as
numbers and percentages. Between-group comparisons of quantitative and categorical
variables were made by Students’ t-test and Fisher’s exact tests, respectively. Associations
between characteristics were explored with regression analysis. The effect of losartan on
change in ventricular volumes and function was evaluated by the two-tailed Student`s
t-tests. All analyses were per protocol analyses in order to evaluate the change in ventricular volumes between the two groups of MFS patients who continued their losartan
treatment throughout the entire study, and those in whom losartan treatment was not
started during the study. A two-tailed P < 0.05 was considered statistically significant.
For statistical analyses, PASW 19.0 (SPSS Inc., Chicago, IL) for Windows (Microsoft, Redmond, WA) was used.

results
Patients
Patient recruitment and characteristics have been described in detail previously.(5) (17)
In the COMPARE trial, a total of 233 MFS patients were included between January 2008
and December 2009.(5) Change in cardiac function was assessed in 163 patients (48%
female, mean age 38 ± 13 years, Figure 1). A pathogenic FBN1 mutation was found in
135 patients (83%). In patients with a known FBN1 mutation, 92 patients (68%) had a
DN FBN1 mutation and 43 patients (32%) had an HI FBN1 mutation. No FBN1 mutation
could be found in 28 patients. A total of 77 MFS patients were randomised to losartan
treatment, while 86 MFS patients received no additional treatment. The remaining cardiovascular medicinal treatment did not change during follow-up.
Baseline characteristics between the treatment groups were comparable with the
exception of body surface area (BSA) and heart rate in HI patients. (Table 1)
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233 patients in Compare trial

29 patients excluded due to
6 mutations other than FBN1
23 Baseline CMR incomplete

204 patients with adequate baseline
ventricular CMR

104 patients were assigned to
Losartan group

100 patients were assigned to
Control group

14 patients excluded due to:
1 Started on losartan treatment
13 FU CMR not performed or
incomplete

27 patients exluded due to:
17 Discontinued losartan treatment
2 Valve regurgitation
8 FU CMR not performed or incomplete

77 patients in
ventricular analysis

86 patients in
ventricular analysis

figure 1 Randomization and follow-up for ventricular function analysis
CMR denotes cardiac magnetic resonance, FU denotes follow-up

Left ventricular EF in DN patients was lower than the EF in HI patients, 51 ± 7% vs. 53
± 4%, p=0.013. The remaining ventricular characteristics were comparable between the
groups, including the frequency of a dilated ventricle 26% vs. 23%, p=0.724, respectively.

losartan and ventricular function in mutational subgroups
After a mean of 3.1 ± 0.4 years of follow-up, the biventricular EDV increased in HI patients
on losartan therapy (n=19) compared with HI controls (n=24) LV-EDV: 9 ± 26 ml vs. -8 ±
24 ml; p=0.035 and RV-EDV 12 ± 23 ml vs. -18 ± 24 ml; p<0.001, respectively. Similar
results were seen in RV-ESV, however, not in LV-ESV (Table 2). In HI patients on losartan
therapy, the increase in biventricular EDV was accompanied by an increase in SV, for
LV-SV: 6 ± 16 ml vs. -8 ± 17 ml; p=0.009 and RV-SV: 8 ± 16 ml vs. -7 ± 19 ml; p=0.009,
respectively (Table 2, Figure 2). No effect of losartan was observed in patients with a
DN FBN1 mutation or without an FBN1 mutation. No effect of losartan on mean arterial
blood pressure (MAP) was observed in HI patients.
Changes in left and right ventricular volumes and function in the entire cohort were
comparable between the losartan group and the control group. Furthermore, analysis of
losartan only therapy or a combination of losartan and β-blocker therapy on right or left
ventricular volumes, heart rate or EF in this subgroup rendered similar results.
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table 1 Baseline characteristics of 163 patients with Marfan syndrome
characteristics
Number of patients
Age (years)

losartan

no losartan

no FBN1

dn

hi

no FBN1

dn

hi

16

42

19

12

50

24
37 ± 13

39 ± 13

36 ± 12

33 ± 10

44 ± 12

39 ± 14

Male (%)

9 (56)

23 (55)

10 (53)

6 (50)

24 (48)

13 (54)

BSA (m2)

2.0 ± 0.2

2.0 ± 0.2

2.0 ± 0.2*

1.9 ± 0.4

2.0 ± 0.2

2.1 ± 0.2*

MAP (mmHg)

93 ± 13

91 ± 11

91 ± 11

87 ± 13

90 ± 9

90 ± 8

Heartrate (bpm)

67 ± 11

68 ± 13

67 ± 14*

68 ± 15

66 ± 11

61 ± 6*

Aortic root diameter (mm)

45 ± 6

44 ± 5

44 ± 6

42 ± 3

45 ± 5

43 ± 5

Aortic root replacement (%)

4 (25)

6 (14)

5 (26)

7 (58)

16 (32)

5 (21)

Mitral valve surgery (%)

1 (6)

0

0

0

4 (8)

0

Valve dysfunction
≥ moderate AR (%)

0

0

1 (3)

0

0

0

≥ moderate MR (%)

0

0

1 (3)

0

0

0

≥ moderate TR (%)

0

0

0

0

0

0

≥ moderate PR (%)

0

0

0

0

0

0

13 (81)

31 (74)

14 (74)

9 (75)

36 (72)

14 (58)

ESV/BSA (ml/m2)

39 ± 9

42 ± 11

42 ± 10

44 ± 13

44 ± 14

39 ± 9

EDV/BSA (ml/m2)

81 ± 14

86 ± 18

87 ± 17

89 ± 19

88 ± 18

86 ± 15

SV/BSA (ml/m2)

43 ± 8

44 ± 10

45 ± 9

45 ± 8

44 ± 7

46 ± 8

EF (%)

53 ± 7

51 ± 6

52 ± 4

52 ± 6

50 ± 7

54 ± 5

Medication
β-blocker use (%)
Left Ventricular

Right Ventricular
ESV/BSA (ml/m2)

45 ± 12

40 ± 12

41 ± 10

43 ± 11

42 ± 16

40 ± 10

EDV/BSA (ml/m2)

86 ± 19

82 ± 18

83 ± 14

86 ± 18

84 ± 19

85 ± 13

SV/BSA (ml/m2)

41 ± 9

42 ± 8

42 ± 7

43 ± 9

42 ± 7

45 ± 7

EF (%)

48 ± 5

52 ± 7

51 ± 5

50 ± 6

51 ± 8

53 ± 7

BSA = Body Surface Area, MAP = Mean Arterial Pressure, AR = Aortic Regurgitation
MR = Mitral Regurgitation, TR = Tricuspid Regurgitation, PR = Pulmonary Regurgitation
ESV = End Systolic Volume, EDV = End Diastolic Volume, SV = Stroke Volume
EF = Ejection Fraction, CI = Cardiac Index
DN = Dominant Negative FBN1 mutation
HI = Haploinsufficient FBN1 mutation
Plus–minus values are means±SD.
* p<0.005 for BSA and Heartrate in HI patients between treatment groups
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table 2 The effect of losartan on left and right ventricle volume and function in Marfan patients with a
FBN1 mutation leading to haploinsufficiency or a dominant-negative effect during 3 years of follow up
haploinsufficiency
losartan

no losartan

19

24

Δ MAP (mmHg)

-3 ± 8

-4 ± 9

Δ HR (bpm)

3 ± 16

Number of patients

dominant negative
P-value

losartan

no losartan

42

50

P-value

0.684

-8 ± 10

-2 ± 8

0.003

4 ± 23

0.950

0 ± 21

3 ± 15

0.442

Δ Left Ventricular
ESV (ml)

3 ± 16

0 ± 15

0.537

4 ± 22

2 ± 22

0.696

EDV (ml)

9 ± 26

-8 ± 24

0.035

3 ± 33

0 ± 29

0.637

SV (ml)

6 ± 16

-8 ± 17

0.009

-1 ± 19

-2 ± 16

0.725

EF (%)

1±5

-2 ± 6

0.157

-1 ± 6

-1 ± 7

0.770

ESV (ml)

4 ± 20

-12 ± 13

0.004

-1 ± 22

-8 ± 27

0.116

EDV (ml)

12 ± 23

-18 ± 24

<0.001

0 ± 31

-8 ± 27

0.223

SV (ml)

8 ± 16

-7 ± 19

0.009

1 ± 17

0 ± 17

0.820

EF (%)

1±7

1±7

0.889

1±7

2±7

0.418

Δ Right Ventricular

MAP = Mean Arterial Pressure
HR = Heartrate
ESV = End Systolic Volume
EDV = End Diastolic Volume
SV = Stroke Volume
EF
= Ejection Fraction
Plus–minus values are means±SD.

blood pressure and ventricular function
In the entire cohort, after 3 year’s treatment losartan significantly reduced MAP by 7±10
mmHg when compared with baseline (p<0.001), and differed significantly from change
in MAP compared with the control group. At baseline, no significant correlation was
found between MAP and ESV, EDV or SV (r=0.064, p=0.426; r=-0.014, p=0.860; r=-0.108,
p=0.176; respectively). In losartan treated patients, there was also no significant correlation between change in MAP and change in ESV, EDV or SV (r=-0.117, p=0.326; r=-0.060,
p=0.615; r=0.023, p=0.847; respectively)

discussion
To our knowledge, this is the first large follow-up study to assess the effect of losartan
on biventricular function in both HI and DN asymptomatic MFS patients using CMR. In
this study, LV-EF was lower in MFS patients with a DN FBN1 mutation than in those with
an HI FBN1 mutation. Losartan therapy increased EDV and SV, independent of change

TheeffectoflosartantherapyonventricularfunctioninMarfanpatientswithhaploinsufficientordominantnegativeFBN1mutations

figure 2 Boxplot showing change in left and right ventricular stroke volume between control and losartan
group in Marfan patients with a FBN1 mutation leading to haploinsufficiency (n=43) or to a dominantnegative effect (n=92)
SV denotes stroke volume, LV denotes left ventricle, RV denotes right ventricle. Boxes indicate median with
interquartile range. Error bars indicate upper 90 percentile and lower 10 percentile limits.

in blood pressure only in MFS patients with an HI FBN1 mutation. Furthermore, no beneficial effect of losartan on cardiac systolic function in the study group as a whole could
be demonstrated.
MFS is caused by mutations in the FBN1 gene, leading to HI or DN mutations of the
fibrillin-1 protein.(1) Both mutations indirectly lead to increased levels of TGF-β, which is
correlated to aortic disease in MFS.(25;26) However, TGF-β most likely also plays a role in
myocardial fibrosis.(27;28) Furthermore, blocking of TGF-β in both rat studies involving
pressure-overloaded hearts and mice studies involving hypertrophic hearts, prevented
myocardial fibrosis and diastolic dysfunction.(29-31)
Losartan, an angiotensin II receptor type 1 inhibitor, is known to reduce both TGF-β
signalling and blood pressure. However, we demonstrated that (change of ) mean arterial blood pressure did not correlate with (change in) ventricular dimensions. Therefore,
the effect of losartan on ventricular dimensions is not merely blood pressure–related. A
possible explanation for the significant difference in baseline ventricular function and
response to losartan between HI and DN might therefore be due to a difference in TGF-β
levels. This is in line with an earlier study by Franken et al., who demonstrated that losartan therapy significantly reduced the aortic root dilatation rate in the HI, whereas only
a modest, insignificant reduction was found in DN MFS patients.(25) Furthermore, HI
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patients have a reduced but functionally normal fibrillin-1 protein, while the DN patient
group is more heterogeneous since they display a broad spectrum of dysfunctional fibrillin-1 proteins, possibly explaining the variable response to losartan in the DN group.
In addition, reduced ventricular function in DN patients might also be the result of a
disorganised ECM due to the dysfunctional fibrillin-1 proteins.(32;33)
In conclusion, systolic ventricular function in MFS patients with a DN FBN1 mutation
was slightly, but significantly reduced compared with patients with an HI FBN1 mutation. In MFS patients with an FBN1 mutation leading to HI, losartan increased both EDV
and SV, independent of change in blood pressure, suggesting a beneficial effect on left
and right ventricular filling properties. No beneficial effect of losartan on ventricular
function in the entire MFS cohort could be demonstrated.

limitations
Our patients were still relatively young and mainly asymptomatic. Furthermore, the
clinical implications of our findings are limited. However, the occurrence of ventricular
dysfunction will most likely increase due prolonged longevity in MFS as a result of prophylactic aortic root replacement and improved medicinal therapy. Other limitations
are the limited sample size, lack of TGF-β levels and relatively small subgroups. Although
losartan appeared to increase EDV in HI patients, thereby suggesting a beneficial effect
on left and right ventricular filling properties, absolute diastolic filling properties were
not assessed by CMR.
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summary
Marfan syndrome (MFS) is a multisystemic disorder of the connective tissue with a
prevalence of 1 per 5000 and is caused by mutations in the FBN1 gene.(1) Cardiovascular characteristics of MFS include aortic dilatation, aortic dissection and a diminished
ventricular function. Transforming growth factor–β (TGF-β) signaling is upregulated in
mice with a FBN1 mutation and treatment of these mice with losartan attenuates TGF-β
signaling, prevents aortic media degeneration and aortic dilatation.(2)
This thesis focuses on aortic dilatation, ventricular function and type B aortic dissection in adults with MFS and the effect of losartan on these cardinal features.
chapter 1 introduces the main themes of the thesis by providing information regarding the cardiovascular manifestations of MFS, survival since the introduction of prophylactic aortic root replacement and relevant histological and biochemical pathways leading to aortic degeneration. Furthermore, current and possible future pharmacological
interventions used to slow down aortic dilatation in MFS are addressed.
In chapter 2 we demonstrate an elevated level of plasma TGF-β in MFS patients as
compared to healthy controls, a correlation of plasma TGF-β with aortic root size, aortic
root dilatation rate and cardiovascular events including aortic dissection and prophylactic aortic root surgery. Therefore, TGF-β might be a prognostic biomarker or is the endresult of severe wall damage in MFS. The latter implies an even more comprehensive
pathway leading to the MFS cardiovascular features.
With the introduction of prophylactic aortic root replacement, type A aortic dissection can be prevented effectively and life expectancy of MFS patients has increased.
(3) This increased longevity has resulted in an increased incidence of complications in
the aortic trajectory beyond the aortic root. However, identification of patients at risk
for these distal complications has shown to be difficult to foresee by measuring aortic
diameters, distensibility or dilatation rate and might therefore not reflect the extent
of aortic disease. In chapter 3 we introduce aortic volume measurement as a novel
method to measure the extent of aortic disease. We demonstrate a significant difference
in aortic volume between MFS patients and controls as well as between operated and
non-operated MFS patients. This novel method is highly reproducible and detects total
aortic dilation rate more accurately than mean aortic diameter assessment. Although
the correlation between end-points and total aortic volume measurements has not
been assessed yet, total aortic size can be relevant in both clinic and future studies for
estimation of the extent or progression of aortic disease.
In chapter 4 we demonstrate a type B aortic dissection rate of 9% during a median
follow-up period of 6 years (54 type B aortic dissection in 646 adult MFS patients). Predictors for type B aortic dissection are prior prophylactic aortic surgery and a slightly
enlarged descending thoracic aorta. With our developed risk model, we can discriminate
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MFS patients with a low risk for type B aortic dissection from MFS patients at high risk.
The risk assessment tool may be used to intensify monitoring or treatment of patients
with at least one of the risk factors. Furthermore, treatment with angiotensin receptor
blockers appears to reduce the incidence of type B aortic dissections.
In order to reduce aortic dilatation rate and prevent aortic root surgery or aortic dissection in MFS patients, pharmacological treatment with β-blockers is considered as
standard care. However, β-blocker therapy does not address the TGF-β mediated aortic
media degeneration. Losartan shows to prevent aortic media degeneration and aortic
dilatation in MFS mice.(2) In chapter 5 we show a beneficial effect of losartan on aortic
root dilatation rate in adults with MFS in a prospective, randomized controlled trial.
Furthermore, losartan reduces aortic dilatation rate of the aortic arch in the subgroup of
patients with a prior aortic root replacement. However, a large variability in individual
aortic root dilatation rates upon losartan treatment is noticed.
In chapter 6 we demonstrate that left ventricular ejection fraction was lower in MFS
patients with a dominant negative FBN1 mutation (a mutation leading to malformed
fibrillin-1 protein) than in those with a haploinsufficient FBN1 mutation (a mutation
leading to a decreased amount of normal functional fibrillin-1 protein). Only in MFS
patients with a haploinsufficient FBN1 mutation, losartan therapy increases end diastolic
volume and stroke volume. As the occurrence of ventricular dysfunction will most likely
increase due prolonged longevity as a result of prophylactic aortic (root) replacement
and improved medicinal therapy, these results will be important for future MFS patients.
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In his thesis we have assessed the effect of losartan on both aortic dilatation rate and
ventricular function in patients with Marfan syndrome (MFS) and have tried to gain
more knowledge regarding type B aortic dissection in this patient group.
Improved understanding of the histological abnormalities causing MFS has identified
several potential pharmacotherapies directly targeting aortic medial degeneration.(1)
Losartan showed to be a promising candidate in MFS mice and showed to decreased
aortic dilatation rate in a retrospective observational study in children.(2,3) Therefore,
several randomized clinical trials were initiated to investigate whether losartan therapy
on top of or instead of β-blocker therapy would be beneficial in reducing aortic root
dilatation rate in MFS patients.(4–8) The COMPARE trial in this thesis showed for the first
time a beneficial effect of losartan on top of β-blocker treatment on aortic dilation rate
in MFS.(5) However, between the publication of the COMPARE trial and finishing this thesis, several other trials have been published. A small study by Chiu et al. demonstrated
similar results as the COMPARE trial.(4) However, the Marfan Sartan trial and a study by
Forteza et al. demonstrated no beneficial effect of losartan on top of baseline therapy
or compared with atenolol treatment on aortic dilatation rate or on clinical events.(7,8)
A large trial by Lacro et al. demonstrated that losartan and β-blocker therapy were both
effective in reducing the aortic z-score.(6)
Although these losartan trials have demonstrated conflicting results, we can conclude
that losartan is both a well tolerated and a safe treatment option in MFS. Therefore, losartan
could be a good alternative for patients with intolerance for β-blockers. However, we have to
await publication of ongoing losartan trials and future meta-analyses to be able to answer
the question if losartan is (more) effective in reducing aortic dilatation rate in MFS (than
treatment with β-blockers) and effective in preventing aortic dissection or surgery.(9)
Furthermore, the losartan trials demonstrated that losartan attenuates, but does not
normalize the aortic dilatation rate to that of the healthy population. Therefore, research
in the MFS field should further explore the pathways contributing to aortic medial degeneration development and elucidation of these pathways most likely will result into
new potential pharmacotherapies targeting the pathogenic basis for MFS.
The pathway that is responsible for aortic dilatation is most likely also responsible
for an impaired ventricular function in MFS,(10) especially in patients with an DN FBN1
mutation. We showed that losartan therapy only in patients with an HI FBN1 mutation
increased EDV and SV. Although the differences we found were relatively small, our data
might be relevant for future MFS patients as the prolonged longevity after prophylactic
aortic root replacement will most likely increase the occurrence of ventricular dysfunction. Future studies will have to show us if this is the case.

Future Perspectives

In this thesis we also have obtained more insight in aortic dilatation in MFS. Total aortic
volume showed to be a highly reproducible new method to detect aortic dilatation and
thereby assess the extent of aortic disease. However, association of total aortic volume with
major adverse cardiac events, such as type B aortic dissection or prophylactic aortic surgery,
have not been explored in this thesis. A follow-up study could be performed to assess this.
Type B aortic dissection in MFS remains a major problem and is responsible for a great
cause of both morbidity and mortality. Dissection of the distal aorta, especially after
profylactic aortic root replacement, showed to be very difficult to prevent with standard
measuring tools. With our developed risk model, we were able to discriminate patients
at high risk for type B aortic dissection from low risk patients. The risk model could therefore be used to intensify monitoring or treatment for these patients. However, these
data will need validation in future prospective studies.
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Marfan syndroom (MFS) is een aangeboren bindweefselaandoening met een prevalentie van 1 op 5000 dat wordt veroorzaakt door een fout (mutatie) in het FBN1 gen
en overmatige expressie van transforming growth factor-β (TGF-β). Dit zorgt voor
afwijkingen in de longen, de ogen (ectopia lentis), het skelet en beïnvloedt het gehele
cardiovasculaire systeem. Typerende cardiovasculaire afwijkingen voor MFS zijn aorta
(wortel) dilatatie, aorta dissectie, verdikking van de atrioventriculaire kleppen en een
verminderde ventrikelfunctie.
Met behulp van de Gent criteria uit 2010 wordt de diagnose MFS gesteld wat onder
andere de familie geschiedenis, aorta dilatatie of dissectie, ectopia lentis en multipele
systemische afwijkingen omvat.
De huidige richtlijnen zijn gericht op het voorkomen van een aortadissectie en adviseren profylactische chirurgie bij een aorta(wortel) diameter van 45-50 mm. Verder wordt
een behandeling met bètablokkers geadviseerd om de bloeddruk, de chronotropie en
inotropie van het hart te verlagen. De achterliggende gedachte is dat hiermee de krachten die op de aortawand worden uitgeoefend verminderen en zo aorta dilatatie en aorta
dissectie kan worden voorkomen. Bètablokker therapie richt zicht echter niet op aorta
degeneratie, wat de onderliggende oorzaak is van aorta pathologie bij MFS. In muizen
met een FBN1 mutatie leidt een verhoogd serum van TGF-β tot het MFS fenotype. Behandeling van deze muizen met losartan, een angiotensine receptor blokker, doet het
TGF-β niveau in het bloed dalen en voorkomt daarmee de degeneratie en dilatatie van
de aorta.
Het doel van dit proefschrift is meer kennis te vergaren over aorta dilatatie, ventrikel
functie en type B aorta dissectie in volwassen patiënten met MFS en het effect van
losartan hierop.
hoofdstuk 1 is te beschouwen als een algemene introductie over MFS. Dit hoofdstuk
begint met een beschrijving van de cardiovasculaire manifestaties van MFS, de verbeterde overleving sinds patiënten profylactisch aortawortelvervanging ondergaan en de
relevante histologische en biochemische cascades die uiteindelijk verantwoordelijk zijn
voor degeneratie en dilatatie van de aorta. Verder beschrijft dit hoofdstuk de huidige en
mogelijke toekomstige medicinale behandelingen om de aorta dilatatie een halt toe te
roepen.
In 1991 werd ontdekt dat een fout (mutatie) in het FBN1 gen de veroorzaker is van
MFS. Het FBN1 gen zorgt voor de vorming van het fibrilline-1 eiwit, dat op zijn beurt weer
zorgt dat het bindweefsel in de aorta goed functioneert. Tevens zorgt fibrilline -1 voor
binding van TGF-β. Een mutatie in fibrilline-1 leidt tot een minder goed functionerend
bindweefsel en voor hogere concentratie vrij en actief TGF-β. In hoofdstuk 2 laten we
zien dat MFS patiënten een verhoogde TGF-β concentratie hebben in vergelijking met
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mensen zonder MFS. Tevens tonen we aan dat een hogere TGF-β waarde correleert met
een grotere aortawortel diameter, snellere groei van de aortawortel en een hogere kans
op een aorta dissectie. TGF-β zou daarom een prognostische biomarker kunnen zijn,
echter kan het ook een marker zijn van de reeds opgetreden schade in de aortawand. In
het laatste geval zal er een nog complexere cascade ten grondslag liggen aan de MFS
pathologie.
Met de introductie van preventieve aortawortel chirurgie kan type A aorta dissectie
effectief worden voorkomen en is de levensverwachting van MFS patiënten enorm
verbeterd. Deze verbeterde overleving heeft echter wel geleid tot een verhoogde incidentie van complicaties in de distale aorta. Het discrimineren van MFS patiënten met
een verhoogd risico op distale complicaties van laag risico MFS patiënten blijkt lastig
middels het meten van aorta diameter, aorta stijfheid of aorta dilatatie snelheid. Deze
parameters reflecteren dan waarschijnlijk ook niet de ernst van de aorta ziekte in MFS.
In hoofdstuk 3 introduceren we de aorta volume meting als een nieuwe methode om
de omvang van de aorta ziekte te evalueren. In dit hoofdstuk tonen we een significant
verschil aan in aorta volume tussen patiënten met en zonder MFS. Tevens was er een
verschil in aorta volume tussen geopereerde en niet-geopereerde MFS patiënten. Verder blijkt dat deze nieuwe methode zeer goed reproduceerbaar is en de totale aorta
dilatatie accurater meet dan gemiddelde diameter metingen. In dit proefschrift is de
correlatie tussen cardiovasculaire eindpunten en aorta volume nog niet geëxploreerd.
Aorta volume kan echter relevant zijn voor gebruik in de kliniek en in klinische studies
om de omvang of progressie van aortaziekte te monitoren.
hoofdstuk 4 toont in een retrospectieve MFS studie een type B aorta dissectie incidentie van 9% aan gedurende een follow up periode van 6 jaar (54 type B dissecties in
646 MFS patiënten). Voorspellers van type B aorta dissectie zijn een eerdere profylactische aorta-chirurgie en een vergrootte descenderende thoracale aorta. Deze factoren
hebben we meegenomen in het ontwikkelen van een risico model, waarmee MFS patiënten met een laag risico kunnen worden onderscheiden van MFS patiënten met een
hoog risico. Het risicomodel zou gebruikt kunnen worden om patiënten met tenminste
1 risicofactor intensiever te monitoren. Daarnaast laten we zien dat het gebruik van een
angiotensine receptor blokker geassocieerd is met een verlaagde kans op een type B
aorta dissectie.
De huidige MFS richtlijnen adviseren een behandeling met bètablokkers om aorta
dilatatie snelheid te verminderen. Therapie met bètablokkers is echter niet specifiek
gericht op de TGF-β geïnduceerde aorta degeneratie. Losartan behandeling in MFS
muizen studies voorkomt de ontwikkeling van aorta degeneratie en aorta dilatatie. In
hoofdstuk 5 tonen wij de resultaten van de prospectieve gerandomiseerde COMPARE
studie, waarin wij onderzoeken of losartan in combinatie met de standaard bètablokker
behandeling de aorta groei in MFS patiënten doet vertragen. In de studie zijn 233 MFS
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patiënten gerandomiseerd naar standaard behandeling of standaard behandeling met
losartan. Aan het begin en aan het einde van de studie werd er een MRI scan gemaakt
om de groei van de aorta te kunnen meten. Na 3 jaar follow-up was de aortagroei minder
groot in de losartan groep.
In hoofdstuk 6 tonen we een verminderde linker ventrikel ejectiefractie aan in MFS
patiënten met een dominant negatieve FBN1 mutatie (een mutatie wat leidt tot fibrilline-1 eiwit van slechte kwaliteit) ten opzicht van MFS patiënten met een haploinsufficiënte FBN1 mutatie (een mutatie wat leidt tot een verminderde hoeveelheid van goed
functionerend fibrilline-1 eiwit). In MFS patiënten met een haploinsufficiënte FBN1
mutatie leidt behandeling met losartan tot een toename in eind diastolische volume en
slagvolume. Deze bevindingen zullen belangrijk zijn voor de toekomst aangezien het
optreden van ventrikel dysfunctie waarschijnlijk zal toenemen vanwege de toegenomen levensverwachting voor MFS patiënten door de preventieve aortawortel chirurgie.
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