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Abstract: Turner syndrome (TS) is a rare disorder affecting 25–50 in 100000 female newborns. Bicuspid aortic valve (BAV) is assumed to be the most common congenital heart defect (CHD) in TS. In literature, reported BAV prevalence in TS ranges between 14% and 34%. The specific BAV prevalence in TS is still unknown. The aim of this study was to give a more precise estimation of BAV prevalence in TS by conducting a meta-analysis of TS-studies, which detected BAV by either cardiac magnetic resonance imaging (MRI) or cardiac computed tomography (CT). We searched PubMed, Cochrane Library, and Web of Science databases to collect observational studies including the prevalence of BAV identified by cardiac MRI or cardiac CT in TS patients up to June 4th, 2021. After screening for inclusion, data extraction, and quality assessment by two independent reviewers, the meta-analysis was performed with R 4.1.1 software. Results are shown as proportion and weighted mean difference with 95% confidence intervals (95% CI). In total, 11 studies involving 1177 patients were included. Pooled data showed that the prevalence of BAV in TS patients was 23.7% (95% CI: 21.3% to 26.1%). No high heterogeneity was found between the included studies. The current meta-analysis reveals that BAV can be detected in 23.7% of TS patients receiving cardiac MRI or cardiac CT. Therefore, BAV can be considered as the most common CHD in TS. Compared to TTE, cardiac MRI and cardiac CT might represent superior imaging modalities in BAV assessment of adult TS patients.
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	Abbreviations


	BAV:
	Bicuspid aortic valve



	CHD:
	Congenital heart defect



	CI:
	Confidence interval



	CME-SAM:
	Continuing medical education-self-assessment module



	CT:
	Computed tomography



	I2:
	Inconsistency



	IQR:
	Interquartile range



	MAStARI:
	Meta-analysis of statistics assessment and review instrument



	MRI:
	Magnetic resonance imaging



	PRISMA:
	Preferred reporting items for systematic reviews and meta-analyses



	RoB:
	Risk of bias



	SD:
	Standard deviation



	SE:
	Standard error



	TAV:
	Tricuspid aortic valve



	TEE:
	Transesophageal echocardiography



	TS:
	Turner syndrome



	TTE:
	Transthoracic echocardiography




1  Introduction

Turner syndrome (TS) is a rare chromosomal disorder caused by a complete or partial absence of an X chromosome with an incidence of 25–50 in 100,000 live-born females [1,2]. Mortality in TS patients is reported to be up to threefold higher than in the general population [3]. The elevated cardiovascular morbidity is considered to be the main contributor leading to increased mortality [3]. Approximately half of TS patients display congenital heart defects (CHD) [4]. According to the latest clinical practice guidelines for the care of girls and women with TS, bicuspid aortic valve (BAV) is the most common CHD in TS affecting between 14–34% of individuals [1]. Aortic dilatation and aortic dissection, which are both associated with the presence of BAV, are common in TS [5]. The management of these acquired aortic conditions is crucial for the cardiovascular outcome of TS patients [6]. Regarding the cardiovascular care of TS girls and women, a more precise specification of BAV prevalence would be desirable.

Transthoracic echocardiography (TTE) is conventionally used to screen for BAV [7]. However, TS is often accompanied by excess weight and chest wall anomalies, particularly in adult subjects, hampering optimal echocardiographic image quality and thus the diagnosis of BAV [8]. Cardiac magnetic resonance imaging (MRI) has been shown to be potentially superior in the diagnosis of BAV compared to conventional TTE in an adult cohort [9]. Besides cardiac MRI, Alkadhi et al. [10] were able to demonstrate that cardiac computer tomography (CT) is highly accurate for the differentiation between BAV and tricuspid aortic valve (TAV).

The aim of this study was to give a more precise estimation of BAV prevalence in TS by conducting a meta-analysis of TS studies, which detected BAV by either cardiac MRI or cardiac CT.

2  Methods

Our study followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement. The protocol was registered at PROSPERO (Registration No. CRD42021242223).

2.1 Eligibility Criteria

2.1.1 Inclusion Criteria

The inclusion criteria were as follows: (1) patients diagnosed with TS; (2) presence of BAV in TS patients was evaluated by cardiac MRI or cardiac CT; (3) the prevalence of BAV in TS patients was reported, possible to calculate or possible to extrapolate. Exclusively English publications were searched, and no publication date restriction was defined. Any research type included relevant cross-sectional data was included.

2.1.2 Exclusion Criteria

The exclusion criteria were the following: (1) the inclusion criteria were not met; (2) the prevalence of BAV in TS patients was neither reported nor possible to calculate nor possible to extrapolate; (3) studies excluding TS patients who underwent cardiac surgery; (4) studies on specific TS karyotypes; (5) studies only containing pregnant TS patients; (6) reviews, meta-analyses, case reports, letters, conference abstracts, or protocols; (7) repeated publication of the same study population.

2.2 Information Sources

We searched the databases of PubMed, Cochrane Library, and Web of Science databases as of June 4th, 2021.

2.3 Search Strategy

We searched for the following medical subject heading terms and free-text terms individually or in combination: “Turner Syndrome” or “Turner’s Syndrome” and “aortic valve” or “aortic valves” and “Magnetic Resonance Imaging” or “MRI” or “Tomography, X-Ray Computed” or “CT”. The search strategies for each database are available in Table 1.
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2.4 Selection Process

Two researchers independently screened titles and abstracts identified from the search strategy. Records that met all inclusion criteria were fully read by the same two researchers. Full texts that did not meet the inclusion criteria were excluded. Any disagreements between the two researchers were mediated through discussions with a third researcher to reach a final decision.

2.5 Data Collection Process and Items

Similarly, data was independently extracted from all the included articles by two researchers. Any disagreements concerning the availability of data were settled through discussion with a third researcher. From each study, first author, years of publication, country, case number, age distribution, and BAV prevalence were extracted. For studies that did not give BAV prevalence but only the number of TS patients with BAV, prevalence was manually calculated.

2.6 Study Risk of Bias Assessment

We used JBI Critical Appraisal checklist for Analytical Cross-Sectional Studies to evaluate studies’ risk of bias (RoB). Two researchers did the assessment independently. For non-cross-sectional-studies, RoB was determined by considering the cross-sectional study portion. RoB was regarded as the following: High when agreement is below 50%; medium when agreement is between 51%–80% and low when agreement is greater than 80%. If the two researchers disagreed on any aspect of the quality assessment, a third researcher provided his assessment to resolve the disagreement.

2.7 Synthesis Methods

Estimated BAV prevalence was measured. R 4.1.1 software was used to conduct quantitative analyses of the included studies and to conduct the final meta-analysis. The result was reported with 95% confidence intervals (95% CI). The heterogeneity was calculated using inconsistency indexes (I2). In consistence with criteria used by previous meta-analyses, an I2 > 50% was determined as an indicator of substantial heterogeneity between studies [11,12]. If the heterogeneity was significant, a random-effects model was used. For homogeneity, a fixed-effects model was applied [13]. The significance level was set at 0.05. Funnel plot, Egger’s and Macaskill’s tests were used to indicate potential publication bias. A p-value < 0.05 was considered statistically significant.

3  Results

3.1 Study Selection

The initial search consisted of 161 records. After excluding 55 duplicates, two researchers reviewed the titles and abstracts and excluded 57 records based on the type of article and related biases. The remaining 49 records were fully reviewed by the same two researchers and were selected according to the relevant inclusion and exclusion criteria. Ultimately, 11 articles were considered relevant for further analysis (Fig. 1).
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Figure 1: Preferred reporting items for meta-analysis diagram. BAV; bicuspid aortic valve. CME-SAM; continuing medical education-self-assessment module. CT; computed tomography, MRI; magnetic resonance imaging, TS; Turner syndrome

3.2 Study Characteristics

The included studies examined 1177 patients ranging from the age of 6 to 67 years. The sample size of the selected studies ranged from 24 to 268 participants. The study population consisted of TS patients from multiple countries including France, Poland, Czech Republic, the Netherlands, Turkey, Canada, and the USA. One study used cardiac CT to evaluate TS patients; one study used cardiac MRI and cardiac CT to evaluate patients, while nine studies solely used cardiac MRI. Table 2 provides detailed information on TS sample size, TS age distribution, the applied imaging method, number of TS patients with BAV, and BAV prevalence.
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3.3 Quality of Eligible Studies

All 11 studies were shown to present low RoB according to the JBI Critical Appraisal checklist. Consequently, no article was excluded from the meta-analysis for quality reasons (Table 3).
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3.4 Outcome Measures

Eleven studies evaluated the prevalence of BAV in TS and contained sufficient data to be included in our quantitative analysis (meta-analysis). These studies comprised 1177 TS patients. The BAV prevalence was analyzed for all studies. An I2 of 32.2% demonstrated a lack of high heterogeneity between the studies. Results from the meta-analysis indicated a BAV prevalence of 23.7% (CI: 21.3% to 26.1%) in the studied TS patients (Fig. 2). The funnel chart visualized no significant publication bias of the included studies (Fig. 3). Macaskill’s test result showed a p-value of 0.1228 implying no significant publication bias. However, Egger’s test result showed a p-value of 0.0088 indicating a potential publication bias.
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Figure 2: Forest plot of BAV prevalence in TS patients (n = 1177) receiving cardiac MRI or cardiac CT. CI, confidence intervals. Events, numbers of TS patents with BAV in each study; Total, total number of TS patients in each study; Proportion, BAV prevalence of TS patients in each study. Within the meta-analysis, the size of squares corresponds to the study weight. The diamond plot represents the overall results of the included studies. The horizontal lines represent the 95% CI
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Figure 3: Funnel plot of BAV prevalence in TS patients receiving cardiac MRI and cardiac CT. SE; standard error = (P(1–P)/n)1/2. The symmetric shape of the funnel plot suggests no publication bias

4  Discussion

To the best of our knowledge, this is the first meta-analysis investigating BAV prevalence in TS. Our study reveals that BAV can be detected in 23.7% of TS patients receiving cardiac MRI or cardiac CT. Therefore, BAV can be considered as the most common CHD in TS.

4.1 Cardiovascular Morbidity and Bicuspid Aortic Valve in Turner Syndrome

Mortality in TS patients is reported to be up to Threefold higher than in the general population [3]. The elevated cardiovascular morbidity is considered the main contributor leading to increased mortality [1,3]. TS is assumed to be accompanied by a general vasculopathy [25]. In addition, cardiovascular and cardiometabolic risk factors like excess weight or lipid anomalies are commonly seen in TS subjects, potentially leading to early atherosclerosis and further arterial stiffening [26]. A variety of CHD (e.g., BAV, coarctation of the aorta, partial anomalous pulmonary venous connection) can be found in TS [1]. This meta-analysis suggests that BAV is the most common CHD affecting approximately one out of four TS females. Changes in ascending aortic blood flow characteristics due to valve malformations (e.g., BAV) are widely considered to be one of the causes of aortic dilation and aortic dissection [27]. Compared to healthy controls, Hope et al. [28] were able to demonstrate that helical flow patterns which lead to increased wall stress can be observed during ascending aortic systole in patients with BAV. Additionally, coherent intrinsic factors engaged in the pathophysiology of both BAV and aortic wall deformations can be assumed [29]. During embryonic development, the aortic root and the aortic valve originate from the second heart field cells. The NOTCH1 gene has been shown to be substantially involved in TAV development [30]. Mutations in the NOTCH1 gene are associated with the presence of BAV and the occurrence of aortic wall deformations [31]. Within TS patients, Abu-Halima et al. [32] found that the abundance level of miR-126-3p in subjects with congenital aortic valve disease (including monocuspid aortic valve and BAV) was significantly lower compared to patients with TAV. Moreover, the abundance level of miR-126-3p significantly correlated with ascending aortic dimensions [32]. BAV is associated with acquired cardiovascular alterations which are most commonly seen in adult TS patients but can also be found in young TS subjects: Recent studies confirmed that TS patients with BAV display an increased prevalence of aortic dilatation [33]. Aortic dilatation itself can lead to chronic aortic regurgitation as well as spontaneous rupture and dissection of the aorta [34]. Compared to the general population, risk for acute aortic dissection is elevated by more than 100-fold in TS [35]. Within the TS cohort, Thunström et al. [36] were able to demonstrate that the existence of BAV or aortic coarctation is linked with a more than fourfold increased risk of aortic dissection. Hence, the precise assessment of BAV is crucial to discover TS patients at highest risk for acquired aortic complications.

4.2 Assessment of Bicuspid Aortic Valve in Turner Syndrome

4.2.1 Transthoracic and Transesophageal Echocardiography

The crucial role of TTE in the screening for CHD and in the assessment of cardiovascular function in TS patients should be pointed out. According to the clinical practice guidelines for the care of girls and women with TS, TTE should be performed at the onset of TS diagnosis to screen for CHD [1]. Besides BAV, TS is associated with multiple other CHD (e.g., coarctation of the aorta, partial anomalous pulmonary venous connection). Particularly in neonates and young children, TTE profits from a great echocardiographic window and therefore represents an excellent imaging modality to assess CHD and monitor cardiovascular function. TTE’s sensitivity in detecting CHD highly depends on the operator’s experience, underlining the essential role of cardiovascular care in eligible TS centers. In addition, TTE is cost-effective and does not require sedation, making it easily applicable in the pediatric and adult outpatient care. However, TS is often accompanied by excess weight and chest wall anomalies which lead to suboptimal echocardiographic image quality, particularly in adults subjects, and thus complicates BAV diagnosis at advanced age [37]. Hillebrand et al. [38] were able to reveal in a group of adult study participants that sensitivity of routine TTE for BAV is only 46.3% when performed by a primary investigator and only 59.7% when TTE recordings were additionally reevaluated by an expert. The low sensitivity of TTE might be one reason for the relatively low prevalence of BAV reported in previous TS studies that used TTE to assess cardiovascular malformations [39–42]. In these TS studies, BAV prevalence ranged between 12% and 18% and is hence distinctly lower than the BAV prevalence shown in the current meta-analysis [39–42]. In addition, the time of study conduction and the technological advances substantially influence the echocardiographic sensitivity of BAV in TS. Recent echocardiographic TS studies demonstrated a much higher BAV prevalence between 22% and 39% [43,44]. To overcome the limitation of suboptimal image quality, transesophageal echocardiography (TEE) might be applicable. With a sensitivity of 78%, TEE was shown to be superior in detecting BAV compared to cardiac MRI, with a sensitivity of 75%, and cardiac CT with a sensitivity of 67% in an adult study cohort [45]. However, sedation of the patient is required to carry out TEE and thus its practicality as a potential screening tool for the assessment of BAV is questionable. To the best of our knowledge, there are no studies that have investigated the presence of cardiovascular malformations in TS through TEE yet.

4.2.2 Cardiac MRI and Cardiac CT

The “Clinical practice guidelines for the care of girls and women with Turner syndrome” recommend that cardiac MRI is conducted in TS patients as soon as general anesthesia is not required [1]. If cardiac MRI is not tolerated or in case of emergency, the guidelines name cardiac CT as a further imaging option [1]. In the diagnosis of BAV, cardiac MRI and cardiac CT have been shown to be potentially superior compared to conventional TTE in adult patients [10,45,46]. In addition to the increased BAV sensitivity, cardiac MRI and cardiac CT are able to accurately visualize the entire aorta and give additional information on vascular function and flow dynamics [47]. Considering the particular aortic morbidity and the increased prevalence of CHD, cardiac MRI and cardiac CT represent excellent imaging modalities for the acute and chronic cardiovascular care of TS girls who do not require general anesthesia as well as adult women with TS [1].

4.3 Study Limitations

The total number of included TS subjects in this meta-analysis can be considered as relatively small. Nevertheless, regarding the low incidence of TS, we believe the total number of included subjects to be adequate. As the sensitivity of detecting BAV with cardiac MRI and cardiac CT are 75% and 67% respectively, the BAV prevalence of 23.7% in TS shown in this meta-analysis might underestimate the “true” BAV prevalence [45]. In contrast, the potential publication bias of TS patients with a history of CHD who underwent advanced imaging might lead to a possible overestimation of “true” BAV prevalence. Due to the fact that primarily retrospective and cross-sectional studies were selected for this meta-analysis, some bias may be present. While the funnel chart and the Macaskill’s test result did not demonstrate significant publication bias, the Egger’s test result indicated potential publication bias. Our results show that the heterogeneity of BAV prevalence between the included studies is fairly small, suggesting that cardiac MRI and cardiac CT offer reproducible results in the detection of BAV in TS.

5  Conclusion

This meta-analysis reveals that BAV can be detected in 23.7% of TS patients receiving cardiac MRI or cardiac CT. BAV can be considered as the most common CHD in TS. Compared to TTE, cardiac MRI and cardiac CT might represent superior imaging modalities in BAV assessment of adults TS patients. In the future large multicenter studies are required which evaluate BAV prevalence in TS patients simultaneously through different imaging modalities (cardiac MRI, cardiac CT, TEE, and TTE).
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Table 1: Search strategies for each database

Search number

Queries

Queries in pubmed
#1

#2

#3

#4
Queries in cochrane
#1

#2

#3

#4
Queries in web
of science

#1
#2
#3

#4

Search ((Turner Syndrome [MeSH Terms]) OR (Turner Syndrome [Title/Abstract])
OR (Turner’s Syndrome [Title/Abstract]))

Search ((Aortic valve [MeSH Terms]) OR (Aortic valve [Title/Abstract]) OR
{Aortic valves [Title/Abstract]))

Search ((Magnetic Resonance Imaging [MeSH Terms]) OR (Magnetic Resonance
Imaging [Title/Abstract]) OR (MRI [Title/Abstract]) OR (Tomography, X-Ray
Computed [MeSH Terms]) OR (Tomography, X-Ray Computed [Title/Abstract])
OR (CT [Title/Abstract]))

#1 AND #2 AND #3

MeSH descriptor: [Turner Syndrome] explode all trees OR (“Turner syndrome™): ti,
ab, kw OR (Turner’s Syndrome): ti, ab, kw

MeSH descriptor: [Aortic valve] explode all trees OR (Aortic valve): ti, ab, kw OR
(Aortic valves): ti, ab, kw

MeSH descriptor: [Magnetic Resonance Imaging] explode all trees OR (Magnetic
Resonance Imaging): ti, ab, kw OR (MRI): ti, ab, kw OR MeSH descriptor:
[Tomography, X-Ray Computed] explode all trees (Tomography, X-Ray
Computed): ti, ab, kw OR (CT): ti, ab, kw

#1 AND #2 AND #3

TS = Turner syndrome OR TI = (Turner Syndrome OR Turner’s Syndrome)
TS = Aortic valve OR TI = (Aortic valve OR Aortic valves)

TS = (Magnetic Resonance Imaging OR Tomography, X-Ray Computed) OR
TI = (Magnetic Resonance Imaging OR MRI OR Tomography, X-Ray Computed
OR CT)

#1 AND #2 AND #3
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Table 3: JBI Critical appraisal checklist for analytical cross-sectional studies

Study QL* Q2* Q3* Q4* Q5* Q6* Q7* Q8* Agreement (%) RoB**
Donadille et al. [14] Y Y Y Y NA NA Y Y 100 LOW
Obara-Moszynskaetal. [I5] Y N Y Y NA NA Y Y 83.3 LOW
Duijnhouwer et al. [16] Y Y Y Y NA NA Y Y 100 LOW
Bons et al. [17] Y Y Y Y NA NA Y Y 100 LOW
Yigit et al. [18] Y N Y Y NA NA Y Y 833 LOW
Klaskova et al. [19] Y Y Y Y NA NA Y Y 100 LOW
Somerville et al. [20] Y Y Y Y NA NA Y Y 100 LOW
Olivieri et al. [21] Y Y Y Y NA NA Y Y 100 LOW
Kim et al. [22] Y Y Y Y Y N Y Y 85 LOW
Bondy et al. [23] Y Y Y Y NA NA Y Y 100 LOW
Loscalzo et al. [24] Y N Y Y NA NA Y Y 833 LOW

Notes: Q1. Were the criteria for inclusion in the sample clearly defined?

Q2. Were the study subjects and the setting described in detail?

Q3. Was the exposure measured in a valid and reliable way?

Q4. Were objective, standard criteria used for measurement of the condition?
Q5. Were the confounding factors identified?

Q6. Were strategies to deal with confounding factors stated?

Q7. Were the outcomes measured in a valid and reliable way?

Q8. Was appropriate statistical analysis used?

*Y = agreement, N = disagreement, U = unclear, NA = not applicable
**RoB: Risk of bias. RoB is regarded as the following: High when agreement is below 50%; medium when agreement is between 51%—80% and low
when agreement is greater than 80%.
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Table 2: Descriptive characteristics ot included articles

Study Imaging method Age, Sample size (n) BAV (n) BAV (%)
(mean + SD)
Donadille et al. [14] MRI 25.6 (19.6-34.2)* 197 45 22.80
Obara-Moszynska et al. [15] MRI 13.90 £2.2 39 16 41
Duijnhouwer et al. [16] MRI or CT 28.7 (21.3-39.7)* 268 59% 22
Bons et al. [17] CT 35£13 50 12 24 %%
Yigit et al. [18] MRI 143+3.5 47 9%* 19.6
Klaskova et al. [19] MRI 14.0 (6.6-32.5)° 67 19 28.4
Somerville et al. [20] MRI 13.3 (9.0-17.9)° 24 9 37.5%*
Olivieri et al. [21] MRI 329+15.5 208 46 23
Kim et al. [22] MRI 18.4 (6-36)° 51 20 39.2
Bondy et al. [23] MRI 18.1 £1° 101 24 23.76**
Loscalzo et al. [24] MRI 30 (7-60)° 125 26 21
Total number 1177 285

Notes: “Age was represented as median and interquartile range (IQR).
Age was represented as median and range.
“The mean and SD of age are manually calculated based on the grouping data given in the article.
*The number of BAV in TS patients was manually calculated from the prevalence of BAV given in the article.
**The prevalence of BAV in TS patients was manually calculated from the number of BAV given in the article.
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