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1 | INTRODUCTION

Turner syndrome (TS) is a chromosomal condition that affects females
who have one intact X-chromosome and complete or partial absence
of the second sex chromosome (Gravholt et al., 2017). Short stature

and premature ovarian failure are the cardinal features of TS,
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Abstract

Turner syndrome (TS) is a chromosomal condition which is associated with an increased
prevalence of cardiac morbidity and mortality. In this cross-sectional study, Minnesota-
based electrocardiographic (ECG) abnormalities, aortic dimensions, routine- and myocar-
dial strain echocardiographic parameters, and karyotype-cardiac phenotype associations
were assessed in girls with TS. In total, 101 girls with TS (0-18 years) were included.
The prevalence of major ECG abnormalities was 2% (T-wave abnormalities) and 39%
had minor ECG abnormalities. Dilatation of the ascending aorta (z-score > 2) was pre-
sent in 16%, but the prevalence was much lower when using TS-specific z-scores. No
left ventricular hypertrophy was detected and the age-matched global longitudinal
strain was reduced in only 6% of the patients. Cardiac abnormalities seemed more com-
mon in patients with a non-mosaic 45,X karyotype compared with other karyotypes,
although no statistically significant association was found. Lowering the frequency of
echocardiography and ECG screening might be considered in girls with TS without
cardiovascular malformations and/or risk factors for aortic dissection. Nevertheless, a
large prospective study is needed to confirm our results. The appropriate z-score for
the assessment of aortic dilatation remains an important knowledge gap. The karyotype
was not significantly associated with the presence of cardiac abnormalities, therefore

cardiac screening should not depend on karyotype alone.
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with a variety of associated problems including cardiac involvement
(Gravholt et al., 1998). The latter can be divided into congenital mal-
formations, such as a bicuspid aortic valve (BAV), aortic coarctation
(COA), and partial anomalous pulmonary venous return (PAPVR), and
acquired problems such as ascending aortic dilatation and aortic
dissection (Bondy, 2008a, 2008b; Gravholt et al., 2006; Mortensen,
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Andersen, & Gravholt, 2012; Turtle et al., 2013). Hypertension is
another common comorbidity in patients with TS, which could lead to
left ventricular hypertrophy, and eventually left ventricular dysfunc-
tion (Mortensen, Gravholt, et al., 2012; Sozen et al., 2009; Tancredi
et al, 2011). However, little is known on the prevalence of these
abnormalities in girls with TS.

Besides cardiovascular malformations, electrocardiogram (ECG)
abnormalities, mainly QTc prolongation, have been reported (Atici
et al., 2018; Bondy, Ceniceros, et al., 2006; Bondy, Van, et al., 2006;
Dalla Pozza et al., 2006; Dalla Pozza et al., 2009; Sozen et al., 2008;
Trolle et al., 2013). We recently found no increased prevalence of QTc
prolongation using Hodges formula in a large cohort of girls (n = 101)
and women (n = 251) with TS, as was confirmed by Harrahill et al.
in 112 women with TS (Harrahill et al., 2020; Noordman et al., 2020).
ECG is mostly performed at every clinical visit of patients with TS.
Reports on ECG abnormalities other than QTc prolongation are limited
(Bondy, Ceniceros, et al., 2006; Bondy, Van, et al., 2006), and the clini-
cal consequences of ECG abnormalities remain unclear.

Routine echocardiography enables the assessment of cardiac
malformations, dimensions, and function in patients with TS. For chil-
dren, it is common to calculate z-scores of left ventricular- and aortic
dimensions taking the body surface area (BSA) into account
(Silberbach et al., 2018). Z-scores of aortic dimensions can be calcu-
lated using different methods, but no uniform method has been
established. Myocardial strain analysis, mainly global longitudinal
strain (GLS), can be used to detect subtle changes in left ventricular
systolic function, that are not detectable with the left ventricular ejec-
tion fraction (EF) (Lang et al., 2015; Tops et al., 2017). However,
this sensitive technique has only been investigated in very small
cohorts of patients with TS, with contradicting results (AbdelMassih
et al,, 2018; Oberhoffer et al., 2020; Oz et al., 2014).

Previous studies have explored the relationship between karyo-
type and phenotype, including cardiovascular malformations, and
have reported different results (Cameron-Pimblett et al., 2017; El-
Mansoury et al., 2007; Gotzsche et al., 1994; Noordman et al., 2018;
Noordman et al, 2019; Prandstraller et al, 2009). Most studies
have suggested that the prevalence of cardiovascular malformations is
higher in patients with a monosomy 45,X karyotype, compared with
other karyotypes. However, associations between karyotype and spe-
cific cardiac function tests such as ECG or GLS, have hardly been
described (Bondy, Ceniceros, et al., 2006).

We aim to assess the prevalence of specific cardiac abnormalities
in childhood, including ECG abnormalities, aortic dimensions, routine-
and myocardial strain parameters, and to look for karyotype - cardiac

phenotype associations in a large cohort of girls with TS.

2 | METHODS

21 | Patients

Girls with TS, aged 0-18 years, visiting the TS outpatient clinic from
April 2010 to June 2017 at the department of pediatrics, Amalia

Children's Hospital, Radboudumc, Nijmegen were eligible for this
retrospective study. Diagnosis of TS was based on clinical features
and cytogenetic analysis. Patients were excluded if the cardiac follow-
up was performed outside our institution, if the quality of the echo-
cardiography was insufficient to perform strain analysis, if cytogenetic
analysis showed <5% cells with karyotype 45,X or if the patient had
other genetic abnormalities that could lead to cardiac problems. This
study was approved by the local ethics committee (CMO Arnhem-Nij-
megen). The current study population is partially overlapping with the
study population of two previous publications (Noordman et al., 2018;
Noordman et al., 2020).

Karyotypes were classified and divided into seven subgroups:
monosomy 45X, mosaicism 45,X/46,XX, isochromosome (e.g., 45,X/46,i
(Xq) or 46,X,i(Xq)), deletion (e.g., (45X/)46X,del(Xp) or (45,X/)46,X,del
(Xq)), polyploidy (e.g., 45X/47XXX), ring X (e.g., 45X/46X,r(X)), and
Y-material (e.g., 45,X/46,XY). The karyotype was examined in lympho-
cytes (30 cells) and/or buccal cells (100 cells). If available, the karyotype
of the buccal cells was used for classification (Freriks et al., 2013).
Patients with a monosomy 45,X karyotype were compared with patients
with other karyotypes. To describe characteristics of the population, data
on age, height, and weight were collected. For the assessment of cardiac
abnormalities, the most recent ECG and echocardiogram at the time of
inclusion were studied. Definition of COA was based on history of surgi-
cal or catheter intervention. Presence of hypertension was defined as
the need for anti-hypertensive treatment, and associations between
hypertension and other cardiac abnormalities were investigated.

2.2 | Electrocardiography

Resting 12-lead ECGs were scored for type of heart rhythm, heart rate,
PR, QRS and QT intervals, QRS axis and morphology of the P wave,
QRS complex, and ST segment. The QT interval was measured manually
and the corrected QT interval (QTc) was calculated using Hodges'
formula (Gravholt et al., 2017). Abnormal ECG findings were coded
according to the Minnesota Code (Prineas, & RS.; Zhang, Z-M., 2009).
The ECG abnormalities in this study were classified into “major” and
“minor” ECG abnormalities as binary, not mutually exclusive, variables
and are shown in Appendix 1a and 1b (Healy & Lloyd-Jones, 2016).
ECG intervals were adjusted for age at time of the ECG, according to
Sharieff et al. (Sharieff & Rao, 2006). A prolonged QRS interval was
defined as >100 ms and a prolonged QTc interval as >450 ms (Davignon
et al., 1980; Rautaharju et al., 2009; Surawicz et al., 2009). The heart rate
of girls with TS was compared with the heart rate of healthy girls from

the same age groups, derived from the literature (Rijnbeek et al., 2001).

2.3 | Echocardiography

2.3.1 | Aortic dilatation

Assessment of cardiac morphology and cardiac function was

carried out using a routine echocardiography scanner (GE, Vingmed
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Ultrasound, Horten, Norway) with a 3.0 and a 5.0 MHz transducer.
The aortic root was measured at three levels (aortic annulus in systole,
sinus of Valsalva, and ascending aorta both in diastole) and z-scores
were calculated according to the method of Gautier et al. (providing
normative data of 353 healthy children) (Gautier et al., 2010). Second,
specific z-scores for patients with TS were calculated according
to Quezada et al., providing standard values for the aortic size of
healthy girls and women with TS (Quezada et al., 2015). Dilatation for
all measurement levels was defined as a z-score > 2. Additionally,
the aortic size index (ASI; ascending aortic diameter/BSA; cm/mz) was
calculated for girls >15 years (Silberbach et al.,, 2018). Associations
between aortic dilatation (according to Gautier et al.) and other car-
diac abnormalities were investigated.

2.3.2 | Routine- and myocardial strain parameters
Z-scores of left ventricular dimensions were based on normal
values of M-mode measurements of a healthy population as given by
Kampmann et al., using an online z-score calculator (Dyar, 2020;
Kampmann et al., 2000). The left ventricular systolic function was
indicated using fractional shortening (FS) and ejection fraction (EF). LV
mass (LVM) was calculated using the formula first described by Dever-
eux (Devereux et al., 1986), and LV mass for height z-scores were cal-
culated according to Foster et al. (Foster et al., 2008).

Global longitudinal strain (GLS) of the left ventricle was assessed
offline using 2D speckle-tracking echocardiography as described
earlier by our group (Mavinkurve-Groothuis et al., 2009). Analysis was
performed using echocardiographic quantification software (EchoPAC
version 113; GE Medical Systems, Horten, Norway). Strain results
were compared with age- and vendor-specific normative values
(Klitsie et al., 2013; Levy et al., 2016), and compared with results
reported in other TS populations (AbdelMassih et al., 2018;
Oberhoffer et al., 2020).

2.4 | Statistical analysis

Statistical analysis was carried out using SPSS 25 (SPSS inc, Chicago,
IL). Baseline characteristics were expressed as frequency and
percentage for categorical variables and as mean or median for con-
tinuous variables. Associations between cardiac abnormalities, ECG
abnormalities, and karyotype were analyzed with an independent t-
test, or a Mann-Whitney U test for non-normally distributed vari-
ables. In addition, odds ratios (ORs) and 95% confidence intervals
(95%CIl) were calculated. A one sample t-test was used to compare
the heart rate and strain parameters of the study cohort with
values of a reference population derived from the literature (Klitsie
et al.,, 2013; Rijnbeek et al., 2001). Analyses were performed if a sub-
group consisted of at least three cases. A p-value <.05 and OR with a
95%Cl excluding 1 were set as statistically significant or relevant,

respectively.

medical genetics Bl W1 LEY_L2%
3 | RESULTS

3.1 | Baseline characteristics

Data from 139 patients with a confirmed diagnosis of TS were avail-
able for this study. A total of 38 patients were excluded from this
study, of whom 23 patients without an available echocardiogram in
our study center, 13 patients whose quality of the echocardiogram
was not sufficient for offline strain analysis, one patient with < 5%
45X cells in buccal cell analysis, and one patient with another genetic
abnormality that could lead to cardiac problems. After exclusion,
the final study cohort consisted of 101 girls with TS. Data of patient
characteristics, karyotype, and cardiac malformations are shown in
Table 1. Age, height, weight, karyotype, and prevalence of cardiac
malformations of the excluded patients were not significantly differ-
ent from those of our study cohort (data not shown). Eleven girls had
a history of cardiac surgery, including repair of aortic valve (n = 2) and
aortic coarctation (n = 8). One girl had surgery for both indications,
including repair of ascending aortic aneurysm. None of the girls with
PAPVR (n = 2) underwent surgery. Hypertension was present in
seven girls (7% of the population).

The most common karyotype was monosomy 45,X (31%). Buccal
cell analysis was available in 86% of the patients with a 45,X mono-
somy in lymphocytes. In five of these girls (16%), buccal cell analysis
showed a second cell line with a mean percentage of 26 (5-70)%
46,XX cells. These patients were eventually classified as mosaicism
45X/46,XX.

3.2 | Electrocardiography

ECG intervals and abnormalities according to the Minnesota criteria in
girls with TS are described in Table 2. The heart rate of girls with TS
was higher compared with the heart rate of healthy age-matched girls,
derived from the literature (data not shown). None of the patients had
(a history of) severe arrhythmia or QTc prolongation. Only two girls
(aged 8 and 15 years) had major ECG abnormalities (isolated T-wave
abnormalities). No patients with a short PR interval met the criteria of
Wolf-Parkinson White syndrome. Girls with hypertension did not
have an increased prevalence of ECG abnormalities (OR 95%Cl: 1.5
[0.3-7.6]). Details about the QTc interval and associated factors can
be found in our previous study (Noordman et al., 2020).

3.3 | Echocardiography

3.3.1 | Aortic dilatation

The aortic root dimensions of girls with TS and z-scores using
different methods are shown in Table 3. Eight patients (9%, aged 3-
18 years) had a z-score > 3 of the ascending aorta according to

Gautier et al., while no patients had a current z-score > 3 according to
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TABLE 1 Description of patient characteristics, karyotype, and
cardiac malformations in girls with Turner syndrome undergoing
detailed cardiac evaluation

N =101
Age in years Median (min-max) 11 (0-18)
Height SDS Median (min-max) —2.0(-3.3-0.7)
Weight for height SDS Median (min-max) 1.0(-1.6-3.7)
Karyotype® n (%)
Monosomy 45,X 31 (31%)
Mosaicism 45,X/46,XX" 26 (26%)
Isochromosome 19 (19%)
Deletion 9 (9%)
Polyploidy 7 (7%)
Ring X 5 (5%)
Y-material 4 (4%)
Cardiac malformations n (%)
BAV 22 (22%)
(History of) COA 9 (9%)
Aortic stenosis 5 (5%)
Aortic regurgitation 7 (7%)
PAPVR 2 (2%)
Persistent left vena cava superior 1(1%)
Patent ductus arteriosus 1(1%)
Previous cardiac surgery 11 (11%)
Previous aortic dissection 0 (0%)

Abbreviations: BAV, bicuspid aortic valve; COA, coarctation of the aorta;
PAPVR, partial anomalous pulmonary venous return; SDS, standard
deviation score.

?Determined in lymphocytes and/or buccal cells. If the buccal cell analysis
showed a second cell line, this karyotype was used for classification.
PMean percentage of 26 (5-70)% 46,XX cells.

Quezada et al. All girls with a z-score > 3 according to Gautier et al.
had at least one cardiac abnormality. The mean ASI in girls 215 years
was 1.5 cm/m?; only one girl had an ASI >2 cm/m? (2.1 cm/m?),
which corresponded with a z-score of 3.2 according to Gautier et al.
Ascending aortic dilatation was associated with the presence of a
BAV (OR 95%Cl: 12.4 [3.5-43.1]), COA (OR 95%Cl: 5.4 [1.3-23.2]),
and a history of cardiac surgery (OR 95%Cl: 6.0 [1.5-23.3]). Ascend-
ing aortic z-scores were not significantly higher in girls with hyperten-
sion (0.9 vs. 0.7; p = .683) and presence of aortic dilatation was not
associated with age (p = .616), even when girls with cardiac mal-
formations or a history of cardiac surgery were excluded from the

analyses.

Routine- and myocardial strain parameters

Table 3 shows the routine- and myocardial strain parameters. None of
the patients had a FS <28% or an EF <55%. The mean z-score of the
LVM was low. The mean GLS in girls with TS was —21.3 + 3.0% and
did not significantly differ from the values of age-matched healthy
children derived from the literature (Klitsie et al., 2013). According to
those values, 6% of the girls had an abnormally low GLS for their age,

TABLE 2 ECG abnormalities and intervals in 94 girls with Turner

syndrome
Intervals Mean SD
Heart rate, beats/minute 94 18
PR, ms 127 21
QRS, ms 82 8
QT, ms 333 30
QTc, ms (Hodges) 392 18

Major ECG abnormalities
(Minnesota Code) N %

T wave ltems

T amplitude negative or biphasic 2 2.1
with negative phase >1.0 mm,
but not as deep as 5.0 mm in aVF (5.2)

Other
QTc prolongation (>450 ms, Hodges)
Any other

Total number of ECGs with at least one 2 2.1
major ECG abnormality

Minor ECG abnormalities
(Minnesota Code) N %

QRS axis deviation
Right-axis deviation (2.2) 5 5.3
High Amplitude R waves

R amplitude in V5 or V6 plus S amplitude in 3 3.2
V1 > 35.0 mm (3.3)

T wave ltems

T amplitude zero with less than 1.0 mm 1 1.1
negative phase (5.3)

AV conduction defect

Long PR interval (6.3) 2 21

Short PR interval (6.5) 4 4.3
Ventricular conduction defect

Incomplete right bundle branch block (7.3) 22 234
Arrhythmias

Ventricular premature beats (8.1.2) 1 1.1

Regular supraventricular rhythm (8.4.1) 4 4.3

Sinus tachycardia (8.7) 1 1.1

Sinus bradycardia (8.8) 2 2.1
Any other 0 0
Total number of ECGs with at least one minor 37 394

ECG abnormality

Note: Abnormal ECG findings were coded according to the Minnesota
Code (Prineas, 2009). The ECG abnormalities were corrected for age
according to Sharieff et al. (Sharieff & Rao, 2006). The ECG abnormalities
were not mutually exclusive; patients may have had more than one
abnormality.

Abbreviation: ms, millisecond.

without association with cardiac malformations or heartrate. Presence
of hypertension was not associated with the LVM z-score (—1.2
vs. —1.4; p = .662) or GLS (—19.8 vs. —21.5%; p = .145).
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TABLE 3 Aortic dimensions, routine-
and myocardial strain parameters in girls
with Turner syndrome

Aortic dimensions
Aortic dilatation (z-score)

Annulus

Sinus of Valsalva

Ascendens

Routine parameters
LIVDd (mm)
LIVDs (mm)
IVSd (mm)
IVSs (mm)
LVPWDd (mm)
LVPWDs (mm)
LVM (g)*
FS (%)
EF (%)
Strain parameters
GLS (%) total group
<1 year
1-4 years
5-9 years
10-14 years
15-18 years
Abnormal GLSS, n (%)

medical genetics BN W I LEY_2%®

n (%) Mean Z-score + SD
Gautier et al. 2 (2%) -0.1+10
Quezada et al. 3 (3%) 0.3+08
Gautier et al. 4 (4%) —-02+12
Quezada et al. 1(1%) —-0.2+0.9
Gautier et al. 15 (16%) 07+14
Quezada et al. 2 (2%) -02+0.9
Mean + SD Mean Z-score + SD
418 6.2 0.6+09
263+43 04+10
57+11 -0.5+£0.9
86+18 00+0.8
56+1.1 -0.7+£0.7
10.7 £ 1.9 02+08
69.6 £ 264 -14+11
37246
67356
Mean £ SD p-value®
-21.3+3.0
-20.3 -
-239+23 0.193
-223+25 0.467
-20.9 +29 0.431
—-20.0+3.0 0.369
6 (6%)

Note: Aortic root Z-scores were calculated based on reference populations of Gautier et al. and Quezada
et al. (Gautier et al., 2010; Quezada et al., 2015). Measurements of the aortic root were based on
available data (annulus n = 100, sinus n = 101, ascending aorta n = 94).

Abbreviations: EF, ejection fraction; FS, fractional shortening; GLS, global longitudinal strain; 1VSd,
interventricular septum thickness at end-diastole; IVSs, interventricular septum thickness at end-systole;
LVIDd, left ventricular internal dimension at end-diastole; LVIDs, left ventricular internal dimension at
end-systole; LVM, left ventricular mass; LVPWDd, left ventricular posterior wall thickness at end-
diastole; LVPWDs, left ventricular posterior wall thickness at end-systole.

Left ventricular mass-for-height z-scores were calculated according to Foster et al. (Foster et al., 2008).
bDifference between mean GLS of girls with TS and healthy girls from the cohort of Klitsie et al. (Klitsie
et al., 2013) using the same age groups, calculated with a one-sample t-test.

“Abnormal GLS for age, according to Klitsie et al. (Klitsie et al., 2013).

3.4 | Karyotype versus cardiac phenotype

No statistically significant association was found between karyotype
(non-mosaic 45,X vs. other) and any of the cardiac abnormalities
(Table 4), although the prevalence of cardiac malformations in patients
with a non-mosaic 45,X karyotype seemed higher compared with the
other karyotypes. A more detailed subgroup analysis could not be
executed due to small numbers in each subgroup.

4 | DISCUSSION
This study investigated cardiac abnormalities, including ECG abnor-
malities, aortic dimensions, routine- and myocardial strain parameters,

and karyotype - cardiac phenotype associations in a large cohort

of girls with TS. We showed a low prevalence of major and a high
prevalence of minor ECG abnormalities. Ascending aortic dilatation
was seen in 16% of our patients. However, the prevalence was much
lower when using specific z-scores assessed in patients with TS. Our
girls with TS showed no left ventricular hypertrophy and the age mat-
ched GLS was reduced in only 6% of the patients. In general, girls with
a non-mosaic 45,X karyotype seemed to have a higher prevalence of
an abnormal cardiac phenotype compared with other karyotypes,
although this association was not statistically significant.

4.1 | Electrocardiography

The value of a routine ECG in patients with TS is under debate. The
clinical TS guideline advises to perform at least one ECG at diagnosis,
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45X (n = 31) Other (n = 70)
BAV 10 (32%) 12 (17%)
COA 5(16%) 4 (6%)
BAV|COA 3 (10%) 2 (3%)
Aortic regurgitation 4 (13%) 3(4%)
Aortic stenosis 2 (7%) 3(4%)
PAPVR 2 (7%) 0 (0%)
Cardiac surgery 6 (20%) 5(7%)
Aortic dilatation® (ascendens) 4/30 (13%) 11/64 (17%)
ECG abnormalities 15/29 (52%) 23/65 (35%)
LVMz —-14+12 -14+11
GLS (%) —-21.1+30 —214+30
Percentage abnormal GLS 3 (10%) 3 (4%)

TABLE 4 Karyotype versus cardiac
abnormalities in girls with Turner
syndrome

OR 95%Cl or p-value
2.3(0.9-6.1)

3.2 (0.8-12.8)

3.6 (0.6-23.0)
3.3(0.7-15.5)

3.3(0.9-11.6)
0.7 (0.2-2.6)
2.0(0.8-4.8)
0.912

0.653
2.4(0.5-12.6)

Note: Values given are n (%) or mean = SD. ORs were only calculated if there were > 3 cases in the 45X

subgroup.

Abbreviations: BAV, bicuspid aortic valve; COA, coarctation of the aorta; ECG, electrocardiogram; GLS,
global longitudinal strain; LVMz, z-score of the left ventricular mass; PAPVR, partial anomalous

pulmonary venous return.
2According to Gautier et al. (Gautier et al., 2010).

and in clinical practice it is often performed during every cardiac
evaluation. The evidence for (recurrent) ECG examination is weak,
and reports on ECG abnormalities (other than QTc prolongation) in
patients with TS are rare (Gravholt et al., 2017). To our best knowl-
edge, two studies of Bondy et al. are the only studies that have inves-
tigated ECG abnormalities in 78 girls and 100 women with TS (Bondy,
Ceniceros, et al., 2006; Bondy, Van, et al., 2006).

In general, we found similar ECG abnormalities to Bondy et al,
although in a lower prevalence. Most importantly, we showed a low
prevalence of major ECG abnormalities according to the Minnesota
Criteria in the current study. This is not surprising since major
ECG abnormalities in general, for example signs of myocardial infarction
or T-wave abnormalities, are less common in children compared with
adults. Although ECG data of healthy children are scarce and definition
of an abnormal ECG differs, the prevalence of ECG abnormalities in our
study is similar to two earlier, large studies (Chandra et al., 2014; Marek
et al., 2011). These studies included healthy (non-athlete) subjects aged
14-35 years and found an abnormal ECG in 2.5%-49%.

Clinical relevance of the ECG findings may be as follows: First, pres-
ence of right axis deviation (RAD) may indicate the presence of a
PAPVR (van den Hoven et al., 2017). In the current study, we found
a relatively high prevalence of RAD compared with the general popula-
tion (reported prevalence 0.13%-0.8% in children and young adults)
(Chandra et al.,, 2014; Marek et al., 2011). Two out of the five patients
with RAD had a PAPVR, but this association could not be analyzed
due to the small amount of numbers. The low prevalence of PAPVR in
our study might be explained by the use of echocardiography solely
without cardiac magnetic resonance imaging (CMR) (Obara-Moszynska
et al, 2018). The undetected PAPVR are probably hemodynamic
unimportant and did not lead to right atrial or right ventricular dilatation.
Second, QTc prolongation in the general population is known to be

associated with arrhythmias or even sudden cardiac death (Yap &

Camm, 2003). However, there is no evidence for a higher mortality rate
in patients with TS due to QTc prolongation, and we found no patients
with QTc prolongation using Hodges' formula in a previous study
(Noordman et al., 2020; Silberbach et al., 2018). Third, an excessive sym-
pathetic drive has been described in patients with TS (Silberbach et al.,
2018; Sozen et al., 2008). This might be confirmed by the increased
heart rate and the relatively high prevalence of a short PR interval found
in our cohort. The PR interval in children varies with heartrate and is
therefore usually shorter in children with a higher heartrate (e.g. young
children) (Rijnbeek et al., 2001; Sharieff & Rao, 2006). The clinical conse-
guences of a short PR interval in girls with TS are unclear; none of the
patients met the criteria of Wolff-Parkinson-White syndrome.
Regarding minor ECG abnormalities, an incomplete right bundle
branch block (IRBBB) was the most common abnormality (23%) in our
population, a higher prevalence than in the normal pediatric popula-
tion (3%) (Meziab et al., 2018). However, an IRBBB is considered as a
benign conduction disturbance of unknown etiology that usually dis-
appears in adulthood. We support the general opinion that this spe-

cific finding does not have clinical implications, also for girls with TS.

4.2 | Echocardiography

421 | Aortic dilatation

The prevalence of ascending aortic dilatation (z-score > 2) in girls with
TS is known to be significantly increased, and the results in this study
(using z-scores according to Gautier et al.) match those in the litera-
ture (Kim et al., 2011). With the use of the advised TS-specific z-score,
prevalence of aortic dilatation was relatively low (Gravholt et al.,
2017; Quezada et al., 2015; Silberbach et al., 2018), although the dif-
ferences in methods of measuring the aortic root should be taken into
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account (Quezada et al: inner-edge to inner-edge; Gautier et al:
leading-edge to leading-edge).

A disadvantage of both of these z-scores is that they are
based on BSA, which could lead to over- or underestimation of
aortic dilatation in patients with a relatively high or low weight for
their height (Braley et al., 2017). Correcting the aortic diameter using
height instead of BSA could partly solve this problem (Duijnhouwer
et al., 2019). Recently, a new screening tool was reported, but only for
relatively tall patients with connective tissue disease (e.g. Marfan)
(Wozniak-Mielczarek et al., 2020). A tool for patients with TS and short
stature has not yet been reported. The authors believe that seeking
international agreements which z-score should be used in TS and
building a TS-specific curve of progression of aortic dilatation with
time is mandatory. In other words, more research is needed in larger
TS populations, as well as prospective studies of the same patients
from childhood into adulthood, in order to be able to follow the

patients with abnormal ascending aortic z-scores.

4.2.2 | Routine- and myocardial strain parameters
The LVM z-score in this study was relatively low, and not in line
with previous studies reporting on normal left ventricular parameters
or even left ventricular hypertrophy in girls and women with TS
(AbdelMassih et al., 2018; Mortensen, Gravholt, et al., 2012; Oberhoffer
et al., 2020; Sozen et al., 2009). This might be partly due to the differ-
ences in methods used to calculate the LVM (e.g., LVM/BSA, LV mass-
for-height, LVM index). Although this cannot completely explain why our
results contradicted those in the literature, it is clear that no signs of left
ventricular hypertrophy in our pediatric patients with TS were found.
Abnormal (decreased) GLS is regarded as a sensitive marker for
discrete abnormalities of left ventricular systolic function, even before
decreased FS or EF is detected (Tops et al., 2017). Studies reporting
on strain parameters in patients with TS showed contradictory results.
Oberhoffer et al. reported comparable mean strain values in 38 young
adults with TS (Oberhoffer et al., 2020). whereas Abdelmassih showed
lower mean GLS values (-13.2 + 1.1%) in 36 girls with TS compared
with controls (—18.3 + 2.4%) (AbdelMassih et al., 2018). In our large
cohort, the mean GLS in girls with TS was comparable with the normal
values in healthy children reported in the meta-analysis of Levy et al.
(Levy et al., 2016), even as the mean GLS of healthy children from
matched age groups derived from the literature (Klitsie et al., 2013).
However, we found that 6% had an abnormal low GLS for their age,
which was not associated with cardiac malformations or heartrate
(Klitsie et al, 2013). Whether the abnormal GLS in these girls
is a marker for (discrete) myocardial damage or increased afterload,

remains to be assessed in a prospective longitudinal study.

4.2.3 | Risk factors for acquired heart disease

The risk factors for aortic dilatation in girls with TS found in this study
partially correspond to the risk factors described in girls and women
with TS (Cleemann et al., 2010; Duijnhouwer et al., 2019). We found
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that BAV and COA were associated with ascending aortic dilatation.
Hypertension is another important risk factor known to be associated
with aortic dilatation, although this association was not found in our
cohort (Elsheikh et al., 2001). This might be due to our definition of
hypertension, resulting in lower prevalence of hypertension in this
cohort (7%) compared with the literature (25%-40%) (Los et al., 2016).
In general, hypertension and other cardiac malformations such as
COA or aortic valve stenosis could lead to left ventricular hypertrophy
and eventually to left ventricular dysfunction (Drazner et al., 2004;
Rinnstrom et al., 2016). We could not find any of these associations in
our cohort. It is possible that left ventricular hypertrophy and subse-
quently ventricular dysfunction will develop later in life and are not
yet present in our young population. Another possible explanation
could be that early correction of cardiac abnormalities, e.g., COA or
aortic stenosis, prevented the development of left ventricular hyper-

trophy and/or dysfunction.

4.3 | Karyotype-phenotype associations

Cardiac abnormalities are often found in patients with monosomy
45X, but are also present in patients with other karyotypes (Cameron-
Pimblett et al., 2017; EI-Mansoury et al., 2007; Mazzanti & Cacciari, 1998;
Noordman et al., 2018; Noordman et al., 2019; Prandstraller et al., 2009). In
our cohort, patients with a non-mosaic 45,X karyotype seemed to have a
higher prevalence of cardiac malformations, for example BAV or COA, and
ECG abnormalities compared with other patients. However, no statistical
significance was measured, possibly due to insufficient power in this study
to demonstrate an effect. Another explanation might be the relatively
lower prevalence of monosomy 45,X in our cohort (31%). This is partly due
to our search for undetected cell lines in buccal smears of 45,X monosomy
patients, which revealed a mosaic pattern in five girls. In addition, all girls
with short stature are being screened for TS in the Netherlands, which
might lead to a more frequent diagnosis of (low grade) mosaicism. These

factors may explain the differences between our study and others.

44 | Limitations

Our study is a retrospective study which comes with its limitations. We
analyzed ECGs and echocardiograms performed during routine clinical
care, yet only in a large cohort of girls and not in a mixed population as
often reported in other studies. The small numbers in some subgroups
might have hampered the finding of significant associations. No data
on healthy controls were available and differences in height between
patients with TS and healthy subjects make it difficult to compare these
two groups. To reduce this bias, we decided to use different z-scores.

5 | CONCLUSION AND
RECOMMENDATIONS

This study investigated cardiac abnormalities in a large cohort of girls
with TS, including ECG abnormalities, aortic dimensions, myocardial
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strain analysis, and karyotype - cardiac phenotype associations. We
found a low prevalence of major ECG abnormalities, no QTc prolonga-
tion, and no severe arrhythmias. Although the prevalence of minor
ECG abnormalities was high (39%), these were mainly nonspecific and
of no clinical relevance. In contrast to other studies, no evidence for
left ventricular hypertrophy was found. Mean GLS was comparable
with age-matched controls derived from literature while an abnormal
low GLS was rare. Although the prevalence of most cardiac abnormali-
ties was higher in patients with a non-mosaic 45,X karyotype com-
pared with other karyotypes, no statistically significant association
could be detected.

Our results suggest that cardiac screening of patients with TS
should not depend on the karyotype alone. Furthermore, lowering the
frequency of cardiac echocardiography and ECG screening might be
considered in girls with TS without cardiovascular malformations
and/or risk factors for aortic dissection. Nevertheless, a large prospec-
tive study, for example using a registry database, is needed to confirm
these statements. Last, the appropriate z-score to be used for the
assessment of aortic dilatation remains an important knowledge gap.

CONFLICT OF INTEREST

The authors declare that they have no conflict of interest.

AUTHOR CONTRIBUTION

Design of the study: Iris D. Noordman, Zina Fejzic, Anthonie
L. Duijnhouwer, Marlies Kempers, Janiélle A.E.M. van der Velden, Livia
Kapusta. Methodology: Iris D. Noordman, Zina Fejzic, Melanie Bos,
Anthonie L. Duijnhouwer, Gert Weijers, Marlies Kempers, Remy
Merkx, Jani€lle A.E.M. van der Velden, Livia Kapusta. Formal analysis
and investigation: Iris D. Noordman, Zina Fejzic, Melanie Bos, Anthonie
L. Duijnhouwer, Gert Weijers, Marlies Kempers, Remy Merkx, Janiélle
A.E.M. van der Velden, Livia Kapusta. Writing - original draft prepara-
tion: Iris D. Noordman, Melanie Bos, Anthonie L. Duijnhouwer, Janiélle
A.E.M. van der Velden, Livia Kapusta. Writing - review and editing: Iris
D. Noordman, Zina Fejzic, Melanie Bos, Anthonie L. Duijnhouwer, Gert
Weijers, Marlies Kempers, Remy Merkx, Janié€lle A.E.M. van der Velden,
Livia Kapusta. Supervision - Anthonie L. Duijnhouwer, Zina Fejzic,
Janiélle A.E.M. van der Velden, Livia Kapusta.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

ORCID

Iris D. Noordman ") https://orcid.org/0000-0001-6978-7241

REFERENCES

AbdelMassih, A. F., Attia, M., Ismail, M. M., & Samir, M. (2018). Insulin
resistance linked to subtle myocardial dysfunction in normotensive
turner syndrome young patients without structural heart diseases.
Journal of Pediatric Endocrinology & Metabolism, 31(12), 1355-1361.
https://doi.org/10.1515/jpem-2018-0207

Atici, A., Panc, C., Karaayvaz, E. B., Demirkiran, A., Kutlu, O., Kasali, K.,
Kekec, E., Sari, L., Sari, Z. N. A, & Bilge, A. K. (2018). Evaluation of the

Tp-Te interval, Tp-Te/QTc ratio, and QT dispersion in patients with
turner syndrome. Anatolian Journal of Cardiology, 20(2), 93-99.
https://doi.org/10.14744/AnatolJCardiol.2018.98250

Bondy, C. A. (2008a). Aortic dissection in turner syndrome. Current Opinion
in Cardiology, 23(6), 519-526.

Bondy, C. A. (2008b). Congenital cardiovascular disease in turner syn-
drome. Congenital Heart Disease, 3(1), 2-15. https://doi.org/10.1111/
j.1747-0803.2007.00163.x

Bondy, C. A., Ceniceros, I., Van, P. L., Bakalov, V. K., & Rosing, D. R. (2006).
Prolonged rate-corrected QT interval and other electrocardiogram
abnormalities in girls with turner syndrome. Pediatrics, 118(4), e1220-
e1225. https://doi.org/10.1542/peds.2006-0776

Bondy, C. A, Van, P. L, Bakalov, V. K., Sachdev, V., Malone, C. A,
Ho, V. B., & Rosing, D. R. (2006). Prolongation of the cardiac QTc
interval in turner syndrome. Medicine (Baltimore), 85(2), 75-81.
https://doi.org/10.1097/01.md.0000205629.16302.bc

Braley, K. T., Tang, X. Y., Makil, E. S., Borroughs-Ray, D., & Collins, R. T.
(2017). The impact of body weight on the diagnosis of aortic dilation-
misdiagnosis in overweight and underweight groups. Echocardiography-A
Journal of Cardiovascular Ultrasound and Allied Techniques, 34(7),
1029-1034. https://doi.org/10.1111/echo.13565

Cameron-Pimblett, A, La Rosa, C., King, T. F. J, Davies, M. C,, &
Conway, G. S. (2017). The turner syndrome life course project:
Karyotype-phenotype analyses across the lifespan. Clinical Endocrinol-
ogy, 87(5), 532-538. https://doi.org/10.1111/cen.13394

Chandra, N., Bastiaenen, R., Papadakis, M., Panoulas, V. F., Ghani, S.,
Duschl, J., Foldes, D., Raju, H., Osborne, R., & Sharma, S. (2014). Preva-
lence of electrocardiographic anomalies in young individuals: Rele-
vance to a nationwide cardiac screening program. Journal of the
American College of Cardiology, 63(19), 2028-2034. https://doi.org/10.
1016/j.jacc.2014.01.046

Cleemann, L., Mortensen, K. H., Holm, K., Smedegaard, H., Skouby, S. O.,
Wieslander, S. B., Leffers, A. M., Leth-Espensen, P., Pedersen, E. M., &
Gravholt, C. H. (2010). Aortic dimensions in girls and young women with
turner syndrome: A magnetic resonance imaging study. Pediatric Cardiol-
ogy, 31(4), 497-504. https://doi.org/10.1007/s00246-009-9626-8

Dalla Pozza, R., Bechtold, S., Kaab, S., Buckl, M., Urschel, S., Netz, H., &
Schwarz, H. P. (2006). QTc interval prolongation in children with
Ulrich-turner syndrome. European Journal of Pediatrics, 165(12), 831-
837. https://doi.org/10.1007/s00431-006-0194-0

Dalla Pozza, R., Bechtold, S., Urschel, S., Netz, H., & Schwarz, H. P. (2009).
QTc interval prolongation in children with turner syndrome: The
results of exercise testing and 24-h ECG. European Journal of Pediat-
rics, 168(1), 59-64. https://doi.org/10.1007/s00431-008-0709-y

Davignon, A., Rautaharju, P., Boisselle, E., Soumis, F., Megelas, M., &
Choquette, A. (1980). Normal Ecg standards for infants and
children. Pediatric Cardiology, 1(2), 123-131. https://doi.org/10.1007/
Bf02083144

Devereux, R. B., Alonso, D. R., Lutas, E. M., Gottlieb, G. J., Campo, E.,
Sachs, 1., & Reichek, N. (1986). Echocardiographic assessment of left
ventricular hypertrophy: Comparison to necropsy findings. The Ameri-
can Journal of Cardiology, 57(6), 450-458. https://doi.org/10.1016/
0002-9149(86)90771-x

Drazner, M. H., Rame, J. E., Marino, E. K., Gottdiener, J. S., Kitzman, D. W.,
Gardin, J. M., Manolio, T. A, Dries, D. L., & Siscovick, D. S. (2004).
Increased left ventricular mass is a risk factor for the development of a
depressed left ventricular ejection fraction within five years. Journal of
the American College of Cardiology, 43(12), 2207-2215. https://doi.
org/10.1016/j.jacc.2003.11.064

Duijnhouwer, A. L, Bons, L. R, Timmers, H. J. L. M, Van
Kimmenade, R. R. L., Snoeren, M., Timmermans, J., Van den
Hoven, A. T., Kempers, M., Van Dijk, A. P. J., Fleischer, K., & Roos-
Hesselink, J. W. (2019). Aortic dilatation and outcome in women with
turner syndrome. Heart, 105(9), 693-700. https://doi.org/10.1136/
heartjnl-2018-313716


https://orcid.org/0000-0001-6978-7241
https://orcid.org/0000-0001-6978-7241
https://doi.org/10.1515/jpem-2018-0207
https://doi.org/10.14744/AnatolJCardiol.2018.98250
https://doi.org/10.1111/j.1747-0803.2007.00163.x
https://doi.org/10.1111/j.1747-0803.2007.00163.x
https://doi.org/10.1542/peds.2006-0776
https://doi.org/10.1097/01.md.0000205629.16302.bc
https://doi.org/10.1111/echo.13565
https://doi.org/10.1111/cen.13394
https://doi.org/10.1016/j.jacc.2014.01.046
https://doi.org/10.1016/j.jacc.2014.01.046
https://doi.org/10.1007/s00246-009-9626-8
https://doi.org/10.1007/s00431-006-0194-0
https://doi.org/10.1007/s00431-008-0709-y
https://doi.org/10.1007/Bf02083144
https://doi.org/10.1007/Bf02083144
https://doi.org/10.1016/0002-9149(86)90771-x
https://doi.org/10.1016/0002-9149(86)90771-x
https://doi.org/10.1016/j.jacc.2003.11.064
https://doi.org/10.1016/j.jacc.2003.11.064
https://doi.org/10.1136/heartjnl-2018-313716
https://doi.org/10.1136/heartjnl-2018-313716

NOORDMAN ET AL.

Dyar, D. 2020 Parameter(z) echo z-score calculators. http://parameterz.
blogspot.com/.

El-Mansoury, M., Barrenas, M. L., Bryman, I., Hanson, C., Larsson, C.,
Wilhelmsen, L., & Landin-Wilhelmsen, K. (2007). Chromosomal mosai-
cism mitigates stigmata and cardiovascular risk factors in turner syn-
drome. Clinical Endocrinology, 66(5), 744-751. https://doi.org/10.
1111/j.1365-2265.2007.02807.x

Elsheikh, M., Casadei, B., Conway, G. S., & Wass, J. A. (2001). Hyperten-
sion is a major risk factor for aortic root dilatation in women with Tur-
ner's syndrome. Clinical Endocrinology, 54(1), 69-73.

Foster, B. J.,, Mackie, A. S., Mitsnefes, M., Ali, H., Mamber, S., &
Colan, S. D. (2008). A novel method of expressing left ventricular mass
relative to body size in children. Circulation, 117(21), 2769-2775.
https://doi.org/10.1161/CIRCULATIONAHA.107.741157

Freriks, K., Timmers, H. J., Netea-Maier, R. T., Beerendonk, C. C,, Otten, B. J.,
van Alfen-van der Velden, J. A., Hoefsloot, L. H., Hermus, R. M. M., &
Smeets, D. F. (2013). Buccal cell FISH and blood PCR-Y detect high
rates of X chromosomal mosaicism and Y chromosomal derivatives in
patients with turner syndrome. European Journal of Medical Genetics,
56(9), 497-501. https://doi.org/10.1016/j.ejmg.2013.07.008

Gautier, M., Detaint, D., Fermanian, C., Aegerter, P., Delorme, G.,
Arnoult, F., Milleron, O., Raoux, F., Stheneur, C., Boileau, C.,
Vahanian, A., & Jondeau, G. (2010). Nomograms for aortic root diame-
ters in children using two-dimensional echocardiography. American
Journal of Cardiology, 105(6), 888-894. https://doi.org/10.1016/j.
amjcard.2009.11.040

Gotzsche, C. 0., Krag-Olsen, B., Nielsen, J., Sorensen, K. E., &
Kristensen, B. O. (1994). Prevalence of cardiovascular malformations
and association with karyotypes in Turner's syndrome. Archives of Dis-
ease in Childhood, 71(5), 433-436.

Gravholt, C. H., Andersen, N. H., Conway, G. S. Dekkers, O. M.,
Geffner, M. E., Klein, K. O., Lin, A. E., Mauras, N., Quigley, C. A,
Rubin, K., Sandberg, D. E., Sas, T. C. J., Silberbach, M., Soderstréom-
Anttila, V., Stochholm, K., van Alfen-van der Velden, J. A., Woelfle, J.,
Backeljauw, P. F., & Grp, I. T. S. C. (2017). Clinical practice guidelines
for the care of girls and women with turner syndrome: Proceedings
from the 2016 Cincinnati international turner syndrome meeting.
European Journal of Endocrinology, 177(3), G1-G70. https://doi.org/10.
1530/Eje-17-0430

Gravholt, C. H., Juul, S., Naeraa, R. W., & Hansen, J. (1998). Morbidity in
turner syndrome. Journal of Clinical Epidemiology, 51(2), 147-158.

Gravholt, C. H., Landin-Wilhelmsen, K., Stochholm, K., Hjerrild, B. E.,
Ledet, T., Djurhuus, C. B., Sylven, L., Baandrup, U., Kristensen, B. O., &
Christiansen, J. S. (2006). Clinical and epidemiological description of
aortic dissection in Turner's syndrome. Cardiology in the Young, 16(5),
430-436. https://doi.org/10.1017/51047951106000928

Harrahill, N. J., Yetman, A. T., Danford, D. A, Starr, L. J., Sanmann, J. N., &
Robinson, J. A. (2020). The QT interval in patients with the turner syn-
drome. The American Journal of Cardiology, 140, 118-121. https://doi.
org/10.1016/j.amjcard.2020.09.061

Healy, C. F., & Lloyd-Jones, D. M. (2016). Association of traditional cardio-
vascular risk factors with Development of major and minor electrocar-
diographic abnormalities: A systematic review. Cardiology in Review, 24
(4), 163-169. https://doi.org/10.1097/CRD.0000000000000109

Kampmann, C., Wiethoff, C. M., Wenzel, A., Stolz, G., Betancor, M,,
Wippermann, C. F., Huth, R. G., Habermehl, P. Knuf, M.,
Emschermann, T., & Stopfkuchen, H. (2000). Normal values of M mode
echocardiographic measurements of more than 2000 healthy infants
and children in Central Europe. Heart, 83(6), 667-672.

Kim, H. K., Gottliebson, W., Hor, K., Backeljauw, P., Gutmark-Little, .,
Salisbury, S. R., Racadio, J. M., Helton-Skally, K., & Fleck, R. (2011).
Cardiovascular anomalies in turner syndrome: Spectrum, prevalence,
and cardiac MRI findings in a pediatric and young adult population.
AJR. American Journal of Roentgenology, 196(2), 454-460. https://doi.
org/10.2214/AJR.10.4973

medical genetics BN W I LEY_2%”

Klitsie, L. M., Roest, A. A. W, van der Hulst, A. E., Stijnen, T., Blom, N. A, &
ten Harkel, A. D. J. (2013). Assessment of intraventricular time differ-
ences in healthy children using two-dimensional speckle-tracking echo-
cardiography. Journal of the American Society of Echocardiography, 26(6),
629-639. https://doi.org/10.1016/j.echo.2013.03.006

Lang, R. M., Badano, L. P., Mor-Avi, V., Afilalo, J., Armstrong, A,
Ernande, L., Flachskampf, F. A., Foster, E., Goldstein, S. A,
Kuznetsova, T., Lancellotti, P., Muraru, D., Picard, M. H,
Rietzschel, E. R., Rudski, L., Spencer, K. T., Tsang, W., & Voigt, J. U.
(2015). Recommendations for cardiac chamber quantification by echo-
cardiography in adults: An update from the American Society of
Echocardiography and the European Association of Cardiovascular
Imaging. Journal of the American Society of Echocardiography, 28(1), 1-
39 el4. https://doi.org/10.1016/j.echo.2014.10.003

Levy, P. T., Machefsky, A., Sanchez, A. A,, Patel, M. D., Rogal, S., Fowler, S.,
Yaeger, L., Hardi, A., Holland, M. R,, Hamvas, A., & Singh, G. K. (2016).
Reference ranges of left ventricular strain measures by two-dimensional
speckle-tracking echocardiography in children: A systematic review and
meta-analysis. Journal of the American Society of Echocardiography, 29(3),
209-225. https://doi.org/10.1016/j.echo.2015.11.016

Los, E., Quezada, E., Chen, Z., Lapidus, J., & Silberbach, M. (2016). Pilot
study of blood pressure in girls with turner syndrome: An awareness
gap, clinical associations, and new hypotheses. Hypertension, 68(1),
133-136. https://doi.org/10.1161/HYPERTENSIONAHA.115.07065

Marek, J., Bufalino, V., Davis, J., Marek, K., Gami, A., Stephan, W., &
Zimmerman, F. (2011). Feasibility and findings of large-scale electro-
cardiographic screening in young adults: Data from 32,561 subjects.
Heart Rhythm, 8(10), 1555-1559. https://doi.org/10.1016/j.hrthm.
2011.04.024

Mavinkurve-Groothuis, A. M., Weijers, G., Groot-Loonen, J., Pourier, M.,
Feuth, T., de Korte, C. L., Hoogerbrugge, P. M., & Kapusta, L. (2009).
Interobserver, intraobserver and intrapatient reliability scores of myo-
cardial strain imaging with 2-d echocardiography in patients treated
with anthracyclines. Ultrasound in Medicine & Biology, 35(4), 697-704.
https://doi.org/10.1016/j.ultrasmedbio.2008.09.026

Mazzanti, L., & Cacciari, E. (1998). Congenital heart disease in patients
with Turner's syndrome. lItalian Study Group for Turner Syndrome
(ISGTS). The Journal of Pediatrics, 133(5), 688-692.

Meziab, O., Abrams, D. J., Alexander, M. E., Bevilacqua, L., Bezzerides, V.,
Mah, D. Y., Walsh, E. P., & Triedman, J. K. (2018). Utility of incomplete
right bundle branch block as an isolated ECG finding in children under-
going initial cardiac evaluation. Congenital Heart Disease, 13(3), 419-
427. https://doi.org/10.1111/chd.12589

Mortensen, K. H., Andersen, N. H., & Gravholt, C. H. (2012). Cardiovascu-
lar phenotype in turner syndrome—integrating cardiology, genetics,
and endocrinology. Endocrine Reviews, 33(5), 677-714. https://doi.
org/10.1210/er.2011-1059

Mortensen, K. H., Gravholt, C. H., Hjerrild, B. E., Stochholm, K., &
Andersen, N. H. (2012). Left ventricular hypertrophy in turner syn-
drome: A prospective echocardiographic study. Echocardiography-A
Journal of Cardiovascular Ultrasound and Allied Techniques, 29(9), 1022~
1030. https://doi.org/10.1111/j.1540-8175.2012.01754 x

Noordman, |., Duijnhouwer, A., Kapusta, L., Kempers, M., Roeleveld, N.,
Schokking, M., Smeets, D., Freriks, K., Timmers, H., & van Alfen-van
der Velden, J. (2018). Phenotype in girls and women with turner syn-
drome: Association between dysmorphic features, karyotype and
cardio-aortic malformations. European Journal of Medical Genetics,
61(6), 301-306. https://doi.org/10.1016/j.ejmg.2018.01.004

Noordman, I. D., Duijnhouwer, A. L., Coert, M., Bos, M., Kempers, M.,
Timmers, H., Fejzic, Z.,, Velden, J. A. E., & Kapusta, L. (2020). No QTc
prolongation in girls and women with turner syndrome. The Journal of
Clinical Endocrinology and Metabolism, 105, e4148-e4156. https://doi.
org/10.1210/clinem/dgaa552

Noordman, I. D., van der Velden, J. A, Timmers, H. J., Pienkowski, C.,
Kohler, B., Kempers, M. Reisch, N., Richter-Unruh, A. Arlt, W,


http://parameterz.blogspot.com/
http://parameterz.blogspot.com/
https://doi.org/10.1111/j.1365-2265.2007.02807.x
https://doi.org/10.1111/j.1365-2265.2007.02807.x
https://doi.org/10.1161/CIRCULATIONAHA.107.741157
https://doi.org/10.1016/j.ejmg.2013.07.008
https://doi.org/10.1016/j.amjcard.2009.11.040
https://doi.org/10.1016/j.amjcard.2009.11.040
https://doi.org/10.1530/Eje-17-0430
https://doi.org/10.1530/Eje-17-0430
https://doi.org/10.1017/S1047951106000928
https://doi.org/10.1016/j.amjcard.2020.09.061
https://doi.org/10.1016/j.amjcard.2020.09.061
https://doi.org/10.1097/CRD.0000000000000109
https://doi.org/10.2214/AJR.10.4973
https://doi.org/10.2214/AJR.10.4973
https://doi.org/10.1016/j.echo.2013.03.006
https://doi.org/10.1016/j.echo.2014.10.003
https://doi.org/10.1016/j.echo.2015.11.016
https://doi.org/10.1161/HYPERTENSIONAHA.115.07065
https://doi.org/10.1016/j.hrthm.2011.04.024
https://doi.org/10.1016/j.hrthm.2011.04.024
https://doi.org/10.1016/j.ultrasmedbio.2008.09.026
https://doi.org/10.1111/chd.12589
https://doi.org/10.1210/er.2011-1059
https://doi.org/10.1210/er.2011-1059
https://doi.org/10.1111/j.1540-8175.2012.01754.x
https://doi.org/10.1016/j.ejmg.2018.01.004
https://doi.org/10.1210/clinem/dgaa552
https://doi.org/10.1210/clinem/dgaa552

NOORDMAN ET AL.

2408 AMERI.EAN JUURNAL.UF PART
—I—WI LE'Y —medical genetics

Nordenstrom, A., Webb, E. A., Roeleveld, N., & Claahsen-van der
Grinten, H. L. (2019). Karyotype - phenotype associations in patients
with turner syndrome. Pediatric Endocrinology Reviews, 16(4), 431-440.
https://doi.org/10.17458/per.vol16.2019.nvt karyotypeturnersyndrome

Obara-Moszynska, M., Rajewska-Tabor, J., Rozmiarek, S., Karmelita-
Katulska, K., Kociemba, A. Rabska-Pietrzak, B., Janus, M.,
Siniawski, A., Mrozinski, B., Graczyk-Szuster, A., Niedziela, M., &
Pyda, M. (2018). The usefulness of magnetic resonance imaging of the
cardiovascular system in the diagnostic work-up of patients with
turner syndrome. Frontiers in Endocrinology (Lausanne), 9, 609. https://
doi.org/10.3389/fendo.2018.00609

Oberhoffer, F. S., Abdul-Khalig, H., Jung, A. M., Zemlin, M., Rohrer, T. R., &
Abd El Rahman, M. (2020). Assessment of left ventricular myocardial
work in turner syndrome patients: Insights from the novel non-
invasive pressure-strain loop analysis method. Quantitative Imaging in
Medicine and Surgery, 10(1), 15-25. https://doi.org/10.21037/qims.
2019.09.19

Oz, F., Cizgici, A. Y., Ucar, A, Karaayvaz, E. B., Kocaaga, M., Bugra, Z.,
Mercanoglu, F., Oncul, A., Nisli, K., & Oflaz, H. (2014). Doppler-derived
strain imaging detects left ventricular systolic dysfunction in children
with turner syndrome. Echocardiography, 31(8), 1017-1022. https://
doi.org/10.1111/echo.12500

Prandstraller, D., Mazzanti, L., Giardini, A., Lovato, L., Tamburrino, F.
Scarano, E., Cicognani, A., Fattori, R., & Picchio, F. M. (2009). Correla-
tions of phenotype and genotype in relation to morphologic remodelling
of the aortic root in patients with Turner's syndrome. Cardiology in the
Young, 19(3), 264-271. https://doi.org/10.1017/51047951109004016

Prineas, R. J., Crow, R. S., & Zhang, Z.-M. (2009). The Minnesota code man-
ual of electrocardiographic findings. Springer.

Quezada, E., Lapidus, J., Shaughnessy, R., Chen, Z., & Silberbach, M.
(2015). Aortic dimensions in turner syndrome. American Journal of
Medical Genetics. Part A, 167A(11), 2527-2532. https://doi.org/10.
1002/ajmg.a.37208

Rautaharju, P. M., Surawicz, B., Gettes, L. S., Bailey, J. J., Childers, R,
Deal, B. J., ... Heart Rhythm Soceity. (2009). AHA/ACCF/HRS recom-
mendations for the standardization and interpretation of the electro-
cardiogram: part IV: the ST segment, T and U waves, and the QT
interval: a scientific statement from the American Heart Association
Electrocardiography and Arrhythmias Committee, Council on Clinical
Cardiology; the American College of Cardiology Foundation; and the
Heart Rhythm Society: endorsed by the International Society for Com-
puterized Electrocardiology. Circulation, 119(10), e241-e250. https://
doi.org/10.1161/CIRCULATIONAHA.108.191096

Rijnbeek, P. R., Witsenburg, M., Schrama, E., Hess, J., & Kors, J. A. (2001).
New normal limits for the paediatric electrocardiogram. European Heart
Journal, 22(8), 702-711. https://doi.org/10.1053/euh;j.2000.2399

Rinnstrom, D., Dellborg, M., Thilen, U., Sorensson, P., Nielsen, N. E.,
Christersson, C., & Johansson, B. (2016). Left ventricular hypertrophy
in adults with previous repair of coarctation of the aorta; association
with systolic blood pressure in the high normal range. International
Journal of Cardiology, 218, 59-64. https://doi.org/10.1016/j.ijcard.
2016.05.033

Sharieff, G. Q., & Rao, S. O. (2006). The pediatric ECG. Emergency Medicine
Clinics of North America, 24(1), 195-208. https://doi.org/10.1016/j.
emc.2005.08.014

Silberbach, M., Roos-Hesselink, J. W., Andersen, N. H., Braverman, A. C,,
Brown, N., Collins, R. T., ... Dis, C. P. V. (2018). Cardiovascular health
in turner syndrome a scientific statement from the American Heart
Association. Circulation-Genomic and Precision Medicine, 11(10),
e000048.

Sozen, A. B., Cefle, K, Kudat, H., Ozturk, S., Oflaz, H., Akkaya, V.,
Palanduz, S., Demirel, S., Ozcan, M., Goren, T., & Guven, O. (2009).

Left ventricular thickness is increased in nonhypertensive Turner's
syndrome. Echocardiography, 26(8), 943-949. https://doi.org/10.
1111/j.1540-8175.2009.00902.x

Sozen, A. B, Cefle, K., Kudat, H., Ozturk, S., Oflaz, H., Pamukcu, B.,
Akkaya, V., Isguven, P., Palanduz, S., Ozcan, M., Goren, T., & Guven, O.
(2008). Atrial and ventricular arryhthmogenic potential in turner syn-
drome. Pacing and Clinical Electrophysiology, 31(9), 1140-1145.
https://doi.org/10.1111/j.1540-8159.2008.01154.x

Surawicz, B., Childers, R, Deal, B. J., & Gettes, L. S. (2009).
AHA/ACCF/HRS recommendations for the standardization and inter-
pretation of the electrocardiogram part llI: Intraventricular conduction
disturbances a scientific statement from the American Heart Associa-
tion electrocardiography and arrhythmias committee, council on clini-
cal cardiology; the American College of Cardiology Foundation; and
the Heart Rhythm Society. Circulation, 119(10), E235-E240. https://
doi.org/10.1161/Circulationaha.108.191095

Tancredi, G., Versacci, P., Pasquino, A. M., Vittucci, A. C., Pucarelli, I.,
Cappa, M., di Mambro, C., & Marino, B. (2011). Cardiopulmonary
response to exercise and cardiac assessment in patients with turner
syndrome. American Journal of Cardiology, 107(7), 1076-1082. https://
doi.org/10.1016/j.amjcard.2010.11.035

Tops, L. F., Delgado, V., Marsan, N. A., & Bax, J. J. (2017). Myocardial strain
to detect subtle left ventricular systolic dysfunction. European Journal
of Heart Failure, 19(3), 307-313. https://doi.org/10.1002/ejhf.694

Trolle, C., Mortensen, K. H., Pedersen, L. N., Berglund, A., Jensen, H. K.,
Andersen, N. H., & Gravholt, C. H. (2013). Long QT interval in turner
syndrome—a high prevalence of LQTS gene mutations. PLoS One, 8(7),
e69614. https://doi.org/10.1371/journal.pone.0069614

Turtle, E. J,, Sule, A. A, Bath, L. E., Denvir, M., Gebbie, A., Mirsadraee, S., &
Webb, D. J. (2013). Assessing and addressing cardiovascular risk in
adults with turner syndrome. Clinical Endocrinology, 78(5), 639-645.
https://doi.org/10.1111/cen.12104

Van den Hoven, A. T., Chelu, R. G., Duijnhouwer, A. L., Demulier, L.,
Devos, D., Nieman, K. Witsenburg, M., Van den Bosch, A. E,
Loeys, B. L., Van Hagen, |. M., & Roos-Hesselink, J. W. (2017). Partial
anomalous pulmonary venous return in turner syndrome. European
Journal of Radiology, 95, 141-146. https://doi.org/10.1016/j.ejrad.
2017.07.024

Wozniak-Mielczarek, L., Sabiniewicz, R., Nowak, R., Gilis-Malinowska, N.,
Osowicka, M., & Mielczarek, M. (2020). New screening tool for aortic
root dilation in children with Marfan syndrome and Marfan-like disor-
ders. Pediatric Cardiology, 41(3), 632-641. https://doi.org/10.1007/
s00246-020-02307-0

Yap, Y. G., & Camm, A. J. (2003). Drug induced QT prolongation and tor-
sades de pointes. Heart, 89(11), 1363-1372.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Noordman, I. D., Fejzic, Z., Bos, M.,
Duijnhouwer, A. L., Weijers, G., Kempers, M., Merkx, R., van
der Velden, J. A. E. M., & Kapusta, L. (2021). Cardiac
abnormalities in girls with Turner syndrome: ECG
abnormalities, myocardial strain imaging, and karyotype-
phenotype associations. American Journal of Medical Genetics
Part A, 185A:2399-2408. https://doi.org/10.1002/ajmg.a.
62259



https://doi.org/10.17458/per.vol16.2019.nvt.karyotypeturnersyndrome
https://doi.org/10.3389/fendo.2018.00609
https://doi.org/10.3389/fendo.2018.00609
https://doi.org/10.21037/qims.2019.09.19
https://doi.org/10.21037/qims.2019.09.19
https://doi.org/10.1111/echo.12500
https://doi.org/10.1111/echo.12500
https://doi.org/10.1017/S1047951109004016
https://doi.org/10.1002/ajmg.a.37208
https://doi.org/10.1002/ajmg.a.37208
https://doi.org/10.1161/CIRCULATIONAHA.108.191096
https://doi.org/10.1161/CIRCULATIONAHA.108.191096
https://doi.org/10.1053/euhj.2000.2399
https://doi.org/10.1016/j.ijcard.2016.05.033
https://doi.org/10.1016/j.ijcard.2016.05.033
https://doi.org/10.1016/j.emc.2005.08.014
https://doi.org/10.1016/j.emc.2005.08.014
https://doi.org/10.1111/j.1540-8175.2009.00902.x
https://doi.org/10.1111/j.1540-8175.2009.00902.x
https://doi.org/10.1111/j.1540-8159.2008.01154.x
https://doi.org/10.1161/Circulationaha.108.191095
https://doi.org/10.1161/Circulationaha.108.191095
https://doi.org/10.1016/j.amjcard.2010.11.035
https://doi.org/10.1016/j.amjcard.2010.11.035
https://doi.org/10.1002/ejhf.694
https://doi.org/10.1371/journal.pone.0069614
https://doi.org/10.1111/cen.12104
https://doi.org/10.1016/j.ejrad.2017.07.024
https://doi.org/10.1016/j.ejrad.2017.07.024
https://doi.org/10.1007/s00246-020-02307-0
https://doi.org/10.1007/s00246-020-02307-0
https://doi.org/10.1002/ajmg.a.62259
https://doi.org/10.1002/ajmg.a.62259

	Cardiac abnormalities in girls with Turner syndrome: ECG abnormalities, myocardial strain imaging, and karyotype-phenotype ...
	1  INTRODUCTION
	2  METHODS
	2.1  Patients
	2.2  Electrocardiography
	2.3  Echocardiography
	2.3.1  Aortic dilatation
	2.3.2  Routine- and myocardial strain parameters

	2.4  Statistical analysis

	3  RESULTS
	3.1  Baseline characteristics
	3.2  Electrocardiography
	3.3  Echocardiography
	3.3.1  Aortic dilatation
	3.3.1  Routine- and myocardial strain parameters


	3.4  Karyotype versus cardiac phenotype

	4  DISCUSSION
	4.1  Electrocardiography
	4.2  Echocardiography
	4.2.1  Aortic dilatation
	4.2.2  Routine- and myocardial strain parameters
	4.2.3  Risk factors for acquired heart disease

	4.3  Karyotype-phenotype associations
	4.4  Limitations

	5  CONCLUSION AND RECOMMENDATIONS
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTION
	  DATA AVAILABILITY STATEMENT

	REFERENCES


