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Generalintroduction

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 healghated issues has caused a signifigaaprovement

in life expectancjl-3]. This positive trend has impacted the lives of many, but espedfially
those suffering from congenitheart disease (CHD) (figurd4]) The introduction of the
heartlung machinend other advance the second half of the $@entury had a

dramatic impact on the outcome of patients with severe congenital heart disglass
previously only15%o0f patients reaching adiilbod, now more than 90% of patients reach
adulthood[5].

The Bicuspid aortic valve (BAV) is the most frequent congenital heart [@¢fedth a
prevalence of approximately 2% in the general populd@oi]. 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 aortaoccurs
adding to theelevaed risk of aortic dissectioiurner syndrome (TS) is a genetic syndrome
that is often associated with many different forms of CHD including spixicaiortic valve

[8]. The risk of aortic dissection is elevated in patients with TS andedgorbe 6 times or
even 20 times higher compared with the normal populaf@ri0}]

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 Aneurysrsteoarthritis 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 IH.this thesis we expand upon earlier efforts and describe
longterm oucome and quality of life in these patients.
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Turner syndrome

]OO‘ I - l

TS is a genetic disordbiat is
caused by a partial or complete
monosomy of the Xhromosome,
whichoccurs in 1 per 2500 live
born femaleg11]jand wadirst
described by Henry Turner in
1938[12]. TS patients may suffer
from a multitude of disorders
including short stature, estrogen
deficiency, infertility and a

Wg So oS R3ATdnaly,

Percentage of absolute excess mortality (%)

%

All ages <15 years 15-44 years 45-84 years . g ) .
Diabetes, hype¢ension, ischaemic
. Cardiovascular disorders Endocrine, nutritional, metabolic heart dlsease and StrOke are
B Respiratory disorders & immune disorders prevalent and autoimmunity is
; ; U ital disord . . e

Congenital anomalies —~ S increased, leading to thyroiditis
B Gastrointestinal disorders usculoskeleta )

Sesseslagioal discedens B Other disorders (figure) 2[8]. Care for Turner

Figure 2 Differentiated mortality in TS for all agend according Synd_rome patlents_|§ ggngrally
to age groupsCategories were defined according to provided by a multidisciplinary
International Classification of Diseasbsimbers are adapted to  tegm in a tertiary centrethe

express the percentage of total absolute excess risk céysed .. .
the group of disorders inugstion (8)Reprinted with permission Standard composition of this

from Oxford University Pregkicencenumber: 4676510824795) team includesat aminimum, a
gynaecologist, endocrinologist

internist and cardiolgist. Recentlythe cardiovascular aspects of the syndrome have
received more attentionAccordindy, arrent guidelinegl4]dictate thatevery 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 acquirefl5, 16tardiovascular disease. Thesmgenital
abnormalities complicate care and are the main caa$enorbidity and mortality in
patients suffering fronTS[8].

Often, these congenital heart defects (CHD)leftesided, the most prevalent are: a

bicuspid aortic valve (BAV,-38%), elongation of the transverse aortic arch (ETA, 49%) and
coarctation of the aorta (CoA, 17p8) 16] Additionally, bovine aortic arch, arteria lusoria
may occur figur@ [8]. Associated venous lesions frequently include partial abnormal
pulmonary venous return fPVR) and persistent left superior vena cava (L[S8/Q)7]

Other defects, such as a ventricular septal defect (VSD), are seen less off@8]in TS
Women with Turner syndrome also suffer from acquired heart diseases which mainly
comprise hypertension, aortic dilatation, and disseci$ori 0]
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Genetics of the cardiovascular pathology in TS

Heart defects - infants, children and adults On a genetic level TS and
Bicuspid aortic pathology
appear to exhibit some
iy interesting similarities. Turner
e A8YRNRYS A& Iy WwWhyS$S
condition resulting from the
Uik Yol Typacionh complete or partial loss of the
second sex chromosonfi#9]. It
seems that the redting
®. @ WRSTAOASYyO&Q 2F aSE
o e PRty e ity b il genes predisposes individuals
with Turner syndrome to
diseases that are known to have

Absrrant right subclavian artery

svC

Aortic dissection

Aortic dilatation
PAPVR

Coronary sinus

Figure 3 The most common congenital cardiovascular
malformation seen in TS.PAPVR, Partial anomalous pulmonary

venous return; SVC, superior vena d@&eprinted with a sex bias in the general
permission fronDxford University Pregkicenceaumber: opulation. Such a male
467651121997D pop ’

predisposition is also present in
patients with a bicuspid aortic valve. Togethlee, combination of the high incidence of
BAV in women with Turner syndrome and the substantial sex bias towards males in the
ISYSNIt WSdzLX 2ARQ LI LMzf I GA2y G(G23SGKSNJ adza33S
WLINBGSOGA2y Q 02y FSNNE SOMEI®]. Howedek, wle all woménO 2 v R
GAGK ¢{ I NB o0& RSTAYAGAZY WIySdzJ 2ARQ G2 |
Consequentlyone might deduce that® & S O 2 yoRer &an {hi@ Bonosomys
necessary to cross the disease threshold @&gr Such a second hit, necessary for the
aortic disease in TS women could be either environmental or epigenetic.

i i 50 fold
Recently an important role in g o i factors o
BAV pathology has been Epigenetic factors | _
. . I Environmental factors Aortlc
described for matrix P s disease

YSGF £ €2 LINRGSA T enetichactors

and their inhibitor (tissue

inhibitor of | e -
metaloproteinase, TIMP) Threshold
enzymes that regulate

extracellular matrix

breakdown20]. Especially .
interesting is TIMB, which
was associated with BAV anc

No disease
expression

Figure 4TS genetic hypothesis. The horizontal line represents a
theoretical threshold of disease.Ti$ the loss of anckromosome
aortic dilatation[21]. alone is notsufficient alone to breach the diseaseeshold for BAV
52¢gyaidNBlF YZI a asnotal womemith TShave aBAV(17).
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inhibited by TIMPs, where TIMP3 specifically controls #Mid 9, which are highly
expressed in thoracic aneurysm tissue. An unbalaneedeet TIMPs and MMPs has been
associated with aortic dilatation and dissection, as MMP activity in the tunica media of the
aorta disrupts the elastihased extracellular matr[2-25].

This theory is supported by a recent study by {ftoebal., which describes that TIMP3
exceeds genomwide significance for the association with BAV and aortic root
enlargement. However, the TIMP3 gene is located on chromosome @zasprevious
literature suggested thah genetic factor wouldhost Ikelybe located on the short arm of
the X chromosome (Xp), which has been associated with BAV and aortic ang28ysms
27]. Therefore Corbitt edl. hypothesize a second gene that has a pathogenic interaction
with TIMP3is unique to Xp, without a homolog elsewhere, escageactivation and is
expressed in the developing aortic vdli/g].

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

criteria. Additionallyhemizygosity 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 alledesl subsequent loss of inhibition of MMRnd MMP9

causes degradation of the extra cellular matrix (ECM) of the aortic wall. Subsequently ECM
degradation leads to a release of active TGFg KA OK Ay ONB Ry $d t A A ® Ly
increase in TGFsignalling creates a positive feedback loop by increasing MMP expression

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

formation[19]®¢ KA & FSSRol O] t22L) YIé 6S G(GKS wasSoz2y
progenitor sages 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 pathophysiologichhmsm
described above may cause aortic dilatation, or even aortic dissectiopoifiériial

dilatation and dissection pose a serious clinical concern in patients with TS. The estimated
prevalence of aortic dissection in women with TS varies greditgrature,[9, 10]where

the most recent and only prospective study estimates the incidence aa384 per 100

000 persoryears. 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 lif§10, 29] Additionally, in women with TS the diametéthe ascending aorta,
where the dissection often originatf® 10, 30] may be smaller on average than in those
with other genetically triggered aortopathigs 30, 31] even when corrected for body
surface.
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Even more challenging than estimating the incidence céclis®, 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 lesiorf8]. Aortic size is another important risk factor for dissection
and aortic dilatation is quite commonTi® women. As described aboibhe 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 dissectionflin, B3]
Additionally, collagen fiber composition may also be affeld@ld 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 anewyasesli

[32]. Howeverit is hard to disern a primary genetic caug®m an environmental cause as
aortic disease in TS is attenuated by common risk factors such as hyipartar
hyperlipidaemia which end in mechanical and elastic failure of the aorti8@:85).

The Bicuspid aortic valve anaortic coarctation

Leonardo da Vinci first described the bicuspid

* "/," R #
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Figure 5Sketch of the aortic valve by

aortic valvg36], the most prevalent congenital
heart defect in humans that affects2% 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 (figuie A
normal aortic valve consiststhiee leaflets and
is therefore called tricuspid. Conversely, a
bicuspid aortic valve exists in different

Leonardada Vinci

LRBAYV) is the most commd¢87]. While the BAV
anatomy may not intrinsically hamper valvular
function, it is commonly associated with several
adverse outcomes such:aglve dysfunction,
(either stenotic oiinsufficient, requiring surgical
intervention), bacterial endocarditjgnd aortic
dilatation and dissectiof88-40]. The outcome
differs sipstantially on a patient level and clinical
predictors are difficult to discern, whichwhy

the treatment of BAV patients is so challenging.
Therefore discovering the etiology of BAV and
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configurations (figure 7) and consists of two
leaflets. Depending ate raphe differenttypes carbe discerned. The commissural fusion
between theleft and right coronary cusp (Type 1,
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Figure 6Research interest as measured by
number of publicatioson the bicuspid
aortic valve on
www.ncbi.nim.nih.gov/pulmed.
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discerning moderators from disease mediators is paramoount inatebupredicting
these morbidities and improving clinical outcome.

Aortic dilatation in bicuspid aortic valve

Y - G A There is much controversy
gioversied § il § [ > 3 around the aortic dilatation that
% | , \ J is often seen in BAV patients.
b ‘J X " Generally three patterns of aoric

dilatation can be discerned in

PR— ‘, 3 ’ BAV patients. Aortidilatation of
o the aortic root and the tubular
h S e . ascending aorta (type 1) has
A been associated with diagnosis at

older age, aortic valve stenagsis

Sievers Type 2 | A/ and RHusion pattern of the
! aortic valvg41-43]. The second

= 5

) N . . _ attern, where only the tubular
Figure 7 Classification of the bispid valve according to Sievers P . ) y_ .
(39), Red lines indicate raphe between fused leafReprinted ascending aorta is involved, is
with permission fronpringer nature. (Licennember: often seen in cabccurrence with

4676511219970 RNfusion 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, maledsaortic
valve inssufficiendgl, 44, 45] With respect to the etiology, two hypotheses exist. The
first assumeshe existence ofommon genetic defect that could potentially causghtthe
bicuspid leaflet configuration and the aortic wall frailty andsequent dilatation. And
indeed many genes have been associated with the eacarof BAV46, 47] More
recentyaat Q4 ' yYyR GKSANI AYKAOAG2NI LINPGSAYya ¢Lat
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 dil§dibn48, 49]

The genetic hypothesis is supported by studies showing higher prevalence of aortopathy in
relatives of BAV patienfs0] and autosomal dominant-¥ked and familiainheritance

has been describgd 7]. However, noiagle gene modetan clearly explain BAV
inheritance For example, ifference in severity of atic dilatation persist, even in BAV

patients with normally functioning aortic valves or when aortic diameter is corrected for
known risk factors such bloodpressure, peak aetigelocity and left ventricular ejection

time [40]. Further histological changeshich areoften erranously termedéystic medial
necrosislseeing thathey are neither cystic nor necrotare frequently found in BAV

patients and negatively influence the structural integrity and flexibility of the aorta.
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The hemodynamic theory is mainly supported lbyligts demonstrating regionally
increasedshearstress of the aortic wall depending on the type of bicuspid y&ives1,

52]. This hemodynamic hypothesis is gaining ground and is a promising area of research,
especially 4D flow MR. However, maygpaortic wall stress is not without its difficulties
given thatapart from technical challengegata from healthy control populations is

necessary in order to identify abnormal flow patterf&3].

SMAD3

In 2011 a new gerie mutationwas foundthesemutations appeared to cause a

syndromic form of familial osteoarthgtand thoracic aortic aneurysms and dissections
(TAADJ]54]. The SMAD3 gene encodes for a protein that is part of the transforming growth
factor (TGH) pathway. Nowaday#\OS is recognized by most to be atgob of the Loeys
Dietz syndrome (LDfBb]. Oftertimespatients first present with eargnset jont
abnormalitieswhile other features include arterial aneurysms and tortuci&gy.

Mutations in the SMAD3 gene are thought to be responsible for 2% of familia[5ZAAD

56]. The underlying SMAD3 variant is resgible for some variation the age of onset and
penetrancg57]. Lower age of onset of the first aortic event is observed in individuals with
a missense mutation in the MH2 domain than in thegh halpoinsufficiency varianfs§7].

The aggressive aortic dilatatinassecitatewigilant followups using yearly advance careio
vascular imaging in these patients according to a dedicated AOS protocol that was devised
in the Erasmus MEoweverthe longterm outcomes of these patients and how their

quality of life is affected by their afflictismunkrown as of yetThereforePart Il of this
thesisdiscusseshose matters in two separate chapters.

Figure 8.

TGH bindsto the TGF
i receptorcomplex
(TGBR1 and 2).
TGFBRthen activates
SMAD2 and SMAD3
whichtrimerize with a
SMAD4This SMAD
trimer promote cell
growth and survival
after enteringthe
nucleusand activating
gene transcription and.
Reprinted from:
mycancergenome.org/c
ontent/pathways/TGF
Gene Dansciplol betasignalina/

Cellular Membrane
© © TcFeRI

K%Iﬂr ., ~ @ Inhibitors

Nuclear Membrane

Cell Growth and Survival ® 2016 MyCancerGenome.org
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This thesis: the BAVstudy

This thesis covers aortic patholagya broacberspectivebut focusses on the pathology
found inwomen with Turner syndrome drpatients with a SMAD3 mutation or a bicuspid
aortic valve.

It centersaroundthe BAVstudy, funded by the Dutch Heart foundatiarhichwas

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

complications in patients with BAV or 8 that purposel87 patients withTurner
syndrome or a bicuspid aortic
valvewere consecutively

included in this prospective
multicenter cohort studya
wlzlead ECG  wl2lead ECG  wizlead ECG  wl2lead ECG collaboration between the

wEchocardiograpbyEchocardiograpbychocardiograpby¥Echocardiography Radboud UMC. Leiden UMC
wBlood sampling wBlood sampling wBlood sampling wBlood sampling !
«CT and CMR wCT and CMR ande the Erasmus MChey

WCPET WCPET either had a bicuspid aortic

Figure8. Schematic overview of the B&Nidy. valve or Turner syndrom&he

inclusion criteria for the BAV

LI GASyGa 6SNB 3S x wmy @ Sicdehdsiy(BadenfS 2F GKS
BH®p YkaosX wHB 2NIAO NBIdzNBAGEFGAZ2Y ol G S|
Xnn YY [ YyRk2NI F2NIAO &A1l S tgdySarfollwupthe OY Kk Y H ¢
study protocol included: blood sampling, cardiopulmomsrcise testing (CPET), twelve
lead electrocardiogram (ECG), trans thoracic echocardiography (TTE), GRaov tGe
same day (figure 8).

This thesis aims to elucidate the etiologies and pathogenic mechanisms leading to BAV or
aneurysm formation anfind risk factors for disease progressiéarthermore this thesis

aimsto explore the myriad of cardiovascular abnormalities associated with TS and to study
their impact on the quality of life of the individual patienaddition tocomprehensively
describingthe TS cardiovascular phenotypéis is done with a view to enabling the
eventualindividualzation ofcurrent treatment protocols and to derive novel therapeutic
strategies.

Part | focuses on Turner syndrome, its associated pathologies and the ol of TS
women. The combination of imaging findings and clinical outcomes in patients with a
bicuspid aortic valve is described in Part Il. Finally, in Part {tefomdpllow-up of aortic
diameters and the quality of life of patients with a SMBAutation isexplored
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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 pathologiesaftieac 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 sevdtaories regarding its origin. Moreer, £veralof most

frequently encountered clinicakpects are discussed
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Introduction

Turner syndrome (TS), a partial or complete monosomy of-theofnosome, is a genetic

disorder that occurs in 1 per 2500 live born fem§léand was originally described by

Henry Turner in 193R]. Patients may suffer from a multitude o$aiiders including short

a0F ddz2NBx SAGNRB3ISY RSTAOA 33} O morbidktyya®S NI A £ A G &
mortality is significantly higher in thepatients[1, 4] ¢ dzNJ SNJ LI G A Sy i aQ Ol NB
multidisciplinary team in a tertiagentre; such a team often comprises gpaediatrician
gynaecologistendocrinologistnternist and cardiologistn complex patients it may also be
necessary to involve E.N.T. specialists, cligaaticists, ophthalmologists, psychologists,
orthodontologists andrthopaedicsurgeons. Recently the cardiovascular aspect of the
syndrome has received more attentiomdsaccording to current guidelings] every

patient should be advised to visit adiatogist 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 ¢hvarious 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 twecKromosomes, one paternallierived (X) and one maternally
derived (X). However, in Turner Syndromé&novanondisjunction of the Xhromosome

can lead to a female with a completely or partially absestirgmosome, most often the

paternal Xchromosome. This nondisjunction restil a diverse spectrum of karyotypes, of
which the noamosaic 45,X0 monosomy is the most walbwn. Other Turner syndrome
associated karyotypes known to cause are different forms of mosaicism (e.g. 45X/46XX) and
structurally abnormal Xhromosomes suchsdasechromosomege.g. 46X,i(Xq))ing
chromosomege.g. 46X,r(X)), deletions (e.g. 46,X,ded({xj)everkaryotypes with ¥

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

The suggestion that the natisjunction in TS is the result of meiotic factors is unliketg si
the number of 45,X conceptions is too high to be explained solely by the frequency of
gametes hypo haploid for a sex chromosof@gA loss of sex chromosome after
conception (a mitotic loss) would better explain the unequal ratio of the parental origin of
the Xchromosome (male:female, 1:3). Due be fact that a 46,XX conception would
generate, upon loss of oneckiromosome during mitosis, a 45,X line with equal paternal
and maternal origin of the remainingckromosome, whereas a 46,XY conception would
generate a 45,X cell line of maternal originis explains a 1 to 3 makefemale 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 f@knn about 50% of the

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

chromosane, most often the paternal-ehromosome. However, most studies will have an
inherent bias because 45,X0 will be erggresented 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 karyotypiij Karyotype detenination 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 findinf.

In addition, with the use of more sensitive genetic techniques such as fluorescence in situ
hybridization (FISH) and reverse transcriptase polymetagiereaction (PCR) assays, aon
mosaic 45,X0 prevalence rises to 60% and 74% respectively. This may suggest that the
survival of normosaic karyotypes is an even rarer event than previously assumed. Thus,
the hypothesis by Hook and Warburton that all Turner syndrome females might actually b

WONRBLIWGAO Y24l A0aQ 3FAya
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Figure 1Genetic theory of Parental imprinting anc
Xinactivation.
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However, the question of why the (in
part) absence of an-ehromosome
should be so invalidating when
approximately 50% of the world
population seems to do fine with one
X-chromosome still remains.

Two main theories exighat 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 -¥activation
theory, it is important to understand
the concept of Xnactivation: 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 silencif&j.
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These genes are predominantly located in two regions called pseddsomal region 1
and-2 (PAR1 ane). Of which PARL1 (2.6 Mbp) is located on the end of-tHrenp ofboth

X and Y chromosomes and PAR2 (320 kbp) is located omtims @nd. Pseudo autosomal
regions contain genes that normally escapnaxtivation have a-8hromosome homolog
and are inherited like autosomal genes.

The Xinactivation theory postulate] that the haploinstf A OA Sy 0& 2F (KSas$s
Fdzi2az2Yl f 3-&hyolaesdne Reyultsiinkasinsufficient 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 suggésitsnhultiple genes may contribute.

Genes located in PAR have already been found; the shetaturehomeobox (SHOX)

gene is an example. Haploinsufficiency for this gene, one which eseapetivation,

appears to cause the short stature in TS. Moremtyg 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 &f ¢feine may cause placental

malfunction leading to high fetal mortality in rormosaic TS.

The second theorjd1] suggets 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 paresftorigin differential gene expressi@t2] It has

a crucial role in prenatal growtind placentation and wilffectthe development the
musculoskeletal system and the brain. Hence, as displayed in figure 1, there is no
expression when the-ehromosome containing the expressed allele is lost. The loss of
these active alleles has also bémplicated in Pradewilli syndromg13]. In normosaic

TS it is often the maternatchromosome that is retaindd 4]. Phenotypical traits in TS

have been associated with the parental origin of the remainicigregosome.

In condusion, the genetic aspects of Turner syndrome are not yet fully unravelled. The role
of imprinting and snactivation will have to be investigated further.

Cardiovascular diseas

Introduction

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

congenital or acquirefl5, 16] Various congenital abnormalities complicate care and are
likely to cause significant morbidity. The congenital heart defects (CHDiatg left

sided, of which a bicuspid aortic valve (BAV31%), elongation of the transverse aortic
arch (ETA, 49%) and coarctation of the aorta (CoA 17%) are most prg;aléht
Associated venous lesions include partial abnormal pulmpargarous return (PAPVR) and
persistent left superior vena cava (LS\t6)17] Other defects, such as a ventricular septal
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defect (VSD), common in Down syndrome, are seen less oftefiLl8]. The acquired
heart diseases mainly comprise of hypertension, aortic dilatation, and disaé&i@0]

Etiology

Genetic disorders such as TS are sometimes first noticed bynatptelltrasound aér

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 gesygtidrome such as

Down (37%), Noonain(5%) or Turnesyndrome (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 obsii®e2t23].

Therefore, a common causal mechanism from which the multiple CHDs arise has been
suggested to lie in the disturbance of early lymphangiogef#gisThis ceoccurrence

does not necessarily imply a causal relation, since a gi@géecausing both lymphedema

and CHDs could theoretically confound this causal rel@@BinArd indeed haple

insufficiency for the autosomal gene FOXC2;16q seems to cause lymphedema and cardiac
defects independent of each othg2]. An attempt to further elucidate a causality, genetic

or otherwise, between lymphangiogenesis and CHD willtoastart 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 partisslzriation with

TS. However, as the accuracy of imaging modalities and genetic techniques rises, an
increasing number of abnormalities are detected in TS and genphgreotype

correlations may become more evident.

Bicuspid Aortic Valve

The earliest desiption of the BAV dates back to theMé&entury when Leonardo da Vinci
sketched different variants of the aortic vaj2&]. Furthermore, the association with

aortic regurgitation and stenosis has been known for 150 y26}s\With a prevalence in

the general population of about 0,5% to 28] (males:females, 3:1), it is the most

prevalent CHD. Approximately one third of these patients will develop serious
complications that require treatmefi28] since a BAV is likely to become stenotic or
insufficient[29]. From a developmental viewpoint BAV is thought to be more tiemere
fusion of two cusp leaflets; it is seen as a part of a developmental defect ranging from uni
to quadricuspid valvefs]. 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 chater 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{80], depending o the imaging modality and study populatidnitosomal
dominant, Xinked, and familial modes of inheritance have been reported in the general
population[27]. BAV is associated with a monosomy 45,X0 and issgftanin combination

with a coarctation of the aorfa1], but is als@ssociated 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 underestimathe prevalence of BAV when compared to 2RI

Valves that are hard to asses seem to be bicuspid more often, resulting in an
underestimation by echocardiograptig2]

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

aorta of BAV patients dilates more quickly than in TAV in the general population, especially
at the level of the ascendens and sifilig]. Dilatation does clearly predict dissectifd8]
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 fusio[22] In TS it is also seen very frequently, ranging from 12% to 17%
[16].

The first successful surgical correction was performed in [B35Nowadays, aortic
coarctation is still preferably repaired surgically at an early age. However, lifelong
surveillance is a necessity since patients remain at risk-bararetation and aneurysm
formation[34-36]. Turner Syndrome (TS) has been associated with CoA and 17% of TS
patients have a coarctation of the aof&. Moreover, CoA in TS patients is often
associated with the presence of a bicuspid aorticevéBAV (RR, 4.62R, 37] Ho et al.
recently found that aortic coarctation appeared to be associated with an elongated
transverse aortic arch (ETAP]

Shinebourne and Else§8B] hypothesize a haemodynagrpathogenesis of CoA. The

altered flow patterns could be caused by a-teéfted 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 teetisthmic portion of the arch wilk@duce
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hypoplasia, tortuositygr coarctation of the aorta in the juxtaductal region. These are all
abnormalities that also appear in TS and some are predicted to be the resuksafdeift
lymphatic compression of theortic arch, as hypothesized by Cl@4. These

abnormalities also include some rigiided defects (PAPVR, PLVCS), due to backpressure.
However, we cannot rule out the contribution from genetic regulatory mechanisms to
these malformation§s].

{GSyld AYLXFYyGlIGA2Y KlFLa 0SSy Ay(GNRRBIOSBR & |
good gradient relief and a low complication rf88-41]. 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 TH2]. Cystic medial wall necrosis, similar to what can be found in Marfan
syndrome, has been described in TS and is suggested to be a causativef tawttic
dissectior{43-45]. The aortic wall certainly appears to be fragile in TS as well. Stent
implantation may theefore 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 réports an
are often contradictory46, 47]

A recent study48] has shown that stenting of aortic coarctation may be associated with
increased risk of especially shortrtecomplicatims, 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 subtktéy

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 popul@@dnn TS however it can

occur in as much as 8% in women. Its clinical significance lies in the fact that it can cause
dysphagid50] and mask the presence otaarctation by altering the upper to lower blood
pressure ratio, when measured at the right upper extrefiigy. 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
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has been described in 13% of the general population

Venousabnormalities

In TS the cardiac defects are often-ltted 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 ofaardiovascular
malformations.

PAPVR

Partial anomalous pulmonary venous return (PAPVR), first described by Winslow in 1739
[51, 52] is often found by chance during routine chepkand can cause a

hemodynamically significant ldft-right shunt. Significant shunts (Qp:Qs>1.5:1.0) can
manifest as right heart volume overload, the onset of pulmonary hypertefE8prand

can eventually result in right ventricular hypertrophy or fai[64d. 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 db3]9%@wever, 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@&l17] And more recently detailed dyaes

finds PAPVR in almost 25% of Turner syndrome paft$its

Persistent Left vena cava srjor

A persistent left sided superior vena cava (PLVCS) is seeq0iu5% ®f the normal

population, and in 4,4% of those with CJ8[D, 58] Most often, it is seen incidentally

during CT scaof the thorax. In addition to the PLVCS (&%), a normal VC can also be
found58]. 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 ctsedails 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¢53].

Interrupted inferior vena cava with azygous continuation

This venous malformality has been described anecdotally in case rggfijeisd 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 pulmonamyédrtension[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 causadlation 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 Bease

Acquired heart disease is a significant cause of morbidity and mortality in TS, as was
revealed in an article by Mortensen e{&l Aortic dilation and dissection are for a large
part the cause of absolute excassrtality amongst the TS population (SMR 23.6
Ischemic heart disease (SMR 2.8) is also a significant contributor to morfEStpatients
especially at older ad8].

Aortic Dissection

Acute aortic dissection often prersts with a sharp pain, but its clinical presentation is
often more diversg61]. The incidence is estimated at 36 per 100.09€8s, compared to
6 per 100.000 patient years in the general population (male:femald2®]1Pissection
also occurs much earlier than in the genergydation, 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)[20]. However, it remains an infrequent event since TS
occurs only in 1 per 2500 liporn females and only 1 or 2 of 100 females will develop a
dissection over their lifehe[8]. Risk factors for dissection in TS include hypertension,
karyotype 45,X0, BAV, CoA, agd pregnancyB, 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;Rie&syndrome or
AneurysmsOsteoarthritis syndrome. Some articles do suggest TS to be a sep#rate ris
factor for aortic dilatatiorfi62].

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 Astiection and 10,7% for a type B dissection respecfE]ly

Aortic Dilatation

Aorticdilatation 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]F YR aAyOS LI dASyida gAlGK ¢{ NS5 3ISYSNIffe
important to correct their aortic dimensions for body surfacea (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 eitheratiges 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 firdegree relatives of BAV patief@g].

Therefore, it is particularly important to closely monitor aortic dimensions in females with
TS. These dimensions should be corrected for body surface, becaustethakes
generallyhave ashorter height Annual intensive followp may be justified wheabsolute
ascendingaortic diametergxceed 40 mm or 2.1cmAfR27] and early surgical intervention
mightbe necessary in this population. Dutch guidelines advise the use of MRI for the
follow-up of the aortic diameters in these patiefi$ and to use aortic size index (ASI) to
determine correct therapy. The guidelines also state that frequent falfp@d per 12
years) is justified when ASI >2.0 cm/m2.dtde advisableo consider mettinal treatment
with betablockers andngiotensirreceptor 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 atheroscl¢é@isypertension

occurs in 717% of young girls with TS and in 50% of young adults, it can be secondary to an
aortic coarctation or kidney diseasetlitis often primary[65]. Since it is a risk factor for
dissection, guidelines advise blood pressure measurem2titndes per year andste for

a target blood pressure of <140mmHg and in case of a bicuspid valve for <12{BhmHg
Hormone substitution therapy appears to positively influence blood pressure, or at least
have no negative influen¢é5]

Pregnancy

LYFSNIATtAGE Aa 2yS 2F GKS AYLERNIFYyd O2YLX AC
with some mosaic karyotypes (45,X/46,XX) may be able to achieve spontaneous
pregnancies (5%)[66], while others will only be able to conceive by oocyte donation.
However, these assisted reproductive teclugies may increase the risk of adverse events
in TS patients , such as aortic dissection or rugéife This risk seems to be augmented by
hormonal influences on the vascular wWall, 68] Maernal death from aortic dissection in
TS pregnancies is estimated at 2%, afb@Dincreased 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 addjteegarate risk factdi0].
Therefore, treatment of hypertension, associated with poor fetal outcome such as
prematurity and fetal growth retardatidi@1], is of great importance for both women and
their children.
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Special attention should also be given to the aortic diameter as an aortic size index (ASI)
>2cm/n? and/or a significant abnormality is a strict contraindication for attempting
pregnancy{68]. Aortic diameters shouldebmeasured 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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