CAUSE-SPECIFIC MORTALITY IN EISENMENGER SYNDROME IN THE CURRENT ERA

Cristel M Sørensen Hjortshøj, Aleksander Kempny, Annette Schophuus Jensen, Keld Sørensen, Edit Nagy, Mikael Dellborg, Bengt Johansson, Virginija Rudiene, Gu Hong, Alexander Opotowsky, Werner Budts, Barbara J Mulder, Lidia Tomkiewicz-Pająk, Michele D’Alto, Katja Prokšelj, Gerhard-Paul Diller, Konstantinos Dimopoulos, Mette-Elise Estensen, Henrik Holmstrøm, Maila Turanlahti, Ulf Thilén, Michael A. Gatzoulis, Lars Søndergaard.

Affiliations:
Department of Cardiology, Rigshospitalet, Copenhagen, Denmark (C Sørensen Hjortshøj MD, A S Jensen MD PhD, L Søndergaard MD DMSc); Adult Congenital Heart Centre and National Centre for Pulmonary Hypertension, National Heart and Lung Institute, Biomedical Research Unit, Royal Brompton Hospital, Imperial College, London, UK (A Kempny MD, GP Diller MD PhD, K Dimopoulos MD MSc PhD FESC, MA Gatzoulis MD PhD); Department of Internal Medicine, Aalborg University Hospital, Farsoe, Denmark (K Sørensen MD); Department of Medicine, Karolinska Institutet, Stockholm, Sweden (E Nagy MD PhD); Department of Cardiology, Sahlgrenska Academy, University of Göteborg, Sweden (M Dellborg MD PhD); Department of Cardiology, Norrland University Hospital, Umeå, Sweden (B Johansson MD, PhD) Department of Cardiology, Vilnius University Hospital, Vilnius, Lithuania (V Rudiene MD); Beijing Anzhen Hospital, Capital Medical University, Beijing, China (G Hong MD PhD); Boston Adult Congenital Heart (BACH) and Pulmonary Hypertension Service, Boston Children's Hospital and Brigham and Women's Hospital, Harvard Medical School, Boston, USA (A Opotowsky MD); Department of Cardiology, University Hospitals Leuven, Belgium (W Budts MD); Department of Cardiology, Academic Medical Center, Amsterdam, Netherlands (BJ Mulder MD PhD); Department of Cardiac and Vascular Diseases, Institute of Cardiology, Jagiellonian University Medical College, Cracow, Poland (L Tomkiewicz-Pająk MD PhD); Department of Cardiology, Second University of Naples, Italy (M D’Alto MD PhD); Department of Cardiology, University Medical Center Ljubljana, Slovenia (K Prokšelj MD); Department of Cardiology, Rikshospitalet, Oslo, Norway (M-E Estensen MD PhD); Department of Paediatric Cardiology, Rikshospitalet, Oslo, Norway (H Holmstrøm MD DMSc); Pediatric cardiology, Hospital for Children and Adolescents, Helsinki University Central Hospital, Helsinki, Finland (M Turanlahti MD PhD); Department of Cardiology, Lund University Hospital, Lund, Sweden (U Thilén, MD PhD).

Acknowledgements: T Kronvall, Department of Cardiology, Örebro University Hospital, Örebro, Sweden; C Christersson, Department of Cardiology, Akademiska University Hospital, Uppsala, Sweden; A Trzebiatowska-Krzynska, Department of Cardiology, Linköping University Hospital, Sweden; T Omdal, Department of Cardiology, Haukeland University Hospital, Bergen, Norway; P Lötjönen, Pediatric Cardiology, Hospital for Children and Adolescents, Helsinki University Central Hospital, Helsinki, Finland; W Li, SJ Wort, Adult Congenital Heart Centre and National Centre for Pulmonary Hypertension, National Heart and Lung Institute, Biomedical Research Unit, Royal Brompton Hospital, Imperial College, London, UK;  MJ Lantzberg, J Owumi Boston Adult Congenital Heart (BACH) and Pulmonary Hypertension Service, Boston Children's Hospital and Brigham and Women's Hospital, Harvard Medical School, Boston, USA; G Scognamiglio, Department of Cardiology, Second University of Naples, Italy; L Gumbiene, Department of Cardiology, Vilnius University Hospital, Vilnius, Lithuania; I Blok, Department of Cardiology, Academic Medical Center, Amsterdam, Netherlands, K Szostek, AGH University of Science and Technology, Cracow, Poland. 

Correspondence to: Dr Cristel Sørensen Hjortshøj 
Department of Cardiology 2013, Rigshospitalet, Blegdamsvej 9, 2100 Copenhagen, Denmark. 
E-mail: Cristel.maria.soerensen.hjortshoej@regionh.dk, Phone: +45 35456888, Fax +45 35457705

Conflicts of Interest and Source of Funding:
Cristel S Hjortshøj received an educational grant from Actelion Pharmaceuticals.
Aleksander Kempny received an unrestricted educational research grant from Actelion Global.
Annette S Jensen received a research grant and speaker’s fees from Actelion Pharmaceuticals
and Pfizer.
Keld Sørensen reports no relationships that could be construed as a conflict of interest.
Edit Nagy reports no relationships that could be construed as a conflict of interest.
Mikael Dellborg reports no relationships that could be construed as a conflict of interest.
Bengt Johansson received a speaker fee from Actelion Pharmaceuticals
Virginija Rudiene reports no relationships that could be construed as a conflict of interest.
Gu Hong…………
Alexander Opotowsky received a research grant from Actelion Pharmaceuticals and Roche Diagnostics.
Werner Budts received a research grant and speaker’s fee from Actelion Pharmaceuticals.
Barbara J Mulder reports no relationships that could be construed as a conflict of interest.
Lidia Tomkiewicz-Pająk reports no relationships that could be construed as a conflict of interest.
Michele D’Alto served on the advisory board of Actelion Pharmaceuticals, Bayer, United Therapeutics and GlaxoSmithKline.
Katja Prokšelj reports no relationships that could be construed as a conflict of interest.
Gerhard-Paul Diller received research grant and speaker fee from Actelion Pharmaceuticals
Konstantinos Dimopoulos acted as a consultant and received unrestricted educational grants from Actelion Pharmaceuticals, GlaxoSmithKline, Bayer and Pfizer.
Mette-Elise Estensen reports no relationships that could be construed as a conflict of interest.
Henrik Holmstrøm reports no relationships that could be construed as a conflict of interest.
Maila Turanlahti reports no relationships that could be construed as a conflict of interest.
Ulf Thilén received fees for lectures and being member of advisory board from Actelion Pharmaceuticals.
Michael A. Gatzoulis…………
Lars Søndergaard received research grant, as well as fee for lectures and being member of advisory board from Actelion pharmaceuticals.



Word count: 251
Abstract

Background 
Eisenmenger syndrome (ES) is associated with considerable morbidity and mortality. Management strategies have changed dramatically during the 2000’s matched with the emphasis of follow-up at specialist centres. The aim of the this study was to evaluate whether cause-specific mortality in ES has changed during the study period, thus examined cause-specific mortality before (“early”) and after (“late”) 2006. 
Methods and Results 
The study included 1,546 patients (mean age 38.7 ± 15.4 years), 36% male, from 13 countries in the period 1977-2015. Over a median follow-up of 6.1 years [IQR 2.1-21.5 years] there were 558 deaths; cause-specific mortality was identified in 410 (74%) of the cases. Leading causes of death were heart failure (34%), infection (26%), sudden cardiac death (10%), thromboembolism (8%),haemorrhage (7%), and peri-procedural (7%). The proportion of patients dying from heart failure increased in the late era (p=0.032), whereas death from thromboembolic events, and cardiac or non-cardiac procedures decreased (p=0.014, p=0.014, p=0.004, respectively). There was an increase in longevity in the late compared to the early era (age at death 36.9 ± 18.8 versus 45.2 ± 16.2 years, p<0.001). 
Conclusions 
Despite changes in care and treatment for ES, all-cause mortality and cardiac mortality remain high. However, there seems to be a shift towards death at an older age from chronic rather than acute cardiac causes, primarily heart failure, while peri-procedural deaths and deaths due to haemoptysis have become less common in the current era. Therefore, preventing and managing heart failure is becoming even more important in ES. 
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Introduction
[bookmark: __Fieldmark__625_1910830454][bookmark: __Fieldmark__650_1910830454]    In 1897, Victor Eisenmenger described a young adult with cyanosis and dyspnoea due to a large ventricular septum defect (VSD) who died of a massive haemoptysis (1). Sixty-one years later, in his landmark papers, Paul Wood described the mode of death of 53 patients with Eisenmenger syndrome (ES) (2,3). Haemoptysis was the leading cause of death, accounting for 29% of cases, but attempted surgical repair of the defect and congestive heart failure were also common causes. The mean age at death was 33 and 36 years for post-tricuspid and pre-tricuspid valve defects, respectively.
[bookmark: __Fieldmark__748_1910830454][bookmark: __Fieldmark__822_1910830454]    Forty years later, in 1998, Daliento et al. found that little had changed in the overall prognosis of ES compared to Wood’s observations, raising the question on whether improvements in clinical understanding had any appreciable effect on the care and outcome of this population (4). However, the cause-specific mortality in these two reports differed substantially, as congestive heart failure was now the most frequent cause of death, accounting for 23% of all deaths, followed by haemorrhage (mainly haemoptysis), sudden cardiac and perioperative death. Several others have examined cause-specific mortality in patients with ES, mainly in single-centre studies with limited numbers of deaths and varying definitions and classifications of mortality (2–12).    
    This long-term study on a large, multicentre cohort of patients with ES aimed to determine cause-specific mortality and examine whether the cause of death has changed during the study period as a result of recent advances in the management of patients with ES.
Methods
[bookmark: __Fieldmark__912_1910830454]    A retrospective, multicentre study was performed examining the medical records of all patients with ES. ES was defined as pulmonary arterial hypertension in the presence of a large non-restrictive intracardiac or extracardiac communication accompanied by cyanosis (peripheral oxygen saturation < 92% at rest and/or < 87% during exercise). Hemodynamically, Eisenmenger syndrome (ES) was defined as PVR ≥12 Wood Units (WU) or to a pulmonary-to-systemic resistance ratio equal to or greater than 1 (2,3,13–15). Centres from 13 countries worldwide provided data on patients with ES under active follow-up at any time between 1977 and 2015. Date and cause of death was ascertained from the medical records and/or national mortality databases. Patients who received heart-lung or lung-transplantation were excluded from further analysis 30 days post transplantation. 
[bookmark: __Fieldmark__987_1910830454][bookmark: __Fieldmark__1000_1910830454]    Patients were grouped by cardiac diagnosis into simple pre-tricuspid (atrial septal defects (ASD)), simple post-tricuspid (ventricular septal defect (VSD), patent ductus arteriosus (PDA), and aorto-pulmonary window), and complex lesions (atrio-ventricular septal defect (AVSD), univentricular hearts, transposition of the great arteries, and truncus arteriosus) (13). Those with combined lesions were assigned to the lesion of highest complexity according to Allan et al (16). 
[bookmark: __Fieldmark__1023_1910830454]     Cause-specific mortality was defined as the disease or condition directly leading to death, as per World  Health Organisation guidance (17). Antecedent causes were not considered. In cases where the cause-specific mortality was uncertain, the case was reviewed with a co-investigator and consensus was reached. Patients with insufficient data on cause-specific mortality were excluded from the analysis. 
[bookmark: __Fieldmark__1063_1910830454][bookmark: __Fieldmark__1093_1910830454]    The study period was subdivided into two eras, based on the gradual change in treatment and follow-up strategies during the last 10 years (14,15,18,19). The early era spanned from enrolment into the study up to 30th June 2006; this was the date of the publication of the BREATHE-5 trial (20) leading to gradual introduction of AT to patients with ES, which was one of the most important changes in the management of these patients. The late era spanned from 1st July 2006 to death or the end of follow-up in September 2015. Overall and cause-specific mortality was compared between the two eras and also to that of historic cohorts. 	Comment by Kostas: I do not understand this. Mortality number of deaths divided by person years (pts exposed to the risk of death during a certain time period during which the deaths occurred). You are not defining the denominator and also say that the study period was divided into 2 eras: the erarly era was defined as death...!!. An era cannot be defined as death. Deaths can be divided into those that occurred in the early and late era.
Even more appropriately, the follow-up period was divided into 2 eras: pre and post 2006. Then you calculate the total patient years before 2006 and after 2006, the number of deaths before and after and give mortality for the 2 eras, with 95% CI to see if they overlap and hence not significantly different. In a simplistic way you then do a chisq for cause of death to see if the distribution of causes has changed
If you really want to compare mortality accounting for age and sex, you should standardise and compare SMRs 
Have you spoken to your statistician?

Gerhard Diller has worked a lot on SMRs
    As this was a retrospective study based on existing patient data; individual informed consent was not required. The study was registered and approved by all participating institutions. Data were anonymized when shared across borders. 
Statistical Analysis
    Continuous variables are presented as mean ± standard deviation (SD) if normally distributed, or median and interquartile range (IQR) in squared brackets otherwise. Categorical variables are presented as frequencies and percentages. Associations between categories were evaluated by the x2 test or Fisher’s exact test, whenever appropriate. Student’s t test or Mann Whitney U Test was used for continuous variables. One-way ANOVA was used to compare means in more than two groups, the Kruskal-Wallis test to compare medians and Bonferroni correction was applied for multiple comparisons. All statistical analyses were performed with SPSS 22 (IBM, Armonk, NY, USA) and the null hypothesis was rejected on p-values < 0.05.  
Results
    A total of 1,546 patients (64% female) with ES from 13 countries worldwide were included. During a median follow-up of 6.1 years [IQR 2.1-21.5 years], corresponding to 19,534 patient-years, 558 (36%) patients died, giving an average mortality rate of 2.9% per patient-year. Patient demographics are provided in Table 1. 
    Mean age at death or end of follow-up in patients with a simple pre-tricuspid valve lesion was 51.5±17.8 years, simple post-tricuspid valve lesion 39.8±14.7 years, and complex lesions 33.0±12.6 years (p<0.001 over the three groups). Mean age at death or end of follow-up in patients with Down syndrome was significantly younger in patients with Down syndrome than in non-Down syndrome (34.0 ± 12.1 versus 41.0 ± 16.4, p<0.001).
Cause-specific mortality
    Of the 558 deaths during the follow up, 261 (47%) occurred after 30 June 2006, thus, in the late era. The cause of death was known in 411 patients (74%), whereas cause-specific mortality was not conclusive from the available data in remaining cases. The cases with unknown cause of death were equally distributed between the early and late era (Table 2). 
    In this cohort, the leading cause of death was heart failure (34%), followed by infection and sudden cardiac death, Table 2. Infections were dominated by pneumonia (61%), sepsis (21%) and cerebral abscesses (8%), whereas only two patients died due to endocarditis (0.5%). Death due to thromboembolism and haemorrhage ranked 4th and 5th, respectively, but haemoptysis accounted for only 3% of the total number of deaths. There were two autopsy-verified, fatal cases of rupture of the main pulmonary artery. Twenty-seven patients (7%) died peri-procedurally; 52% of these patients died in relation to non-cardiac surgery, the remaining in relation to cardiac surgery (19%), transplantation (19%), or catheter based cardiac interventions (11%). The vast majority of these perioperative deaths (89%) occurred in the early era. There was no data showing the total number of surgeries in the cohort, hence, we could not estimate surgical mortality. Other specific causes of death, including pregnancy (0.3%), trauma (0.7%) and cancer (3%), were uncommon.
    The distribution of cause-specific mortality differed between the early and late era (Table 2). The proportion of patients dying from heart failure increased (p=0.032), whereas the proportion dying from thromboembolism (p=0.014), cardiac (p=0.014) and non-cardiac (p=0.004) peri-procedural deaths decreased. There was no overall difference in cause-specific mortality between age groups (<20, 20-40, 40-60, >60 years) (p=0.12).However peri-procedural deaths were more frequent in younger (age < 20 years) compared to older patients (15% versus 5%, p=0.011, Figure 1). Results were consistent even after adjusting for Down syndrome and simple pre-tricuspid valve defects. Similarly, there was no overall variation between the three different shunt types (p=0.25). However, there was a significantly higher proportion of deaths due to infection in patients with a simple pre-tricuspid shunt compared to post-tricuspid shunts (p=0.023), who also died more often from other causes compared to patients with complex lesions (p=0.028). 	Comment by Kostas: Which tests did you use? YOu could be a bit more specific in the stats methods	Comment by Kostas: other?
[bookmark: __Fieldmark__1702_1910830454][bookmark: __Fieldmark__1717_1910830454]    Mean age at death was 40.1 ± 18.1 years with no significant variation between the participating countries. Patients from the early era died significantly younger compared to patients in the late era (36.9 ± 18.8 versus 45.2 ± 16.2 years, p<0.001, Table 1). However, age at death in both eras was older than 33 years, which is comparable to that reported by Wood (3) and Daliento et al (32.5 ± 14.6 and 25.8 ± 7.9 years in simple and complex lesions, respectively)(4). Cause-specific mortality in the Wood and Daliento series and the early and late era of our present cohort are presented graphically in Figure 2.
  Discussion
[bookmark: __Fieldmark__1787_1910830454]    This multicentre study reports, a change in cause-specific mortality after the implementation of major changes in the care and treatment strategy for patients with ES. Furthermore, this study, including 1,546 patients with Eisenmenger syndrome with 558 deaths, is by far the largest study of this group of patients to date. The main findings are that there has been a considerable shift in cause-specific mortality from the early to the late era along with longer life-expectancy. Deaths due to heart failure now dominate in contrast to previously haemorrhagic events and peri-procedural mortality. In contrast to prior reports, there were few deaths due to haemoptysis throughout the study period (3,4) but  other causes of death, including cancer, are becoming more prevalent.  
[bookmark: __Fieldmark__1856_1910830454][bookmark: __Fieldmark__1943_1910830454]. Heart failure has always been a common cause of death in ES, accounting a for 7-23% in previous reports (3–7,21,22), even though the clinical presentation of heart failure is often atypical in ES, manifesting as low cardiac output and increased cyanosis, as opposed to the pulmonary and peripheral oedema seen in traditional heart failure. The proportion of deaths attributable to heart failure, has risen further to 40% in the late era, with an obvious trend towards an increasing burden of heart failure deaths over the study period. This may be explained in part by the increased longevity of ES patients in the current era, which is likely associated with progressive right ventricular impairment and multiorgan failure. A slightly higher rate (40-45%) of deaths due to heart failure has been reported in smaller contemporary studies (10–12). 	Comment by Kostas: Not sure what this adds beyond the 40% increase	Comment by Kostas: Not sure how helpful this is , I would just cite these papers look for a concluding phrase on HF in ES, of the difficulties in treating this and the need to delay its onset by systematic use of PAH therapies? First and last phrase of each praragraph in the Discussion are crucial and should provide a clear message relating to your results
    Beyond the increase in heart-failure related deaths, the increased longevity of ES patients has resulted in an increase in cancer and infection-related deaths in later era compared to the previous era, or compared to the series by Wood and Daliento. This phenomenon was more prominent in patients with simple pre-tricuspid valve defects, which is the group with the highest average age. This finding has important clinical implications for the care of ES patients. …	Comment by Kostas: I would add the concepts that:
-It is important to suspect and diagnose malignancies early, in order to avoid major surgery under GA whenever possible
-The prdisposition of ES to bleeding (hemoptysis or GI bleeds) makes the diagnosis of lung or GI malignancies difficult.
- Signs such as loss of weight, asthenia, cachexia or anemia are difficult to use in ES
[bookmark: __Fieldmark__2042_1910830454]other comorbidities in adults with CHD (11) are pertinent even in this particular population.  
[bookmark: __Fieldmark__2086_1910830454][bookmark: __Fieldmark__2124_1910830454][bookmark: __Fieldmark__2155_1910830454]    Haemoptysis previously thought to be a major cause of death among patients with ES was a relative uncommon cause of death in our series. Haemoptysis is nevertheless a frequent clinical event in ES; according to Daliento et al. 20% of the patients experience at least one episode of haemoptysis, yet they did not find that having experienced haemoptysis affected long-term survival, despite haemoptysis being the cause of death in 11% of patients in their cohort (4). Overall, the proportion of deaths due to haemorrhage decreased throughout this study and compared to historic data the current 6% is low. As patients with cyanotic congenital heart disease are hypocoagulable, recent arguments in support of routine anticoagulation in ES may be weakened by this finding (14,23–26).     Thromboembolism related mortality also decreased significantly over time. Whether this is explained by increased awareness of the pitfalls of routinely phlebotomy, including iron deficiency and thrombogenecity (27,28), better patient selection for anticoagulation and monitoring of thrombo-prophylaxis, or for other reasons, remains speculative. 	Comment by Kostas: On the contrary, I would have said that in the current era, there has been a move away from routine anticoagulation,which may explain the low hemoptysis death rate	Comment by Kostas: Plus move away from immobilisation and active encouragement of pts to remain fit.
    Peri-procedural deaths, both cardiac and non-cardiac procedures, have declined since the historic cohorts accounting for up to 26% of the deaths as reported by Wood. Better identification of the risk profile of individual patients, avoidance of non-essential surgical procedures, greater surgical and anaesthesiological expertise, as well as converging care to tertiary centres, may have led to this change. 	Comment by Kostas: However, as the ES population ages, it is inevitable that essential surgery will be required. Beyond the occurrence of malignancies, cholelithiasis, dental extractions in down paitents are common causes for GA. While this should always be performed in expert tertiary centres, risks remain substantial and periprocedural mortality is expected to remain stable or even increase in coming years. 
    In this large cohort of patients we were able to reliably establish the cause of death in 74% of the patients. There is, however, no reason to believe that the causes for the remaining deaths should not be equally distributed within the majority of the causes discussed. Peri-operative causes and major external haemorrhage, however, seems unlikely in the group with unknown cause of death, just as SCD and thromboembolism may be overrepresented. Irrespective, the trends observed in Figure 2 would remain unchanged. However, further discussion about precise distributions among remaining causes such as heart failure, infection, SCD, thromboembolic and other causes would be hypothetical. 	Comment by Kostas: This paragraph is a bit complicated and very speculative. I would not keep phrases stating "there is no reason to believe",  you have nothing to support this. I would take the oppoortunity to say that even though we do not know how these patients die, SCD has been decribed in ES and could be related to ventricular or even supraventricular arrhythmias in patients with advanced disease....add a couple of things about why arrhythmia happens and the need for early cardiovenrsion. Moreover, progressive PA dilatation is not uncommon and PA rupture or dissection has been described. Finally, in this fragile population, any trauma or  infection can have rapid devastating effects.	Comment by Kostas: ??
[bookmark: __Fieldmark__2308_1910830454][bookmark: __Fieldmark__2366_1910830454][bookmark: __Fieldmark__2383_1910830454]    This study showed a trend of prolonged life-expectancy from the early to the late era. However, this observation is biased as the incidence of new cases is decreasing, thus the patients in the late era represent mainly the survivors of the early era. Thus, a trend of increased life-expectancy was seen, but from the available data, we cannot unaffectedly validate this observation. Moreover, the available data does not either allow a deeper understanding of the reasons for the observed changes in cause-specific mortality. Previous studies have shown benefits of advanced therapies on hemodynamics, functional class, and exercise capacity, with evidence, albeit retrospective, of improved survival (12,20,29,30). Although we have shown, herewith, a shift in cause-specific mortality coincident with the current era of advanced therapy for PAH, evaluating survival and predictors of death was not the scope of this study. Yet, along with the greater access to oral advanced therapy targeting pulmonary vascular disease, renewed management strategies, although not globally aligned, have also been implemented and increasing numbers of patients with ES are now followed at tertiary centres with regular outpatient visits (12,31). Abolition of routine phlebotomies with the converse approach, focus on identification and treatment of iron deficiency, are good examples of the dramatic change in management of ES (32,33). Thus, advanced therapy in conjunction with closer tertiary follow-up, avoidance of unnecessary risks including surgery and pregnancy, increased knowledge about perioperative management and evaluation, awareness of iron deficiency etc., may all underlie the observed changes in age at death and cause-specific mortality. 

Limitations of the study
[bookmark: __Fieldmark__2547_1910830454]   This study has limitations due to the nature of it design; retrospectively collecting data from several centres worldwide that may be applying different treatment and follow-up strategies. This patient cohort is not representative of ES in the community or at secondary centres, as the vast majority of patients (90%) were followed at a tertiary centre. Secondly, data from public registries were utilized for a subset of the study sample, and diagnostic misclassifications cannot be excluded. All diagnoses were, however, verified by reviewing medical files before the patient entered the study in order to ameliorate this risk. As in all retrospective studies in cause-specific mortality, the validity of the cause of death is indeed dependent on the reporting physician. During the study period of 38 years, the classification and investigations of the cause of death may have changed and the use of autopsies has become much less frequent, which may present a bias. Occasionally, there was limited access to data from patients dying early in the study period and this may introduce important bias, even though for this to affect the results of our study,  would require differential missing data by era in terms of the cause of death. Thirdly, the discrepancy between the primary cause of death and antecedent causes is not always explicit. However, all unclear causes were discussed between investigators and adjudicated by consensus. Finally, there was a high proportion of unknown causes of death, which may in part be explained by the fairly restricted interpretation of cause-specific mortality in this study. However, similar rates of unknown causes of death have been reported in previous studies (3,8). 
    Future, prospective studies with longer period of observation may validate our results and shed additional light on the potential impact of improved core pathways on mortality and outcome in ES.

Conclusions
    This study shows that despite changes in care and treatment for ES, all-cause mortality and cardiac mortality remains high. However, there seems to be a shift towards mortality at an older age and from acute to chronic cardiac causes, primarily heart failure. Peri-procedural death and death due to haemoptysis have become less common in the current era. Therefore, preventing and optimally managing heart failure is becoming ever more important in patients with ES. 
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[bookmark: _Ref438025756][bookmark: _Ref439165610]Table 1. Demographics for the total cohort and for deceased patients.
	
	All patients
	Deceased patients

	
	All
n (%)
	Early era
n (%)
	Late era
 n (%)
	P-value
Early vs. late
	All deceased
n (%)                             
	Early era 
n (%)                         
	Late era
n (%)                              
	P-value
Early vs. late

	Number of patients
	1,546
	857
	1222
	
	558 
	297
	261
	

	Male
	553 (35.7)
	319 (37.2)
	427 (34.9)
	0.286
	205 (36.5)
	113 (38.0)
	92 (35.2)
	0.494

	Down syndrome
	505 (32.7)
	334 (39.0)
	402 (32.9)
	0.004*
	205 (36.7)
	102 (34.3)
	103 (39.5)
	0.211

	Shunt location
Simple pre-tricuspid valve
Simple post-tricuspid valve
Complex	
	
182 (11.7)
803 (52.0)
561 (36.3)
	
85 (9.9)
411 (48.0)
361 (42.1)
	
134 (11.1)
657 (53.8)
428 (35.1)
	
0.378
0.009*
<0.001*
	
86 (15.4)
235 (42.1)
236 (42.5)
	
43 (14.5)
126 (42.4)
128 (43.1)
	
43 (16.4)
109 (41.8)
109 (41.8)
	
0.514
0.874
0.750

	Median follow-up, years
	6.1 [2.1-21.5]
	18.6 [8.6-31.5] 
	5.0 [2.0-18.1]
	<0.001*
	13.5[4.0-28.2]
	16.3[5.5-28.6]
	7.7[2.3-27.3]
	<0.001*

	Age at last visit/death, years 
Age at death, years
	38.7 ± 15.4
	39.8 ± 16.3
	39.2 ± 14.5 
	0.376
	
40.8 ± 18.1
	
36.9 ± 18.8
	
45.2 ± 16.2
	
<0.001*


*Indicates statistical significance
N: number, SD: Standard deviation
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[bookmark: _Ref438025756][bookmark: _Ref444504631][bookmark: _Ref443995036][bookmark: _Ref443306889]Table 2. Cause-specific mortality rates in the early and late era. 
	Cause of death
	All deceased
N 
(% all cases) 
(% known causes of death)
	Early Era
N 
(% all cases) 
(% known causes of death)
	Late Era
N 
(% all cases) 
(% known causes of death)
	P-value
Early vs. late

	Cause-specific mortality
Heart failure
Infection
Sudden cardiac death/Arrhythmia
Thromboembolism
Haemorrhage
Non-cardiac peri-procedural
Cardiac peri-procedural
Other
Unknown
	
141 (25.3) (34.4)
108 (19.2) (26.1)
41   (7.3) (10.0)
34   (6.1)   (8.3)
30   (5.4)   (7.3)
14   (2.5)   (3.4)
13   (2.3)  (3.2 )
30   (5.4)   (7.3)
  147 (26.5)        
	
65 (21.9) (29.7)
54 (18.2) (24.7)
21   (7.1)   (9.6)
25   (8.4) (11.4)
19   (6.4)   (8.7)
12   (4.0)   (5.5)
12   (4.0)   (5.5)
11   (3.7)   (5.0)
    78 (26.3)    
	
76 (29.1) (39.6)
54 (20.7) (28.1)
20   (7.7) (10.5)
9   (3.4)   (4.7)
11   (4.2)   (5.8)
2   (0.8)   (1.0)
1   (0.4)   (0.5)
19   (7.3)   (9.9)
    69 (26.8)   
	
0.032*
0.477
0.766
0.014*
0.258 
0.014*
0.004*
0.056
0.882


[bookmark: _Ref440538263]Values are expressed as number and percent. *Indicates statistical significance
N: Number, % all causes: Percent of all deceased causes, % known causes: Percent of all known causes of death.
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[bookmark: _Ref444257654]Figure 1. Cause-specific mortality A) by age, and B) shunt type. 

A)				             B)
[image: ]
Peri-procedural deaths are most frequent in the youngest patients, but equally distributed among the shunt types. Thromboembolic mortality is highest in the oldest patients, but otherwise constant. Cause-specific mortality from other causes increases with age, but decreases with the complexity of the lesion. 
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[bookmark: _Ref448495657][bookmark: _Ref445995915]Figure 2. Cause-specific mortality: Historic data, early and late era as A) percent of all known causes and B) ranked by frequency.
A)
[image: ]
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