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Background: Turner Syndrome (TS) is a chromosomal disorder frequently
associated with congenital cardiovascular abnormalities, particularly bicuspid
aortic valve (BAV), coarctation of the aorta (CoA), and aortic dilatation. These
conditions substantially increase the risk of aortic dissection. Although
echocardiography (ECHO) is commonly used for cardiac monitoring, its
limitations in evaluating aortic morphology require cardiac magnetic
resonance imaging (CMR), as recommended by recent guidelines. CMR offers
a comprehensive alternative, especially during the transition from pediatric to
adult care. This timing allows for optimal cardiovascular risk assessment
before conception or assisted reproductive procedures.

Objective: To confirm the diagnostic utility of CMR in identifying congenital and
acquired cardiovascular abnormalities in adolescents with TS, and to assess the
prevalence of previously undiagnosed cardiovascular defects prior to transition
to adult healthcare.

Methods: In this prospective study conducted between 2020 and 2025, 43 girls
with TS (mean age 16.1 + 1.4 years) were recruited from specialized centers in
southeastern Poland. Participants underwent clinical assessment and CMR in
one university center using a standardized-unified protocol. Measurements
included aortic diameter, aortic height index (AHI), aortic size index (ASI), and
Z-scores specific to TS and the general population.

Results: CMR identified BAV in 15 (34.9%) patients, of which 60% had not been
previously diagnosed by ECHO. Other abnormalities included CoA (2.3%), great
vessel anomalies (9.3%), and partial anomalous pulmonary venous return (7.0%).
Aortic dilatation was found in 5 patients (11.6%), all of whom had BAV. Significant
differences were observed in ascending aorta diameter, AHI, and TS-specific Z-
scores between patients with and without BAV (p<0.05). No significant
correlation was found between congenital heart defects and karyotype.
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Conclusion: CMR provides critical diagnostic insight into cardiovascular defects in
adolescents with TS. A substantial number of cardiovascular abnormalities,
including BAV, remain undetected by ECHO alone. Integration of CMR into
transition protocols may enhance early diagnosis, risk stratification, and long-
term outcomes for patients with TS. Due to the increased risk of aortic
dissection during pregnancy in patients with TS, CMR should be considered as a
part of the evaluation before invasive fertility preservation procedures which
could be offered even earlier than transitioning.

KEYWORDS

Turner syndrome, transition, heart magnetic resonance imaging, bicuspid aortic valve,
aortic dilatation, aortic dissection, fertility preservation

1 Introduction

Turner syndrome (TS) affects approximately 1 in every 2,500
female births (1). It results from partial or complete loss of one
X chromosome (2) and is associated with a broad spectrum of
clinical manifestations requiring multidisciplinary care. Common
short
congenital heart defects, with bicuspid aortic valve (BAV) and

features include stature, ovarian insufficiency, and

coarctation of the aorta (CoA) reported in approximately 30%
and 15% of individuals with TS, respectively. In addition, aortic
in 20%-30% of cases (3-5). These
abnormalities, together with hypertension,

dilatation is observed
cardiovascular
advancing age, and pregnancy, represent key risk factors for
aortic dissection (AoD) (6, 7), a life-threatening complication
that occurs up to 100 times more frequently in women with TS
compared to the general population and carries a mortality rate
exceeding 50% (3, 8).

Cardiovascular and metabolic disorders are the leading causes of
reduced life expectancy in TS (5, 9). Recent clinical practice
guidelines by Gravholt et al. strongly recommend lifelong cardiac
surveillance starting at diagnosis. Recommended imaging includes
transthoracic echocardiography (ECHO) at the time of diagnosis,
again at ages 9-11, after growth completion or at the time of
transition to adult care, and every 5-10 years thereafter. CMR is
advised when the patient can tolerate the exam without general
anesthesia and should be performed within 12 months of an
abnormal ECHO or in the presence of additional risk factors (10).

Several studies support the superiority of CMR over ECHO in
visualizing the ascending aorta and assessing valve morphology
(11-13). However, ECHO remains more accessible, cost-effective,
and widely used (14, 15).

The transition from pediatric to adult care represents a
vulnerable period for adolescents with TS, particularly due to
frequent discontinuity in specialists care, evolving hormonal
management needs, and increased physiological demands
associated with pubertal development and potential future
fertility planning (16). Interruptions in follow-up during this
period may increase the risk of unrecognized cardiovascular
complications, including AoD. Guidelines emphasize the need for
structured transition protocols that include patient education on
the importance of cardiac surveillance and coordinated care

between pediatric and adult cardiology teams. CMR, as part of a
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comprehensive transition approach, provides detailed and reliable

anatomical and functional data to support long-term
management (10, 17).

This study aims to assess and confirm the diagnostic utility of
CMR in detecting congenital and acquired cardiovascular
abnormalities in adolescents with TS during the critical transition
from pediatric to adult care. Additionally, it seeks to evaluate the
and characteristics

prevalence of previously undiagnosed

cardiovascular defects in this population.

2 Methods
2.1 Study design and population

This prospective study was conducted between September 2020
and March 2025. Patients were eligible if they met all the following
criteria: (1) confirmed diagnosis of Turner syndrome (TS) by
karyotype analysis; (2) physical and cognitive ability to complete
cardiac magnetic resonance imaging (CMR) without the need for
general anesthesia; and (3) written informed consent provided by
both the patient and their legal guardian. Exclusion criteria included
any contraindications to CMR and failure to provide consent.

Fifty patients were initially recruited from three specialized
Poland  that
multidisciplinary care for TS. Of these, one patient declined

medical centers in  southeastern provide
contrast administration, two were temporarily excluded due to
dental braces, three did not appear for scheduled imaging, and
one was receiving cardiologic care at another center. Ultimately,
43 patients completed the study protocol and were included in

the final analysis.

2.2 Clinical assessment

All patients were admitted with a parent or legal guardian and
underwent standardized clinical evaluation, including interview,
physical examination, and anthropometric measurements. To
ensure confidentiality, all data were anonymized by one of the
investigators (MW or EB) immediately following collection.

Karyotype analysis was performed by classic cytogenetic
evaluation using 30 peripheral blood lymphocytes.
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Height was measured using a Harpenden stadiometer with an
accuracy of 0.1 cm, and weight was assessed using a Seca scale
accurate to 100 g. Body mass index (BMI) was calculated as weight
in kilograms divided by height in meters squared (kg/m?). BMI
was classified using Polish reference percentile charts for girls (18),
with overweight defined as BMI between the 90th and 97th
percentile and obesity defined as BMI above the 97th percentile
(Institute of Mother and Child, Warsaw). BMI Z-scores were also
calculated using age- and sex-specific standards following the
International Obesity Task Force (IOTF) criteria (19).

Height standard deviation scores (hSDS) were determined
using the formula:

hSDS = (measured height - height at 50th percentile) / 0.5 x
(height at 50th percentile — height at 3rd percentile)

Pubertal development was assessed according to Tanner staging.

2.3 Aortic measurements and indices

The aortic height index (AHI) was calculated as the ascending
aortic diameter (in cm) divided by patient height (in meters), while
the aortic size index (ASI) was calculated as the diameter (in cm)
divided by body surface area (BSA), using the Haycock formula
(20) for BSA estimation.

Turner syndrome-specific Z-scores were calculated using the
Quezada reference tool for TS (21), and general pediatric/young
adult Z-scores were calculated using the Campens reference for
healthy populations (22).

Aortic dilatation was defined as any of the following:

e AHI>20 mm/m
o ASI>2.0 cm/m?
o Z-score >+ 2.5 (TS-specific or general population) (10)

Medical history, including previous cardiac diagnoses and
interventions, was obtained from patients’ records.

2.4 MRI protocol

All MRIs were performed using a 1.5T scanner (SIGNA™
Artist, GE Healthcare) at the Saint John Paul II Upper Silesian
Child Health Centre. Exams were supervised and interpreted by
a single senior radiologist experienced in pediatric congenital
heart defects (ZO). All patients received contrast (gadobutrol or
gadoteric acid) at a dose of 0.1-0.2 ml/kg. Electrocardiography
(ECG) gating was used, and the imaging protocol included Fast
Imaging Employing Steady-State Acquisition (FIESTA), Time-
(TRICKS),
dimensional and four-dimensional flow imaging (2D/4D Flow),

Resolved Imaging of Contrast Kinetics two-

and three-dimensional heart imaging (3D Heart), covering the
thoracic aorta from above the arch to below the diaphragm.

2.5 Ethical considerations

Informed consent was obtained from all participants’ legal
guardians and patients aged >16. The study adhered to ethical
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guidelines for routine diagnostic care; the formal review was
waived (Bioethical Committee of the Medical University of
Silesia; PCN/CBN/0022/KB/125/21).

2.6 Statistical analysis

All statistical analyses were conducted using STATISTICA 13.3
(StatSoft). Comparisons between BAV and non-BAV groups were
made for ascending aortic diameter, AHI, ASI, and TS-specific
Z-score using Welch’s t-test for independent samples, which
accounts for unequal variances.

Effect sizes were calculated using Cohen’s d, with 0.2, 0.5, and
0.8 considered small, medium, and large effects, respectively. The
chi-square test was used to assess the association between
congenital heart defects and karyotype (45,X vs. non-45,X).

A p-value < 0.05 was considered statistically significant.

3 Results

A total of 43 girls with Turner syndrome (TS), mean age
16.14 + 1.4 years (range: 11.7-18.0), were included in the study.
Of these, 10 (23.3%) had a 45X karyotype, while 33 (76.7%)
presented with other karyotypic variants. Detailed demographic
data are summarized in Table 1. Arterial hypertension (AH) was
diagnosed in 9 patients (20.9%), and spontaneous menarche
occurred in 12 patients (27.9%).

The overall average interval between ECHO and CMR was
5.51 + 3.8 years (range: 0.1-15.9 years).

Among patients with newly diagnosed BAV on CMR, the mean
interval was 6.39 + 4 years (range: 0.1-11.9 years). In those with
aortic dilatation, the mean interval was 4.48 +3.9 years (range:
0.4-9.8 years).

3.1 Cardiovascular findings

Prior to CMR, BAV had been documented in 6 (14.0%)
patients and CoA in 1 (2.3%) patient.

CMR newly identified BAV in 9 additional patients, raising the
total prevalence to 15 (34.9%), with 60% of cases undetected by
previous ECHO. The overall prevalence of anomalies identified by
CMR, along with the cases detected before CMR, is shown in Table 2.

TABLE 1 Patients’ characteristics (n = 43).

Varisble _______vawe

Age (years) 16.14 + 1.4 (range: 11.66-18.00)
10 (23.25%)
152.23 £ 6.2 (range: 133.70-161.00)

Karyotype 45,X
Height (cm)

hSDS -1.99 £0.91 (range: —4.55-0.00)
BMI 23.69 £ 5.1 (range: 16.98-39.18)
BMI Z-score 0.85+ 1.2 (range: -1.66-3.22)
Arterial hypertension 9 (20.3%)

Spontaneous menarche 12 (27.9%)
29 (67.4%)

36 (83.7%)

Hormone replacement therapy (HRT)
Growth hormone therapy
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TABLE 2 Prevalence of heart defects detected by CMR and number of
cases diagnosed prior to CMR.

w —_
E®
+ @©
Defect N (%) N of cases x 9
diagnosed before (%) = = AP P
— (@] © EIRIESE NS
BAV 15 (34.9%) 6 (14%) o2
Post-CoA 1(2.3%) 1(2.3%) Ie
Great vessels anomalies 4 (9.3%) 0 (0%) 8 =
PAVPR 3 (7.0%) 0 (0%) T
Right coronary artery aneurysm 1(2.3%) 0 (0%) g %
Persistent left superior vena cava 1(2.3%) 1 (2.3%) g g
Mitral annular disjunction 1 (2.3%) 0 (0%) & I I N I
ASD 1 (23%) 0 (0%) © IS
Mitral insufficiency 1 (2.3%) 1 (2.3%) E IEIEIEIE
Left subclavian artery widening 1(2.3%) 1 (2.3%) —
post-VSD 1 (2.3%) 1 (2.3%) o P
R 2 | Z
BAV, bicuspid aortic valve; CoA, coarctation of the aorta; PAVPR, partial anomalous 7
pulmonary venous return; VSD, ventricular septal defect; ASD, atrial septal defect. g ()
05
C <
@ ©
= :
Aortic dilatation was observed in 5 patients (11.6%), all of S g £
ol 8leolelel| &
whom had BAV. Clinical characteristics of these patients, wn Z\=|z|z|Z| £
including karyotype, height, BMI, and associated cardiovascular 3 g
defects, are presented in Table 3. a j°>: %
(9] 54 2
o 2 g
3.2 Aortic measurements and statistical £ e L2
comparison T 2E 2
Zzz23232 £
B
m | Mmm b5
Patients with BAV demonstrated significantly greater ascending - p
s . . [
aortic diameters, higher AHI values, and elevated TS-specific Z-scores 5 §
compared to those without BAV (p <0.05). ASI and general Z-scores g [
— N =
showed trends toward significance. No significant associations were E SEREE § é
found between aortic measurements and the presence of AH or NE % = =g c% &
N 3 =3
obesity (p>0.05). Full comparisons are provided in Table 4. E. B e L A
= :
= =
m £
3.3 Reproductive health and aortic risk = A
5 - BEEEERE
= U SRR R= >
. . + O (NN RAEARA R
Among the 13 patients (30.2%) who experienced spontaneous < O iy e =Y g
. . . - O C
menarche and were considered potentially eligible for fertility 9 Slala|~|ja 8
preservation, 2 (15.4%) had BAV, and 1 had aortic dilatation. £
—_ <
Arterial hypertension was present in 3 of these 13 patients (23.0%). g g SEIMEEE
. <C g — = = = - a
c o, B
o ~
= s
; -l o AR
3.4 Karyotype correlation = - E
2 2 EEHEER
A o . 5 > NI
No significant association was found between congenital heart S B 3 ; Bl g
. X
defects and the 45X karyotype vs. other karyotypic variants (p = 0.063). g Bl BT _?:
1<) _ =]
€ € Z
- _E g
. . g
4 Discussion SERY o]
o = RAAESERTERS R £
] 2 ko
. . . . B £ k|
4.1 Diagnostic yield of CMR in turner 2 & 5
- . . . 9] T
syndrome: BAV, aortic dilatation, and g E
vascular anomalies : g
- 5
Our findings underscore the significant diagnostic value of CMR 4 2*
in adolescents with Turner syndrome, particularly in detecting = Il G Bl il
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TABLE 4 Differences between direct and standardized ascending aorta diameters.

‘ Total (n = 43) BAV (n = 28) non-BAV (n = 15) p-value (Cohen's d)

Ascending aorta (mm) 23.28 +3.4 (19.00-33.00) 25.40 +4.2 (19.00-33.00) 22.14 +2.3 (19.00-27.00) <0.05 (0.96)
AHI (cm/m) 1.53 £ 0.2 (1.24-2.28) 1.67 £0.3 (1.25-2.28) 1.46 £0.2 (1.24-1.79) <0.05 (0.89)
ASI (cm/m?) 1.54 £ 0.3 (1.05-2.23) 1.67 + 0.4 (1.05-2.23) 1.48 £0.2 (1.09-1.95) 0.063 (0.68)
TS Z-score -0.34+ 1.0 (-2.16 to 2.13) 0.21+1.3 (-2.16 to 2.13) -0.64 +0.7 (-1.57 to 0.88) <0.05 (0.81)
General Z-score 0.29+1.4 (-1.93 to 3.54) 0.92+1.8 (-1.93 to 3.54) -0.05+0.9 (-1.35 to 1.72) 0.071 (0.67)

Values are presented as mean + standard deviation (range). Welch’s ¢-test for independent samples was used to assess differences between groups. A p-value < 0.05 was considered statistically
significant. Cohen’s d values of 0.2, 0.5, and 0.8 were interpreted as small, medium, and large effect sizes, respectively.

bicuspid aortic valve BAV. In our cohort, 60% of BAV cases were
newly diagnosed by CMR, having previously gone undetected by
ECHO. Moreover, all patients with aortic dilatation had BAV, and
this group demonstrated significantly greater ascending aortic
diameters than those without BAV. Aortic dilatation was newly
recognized in four cases; however, it is noteworthy that the ECHOs
had been performed considerably earlier in clinical course in three
patients. The growth in aortic dimensions is likely associated with
age progression (23). This is particularly important given that both
BAV and aortic dilatation are key risk factors for AoD, a life-
threatening complication in TS. In our cohort, 67% of participants
were receiving HRT. Beyond its endocrine functions, estrogen plays
a crucial role in vascular biology and connective tissue regulation.
It influences collagen synthesis and degradation, modulates elastin
content, and affects the expression of matrix metalloproteinases
(MMPs)—all of which are essential in maintaining aortic wall
integrity and elasticity (24). Although our study did not include a
subgroup analysis based on HRT
pathophysiological relevance warrants further exploration in future

formal exposure, the

research. Furthermore, our study identified cases of PAPVR and
previously unrecognized great vessel anomalies. Although certain

great vessel anomalies have immediate clinical

significance, PAPVR is associated with right heart volume overload

may not

and an elevated risk of developing pulmonary hypertension.
Notably, PAPVR frequently remains clinically silent and can be
to detect
particularly in individuals with complex thoracic anatomy, such as

challenging using conventional echocardiography,
those with TS (25). In our population, CoA occurs less frequently
(2.3%) compared to the rates reported in the literature (4%-15 %
10). This discrepancy may be explained by the high proportion of
individuals with non-45,X karyotypes in our cohort, given that the

presence of a 45,X karyotype is a known risk factor for CoA (26).

4.2 Cardiovascular risk assessment in
the context of fertility preservation
and pregnancy

The relevance of these findings is further heightened by recent

advancements in fertility preservation techniques. Increasing
interest in fertility preservation and pregnancy among women with
TS necessitates rigorous cardiovascular risk stratification. Guidelines
now recommend advanced imaging, such as CMR or CT, within
two years before attempting conception or assisted reproductive
technologies, due to the high risk of aortic dissection during

pregnancy (10). et al. have shown that even borderline aortic
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dimensions can evolve rapidly under the hemodynamic stress of
pregnancy, underscoring the need for early detection and tailored
reproductive counseling (27). In this context, incorporating CMR
into pre-conception care enables a more accurate assessment of
aortic morphology and flow dynamics, particularly in patients with
BAV or aortic dilatation, allowing clinicians to better assess
contraindications for pregnancy and guide safe reproductive
decisions. Importantly, when fertility preservation methods such as
ovarian tissue cryopreservation are considered in younger TS
CMR should be
anesthesia if needed—to avoid invasive procedures in patients with

patients, performed—even under general

cardiological contraindications to pregnancy.

4.3 Aortic dilatation criteria and the need for
standardized monitoring in TS

According to Gravholt et al., aortic dilatation in TS patients is
categorized based on age-specific criteria. In children with TS
under 15 years, the TS-specific Z-score is the preferred method
for evaluation. For individuals aged 15 years and older, the
assessment may involve the AHI, ASI, the TS-specific Z-score, or
the general population Z-score. Aortic dilatation is characterized
by an aortic height index exceeding 20 mm/m, an aortic size
index over 2.0 cm/m?, or a Z-score greater than 2.5. Severe aortic
dilatation occurs when the aortic height index exceeds 25 mm/m,
the aortic size index surpasses 2.5 cm/m?, or the Z-score is above
4. A rapid increase in the aortic diameter, defined as more than
3mm per year indicates significant risk (10). These criteria
underscore the importance of consistent and accurate monitoring
of aortic dimensions using standardized protocols to ensure early
detection and intervention,

timely reducing the risk of

complications associated with aortic dilatation.

4.4 Imaging access, referral practices, and
the pediatric-to-adult transition in
cardiac care

Each of our patients has undergone at least one ECHO in their
lifetime, often consulting different cardiologists at various medical
centers. This highlights the importance of referring patients to
cardiologists experienced in TS. When such specialists are
unavailable, referrals should include detailed instructions specifying
which defects need to be ruled out and which measurements, such as
diameters, should be precisely documented. The transition from
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pediatric to adult healthcare is a critical juncture for ensuring continuity
of care. Structured transition protocols should include standardized
guidelines for cardiovascular monitoring, patient education on the
importance of follow-up imaging, and coordination between
pediatric and adult specialists. This approach can reduce the risk of
undiagnosed or unmanaged heart defects during adulthood and
provide a framework for long-term management.

Although CMR remains the gold standard for imaging the
diameter of the ascending aorta, access to it can be limited due to
its high cost and the lack of radiologists skilled in cardiovascular
imaging. To address this, it is crucial to promote multicenter
collaboration and ensure that patients are referred to medical
centers with expertise in performing these specialized tests routinely.

ECHO, being non-invasive and readily accessible, is an effective
tool for monitoring aortic diameter enlargement over time,
particularly as rapid increases in diameter are key predictors of
AoD (27). However, CMR provides more detailed insights,
especially regarding altered hemodynamics in the aorta, which are
direct contributors to AoD. With advanced protocols like 4D flow
imaging and fluid-structure interaction algorithms, CMR enables a
more comprehensive evaluation of blood flow dynamics and aortic
structural changes (28). Figure 1 shows BAV in a patient with TS
as visualized on CMR. Figure 2 presents abnormal aortic flow in a
patient with a BAV, assessed using 4D flow CMR.

While CMR is the preferred modality for comprehensive
cardiovascular evaluation in TS, computed tomography (CT) may
serve as a valuable alternative in selected cases. CT offers faster

10.3389/fped.2025.1622222

acquisition times, is less affected by patient movement, and can
reduce the need for sedation—an important consideration in
younger or less cooperative patients. CT also tends to be more
widely available and less resource-intensive than CMR. However, the
use of CT in this population must be approached with caution due
to exposure to ionizing radiation, which is particularly concerning in
young female patients, especially those who are or may become
pregnant. This risk is amplified in ECG-gated CT protocols, which
are used for precise imaging of the aortic root and ascending aorta
and typically involve significantly higher radiation doses. Thus, the
decision to use CT must be carefully individualized, balancing
diagnostic utility against potential radiation risks (29).

4.5 Study limitations: generalizability,
sample size, and imaging variability

It is important to note a potential selection bias in our cohort.
All participants were able to undergo CMR without anesthesia,
which may reflect a subset of TS individuals who are more
physically and cognitively able. Consequently, those with severe
developmental, behavioral, or medical challenges may have been
underrepresented, which limits the generalizability of our
findings to the broader TS population. In clinical settings where
CMR is not feasible, CT may still offer diagnostic value, though
decisions should be made within the context of individual
capabilities, risk profiles, and available expertise.

FIGURE 1

Cardiac MRI showing a bicuspid aortic valve with fusion of the right and left coronary cusps (arrow)
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FIGURE 2
4D flow MRI showing disturbed flow in the ascending aorta of a TS
patient with a bicuspid aortic valve. The yellow arrow indicates

helical vortices, due to

valve morphology

reflecting abnormal flow dynamics

Another major limitation of this study is the small sample size,
which is a result of TS being a rare disease. This rarity leads to
recruitment difficulties, inherent variability among patients, and
the necessity for multicenter collaborations. Another challenge
was the reliance on inconsistent results from ECHO performed
by different specialists. However, this inconsistency provided
valuable insight into the current state of cardiological care for TS
patients, highlighting the need for improvements in this area.

5 Conclusion

Our study emphasizes that a significant percentage of patients
with TS are unaware of their heart defects unless they undergo
CMR imaging, highlighting the wurgent need for improved
cardiological care and adherence to management guidelines.
Conditions like BAV and aortic dilatation pose serious risks,
particularly during pregnancy, necessitating regular cardiovascular
imaging. The findings stress the importance of referrals to
cardiologists experienced in TS and ensuring thorough assessments
to detect conditions like CoA and BAV accurately. In light of our
findings, consideration

should be given to expanding the
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indications for cardiac MRI, even if it requires general anesthesia,
prior to ovarian tissue cryopreservation procedures. Furthermore,
structured transition processes from pediatric to adult care play a
crucial role in maintaining long-term health outcomes. By
incorporating standardized protocols and leveraging advanced
CMR,
can further enhance access to specialized imaging. These efforts are

imaging techniques like inter-center  collaboration
crucial for providing comprehensive care, managing potential
complications effectively, and supporting patients as they navigate

the challenges of transitioning to adult healthcare.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Bioethical
committee of Medical University of Silesia. The studies were
conducted in accordance with the local legislation and institutional
requirements. Written informed consent for participation in this
study was provided by the participants’ legal guardians/next of kin.

Author contributions

MW: Writing — original draft, Investigation, Methodology, Project
administration, Formal analysis, Conceptualization, Data curation.
ZO: Formal analysis, Data curation, Investigation, Writing — review
& editing. MM-S: Investigation, Methodology, Writing - review &
editing. EB: Project administration, Data curation, Investigation,
Writing - review & editing. MW: Writing - review & editing, Data
curation. AM: Data curation, Writing - review & editing. JS:
Writing - review & editing. JK: Supervision, Writing - review &
editing. AG-S: Methodology, Conceptualization, Supervision, Project
administration, Writing - review & editing.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

frontiersin.org


https://doi.org/10.3389/fped.2025.1622222
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

Wiecek et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Stochholm K, Juul S, Juel K, Naeraa RW, Gravholt CH. Prevalence, incidence,
diagnostic delay, and mortality in turner syndrome. J Clin Endocrinol Metab. (2006)
91:3897-902. doi: 10.1210/jc.2006-0558

2. Ferguson-Smith MA. Karyotype-phenotype correlations in gonadal dysgenesis
and their bearing on the pathogenesis of malformations. ] Med Genet. (1965)
2:142-55. doi: 10.1136/jmg.2.2.142

3. Kim HK, Gottliebson W, Hor K, Backeljauw P, Gutmark-Little I, Salisbury SR,
et al. Cardiovascular anomalies in Turner syndrome: spectrum, prevalence, and
cardiac MRI findings in a pediatric and young adult population. Am ] Roentgenol.
(2011) 196(2):454-60. doi: 10.2214/AJR.10.4973

4. Duijnhouwer AL, Bons LR, Timmers HJLM, van Kimmenade RRL, Snoeren M,
Timmermans J, et al. Aortic dilatation and outcome in women with Turner
syndrome. Heart. (2019) 105:693-700. doi: 10.1136/heartjnl-2018-313716

5. Fuchs MM, Attenhofer Jost C, Babovic-Vuksanovic D, Connolly HM, Egbe A.
Long-term outcomes in patients with turner syndrome: a 68-year follow-up. ] Am
Heart Assoc. (2019) 8:011501. doi: 10.1161/JAHA.118.011501

6. Calanchini M, Bradley-Watson J, McMillan F, Myerson S, Fabbri A, Turner
HE, et al. Risk assessment for aortic dissection in Turner syndrome: the role of
the aortic growth rate. Clin Endocrinol (Oxf). (2024) 100:269-76. doi: 10.1111/
cen.15017

7. Meccanici F, De Bruijn JWC, Dommisse JS, Takkenberg JJM, van den Bosch
AE, Roos-Hesselink JW. Prevalence and development of aortic dilation and
dissection in women with turner syndrome: a systematic review and meta-
analysis. Expert Rev Cardiovasc Ther. (2023) 21:133-44. doi: 10.1080/14779072.
2023.2172403

8. Bondy CA. Aortic dissection in turner syndrome. Curr Opin Cardiol. (2008)
23:519-26. doi: 10.1097/HCO.0b013e3283129b89

9. Schoemaker MJ, Swerdlow AJ, Higgins CD, Wright AF, Jacobs PA. Mortality in
women with turner syndrome in Great Britain: a national cohort study. J Clin
Endocrinol Metab. (2008) 93:4735-42. doi: 10.1210/jc.2008-1049

10. Gravholt CH, Andersen NH, Christin-Maitre S, Davis SM, Duijnhouwer A,
Gawlik A, et al. Clinical practice guidelines for the care of girls and women with
Turner syndrome. Eur ] Endocrinol. (2024) 190:G53-151. doi: 10.1093/ejendo/lvae050

11. Ostberg JE, Brookes JAS, McCarthy C, Halcox J, Conway GS. A comparison of
echocardiography and magnetic resonance imaging in cardiovascular screening of
adults with turner syndrome. J Clin Endocrinol Metab. (2004) 89:5966-71. doi: 10.
1210/jc.2004-1090

12. Obara-Moszynska M, Rajewska-Tabor J, Rozmiarek S, Karmelita-Katulska K,
Kociemba A, Rabska-Pietrzak B, et al. The usefulness of magnetic resonance
imaging of the cardiovascular system in the diagnostic work-up of patients with
Turner syndrome. Front Endocrinol. (2018) 9:609. doi: 10.3389/fendo.2018.00609

13. Krik$¢ianiené R, Navickaité I, Ereminiené E, Lukogevi¢ius S, Zilaitiene B,
Verkauskiené R. Relationship between echocardiographic and magnetic resonance-
derived measurements of the thoracic aorta in turner syndrome patients. Int
J Endocrinol. (2019) 2019:9258726. doi: 10.1155/2019/9258726

14. Lin A, Rajagopalan A, Nguyen HH, White AJ, Vincent AJ, Mottram PM.
Dilatation of the ascending aorta in turner syndrome: influence of bicuspid aortic
valve morphology and body composition. Heart Lung Circ. (2021) 30:e29-36.
doi: 10.1016/j.hlc.2020.10.005

Frontiers in Pediatrics

08

10.3389/fped.2025.1622222

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

15. Noordman ID, Fejzic Z, Bos M, Duijnhouwer AL, Weijers G, Kempers M, et al.
Cardiac abnormalities in girls with Turner syndrome: ECG abnormalities, myocardial
strain imaging, and karyotype—phenotype associations. Am | Med Genet A. (2021)
185:2399-408. doi: 10.1002/ajmg.a.62259

16. Wiecek M, Gawlik J, Nowak Z, Gawlik A. Questions concerning fertility
preservation during transition in girls with turner syndrome: review of the
literature. Endocr Connect. (2022) 11:¢220344. doi: 10.1530/EC-22-0344

17. Bernard V, Donadille B, Le Poulennec T, Nedelcu M, Martinerie L, Christin-
Maitre S. Management of endocrine disease: transition of care for young adult
patients with turner syndrome. Eur ] Endocrinol. (2019) 180:R1-7. doi: 10.1530/
EJE-18-0238

18. Palczewska I, Niedzwiedzka Z. Wskazniki rozwoju somatycznego dzieci i
mtodziezy warszawskiej. Med Wieku Rozwoj. (2001) 5(Suppl 1):17-118.

19. Cole TJ, Lobstein T. Extended international (IOTF) body mass index cut-offs for
thinness, overweight and obesity. Pediatr Obes. (2012) 7:284-94. doi: 10.1111/j.2047-
6310.2012.00064.x

20. Haycock GB, Schwartz GJ, Wisotsky DH. Geometric method for measuring
body surface area: a height-weight formula validated in infants, children, and
adults. ] Pediatr. (1978) 93:62-6. doi: 10.1016/S0022-3476(78)80601-5

21. Quezada E, Lapidus ], Shaughnessy R, Chen Z, Silberbach M. Aortic dimensions in
turner syndrome. Am J Med Genet A. (2015) 167:2527-32. doi: 10.1002/ajmg.a.37208

22. Campens L, Demulier L, De Groote K, Vandekerckhove K, De Wolf D, Roman
M]J, et al. Reference values for echocardiographic assessment of the diameter of the
aortic root and ascending aorta spanning all age categories. Am ] Cardiol. (2014)
114:914-20. doi: 10.1016/j.amjcard.2014.06.024

23. Heno J, Michel-Behnke I, Pees C. Working towards risk stratification for
ascending aortic dilatation in pediatric turner syndrome patients: results of a
longitudinal echocardiographical observation. Eur ] Pediatr. (2023) 183:799-807.
doi: 10.1007/s00431-023-05344-y

24. Corbitt H, Gutierrez J, Silberbach M, Maslen CL. The genetic basis of turner
syndrome aortopathy. Am ]| Med Genet C Semin Med Genet. (2019) 181(1):117-25.
doi: 10.1002/ajmg.c.31686

25. Silberbach M, Roos-Hesselink JW, Andersen NH, Braverman AC, Brown N,
Collins RT, et al. Cardiovascular health in Turner syndrome: a scientific statement
from the American Heart Association. Circ Genom Precis Med. (2018) 11:e000048.
doi: 10.1161/HCG.0000000000000048

26. Gotzsche CO, Krag-Olsen B, Nielsen ], Sorensen KE, Kristensen BO. Prevalence
of cardiovascular malformations and association with karyotypes in turner’s
syndrome. Arch Dis Child. (1994) 71:433-6. doi: 10.1136/adc.71.5.433

27. Thunstrom S, Thunstrom E, Naessén S, Berntorp K, Laczna Kitlinski M, Ekman
B, et al. Aortic size predicts aortic dissection in Turner syndrome: a 25-year
prospective cohort study. Int J Cardiol. (2023) 373:47-54. doi: 10.1016/j.ijcard.2022.
11.023

28. Govindarajan V, Wanna C, Johnson NP, Kolanjiyil AV, Kim H, Kitkungvan D,
et al. Unraveling aortic hemodynamics using fluid structure interaction: biomechanical
insights into bicuspid aortic valve dynamics with multiple aortic lesions. Biomech
Model Mechanobiol. (2025) 24:17-27. doi: 10.1007/s10237-024-01892-w

29. Belfi CA. Core Radiology: A Visual Approach to Diagnostic Imaging. Cambridge:
Cambridge University Press (2022) doi: 10.1017/9781108966450

frontiersin.org


https://doi.org/10.1210/jc.2006-0558
https://doi.org/10.1136/jmg.2.2.142
https://doi.org/10.2214/AJR.10.4973
https://doi.org/10.1136/heartjnl-2018-313716
https://doi.org/10.1161/JAHA.118.011501
https://doi.org/10.1111/cen.15017
https://doi.org/10.1111/cen.15017
https://doi.org/10.1080/14779072.2023.2172403
https://doi.org/10.1080/14779072.2023.2172403
https://doi.org/10.1097/HCO.0b013e3283129b89
https://doi.org/10.1210/jc.2008-1049
https://doi.org/10.1093/ejendo/lvae050
https://doi.org/10.1210/jc.2004-1090
https://doi.org/10.1210/jc.2004-1090
https://doi.org/10.3389/fendo.2018.00609
https://doi.org/10.1155/2019/9258726
https://doi.org/10.1016/j.hlc.2020.10.005
https://doi.org/10.1002/ajmg.a.62259
https://doi.org/10.1530/EC-22-0344
https://doi.org/10.1530/EJE-18-0238
https://doi.org/10.1530/EJE-18-0238
https://doi.org/10.1111/j.2047-6310.2012.00064.x
https://doi.org/10.1111/j.2047-6310.2012.00064.x
https://doi.org/10.1016/S0022-3476(78)80601-5
https://doi.org/10.1002/ajmg.a.37208
https://doi.org/10.1016/j.amjcard.2014.06.024
https://doi.org/10.1007/s00431-023-05344-y
https://doi.org/10.1002/ajmg.c.31686
https://doi.org/10.1161/HCG.0000000000000048
https://doi.org/10.1136/adc.71.5.433
https://doi.org/10.1016/j.ijcard.2022.11.023
https://doi.org/10.1016/j.ijcard.2022.11.023
https://doi.org/10.1007/s10237-024-01892-w
https://doi.org/10.1017/9781108966450
https://doi.org/10.3389/fped.2025.1622222
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

	Diagnostic value of cardiac magnetic resonance imaging during transition care in adolescents with Turner syndrome
	Introduction
	Methods
	Study design and population
	Clinical assessment
	Aortic measurements and indices
	MRI protocol
	Ethical considerations
	Statistical analysis

	Results
	Cardiovascular findings
	Aortic measurements and statistical comparison
	Reproductive health and aortic risk
	Karyotype correlation

	Discussion
	Diagnostic yield of CMR in turner syndrome: BAV, aortic dilatation, and vascular anomalies
	Cardiovascular risk assessment in the context of fertility preservation and pregnancy
	Aortic dilatation criteria and the need for standardized monitoring in TS
	Imaging access, referral practices, and the pediatric-to-adult transition in cardiac care
	Study limitations: generalizability, sample size, and imaging variability

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


