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Abstract
BACKGROUND
Cardiovascular disease is the leading cause of death in patients with Turner syndrome (TS), and cardiovascular surgery is frequently required for management of these patients. TS is associated with medical comorbidities than can complicate the care of this patient population. 

AIM
To describe the cardiovascular surgical outcomes of patients with TS.

METHODS
A retrospective case series was compiled of 51 consecutive TS patients who had at least one cardiovascular surgery at Mayo Clinic Rochester from 1977-2017. The baseline clinical data of these patients were reviewed including demographics, medical comorbidities, congenital heart disease history, and medications. Echocardiographic reports were analyzed in detail. Operative reports and surgical hospital courses were reviewed. Long-term mortality was determined using medical records and the Social Security Death Index. Survival analysis was performed with the Kaplan Meier method.

RESULTS
The cohort comprised 51 TS patients, average age at the time of surgery at Mayo Clinic was 28 (8-41) years, and 23 (45%) patients were under the age of 18. At the time of first Mayo Clinic surgery, 18 (35%) patients had previously undergone cardiac surgery at another institution. The most common procedures were repair of aortic coarctation in 14 (28%) patients, aortic valve replacement in 6 (12%) patients, and composite aortic root/ascending aorta replacement in 7 (14%) patients, with 7 patients undergoing repair of more than one lesion. Aortic dissection was operated in 5 patients. After initial Mayo Clinic surgery, subsequent operations were required in 6 (13%) patients. Average hospital length of stay was 6 ± 2 d. There were 4 (8%) early surgical deaths. Freedom from death was 97% and 89% at 10 and 20 years, and the freedom from reoperation was 93% and 81% at 10 and 20 years.

CONCLUSION
Cardiovascular surgery is associated with 8% early mortality given the medical complexity of TS patients. Those who survive to dismissal have good survival. Later cardiovascular reoperations are not rare.
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INTRODUCTION
Turner syndrome (TS) is a sex chromosome disorder caused by partial or complete loss of an X chromosome, and it is the most common sex chromosome disorder in women[1] with a prevalence of approximately 1/2000 live births[2]. Cardiovascular disease, both congenital and acquired, is common in TS[3], and has been recognized as a primary cause of increased mortality in this population[1,2]. The syndrome was described separately by Ullrich[4] in 1930, and by Turner[5] in 1938. Since the initial description more than 8 decades ago, many studies have reported comorbidities including vascular disease, autoimmune conditions, and renal and genitourinary anomalies in patients with TS[1-3,6,7]. Many TS patients require cardiovascular surgery and the high level of medical complexity in this cohort can confer an increased risk of complications. There are limited data about cardiovascular surgical outcomes in patients with TS. We present a single center retrospective review of patients undergoing cardiovascular surgery at Mayo Clinic, describing surgical procedures and outcomes.

[bookmark: _Hlk25313526]MATERIALS AND METHODS
Patient selection and data collection
We identified all patients with a diagnosis of TS who had cardiovascular surgery at Mayo Clinic Rochester from January 1, 1977 to December 31, 2017. The Mayo Clinic institutional review board approved this study and waived informed consent for patients that provided research authorization. Hardcopies of medical records (1977 to 1994) and electronic health records (1994 to 2017) were reviewed by two of the investigators (Attenhofer Jost CH and Fuchs MM). In addition to a detailed review of the surgical records, clinical notes and imaging records were also analyzed. Echocardiographic measurements of the aortic size were collected from reports and verified with image review, where available. Aortic size index and Turner-specific Z scores were calculated for each sinus of Valsalva and mid-ascending aortic measurement.
The purpose of the study was to describe surgical outcomes in terms of types of surgical procedure, reoperation, and early and late mortality. Early surgical mortality was defined as death prior to hospital dismissal or within 30 d from the time of surgery. Late surgical mortality was defined as death after 30 d from the time of surgery. We used data from the medical records and Social Security Death Index to determine late surgical mortality.

Statistical analysis
We reported categorical variables as percentages, and continuous variables as mean ± SD or median (interquartile range) for skewed data. Survival was assessed using Kaplan Meier method and we used the time of first cardiovascular surgery at Mayo Clinic as the “time zero” or the beginning of “at risk” period. We performed all statistical analyses with JMP software (version 13.0; SAS Institute Inc, Cary NC), and a P < 0.05 was considered statistically significant.

RESULTS
Baseline characteristics
There were 281 patients with TS cared for at Mayo Clinic Rochester from January 1, 1977 to December 31, 2017, and 51 (18%) patients had at least one cardiovascular operation at Mayo Clinic Rochester within the study period. The age at the time of first cardiovascular operation at Mayo Clinic was 28 (8-41) years, and 23 (45%) patients were under the age of 18 years at the time of surgery. The baseline clinical and echocardiographic data of the patients are shown in Tables 1 to 3.

Surgical data
Of the 51 patients included in this study, 18 (35%) had 20 cardiovascular surgical procedures before their first surgery at Mayo Clinic (Table 4). Table 5 shows the first cardiovascular surgical procedures performed at Mayo Clinic, and 37 (72%) of these procedures were sternotomies while 14 (28%) were lateral thoracotomies. The most common procedures were aortic coarctation repair in 14 (28%) patients followed by aortic valve replacement in 6 (12%) patients and composite aortic root/ascending aorta replacement in 7 (14%) patients, with 7 patients (14%) undergoing repair of more than one lesion. The mean cardiopulmonary bypass time was 167 ± 49 min and aortic cross clamp time was 98 ± 34 min.
There were 3 cases of Type A aortic dissection, 2 of the patients (age 41 and 42 years) underwent composite aortic root/ascending aorta replacement, and the third patient (age 67 years) with sub-acute dissection underwent aortic valve sparing root/ascending aorta replacement. At the time of dissection, maximum aortic dimension ranged from 47 to 66 mm, with aortic size index 3.6-4.3 cm/m2 and Turner-specific Z score 6.3-8.9. There were 2 cases of Type B dissection. A 33-year old presented with acute type B dissection and underwent emergent descending thoracic aorta replacement with 28 mm graft 1 wk after presentation due to failed medical management and subsequent aortic rupture. A 40-year old presented with acute type B dissection and underwent delayed descending thoracic aorta replacement with 26 mm graft 6 mo after presentation. All five patients with aortic dissection had a prior diagnosis of hypertension, four had bicuspid aortic valve, and two had aortic coarctation. There were 13 aortic valve replacements (11 mechanical and 2 bioprosthetic valves) in patients with mean body surface area 1.63 m2, and the mean size of the prostheses was 20 ± 1 mm. Two patients had pulmonary valve replacement using bioprostheses (25 and 27 mm) and one patient had mitral valve replacement using a mechanical prosthesis (25 mm) due to mitral stenosis related to a parachute mitral valve. 

Mortality and reoperation
The average hospital stay was 6 ± 2 d and there were 4 (8%) early surgical deaths. All early surgical deaths occurred after the year 2000. Details of the perioperative deaths include: Patient 1 was a 42-year old with severe aortic stenosis and Type A dissection who underwent composite root/ascending aorta replacement but died of tamponade and cardiogenic shock on postoperative day 2. Patient 2 was a 17-year old who had third time redo sternotomy for aortic valve replacement, pulmonary valve replacement, and tricuspid and mitral valve repair, and required hemodynamic support using extracorporeal membrane oxygenation, dying on postoperative day 13 from multi-organ failure. Patient 3 was a 70-year old who underwent aortic valve replacement and coronary artery bypass grafting and died on postoperative day 8 from bowel ischemia and sepsis. Patient 4 was a 31-year old who presented with acute myocardial infarction secondary to spontaneous coronary artery dissection complicated by cardiogenic shock, and was transferred to Mayo Clinic after an unsuccessful percutaneous coronary intervention at a different hospital. Intraoperative examination demonstrated complete dissection of the left anterior descending artery with extensive thrombus, and there was no suitable target for coronary artery bypass grafting. The patient required hemodynamic support using extracorporeal membrane oxygenation and died on postoperative day 24 from multi-organ failure.
There were 47 patients that survived to hospital dismissal and of these 47 patients, 4 (9%) died and 6 (13%) underwent reoperation during a follow-up of 11 (2-18) years. Of the 4 late deaths, one patient who underwent repair of an aneurysmal distal aortic arch 30 years prior developed a 61 mm aneurysm of an aberrant right subclavian artery, underwent subclavian artery repair, and died on postoperative day 2 of cardiac arrest. A second patient with prior aortic coarctation repair and coronary disease treated with percutaneous coronary intervention died at age 72 at an outside hospital of acute myocardial infarction after cystectomy. Additionally, one patient died of lung carcinoma, and one patient died at age 62 after developing gastrointestinal bleeding related to cirrhosis and esophageal varices. The indications for reoperation in the cohort were aortic re-coarctation that was treated with extra-anatomic bypass from ascending to descending aorta (n = 1), aortic stenosis that was treated with surgical aortic valvotomy (n = 1), aortic bioprosthesis dysfunction treated with mechanical aortic valve re-replacement (n = 2), a combination of aortic prosthesis dysfunction and pulmonary regurgitation that was treated with Konno procedure and pulmonary valve replacement (n = 1), and graft repair of left subclavian artery aneurysm (n = 1). The freedom from death was 97% and 89% at 10 and 20 years, and the freedom from reoperation was 93% and 81% at 10 and 20 years, respectively (Figure 1).

DISCUSSION
We present the outcomes of patients with TS undergoing cardiovascular surgery at Mayo Clinic. Our findings support the known significance of cardiovascular disease in this population, with 18% of TS patients at our institution undergoing cardiovascular surgery, nearly half under the age of 18 years. Coarctation repair and aortic valve replacement (frequently combined with aortic root replacement) were the most common interventions, demonstrating the prevalence of aortic valve and aortic disease in this population. Surgery for aortic dissection was required in 5 patients. Early mortality was 8%, which is significantly higher than expected. Long-term outcome in survivors was good.

Type of cardiac operation and increased early mortality
The overall burden of congenital heart disease in the TS population has been estimated anywhere from 22% to 70%, with bicuspid aortic valve and coarctation of the aorta the most commonly identified lesions[8]. Accordingly, coarctation repair was the most commonly performed operation in our cohort, and was also the most common operation to have been performed before the patients presented to our institution. Aortic valve replacement was the second most common intervention.
Mortality after cardiovascular surgery in TS is largely undefined. One prior study has investigated surgical outcomes in a mixed cohort of adults and children with TS, and cites a post-operative mortality rate of 8.6%, which was similar to mortality of 7.2% (P NS) in a non-TS control group undergoing the same procedures[9]. Notably, the majority of deaths in both groups in that study occurred in children under 1 year of age[9]. The 30-d mortality rate in our study of 8% is comparable to the results of Madriago et al[9], though in our study all early deaths occurred in adolescents or adults. Additionally, all early surgical deaths in our cohort occurred in the modern era. An additional recent multi-center study investigated outcomes of cardiovascular surgery in children with TS compared to children without TS[10]. Similar to Madriago et al[9], mortality was not higher in the group of TS children, though they were noted to be smaller and have a higher rate of chylothorax after surgery[10]. The investigators conclude that TS does not confer additional operative risk in this pediatric population.
Indeed, it would seem that operative risk of cardiovascular surgery is higher for adults with TS compared to children. A prior Mayo Clinic study of patients undergoing isolated aortic coarctation repair at a mean age of 17 years demonstrated a 30-d mortality of 2.4%[11], substantially lower than our cohort of exclusively TS patients. The higher than expected mortality in our patient cohort is likely related to medical complexity: acute aortic dissection, redo sternotomies, and relatively advanced age with multiple cardiovascular risk factors. As the pediatric data demonstrates, it may be incorrect to conclude that all TS patients should expect elevated mortality risk when undergoing cardiovascular surgery. Rather, the inherent comorbidities that are associated with TS, cardiovascular and otherwise, can confer increased cardiovascular surgical risk when present in a single patient, especially at advancing age. Although the current study does not directly compare surgical outcomes in TS patients to outcomes of non-TS patients due to absence of a control group, it does demonstrate long term survival of 89% at 20 years for the patients that survived to hospital dismissal. This information is important for preoperative counseling in the TS population. Of note, many patients had already undergone an operation in childhood prior to their current presentation increasing the risk. The late deaths and reoperations demonstrated in this study further emphasize the cardiovascular morbidity in this population and the need for life-long surveillance.

Frequency of reoperations
Not only was congenital heart disease prevalent in this cohort, but many patients required serial operations. Prior to Mayo Clinic presentation, 18 (35%) patients had already undergone one operation, and in the follow up period 6 (13%) patients required re-operation. Very little information is available to compare reoperation rates for TS and non-TS patients with congenital heart disease. Considering aortic coarctation, a study of all patients with isolated aortic coarctation undergoing surgical intervention at Mayo Clinic 1946-2005 demonstrated only an 11% reoperation rate at 30 years[11]. While a direct comparison of reoperation rates cannot be made between the two studies, our cohort of TS patients required reoperation at much higher rates, suggesting that congenital heart disease in the TS population may be associated with additional morbidity compared to the non-TS population.

Aortic aneurysm and dissection in TS
The etiology of aortic aneurysm and dissection in TS is understood to be multifactorial, related to structural and hemodynamic factors as well as underlying abnormality of the aortic tissue. Most TS patients with aortic dissection have comorbidities that predispose to dissection. A review of TS patients with aortic dissection revealed that the vast majority of cases (89%) occurred in a patient with high blood pressure, congenital heart disease (primarily bicuspid aortic valve and/or aortic coarctation), or both conditions[12]. Our study supports these findings, with greater than half of the patients having hypertension and nearly two-thirds with aortic coarctation or bicuspid aortic valve. Additionally, all five patients with aortic dissection had at least one of those risk factors. There have been, however, a small number of TS patients described in the literature who suffer aortic dissection without an identifiable cause, and TS in isolation has been identified as an independent risk factor for aortic aneurysm[13]. Analysis of vascular function in adults with TS reveals an arteriopathy with greater intima media thickness and enlargement of conduit arteries over controls[14]. Estrogen deficiency may contribute to arteriopathy, with greater intima media thickness also noted in 46, XX women with primary amenorrhea, however arterial enlargement is likely unique to TS patients[14]. Magnetic resonance imaging of TS patients supports these findings, with statistically significant correlations between TS and enlargement of the aortic branch vessels[15]. Indeed, one of our patients died after repair of a denovo aberrant right subclavian artery aneurysm. Notably, vasculopathy has also been appreciated in children with TS[16] before estrogen deficiency or adult-onset comorbidities are expected. Thus, despite ongoing research into the specific molecular signaling pathways for arteriopathy in TS, these patients have both inherent and acquired risk factors for aortic dissection.
Aortic dissection occurred primarily in the fifth decade of life in our cohort, much earlier than would be expected for women in the general population[17]. TS patients have been observed to suffer aortic dissection at both a younger age and a smaller aortic dimension than the general population[17]. In one series, subjects with ascending aortic dissection had ascending aortic dimensions of 37-48 mm[18], sizes that would not likely cause alarm in the general population. While patients in our study had larger ascending aortic dimensions at the time of dissection compared to those cited above, this may be related to the early era in which some of these events occurred. No ascending aortic dissection occurred in our cohort after 2004, suggesting that improved recognition of aortic aneurysms in this population has allowed us to replace the aorta prior to dissection. In addition to provider’s awareness of aortic dissection risk in this population, recognition of normal aortic dimensions in patients with TS has helped to identify those with pathologic aortic dilation, and to determine appropriate thresholds for elective aortic intervention. Aortic size index (defined as aortic dimension indexed to body surface area) has been studied in thoracic aortic aneurysms as a means of stratifying patient risk[19]. While an aortic size index of 2 cm/m2 is the 95th percentile for healthy female control subjects, in patients with TS this same value represents abnormal dilation of the aorta. TS patients with an aortic size index of 2.5 cm/m2 have the greatest risk of aortic dissection, and hence this calculation is important for risk stratification[18]. In our surgical cohort, the average aortic size indices of the sinus of Valsalva and mid-ascending aorta were 2.5 cm/m2 and 2.2 cm/m2, respectively, demonstrating that this was a population at high risk of dissection, and in fact 10 patients ultimately underwent root/ascending aorta replacement. In addition to aortic size index, Turner-specific Z scores have also been devised, allowing for further risk stratification, especially in very short-statured adults and in children[17,20].

Limitations
This is a single center retrospective study and the conclusions are subject to the inherent bias associated with the study design. Echocardiography was not available preoperatively for all patients, limiting observations regarding preoperative aortic dimensions. Echocardiographic measurements of aortic dimension were obtained from reports, though measurements were personally verified where possible. The small sample size and the absence of a matched non-TS surgical control group made it impossible to provide procedure-specific mortality risk, or to compare overall surgical risk to the non-TS population.
In conclusion, Cardiovascular surgery was associated with 8% early mortality in TS patients, and most of these operations were performed due to disease of the aortic valve and thoracic aorta. The patients who survived to hospital dismissal had good long-term survival, although the frequency of reoperations in this cohort underscores the need for lifelong cardiovascular follow-up. The current study provides important information for preoperative counseling of TS patients who are being evaluated for cardiovascular surgery. 

ARTICLE HIGHLIGHTS
Research background
Turner syndrome (TS) is a sex chromosome disorder involving partial or complete loss of the X chromosome. Multiorgan involvement has been observed, with cardiovascular disease recognized as a principle cause of mortality. Congenital and acquired cardiovascular disease, including aortic aneurysms, aortic dissection, and coronary artery disease, occur with increased frequency in this population, and cardiovascular surgery is not uncommonly required. The surgical outcomes of population have not been well characterized.

Research motivation
The topic of the study is the outcomes of cardiovascular surgery in TS. Due to the relatively small size of this patient population, outcomes of cardiovascular surgery have not been well described. As patients with TS live longer, and their cardiovascular disease is better recognized, understanding how to optimally manage these patients in the perioperative period is important to ensure the best possible surgical outcomes.

Research objectives
The objectives of this study were to describe the types of cardiovascular surgery these patients require and to characterize their operative morbidity and mortality. By identifying surgical mortality rate and long-term survival, we have highlighted the importance of ongoing focus on this cohort of patients. Further research is needed to improve early surgical outcomes and minimize reoperation.

Research methods
A retrospective case series was assembled of patients undergoing cardiovascular surgery at Mayo Clinic from 1977-2017. Data pertaining to the patients’ baseline demographics, congenital heart disease history, medical comorbidities, and baseline echocardiographic imaging was compiled. Their operative course and medical follow up were then reviewed to establish survival rates using the Kaplan Meier method.

Research results
Fifty-one patients had at least one cardiovascular surgery at Mayo Clinic during the study period. Almost half of these patients were under the age of 18, and a third had already undergone a cardiovascular surgery at a prior institution. Aortic surgeries were most commonly performed, including aortic coarctation repair and composite aortic root/ascending aortic replacement. Aortic valve replacement was also common. After the initial Mayo Clinic surgery, 6 patients required a subsequent cardiovascular surgery. The early post-operative mortality rate was 8%. Freedom from death was 97% at 10 years and 89% at 20 years. After 20 years, 81% of patients remained free of reoperation. 

Research conclusions
We demonstrate that TS patients have a relatively high early post-operative mortality rate, and propose that this is related to the greater level of medical complexity present in this patient population. In patients that survive to hospital dismissal, however, long-term survival is good despite the prevalence of medical comorbidities. Many patients require reoperation in their lifetime. These findings suggest that more research is needed into the perioperative management of TS patients, so that their early mortality and reoperation rates are minimized.

Research perspectives
Future research should be directed at perioperative management of TS patients, as well as pre-anesthesia medical examination to identify any confounding factors that may raise an individual patient’s operative risk.
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Figure Legends
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Figure 1 Kaplan Meier curves. A: Showing survival; B: Freedom from reoperation.


Table 1 Baseline characteristics and medications (n = 51)
	Characteristics 
	Number

	Age at the first surgery at Mayo years
	28 (8-41)

	Height, cm
	154 ± 31

	Weight, kg
	58 ± 20

	Body surface area, m2
	1.56 ± 0.46

	Body mass index, kg/m2
	27 ± 8

	Comorbidities 

	Hypertension
	26 (51%)

	Hyperlipidemia
	21 (42%)

	Current or prior smoker
	5 (10%)

	Diabetes mellitus
	9 (18%)

	Sleep apnea
	7 (14%)

	Hypothyroidism
	29 (57%)

	Atrial fibrillation 
	7 (14%)

	Coronary artery disease
	9 (18%)

	Prior stroke Medications
	4 (8%)

	Medications

	Diuretics
	12 (15%)

	Beta and/or calcium channel blockers
	28 (36%)

	RAAS antagonist
	26 (33%)

	Warfarin
	6 (6%)

	Aspirin
	37 (47%)

	Statin
	21 (27%)

	Levothyroxine
	27 (35%)

	Estrogen 
	43 (55%)

	Growth hormone (prior or current)
	12 (25%)


RAAS: Renin angiotensin aldosterone system.


Table 2 Associated congenital heart disease (n = 51)
	Associated congenital heart disease
	n (%)

	Bicuspid aortic valve
	33 (65%)

	Coarctation of aorta
	31 (61%)

	Persistent left superior vena cava
	7 (14%)

	Anomalous pulmonary vein
	2 (4%)

	Atrial septal defect
	5 (10%)

	Ventricular septal defect
	4 (8%)

	Patent ductus arteriosus
	5 (10%)

	Partial atrioventricular canal defect
	1 (2%)

	Unroofed coronary sinus
	1 (2%)

	Others
	6 (12%)



 

Table 3 Echocardiographic data including aortic measurements (n = 39)
	Echocardiographic and aortic measurements
	mean ± SD/n (%)

	Left ventricular ejection fraction, % 
	54 ± 5

	Left ventricular end-diastolic dimension, mm
	45 ± 7

	Left ventricular end-systolic dimension, mm
	32 ± 4

	Left ventricular mass index, g/m2
	106 ± 24

	Aortic valve annulus, mm
	20 ± 2

	Aortic valve annulus, Z score
	0.6 (-0.3-1.1)

	Aortic root/sinus of Valsalva, mm
	33 ± 4

	Aortic root/sinus of Valsalva, Turner-specific Z score
	1.7 (0.7-2.9)

	Aortic root/sinus of Valsalva, Turner-specific Z score > 2
	21 (54%)

	Aortic size index, cm/m2
	2.5 ± 0.4

	Aortic size index, ≥ 2.5 cm/m2
	20 (51%)

	Mid ascending aorta, mm
	32 ± 4

	Mid ascending aorta, Turner-specific Z score
	1.2 (0.6-3.0)

	Mid ascending aorta, Turner-specific Z score > 2
	22 (56%)

	Aortic size index, cm/m2
	2.2 ± 0.3

	Aortic size index, ≥ 2.5 cm/m2
	22 (56%)


 

Table 4 Prior cardiovascular procedures (n = 51)
	Prior cardiovascular procedures
	n (%)

	Coarctation of aorta repair
	11 (22%)

	Aortic valvuloplasty
	2 (4%)

	Aortic valve replacement
	1 (2%)

	Atrial septal defect closure
	1 (2%)

	Ventricular septal defect closure
	1 (2%)

	Pulmonary artery banding
	1 (2%)

	Mitral valve replacement
	1 (2%)

	Mitral valve repair
	1 (2%)

	Repair of Type B aortic dissection
	1 (2%)





Table 5 Data of first surgery at Mayo Clinic (n = 51)
	First surgery type
	n (%)

	Coarctation of aorta repair
	14 (27%)

	·  End-to-end anastomosis
	8 (16%)

	·  Subclavian flap repair
	2 (4%)

	·  Patch aortoplasty
	1 (2%)

	·  Ascending-to-descending aorta bypass
	1 (2%)

	·  Interposition graft
	2 (4%)

	Aortic valvotomy
	2

	Aortic valve replacement 
	6 (12%)

	Aortic valve/root/ascending aorta replacement
	7 (14%)

	Valve sparing root/ascending aorta replacement
	3 (6%)

	Coronary artery bypass grafting
	5 (10%)

	Descending aorta replacement 
	2 (4%)

	Pulmonary valve replacement
	2 (2%)

	Atrial septal defect closure
	5 (10%)

	Warden procedure
	1 (2%)

	Ventricular defect closure
	3 (6%)

	Tricuspid valve repair
	1 (2%)

	Mitral valve repair
	1 (2%)

	Mitral valve replacement
	1 (2%)

	Patent ductus arteriosus ligation
	5 (10%)

	Closure of ostium of coronary sinus
	1 (2%)

	Partial atrioventricular canal defect
	1 (2%)
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