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Abstract

Background
Bicuspid aortic valve (BAV) is the most common congenital cardiac defect in the adult population, with a prevalence of 0.5-2%. It is well recognised that aortic stenosis (AS), aortic regurgitation (AR) and aortopathy may develop by the fifth or sixth decade of life. There is a paucity of autopsy studies evaluating the hearts of subjects with BAV. The aim of this study is to help to ascertain the role of the bicuspid valve in the cause of sudden cardiac deaths.

Methods
A database of 6325 whole hearts referred to a specialist cardiac pathology centre between 2004 and 2021 was reviewed to identify a subgroup of 91 subjects with a BAV reported. All cases had a negative full body autopsy and toxicology before being referred and subsequently underwent detailed cardiac evaluation including histological analysis by expert cardiac pathologists.

Results
The mean age of death was 37±16 years (84% male). Death was attributed to aortic valve or aortic disease in 57% (n=52) of cases; AS 30% (n= 27), endocarditis 11% (n=10), aortic dissection (AD) 9% (n=8) and AR 8% (n=7). In the remaining 43% of cases, BAV was an incidental finding. 


Conclusion
The majority of deaths in young individuals with BAV were attributed to complications related to the aortic valve or aorta indicating that BAV is not a benign condition. When a BAV is identified, individuals should be appropriately follow-up with imaging to inform the optimal timing of intervention before a complication develops that may predispose the individual to a premature death. 
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The Role of the Bicuspid Aortic Valve in Sudden Cardiac Death – Findings at Cardiac Autopsy
Introduction
Bicuspid aortic valve (BAV) is the most common congenital cardiac defect in the adult population, with a prevalence of 0.5-2% [1]. Though many individuals with BAV do not experience any adverse sequelae, it is well recognised that some develop significant aortic valve stenosis (AS) or regurgitation (AR) by the fifth or sixth decade and up to 40% may develop aortopathy [2–4].

Multimodality imaging has evolved to identify those at risk of adverse outcomes and for ongoing surveillance [5]. Despite this, a proportion of individuals with BAV still experience premature, sudden cardiac death (SCD), and for some SCD can be the first presentation. This may relate to mechanical problems with the valve itself such as severe AS or AR, or due to aortic dissection (AD) [6,7].

Given its prevalence, BAV is a common cardiac finding at autopsy but there are no recent autopsy series describing the pathological findings in these patients. The aim of this study was to describe the findings at cardiac autopsy of a series of individuals with BAV and to try and establish pathological criteria for determining the cause of death in these individuals.  

Methods
The Cardiac Risk in the Young Centre for Cardiac Pathology at St George’s, University of London, provides a nationally recognized expert cardiac pathology service, receiving more than 500 SCD cases per year. We performed a retrospective analysis of pathology findings in SCD cases in which BAV was identified at autopsy, either incidentally or attributing to the cause of death. BAV was defined as fusion of 2 aortic cusps, with or without the presence of a raphe.  In all cases, a full body autopsy did not identify an alternative cause of death and toxicology was negative.

Comprehensive macroscopic examination of the heart and histological analysis was performed in accordance with published guidelines [8–10]. Heart weight was recorded in grams. Ventricular wall thickness and internal cavity dimensions were measured at the mid-ventricular level. Ten blocks of tissue were taken for histological analysis to identify myocardial fibrosis.  Coronary arteries were dissected to determine dominance and the aortic root and ascending aorta circumference were recorded.  

Left ventricular hypertrophy (LVH) was based on established upper-limit reference values for heart weight; 500g in males and 400g in females [9]. Aortic dilatation was identified if the aortic valve or ascending aorta circumference was greater than 60mm [10].

Criteria for defining the most common causes of death in our cohort are summarised in table 1. In cases where one or more mechanical complications was present (for example AS and AR), the predominant finding was recorded as the cause of death. Sudden arrhythmic death syndrome (SADS) was diagnosed following a negative initial autopsy in the presence of a structurally normal heart with no abnormality on macroscopic or histological evaluation and a negative toxicology screen, in line with accepted definitions [11]. If labelled a SADS death, the BAV was an incidental finding as the valve was freely mobile with no calcification, stenosis, evidence of regurgitation, vegetation or annular dilatation.

Statistical analyses were performed using SPSS version 28.0, 2021 edition (IBM, New York). Continuous normal data are summarized as mean ± SD. Categorical data are presented as absolute number and groups’ percentages. 

Results

Between 2004 and 2021 we received 6325 whole hearts. BAV was identified in 91 cases. The median age of death was 37+/-16 (range 11-80) years and 76 (83.5%) were male. Based on Sievers’ classification, right-left (R-L) coronary cusp fusion was the predominant morphology (n=78, 86%), with right-non coronary cusp (R-NCC) fusion identified in 11 (12%) [12].

The causes of death in individuals with BAV are shown in figure 1. The death was attributed to the aortic valve or aorta in 52 (57%) cases, with AS the leading cause. Some of these complications are demonstrated in figure 2. 
In the remaining cases (n=39; 43%) , BAV was an incidental finding with either a normal heart (n=18) or other cardiac pathology at autopsy (n=21). The cardiac pathology in these cases are well established as causes of sudden death and the BAV was incidental as there was no significant calcification or vegetations and the leaflets were freely mobile [8]. Rheumatic valvular disease was identified in one case, in which the BAV had retracted leaflets but the overriding abnormality was a significant stenotic rheumatic mitral valve and thus this was deemed the cause of death.

The heart weight, LV wall and aortic dimensions are shown in table 2. 
	
	Overall

	Heart weight (g)
	514 (±180)

	LV Posterior wall (mm)
	13.7 (±2.7)

	LV Septal wall (mm)
	15.3 (±3.8)

	LV Anterior wall (mm)
	14.2 (±2.7)

	LV Lateral wall (mm)
	14.4 (±2.7)

	Aortic valve circumference (mm)
	58.2 (±14.2)

	Ascending aorta circumference (mm)
	66.2 (±17.4)













Table 2: Basic cardiac measurements recorded in the overall cohort.
The ascending aorta (AA) was dilated in all subjects who died from aortic dissection (AD) (mean AA circumference 72mm; range 64-100mm). None were known to have an aortic abnormality prior to death. Overall, 33 (37%) had annular dilatation and 48 (53%) AA dilatation. 

Additional congenital cardiac abnormalities were identified in 24 (26%) cases; co-arctation of the aorta (n=9), ventricular septal defects (n=6), atrial septal defects (n=6), anomalous coronary arteries (n=3).

Myocardial fibrosis was seen in 52 (57%) cases, including 19/23 (83%) cases of aortic stenosis (AS) and 6/6 (100%) cases of aortic regurgitation (AR). The most common sites of fibrosis were the posterior wall (22/52; 42%), anterolateral wall (18/52; 35%) and septum (15/52; 29%).

Discussion

This study is the largest contemporary cardiac autopsy series of subjects with BAV. We identified a prevalence of BAV of 1.4% amongst all referrals to our institution, which is similar to the general population [13]. There was a strong male predominance of cases which reflects the sex distribution quoted in the existing literature; BAV is three to four time more common in males than females [2,4].

Death was directly linked to the BAV in 57% of cases. The majority of deaths were due to AS with AD, AR and infective endocarditis also responsible. In a subset of individuals, BAV was an incidental finding with no evidence of AS, AR or endocarditis. In these patients, the heart was otherwise structurally normal and an alternative cause of death could not be identified. This raises the possibility of a sudden arrhythmic death.

AS was the leading cause of death, and occurred in young individuals with a median age of death 36.5 years. A previous series identified BAV in over half of patients with isolated AS [13]. Identifying BAV in young individuals and regular imaging surveillance, may inform decision-making regarding intervention to the valve before significant stenosis develops which may predispose the individual to adverse outcomes. 

A degree of fibrosis was seen in more than half of all cases, most commonly posteriorly and in the anterolateral and septal segments. In-vivo fibrosis identified by the presence of late gadolinium enhancement on cardiac magnetic resonance imaging has been shown to be prognostically significant with subjects being more likely to develop severe AS or require an AVR in the near future[14].

The significant prevalence of endocarditis highlights the importance of mitigating sources of infection in individuals with BAV, including good dental hygiene. In a previous study, 40% of patients with BAV died from infective endocarditis affecting the aortic valve [15]. Antibiotic prophylaxis may be indicated in individuals deemed to be at particularly high risk to minimise the risk of this potentially avoidable outcome [16]. 

A higher prevalence of BAV has been documented in patients with complex congenital heart disease and anomalous coronary arteries[17,18]. This is reflected in our cohort as a significant proportion of deaths were attributed to both of these entities.

Overall, the majority of deaths were directly linked to the BAV itself. These findings support the notion that regular imaging surveillance of individuals with BAV may inform the optimal timing of intervention before significant AS, AR or aortic dilatation develop and potentially mitigate the risk of premature death due to these complications.


Study Limitations
This study has a referral bias as not all cases of BAV would be referred to our institution in the presence of a clear cause of death. Furthermore, our unit receives cases where there is a suspicion of an inherited cardiac condition. As such, there is a potential referral bias whereby pathologies such as coronary artery disease and AD may be under-represented, and the prevalence of entities such as SADS may be overestimated.

Furthermore, ante-mortem clinical information including ECGs and echocardiographic data is not available in the majority of cases given their sudden demise and thus directly correlating pathological and clinical findings is not possible . 

Conclusion
The majority of deaths in patients with BAV are related to complications associated with the valve itself. This supports the notion that BAV is not an entirely benign condition. If identified, imaging surveillance could be considered in order to inform the optimal timing of intervention to potentially reduce the risk of complications developing that may predispose to premature death.





	Cause of death
	Macroscopic features
	Histological supportive features

	Aortic stenosis
	Increased heart weight 
LV hypertrophy
Rigid immobile leaflets with nodular calcification and narrow valve orifice (< 1mm) 

	LV myocyte hypertrophy /degeneration LV replacement and interstitial fibrosis
Nodular calcification in valve leaflets


	Aortic regurgitation




	LV dilatation
Annular dilatation (annular circumference ≥ 60mm)
Thickening of the free edge of each  leaflet 


	LV myocyte hypertrophy/degeneration 
LV Fibrosis
Medial degeneration in aortic wall
Fibroelastic nodular thickening of edge of each leaflet 




	Infective endocarditis


	Large destructive vegetations on native leaflets with perforations or tears
	Histology shows infiltration by neutrophils and necrosis of the valve leaflet
Septic emboli in myocardium on histology 

	Aortic dissection



	Dilated ascending aorta
Tear in the ascending aorta with intramural haematoma
Rupture  into pericardium, chest or abdomen
	Medial degenerative change in Aorta
Acute  dissection in the outer media
Previous dissections 

	Ischaemic Heart Disease
	Atherosclerotic plaque with coronary luminal stenosis >75% [19]
	Acute thrombosis in coronary artery
Acute/chronic infarction in the corresponding LV territory

	Anomalous coronary artery


	Anomolous origin of the coronary artery with a  malignant course between the great vessels
	Acute/chronic infarction in the LV

	Sudden Arrhythmic Death Syndrome (SADS) (Incidental BAV)

	Normal heart weight 
No LV hypertrophy or dilatation 
Normal diameter aortic root BAV leaflets freely mobile and non-calcified

	Normal Heart on Histology 




Table 1:Guidelines for  establishing the common causes of death in individuals with BAV . NB – full body autopsy and toxicology screen must be negative in all cases. 

BAV, bicuspid aortic valve; CAD, coronary artery disease; LV, left ventricle
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Figure 1: Causes of death in subjects with a bicuspid aortic valve

BAV, bicuspid aortic valve; SADS, Sudden Arrythmic Death Syndrome












Figure 2: BAV and associated complications. 
Top left; Incidentally found BAV with a raphe demonstrated (red arrow). The valve was not stenotic and the leaflets were freely mobile. The BAV was not related to the cause of death. Top right; A stenotic BAV seen from the left ventricular outflow tract with extensive nodular calcification of both leaflets. which had resulted in AS and LVH resulting in sudden death. Bottom left; Endocarditis of a BAV. The red circle highlights an endocarditic vegetation. Bottom right; BAV associated with aortic dissection. The red arrows highlight raphe lying between the left and right coronary cusps. The blue circle highlights an aortic dissection and the blue arrow highlights haemorrhage within the adventitia.
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