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Editorial on the Research Topic
 Insight in heart valve disease: 2021




As with many fields of medicine, the last decade of this century has witnessed tremendous progress in the understanding of the physiology, disease mechanism, and the treatment of heart valve disease. The Research Topic entitled “Insights in Heart Valve Disease: 2021” is dedicated to these recent advancements through the original research and perspectives of editorial board members, who seminally contributed to the field.


Heart valve pathology: Which is its clinical impact in 2021?

Cardiovascular disease is the main cause of mortality worldwide, with several forms of heart valve pathology having a significant contributory role. The article by Hartley et al. proposed an epidemiology study on aortic valve stenosis and demonstrated trends in mortality from aortic stenosis in Europe in 2000–2017 (Hartley et al.). The authors offered an updated overview of the related mortality trends in 23 countries by also considering the impact of transcatheter aortic valve insertion (TAVI) in the last 10 years. Except for Germany and the Netherlands, these trends do not appear declining despite the adopted prevention and care measures. Indeed, they dramatically upraised in some countries of the Eastern European area (e.g., Croatia, Poland, and Slovakia), mostly due to disparities in the clinical practice. Gender still plays a fundamental role: although a greater number of cardiovascular risk factors is generally reported for male patients, females develop more severe aortic stenosis, often difficult to treat even with TAVI due to anatomic-interventional peculiarities. Thus, it emerges a substantial need to revise international guidelines of aortic stenosis care management for an effective, conjoint confrontation of this life-threatening disease.

The article by Perl et al. put the accent on the yet underestimated, long-term impact of ischemic mitral regurgitation through a prospective registry involving more than 3,000 patients in Israel (Perl et al.). This study evidenced the decline of ischemic mitral regurgitation over 20 years but its strong impact on prognosis for diagnosed heart disease patients, who undergo a duplicate one-year mortality risk with respect to the non-diagnosed sub-court.



Heart valve physiology and pathophysiology: Is our knowledge complete?

Many relevant pieces of the puzzle are still missing in the understanding of the pathophysiology of native valve disease. Original research published in this special issue helps to gain more insights into the mechanism leading to the degeneration of native heart valves. The DNA methylation study performed by Halawa et al. increased the knowledge of both valve biology and disease by the analysis of the left semilunar and atrioventricular valves (Halawa et al.). Almost 600 gene promoters were found differentially methylated in the comparison between aortic and mitral valves and among these, epigenetic modifications were observed in those associated with the WNT-, Cadherin-, Endothelin-, PDGF- and VEGF-pathways, but also the so far less associated TGFB-, NOTCH-, and Integrin-signaling. Consequently, any epigenetic changes occurring in these pathways with relevance for the developmental and pathophysiological events of endothelial-mesenchymal transition (EndMT) and extracellular matrix (ECM) remodeling should also be carefully evaluated during the process leading to the generation of effective, natural heart valve substitutes by tissue engineering. De facto, EndMT reactivation is a potent contributor to valve degeneration even when different pathologies are considered, as shown by Latif et al.. Through TGFB- pathway activation, valve endothelial cells especially acquire a smooth muscle phenotype involving the upregulation of the SM-genes α-SMA, calponin, SM22, SM-myosin, and their co-activators MRTF-A and myocardin in both bicuspid and rheumatic valves, with a phenomenon likely more pronounced in the latter. TGFB- signaling involvement in myxomatous mitral valve degeneration is well renowned, as systematically reviewed in the article by Tang et al.. Mitral valve prolapse manifests in both dogs and humans after myxomatous degeneration with secondary or syndromic forms and is among the major causes of heart failure due to high morbidity and mortality. Although several mechanistic studies have been proposed in vitro and in vivo, there is still much molecular work to carry out to tackle the disease at its onset by adequate pharmacological targeting instead of surgical interventions.

Another striking original study was advanced by Nasim et al. relating together pigment valve distribution and valve biomechanical functionality (Nasim et al.). By the analysis of aortic valves of transgenic mice with differentially expressed pigments, a proportional increase in elastin content was observed in hyperpigmented animals leading to a surge in stiffness with respect to wild-type animals. On the opposite, hypopigmentation was found to be associated with decreased elastin content and reduced stiffness. Surprisingly, no echocardiographic modifications were found in these different mouse models, as well as no melanocyte cell content could be related to the differential pigment expression. Future experiments will be necessary to investigate more in-depth the possible pathologic link between altered pigmentation levels and valve micromechanical dysfunction.

Biomechanical impairment is widely recognized as a causal event in atrioventricular valve degeneration, too, although only secondary again to an upregulation of TGFB- signaling. Vinciguerra et al. focused on this molecular valve dysfunction culprit in their two review articles (Vinciguerra et al.; Vinciguerra et al.). The mechanical stress generated by mitral plasticity can be counteracted by the surgical approach of subvalvular correction reassuring an appropriate leaflet coaptation. Pharmacological treatments, such as renin-angiotensin-aldosterone system (RAAS) inhibitors, demonstrated to be equally effective, by contrasting valve remodeling consequent to acute myocardial infarction. Among these drugs, losartan showed to be promising, also proving a strong ability in blocking EndMT in valve endothelial cells and valve fibrosis. A minor medical interest has been relieved over time by tricuspid regurgitation, which, however, is increasingly documented as strongly relevant for its impact on cardiovascular disease prognosis. This novel awareness has rendered possible a greater characterization of the tricuspid regurgitation subtypes, due to right ventricle overload and tricuspid annular dilatation resulting from left heart valve disease. The application of three-dimensional echocardiography imaging through a transthoracic window was demonstrated to be efficacious in the diagnostic course and severity stratification, while cardiac magnetic resonance rendered finally feasible quantitative studies on right heart remodeling, and particularly associated valve regurgitation.



Heart valve disease: Are current therapies successful in the long-term?

Surgical and mini-invasive treatments are becoming more targeted and effective, also with reference to the management of electrical conduction abnormalities. Valve correction, as well as substitution with bioprosthetic replacements, have reached a routinary application for the therapeutic management of heart valve disease. In their 1-year PERSIST-AVR clinical trial, Fischlein et al. evaluated the performance of one of the most recent bioprosthetic valve concepts, i.e., sutureless replacements, with respect to conventional ones in the treatment of aortic valve regurgitation (Fischlein et al.). This study disclosed a non-inferiority of the Perceval sutureless valve compared to stented sutured counterparts in several hemodynamic parameters, such as pressure gradients, valve effective orifice area, and paravalvular leak.

Nevertheless, there are still some unsolved flaw in the usage of animal-derived valve bioprostheses and their dystrophic evolution in the mid/long term. In this regard, several hypotheses were proposed over time, as emphasized by Human et al. in their review article (Human et al.). In the last years, several pieces of evidence are corroborating the notion of immunogenicity-related valve degeneration. Although different technologies are finding applications to possibly reduce this animal burden (from simple alcohol-mediated glycolipid washout, passing through decellularization, to more sophisticated animal genetic engineering to silence or modify the signaling relevant for the expression of sugar xenoantigens), the studies performed in animal models likely suggest that something is still beyond the comprehension of the link between various xenoantigens and a sustained immune reply by the host. Fascinatingly, this review motions a further standpoint: xenoantigenicity might be not only related to the peculiar sugar moiety intrinsic to animal cells, their remnants, and/or extracellular matrix but also tissue bioburden. Sterilization protocols, standardly employed for medical devices, might be too detrimental for natural tissues to be employed for replacement manufacturing, thus maintenance of microorganisms, such as bacteria and viruses, might be probable after the application of milder decontamination treatments. This residual bioburden might match a remaining load of the same xenoantigens endowed in the animal tissues since several colonizing bacteria expose these glucidic groups on their cell membranes. In the support of this hypothesis, a parallel between bioprosthetic dystrophic calcification and rheumatic fever is provided in the review to point out the potential association of inflammation, pannus overgrowth, and/or autoimmunity observed in the progress of both diseases. While more studies are compulsory to confirm this, a quest for more effective sterilization treatments for natural tissues is undeniable.

In their original article (Pietrasanta et al.). Apart from the substitutes intended for classic surgery, the last decades have been characterized by the incredible technological revolution in valve disease therapy led by mini-invasive transcatheter replacement approaches, more commonly TAVI when intended for aortic valve treatment. The undisputable benefit for high mortality risk patients in advanced age might lessen its strength in younger subjects, for which a longer-term evaluation is foreseen. Possible dysfunctions might be associated again with the proneness to inflammatory/immune degeneration in those TAVI devices produced with animal tissues. Pietrasanta et al. reflected on the detrimental effects caused by the turbulent flow induced by different device deployment modalities. This wet-lab research performed through the use of a pulse replicator allowed to typify the three-dimensional flow field generated by different implantation configurations of a self-expandable TAVI valve in porcine pericardium. Such in vitro experimental analyses are essential to simulate the pathological peculiarities of the patient's root and, thus, their results are strongly informational for the best deployment strategy to use and for the prevision of the functional behavioral fate of TAVI devices, once implanted in the patient.

In addition, cardiac hemodynamic load and particularly valve regurgitation might find relief in most patients when their comorbidities are clinically treated, as proved by Kim et al. in their original research article focusing on left heart valve regurgitation and the favorable effects exerted by renal functional improvement after transplantation (Kim et al.). Interestingly, in a small percentage of patients (<10%), mitral and aortic regurgitations might progress although the initial success of the kidney transplantation and lead to the need for a second procedure due to the maintenance of a hypertensive state, valve calcifications, and reduced left ventricle (LV) end-systolic dimensions.



Take-home message

As a conclusive remark, all the original and reviewed knowledge reported in this Research Topic has shed more light on the physiology and pathophysiology of heart valve disease and associated cardiac and non-cardiac pathologies (Table 1). Based on these advances, it is evident that the standard of clinical care, as well as novel therapeutic approaches, should be fine-tuned thereof worldwide to have a more positive impact on the natural history and prognosis of cardiovascular diseases, the life quality of affected patients, and socio-economical health management programs.


TABLE 1 Take-home messages from the Research Topic ‘Insight in heart valve disease: 2021'.
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Background: Trends in mortality from aortic stenosis across European countries are not well-understood, especially given the significant growth in transcatheter aortic valve implantation (TAVI) in the last 10 years.

Methods: Age-standardised death rates were extracted from the World Health Organisation Mortality Database, using the International Classification of Diseases 10th edition code for non-rheumatic aortic stenosis for those aged > 45 years between 2000 and 2017. The UK and countries from the European Union with at least 1,000,000 inhabitants and at least 50% available datapoints over the study period were included: a total of 23 countries. Trends were described using Joinpoint regression analysis.

Results: No reductions in mortality were demonstrated across all countries 2000–2017. Large increases in mortality were found for Croatia, Poland and Slovakia for both sexes (>300% change). Mortality plateaued in Germany from 2008 in females and 2012 in males, whilst mortality in the Netherlands declined for both sexes from 2007. Mortality differences between the sexes were observed, with greater mortality for males than females across most countries.

Conclusions: Mortality from aortic stenosis has increased across Europe from 2000 to 2017. There are, however, sizable differences in mortality trends between Eastern and Western European countries. The need for health resource planning strategies to specifically target AS, particularly given the expected increase with ageing populations, is highlighted.

Keywords: aortic stenosis, mortality, Europe, transcatheter aortic valve implantation (TAVI), aortic valve replacement (AVR)


INTRODUCTION

Aortic stenosis (AS) is the most prevalent valvular heart disease in Europe (1). Although rheumatic heart disease is the most common aetiology worldwide, degenerative calcification of native trileaflet valves and congenital bicuspid valves are the primary causes in developed countries. AS prevalence increases significantly with advancing age and is ~10% over the age of 80 (2). Moreover, with ageing populations, the burden is expected to increase further (3).

AS prognosis relates predominantly to severity and symptoms, with over 50% mortality at 1-year with conservative treatment for severe symptomatic AS (4). Although traditionally the outlook for asymptomatic AS has been considered favourable, frequently managed with routine surveillance, this has been brought into focus in a recent meta-analysis which demonstrated significant cardiovascular mortality in this patient group (5).

Until relatively recently, the only treatment available for AS that provided prognostic benefit was surgical aortic valve replacement (SAVR). However, the first transcatheter aortic valve implantation (TAVI) was performed in 2002 (6), offering potential intervention to those who were previously denied invasive treatment based on advancing age or high operative risk, with a dramatic improvement in mortality in these patients (7). Widespread uptake of TAVI has subsequently been seen, with excellent outcomes and increasing procedural scope, and is now even indicated in patients with low surgical risk (8). Indeed, across Western Europe, TAVI procedures have increased almost 350% from 2010 to 2019 (9). Yet access to TAVI is not universal, and there is significant regional variation, strongly related to healthcare resource availability (10). A recent analysis of mortality in the USA demonstrated declining mortality trends in older patients with AS (in line with increased TAVI procedures), which was not seen in patients from non-metropolitan areas (11).

We sought to explore changing trends in AS mortality across Europe between 2000 and 2017, given the introduction, exponential uptake and expanding indications of TAVI. This will aim to demonstrate changing patterns of mortality with access to modern therapies and highlight regional healthcare inequalities that require targeted intervention.



METHODS


Data Sources

Data were extracted from the World Health Organisation (WHO) Mortality Database for the years 2000–2017. Data quality is continuously assessed by the WHO to ensure reliability and usability. Birth and population recording must exceed 90% for countries to be included in the database. Details of data collection and validation for the database have been described extensively previously (12, 13). The WHO Mortality Database uses International Classification of Disease (ICD) codes to classify causes of death. The tenth revision ICD code for non-rheumatic AS (I35.0) was used, whilst ICD codes pertaining to aortic insufficiency or mixed aortic valve disease were excluded.

Member states of the European Union (EU) as well as the United Kingdom, with populations > 1,000,000, were included in the study. EU countries Malta, Cyprus and Luxembourg were not included owing to having <1,000,000 inhabitants. Greece and Ireland were excluded due to more than 50% missing datapoints for the study period. All included countries had high quality cause of death data, except Bulgaria, Poland and Portugal (medium quality). Data are considered high quality if the country reports at least 5 years of data, uses ICD codes for at least the latest year, and has data usability (as defined by the WHO) of at least 80%. Data are considered medium quality using the same criteria as high quality, but with average data usability of at least 60% (12).

Therefore, 23 countries were included in the final analysis. The estimated level of completeness of death registration reported to the WHO Mortality Database for all included countries was at least 97% up to 2010, and 100% for the most recent year, up to 2016 (14). Death rates were computed from vital registration data for all included countries, with the exception of Lithuania which was based on annual estimates informed by completeness-adjusted vital registration data and United Nations population assessments (12). Mortality data were further restricted to those above the age of 45 years, to limit the effects of more severe congenital disease, and focus on a generalisable population that may be suitable for conventional medical and surgical interventions. This age restriction has been utilised previously (11). Not all countries had data available for 2017, and as such, four countries (Belgium, Estonia, Italy, and UK) reported up to 2016, three (Bulgaria, Denmark, and Latvia) reported up to 2015 and two (France and Slovakia) reported up to 2014.



Data Handling

Crude annual national mortality data with annual national population data were extracted from the WHO Mortality Database. Following this, the age standardised death rate (ASDR) was calculated. This relates the distribution of mortality per 5-year age group per country, weighted according to the WHO standard population (15). This standardisation process is commonly used in mortality epidemiological studies and controls for differences in age structure, permitting more robust comparison between countries. In this study we report ASDR per 1,000,000 population, as performed previously (11). The data underlying this article are available in the article and can be found at https://www.who.int/data/data-collection-tools/who-mortality-database. Patients or the public were not involved in the design or conduct of this study. Ethical approval was not required for this study, given that the data is collected from widely available, internationally collected mortality certification.



Statistical Analysis

Sex-specific trends for AS age-standardised mortality were established and analysed for 3-year periods at the start and end of the observation period. Where 3-year data were missing, at either the start or end of the observation period, the 2-year or 1-year averages were calculated, as appropriate. Where no data were available for any timepoint for either of these periods (2000–2002 or 2015–2017), the earliest and latest available timepoints were used. Percentage change was assessed between the earliest and latest values.

Mortality trends were assessed using Joinpoint Version 4.5.0.1 Command (US National Cancer Institute Surveillance Research Program). For the purpose of Joinpoint analysis, missing data were imputed in a last observation carried forward method. Joinpoint regression analysis assesses changes in linear gradients for ASDR over time, as performed previously (16). In brief, Joinpoint analysis initially assesses the overall trends in mortality without any joinpoints, and then evaluates for changes in the model, with the addition of further joinpoints for each statistically significant slope change. A log-linear transformation is performed, permitting approximation to normal distributions and each additional joinpoint is tested for significance using a Monte Carlo permutation method. Estimated annual percentage change (EAPC) for each trend is calculated by fitting a regression line to the natural logarithm of the rates. Each EAPC is assessed to determine whether a significant difference exists compared to no change in mortality. The final model consists of multiple joinpoints, each representing a significant change in trend, with each trend described by EAPC and confidence intervals. A statistically significant difference was defined as a two-sided p-value < 0.05.

Differences in the change in ASDR per sex between newer EU joining countries and older countries from 2000 to 2017 were assessed with the Mann-Whitney test. EU-joining nations from 2004 or later were deemed new, as has been used previously (16).




RESULTS

Over the study period between 2000 and 2017, there were significant changes in AS mortality across European countries in those aged > 45 years, for both males and females. Twenty-three countries from the EU and UK were included in the final analysis, after exclusion of countries with significant missing data or with <1,000,000 inhabitants. The quality of the mortality data in the WHO Mortality Database has been reviewed previously to ensure sufficient reliability and robustness (13). In total, mortality data were missing for 8.7% of all potential values during the observation period.


Overall Changes in Mortality From Aortic Stenosis

Between 2000 and 2017 there were increases in mortality from AS in all countries, for both sexes. The differences in ASDRs between the start and end of the study period are shown in Table 1. Very large increases in mortality were reported in Croatia, Czech Republic, Estonia, Poland, Slovakia, and Slovenia for both sexes (>100% change). Small increases in mortality were reported for the majority of countries, including Belgium, Denmark, Finland, Hungary, Italy and UK (15–50% change for both sexes). The Netherlands was the only country that reported no substantial changes (<5% change for both sexes).


Table 1. Change in age-standardised death rates from non-rheumatic aortic stenosis for those aged > 45 years in Europe from 2000 to 2017.
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Figure 1 displays the percentage change in ASDR 2000–2017 for both males (A) and females (B) from Table 1, divided into earlier (pre-2004) and later (post-2004) EU joining nations. Although there is an apparent trend only for males (p = 0.17), there is a strongly statistically significant difference for females (p < 0.0001), with much greater increases in ASDR for later EU joining countries.
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FIGURE 1. Changes in age-standardised death certification rates per 1,000,000 for countries joining the European Union (EU) before 2004 and 2004 or later, 2000 to 2017, for non-rheumatic aortic stenosis for those aged > 45 years in (A) males and (B) females. Pre-2004 countries: Austria, Belgium, Denmark, Finland, France, Germany, Italy, Netherlands, Portugal, Spain, Sweden, and the United Kingdom. Post-2004 countries: Bulgaria, Croatia, Czech Republic, Estonia, Hungary, Latvia, Lithuania, Poland, Romania, Slovakia, and Slovenia. Rather than 2000–2017, the following intervals are used owing to data availability: Bulgaria 2005–2015; France 2000–2014; Portugal 2007–2017; Slovakia 2000–2014. Mann-Whitney test used to assess statistical significance. ns, non-significant (p = 0.17); ****, statistical significance at p < 0.0001.




Joinpoint Regression Analysis of Mortality From Aortic Stenosis

Figure 2 displays the results of Joinpoint regression analysis for trends in mortality for each country per sex. The most common trend was for a slow sustained increased ASDR over the study period, as can be seen in Belgium, Hungary, Italy, Lithuania, Spain and the UK, for both sexes, and Latvia and Denmark for females. Steeper increases in mortality over the study period are observed in both sexes in the Czech Republic, Slovakia, Poland and Portugal, as well as Estonia for females and Austria for males. However, the steepest increases are seen in Croatia and Slovenia for both sexes. Of note, very low levels of mortality are reported in Bulgaria and Romania, with ASDRs <10 per 1,000,000 population throughout the observation period. The death rates in Sweden and France for both sexes, as well as Latvia for males, were relatively static.
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FIGURE 2. Joinpoint regression analysis for trends in age-standardised death rates from non-rheumatic aortic stenosis for those aged > 45 years in Europe from 2000 to 2017. Clear squares indicate males; filled circles indicate females. The lines (dotted for males, solid for females) represent modelled trends based on joinpoint data.


Despite there being no mortality reductions from the start to end of the study period, some improving mortality trends are observed. Mortality plateaued in Germany from 2008 in females and 2012 in males, whilst in the Netherlands mortality declined for both sexes from 2007. For males in Denmark mortality declined from 2008 and there was also a small decline in Estonian males from 2007. Lastly, there was a reduction in mortality for Austrian females from 2014.

Mortality differences between the sexes were also observed, with consistently greater mortality for males than females in a large proportion of countries. This sex gap appears to be narrowing in some countries (for example Denmark, Estonia and Latvia), but not all (for example Czech Republic and UK, where the difference is growing), and is stable in most.



Estimated Annual Percentage Change in Mortality From Aortic Stenosis

The EAPCs, shown in Table 2, highlight the differing trends between Eastern and Western European countries. Mortality in both sexes is consistently and statistically significantly increasing with an EAPC of >5 in Croatia, Czech Republic, Lithuania, Poland, Portugal, Slovakia and Slovenia. For males in Austria, as well as females in Estonia and Latvia, statistically significant increasing trends are also seen. The largest single trend increasing EAPCs in males are seen in Croatia {12.8 [95% confidence interval (95% CI) +10.2 to −15.5]}, Poland [+10.6 (95% CI +9.4 to −11.8)] and Czech Republic [+8.5 (95% CI +7.2 to −9.8)]. The largest single trend EAPCs in females are observed in Croatia [+17.6 [95% CI +14.3 to −21.0)], Slovakia [+15.9 (95% CI +9.9 to −22.4)] and Bulgaria [+10.8 [95% CI +2.4 to −19.9)].


Table 2. Joinpoint regression analysis for mortality from non-rheumatic aortic stenosis for those aged > 45 years in Europe from 2000 to 2017.
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Although consistent declining trends are seen Estonia, France, Italy and Netherlands for males, Netherlands and Austria are the only countries with declining female mortality. Indeed, Netherlands is the only country with any statistically significant decreasing trend for any period across the study, with EAPC of −2.9 (95% CI −4.4 to −1.4) and −1.9 (95% CI −2.8 to −0.9) for males and females, respectively.




DISCUSSION

This study of deaths from AS between 2000 and 2017 identifies increases in mortality in all European countries. There are however substantially differing trends between countries, with some reporting stable ASDRs across the observation period, some reporting changing trends towards reduction in mortality, whilst others report rapidly worsening mortality rates. Mortality from AS is shown to increase significantly in many Eastern European countries, for example Croatia, Czech Republic, Poland, Slovakia and Slovenia for both sexes. This divide is evident when examining earlier and later EU-joining nations (Figure 1), particularly in females. Of note, Estonia has the smallest population of all included countries, which may explain the more variable datapoints. In addition, the low level of mortality from AS in Bulgaria and Romania may represent under-reporting, perhaps due to a lower AS diagnosis rate. However, many Western European countries also demonstrate increasing trends, most notably Portugal. Germany and Netherlands are the only countries that have plateauing or declining mortality rates for both sexes, and Netherlands is the only country where the decreasing trends were statistically significant. Nonetheless, increases in mortality over the whole study period are observed in all countries; possibly related to population ageing or an increased likelihood of AS diagnosis with greater access to diagnostics.

The only countries with plateauing or declining mortality for both sexes (Germany and Netherlands) were early TAVI adopters, and have well-established TAVI practise and registries. Indeed, Germany performs the most TAVIs in Europe, whilst TAVI far exceeds SAVR in the Netherlands (17, 18). Procedural complications and mortality reduce with greater TAVI experience (19), which may contribute, along with the greater TAVI numbers, to the declining AS mortality in these countries. Conversely, Croatia had only performed 87 TAVIs by 2014 (20), Slovenia was a slow adopter and had only performed procedures in one centre in 2015 (21) and Poland has among the lowest numbers of TAVI procedures in Europe (22). Portugal, a Western European country with increasing AS mortality, had the lowest number of TAVI procedures in Europe (7 per 1,000,000 population/year) in 2013 (23). More recently, in a survey of TAVI practise from 20 European countries for 2018, Slovenia (6 per million inhabitants) and Poland (22 per million inhabitants) had the lowest reported figures (Croatia was not included in the study), whilst Germany had the highest (187 per million inhabitants). Portugal performed only 30 per million inhabitants (24).

However, the link between developments in TAVI practise and trends in mortality from AS cannot be assumed to be causal. For example, a possible explanation is that TAVI uptake could be a surrogate for other indicators of good clinical practise. Moreover, TAVI and SAVR rates are not collected uniformly, and are gained from multiple sources. There are also other potential factors that influence AS mortality. For example, experience and practise of SAVR, frequency of AS diagnosis, as well as the prevalence and management of AS risk factors (e.g., chronic renal disease, hypercholesterolaemia, diabetes, and smoking) (25). There is significant overlap between these risk factors and those for atherosclerotic cardiovascular disease. Of note, we have previously demonstrated growing disparity in mortality from cardiovascular disease between Western and Eastern European countries (16).

An interesting observation from the present study is the difference in mortality between males and females that, for the majority of countries, is not narrowing. This sex disparity contradicts the current belief that females have worse outcomes from AS. Theories behind this include that females are more likely to be older and frailer at presentation; have higher pulmonary pressures and more concomitant mitral valve disease (26); and that AS may be more common in females, related to longer life expectancy as well as smaller aortic root dimensions (27). However, males have a much higher preponderance of cardiovascular risk factors (which are mostly shared with AS) and have a lower left ventricular ejection fraction at presentation (28). Females present later into the disease course with more insidious symptoms; thus AS incidence, and therefore mortality, may be under-represented in this group (26). Procedural factors suggest more inherent risks during TAVI on female patients, for example smaller cardiac structures increasing technical complexity and more difficult vascular access (29). Despite this, TAVI outcomes are actually superior in females and indeed may be the preferred treatment modality in older women (30).

Challenges to wider adoption of TAVI in less economically developed countries include the availability of resources, education, infrastructure and diagnostic services. TAVI procedures are expensive, due to high device costs, necessary infrastructure including cardiothoracic surgical services, and the need for dedicated multi-disciplinary Heart teams. Any increase in TAVI use has to be justified in terms of both survival and quality of life benefits.

The morbidity and mortality related to AS in Europe and North America is likely to be very different to that of lower income countries. This relates to aetiology, where degenerative rather than infectious causes (infective endocarditis or rheumatic disease) predominate, the population affected (elderly vs. younger), as well as the healthcare resources available to detect and treat the condition. Although no worldwide comparisons of AS mortality have been performed, mortality from rheumatic heart diseases does appear to be decreasing (31).

Limitations of this study include the reliability of large scale retrospective data; however accuracy is assessed by the WHO, and there is at least medium quality data reporting and at least 98% death coverage for all included countries in this analysis (12). Nonetheless, data coding may be of differing quality between countries and this may impact on the observed results. There is also the potential for missed mortality trends, with absent datapoints for some countries. In addition, there may be a significant diagnosis bias in reporting of mortality. For example, AS will be detected at a greater rate with more widespread access to echocardiography, and therefore will feature more commonly on death certification. It is possible that more developed healthcare systems have more established echocardiography services. Another potential factor is the improving quality of contemporary cardiac ultrasound machines; AS may be detected more frequently on images with greater spatial and temporal resolution. As stated above, a causal link between mortality rates and TAVI use cannot be inferred from this study. The effect of underdiagnosis on the treatment of AS unfortunately cannot be assessed in this study, as the WHO collect data on mortality with no information available on reported prevalence.



CONCLUSION

Mortality from aortic stenosis has increased across Europe between 2000 and 2017. There are, however, sizable differences in mortality trends between Eastern and Western European countries. Significant plateauing or declining mortality is observed for recent years in countries with greater access to TAVI, whilst increasing trends are observed in countries with the least TAVI use. The need for health resource planning strategies to specifically target AS, due to the expected increase in incidence with ageing populations, is highlighted.
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The aortic valve (AoV) maintains unidirectional blood distribution from the left ventricle of the heart to the aorta for systemic circulation. The AoV leaflets rely on a precise extracellular matrix microarchitecture of collagen, elastin, and proteoglycans for appropriate biomechanical performance. We have previously demonstrated a relationship between the presence of pigment in the mouse AoV with elastic fiber patterning using multiphoton imaging. Here, we extended those findings using wholemount confocal microscopy revealing that elastic fibers were diminished in the AoV of hypopigmented mice (KitWv and albino) and were disorganized in the AoV of K5-Edn3 transgenic hyperpigmented mice when compared to wild type C57BL/6J mice. We further used atomic force microscopy to measure stiffness differences in the wholemount AoV leaflets of mice with different levels of pigmentation. We show that AoV leaflets of K5-Edn3 had overall higher stiffness (4.42 ± 0.35 kPa) when compared to those from KitWv (2.22 ± 0.21 kPa), albino (2.45 ± 0.16 kPa), and C57BL/6J (3.0 ± 0.16 kPa) mice. Despite the striking elastic fiber phenotype and noted stiffness differences, adult mutant mice were found to have no overt cardiac differences as measured by echocardiography. Our results indicate that pigmentation, but not melanocytes, is required for proper elastic fiber organization in the mouse AoV and dictates its biomechanical properties.

Keywords: atomic force microscopy, echocardiography, pigment, extracellular matrix, elastin


INTRODUCTION

The aortic valve (AoV) functions to maintain unidirectional blood flow between the left ventricle and the aorta for the systemic distribution. The AoV undergoes constant pressure, stress, flexure, biaxial tension, and compression during a cardiac cycle, which requires the AoV to be durable for ~3 × 109 cardiac cycles over the course of an average lifetime. The AoV is composed of highly structured cellular and extracellular matrix (ECM) components required to maintain appropriate biomechanics. The AoV ECM is mainly composed of collagen, elastin, and proteoglycans. In the AoV, radially aligned elastic fibers and circumferentially aligned collagen fibers dictate AoV function (1). Pathological alterations in alignment and composition compromise AoV biomechanics. In human AoV, elastic fibers on the left ventricular side of the leaflets confer elasticity, allowing extension when the valve opens and recoiling when the valve closes. The proteoglycans in the internal spongiosa layer absorb compressive forces and lubricate interactions between the highly structured elastic fibers and fibrous collagen of the aortic side, fibrosa layer. The fibrosa layer with rich collagen fibers provides tensile strength to the AoV leaflets. Lastly, elastic fibers maintain the tissue load at low strains, allowing the collagen fibers and the leaflet to stretch passively before bearing the load at maximum loading (2). The structure-function relationship of elastin and collagen is critical for proper valve function but underscoring the need for a full understanding of leaflet fiber interactions and their dynamic behavior.

Along with the highly specialized ECM, cells within the AoV leaflets sense and respond to mechanical stresses and strains. The cellular responses to mechanical stresses play an important role in valve development and remodeling (3). Two major cellular components are found in the AoV leaflets: valvular endothelial cells (VECs) and valvular interstitial cells (VICs). The AoV leaflets consist of an outer layer of VECs on both fibrosa and ventricular sides that interact with blood and associated hemodynamic forces. The inner layers of VICs are responsible for producing and maintaining the ECM. The VICs comprise a heterogeneous population of cells that include smooth muscle cells, fibroblasts, myofibroblasts, neurons and glia (4, 5). Besides these subpopulations of VICs, murine heart valves contain melanin producing cells, the melanocytes (6). The location of these melanocytes coincided with another ECM protein, Versican B, in the atrioventricular valve (AV) leaflets, suggesting that melanocytes may regulate or be regulated by ECM molecules (7). Moreover, pigmented regions within the AV valves are significantly stiffer than non-pigmented regions establishing an association between pigment and the biomechanical properties of the valve (7, 8). Using nanoindentation, the elastic modulus of AV leaflets was found to be higher in hyperpigmented leaflets (11.5GPa) as compared to hypopigmented (5.5GPa) and wild type (7.5GPa) leaflets (8).

We recently showed that the elastic fiber network of the mouse AoV is affected by pigmentation (4). We compared the pigmented AoV of C57BL/6J wild-type with the AoV of two other mouse models that show variations in pigmentation levels. The K5-Edn3 transgenic mouse expresses the cytokine endothelin 3 (Edn3) under the control of the keratin 5 promoter (K5) leading to hyperpigmentation in cutaneous and non-cutaneous locations such as the heart valves. The KitWv mouse harbors a spontaneous mutation in the receptor tyrosine kinase Kit locus leading to the complete lack of pigmentation in cutaneous and non cutaneous locations. Excessive pigmentation in the leaflets of the K5-Edn3 hyperpigmented mice associated with disorganized elastic fibers while the leaflets of the KitWv hypopigmented mice had less elastic fibers when compared to wild-type mie as demonstrated by two-photon imaging. Given the changes in elastin fiber patterning and alterations in the biomechanical properties observed in the AoV leaflets of K5-Edn3 and KitWv mice, a more detailed investigation of the valve phenotypes can lead to a better understanding of the underlying causes of AoV disease including fibrosis and calcification (9). The goal of this study was to further demonstrate the correlation between pigmentation and AoV leaflet stiffness and structure. We extended the analysis of the relationship between pigmentation and ECM organization by employing wholemount confocal imaging and another hypopigmented model, albino mice, where melanocytes are present but melanogenesis is blocked by a mutation in the pigment rate limiting enzyme tyrosinase. We also show how varying pigmentation levels affect regional stiffness using atomic force microscopy (AFM) on wholemount freshly dissected leaflets. Finally, we performed echocardiography to identify potential cardiac physiological manifestations resulting from the elastin phenotypes observed in the pigmentation mutant mice.



MATERIALS AND METHODS


Animals

All mice were housed in the Florida International University Animal Care Facility. The animal protocol for this study was approved by the Institutional Animal Care and Use Committee (IACUC 19-017). IACUC regulations were followed throughout the study. C57BL/6J wild type mice (WT for simplicity; Stock number 000664), B6(Cg)-Tyrc−2J/J mice (albino for simplicity; stock number: 000058), and C57BL/6J-KitW−v/J mice (KitWv for simplicity (only the homozygous spontaneous mutants were used); Stock number: 000049) were purchased from Jackson Laboratory (BarHabor, ME). The K5-tTA; TRE-Edn3-lacZ (K5-Edn3, for simplicity) transgenic mice were generated in our laboratory (10). Ten to twelve-week-old mice (strains: WT, K5-Edn3, KitWv, albino) (N = 5–6; 3F and 3M) were utilized for the mechanical and functional assessment of the AoV leaflets.



Genotyping

Genomic DNA was isolated from tail biopsies of K5-Edn3 mice. Genotyping was performed using the primers: 5′ CCAGGTGGAGTCACAGGATT 3′, 5′ ACAGAGACTGTGGACCACCC 3′, for the recognition of the K5-tTA gene and, 5′ GGCCTGTGCACACTTCTGT 3′, 5′ TCCTTGTGAAACTGGAGCCT 3′ for the TRE-Edn3-LacZ transgene. Routine PCR conditions were used (45 cycles of 94°C for 30 s, 60°C for 60 s, and 72°C for 60 s) with an initial 3 min hold at 94°C. PCR product was then visualized in 1.5% agarose gel containing 0.5 μg/ml ethidium bromide (Thermo Fisher Scientific, Pittsburgh, PA). The K5-tTA produced a 244 bp band, whereas the TRE-Edn3-LacZ produced a 463 bp band. WT, KitWv, albino were identified phenotypically and did not require a genotype assessment.



ECM Structural Staining and Quantification
 
ECM Staining

Alexa Fluor 633 (AF 633) hydrazide (Invitrogen, Waltham, MA, Cat# A30634) for elastic fiber staining was used as previously described (11, 12). 0.2 μM concentration of AF633 probe in PBS was used along with 10 μM CNA-488 probe for collagen fiber staining (CNA-488 was kindly gifted by Chris Reutelingsperger from Maastricht University, Netherlands) (13). The wholemount AoV tissue staining was carried out for 45 min at room temperature prior to 4% paraformaldehyde (PFA) fixation and pigment bleaching in 10% H2O2 overnight. Tissues were then placed on a glass side with the three leaflets of the AoV facing up and sealed with a coverslip. Z-stack images were taken using an Olympus Confocal BX61 microscope.



Staining Quantification

The obtained Z-stack images were utilized for 3D reconstruction and image processing. In brief, Z-project plugin in NIH ImageJ (14) was used to compile the z-stacks, and the ROI manager plugin was used to quantify the fluorescence signals from each stack after tracing a region around the leaflet.



Angle Quantification

A spectral based Cytospectre tool box was used to quantify the orientation of the elastin and collagen fiber angles from the z-stack images (15). For angle quantification, high magnification regional images were taken in all the four mouse models (Supplementary Figure 1). Collagen and elastic fiber alignment were separately measured in the green and red channel, respectively. All the collagen fibers were used as reference to elastic fibers, where the collagen fiber angles for each of the mouse model leaflet was set to zero and elastic fibers were rotated accordingly.




Atomic Force Microscopy
 
Mouse Aortic Valve Isolation and Setup

Ten to twelve-week-old mice (strains: WT, K5-Edn3, KitWv, albino) (N = 4–5) were euthanized and the hearts were immediately washed in cold PBS. Within 5 min, AoV leaflets were isolated and placed on a coverslip in a 60 mm petri dish. Coverslips were glued with clear silicon waterproof sealant to the petri dish to avoid any movement of the coverslip. During the analyses, leaflets were kept in cold PBS, and all measurements were taken within 30–45 min of leaflet isolation. Following the AFM measurements, all samples were fixed in 4% PFA for 5–10 min (Supplementary Figure 2).



AFM Set Up

An XE-Bio system (Park systems, Santa Clara, CA, USA) in contact mode was used for all AFM measurements. Pre-calibrated gold-coated bead AFM probe (Novascan Technologies, Ames IA, USA) with a 1 μm diameter SiO2 microsphere were used for the indentation measurements. The spring constant of the tip was 0.1 N/m. Force curves measurements at the targeted region of AoV leaflet were performed with a probe approaching speed of 0.3 μm/s and peak force range 0.4–2.4nN. Each targeted point was measured three to five times to ensure the accuracy of the measurement.



Data Analysis

The sample's Young modulus of elasticity (YE) was calculated using a Hertz model:

[image: image]

Where, v is the Poisson's ratio, which was set to be 0.5, and R of 0.5 μm is the radius of the tip. Sample indenting force (F) and deformation (δ) were calculated as follows:
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A custom MATLAB script was used to fit the measured force curves to obtain the YE values for each region.



Regional Pigment Quantification From Resected Leaflets

For the quantification of pigment, all the wholemount leaflets were oriented in the same direction and four regions were labeled: tip, belly, base, and commissure. All images were converted into 8-bit and each region was identified based on the intensity of the darker and lighter regions associated with pigment using ImageJ. Percent regional pigment was normalized with total leaflet pigment.




Echocardiography
 
Animal Preparation and Imaging Setup

Prior to image acquisition, mouse chest fur was removed by applying hair removal cream. Each animal was shaved immediately before the image acquisition and placed under 1–2% isoflurane. For consistency and comparability, all imaging conditions were controlled between animals. Mouse body temperature was monitored and maintained around 37°C during the entirety of the protocol. Since cardiac function is influenced by heart rate (HR), the HR was maintained at a similar level (450 ± 50 bpm) within each strain during imaging. Additionally, echo measurements were performed at similar times after anesthesia was administered to minimize differences in anesthesia-related effects to cardiac function.

The imaging setup included applying warm gel on the shaved chest and placing the mouse on a heating platform. ECG was continuously monitored. The heart was imaged with MX400, 20–46MHz linear transducer, with an axial resolution of 50 μm. Images were taken at 300–400 frames per second. All the imaging were done using a Vevo 3,100 (FUJIFILM Visual Sonics, Toronto Canada) imaging system under the IACUC rules and regulation at Sylvester Comprehensive Cancer Center at University of Miami.



Echocardiographic Assessments and Data Analysis

M-mode images in the left ventricle short-axis view and B-mode long-axis view were obtained for each mouse in a blinded fashion. Pulsed wave Doppler images were taken by placing the sample volume parallel to flow direction, which was assisted by Color Doppler-mode during long-axis view into left ventricular outflow tract and ascending aorta for AoV function. For mitral valve assessment, the apical four-chamber view was used (Supplementary Table 1). Quantified measures of function were obtained by averaging three consecutive heartbeats during the echocardiographic examination. From the M-mode, the left ventricular anterior, posterior, and inner wall during systolic and diastolic peaks were taken to assess the LV thickness. Aortic valve measurements included peak AoV pressure, mean AoV velocity, peak AoV velocity, velocity across the AoV. Mitral valve Doppler was used to assess diastolic function by measuring intraventricular relaxation (IVRT)/contraction time (IVCT), the mitral peak velocity of early filling ratio to peak velocity flow in late diastole (E/A), and ejection time (ET). All data were analyzed using the Vevo Lab software (FUJIFILM Visual Sonics, Toronto Canada).




Tail Cuff Measurements

A non-invasive small animal blood pressure monitoring system (CODA Kent Scientific, Torrington, CT) was used to measure heart rate, systolic and diastolic blood pressure, and mean arterial blood pressure in ten- to twelve-week-old mice. In brief, the CODA tail-cuff system uses a specialized volume-pressure recording sensor to determine the tail blood volume to measure the blood pressure. All animals were kept anesthetized under 1–2% isoflurane. 10–15 consecutive readings were taken per animal to obtain stable blood pressure measurements.



Statistical Analysis

All quantitative data are given as mean ± standard error mean (SEM). For AFM results, each color point within the strain represents a biological replicate calculated from a mean of N = 3–4. “N” indicates the number of biological replicates within each strain and “n” indicates the technical replicates. For AFM and echocardiography results, statistical packages in GraphPad were used to assess data normality and variance between the groups (GraphPad Prism6 Software, LaJolla, CA). Statistical differences were determined using either the student's t-test or one-way analysis of variance (ANOVA) along with Tukey's post hoc HSD test with significance considered as p < 0.05. All the shown percent differences were normalized by the specified comparison.




RESULTS


Elastic Fiber Patterning of The Aortic Valve Leaflets Is Affected by Pigmentation

To assess the organization of elastic and collagen fibers in wholemount AoV leaflets, we used AF633 and CNA488, respectively. As in human AoV, murine wild type AoV had radially aligned elastic fibers and circumferentially aligned collagen fibers (Figure 1A). In the K5-Edn3 transgenic mouse Edn3 overexpression is under the control of keratin 5 promoter, resulting in excess pigment production by both cutaneous and non-cutaneous melanocytes (Figure 1B). The patterning of elastic fibers in the leaflets of K5-Edn3 mice appeared disoriented with fibers misaligned and ectopically located (Figure 1B). KitWv and albino hypopigmented mice were assessed to further understand the role of pigment in elastic fiber patterning. KitWv mice lack melanocytes in hair follicles leading to a white coat color, whereas albino mice have melanocytes that are unable to produce pigment due to a mutation in the Tyrosinase gene. The AoVs of both mutants are hypopigmented (Figures 1C,D). Compared to WT, KitWv and albino AoV leaflets had fewer elastic fibers (Figures 1C,D). Quantification of elastic fiber fluorescence indicated that the elastic fibers was significantly reduced in the leaflets of KitWv (66.3 ± 27.8%, N = 7, n = 3) and albino (64 ± 54.8%, N = 3, n = 8) compared to WT (p = 0.0026, N = 4, n = 9). In comparison to the leaflets of K5-Edn3 (p < 0.01, N = 4, n = 7), KitWv (64.4 ± 29.8%) and albino (62 ± 56%) leaflets also had significantly reduced amounts of elastic fiber fluoresence (Figure 1E). We did not find statistically significant differences among the four groups for the collagen fiber staining (Figure 1F). Alignment of elastic fibers in relationship to the collagen fibers was also found to be mostly orthogonal in all four mouse models (Figure 1G). The elastic fiber alignment in WT was found to be 83.57 ± 7.18°, K5-Edn3 to be 67.74 ± 5.46°, KitWv to be 58.08 ± 6.79° and lastly, albino to be 77.39 ± 7.72° with the collagen fibers referenced as 0°.


[image: Figure 1]
FIGURE 1. Relationship between pigment variation and ECM in the AoV leaflet. Elastin (red) and collagen (green) staining of 12–13 weeks old mouse wholemount AoV leaflets of (A) WT, (B) K5-Edn3, (C) KitWv, and (D) albino. Leaflets in the optical microscope images correspond to those in the images of the stained leaflets. Quantification of (E) elastin and (F) collagen fluorescence staining. (G) Elastic fiber angle quantification. MAG = 10X. Mean ± SEM shown; **p < 0.001, *p < 0.05. N = 4–5 biological replicates.




Micromechanical Properties of the Aortic Valve Leaflets Are Affected by Pigmentation

As expected, we found K5-Edn3 to have significantly higher overall leaflet pigmentation as compared to WT (p = 0.023), KitWv (p < 0.0001) and albino (p < 0.0001) (Figure 2A). Similar to our previously published observations in the AV valve (8) (7), the overall stiffness of the AoV leaflet of the hyperpigmented K5-Edn3 showed a 30.9 ± 34.6% (p = 0.0004) higher stiffness compared to that of WT. Whereas hypopigmented KitWv and albino were found to have significantly lower overall stiffness of 28.6 ± 25.4% (p = 0.004) and 22.8 ± 28.3% (p = 0.0183), respectively, in the AoV leaflet as compared to WT (Figure 2B). Moreover, compared to K5-Edn3, the hypopigmented KitWv (p < 0.0001) and albino (p < 0.0001) AoV leaflets were found to have significantly lower stiffness of 45 ± 44.6% and 41.06 ± 46.80%, respectively (Figure 2B).


[image: Figure 2]
FIGURE 2. Relationship between pigment variation and stiffness of the AoV leaflet. (A) Total pigment in the wholemount AoV leaflets in the four mouse models. (B) Stiffness measurements of wholemount AoV leaflets of WT, K5-Edn3 (hyperpigmented), KitWv and albino (hypopigmented) mice. (C) Optical microscope image of resected wholemount AoV leaflet from the four mouse models. All the four leaflets are oriented in the same direction. WT label of the four regions corresponds to the other three leaflets, and stiffness and pigment quantification (D) Regional pigment quantification in all four mouse models. Regional stiffness of wholemount AoV leaflets of the four moue models in the (E) Tip (F) Belly (G) Base (H) Commissure. Mean ± SEM shown; ****p < 0.0001, ***p < 0.0005, **p < 0.001, *p < 0.05; N = 4–5 biological replicates per condition. Each color represents a biological replicate, and each color point represents an average of technical replicates of N = 3–4. Scale bar = 100 μm.


To further explore the relationship between pigment and the associated stiffness in wholemount AoV leaflets, the regional distribution of pigment (Figure 2C) was quantified. In WT leaflets pigment was found to be significantly lower in the commissure region compared to the same region in K5-Edn3 leaflets (p = 0.0026). In the tip region, pigment there was more pigment in WT leaflets when compared to those of K5-Edn3 (p = 0.0837) (Figure 2D). Of note, pigmentation was distributed more uniformly throughout the K5-Edn3 leaflets.

Among the four mouse models, there were no significant differences in stiffness within the tip region (Figure 2E), whereas K5-Edn3 showed significantly higher stiffness in the belly region compared to KitWv mice (p = 0.0205) (Figure 2F). In the base region, K5-Edn3 exhibited higher stiffness (p < 0.0001) compared to WT, KitWv, and albino mice (Figure 2G). Furthermore, in the commissure region, WT stiffness was significantly higher than KitWv (p = 0.0432) and albino (p = 0.0047) mice. Lastly, regional commissure stiffness of K5-Edn3 mice was comparable to that of WT and significantly higher compared to that of KitWv (p = 0.0075) and albino (p = 0.0003) mice (Figure 2H). Overall we did not find any differences among the biological replicates in the mouse models (Supplementary Figure 3).



No Overt Aortic Valve Functional Differences Found With the Variation of Pigmentation

Using M-mode, B-mode, and pulsed wave Doppler imaging, cardiac functional parameters were assessed. No parameters traditionally associated with AoV function were found to be different between the mouse genotypes studied (Figures 3A,B). However, mitral valve ejection time was found to be significantly lower in K5-Edn3 mice compared to WT (p = 0.018) and KitWv (p = 0.0126). There was also a significant difference (p < 0.05) between the E/A ratio of WT and KitWv mice (Supplementary Table 2). We also assessed heart rate, systolic/diastolic blood pressure, and mean arterial pressures with conventional non-invasive tail-cuff blood pressure measurements. There was a significant increase in heart rate (p = 0.0001) and body weight/heart weight ratio (p < 0.01) among K5-Edn3 and KitWv mice compared to WT mice (Figures 3C,D).


[image: Figure 3]
FIGURE 3. Functional cardiac assessment of mouse models with varying levels of pigmentation in the AoV (WT, K5-Edn3, KitWv). AoV blood flow measurement by pulse wave Doppler imaging (A) Mean AoV velocity (B) Peak AoV pressure (C) Non-invasive tail-cuff method to assess the heart rate. (D) Cardiac hypertrophy was determined by the ratio of heart weight (mg) to body weight (g). Mean ± SEM shown; ***p < 0.0005, **p < 0.001, *p < 0.05; N = 7 animals per group; Male (blue) and female (red); Age: 12–13 weeks old mice.





DISCUSSION

The AoV cells and ECM microstructure confer the appropriate biomechanical properties for valvular function. In the current study, we assessed wholemount AoV ECM patterning, specifically elastin and collagen in four different mouse models (WT, K5-Edn3, KitWv and albino). We further show the biomechanical properties in the mouse models using AFM in freshly dissected wholemount AoV leaflets. The mechanical properties of murine AoV have been previously explored with other techniques such as micropipette aspiration and atomic force microscopy on fixed tissue sections (16, 17). This is the first study to report the relationship of ECM patterning and its associated biomechanical properties in freshly dissected wholemount AoV leaflets.

Using multiphoton imaging, we recently showed that the hypopigmented KitWv mice lacked elastic fibers and had reduced elastin gene expression, whereas hyperpigmented K5-Edn3 mice with overabundant pigment had increased elastic fibers and elastin gene expression (4). The analysis presented here corroborates and extends these findings to another hypopigmented model, albino mice. We show that hypopigmented AoV leaflets (KitWv and albino) have diminished elastic fibers. The addition of albino mice indicate that pigment production—rather than the presence of melanocytic populations—lead to the observed changes in elastic fiber patterning. We also found that elastic fibers in the WT leaflets were orthogonal to the collagen fibers, similar to the alignment known in human AoV (4, 18). While not significantly different, we observed trends that indicate less orthogonality in the K5-Edn3 and KitWv elastic fibers. To be noted, although pigment has not been observed in human valves, cells expressing melanocyte phenotypic markers [including dopachrome tautomerase (DCT) and tyrosinase related protein 1 (TRP1)] have been observed (4). These melanocytic markers exist within leaflets in a manner that mirrors the localization observed in murine leaflets. Future studies are needed to fully understand how these cells contribute to AoV patterning across species. Understanding the mechanisms associated with elastogenesis is critical as elastin abnormalities result in congenital AoV defects and elastin degradation can initiate AoV disease (19–21). The emilin1 deficient mouse has been proposed as a model for human fibrotic aortic valve disease (9). Emilin 1 is an elastin-binding glycoprotein involved in the process of elastogenesis. Its deficiency is associated with early postnatal elastic fiber fragmentation in the AoV and leaflet stiffening prior to full onset of fibrotic disease (22). The elastic fiber phenotype of the mouse models used in this study and its association to the presence of pigmentation may offer another avenue for the identification of factors important in the progression of aortic valve disease and provide potential therapeutic targets.

Previously pigment has been shown to be important in conferring biomechanical properties of the porcine retinal pigment epithelium using AFM and spectroscopy (23). Melanin granules were shown to be critical in maintaining the stiffness of the epithelium layer which is important in the mechanical separation between the retina from the choroid. Using nanoindentation by AFM we showed that pigmented regions of AV leaflets are stiffer than non-pigmented regions, suggesting that pigment affects valve biomechanics (8). Moreover, we previously showed that hyperpigmented AV leaflets are stiffer than WT or hypopigmented valve leaflets, suggesting a contribution of pigment to the overall mechanical properties of murine heart valves (7). Here, we cooroborate the previous finding that hypopigmented leaflets are less stiff than WT and hyperpigmented leaflets by adding the albino hypopigmented model. These results further demonstrate that the presence of pigmentation affects the overall biomechanical properties, mainly the base and the commissure regions of the AoV leaflet. It has also previously been reported that the commissures of the human AoV have higher elastic modulus using uniaxial tensile testing (24). We found regional differences in stiffness among the mouse models suggesting that the changes in the biomechanical properties and ECM patterning could alter gross leaflet properties. We observed a strong positive correlation between total amount of pigment and leaflet stiffness in WT mice (Supplementary Figure 4A, R2 = 0.9582). The overall stiffness was higher in the hyperpigmented mice and lower in the hypopigmented mice, as expected (Supplementary Figure 4B, R2 = 0.5765). Individual differences in relation between pigment and stiffness, however, may indicate that the microstructural differences observed in these mice affect the stiffness beyond differences in pigmentation. AoV leaflets are heterogenous, which presents challenges for the localization of the AFM probe for consistent AFM measurements. AFM quantifies stiffness with micron spatial resolution; therefore, small differences in the chosen regions of interest could yield different results. Despite challenges with assessing small regions of interest for micromechanical testing, this is the first study to compare localized stiffness with corresponding ECM fiber patterning in freshly isolated wholemount murine AoV. Although we previously reported that unequal levels of pigmentation may occur amongst the left, right and coronary leaflets of the AoV (25), in this study all WT and K5-Edn3 leaflets that were used for biomechanical analyses were pigmented and we did not tract their anatomical position within the valve. We recognize this may have introduced some biases in the results and suggest that future studies take into consideration leaflet position to account for potential ontogenetic and histological differences among the three leaflets. Overall, this study has found a novel role for pigment in proper ECM deposition and biomechanics of the AoV.

Cardiac function assessed by echocardiography was found to be similar between the mouse models despite the drastic elastic fiber phenotypic difference observed. Cardiac imaging in mouse models are challenging due to their small size and high heart rate. We speculate that the lack of overt differences could potentially be explained by some compensatory mechanism that allows cardiac function to remain normal such as hypertrophy represented by an increase in HW/BW ratio (Figure 3D) or stiffer heart muscle, which we did not explore in this study. Alternatively, it is possible that differences between the groups would manifest in later adulthood or in response to pathological cues. In addition, in our study, we used males and females which could explain the lack of differences between mouse strains since sex differences have been reported in preclinical (26) and clinical studies (27, 28). A diet variation may be used to create pathological conditions; for example, mice could be put under different types of diets such as celecoxib to manipulate glucocorticoid signaling to create a more permissive environment for the appearance of cardiac diseases (29). To further access if there were differences related to early stages of valve diseases particularly VIC activation, we found that the tip region of KitWv was mostly devoid of α-SMA positive cells, which were also few in the belly and base regions (Supplementary Figure 5). However, no significant differences in the number of α-SMA positive cells were detected among the three mouse models. Future studies should assess cellular-level differences at developmental timepoints that correspond with elastin synthesis to understand associated mechanisms. A recent study showed that the expression of ECM components such as decorin, osteopontin, Cthrc1 and Ddr1 which are involved in collagen metabolism as well as TGFb signaling change in an age dependent manner potentially underlying cardiac functional differences observed in older mice (30). Metalloproteinase driven elastic fiber degradation has previously been shown to contribute to heart valve mineralization leading to progression of calcific aortic stenosis (31). Future studies that explore the mechanisms associated with elastic fiber differences and implications in pathological valve remodeling could lead to new insight into AoV homeostasis and disease.
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Despite early realization of the need to control inherent immunogenicity of bioprosthetic replacement heart valves and thereby mitigate the ensuing host response and its associated pathology, including dystrophic calcification, the problem remains unresolved to this day. Concerns over mechanical stiffness associated with prerequisite high cross-link density to effect abrogation of this response, together with the insinuated role of leaching glutaraldehyde monomer in subsequent dystrophic mineralization, have understandably introduced compromises. These have become so entrenched as a benchmark standard that residual immunogenicity of the extracellular matrix has seemingly been relegated to a very subordinate role. Instead, focus has shifted toward the removal of cellular compartment antigens renowned for their implication in the failure of vascularized organ xenotransplants. While decellularization certainly offers advantages, this review aims to refocus attention on the unresolved matter of the host response to the extracellular matrix. Furthermore, by implicating remnant immune and inflammatory processes to bioprosthetic valve pathology, including pannus overgrowth and mineralization, the validity of a preeminent focus on decellularization, in the context of inefficient antigen and possible residual microbial remnant removal, is questioned.

Keywords: bioprosthetic, valve, extracellular matrix, decellularization, immunogenicity, pathology, inflammation, calcification


INTRODUCTION

Despite deployment of valve heterografts as native valve replacement prostheses more than a half century ago (1), understanding of the specific mechanisms involved in the most pernicious of observed xenogeneic valve substitute pathologies, namely dystrophic mineralization, remains elusive to this day. Remarkably, none of the initial grafts implanted, prepared either by chemical sterilization or by formalin treatment and retrieved after 3 months to 3 years, demonstrated any evidence of mineralization but did exhibit moderate inflammatory infiltrates (2). The authors of that pioneering study quickly recognized that the observed host response was indicative of persistent antigenicity in the heterograft tissue and elimination of antigenic components was highlighted as one of the key criteria for ensuring graft longevity. With respect to the use of formalin, it was also recognized that both its susceptibility for cross-link reversibility and its inefficacy in eliminating glycoprotein and collagen non-helical terminal telopeptide antigenicity detracted from its potential use. The bifunctional dialdehyde glutaraldehyde (GA) (0.65%; w:v) was identified as a suitable alternative, together with periodate oxidation to create zero-length cross-links with structural glycoproteins (2). These innovations were ground-breaking, arriving within 4 years of the initial implants but, apart from decellularization and the introduction of variations of cross-link chemistries deployed in contemporary counterparts, in general remain little changed.



DISTRACTION, DIVISION, AND DECELLULARIZATION

Due to the quest for organ donor alternatives and the experiences with solid organ xenografts, which highlighted the catastrophic phenomenon of hyperacute rejection, attention has recently refocused on the cell surface molecule galactose-α-1,3-galactose (α-Gal) found in New World monkeys and candidate non-primate mammal donors (3) such as the pig, cow and sheep. This molecule was identified as the target for preformed, naturally occurring, antibodies (PFNAb) found in humans and Old World primates, such as the baboon and rhesus and vervet monkeys, and was quickly labeled as the principal “xeno-antigen.” This preoccupation, together with the assumption that the problem of extracellular matrix (ECM) antigenicity in bioprosthetic valve tissue was satisfactorily resolved through chemical cross-linking, appeared to translate into the belief that persistent valve pathologies could be ascribed entirely to the presence of donor cells found in tissue valve heterografts, and that remnant immunogenicity could simply be addressed by cell removal alone.

Ironically, evidence has been presented which suggested that myocardial, but not valvular, tissue in the domestic pig expressed the α-Gal epitope and, in a pig to primate xenotransplant model, unfixed valvular tissue was seen to be immunologically privileged (4). However, since hyperacute rejection rapidly occurred due to microvascular binding of IgM and complement, the exact long-time outcome potential of porcine valvular tissue could not be confirmed. Despite this, the suggestion to use unfixed porcine valves for valve replacement as an alternative to mechanical and chemically treated bioprosthetic valves was proffered (5). In contrast, evidence of the mineralization of unfixed, acellular, pig and kangaroo tissue, implanted in sheep, both confirmed the immunogenicity of decellularized tissue and the role thereof in mineralization (6).

A study which evaluated the subdermal in vivo response in juvenile rats to glutaraldehyde (0.6%; w:v) cross-linked pericardial tissue from α-Gal knockout pigs, determined calcium levels to be significantly lower than in the corresponding wild-type equivalent after 1 month (7). Moreover, detergent-treated and cross-linked wild-type pericardium, arguably therefore decellularized, resulted in negligible levels of mineralization but which were again significantly increased following pre-incubation with purified human anti-α-Gal antibody. This not only confirmed the role of tissue-specific immunoglobulin in accelerating calcification of bioprosthetic pericardial tissue in accordance with our rabbit serum pre-incubation study (8), but also highlighted the problem of insufficient washout of xeno-antigens following detergent treatment. In that study, where porcine aortic wall implants were pre-incubated with sera obtained from rabbits immunized with extracts of the same tissue and implanted sub-dermally, tissue-specific immunoglobulin would undoubtedly not have been directed at the α-Gal epitope, given the rabbit recipients were α-Gal positive and, thereby, anti-α-Gal negative.

Detection of α-Gal based on lectin binding is common practice but is questionable in detergent-treated tissue due to its specificity for non-α-Gal carbohydrate structures likely to be exposed through that denaturing process (9). Development of the M86 monoclonal antibody and its application in a quantitative enzyme linked immunosorbent assay (ELISA) assay (10) aided in providing more definitive evidence of the distribution of the α-Gal epitope in porcine (11) and bovine (3) tissues, although lack of evidence for its presence in heart valve tissue was conspicuously absent. It is, however, apparent, based on monoclonal anti-α-Gal immunostaining and more quantitative studies, that porcine valvular tissue appears to contain at least a modicum, if not more, of α-Gal epitopes, albeit less in aortic compared to pulmonary tissue (9). It is difficult to discern whether this extends beyond the vascular endothelium to stromal tissue but, if predominant in the former, may be inconsequential or easily lost as a result of denudation of lumenal endothelium during commercial processing.

Additionally, not only does the α-Gal epitope appear resilient to both GA fixation and decellularization, but the cross-reactivity of anti-α-Gal PFNAb against so-called “competitor” epitopes, themselves equally pervasive, may also contribute to long-term failure (12). Naso et al. (13) have more recently provided evidence, based on an adapted M86 ELISA, of native and contemporary bioprosthetic valve construct tissues, including from the porcine, valve-based, Epic and bovine pericardial Mitroflow tissue valves, not only highlighting the presence of α-Gal in both native bovine and porcine tissue but, importantly, its diminution following commercial processing. The apparent elimination of this epitope in the Epic valve is, however, offset by its reported early mineralization (14). Furthermore, Moczar et al. (15) provided evidence of IgG and complement in 20/22 failed Mitroflow valves, despite the 75% reduction in α-Gal epitope reported by Naso et al. While we would concede that the presence of α-Gal, capable of eliciting a host response, may indeed contribute to ensuing pathology of the implanted tissue, it likely does not represent the quintessential xeno-antigen and its depletion should not be held as the sole benchmark for determining xeno-reactivity. Certainly, given the inherent resistance to adequately remove such immunogens from tissue where they exist, the promise may well lie in the use of purpose-bred knockout animals, particularly targeting not only α-Gal but the full “trifecta” of known xeno-antigens, including N-glycolylneuraminic acid (NeuGc) and the glycan products of beta-1,4-N-acetyl-galactosaminyl transferase 2 (16). While the cytidine monophosphate-N-acetyl-neuraminic acid hydroxylase enzyme involved in the synthesis of NeuGc is lacking in humans, it exists in other mammals, including non-human primates (17). Consequently in humans, as with α-Gal, preformed natural antibody to NeuGc potentially exists, likely due to dietary uptake of this antigen present in red meat and dietary products (17). It has been demonstrated in both porcine aortic valve leaflet and pericardium as well as in bovine pericardium (16, 18) with effective knockout of the respective enzyme and antigen genes abrogating human immunoglobulin binding in vitro (16, 19, 20).

Removal of α-Gal is not limited to knockout technology and, while GA treatment alone is purported to diminish the antigen exposure by half (21), enzymatic treatment with green coffee bean alpha-galactosidase (22), or a recombinant human equivalent (23), has been shown to effectively remove it completely. Kim et al. showed reduction, but not abolition, of calcium in GA cross-linked, decellularized and alpha-galactosidase treated bovine pericardium after 4 months in α-Gal knockout mice, designed to simulate the clinical scenario (24). It is likely that this was due to the presence of xeno-antigens other than α-Gal since calcium levels in concurrently implanted primate tissue were statistically equivalent. Therefore, enzymatic treatment offers an alternative to employment of α-Gal knockout donors with potential benefit but equally fails to represent a panacea for achieving immunologically inert bioprosthetic tissue.

Although work has focused on the development of transgenic pigs for solid organ xenotransplantation incorporating human decay accelerating factor, which promises to mitigate complement fixation (25) and other regulatory molecules, application of this technology is unlikely to benefit devitalised bioprosthetic valves. However, a preclinical heterotopic cardiac xenotransplant study in baboons (Papio anubis) involving donor pig hearts transgenic for human complement regulatory factors CD59 and decay accelerating factor demonstrated intact valve tissue and confirmed by immunohistology to be immunoglobulin free and with a confluent endothelium, despite failure of the myocardium itself after up to 11 days due to IgM binding and establishment of membrane attack complexes (5). Manji et al. postulate that, provided α-Gal and NeuGc are eliminated in knockout strains of donor pigs, transfer of human genes associated with regulation of complement may suffice to protect against the response to what they term “minor antigens” (26). They further highlighted the need for such genetically engineered bioprosthetic heart valves in children and young patients where structural valve destruction is likely linked to a xenograft-like rejection of the prosthesis (27).

Nevertheless, the enthusiastic push for a decellularized bioprosthetic tissue valve does hold merit. Firstly, it offers a potentially pristine, standardized, three-dimensional scaffold uncluttered with the detritus associated with the consequences of inevitable cell death due to a combination of processing artifacts, including warm ischaemia, hypotonic shock, autolysis, and microbial degeneration. Immediate processing combined with high GA concentrations offers reduced mineralization (28), which has been shown to be coincidental with improved ultrastructural preservation (29). Since these approaches, while ideal from a reduced immunogenicity perspective, are impractical due to logistical and aortic wall stiffness considerations, an acellular prosthesis is arguably preferable. The promise of repopulation of such material with host cells is tantalizing and holds great promise, especially in young children where a growing valve might avoid multiple valve replacement procedures during their lifespan (30), but is yet elusive and seemingly dependent on a macrophage driven response (31).

Despite some early successes (32), the perplexing question of whether inflammation is a prerequisite for repopulation remains, as does the matter of the suitability of the composition of that ingrowth when donor tissue is anatomically different from that of the intended target. For example, the use of pericardial tissue to replace the complex triple-layered design of tricuspid leaflets with the beneficial damping qualities of the spongiosa and the overdistention avoidance of the ventricularis, may be too ambitious, despite the successes of contemporary non-decellularized, cross-linked, pericardial valve constructs. Many of the reports suggestive of the repopulation potential of acellular xenogeneic tissue typically misinterpret an inflammatory infiltrate with “regenerative potential,” which is yet to be adequately defined. It is conceivable that inflammation may lay down some of the necessary “guide-rails” suited to subsequent infiltration and establishment of the correct connective tissue. However, the degradation products of an inflammatory response, especially when unresolved, will, through a process of defective phagocytosis, lead to pathological tissue remodeling, including apoptotic bodies, extracellular vesicles and other debris-all typical initiators of dystrophic calcification. Through mechanical forces exerted by the hydroxyapatite crystals on the scaffold, irreversible tissue disruption and delamination will be inevitable.

In addition, the complex mix of detergents, enzymes and inhibitors used in decellularization can themselves induce an immune response and care needs to be taken to adequately wash these from the tissue (33). In addition to the retention of these exogenous reagents, the incomplete washout of disrupted endogenous lipid membrane micelles, typically also associated with partially solubilized cellular antigens, which may have otherwise been less exposed, can induce a sterile granulocytic response with catastrophic consequences (34). Further evidence confirms that incomplete immunogen washout in porcine pulmonary valve tissue is capable of eliciting both a substantial foreign-body reaction on the luminal surface as well as a lymphoproliferative response, comprising T- and B-lymphocytes and plasma cells with evidence of marked immunoglobulin secretion, in children (35). We have observed a severe, sterile, pus-like granulocytic response to porcine aortic wall tissue decellularized using the anionic detergent Sodium dodecyl sulfate (SDS) in rabbit, rat, and primate (baboon and vervet) subdermal implant models, despite exhaustive washout (Figure 1).
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FIGURE 1. Sterile granulocytic pus response to SDS-based decellularization of porcine aortic wall in the rabbit subdermal model. (A) Macro photo at time of retrieval. (B) Haematoxylin & Eosin histology showing thick granulocytic rim surrounding the implant.


SDS is a logical choice for ensuring thorough removal of cellular and non-structural proteins, as it impacts both cytoplasmic and nuclear membranes and results in extensive denaturation of tertiary and secondary conformation. However, it is equally capable of deleterious effects to collagen and elastin and thereby, not only altering the mechanical properties of the tissue but, also limiting the ingrowth potential of the tissue to allow for desirable cell repopulation (36). The bile acid/salt detergent, deoxycholate, offers advantages in solubilizing lipid membranes and being more compatible with the ECM, but their subsequent efficient washout can prove difficult. The non-ionic detergent, Triton-X, is less effective than SDS at cell component removal (37) and is facing a legislative ban due to ecotoxicity safety issues. Compared to others, SDS and deoxycholate were the only detergents capable of total removal of cells from porcine aortic leaflet tissue (38) with their combination being reported as optimally anti-inflammatory to macrophage and T-lymphocyte infiltration (37). In contrast, our experience with decellularized porcine and bovine pericardial tissue using a combination of Triton–X and sodium deoxycholate, suggested only scanty involvement of granulocytes, with the response involving predominantly a mixed macrophage/lymphocyte response after six-week subdermal implantation in the rat.

Enhanced methods of decellularization have been used to bridge the problem of inefficient washout of disrupted components, including vacuum assisted (39) and electrophoretic approaches (40, 41). Our own exploration into enhanced electrophoretic washout following decellularization using a semi-dry method following decellularization of bovine pericardium with SDS demonstrated negligible inflammatory infiltrates within the interior of the tissue but with a moderate rim of surface inflammatory cells in the subdermal rat model (Figure 2).


[image: Figure 2]
FIGURE 2. Absence of inflammatory infiltrate in (A) electrophoretically enhanced anionic detergent decellularization of bovine pericardium following 6-week subdermal implantation in the rat compared to (B) non-ionic decellularization with exhaustive washing (Haematoxylin & Eosin stain).


Accurate methods of validating the efficiency of decellularization are paramount and this, by necessity, requires a detailed knowledge of the identity of the immunogens present in the respective tissues. Quantitative DNA analysis, for example, has been shown to be a poor litmus test for residual immunogenicity (42) and evaluating extractable soluble protein provides little assurance of the removal of lipid soluble ones. Other structural proteins, such as fibronectin mentioned above, and which appear resilient to extraction or indeed adequate cross-linking, are highly immunogenic (43).

Clearly, a “marriage of convenience” between decellularization and chemical cross-linking is required to adequately address residual immunogenicity, especially of the ECM. Despite concerns to the contrary, the use of GA, long thought to promote bioprosthetic mineralization, as an adjunct to decellularization of bovine pericardium, failed to undo the anti-calcification benefit of decellularization in our hands (44). Whether this suggests that leaching of monomeric GA is diminished in acellular tissue, or perhaps is confounded by the presence of the cellular compartment in intact tissue, or both, remains to be determined.



EXTRACELLULAR MATRIX IMMUNOGENICITY

We had previously demonstrated in a subdermal rabbit model that residual immunogenicity of porcine aortic wall led to an acquired humoral immune response in tissue fixed with a GA concentration applied commercially (45). Immunoglobulin specific to porcine fibronectin, a structural glycoprotein known to associate with collagen in the ECM and distinctly present in the basement membrane and therefore principally exposed in denuded bioprosthetic valves, persisted in rabbits immunized with tissue cross-linked with a range of GA concentrations spanning and far exceeding those used commercially. It was only abrogated when cross-links were further extended between free aldehyde groups using the diamine L-Lysine, which was confirmed to increase shrink temperature and therefore, hypothetically, cross-link density (43). Decellularization of bovine pericardium, a tissue widely used in minimally invasive transcatheter aortic valve implantation, has demonstrated a resilience in the removal of this structural glycoprotein, despite diminishment of other ECM components collagen IV and laminin (46), suggesting that both cell removal techniques and commercial cross-linking practices may likely fail to fully abolish this tenacious xeno-antigen.

There are mixed reports regarding immunogenicity of the principal structural components of the ECM, namely collagen and elastin. Bayrak et al. report an absence of in vitro evidence for dendritic cell maturation or B- and T-lymphocyte response to bovine and porcine type 1 collagen and elastin (47). In contrast, Biermann et al. report acute T-lymphocyte infiltration in acellular, unfixed, cryopreserved porcine pulmonary valve xenografts implanted in sheep (48). While anecdotal, we have observed in vitro evidence for post-implant rabbit IgG binding under transmission electron microscopy to both collagen and elastin in 0.2% GA fixed porcine aortic wall using gold-labeled anti-IgG (Figure 3). The calcium observed by Van Nooten et al. in acellular pig and kangaroo aortic valves after implantation in sheep for 4 months was seen to be in close association with collagen fibers while non-decellularized porcine valves failed to calcify (6). Electrophoretic analysis of decellularized porcine valve tissue confirmed the presence of residual proteins and proteoglycans distinct from those found in decellularized human valves, with persistent mononuclear infiltration in the former but which was completely eliminated in the latter (49).
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FIGURE 3. In vitro evidence of post-implant rabbit sera specificity to elastin (A) and collagen (B) in GA fixed (0.2%) porcine aortic wall using gold-labeled anti-IgG.


Additional data on the immunogenicity of proteoglycans is scanty, although in vitro co-culture experiments using peripheral blood mononuclear cells with electrospun decorin was indicative of low immunogenicity (50).

Demonstration of the undisputed role of bioprosthesis-specific immunoglobulin as a key contributor of subsequent mineralisation (8), and the recent finding that calcification and degeneration of GA-fixed porcine bioprosthetic tissue in a macrophage-depleted mouse model were decreased (51) are equally noteworthy in highlighting the absolute requirement to diminish residual immunogenicity as a means of increasing longevity of bioprosthetic valves, especially in children.



IMMUNOGENICITY AND PHYLOGENETIC DISPARITY

It is undisputed that, apart from the inflammatory response associated with surgical trauma and the response to synthetic material such as valve skirts and sutures, transplantation of viable valve tissue between syngeneic donor/recipient pairs is intrinsically successful and typically requires minimal or no immunosuppression. This is also clinically evident from the realization that the longevity of conjoined homozygous twins remains unchallenged, at least from an immunological perspective. The approach is understandably cautious when transplantation of solid organs is performed between dizygotic twins or between closely matched individuals despite zero-HLA-mismatch, with low-level immunosuppressive regimens still being advocated (52), although successful outcomes following renal transplantation between homozygous pairs have been reported without continuous immunotherapy (53, 54), but long-term studies are lacking.

Pulmonary autografts represent the perfect matching tissue for valve replacement, typically used in the aortic (Ross procedure) or even the mitral position (55). Seven-year follow-up of the latter confirmed non-calcified leaflets. In Ross procedure patients, the limited ability of the wall of a living autograft root to adapt to the demands of the aortic position may sometimes overshadow its success (56). Yet, most importantly, remodeling has been reported in the absence of inflammation (57, 58).

Allogeneic (homograft) valves, on the other hand, have been reported to be associated with both post-operative fever and valvular dysfunction, which correlated with the extent of MHC Class 2 HLA-DR mismatches (59). Indeed, experimentally, cytotoxic alloreactive T-cell involvement has been implicated in the thickening and destruction of allogeneic leaflets in valves implanted infra-renally in rats compared to syngeneic and T-cell deficient animals (60). Clinically, in a small retrospective study, five infants, but none of the adults, who underwent aortic valve replacement with homograft valves and which failed within 8 months, all exhibited distinct T- and, in three cases, B-lymphocytic infiltrates (61). Curiously, only the adults, as well as a 13-month-old child showed evidence of calcium, despite the absence of inflammatory cells.

One of the original reports in 1996, which hinted at an immune mechanism underlying dystrophic calcification of bioprosthetic tissue, evaluated the outcome of a small cohort (eight GA-fixed bovine pericardial and two GA-fixed porcine aortic valve prostheses) of aortic valve replacement patients with aortitis, and who had received a long-term regimen of steroid therapy (62). Despite a mean follow-up exceeding 11 years, no re-operations were required for stenosis of the replacement prosthesis, and mineralization was “minimal” in three of the pericardial valves requiring replacement.

The success or failure of solid organ xenotransplantation was loosely categorized by Calne as either “concordant” or “discordant,” implying potential success or potential failure dependent on phylogenetic heterogeneity between donor and recipient (63). Using a heterotopic cervical cardiac xenotransplant model in the Chacma Baboon (Papio ursinus), we were able to demonstrate distinct histopathological differences associated with increasing genetic disparity between donor and recipient (64). The response to Vervet Monkey (Cercopithecus aethiops) myocardium was partially analogous to allogeneic transplant pathology, being mainly mononuclear with aggregations of T-lymphocytes. Rejection episodes were successfully treated with short duration prednisolone rescue therapy but presented with additional features of vascular rejection (interstitial hemorrhage, oedema, and myocyte necrosis). This, however, differed from the histopathological features associated with full-blown hyperacute rejection, typical of pig to baboon transplantation of vascular organs, which included vascular microthrombi, worsened oedema and hemorrhage and rapid vascular congestion and cyanosis, but without the cellular infiltrates. Nevertheless, while the cellular response could be averted with treatment in the vervet to baboon model, the humoral response eventually dominated, leading to inevitable failure. The potential survival times of such “concordant” grafts inversely correlated with titres of PFNAb, suggesting that success could be more accurately and definitively ascertained by their relative titer than the genetic donor-recipient disparity. Clearly, however, a widely divergent pair, such as the pig and baboon combination, might arguably be more accurately classified as “discordant” without knowledge of specific titer, given the higher likelihood of a lack of phylogenetic conservation. Inevitably, even with ingenious attempts at minimizing the deleterious effects of PFNAbs, which offer short-term success (65), all forms of cross-species transplantation are potentially unsuccessful without genetic engineering approaches to avoid known immunogens.

The same principal likely applies to devitalized tissues used in the fabrication of bioprosthetic valves. Certainly, donor and recipient choice was demonstrated by Carpentier et al. (66) to affect levels of subsequent calcification following subcutaneous implantation in a variety of species. However, despite recognition of the role played by graft immunogenicity in the ensuing inflammatory response, the same connection was not assumed with respect to the process of mineralization. Furthermore, a realization of the interrelationship between donor and recipient was not apparent. Logic might be expected to predict the pig to be most related to the cow but less so to the chicken. However, calcium levels in porcine cusps were significantly higher when implanted in the rabbit and rat, compared to the cow and hen, which showed equally negligible levels. Phylogenetic disparity needs to be taken into context, therefore, with respect to the conservation of specific epitopes present in the tissue in question, rather than donor-recipient evolutionary distance. The specific realization of the conservation of the α-Gal antigen in pigs, but not in humans therefore, together with the coincidental existence of PFNAb in the latter, likely directed toward a microbial epitope but capable of cross-reactivity with α-Gal, is critical in predicting outcome.

NeuGc is a case in point, occurring not only in potentially discordant donors such as the pig, but in the more otherwise phylogenetically closer non-human primate. It's relevant absence in corneal endothelial cells and pancreatic islets in wild-type pigs suggests use of NeuGc knockout donors (or combined with α-Gal knockout) of corneal or pancreatic tissue to be inappropriate compared to heart and aortic valves, for example, where significant reduction of the antigen holds much promise (19). While bioprosthetic valves, by their non-vascularized nature, are not at risk for hyperacute rejection, the opsonisation thereof by immunoglobulin directed at xenoantigen, whether α-Gal, NeuGc, fibronectin, or other residual or insufficiently masked epitope, will fix complement and/or induce macrophage and polymorphonuclear neutrophil adhesion with subsequent infiltration and phagocytosis or latent damage through frustrated phagocytosis and the formation of foreign body giant cells. This often insidious process, which continues beyond an early acute lymphocyte phase (67), underlies the importance of ensuring complete abrogation of tissue immunogenicity, either through complete removal (decellularization with extensive washing or enhanced electrophoretic removal), modification (through epitope capping) or masking (chemical cross-linking) of xeno-antigens.

With regard to the latter, we have advocated an engineered approach toward cross-linking decellularized xenogenic pericardium with GA, specifically through incorporation of extender diamine molecules, such as L-Lysine, and reduction of labile Schiff bases to avoid monomer leaching (44) which may again lead to exposure of epitopes over time. While GA remains the principal cross-linking agent used in contemporary bioprosthetic valves, alternatives, including genipin, which has shown potential for reduction of calcification (68), have been explored. However, decellularized porcine aortic valve scaffolds cross-linked with genipin and implanted in the pulmonary position of sheep for 6 weeks, while displaying significantly attenuated inflammatory infiltration, demonstrated persistent immunoglobulin binding (69).



MICROBIAL CONTAMINATION

While it is not the intent to suggest that commercial bioprosthetic valves contain viable microorganisms, one must assume that microbial remnants could likely be contained therein. Whereas, abattoirs are not unclean, they are decidedly not sterile environments and contamination, either from the slaughtered animal itself, or from the processing area, is inevitable. Although the problem of porcine endogenous retroviruses is well-realized, especially in the field of xenotransplantation (70), bacteria may additionally contribute to bioprosthesis pathology. Other than gut and skin flora, endogenous bacteria too are known to exist in domestic pigs and may be associated with a foreign body response and/or dystrophic mineralization (71). Furthermore, tissue used in the fabrication of bioprosthesis typically remains in cold saline, potentially up to 48 h before being processed, which may permit colony expansion. Decellularization and/or GA fixation may remove the likelihood of transfer of viable endogenous bacteria or viruses to the human recipient, but remnants of these organisms will likely persist. We have certainly observed positive immunostaining in un-implanted commercial valve tissue using a monoclonal antibody specific for Gram-positive (Gram+) bacteria (Figure 4). In cases of contamination of bovine pericardial valves in the mitral position, colocalization between areas of positive Gram+ staining and positive Von Kossa staining depicting calcium deposits (Figure 5) and positive immunoglobulin G staining was observed (Figure 6). Contamination with Gram-negative bacteria or fungi was not associated with calcium deposits, suggesting an interplay between Gram+ bacteria, humoral immune response, and dystrophic mineralization. Mineralization of passenger bacteria in GA fixed tissue may also rely on an “inhibitor exclusion” mechanism whereby Fetuin, normally an inhibitor of crystal formation, is size-excluded from the Gram+ cell wall as well as additionally promoting their phagocytosis by neutrophils and macrophages (72, 73). This is highly speculative with respect to mineralization of bioprosthetic tissue, but the evidence of the pro-calcific nature of a yet unidentified, Gram + bacterium, is worthy of further investigation.
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FIGURE 4. Positive immunostaining (A) to Gram+ bacteria in unimplanted commercial bioprosthetic valve tissue compared to (B) negative control.
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FIGURE 5. Suspected colocalization of areas of Gram + bacterial contamination of GA-fixed bovine pericardial tissue and mineralization in a stented mitral valve replacement bioprosthesis retrieved after 112 days (A) Brown & Brenn stain (B) Von Kossa & Van Gieson stain.
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FIGURE 6. IgG binding in areas of Gram-positive bacterial contamination together with mineralization in a stented, GA-fixed, mitral valve pericardial bioprosthesis retrieved after 112 days (A) Brown & Brenn stain (B) Von Kossa & Van Gieson stain (C) Anti-Sheep IgG.


Certainly, while it is arguable that sterilization and cross-linking methods adequately render tissues used in the construction of bioprosthetic valves, free of any viable microbial organisms, further studies will be required to assess the relevant role of residual contaminants. Contemporary GA concentrations are incapable of total inactivation of bacterial spores, but added bioburden reduction strategies using alcohol, gamma radiation and other proprietary protocols are already unquestionably efficient at removing such a microbial risk. Should bacterial remnants, however, indeed represent initiation points for inflammatory migration and hydroxyapatite crystal growth, methods would need to be developed to limit or exclude these from the tissue. Prevention in the abattoir is unlikely, given strict controls disallowing chemical reagents at these locations. Shortening of the delay to processing is equally limited by the logistics of the expertise required for dissection and cleaning of valves and pericardial sacks. It would seem, therefore, that improved methods of decellularization and efficient washout, for acellular valves at least, offers the best hope for microbial antigenic determinant removal.



INFLAMMATION AND PANNUS OVERGROWTH

Intimal hyperplasia, encouraged by smooth muscle cell migration through severed elastic lamellae during the surgical implantation of freestyle aortic roots is also seen to occur in transcatheter aortic valve implantation cases (74) where there is no such trauma, and which suggests a different underlying mechanism. Furthermore, while a foreign body response to synthetic components has been shown to provide a sustained myointimal stimulus (75), the involvement of macrophages in inducing myointimal proliferation in transplant recipients (76) suggests that the same may be true for opsonisation of bioprosthetic tissue through immunoglobulin binding. Macrophage and foreign body giant cell formation are hallmarks of GA-fixed bioprosthetic heart valve pathology, and we have observed diminished pannus formation when high GA concentrations together with diamine extension were applied (43). Improved tissue fixation through increased cross-link density with resulting surface inflammation quiescence was concomitantly associated with diminished pannus overgrowth. Therefore, not only inflammation with ensuing degradation, nor immune-mediated calcification, but also leaflet stenosis through pannus overgrowth will benefit from insurances of reduced bioprosthetic immunogenicity.



RHEUMATIC HEART DISEASE ANALOGY

Much of the pathology observed in rheumatic deterioration is analogous to that seen in failed bioprosthetic heart valves. Dystrophic mineralization, stenosis and unresolved chronic inflammation are prominent features of both. Despite it being undisputed that rheumatic heart disease represents the autoimmune consequence of poorly managed rheumatic fever and that the associated calcification is not an inactive process but instead highly regulated through inflammation (77), acknowledgment of a host immune response as the central feature of bioprosthetic pathology, while increasingly undeniable, is seemingly still partially ignored.



DISCUSSION

Bioprosthetic replacement heart valves, whether sourced as anatomical porcine aortic valves or fabricated from bovine parietal pericardium are, by definition, xenogeneic and potentially highly immunogenic. If attempts at antigen masking, removal and/or modification are not employed, their implantation in humans should certainly be classified as “discordant.” Limited progress regarding cross-link masking has been made since the first use of GA five decades ago. In addition, the deployment of new and innovative chemistries has been withheld clinically, presumably due to corporate risk assessments including expensive and lengthy regulatory approvals. Antigen removal, through decellularization, may represent a similar concern, which likely stemmed from well-intentioned but failed attempts at the introduction of this technology to leave the door open to repopulation with host tissue by not combining it with antigen masking through cross-linking of the extracellular matrix. Figure 7 provides an overview of the progression of tissue treatments, based on animal studies, from non-crosslinked fresh tissue which undergoes rapid phagocytosis, followed by cross-linking with contemporary GA concentrations incapable of complete antigen masking with its characteristic infiltrating inflammatory and humoral immune response and widespread mineralization. High cross-link density completely removes inflammatory infiltration and tissue-specific immunoglobulin but renders the tissue impractically stiff and subject to “frustrated” phagocytosis with possible latent tissue damage. Decellularization, even with contemporary GA fixation, fails to adequately remove or mask solubilized cellular antigen and introduces problems of microbial remnant antigen (especially when contemporary GA concentrations are used) and other contaminants despite a significant reduction in mineralization. Enhanced passive washout, or via active electrophoresis, of decellularization products may best approach the ideal scaffold, potentially immunologically inert and capable of repopulation and revascularisation.
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FIGURE 7. Hypothetical mechanistic overview, based on animal models, of the potential impact of a residual immunogen presence on inflammatory and immune sequelae in bioprosthetic tissue and the ensuing potential for mineralization.


However, the distinction between cross-species vascularized organ transplantation and the use of largely structural, non-vital tissue used in the replacement of diseased heart valves has become blurred with the consequence that residual immunogenicity of the extracellular matrix has been, unconsciously perhaps, deemed to be inconsequential. Unlike the catastrophic consequences observed in vascularized organs, the pathological response to the bioprosthetic valve is often far more insidious and latent in nature, although can be accelerated in children. The idealistic belief that acellular scaffolds will repopulate and grow with the patient, while desirable, must be tempered with the realization that, while residual immunogens remain, decellularization alone will be inadequate. The growing acceptance of the contribution of an immune-mediated mechanism of dystrophic mineralization together with the potential for pannus-mediated stenosis advocates caution in disregarding the consequences of residual immunogenicity, irrespective of which compartment, cellular or extracellular, that might reside in.
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The ischemic impairment of the left ventricular contractility, followed by an adverse remodeling leading to the displacement of the papillary muscles (PMs), increased tethering forces and loss of valve competence has been the long-term accepted definition of ischemic mitral regurgitation (IMR). Over the years, different approaches of management have attempted to address valve regurgitation, nevertheless failing to achieve satisfactory outcomes. Recent studies have observed some structural and molecular changes of the mitral valve (MV), challenging the concept of a bystander passive to the subvalvular involvement. Indeed, the solely mechanical stretch of the PMs, as in the dilated left ventricle because of the aortic valve regurgitation, is not enough in causing relevant MV regurgitation. This setting triggers a series of structural changes called “mitral plasticity,” leaflets increase in their size among others, ensuring an adequate systolic area closure. In contrast, the ischemic injury not only triggers the mechanical stretch on the subvalvular apparatus but is also a powerful promotor of profibrotic processes, with an upregulation of the transforming growth factor (TGF)-β signaling pathway, leading to a MV with exuberant leaflet thickness and impaired mobility. In this article, we revise the concept of IMR, particularly focusing on the new evidence that supports dynamic changes in the MV apparatus, discussing the consequent clinical insights of “mitral plasticity” and the potential therapeutic implications.

Keywords: mitral valve, ischemic mitral regurgitation, left ventricle remodeling, mitral plasticity, myocardial infarction


INTRODUCTION

Ischemic mitral regurgitation (IMR) is a complex syndrome caused by unbalanced closing and tethering forces, that affects 1.6–2.8 million people in the United States and may complicate the 10–20% of patients with the ischemic heart disease (1, 2).

Several surgical approaches have been described and used over the years to address valve incompetence caused by ischemic injury. Nevertheless, mitral valve (MV) surgery is still associated with unsatisfactory outcomes; MV replacement and MV repair, including restrictive annuloplasty, were associated with a not negligible in-hospital mortality and mostly a high recurrence rate of MR in long-term follow-up (1, 3). The target of the medical therapy has been focused on improving LV contractility, following the long-term accepted idea that FMR depended solely on LV impairment, in the absence of a tailored categorization of IMR etiology and subtypes (4).

Current literature focuses to describe in detail IMR phenotypes, differentiating them according to the direction of the tethering forces on MV leaflets and LV dimensions, in order to offer targeted strategies of approach (5).

In the IMR phenotype with asymmetric tethering of valve leaflets, the altered geometry of MV due to the prevalent restricted motion of the posterior mitral leaflets (PML) may be the main driver of MR progression, in the setting of LV not dilated globally. In contrast, symmetric tethering, involving both MV leaflets are often linked to displacement of PMs and LV dilatation, which leads to a progressive impairment of the LV contractility and subsequent poor prognosis (5).

Nevertheless, MV apparatus and leaflets are not a passive bystander, they have the capacity to counteract mechanical stress triggered by LV dilatation, highlighting that the main driver in MR progression may be searched in the biological pathways activated.

In this article, we revise the concept of IMR, initially reporting the pathophysiology of LV adverse remodeling after AMI or chronic ischemia and then focusing on the new evidence that supports dynamic changes in the MV apparatus, finally discussing the consequent clinical insights of “MV plasticity.”



ISCHEMIC LEFT VENTRICULAR ADVERSE REMODELING

Left ventricular adverse remodeling occurring after acute myocardial infarction (AMI) or chronic ischemia is defined by the loss of normal architecture and function of the cardiac chamber secondary to an ischemic injury. Although the clinical course is typically silent for a long period, symptomatic heart failure (HF) is the main adverse outcome, potentially leading to death.

Left ventricular impaired contractility results from changes first in the molecular pathways, cellular and interstitial arrangement, and consequently size, shape, and function (6, 7).

In the early phases after AMI, an inflammatory response involving infiltration of leukocytes and granulocytes and finalized to remove necrotic cell debris is activated. This early lytic and scavenger phase is followed by an anti-inflammatory reparative phase, which ultimately leads to scar formation (8).

The disorder in the delicate balance at the basis of these molecular mechanisms leads to adverse LV remodeling. Contractility may be affected by both the exuberant proinflammatory response leading to an exacerbation of cytokines expression and proteolytic activity, and by the overactivation of cardiac fibroblasts causing an expansion of the fibrotic area (9, 10).

Infarct expansion might also be promoted by changes in LV pressure and shape during the lytic phase because of the higher vulnerability of the cardiac chamber (8).

In particular, the increased wall stress with the release of matrix metalloproteinases from activated inflammatory cells, causes the degradation of collagen matrix, and the consequent loss of physiological cardiomyocytes junctions.

As an effect of tissue rearrangement, an expansion of the infarcted zone occurs in the absence of additional necrosis leading to wall thinning and regional LV cavity dilatation, further worsened by apposition of collagen by the cardiac fibroblasts (7).

The loss of contractile function, how happens in chronic ischemia, triggers compensatory responses involving the non-infarcted myocardium, to maintain the stroke volume, thus increasing the LV loading (11).

Neurohormonal agents belonging to the adrenergic system and renin-angiotensin-aldosterone system (RAAS) among others, are mainly responsible for adaptive mechanisms that occur during and immediately after AMI; an increased plasma concentration promotes inotropic and chronotropic activity, which ensures respectively cardiac output and blood pressure according to the Frank-Starling mechanism; but worsens infarct size expansion due to long-standing volume overload (12).

The temporary beneficial effects brought by compensatory mechanisms, contribute first to an expansion of the infarcted area and in the long term, to postinfarction LV adverse remodeling (11).

The chronic activation of the autonomic system and renin-angiotensin axis exacerbate ventricular dilatation, triggering eccentric hypertrophy, through re-expression of the fetal gene program (13).

Indeed, the chronic neurohormones concentration, produces a hypertrophic stimulus because of the overexpression of sarcoplasmic contractile units, including non-contractile and contractile proteins identifiable only in the fetal period and in the context of global cellular hyperplasia (13).

Hypertrophy and the lack of adequate perfusion, with a consequent imbalance in the oxygen supply, triggers a vicious circle leading to a proapoptotic phase and adverse ventricular remodeling.

Adverse LV remodeling is typically defined by transthoracic echocardiography as a 15–20% increase in both the LV end-diastolic (LVEDV) and end-systolic (LVESV) volumes vs. baseline (14).

The grade of impaired contractility and the infarct size are valid predictors of adverse remodeling and are crucial in the evolution of the global ventricular dilatation. The involvement of more than 10% of the myocardial mass was indicated as the threshold beyond which the regional infarct expansion is followed by eccentric hypertrophy of non-infarcted myocardium, leading to the change of LV from elliptical to a spherical shape, echocardiographically estimated through three-dimensional sphericity index (EDV/(4/3 × π × (D/2)3) (13–15). However, the recent evidence suggests that the relationship is not exactly proportional. Data derived from the cardiac magnetic resonance, although have shown an increased incidence of LV remodeling when infarct size affects more than 18.5% of LV mass, have failed to demonstrate absolute criteria. Approximately only 40% of patients in this group underwent progressive LV adverse remodeling. Therefore, could exist an interindividual variability related to predisposing risk factors and an excessive inflammatory response post-AMI, leading to a change in the architecture of the ventricle (16, 17).

Furthermore, it should be considered the crucial role of the mechanical desynchrony decisive for the progression of LV dysfunction. Besides the structural rearrangement of contractile units, LV desynchrony, caused by balance disorder in ion channels, alteration of intercellular communication, and collagen deposition, is a strong indicator for the remodeling severity (18, 19).



MITRAL VALVE DYNAMIC STRUCTURAL CHANGES

Disorder balance caused by LV remodeling between closing and tethering forces, which normally ensures optimal mitral leaflet coaptation, has been the long-accepted origin of IMR (20).

The recent literature has challenged our knowledge regarding IMR, making obsolete the concept that the MV apparatus is only a passive bystander.

The active role played by the MV appears clear when we consider the lack of predictivity emerging from the link between LV dilatation, papillary muscles (PMs) displacement, and severity of MR.

The increased sphericity of the LV and tethering forces are widely observable in the chronic aortic valve regurgitation (AVR); surprisingly showing only a low incidence of functional mitral regurgitation (FMR) (21–23).

First through a necroscopic study, Mautner et al. (24) have documented a significant independent association between LV dilatation and mitral leaflet area. A subgroup analysis showed that AV disease associated with enlargement of the LV cavity, was followed by a compensatory change in the MV morphology. In this group of patients larger and heavier dimensions of the mitral leaflet area, the anterior mitral leaflet (AML) length, and the overall mitral circumference were observed, conversely, this was not observed in a control group of subjects and in those with AV stenosis without LV dilatation.

An increase greater than 30% in the mitral leaflet area, varying proportionally with LV volume and ensuring an adequate systolic closure area, has been shown in the subjects with chronic aortic regurgitation (AR) by Beaudoin et al. (25). In the group of FMR, affected by ischemic cardiomyopathy in more than 80% of cases, although the increase in LV volume was comparable with the group with chronic AR, the authors observed relatively smaller dimensions of the MV; without an adequate enlargement of the leaflet as a request by the increased systolic closure area.

The mechanical elasticity working on the MV, which follows LV cavity enlargement and remodeling with PMs displacement in the setting of chronic AR, may promote an adaptive MV active growth with a slow and compensative evolution. Dal Bianco et al. (26) demonstrated, with a comprehensive experimental evaluation of MV morphology, that PMs tethering leads to a cellular change in the valvular tissue, responsible for the active adaptive mechanisms, later called “MV plasticity.”

Endothelial cells of the leaflets, normally quiescent, stimulated by the mechanical stress of remodeling, may increase the expression of signal factors typical of the embryogenic developmental pathways. This active adaptation depends on the molecular process of the endothelial-mesenchymal trans differentiation (EndMT), detected by the expression of mesenchymal markers such as smooth muscle alpha-actin (α-SMA).

In contrast, the MV plasticity results are often not adequate to compensate for the LV remodeling following AMI, although this latter is a powerful trigger of the process (27). These findings are expressions of the delicate balance underlying the reactivation of the embryogenetic biological pathways; this latter, when excessively stimulated in a concentration and time-dependent manner, lead to prevalent fibrotic changes with an unfavorable adaption of MV apparatus.

The inflammatory response following AMI probably plays a crucial role in the altered adaption. The valve tissues infiltration by the cells from the circulating blood, which ultimately differentiate into macrophages, promotes TGF-β upregulation (28).

Therefore, the altered leaflet adaptation with consequent MR post-MI is caused by a vicious cycle triggered by the dysregulation of the post-MI compensatory mechanisms, RAAS among others, which leads to profibrotic changes in the valvular cells with an excessive TGF-β concentration (27).

The molecular changes associated with the altered valve tissue response include an exuberant induction of α-SMA expression involving the endothelium of valvular leaflets on the atrial side. Differently by the solely mechanical stretching/tethering, a deep interstitial penetration involving the valvular interstitial cells (VICs) is present (27).

The infiltration of α-SMA myofibroblasts cells, with increased endothelial neovascularization induces an extracellular matrix (ECM) remodeling with changes in the collagen composition (27).

The adaptive activation of EndMT that stimulates collagen production by the valvular endothelial cells (VECs) and may allow to counteract the mechanical displacement of PMs, is significantly influenced by the environmental context (29).

The inflammatory response seems to be the main driver of the maladaptive process, although in the absence of clear evidence, leading to excessive Angiotensin II (Ang II) concentration (27, 28).

Angiotensin II stimulates the production of growth factors with the conversion of TGF-β to active TGF-β, the principal profibrotic cytokine, in a concentration-dependent manner, increasing the sensitivity of VICs to the fibrogenic actions of TGF-β (30, 31).

The activation of the TGF-β signaling cascade is progressively amplified by paracrine/autocrine stimulation, involving canonical, non-canonical pathways and the expression of endoglin, a transmembrane receptor that modulates the binding of TGF-β to the receptors (31).

Therefore, the initially compensatory mechanism might become counter-productive leading to thickness mitral leaflets and chordae which fail to compensate demanded increased systolic closure area, ultimately impairing coaptation.

The natural history of this molecular rearrangement and structural changes of the MV after an ischemic injury can potentially provide important clinical implications.



THERAPEUTIC IMPLICATIONS

Evolving therapies are following the improvements in the knowledge around IMR. From the surgical point of view, subvalvular and surgical mitral plasticity techniques, with the aim to complete the inadequate valvular adaption, are receiving the greater endorsement, counteracting mechanically the progressive displacement of PMs, mainly in the setting of minimally invasive approach (32–37).

In particular, surgical mitral plasticity includes techniques such as second-order chordal cut (CC) and AML, which plan to compensate ineffectiveness of the molecular process. The increased surface area of the coaptation demanded by the restricted mobility and the consequent leaflet malcoaptation in the setting of IMR may be adequately covered augmenting anterior leaflet with a pericardial patch. Nevertheless, a limitation in performing the solely AML technique is represented by the reduced leaflets mobility secondary to excessive chordal tethering, with chordae not sufficiently remodeled in length to avoid restricted mobility, which can hamper a more physiological coaptation (33). These observations have been highlighted by Calafiore et al. (33), who approached MV using CC, AML, and restrictive MV annuloplasty, demonstrating excellent outcomes.

Although basing our knowledge on still limited literature, a surgical approach inclusive of subvalular correction is mandatory to restore the leaflet coaptation. Indeed, besides the improved leaflet mobility with a more physiologic curvature, the use of second-order CC has shown to determine significant benefit also to the LV contractility (38).

The mechanical stress imposed with MV leaflets because of the increased tethering forces only partially explain the consequent tissue impairment, as aforementioned, with the inflammatory response and TGF-β upregulation that play a crucial role. Therefore, a potential additional management strategy could aim to modulate the TGF-β biological pathway. The TGF-β production is significantly stimulated by Ang II in several cell types, working as a growth factor also in the cardiac fibroblasts, binding the AT1 receptor (39, 40).

The fibrogenic effects of TGF-β may potentially be modulated by RAAS inhibitors such as Angiotensin-Converting Enzyme inhibitor (ACEi) and Ang II receptor blocker (ARBs), certain drugs.

A significant reduction in the infarct size has been observed in ischemic-reperfusion models when ACEi or ARBs have been provided early after percutaneous intervention (41).

Yu et al. (42) conducted an animal study to analyze the effects of RAAS inhibitors in modulating histopathologic changes leading to the ventricular remodeling after AMI. They distributed the population in the three groups according to the received drugs, differentiating between ACEi, ARBs, and a combination therapy group. Regardless of the specific drugs, the study revealed a significant reduction of activated myofibroblasts, rather than the control group (no treatment). Interestingly, the therapy based solely on the ARB (valsartan) or in combination with fosinopril (ACEi) was importantly shown to completely prevent pathological collagen deposition after AMI and the decrease TGF-β mRNA expression, as demonstrated by other authors (43–46).

The treatment with ACEi may be limited by different factors: the production of Ang II in a non-ACE–dependent pathways and the major beneficial effects made through bradykinin production rather than by suppressing Ang II pathways, among others (47).

ARBs, in particular Losartan, have demonstrated, through blocking the interaction of Ang II with its AT1 receptor, to decrease the release of latent TGF-β and to modulate signaling through Smad pathway (47, 48). Furthermore, the expression of endoglin, a powerful promoter of TGF-β fibrogenic effects, and the inhibition in the ERK 1/2 signaling for non-canonical production represents the main drivers of the beneficial effects (31, 49–51).

These results were encouraging for a potential effect on MV endothelium when TGF-β stimulates EndMT; whereas initially favorable, as contributing to an increase in the leaflet size minimizing MR after ischemic injury, but disadvantageous when upregulated in the long term as mainly responsible for exuberant leaflet thickness and impaired mobility.

Wylie-Sears et al. (30) observed a useful ability of Losartan in manipulating EndMT, avoiding excessive fibrotic growth of leaflets. Losartan, in clonal VEC blocked TGF-β signaling; the inhibition of the non-canonical pathway through phosphorylation of ERK, in mitral VEC, was successful to regulate positively EndMT.

These molecular findings have been later confirmed in an animal test by Bartko et al. (52); Losartan can modulate profibrotic changes of the tethered MV leaflets post-MI leading to the solely positive adaptive growth.

The expression of EndMT has been studied, assessing the effect of Losartan in shams affected by IMR produced through apical MI and PMs retraction. In the Losartan-treated group a significant reduction in the thickness of the leaflets, decreasing cell proliferation, collagen deposition, and neovascularization have been demonstrated.

The maladaptive fibrotic changes may be the catalytic factor in the vicious cycle triggered between MR and LV remodeling. The therapeutical accessibility of the profibrotic processes in positively shaping MV after ischemic injury might be potentially revolutionary, considering the unsatisfactory results achieved by most of the current approaches.



CONCLUSION

The burden of IMR is importantly associated with the impairment in the LV contractility often linked to HF, with an important role in worsening patient prognosis. Although evidence is still limited, medical therapy targeted to modulate TGF-β signaling might open new horizons in the management of MR post-MI. In a not-too-distant future, we can hypothesize of targeted medical therapy, that by promoting mitral plasticity could reduce the incidence of the mitral regurgitation secondary to ischemic cardiomyopathy.
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Background: Ischemic mitral regurgitation (IMR) is a common complication of acute ST-elevation myocardial infarction (STEMI). Little is known regarding the impact of IMR over a long period of follow up.

Methods: Of 3,208 consecutive STEMI patients from a prospective registry, full echocardiographic information was available for 2,985 patients between the years 2000 and 2020. We compared the two decades- 2001 to 2010 and 2011 to 2020, and assessed for the presence of IMR at baseline, 3 (range 2–6) months and 12 (range 10–14) months after the index event.

Results: One thousand six hundred and sixty six patients were included in the first decade, 1,319 in the second. Mean patient age was 61.3 ± 12.3 years, 21.1% female patients in the first decade vs. 60.9 ± 12.0 years and 22.2% female in the second (p = 0.40 and p = 0.212, respectively). Rates of moderate IMR or above during the index admission were 17.2% in the first period and 9.3% in the second one (p < 0.001). After 3 months, the rate of IMR was 48.5% for those who suffered from IMR at baseline, vs. 9.5% for those without IMR at baseline (HR- 4.2, p < 0.001). Death rates for those with moderate IMR or above were 14.7% and 17.8% after 1 and 2 years, respectively, vs. 7.3 and 9.6% for those without (p < 0.001 for both). IMR was associated with 1 year mortality in multivariate analysis (HR-1.37; 1.09–2.20, p = 0.009), as well as in propensity score matched analysis (HR 1.29; CI: 1.07–1.91; p < 0.001).

Conclusions: IMR is a common complication following acute STEMI, impacting prognosis. Rates of IMR have declined significantly over the years.

Keywords: ischemic mitral regurgitation, myocardial infarction, primary percutaneous coronary, remodeling, ST-segment elevation myocardial infarction


INTRODUCTION

Ischemic mitral regurgitation (IMR, Figure 1) is a common complication of myocardial infarction (MI) and is caused by left ventricular (LV) remodeling affecting the mitral valve apparatus (1). The estimated incidence of IMR is 11–59% following MI, while moderate to severe IMR appear in 6.3–12.0% of the cases (2–4). The presence of IMR is of grave importance, as it increases the risk for the development of symptomatic heart failure as well as mortality (3, 5–7).


[image: Figure 1]
FIGURE 1. Normal (A) vs. ischemic mitral regurgitation (B), demonstrating an eccentric jet due to left ventricular remodeling, displacement of the papillary muscles and tethering of the leaflets.


Little is known regarding the natural course of IMR and the tendency of acute IMR to remain permanently. Previous studies suggested that shorter onset-to-reperfusion time and non-total occlusion were found to be independent predictors of early improvement of IMR, whereas higher cardiac biomarker levels, older age, global longitudinal strain and global LV infarct extent were found to have a negative impact in the chronic phase (5, 8). In addition, in some studies IMR was more frequent in patients with an inferior infarction compared with an anterior infarction (9, 10). However, many of the studies have been published based on a limited cohort, both in terms of number of patients and the observation period.

Our aims, therefore, were to investigate the rates of IMR over a 20 year period, based on a large prospective registry of patients suffering from STEMI treated by primary percutaneous coronary intervention (pPCI), in order to study the natural course of IMR following the event.



MATERIALS AND METHODS


Study Design

The present study is based on a prospectively collected STEMI registry from Rabin Medical Center in Petach Tikva—Israel, which includes two campuses—Beilinson and Hasharon hospitals. The registry includes consecutive patients suffering from STEMI who were treated with pPCI from January 2001 through December 2020. The data is continuously entered into an ongoing registry for purposes of recording and monitoring patient-related parameters, clinical events, and angiographic findings.

Of the patients in the registry, we included all patients who have had echocardiographic information during the initial admission, including a proposed mechanism for mitral regurgitation. Patients were excluded if they were treated with thrombolysis instead of pPCI (<1% of cases), if they had known IMR prior to the index event or if they were found to have primary mitral regurgitation prior to MI diagnosis. We then collected information on the echocardiographic exams they have had in the first year, in two more time periods: 3 months (range 2–6 months, period 2) and 12 months (range 10–14 months, period 3). Comparisons were made between the two decades: from January 2001 through December 2010 and from January 2011 through December 2020. The study protocol was approved by the local Institutional Review Board.



Interventional Procedure

All patients provided explicit written informed consent to undergo cardiac catheterization. Pre-catheterization treatment consisted of aspirin and unfractionated heparin (70 U/kg). Clopidogrel 300 or 600 mg, prasugrel 60 mg, or ticagrelor 180 mg was administered as a loading dose before or immediately after PCI. The utilization of glycoprotein IIb/IIIa inhibitors (GP2b3a) and choice of stent, as well as other therapeutic modalities such as mechanical thrombectomy and distal protection devices, were left to the discretion of the primary operator. All stents were implanted with moderate-to-high deployment pressure (12 to 16 atm). All patients received dual antiplatelet therapy with aspirin 100 mg daily and a thienopyridine (clopidogrel, prasugrel, or ticagrelor) for at least 12 months after PCI.



Endpoints

Immediate and in-hospital events were prospectively collected in the institutional database. During follow-up, patients completed standardized questionnaires for clinical events either by telephone or in the outpatient clinics at 6 month intervals. When indicated, records from peripheral hospitals were acquired to verify the events in the follow-up period. All events were further confirmed and adjudicated by the institutional clinical events adjudication committee. Survival status at follow-up was assessed by review of municipal civil registries at 30 days and 3 years. Clinical outcomes included all-cause mortality and major adverse cardiac events (MACE), which comprised death, MI, target vessel revascularization (TVR), subsequent coronary artery bypass graft (CABG) and renal failure (defined as glomerular filtration rate below 50 ml/min/1.73 m2, according to the Modification of Diet in Renal Disease formula).



Statistical Analysis

Continuous data are summarized as mean and standard deviation (SD) or median and interquartile range (IQR) and were compared using Student t-tests or analyses of variance. Categorical variables are presented as frequency and were compared by chi-square or Fisher's exact tests. The normality of variable distributions was assessed using the Kolmogorov–Smirnov test. Time-to-event curves were constructed using the Kaplan–Meier method and compared using log-rank test. Cox regression analyses were performed to identify independent predictors of the primary end point. Covariates for the Cox model were chosen according to their known association with IMR and outcomes, and included age, sex, diabetes mellitus, hypertension, renal failure, peripheral artery disease (PAD), previous CABG, previous PCI, left ventricular ejection fraction (LVEF, for each 1% increase), the 2011–2020-decade, deployment of drug eluting stents, trans radial access and moderate or above MR at baseline. Effect sizes are presented as odds ratios and 95% confidence intervals. Step-wise variable selection of significant univariate predictors (P < 0.1) was used to identify variables for inclusion in the multivariate model. Multivariate logistic regression analyses were performed to determine independent predictors of the primary end point, accounting for known baseline cardiovascular risk differences. Finally, due to several differences in baseline characteristics, we compiled a cohort of propensity score matched patients with a 1:1 ratio between the two decades. The propensity score was derived from a multivariate logistic regression model that included the decade of the admission, considered as the independent (outcome) variable, and all baseline clinical characteristics and procedural characteristics as covariates. The propensity score matched cohort was analyzed for the main combined outcome. Author Leor Perl had full access to all the data in the study and takes responsibility for its integrity and the data analysis. All statistical analyses were performed with IBM SPSS statistics V.27 software. A P < 0.05 was considered statistically significant.




RESULTS

Of 3,208 patients in the Rabin Medical Center STEMI registry, detailed echocardiographic information existed at baseline for 3,031 (94.5%) of the patients. Following exclusion of patients with known IMR prior to the event, mitral valve prolapse and the other exclusion detailed above, 2,985 patients remained (n-1,666 for the first decade and 1,319 for the latter, Figure 2).


[image: Figure 2]
FIGURE 2. Study cohort.


Mean patient age was 61.3 years between 2001 and 2010 and 60.9 during the period of 2011–2020 (p = 0.40), 22.2% were female patients at the second period vs. 21.1% at the first (p = 0.212), 27.6% suffered from diabetes mellitus vs. 27.2% (p = 0.634, Table 1). A higher proportion of the patients in the second period also had previous PCI (18.2% vs. 15.0%, p = 0.041). Other baseline characteristics were similar (Table 1).


Table 1. Baseline characteristics according to decade.

[image: Table 1]

As for their presentation during the index event, patients in the second decade had lower rates of peak CPK (1569.5 ± 351.5 vs. 2089.7 ± 331.2 mcg/L, p = 0.01) and higher LV ejection fraction at baseline (51.3% vs. 48.4%, p = 0.031) than patients in the first decade. Patients in the second period were also treated faster (mean presentation to reperfusion time 1.0 h vs. 1.3 h, p = 0.041) and by higher rates of transradial PCI (68.2% vs. 21.4%, p < 0.001), drug eluting stents (93.2% vs. 38.2%, p < 0.001) and prasugrel pharmacotherapy (61.2% vs. 0.0%, p < 0.001) than in the first period (Table 2).


Table 2. Presentation and procedural details according to decade.
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Rates of moderate IMR or above during the index admission were 17.2% in the first period and 9.3% in the second one (p < 0.001, Figure 3). After 3 (range 2–6) months, information was available for 554 of the patients (18.6% of the cohort). The rate of moderate IMR or above was 48.5% for those who suffered from IMR at baseline, vs. 9.5% for those without IMR at baseline (p < 0.001). After 12 (range 10–14) months, information existed for 379 patients (12.7% of the baseline). At that point in time, the rate of IMR decreased and was 15.4% for those with significant IMR at baseline, vs. 1.6% for those without (p < 0.001).


[image: Figure 3]
FIGURE 3. Rates of moderate-severe or above IMR by period.


Death rates for those with moderate IMR or above at baseline were 14.7 and 17.8% after one and two years, respectively, vs. 7.3 and 9.6% for those without (Figure 4, p < 0.001 for both). Mortality rates for those who also presented with moderate IMR or above after 3 months was 17.9 and 28.7% after 1 and 2 years, respectively, vs. 10.7 and 17.9% for those without IMR (p < 0.001 for both).


[image: Figure 4]
FIGURE 4. Kaplan Meier curves of survival by IMR.


In a multivariate analysis, IMR was found to have an independent impact on 1 year mortality rates (HR-1.37; SD 1.09–2.20, p = 0.009), as well as age (HR-1.04; 1.03–1.05, p < 0.001), diabetes mellitus (HR-1.58; 1.18–2.12, p = 0.002), renal failure (HR-2.79; 2.02–3.85, p < 0.001), LVEF (HR-0.920; 0.91–0.93, p < 0.001), application of drug eluting stents (HR-0.64; 0.44–0.94, p = 0.022), first medical contact (FMC)-to balloon time (HR-1.83; 1.09–2.99, p = 0.02) and trans-radial approach (HR-0.83; 0.38–0.99, p = 0.044). However, after correcting for these confounding factors, the 2001–2010 decade was not found to negatively impact the risk of 1 year death (HR-1.00; 0.71–1.41, p = 0.999, Table 3). Importantly, at both time periods, IMR significantly increased the likelihood of death (Figure 5).


Table 3. Multivariate analysis for the risk of 1-year mortality.
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[image: Figure 5]
FIGURE 5. Kaplan Meier curves of survival by decade.


The propensity match score was able to form 288 matched pairs of first- and second-decade patients, showing similar results; Rates of IMR in these two matched cohorts were not significantly different (12.6% in the first decade vs. 9.8% in the second, p = 0.08). Following Cox regression, patients presenting with IMR demonstrated higher rates 1 year death than patients without IMR (HR 1.29; CI: 1.07–1.91; p < 0.001).

A separate regression was performed to predict the risk of the development of moderate or above IMR at baseline, and following correction for these above factors, the 2001–2010 decade was not associated with risk of IMR (HR-0.93; 0.63–1.22, p = 0.08). Factors associated with IMR were LVEF (HR-0.83 for each 1%; 0.46–0.94, p < 0.001) and FMC-to balloon time (HR-1.69 for each passing hour; 1.04–2.48, p = 0.04, Table 4). The territory of infarct (anterior vs. inferior) did not impact the risk of IMR.


Table 4. Multivariate analysis for the risk of IMR.
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DISCUSSION

In this study, we examined the impact of IMR on clinical outcomes in patients presenting with STEMI over a period of two decades, treated at our 2 hospitals in a single combined medical center. We have shown that mortality had changed dramatically over the years, as the time to revascularization, rates of transradial access, P2Y12 and implantation of drug eluting stents have changed. However, the deleterious effect of IMR on death remained profound.

In recent years, there have been significant improvements in the rates of timely revascularization and outcomes for patients suffering from acute coronary syndrome worldwide (11–14). Furthermore, studies assessing the temporal trends following myocardial infarction show a reduction in the rates of mechanical complications over the years. However, when these events occur, they continue to be associated with high mortality rates, which have not improved over the years (15–17).

Mitral regurgitation, whether apparent during the acute or chronic phase of myocardial infarction, increases the rate of adverse events, including all-cause mortality and the risk of the development of congestive heart failure (3, 5–7, 18, 19).

In our study, we have attempted to describe the rates of IMR over a long period of time, and correlate it with mortality. We have seen that rates of IMR have reduced significantly over time, but that in those who present with IMR at baseline, only around half recover after 3 months. We also witnessed a strong impact of IMR on survival, regardless of time period. In our two medical campuses, standard echocardiographic exams are performed immediately after a patient's arrival at the cardiac intensive care unit by skilled sonographers as a protocolized patient care for acute coronary syndrome. In addition, all STEMI patients' clinical course and outcomes are recorded and followed-up for adverse events in a dedicated registry. This allows for the serial follow-up of all patients and comparison of outcomes with echocardiography. Similarly, in the study by Nishino et al. (5), a trend for improvement was witnessed over time in close to 40% of patients, but for those who present with IMR at baseline, the risk for chronic IMR remains. In addition, the presence of IMR in the acute phase worsens prognosis. Also, in similar fashion to the results by Nishino et al. we have found no correlation between the infarction territory and the risk for IMR, as opposed to the outcomes published previously, mostly during the thrombolysis era of STEMI. However, in that study, as well as in the study by Zhang et al. (8), an increased risk of IMR was correlated with older age and higher CPK levels, but in our study these factors did not affect the risk of IMR. Risk factors that were shown to increase the risk of IMR included reduced LVEF and longer FMC-to balloon time. In fact, when correcting for the differences in these factors, the risk of IMR is similar between the years 2001–2010 and 2011–2020.

We have previously shown that in our cohort, the transradial approach improves survival in our PCI patients (20), as was evident in numerous other studies, including in cohorts of STEMI (21–25). Additionally, 2nd generation DES in primary PCI was shown to improve outcomes as compared to 1st generation or bare metal stents (26–28). Both of these factors predicted improved prognosis in our patient population as well, but had no impact on the risk of development of IMR. In our study, the risk for IMR is correlated with a longer FMC-to-balloon time and reduced LVEF. It was previously shown that the extent of global LV infarction extent independently predicts IMR following STEMI (8), mostly due to geometric changes in the mitral valve apparatus with greater displacement of posterior papillary muscle (1). These changes are dependent upon the amount of rescued myocardium by emergency revascularization. The earlier the FMC-to-reperfusion time, the greater the degree of rapid LV improvement is expected. Therefore, improvement in the techniques to achieve timely reperfusion worldwide may continue to reduce the rates of mechanical complications, including IMR, in the years to come. In addition, thanks to advancements in the percutaneous methods to correct functional MR, we may also soon witness a true therapeutic option for IMR directly, in patients with STEMI. New preliminary data now suggests edge-to-edge mitral valve repair may benefit patients with IMR who are hemodynamically unstable (29–31). Conceivably, these and other new therapeutic modalities may potentially become a viable option in reducing the risk for this menacing complication. However, the basic etiology of IMR is ischemia, and it is also possible that more complete revascularization may reduce potential residual ischemia. Whether IMR is a surrogate of myocardial jeopardy or an independent factor for worse prognosis remains to be proven in future trials. Finally, improved adherence to medications attenuating progressive ventricular remodeling, such as beta blockers and angiotensin converting enzyme inhibitors after STEMI may reduce rates of IMR.


Limitations

In this observational study, we have baseline information, data on the interventional procedure and outcomes for all patients. However, since this data is gathered from a real-world setting, echocardiographic information is missing for a significant portion of the patients after several months. In fact, <20% have full echocardiographic data at the two time points, after 6 and 12 months. We thus are forced to limit the validity of our conclusions regarding the natural course of IMR over a long period of time for each patient, but convincingly adhere to our conclusions related to the findings at baseline, i.e., the impact of IMR at presentation on outcomes over the course of 20 years. In fact, this is the first study to assess the impact the presence and influence of IMR on outcomes over such a long period of time. While examining the impact of changes in practice over a time span of two decades, we have discovered several key factors for improved outcomes and the risk of IMR. These include a shorter FMC to balloon and LVEF. We also employed propensity matching to correct for differences in time periods. These included all factors related to prognosis. However, it is important to mention that Prasugrel was not available at the early time period, but became the most common anti-P2Y12 agent in the second period. This was not a factor we could have included in the matching process. Finally, we do not have detailed information on the extent of LV infarction, beyond the extent of cardiac enzymes/biomarkers data. Future studies incorporating data from cardiac magnetic resonance imaging, in particular, may shed more light on the natural course of IMR post STEMI.




CONCLUSIONS

IMR is a common complication following acute STEMI, impacting prognosis, remaining in about half of the patients after 3 months and 15.4% after 12 months among surviving patients. Rates of IMR have declined over the years, mediated by improved rates of early reperfusion, but it remains a significant risk factor for mortality.
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Characterization of Turbulent Flow Behind a Transcatheter Aortic Valve in Different Implantation Positions
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The development of turbulence after transcatheter aortic valve (TAV) implantation may have detrimental effects on the long-term performance and durability of the valves. The characterization of turbulent flow generated after TAV implantation can provide fundamental insights to enhance implantation techniques. A self-expandable TAV was tested in a pulse replicator and the three-dimensional flow field was extracted by means of tomographic particle image velocimetry. The valve was fixed inside a silicone phantom mimicking the aortic root and the flow field was studied for two different supra-annular axial positions at peak systole. Fluctuating velocities and turbulent kinetic energy were compared between the two implantations. Velocity spectra were derived at different spatial positions in the turbulent wakes to characterize the turbulent flow. The valve presented similar overall flow topology but approximately 8% higher turbulent intensity in the lower implantation. In this configuration, axial views of the valve revealed smaller opening area and more corrugated leaflets during systole, as well as more accentuated pinwheeling during diastole. The difference arose from a lower degree of expansion of the TAV's stent inside the aortic lumen. These results suggest that the degree of expansion of the TAV in-situ is related to the onset of turbulence and that a smaller and less regular opening area might introduce flow instabilities that could be detrimental for the long-term performance of the valve. The present study highlights how implantation mismatches may affect the structure and intensity of the turbulent flow in the aortic root.

Keywords: TAVI, tomographic particle image velocimetry, turbulence, implantation position, pinwheeling, turbulent spectra


1. INTRODUCTION

Aortic stenosis is the primary valvular disease with increasing prevalence due to an aging population (1, 2). Untreated severe symptomatic aortic stenosis has a fatal prognosis with a mortality rate up to 50% in the first year and higher than 90% after 5 years (3). Transcatheter aortic valve implantation (TAVI) is an established treatment for high-risk patients which are not eligible for surgery. Recently, guidelines were updated and TAVI was introduced as a possible treatment for a larger population which include intermediate-risk patients (4–7). TAVI demonstrated significant survival benefit in the short-term follow ups across the spectrum of intermediate and high-risk patients when compared to the classical surgical valve replacement (SVR) (8, 9). More recent studies based on longer follow ups also showed promising improvements in patients' quality of life (10) and health status (11). Current debates focus on the expansion of TAVI to patients with low operative risk which have a longer life expectancy (12). Consequently, long-term structural device integrity is an important goal for transcatheter aortic valve (TAV) design. Turbulence might be considered as one of the detrimental phenomena that could affect the long-term performance of TAV and lead over time to clinically adverse events. Turbulent flow is not only directly related to increased transvalvular pressure gradients (13) but also to structural valve deterioration (SVD) caused by excessive stress loads on the valve's leaflets (14, 15). Turbulence could also lead to endothelial lesions and aorta remodeling due to unphysiological wall shear stress (16), as well as thrombus formation due to the activation of platelets (17, 18). The high degree of freedom present during implantation makes TAVs particularly prone to the development of turbulent flows due to potential geometrical mismatches. Even though guidelines are given to practitioners, the final geometrical configuration of the TAV is highly patient-specific due to the specific anatomy and different degree of calcification of the aortic root (19). Different implantation configurations may lead to different degree of turbulent flow. Despite the important role of turbulence there is a lack of understanding of this phenomenon. In theory, direct numerical simulations can resolve the smallest scales of turbulent flow structures providing the information for a full characterization of turbulence. However, the available numerical findings focus on surgical valves (SVs) (13, 20–22) and the ones on TAV are limited and need to be cross-validated with experimental results (23–26). One of the first fluid structure interaction (FSI) simulations on TAV was performed by Mao et al. (23) who investigated the leaflets' kinematics and stress distribution on a simplified TAV model without considering the stent geometry. A comparison between FSI simulation and in-vitro measurements of a self-expandable TAV was obtained for an idealized experimental condition by Wu et al. (24), yet the comparison was limited to the quantitative analysis of the TAV's opening area and did not investigate the flow field. A FSI simulation of a CoreValve (Medtronic Inc, Minneapolis, Minnesota, USA) in a more realistic geometry was performed by Kandail et al. (25), who considered an anatomically correct aortic arch but focused on the flow patterns in the coronary arteries. More recently, Basri et al. (26) studied the impact of paravalvular leakage using the FSI approach. None of the mentioned works investigated the role of turbulence generated after TAVI. On the other hand, experimental studies are often limited by the measurement technology which often lack sufficient resolution and only allow for one or two-dimensional analysis of turbulent flow (27–30). Therefore, further investigations are needed to better characterize the turbulent three-dimensional flow and its potential effect on the long-term performance of TAVs. To the best of our knowledge, this study is the first experimental investigation that attempts to characterize the turbulent wake generated by a TAV with tomographic particle image velocimetry (Tomo-PIV).

TAVs may block the electrical signal in the atrio-ventricular node or in the left bundle branch due to balloon dilatation or prosthesis implantation. Conduction abnormalities have to be treated with the implantation of pacemakers. Furthermore, TAVs may impair the coronary flow due the displacement of the calcified native cusp over the coronary ostium or due to the TAV's skirt which prevent the blood flow from entering the sinus of Valsalva. As suggested by Yerasi et al. (31) and Ribeiro et al. (32) a higher TAV implantation is related to a higher risk for coronary obstruction. From this perspective, a lower implantation should be preferred. However, Van Rosendael et al. (33) and Mauri et al. (34) reported higher pacemaker implant rate in lower implantations. Indipendent of this important discussion, we will discuss here the effect of the longitudinal positioning and the resulting turbulence for two different implantation heights.



2. METHODS

In-vitro measurements of the three-dimensional flow field in the aortic root generated by a TAV were performed in a validated pulse replicator with a multi-view imaging system for Tomo-PIV (35). The experimental apparatus already used by the authors for studies of surgical heart valve (36) was further adapted for TAV testing.


2.1. Pulse Replicator

The tested TAV was crimped at 0°C and released in a semi-rigid silicone phantom (SP) with an idealized aortic root geometry (Figure 1) at 37°C. The silicone phantom was characterized by an aortic annulus diameter Da = 23 mm, three hemispherical bulges mimicking the sinuses of Valsalva and a straight ascending aorta with a diameter of 29 mm. More details on the aortic root phantom can be found in Table 1. The silicone phantom and the TAV were inserted in the test section of a pulse replicator which reproduced physiological pulsatile flow using a computer-controlled volumetric pump (VP). The motion of the VP's piston was tuned to replicate physiological flow profiles characterized by 1/3 of systolic phase and 2/3 of diastolic phase. A schematic of the operation of the pulse replicator is shown in Figure 2A for the systolic phase and in Figure 2B for the diastolic phase. During systole, a silicone left ventricle (LV) was compressed by the forward motion of the VP's piston and the fluid was directed toward the test section. After passing through the test section, the fluid reached a sealed compliance chamber (CC) and a tunable resistor (TR) mimicking the arterial compliance and the peripheral resistance of the systemic circulation, respectively. Finally, the fluid was collected in an open chamber exposed to atmospheric pressure simulating the left atrium (LA). During diastole the silicone ventricle was expanded to its original relaxed state by the backward motion of the VP's piston and the fluid was returned from the open chamber to the silicone ventricle. To mimic the function of the mitral valve a mechanical bi-leaflet valve (MV) was installed between the open chamber and the silicone ventricle. Pressure sensors (PSs) were positioned in the left ventricle and in the compliance chamber to estimate the left ventricular pressure and the aortic pressure. A blood analog test fluid with a density of ρf = 1, 200 kg/m3 and a kinematic viscosity ν = 4.7 mm2/s at 22°C was used. The test fluid consisted of 49.4 w% water, 34 w% glycerol (Dr. Grogg Chemie AG, Deisswil, Switzerland) and 16.6 w% sodium chloride (Sigma-Aldrich Corporation, St. Louis, MO, USA) by weight. The test fluid had a refraction index similar to the one of silicone to reduce distortion during image acquisition.


[image: Figure 1]
FIGURE 1. Inner lumen geometry of the silicone phantom mimicking the aortic root with reference to the main geometrical parameters of Table 1.



Table 1. Relevant geometrical parameters of the aortic root silicone phantom.

[image: Table 1]


[image: Figure 2]
FIGURE 2. Pulse replicator and its elements during the systolic phase (A) and the diastolic phase (B). The pulse replicator is a hydraulic flow loop consisting of the volumetric pump (VP), the left ventricle (LV), the transcatheter aortic valve (TAV), the stopper (ST), the compliance chamber (CC), the tunable resistor (TR), the left atrium (LA), the mitral valve (MV), and the pressure sensors (PSs). Pressure signals in the CC (PCC) are shown in (C) for the UI and the LI. The flow rate (Q) prescribed at the outlet of the VP (Pump) is shown in (D).




2.2. TAV Model

The TAV featured three leaflets made of porcine pericardium sutured onto a self-expandable Nitinol stent frame. The nominal valve prosthesis size was 29 mm which is suitable for implantation in aortic roots with an aortic annulus diameter D = 23 − 26 mm according to manufacturer's recommendation. To ensure the correct axial position, the TAV was positioned over a stopper (ST). The stopper was designed as a tubular structure with the same wall thickness as the valve's stent struts. The lower extremities of the TAV's struts touched the upper end of the stopper avoiding migration toward the ventricle. The TAV was oriented in a “native configuration” with the leaflets facing the sinuses of Valsalva. The axial positioning, or implantation height (IH), was controlled through the stopper such that the lower extremities of the TAV's stent were 10 mm distal to the aortic annulus of the silicone phantom (“lower implantation,” LI, Figure 3A). A second configuration (“upper implantation,” UI, Figure 3B) 4 mm distal to the annulus was considered to span the full range of IH suggested by the manufacturer.


[image: Figure 3]
FIGURE 3. TAV axial positioning in the LI (A) and in the UI (B) and the relative positioning of the LI (OLI) and the UI (OUI) reference systems with respect to the measurement reference system (OSTJ).


A high-speed camera (Photron AX 100, Tokyo, Japan) was used to capture axial top view images of the tested TAV. Valve kinematics was assessed by direct inspection of the axial high speed recordings. The geometric orifice area (GOA) was defined by a contour line along the TAV's leaflet tips and was manually selected from the axial images. The projected orifice area (POA) was defined as the open area seen by the axial camera and was estimated with the same procedure. The presented results are mean values over five consecutive pulses. The pinwheeling index (PI) of Midha et al. (37) was used to quantify localized bending of TAV's leaflets along the coaptation edge during diastole:

[image: image]

where Lactual is the length of the coaptation edge and Lideal is the distance between the commisures and the center of the valve. The presented results are mean values of the three coaptation edges. The PI of each of the three coaptation edges was evaluated as an average over five consecutive pulses.



2.3. Tomo-PIV Measurement System

Two 8M 12 bit CCD Digital Cameras (Imager LX, LaVision, Gttingen, Germany) and a set of mirrors were used to image the aortic root flow domain. The field of view of each camera was split into two images such that four different viewing angles were captured simultaneously with only two cameras. The cameras were equipped with prime lenses with a focal length of f = 100 mm and a maximum aperture of F2.8 (Kenko Tokina, Tokyo, Japan). Each of the four recorded images had a resolution of 1656 × 2488 pixels. The pixel size was Δpx = 5.5 μm, while the magnification factor M resulting from the focal length f and the object distance S = 0.7 m was M = f/(S − f) = 0.167. The test fluid was seeded with fluorescent PMMA micro particles of mean diameter Dp = 35 μm (density ρp = 1180 kg/m3) with Rhodamin B coating (Microparticles GmbH, Berlin, Germany) that has an excitation peak at wavelength λ = 560 nm and emission peak at wavelength λ = 584 nm. A dual cavity Nd:YAG laser (Nano L 200-15 PIV, Litron Systems Ltd, Rugby, UK) was used to excite the fluorescent particles at λ = 532 nm with a power of 235 mJ/pulse. The time width of the laser was set to 7 ns and the interframe time between consecutive laser pulses was set to 200 μs. A low-pass filter (570 nm cut-off wavelength) in front of the cameras ensured that only the emitted light from the particles was collected by the camera sensors. The side views of the CCD cameras where used to capture the light emitted by the fluorescent particles, as well as to measure the expansion rate of the TAV in the silicon phantom.

The software DaVis 8.4 (LaVision GmbH, Gttingen, Germany) was used for camera calibration, raw image pre-processing, volume reconstruction and for the computation of the 3D instantaneous velocity vector fields with a 3D cross-correlation algorithm (tomographic particle image velocimetry, Tomo-PIV). The resulting 3D instantaneous velocity vector field

[image: image]

was defined on a Cartesian voxel grid. As shown in Figure 3, the origin OSTJ of the Cartesian coordinate system was located on the centerline of the aortic root at the height of the sinotubular junction (STJ). Because the TAV leaflets' trailing edge during systole was 3 mm below OSTJ in the LI and 3 mm above OSTJ in the UI, two additional coordinates systems were defined to have a correspondence with respect to the valve's trailing edge. Thus, a coordinate system OLI for the LI was placed 3 mm below OSTJ while a coordinate system OUI for the UI was positioned 3 mm above OSTJ:

OLI reference system: xLI = [x, yLI, z] where yLI = y − 3 mm;

OUI reference system: xUI = [x, yUI, z] where yUI = y + 3 mm.

A schematic of the main components of the hardware for image acquisition and processing of the experimental apparatus with reference to the measurement Cartesian reference system can be found in Figure 4.


[image: Figure 4]
FIGURE 4. Scheme of the Tomo-PIV hardware together with the measurement reference system. The main components for image acquisition are: two CCD Digital Camera, a set of mirrors and a dual cavity Nd:YAG laser with optics for volumetric illumination. Image storage and processing is performed with the software DaVis 8.4 installed on the PC workstation.


The experimental resolution δ was the same in all spatial directions (δx = δy = δz) and was estimated from the voxel size (Δvx = Δpx/M) and from the dimension of the spherical interrogation volume and overlap set for the last step of the 3D cross-correlation routine. The interrogation volume was set to 48 voxels, which is equivalent to 1.58 mm. With 75% correlation overlap, the final resolution of the velocity field was:

[image: image]

Further details on Tomo-PIV are given in [1].



2.4. Experimental Protocol

The experiments were performed at room temperature (≈ 22°C) with a heart rate of 70 bpm which led to a heart cycle of period T = 0.86 s. Figures 2C,D show the hemodynamics boundary conditions (averaged over five consecutive pulses) under which the TAV operated during the measurements. A cardiac output of approximately 5 l/min with Qmax ≈ 25 l/min resulted from the prescribed pump settings. The pressure in the compliance chamber (CC) ranged between 50 and 130 mmHg for both implantation configurations. The Reynolds number (Re) and the Womersley number (Wo) at peak flow were:

[image: image]

where Da = 23 mm and Ra = Da/2 = 11.5 mm are the diameter and radius of the aortic annulus, respectively.

At this Reynolds number, turbulent flow is expected. N acquisitions of the instantaneous flow field at different phases (ϕ) of the cardiac cycle were performed with a phase-locked approach such that every acquisition was obtained at time t = tϕ + nT where n = 1, 2, …, N indicates the repetition number.

The mean velocities [image: image] were computed by phase-averaging the instantaneous velocity field such that:

[image: image]

where [image: image] denotes the phase-averaging operation over the N repetitions of the experiment. At peak flow phase (tpeak = 0.17 s) N = 64 realizations were acquired; N = 24 acquisitions were also performed at tϕ between 0.05 − 0.17 s with Δtϕ = 0.01 s, and between 0.20 − 0.40 s with an interval Δtϕ = 0.05 s.



2.5. Flow Field Analysis

The overall topology of the flow field in the different phases of the heart cycle was assessed by studying the mean streamwise velocity component [image: image] and the mean velocity magnitude:
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From the velocity fields v, the velocity fluctuations fields v′ were computed according to the Reynolds decomposition (38):

[image: image]

where ′ indicates the velocity fluctuation. Note that the fluctuations v′ may include turbulent fluctuations, as well as pulse-to-pulse fluctuations. The standard deviation σi of the velocity fluctuations [image: image] was defined as:
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while the root mean square of the velocity fluctuations was computed as:

[image: image]

At peak flow, sufficient convergence of the [image: image] was obtained on the centerline of the flow domain (x = [0, y, 0]) already with N = 50 repetitions (see Supplementary Material).

The mean kinetic energy density mke(x) [J/kg] and the turbulent kinetic energy density tke(x) [J/kg] were defined as:
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Integration over the volume V yielded the total mean kinetic energy MKE [J] and the total turbulent kinetic energy TKE [J]:
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The turbulence intensity (TI [%]) was estimated as the ratio of TKE/MKE.

A pointwise auto-covariance Γii(l) between fluctuations at different locations separated by a distance l was computed according to:
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The turbulent velocity spectrum Eii(k) was computed according to the Wiener-Khinchin theorem:

[image: image]

where k represents the wavenumber.

The energy dissipation rate ϵ was calculated from the rate of strain tensor of the velocity fluctuations as:

[image: image]

where Sij is the symmetric component of the velocity fluctuation gradient tensor:
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Local isotropy and homogeneity was assumed to compute the Kolmogorov length scale η from the energy dissipation rate ϵ as:

[image: image]

Finally, the integral length scale Iii was estimated as:

[image: image]

where L represents the maximum correlation distance along direction l and Rii(l) is the pointwise auto-covariance normalized with the standard deviations of the velocity fluctuations σi(x):
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3. RESULTS


3.1. TAV Characteristics

Valve opening and closing times were estimated as an average over five consecutive pulses from direct inspection of the recorded axial view. In the LI, the valve started opening at tϕ = 0.06 s with respect to the beginning of the forward motion of the piston pump and was fully open at tϕ = 0.11 s. Valve closure started at tϕ = 0.24 s and was completed at tϕ = 0.41 s. The resulting opening and closing time was 0.05 s and 0.17 s, respectively. In the UI the valve opened slightly earlier at tϕ = 0.05 s but showed otherwise the same opening and closing kinematics. The IH had an effect on the TAV expansion (Figure 5). At the level of the sinus of Valsalva, the TAV's stent struts in the LI expanded to a diameter of 24 mm, whereas they expanded to 26 mm in the UI. Consequently, the GOA in the UI ([image: image]) was 14% larger than the the GOA in the LI ([image: image]). A difference of 13.5% was observed from the POAs as well ([image: image]). The different opening areas affected the Reynolds number of the flow fields downstream the TAV in the two implantation configuration. Local Reynolds numbers were estimated close to the leaflets' leading edge at peak systole for both IH as:

[image: image]

where [image: image] and [image: image] are diameters computed from circular openings with equivalent areas of GOALI and GOAUI, respectively. Moreover, the TAV in LI showed corrugated and unevenly opened leaflets during systole and accentuated pinwheeling (PILI = 10.7%). Whereas, in UI, it had a more regular orifice area and less pinwheeling (PIUI = 4.2 %). The reported characteristics are summarized in Table 2.


[image: Figure 5]
FIGURE 5. Side and axial views of the TAV in the LI (A) and in UI (B). The top views show the TAV at peak flow (tϕ = 0.17 s) and at the end of the diastole (tϕ = 0.86 s). The side view shows the TAV at peak flow. Red dashed lines highlight the TAV's leaflets tips during systole (GOA) while blue lines highlight the TAV's leaflets tips during diastole (PI). The POA is highlighted by yellow dashed lines. The white arrows denote the TAV's degree of expansion in the aortic root silicone phantom at the level of the sinus portion.



Table 2. Geometrical features of the expanded TAV's leaflet (POA, GOA, PI), estimated Reynolds number (Re) at leaflet tips and integral quantities in the front half of the flow domain (MKE, TKE and TI = TKE/MKE for z > 0).

[image: Table 2]



3.2. Flow Characteristics

The streamwise velocity component [image: image], the velocity fluctuations [image: image] , the turbulent kinetic energy density tke, the turbulent velocity spectra together with the Kolmogorov and the integral scales are presented in this section for the peak flow phase (tϕ = 0.17 s).


3.2.1. Mean Streamwise Velocity

The flow field in the aortic root was characterized by the presence of a confined forward core jet and regions of slow retrograde flow close to the aortic walls. In Figure 6, isocontour lines with [image: image] show a triangular cross-section of the core jet at 10 mm distal to the TAV for both IH (note that in Figures 6, 7, some data in UI is not shown due to poor quality of the raw PIV data in this region). In both configurations the core jet attached to the aortic walls at y ≈ 25 mm. Compared to the LI, the core jet in the UI was wider and slower.


[image: Figure 6]
FIGURE 6. Mean streawise velocity [image: image] in different cross-sections of the flow-domain: longitudinal plane at 45° together with transversal planes at yLI = yUI = 10, 20, 30, 40 mm for the UI (A) and for the LI (B). The core jet is highlighted by contour lines which include [image: image] values higher than 0.5 m/s. High [image: image] values were found close to the aortic wall for the UI due to measurement artifacts. This portion of the flow domain was therefore discarded for subsequent analysis.



[image: Figure 7]
FIGURE 7. Root mean square of velocity fluctuations [image: image] in different cross-sections of the flow-domain: longitudinal plane at 45° together with transversal planes at yLI = yUI = 10, 20, 30, 40 mm for the UI (A) and for the LI (B). Shear layers are highlighted by contour lines which include [image: image] values higher than 0.3 m/s. High [image: image] values were found close to the aortic wall for the UI due to measurement artifacts. This portion of the flow domain was therefore discarded for subsequent analysis.


The retrograde flow regions are highlighted by −0.2 m/s contour lines in Figure 6 and are located between the core jet and the aortic walls in correspondence to the leaflet commissures. Between the core jet and the retrograde flow, shear layers with high velocity gradients were present.



3.2.2. Velocity Fluctuations

Figure 7 shows [image: image] values which illustrate the turbulent nature of the flow field in the aortic root. Low [image: image] values characterized the flow in the core jet but high velocity fluctuations were found in the shear layers. Isocontour lines of [image: image] enclose the turbulent regions with high velocity fluctuations. In the LI, the turbulent shear layer thickness increased in downstream direction, such that the potential core of the central jet closed at a distance of 30 mm from the TAV (yLI = 30 mm). In the UI, the shear layers were less pronounced and disappeared downstream of yUI = 25 mm.



3.2.3. Turbulent Kinetic Energy

The spatial arrangement of turbulent flow described for [image: image] can also be appreciated from the tke in Figure 8. In the turbulent shear layers the energy density is in the range of 0.1 − 0.3 [J/kg] but local peak values of 0.5 [J/kg] were found. Table 2 reports the MKE and the TKE obtained by integrating the mke and the tke over the front half of the flow domain (z > 0) which excludes the region of low quality PIV data in the UI. For LI, MKE was 14% higher than in UI, and TKE was even 100% higher. The TI was 19.6% in the LI and 11.4% in UI.


[image: Figure 8]
FIGURE 8. Turbulent kinetic energy density tke in two longitudinal planes at 45° (left) and 0° (right) for the UI (A) and for the LI (B).




3.2.4. Turbulent Velocity Spectrum

The one-dimensional spectra Eyy along wavenumber kx at different positions distal to the TAV (Figure 9) show the energy content of turbulent structures with different transversal length scales and are limited at large wavenumbers by the experimental resolution (kmax = 2π/2δ) and at small wavenumbers by the diameter of the aortic root (kmin = 2π/Dao). In the LI, the spectra show similarities with a −5/3 power-law and the spectral energy increases moving away from the TAV until yLI = 30 mm. Further downstream, at yLI = 40 mm, the spectral energy decays. In the UI, the spectra have a lower energy content. In Figure 10 the one-dimensional spectra Eyy along wavenumber ky show the energy content of turbulent structures at a distance of 10 mm from the valve trailing edge (yLI = yUI = 10 mm) but at different transversal x-locations. They are limited at small wavenumbers by the length of the aortic root (kmin = 2π/Lao). In the LI, the spectral energy increases moving from the center of the flow domain toward the aortic walls. The point xLI = [10, 10, 0] mm is in the turbulent shear layer and the spectrum adheres to the -5/3 power-law for a wide range of wavenumbers ky. Closer to the wall, at xLI = [13, 10, 0] mm, the spectral energy decreases. In UI, the turbulent energy is generally lower and only the points close to the wall (xUI = [10, 10, 0] mm, xUI = [13, 10, 0] mm) show similarity with the -5/3 power-law for a small range of wavenumbers. The peaks in turbulent energy in the large wavenumbers should be interpreted as measurement artifacts.


[image: Figure 9]
FIGURE 9. Turbulent velocity spectra Eyy(kx) for points located at increasing distance from the valve (yLI = yUI = 10, 20, 30, 40 mm) on the centerline of the flow domain (x = z = 0 mm) for the LI (A) and for the UI (B).



[image: Figure 10]
FIGURE 10. Turbulent velocity spectra Eyy(ky) for points at different transversal locations (x = 0, 5, 10, 13 mm) on the center plane (z = 0 mm) at a distance of 10 mm from the valve's trailing edge (yLI = yUI = 10 mm) for the LI (A) and for the UI (B).




3.2.5. Length Scales

The Kolmogorov scale η was calculated at yLI = yUI = 10 mm and z = 0 for x = 0, 5, 10, 13 mm (Table 3). It shows a decreasing size of the smallest turbulent structures moving from the center toward the aortic walls for both IH. The minimum values of η were found in the shear layer. The integral scales Iyy(ly) estimated in the same locations show a similar trend for large turbulent structures (Table 3).


Table 3. Kolmogorov η and integral length scales Iyy estimated at 10 mm distance from the TAV's trailing edge at x = 0, 5, 10, 13 mm and z = 0 mm for both IH.

[image: Table 3]





4. DISCUSSION


4.1. TAV Expansion

The stopper controlled the longitudinal positioning of the TAV while the degree of expansion of the TAV was limited at the lower stent extremity by the aortic annulus and at the upper stent extremity by the aortic lumen. The interaction between the lower extremity of the TAV's stent and the aortic annulus ultimately determined the degree of expansion of the TAV. From visual inspection, the TAV's stent was not fully expanded in the 23 mm annulus of the aortic root phantom for neither IH. During systole, the valve presented unevenly opened leaflets while during diastole pinwheeling was observed. These characteristics suggest that the TAV was over-constrained although the size of the annulus was within the recommended range for this valve. A similar leaflet configuration was oberved by Luraghi et al. (39) after performing FSI simulation with an high fidelity CoreValve Evolute R (Medtronic Inc, Minneapolis, Minnesota, USA) model in a patient-specific domain including aortic root and calcifications reconstructed from computed tomography images.

Moreover, different degrees of expansion of the TAV were observed between the upper and lower implantation due to the different anchoring surfaces at the annulus. In the UI, the anchoring surface was smaller, allowing the TAV to reach a higher degree of expansion at the level of the sinus portions. This led to a larger GOA and POA during the systolic phase and a less prominent pinwheeling (PI) during diastole compared to the LI (Figure 5).

These differences in TAV expansion (and all the effects that follow from this) are a result of the specific configuration of this experiment with an idealized aortic root geometry. Therefore, it would not be fair to conclude that a more distal IH generally leads to a higher degree of expansion (and possibly a less turbulent flow). However, the observed differences, which were induced in this experiment by modifying the IH, could arise in reality from a variety of implantation mismatches due to the high degree of freedom of implantation procedure and due to the variability between patients aortic root geometries and degree of calcification. Moreover, an incomplete stent expansion of 10 − 15% is commonly considered acceptable in clinical practice (40). Therefore, incomplete TAV expansion with corrugated leaflets and reduced orifice area (as seen in the LI configuration) could be a common outcome of TAVI if the valve is not optimally positioned.



4.2. Flow Characteristics


4.2.1. Turbulent Kinetic Energy

The mean systolic flow field in the aortic root was characterized by the presence of a fast antegrade central jet and a slow retrograde flow close to the aortic walls (Figure 6). This overall flow topology has already been documented for surgical bioprosthetic valves (36). The antegrade and retrograde flow domains were separated by shear layers where the velocity fluctuations were predominant and showed high levels of tke (Figure 8). In the LI these turbulent shear layers converged and created a more homogeneous turbulent region at yLI = 30 mm. In contrast, the turbulent shear layers in the UI were less pronounced and remained confined between the core jet and the aortic walls. This was connected to higher levels of turbulence in the LI for which TKE was twice as high as in UI. Likewise the turbulence intensity was higher for LI (19.6%) than for UI (11.4%).

We attribute these differences to the reduced stent expansion and the more marked leaflet corrugation in LI, because it constrained the jet to a smaller opening area with higher velocities and a higher Reynolds number in the central jet. Furthermore, the corrugated shape of the leaflets trailing edge represented an obstacle for the forward motion of the fluid and likely triggered instabilities which contributed to the onset of turbulence.

The increased turbulent flow generated in the LI could potentially have a negative effect on the durability of the valve. Moreover, fluttering of the leaflets was observed from the axial high speed recordings in both implantation configurations. This fluttering was similar to one found for surgical valves in experimental and numerical studies (13, 41) and may further compromise the TAVs long-term performance (42).

Hatoum et al. (29) performed 2D particle image velocimetry measurement of an annular (SAPIEN 3 26-mm, Edwards Lifesciences) and a supra-annular (Evolut 26-mm, Medtronic) TAV in different types of silicone phantoms: the supra-annular TAV showed consistently higher levels of tke. Similarly to what was observed in the present study, Hatoum et al. found turbulent wakes of different intensity which impinged on the aortic walls. At peak systole, Hatoum et al. reported peak tke values of 0.59 J/kg, which are similar to the peak values of 0.5 J/kg found in the present study. Hatoum et al. concluded that efforts are needed to investigate the intrinsically three-dimensional nature of turbulence. The present work corroborate the findings of Hatoum et al., showing that turbulent flow develops during the systolic phase after TAVI and that turbulent wakes impinge the aortic walls, posing a risk for the endothelial cells that might be exposed to unphysiological stress loading (16).

Gülan et al. (43) tested two TAVs (Strait Access Technologies, Cape Town, South Africa) inside an anatomically shaped silicone phantom featuring the aortic arch. The velocity field was extracted with 3D particle tracking velocimetry (3D PTV) and a spatially averaged turbulent kinetic energy of 0.02 − 0.03 J/kg during the systolic phase was found. This corresponds well to values in the present study of 0.03 − 0.04 J/kg (UI) and 0.06 − 0.07 J/kg (LI). Differences between experimental results may be attributed to the different valves, implantation positions, aortic root geometries and dimensions of regions of interests.

Recently, Bessa et al. (44) studied with stereoscopic particle image velocimetry the effect of tilting the aortic valve in the aortic root annulus. The influence of the inlet flow orientation was assessed also by considering the spatial distribution of the tke in the aortic root. In their study, G.M. Bessa et al. found that the maximum values of tke were distributed along the inlet jet boundary as described in the present work.

Finally, we compare our results with a recent computational investigation by Manchester et al. (45) who conducted large eddy simulations (LES) in a patient specific dilated ascending aorta with aortic valve stenosis and investigated the effect of turbulence in relation with energy losses and wall shear stresses. In their study, they recognize the high velocity jet entering the dilated ascending aorta as one of the primary sources of turbulence production. Similarly to the present work, turbulent flow was concentrated in the shear layers surrounding the high velocity jet. Manchester et al. underlined that the turbulence production was further amplified by the dilated aortic root which provided space for turbulence to develop. This numerical evidence agrees with the results of the present study, where the higher level of turbulence in the LI was associated with a faster and narrower central jet which left more room for the turbulent shear layers to develop between the jet and the wall.



4.2.2. Length Scales and Spectra

Quinlan and Dooley (46) pointed out that the energy spectrum of turbulence must be considered as a whole when the effect of turbulence on biological structures is investigated. In the LI, the turbulent velocity spectra Eyy(kx) on the centerline showed increasing spectral energy in downstream direction until yLI = 30 mm (Figure 9). In the UI, no such trend could be observed and the spectra had lower energy than in the LI. In both IH, the spectra adhered reasonably well to the -5/3 spectrum suggesting the presence of a Kolmogorov-type energy cascade. Close to the leaflets' trailing edge (yLI = yUI = 10 mm) the spectra showed a more differentiated situation (Figure 10): In the UI, the k−5/3 behavior could only be observed within the shear layers for a small window of wavenumbers. Close to the centerline, the UI spectra did not exhibit a −5/3 slope. In the LI, all spectra showed a −5/3 slope. Their energy levels and the size of the inertial ranges increased from the center (x = 0 mm) toward the shear layer (x = 10 mm). For x = 13 mm, the energy levels decreased probably due to the effect of the aortic wall. This quantitative evidence highlights the presence of well-developed turbulent flow mostly confined in the (growing) shear layers and it corroborates the earlier observation that LI leads to significantly higher levels of turbulence. The spectra agree reasonably well with the spectra presented by Becsek et al. (13) who studied a surgical bioprosthetic valve using a computational model. The quantitative agreement is best for the LI, whereas the UI shows lower energy levels than the data of Becsek et al.

The limited resolution of the experimental method can be interpreted as a low pass filter which affects the calculation of velocity gradients. Therefore, the energy dissipation might be underestimated and as a consequence the Kolmogorov scale may be overestimated. Nevertheless, the computed Kolmogorov scales (Table 3) are similar to those reported in previous experimental studies (27, 28). Lie et al. (28) conducted in-vitro tests on three clinically used bileaflet heart valves (St. Jude Medical, CarboMedics and Edwards Tekna) with 2D laser doppler anemometry. Performing the experiment at Re = 12, 000 and applying the Taylor frozen eddy hypothesis they obtained the smallest length scale in the range of 20 − 70 μm. Li et al. (27) tested a St. Jude Medical valve with 2D particle image velocimetry and accounted for the limited resolution through a sub-grid scale model. They obtained a Kolmogorov scale of 75 μm at peak flow (Re = 7500). It must be noted, however, that both studies focused on mechanical valves at higher Reynolds numbers. In such conditions, the aortic flow is potentially more turbulent and the resulting Kolmogorov scale smaller.




4.3. Limitations

As indicated by Raghav et al. (47) it is important to estimate the uncertainty related to the measured quantities. To this end, the uncertainty of the mean streamwise velocity [image: image] and the uncertainty of the turbulent kinetic energy density Utke(x) were computed according to Sciacchitano and Wieneke (48). Spatially averaging the normalized values of uncertainty an [image: image] and an Utke < 11% were found for both implantation configurations (see Supplementary Material).

The final TAV's configuration and stent expansion are strongly affected by the rigidity of the phantom annulus which limited the expansion of the TAV's stent. However, it must also be taken into account that during implantation, practitioners do not remove the calcified native leaflets which may introduce a similar rigid mechanical obstacle to the radial expansion of the TAV. Another limitation was the absence of the aortic arch which might have affected the impingement location of the turbulent wake in the aorta. Nevertheless, the turbulent wake was observed in the first part of the aortic root (within a distance of 2 − 3 aortic diameters from the aortic annulus) where the effect of secondary flows generated by the curvature could be considered small. Furthermore, the experiments were performed at room temperature and not at human body temperature, potentially weakening the anchoring radial forces and reducing the final expansion state of the TAV. To mitigate this effect the silicone phantom together with the TAV were immersed for 5 minutes in water at 37° before integrating them in the pulse replicator.

The different implantation positions (LI, UI) were chosen ad hoc and the resulting effects on TAV expansion could be considered artificial. Therefore, we would like to emphasize again that this study did not intend to evaluate the clinical outcome of different implantation positions. The two configurations were chosen to highlight that small differences in implantation positions may lead to implantation mismatches resulting in significant changes in the turbulent flow behind TAV.

Finally, the effect of the limited experimental resolution on the estimation of the Kolmogorov scale was quantified assuming isotropy and homogeneity of turbulence and resulted to be approximately 5% in the LI and 20% in the UI (see Supplementary Material).




5. CONCLUSION

The present experimental study characterized the turbulent flow behind a self-expendable TAV. The valve was implanted in a semi-rigid silicone phantom mimicking the aortic root geometry in two different supra-annular configurations: a lower implantation position (LI) and an upper implantation position (UI). The TAV was tested in an experimental apparatus including a pulse replicator and hardware for image acquisition and processing. The three-dimensional flow field was extracted in the aortic root by means of Tomo-PIV at different phases of the cardiac cycle. The valve presented similar overall flow topology but different levels of turbulence in the two different implantation configurations. In the lower implantation the TAV showed approximately 8% higher turbulent kinetic energy. In both configurations, turbulent flow was strongest in the shear layers surrounding the central jet. These turbulent shear layers impinged the aortic wall indicating that valve turbulence might play a detrimental role in the endothelial cell turnover. The turbulent energy content was presented by turbulent velocity spectra comprising well developed inertial ranges with −5/3 power-law decay. This illustrated the turbulent nature of the shear layers and the higher degree of turbulence of the TAV in the lower position. Axial views of the valve showed a smaller opening area with more corrugated leaflets during systole, as well as a more accentuated pinwheeling during diastole in the lower implantation position due to a reduced expansion of the TAV's stent in the aortic root. This suggested that the uneven opening of the leaflets and the resulting irregular orifice area amplified the onset of turbulence in the lower implantation position.

The present study highlights how implantation mismatches, which can be common in TAVI, may affect the structure and intensity of the turbulent flow in the aortic root. Leaflet corrugation during systole and pinwheeling during diastole could be considered as kinematic indicators for the presence of intensified turbulent flows that could contribute to the TAV's structural deterioration. Therefore, careful implantation planning by the heart team should also consider the patient-specific aortic root geometry and calcification degree which may lead to uneven or incomplete TAV expansion.
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Background: Valve regurgitation can decrease with resolution of hemodynamic loads on the left ventricle (LV) after kidney transplantation (KT). We aimed to investigate the natural course of left-side valve regurgitation after KT and factors associated with progression.

Methods: Among patients who underwent KT in two tertiary centers, 430 (224 men, mean age 50 ± 13 years) were examined by echocardiography within 3 months before KT and between 6 and 36 months after KT. Mitral regurgitation (MR) and aortic regurgitation (AR) were graded according to the current guidelines. Regression was defined as a decrease in regurgitation by one or more steps, and progression was an increase in one or more steps after KT. Clinical and echocardiographic factors associated with progression of MR and AR were analyzed.

Results: Mild or greater MR was observed in 216 (50%) patients before KT, and mild or greater AR was observed in 99 (23%). During the follow-up period of 23.4 ± 9.9 months, most patients experienced regression or no change in regurgitation after KT, but 34 patients (7.9%) showed MR progression and 37 (8.6%) revealed AR progression. Patients who showed MR progression were more likely to receive a second KT, have mitral annular calcifications, and show a smaller decrease in LV end-systolic dimension. Patients who showed AR progression were more likely to have persistent hypertension after KT, aortic valve calcifications, and a smaller reduction of LV end-systolic dimension.

Conclusions: Risk factors for progression of MR after KT include a second KT, MAC and a smaller decrease in LV end-systolic dimension after KT. Risk factors for progression of AR include valve calcification, persistent hypertension and a smaller decrease in LV end-systolic dimension after KT. Further echocardiographic surveillance and risk factor management after KT are warranted in these patients.

Keywords: left-side valve disease, mitral regurgitation, aortic regurgitation, ESRD, kidney transplantation


INTRODUCTION

Valve regurgitation is observed frequently in patients with chronic kidney disease or end stage renal disease (ESRD) (1, 2). Left-side valve regurgitation, including mitral regurgitation (MR) and aortic regurgitation (AR), is predicted to decrease when the hemodynamic load on the left ventricle (LV) decreases after kidney transplantation (KT). However, in some patients, left-side valve regurgitation does not decrease but persists or even progresses (3–5). In particular, degeneration and structural change of the valve start early in patients with ESRD because of the hemodynamic load and impaired calcium-phosphate homeostasis and progress faster than in those with normal kidney function (6–8). MR and AR are affected by different hemodynamic factors and structural alterations. MR is influenced more highly by preload and LV remodeling, while AR is affected most by afterload and aorta remodeling. Patients who have undergone KT are thought to have reduced or increased MR or AR depending on the clinical situation in pre-KT and post-KT periods (9). However, data regarding the prevalence of left-side valve regurgitation in patients undergoing KT and the natural course of MR and AR after KT are scarce.

In the present study, we investigated the prevalence of MR and AR before KT and the regression or progression rate of MR and AR after KT. We also identified clinical and echocardiographic factors associated with progression of MR and AR.



METHODS


Study Population

This study included patients with ESRD who received KT between 2005 and 2018 at two tertiary medical centers (Severance Hospital, Seoul, Korea; Samsung Medical Center, Seoul, Korea). Patients with a history of valve surgery or intervention, congenital heart disease, or combined transplantation with other organs were excluded, as were patients without follow-up transthoracic echocardiography (TTE) after KT. After applying exclusion criteria, 430 patients were analyzed retrospectively.

All patients underwent TTE at least twice. Pre-KT echocardiography was performed within 3 months before KT, and post-KT echocardiography was performed between 6 and 36 months after KT. If a patient underwent TTE more than twice after KT, we analyzed the most recent.

Clinical information was obtained from electronic medical records, and data were analyzed at baseline and follow-up TTE. Prior medical history was composed of hypertension, diabetes mellitus, dyslipidemia, atrial fibrillation, coronary artery disease, heart failure, duration of hemodialysis, and second KT. The diagnosis of heart failure was based on typical clinical symptoms and signs caused by a structural or functional cardiac abnormality, followed the current guideline, including both reduced EF and preserved EF (8). Systolic and diastolic blood pressures were measured at baseline and post-KT follow-up visits. Clinical factors after KT including new-onset hypertension, new-onset diabetes, renal dysfunction, graft failure, and cardiovascular medications were collected. Renal dysfunction was defined as a >1.5-fold increase in serum creatinine or an absolute increase in serum creatinine ≥ 0.3 mg/dL (9).



Echocardiography

Two-dimensional and Doppler echocardiography was performed using a commercially available ultrasound machine with a 2.5–3.5 MHz probe before and after KT. Standard measurements were performed following the current guideline recommendations (10). LV ejection fraction (EF) was measured using the biplane Simpson's method in apical four- and two-chamber views. Left atrial (LA) volume index was measured by the biplane method at the end of ventricular systole and indexed to body surface area. From the mitral inflow velocities, we obtained data on peak velocity of early (E) and late filling and deceleration time of E velocity. Early diastolic (e′) velocities were measured at the septal mitral annulus (11).

The severity and mechanism of each valve regurgitation were assessed according to American Society of Echocardiography guidelines (12). The degrees of MR and AR, if present, were graded as no/trivial, mild, moderate, or severe using an integrated approach (12). The etiology of MR was categorized into primary or secondary MR. Primary MR was defined as degenerative MR directly affecting the mitral valve leaflets and/or chordae, and secondary MR was MR due to a pathological process of the LV or LA (12). Mitral annular calcification (MAC) was defined as the thick and echo-dense area of the mitral annulus, occasionally extending to mitral valve leaflets, as described in previous studies (13, 14). Aortic valve calcification was defined as a calcium deposit in the aortic root and valve regardless of restriction of leaflet mobility on parasternal short- and long-axis views (15, 16). The echocardiography reports were independently reviewed by 2 cardiologists blinded to the clinical data. All discrepancy of echocardiographic readings was resolved by consensus. In a consensus process, the 2 cardiologists reviewed the echocardiographic images and reached an agreement on the interpretation.

Regression of MR or AR was noted if severity decreased by one or more grades. Progression was defined as severity increase by one or more grades. Patients were categorized into three groups (regression, unchanged, progression) according to valve regurgitation.



Statistical Analysis

The baseline characteristics are expressed using frequencies and percentages for categorical variables using chi-square test. The continuous variables are summarized as mean ± standard deviation and were compared using analysis of variance (ANOVA) among the three groups. For pairwise comparisons, post-hoc test with Tukey's HSD was conducted. To identify factors associated with progression of valve regurgitation, a linear regression model was used. Univariable factors with P < 0.10 or the major relevant clinical factors were entered into multivariable analyses. The coefficient values were generated, and all two-sided p-values < 0.05 were considered statistically significant. The Hosmer–Lemeshow test for stepwise logistic regression was performed for incremental value of risk prediction. All statistical analyses were performed using SPSS software (version 25.0; IBM Corp., Armonk, NY, USA).




RESULTS


Severity and Changes of Left-Side Valve Regurgitation After KT

The severity of MR and AR before KT and the changes after KT are shown in Figure 1. Before KT, 187 (44%) patients had mild MR, 19 (4%) had moderate MR, and 10 (2%) showed severe MR. Factors related to MR severity before KT are presented in Supplementary Table 1. Female sex, history of heart failure, and larger LA volume index were associated with MR before KT. Before KT, 83 (19%) patients had mild AR, 14 (3%) had moderate AR, and 2 (1%) showed severe AR. Factors associated with AR severity before KT are described in Supplementary Table 2. Old age and history of heart failure were associated with AR grade before KT. Mild or greater MR was observed in 216 (50%) patients and mild or greater AR in 99 (23%) before KT. During the follow-up period of 23.4 ± 9.9 months, most patients experienced regression or no change in regurgitation after KT, but 34 (7.9%) showed MR progression and 37 (8.6%) revealed AR progression.


[image: Figure 1]
FIGURE 1. Natural course of left-sided valvular regurgitation after kidney transplantation.




Factors Associated With MR Progression

Table 1 shows the baseline clinical and renal characteristics in the three groups according to change in MR after KT. A history of atrial fibrillation, history of heart failure and secondary MR tended to be more prevalent in the MR regression group compared with the other groups. Second KT and post-KT renal dysfunction were significantly different in the three groups, and these events tended to be more prevalent in the progression group. Most of the echocardiographic findings differed between the three groups. In patients with MR progression, LV chamber size was small, and E/e′ was lower than that in the other groups before KT, but these factors were significantly higher after KT. In the group showing MR progression, LV and LA size increased after KT, LVEF decreased, and E/e′ increased (Table 2).


Table 1. Comparison of clinical and renal characteristics in the three groups according to change in mitral regurgitation.
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Table 2. Comparison of echocardiographic characteristics in the three groups according to change in mitral regurgitation.
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Univariate linear regression analysis revealed that second KT, MAC before KT, renal dysfunction after KT, and a smaller decrease in LV end systolic dimension (LVESD) were associated with MR progression. After multivariable adjustment, second KT, baseline MAC, and smaller decrease in LVESD after KT were independent predictors for MR progression after KT (Table 3). Factors related to progression of MR showed statistically meaningful predictive values in a stepwise manner (Figure 2A).


Table 3. Factors associated with progression of mitral regurgitation after KT.
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FIGURE 2. Predictors for progression of left-sided valvular regurgitation after kidney transplantation: (A) mitral regurgitation and (B) aortic regurgitation.


These findings indicate that MR tended to show regression after KT for controlling volume overload. In contrast, MR progression can occur after KT if the volume overload is relatively low before KT or if valve degeneration represented by MAC is present before KT. Furthermore, progression of MR was related to subsequent elevation of LV filling pressure after KT.



Factors Associated With AR Progression

Table 4 shows the baseline clinical and renal characteristics of the three groups categorized by AR change after KT. Patients who showed AR progression experienced persistent hypertension, defined as systolic blood pressure ≥140 mmHg and diastolic blood pressure ≥90 mmHg after KT among those with hypertension. In echocardiographic findings, patients who showed AR progression showed larger LV and LA size after KT compared with the other groups. Similar to the results from the analysis of MR, smaller reductions in LV and LA sizes after KT, no improvement in LVEF, and an increase in E/e′ were observed in the AR progression group (Table 5).


Table 4. Comparison of clinical and renal characteristics in the three groups according to change in aortic regurgitation.
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Table 5. Comparison of echocardiographic characteristics in the three groups according to change in aortic regurgitation.
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Univariate linear regression analysis revealed that presence of aortic valve calcification before KT, persistent HTN after KT, and a smaller decrease in LVESD after KT were associated with AR progression. All the above factors were independent predictors for AR progression after KT in multivariate analysis (Table 6). Figure 2B shows additive predictive values for AR progression after KT in a stepwise manner. These findings suggest that preexisting aortic valve degeneration accompanying unresolved afterload as well as less volume control after KT might affect AR progression.


Table 6. Factors associated with progression of aortic regurgitation after KT.
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DISCUSSION

The principal findings in the present multicenter study are as follows. (1) Left-side valve regurgitation is common in patients with ESRD undergoing KT, and MR is more common than AR. (2) After KT, MR and AR regress or do not change in most patients but progress in some patients. (3) Patients who receive second KT and who have MAC and a smaller decrease in LVESD after KT showed MR progression after KT. (4) Patients who had aortic valve calcification, persistent HTN after KT, and a smaller decrease in LVESD after KT showed AR progression. The present study suggests that pre-existing valve degeneration before KT, smaller volume changes, and specific conditions before or after KT affect the progression of regurgitation on each valve. As expected, MR was affected more highly by volume factor, and AR was affected most by afterload, such as persistent HTN after KT. Therefore, it is necessary to perform echocardiographic surveillance and risk factor control after KT according to individual characteristics before and after KT and presence of valve calcification.


Left-Side Valve Disease in Patients With ESRD

Patients with chronic kidney disease or ESRD show a high prevalence of left-side valve disease due to not only degeneration of the valve itself, but also chamber dilatation or dysfunction related with increased hemodynamic load and loss of LV contractility (8, 17). Previous studies demonstrated higher prevalence of premature aortic valve calcification and consequent aortic stenosis, as well as mitral annular calcification and functional mitral stenosis (18–21). In particular, increased calcium x phosphate product and long-term hemodialysis are associated with valve calcification (8, 17). Also, increased cardiac output caused by anemia and arteriovenous fistula and hypertension increase mechanical stress in the valve leaflets and modulate premature valve calcification (8, 17). In stenotic valve disease, primary degeneration is the main mechanism, whereas regurgitation is caused mainly by secondary causes. Therefore, because of preload and afterload reduction after KT and additional improvement of renin-angiotensin-aldosterone system (RAAS) activation, regression of valve regurgitation is expected after KT. If the patient does not show any specific clinical features after KT, regular echocardiographic follow-up is not performed; valve regurgitation sometimes progresses, and timely treatment can be delayed.



Natural Course of MR and AR in Patients Undergoing KT

Several previous studies have focused on valve disease in patients undergoing KT. A serial echocardiographic follow-up study in 95 patients undergoing KT reported no interval change in average MR fraction and volume after KT (22). However, this study was limited in that it did not provide information on patient characteristics or changes in chamber size and function. Another study conducted at a single center with 180 patients undergoing KT demonstrated that grade 2 MR decreased from 11% on pre-KT echocardiogram to 2% at 12 months after KT (23). Interestingly, valve calcification was detected preoperatively in 21.5% of the study population but was detected in 25.8% of the population at 6 months after KT and in 35.5% of the population 12 months after KT (23). Incidence of calcified valve was more common in patients with diabetes than in those without it (23). These results suggest that, even if hemodynamic load is resolved by KT, valve degeneration and calcification can have initiated and can proceed. It also suggests that risk factor modulation and echocardiographic follow-up are needed even after KT in patients who have calcification on the valve or surrounding annular structure. In this context, the present study showed on pre-KT echocardiogram that MR and AR can progress even after KT in patients with MAC or aortic valve calcification through a multicenter analysis. In addition, we found some differential risk factors between MR progression and AR progression after KT.



Risk Factors for Progression of MR and AR After KT

Smaller LVESD decrease after KT was related to progression of not only MR, but also AR in this study. Therefore, a smaller volume decrease after KT was a pre-condition of progression of left-side valve regurgitation. These results indicate the need for follow-up TTE for surveillance of chamber size and course of functional regurgitation after KT, especially for patients who have predisposing factors. Furthermore, prolonged optimal medical treatment might be necessary after KT, especially for patients with risk factors of progression. In our study, there might have been insufficient usage of RAAS inhibitor in patients with progression of AR compared with that in the unchanged AR group. Since RASS inhibitor can promote reverse LV remodeling after KT through both afterload reduction and inhibition of myocardial fibrosis, active use of RASS inhibitor after KT seems to be helpful for hemodynamic control.

MAC or aortic valve calcification shares biological links with atherosclerosis and is very common in patients with ESRD (18). Patients with valve or peri-valvular calcification in ESRD were more likely to have dyslipidemia and a broken mineral-bone axis, and this condition might not recover fully after KT (16). These conditions were thought to be due to valve dysfunction accompanied by valve calcification that could progress after KT. This might be related to greater use of statins in patients who showed progression of AR after KT.

After KT, hypertension remains widespread, with 56–93% of recipients consistently having a systolic blood pressure >140 mmHg. Multiple factors can lead to hypertension, including donor and recipient characteristics, immunosuppressive medications, and allograft function (17). Long-term exposure to high blood pressure is a strong and potentially modifiable risk factor for aortic stenosis and regurgitation (19). Our study also revealed persistent HTN after KT as a predictor of AR progression. This suggests that unresolved afterload and preload affect AR progression; therefore, strict anti-hypertensive treatment is important for preventing progression of AR after KT.



Study Limitations

First, this was a retrospective study and a significant number of patients were excluded because there was no echocardiographic follow-up within a specific time period after KT. Moreover, post-KT echocardiography was not performed according to the pre-specified period. However, we attempted to overcome these shortcomings by including a large number of patients from multiple centers who had undergone follow-up echocardiography between 6 and 36 months after KT.

Second, in this KT cohort, there were many cases of no or mild valve regurgitation before KT. If there was significant or severe valve regurgitation, it is possible that KT was postponed or not performed, and volume control by dialysis was attempted. Accordingly, there were many patients whose MR and AR did not change after KT. There was a limitation of the population in evaluating the dynamic change of AR and MR. Therefore, it is possible that we selected only relatively healthy ESRD patients. Nevertheless, we believe that we identified patient characteristics that reflect real clinical practice and the natural course of MR and AR.

Third, although we aimed to find factors that could influence progression of MR and AR, it is possible that some factors that were not investigated or that undetected confounding factors had an influence on the results.




CONCLUSIONS

Among patients undergoing KT, MR, and AR can progress in those patients with certain characteristics. Risk factors for progression of MR after KT include a second KT, MAC and a smaller decrease in LVESD after KT. Risk factors for progression of AR include valve calcification, persistent hypertension and a smaller decrease in LVESD after KT. Further echocardiographic surveillance and risk factor management after KT are warranted in these patients.
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Hemodynamic Performance of Sutureless vs. Conventional Bioprostheses for Aortic Valve Replacement: The 1-Year Core-Lab Results of the Randomized PERSIST-AVR Trial
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Objective: Sutureless aortic valves are an effective option for aortic valve replacement (AVR) showing non-inferiority to standard stented aortic valves for major cardiovascular and cerebral events at 1-year. We report the 1-year hemodynamic performance of the sutureless prostheses compared with standard aortic valves, assessed by a dedicated echocardiographic core lab.

Methods: Perceval Sutureless Implant vs. Standard Aortic Valve Replacement (PERSIST-AVR) is a prospective, randomized, adaptive, open-label trial. Patients undergoing AVR, as an isolated or combined procedure, were randomized to receive a sutureless [sutureless aortic valve replacement (Su-AVR)] (n = 407) or a stented sutured [surgical AVR (SAVR)] (n = 412) bioprostheses. Site-reported echocardiographic examinations were collected at 1 year. In addition, a subgroup of the trial population (Su-AVR n = 71, SAVR = 82) had a complete echocardiographic examination independently assessed by a Core Lab (MedStar Health Research Institute, Washington D.C., USA) for the evaluation of the hemodynamic performance.

Results: The site-reported hemodynamic data of stented valves and sutureless valves are stable and comparable during follow-up, showing stable reduction of mean and peak pressure gradients through one-year follow-up (mean: 12.1 ± 6.2 vs. 11.5 ± 4.6 mmHg; peak: 21.3 ± 11.4 vs. 22.0 ± 8.9 mmHg). These results at 1-year are confirmed in the subgroup by the core-lab assessed echocardiogram with an average mean and peak gradient of 12.8 ± 5.7 and 21.5 ± 9.1 mmHg for Su-AVR, and 13.4 ± 7.7 and 23.0 ± 13.0 mmHg for SAVR. The valve effective orifice area was 1.3 ± 0.4 and 1.4 ± 0.4 cm2 at 1-year for Su-AVR and SAVR. These improvements are observed across all valve sizes. At 1-year evaluation, 91.3% (n = 42) of patients in Su-AVR and 82.3% in SAVR (n = 51) groups were free from paravalvular leak (PVL). The rate of mild PVL was 4.3% (n = 2) in Su-AVR and 12.9% (n = 8) in the SAVR group. A similar trend is observed for central leak occurrence in both core-lab assessed echo groups.

Conclusion: At 1-year of follow-up of a PERSIST-AVR patient sub-group, the study showed comparable hemodynamic performance in the sutureless and the stented-valve groups, confirmed by independent echo core lab. Perceval sutureless prosthesis provides optimal sealing at the annulus with equivalent PVL and central regurgitation extent rates compared to sutured valves. Sutureless valves are therefore a reliable and essential technology within the modern therapeutic possibilities to treat aortic valve disease.

Keywords: aortic stenosis, aortic valve replacement, sutureless aortic valves, stented bioprostheses, randomized trial


INTRODUCTION

Aortic valve stenosis is the most common valvular heart disease in adults. The early recognition and management of this pathology are very important because untreated asymptomatic and symptomatic severe diseases result in poor outcomes if managed with conservative treatment. In these patients, therefore, aortic valve replacement (AVR) represents the treatment of choice (1–4). New prostheses have been developed to minimize the surgical risk in patients with multiple comorbidities and to reduce operating times. Sutureless prostheses have shown promising results in terms of mortality, morbidity, and hemodynamic performance (5–7). Several studies have demonstrated that sutureless valves decrease the cardiopulmonary bypass (CPB) and aortic cross-clamping (ACC) times, facilitating minimally and conventional invasive cardiac surgery (5–8), but no randomized controlled trials have directly compared this technology with traditional stented valves (9). Recently, the Perceval Sutureless Implant vs. Standard AVR (PERSIST-AVR) trial has been published with overall 1-year results demonstrating no substantial difference between sutureless vs. conventional tissue valves for isolated or combined surgical AVR (SAVR) (10, 11). The present study addressed the hemodynamic performance at 1 year in the sutureless and the stented-valve groups, in a limited patient subgroup analyzed by the enrollment sites and by an independent echo core lab.



METHODS

Details about the design of the PERSIST-AVR trial have been previously published (10). The PERSIST-AVR trial is a multicenter, prospective, randomized, open-label, noninferiority trial with an adaptive design, conceived to demonstrate the noninferiority of the Perceval sutureless prosthesis compared with standard stented aortic bioprostheses in patients with severe symptomatic aortic valve stenosis. The study was approved by the local Ethical Committees and Institutional Review Boards (IRB: local no. METC151138, national no. NL56524.068), and the participants gave written informed consent before enrolment in the study.

From March 2016 to September 2018, adult patients with severe symptomatic aortic valve stenosis who were candidates for isolated or combined SAVR procedure for native aortic valve disease were prospectively enrolled at 47 international centers and randomized (1:1 blocked randomization) with the Perceval sutureless valve (Perceval, Corcym S.r.l., Saluggia, Italy) or a standard stented aortic bioprosthesis (selected on the basis of surgeon's discretion).

Clinical and echocardiographic follow-up was performed at hospital discharge, between 1 and 3 months, and at 1 year. Site-reported echocardiographic examinations were collected and, in addition, a subgroup of the trial population had a complete echocardiographic examination independently assessed by a Core Lab (MedStar Health Research Institute, Washington D.C., USA) for the evaluation of the hemodynamic performance. Peak and mean aortic gradients were obtained by using Continuous Wave Doppler (CW) using the simplified Bernoulli equation.


Statistical Analysis

Analyses were conducted on the per-protocol population (excluding patients with Major Deviation) (10, 11) with Core-lab assessed data.

Descriptive statistics have been calculated, using as reference the number of subjects in the relevant analysis population according to the nature of each parameter as follows: categorical variables are reported as absolute and relative frequencies; for quantitative (continuous) parameters, a number of subjects with available and missing data, mean, standard deviation (SD), median, quartiles (Q1-Q3), and extreme values [Minimum; Maximum] are reported. The aortic mean and peak pressure gradients (P2) were also analyzed considering the left ventricular outflow tract (LVOT) gradients (P1) and calculated using the modified Bernoulli equation (P2-P1).




RESULTS

A total of 914 patients were enrolled, and 910 underwent randomization at 47 international centers. The population in the primary outcome analysis (per protocol) involved 819 patients, 407 in the sutureless group and 412 in the stented group (11).

The subgroup of the trial per-protocol population with complete echocardiographic examination independently assessed by a Core Lab comprises 71 patients implanted with Perceval sutureless prosthesis and 82 implanted with a stented valve; patients were selected according to the site capability to follow the echo core lab protocol by the study.

Preoperative patient profiles and operative characteristics demonstrated no differences in pre-operative risk (EUROSCORE II/STS SCORE) and baseline characteristics between patients implanted with the Perceval sutureless prosthesis and the stented valve cohorts (Tables 1, 2). A mini-sternotomy approach was used in 49.3% of the Perceval group and 51.2% of the stented group; the number of concomitant procedures was also well balanced between the two cohorts (Table 3).


Table 1. Patients' baseline characteristics.
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Table 2. Preoperative echocardiographic features.
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Table 3. Intraoperative characteristics.
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The site-reported hemodynamic data of the stented valves and sutureless valves were comparable at one-year follow-up (Table 4).


Table 4. Hemodynamic data up to 1-year visit (site-reported).
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These results at 1 year are confirmed in the subgroup of core-lab assessed echo (Table 5), with an average mean and peak gradient at 1 year of 12.8 ± 5.7 and 21.5 ± 9.1 mmHg for sutureless AVR (Su-AVR), and 13.4 ± 7.7 and 23.0 ± 13.0 mmHg for SAVR. Valve effective orifice area was 1.3 ± 0.4 and 1.4 ± 0.4 cm2 at 1 year for Su-AVR and SAVR. These improvements are observed across all valve sizes (more details in the Supplementary Material). At 1-year evaluation, 91.3% (n = 42) of the patients in the Su-AVR group and 82.3% in the SAVR group (n = 51) were free from paravalvular leak (PVL), while 87.0% (n = 40) of the patients in the Su-AVR group and 82.3% in the SAVR group (n = 51) were free from a central leak. The rate of mild PVL was 4.3% (n = 2) in the Su-AVR and 12.9% (n = 8) in the SAVR group, respectively.


Table 5. Hemodynamic data up to 1-year visit (core-lab assessed).
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DISCUSSION

This is a sub-analysis of the first randomized, controlled study (PERSIST-AVR trial) comparing sutureless vs. conventional stented bioprostheses for isolated SAVR (10, 11). On-site and core-lab echocardiographic findings, in a limited patient subgroup, were assessed and compared regarding hemodynamic performances and prosthesis-related regurgitation. The primary endpoint of this study demonstrates that the hemodynamic data of stented valves and sutureless valves were comparable up to 1-year follow-up, showing a stable reduction of mean and peak pressure gradients through 1-year follow-up. Furthermore, as a secondary endpoint, no difference in terms of para-valvular or central valve regurgitation was found between groups.

The use of sutureless bioprostheses has been widely reported to reduce procedure times in aortic valve replacement, both with conventional or minimally invasive approaches (6–8). Despite the extensive experience with Su-AVR (5–8, 12), no randomized, prospective, controlled studies have been performed comparing conventional vs. sutureless-based AVR. Based on this lack, the PERSIST-AVR trial, consisting of a prospective, randomized controlled study in patients undergoing isolated AVR or combined procedure with sutureless or stented bioprostheses, was conducted in 47 centers worldwide (10). The one-year results have shown non-inferiority between Su-AVR and SAVR regarding Major Adverse Cardiac and Cerebrovascular Events (MACCE) at 1-year follow-up (11). However, besides general and main clinical outcomes, several other aspects have been addressed by the PERSIST-AVR trial, including valve hemodynamic assessment at discharge and during the follow-up, with programmed postoperative consultation (10). These investigations included valve-related hemodynamic assessment, also addressing the incidence and extent of implanted bioprosthesis-related regurgitation, already highlighted by the Registry-based analysis (9). Indeed, as well-known, trans-catheter valves, due to the lack of suture-based implantation, may experience the presence of various ranges of valvular regurgitation, mostly para-valvular, but also centrally located. This complication has affected mainly percutaneous trans-catheter valve implantation but has been observed also in the surgical approach with rapid deployment and sutureless prosthesis (9). The reasons for such post-implant regurgitation account for the presence of uneven surface that can lead to PVL or for an incomplete annular sealing due to incorrect valve sizing and also partially retained and unresected calcification (in Su-AVR procedures) (13, 14). As a matter of fact, such a hemodynamic dysfunction has never been shown to be of substantial importance after Su-AVR, but a large Registry analysis has recently shown not-reassuring data about this phenomenon in sutureless valves. The present analysis demonstrated that sutureless valve implantation is associated with a similar rate and extent of either paravalvular or central regurgitation compared to stented bioprostheses. A recent study (6) demonstrated satisfactory hemodynamic performance with the Perceval sutureless bioprosthesis with a stable reduction in gradients in all valve sizes and a stable increase in the valve-effective orifice area, with significant regression in the left ventricular (LV) mass throughout the 5 years of follow-up. Moreover, a low incidence of PVL was reported, showing that the sutureless valve ensures correct sealing at the level of the aortic annulus. Similar results have also been shown (8) in a huge cohort of patients treated with Perceval sutureless prosthesis implanted through a right anterior mini-thoracotomy approach. Mean pressure gradients and LV mass, as well as the diameters, decreased significantly from preoperative values to follow-up. Moderate PVL occurred in one patient only from the sub-group, without hemolysis or symptoms, and therefore not requiring treatments.

Same excellent hemodynamic performances are coming from the largest single-center cohort of patients with the Perceval sutureless bioprosthesis. The mean pressure gradient, the LV ejection fraction, and mass decreased significantly from the preoperative value to follow-up (p < 0.001). Moderate paravalvular leakage occurred in only 3 patients without hemolysis who did not require any treatment; while the other 2 patients with paravalvular leak were reoperated for incomplete expansion of the bioprosthesis (12).

Regarding the overall hemodynamic performance, the PERSIST-AVR findings, at 1-year from the surgical procedure, have shown an effective reduction of transvalvular aortic gradients, with a progressive improvement from hospital discharge to 1-year follow-up, and no significant difference between the sutureless and the sutured groups.

The use of core-lab investigation may play a critical role in such investigations, providing an independent assessment from individual site analysis. The analysis of a subgroup of PERSIST-AVR patients with such an independent assessment showed, notably, no difference, also in terms of prosthesis-related leakage, either paravalvular or central.

Continued investigations are warranted to further and more thoroughly explain these outcomes in the sutureless valve cohort.


Limits of the Study

The findings of this controlled, randomized study were obtained through a multicenter, worldwide study representing a wide clinical experience. The choice of the stented valve was at the discretion of the operating physician, and the surgical techniques or influence of specific tissue valves employed was not considered in this sub-analysis, for which a limited number of patients were enrolled. Furthermore, the original study was not powered for this ad hoc analysis, and a limited number of patients were included in the core-lab assessment.




CONCLUSION

This study showed comparable 1-year hemodynamic performances in the sutureless and stented-valve groups, confirmed by an independent echo core lab. Perceval sutureless bioprosthesis provides optimal sealing at the annulus site with equivalent PVL rates of sutured valves. Sutureless valves are a reliable and essential technology in modern therapeutic options for the treatment of aortic valve disease. No difference was found with regards to central or paravalvular regurgitation, although a favorable trend was shown in the sutureless valve, indicating a correct sealing at the aortic annulus.
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Severe tricuspid valve regurgitation has been for a long time a neglected valve disease, which has only recently attracted an increasing interest due to the notable negative impact on the prognosis of patients with cardiovascular disease. It is estimated that around 90% of tricuspid regurgitation is diagnosed as “functional” and mostly secondary to a primary left-sided heart disease and, therefore, has been usually interpreted as a benign condition that did not require a surgical management. Nevertheless, the persistence of severe tricuspid regurgitation after left-sided surgical correction of a valve disease, particularly mitral valve surgery, has been associated to adverse outcomes, worsening of the quality of life, and a significant increase in mortality rate. Similar results have been found when the impact of isolated severe tricuspid regurgitation has been studied. Current knowledge is shifting the “functional” categorization toward a more complex and detailed pathophysiological classification, identifying various phenotypes with completely different etiology, natural history and, potentially, an invasive management. The aim of this review is to offer a comprehensive guide for clinicians and surgeons with a systematic description of “functional” tricuspid regurgitation subtypes, an analysis centered on the effectiveness of existing surgical techniques and a focus on the emergent percutaneous procedures. This latter may be an attractive alternative to a standard surgical approach in patients with high-operative risk or isolated tricuspid regurgitation.

Keywords: functional tricuspid regurgitation, right ventricle, annuloplasty, transcatheter approach, prosthetic ring


INTRODUCTION

Right ventricle (RV) overload and tricuspid annular (TA) dilatation have been identified from the outset as the main causes in the pathogenesis of tricuspid regurgitation (TR) following left heart valvular disease (LHVD). The absence of primary abnormalities of the valvular apparatus has led TR, from the earliest studies, to be approached as of a “functional” nature mediated by pressure and volume overload that affect the geometry of RV, right atrium (RA), and TA (1, 2). In a simplistic manner, an inadequate systolic closure in the presence of a structurally normal valvular apparatus may define the functional TR (FTR). The complexity emerges when leaflet coaptation is assessed in the setting of the disease, with different etiological mechanisms, besides LHVD, responsible in triggering annular and/or subvalvular morphological modifications (3). The growing interest for TR and the advances in imaging, three-dimensional (3D) echocardiography and cardiovascular MR (CMR) among others, have allowed FTR to be categorized in more detail. The pathophysiological comprehension of the different TR phenotypes, identified according to the etiological mechanism and the associated natural history, may significantly help clinicians and surgeons in the decision-making.

Indeed, in the setting of LHVD, both the severe mitral regurgitation and aortic stenosis have a high percentage, up to 50 and to 25%, respectively, and the concomitant presence of at least moderate TR, with worsening or late onset of the TR when the solely left heart valvular disease was surgically corrected (4–11).

In the light of these findings, the guidelines, supported by the absence of an increased operative risk, recommend tricuspid valve (TV) surgery during the surgical management of left-sided disease, with an improvement in RV function and functional status, if the disease is not very advanced (12).

In contrast, knowledge about the natural history and the timing of intervention in isolated TR remain poor because its clinical onset usually occurs in an advanced stage of the disease, which may increase periprocedural morbidity and mortality (12). Moreover, there is also scarce evidence on the role and timing of TV surgery and newer transcatheter repair approaches.



PATHOGENESIS OF FTR

In the pathogenesis of FTR, valvular coaptation results impaired due to mainly two mechanisms: TA dilatation with distortion of its morphology and restricted motion of leaflets caused by increased tethering.

Due to the peculiar anatomy of TV, when the functional dilatation of TA occurs, typically, the septal portion is spared, involving the anterior and the posterior leaflet attachment. Thus, the normal “saddle-shaped” structure is altered toward more circular and planar geometry (3).

The magnitude of annular dilatation correlates with greater degrees of TR and, in particular, the threshold beyond which coaptation results significantly inadequate is notably lower than for mitral regurgitation, with 40 rather than 75%, respectively (13, 14).

Therefore, the loss of coaptation is importantly influenced by the dilatation and distortion of TA, often coexisting with leaflets pulled down the annular plane due to increased tethering. In this latter case, anterior and posterior papillary muscles (PMs) are displaced due to RV cavity change in size and shape (15).

An in-vitro study that simulated annular dilatation and PMs displacement showed that when considered alone, both the conditions may lead to significant FTR (14). This finding highlights the importance of carefully studying the primary disease processes that cause FTR.

According to the recent literature, FTR may be classified as secondary to:

• Left heart valvular disease.

• Right heart dysfunction (RHD) with or without pulmonary hypertension (PH).

• Right atrium enlargement and dysfunction.

In the majority of FTR cases, the primary triggering condition is LHVD, mainly chronic mitral regurgitation followed by aortic valve stenosis and mitral valve stenosis (16, 17).

The different causes of FTR determine significant anatomic differences in RV, TV, and TA anatomy.

Interestingly, FTR secondary to PH, mainly associated to LHVD or in the setting of primary PH due to pulmonary disease such as chronic pulmonary embolism among others, showed only mild annular dilatation, but excessive valve tenting height with a conical deformation of RV (16).

The progressive RV dilatation, promoted by the relative lack in muscular tissue of RV, due to the increased afterload, is triggered by PH. Different studies have demonstrated the role of PH as a determinant of FTR severity; in a vicious circle, the chronic pressure and volume overload increase leaflets tethering, ultimately worsening TR (18).

Besides the absolute value of pulmonary artery systolic pressure in defining the severity of the PH, the onset of significant FTR is strongly associated with right heart remodeling (19). Indeed, in the absence of PH, RV dysfunction due to ischemic injury or cardiomyopathy may lead to adverse remodeling, PMs displacement, and increased leaflets tethering, causing FTR (20).

On the other side of the spectrum lesions, FTR with a larger basal deformation of the RV and a lower annular/leaflet coverage ratio due to greater annular dilatation, typically occurs due to RA enlargement and dysfunction (16).

Atrial FTR (AFTR) was for long time called idiopathic FTR, so categorized due to the absence of any obvious cause; recently, its accurate study has allowed to revise the pathophysiological classification, awarding to the RA a primary role as its main determinant (17, 21–23).

Indeed, current literature has emphasized the underappreciated issue associated to the atrial failure and its prognostic implication in worsening natural history of heart failure among others (24).

Atrial FTR reflects the TV leaflets malcoaptation because of the imbalance between TA and leaflets area, caused by RA enlargement and dysfunction.

The advanced age and the presence of persistent/permanent atrial fibrillation (AF) are typically associated to the AFTR, reflecting as common denominator of the atrial contractile dysfunction (21, 23). In particular, the onset of AF may modulate myocytes action potential and calcium release from the sarcoplasmic reticulum; regardless by AF, in the elderly, the frequent diastolic dysfunction may lead to an increase in atrial pressure and atrial stretch (25, 26).

In the study of Utsunomyia et al. (27), who compared subjects affected by AFTR and ventricular FTR, the assessment of the RA remodeling has allowed to conclude that RA volume and its ratio with RV end-systolic volume are independent predictor of TA volume in AFTR.

Interestingly, they stratified AFTR according to severity of regurgitation in severe and massive/torrential TR, showing in this latter more complex lesions with excessive TA dilation associated to different degrees of leaflets tethering (27).

What emerges by the afore discussed categorization is a strong association between RV, RA, and valvular changes and in the light of this complex interaction, FTR may be interpreted as a complex syndrome with multifaceted spectrum of pathogenesis, natural history, and outcome.

Therefore, the qualitative evaluation of FTR based on pathophysiological categorization should be integrated with quantitative measurements and parameters exploited by imaging to improve the decision-making process and offer individualized management for our patients.



DIAGNOSTICS


Echocardiography

The first-line imaging recommended in the assessment of TR is the transthoracic echocardiography, which is useful to provide information regarding to the main determinants of the disease and to estimate its severity.

In the setting of FTR, the assessment of TV anatomy, in order to exclude any structural abnormalities, anticipates the measurement of TA diameter, RV size and function, RA size, and the estimation of pulmonary artery pressures (PAPs) (28).

The measurement of TA diameter has represented the critical component univocally used to guide the procedural planning of TV intervention. The cutoff value of 40 mm or 21 mm/m2 indexed for the body surface area has been established and still used as threshold in surgical decision-making to approach TV in concomitant procedures. Nevertheless, the two-dimensional (2D) echocardiographic measurements fail to consider the 3D nonplanar structure of TA and in addition the interindividual variability. In comparison, 3D echocardiography, obtained by the transthoracic window rather than the transesophageal one because of the better visualization, is significantly less influenced by TA shape and orientation (28).

The comprehensive study of RV size and function has notably implications in the accurate categorization of FTR and it has an important prognostic value (29). Indeed, the geometrical modification of the right chamber may be influenced by primary abnormalities in the setting of RHD and indirectly due to LHVD, leading to elliptical/spherical shape and increased leaflets tethering.

The evaluation of RV size and function is a key determinant of prognosis and potential intervention in patients with TR. RV evaluation with echocardiography is challenging due to the complex 3D geometry of the RV. Typically, the first approach to the RV includes RV size estimation from the four-chamber view, evaluating its diameter at the basal level (normal up to 42 mm) and also its relative size as compared to the left ventricle (LV) (the normal RV is always smaller than the LV). Qualitative estimation of RV systolic motion from this view also provides a first impression of RV systolic motion. Longitudinal shortening of the basal segments is the main contributor to global RV function; therefore, the assessment of global function can also be provided by measuring the tricuspid annular plane systolic excursion (TAPSE) from M-mode scans through the TA in the four-chamber view (abnormal below 17 mm). Determination of peak systolic annular velocity (S wave from tissue Doppler imaging of the tricuspid annulus) also provides a global index of RV systolic function (values below 11 cm/s indicate systolic dysfunction). However, both the TAPSE and annular S wave values are influenced by loading conditions. Volumetric methods to assess RV ejection fraction are cumbersome by using 2D echocardiography due to the particular geometry of the RV and, therefore, 3D echocardiography, despite limited by visual quality and spatial resolution, is preferred. In the absence of 3D echocardiography, RV fractional area change obtained from the planimetry of the endocardial border of the RV performed in the four-chamber view and its relative change in systole and diastole is typically used to assess RV systolic function. Finally, myocardial deformation imaging determining global longitudinal strain of the RV is another essential tool in the evaluation of RV systolic function that can be successfully obtained with echocardiography. Typically, the free wall RV global strain is obtained from the four-chamber view with normal values above 20% or even higher in the presence of volume overload such as the case of patients with TR. This parameter has shown added prognostic value in several clinical settings such as cardiogenic shock and PH (30, 31).

The extent of leaflet tethering (including the measurement of tethering distance, area, and volume), the mode of leaflet coaptation, and the RA size offer supplementary information regarding the natural history of the FTR, allowing to stage the severity of the disease according to the complexity of lesions (28).

Besides the qualitative description improved by the use of 3D echocardiography (Figure 1), the severity of TR needs to be related to quantitative parameters, in order to make reproducible its staging. The measurement of the diameter of the vena contracta of the regurgitant jet and the tricuspid effective regurgitant orifice obtained by the proximal isovelocity surface area (PISA) method are the largely used parameters. The cutoff used to estimate the severity of TR is similar to those identified for mitral valve regurgitation, with 0.70 cm and 0.40 cm2, respectively, for the vena contracta and for the effective regurgitant orifice area, as threshold to quantify severe TR.


[image: Figure 1]
FIGURE 1. Three-dimensional (3D) echocardiography of the tricuspid valve with front view, from the right atrium in diastole and systole where the central coaptation defect (yellow arrow), due to annular dilation, is seen.


Several issues affect the staging role assigned to these quantitative values; in particular: the anatomical difference existing between TV and its left counterpart, associated to the higher respiratory function and loading variability. The 3D echocardiography allows to partly overcome the anatomical disagreement, even though failing to solve the limitations related to the assessment of a single frame developed on a tomographic plane in the setting of a variable dynamic disease (28, 32).



Cardiac Magnetic Resonance

Patients with TR are a heterogeneous population at different stages of right heart remodeling. CMR is the gold standard imaging technique for the quantitative and qualitative assessment of the heart, particularly the RV morphology and function and, indeed, it has diagnostic value and it can provide valuable information to improve the decision-making process on the management of TR (Figures 2A,B) (33).


[image: Figure 2]
FIGURE 2. Cardiac magnetic resonance (CMR) imaging assessing ventricular volumes (A) and four-dimensional (4D) flow image evaluating tricuspid regurgitation (TR) (red arrow) (B).


Cardiac magnetic resonance allows a comprehensive assessment of FTR, starting from the qualitative visualization of valve regurgitation with flow turbulence and acceleration visualized in the cine images as an area of local signal drop. The qualitative grading has shown a moderate correlation with the quantitative assessment, although influenced by different limitations such as the difficult arising from the correct visualization in presence of pacemaker leads and the bias associated to various technical factors.

The more accurate quantitative measurement, although limited by existing validated cutoff and, therefore, the still poor experience, allows to calculate the regurgitant volume (RVol) through TV with both the indirect and direct methods. In the first case, RVol is derived from the right ventricular volumetric stroke volume, demonstrating to be a good prognostic predictor in patients underwent to the surgical management of isolated TR.

In contrast, the direct calculation of RVol depends by the flow assessment through the valve, but it is still challenging due to intrinsic factor associated to the atrioventricular annuli (34).

Moreover, the determination of the RV morphology and RV cavity size assessed by CMR cine-sequence images has been proved to have prognostic value in different clinical settings (35, 36). Recently, Iacuzo et al. (37) have highlighted the fundamental role that TA plays in the surgical decision to perform preventive combined TV annuloplasty in patients with mitral valve prolapse. They found that the best cutoff for the prediction of RV dysfunction in these patients is a TA diameter index value of 19 mm/m2 measured by CMR, beyond which combined TV annuloplasty should be considered.

Besides heart cavities assessment, CMR can also accurately evaluate the pulmonary vasculature and it has been proposed as an alternative to invasive right heart catheterization and echocardiography in assessing pulmonary circulation hemodynamics and to estimate pulmonary vascular resistance (6). The CMR-derived model was estimated as: pulmonary vascular resistance [in Wood units (WUs)] = 19.38 – [4.62 × Ln pulmonary artery average velocity (in cm/s)] – [0.08 × RV ejection fraction (in %)] (24). This CMR method to noninvasively estimate pulmonary vascular resistance has been used in patients with PH and also in patients with heart failure and reduced LV ejection fraction (EF), in whom pulmonary vascular resistance > 5 WU was associated with an increased risk of adverse events at 9 months follow-up (38, 39). Based on all this, we believe that this CMR method could also be integrated in the global evaluation of the RV in the setting of FTR in order to better understand if the RV contractile reserve is struggling to maintain output against an increased afterload, a finding which, indeed, previous studies have shown that entails a poor prognosis (39).

Additionally, myocardial strain has received growing interest as an alternative measure of myocardial performance since it has proven to better recognize and characterize subclinical biventricular systolic dysfunction as compared with conventional imaging modalities based on EF (40, 41). In fact, it is well known that impairment in the longitudinal deformation precedes the reduction in EF, giving rise to subclinical pump impairment in most heart diseases (42, 43). CMR feature tracking (FT) allows the assessment of strain from routine cine images and besides its diagnostic value, it might also have a prognostic value in patients with TR. Recently, Romano et al. (44) found that RV longitudinal strain assessed by CMR-FT is an independent predictor of mortality in patients with severe FTR, incremental to common clinical and imaging risk factors.

Better identification of high-risk patients that benefit from a closer follow-up together with the implementation of a global RV imaging evaluation that includes the assessment of estimated PVR and the early detection of RV dysfunction by using FT may potentially play a role in determining optimal timing of intervention of patients with FTR.




THERAPY

A recent growing surgical interest in the management of FTR has reversed course, polarized in the past by the wrong concept of disease regression after properly solving LHVD (1).

The consequence of the less attention received rather than for mitral valve regurgitation has been easily translated in a still lacking surgical experience in offering a targeted approach.

Although, in absence of a clear evidence demonstrating superiority of one surgical approach over others, TV repair, mainly annuloplasty, represents the preferred options in the management of FTR. A growing interest emerged at the end of 90' in various minimally invasive and video-assisted surgical approaches (45–50). TV replacement may be a viable option when risk for TR recurrence after repair is considered too high.

A great challenge, in the surgical decision-making, is represented by the management of electrical conduction abnormalities in concomitance with TR, which can facilitate the need for pacemaker implantation in the postoperative period. An accurate evaluation of the possibility to implant epicardial leads is necessary in order to reduce the risk of TR recurrence mainly due to prosthesis leaflets damage following the traditional leads implantation.

In this paragraph, we review the most commonly TV repair techniques to offer a focus insight into the future perspectives of surgery in the management of FTR in the era of transcatheter approach. Tables 1, 2 summarize, respectively, the main characteristics of the principal FTR surgical techniques and the transcatheter devices.


Table 1. Summary table with the description of the principal surgical technique in the correction of the functional tricuspid regurgitation (FTR).
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Table 2. Summary table with the description of the more used transcatheter technique/device of tricuspid valve intervention.
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Tricuspid Valve Annuloplasty Techniques and Outcomes

The cornerstone of the TV repair techniques has found its foundation in counteracting the dilatation of TA, with annuloplasty being the most widely used approach.

First, the way of the annular plication was undertaken following the concept of the suture bicuspidization. The posterior annular portion of TV, being the less unsupported segment of TV ring, dilates achieving up to 80% from its normal dimension in the setting of FTR. This anatomic finding was at the basis of suture bicuspidization technique (51). The technique, initially described by Kay et al. (52) and then modified by Ghanta et al. (53), consists in placing a double pledget-supported mattress suture from the anteroposterior to the posteroseptal commissure, resulting in a posterior suture bicuspidization.

Although highly reproducible, the tension created by the suture lines and the high technical failure associated to severe TA dilatation have limited the use of the suture annuloplasty toward alternative strategies such as the implantation of prosthetic ring or band (54).

De Vega proposed, after understanding the way TA was dilated, a double continuous running suture with the aim to plicate the anterior and the posterior portions of the annulus avoiding the septal due to the lack of distension and to avoid the conduction tissue. Even though this semicircular suture annuloplasty was initially designed for rheumatic TV disease, it reached a great success in the management of FTR, mainly because it was safe, effective, at least in the short term, easily reproducible, and cheap (54, 55). Nevertheless, even if a series of De Vega annuloplasty modifications has been developed in order to avoid suture tear and massive TR, this phenomenon, called “bowstring,” was rather frequently reported after suture annuloplasty (54).

The technical aspects of the various De Vega annuloplasty modifications followed the rationale to achieve better coaptation, reduced annular dimensions, and a better distribution of forces along the suture in order to prevent tear in the endocardium (56–60). The absence of constant mid- and long-term follow-up has limited a wider reproducibility of some of these techniques.

Alain Carpentier, emphasizing the criticisms associated to the principles of the suture annuloplasty, proposed the use of suitably sized and shaped prosthetic rings. In the former, the asymmetric placement of the sutures results in localized plication and in variable degrees of functional stenosis. On the contrary, the rationale for the implantation of a prosthetic rigid ring was based on the respect of anatomic and physiologic TA geometry, allowing to avoid recurrent dilatation with a nondeformable frame (61).

The Duran-Medtronic totally flexible tricuspid and the Carpentier-Edwards semi-rigid rings were later followed by the flexible Cosgrove-Edwards and Duran-Medtronic bands.

The flexible band was specifically designed on the basis of the improved knowledge regarding dynamic saddle-shaped structure of TA and about its pathological dilatation that involves particularly anterior and posterior segments (62).

McCarthy et al. (63) compared the durability of tricuspid annuloplasty in the management of FTR by using four techniques: De Vega procedure, Peri-Guard annuloplasty, Carpentier-Edwards semi-rigid ring, and Cosgrove-Edwards flexible band. In the long-term follow-up, a substantial worsening in the recurrence of TR was associated to the two nonring annuloplasties. Indeed, along the follow-up, severity of regurgitation increased more rapidly when these procedures were performed, slower with the flexible band and more stable across time with semi-rigid ring. The authors explained the higher recurrence of severe FTR in the gradual redilatation of the TA due to the persistent PH, in the absence of a nondeformable frame.

The superiority of the prosthetic annuloplasty ring, in ensuring a higher durability of FTR correction, a better long-term survival, and event free-survival, was largely demonstrated (64–68).

Nevertheless, the main finding of the retrospective study published by McCarthy et al. (63) was the failure of the tricuspid valve annuloplasty, regardless by the implantation of a prosthetic ring, to consistently counteract functional regurgitation. Even though stable across time, the prevalence of severe regurgitation 1 month postoperatively was 15% for the semi-rigid ring technique. This latter allowed to achieve higher freedom from moderate-to-severe TR when compared with flexible bands (69).

Over the years, a variety of prosthesis for annuloplasty has been presented, notably ensuring improvement in remodeling TV annulus, respecting the 3D anatomical dynamic characteristics. The development of the 3D-shaped prosthetic rings has allowed to resemble more accurately the healthy human TA, reducing the recurrence of the TR in the long-term follow-up, with an incidence reported in a recent study, which compared the use of the Medtronic 3D Contour and the Edwards MC3 prosthetic rings, of almost 15% of TR > 2+, mainly of moderate nature (70, 71). Newer rings are today commercially available, but their long-term outcomes are still to be reported in the scientific literature.



Current and Future Perspectives
 
“Prophylactic” Annuloplasty

The late onset of TR after left-sided surgery, regardless by the presence of preoperative TR, highlights the dynamic nature of TR, which, in contrast with what Nina Braunwald believed, does not regress spontaneously (1). Dreyfus et al. (7) used the annular dimension as target to address TV, including patients only with none or mild trace of TR. The chosen threshold to manage TV, in the setting of left-sided surgery, was a diameter greater than twice the normal size (i.e., > 70 mm) inspected intraoperatively. The cutoff allowed to divided population study in the two groups of treatment: mitral valve repair (MVRe) alone and MVRe plus tricuspid annuloplasty. This latter group showed better outcomes in terms of late recurrence of TR; postoperative TR grade increased significantly in the group underwent isolated MV surgery (7). These results demonstrated the irreversible progression of annular dilatation, being not influenced by the correction of the LVHD, and introduced the concept of the “prophylactic annuloplasty”.

The echocardiographic equivalent of the intraoperative threshold has been identified in 40 mm. Tricuspid annuloplasty was performed, in addition to left-sided surgery, in patients with TA dilatation more than 40 mm, independently by the grade of TR, in a cohort of 43 patients in the study published by Van de Veire et al. (6).

The authors analyzed retrospectively two cohorts temporally distinct, with the introduction of the “prophylactic annuloplasty” in the management of FTR in the more recent group of patients. A significant decrease of TR, transtricuspid gradient and a reduction of the RV volumes leading to reverse remodeling were observed (6). These findings have been confirmed by other studies (72, 73). The satisfactory outcomes achieved and the low in-hospital mortality and morbidity associated to the TV annuloplasty, although increasing operation time, promoted this preventive treatment to become recommended, according to the valvular heart disease guidelines, during left-sided surgery (74, 75).

Benedetto et al. (72) observed, at 12 months follow-up with preoperative TR ≤ 2+, no cases of moderate-to-severe TR in the group, which underwent tricuspid annuloplasty vs. 28% in the control group (isolated MV surgery).

Interestingly, the subgroup analysis demonstrated an advantage of TV annuloplasty toward TR caused by rheumatic or ischemic injury, failing to show significant benefits in degenerative etiology. The authors explained the ineffectiveness of the additional treatment identifying some predisposing risk factors such as worse functional class and the presence of AF, responsible of long-standing RV pressure overload.

In addition, the high variability correlated to the broad range of degenerative disease raised various questions about the predictivity of TA diameter as a valid cutoff for decision-making (76).

Although tricuspid annuloplasty represents a coherent surgical approach in counteracting TA dilatation in the early stage of disease when LVHD correction is performed, a single threshold in the setting of a multifaceted syndrome is a limitation in achieving excellent results. Studies, tailored on the different etiology and pathophysiology, designed in order to identify targeted parameters, are mandatory.



Valvular and Subvalvular Repair Techniques

The wrong assumption that TA dilation is always the primary cause of leaflet malcoaptation and that TV annuloplasty is able to correct FTR counteracting also leaflet tethering, is generally incorrect; in fact, there is a high early residual rate of TR when tethering is excessive (76). Indeed, Fukuda et al. (77) have demonstrated the role of TV tethering in predicting residual TR early after surgery; in particular, identifying as significant values: tethering height > 0.76 cm and tethering areas > 1.63 cm2.

Therefore, the geometry of the TV can vary according to the major determinants of its severity, TA dilatation, leaflet tethering (particularly of the septal leaflet), and the grade of PH, designing a complex variety of lesions (78).

In such cases, additional surgical strategies in order to improve results of TV repair are necessary, allowing to reduce early technical failure and TR recurrence.

Surgery at subvalvular level with PMs approximation has demonstrated to be effective in reducing TR independently by the use of tricuspid annuloplasty and it is able to promote changes in the RV geometry leading to reverse remodeling. The technical aspects of this surgical strategy are based on the approximation of the anterior PM, attached to the RV free wall and more prone to displacement, toward the interventricular septum (79).

Excellent outcomes have been achieved by using PMs “septalization” in the management of the massive FTR caused by distorted geometry of the TV and adverse remodeling of the RV (80–83).

In the setting of severe tethering, the restricted mobility leads to the failure of the leaflets in covering the whole orifice; leaflet augmentation using an autologous pericardial patch found its rationale in this concept. Dreyfus et al. (84) promoted to use this technique when annuloplasty ring alone is not adequate to impact significantly on the TR when a tethering height <8 mm has been assessed during preoperative echocardiography. The increase of the surface area of coaptation, combined with TV annuloplasty allows to counteract FTR caused by complex lesions, accomplishing excellent short-term results (85, 86). Stiffness of the pericardial patch and retraction have been mentioned as potential long-term limitations.



Transcatheter Approaches

The great technological improvements and the experience achieved in the field of the transcatheter repair or replacement of the aortic and mitral valves have accelerated the use of the transcatheter tricuspid valve interventions (TTVIs) in high-risk surgical patients. The possibility to recur to a less invasive surgical option of treatment, in particular in selected patients such as who underwent to previous TV surgery, allows to reduce the high incidence of postoperative mortality and morbidity associated to the reintervention. Nevertheless, the lack of a complete understanding of the role and timing of the TV surgery represented a limitation in allowing a standardized management (87).

A broad armamentarium including multiple devices aimed to repair and replacement has been developed in the field of tricuspid disease.

Transcatheter TV replacement includes the orthotopic implantation of a prosthetic valve in the tricuspid location or the heterotopic implantation of prosthetic valves in the vena cava. These approaches are particularly limited to the patients with degeneration of previous TV correction (repair or replacement) and particularly for those with very advances stages of TR where repair is not going to provide a durable solution (88, 89).

The coaptation and annuloplasty devices represent other available options of the transcatheter TV repair.

The MitraClip system (Abbott Vascular, Santa Clara, California, USA) has found in the TriClip system (Abbott, Chicago, Illinois, USA), the corresponding leaflets coaptation device. In particular, the edge-to-edge repair of the TV with the TriClip system (Abbott, Chicago, Illinois, USA) or the Pascal system (Edwards Lifesciences, Irvine, California, USA) is the most largely performed coaptation technique (Figure 3), with retrospective and prospective analysis that demonstrated a reduction in TR and improvement in the functional class (90, 91). The Triluminate Pilot Study (92) prospectively enrolled symptomatic patients with TR ≥ 2 not suitable for surgery, to evaluate the safety and performance of the TriClip device at 1-year follow-up. The durability of the TriClip system in the follow-up was sustained with the 87% of patients that experienced a TR reduction of ≥ 1 grade, with torrential or massive TR less prone to achieve a satisfactory correction rather than severe TR. Besides TR grade reduction, which remained stable across the follow-up, significant improvements in the clinical status, quality of life, and hospitalization rate have been achieved, further showing reverse RV remodeling (93). Although the results promise well, study limitations such as the small sample size and the exclusion of patients with severe PH or high coaptation gap make necessary large randomized controlled study, which are currently being performed in the currently including phase of the Triluminate Pilot Study where patients are randomized to receive either medical treatment or edge-to-edge repair with the TriClip system.


[image: Figure 3]
FIGURE 3. Transesophageal echocardiography imaging and pre- and postoperative assessment of TR after transcatheter edge-to-edge repair (TEER).


On a scaled-down, the early feasibility of other TTVR system, conceptualized in order to improve the leaflet coaptation, has been achieved in smaller sample size with the Forma system (Edwards Lifesciences, Irvine, California, USA). The regurgitant orifice area results reduced with a balloon spacer anchored to the RV apex (87, 94). Besides the limited early good results, the invasiveness of the device raised different perplexity mainly in the setting of unsuccessful procedure.

On the other hand, the suture annuloplasty devices, Trialign (Mitralign Incorporation, Tewksbury, Massachusetts, USA) and Tricinch (4Tech Cardio Ltd., Galway, Ireland, UK), provide to counteract TA dilatation, reducing the orifice dimension with a system of anchors placed on the anterior and posterior segments (95, 96).

The release of annuloplasty ring devices was performed by using the Cardioband system (Edwards Lifesciences, Irvine, California, USA) and the Millipede IRIS system (Millipede Incorporation, Santa Rosa, California, USA). At early follow-up, the impact on TR and clinical status was promising in high-risk surgical patients deemed inoperable, including those who underwent prior surgical repair showing residual or recurrent TR.

The analysis of data collected on patients undergoing any type of TTVI (>70% transcatheter edege-to-edge repair) in multiple centers in Europe and North America was performed by Taramasso et al. (83), showing a superiority at 1-year follow-up of transcatheter approach vs. medical management, when procedure results successful. The population study was composed by high-risk surgery patients with FTR in the majority of cases (95.2%). The main outcomes achieved by the study were low mortality, high procedural safety, and significant improvements in the functional class at early- and mid-term follow-up (97–99).

Nevertheless, similar outcomes to those managed medically have been showed in patient with unsuccessful TTVI. Interestingly, a coaptation depth > 1 cm has been identified as predictive of technical failure, suggestive of excessive valve tethering and RV remodeling, expression of the late phase of disease (85). The development of new transcatheter prosthesis will probably address these stages of the disease.

Percutaneous or transthoracic insertion of a bioprosthesis to replace the nonrepairable TV has been attempted in several patients successfully. Sizes up to 54 F required are indeed a limitation to solve in coming years (100).

These findings emphasize the necessity to improve knowledge regarding FTR pathophysiology, in order to better understand the role of TTVI in the natural history of the disease.





CONCLUSION

The concept of TV as a passive bystander to the LHVD should be abandoned. FTR is a multifaceted disease, including a broad spectrum of lesions. The technological advances in cardiac imaging with the use of 3D echocardiography and CMR have restored notoriety to the study and management of the FTR and may ensure to accurately categorize FTR phenotypes and establish quantitative parameters useful to guide clinicians and surgeons.

Annuloplasty has demonstrated to be limited to address FTR in its early stage with the necessity to integrate the repair technique by using a more targeted approach, which ensures an improved valvular coaptation counteracting excessive leaflet tethering. Nevertheless, the use of annuloplasty with prosthetic ring may successfully treat TA dilatation in the setting of mild-to-moderate FTR when left-sided surgery is performed.

Therefore, the role of surgery in the transcatheter era, with TTVI representing a valid option for high-surgical risk patients, depends mostly by the correct understanding of the natural history of disease, with a growing armamentarium of techniques in the surgeon's hands.
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Objective: We have previously reported that human calcified aortic cusps have abundant expression of smooth muscle (SM) markers and co-activators. We hypothesised that cells in bicuspid aortic valve (BAV) cusps and those affected by rheumatic heart valve (RHV) disease may follow a similar phenotypic transition into smooth muscle cells, a process that could be regulated by transforming growth factors (TGFs).

Aims: Cusps from eight patients with BAV and seven patients with RHV were analysed for early and late SM markers and regulators of SM gene expression by immunocytochemistry and compared to healthy aortic valves from 12 unused heart valve donors. The ability of TGFs to induce these markers in valve endothelial cells (VECs) on two substrates was assessed.

Results: In total, 7 out of 8 BAVs and all the RHVs showed an increased and atypical expression of early and late SM markers α-SMA, calponin, SM22 and SM-myosin. The SM marker co-activators were aberrantly expressed in six of the BAV and six of the RHV, in a similar regional pattern to the expression of SM markers. Additionally, regions of VECs, and endothelial cells lining the vessels within the cusps were found to be positive for SM markers and co-activators in three BAV and six RHV. Both BAVs and RHVs were significantly thickened and HIF1α expression was prominent in four BAVs and one RHV. The ability of TGFβs to induce the expression of SM markers and myocardin was greater in VECs cultured on fibronectin than on gelatin. Fibronectin was shown to be upregulated in BAVs and RHVs, within the cusps as well as in the basement membrane.

Conclusion: Bicuspid aortic valves and RHVs expressed increased numbers of SM marker-positive VICs and VECs. Concomittantly, these cells expressed MRTF-A and myocardin, key regulators of SM gene expression. TGFβ1 was able to preferentially upregulate SM markers and myocardin in VECs on fibronectin, and fibronectin was found to be upregulated in BAVs and RHVs. These findings suggest a role of VEC as a source of cells that express SM cell markers in BAVs and RHVs. The similarity between SM marker expression in BAVs and RHVs with our previous study with cusps from patients with aortic stenosis suggests the existance of a common pathological pathway between these different pathologies.

HIGHLIGHTS

- Increased and aberrant expression of SM markers and co-activators was observed in all the BAV and RHV cusps.

- The pattern of expression was diffuse in the RHD and localised around calcified areas in BAV.

- RHV showed expression of SM markers and SM co-activators in both VICs, VECs and vessels, BAV showed expression in VICs and a smaller percentage of VECs.

- Strong HIF1α expression was present in 4 of the BAV and 2 RHV and the pattern of expression did not correlate with SM markers.

- TGFβ1 did not significantly influence SM expression by VECs on gelatin.

- Combined fibronectin coating and TGFβ1 treatment resulted in increased expression of SM markers and myocardin by VECs.

- BAV and RHV cusps demonstrated enhanced expression of fibronectin.

Keywords: rheumatic, bicuspid, valve, endothelial cells, interstitial cells


INTRODUCTION

Bicuspid aortic valve (BAV) has an estimated prevalence of 0.5–2% (1), a male predominance of about 3:1 and is a developmental aberration (2). The valves usually exhibit normal function at birth, however, the development of valve disease is expedited and typically develops at a much younger age than in people with tricuspid aortic valves. BAV complications include moderate to severe aortic regurgitation (prevalence 13–30%), moderate to severe aortic stenosis (12–37%) and aortic dilatation (20–40%) with lower incidences of endocarditis (3). BAVs experience abnormal flow patterns compared to tricuspid valves resulting in higher mechanical stresses on the cusps and together with inflammation and increased lipid deposition, the process of mineralisation is initiated. It is known that BAV has a heritable nature, however, the genetic causes are still unravelling with mutations in NOTCH1 being implicated (4) and a potential role for GATA5 (5).

Rheumatic heart valve (RHV) disease is an autoimmune disease affecting 0.49% of the population in developing countries (6). It is a major problem in sub-Saharan Africa, South Asia and Oceania with an estimated global incidence of 33.4 million cases and 319,400 deaths (7). Heart valve inflammation is thought to be triggered by group A streptococcal pharyngitis and in 3.6% this is followed by acute rheumatic fever (8). Rheumatic fever, if left untreated, can develop into rheumatic heart disease characterised by chronic inflammation, neovascularisation and mild calcification (9). The mitral valve is universally affected, however, concomittant aortic valve disease increases with age (8) and aortic valve pathology is understudied despite its clinical significance. Calcification in rheumatic patients is thought to be actively regulated, not simply dystrophic and warrants investigation.

Despite having different underlying aetiologies, inflammation, remodelling, valvular damage and calcification are common end points in BAV and RHV. The phenotypic changes in the valve interstitial cells (VICs) and valve endothelial cells (VECs) populations in BAV and RHV are poorly defined. Transforming growth factors (TGFs), which exist in three isoforms, TGFβ1, TGFβ2, and TGFβ3, have been implicated to play a role in a number of cardiovascular diseases, including the development of calcific aortic valve disease (10, 11). In BAV, circulating TGFβ1/endoglin has been shown to be upregulated (12, 13), while in RHV, TGFβ1 levels are raised in endothelial cells and SM cells of the vessels, in the perivascular interstitial cells and stroma of the valves as well as α-SMA positive cells in fibrotic areas cusp tissue and in the left atrial appendage of patients in chronic atrial fibrillation (14, 15). One important role for TGFs, together with increased mechanical strain, inflammatory cytokines and activation of Notch1, is to drive the process of endothelial to mesenchymal transformation (EMT) (16–20), which mediates the de-differentiation of endothelial cells into mesenchymal cells. This process has been implicated in the increased number of α-SM actin positive cells in an ovine model of functional mitral valve disease (21).

We and others have previously shown that differentiated cells are present in human calcified valves in the form of myofibroblasts and smooth muscle (SM) cells (22). We hypothesise that the native cell population in BAV and RHV undergo a similar transition process with the expression of SM markers as in aortic valve calcification which can be driven by the effects of TGFs.



MATERIALS AND METHODS

In total, 8 BAV cusps (mean age 26 years, age range 4–31, two females and six males), 7 RHV cusps (mean age 31 years, age range 7–38, one female and six male) and 12 normal aortic valve cusps (mean age 48 years, age range 36–55, eight male, two female) were used for immunocytochemistry and for cell isolation and culture. In total, 7 of the BAVs were calcified, one was fused but not calcified and 4 of the RHVs were calcified.


Cell Isolation and Culture

Healthy human aortic valve cusps were excised and washed in PBS. The valve cusps were incubated in a collagenase solution (Type A, 0.15% w/v; Roche, Life Sciences, South San Francisco, CA, United States) for 10 mins at 37°C under a forceful agitation to remove the VECs. After centrifugation of the solution containing the VECs, the resulting VEC pellets were resuspended in media and plated out in gelatin-coated tissue culture flasks. VECs were grown until confluent in endothelial media, defined as Endothelial Cell Growth Medium 2 (ECGM; PromoCell, Heidelberg, Germany) containing 150 U/ml penicillin/streptomycin (P/S; Sigma Aldrich, Dorset, UK), 2 mM endothelial cell growth supplement, and 20% heat-inactivated fetal calf serum (FCS; Helena Biosciences, Sunderland, United Kingdom). VECs were phenotyped using flow cytometry with antibodies against CD31 and α-SMA (Dako) and cultures with >95% VEC purity were used.

All human studies have been approved by the North London Research Ethics Committee (Ref 10H0724818). These studies have been performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its later amendments. All donors gave their written informed consent prior to their inclusion in the study.



Immunochemistry

Valves were washed with PBS, fixed in 10% formal saline for 24 h, washed in distilled water and immersed in EDTA for 2 weeks at 37°C after which processing for paraffin sections was carried out. Five micrometer thick paraffin wax sections of decalcified human bicuspid and rheumatic valve tissue were dewaxed and rehydrated into water, washed in phosphate buffered saline (PBS) for 5 mins. Consecutive (adjacent) sections were used to allow regional staining patterns to be correlated with all the markers. The slides were immersed in 0.1 M citrate buffer (pH 6) and microwaved for 10 mins before blocking for endogenous peroxidases using 0.3% hydrogen peroxide in PBS. Sections were washed twice in PBS and blocked using 3% bovine serum albumin (w/v) (BSA) in PBS containing 1% v/v Tween-20 followed by staining for: α-smooth muscle actin (α-SMA), smooth muscle myosin heavy chain (SM-MHC), calponin, SM22, CD31, vimentin (all Dako), Runx2 (Abcam), myocardin (Covalab), MRTF-A (Santa-Cruz), fibronectin (Actis), PCNA (Biotechnology), HIF1α (Novus), GAPDH (Chemicon), TGFs (R&D), and TGF receptors (Thermofisher, Hemel Hempstead, UK). Negative controls consisted of 3% BSA in PBS containing 1% v/v Tween 20, isotype controls for the monoclonals and rabbit serum for the polyclonals. Primary antibodies were then removed by washing the sections three times in PBS followed by a second layer of biotinylated goat anti-mouse or swine anti-rabbit immunoglobulins (IgG-Vector laboratories) in PBS. Sections were then washed three times in PBS before 1 h incubation with Avidin-Biotin Complex ABC-Vector laboratories). Reactivity was detected using diaminobenzidine tetrahydrochloride (DAB tablets-Sigma) (25 mg/ml) and hydrogen peroxide (0.01% w/v). Sections were then counter stained with Mayers haematoxylin and viewed on Ziess Axioskop microscope. Photomicrographs were taken using Nikon DMX1200 camera.



Immunofluorescence

Valve endothelial cells were seeded onto pre-coated gelatin or fibronectin coverslips and cultured for 10 days with or without TGFs. For immunofluorescent staining, coverslips were washed two times with PBS, fixed in 4% formaldehyde solution (Sigma Aldrich, Dorset, UK) for 10 mins and washed three times with PBS to remove the fixative solution. The coverslips were permeabilised with Triton-X-100 (0.5% v/v) for 3 mins and blocked for 30 min with BSA (3% w/v) and then incubated with primary antibodies at RT for 1 h. After thorough washing in PBS-Tween (PBS-T; Sigma Aldrich, Dorset, UK, 0.1% v/v), coverslips were stained with FITC-conjugated secondary antibodies (Invitrogen, Inchinnan, UK) for 1 h at room temperature and subsequently with DAPI for 10 mins to visualise the cell nuclei. Coverslips were washed with PBS-T, mounted on glass slides in Permafluor aqueous mounting fluid (Beckman Coulter, Fullerton, CA, United States) and analysed with confocal imaging technology.



Transforming Growth Factors-β Treatment of Valve Endothelial Cells

Valve endothelial cells were grown on coverslips coated with 1% gelatin or 10 μg/mL fibronectin, serum-starved in DMEM containing 0.4% FCS for 24 h before being treated with 10 ng/ml of TGFβ1, TGFβ2, and TGFβ3 (R&D) for 10 days. Cells were washed with PBS and fixed in 4% paraformaldehyde for 10 mins. Staining was carried out as above.



Ethics

This study was approved by the Royal Brompton hospital ethics review board and informed consent was obtained from the subjects.



Statistics

All data was tested for normality and appropriate tests were applied. A fisher’s exact test was performed on actual numbers for Figures 1C, 2G,H, one way ANOVA and Kruskal-Wallis were used to test for significance using GraphPad Prism 5 and a p value of <0.05 was considered significant.
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FIGURE 1. The expression of smooth muscle (SM) markers in a bicuspid aortic valve (BAV) (A) and a rheumatic heart valve (RHV) cusps (B). Expanded panels in red boxes show staining patterns from consecutive sections with negative control (A2-0), SM22 (A1), α-SMA (A2), calponin (A3), and SM-myosin (A4). Expanded panels in red boxes show staining patterns from consecutive sections of B with negative control (B3-0), SM22 (B1), α-SMA (B2), calponin (B3), and SM-myosin (A4). Panel (C) shows graph showing the incidence of aberrant SM +ve staining in BAV and RHV cusps. F and V represent fibrosal and ventricularis side, respectively. Scale bar in expanded panels represents 200 μm. *p < 0.005.
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FIGURE 2. The expression of co-activators myocardin (A,C,E) and MRTF-A (B,D,F) in normal, BAV and RHV cusps. Graph showing the incidence of BAV and RHD cusps positive for aberrant co-activator expression (G) and aberrant expression of co-activators in valve endothelial cells (VECs) (H). Panels (I–L) show colocalization of markers in bottom right panels. No expression of myocardin (red) in a normal cusp in VICs or VECs (#), vimentin (green) present in both cell types (I). RHV valve showing myocardin (red) in the endothelial cells and SM cells of their vasculature, (CD31, green) of the vessels and colocalisation in endothelial cells (J). Some surface VECs of a BAV showing co-expression of myocardin (red) with CD31 (green) (K). RHV showing myocardin (red) and SM-MHC (green) in SM of vasculature and some VICs (left side of vessels) (L). Blue is DAPI staining. Scale bar represents 200 μm. *p < 0.001.





RESULTS


Bicuspid Aortic Valves and Rheumatic Heart Valves Show Aberrant Expression of Smooth Muscle Markers

The expression of SM cells is localised to the base of the ventricularis in normal human cusps (Supplementary Figure 1). Occasionally a few SM cells, by their expression of SM-MHC, can be seen in the region from the base to the central region of the cusps in the ventricularis but hardly any SM cells are detected in the region from the central part of the cusps to the co-apting edge. These SM cells in normal valves express early SM markers such as α-SMA and SM22 and also late SM marker SM-MHC.

The expression of α-SMA, calponin, SM22 and SM-MHC showed mirrored patterns of staining in the same cells and regions of each valve using consecutive sections. This staining was present in clusters of cells of varying numbers predominantly around calcified nodules in BAVs but also distal to calcified zones (Figure 1A). The co-apting edges of the BAVs were markedly thickened and calcified and showed this aberrant expression more frequently than other regions of the cusp. The fibrosa and spongiosa also showed small clusters of cells expressing SM-MHC and other SM markers distal to the calcified region without any signs of calcification or thickening. A band of cells staining positive for SM markers was observed in the fibrosa in 5 BAVs. Cells positive for early and late SM markers were increased in number and present in an atypical, spatiotemporal way in 7 out of 8 of the BAVs (those that were calcified, not in the fused BAV) compared to none of the normal controls (p < 0.005; Figure 1C).

Early and late SM markers showed an extensive increase and atypical expression in all of the RHVs compared to none of the normal controls (p < 0.005; Figure 1C). This was present in a patchy manner without any specific pattern and present in all the layers and from the base to co-apting edge (Figure 1B). A high percentage VICs in the cusps stained positive for SM-MHC and other SM markers. Five of the 7 RHVs revealed the presence of many of neo-vessels which showed expression of early and late SM markers in their vasculature and endothelial lining. Significantly higher numbers of RHVs showed increased SM staining compared to normal controls (p < 0.005). There was no significant difference between the numbers of BAVs and RHVs showing increased SM staining (Figure 1C).



Bicuspid Aortic Valves and Rheumatic Heart Valves Show Expression of Smooth Muscle Co-activators

The SM co-activators, myocardin (Figure 2A) and MRTF-A (Figure 2B) showed no expression in normal cusps except to the base of the ventricularis mirroring the localisation of the SM cells (Supplementary Figure 1).

In total, 6 out of 8 BAVs showed an atypical expression of myocardin (Figures 2C,G) and MRTF-A (Figures 2D,G) which was co-localised to the pattern of the SM markers in their previous sequentially cut sections compared to none of the controls (p < 0.001). This staining was predominantly around the calcified zones and the co-apting edges but also present distally. Their expression was also present in all three layers of the valve.

In total, 6 out of 7 RHVs showed an increased atypical pattern of expression of myocardin (Figures 2E,G) and MRTF-A (Figures 2F,G) compared to the normal controls (p < 0.001). This pattern mirrored that of the SM markers in their previous sequentially cut sections with patchy positive staining of VICs in all the layers, from the base to the co-apting edge. The vasculature of all the neo-vessels was positively stained for both markers. There was no significant difference between the numbers of BAVs and RHs showing co-factor staining (Figure 2G).



Valve Endothelial Cells From Bicuspid Aortic Valves and Rheumatic Heart Valves Aberrantly Express Smooth Muscle Markers and Co-activators

In total, 3 out of 8 BAVs showed VECs that were positive for SM markers and co-activators (myocardin and MRTF-A) compared to none of the normal controls (p < 0.01). These positive VECs were partly on the valve surface, but mostly on ECs lining small neovessels (Figures 2C,D,H).

All of the RHVs showed some regions of positive VEC staining for SM markers and co-activators compared to none of the normal controls (p < 0.0001). Regions of the endothelium on both aortic and ventricular surfaces of the cusps, and ECs lining the small to large neo-vessels were found to be positive for SM markers and co-activators in RHVs (Figures 2E,F,H).

There was no significant difference between the numbers of BAVs and RHVs staining positive for SM markers and co-activators. The pattern of staining for myocardin and MRTF-A in VECs and VICs mostly overlapped in each valve for BAVs and RHVs as could be seen with staining using consecutive sections (Figures 2C,D).

To definitively identify the phenotype of the cells expressing the co-activators, co-localisation staining was performed. Normal valves showed no staining for myocardin in the VICs or VECs (Figure 2I). RHVs showed myocardin in the endothelial cells of the vessels (Figure 2J) as well as in the SM cells of their vasculature (Figures 2J,L) and both BAVs and RHVs showed expression in VICs expressing SM-MHC (Figure 2L). Some surface VECs (both ventricular and fibrosal sides) of both BAVs and RHVs showed co-expression of myocardin (Figure 2K).



Valve Endothelial Cells Co-express Smooth Muscle Markers and Markers of Calcification

We questioned whether the VECs that expressed SM markers also co-expressed markers of calcification. We observed that some VECs at the surface and just under the surface of 5 BAVs were able to co-express SM markers and Runx2 (Figures 3A1–4). Four RHVs showed more co-expression of SM and Runx2 in VECs of the neovessels than the cusp surfaces (Figures 3B1–4).
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FIGURE 3. Fluorescent images showing expression of SM-myosin (A1), phase contrast image of the same location showing the edge of the cusp on the left (A2), expression of Runx2 (A3), and co-localisation of SM-myosin and Runx2 (A4) in a BAV cusp. Expression of SM-myosin (B1), phase contrast (B2), Runx2 (B3), and co-localisation of SM-myosin and Runx2 (B4) in a RHV cusp. Expression of myocardin (C1–F1), PCNA (C2–F2), DAPI (C3–F3) and co-localisation of all three respective previous panels (F1–F4) in a normal control (C panel), BAV cusp (D panel), RHV cusp (E panel), and tumour tissue (F panel) as positive control for PCNA. Scale bar represents 50 μm.




Cells Expressing Smooth Muscle Markers and Co-activators Are Not Proliferative

The presence of cells expressing SM markers within the BAVs and RHVs provoked the question of whether these cells are contractile or synthetic and we assessed this by co-staining for proliferative markers PCNA and Ki67 with myocardin. We did not observe any PCNA or Ki67 (not shown) staining that colocalised with the SM markers (Figures 3C–F).



Assessment of Hypoxia Inducible Factor 1α and Correlation With Smooth Muscle Markers

Both BAV and RHV were significantly thickened with BAV having a maximal average thickness of 2.97 ± 1.2 mm and RHV, 2.05 ± 0.56 mm. Cells in such thick BAVs and RHVs may become hypoxic and initiate pathways to induce hypoxia inducible factor 1α (HIF1α). The expression of HIF1α was correlated with SM markers by analysing HIF1α in all groups. Normal cusps showed rare nuclear HIF1α-positive VICs, however, of the seven normal cusps analysed, three showed some ventricular VEC nuclear HIF1α positivity with the occasional nuclear positive VIC (Figures 4A,B). There was no HIF1α expression in the BAV that was not calcified despite being thickened. Of the remaining seven calcified, thickened BAVs, four showed many VICs with nuclear HIF1α expression (Figure 4C) around and distal to calcified regions, with numbers of positive cells far outnumbering those expressing SM markers and the remaining BAVs showed occasional nuclear positive VICs. There was occasional surface (both sides) nuclear VEC HIF1α expression in 2 BAVs (Figure 4C) and the endothelial cells of vessels were marginally positive (Figure 4D). Three of the RHVs showed no expression of HIF1α. The other four showed strong nuclear expression of HIF1α on some fibrosal and ventricular VEC (Figures 4E,F) and weaker expression in the vasculature of the vessels (Figure 4F). Only 1 RHV showed endothelium positivity of the vessels and the same RHV showed some HIF1α in VICs. The pattern of HIF1α did not correspond to the SM marker expression in BAVs and RHVs.
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FIGURE 4. The expression of HIF1α in a normal cusp (A,B), BAV (C,D), and RHV (E,F). Scale bar is 100 μm in panel (A) and 50 μm in all other panels.




Smooth Muscle Markers and Co-activators Are Modulated by Transforming Growth Factors and Substrate Coating in Valve Endothelial Cells

We have previously shown that TGFβ1 was able to upregulate the expression of SM markers and MRTF-A in VICs so we sought to address whether TGFβs could modulate their expression in VECs as well as assessing the role of surface coating with gelatin and fibronectin. On gelatin coated slides, VECs treated with TGFβ1 only showed a significant expression of SM22 (p < 0.05), treated with TGFβ2 showed a significant expression of αSMA (p < 0.05) and SM22 (p < 0.05) and treated with TGFβ3 showed a significant expression of αSMA (p < 0.05), SM22 (p < 0.05) and myocardin (p < 0.01; Figure 5A).
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FIGURE 5. The expression of calponin, α-SMA and SM22 merged, and myocardin in VECs plated on gelatin (A) and on fibronectin (B) and treated with TGFs. Scale bar represents 50 μm. *p,0.05, **p < 0.01.


However, when VECs were cultured on fibronectin, TGFβ1 was able to significantly increase calponin (p < 0.05), α-SMA (p < 0.05) and SM22 (p < 0.01); TGFβ2 was able to significantly increase calponin (p < 0.05), αSMA (p < 0.05), SM22 (p < 0.01) and myocardin (p < 0.05); TGFβ3 was able to significantly increase αSMA (p < 0.05) and SM22 (p < 0.05) and myocardin (p < 0.05; Figure 5B).



Fibronectin Is Upregulated in Bicuspid Aortic Valves and Rheumatic Heart Valves

As the response of VECs to upregulate SM markers and myocardin was more pronounced when treated with TGFβs cultured on fibronectin, we questioned whether the expression of fibronectin was dysregulated in BAVs and RHVs. Normal cusps showed moderate staining in the fibrosa and ventricularis with reduced and patchy staining in the spongiosa (Figure 6A). 6/8 BAVs (Figure 6B) and 5/7 RHVs (Figure 6C) showed increased intensity of staining for fibronectin in the fibrosa, ventricularis and in the basal lamina with increased patchy staining of the spongiosa. Quantitation showed significantly increased levels of fibronectin in BAVs and RHVs (Figure 6D), p < 0.05.
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FIGURE 6. The expression of fibronectin on a normal (A) BAV, (B) RHV, (C) cusp, and quantitative levels (D). The expression of fibronectin by VECs plated on gelatin (top panel) and on fibronectin (bottom panel) and treated with TGFs (E). Graph showing the level of expression of fibronectin by VECs when plated on gelatin or fibronectin and treated with TGFs (F) and the corresponding Western blot showing levels of fibronectin at 220 kD and the housekeeping protein GAPDH at 38 kD (G). Panel (F) represents the fibrosal side. Scale bar in panel (A–C) is 50 μm, in panel (D) is 100 μm. *p,0.05, **p < 0.01, ***p < 0.001.




Transforming Growth Factor βs Enhance Fibronectin Expression by Valve Endothelial Cells Preferentially Plated on Fibronectin

As fibronectin was increased in BAVs and RHVs, we questioned whether TGFs were able to differentially upregulate fibronectin produced by VECs, whether plated on gelatin or fibronectin. Untreated VECs plated on gelatin and fibronectin showed a similar low intensity of staining and level for fibronectin (Figures 6E–G). TGFβ1 was able to significantly upregulate the expression of fibronectin by VECs but only when plated on fibronectin (p < 0.01). TGFβ2 was able to significantly upregulate the expression of fibronectin by VECs plated on gelatin and fibronectin (p < 0.001). Increased expression of fibronectin was observed within the VECs and in the extracellular spaces (Figure 6E). However, TGFβ3 was unable to upregulate fibronectin by VECs either on gelatin or fibronectin coated plates (Figures 6F,G).



Transforming Growth Factor β1, TGFRI, and TGFRII Are Upregulated in Bicuspid Aortic Valves and Rheumatic Heart Valves

There was no to very little expression of TGFβ1 in normal cusps, however, BAVs and RHVs showed greatly increased numbers of VICs staining positive for TGFβ1. The antibodies for TGFβ2 and TGFβ3 were found not be suitable for human valve tissue in paraffin sections. Both TGFRI and TGFRII were found to be expressed in up to 50% of normal VICs, however, some regions in cusps from BAVs and RHVs showed 100% expression of TGFRII (Figure 7).
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FIGURE 7. The expression of transforming growth factor β1 (TGFβ1), TGFR1, and TGFRII in normal, BAV and RHV cusps. F and V represent the fibrosal and ventricularis side, respectively. Scale bar is 200 μm.





DISCUSSION

Calcification is expedited in BAVs and occasionally present in aortic RHVs and this is partly driven by the native cell population and partly through inflammatory cells, mediators and disturbed flow patterns. We have shown that both the VECs and VICs of BAVs and RHVs exhibit an atypical expression of SM markers and the co-activators myocardin and MRTF-A. The expression of these markers can be induced in VECs by TGFβs, an effect that is enhanced when the cells were cultured on fibronectin. Fibronectin expression in the diseased groups was found to be enhanced within the cusp layers as well as in the basement membrane providing a conducive environment for VEC differentiation. The elevated expression of TGFβ receptors concomittant with enhanced fibronectin expression in BAVs and RHVs would facilitate the signalling by TGFs in BAVs and RHVs.

We have previously shown an upregulated and dysregulated spatial expression of SM markers and co-activators, myocardin and MRTFs, in both the VICs and VECs of calcified tricuspid valves (22). α-SMA has been shown previously in calcified valves and the valvular cells were ascribed a myofibroblastic phenotype, however, when these cells also co-express SM-specific markers such as SM-myosin heavy chain, SM master co-activator myocardin and structural charactersitics of SM cells, these cells are best described as SM cells. A minority of cells expressing α-SMA did not express the SM-MHC in our previous study and in this study and are thus myofibroblasts. It is quite plausible that the VICs expressing the early SM marker SM22 without the late marker SM-MHC are designated myofibroblasts before they go on to expressing the late SM markers and co-activators. Remarkably there is scarce published data on the phenotypic changes occuring in human BAVs. One study reported no difference in the expression of α-SMA between BAV and TAV VICs in culture (23), however, it is known that VICs differentiate in vitro (24, 25) and this difference would have been nullified by in vitro culture under their conditions. Similarly, the expression of SM markers and co-activators have not been previously shown in VICs and VECs in RHV.

The SM marker and co-activator expressing cells were shown not to be proliferative by the absence of PCNA in myocardin positive cells and are most likely to be of the contractile type as they strongly expressed SM-MHC and myocardin. Overexpression of myocardin has been shown to inhibit cell cycle progression (26) and both MRTF-A and -B have anti-proliferative effects (27). The differentiation of valvular cells into a contractile nature, as we have shown previously in tricuspid calcified valves (22) may be a compensatory mechanism to overcome the stiffening entailed during the disease process.

Valve endothelial cell differentiation into SM types has been previously reported by us (22) and endothelial cells have been shown to have transdifferentiation potential into the SM phenotype by inducing the expression of myocardin (28) and cyclic strain (29).

Normal aortic cusps have a mean thickness of 0.60 ± 0.21 mm and this allows diffusion of oxygen without the need for a vascular system (30). Only 4 BAVs and 1 RHV showed an increase in HIF1α in VICs despite being significantly thicker. The abundance of HIF1α in BAVs did not result in significant neoangiogenesis in the central layers though vessels were observed in the outer layers of 3 BAVs. Surprisingly, 4 of the 7 RHVs showed strong HIF1α expression in the surface VECs where hypoxic conditions would not be expected. There is significance in the expression of HIF1α in the SM cells of the vasculature as HIF1α has been shown to play a role in phosphate-induced vascular SM cell calcification (31). We have previously documented a similar pattern of expression of HIF1α in rheumatic mitral VICs, surface VECs and in vessels and the induction of HIF1α by hypoxic conditions (32). HIF1α can also be induced by disturbed flow (33) and TNFα (34) and has been shown in stenotic aortic valves (35). The role of HIF1α warrants further investigation in diseased cusps.

Proinflammatory cytokines play a role in the progression and maintenance of valvular cell differentiation and TGFβ1 has been shown to be present in degenerative calcific aortic stenotic cusps. Contradictingly, TGFβ1 was shown not to be increased in the media from BAV or rheumatic valves (36) but in another study found to be highly present in 70% of rheumatic mitral valves (14). Elevated TGFβ1 can also result from polymorphisms in the TGF1 gene and it was shown that RV patients have a lower frequency of TGFβ1 C?T (509) genotype and a higher frequency of T?C (869) allele with the latter polymorphism resulting in raised TGFβ1 (37).

Transforming growth factor β1-mediated endothelial to mesenchymal transformation (EMT) has been shown to correlate with enhanced expression of laminin and fibronectin (38). TGF-β1 is extremely important in inducing the differentiation of VICs to myofibroblasts (25, 39). The expression of all three isoforms of TGFβs will play a significant role in the differentiation of adult VECs undergoing EMT and further differentiating to express SM markers. All three isoforms have been shown to induce EMT in human microvascular ECs with the effect of TGFβ2 being most pronounced (40). The presence of SM markers and co-activators in VECs of BAVs and RHVs is indicative of an on-going EMT process in these cells. Cues from specific ECM components can also play a role in the EMT process and fibronectin was shown to be present at early stages of EMT and appeared as a progressively expanding gradient of material with the greatest density nearer the myocardium in the AV canal and outflow tract (41). Fibronectin is abundant in the ECM through which endocardial-mesenchymal cells migrate as they begin formation of the cushion tissue (41) and it is a key component of the basement membrane on which the VECs reside. EMT is a crucial process for valve development but is not restricted to embryonic development as adult ovine mitral VECs have been shown to undergo EMT (42).

We have previously shown the spatial expression of fibronectin in normal aortic valves (43) and now show that BAVs and RHVs demonstrated an enhanced expression of fibronectin within the valves and at regions of the basement membrane. This increased expression of fibronectin is expressed by VICs that have become activated in response to injury (44) and by the VECs. The combination of increased fibronectin and TGFs can synergistically provide the signals for VEC EMT and drive the differentiation process further to express SM markers and co-activators. Alterations in ECM composition are known to affect EMT with collagen IV and fibronectin promoting EMT in ovine mitral VECs (45) and high levels of chondroitin sulphate have been shown to induce the highest rates of EMT in porcine VECs (46).

Inhibiting the pathological differentiation of resident cells of the valve is key in the therapeutic intervention and prevention of calcification. The high propensity of SM cells to calcify and result in atherosclerotic lesions suggests that this SM-type differentiation would be a key step for intervention. However, it remains to be determined what proportion of resident cells differentiate to osteoblastic-type cells through the SM phenotype and whether some cells can bypass this transition.

This report documents the atypical expression of SM markers and co-activators in BAVs and RHVs and shows that the TGFs can preferentially increase these markers dependent on substrate transformation in terms of composition and stiffness. It is likely that the SM-positive cells in the diseased BAV and RHV are derived from endothelial cells, via an EMT process, from differentiation of the VIC population and possibly from infiltrating cells. The significance of the SM cells may be that they have a greater propensity to calcify. The elevated expression of fibronectin and TGF receptors augments this efficacy of the signalling pathways that stimulate the VECs to express SM markers. Further studies are warranted to ascertain the pathological contribution of SM cells in the valves and whether strategies aimed at blocking this transformation would prove beneficial as a therapeutic intervention. This study has provided an insight into the phenotypic changes in the valve cell population that occur in BAVs and RHVs. Understanding the contribution that specific cell phenotypes make to valve disease represents an important step toward the development of novel strategies to control or prevent the progression of the disease.
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Cardiac valves exhibit highly complex structures and specialized functions that include dynamic interactions between cells, extracellular matrix (ECM) and their hemodynamic environment. Valvular gene expression is tightly regulated by a variety of mechanisms including epigenetic factors such as histone modifications, RNA-based mechanisms and DNA methylation. To date, methylation fingerprints of non-diseased human aortic and mitral valves have not been studied. In this work we analyzed the differential methylation profiles of 12 non-diseased aortic and mitral valve tissue samples (in matched pairs). Analysis of methylation data [reduced representation bisulfite sequencing (RRBS)] of 16,101 promoters genome-wide revealed 584 differentially methylated (DM) promoters, of which 13 were reported in endothelial mesenchymal trans-differentiation (EMT), 37 in aortic and mitral valve disease and 7 in ECM remodeling. Both functional classification as well as network analysis showed that the genes associated with the DM promoters were enriched for WNT-, Cadherin-, Endothelin-, PDGF-, HIF-1 and VEGF- signaling implicated in valvular physiology and pathophysiology. Additional enrichment was detected for TGFB-, NOTCH- and Integrin- signaling involved in EMT as well as ECM remodeling. This data provides the first insight into differential regulation of human aortic and mitral valve tissue and identifies candidate genes linked to DM promoters. Our work will improve the understanding of valve biology, valve tissue engineering approaches and contributes to the identification of relevant drug targets.

Keywords: epigenetics, heart valves, NOTCH signaling, extracellular matrix (ECM), endothelial mesenchymal trans-differentiation (EMT), HIF-1 signaling pathway, regulation of actin cytoskeleton, promoters


INTRODUCTION

Heart valves perform a range of sophisticated functions that ensure unidirectional blood flow during systole, prevent backflow during diastole, enhance coronary blood flow and maintain left ventricular as well as myocardial function (1). These functions are sustained throughout the human's lifetime and require tight regulation of the valve cells and extracellular matrix (ECM), which continuously interact together enabling the valves to actively adapt to their complex hemodynamic and biomechanical environments (1, 2).

The mature valves consist of valve interstitial cells (VICs) populating a central layered ECM (3). The specific functions and hemodynamic environment of the mitral and the aortic valve (4, 5) could require distinct gene regulation by epigenetics including DNA methylation.

Epigenetics refers to heritable phenotype changes that do not involve changes in the DNA sequence itself and includes mechanisms such as histone modifications, RNA-based mechanisms and DNA methylation (6). DNA methylation is a process by which a methyl group is added to the 5th carbon of cytosine, which alters the structure of the DNA molecule thus allowing differential regulation of gene expression either through obstructing transcription factor (TF) binding or through the recruitment of methyl-binding proteins, which bind complexes responsible for chromatin remodeling (7). This process is heritable as well as tissue-specific and plays a major role in various physiological processes linked to cardiogenesis such as cardiomyocyte development, maturation and cardiac regeneration (8, 9). Aberrant changes in methylation profiles are associated with cardiovascular diseases (CVDs) such as ventricular septal defects, tetralogy of Fallot, atherosclerosis as well as other CVDs that lead to end-stage heart failure (10–13).

We here provide an initial insight into differential methylation profiles of non-diseased heart valves.



MATERIALS AND METHODS


Ethics Statement and Study Cohort/Samples

This study was approved by the Royal Brompton hospital ethics review board / Brompton and Harefield trust ethics committee (REC approval 10/H0724/18) and is abiding by all the standards of the Declaration of Helsinki. Written informed consent was obtained from the donors prior to their inclusion in the study. Twelve non-diseased valves free from calcification (6 aortic and 6 mitral valves; 10 males: 2 females; age range 42–64 years, mean age 52.2 years, SD 9.9682) were used in this study. After applying inclusion/exclusion criteria three of the twelve valves were excluded from the downstream analysis (Table 1, Supplementary Figure 1). The non-diseased valves were obtained from unused valves of healthy donor hearts, who died of non-cardiac diseases (Table 1). History, macroscopic, and microscopic evaluation were additionally performed to make sure that the donor hearts chosen are free from cardiovascular and valvular complications. The exclusion criteria of donor hearts were previously described in (14).


Table 1. Cohort demographic and clinical characteristics.
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Tissue Sampling and DNA Extraction

Aortic and mitral valves from donor hearts were provided by the Royal Brompton Valve biobank. The ischemic time for fresh tissue harvest was set to not exceed 24 h. The aortic and mitral valve leaflets were excised and separately deendothelialized using collagenase II for 10 min at 37°C as the focus of the study was the interstitial cell population. The leaflets were then washed using PBS, snap frozen and stored in −80°C for DNA extraction. DNA was isolated from deendothelialized tissue using the FitAmp™ Blood and Cultured Cell DNA Extraction Kit (Epigentek, NY, USA, catalog #: P-1018) and was subsequently eluted in TE buffer in a total volume of 40 μl. DNA was finally quantified and quality controlled via Qubit fluorescence.



Bisulfite Conversion, Library Preparation and Sequencing

For each sample, 300 ng of DNA was digested for 2 h with the MSP1 enzyme (20U/sample at 37°C) followed by 2 h with TaqαI (20U/sample at 65°C). Digested, CGI enriched DNA fragments <300 bps in length, were selected for using MQ Binding Beads and subsequently collected for bisulfite treatment. Bisulfite treatment was performed using the Methylamp DNA Bisulfite Conversion Kit (Epigentek, NY, USA, catalog #: P-1001). Bisulfite conversion efficiency of the bisulfite-treated DNA was determined by RT-PCR using two pairs of primers against bisulfite-converted DNA (b-actin) and against unconverted DNA (GAPDH), for the same bisulfite-treated DNA samples. Conversion was deemed successful, if more than 99% of the DNA were converted (Epigentek, NY, USA).

Post-bisulfite PBAT-mediated library preparation was performed using the P-1056A kit. First, DNA end polishing and adaptor ligation was performed. This was followed by library amplification using indexed primers and library purification. The final purified library was eluted in 12 μl of water. Assessment of library quality was done via bioanalyzer and KAPA library quantification (Roche, CA, USA). Finally, 10 nM of sample libraries were subjected to single-end enhanced RRBS on Illumina HiSeq 2500.



Data Quality Control and Processing

A summary of the bioinformatics analysis workflow can be found in (Figure 1, Supplementary Figure 2). First, raw reads were subjected to Quality Control (QC) using FastQC version 0.10.1 (15). Trim Galore version 0.3.7 was then used to remove low quality reads, adapters as well as RRBS-related residues that are artificially added during the end-repair step (16). Trimmed reads were then mapped to the UCSC Homo sapiens genome sequence (version hg19) using Bismark version 0.13.0 (17). To permit only up to one mismatch per seed region, the option “-n 1” was set for Bowtie version 1.0.0 utilized by Bismark (18). Methylation information was extracted from Bismark's sorted and filtered mapping results at base resolution using Bismark's methylation extraction software (17). The subsequent analysis was performed in the CpG context. The R package methylKit version 0.9.2 was used for further analysis of the Bismark methylation extraction reports (19). Samples that generated a minimum of 60 million reads (Supplementary Figure 1) were included in the analysis (Table 1) and processed methylKit. Methylation information found in the aforementioned extraction reports was summarized by methylKit over RefSeq promoters, defined as regions located 1 kb before or after a transcription start site (20). Coverage for each promoter was calculated as the sum of the methylated and unmethylated cytosines. The methylation percentage was calculated as a weighted average of cytosine methylation status (21), which corresponds to the overall proportion of methylated cytosines to the sum of all cytosines within the bin (here promoter with the specified coordinates), and which is covered by a minimum number of reads (21). The promoters were subsequently filtered based on coverage (minimal 5 and maximal 99.9 percentile) and merged for comparative analysis with only those promoters that are covered in all replicates being considered. Additional QC steps can be found in the Supplementary Materials Online (Supplementary Figures 3, 4). RRBS data was deposited in EMBL-EBI's European Genome-phenome Archive (EGA) and is accessible through EGA's accession number EGAD00001006303.
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FIGURE 1. Summary of the data analysis workflow.




Differentially Methylated Region Analysis

The difference in the methylation level of a promoter between aortic and mitral tissue was calculated as the difference between the weighted average of the percent methylation values of all mitral tissue samples and the weighted average of the percent methylation values of all aortic tissue samples at this promoter. A positive methylation difference (hypermethylation) indicated increased methylation in the promoter associated with mitral compared to aortic tissue. The significance of this difference was evaluated by methylKit using logistic regression (19). To correct for multiple hypothesis testing, the sliding linear model (SLIM) method was used by methylKit (19). DM promoters were finally filtered with the cut-off chosen as a methylation difference that is larger than 10 % and a q-value that is <0.05. Annotation of DMRs with genic features, primarily promoters, was carried out by methylKit using the genomation package (19).



Enrichment and Functional Classification Analysis

The Protein Analysis Through Evolutionary Relationships (PANTHER) tool was utilized to perform functional enrichment analysis with the background of 16,101 promoters. PANTHER was also used to categorize genes whose promoters were found to be DM according to their molecular functions, biological processes, protein classes, pathways and cellular components (22).



Construction of Protein-Protein Interaction Networks

Genes associated with DM promoters were used as seed genes to construct PPI networks using NetworkAnalyst (23). The International Molecular Exchange (IMEx) Interactome database, which contains literature-curated comprehensive data from InnateDB, was used by NetworkAnalyst for the generation of the generic network (23). For network construction, methylation difference values of alternative promoters of the same seed gene were replaced by their average before proceeding to network construction (23). The resulting network was trimmed to the minimum to encompass only nodes that connect the original seed genes. Functional enrichment analysis of all seed genes was performed using NetworkAnalyst's Function Explorer using GO, KEGG and Reactome databases. Enrichment p-values were computed based on the hypergeometric test utilized by the Function Explorer (23). NetworkAnalyst's Module Explorer, was used to identify smaller significantly densely connected subnetworks using the Walktrap algorithm (23). Visualization of PANTHER, KEGG and Reactome pathway terms was performed using the GOplot R package (24).




RESULTS


Aortic and Mitral Valves Show Different Methylation Signatures in 584 Promoters

DMR analysis identified 584 significantly DM promoters, of which 305 showed increased methylation in mitral and 279 in aortic valve tissue (Figure 2A, Supplementary Table 1). The gene Repulsive Guidance Molecule A (RGMA) was associated with the most significantly DM promoter (Figures 2B,C, Supplementary Table 1) followed by TBC1 Domain Family Member 32 (TBC1D32) (Figures 2D,E, Supplementary Table 1), B-Cell Lymphoma 3 (BCL3) (Figures 2F,G, Supplementary Table 1) and the long non-coding RNA RP11-1149O23.3 among others (Figure 2A, Supplementary Table 1).


[image: Figure 2]
FIGURE 2. (A) Volcano plot of promoter methylation profiles. The vertical lines x = −10 and x = 10 represent our chosen methylation difference (meth.diff) cut-off value of |10|. meth.diff is calculated as described in the Methods. The horizontal line [y = -log10 (0.05) = 1.3] shows our chosen q-value cut-off of 0.05. The circles represent the 16,101 promoters, of which 584 are differentially methylated (DM). Each circle in the volcano plot represents a promoter with its meth.diff and -log10 (q-value). Gray circles denote promoters that are not DM. Purple circles represent promoters that are biologically, but not statistically significant. Blue circles depict the opposite trend. Red and green circles show promoters that are both statistically and biologically significant. Genes with a meth.diff > 0 (red) show increased methylation in the mitral compared to the aortic valve (↑) and genes with a meth.diff <0 (green) show decreased methylation in the mitral compared to the aortic valve (↓). Snapshots of the IGV genome browser showing the top 3 most significantly differentially methylated promoters linked to (B) RGMA (C) TBC1D32 and (D) BCL3, respectively (coordinates identified in Supplementary Table 1). TM denotes the union of the percent methylation values in all mitral samples that are >70% and which are present in the mitral but not in the aortic samples. TA denotes the union of the percent methylation values in all aortic samples that are >70% and which are present in the aortic but not in the mitral samples. Scatter plots of the percent methylation per base per promoter of the top 3 most significantly differentially methylated promoters linked to (E) RGMA (F) TBC1D32 and (G) BCL3, respectively (coordinates identified in Supplementary Table 1). Aortic samples: G5T, G7T, G9T, G11T; mitral samples (G4T, G6T, G8T, G10T, G12T).


When we investigated genes linked to the significant differentially methylated promoters in isolation, no significant enrichment was found. When functional classification analysis was performed, the genes associated with the DM promoters were grouped into key valve-related functions and pathways (Figures 3A–E, Supplementary Figure 5) with their methylation direction specified in (Supplementary Table 1). Key valve-related pathways such as Wingless/Integrated (WNT)-, Cadherin-, Transforming Growth Factor Beta (TGFB)-, Integrin-, Endothelin-, Platelet-Derived Growth Factor (PDGF)-, NOTCH signaling as well as angiogenesis and general transcription regulation were identified utilizing the PANTHER Pathway database (Figure 3A, Supplementary Table 2).
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FIGURE 3. Functional classification of genes associated with differentially methylated promoters (q-value < 0.05 & meth.diff >|10|) between aortic and mitral tissue according to (A) Pathways, (B) Molecular Functions, (C) Biological Processes, (D) Protein Classes and (E) Cellular Components (selected results, the remaining can be found in Supplementary Figure 5– analysis performed using PANTHER). In the stacked bar graphs, TA (green) labels genes with promoters that show increased methylation in the aortic compared to the mitral valves and TM (red) shows genes whose promoters exhibit increased methylation in the mitral compared to the aortic valves.



Table 2. List of pathways resulting from enrichment analysis of the network (Figure 4A) constructed upon the genes associated with the differentially methylated hypo- and hypermethylated promoters using the KEGG pathway database.
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When the genes were classified by their molecular function, 69.5% of the genes had a binding and catalytic activity including key genes such as Nitric Oxide Synthase 1 (NOS1) (q-value = 0.04, meth.diff = 17.9 %). Other genes exhibited transcription regulator-, translation regulator- and molecular function regulator activities. The latter category included relevant genes such as Apolipoprotein A5 (APOA5) (q-value = 0.037, meth.diff = 15.3%) and Natriuretic Peptide B (NPPB) (q-value = 0.0027, meth.diff = 15.58%) (Figure 3B, Supplementary Table 3).

Among the relevant biological processes categorizing the genes were “biological regulation” and “cellular component organization or biogenesis.” The former included notable genes such as Metallothionein 1F (MT1F) (q-value = 0.004, meth.diff = 17.07%) and the latter included two pertinent ones namely Hyaluronan Synthase 1 (HAS1) (q-value = 0.00015, meth.diff = 22.15%) as well as Actin Alpha Cardiac Muscle 1 (ACTC1) (q-value= 0.049, meth.diff = 11.23%) (Figure 3C, Supplementary Table 4).

Genes were also grouped into relevant protein classes such as gene-specific transcriptional regulator proteins, which included SMAD Family Member 3 (SMAD3) (q-value = 0.0019, meth.diff = 10.25%), cytoskeletal proteins, which contained Myosin Light Chain 2 (MYL2) (q-value = 0.013, meth.diff = 11.14%) and chromatin-binding protein, which encompassed RB Transcriptional Corepressor Like 1 (RBL1) (q-value = 9.5e-06, meth.diff = 22.98%) (Figure 3D, Supplementary Table 5).

Finally, the cellular component categories into which the genes could be classified were membrane- and extracellular regions among others. Relevant genes such as C-Type Lectin Domain Containing 11A (CLEC11A) (q-value = 0.002, meth.diff = 24.72%) were included in the latter and Solute Carrier Family 16 Member 3 (SLC16A3) (q-value = 1.78e-07, meth.diff = 13.4%) in the former category (Figure 3E, Supplementary Table 6).



Network Analysis Enabled a Systems-Based Assessment and Revealed Additional Valve-Related Pathways Such as Hypoxia-Inducible Factor 1 and Vascular Endothelial Growth Factor Signaling

After functionally categorizing the genes, whose promoters were significantly DM between the aortic and mitral valves on a genome-wide level, we wanted to assess whether we can predict significantly enriched PPIs among those genes as well as the proteins that are necessary to interconnect them to enable a systems-level analysis.

For that purpose, we mapped those DM genes onto a generic PPI database (see Methods) and constructed a PPI network, which ultimately comprised 715 nodes (genes) of which 308 were seed genes and 2,131 edges (PPIs) (Figure 4A, Supplementary Table 7). Among the network's constituent proteins were several hub nodes, the most connected of which were Ubiquitin C (UBC) (Betweenness centrality = 129,377.98; Degree = 200), SMAD3 (Betweenness centrality = 27,152.04; Degree = 75), Ubiquitin Like 4A (UBL4A) (Betweenness centrality = 13,019.92; Degree = 50), Ribosomal Protein S3 (RPS3) (Betweenness centrality = 9,508.1; Degree = 50), Retinoid X Receptor Alpha (RXRA) (Betweenness centrality = 12,661.72; Degree = 47) and SH3 Domain Containing Kinase Binding Protein 1 (SH3KBP1) (Betweenness centrality = 13,005.65; Degree = 44) (Figure 4A, Supplementary Table 7).
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FIGURE 4. PPI networks constructed upon the genes associated with differentially methylated promoters between non-diseased aortic and mitral valve tissue and the proteins that are necessary to interconnect them: (A) complete network, (B) subnetwork 1 (p-value 3.04e-13) and (C) subnetwork 2 (p-value 0.047). Depicted nodes are classified according to their methylation direction: nodes representing genes showing increased methylation in mitral compared to aortic tissue (red), nodes depicting increased methylation in aortic vs. mitral tissue (green) and nodes representing genes that are not part of the input dataset (gray). Node sizes are proportional to their betweenness centrality values. Betweenness centrality reflects the number of shortest paths passing through a node, while degree refers to the number of connections/edges/PPIs that a node has to other nodes. Hub nodes (A) UBC, SMAD3, UBL4A, RPS3, RXRA, (B) UBC and (C) BRCA2 and APOA5 can be clearly identified on the respective networks.


In addition to inspecting the topological properties of the constructed network, we performed functional enrichment analysis of both the hyper- and hypomethylated proteins of the subnetwork as well as them connecting these proteins. This analysis showed significant enrichment of pathways and functions.

Many pathways, which are pertinent to valvular mechanisms, were identified via KEGG pathway enrichment analysis including apoptosis, Nuclear Factor Kappa-light-chain-enhancer of activated B cells (NF-κB) signaling pathway, fluid shear stress and atherosclerosis, Tumor necrosis factor (TNF) signaling pathway, osteoclast differentiation, Interleukin 17 (IL-17) signaling pathway, HIF-1 signaling pathway, regulation of actin cytoskeleton, VEGF signaling pathway and TGFB signaling pathway (FDR < 0.05, Table 2).

To investigate whether relevant significantly enriched pathways are present independent of the choice of the pathway database, we furthermore performed Reactome enrichment analysis, which exclusively highlighted additional key valve-related pathways such as immune response, regulation of lipid metabolism, PDGF, NOTCH1, Fibroblast Growth Factor Receptor (FGFR) and transcription (FDR < 0.05, Supplementary Table 8). Similar to KEGG, it showed enrichment for apoptosis-, TFGB-, interleukin- and hypoxia- related pathways (Table 2, Supplementary Table 8).

After inspecting significant valve-related pathways, we checked whether there are enriched biological processes, molecular functions and cellular components related to the molecular regulation of valve-related processes based on GO databases. Relevant biological processes included transcription, apoptosis, growth factor signaling as well as regulation of cellular component organization (FDR < 0.05, Supplementary Table 9). Molecular functions associated with transcription as well as histone acyltransferase activity such as chromatin-, histone deacetylase-, TF-, SMAD- and NF-κB-binding were among the pertinent significantly enriched molecular functions (FDR < 0.05, Supplementary Table 10). Finally, the most relevant significantly enriched cellular components were Transcription Factor II D (TFIID) complex, spliceosomal complex, chromatin, histone deacetylase complex as well as actin cytoskeleton (FDR < 0.05, Supplementary Table 11).

In addition to examining the network structure as a whole, we performed a module analysis (see Methods), to identify subnetworks that show a significantly increased connection density compared to other modules of the parent network. The first identified subnetwork (p-value 3.04e-13) comprised 45 nodes, of which 43 were seed genes and contained the following hub nodes: UBC, also identified as a hub protein of the parent network (Betweenness centrality = 43; Degree = 939) and Ubiquilin 4 (UBQLN4), not identified previously (Betweenness centrality = 3; Degree = 4) (Figure 4B, Supplementary Tables 12, 13).

The second subnetwork (p-value 0.047) contained 12 nodes, of which 5 were seed genes with Breast And Ovarian Cancer Susceptibility Protein 2 (BRCA2) (Betweenness centrality = 33.5; Degree = 5) as well as APOA5 (Betweenness centrality = 32.5; Degree = 4) being its main hub proteins. Interestingly, all of the module's constituent seed nodes exhibited increased methylation in mitral compared to aortic tissue (Figure 4C, Supplementary Table 14). Relevant enriched pathways in this module included homologous recombination (KEGG/Reactome) and Peroxisome Proliferator-Activated Receptor (PPAR) signaling pathway (KEGG) (FDR < 0.05, Supplementary Table 15). The module's biological processes contained lipid homeostasis and cellular response to external stimulus (FDR < 0.05, Supplementary Table 15). Finally, the most relevant enriched molecular functions encompassed DNA-, enzyme- and TF- binding (FDR < 0.05, Supplementary Table 15).



Global Analysis of Detected Pathways and Genes Shows the Role of Methylation in EMT and ECM Remodeling

All the utilized analysis methods of genes and pathways show that DNA methylation plays a crucial role in valve development and disease. Indeed, some of the detected genes and pathways are involved in developmental processes such as cardiogenesis, EMT and protein QC and/or diseases such as myxomatous mitral valve (MMV), BAV and AD (Tables 3, 4).


Table 3. Genes associated with differentially methylated promoters between aortic and mitral valve tissue and their involvement in valve development and disease.
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Table 4. Pathways involving the genes associated with the differentially methylated promoters between aortic and mitral valve tissue and their implication in valve development and disease.
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We further generated a GOChord plot to link the pathways in Table 4 to their constituent genes, which are associated with DM promoters (Figure 5A). The plot revealed several pathways sharing the same genes, such as NF-κB signaling, TNF signaling and osteoclast differentiation, which contain TGFB Activated Kinase 1 Binding Protein 1 (TAB1) and Integrin- and PDGF signaling, which include Collagen Type V Alpha 3 (COL5A3) (Figure 5A).
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FIGURE 5. (A) GOChord plot linking selected pathways to their constituent genes, which are associated with DM promoters. Green-to-red colors next to the selected genes reflect their meth.diff values. (B) GOCircle plot representing the relevant pathways and their constituent genes that are associated with DM promoters. The inner circle consists of bar plots, whose heights reflect the significance of the pathway and whose color reflect the z-score, which approximates the overall direction of change in methylation for each pathway. The outer circle shows scatterplots of the meth.diff values of each of the pathway's constituent genes.


A GOCircle plot visualizes the significance of each pathway in Table 4 and to show the direction of promoter methylation of their constituent genes (Figure 5B). The most significant pathways in Table 4 were NF-κB, TNF signaling and osteoclast differentiation, which share TAB1 (Figure 5A) and are implicated in aortic stenosis (AS) (Table 4).




DISCUSSION

This study provides new information regarding the DNA methylation landscape in human non-diseased heart valves. Heart valves have a complex structure and function that are sensitive to their environment and exhibit characteristic phenotypic and functional differences. Valve-type specific differences begin to appear during valve formation and development and are expressed in the valve's distinct anatomical structures, environmental milieus and susceptibility to disease. In this work we focus on two of the four valves, the mitral and aortic valves and their epigenetic profiles.

While there are several studies exploring the epigenetics of abnormal valves in the literature (57, 73, 74), they are not standardized and do not include methylation of normal valves. Previous studies have addressed how DNA methylation affects valvular disease processes. These studies investigated DNA methylation mechanisms that can transform VICs of stenotic aortic valves into leukotriene-producing immune-like cells via targeted promoter methylation measurement of 5-lipoxygenase (5-LO) (75), and those that lead to the disruption of both the organization of the ECM and the communication between the cells and the ECM in bicuspid aortic valve (BAV) by investigating miR-29 expression level utilizing qRT-PCR (76). Other studies focused on uncovering associations between methylation changes and the development of rheumatic heart valve disease using ELISA (77), and on detecting the genome-wide DNA methylation landscape underpinning BAV and aortic dissection (AD) via methylation array (78).

We used RRBS to measure DNA methylation as it targets CpG-rich islands and promoters genome-wide (79). It is crucial to couple this sequencing method with suited bioinformatics workflows, that rely on rigorous QC of RRBS-characteristic issues as well as of bisulfite sequencing-specific parameters such as the efficiency of bisulfite conversion (80). RRBS thus can allow for a comprehensive view not limited by predefined sets of CpG loci probes (81).

In this study, 584 of 16,101 promoters were found to be DM between aortic and mitral tissue and their associated genes associated were found to be implicated in valvular health and disease mechanisms. RGMA was associated with the most significantly DM promoter. It is a member the RGM protein family, the first known BMP selective co-receptor family able to induce BMP signaling that is dysregulated in CAVD (82, 83). TBC1D32, the gene associated with the second most DM promoter, is implicated in the pathogenesis of ciliopathies in humans (84), which are caused by defects in the human primary cilium known to play a role in establishing left-right asymmetry during heart development (85), to restrain ECM production during physiological aortic valve development and to play a role in the etiology of BAV in humans (86). Finally, BCL3, the gene associated with the third most DM promoter, is known to play a role in atherosclerosis (87), with atherosclerosis-like lesions potentially leading to AS (88).

Further genes, that were associated with DM promoters (summarized in Table 3) include NOS1, ACTC1 and MYL2, which play key roles in heart development (25, 26, 28), with ACTC1 additionally being implicated in MMV and NOS1 in BAV (25, 27). MT1F and CLEC11 further contribute to MMV (29, 30), while RBL1 and SLC16A3 to BAV (31, 33). NPPB is involved in EMT by exhibiting excessive synthesis of the cardiac jelly, a precursor of the cushions, in zebrafish and is overexpressed in the ventricles of patients with chronic volume overload caused by regurgitant mitral valve lesions (35, 36). Cadherin-4 (CDH4) is both significantly DM and expressed during the development of embryonic mice (37). Finally, HAS1 and Wingless/Integrated 5B (WNT5B) contribute to CAVD (38, 39), and SLC16A3 to AS (34).

The network constructed upon the genes linked to DM promoters identified hub proteins known to be involved in different aortic and mitral valve mechanisms. UBC and UBL4A, the two most connected hub genes of the network, belong to the ubiquitin family, whose members play a role in BAVs as well as in atherosclerosis (41, 42). The network's first submodule was additionally entirely centered around UBC further highlighting the importance of the ubiquitin system, which is key to performing protein QC in the heart (40). SMAD3, the second most connected hub node, plays an important role in cardiogenesis (43), and is linked to thoracic aortic aneurysm and dissection (44). RXRA, a member of the RA signaling pathway and the network's third hub node, is linked to OFT and AV canal malformations, which influence proper aortic and mitral valve development (45). Finally, the hub node SH3KBP1 is implicated in CAVD (46). The second submodule of the network contained only two hub nodes APOA5 and BRCA2. Dyslipidemia linked to Lipoprotein a (LPA)-associated APOA5 has been detected in AS (74), with the reduction of LPA levels via PSCK9 inhibitors constituting promising therapeutic avenues for AS treatment (47–49). BRCA2, has not been associated with valvular mechanisms in the literature and thus should be further investigated.

Detected pathways were relevant to valvular development and disease (Table 4). For example, TGFB- and NOTCH signaling pathways activate EMT by downregulating VE-Cadherin (50, 55), which decreases cell adhesion of the transforming endocardial cells enabling them to break away from the endocardium and to migrate into the cardiac jelly, where they can transform into mesenchyme cells creating cushions that expand and fuse to ultimately form cardiac valves (50). TGFB signaling is also implicated in pathological ECM remodeling (51), MVP (52), AS (53), and NOTCH pathways in BAV and AS (55). FGF signaling further promotes OFT myocardial cell invasion to the cardiac cushion during EMT, with its disruption leading to malformed OFT valves in mice (58). Canonical WNT- and Cadherin signaling add to cushion development and remodeling during EMT (50, 59), with WNT pathways being additionally implicated in valve stratification and well as in the patterning of the heart forming field (50). Similar to WNT- and Cadherin-, the PDGF signaling pathway is also involved in cardiogenesis, particularly in the formation of the primordial heart tube (60). Both the VEGF- and Integrin signaling pathways contribute to post-EMT maturation, in that the former establishes an equilibrium between proliferation and differentiation of cells in the cushion (50), and the latter enables ECM remodeling through the generation of a mechano-transducing network that connects the cells to the ECM providing a link that relays external metabolic and hemodynamic factors (61, 62). HIF-1 signaling is involved in pathological ECM remodeling associated with RMV and MMV disease (63). Aberrant angiogenesis and IL-17 signaling are also implicated in RMV and infective endocarditis (IE), respectively (64, 65). NF-κB-, TNF-, Osteoclast differentiation-, Endothelin and Apoptotic pathways are involved in AS (66–68, 70, 71), with the Endothelin pathway additionally being implicated in the regulation of VICs by VECs (69). Finally, the detected PPAR signaling pathway is linked to lipid metabolism and is enriched among other lipid-related genes in the second mitral valve-specific subnetwork (72). The enrichment of PPAR signaling, the uniform increased methylation of the subnetwork's constituent genes in mitral compared to aortic valves and APOA5 being a hub node, indicate that this subnetwork exhibits major methylation alterations related to the metabolism of lipids. The regulation and expression of lipid-related genes need to be further dissected as it has been reported in a previous study that increased fatty infiltration of valves is observed in MVP (89).

One very interesting aspect of this dataset is having 4 matched pairs (Table 1). Comparisons within individuals that have both aortic and mitral samples (Supplementary Figures 6A–F) revealed that promoters identified by our original non-matched analysis have been re-captured in the matched analysis with additional promoters identified by the matched analysis (Supplementary Figures 6A–F). Matched analysis can provide additional insight particularly when powered by sufficient replicates as it eliminates inherent genetic differences between samples which needs to be integrated in the design of the future large-scale study.

Our analysis provided a comprehensive catalog of genes and pathways that are differentially regulated between aortic and mitral valves, establishing the basis for upcoming whole-genome bisulfite sequencing (WGBS) studies to additionally interrogate methylation of gene-bodies and other non-promoter regions. Additional insights can be obtained from histone-modification and RNA-based experiments as well as the interaction of such epigenetic mechanisms with DNA methylation. Functional validation of genes and pathways of interest on the transcriptomic and proteomic level will confirm candidate DM biomarkers, which can serve as potential drug targets. Additionally, the same analysis on the VIC level will be done to confirm cell-type specific signals that might have been affected by the tissue's intrinsic cell heterogeneity. Such analysis will provide novel mechanistic insights into the distinct roles of the individual components.

Limitations-In this study, due to the scarcity of human non-diseased donor heart valves, a relatively small number of valves was examined (n = 12) and two of the four heart valves were studied. Further validation is required to evaluate the clinical significance of the methylation markers identified. An enhancement of the methodology used in this manuscript will be utilized in future studies for example by performing WGBS.



CONCLUSION

To conclude, this is the first study that explores the genome-wide DNA methylation landscape characterizing human non-diseased aortic and mitral valves. By investigating genes that are linked to DM promoters and their associated pathways, we discovered that the cells as well as the ECM of the aortic and mitral valve have different methylation signatures. The detected pathways included TGFB-, NOTCH-, FGF-, WNT-, Cadherin- and VEGF signaling pathways associated with EMT, Integrin- and HIF-1 signaling linked to ECM remodeling and NF-κB-, TNF-, osteoclast differentiation, Endothelin- and IL-17 signaling observed in aortic and mitral valve disease. Especially with the increasing incidence and prevalence of valve disease worldwide due to the world's increasing population age in developed and the failure to address RHVD in low and middle-income countries (LMICs) (5), it is very important to acquire a better understanding of the genetic and epigenetic make-up of cardiac valves and how they are influenced by local conditions, environmental factors and ethnicities as this will affect the development of preventative and therapeutic strategies.
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Mitral valve prolapse (MVP) due to myxomatous degeneration is one of the most important chronic degenerative cardiovascular diseases in people and dogs. It is a common cause of heart failure leading to significant morbidity and mortality in both species. Human MVP is usually classified into primary or non-syndromic, including Barlow’s Disease (BD), fibro-elastic deficiency (FED) and Filamin-A mutation, and secondary or syndromic forms (typically familial), such as Marfan syndrome (MFS), Ehlers-Danlos syndrome, and Loeys–Dietz syndrome. Despite different etiologies the diseased valves share pathological features consistent with myxomatous degeneration. To reflect this common pathology the condition is often called myxomatous mitral valve degeneration (disease) (MMVD) and this term is universally used to describe the analogous condition in the dog. MMVD in both species is characterized by leaflet thickening and deformity, disorganized extracellular matrix, increased transformation of the quiescent valve interstitial cell (qVICs) to an activated state (aVICs), also known as activated myofibroblasts. Significant alterations in these cellular activities contribute to the initiation and progression of MMVD due to the increased expression of transforming growth factor-β (TGF-β) superfamily cytokines and the dysregulation of the TGF-β signaling pathways. Further understanding the molecular mechanisms of MMVD is needed to identify pharmacological manipulation strategies of the signaling pathway that might regulate VIC differentiation and so control the disease onset and development. This review briefly summarizes current understanding of the histopathology, cellular activities, molecular mechanisms and pathogenesis of MMVD in dogs and humans, and in more detail reviews the evidence for the role of TGF-β.
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INTRODUCTION

Mitral valve prolapse (MVP) is one of the most common cardiac valvular abnormality in dogs and humans, and is a major source of morbidity and mortality and a common cause of heart failure, ventricular dysfunction, arrhythmias and sudden cardiac death (1–6). In the dog the condition is more commonly called myxomatous mitral valve disease (MMVD). Since this mitral valvulopathy in both species has various synonyms and myxomatous changes is the predominant pathological finding, in this review the terms MVP and MMVD will be used interchangeably and when needed for human and dog, respectively. MVP affects to 2–3% of the human population, and more than 10% of individuals over the age of 65 years have mitral valve insufficiency (7, 8). It accounts for 7% of deaths in dogs before 10 years of age and its prevalence is very high, estimated between 30 and 70% of all elderly dogs, with the greater prevalence in small breed dogs and in certain predisposed breeds such as the cavalier King Charles spaniel (CKCS) (9–11). Some forms of MVP will have a congenital or genetic basis, meaning MVP can be further characterized into primary non-syndromic, and secondary syndromic forms (4). Syndromic MVP is commonly associated with global genetic connective tissue disorders, such as Marfan syndrome (MFS), Loeys-Dietz syndrome and Ehlers-Danlos syndrome (12–14). It can also appear as isolated non-syndromic MVP, typically in a familial setting. The first confirmed non-syndromic genetic mutation was for the X-linked FLNA (Filamin-A) gene mutation, which causes valvular defects and progressive myxomatous degeneration and MVP in mice and humans (15–17). For the non-syndromic variants two disease types are reported including Barlow’s Disease (BD), where there is myxomatous degeneration and end-stage fibrosis, and fibroelastic deficiency (FED) where there is only myxomatous degeneration with valve thinning rather than thickening (18). FED is typically only seen in the very elderly, while Barlow’s Disease (BD) has more commonality with canine MMVD in terms of its slowly acquired development and progression, despite the lack of fibrosis in the dog. Lastly, MMVD has also been described in mice and pigs, induced by gene interference or surgical intervention, but the extent of MMVD in other species as a consequence of aging is unknown (19–21). Details of MMVD in both species are summarized in Table 1.


TABLE 1. Characteristics of various forms of MMVD in the human and dogs.
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For both syndromic and non-syndromic forms in both species the diseased valves appear histologically similar and exhibit features of myxomatous (myxoid) degeneration. Progressive deterioration of the mitral valves is typically characterized by increased valvular nodularity, leaflet thickening and deformity, excessive accumulation of proteoglycans (GAGs), collagen and elastin fragmentation, increased expression of proteolytic enzymes, disorganized extracellular matrix (ECM) and increased numbers of activated valve interstitial cells (aVICs; activated myofibroblasts) and with more obvious macrophage infiltration in human valves (3, 5, 22–25). Furthermore, in human valves there can be additional fibrosis in end-stage disease (BD) characterized by fibrotic layers on the valve surface, a change not seen in the dog (26–29).

Although, the histopathological changes of myxomatous degeneration are well characterized, some aspects of the underlying molecular changes and its contribution to pathogenesis are still to be identified (22, 30, 31). Most MMVD seen in human and veterinary clinical practice are sporadic and of unknown etiology, although a genetic or inherited basis suspected. However, there is increasing evidence for a primary role for members of the transforming growth factor (TGF)-β superfamily in the pathogenesis and progression of various MMVD forms (5, 32–37). This is not surprising as the TGF-β superfamily are important in the regulation of most cellular events, such as proliferation, differentiation, migration, autophagy, apoptosis and senescence in a variety of cardiovascular diseases (38, 39). While much is known about the cellular and molecular events of the disease in both species, the exact molecular and regulatory mechanisms are not yet elaborated, especially with regard to early disease onset and progression (3–5, 37). In human MVP most studies of non-syndromic forms have been restricted to examining end-stage valves obtained at surgery (29, 34, 35, 40). Information on earlier onset is restricted mainly to inherited connective tissue disorders, such as MFS, osteogenesis imperfecta, and Ehlers-Danlos syndrome, although myxomatous degeneration in those patients can appear with advanced age (17).

CD45+ hematopoietic cells have been detected in human, sheep, and murine MMVD valves related to non-infective causes, although MMVD in the absence of infective endocarditis has traditionally been regarded as a non-inflammatory disease (34, 41–44). The majority of these cells are characterized as macrophages implicating macrophage infiltration as a potential secondary driver of MMVD progression. CD45 expression of mitral VECs can be induced by TGF-β signaling in sheep MMVD (25, 43, 45). TGF-β signaling is enhanced in MMVD in mouse, humans and dogs and has been associated with ECM dysregulation and increased macrophage numbers in diseased valves (4, 32, 34, 46, 47). These data suggest that TGF-β signaling might be associated with the emergence of an inflammatory micro-environment comprised of increased recruitment of pro-inflammatory macrophages from the circulation and immunogenic ECM remodeling, somewhat analogous to features of calcific aortic valve disease (CAVD) (6, 25). In CAVD TGF-β signaling is involved in the pathogenesis, as for MMVD a promoter role in the early VIC activation as shown by up-regulation of α-smooth muscle actin (α-SMA). In dogs with advanced disease there is evidence of a marginal increase in the number of mast cells in affected valves (24), but no involvement of the resident macrophage population or recruitment of inflammatory cells are found in severe MMVD (elderly dogs) (48, 49). Whether there is a macrophage population present in dogs or only during early stage of the disease has yet to be elucidated.



VALVE STRUCTURE, PATHOLOGY, AND CELL AND MOLECULAR CHANGES

The cross-sectional structure of the normal mitral leaflets is similar to the aortic valve, with at least three layers, atrialis, spongiosa, and fibrosa identified, a fourth ventricularis proposed by some, and each with different thickness and cell and ECM composition, and both sides lined with valve endothelial cells (VECs). The thin atrialis contains a large amount of elastin with a mixed amount of scattered collagen fibers and valve interstitial cells (VICs) (50, 51). The spongiosa contains loosely arranged collagen fibers and is rich in glycosaminoglycans (GAGs), such as hyaluronan, and various proteoglycans (52). This layer, consisting mainly of collagen I and III and small numbers of thin elastin fibers. The majority of cells in the spongiosa, and throughout the whole valve, are quiescent VICs (qVICs) along with few mast cells (24, 53–55). The dense fibrosa layer is composed of tightly packed collagen bundles arranged parallel to the leaflet free edge and within which are scattered VICs (Figure 1).
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FIGURE 1. The mechanism of myxomatous degeneration. The schematic shows the endothelial to mesenchymal transition (EndoMT) process and the activation of quiescent valve interstitial cells to myofibroblasts that affect matrix production and remodeling, driving collagen and elastin fragmentation and loss. ECM, extracellular matrix; GAGs, glycosaminoglycans; MMP, matrix metalloprotease; TGF-β, transforming growth factor-β; qVICs, quiescent valvular interstitial cells; aVICs, activated valvular interstitial cells.


The gross and histopathological changes in both species are reasonably well characterized, and will be only briefly describe here, but to give contextual background to the role of TGF-β in the disease process (5, 22, 37, 56–58). Changes the endothelium include endothelial loss, cellular pleomorphism, endothelial-to-mesenchymal transition (EndoMT), disruption of the basement membrane and accumulation of aVICs in the sub-endothelium (23, 46, 55). The myxomatous degeneration itself is characterized by expansion of the spongiosa and separation as well as fragmentation of the dense collagen bundles in the fibrosa (5, 59). There is a reduction in connective tissue density, accumulation of a myxoid extracellular matrix rich in GAGs, loss of mature collagen and replacement with immature fibrillar collagen lacking cross-links structural, in all the layers of leaflet as well as the chordae tendineae (60). The main cellular event is the phenotypic differentiation of the VICs from a quiescent phenotype (qVICs) to an activated myofibroblast (aVICs) in the spongiosa and fibrosa, with accumulation of aVICs in the sub-endothelium (46, 61). Furthermore, there is evidence of aVIC persistence with dysregulation of apoptosis, and transcriptomic evidence of altered gene expression associated with cellular senescence (37, 62). Rather than aVICs being cleared for the tissue as would normally happen, their persistence might contribute to the aberrant matric remodeling typical of the disease. The aVICs are presumed responsible for valve matrix degrading, and at a rate exceeding that of production of new collagen and elastin (63). This matrix degeneration is presumed to be due to increased production of various proteolytic enzymes including matrix metalloproteinases (MMP-1, MMP-2, MMP-9, and MMP-13). It should be noted that human valvulopathies heighten the risk of developing endocarditis which is not the case in the dog. The reason for this species difference is unknown. Overall, these pathological changes account for the reduced tensile strength, distorted valve shape and mechanics typical of the disease resulting in the mitral regurgitation and heart failure.

In addition to the naturally occurring forms of MMVD there are various rodent models available, and comment will be made on how they inform thinking on the role of TGF-β (Table 2). Many of these models are transgenic and questions can be raised to their validity as models of what is a chronic degenerative disease, but that discussion is beyond the scope of this review.


TABLE 2. In vivo and in vitro models for MMVD.
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THE ROLE OF TRANSFORMING GROWTH FACTOR-β IN MYXOMATOUS MITRAL VALVE DEGENERATION


Effects of Transforming Growth Factor-β on Valvular Interstitial Cells

As mentioned previously, VICs exist in all layers as two distinct phenotypes, qVICs and aVICs, and predominantly in healthy and diseased valves, respectively (64). During development endothelial cells invade the endocardial cushion and are transformed into embryonic progenitor mesenchymal cells to induce ECM remodeling under the regulation of the TGF-β family and bone morphogenetic proteins (BMPs) (65). Once the valve is formed qVICs predominate and maintain valve structure and function (24, 48, 54). VICs in normal valves have a quiescent vimentin+/alpha-smooth muscle actin (αSMA)- phenotype and are presumed to operate in a homeostatic role controlling ECM remodeling and repair (66). TGF-β up-regulation appears to have an important role among various biological pathways in the pathogenesis of the multiple forms of MMVD. Specifically, TGF-β is known to activate qVICs toward a pathologic synthetic phenotype, as shown both in animal models and in human and canine in vitro studies (32, 36, 48). Similarly, antagonism of the TGF-βR II receptor by SB431542 transitions aVICs to the qVIC phenotype in a canine low serum culture system, where VICs were isolated from diseased canine mitral valves and maintained in 2% (v/v) FBS media (36). Members of the TGF-β superfamily are overexpressed in surgically excised human diseased valves where aVICs predominate and this is associated with increased expression of MMPs, presumably driving degeneration of collagen and elastin structures (22, 34, 35, 67, 68). Finally, examining transcriptomic data from human valves, upregulation of BMP 4 has been shown to mediate the activation of VICs from healthy quiescent cells to a pathologic synthetic phenotype (67).



Transforming Growth Factor-β Control of EndoMT in Myxomatous Mitral Valve Degeneration

One of the important, but less documented, changes to the endothelium in MMVD is induction of EndoMT, accompanied by activation of transcriptional regulatory mechanisms important in heart valve development, and is seen in both human and canine MMVD (46, 69–71). This is associated with co-expression of hyaluronic acid synthase (HAS)-2 and α-SMA in endothelial cells and increased expression of Sox9, and increased expression of HAS-2 in stromal interstitial cells (46, 52, 72). There are other lines of evidence suggesting a role for EndoMT in MMVD, with a role for TGF-β. Cultured endocardial cells derived from mature ovine valves have been shown to transdifferentiate via TGF-β signaling into mesenchymal cells that express α-SMA, and human valve endothelial cells adopt a mesenchymal phenotype after exposure to TGF-β (73, 74). Clonal expansion has shown endothelial-like cells have a strong response to TGF-β, which can then be inhibited by vascular endothelial growth factor (VEGF) (74). In vitro mitral valve endothelial cells have been shown to be important for maintaining the quiescence of valve interstitial cells and thereby reciprocally preventing TGF-β-driven EndoMT of endothelial cells (75). Lastly, inhibition of TGF-β by the angiotensin two receptor antagonist losartan can reduce EndoMT of mitral valve endothelial cells in vitro in a sheep model and can decrease leaflet thickness and block TGF-β signaling and downstream targets (43). Nevertheless, evidence for EndoMT is restricted to valve transcriptomic data in the dog and human, and found in valve tissue in the dog using IHC, but to what extent this might contribute to the valve VIC population and to disease pathogenesis in vivo is unknown (Figure 2).
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FIGURE 2. The endothelial to mesenchymal transition (EndoMT) and phenotypic trans-differentiation from quiescent valve interstitial cells (qVICs) to activated valve interstitial cells (aVICs) in the progression of MMVD. The diagram illustrates the phenotypic, gene expression changes and cellular functional changes occurring during MMVD. The phenotypic conversion of endothelial cells into qVICs includes increased production of N-cadherin, vimentin and fibroblast-specific protein-1 (FSP-1). These events are accompanied by downregulation of the markers of endothelial cells such as CD31/platelet-endothelial cell adhesion molecule-1 (CD31/PECAM-1), vascular-endothelial cadherin (VE-cadherin), COL4, vascular epidermal growth factor receptor (VEGFR), and von Willebrand factor (vWF). Furthermore, the TGF-β-activated VICs show a significant increase in unique markers including α-smooth muscle actin (α-SMA), SM22 and Smemb (embryonic smooth muscle myosin) as well as the secretory proteins regulating the ECM disorganization including MMPs/TIMPs, IL-1β, IL-11, and IL-33.





TRANSFORMING GROWTH FACTOR-β INITIATED SIGNALING PATHWAYS IN MYXOMATOUS MITRAL VALVE DEGENERATION

The TGF-β family consists of a large variety of pleiotropic multifunctional proteins that play significant roles in embryonic development, autoimmunity, cancer, fibrotic disorders, and cardiovascular diseases (34, 76–79). TGF-βs and BMPs are considered as the most important initiators of the signaling pathway (80–83). Although the effect of TGF-βs and BMPs on the initiation and progression of MMVD has been shown, the molecular and regulatory events involved are highly complex resulting from a large number of signaling interactions promoted by diverse molecular mechanisms. Many of these interaction still need to be elucidated.

TGF-β-mediated valvular fibrosis is only observed in end-stage human MMVD and seen as fibrotic over-lays developing on the atrial and ventricular sides of leaflets. However the myxomatous degeneration found in both species is believed to be highly TGF-β-dependent (5, 37). Various studies have suggested the important roles for the members of TGF-β family in the initiation and development of MMVD in humans, mouse and dog (32–37, 47, 48, 67). Pathway analysis by transcriptomic profiling in human and canine valve tissue has identified TGF-β signaling as the dominant pathway in both the development and progression of MMVD (37, 84). Increased expression of multiple TGF-β isoforms in parallel with the accumulation of ECM components and transformation of VICs into myofibroblasts is observed in the surgically excised samples of myxomatous valves from human and dog (34, 37, 47, 85, 86). In a transgenic fibrillin (Fbn)-1-deficient mouse Marfan Disease model, where TGF-β signaling was potentiated, VICs are phenotypical altered with associated myxomatous ECM remodeling (32, 87). Transformation of qVICs to the diseased activated myofibroblast phenotype can be blocked with TGF-β-neutralizing antibodies (NeuAb), antagonism of the TGF-β RII receptor, antagonizing TGF-β signaling and blocking Smad phosphorylation (32, 34–36). In an in vitro Marfan Disease model an exon encoded Fbn-1 sequence triggers release of endogenous TGF-β1 and stimulates TGF-β receptor-mediated Smad2 signaling in the presence of cell layer ECM (88). However, it has been shown that non-Smad (non-canonical) signaling pathways are also implicated in MMVD progression, including regulation by several molecular mediators such as filamin A (FLN-A) and scleraxis (Scx) (86, 89).


Canonical Transforming Growth Factor-β-Mediated Signaling Pathways in Myxomatous Mitral Valve Degeneration

Substitution of an epidermal growth factor-like domain in the fibrillin-1 (Fbn-1) gene with a cysteine (C1039G) in transgenic mice will result in increased release of activated TGF-βs to initiate the aberrant signaling that contributes to myxomatous degeneration (32). Significant increased expression of TGF-βs, latency-associated peptides (LAPs), latent TGF-β activator integrins and phosphorylated SMAD2/3 has been reported in MMVD valve tissues using transcriptomic analysis and on histopathology, indicating the key contribution of canonical TGF-β-mediated signaling to MMVD (34, 37, 90, 91). Understanding how TGF-β signaling can control MMVD pathogenesis requires some explanation of the complex pathways involved. Briefly, the TGF-β signaling pathway is initiated by binding of activated TGF-β ligands with TGF-β receptor complexes in the cell membrane. Subsequent to intracellular biosynthesis TGF-β homodimers are secreted extracellularly as inactive protein complexes, which maintain latency through the non-covalent binding with the pro-peptide latency-associated peptide (LAP). To exert its diverse biological functions TGF-β requires to be liberated from the latent complex and activated extracellularly before binding to its receptors. For example, Fbn-1, as a structural component of the ECM microfibrils, can release (activate) latent TGF-βs from the microfibrils by means of the substitution of Fbn-1 fragments for latent TGF-β-binding proteins (LTBPs) and by its complex interactions with various activators such as integrins (37, 88, 92–95). TGF-β release can also be controlled by torqueing mechanics where the bound protein complex is linked to cells (in this case VICs) by various integrins. Following the activation/release of TGF-βs these homodimers bind to their corresponding transmembrane receptor complexes (TGF-βR I and TGF-βR II) and initiate a complicated intracellular signaling cascade of molecular and regulatory events (96–98). The active receptor complex recruits and activates the downstream signaling effector proteins Smad2 and Smad3 (the canonical pathway) and they form an intracellular complex with co-Smad (Smad4, the mediator Smad) enabling its translocation from the cytoplasm into the nucleus. In the nucleus the Smad complex interacts with the Smad binding elements (SBE) to invoke transcription of various TGF-β-responsive genes, including those involved in ECM remodeling, VIC differentiation and EndoMT (99) (Figure 3).
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FIGURE 3. Canonical and non-canonical TGF-β and BMP signaling pathways in MMVD. TGF-β homodimers are secreted extracellularly as inactive protein complexes, maintaining latency through binding with the latency-associated peptide (LAP). Latent TGF-β-binding proteins (LTBPs) form a bridge between fibrillin-1 (Fbn-1) and LAP and serve to sequester the complex into the extracellular matrix (ECM). The complex can be released from the microfibrils by its complex interactions with activators such as reactive oxygen species (ROS), plasmin and integrins. Activation of the latent complex mechanically triggers the complex deformation (torqueing) and the release of active TGF-β. The Smad-mediated TGF-β cascade is initiated by the binding of activated TGF-β homodimers to their corresponding transmembrane heterodimeric TGF-β I/II receptor complex. The active receptor complex recruits and phosphorylates the downstream signaling effector proteins, Smad2 and Smad3. Upon phosphorylation, Smad2/3 is released and forms an intracellular complex with Smad4 that translocates from the cytoplasm into the nucleus, where it interacts with Smad binding elements of TGF-β target genes involved in induction of ECM remodeling, VIC differentiation, EndoMT and myxomatous alterations. The non-canonical pathways are comprised of phosphatidylinositol 3-kinase (PI3K) and the kinases members from mitogen-activated protein kinase (MAPK) family. TGF-β can activate all three known MAPK pathways, referred to as TGF-β activated kinase 1 (TAK1)-mediated p38 activation, c-Jun amino-terminal kinase (JNK) MAPK, and extracellular signal-regulated kinase (ERK). Signal transduction through these pathways modulates non-Smad-mediated TGF-β-responsive cellular activities dependent on a specific cellular type or context. In a similar manner, BMPs bind to their transmembrane complexes to initiate its phosphorylation, but with higher affinity with type I receptor, assisted by type III co-receptors, endoglin and betaglycan. Upon activation the complex results in initiation of canonical or non-canonical signaling cascades.




The Role of Mediators in Canonical Transforming Growth Factor-β Initiated Myxomatous Mitral Valve Degeneration

While Smad2/3-mediated signaling probably is a major contributor to the initiating of MMVD, other molecular mediators related to canonical signaling pathways have been shown to play a significant role in the modulation of MMVD progression in animal models in vivo and in vitro in VICs. These regulatory mechanisms include molecules exerting their effects on MMVD by means of canonical TGF-β signaling pathways or through activation by TGF-β itself. Examples include fibrillin-1 (Fbn-1), filamin A (FLN-A), follistatin-like 1 (Fstl1), fibroblast growth factor (FGF)-2 and angiotensin (Ang) II (32, 84, 89, 100, 101).

Fbn-1 beyond being a structural component of ECM microfibrils has an important role in regulating TGF-β activity and signaling through interaction with LTBP in the myxomatous mitral valve of MFS patients (32). Ng and colleagues showed that the intense immunohistochemical signal of both active TGF-β and its intracellular responder pSmad2 were significantly increased in mitral valves in a MFS mouse model. These observations were further validated by TGF-β antagonism by neutralizing antibodies in vivo with rescuing of the myxomatous mitral valve phenotype. Additionally, the expression of the downstream TGF-β-related effectors, which are either members of the TGF-β superfamily or directly mediated by TGF-βs, such as βIGH3, endothelin-1 (EDN1) and BMPs, are upregulated in the mitral valves of MFS mice. This suggests a promoter role of the mutation in Fbn-1 in initiation of canonical TGF-β signaling in MFS, and perhaps more commonly non-syndromic variants of human MMVD (32). Evidence for the extracellular control by Fbn-1 of TGF-β signaling activation in other MFS-induced systemic disorders has been shown in other studies (102–108). Recent work on the age-dependent cardiac remodeling in a mouse model of MFS revealed a comparable expression pattern of the myofibroblast marker α-smooth muscle actin (α-SMA) in cardiac tissues of Fbn-1 transgenic mice and their wild-type littermates.

FLN-A is highly expressed in the mitral valve during development and is significantly diminished after birth, suggesting an important role for FLN-A during valve development (109). Mutations in the FLNA gene had been identified as a cause to a rare X-linked myxomatous valvular disease (17). FLN-A might act as a contributor to the initiation and development of myxomatous cardiac valves by its interaction with activated Smads to regulate TGF-β signaling (110, 111). In contrast, a recent study showed that FLN-A might not be involved in the pathogenesis of non-syndromic MVP, since the mRNA expression level of FLN-A in diseased valves is comparable to control leaflets, despite upregulation of TGF-β1 and pSmad2 signaling in diseased mitral valves (86). Another study also suggested that there were interactions between FLN-A and TGF-β since FLN-A acted as a promoter of TGF-β induced ECM remodeling in Fstl1-deficient mice (101). In a FLN-A knockout mouse the expression of the canonical TGF-β-dependent effector pSmad3 and its downstream target molecule collagen IαI are markedly increased in mitral valves suggesting deficiency in FLN-A positively influences Smad activation and correlates with increased collagen expression (89).

In Fstl1-knockout mice there is a sustained increase in TGF-β signaling after birth, while deletion of Fstl1 from the endocardial lineage results in myxomatous mitral valves with cell proliferation and endocardial-to-mesenchymal transition. Fstl1-deficient mitral valves show significantly upregulated expression of TGF-β in mitral valve VICs. Immunofluorescent analysis has shown that the positive signal for pSmad2/3 is mainly detected in the nuclei of VECs and VICs in diseased mitral leaflets, indicating active TGF-β signaling during postnatal development (101). Additional evidence that Fstl1 could regulate MMVD is shown by increased upregulation of a series of unique makers of ECM remodeling and EndoMT mediated by TGF-β signaling in Fst1-KO mice, including Fbn-1, FLN-A, vimentin and α-SMA. These data suggest important roles of Fstl1 in promoting homeostasis of the mitral valve undergoing embryonic development, postnatal maturation, and even into adulthood (101).

Several studies have shown that fibroblast growth factor (FGF)-2 is able to potentiate canonical pSmad2/3-dependent TGF-β signaling by binding to TGF-β type III receptor beta-glycan, which both possess the binding site of endogenous TGF-β and FGF-2, and thereby result in increased TGF-β availability for the activation of the canonical pathway. A significant role for FGF-2/AKT-1 signaling in mitral VICs in response to experimental wounding and remodeling, independent of the TGF-β/Smad signaling, has been identified (100). Ang II has also been shown to play a significant role in canonical TGF-β-dependent ECM remodeling causing myxomatous degeneration in murine mitral valves. Infusion of Ang II into mice triggers activation of a canonical Smad-mediated TGF-β2 cascade and transcriptional activity of TGF-β-responsive genes (84). There is increased mRNA levels of TGF-β1 and TGF-β2 as well as downstream pSmad2, detected by both qRT-PCR and IHC, alongside an increase in MMP2 and CTGF expression, respectively (84). As previously mentioned canonical TGF-β-induced SMAD2/3-dependent ECM production in cultured human VICs can be effectively inhibited by the Ang II receptor blocker losartan (34).



Non-canonical Transforming Growth Factor-β Signaling in Myxomatous Mitral Valve Degeneration

In addition to the canonical signaling, TGF-β family members contribute to MMVD progression by via several non-Smad/non-canonical pathways. Similar to the Smad-dependent signaling, the non-canonical cascades are initially amplified by the phosphorylation of TGF-βRI/II through binding with activated TGF-β ligands regulating downstream cellular activities. These pathways comprise the kinases members from the mitogen-activated protein kinase (MAPK) family and other kinases such as phosphatidylinositol 3-kinase (PI3K). TGF-β can activate all three known MAPK pathways, and these are also known as TGF-β activated kinase 1 (TAK1)-mediated p38 activation, c-Jun amino-terminal kinase (JNK) MAPK, and extracellular signal-regulated kinase (ERK). Signal transduction through these pathways modulates non-Smad-mediated TGF-β-responsive cellular activities. However, these pathways can also modify canonical pathways with complex interactions between non-Smad- or Smad-mediated components occurring in most TGF-β-mediated biological effects. This can result in up- or down-regulation of TGF-β signaling and complex regulation of biological responses (112).

Although Smad-independent TGF-β signaling is implicated in a wide spectrum of intracellular transduction cascades and diverse cellular responses only a few studies have examined its involvement in MMVD (34, 41, 89, 113, 114). Nevertheless, these studies show that non-Smad signaling, including ERK, p38 MAPK, and PI3K, can contribute to MMVD pathogenesis affecting the function of both VICs and VECs by interacting with canonical TGF-β signaling or directly. Recent transcriptomic profiling of canine valve tissues has shown that positively regulated gene expression of the ERK1/2 cascade is most noticeably in end-stage valves (37). In FLNA conditional knockout mice, as found in the human FLNA mutation X-linked MMVD, progression can be attributed to a balance between the opposing regulatory effect of the non-canonical Ras/Mek/Erk and canonical TGF-β-dependent effector pSmad3 (89). In human mitral VICs exposed to cyclic mechanical strain, expression of TGF-β2 and α-SMA are significantly increased, which is partly dependent on the activation of RhoC/ROCK in tandem with the non-canonical MEK/ERK1/2 pathway (114). The expression of α-SMA induced by activation of the TGF-β-dependent PI3K/AKT signaling is also observed in bone marrow-derived mesenchymal stem cells (MSCs) modified to generate VICs for tissue-engineered heart valves (113). In human mitral VECs EndoMT can be induced via TGF-β-mediated activation of Ras/Mek/Erk rather than the canonical pSmad3 signaling with increased expression of the EndoMT markers Slug, Snai1 and MMP-2 (41). TGF-β-mediated ECM production has also been shown to be dependent on non-Smad p38 MAPK pathways, working in combination with the canonical Smad2/3 signaling in diseased VICs in sporadic non-syndromic mitral valve prolapse (34).

The potential interaction between Ang II and TGF-β in the pathogenesis of MMVD should also be considered as this is well recognized in fibrosis and ECM deposition, involving both canonical and non-canonical parts of the TGF-β signaling pathway, and these effects can be inhibited by angiotensin II receptor blockers (ARBs) (34). One consideration, as previously mentioned, is the disparity in the level of fibrosis comparing end-stage canine and human MMVD (BD), and to what extent signaling pathways more important in fibrosis might actually contribute to the ECM remodeling seen with myxomatous degeneration. Nevertheless, activation of Smad-mediated signaling and TGF-β2-responsive gene expression has been observed in the mitral valves of mice treated with Ang II, with a relatively moderate change in the activity of BMP and Wnt-β-catenin signaling, both of which are suggested to contribute to human MMVD (84). The ARB antagonist losartan competitively antagonizes binding of Ang II to the AT1 receptor, but also inhibits progression of aortic root aneurysms in Fbn-1 mutant mice and Marfan disease patients through anti-TGF-β effects (104, 115). It has been proposed that losartan shunts Ang II signaling toward the Type II receptor involving both SMAD and ERK (116). In human mitral VICs treated with losartan, phosphorylation of SMAD2/3 and p38 is inhibited, but not ERK, suggesting SMAD2/3-dependent canonical TGF-β and ERK-independent signaling contribute to MMVD progression. Furthermore, in a mouse model of Loeys-Dietz syndrome (LDS), which exhibits phenotypic features overlap with MMVD and is a consequence of dysregulated TGF-β signaling, losartan normalizes growth of aortic roots and protects the aortic wall from the damage associated with decreased expression of pSmad2, pERK and TGF-β1 ligands (117). Losartan antagonism of TGF-β-dependent pSmad and ERK signaling also prevents EndoMT in ovine VECs and reduces expression of TGF-β and pERK in sheep mitral valve tissues (43, 118). In transgenic Runx2± mice treated with AngII there is increased expression levels for the COL3A1 gene and immunostaining for pAKT proteins despite the lack of expression of TGF-β3 and pSMAD2/3 in mitral valve tissues. Conversely, there is increased expression of TGF-β3, COL3A1, p-SMAD2/3 and p-AKT in Runx2+/+ mice, suggesting that Runx2 may contribute to trigger tissue ECM responses and cellular proliferation, similar to that seen in MMVD (84). However, a large-scale clinical trial for children and young adults with MFS showed that there were no significant difference in the rate of aortic-root dilatation between the two groups treated with losartan and atenolol, the current standard therapy in most hospitals (119).



Bone Morphogenetic Proteins Signaling in Myxomatous Mitral Valve Degeneration

BMPs are important members of the TGF-β superfamily and may also be involved in MMVD progression. While they were originally discovered because of their capacity to mediate bone and cartilage formation, there is an increasing awareness of their role in non-osteogenic processes, such as heart development, circulation homeostasis and several cardiovascular diseases (120). Similar to TGF-βs BMPs ligands can bind to the heterotetrameric transmembrane receptor complexes comprised of two serine-threonine kinase type I and type II receptors, resulting in initiation of canonical or non-canonical signaling cascades, including the downstream phosphorylation of R-SMAD effector proteins and the three well-characterized ERK, JNK and p38 MAPK pathways (121–123). Following activation of R-SMADs, also known as SMADs 1, 5, and 8, BMPs form heteromeric complexes by binding with the co-Smad mediator, Smad4, and translocate into the nucleus to mediate transcription of BMP-responsive genes (Figure 3) (124).

The potential role of BMP signaling was first recognized in MMVD degeneration in a Fbn-1 mutant murine model of MFS. Several studies have shown that BMP 2, 4, and 6 can contribute to cardiac valve development and EndoMT involving a key contribution of Smad1/4/5-dependent BMP signaling (125–129). Although the molecular mechanisms in which the BMPs might impact MMVD pathogenesis have not been clarified some studies suggest that non-canonical BMP4/SOX9 signaling regulates the phenotypic change in VICs and ECM remodeling in human myxomatous mitral valve tissue, with increased gene and protein expression of BMP4, Sox9, CRTAC1, CTGF, α-SMA, vimentin and desmin (67). BMP4 treatment itself results in increased expression of Sox9 and other markers of ECM reorganization and VIC activation in human MMVD valves (67). BMP2 signaling in the human endocardial lineage is essential for remodeling of atrioventricular valves since BMP2 knockout mice show reduced Sox9 expression and mitral valve malformation deficiencies (130). BMP2 and TGF-β1 synergistically stimulate the expression of the transcriptional factors SOX9, Twist1, and Snail1/2 and initiate EndoMT via canonical Smad1/5- and Smad2/3-dependent pathways (101). TGF-β induces quiescent VIC activation by BMP2 stimulation in deformed mitral valves in Fstl1-deficient transgenic mouse model indicating a potential molecular target for myxomatous mitral valve disease (101). Comparable activity of canonical TGF-β and BMP signaling has been detected in surgically excised human MMVD tissue (84).



Other Important Pathways in Myxomatous Mitral Valve Degeneration

Several important regulatory pathways besides TGF-β signaling have also been shown to participate in the development of heart valves and progression of MMVD under certain specific cellular contexts. These molecular pathways include Wnt/β-catenin and Notch pathways (42, 84, 131). A microarray pathway analyses showed that the expression level of Wnt ligand (Wnt9A) and its receptor (frizzled 8), accompanied by upregulation of the extracellular positive modulator R-Spondin 2 and the target gene runt-related transcription factor 2 (Runx2), were increased in human MMVD tissues. These observations were further supported by the increased expression of Wnt9A, β-catenin and Wnt-target gene WISP1 in TGF-β2-treated human mitral VICs and Ang II-induced myxomatous degeneration in murine mitral valves (84). The Notch pathway also plays an important role in the development of outflow tract of the heart which starts with EndoMT in the endocardial cells leading to the formation of cardiac valves (132). However, there lacks enough evidence that Notch signaling is directly involved in the onset and progression of MMVD in human and dogs. To what extent TGF-β signaling might interact with these pathways is beyond the scope of this review.




CONCLUSION

MMVD is the most important acquired mitral valve disease in both dogs and humans and its natural history, pathogenesis and progression, pathology, cell and molecular changes are reasonably well characterized. Current areas of investigation are focused on genetic analysis, small and large animal models, the role of TGF-β dysregulation, abnormal EndoMT, and the impact of biomechanical strain in the pathogenesis of MMVD. There is also parallel interest in monocyte infiltration, particularly macrophages, as potential contributors to MMVD pathogenesis, at least in human mitral valvulopathies. While transgenic rodent models and surgically resected human valve tissues give insight into many molecular aspects of MMVD they are limited in modeling the chronicity of this disease and the extensive secondary fibrosis in patient-derived human valve tissues hampers examination of molecular events controlling myxomatous initiation and progression. Interestingly, much more is known about the earlier stages of the disease in the dog, and the naturally occurring disease in the dog might be the best large animal model to study human MMVD considering the shared cellular and molecular events in the two species. The important role of TGF-β signaling in the onset and progression of MMVD has been emphasized by studies using mouse models, valve samples of human and canine myxomatous mitral valves and in in vitro canine aVIC cell culture models. Phenotypic transition of qVICs to aVICs induced by dysregulated TGF-β signaling appears to be a key contributor to valve myxomatous degeneration though aberrant matrix remodeling, exerting control through complex canonical and non-canonical signaling pathways interactions and effects, which can conceivably affect the disease phenotype alone or in combinations. To what extent one of these might be a dominant pathway for the diseased is still unknown. Furthermore, what abnormal signaling contributes to the survival and persistence of aVICs in diseased valves remains unanswered. Understanding the mechanisms that control cell persistence in this disease likely will give clues to the pathogenesis and identify potential therapeutic targets in both the dog and human.
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Type of technique/device Description Strength Limitation Ongoing trials

Transcatheter tricuspid valve Implantation of a prosthetic valve  Alternative option to repair Lack of experience
replacement: in the tricuspid location orinthe  techniques, mainly in patients
-Orthotopic implantation vena cava with degeneration of previous
~Heterotopic implantation tricuspid valve correction
TrClip (Abbott, Chicago, llinois)  Edge-to-edge repair Satisfactory reduction of Lack of
tricuspid regurgitation and comprehensive
improvement in the functional data on eligible
class for patients not suitable for  patients
surgery
FORMA system (Edwards Implantation of a balloon spacer  Alternative options to Invasiveness of the
Lifesciences, Ivine, California) anchored to right ventricle apex ~ edge-to-edge repair device
able to reduce regurgitant orifice

area

- Trialign (Mitralign Inc, System of anchors placed on the  Reduction of tricuspid annulus Lack of mid-term  Safety and Feasibilty of the
Tewksbury, MA) anterior and posterior segments  diameter in patients not suitable  follow-up data Transcatheter Tricuspid Valve

- Tricinch (4Tech Cardio Ltd., of the tricuspid annulus for surgery Repair System (Trialign)
Galway, Ireland) Trials Identifier: NCT04936802
ro ic annulopl:

- Cardioband system (Edwards ~ Transcatheter implantation of a  Reduction of tricuspid Lack of mid-term
Lifesciences, Inine, CA, USA)  prosthetic annulus regurgitation in patients deemed  follow-up data.

- Milpede IRIS (Milipede Inc.,, inoperable

Santa Rosa, CA, USA)
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Type of technique/device

Suture bicuspidization

De Vega annuloplasty

Prosthetic annuloplasty:
- Duran-Medtronic flexible ring

- Carpentier-Edwards semi-rigid ring
- Cosgrove-Edwards flexible band

- Duran-Medtronic flexible band

and others ...

Papilary muscles septalization

Leaflet augmentation

Description

Double pledget-supported mattress
suture from the anteroposterior to the
posteroseptal commissure

Double continuous running suture
along anterior and posterior portions
of the annulus

Implantation of a prosthetic band or
ting

‘The approximation of the anterior PM,
attached to the RV free wall and more
prone to displacement, toward the
interventricular septum

Leaflet augmentation using a
pericardial patch

Strength

Easily reproducible

Safe, effective, easily reproducible,
cheap

Reduction of recurrent dilatation by a
non expandable frame

The technique allows to increase the
surface of coaptation of leaflets
reducing the rate of TR recurrence

The technique allows to increase the
leaflets surface improving systolic
area closure

Limitation
frequent technical failures
Occasional Suture tear: “Bowstring”
phenomenon

May Need adcitional gestures in
complex lesions (excessive leaflets
tethering)

Lack of large series reported

Lack of large series reported
Eventual degeneration of pericardial
patch (stiffer and retraction)
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MR MR MR p-value
regression  unchanged progression
(=68 (=328 (1=34)

Clinical characteristics

Age, years 51.0+116 495+130 539+107  0.128
Male sex, n (%) 28(406)  180(550)  16(47.1) 0076
Hypertension, n (%) 58(84.1)  209(917)  29(85.) 1.000
Diabetes mellitus, n (%) 24 (34.8) 114 (36.0) 16 (47.1) 0.368
Dyslipidernia, n (%) 16(232)  62(19.0) 388 0214
Atrial fibrillation, n (%) 9(13.0) 13 (4.0 0(0.0" 0.003
CAD, 1 (%) 9(180) 87118  7(208) 0292
Heart failure, n (%) 13(18.8) 24 (7.3 259" 0.008
Renal characteristics

Dialysis, n (%) 68(100.0)  328(100.0) 34 (100.0) 1.000
Hemodialysis, n (%) 62(91.2)  282(860)  81(912) 0664
Peritoneal dialysis, n 6(8.8) 46 (14.0) 3(88) 0.306
(%)

HD duration, months 567 £582 652669 564621 0577
Second KT, n (%) 229 23(7.0)  7(08)" 0.005
Post-KT comorbidities, n (%)

New-onset HTN 458 13 (4.0) 2(59) 0732
Persistent HTN 13(18.8 103315  17(50.0)" 0,005
New-onset DM 5(72) 52(16.0) 388 0111
Renal dysfunction, n 9(13.0) 62(190)  12(353)" 0025
(%)

Graft failure, n (%) 1(159  88(10.)  6(17.8 0202
Post-KT medications

RAASblocker,n (%) 12(188)  74(269)  5(156) 0.186
Beta blocker, n (%) 23(348)  145(523)  14(43.8) 0032
CCB, n (%) 25(360)  108(3829)  17(50.0) 0.470
Diuretics, n (%) 6(9.4) 27(99) 4(12.1) 0.906
Statin, n (%) 1762 85314  12(36.4) 0556

*P < 0.05 compared with the MR regression group.

#P < 0.05 compared with the MR unchanged group.

MR, mitral regurgitation; CAD, coronary artery disease; HD, hemodialysis; KT, kidney
transplantation; HTN, hypertension; DM, diabetes melitus; RAAS, renin-angiotensin-
aldosterone system; CCB, calcium channel blocker.
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MR MR MR p-value
regression unchanged progression
(h=68) (1=328 (=34

Pre-KT echocardiogram

LVEDD, mm 566+£69 52459 61.3£57° <0001
LVESD, mm 385493 84160 625+61° <0001
LVEF, % 5674128 623£93 61.7£106  <0.001
LV mass index, g/m?  148.4+£51.1 1249370 11864364  <0.001
LA volume index, 516245 381151 395+148 <0001
mi/m?

E/e’ 154£69 124+56° 122£4.1° 0001

PASP, mmHg 400+118 803+£93" 854£105 0015
Degree of MR, n (%) <0.001
Nortrivial 0(0) 190(57.8) 24 (706"

Mid 46(66.7)  131(40.1)  10(29.4)

Moderate 12 (17.4) 71 0(0.0)

Severe 10(14.5) 0008 000y

Secondary MR,n (%) ~ 68(1000)  111(7657  28(823° <0001
Presence of MAC, n 68.7) 19(6.8) 6(17.6)" 0.035
(%)

Post-KT echocardiogram

LVEDD, mm 48756 489+58 520+£58 0011

LVESD, mm 303+£66 80451 335£67 0.006
LVEF, % 654+£76 65878 584+£96 <0001
LV mass index, /m?  108.3%34.4 111.7+33.5 1256£339 0045
LA volume index, 368+144 355163 450+178 0006
mi/m?

E/e’ 116£51 115£48 166+£727F  <0.001
PASP, mmHg 303£116 295+£79 427£134% 0003
Degree of MR, n (%) <0.001
Notrivial 51(739)  190(s8.1)  0(0.0)*

Mild 17 (24.6) 132 (40.4) 24 (70.6) ¥

Moderate 101.4) 5015  10(04"

Severe 0(00) 0(00) 0(00)

Changes after KT

A LVEDD, mm —18£96 11£94 0958 0.082

A LVESD, mm -814£88 -37£54" 09£65 <0001
A LVEF, % 834136 35+84 -33£106° <0001
N —44+£65 -11x£54" 42153 <0001
A LV mass index, g/m2 -428+534 —125+466 7.4+ 427 <0.001
AlAvolumeindex, —167£247 -47£138 10£17.7°  <0.001
mi/m?

*P < 0.05 compared with the MR regression group.

#P < 0.05 compared with the MR unchanged group.

MR, mitral regurgitation; LVEDD, left ventricular end-diastolic diameter; LVESD, lefMRt
ventricular end-systolic diameter; LVEF, left ventricular ejection fraction; LY, left venticle;
LA, left atrium; E/€', ratio of early diastolic mitral velocity to early diastolic mitral annular
wvelocity; PASP, pulmonary arterial systolic pressure; MAC, mitral annular calcification.
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Age

Female sex
Hypertension
Diabetes melitus
Dyslipidemia
Atrial fibrilation
CAD

Heart failure

HD duration
Second KT
New-onset HTN
Persistent HTN
New-onset DM
Renal dysfunction
Graft failure
Secondary MR
Presence of MAC
A LVEDD

A LVESD

A LVEF

A LV mass index

A LA volume index

Univariate analysis

0.002
0.016
—0.041
0.038
-0.052
—0.084
0.060
—-0.031
-0.032
0.151
0.027
0.036
—0.034
0.081
0.046
—-0.068
0.123
0.008
0.009
—-0.006
0.001
0.002

t

1.82
061
-0.95
1.41
-1.56
1.4
1.52
-0.67
-0.59
3.07
0.43
1.21
-0.90
2.47
1.14
—1.07
246
0.16
4.57
—4.21
2.79
243

p-value

0070
0.541
0.345
0.158
0.119
0.158
0.129
0.501
0.558
0.002
0.669
0.228
0.367
0014
0.255
0.286
0.014
0.876
<0.001
<0.001
0.006
0.016

Multivariate analysis

B

0.001

0.114

0.062

0.110

0.008

t

1.29

231

1.19

220

4.15

p-value

0.198

0.022

0.057

0.028

<0.001

GAD, coronary artery disease; HD, hemodialysis; KT, kidney transplantation; HTN,
hypertension; DM, diabetes melltus; MR, mitral regurgitation; MAC, mital annuler
calcification; LVEDD, left ventricular end-clestolic ciameter; LVESD, loft ventricular end-
systolic diameter; LVEF, left ventricular ejection fraction; LV, left ventricle; LA, left atrium.
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Heart valve
disease
management

Heart valve disease

epidemiology

Heart valve

(patho)physiology

Heart valve disease

treatment

Article title

Trends in Mortality From Aortic

Stenosis in Europe: 2000-2017

‘Trends in Ischemic Mitral Regurgitation
Following ST-Elevation Myocardial

Infarction Over a 20-Year Period.

Profiling Genome-Wide DNA
Methylation Patterns in Human Aortic
and Mitral Valves.

Atypical Expression of Smooth Muscle
Markers and Co-activators and Their
Regulation in Rheumatic Aortic and
Calcified Bicuspid Valves.

‘The Role of Transforming Growth
Factor-p Signaling in Myxomatous

Mitral Valve Degeneration.

Pigmentation Affects Elastic Fiber
Patterning and Biomechanical Behavior

of the Murine Aortic Valve

Mitral Plasticity: The Way to Prevent
the Burden of Ischemic Mitral

Regurgitation?

Functional Tricuspid Regurgitation:
Behind the Scenes of a Long-Time

Neglected Disease.

Hemodynamic Performance of
Sutureless vs. Conventional
Bioprostheses for Aortic Valve
Replacement: The 1-Year Core-Lab

Results of the Randomized

PERSIST-AVR Ti
Residual Bioprosthetic Valve

Immunogenicity: Forgotten, Not Lost.

Characterization of Turbulent Flow

Behind a Transcatheter Aortic Valve in

Different Implant

Mitral and Aortic Regurgitation in
Patients Undergoing Kidney
Transplantation: The Natural Course
and Factors Associated With

Progressio

Key points

Increasing mortality rates from aortic
stenosis in Europe

Women develop more severe aortic
stenosis than men

European countries have different

standards of care

Ischemic mitral regurgitation has declined

over 20 years.

However, diagnosed patients have a double

‘mortality risk than non-diagnosed ones.
600 gene promoters were found
differentially methylated between aortic

and mitral valves

Epigenetic modifications were observed in

those associated with the WNT-,
Cadherin-, Endothelin-, PDGF-, VEGF-,
TGEB, NOTCH, and Integrin signaling.
Upon TGEB- pathway activation, valve
endothelial cells acquire a smooth muscle
phenotype with upregulation of the
SM-genes and their co-activators in both

bicuspid and rheumatic valves

Mitral valve prolapse manifests in dogs and

humans after myxomatous degeneration.
Itis among the major causes of heart
failure due to high morbidity and

mortality.

Several mechanistic studies in vitro and in

vivo have been proposed.
Pigment content increases proportionally

with elastin in heart valves

No echocardiographic modifications were

appreciated.

No melanocyte cell content was correlated

to pigmentation levels.
Mechanical stress generated by mitral
plasticity can be counteracted by surgical

subvalvular correction

Pharmacological treatments, such as RAAS

inhibitors (e.g, losartan), contrast valve
remodcling consequent to acute
myocardial infarction.

Tricuspid regurgitation has a strong
impact on cardiovascular disease

prognosis.

Characterization of the tricuspi
regurgitation subtypes is now possible by

current sophisticated imaging.

Cardiac magnetic resonance renders

feasible quantitative studies on right heart

remodeling, and associated

valve regurgitation.

Perceval sutureless valves show good
pressure gradients, valve effective orifice

area, and paravalvular leak.

Valve degeneration might be
immunogenicity-related.

Residual bioburden might induce
immunogenic responses by the host
toward the xenoantigens displayed by

colonizing bacteria.

Bioprosthetic dystrophic calcification and

rheumatic fever might parallel in

their manifestations.

Turbulent flow induced by different TAVI

device deployment modalities can be
studied in pulse replicator to typify the

three-dimensional flow field generated.

Renal functional improvement after
transplantation generally exerts favorable
effects on left heart valve regurgitation.
In less than 10% of patients, mitral and

aortic regurgitations might progress.

Possible implications

o Need to substantially revise
international guidelines of
aortic stenosis

care management

o Strongimpact on prognosis

o Epigenetic changes in these

pathways, relevant for
EndMT and ECM
remodeling, should be
carefully evaluated during
heart valve

tissue engineering.

o EndMT reactivation
contributes to valve
degeneration in both
bicuspid and
rheumatic valves

o Pharmacological targeting

is still missing.

o Further studies are
‘mandatory to understand
the effect of pigmentation
onvalve

micromechanical (dys)function.

o Blocking EndMT in valve
endothelial cells and valve
fibrosis is effective to

prevent mitral plasticity.

o Three-dimensional
echocardiography allows

for severity stratification.

o A non-inferiority of the
Perceval sutureless valve
compared to stented
sutured counterparts is
disclosed in terms of
haemodynamic performances.

o Further analyses are needed
t0 establish whether
residual bioburden might
be causal to bioprosthetic
valve degeneration.

o Ifthis hypothesis s valid,

mprovements in terminal
sterilization protocols
are compulsory.

o Such in vitro experimental
analyses are essential to
simulate the pathological
peculiarities of the patient’s
root.

o Their results are
informational for the best
deployment strategy to use
and for the prevision of the
functional behavioral fate
of TAVI devices.

o Itis necessary to investigate
why a few patients with
initial successful kidney
transplantation require a

second procedure due to

Reference
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Tangetal.
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Fischlein et al
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Pietrasanta et
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Country

Austria
Belgium
Bulgaria®
Croatia

Czech Republic
Denmark
Estonia

Finland

Francet
Germany
Hungary

Italy

Latvia

Lithuania
Netherlands
Poland
Portugal€
Romania
Slovakia®
Slovenia

Spain

Sweden

United Kingdom

Male

17.64
19.49
3.06
5.69
7.68
19.03
13.09
30.87
17.97
16.56
22.35
783
792
7.09
21.66
3.42
1221
32
3.82
347
10.87
232
18.86

Start

Female

15.58
19.49
1.31
1.97
4.29
18.89
5.07
24.45
13.68
145
14.92
8.03
4.39
1.34
20.45
172
11.51
2.19
0.85
26.12
125
19.09
138

Male

27.76
22.43
311
33.81
24.25
28.09
30.49
43.08
20.81
29.61
28.63
9.94
8.61
8.86
21.82
14.79
19.57
4.68
17.04
71.35
22.65
25.79
26.18

Female

26.56
2415
283
26.86
16.25
24.99
18.08
31.86
15.69
26.53
21.83
12.02
9.42
6.25
20.92
11.08
20.52
418
14.41
63.8
19.46
20.48
19.07

Male

10.12
294
0.06
28.12
16.67
9.08
17.4
12.16
2.85
14.06
6.29
211
0.69
177
0.16
137
7.36
1.47
13.22
36.65
11.68
259
7.32

Raw change

Female

10.98
466
1.52
24.89
11.97
6.1
13.01
7.41
2
12.03
6.91
3.99
5.02
491
0.47
9.36
9.01
1.99
13.656
37.68
6.96
1.39
527

Male

57.4
15.06
212
493.93
216.87
47.62
132.97
39.4
15.84
90.47
28.13
26.95
8.7
24.95
0.76.
333.02
60.28
46.01
346.19
105.64
107.44
11.18
38.82

% change

Female

70.48
23.93
11551
1,265.62
279.26
32.28
256.58
30.32
14.63
82.97
46.35
49.72
114.45
367.28
23
545.1
78.32
92091
1,687.77
144.24
56.68
7.28
38.15

Average estimated annual percentage change (EAPC) between 2000-2002 and 2015-2017 used, where data available. The following countries did not have available EAPC for one of
those periods, and therefore the following intervals were used: *Bulgaria 2005-2015;  France 2000-2014; € Portugal 2007-2017: $Slovakia 2000-2014,
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Country

Austria
Belgium
Bulgaria
Croatia
Czech
Republic
Denmark
Estonia
Finland
France
Germany
Hungary
Italy
Latvia
Lithuania
Netherlands
Poland
Portugal
Romania
Slovakia
Siovenia
Spain
Sweden

United
Kingdom

Sex

Males
Females
Males
Females
Males
Females
Males
Females
Males
Females
Males
Females
Males
Females
Males
Females
Males
Females
Males
Females
Males
Females
Males
Females
Males
Females
Males
Females
Males
Females
Males
Females
Males
Females
Males
Females
Males
Females
Males
Females
Males
Females
Males
Females
Males
Females

Years

2002-2017
2002-20056
2000-2016
2000-2016
2005-2015
2005-2015
2002-2017
2002-2017
2000-2017
2000-2006
2000-2008
2000-2015
2000-2007
2000-2016
2000-2002
2000-2017
2000-2011
2000-2014
2000-2012
2000-2008
2000-2017
2000-2017
2003-2011
2003-2016
2000-2015
2000-2015
2000-2017
2000-2017
2000-2007
2000-2007
2000-2017
2000-2012
2007-2017
2007-2017
2000-2017
2000-2017
2000-2014
2000-2014
2000-2017
2000-2017
2000-2017
2000-2002
2000-2017
2000-2017
2001-2006
2001-2016

Trend 1

EAPC

52(3.4-7.01
88(-301022.1)
1.6(05-2.7)
1.6(09-2.3)
7.8(-0610 16.8)
108 (2.4-19.97
12.8(10.2-15.5)"
17.6 (14.3-21.0)"
85(7.2-9.8"
18.3 (13.5-23.3)
9.8(6.8-13.9)
1.9(05-33)
15.7 (6.5-26.9)
85(3.7-13.4)
6.7 (-851024.6)
24(1.2-801
20(13-27)
06(00-12)
60(5.4-6.6)
8.4(7.0-9.8)
1.8(0.4-3.2)
2.5(1.0-4.01
59(28-9.1)
3.4(25-43"
06(-3.1t04.4)
65(3.4-9.7
52 (1.2-9.4)
103 (7.3-185)
49(2.2-7.7)
32(15-501
10,6 (9.4-11.8
16.6 (14.9-18.3)"
7.8(63-10.3
6.2(4.0-8.4)
25(0.7-43
50(3.4-6.6)
6.4 (1.3-11.0"
15.9(0.9-22.4)°
5.1(32-7.01
6.4(6.0-7.7)"
474053
12.7 (7.9-17.7)"
08(0.1-15)
0.7 (0.0-1.5)
-0.8(-25100.8)
22(1.627)

Years

2005-2011

2008-2017
2008-2015

2007-2016

2002-2005

2011-2014

2012-2017

2008-2017

2011-2016

2007-2017
2007-2017

2012-2017

2002-2007

2006-2016

Trend 2

EAPC Years

-02(-521050) 2011-2014

58(4.0-75)
—8.7(-801008)

~0.7(-6.7t05.8)
~6.4(~19.8100.3)  2005-2008
—25(-731026)
~0.1(-2.1102.0)

05(-06t01.6)

—1.4(-7.31048)

—29(-44to —1.4)
—1.9(-2.8t0 —0.9F

57(-011011.8)

-09(-2.3t00.4) 2007-2010

3.8(3.2-4.4

Where data are available. EAPC, estimated annual percentage change. *Statistical significance, p < 0.05.

Trend 3

14.4 (-9.1 10 44.0)

12.0 (~4.01030.7)

10.0 (5:3-14.8)"

Years

2014-2017

2008-2017

2010-2017

Trend 4

EAPC

—4.9(~152106.7)

13(-0.11028)

1.5 (1.0-2.1)"
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Classification

Myxomatous mitral
valve degeneration
(MMVD)

Barlow’s Disease
(BD)

Filamin-A mutation

Marfan syndrome
(MFS)

(32, 107)
Ehlers-Danlos
syndrome

(138)
Loeys-Dietz
syndrome

(117)

In vivo animal models

1.Mouse treated with Angll
©4)

2.Mouse treated with
nordexfenfluramine (NDF)
(133, 134)

3. FVB mouse (135)

Dogs with spontaneous
MMVD (5, 37)

Filamin-A KO mouse
©89)

Fbn1€1039G/+ mouse
Fbn{ C1089G/C1039G mouse

Col3a1* mouse
Col5a1* mouse

TGF-BR1* mouse
TGF-BR2* mouse
TGF-pR1M318R/+ mouse
TGF-pR2G3™W/+ mouse

In vitro culture models

1.Porcine 3D mitral VIC
culture system (136)
2.Porcine mitral VIC culture
system (100)

3.Human mitral valve tissue
culture system (34)
4.Human mitral VIC culture
system (34, 114)

1.Canine 2D mitral VIC and
VEC co-culture system (36)
2.Canine 3D
tissue-engineered
fibrin-based cell culture
system (137)
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Classification

Histopathological
features

Abnormal signaling

Cellular changes

Human MVP

Canine MMVD

Primary
(Non-syndromic)

Secondary (Syndromic
forms)

Barlow’s Disease (BD)

Fibroelastic deficiency
(FED)

Filamin-A mutation

Marfan syndrome (MFS)

Ehlers-Danlos
syndrome

Loeys-Dietz syndrome

1.Typical lesions of
myxomatous
degeneration
2.End-stage fibrosis
3.Leaflet thickening

1.Typical lesions of
myxomatous
degeneration
2.Deficiency in collagen
3.Valve thinning

Typical lesions of
myxomatous
degeneration

Typical lesions of
myxomatous
degeneration

Typical lesions of
myxomatous
degeneration
Typical lesions of
myxomatous
degeneration
1.Typical lesions of
myxomatous
degeneration
2.Lack of any fibrotic
changes

1.TGF-B signaling
2.5-HT (serotonin)
signaling

3.BMP signaling
4.Wnt/B-catenin

TGF-B signaling

1.TGF-B signaling,
2.Ras/Mek/Erk
signaling

3.5-HT (serotonin)
signaling

1.TGF-B signaling
2. BMP signaling
3. Wnt/B-catenin

TGF-B signaling

1.TGF-B signaling
2.5-HT (serotonin)
signaling

3.BMP signaling

1.Increased aVICs from
qVvICs

2. Increased
macrophage

infiltration

3. EndoMT

Increased aVICs from
qVvICs

1.Increased aVICs from
qVICs

1. Increased aVICs
from gqVICs

2. Increased
macrophage
infiltration

3. EndoMT

1.Increased aVICs from
qVvICs

2. EndoMT

3. Lack of inflammatory
infiltration
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TGF-B
BMP

Endothelial cells

CD31 (PECAM-1)
VE-Cadherin
VvWF

COL IV

VEGFR

HAS-2

-

@ Regulate cellular attachment
and valvular mechanical
properties.

e Prevent VIC
transdifferentiation and
regulate valve ECM.

EndoMT

N

\ 4

Quiescent valve interstitial cells

N-Cadherin
Chondromodulinl
Vimentin

COL I/111

FSP-1

v .
Phenotypic
Transdifferentiation
Activated valve interstitial cells
a-SMA  COL I/III
SM22 IL-33
Smemb ST2
Vimentin
N-Cadherin
MMPS/TIMPs
\ 4

Vs

® Operate in a homeostatic role
controlling ECM
remodelling and repair.

e Initiate collagen synthesis
and degradation.

P

e Stimulate ECM synthesis
and GAGs accumulation.

eDecrease collagenase
synthesis and upregulate
MMPs.
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Pathway Description

TGFB signaling Transforming growth factor beta signaling
NOTCH signaling

FGF signaling Fibroblast growth factor signaling
WNT signaling

Cadherin signaling

PDGF signaling Platelet-derived growth factor
VEGF signaling

Integrin signaling

HIF-1 signaling

Angiogenesis

IL-17 signaling

NF-«B signaling

TNF signaling

Osteociast differentiation pathways

Endothelin signaling

Apoptotic pathways

PPAR signaling

Development
EMT® (50)
EMT (50), (55)

EMT (58)
heart, EMT (39, 50)

EMT (59)

heart (60)

EMT (50)

EMT (50), cell-ECM (61, 62)

VIGs' regulation by VECS (69)

lipid metabolism (72)

Disease

ECMP remodeling (51), MVP®
(52), AS? (53, 54)

BAV® (5, 56), AS (55) and fetal
cardiac defects (57)

Valve malformation (58)

RMV!, MMV (65)
RMV (64)

IEP (65)

AS (66)

AS(67)

AS (68)

AS (70)

AS(71)

AEMT, endothelial mesenchymal trans-differentiation; PECM, extracellular matrix; MVF, mitral vaive prolapse; YAS, aortic valve stenosis; ®BAY, bicuspid aortic valve; 'RMV, rheumatic

mitral valve; IMMV, myxomatous mitral val

PIE, infective endocarditis; 'VICs, valve interstitial cells; \VECs, valve endothelial cells.
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Gene

NOS1
ACTC1
MYL2
MT1F
CLEC11A
RBL1
SLC16A3

NPPB
CDH4
HAS1
WNT58

Ubiquitin-related genes
SMAD3

RXRA

SH3KBP1

APOAS

Description

Nitric oxidle synthase 1 (neuronal)

Actin, alpha, cardiac muscle 1

Myosin, light chain 2, regulatory, cardiac
Metallothionein 1F

G-Type lectin domain containing 11A
Retinoblastoma-lie 1 (p107)

Solute carrier family 16, member 3
(monocarboxylate transporter)

Natriuretic peptide B
Gadherin 4, type 1, R-cadherin (retinal)
Hyaluronan synthase 1

Wingless-type MMTV integration site family,
member 58

SMAD family member 3
Retinoid X receptor, alpha
SH3-domain kinase binding protein 1
Apclipoprotein A-V

Development

Heart (25)
Heart (26)
Heart (28)

EMT (35)
Valve (37)

Protein QCS in the heart (40)
Cardio-genesis (43)

Disease

BAVA (25)
MMV (27)

MMV (29)
MMV (30)

BAV (31), AS (32)
BAV (39), AS® (34)

MR® (36)

CAVD' (38)
CAVD (39)

BAVs (41), atherosclerosis (42)
ADM (44)

Valve malformation (45)

CAVD (46)

AS (47-49)

2BAV, bicuspid aortic valve; PMMV, myxomatous mitral valve; °AS, aortic valve stenosis; ?EMT, endothelial mesenchymal trans-differentiation; *MR, mitral valve regurgitation; 'CAVD,

calcific aortic valve disease; 9QC, quality control: "AD, thoracic aortic aneurysm and dissection.
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KEGG Pathways Tot Exp® Hits® Pval® FDR® Seed genes' Other genes?

Apoptosis 136 791 31 2.56E-11 6.8E-10 CASP7, TUBA8, DDIT3, BIRC2, TNFRSF1A, TRADD,
cTsz IKBKG, RELA, NFKBIA, ACTB, XIAP,

TP53, RAF1, CTSB, BIRC3, PIK3R1,
FOS, NFKB1, FAS, AKT1, MAPK1,
IKBKB, CTSD, TUBA1A, BCL2L11,
TRAF2, ITPR3, JUN, FASLG, ACTG1

NF-«B signaling 100 5.82 23 8.40E-09 1.03E-07 ZAPT0, TAB1 TRAF6, UBE2I, BIRC2, TNFRSF1A,

pathway TRADD, IKBKG, NFKB2, RELA,
NFKBIA, XIAP, BTK, IRAK1, MYD88,
BIRC3, NFKB1, IKBKB, PLCG1,
LCK, TRAF2, CSNK2B, LYN

Fluid shear stress 139 8.08 26 8.57E-08 8.01E-07 NQO1, GSTO2 SUMOS, TNFRSF1A, IKBKG, RELA,
and CAV1, ACTB, TP53, HSPOOAAT,
atherosclerosis SQSTM1, PIK3R1, CTNNB1, FOS,

NFKB1, AKT1, SRC, PLAT, IKBKB,
RAC1, SUMO1, SUMO2,
HSPY0AB1, VEGFA, JUN, ACTG1
TNF signaling 110 6.4 22 2.56E-07 2.19E-06 CASP7, TAB1, BIRC2, TNFRSF1A, TRADD, IKBKG,
pathway BCL3, DNM1L RELA, NFKBIA, BIRCS, PIK3R1, FOS,
NFKB1, FAS, AKT1, MAPK1, IKBKB,
CREB1, TRAF2, CEBPB, JUN
Osteoclast 128 7.44 23 1.01E-06 7.32E-06 TAB1, LCP2, TRAF6, TNFRSF1A, IKBKG, NFKB2,
differentiation FHL2 RELA, NFKBIA, BTK, SQSTM1,
PIK3R1, FOS, NFKB1, AKT1, GRB2,
MAPKI, IKBKB, RAC1, CREB1, LCK,

TRAF2, JUN
IL-17 signaling a3 5.41 19 1.20E-06 8.31E-06 CSF3 TRAF6, TRADD, IKBKG, RELA,
pathway NFKBIA, HSPYOAAT, FOS, NFKBT,

MAPK1, IKBKB, MAPKE, GSK3B,
ELAVL1, S100A9, HSPOOAB1,
TRAF2, CEBPB, JUN
HIF-1 signaling 100 5.82 19 3.78E-06 2.36E-05 LDHA GAPDH, VHL, CREBBP, RELA,
pathway STATS, ERBB2, EGFR, PIK3R1,
NFKB1, HIF1A, AKT1, MAPK1,
CDKN1A, EP300, CUL2, PLCG1,

ENOS, VEGFA
Regulation of actin 214 12.4 29 1.56E-05 8.69E-05 MYL2, PAKS, MYL12A, ACTB, WAS, PPP1CA,
cytoskeleton LIMK1, F2R, RAF1, CRK, EGFR, PIK3R1, SRC,
FGD1, FGD3 MAPK1, IQGAP1, SOS1, RACT,

CDC42, FN1, WASL, CRKL,
PPP1CC, PAK2, GIT1, VAV2, ACTG1,

ARHGEF7
VEGF signaling 59 3.43 10 0.00192 0.00671 NA RAF1, PIK3R1, AKT1, SRC, MAPK1,
pathway RAC1, CDC42, PLCG1, PLA2G4A,
VEGFA
TGFB signaling 92 5.35 13 0.00241 0.00817 RGMA, RBL1, CREBBP, MYC, SMAD2, SMAD7,
pathway SMADS, E2F4, MAPK1, SP1, EP300, CUL1

HAMP

*Tot” refers to the total number of genes that belong to the particuler KEGG pathway as per the chosen reference list of genes, which is hg19 in our case, b*Exp" denotes the number of
genes to be expected in our gene lis for the particular KEGG pathway, ©Hits" describes the number of genes in our lst that map to the particular KEGG pathway, %“Pval" is equivalent
to the enrichment p-value computed using the hypergeometric test (see Methods), ®*FDR" stands for false discovery rate, which is the method used to correct the corresponding
p-value for multiple testing, '“Seed genes” represent genes associated with signiicantly diferentially hyper- and hypomethylated promoters and 9*Other genes” denote genes that are
part of the minimum non-seed genes that are necessarily required to connect the seed genes to construct the network. The methylation direction of the seed genes can be found in
Supplementary Table 1.
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Parameter Value [mm] Description

Hs 116 Sinus half-height
Hao 589 Ascending aorta height
Ra 15 Aortic annulus radius
Rs 176 Sinus radius

Reo 134 Commissure radius

Rao 14.5 Ascending aorta radius
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Mean Gradient [nmHg] (P2)
Peak Gradient [mmHg] 4(VAC)2
Mean Gradient [nmHg] (P2 -P1)

Peak Gradient [mmHg] 4(V2A-
vl

EOA (em?) (mean=SD)
EOAI (crm?/m?) (meanSD)

Left ventricular ejection fraction
(mean=:SD)

Left ventricular mass (g)
(meanSD)

Left ventricular mass index
(¢/m?) (mean=SD)

Paravalvular leak
None/Trace
Mild
Moderate/Severe
Not evaluable
Central leak
None/Trace
Miid
Moderate/Severe
Not evaluable

1year

PERCEVAL

128+5.7
21591
10.0+6.3
167 +82

13+£04
0.7+£0.2
630+56.5

1638 +46.5

910176

N=46
42(91.3)
2(4.3)
0(0.0)
2(43)
N=46
40(87.0)
487)
0(0.0)
2(43)

STENTED

184477
230+ 13.0
1.1£68
192+ 11.8

14£04
07+£02
64.0+ 56

1762 + 45.1

912£214

N=62
51(82.3)
8(12.9)
0(0.0)
3(48)
N=62
51(82.3)
8(129)
0(00)
3(48)

p-value

0.6445
0.4854
0.3881
0.2371

0.3069
1.0000
0.5667
0.3883

09711

0.3148

0.8419

Values are mean  standard deviation, n (3%). EOA, effective orifice area. EOA, effective
orifice area index indexed to body surface area. Peak and mean aortic gradlents were
obtained by using Continuous Wave Doppler (CW) using the simplified Bernoulli equation.
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1year p-value
PERCEVAL  STENTED

Mean Gradient (mmHg) 15446 121262 06092
Peak Gradient (mmHg) 220+£89 218114 06961
EOA (om?) (meanSD) 16£05 18+06 00569
EOAI (cm?/m?) (meanSD) 09:£02 09£03 1.0000
Left ventricular ejection fraction 62.4£8.1 61.1£84 04984
(meanSD)
Left ventricular mass (g) 1988+£769 20214748 08223
(meanzSD)
Paravalvular leak N=863 N=74 1.000
None/Trace 61(96.8) 71(95.9)
Mid 2(32) 227)
Moderate/Severe 0(0.0) 1(1.4)
Central leak N=63 N=T4 07101
None/Trace 62(98.4) 73(98.6)
Mid 1(1.6) 0(0.0)
Moderate/Severe 0(0.0) 1(1.4)

Values are mean = standard deviation, n (%). EOA, effective orifice area index. EOAI,
effective orifice area index indexed to body surface area.
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PERCEVAL STENTED * p-value

(=11 (n=82)

Full sternotomy 36 (650.7%) 40 (48.8%) 1.000
Ministernotomy 35 (49.3%) 42 (51.2%) 1.000
Biouspid aortic valve” 12(169%  9(11.0%) 04084
Concomitant CABG 20 (28.2%) 24/(29.3%) 1.000
Concomitant Septal myectomy 6(8.5%) 4(4.9%) 05117
Concomitant Aortic annulus 0(0.0%) 1(1.2%) 1,000
enlargement
Concomitant AF treatment and 5(7.0%) 6(7.3%) 1.000
PFO closure
Valve size

S@1mm) 79.9%) NA

M (@23 mm) 21 (29.6%) NA

L (25mm) 30 (42.3%) NA

XL (27 mm) 13 (18.3%) NA

19mm NA 1(1.2%)

21mm NA 24/(29.3%)

28mm NA 37 (45.1%)

25mm NA 17 (20.7%)

27 mm NA 3(3.7%)
Total mean valve size 244+£18 229+£17

Values are mean + standard deviation, n (%). " Sievers type 1 only alowed per protocol.
NA, not applicable. CABG, coronary artery bypass gratt. AF, atral ibrillation. PFO, patent
foramen ovale. *Stented valve model described in Supplementary Material.
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PERCEVAL

(n="71)
Mean pressure gradient (mmHg) 5214152
Peak pressure gradient (mmHg) 8274249
Effective orifice area (cm?) 07+02

Left Ventricular Ejection Fraction (%) ~ 59.9 + 10.7

Values are mean = standard deviation, n (%).

STENTED
(h=82)

466+ 113
768+ 175
07+£0.2
60.7 £ 9.6

p-value

0.0146
0.0575
1.0000
>0.05
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PERCEVAL STENTED (n p-value

(=71 =82)
Age ) 747 £567 7470+45 >0.05
Female sex 32 (45.1%) 35(42.7%) >0.05
Hypertension 53 (74.6%) 68 (82.9%) >0.05
Dysiipidermia 40 (56.3%) 57 (69.5%) >0.05
Diabetes 20 (28.29%) 23 (28.0%) >0.05
Tobacco user 12 (16.9%) 28(34.1%) <005
Chronic lung disease 5(7.0%) 5(6.1%) >0.05
Pulmonary hypertension 1(1.4%) 2(2.4%) >0.05
Neoplasia 7(0.9%) 4(4.9%) >0.05
Peripheral vascular disease 6(85%) 9(11.0%) >005
Carotid artery disease 3(4.2%) 9(11.0%) >0.05
Angina 7(9.9%) 6(7.3%) >0.05
Coronary artery disease 28 (39.4%) 29 (35.4%) >0.05
Previous PCI 5(7.0%) 11(13.4%) >0.05
Myocardial infarction 3(4.2%) 3(3.7%) >0.05
Heart failure 1(1.4%) 2(2.4%) >0.05
Transient ischemic attack 1(1.4%) 0(0.0%) >0.05
Stroke 4(5.6%) 3(3.7%) >005
Previous CABG 1(1.4%) 1(1.2%) >0.05
Pre-existing pacemaker 1(1.4%) 1(1.29%) >005
STS score 25+22 2113 >0.05
EuroSCORE Il 1914 18+ 14 >0.05

Values are mean s standerd deviation, n (%).
PCI, percutaneous coronary intervention. CABG, coronary artery bypass graft. STS,
society of thoracic surgeons.
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Univariate analysis Multivariate analysis

B t  pvalue B t  p-value
Age 0002 180 0073 -0002 -063 0533
Female sex 0.040 1.47 0.142
Hypertension 0018 041 0686
Diabetes mellitus 0.028 0.97 0.331
Dysipidermia 0045 —1.13  0.190
Atral fibrilation 0043 -070 0.485
cAD 0012 030 0.766
Heart failure 0010 -021 0832
HD duration ~0042 -078 0435
New-onsetHTN ~ -0035 058 0504
Second KT 0042 082 0415
Persistent HTN 0063 207 0039 0200 249 0014
New-onsetDM ~ -0042 108 0282
Renal dysfunction 0.043 125 0.214
Graft failure: 0061 145  0.149
AV calcification 0330 266 0009 0274 042 0029
A LVEDD 0002 —1.11  0.269
A LVESD 0006 273 0007 0010 201 0046
A WVEF 0003 -2.46 0014

A LV mass index 0.027 0.62 0.603
A LAvolume index  0.002 221 0.028

CAD, coronary artery disease; HD, hemodialysis; KT, kidney transplantation; HTN,
hypertension; DM, diabetes melitus; AV, aortic valve; LVEDD, left ventricular end-diastolic
diameter; LVESD, left ventricular end-systolic diameter; LVEF, left ventricular ejection
fraction; LV, left ventricle; LA, left atrium.
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AR AR AR p-value
regression  unchanged progression
(=38 (=355  (1=87)

Pre-KT echocardiogram

LVEDD, mm 556£80 6526x61" 53.7£45 0.018
LVESD, mm 864102 84665 329454 0.095
LVEF, % 587£135 615£99 634+£88 0.141
LV mass index, g/m? 1307 £558 127.0 4390 12864344 0195
LA volume index, 5414208 385+ 148" 453£192  <0.001
mlm?

[ 149£69 127£567 12651 0.113
PASP, mmHg 3664112 300£103 29891 0.006
Degree of AR, n (%) <0.001
Noftrivial 00 296(83.4)  35(94.6)

Mild 34(895)  47(1327 2647

Moderate 4(10.5) 10 (2.8)° o

Severe 0(0) 2(0.6) 0(0)

AV calcification, n (%) 4(10.5) 33(0.3) 8(21.6" 0.018
Post-KT echocardiogram

LVEDD, mm 487467 48858 519477 0008
LVESD. Mm 287+£56 80753 318£51 0033
LVEF, % 665+£7.4 65282 631£79 0.185
LV massindex, g/m? 1129349 111.8£340 1167317 0706
LA volume index, 4324186 850+ 154" 440+ 195° <0001
mim?

e’ 120465 11.6£47 14774 0.005
PASP, mmHg 33.1£125 28799 31.0£92 0.083
Degree of AR, n (%) <0.001
Nottrivial 34(895)  296(83.4) 00"

Mild 4(105) 51(14.4) 349197

Moderate 0(0) 8.2 3@.1)*

Severe 0(0) 0(0) 0(0)

Changes after KT

A LVEDD, mm —45£91 14£97° —11£64 0001
A LVESD, mm ~75+£98 -40£60" -12£57% <0001
& LVEF, %) 73£136 37£94 -02£91% 0006
N4 -36+£69 13657 25x66° <0001
ALV mass index, g/m? ~30.4 + 556 —14.3£ 486 —11.2£ 453  0.193
AlAvoumeindex, —13.4%289 —574146" 02£181° 0004
mbm?

*P < 0.05 compared with the AR regression group.

#P < 0.05 compared with the AR unchanged group.

AR, aortic regurgitation; LVEDD, left ventricular end-diastolic diameter; LVESD, left
ventriculer end-sstolic diameter; LVEF, left ventriculer sjection fraction; LV, left ventricle;
LA, left atrium; E6', ratio of early diastolic mitral velocity to early diastolic mitral annular
velocity; PASP; pulmonary arterial systolic pressure; AV, aortic valve.
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AR AR
regression  unchanged
(n=38)  (n=2355)

Clinical characteristics

Age, years 532+ 129 494128
Male sex, n (%) 11(289) 198 (65.8)
Hypertension, n (%) 32(842)  820(00.4)
Diabstes mellitus, n (%) 14 (36.8)  124(35.0)
Dysliideria, n (%) 6(15.8) 71 20.1)
Atrial fibrillation, n (%) 5(13.2) 16 (4.5)
GCAD, n (%) 6(158  43(12.1)
Heart failure, n (%) 8(1.1) 28(7.9)
Renal characteristics

Dialysis, n (%) 38(100.0) 355 (100.0)
Hemodialysis, n (%) 35(2.1)  305(85.9)
Peritoneal dialysis, n (%) 3 (7.9) 50 (14.1)
HD duration, months ~ 62.9+ 64.6 643+ 66.6
Second KT, n (%) 4(10.5) 24 (6.8)
Post-KT comorbidities, n (%)

New-onset HTN 3(7.9) 15 4.2)
Persistent HTN 9(87)  103(29.0)
New-onset DM 3079 54(15.3)
Renal dysfunction, n (%) 4 (10.5) 69 (19.4)
Graft failure, n (%) 1063 3303
Post-KT medications, n (%)

RAAS blocker 2(52) 91303y
Beta blocker 16(432) 149 (49.5)
ccB 16(34.0) 267 (33.7)
Diuretics 4(108)  82(108)
Statin 00 110 (36.9)

*P < 0.05 compared with the AR regression group.
#P < 0.05 compared with the AR unchanged group.

AR
progression

(n=37)

53.7+9.8
15 (40.5)
34919
16 (43.2)
4(10.8)
1@7)
4(10.8)
38.1)

37 (100.0)
35(94.6)
2(5.4)
550+ 549
4(10.8)

1@.7)
21 (56.8)"
3@.1)
10 27.0)
7(18.9)

3@.1)
17 45.9)
20 (37.0)
1@7)
401y

p-value

0.044
0.002
0.445
0.607
0.345
0.056
0.775
0.027

1.000
0.473
0519
0.733
0.508

0.504
0.001
0.258
0.192
0.003

<0.001
0.731
0.630
0.296

<0.001

AR, aortic regurgitation; CAD, coronary artery disease; HD, hemodalysis; KT, kidney
transplantation; HTN, hypertension; DM, diabetes melitus; RAAS, renin-angiotensin-

aldosterone system; CCB, calcium channel blocker.
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Parameter Period 1 (2001-2010) n-1,666 Period 2 (2011-2020) n-1,319 P-Value

Systolic blood pressure (mmHg =+ SD) 133.4 +40.7 1851 + 42,5 0.473
Diastolic blood pressure (mmHg  SD) 773382 787378 0.383
GFR* (mL/min/1.73 m?) 86.3+20.2 865+ 19.4 0472
Hemoglobin (@/dL = SD) 184424 18231 0274
Platelets (x 10%/L. +SD) 182.1 £ 452 186.2+41.6 0.167
Glucose (mg/L+SD) 1282+ 47.4 1342 £ 526 0.121
Poak-CPK' (mog/L£SD) 2089.7 + 8312 1569.5 + 351.5 0,010
Transradial approach (%) 214 682 <0.001
Symptoms to presentation (hours & SD) 4220 39+ 18 0,088
Presentation to PO} (hours & SD) 1305 10+£06 0,041
Anterior tertitory of infarction (%) 48.5% 49.2% 0.425
Inferior territory of infarction (%) 34.2% 33.9% 0.523
Cardiogenic Shock (%) 81 49 0,091
LVEFS§ (%) 48.4 124 513+ 145 0.081
Aspiin (%) 91.0 95.4 0.410
Plavix (%) 8.1 34.4 0,002
Prasugrel (%) 00 612 <0.001
Ticagrelor (%) 0.0 24 0.202
Amines (%) 4.8 28 0.448
Number of vessels (N:SD) 1.8 18 0.285
Thrombus (%) 69.2 68.4 0.684
Drug eluting Stent (%) 382 92 <0.001
1ABP]| (%) 40 32 0.420
Temporary Pacernaker (%) 53 39 0,083
Thrombectomy (%) 135 98 0.344
Bifurcation (%) 148 166 0.952
Mean TIMI# pre-procedural (+5D) 15+09 15+08 0.960
Mean TIMI post-procedural (+:5D) 29+02 29%0.1 0.324

"GFR, glomerr fitration rate; TCPK, creatine phosphokinase; *PCl, percutaneous coronary intervention; SLVEF, left ventriculer ejection fraction; IABR, intra-aortic balloon pump;
#TIMI, Thrombolysis in Myocardial Infarction.
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Parameter HR P-value

Age 1.042 (1.020-1.054) 0.000
Sex (female) 1.217 (0.888-1.668) 0222
Diabstes Melitus 1.584 (1.180-2.124) 0.002
Hypertension 0871 (0.637-1.190) 0385
Renal Failure 2.783 (2.019-3.849) 0.000
PAD* 1.448 (0.951-2.205) 0.085
s/P CABG! 1.115 (0.626-1.984) 0.712
Previous PCIf 0847 (0.580-1.237) 0390
FMCS to Balloon 1.825 (1.092-2.987) 0.02
LVEF(% 0920 (0.907-0.933) 0.000
Time period 1.000 (0.741-1.407) 0999
Drug Eluting Stent 0640 (0.436-0.938) 0.022
Trans-Radial Access 0832 (0.384-0.992) 0.044
MR at Baseline 1.365 (1.094-2.202) 0.009

"PAD, peripheral arterial disease; "CABG, coronary artery bypass graft; *PCI,
percutaneous coronary intervention; SFMC, first medical contact; ILVEF, left ventricular
ejection fraction; *MR, mitral regurgitation.
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Parameter

Age
Sex (female)
Diabstes Melitus
Hypertension

Renal Failure

PAD*

s/PcaBGh
Previous PCIf
FMCS§ to Balloon
LVEF(%

Time period

Drug Eluting Stent
Trans-Radial Access

HR

1.034 (0.914-1.363)
1.217 (0.888-1.668)
1.356 (0.872-3.561)
0894 (0.527-2.556)
2.135 (0.923-5.525)
1.241 (0.951-2.213)
1.323 (0.515-1.673)
0924 (0.633-1.592)
1,689 (1.038-2.482)
0830 (0.457-0.942)
0930 (0.629-1.219)
0841 (0.350-1.432)
0910 (0.492-1.549)

P-value

0.071
0.222
0.002
0.855
0.120
0311
0.329
0.390
0.040
0.000
0.079
0.121
0.231

"PAD, peripheral arterial disease; 'CABG, coronary artery bypass graft; *FCl,
percutaneous coronary intervention; SFMC, first medical contact; ILVEF, left ventricular

ejection fraction.
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Parameter

Age (years)

Female Sex (%)
BMI*

Family History of CAD' (%)
Diabetes Melitus (%)
Hypertension (%)
Smoking (%)
Hyperlipidenia (%)
Obesity (%)

Renal Failure (%)
Past Stroke (%)
PAD (%)

Previous PCIS (%)
Previous CABG| (%)
Previous MI# (%)
Valvular Surgery (%)

Period 1 (2001-2010) n-1,666

61.3+£123
214

30.221 £ 9.1
31.9
27.2
495
0.434
0.493
0.359
0.097
0.056
0.051
0.150
0.029
123
45

Period 2 (2011-2020) n-1,319

60.9 £ 12.0
222
28.884 £ 9.4
326
278
65.3
0.478
0617
0.380
0.080
0.064
0.044
0.182
0.035
17.3
38

P-Value

0.400
0.212
0.151
0.452
0.634
0.138
0.392
0.283
0.356
0.241
0.090
0.385
0.041
0.231
0.127
0.832

“BMI, body mass index; TGAD, coronary artery disease; *PAD, peripheral arterial disease; $PCI, percutaneous coronary intervention; \CABG, coronary artery bypass graft; *Mi,

myocardial infarction.





