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General introduction 

Over the past decades the face of medicine has changed radically for patients with cardiac 

disease. Advances in research and developments in technology, coupled with a significant 

global increase in spending on health-related issues has caused a significant improvement 

in life expectancy [1-3]. This positive trend has impacted the lives of many, but especially of 

those suffering from congenital heart disease (CHD) (figure 1) [4]. The introduction of the 

heart-lung machine and other advance in the second half of the 20th century had a 

dramatic impact on the outcome of patients with severe congenital heart disease, where 

previously only 15% of patients reaching adulthood, now more than 90% of patients reach 

adulthood [5]. 

The Bicuspid aortic valve (BAV) is the most frequent congenital heart defect [6], with a 

prevalence of approximately 2% in the general population [6, 7]. Despite its frequent 

occurrence, we know relatively little about its etiology, natural history and optimal 

treatment. Importantly, in 50% of BAV patients dilatation of the ascending aorta occurs, 

adding to the elevated risk of aortic dissection. Turner syndrome (TS) is a genetic syndrome 

that is often associated with many different forms of CHD including a bicuspid aortic valve 

[8]. The risk of aortic dissection is elevated in patients with TS and reported to be 6 times or 

even 20 times higher compared with the normal population [9, 10]. 

A third group at risk of aortic dissection are the patients with a SMAD3 genetic mutation. 

This specific mutation was first described by our group in 2011 and the clinical entity was 

called the Aneurysm-Osteoarthritis syndrome. Recently, it became clear that there is 

overlap with other genetic syndromes and currently this syndrome is classified as Loeys-

Dietz syndrome (LDS) type III.  In this thesis we expand upon earlier efforts and describe 

long-term outcome and quality of life in these patients. 

Figure 1. Trends in the 

percentage of all 

congenital heart defectς

related deaths that 

occurred in England and 

Wales between 1959 

and 2009, assessed at 

different ages. CHD 

indicates congenital 

heart disease (Knowles 

et al, 2012). Reprinted 

with permission from 

BMJ Publishing Group 

Ltd. (License number: 

4676510373318) 
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Turner syndrome 

TS is a genetic disorder that is 

caused by a partial or complete 

monosomy of the X-chromosome, 

which occurs in 1 per 2500 live 

born females [11]and was first 

described by Henry Turner in 

1938 [12]. TS patients may suffer 

from a multitude of disorders 

including short stature, estrogen 

deficiency, infertility and a 

ΨǿŜōōŜŘ ƴŜŎƪΩ [13]. Additionally, 

Diabetes, hypertension, ischaemic 

heart disease and stroke are 

prevalent and autoimmunity is 

increased, leading to thyroiditis 

(figure) 2 [8]. Care for Turner 

syndrome patients is generally 

provided by a multidisciplinary 

team in a tertiary centre; the 

standard composition of this 

team includes, at a minimum, a 

gynaecologist, endocrinologist-

internist and cardiologist. Recently, the cardiovascular aspects of the syndrome have 

received more attention. Accordingly, current guidelines [14]dictate that every patient 

should consult a cardiologist specialized in congenital cardiology at least once every five 

years. This is especially important as an estimated 50% of women with TS will suffer from 

either congenital or acquired [15, 16]cardiovascular disease. These congenital 

abnormalities complicate care and are the main causes of morbidity and mortality in 

patients suffering from TS [8]. 

Often, these congenital heart defects (CHD) are left-sided, the most prevalent are: a 

bicuspid aortic valve (BAV, 15-30%), elongation of the transverse aortic arch (ETA, 49%) and 

coarctation of the aorta (CoA, 17%) [8, 16]. Additionally, bovine aortic arch, arteria lusoria 

may occur figure 3 [8]. Associated venous lesions frequently include partial abnormal 

pulmonary venous return (PAPVR) and persistent left superior vena cava (LSVC) [16, 17]. 

Other defects, such as a ventricular septal defect  (VSD), are seen less often in TS [18]. 

Women with Turner syndrome also suffer from acquired heart diseases which mainly 

comprise hypertension, aortic dilatation, and dissection [9, 10]. 

Figure 2. Differentiated mortality in TS for all ages and according 
to age groups. Categories were defined according to 
International Classification of Diseases. Numbers are adapted to 
express the percentage of total absolute excess risk caused by 
the group of disorders in question (8). Reprinted with permission 
from Oxford University Press. (Licence number: 4676510824795) 
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Genetics of the cardiovascular pathology in TS  

On a genetic level TS and 

Bicuspid aortic pathology 

appear to exhibit some 

interesting similarities. Turner 

ǎȅƴŘǊƻƳŜ ƛǎ ŀƴ ΨŀƴŜǳǇƭƻƛŘΩ 

condition resulting from the 

complete or partial loss of the 

second sex chromosome [19]. It 

seems that the resulting 

ΨŘŜŦƛŎƛŜƴŎȅΩ ƻŦ ǎŜȄ ŎƘǊƻƳƻǎƻƳŜ 

genes predisposes individuals 

with Turner syndrome to 

diseases that are known to have 

a sex bias in the general 

population. Such a male 

predisposition is also present in 

patients with a bicuspid aortic valve. Together, the combination of the high incidence of 

BAV in women with Turner syndrome and the substantial sex bias towards males in the 

ƎŜƴŜǊŀƭ ΨŜǳǇƭƻƛŘΩ ǇƻǇǳƭŀǘƛƻƴ ǘƻƎŜǘƘŜǊ ǎǳƎƎŜǎǘ ǘƘŀǘ ǘƘŜǊŜ ƛǎ ŀ ŎŜǊǘŀƛƴ ƳŜŀǎǳǊŜ ƻŦ 

ΨǇǊƻǘŜŎǘƛƻƴΩ ŎƻƴŦŜǊǊŜŘ ōȅ ƘŀǾƛƴƎ ŀ ǎŜŎƻƴŘ · ŎƘǊƻƳƻsome [19]. However, while all women 

ǿƛǘƘ ¢{ ŀǊŜ ōȅ ŘŜŦƛƴƛǘƛƻƴ ΨŀƴŜǳǇƭƻƛŘΩ ǘƻ ŀ ŘŜƎǊŜŜΣ ŎŜǊǘŀƛƴƭȅ ƴƻǘ ŀƭƭ ƘŀǾŜ ŀ .!±Φ 

Consequently, one might deduce that a ΨǎŜŎƻƴŘ ƘƛǘΩΣ  other than this monosomy, is 

necessary to cross the disease threshold (figure 4). Such a second hit, necessary for the 

aortic disease in TS women could be either environmental or epigenetic. 

Recently an important role in 

BAV pathology has been 

described for matrix 

ƳŜǘŀƭƭƻǇǊƻǘŜƛƴŀǎŜǎ όaatΩǎύ 

and their inhibitor (tissue 

inhibitor of 

metalloproteinase, TIMP) 

enzymes that regulate 

extracellular matrix 

breakdown [20]. Especially 

interesting is TIMP-3, which 

was associated with BAV and 

aortic dilatation [21]. 

5ƻǿƴǎǘǊŜŀƳΣ aatΩǎΣ ŀǊŜ 

Figure 3.  The most common congenital cardiovascular 
malformation seen in TS.PAPVR, Partial anomalous pulmonary 
venous return; SVC, superior vena cava (8).Reprinted with 
permission from Oxford University Press. (Licence number: 
4676511219970) 

Figure 4. TS genetic hypothesis. The horizontal line represents a 

theoretical threshold of disease. In TS the loss of an X-chromosome 

alone is not sufficient alone to breach the disease threshold for BAV 

as not all women with TS have a BAV (17). 
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inhibited by TIMPs, where TIMP3 specifically controls MMP-2 and 9, which are highly 

expressed in thoracic aneurysm tissue. An unbalance between TIMPs and MMPs has been 

associated with aortic dilatation and dissection, as MMP activity in the tunica media of the 

aorta disrupts the elastin-based extracellular matrix [22-25].  

This theory is supported by a recent study by Corbitt et al., which describes that TIMP3 

exceeds genome-wide significance for the association with BAV and aortic root 

enlargement. However, the TIMP3 gene is located on chromosome 22, whereas previous 

literature suggested that a genetic factor would most likely be located on the short arm of 

the X chromosome (Xp), which has been associated with BAV and aortic aneurysms [26, 

27]. Therefore Corbitt et al. hypothesize a second gene that has a pathogenic interaction 

with TIMP3, is unique to Xp, without a homolog elsewhere, escapes X-inactivation and is 

expressed in the developing aortic valve [19].  

Corbitt el al., find that TIMP1, a functionally redundant paralogue of TIMP3, meets these 

criteria. Additionally, hemizygosity for TIMP 1 increased the chance of BAV aortoparthy, as 

its copy number is associated with BAV and dissection. This hemizygosity for TIMP 1 is 

exacerbated by TIMP3 risk alleles and subsequent loss of inhibition of MMP-2 and MMP-9 

causes degradation of the extra cellular matrix (ECM) of the aortic wall. Subsequently ECM 

degradation leads to a release of active TGF-ʲ ǿƘƛŎƘ ƛƴŎǊŜŀǎŜǎ ¢DC-ʲ ǎƛƎƴŀƭƭƛƴƎΦ Lƴ ǘǳǊƴ ǘƘƛǎ 

increase in TGF-  ̡signalling creates a positive feedback loop by increasing MMP expression 

and thereby aggravating the TIMP/MMP imbalance (29) and, eventually, aneurysm 

formation [19]Φ¢Ƙƛǎ ŦŜŜŘōŀŎƪ ƭƻƻǇ Ƴŀȅ ōŜ ǘƘŜ ΨǎŜŎƻƴŘ ƘƛǘΩ ƴŜŜŘŜŘ ǘƻ ǇǊƻƎǊŜǎǎ ŦǊƻƳ 

progenitor stages to the aortopathy often seen in Turner syndrome. This hypothesis 

provides an important foundation on which further studies can build.  

Aortic dissection and dilatation 

The frailty of the aortic wall that develops via the supposed pathophysiological mechanism 

described above may cause aortic dilatation, or even aortic dissection. This potential 

dilatation and dissection pose a serious clinical concern in patients with TS. The estimated 

prevalence of aortic dissection in women with TS varies greatly in literature, [9, 10] where 

the most recent and only prospective study estimates the incidence at 354 cases per 100 

000 person-years. This is up to 12 times higher compared to the general female population 

[28]. And in TS aortic dissection is not exclusive to patients of old age, as peak incidence is 

observed  in the third to fifth decade of life and dissection may even occur in the first 

decade of life [10, 29]. Additionally, in women with TS the diameter of the ascending aorta, 

where the dissection often originates [9, 10, 30], may be smaller on average than in those 

with other genetically triggered aortopathies [9, 30, 31], even when corrected for body 

surface.  
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Even more challenging than estimating the incidence of dissection, is discerning risk factors 

for dissection. Some classic risk markers include: hypertension, karyotype 45,X, and left-

sided obstructive lesions including bicuspid aortic valves, coarctation of the aorta, and 

other obstructive arch lesions [8]. Aortic size is another important risk factor for dissection 

and aortic dilatation is quite common in TS women. As described above, the aetiology of 

the dilatation in TS is not yet fully understood. However, the histological changes such as 

cystic medial degeneration are reported in 42 to 72% of aortic dissections in TS [10, 32]. 

Additionally, collagen fiber composition may also be affected [10]. These changes in 

vascular smooth muscle cells, elastin, collagen, and other extracellular matrix components 

are not exclusive to TS as they are also encountered in other thoracic aneurysm diseases 

[32]. However, it is hard to discern a primary genetic cause from an environmental cause as 

aortic disease in TS is attenuated by common risk factors such as hypertension and 

hyperlipidaemia which end in mechanical and elastic failure of the aortic wall [33-35]. 

The Bicuspid aortic valve and aortic coarctation 

Leonardo da Vinci first described the bicuspid 

aortic valve [36], the most prevalent congenital 

heart defect in humans that affects 1-2% of the 

population [6, 7](BAV; figure 5), some five 

hunderd years ago. The number of publications 

on the bicupsid aortic valve increased 

exponentially over the past century (figure 6). A 

normal aortic valve consists of three leaflets and 

is therefore called tricuspid. Conversely, a 

bicuspid aortic valve exists in different 

configurations (figure 7) and consists of two 

leaflets. Depending on the raphe, different types can be discerned. The commissural fusion 

between the left and right coronary cusp (Type 1, 

LR-BAV) is the most common [37]. While the BAV 

anatomy may not intrinsically hamper valvular 

function, it is commonly associated with several 

adverse outcomes such as: valve dysfunction, 

(either stenotic or insufficient, requiring surgical 

intervention), bacterial endocarditis, and aortic 

dilatation and dissection [38-40]. The outcome 

differs substantially on a patient level and clinical 

predictors are difficult to discern, which is why 

the treatment of BAV patients is so challenging. 

Therefore discovering the etiology of BAV and 

Figure 5. Sketch of the aortic valve by 

Leonardo da Vinci 

Figure 6. Research interest as measured by 

number of publications on the bicuspid 

aortic valve on 

www.ncbi.nlm.nih.gov/pubmed. 
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discerning moderators from disease mediators is paramoount in accurately predicting 

these morbidities and improving clinical outcome.  

Aortic dilatation in bicuspid aortic valve  

There is much controversy 

around the aortic dilatation that 

is often seen in BAV patients. 

Generally three patterns of aoric 

dilatation can be discerned in 

BAV patients. Aortic dilatation of 

the aortic root and the tubular 

ascending aorta (type 1) has 

been associated with diagnosis at 

older age, aortic valve stenosis, 

and RL-fusion pattern of the 

aortic valve [41-43]. The second 

pattern, where only the tubular 

ascending aorta is involved, is 

often seen in co-occurrence with 

RN-fusion type [41-43]. The third 

type, where only the aortic root is affected is often considered the type where a genetic 

cause is most likely as it is associated with dilatation at young age, male sex, and aortic 

valve inssufficiency [41, 44, 45]. With respect to the etiology, two hypotheses exist. The 

first assumes the existence of common genetic defect that could potentially cause both the 

bicuspid leaflet configuration and the aortic wall frailty and subsequent dilatation. And 

indeed many genes have been associated with the occurence of BAV [46, 47]. More 

recently, aatΩǎ ŀƴŘ ǘƘŜƛǊ ƛƴƘƛōƛǘƻǊ ǇǊƻǘŜƛƴǎ ¢LatΩǎ ƘŀǾŜ ōŜŜƴ ŘŜƳƻƴǎǘǊŀŘŜŘ ǘƻ ōŜ ƻŦ 

influence [20, 22]. The second hypothesis suposes a haemodynamic cause of the dilatation; 

abnormal BAV dynamics may cause perturbations on blood flow patterns and 

hemodynamic stress on the aortic wall, leading to aortic dilation [41, 48, 49].  

The genetic hypothesis is supported by studies showing higher prevalence of aortopathy in 

relatives of BAV patients [50] and autosomal dominant, X-linked, and familial inheritance 

has been described [47]. However, no single gene model can clearly explain BAV 

inheritance. For example, difference in severity of aortic dilatation persist, even in BAV 

patients with normally functioning aortic valves or when aortic diameter is corrected for 

known risk factors such bloodpressure, peak aortic-jet velocity, and left ventricular ejection 

time [40]. Further histological changes, which are often erronously termed Ψcystic medial 

necrosisΩ (seeing that they are neither cystic nor necrotic) are frequently found in BAV 

patients and negatively influence the structural integrity and flexibility of the aorta.  

Figure 7. Classification of the bicuspid valve according to Sievers 

(39), Red lines indicate raphe between fused leaflets. Reprinted 

with permission from Springer nature. (Licence number: 

4676511219970 



 

18 
 

The hemodynamic theory is mainly supported by studies demonstrating regionally 

increased shear stress of the aortic wall depending on the type of bicuspid valve [41, 51, 

52]. This hemodynamic hypothesis is gaining ground and is a promising area of research, 

especially 4D flow MR. However, mapping aortic wall stress is not without its difficulties, 

given that apart from technical challenges, data from healthy control populations is 

necessary in order to identify abnormal flow patterns [53].  

SMAD3  

In 2011 a new genetic mutation was found, these mutations appeared to cause a 

syndromic form of familial osteoarthritis and thoracic aortic aneurysms and dissections 

(TAAD) [54]. The SMAD3 gene encodes for a protein that is part of the transforming growth 

factor (TGF) ̡ pathway. Nowadays, AOS is recognized by most to be a subtype of the Loeys-

Dietz syndrome (LDS) [55]. Oftentimes patients first present with early-onset joint 

abnormalities, while other features include arterial aneurysms and tortuosity [54]. 

Mutations in the SMAD3 gene are thought to be responsible for 2% of familial TAAD [54, 

56]. The underlying SMAD3 variant is responsible for some variation in the age of onset and 

penetrance [57]. Lower age of onset of the first aortic event is observed in individuals with 

a missense mutation in the MH2 domain than in those with halpoinsufficiency variants [57]. 

The aggressive aortic dilatation nessecitates vigilant follow-ups using yearly advance cardio-

vascular imaging in these patients according to a dedicated AOS protocol that was devised 

in the Erasmus MC. However, the longterm outcomes of these patients and how their 

quality of life is affected by their affliction is unknown as of yet. Therefore, Part III of this 

thesis discusses those matters in two separate chapters. 

Figure 8.  

TGF-  ̡binds to the TGF-

 ̡receptor complex 

(TGFBR1 and 2). 

TGFBR1 then activates 

SMAD2 and SMAD3, 

which trimerize with a 

SMAD4. This SMAD 

trimer promote cell 

growth and survival 

after entering the 

nucleus and activating 

gene transcription and. 

Reprinted from: 

mycancergenome.org/c

ontent/pathways/TGF-

beta-signaling/ 
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This thesis: the BAV-study  

This thesis covers aortic pathology in a broad perspective, but focusses on the pathology 

found in women with Turner syndrome and patients, with a SMAD3 mutation or a bicuspid 

aortic valve.  

It centers around the BAV-study, funded by the Dutch Heart foundation, which was 

designed to find clinical risk markers that predict decline of cardiac function or 

complications in patients with BAV or TS. For that purpose, 187 patients with Turner 

syndrome or a bicuspid aortic 

valve were consecutively 

included in this prospective 

multicenter cohort study; a 

collaboration between the 

Radboud UMC, Leiden UMC 

ande the Erasmus MC. They 

either had a bicuspid aortic 

valve or Turner syndrome. The 

inclusion criteria for the BAV-

ǇŀǘƛŜƴǘǎ ǿŜǊŜ ŀƎŜ җ му ȅŜŀǊ ŀƴŘ ƻƴŜ ƻŦ ǘƘŜ ŦƻƭƭƻǿƛƴƎΥ ώмϐ ŀƻǊǘic stenosis (gradient 

ҔнΦр ƳκǎύΣ ώнϐ ŀƻǊǘƛŎ ǊŜƎǳǊƎƛǘŀǘƛƻƴ όŀǘ ƭŜŀǎǘ ƳƻŘŜǊŀǘŜύ ƻǊ ώоϐ ŀǎŎŜƴŘƛƴƎ ŀƻǊǘƛŎ Řƛƭŀǘƛƻƴ 

җпл ƳƳ ŀƴŘκƻǊ ŀƻǊǘƛŎ ǎƛȊŜ ƛƴŘŜȄ ҔнΦм ŎƳκƳнΦ !ǘ ōŀǎŜƭƛƴŜ ŀƴŘ ŀǘ three-year follow-up the 

study protocol included: blood sampling, cardiopulmonary exercise testing (CPET), twelve-

lead electrocardiogram (ECG), trans thoracic echocardiography (TTE), CT and CMR on the 

same day (figure 8).  

This thesis aims to elucidate the etiologies and pathogenic mechanisms leading to BAV or 

aneurysm formation and find risk factors for disease progression. Furthermore, this thesis 

aims to explore the myriad of cardiovascular abnormalities associated with TS and to study 

their impact on the quality of life of the individual patient in addition to comprehensively 

describing the TS cardiovascular phenotype. This is done with a view to enabling the 

eventual individualization of current treatment protocols and to derive novel therapeutic 

strategies. 

Part I focuses on Turner syndrome, its associated pathologies and the quality of life of TS 

women. The combination of imaging findings and clinical outcomes in patients with a 

bicuspid aortic valve is described in Part II. Finally, in Part III long-term follow-up of aortic 

diameters and the quality of life of patients with a SMAD-3 mutation is explored.   

Start

ω12-lead ECG

ωEchocardiography

ωBlood sampling

ωCT and CMR

ωCPET

Jaar 1

ω12-lead ECG

ωEchocardiography

ωBlood sampling

Jaar 2

ω12-lead ECG

ωEchocardiography

ωBlood sampling

Jaar 3

ω12-lead ECG

ωEchocardiography

ωBlood sampling

ωCT and CMR

ωCPET

Figure 8. Schematic overview of the BAV-study.  
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Abstract 

Turner syndrome is a complex and divers clinical entity that requires the cooperation of a 

myriad of specialist and allied health professions. One of the first concerns in these patients 

are the congenital and acquired cardiac and aortic pathologies. The cardiac pathology in 

these women ranges from benign to severe and life threatening disease. This chapter 

provides a narrative review of the known cardiovascular disease in women with Turner 

syndrome and describes several theories regarding its origin. Moreover, several of most 

frequently encountered clinical aspects are discussed.  
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Introduction 

Turner syndrome (TS), a partial or complete monosomy of the X-chromosome, is a genetic 

disorder that occurs in 1 per 2500 live born females [1] and was originally described by 

Henry Turner in 1938 [2]. Patients may suffer from a multitude of disorders including short 

ǎǘŀǘǳǊŜΣ ŜǎǘǊƻƎŜƴ ŘŜŦƛŎƛŜƴŎȅΣ  ƛƴŦŜǊǘƛƭƛǘȅ ŀƴŘ ŀ ΨǿŜōōŜŘ ƴŜŎƪΩ [3]. The morbidity and 

mortality is significantly higher in these patients [1, 4]. ¢ǳǊƴŜǊ ǇŀǘƛŜƴǘǎΩ ŎŀǊŜ ƛǎ ƎƛǾŜƴ ōȅ ŀ 

multidisciplinary team in a tertiary centre; such a team often comprises of a paediatrician, 

gynaecologist, endocrinologist-internist and cardiologist. In complex patients it may also be 

necessary to involve E.N.T. specialists, clinical-geneticists, ophthalmologists, psychologists, 

orthodontologists and orthopaedic surgeons. Recently the cardiovascular aspect of the 

syndrome has received more attention and according to current guidelines [5] every 

patient should be advised to visit a cardiologist specialized in congenital cardiology at least 

every five years. Due to increasingly complex patient care it is important that all patient 

care providers are aware of the cardiovascular phenotype associated with Turner 

syndrome. In this chapter the various cardiovascular manifestations that may occur in 

patients with Turner syndrome will be presented and the latest insights into the genetic 

aspects of the syndrome will be discussed. 

Genetics 

Females typically have two X-chromosomes, one paternally derived (Xp) and one maternally 

derived (Xm). However, in Turner Syndrome a de novo nondisjunction of the X-chromosome 

can lead to a female with a completely or partially absent X-chromosome, most often the 

paternal X-chromosome. This nondisjunction results in a diverse spectrum of karyotypes, of 

which the non-mosaic 45,X0 monosomy is the most well-known. Other Turner syndrome 

associated karyotypes known to cause are different forms of mosaicism (e.g. 45X/46XX) and 

structurally abnormal X-chromosomes such as iso-chromosomes (e.g.  46X,i(Xq)),  ring 

chromosomes (e.g. 46X,r(X)), deletions (e.g. 46,X,del(X)) and even karyotypes with Y-

chromosomal DNA (e.g. 45,X/46XY).  

The suggestion that the non-disjunction in TS is the result of meiotic factors is unlikely since 

the number of 45,X conceptions is too high to be explained solely by the frequency of 

gametes hypo haploid for a sex chromosome. [6] A loss of sex chromosome after 

conception (a mitotic loss) would better explain the unequal ratio of the parental origin of 

the X-chromosome (male:female, 1:3). Due to the fact that a 46,XX conception would 

generate, upon loss of one X-chromosome during mitosis, a 45,X line with equal paternal 

and maternal origin of the remaining X-chromosome, whereas a 46,XY conception would  

generate a 45,X cell line of maternal origin. This explains a 1 to 3 male-to-female ratio. 
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An estimated 1 in every 100 pregnancies start as a Turner syndrome (45,X0) pregnancy. 

However, 99% of these pregnancies do not make it to full term [6]. In about 50% of the 

cases, analysis of peripheral lymphocytes indicates the complete loss of one X-

chromosome, most often the paternal X-chromosome. However, most studies will have an 

inherent bias because 45,X0 will be over-represented in clinical populations since they are 

more prone to display the Turner phenotype. The frequency of the chromosomal pattern 

varies depending on the reason for karyotyping [7]. Karyotype determination that is carried 

out because of prenatal echo findings show a 45,X0 karyotype in 90% of cases, whereas it is 

only 63% in accidental findings.[5]  

In addition, with the use of more sensitive genetic techniques such as fluorescence in situ 

hybridization (FISH) and reverse transcriptase polymerase-chain-reaction (PCR) assays, non-

mosaic 45,X0 prevalence rises to 60% and 74% respectively. This may suggest that the 

survival of non-mosaic karyotypes is an even rarer event than previously assumed. Thus, 

the hypothesis by Hook and Warburton that all Turner syndrome females might actually be 

ΨŎǊȅǇǘƛŎ ƳƻǎŀƛŎǎΩ Ǝŀƛƴǎ ƎǊƻǳƴŘΦ 

However, the question of why the (in 

part) absence of an X-chromosome 

should be so invalidating when 

approximately 50% of the world 

population seems to do fine with one 

X-chromosome still remains. 

 Two main theories exist that try to 

explain the phenotypes found in 

Turner syndrome. A visual depiction of 

both theories is provided in figure 1.  

For the first theory, the X-inactivation 

theory, it is important to understand 

the concept of X-inactivation: when 

fully transcribed somatic cells in 46,XX 

females would result in a surplus of 

transcriptional product. Therefore one 

X-chromosome has to be 

transcriptionally silenced to effectively 

reduce the transcriptional product to 

that of males. However, approximately 

25% of genes on the inactive X-

chromosome escape silencing [8]. 

Figure 1. Genetic theory of Parental imprinting and 

X-inactivation.  



 

30 
 

These genes are predominantly located in two regions called pseudo-autosomal region 1 

and -2 (PAR1 and -2). Of which PAR1 (2.6 Mbp) is located on the end of the p-arms of both 

X and Y chromosomes and PAR2 (320 kbp) is located on the q-arms end. Pseudo autosomal 

regions contain genes that normally escape X-inactivation have a Y-chromosome homolog 

and are inherited like autosomal genes.  

The X-inactivation theory postulates [9] that the haploinsufŦƛŎƛŜƴŎȅ ƻŦ ǘƘŜǎŜ ΨǇǎŜǳŘƻ-

ŀǳǘƻǎƻƳŀƭ ƎŜƴŜǎΩ ƻƴ ǘƘŜ ·-chromosome results in an insufficient dosage to ensure normal 

expression. Which exact genes are contributing to the Turner phenotype is not yet clear, 

but the diverse spectrum of features in TS suggests that multiple genes may contribute. 

Genes located in PAR-1, have already been found; the short-stature-homeobox (SHOX) 

gene is an example. Haploinsufficiency for this gene, one which escapes X-inactivation, 

appears to cause the short stature in TS. More recently a study by Urbach and Benvenitsy 

[10] discovered a gene necessary for placental function (PSF2RA), located in the pseudo 

autosomal region. According to this study deletion of this gene may cause placental 

malfunction leading to high fetal mortality in non-mosaic TS.  

The second theory [11] suggests TS might be the effect of imprinted genes, expressed in a 

mono-allelic fashion, depending on a parental origin cause . Parental imprinting is a form of 

epigenetic regulation that results in parent-of-origin differential gene expression.[12]  It has 

a crucial role in prenatal growth and placentation and will affect the development the 

musculoskeletal system and the brain. Hence, as displayed in figure 1, there is no 

expression when the X-chromosome containing the expressed allele is lost. The loss of 

these active alleles has also been implicated in Prader-Willi syndrome [13]. In non-mosaic 

TS it is often the maternal X-chromosome that is retained [14]. Phenotypical traits in TS 

have been associated with the parental origin of the remaining X-chromosome. 

In conclusion, the genetic aspects of Turner syndrome are not yet fully unravelled. The role 

of imprinting and x-inactivation will have to be investigated further.  

Cardiovascular disease 

Introduction 

An estimated 50% of women with TS will suffer from cardiovascular disease, be it 

congenital or acquired [15, 16]. Various congenital abnormalities complicate care and are 

likely to cause significant morbidity. The congenital heart defects (CHD) are mainly left-

sided, of which a bicuspid aortic valve (BAV, 15-30%), elongation of the transverse aortic 

arch (ETA, 49%) and coarctation of the aorta (CoA 17%) are most prevalent [8, 16]. 

Associated venous lesions include partial abnormal pulmonary venous return (PAPVR) and 

persistent left superior vena cava (LSVC) [16, 17]. Other defects, such as a ventricular septal 
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defect  (VSD), common in Down syndrome, are seen less often in TS [18]. The acquired 

heart diseases mainly comprise of hypertension, aortic dilatation, and dissection [19, 20]. 

Etiology 

Genetic disorders such as TS are sometimes first noticed by a pre-natal ultrasound after 

detection of nucheal translucency. This collection of fluid under the skin in the neck region 

is supposed to be a precursor of the webbed neck, one of the classical traits of TS. Sixty-

eight percent of infants with a webbed neck is affected by a genetic syndrome such as 

Down- (37%), Noonan- (5%) or Turner-syndrome (13%)[21]. CHD is detected in sixty 

percent of patients with a webbed neck and in TS a high prevalence of cardiac 

abnormalities, such as aortic coarctation, has also been observed [18, 21-23].  

Therefore, a common causal mechanism from which the multiple CHDs arise has been 

suggested to lie in the disturbance of early lymphangiogenesis [24]. This co-occurrence 

does not necessarily imply a causal relation, since a single gene causing both lymphedema 

and CHDs could theoretically confound this causal relation [23]. And indeed haplo-

insufficiency for the autosomal gene FOXC2;16q seems to cause lymphedema and cardiac 

defects independent of each other [22]. An attempt to further elucidate a causality, genetic 

or otherwise, between lymphangiogenesis and CHD will have to start with a thorough 

understanding of the cardiovascular phenotype.  

Congenital Abnormalities 

As noted above, a large number of cardiovascular malformations exist in TS. For some 

abnormalities the evidence is anecdotal and may not bear any particular association with 

TS. However, as the accuracy of imaging modalities and genetic techniques rises, an 

increasing number of abnormalities are detected in TS and genotype-phenotype 

correlations may become more evident.  

Bicuspid Aortic Valve 

 The earliest description of the BAV dates back to the 15th century when Leonardo da Vinci 

sketched different variants of the aortic valve [25].  Furthermore, the association with 

aortic regurgitation and stenosis has been known for 150 years [26]. With a prevalence in 

the general population of about 0,5% to 2% [27] (males:females, 3:1), it is the most 

prevalent CHD. Approximately one third of these patients will develop serious 

complications that require treatment [28] since a BAV is likely to become stenotic or 

insufficient [29]. From a developmental viewpoint BAV is thought to be more than the mere 

fusion of two cusp leaflets; it is seen as a part of a developmental defect ranging from uni- 

to quadri-cuspid valves [6]. A true bicuspid valve is very rarely seen. More often it is a 

fusion of 2 cusps, resulting in two remaining cusps that are often unequal in size due to the 
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fusion. In this chapter we will focus on the BAV within Turner syndrome and we will discuss 

the BAV in the general population in more detail in a separate chapter. 

The prevalence of BAV in Turner Syndrome ranges quite spectacularly, from as low 10% to 

as high as 39,2% [30], depending on the imaging modality and study population. Autosomal 

dominant, X-linked, and familial modes of inheritance have been reported in the general 

population [27]. BAV is associated with a monosomy 45,X0 and is often seen in combination 

with a coarctation of the aorta[31], but is also associated with acquired diseases, dilatation, 

aneurysm and dissection. Two dimensional and Doppler echocardiography is currently the 

most widely used and least demanding technique to assess valvular function. However, 

some studies suggest it underestimates the prevalence of BAV when compared to MRI [22]. 

Valves that are hard to asses seem to be bicuspid more often, resulting in an 

underestimation by echocardiography. [22] 

Treatment for BAV in TS does not differ from normal, but it is important to note that the 

aorta of BAV patients dilates more quickly than in TAV in the general population, especially 

at the level of the ascendens and sinus [17]. Dilatation does clearly predict dissection, [19] 

however dissection may also occur at normal aortic diameters and it is therefore advisable 

to pay extra attention to TS patients when symptoms occur. The risk of dissection will be 

discussed further below.  

Aortic coarctation 

Aortic coarctation (CoA) is a congenital narrowing of the aorta, distal to the aortic annulus, 

that occurs in 3.4 per 10.000 live births and constitutes 5% of all CHD in the general 

population [32]. It is often seen in combination with a BAV, especially a left and right 

coronary cusp fusion.[22] In TS it is also seen very frequently, ranging from 12% to 17% 

[16].  

The first successful surgical correction was performed in 1945 [33]. Nowadays, aortic 

coarctation is still preferably repaired surgically at an early age. However, lifelong 

surveillance is a necessity since patients remain at risk for re-coarctation and aneurysm 

formation [34-36]. Turner Syndrome (TS) has been associated with CoA and 17% of TS 

patients have a coarctation of the aorta [8]. Moreover, CoA in TS patients is often 

associated with the presence of a bicuspid aortic valve (BAV (RR, 4.6)) [22, 37].  Ho et al. 

recently found that aortic coarctation appeared to be associated with an elongated 

transverse aortic arch (ETA) [16] 

Shinebourne and Elseed [38] hypothesize a haemodynamic pathogenesis of CoA. The 

altered flow patterns could be caused by a left-sided blockage within the fetal circulation, 

resulting in elevated pulmonary pressure and blood flow over the ductus arteriosus. They 

predict that abnormal flow via the ductus to the isthmic portion of the arch will produce 
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hypoplasia, tortuosity, or coarctation of the aorta in the juxtaductal region. These are all 

abnormalities that also appear in TS and some are predicted to be the result of left-sided 

lymphatic compression of the aortic arch, as hypothesized by Clark [24]. These 

abnormalities also include some right-sided defects (PAPVR, PLVCS), due to backpressure. 

However, we cannot rule out the contribution from genetic regulatory mechanisms to 

these malformations [8].   

{ǘŜƴǘ ƛƳǇƭŀƴǘŀǘƛƻƴ Ƙŀǎ ōŜŜƴ ƛƴǘǊƻŘǳŎŜŘ ŀǎ ŀ ǘǊŜŀǘƳŜƴǘ ŦƻǊ /ƻ! ƛƴ ǘƘŜ ƭŀǘŜ мфулΩǎ [39], with 

good gradient relief and a low complication rate [39-41]. More recently the aortic arch and 

aortic wall composition in TS have received increasing attention. Changes in vascular 

smooth muscle cells, elastin and collagen fibre appear to contribute to the cardiovascular 

problems in TS [42].  Cystic medial wall necrosis, similar to what can be found in Marfan 

syndrome, has been described in TS and is suggested to be a causative factor of aortic 

dissection [43-45]. The aortic wall certainly appears to be fragile in TS as well.  Stent 

implantation may therefore be associated with a higher risk of complications, especially 

aortic dissection. However, data on the ideal corrective technique of coarctation repair for 

patients with TS is limited, since it is largely based on small case series or case reports and 

are often contradictory [46, 47].  

A recent study [48] has shown that stenting of aortic coarctation may be associated with 

increased risk of especially short term complications, such as aortic dissections. 

Aortic arch abnormalities 

Aortic Arch   

Recently an elongated transverse arch (ETA) has been added to the Turner syndrome 

cardiac phenotype. It is defined by two criteria, firstly an origin of the left subclavian artery 

and secondly an inward indentation of the lesser curvature or kinking at the aortic isthmus. 

[16] It has been reported to occur in approximately half of the patients and is associated 

with a higher blood pressure, aortic coarctation an aberrant right subclavian artery and a 

left superior vena cava. 

Aberrant right subclavian artery 

The aberrant right subclavian artery, or arteria lusoria, is the most common anomaly of the 

aortic arch, which may occur in 0.4% to 2% of the population[49]. In TS however it can 

occur in as much as 8% in women. Its clinical significance lies in the fact that it can cause 

dysphagia [50] and mask the presence of a coarctation by altering the upper to lower blood 

pressure ratio, when measured at the right upper extremity [16]. Little is known about the 

aortic branching pattern in TS and its relation with other CHD seen in the cardiovascular 

phenotype. 
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Bovine arch 

! ŎƻƳƳƻƴ ƻǊƛƎƛƴ ƻŦ ǘƘŜ ƛƴƴƻƳƛƴŀǘŜ ŀǊǘŜǊȅ ŀƴŘ ǘƘŜ ƭŜŦǘ ŎƻƳƳƻƴ ŎŀǊƻǘƛŘΣ ŀƭǎƻ ƪƴƻǿƴ ŀǎ ŀ Ψōovine 

ŀƻǊǘƛŎ ŀǊŎƘΩΣ ƛǎ ǎŜŜƴ ƛƴ у҈ ƻŦ ¢{ ŦŜƳŀƭŜǎΣ ōǳǘ Ƙŀǎ ƴƻǘ ȅŜǘ ōŜŜƴ ŎƻǊǊŜƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ǎȅƴŘǊƻƳŜ [16]. It 

has been described in 13% of the general population 

Venous abnormalities 

In TS the cardiac defects are often left-sided and not many venous abnormalities are 

associated with the syndrome. As stated before, with more advanced imaging techniques, 

anatomy can be mapped in more detail, leading to the discovery of rarer cardiovascular 

malformations.  

PAPVR 

Partial anomalous pulmonary venous return (PAPVR), first described by Winslow in 1739 

[51, 52], is often found by chance during routine check-up and can cause a 

hemodynamically significant left-to-right shunt. Significant shunts (Qp:Qs>1.5:1.0) can 

manifest as right heart volume overload, the onset of pulmonary hypertension [53]  and 

can eventually result in right ventricular hypertrophy or failure [54]. Therefore, this 

necessitates early diagnosis and treatment. The prevalence of PAPVR in TS might be 

underestimated because it is difficult to diagnose via echocardiography. Previously, venous 

abnormalities in TS were relatively unknown and their occurrence was grossly 

underestimated due to this inadequate method of diagnosis. Prandstaller et al. reported in 

a study using echocardiography a PAPVR prevalence of 2.9% [55], however, since MRI and 

CT came in to regular use over the last 5 years, a prevalence of PAPVR in TS has been 

suggested to be as high as 15,7% by Ho et al. [16, 17]. And more recently detailed analyses 

finds PAPVR in almost 25% of Turner syndrome patients [56]. 

Persistent Left vena cava superior 

 A persistent left sided superior vena cava (PLVCS) is seen in 0.3ς0.5% of the normal 

population, and in 4,4% of those with CHD [57, 58]. Most often, it is seen incidentally 

during CT scan of the thorax. In addition to the PLVCS (82%-90%), a normal VC can also be 

found[58]. Left to right shunting can be present, as the vein drains into the left atrium in 8% 

of cases, but is often not clinically significant. During fetal development the left anterior 

cardinal vein normally disintegrates, but in some cases this fails to take place. The failure of 

the left anterior cardinal vein to disintegrate results in connections with either the coronary 

sinus (92%) or the left atrium (8%) [58]. 

Interrupted inferior vena cava with azygous continuation 

This venous malformality has been described anecdotally in case reports [59]and has been 

associated with CHD in the past. Very few cases are known in literature, but it can present 

as a dilated azygos vein or with pulmonary hypertension [60]If the diagnosis is missed it can 
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lead to problems during surgical procedures or percutaneous interventions. It is however 

unclear whether any causal relation is present since the prevalence in the general 

population is not known exactly. Larger cohorts with a control population will have to 

specifically be examined for this defect before we can draw any conclusions on its link with 

TS 

Acquired Heart Disease 

Acquired heart disease is a significant cause of morbidity and mortality in TS, as was 

revealed in an article by Mortensen et al [8]. Aortic dilation and dissection are for a large 

part the cause of absolute excess mortality amongst the TS population (SMR 23.6). 

Ischemic heart disease (SMR 2.8) is also a significant contributor to mortality in TS patients 

especially at older age.[8].  

Aortic Dissection 

Acute aortic dissection often presents with a sharp pain, but its clinical presentation is 

often more diverse [61]. The incidence is estimated at 36 per 100.00 TS-years, compared to 

6 per 100.000 patient years in the general population (male:female, 2:1) [20]. Dissection 

also occurs much earlier than in the general population, with 56% of dissections between 

the age of 20 and 40 years, an incidence of 14 per 100.000 before 19 and an average 

dissection age of 35 years (4-64) [20]. However, it remains an infrequent event since TS 

occurs only in 1 per 2500 live-born females and only 1 or 2 of  100  females will develop a 

dissection over their lifetime [8]. Risk factors for dissection in TS include hypertension, 

karyotype 45,X0, BAV, CoA, age and pregnancy [8, 62]. It remains unclear however, 

whether this high rate of dissection can occur separately from the aforementioned risk 

factors, as it does in connective tissue disorders such as Marfan, Loeys-Dietz-syndrome or 

Aneurysms-Osteoarthritis syndrome. Some articles do suggest TS to be a separate risk 

factor for aortic dilatation [62]. 

There is no data on the outcome of the dissection in TS, but there is no reason to suspect it 

to be less severe than in the general population where mortality varies depending on the 

type: 26% for the type A dissection and 10,7% for a type B dissection respectively [61].  

Aortic Dilatation 

Aortic dilatation is very prevalent in TS and is estimated to occur in up to 42% percent of 

patients [15, 18, 43, 63]. Body size and age are the primary determinants of aortic size in TS 

[19] ŀƴŘ ǎƛƴŎŜ ǇŀǘƛŜƴǘǎ ǿƛǘƘ ¢{ ŀǊŜ ƎŜƴŜǊŀƭƭȅ ǎƳŀƭƭŜǊ ŀƴŘ ƘŀǾŜ ŀ ΨōŀǊǊŜƭ ǎƘŀǇŜŘΩ ŎƘŜǎǘΣ ƛǘ ƛǎ 

important to correct their aortic dimensions for body surface area (BSA). Several factors 

such as BAV, hypertension and vessel wall structure contribute to aortic dilatation. 

Presence of a BAV is associated with dilatation of the aortic root and proximal ascending 

aorta, this dilatation can be attributed to either changes in flow or to abnormalities of the 
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aortic media. Recent studies show a clear role for cellular mechanisms underlying the 

dilatation and its prevalence in first-degree relatives of BAV patients [64].  

Therefore, it is particularly important to closely monitor aortic dimensions in females with 

TS. These dimensions should be corrected for body surface, because these females 

generally have a shorter height. Annual intensive follow-up may be justified when absolute 

ascending aortic diameters exceed 40 mm or 2.1cm/m2 [27] and early surgical intervention 

might be necessary in this population. Dutch guidelines advise the use of MRI for the 

follow-up of the aortic diameters in these patients [5] and to use aortic size index  (ASI) to 

determine correct therapy. The guidelines also state that frequent follow-up (1 per 1-2 

years) is justified when ASI >2.0 cm/m2. It is also advisable to consider medicinal treatment 

with beta-blockers and angiotensin receptor blockers to control blood pressure. Elective 

surgery might even be considered when the ASI exceeds 2,5 cm/m2 or when rapid 

progression of the aortic diameter (0,5cm/y) is observed. 

Hypertension 

Aortic root dilatation is closely associated with blood pressure and left ventricular thickness 

and valve type, but does not seem to be affected by atherosclerosis [63]. Hypertension 

occurs in 7-17% of young girls with TS and in 50% of young adults, it can be secondary to an 

aortic coarctation or kidney disease but it is often primary [65]. Since it is a risk factor for 

dissection, guidelines advise  blood pressure measurement 1-2 times per year and strive for 

a target blood pressure of <140mmHg and in case of a bicuspid valve for <120mmHg [5]. 

Hormone substitution therapy appears to positively influence blood pressure, or at least 

have no negative influence [65] 

Pregnancy  

LƴŦŜǊǘƛƭƛǘȅ ƛǎ ƻƴŜ ƻŦ ǘƘŜ ƛƳǇƻǊǘŀƴǘ ŎƻƳǇƭƛŎŀǘƛƻƴǎ ƻŦ ¢{ ŀŦŦŜŎǘƛƴƎ ǿƻƳŀƴΩǎ ƭƛŦŜ όǊŜŦύΦ tŀǘƛŜƴǘǎ 

with some mosaic karyotypes (45,X/46,XX) may be able to achieve spontaneous 

pregnancies (2-6%) [66], while others will only be able to conceive by oocyte donation. 

However, these assisted reproductive technologies may increase the risk of adverse events 

in TS patients , such as aortic dissection or rupture [67]. This risk seems to be augmented by 

hormonal influences on the vascular wall [67, 68]. Maternal death from aortic dissection in 

TS pregnancies is estimated at 2%, a 100-fold increased risk as compared to the general 

population. [68, 69]. The presence of hypertension, BAV and CoA are associated with an 

increased risk and pregnancy itself seems to be an additional, separate risk factor [70]. 

Therefore, treatment of hypertension, associated with poor fetal outcome such as 

prematurity and fetal growth retardation [71],  is of great importance for both women and 

their children.  



 

37 
 

Special attention should also be given to the aortic diameter as an aortic size index (ASI) 

>2cm/m2 and/or a significant abnormality is a strict contraindication for attempting 

pregnancy [68]. Aortic diameters should be measured at least once every four to eight 

weeks [72]. Consequently, deliveries should be in a medical center with cardiothoracic 

surgery facilities readily available.  
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