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ABSTRACT

Background: Turner syndrome (TS) affects 1/2500 live born girls and
i1s caused by a complete or partial loss of an X chromosome. It is
characterized by short stature, ovarian dysfunction, congenital heart
disease and an elevated risk of aortic dissection. The phenotype may
vary but those with mosaicism are often less affected.

Aim: The main aim of this thesis was to study aortic dissection in TS,
including its incidence, risk factors, aortic growth, and mortality.
Materials and methods: The studies included almost 500 women with
TS who had been followed according to applicable guidelines with
regular monitoring from 1995 to 2022 at various Turner centers at
university hospitals in Sweden. The estimated incidence of aortic
dissection was high, with 354/100,000 person years. Identified risk
factors for aortic dissection included high blood pressure, bicuspid
aortic valve and/or aortic coarctation, and dilatation of the ascending
aorta. Previous growth hormone treatment, ongoing estrogen
replacement therapy, or genotype were not associated with aortic
dissection. An ascending aortic width above or equal to 3.3 cm increased
the risk of aortic dissection in TS. However, all models failed to predict
aortic dissection in a pregnant woman with a smaller aortic diameter.
The growth rate of the ascending aorta was twice as high in TS as in the
general female population. Mortality was three times higher in women
with TS compared with matched controls, primarily due to
cardiovascular diseases. Aortic dissection was the main cause of death
in young women with TS.

Conclusion: Aortic dissection was more prevalent in TS than in the
general female population and shown to be the main cause of death in
young TS women. Hypertension, dilated aorta, and congenital heart
defects increased the risk of aortic dissection, while genetic, hormonal
and, metabolic factors were not seen to be predictive at the 25 year
follow-up in Sweden.

Keywords: Turner syndrome, aortic dissection, risk factors, mosaicism,
aortic growth, mortality
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SAMMANFATTNING PA SVENSKA

Turners syndrom (TS) dr den vanligaste konskromosomavvikelsen hos
kvinnor och orsakas av forlust av en hel eller delar av en X-kromosom.
Tillstandet kdnnetecknas av kortvuxenhet, bristande dggstocksfunktion,
utebliven pubertet, svarigheter att bli gravid och medfodda hjartfel.
Symtomen kan variera stort mellan individer, dér de med en blandform
med en stor andel celler med normal kromosomuppséttning s.k. mosaik,
ofta & minst drabbade. Syndromet 4r dven associerat med okad
dodlighet, dar hjartkérlsjukdomar, sérskilt brusten kroppspulsader s.k.
aortadissektion, dr en bidragande faktor.

Huvudsyftet med denna avhandling var att studera aortadissektion hos
kvinnor med TS i Sverige samt om nagra riskfaktorer kunde pavisas.

Ca 500 kvinnor med TS har foljts enligt det nationella vardprogrammet
med regelbundna kontroller fran 1995 till 2022 vid olika Turnercentra
vid universitetssjukhus i Sverige. Aortadissektion var mycket vanligare
vid TS 4n hos Ovriga kvinnor i befolkningen. Riskfaktorer for
aortadissektion var hogt blodtryck, medfott klaffel i aortan (bikuspid
aortaklaff), medfodd forsndvning av aortan (aortakoarktation), samt
vidgning av aortan beldgen nirmast hjirtat (aorta ascendens). En aorta
ascendensdiameter 6ver 3,3 cm Okade risken for aortadissektion, dock
dissekerade en kvinna med smalare diameter under pidgaende graviditet.
Tidigare behandling med tillvaxthormon, pagéende
Ostrogenersittningsterapi  eller  kromosomuppsittning var inte
forknippat med aortadissektion. Dodligheten var tre gdnger hogre hos
kvinnor med TS jamfort med kvinnor i motsvarande &ldrar 1 Sverige.
Hjartkérlsjukdomar var den vanligaste dodsorsaken hos kvinnor med
TS, och i synnerhet aortadissektion hos de unga.

Sammanfattningsvis visade denna 25-arsuppf6ljning av kvinnor med TS
1 Sverige att aortadissektion var vanligare hos TS 4n hos kvinnor i 6vriga
befolkningen och den huvudsakliga dodsorsaken bland de unga. Hogt
blodtryck, vidgad kroppspulsdder och medfodda hjértfel 6kade risken.
Diaremot hade kromosomuppsittning, hormonbehandling, eller
blodfettsnivéer ingen inverkan pa risken.
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ABBREVIATIONS

ASI Aortic size index (Aortic diameter divided by BSA)
BAV Bicuspid aortic valve

BSA Body surface area

CMR Cardiovascular magnetic resonance
CoA Coarctation of the aorta

CT Computed tomography

FISH Fluorescence in situ hybridization
GH Growth hormone

HR Hazard ratio

HRT Hormone replacement therapy

ICD International classification of diseases
MRI Magnetic resonance imaging
LHR+ Positive likelihood ratio

LHR- Negative likelihood ratio

NPR National patient register

OR Odds ratio

RNA Ribonucleic acid

SD Standard deviation

SMR Standardized mortality rate

TS Turner syndrome

TTE Transthoracic echocardiography



DEFINITIONS IN SHORT

Aneuploidy

Autosomes

De novo

Centromere

Deletion

Dicentric chromosome

Duplication

Genotype

An organism or cell having an abnormal
number of chromosomes, extra or
missing.

The human genome consists of 23 pairs
of chromosomes. Of these, 22 pairs are
autosomes, and the remaining pair are
sex chromosomes (X and Y).

When an alteration in the genome arises
for the first time in a family, i.e., the
genetic alteration cannot be found in the
parents of the affected individual.
Synonym of “sporadic”.

A critical region of a chromosome that
ensures proper chromosome alignment
and segregation during cell division by
serving as the attachment site for
kinetochores and spindle fibers.

Loss of genetic material.

A chromosome where the centromere-
containing segment of the chromosome
has been duplicated and inverted.
Excess genetic material.

The genetic constitution of an organism.
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Isochromosome

Haploinsufficiency

Karyotype

An unbalanced chromosome where the
two arms of the chromosome are mirror
images of each other. The chromosome
could consist of either two copies of the
short (p) arm or the long (q) arm instead
of one of each. As a consequence, the
genes located on one arm are duplicated
and the genes on the other arm are
deleted.

A genetic model in which a person has
only one functional copy of a gene, and
that single copy is insufficient to
maintain normal function. This
insufficiency arises because the single
functional gene fails to produce enough
of a gene product (typically a protein) to
sustain normal cellular function or
development, resulting in an abnormal
phenotype.

The picture of the number and structure
of chromosomes that can be produced by
photographing cells that are in the

metaphase of mitosis.
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Meiosis

Metaphase

Methylation

Mitosis

Monosomy X

The division of a germ cell into four
gametes, each containing half the
number of chromosomes of the original
cell.

A stage of cell division where
chromosomes line up at the metaphase
plate, and the spindle fibers connect to
their centromeres. This alignment
ensures that the chromosomes are
accurately separated into daughter cells.
In this phase, the chromosomes are
highly condensed and orderly aligned,
making this stage ideal for detailed
cytogenetic examination.

An epigenetic modification that involves
the addition of a methyl group (CHs) to
the DNA molecule. The process is
involved in gene expression by
inhibiting or promoting access to the
genes for transcription.

The process in cell division whereby a
cell divides to produce two identical
copies (daughter cells).

Genotype 45,X. Loss of one sex

chromosome.
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Mosaicism

Non-disjunction

Phenotype

Polysomy

Ring chromosome

Translocation

Triple X

A genotype with at least two different
cell lines that have developed from a
single fertilized egg, for example,
45,X/46,XX.

When the chromosomes fail to separate
correctly during cell division, leading to
an abnormal number of chromosomes in
the daughter cells.

The morphologic and physiologic
features of an organism resulting from
the interaction between the genotype and
the environment.

The presence of extra copies of one or
more whole chromosomes.

An abnormal circular chromosome
formed by the fusion of broken
chromosome ends, leading to loss of
genetic material.

A chromosomal abnormality in which a
segment of one chromosome is
transferred to another chromosome.

A type of polysomy. The cells contain an
extra copy of chromosome X, (i.e.,

47,XXX).
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X chromosome A process that occurs in females during

inactivation early embryonic development where one
of the two X chromosomes in each cell
is randomly inactivated through
methylation and histone modifications
that will silence the gene expression of
those genes. This process ensures that
women, like men, have one functional
copy of the X chromosome in each cell,
thereby balancing the dosage of X-linked
genes between men (XY) and women

(XX).

XV
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INTRODUCTION TO TURNER SYNDROME

HISTORY

In 1925 the first woman with Turner syndrome (TS) was described by
N.A. Seredevskij at meeting of the Russian Endocrinological Society.!
Later in the 1930s, the clinical features of girls with TS were described
by Otto Ullrich and Henry Turner.> However, the underlying cause of
the syndrome was not revealed until 1954, when Paolo Polani and his
colleagues discovered the absence of an X chromosome.® A few years
later, in 1961, Jan Lindsten in Stockholm, Sweden, was the first to
publish the findings of chromosomal mosaicism in ovarian dysgenesis
(Figure 1).* Today, almost 100 years after the first description, there are
tens of thousands of published articles about TS in PubMed but many
questions remain to be answered.

Discovery of

First girl with the absence
TS described of an X
chromosome
1925 1930-38 ‘ 1961

Clinical Discovery of
features chromosomal
described mosaicism

Figure 1. Timeline of crucial discoveries in the research field of
Turner syndrome.
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GENOTYPE

Turner is a complex genetic disorder and is caused by complete or partial
loss of one of the X-chromosomes. Approximately 1 in 2000-2500 girls
are born with TS.>® TS is not hereditary, although rare cases have been
described.”®

The most common karyotype is 45,X shown in Figure 2, which is found
in approximately 40-50% of TS cases.
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Figure 2. Karyotype in a woman with monosomy, 45,X, which
means a complete loss of the second X chromosome.
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Monosomy, (45,X) is caused by de novo (i.e., sporadic) meiotic non-
disjunction. Meiotic non-disjunction is a genetic phenomenon that
occurs during the formation of gametes (sperm or eggs) in which the
chromosomes are unequally distributed, resulting in an abnormal
number of chromosomes in the gametes, Figure 3.

. ‘ Non-disjunction ‘
Meiosis |

Meiosis Il | Non- dlSjuncthl‘l

N

Gametes Q

disomic nullisomic normal normal disomic disomic nullisomic nullisomic

=%
@/
=
o
iy

Figure 3. Meiotic non-disjunction could occur in Meiosis I or I1.
Nullisomic gametes lack one chromosome. If the missing
chromosome is a sex chromosome, it can result in a fetus with
Turner syndrome (45,X).
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However, at least 50% of the patients have mosaicism, which is caused
by de novo mitotic non-disjunction.” This means that after the
fertilization of a single egg during early embryological development,
one of the sex chromosomes has either been lost or altered, leading to
the emergence of at least two different cell lines (Figure 4).
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FAALEN
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Figure 4. The emerge of mosaicism. The earlier the genetic
change occurs the greater the proportion of affected cells are.
Cornell, B. 2016. Referencing. [ONLINE] Available at:
http://ib.bioninja.com.au. [Accessed June 27, 2024]

As a consequence of this phenomenon, various genotypes can develop,
such as the most common type of mosaicism, 45,X/46,XX, which occurs
in 15-25% of the individuals with TS.!°

Mosaicism 45,X/46,XY, depicted in Figure 5, arises whena Y
chromosome is lost early in the development of an embryo with
46,XY.!% ! The resulting phenotype in these cases can be either male
or female, depending on which tissues are affected. However, only
individuals with a female phenotype meet the diagnostic criteria of TS.
Those with a male phenotype may display mixed gonadal dysgenesis
(abnormal gonadal development and features of TS) and should be
followed according to the guidelines for TS.!?
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Figure 5. Mosaicism 45,X/46,XY in a woman with TS,
demonstrated by FISH. The X chromosome is visualized in green,
the Y chromosome in red. Photo by S. Thunstrom.

Different structural aberrations involving the X chromosomes also exist,
often in a mosaic state. Ring chromosomes, isochromosomes, deletions,
fragments of the Y chromosome or translocations involving one of the
X chromosomes are examples of these kinds of structural aberrations. A
schematic overview of common sex chromosome alterations in TS is
seen below in Figure 6.

; &P

45X 45X 46,XY 46,XX 46,X,del(X) 46,X,r(X) 46,X,i(Xq)
| I (p11.4)
45X/46, XY
mosaicism
45,X/46,XX

mosaicism

Figure 6. Ideograms of different types of sex chromosome
alterations with complete or partial loss of genetic material on
the second sex chromosome in Turner syndrome. From left to
right: monosomy, mosaicism 45,X/46,XX and 45,X/46,XY often
with Y chromosome fragment, partial deletion of the p arm, ring
chromosome X, and isochromosome X. Remixed from: A review
of recent developments in Turner syndrome research. Huang,
A.Cetal. J. Cardiovasc. Dev. Dis. 2021,8, 138, by permission of
MDPI Basel, Switzerland.
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When and where the aberrations occur during the embryonic
development will determine which tissues and organs are impacted and
to what extent. The degree of mosaicism may vary between organs
(inter-organic) and even within the same organ (intra-organic).!*1¢

This variability may explain for the diverse and variable phenotype
observed in TS. However, the genetic mechanisms that underlie the
correlation between genotype and phenotype in TS remain unclear.
Numerous hypotheses, aside from mosaicism, have been proposed. The
gene-dosage relationship hypothesis proposes that the presence of only
one X chromosome (45,X) leads to an imbalance in the expression of
genes that are normally present in two copies in females (46,XX). This
imbalance is due to reduced expression of the genes located in the
pseudoautosomal regions 1 and 2, which normally escape X
chromosome inactivation in women with 46,XX. The second hit theory
is a model suggesting that a second genetic hit on an autosome,
combined with haploinsufficient genes on the X chromosome,
influences the phenotype. Another hypothesis proposes that genes on the
X chromosome may influence the expression of autosomal genes.
Additionally, epigenetic mechanisms, such as unique methylation
patterns on both the X chromosome and autosomes, and influence of
non-coding RNAs on gene expression, have also been suggested.!7-*

Homer et al. conducted a study to investigate the relationship between
the degree of mosaicism and clinical features.”®> They discovered that
sex chromosome mosaicism had clinical implications from 6%
aneuploidy in women with TS. However, loss of an X chromosome can
occur as a part of normal aging.?* Therefore, interpreting a chromosome
analysis in phenotypically normal adult women require caution and
diagnosing Turner syndrome in women over 50 years of age who have
less than 5% 45,X mosaicism is discouraged.!?

The standard diagnostic procedure for TS involves the examination of
chromosomes, typically the analysis of > 25 G-banded metaphases
following 72-96 hours of lymphocyte growth from a blood sample. The
results of this chromosome analysis are presented in the form of a
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karyotype, which provides information on the count and structure of the
chromosomes as shown in Figure 2.

In cases when TS is strongly suspected clinically by phenotype but not
confirmed by the chromosome analysis, an additional technique called
Fluorescence In Situ Hybridization (FISH) is employed (Figure 5). This
method involves the evaluation of >100 buccal cells to aid in the
diagnosis.?> 26

PHENOTYPE

The diagnosis of TS requires meeting three criteria: the individual must
exhibit a phenotypical female presentation, clinical features (at least one
stigma) typical of TS and a genotype consistent with TS.!® Clinical
characteristics in TS vary widely in severity, ranging from early
miscarriage in 99% of the fetuses with 45,X at one end of the spectrum
to milder presentation such as short stature or premature ovarian failure
at the other end.?” The greater the number of normal cells (46,XX)
present (mosaicism), the healthier the individual tends to be.'* 2
Consequently, the age at which TS is diagnosed can vary significantly,
from prenatal detection to adulthood, and some mildly affected women
may go undiagnosed throughout life. This variability explains why
healthcare professionals are only aware of approximately 50% of all
girls and women with TS.% 14

In women with the classical 45,X karyotype, the typical features include
short stature, streak ovaries, and congenital cardiovascular
abnormalities. Additionally, common characteristics often observed in
women with TS encompass hearing impairment, hypothyroidism, and
osteoporosis, as depicted in Figure 7.1%%°
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External characteristics Internal characteristics

* Short stature

Streak ovaries, amenorrhea

* Low posterior hairline
* Webbed neck

* Increased intermamillary distance

Congenital heart disease
malformations (bicuspid aortic
valve, aortic coarctation)

Acquired heart disease (aortic

* Eyes (epicanthus, ptosis, stabismus) dilatation, aortic dissection)

* Arched palate

Kidney malformations (renal
aplasia, horseshoe kidney,
double pelvis/ureters)

* Low-set ears

« Skin (keloid, multiple naevi)

* Skeletal (genu valgus, cubitus valgus, Hypothyroidism

short fourth metacarpal bone, scoliosis)

Osteoporosis

* Foot and hand lymphedema at birth Hearing loss

Figure 7. Common features in Turner syndrome. Illustration by
S. Thunstrom.

CONGENITAL HEART DISEASE

Congenital cardiovascular abnormalities are common in TS, with
estimated prevalence rates ranging from 22% to 70%.>%** The variation
in reported prevalence is influenced by factors such as the methodology
used in the study to identify the anomalies, the specific type of
cardiovascular anomaly under investigation, the genotype of the cohort
being studied and the selection of the cohort.

The spectrum of congenital heart disease in TS encompasses a wide
range of conditions, from minor anomalies to severe and complex
defects that may be incompatible with life. This variability may
contribute to the elevated rate of miscarriages observed in fetuses with
TS.>> 3¢ Anomalies affecting various cardiovascular structures,
including valves, the aorta, veins, the right arch vessel, and the atrial and
ventricular septum, can be identified in individuals with TS, irrespective
of their genotype or external features.*>
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Aortic coarctation

Bicuspid aortic valve Tricuspid aortic valve

Figure 8. Bicuspid aortic valve and aortic coarctation are typical
congenital heart diseases in Turner syndrome. Illustration by P.
Thunstrom.

BICUSPID AORTIC VALVE

Bicuspid aortic valve (BAV) results from the fusion of the right and left
aortic leaflets, as illustrated in Figure 8.3” The prevalence of BAV in TS
ranges from 15% to 30%, which is notably higher than the 1-2%
prevalence observed in the general population.’’3% 3% The reported
prevalence can vary depending on the diagnostic method employed.
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Typically, transthoracic echocardiography (TTE) serves as the primary
approach, but in cases where valve visibility is insufficient, magnetic
resonance imaging (MRI) of the heart is preferred due to its higher
sensitivity in distinguishing between tricuspid and bicuspid aortic
valves.’” ¥ BAV often presents as an asymptomatic condition.
However, it is essential to identify this anomaly as it is significantly
associated with an increased risk of endocarditis, valvular stenosis,
aortic regurgitation, aortic dilatation, and aortic dissection.*’

AORTIC COARCTATION

Aortic coarctation (CoA) is characterized by a concentric narrowing of
the aortic lumen, leading to a significant pressure gradient across the
affected area, as illustrated in Figure 8. This condition often coexists
with other heart anomalies like BAV and an elongated aortic arch.?*37

In TS, the prevalence of CoA is higher, ranging from 10% to 16%, in
contrast to the general population where it occurs in approximately
0.04%.3% 41-42 CoA is typically detected in newborns, but mild cases
without apparent clinical symptoms may remain undiagnosed until
adulthood and are often incidentally discovered during MRI
assessments.>?

Surgical intervention employing various techniques is used to prevent
complications associated with CoA, such as hypertension, congestive
heart failure and aortic dissection, which may occur if the CoA is left
untreated.*® However, even after surgical repair, individuals with CoA
continue to face an elevated risk of aortic dissection, though the
underlying cause of this increased risk remains unknown.*** However,
one recently published study found that patients with CoA and a
tricuspid aortic valve had no greater risk of developing an aneurysm of
the ascending aorta than those without structural heart disease. Instead,
the risk was associated with BAV, regardless of whether the patient had
CoA.®

OTHER CONGENITAL CARDIOVASCULAR LESIONS
TS is associated with a variety of congenital cardiovascular
abnormalities beyond the previously mentioned BAV and CoA. These

10



Sofia Thunstrom

anomalies range in severity, with some having a more favorable
prognosis, including atrial septal defects, ventricular septal defects,
elongated transverse arch, partial anomalous pulmonary venous
drainage, persistent left superior vena cava, aberrant right subclavian
artery, and pulmonary stenosis. Conversely, more severe conditions
with a poorer prognosis are also observed, such as atrioventricular septal
defects, hypoplastic left heart syndrome, and congenital aortic valve
stenosis.?> 4

11
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ACQUIRED HEART DISEASE

Acquired heart disease contributes significantly to morbidity in Turner
syndrome, with an elevated risk of aortic dissection, as well as an
increased risk of stroke and myocardial infarction. This increased risk
of cardiovascular complications is also reflected in mortality statistics,
with diseases of the circulatory system being the primary cause of death
in individuals with TS.3%46

HYPERTENSION

Hypertension is highly prevalent in individuals with TS, affecting 21-
40% of children and 50-58% of adults.*’>° Hypertension can be
idiopathic or secondary to factors like renal anomalies or CoA, even
after surgical repair. Various metabolic factors, such as obesity, insulin
resistance and estrogen deficiency have been identified as risk factors
for hypertension.*

Managing hypertension is crucial as it is as a risk factor for conditions
like aortic dissection, stroke and myocardial infarction.*!> #+ 5! Until
recently, the guidelines for TS did not specify a particular target blood
pressure, but it is now suggested that the target blood pressure for
women with TS should be < 130/80 mmHg.!?

The treatment of hypertension in women with TS largely follows the
guidelines for the general population. This includes recommendations
for a healthy lifestyle, managing obesity, and considering
antihypertensive medication. Although there are no strict
recommendations regarding the choice of antihypertensive medication,
the TS guidelines propose the use of beta-blockers or angiotensin
receptor blockers.'? 3!

12
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AORTIC GROWTH AND DILATATION

The screening of the thoracic aorta is typically conducted using
Transthoracic Echocardiography (TTE) at four specific levels: the
annulus, the sinus of Valsalva, the sinotubular junction, and the
ascending aorta, with the latter measurement taken at the level of the
right pulmonary artery to ensure consistency, as illustrated in Figure 9.>
Aortic dimensions increase with age and body size.”* >

In TS, the growth of the ascending aorta is estimated to approximately
0.2 mm per year, in contrast to 0.12 mm per year in the general female
population.®>* However, in cases of thoracic aortic aneurysm, the
growth rate can be considerably faster.®® The international guidelines
emphasize that rapid aortic growth is a risk factor for aortic dissection
in the general female population as well as in TS or other conditions
with an increased risk of aortic dissection. Intervention is indicated for
those with sporadic aneurysms if there is an increase of > 5 mm in one
year or > 3 mm per year over two consecutive years, and for those with
a hereditary thoracic aortic disease or a bicuspid aortic valve if there is
an increase of > 3 mm in one year.**->!

Figure 9. The annulus (1), sinus of Valsalva (2), sinotubular
junction (3), and ascending aorta (4) are regions of interest for
examination by different devices in subjects undergoing cardiac
evaluations. Illustration by P. Thunstrom.
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Various studies employ different definitions of aortic dilatation in TS.
However, in individuals older than 15 years, the most common
definition is an aortic size index (ASI) of the ascending aorta >2.0
cm/m?. This index adjusts the absolute aortic measurements for body
size, calculated as the absolute ascending aortic diameter divided by the
body surface area, and is used in women with TS due to their shorter
stature.”’- 61-63

Another method to define aortic dilatation that also considers the short
stature of women with TS is the TS-specific z scores, which are usually
employed for individuals up to the age of 15. A z-score is a measure of
how many standard deviations a particular data point is from the mean
of a reference population. The TS-specific z scores are standardized
based on the height, body weight, and aortic diameter of women with
TS.%* TS-specific z scores have been found to be significantly lower than
z scores derived from the general population. A TS-specific z score of
>3 is equivalent to a population-based z score of >5 and is at least 50%
greater than the expected mean aortic diameter in TS.”!

The prevalence of aortic dilatation varies significantly among studies,
primarily due to variations in definitions (different measuring regions of
the aorta; ascending aorta or aortic root, or different models; aortic size
index or diameter), the imaging techniques used, and heterogeneous
study populations, sometimes with selection of more severely affected
individuals. However, a recently published meta-analysis estimated the
prevalence of aortic dilatation in TS to be around 23%.53

Risk factors associated with aortic dilatation in TS include the presence
of BAV, CoA, hypertension, and older age.%> Regular monitoring with
TTE and/or MRI of the aorta is recommended, with the frequency of
surveillance determined by the presence of these risk factors. The higher
the ASI, the more frequent follow-up with TTE or MRI is
recommended. The monitoring protocols also include recommendations
for prophylactic aortic surgery.'? ¢
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AORTIC DISSECTION

Aortic dissection occurs when a tear in the intimal layer of the aortic
wall allows blood to pass through the tear and into the aortic media,
separating the aortic wall layers into a true (the original lumen of the

aorta) and a false lumen (the new channel formed by the dissection),
Figure 10.%

B

True
lumen

False
lumen

Figure 10. Aortic dissection Stanford type A, demonstrated by CT
and X-ray. Reproduced from Cardiovascular imaging in Turner
syndrome: state-of-the-art practice across the lifespan. Mortensen
et al. Heart (British Cardiac Society). 2018;104:1826 by
permission of BMJ Publishing Group Ltd.
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Acute thoracic aortic dissections could be classified in different ways,
based either on the origin of the intimal tear (DeBakey) or whether the
dissection affects the ascending aorta, regardless of the origin of the
tear (Stanford).?® Aortic dissections of both categories are increased In
TS but dissections involving the ascending aorta are more
common.%%7

In 2020, the Society for Vascular Surgery and the Society of Thoracic
Surgeons proposed a new classification for type B dissections based on
the location of the intimal tears and the proximal and distal extent of the
dissection.®® Decisions regarding surgical versus non-surgical
management are based on the above-mentioned classifications. In this
thesis the Stanford classification is used, Figure 11.

In the ACC/AHA Guideline for the Diagnosis and Management of
Aortic Disease 2022, the classification is defined as follows: “The
Stanford classification system divides dissections into 2 categories
according to whether the ascending aorta is involved or not, regardless
of the site of origin:

e Type A: All dissections involving the ascending aorta, irrespective of
the site of the intimal tear

e Type B: All dissections that do not involve the ascending aorta

(including dissections that involve the aortic arch but spare the
ascending aorta)”
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Figure 11. Aortic dissection Stanford type A and B. Type A is the
most prevalent type of aortic dissection in TS. Illustration by P.
Thunstrom, after Scott A. Weldon, MA, CMI, FAMI and by
permission of Baylor College of Medicine, Houston, Texas, USA.

Monosomy (45,X) is usually associated with a more severe phenotype
and an increased risk of aortic dissection. Nevertheless, various other
karyotypes have been documented in women with TS who experienced
aortic dissections.?® 3% 41 Consequently, aortic screening is
recommended for all women with TS, irrespective of their specific
genotype.

Additional risk factors for thoracic aortic dissection are CoA, BAV,
aortic dilatation, and hypertension.** Currently, these risk factors are
used in combination with ASI (calculated as aortic ascending diameter/
body surface area), to predict the risk of aortic dissection in TS’ An
ASI > 2.5 cm/m? (equivalent to approximately 4 cm in diameter) is
regarded as indicating a high risk of aortic dissection in women with TS
over the age of 15. In such cases, the recommendation is to consider
prophylactic surgery, regardless of the presence of other risk factors.!®
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51,65 However, it is important to note that this specific cutoff is primarily
derived from two studies: one involving a case series of 20 patients with
TS with aortic dissection and another with a three-year follow-up of 166

patients with TS, in which a total of three aortic dissections occurred.®
70

Differentiating between individuals who will and will not derive
benefits from prophylactic surgery at the suggested cutoff is a
challenging task. On one hand, some women with an ascending ASI of
less than 2.5 cm/m? experience aortic dissection. On the other hand,
prophylactic thoracic aortic surgery involves a mortality rate from 2.0%
to 4.8%.*" 7'"7> Therefore, a meticulous evaluation of the potential
advantages of prophylactic interventions must be balanced against the
associated risks. The guidelines have recently been updated, and a cutoff
of > 2.3 cm/m? for considering prophylactic aortic surgery, if an
additional risk factor is present, has now been added to the monitoring
protocol.'?

Pregnancy presents a significant concern for individuals with TS. Most
women with TS experience ovarian insufficiency and will require
oocyte donation to conceive, as well as estrogen and progesterone to
support the pregnancy.’® Nevertheless, spontaneous pregnancies do
occur in 2-8% of women with TS, primarily among those with a mosaic
karyotype.””®® However, pregnancy in TS comes with heightened
cardiovascular risks, including hypertension, preeclampsia, and aortic
dissection.! The hormonal changes during pregnancy, coupled with
increased cardiac output and blood volume, are believed to influence the
arterial walls, potentially elevating the risk of aortic dissection.” It is
assumed that the risk of aortic dissection persists also after prophylactic
aortic surgery, but controlled studies on this matter are so far lacking.’!

Pregnant individuals should receive specialized care at dedicated
centers. The care should include TTE and, if necessary, MRI in case of
insufficient view or aortic growth, blood pressure monitoring, and
cesarean delivery for those developing an ASI exceeding 2.5 cm/m? or
experiencing aortic dissection.”!
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In summary, these guidelines recommend that all women with TS
should receive information about the increased risk of aortic dissection.
Imaging, using TTE and CT/MRI of the thoracic aorta and heart, should
be conducted within two years before pregnancy or assisted
reproductive therapy. Women identified as high risk, e.g., ASI >2.5
cm/m?, those with a history of aortic dissection, and women with an ASI
between 2.0 and 2.5 cm/m?, together with risk factors like BAV, CoA
(operated or not), hypertension, or rapid growth of the aorta are advised
to avoid pregnancy, as well as women with severe valve disease and
reduced cardiac function.!? !
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IMAGING TECHNIQUES

Using standardized protocols for aortic measurements is essential to
maintain the consistency and reliability of data over time. This practice
facilitates the detection of aortic growth while reducing the occurrence
of random errors. There remains a lack of consensus regarding whether
aortic wall inclusion should be considered in aortic diameter
measurements.>’

In Sweden, however, the EQUALIS guidelines for TTE assessment
recommend specific measurement methods. Specifically, the annulus is
measured during mid-systole from the inner-to-inner edge, while the
sinus of Valsalva, the sinotubular junction, and the ascending aorta are
measured during diastole from the leading-to-leading edge. These
recommendations align with those of the American Society and
European Association for echocardiography in adults.>?

It should be noted that the leading-to-leading edge approach yields
slightly wider diameters (2-4 mm) compared with the inner-to-inner
edge method, offering better consistency with inner diameters obtained
from CT or MRI, which serve as the basis for decisions regarding
prophylactic surgery.®

Every imaging modality comes with its set of limitations. The
advantages and disadvantages of different modalities are detailed in the
accompanying Table 1. In clinical settings, TTE is the most frequently
used method for evaluating the proximal aorta and visualizing the aortic
valve. TTE does not utilize ionizing radiation and is well suited for serial
measurements and for evaluating aortic regurgitation.*” %

CT boasts rapid acquisition times, high-resolution imaging, and the
ability to construct a complete 3D representation of the entire aorta. In
cases where acute aortic dissection is suspected, CT is the preferred
imaging modality.** However, drawbacks include exposure to radiation
and potential nephrotoxicity associated with contrast agents used in CT
angiography.
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MRI offers eminent accuracy when measuring the aortic diameter,
providing detailed images of the aortic morphology and its spatial
relationship with adjacent structures. In contrast to CT, MRI does not
involve ionizing radiation and in cases when contrast agents are used, a
smaller amount is needed, making it suitable for serial examination.>
Nevertheless, it is a costly method and is less suitable in acute settings
due to the challenges of monitoring unstable patients during imaging
and the longer acquisition times compared with CT.3¢%7

Table 1. Comparison of different imaging techniques for the aorta
in adults according to general European and American guidelines
for aortic diseases. 3 %

TTE CT MRI

Availability A
Diagnostic reliability + +++
Portability - )
Speed of acquisition ++ ++ o+
Serial examinations == 4= +++
Aortic wall visualization | + +H+
Cost - - —
Ionizing radiation 0 - 0
Nephrotoxicity* 0 - -

* due to contrast agents; + advantage; - disadvantage; CT, Computed
tomography; MRI, Magnetic resonance imaging: TTE, Transthoracic
echocardiography
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MEDICAL TREATMENT

In 1988, growth hormone (GH) treatment was introduced for girls with
TS in Sweden.®® Today, nearly 90% of women with TS below the age
of 40 have undergone GH treatment during their childhood to address
short stature.® It is recommended to initiate GH treatment as early as
possible, typically around four to six years of age, and to discontinue it
after the onset of puberty. This treatment has been shown to increase
final height by approximately 5-8 cm.!% %!

Very low doses of estrogen are given to induce puberty in girls with TS,
typically commencing around the age of eleven.!? Hormone replacement
therapy (HRT) with higher doses of estrogen in combination with
progesterone has been elaborated for the treatment of estrogen
deficiency symptoms in pre- and postmenopausal women. This therapy
has been in use for the past four to five decades, and currently, the vast
majority of all known women with TS receive continuous HRT.%-%% %3
The treatment is often lifelong and contributes to the reduce the risk of
cardiovascular disease and fractures.”*

Although the effects of GH and HRT treatment on the aortic wall have
not been extensively studied, there are currently no indications
suggesting that they increase the risk of aortic dissection in TS.* 9%
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MORTALITY

There is limited knowledge regarding life expectancy, mortality, and the
causes of death in TS due to the scarcity of published studies.”’ ' In
1986, a study estimated a reduction of up to 12.5 years in life expectancy
for individuals with TS compared with the general population.”” The
overall mortality rates have been reported to be approximately three
times higher across all age groups with TS compared with the general
population, and this increase is not associated with socio-economic
status.”® %

Stochholm et al. found that individuals with karyotypes 45,X and isoXq
experienced higher mortality rates than the general population, while
Schoemaker et al. reported increased mortality for all karyotypes.
Almost all major causes of death were increased, except for
malignancies and mental disorders.”® %% 101

Diseases of the circulatory system were responsible for the greatest
excess risk, with aortic dissection being a major contributor to the
increased mortality.”” 9% 100
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GUIDELINES

Numerous guidelines exist for the management of girls and women with
TS. These are both national and international guidelines, covering
general care as well as specialized cardiovascular recommendations. In
this thesis the following guidelines are referred to:

The Swedish general guidelines for adult women updated in 2024:
Turner syndrome in Swedish and English.
https://www.internetmedicin.se.!*?

The international general guidelines: Clinical practice guidelines for the
care of girls and women with Turner syndrome: proceedings from the
2023 Aarhus International Turner Syndrome Meeting.!? Updated from
previous consensus meetings in the Turner Syndrome Study group in
Cincinnati, Ohio, USA July, 2016; in Naples, Italy in 2001; and the

National Institute of Health (NIH), Bethesda, MD, USA, in 2007.'% %%
103

The cardiovascular international guidelines in cluding TS:

The European Society of Cardiology (ESC) Guidelines on the diagnosis
and treatment of aortic diseases: Document covering acute and chronic
aortic diseases of the thoracic and abdominal aorta of the adult.
(European guidelines from 2014).%

The ACC/AHA Guideline for the Diagnosis and Management of Aortic
Disease: A Report of the American Heart Association/American
College of Cardiology Joint Committee on Clinical Practice Guidelines.
(American guidelines from 2022).°

The cardiovascular international guidelines specific for TS:

Cardiovascular imaging in Turner syndrome: state-of-the-art practice
across the lifespan, 2018.9

Cardiovascular Health in Turner Syndrome: A Scientific Statement
from the American Heart Association, 2018.!
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AIMS OF THE THESIS

The overall aim of this thesis was to estimate the incidence and mortality
of aortic dissection in women with Turner syndrome and to study risk
factors associated with this severe complication. The specific aims were:

Paper I

To estimate the incidence of aortic dissection and to
study the association between hormonal, genetic, and
metabolic factors, as well as congenital cardiovascular
malformations and the risk of aortic dissection in
women with TS in western Sweden.

Paper I1 To investigate the possible presence of any side

differences in the degree of mosaicism of the buccal
mucosa in women with TS.

Paper 111 To evaluate which aortic size had the best predictive

value for the risk of aortic dissection in women with
TS in Sweden and whether adjusting for body size in
these women improved the risk prediction.

Paper IV To estimate the growth of the ascending aorta over

time, to identify risk factors of aortic growth in women
with Turner syndrome and to describe aortic
complications.

Paper V To study the mortality and cause of death in a

contemporary cohort of women with TS in Sweden and
compare these with a population-based control group
of women without TS.

The hypotheses in this thesis were:

L.

II

11

IV.

V.

The incidence of aortic dissection is increased in TS compared
with the general female population.

The degree of mosaicism varies within the buccal mucosa in TS.
Adjusting the aortic diameter in a TTE for body size will not
improve the risk prediction of aortic dissection in TS.

The aortic growth rate of the ascending aorta is increased in TS
compared with the general female population.

The reduced life expectancy in TS is caused by aortic dissection
in the young.
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SUBJECTS AND METHODS

Table 2. Overview of the papers in this thesis.

Paper 1 Paper 11 Paper 111 Paper IV Paper V
Study Prospective  Descriptive Prospective Retrospective Retrospective
design cohort study cross- cohort study  cohort study  matched
sectional cohort study
study
Data Clinical and Laboratory Clinical and  Clinical and Clinical and
sources laboratory  data laboratory laboratory laboratory
data, data, medical data, medical data, medical
medical records, records records,
records Cause of Cause of
Death Death
Register, Register
NPR
Study Turner Turner Turner Turner Turner
population syndrome syndrome  syndrome syndrome syndrome
and control
subjects
Follow-up 1995-2018 NA 1995-2021 2003-2023 1995-2020
time (yrs.) (23) (26) (20) (25)
Number of 198 20 400 101 472
subjects
Age (yrs.), 28.2+11.3 NA 27.3+11.4 27.6+9.9 28.2+11.9
meanzSD, (16-71) (17-78) (16-57) (16-78)
min —max.
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Paper I Paper 11 Paper 111 Paper IV Paper V
Statistical Poisson Descriptive  Logistic Wilcoxon Kaplan
analyses regression regression signed-rank  Meier
analysis, analyses, test, survival
Cox Receiver Unpaired analyses,
proportional Operating t-test, Cox
hazard Characteristic Spearman’s  proportional
survival curves, correlation hazard
analysis, Youden’s test, logistic ~ survival
logistic J statistic regression analyses
regression analysis
analysis
Main Incidence Degree of  Threshold of  Aortic Mortality and
outcomes  and risk mosaicism  the ascending growthrates  cause of
factors for  in buccal aorta as a and risk death
aortic mucosa predictor of  factors for
dissection aortic growth of the
dissection ascending
aorta
NA, not applicable
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SUBJECTS

Women suspected of or diagnosed with Turner syndrome were enrolled
in a study protocol conducted between 1995 and 2020 at the Turner
centers in Malmd, Gothenburg, Linkdping, Orebro, Stockholm,
Uppsala, and Umea. Recruitment was achieved through various means,
including advertisements in the Turner patient magazine, referrals from
hospitals in the surrounding regions, and transfers from pediatric clinics

(Figure 12).
Umea University
~ Hospital
Uppsala University
Orebro University Hosokl
Hospital Karolinska University
‘ Hospital
5 ( (Huddinge and Solna,
T Stockholm)
Sahlgrenska University Hospital
(Gothenburg) Linkoping University
Hospital
Skane University Hospital
(Malma)

Figure 12. Map of Sweden showing the university hospitals
harboring Turner centers since 1995 in the six healthcare
regions. Unfortunately, patients from the northern region could
not be included due to the unavailability of a coordinator in this
center in 2022.
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The inclusion criteria in this thesis were women > 16 years of age with
a cytogenetically confirmed diagnosis of TS (Figure 13).

Patients recruited to the Turner Centers, in Sweden

n=536

EXCLUDED

Not Turner syndrome genotype, n=10
“1 No available karyotype, n =49

Age <16 years,n=1

ELIGIBLE BUT NOT INCLUDED
> Declined to participate, n=2

Unknown reason for not attending, n=2

Participants available for analyses
n=472

Figure 13. The national cohort of women with Turner syndrome
participating in Study V.
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In Paper V, the control group was randomly selected from the Total
Population Register provided by Statistics Sweden (SCB). These
controls were matched for both sex and age and were confirmed to be
alive at the time when the subjects with TS were included in the study.
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METHODS
EXAMINATIONS

All women with TS underwent comprehensive evaluations in
accordance with the national and international guidelines for TS during
the study period. The examination process was initiated at the adult
clinic and continued with regular physical assessments by both a
gynecologist and an endocrinologist every five years, (Figure 14).

Data on various factors, including age, height, body weight, the presence
of TS stigmata, systolic and diastolic blood pressure, smoking status,
serum lipids, cause and date of death, all medications including previous
GH therapy and ongoing HRT (estrogen/gestagen), comorbidities,
chromosome analysis, and FISH analyses of buccal smears obtained
from both the left and right sides of the oral cavity at the same time,
were collected, anonymized, and integrated into a database.

Turner syndrome
Establishment of individual care management after transition

year12345678910

+ + + + + + + + + o+

Audiogram + + +

3 Blood pressure + + + + + + + + + +
¥ Echocardiogram + + +

\
Thyroid function + + + + =t + + + + e

Bone mineral + + +
density

time

Figure 14. Schedule for the examinations of all women with
Turner syndrome in Sweden according to the Swedish national
guidelines.'’”? Courtesy of Kerstin Landin-Wilhelmsen.

Imaging data of the heart and aorta obtained from both
echocardiography and MRI were collected. This information included
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aortic measurements as well as diagnoses of aortic dilatation, aortic
dissection, BAV and CoA, all of which were added to the database.

Chromosomal analyses were carried out on G-banded metaphases
obtained after 72-96 hours of lymphocyte growth in blood samples.
These analyses involved the evaluation of at least 25 metaphases, with
a chromosome quality of 400 bands. When FISH was performed to
estimate the degree of mosaicism, centromere probes for chromosome
X (DXZ1) and Y (DYZ3) from VYSIS Inc., USA were utilized, and a
minimum of 100 cells were assessed according to standard.'%*

REGISTERS

The Swedish National Board of Health and Welfare manages the
National Patient Register (NPR) and Cause of Death Register in
Sweden.'> 1% The Cause of Death Register was established in 1952.
The NPR, which comprises both the Inpatient and Outpatient registers,
contains data from 1987 and 2001, respectively. The NPR includes both
primary and secondary diagnoses and is updated monthly. Notably, the
reported missing data related to personal identification numbers and
primary diagnoses is approximately 1% for the period 1987 to 2021.1%
The proportion of valid diagnoses in the NPR is also considered high in
patients with cardiovascular diseases.'’” As per regulation, physicians in
Sweden are required to report the cause of death to the Swedish National
Board of Health and Welfare (Socialstyrelsen) within three weeks of the
individual’s passing. The Cause of Death Register includes all deaths of
Swedish citizens who were permanent residents in Sweden, even if the
deaths occurred abroad.

All diagnoses in these registers are coded in accordance with the
International Classification of Diseases (ICD). For the purposes of this
thesis, the ICD-9 (1987-1996) and ICD-10 (1997 and onwards) coding
systems were used.'% The specific codes employed for aortic dissection
or ruptured aortic aneurysm can be found in Table 3.
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Table 3. International Classification of Disease (ICD) codes used
for the identification of aortic dissection or ruptured aneurysm.

Diagnosis ICD 9 ICD10
Dissection of aorta 4410 171.0
Abdominal aortic aneurysm, ruptured 4413 171.1
Thoracic aortic aneurysm, ruptured 4411 171.3
Thoracoabdominal aortic aneurysm, 4416 171.5
ruptured

Aortic aneurysm of unspecified site, 4415 171.8
ruptured

The patients are identified in the registers by a unique personal
identification number, which is assigned to all persons living
permanently in Sweden, at birth or upon immigration.'®
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STUDY DESIGN

An overview of the studies and their design is given in Table 2.

To estimate the incidence and identify risk factors associated with aortic
dissection, a prospective study was conducted involving 198 women
with TS who were followed between 1995 and 2018 at the Turner Center
in Gothenburg. The study included aortic dissections of both Stanford
type A and B. The incidence of aortic dissection was calculated per
100,000 person years, and various risk factors for aortic dissection were
evaluated (Paper I).

To investigate the degree of mosaicism in the buccal mucosa of women
with TS, buccal smears were simultaneously obtained from both the left
and right sides in 20 women with TS. This group included ten
individuals with mosaicism, and ten without mosaicism based on their
blood karyotype. Additionally, one control was included in the study.
FISH analyses were performed, and more than 100 cells were analyzed
by two different observers who were blinded to each other’s findings.
The degree of mosaicism was compared between the two sides, and the
karyotypes of the buccal smear and blood samples were documented
(Paper II).

To identify which measurement of the ascending aorta on a TTE most
accurately predicted the risk of aortic dissection, the most recent
measurement of the ascending aorta was analyzed in a cohort of 400
women with TS. The measurements were obtained prior to the aortic
dissections. Medical records were used to identify women with aortic
dissection, and data from the National Patient Register (NPR) and the
Cause of Death Register were used to identify occurrences of aortic
dissection or causes of death in aortic dissection in those who moved
from the area during the study period. The optimal threshold value of
the ascending aorta to predict aortic dissection was estimated and
compared in three different models: the absolute aortic diameter model,
the ASI model, and the TS specific z score model (Paper III).

To assess the growth and growth rate of the ascending aorta and identify
potential risk factors for aortic growth in women with TS, a retrospective
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cohort study was conducted at the Turner Center in Gothenburg. The
study included 101 women with TS who had undergone at least two
TTEs between 2003 and 2023. These TTEs were re-evaluated by the
same observer in 2023. Measurements of the proximal aorta were taken
at four specific levels: the aortic annulus, the sinus of Valsalva, the
sinotubular junction, and the ascending aorta, using the inner edge-to-
inner edge principle. While the leading edge-to-leading edge principle
is typically recommended when measuring the absolute diameter, the
inner edge-to-inner edge principle was considered the most suitable for
assessing growth in this study. The measurements from the first and last
TTE were compared to calculate the growth rates of the ascending aorta,
which were then compared with reference data from women from the
general population. The patients were categorized into two groups,
demonstrating either aortic growth or no growth, and potential risk
factors for aortic growth were examined (Paper V).

A retrospective cohort study was conducted to examine mortality and
causes of death in women with TS in Sweden. This study involved a
cohort of 472 TS patients and 2357 control individuals of women from
the general population, who were matched for sex and age. The women
with TS were consecutively included in the study from 1995 to 2020 and
followed according to the national guidelines, as previously mentioned.
The Cause of Death Register was used to determine the cause and date
of death for both the controls and patients with TS. Survival analyses
were conducted and crude as well as cause-specific mortality rates were
compared between the women with TS and the control group. The study
also included a description of the women with aortic dissection (Paper
V).
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DEFINITIONS

Aortic dilatation was defined as an ascending aorta diameter > 3.4 cm
(+ 2SD for healthy adult women) in Paper I, and as ASI > 2 cm/m? in
Paper III and IV. The Du Bois method was used to calculate the Body
surface area (BSA).!!°

To define true growth of the ascending aorta, the measurement error of
the TTEs in Paper IV was estimated by calculating the repeatability
coefficient (RC) based on a test-retest procedure. The test-retest
procedure was performed as follows: the same patient was examined
twice in a row by two different investigators, who performed TTE using
the same measurement procedure and measuring system. The same
observer used the two different recordings to measure the ascending
aorta. The observer was blinded to the measurements of the first TTE
when performing the measurements of the second TTE. In total, 30
patients and 60 TTEs were evaluated, and growth of the ascending aorta
was defined as an increase of > 2 mm between the first and the last TTE.

In Study II, TS was genetically defined as mosaic if > 5% but < 95% of
all buccal cells demonstrated loss or partial loss of the second sex
chromosome based on FISH. Monosomy (45,X) was defined as the
absence of the second sex chromosome in > 95% of the cells. The lower
limit was set according to analyses by Homer et al.>

A difference in the degree of mosaicism > 5% between the left and right-
hand side of the oral cavity was considered as an actual difference and
< 5% as equivalent.
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STATISTICAL ANALYSES

Continuous variables were presented as means with standard deviations
(SD), or as medians with interquartile ranges (IQR). The non-parametric
Mann-Whitney U test was used to compare differences in continuous
variables between groups, and the non-parametric Wilcoxon signed rank
test for comparison of two repeated samples within a group. Fisher’s
exact test was employed to compare dichotomous variables between
groups.

The incidence of aortic dissection was calculated per 100 000 person
years by dividing the number of events by the total follow-up time for
the studied group.

Logistic regression was used to calculate odds ratios with 95%
confidence intervals. (Study I, III and IV). Medical treatment of
hypertension was used as a proxy for hypertension in the analyses of
risk factors in all the papers.

To compare the diagnostic performance of different tests Receiver
Operating Characteristic (ROC) curves were constructed and compared
using a nonparametric analysis method by DeLong et al.!'! The area
under the curve (AUC) was computed, and a threshold for each model
was determined using Youden’s J statistic. The sensitivity, specificity,
Positive likelihood ratio (LHR+), and Negative likelihood ratio (LHR-)
were estimated (Study III).

The aortic growth rates were calculated by dividing the difference in
aortic diameter between the first and the last echocardiogram, by the
duration of the follow-up. Spearman’s correlation was conducted to
measure the association between growth of the ascending aorta and time.
The test-retest reliability of the TTEs was estimated by calculating the
repeatability coefficient (RC) using the formula 1.96x\ (m2-m1)2/n,
(Study IV).!2
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Cox proportional hazard models, including hazard ratios with 95%
confidence intervals, were employed to conduct survival analyses
(Study V) and for the identification of risk factors (Study I and V).

To mitigate bias in the datasets caused by small numbers, Firth’s
penalized maximum likelihood estimation was applied (Study I, III, V).

Kaplan-Meier curves were generated to compare overall survival
between women with TS and the control group from the general female
population. To evaluate cumulative incidence rates for different causes
of death, a competing risks analysis was performed using a cumulative
incidence function (Study V).

All tests were two-tailed, with p<0.05 considered statistically
significant. Analyses were conducted using either SPSS version 24.0 for
Windows (IBM, Armonk, NY, USA) or SAS version 9.4 (SAS Institute
Inc., Cary, NC, USA).

ETHICAL CONSIDERATIONS

All studies have been approved by the Ethics Committee at the
University of Gothenburg or the Swedish Ethical Review Authority and
conducted in accordance with the Helsinki declaration.!!3

Paper I, II and IV: Reg.no. 456-94, approved in 1995; Reg.no. 242-02,
approved in 2002; Reg.no. 004-07, approved in 2007 and Reg.no. O5-
2010, approved in 2010.

Paper III: Above ethical approvals and Reg.no. 2021-01127, approved
in 2021.

Paper V: Reg.no. 2020-02276, approved in 2020; Reg.no. 2021-01127,
approved in 2021 and Reg.no. 2023-04902-02, approved in 2023.

All women with TS provided informed consent. As only anonymized
register data was used for the controls in paper V, the informed consent
was waived.
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MAIN RESULTS

In total 472 women with TS in Sweden were included in the studies in
this thesis with a mean follow-up of 17 years, range 1-26 years. The
average age at inclusion was 28 years, and BAV and CoA were found
in 22% and 10%, respectively. Of the included women, 53% had been
treated with GH and 85% were on current HRT (Table 4).

Table 4. Clinical characteristics at inclusion in women with Turner
syndrome in Sweden in this thesis.

Women with Turner
syndrome
n =472

Mean+ SD  Missing

Age, years 282+ 11.9 0
Height, cm 153.6+7.1 1
Body mass index, kg/m? 252+4.6 1
Monosomy (45,X), n (%) 268 (56.8) 0
First aortic size index (ASI), cm/m? 1.81+£0.33 63
Bicuspid aortic valve, n (%) 97 (22.4) 38
Coarctation of the aorta, n (%) 45 (10.4) 38
Systolic blood pressure, mmHg 1233+ 15.1 14
Diastolic blood pressure, mmHg 76.8+9.5 14
Previous growth hormone therapy, n (%) 249 (53.2) 4
Ongoing HRT, n (%) 388 (85.3) 17
Blood pressure medication, n (%) 71 (16.0) 27
Total cholesterol, mmol/L 491+1.06 33
Smoker, n (%) 28 (6.0) 6
Diabetes mellitus, n (%) 22 (4.9) 22

HRT, hormone replacement therapy; N, number
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INCIDENCE AND PREVALENCE OF AORTIC
DISSECTION

The incidence of aortic dissection was first studied in a single center
with 198 women from the Turner center in Gothenburg. Aortic
dissection occurred in nine women (4.5%) during follow-up periods of
up to 23 years (2542 person years), yielding an incidence of 354 cases
per 100.000 person years. When total risk time from birth was used
instead (8182 person years), the estimated incidence decreased to 110
cases per 100.000 person years. The dissections were evenly distributed
among the karyotypes.

When the study was expanded to include women with TS followed at
the Turner centers at other university clinics in Sweden, aortic
dissection/ruptured aneurysm occurred in 20/472 (4.2 %) of the women
at a mean age of 41 years (£ 6.7 years), ranging from 16 to 71 years. A
diverse range of TS karyotypes was present in the women with aortic
dissection ruptured/aneurysm with the majority, 13/20 (65%),
characterized by monosomy (45,X). The vast majority of the
dissections/ruptured aneurysms, 18/20 (90%) also involved the
ascending aorta. Eight of the 20 women (40%) died, one of whom had
undergone acute aortic surgery.

The aortic dissections did not show a declining trend from 1995 to 2020;
1.e., they were evenly distributed across the entire study period. This can
be seen in Supplementary Table 1 in Paper V that illustrates the clinical
characteristics of the women with TS who experienced aortic dissection.
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GENOTYPE

In the entire national cohort (472 women), monosomy (45,X) was the
most frequent genotype, 268/472 (57%). The types and frequencies of
chromosome abnormalities are detailed in Table 5.

Table 5. Type and frequency of chromosome abnormalities in Turner
syndrome in this thesis in comparison with other reports.

Karyotype This Mortensen Gravholt Description
thesis et al.* et al ¥
n=472 n=1063 n=NA
% % %
45X 57 40 40-50  Monosomy XI
45,X/46,XX 15 24 15-25  Mosaicismi
45,X/47, XXX 2 11 3 Mosaicism with

“Triple

45,X/46,XX/47, XXX X*/polysomy X
45,X/46, XY 7 5 10-12 Mosaicism with
) _ Y chromosome
other with Y-material .
material
45,X/46,X,del(X);46,X,del(X) 3 6 Deletions]
45,X/46,X,1(X) 2 3 Ring
chromosome X}
46,X 1(Xq); 46,X,idic(Xp) etc. 12 10 15 Isochromosomes
Xq; isodicentric
Xp}
X-autosome translocation, 3 Rare Various

unbalanced

* Mortensen KH et al. Cardiovascular Phenotype in Turner Syndrome—Integrating
Cardiology, Genetics, and Endocrinology. Endocrine Reviews, October
2012;33(5):677-714. T Gravholt et al. Clinical practice guidelines for the care of girls
and women with Turner syndrome. European Journal of Endocrinology
2024;190:G53-151. I Definitions are available in the section “Definitions in short”.
N, number; NA, not available
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Further cytogenetic analyses (FISH) were performed on the buccal
smear from both the left and right-hand side of the oral cavity in 20
patients, ten with monosomy (45,X) and ten with mosaicism based on
the blood karyotype. In 10/20 (50%) of the women, the degree of
mosaicism differed with > 5% between the two sides. Of those, the mean
difference was 16% and the maximum difference was 38%. Four out of
then (40%) of the patients with monosomy in the blood karyotype had
mosaicism (45X/46,XX) in the buccal mucosa. There was no significant
difference in the degree of mosaicism between the left and right-hand
side of the buccal mucosa in the patients with a monosomic blood
karyotype compared with those with a mosaic blood karyotype.

RISK FACTORS FOR AORTIC DISSECTION
AND DEATH

Risk factors for aortic dissection were studied with Cox regression
analyses. Aortic dilatation, treatment for hypertension and BAV and/or
CoA were associated with an increased risk of aortic dissection.

Previous GH treatment, ongoing HRT, monosomy (45,X), age at
baseline, the number of features associated with TS, or use of statins
were not shown to be associated with an increased risk of aortic
dissection (Table 6).

BAV and aortic dilatation (ASI > 2.0 cm/m? at inclusion) were
associated with death in TS with HR 2.44 (95% CI 1.07-5.56) and HR
4.44 (95% CI 1.63-12.13), respectively.
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Table 6. Risk factors for aortic dissection in women with Turner
syndrome, n = 198, in Gothenburg, Sweden.

Variable HR (95% CI) P value
Antihypertensive medication 7.20 (1.93-26.79) < 0.001
Aortic dilatation*® 12.19 (2.97-50.01) < 0.001
BAYV and/or CoA 4.32 (1.04-17.97) 0.022
Age at baseline 1.04 (0.99-1.09) 0.15
Previous growth hormone treatment 0.44 (0.11-1.78) 0.20
Ongoing HRT 0.36 (0.08-1.65) 0.27
TS features 1.04 (0.87-1.24) 0.67
Statins 2.82 (0.12-67.72) 0.69
Genotype 45,X 0.85 (0.23-3.18) 0.79

* Some aortic diameter measurements were not available at
baseline and the earliest available measurement during the
follow-up was used. Therefore, the odds ratio is presented
instead of hazard ratio (HR) for this parameter. CI, confidence
interval; CoA, aortic coarctation, BAV, bicuspid aortic valve;
HRT, hormone replacement therapy

To investigate if adjusting for body size in a TTE would improve the
risk prediction, analyses comparing ROC curves (seen in Paper III,
Figure 1) of three different models were performed. They demonstrated
that the absolute ascending aortic diameter and the TS-specific z score
model were equal in predicting aortic dissection, and both were superior
to the ascending ASI model (p = 0.01). Thus, adjusting for body size did
not improve the risk prediction.

The best cutoff to predict aortic dissection in a TTE was also
calculated in three different models seen below in Figure 15. The
estimations showed that the best cutoff was 3.3 cm for an absolute
ascending aortic diameter or 2.12 for the TS-specific z score, with a
sensitivity of 92% for both. The cutoff used in the current international
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guidelines, ASI 2.5 cm/m?, only had a sensitivity of 17%. None of the
models successfully predicted dissection in a pregnant woman.
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Figure 15. Different models present the relationship between
the aortic measurements from the latest echocardiograms
before the dissection and age in women with Turner syndrome
with or without aortic dissection. Distinct thresholds for each
model are delineated with varying colors. Modified from
Thunstrom et al. Aortic size predicts aortic dissection in Turner
syndrome - A 25-year prospective cohort study. International
journal of cardiology. 2023,;373:47-54,by permission of
Elsevier.
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For absolute ascending aortic diameter of 3.3 cm and for a TS-specific
z score of 2.12, the specificity was 85 and 86%, respectively. An ASI
of 2.5 cm/m? had a specificity of 95%.

LHR- (probability of a negative test result in those with the disease
/probability of a negative test result in those without the disease) was
0.1 (95% CI 0.01-0.64) for the aortic diameter cutoff of 3.3 cm and for
the TS-specific z score of 2.12, implicating that a negative test result
(measurements below these cutoffs) is ten times more likely to be truly
negative than falsely negative, whereas for ASI 2.5 cm/m?, the
corresponding LHR- 0of 0.87 (95% CI 0.68—1.13) means that this
model can hardly distinguish a false negative test result from a true
negative test result.

LHR+ (probability of a positive test result in those with the
disease/probability of a positive test result in those without the disease)
demonstrated a moderate rise in the likelihood of aortic dissection with
6.71 (95% CI 4.96-9.08) compared with 6.32 (95% CI 4.70-8.50) at
an absolute ascending aortic diameter cutoff of 3.3 cm, and a z score
cutoff of 2.12, respectively. Basically, this means that in these models,
a positive test result (measurements above the cutoffs) the probability
of a true positive test result is six times greater than a false positive test
result. The corresponding LHR+ value of ASI 2.5 cm/m? was 3.6 (95%
CI10.94-14.0).

Subgroup analyses of the women with an ascending aortic diameter
>3.3cm did not find any other risk factor that could discriminate
between those with and those without aortic dissection.
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GROWTH OF THE ASCENDING AORTA

The growth of the proximal aorta was studied in 101 women at the
Turner center in Gothenburg. They were examined at least twice with
TTE with a mean follow-up of 8.3 & 3.4 years, range 1-17 years. Some
of the aortic diameters between the first and the last TTE examination
could not be remeasured and were consequently excluded from the
analyses. Thus, 100 women were evaluated regarding the aortic annulus,
101 regarding the sinus of Valsalva, 89 regarding the sinotubular
junction, and 77 regarding the ascending aorta.

Significant aortic growth, p < 0.001, from start to follow-up was found
at the sinus of Valsalva with the median difference of 1.2 (-0.1-2.1) mm,
at the sinotubular junction with the median difference of 0.6 (-0.3-2.5)
mm, and at the ascending aorta with the median difference of 2.0 (0.3—
3.6) mm.

The mean ascending aortic diameter was 27.0 = 4.8 mm at start of the
study. Growth > 2mm of the ascending aorta was seen in 38/77 patients
(49%). The prevalence of ascending aortic dilatation (ASI > 2 cm/m?)
was 26% at inclusion, which had increased to 38% at follow-up.

Logistic regression analyses showed that only body weight was
associated with growth > 2mm of the ascending aorta, OR 1.05 (95%
CL, 1.0-1.09) p = 0.029.

Since the follow-up time varied among the study participants, growth
rates were calculated in mm per year. The mean growth rate of the
ascending aorta was significantly increased in women with TS
compared with reference data from the general female population
reported by Campens et al.: 0.25 (£0.35) mm/year vs. 0.12 (£0.05)
mm/year, p < 0.0001.>

Spearman’s correlation analysis showed a significant correlation
between the difference in ascending aorta diameter between the first and
last measurements and the follow-up time, r =0.45, p < 0.0001.
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MORTALITY

During a mean follow-up time of 17 years, range 1 month to 26 years,
7.4% of the women with TS and 3.0% of the control subjects died. TS
was associated with a notably higher overall mortality rate, indicated by
an HR of 2.9 (95% CI 1.9-4.4). The median survival time, which
represents the point at which 50% of the population has deceased, was
estimated to 80.4 (70.9-86.5) years for women with TS and 88.4 (78.7-
88.7) years for the control group (Figure 16).

Median survival time
100

% 88.4 (78.7-88.7)
80.4 (70.9-86.5)

80

70

60

50
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40

30

20

10

Turner Syndrome Controls

Figure 16. Survival in women with Turner syndrome, n = 472 and
women in the general population, n = 2357.

Among the causes of death, cardiovascular diseases, particularly aortic
dissection, contributed significantly to the increased mortality in TS,
resulting in a 22-fold increased risk in women with TS during the study
period.
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Even after excluding aortic dissections, women with TS still
demonstrated increased all-cause mortality, HR 2.3 (1.47-3.62),
p=0.0003. Cancer-related or externally caused deaths did not show a
significant rise in women with TS compared with the control group,
Table 7.

Table 7. Cause-specific mortality in Turner syndrome in Sweden
vs population-based controls of the same age and sex.

ICD-10 Cause of death  Turner syndrome Controls Cause
code _ _ specific
(n=472) (n=2357) hazard
ratio
Number Deaths Number Deaths (95% CI)
of per of per
deaths 10.000 deaths  10.000
patient patient
years years
C00-D48  All 3 1.4 28 2.7 0.6
malignancies (0.2-2.0)
100-199 Diseases of the 21 10.1 14 1.3 9.1%
circulatory (4.5-18.3)
system
171.0- Aortic aneurysm 8 3.8 2 0.2 21.8 %
171.9 (ruptured) and (4.6-102.8)
dissection
V01-Y98  External causes 4 1.9 14 1.2 1.7
9290* of (0.6-5.2)
9550* mortality (accid
ents and
violence)
A00-Z99  All causes of 35 16.8 F 70 6.7 7 2.9%
death (1.9-4.4)

*ICD-9; 1 Crude mortality rate; £ p <0.0001; N, number; CI, confidence
interval
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Subgroup analyses also showed that aortic dissection was the major
cause of death before the age 0of 45 in TS with a frequency of 5/12 (42%).
The risk of death due to aortic dissections was significantly higher
compared with controls, with an HR of 55.59 (95% CI 2.33-1325.69) in
this age group. The women with TS who died from aortic dissection/
ruptured aneurysms were considerably younger than the controls from
the general female population. (Figurel7).

Causes of death in relation to age

Frequency, %

16-25 26-35 36-45 46-55 56-65 66-75 76-85
Age

B Turner syndrome B Control
¥ Death by other causes (TS) % Death by other causes (Control)

Figure 17. Death by aortic dissection vs other causes in relation

to age in women with Turner syndrome (TS), (n = 35) vs
population-based controls (n = 70) in Sweden.
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In TS, circulatory diseases (aortic dissection excluded) posed the
greatest cumulative risk of death. Among controls, cancer was the
leading cause of death with the highest incidence rate (Figure 18).
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Figure 18. Cumulative risk of death from aortic dissection,
diseases of the cardiovascular system (aortic dissections
excluded), cancer and external causes (accidents and violence)
in women with Turner syndrome vs. population-based controls.
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DISCUSSION

Turner syndrome (TS) has been known since the 1930s, but the
increased risk of aortic dissection and early death in these women has
only come to attention in recent decades. Studies have been performed
to identify the underlying causes of aortic dissection in order to predict
which women have an increased risk.>> 67 ¢ 70 But since TS is an
unusual condition, it is difficult to get a sample large enough to study
rare events such as aortic dissection. This has meant that many
recommendations in the guidelines are based on case reports and case
series or small cohort studies, and there are still unresolved questions
about genetics, metabolic risk factors and how treatment with growth
hormone and estrogen affects the risk of aortic dissection in these
patients in adulthood. In the present large national cohort, we have tried
to answer these questions and to fill some knowledge gaps in the search
for risk factors for aortic dissection in TS.

Incidence of aortic dissection

The incidence of aortic dissection in women with TS in Sweden was
greatly increased, 20-66 times, compared with the general female
population.** ''* However, the true incidence is hard to estimate since
the calculations depend on the number of events and the time in study.
Thus, the study design could alter the results. Aortic dissections are very
rare in childhood so if the incidence of aortic dissection is calculated
using time from birth in a register study instead of the follow-up time in
a cohort study of adults, the time (person years) will be much longer,
resulting in a lower incidence. How the information of the events is
obtained is also crucial; whether registers or medical records are used to
identify aortic dissections. Register studies have the advantage over
cohort studies to include more patients, but on the other hand, the codes
could be unspecific or may be missing. This probably explains the
highly variable incidence numbers in different studies.”” !> In the
present study, clinical data from regular physical and standardized
examinations were used.
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Risk factors for aortic dissection

Congenital heart malformations such as BAV and CoA were risk factors
for aortic dissection. The pathophysiological mechanism behind these
risk factors is unknown, but aortic wall shear stress due to altered
hemodynamics is thought to be the cause of the increased risk of aortic
dissection.!16- 117

The mean growth rate of the ascending aorta was almost twice as high
in TS compared with women in the general population. Moreover, the
prevalence of aortic dilatation in TS increased with time. Although the
absolute growth in mm was small and might not be clinically relevant in
the short run, aortic dilatation may develop, however, over a lifetime in
susceptible individuals.''®

In the general population, ascending aortic dissection most often occurs
without prior aortic dilatation.!'® ' While aortic dilatation is a known
risk factor for aortic dissection, it remains unclear whether women with
TS experience a gradual increase in aortic size, leading to dissection, or
whether the aorta dissects suddenly without prior growth.

Hypertension and aortic dilatation increased the risk of aortic dissection
among patients with TS. This is not an unexpected finding, since
hypertension increases the risk of aortic dilatation and aortic dilatation
is associated with aortic dissection.’” '*° However, it emphasizes the
importance of careful cardiovascular monitoring in this patient group,
especially as aortic dissection could occur in pregnant women despite a
normal ascending aortic size.*!: 44

Monosomy, 45,X, is associated with a more severe phenotype.”® We
were not able to confirm that monosomy increased the risk of aortic
dissection.*!"** This may be due to the small number of aortic dissections
during the follow-up period in this thesis. However, it is also likely that
the underlying mechanisms of the aortic dissections in TS could not be
explained by chromosome analysis alone. Since mosaicism is common
both between organs and within organs, as we showed in Paper I, it is
difficult to know whether the karyotype of the blood is truly
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representative of the cells in the aortic wall, even though the blood cells
and the cells of the vessels derive from the same germ layer
(mesoderm).'?!> 122 To the best of our knowledge, biopsies of the aorta
have been analyzed histologically, but not regarding genotype, which
leaves this question unanswered.'!®

We have also found that lifestyle and metabolic factors such as smoking,
body weight, body mass index, and lipids, as well as ongoing HRT and
previously given GH, did not seem to affect the risk of aortic dissection.
However, since GH has only been used as standard therapy for about 30
years, longitudinal studies are needed to verify that it does not have a
negative impact on the cardiovascular system in women with TS.% At
least no harm was seen in the present women followed up to 30 years
after cessation of GH treatment for short stature in Sweden, i.c., until
40-50 years of age. Furthermore, the prevalence of aortic dissection has

not declined with time despite updated international guidelines for TS.!%
41,92,103

Cutoffs for prophylactic surgery of the ascending aorta

At the time of the studies included in this thesis, the cutoff for
recommending prophylactic aortic surgery was set at ASI 2.5 cm/m?.!°
The cutoff was based on two studies with a total of 13 cases.® 7
However, we found no improvement in the prediction of aortic
dissection by adjusting for the short stature of women with TS in the
TTE by dividing the ascending aortic diameter by body surface area (i.e.,
ASI).*' The best cutoffs estimated in our models were the absolute
ascending aortic diameter of 3.3 cm, or the TS-specific z score cutoff
of 2.12 (approximately the threshold of aortic dilatation). These cutoffs,
instead of the recommended ASI cutoff of 2.5 cm/m? gave a better risk
prediction. However, prophylactic surgery entails a morbidity and
mortality risk where elective surgery of the ascending aorta has a
reported mortality of 2.0-4.8%.”" 7> This complexity makes it
challenging to lower the cutoff and offer prophylactic surgery to a larger
number of patients, as doing so might be unnecessary and lead to more
harm than good.®® On the other hand, if a patient has an aortic valve that
needs open surgery, prophylactic intervention for an ascending aortic
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diameter between 3.3 and 3.6 cm (approximately ASI 2.1-2.3 cm/m?,
1.e., mild aortic dilatation) in the same session might benefit the patient.
Based on the findings in this thesis the figure below (Figure 19) outlines
a suggested follow-up of the cardiovascular system in women with TS
from age 16.

Women with TS

216 years
[
I I I I
Ascending aortic Ascending aortic Ascending aortic Ascending aortic
diameter < 3.3 cm diameter 3.3-3.6 cm diameter 3.7-4.0 cm | | diameter >4.0 cm
I | [
BAV, CoA, Need of open heart BAV, CoA,
and/or surgery of other and/or
HT reason HT
no yes yes | no no | yes
TTE TTE Consider
and/or and/or prophylactic Consider
MRI every || MRl every | | aortic surgery in MRI every prophylactic
5 years 2 years the same session %- 1year aortic surgery

Figure 19. Flow chart of suggested cardiovascular monitoring
in women with Turner syndrome (TS) > 16 years based on the
results in this thesis. BAV, bicuspid aortic valve, CoA: aortic
coarctation, HT; hypertension.

Recently, the cutoff for considering prophylactic surgery in TS was
updated. The new guidelines have added the recommendation of
considering prophylactic surgery at an ASI of > 2.3 cm/m? if an
additional risk factor is present.'? Hopefully, this update will result in
fewer women experiencing acute aortic dissection. Thus, it is essential
to carefully balance the benefits of surgery with the potential risks, and
the decision to perform of surgical intervention should involve a
multidisciplinary team. Further multicenter studies are warranted to
develop a better risk score incorporating multiple factors. This score
would aid in identifying individuals who will benefit from prophylactic
surgery while also considering the risk of unnecessary intervention.
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Mortality

Additionally, our research highlighted a threefold rise in mortality and
an approximately eight years lower median survival time among
individuals with TS who survived childhood compared with the women
in the general population. Notably, cardiovascular diseases contributed
significantly to this heightened mortality, particularly aortic dissection,
which emerged as the primary cause of death among TS women in the
young.

Furthermore, BAV and aortic dilatation were associated with death in
TS which could be explained by the fact that congenital cardiovascular
malformations and aortic dilatation are strongly connected to aortic
dissection. And again, despite updated guidelines during the study
period, aortic dissections did not show a declining trend with time which
underlines the importance of further research in this field. However,
aortic dissection in pregnant women with TS appears to have declined
in recent years. Previous reports from the US and France showed several
aortic catastrophes and deaths between 1996 and 2006 in women with
TS undergoing pregnancies through assisted oocyte donation, without
prior thorough cardiovascular evaluation. Accordingly, the guidelines
regarding monitoring during pregnancy were updated, and recent studies
no longer show an increased risk of aortic dissection or rupture in
pregnant women with TS without structural heart defects. 12126 The
current guidelines in TS recommend other methods for family planning
in cases with mild to moderate aortic dilatation and additional risk
factors, severe aortic dilatation (operated or not) or severe valve disease
and reduced cardiac function.!* !

The cancer mortality rate showed no disparity between the women with
TS and the control group, which is consistent with earlier research.”®
101127 This might be attributed to the lower occurrence of breast cancer
in TS, possibly due to underdeveloped breasts and decreased estrogen

levels associated with the condition, although there are case reports.”
128
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In our study deaths due to external causes, (accidents and violence),
were heterogeneous and included car accidents, exposure to fire,
poisoning of undetermined intent, and suicide. Results of previous
studies on mortality due to external causes in TS compared to the general
population are not consistent.”” 27 However, we found no elevated
frequency of deaths from external causes in women with TS compared
with the control group. This might be explained by the fact that the
quality of life and the prevalence of psychiatric diseases in women with
TS have been shown to be similar to that of women in the general
population in Sweden %1%

Summary

Taken together, the findings in this thesis show that although aortic
dissection is rare, 4% in TS, it is a life-threatening disease which often
leads to sudden death. The incidence and mortality due to aortic
dissection in TS are greatly increased, especially in the young, compared
with the general population. The congenital cardiovascular anomalies as
well as hypertension and aortic dilatation pose the greatest risk of aortic
dissection in TS, but even without these risk factors, women can be
affected. Therefore, it is crucial for women with TS to be followed at
clinics that are aware of these risks and offer preventive care. Regular
cardiac assessments, including measurements of the ascending aorta, are
essential to identify individuals at increased risk. Prophylactic surgery
should be offered to those at highest risk, and all women with TS,
regardless of their risk profile or karyotype, should receive specialized
care before and during pregnancy. This is crucial, as spontaneous
pregnancies can occur in women with TS, especially in those with
mosaicism.”®

And last, but not least, think the other way around: Always have Turner
syndrome in mind when aortic dissection occurs in a woman!
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STRENGHTS AND LIMITATIONS

The different cohorts in this thesis were relatively large, and the follow-
up time was long and standardized, in comparison with the previously
published literature. Furthermore, all women in the studies had a
cytogenetically verified diagnosis of TS and the mortality rates were
compared with an age- and sex-matched control group from the general
population. The endpoint of aortic dissection and death was based both
on data from clinical examinations and register data based on the
Swedish identification number. This strengthens the validation of the
morbidity and mortality rates.

The women in this thesis represent around 2/3 of the estimated adult TS
population in Sweden and the congenital and cardiovascular diseases lie
in the same frequency as expected from reports from other countries.
We therefore think that most of the results in this thesis are generalizable
to the adult TS population. The results are not, however, applicable to
children with TS since no girls below the age of 16 were included in the
present clinical cohort.

The FISH method has limitations; the buccal smear may be thick with
overlapping cells or there may be too few buccal cells, making the
sample uninterpretable. The signals from the probes could also be weak,
and two co-localized signals could be interpreted as one signal when
viewing a three-dimensional nucleus in two dimensions.'*® However, >
100 cells were evaluated to receive high sensitivity.

Echocardiograms were performed every five years in general, which
means that some aortic measurements dated back several years, raising
the possibility of progressive aortic growth since the last
echocardiogram. However, previously published literature has the same
limitation.5% 7

Aortic dissection is also a rare condition and there were few events
(aortic dissections) in the studies. The available statistical methods were
therefore limited when studying risk factors. Bivariate regression
analyses, which did not allow for adjustment for conventional
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confounders (smoking, diabetes, cholesterol), were carried out in this
thesis, and the confidence intervals were wide. Thus, the hazard/odds
ratios should be interpreted with caution and additional studies with
larger sample sizes are necessary to confirm the findings.

The individuals in this thesis had survived infancy and childhood. It's
likely that those with the most severe malformations had already died,
as indicated by the lack of deaths attributed to congenital malformations,
which are otherwise typically elevated in TS. This could potentially lead
to a survival bias which could lower the overall all-cause mortality rate.
Additionally, the population was relatively young, resulting in a small
number of deaths and wider confidence intervals. Nonetheless, these
findings corroborate earlier reports on mortality rates in TS. To our
knowledge, the present national cohort of repeatedly and thoroughly
examined women, including individuals over 80 years of age, is the
largest and longest studied cohort of women with TS in the world.
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CONCLUSIONS

e Sex chromosome mosaicism was common in women with
Turner syndrome (TS) and can vary within the buccal mucosa.

e The all-cause mortality rate in TS was three times higher than in
women in the general population, mainly driven by aortic
dissection among younger women with TS and by heart diseases
among the older.

e Risk factors for aortic dissection were found to be congenital
cardiovascular  malformations, aortic  dilatation  and
hypertension.

e The mean growth rate of the ascending aorta was higher in TS
than in women in the general population. However, conventional
cardiovascular risk factors (diabetes, lipids and smoking),
monosomy, smoking, as well as previous GH treatment and
ongoing HRT seem harmless with regard to future aortic growth
and dissection.

e Adjusting the ascending aortic measurements for body size in a
transthoracic echocardiogram did not improve the risk prediction
of aortic dissection.

e Healthcare professionals monitoring patients with TS should

address early detection of congenital heart disease and prioritize
monitoring of the aortic diameter and blood pressure.
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FUTURE AND CLINICAL
PERSPECTIVES

The main clinical take home message of this thesis based on up to 30
years of follow-up of women with Turner syndrome in Sweden, is that
cardiac monitoring should be performed at least every five years, and
that the aortic diameter must be requested. Once aortic dilatation has
developed, a multidisciplinary team should be involved to individualize
further monitoring and to offer prophylactic surgery to those at highest
risk.

To reduce morbidity and mortality in this patient cohort, future studies
should focus on:

* Uncovering the underlying genetic mechanisms of the varied
phenotype in Turner syndrome and understanding why some individuals
are born with congenital heart defects and prone to aortic dissection
while others are not. This could pave the way for personalized medical
approaches and specific guidelines tailored to those at risk.

* Developing a risk assessment tool that aids in determining the ideal
timing for prophylactic aortic interventions, aiming to prevent aortic
dissection.
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