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ABSTRACT
Rationale: Calcific aortic stenosis (AS) is characterized by calcium deposition in valve leaflets. However women present lower aortic valve calcification (AVC) loads than men for the same AS hemodynamic severity.
Objective: We thus aimed to assess sex-differences in aortic valve fibro-calcific remodelling.
Methods: One hundred and twenty-five patients underwent Doppler-echocardiography and multidetector-computed-tomography within 3 months prior to aortic valve replacement. Explanted stenotic tricuspid aortic valves were weighed and fibrosis degree was determined. 
Results: Sixty-four men and 39 women were frequency-matched for age, body mass index (BMI), hypertension, renal disease, diabetes, and AS severity. Mean age was 75±9years, mean gradient (41±18mmHg) and indexed aortic valve area (0.41±0.12cm2/m2) were similar between men and women (all p≥0.18). Median AVC (1973[1124-3490]AU) and mean valve weight (2.36±0.99g) were lower in women compared to men (both p<0.0001). AVC density correlated better with valve weight in men (r2=0.57; p<0.0001) than in women (r2=0.26; p=0.0008). After adjustment for age, BMI, AVC density and aortic annulus diameter, female sex was an independent risk factor for higher fibrosis score in AS valves (p=0.003). Picrosirius red staining of explanted valves showed greater amount of collagen fibers (p=0.01) and Masson’s trichrome staining revealed a greater proportion of dense connective tissue (p=0.02) in women compared to men.
Conclusions: In this series with tricuspid aortic valve and similar AS severity, women have less valvular calcification but more fibrosis compared to men. These findings suggest that the pathophysiology of the disease and thus potential targets for drug development may be different according to sex.
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NON-STANDARD ABBREVIATIONS AND ACRONYMS

AS: aortic stenosis
AVAi: indexed aortic valve area 
AVC: aortic valve calcification
AVW: Aortic valve weight 
MDCT: multidetector computed tomography 
MG: mean transvalvular gradient 
Vpeak: peak aortic jet velocity 


INTRODUCTION
Calcific aortic valve stenosis (AS) is the most frequent valvular heart disease in western countries and the second most common indication for cardiac surgery after coronary artery bypass grafting surgery.1 The prevalence of AS increases markedly with age and affects 2% of the population over 65 years of age and 4.6% of population over 75 years old.2, 3 Noteworthy, 70% of AS cases are observed in male patients.4, 5 To this day, there is still no efficient medical treatment for AS and surgical or transcatheter aortic valve replacement remain the mainstay therapy for patients with severe and symptomatic AS.
Valve leaflet calcification is the main culprit lesion of AS. In addition to aortic valve calcification (AVC), lipid infiltration, aberrant extracellular matrix remodelling and extensive valvular fibrosis may also contribute to the thickening and stiffening of aortic valve leaflets and thus to the development of AS.6-8
Previous studies have demonstrated that AVC load measured by multidetector computed tomography (MDCT) correlates well with hemodynamic severity of AS measured by Doppler-echocardiography.9-11 However, recent studies showed that, for the same amount of AVC, women reach hemodynamically more severe AS compared to men.12, 13 This difference remained significant even after adjusting for smaller body surface area (BSA) and smaller aortic annulus area as typically observed in women.12, 13 We hypothesized that this sex-related discrepancy between valvular calcification load and hemodynamic severity is explained by the fact that women have relatively more valvular fibrosis compared to men. Such differences in calcification/fibrosis ratio in men vs. women could be of major importance in clinical practice, for the understanding of AS pathophysiology and the possible development of future individualized medical therapeutics targeting sex-specific pathways. We thus aimed to evaluate sex-specific fibrosis and calcification patterns in AS population.
METHODS
Study Population
One hundred and twenty-five patients underwent a MDCT without contrast and a comprehensive Doppler-echocardiography within three months prior to surgery, and were eligible for the study. All patients underwent a surgical aortic valve replacement for severe calcific aortic stenosis (87% and 75% for women and men, respectively; p=0.14), or moderate AS combined with another cardiac surgery indication at the Quebec Heart and Lung Institute (Institut universitaire de cardiologie et pneumologie de Québec). Patients with rheumatic AS, infective endocarditis, congenital bicuspid aortic valve, cervical or thoracic radiotherapy-induced valve lesions, reduced left ventricular ejection fraction (<50%), moderate to severe aortic regurgitation, and prior aortic valve procedure were excluded. We enrolled patients regardless of AS severity in order to gain a wider range of calcification and fibrosis. Men and women were then frequency-matched based on age, body mass index (BMI), hypertension, diabetes, history of renal failure, and hemodynamic severity of AS determined with by peak aortic jet velocity (Vpeak), mean transvalvular gradient (MG), and indexed aortic valve area (AVAi). Twenty-two patients did not meet matching criteria (critically severe AS or previous myocardial infarction without any matching possibilities) and were therefore not included in the matched population of the study (Online Figure I). The study protocol was approved by the research ethics committee.
MDCT scans and AVC assessment
MDCT scans without contrast were performed using a 64 slices helical scanner (Somaton Definition, Siemens AG Medical Solution, Germany) with a tube potential at 120kV and a tube current-time product at 60-80mAS (Figure 1A-B). Operators blinded to patient data performed all MDCT examinations and analyses. The entire heart was assessed by 2.4-3mm thick transverse slices with a pitch of 0.15-0.25mm during end-inspiration breath-hold. Acquisition was triggered by electrocardiogram at 60-70% of the R-to-R-wave interval. AVC scores were quantified with the Agatston scoring method using commercially available and validated software (Aquarius iNtuition from TeraRecon Inc, San Mateo, California, USA) and all AVC data are expressed in Agatston units (AU).14 Calcification was defined as 4 adjacent pixels with a density>130 Hounsfield units. The summation of per-slice lesion scores was performed individually for every AVC score. In order to account for smaller heart size in women, we calculated the AVC density by dividing the AVC score by the cross-sectional aortic annulus area (π*[Aortic annulus diameter/2]2) measured by echocardiography. AVC quantification assessment was performed by both the same and another investigator blinded to previous scoring and Doppler-echocardiographic data and repeated at least 1 month after the original measurement in one third of the exams (i.e. 30 exams) to evaluate intra-observer and inter-observer variability. The variabilities were calculated by dividing the absolute value of the difference by the average of the two measurements. Intra-observer variability and inter-observer variability were respectively 2.6±2.8% and 4.3±4.2%. 
Doppler-echocardiography
Stroke volume was calculated by multiplying the left ventricular outflow tract area by the flow velocity-time integral and was indexed to body surface area. Left ventricular ejection fraction was measured by the biplane Simpson method. The hemodynamic severity of AS was assessed by trans-thoracic echocardiography using the standard parameters: VPeak, MG, aortic valve area and AVAi.15-17 VPeak was measured from the transaortic jet continuous-wave Doppler; MG obtained with the use of the Bernoulli formula; aortic valve area was calculated by the standard continuity equation and indexed to body surface area.
Post-surgery histological assessment of aortic valves
As part of an ongoing protocol (PROGRESSA study, ClinicalTrials.gov Identifier: NCT01679431), two leaflets of each valve excised at the time of the surgery were placed in a container filled with HEPES solution and the remaining leaflet was placed in RNA later (Ambion Inc., Austin, TX, USA) for subsequent analyses (Figure 1C-D). All valves were analysed by skilled pathologists, with experience in cardiovascular pathology, blinded to clinical and echocardiographic data following standardized evaluation. The leaflets and small fragments (if any) were removed from the container, placed on absorbing paper, and then weighed with the same laboratory scale that has an accuracy of ±0.01g. The weight of the leaflet placed in RNA later was obtained by subtracting the known weight of the empty container and RNA later solution from the measured total weight (container + solution + leaflet).
Aortic valve weight (AVW) was indexed by the cross-sectional aortic annulus area measured by echocardiography to obtain AVW density. Then five 4µm sections were obtained from each resected valvular leaflet and stained with hematoxylin-eosin (Figure 1E-F). Histological sections were analysed, and the degree of valvular fibrosis was assessed using a validated semi-quantitative score (0: absence of fibrosis; 1: mild fibrosis; 2: moderate fibrosis; 3: severe fibrosis).18 A semi-quantitative calcification score, as previously published by Warren and Yong, was assigned to each valve (1: absence of calcification; 2: mild valve thickening and early nodular calcification; 3: moderate thickening with many calcified nodules; 4: severe thickening with many calcified nodules).19 All valves were scored by four (4) pathologists with extensive experience in cardiovascular pathology (CC, ST, SP, PJ), blinded to clinical data.
Masson’s trichrome and Picrosirius Red staining
Among our cohort patients for whom valve leaflet samples were available (n=39), 24 patients (12 men and 12 women) were tightly matched (1:1) for AS severity based on MG (±2.5mmHg), AVAi (±0.05cm2/m2), and indexed stroke volume (±2ml/m2). Both picrosirius red birefringence (Figure 1G-H) and Masson’s trichrome (Figure 1I-J) staining were performed on transversal sections of surgically excised valves of these matched men and women. Ten (5 men and 5 women) non-stenotic aortic valves harvested from hearts explanted for terminal heart failure following heart transplant were stained and stand for “normal non-stenotic” state with no echocardiographic detection of sclerosis on any of these valves. Aortic valve leaflets were embedded in OCT and 5µm sections were obtained from a skilled operator using a cryotome. All sections were fixed in acetone-methanol (60:40) at -20°C for 10 minutes and washed with running tap water for 5 minutes. Picrosirius red staining and Masson’s trichrome staining kits were obtained from Sigma-Aldrich Corp (ON, Canada). Regarding Picrosirius red staining, sections were immersed in a Weigert’s iron hematoxylin solution for 10 minutes and washed with running tap water for 5 minutes. Next, sections were incubated in picrosirius red dye for 60 minutes. They were then quickly washed in two consecutive acidified water baths (0.5%). Sections were rinsed and dehydrated through alcohol solutions, cleared in toluene solutions and mounted using a quick-hardening mounting medium (Eukitt, Sigma-Aldrich, ON, Canada). As for Masson’s trichrome staining, following the acetone-methanol fixation, sections were then immersed in a Weigert’s iron hematoxylin solution for 5 minutes and washed with running tap water for 5 minutes. Next, slides were incubated in Biebrich Scarlet-Acid Fuchsin for 5 minutes and briefly rinsed in deionized water. They were then placed in a Phosphotungstic-Phosphomolybdic Acid solution (1:1) for 3 minutes. Slides were then directly immersed in an Aniline Blue solution for 2 minutes and 30 seconds and in 1% Acetic Acid for 2 minutes. Finally, slides were rinsed and dehydrated through alcohol solutions, cleared in toluene solutions and mounted using a quick-hardening mounting medium (Eukitt, Sigma-Aldrich, ON, Canada). Tissue section images were acquired with a Zeiss Axio Observer Z1 widefield microscope for both picrosirius red and Masson’s trichrome staining and using polarized light for picrosirius red birefringence. They were later analyzed with MathWorks’s MATLAB® software using an automatic algorithm for pixel intensities and pixel wavelengths for color differentiation (Picrosirius red: only collagen fibers are revealed in red/orange color by polarized light; Masson’s trichrome: dense connective tissue = dark blue, loose connective tissue = light blue, mineralization = red/purple, cell nuclei = black). Picrosirius red amount of collagen fibers were expressed as the ratio of polarized light pixels on the global brightfield tissue pixels. Masson’s trichrome staining data were expressed as the ratio of dense and loose connective tissue area on the global tissue area in brightfield.
Statistical Analysis
Results were expressed as mean ± SD, median [percentile 25-75] or percentage as appropriate. Continuous variables were tested for normality by the Shapiro-Wilk test. AVC and AVC density were not normally distributed and therefore were normalized by square root transformation. Differences between men and women were assessed by Student t-test for continuous normally distributed variables; the Wilcoxon rank sum test for continuous non-normally distributed and ordinal variables and categorical data were compared with the chi-square or Fisher exact tests as appropriate. Correlation with valve weight or fibrosis score were identified by univariate and multivariate linear or Pearson regression respectively. Differences in regressions between sexes were assessed by covariance analyses. Histological findings of Masson’s trichrome stains are presented as median [percentiles 25 -75] and analysed with the use of signed Wilcoxon rank sum tests. A p-value ˂0.05 was considered statistically significant. All statistics were performed with JMP 12 and SPSS 20 softwares.
RESULTS
Population characteristics
Among the 125 patients eligible for this study, 64 men and 39 women were frequency-matched and 22 patients were excluded because they did not meet matching criteria. Sex-related patient demographics and clinical characteristics are summarized in Table 1. Mean age of the study population was 75±9 years. Age, BMI, blood pressures, history of hypertension, diabetes and renal failure were all similar between men and women (all p≥0.17). As expected, women had smaller BSA (1.73±0.20 vs. 2.00±0.19m2, p<0.0001) and aortic annulus diameter (2.01±0.14 vs. 2.27±0.17cm; p<0.0001) and lower prevalence of coronary artery disease (38 vs. 77%; p=0.0008) compared to men. Doppler-echocardiographic parameters of AS severity were similar in women versus men (all p≥0.18). Although women presented higher left ventricular ejection fraction than men (65±8 vs. 58±8%; p<0.0001), both groups had left ventricular ejection fractions within normal range and similar indexed stroke volume (p=0.93).
Tomographic and histological data of the two subgroups are summarized in Table 2. Women had much lower AVC load (1279 [882-1915] vs. 2741 [1839-3858] AU; p<0.0001) and AVC density (400 [270-557] vs. 670 [473-964] AU/cm2; p=0.0003; Figure 2A) compared to men. Women had significantly lighter AVW compared to men (1.87±0.58 vs. 2.66±1.07g; p<0.0001). However, this difference did not persist after indexation by the aortic annulus area (AVW density: 0.59±0.18 vs. 0.66±0.25g/cm2; p=0.28; Figure 2B). Noteworthy, indexing AVC and AVW to cross sectional aortic annulus area as measured using MDCT-scans images led to similar results (p=0.0008 and p=0.43 for AVC density and valve weight density respectively).
Correlation between Aortic Valve Weight and Aortic Valve Calcification
AVC density strongly correlated with AVW density in men (r2=0.57; p<0.0001), but this correlation was much weaker in women (r2=0.26; p=0.0008; Figure 2C). For a given AVW density, women invariably had lesser amount of calcification in their valve leaflets. Furthermore, women presented a much higher AVW/AVC ratio than men (1.71±1.24 vs. 1.14±0.82mg/AU; p=0.0002; Figure 2D), indicating an excess of non-calcified tissue in women. There was the same (p=1.00) absence of relationship, between the AVW/AVC ratio and native valve size, assessed by the aortic annulus diameter, in men (r2=0.01; p=0.38) and women (r2=0.004; p=0.71). However, the ratio was constantly higher in women than men for a given aortic annulus size. A multivariate regression analysis adjusted for age, BMI and aortic annulus diameter, female sex was found to be an independent predictor for increased non-calcified tissue amount in the aortic valve as documented by the AVW/AVC ratio (p=0.02;Table 3). Further adjustments for AS severity improved these results (Vpeak, MG, and AVAi; p=0.001; p=0.005 and p=0.01, respectively).
Semi-quantitative Fibrosis Score analysis
In order to compare fibrosis levels in equivalently calcified valves, we stratified the fibrosis score distribution by the Warren-Yong score in men and women (Figure 3). Interestingly, the fibrosis score tightly correlated with the Warren-Yong score described in men (p=0.001) but not in women (p=0.66). Moreover, there was a higher score of fibrosis in women compared to men (p=0.04). After further adjustment for age, BMI, aortic annulus diameter, female sex remained an independent predictor of higher fibrosis score (p=0.008; Table 3 – model #1). Finally, when using the AVC density measured by MDCT in the previous model instead of the Warren-Yong score, female sex was also found to be an independent predictor of higher fibrotic levels (p=0.003; Table 3 – model #2). Female sex remained significantly associated with increased valvular fibrosis after further adjustment for AS severity (Vpeak, MG, and AVAi; p=0.02; p=0.02 and p=0.004, respectively).
Histological assessment of fibrous tissue
Twelve men and 12 women were tightly matched for AS severity and major clinical baseline characteristics. Matched patients characteristics are summarized in Table 4. Picrosirius red birefringence staining was performed as well as Masson’s trichrome staning on all 12 matched valve pairs. Pircrosirius red staining analyses of these paired stenotic aortic valves (SAV) showed significantly more collagen fibers in women than men (50.3 [42.3-65.8] vs. 39.9 [27.5-47.2]%; p=0.01; Figure 4A). Moreover, SAV of men showed a significant decrease in relative collagen fiber amounts compared to non-stenotic aortic valves (NSAV)(39.9 [27.5-47.2] vs. 66.4 [56.0-76.8]%; p=0.003) whereas women did not (50.3 [42.3-65.8] vs. 73.0 [52.3-82.5]%; p=0.13). As for Masson’s trichrome staining, we measured the proportion of the valve area occupied by dense connective tissue and loose connective tissue. The total proportion of fibrous tissue, being dense and loose connective tissue altogether, was significantly greater in women than men SAV (95.0 [94.0-95.7] vs. 91.2 [76.8-95.5]% respectively; p=0.007; Figure 4B). When comparing NSAV with SAV, no significant differences were observed in men (92.0 [88.8-93.3] vs. 91.2 [76.8-95.5]%; p=0.86) nor in women (93.7 [89.5-94.8] vs. 95.0 [94.0-95.7]%; p=0.37). Looking at dense and loose connective tissue separately, SAV of women presented a greater proportion of dense connective tissue than men (77.3 [69.8-82.8] vs. 66.0 [58.6-80.8]%; p=0.02; Figure 4C). Moreover, SAV of women showed a substantial increase in dense connective tissue compared to non-stenotic aortic valves (NSAV)(77.3 [69.8-82.8] vs. 58.6 [40.1-61.2]%; p=0.0002) whereas SAV of men did not (66.0 [58.6-80.8] vs. 65.8 [55.0-77.5]%; p=0.68). Thus, the average increase in dense connective tissue from NSAV to SAV was 23.8±8.5% in women while only 2.7±11.9% in men (p=0.02; Figure 4D). Finally, there was no difference in the proportion of loose connective tissue between women and men SAV (16.8 [11.9-22.6] vs. 14.8 [9.0-22.9]% respectively; p=0.62). When compared to NSAV, there was a significant decrease of loose connective tissue in women SAV (35.5 [31.4-51.3] vs. 16.8 [11.9-22.6]%; p<0.0001), and the same trend, although not statistically significant, was found in men SAV (21.4 [15.7-36.2] vs. 14.8 [9.0-22.9]%; p=0.13).
DISCUSSION
Our study demonstrates for the first time that women are prone to have greater amounts of valvular fibrosis, localised in dense connective tissue, than men for the same hemodynamic AS severity and same valve weight density. Furthermore, the extent of fibrosis correlated well with the amount of calcification in men but not in women. Thus pathogenesis of AS appears to be sex-specific with predominance of valvular calcification in men versus predominance of valvular fibrosis in women. These findings demonstrate that valvular fibrosis is likely the main factor explaining the previously reported AVC-hemodynamic severity disproportion in women compared to men12, 13.
In our population, the only clinically significant difference between men and women was the history of coronary artery diseases given that male sex is an important and independent risk factor for atherosclerotic diseases.20 Nevertheless, the frequency-matching of sexes performed in this study allows direct comparison of the different valvular tissue components (calcification vs. fibrosis) contributing to AS with exclusion of major confounders.
Recent studies reported that women, with similar AS severity, present lower AVC loads than men even after taking into account the effect of smaller body size, heart and thus aortic annulus size.12, 13 We confirmed the presence of greater aortic valve calcilficiation loads in men compared to women in our population even after normalization for aortic annulus size, which further supports the concept that this gap in calcification cannot be solely explained by valve size. In contrast, the weight of the excised aortic valves, which was initially statistically different between the two sexes, became similar when indexed to the cross-sectional aortic annulus area. Yet, we showed for the first time that women reached a valve weight density equivalent to men but with a significantly lower calcium density.
The differences between sexes in the linear regression curves between valve weight and calcification densities further emphasized this point. The calcification gaps combined with the poor correlation strength in women suggest that non-calcified tissue would have a more important contribution in the development of AS in women compared to men. Moreover, the slope of the valve weight-calcium curve was different between sexes, meaning that increment in valve weight is mainly driven by calcium gain in men but not in women. The obvious separation between aortic valve weight-calcification curves represents the contribution of non-calcific tissue, i.e. fibrosis. The histopathologic data obtained on the excised aortic valves further confirm that the gap between valve weight and valve calcification is actually fibrosis. Indeed, a multi-modality assessment approach of valvular fibrosis, including semi-quantitative calcification and fibrosis scores, hematoxylin-eosin and picrosirius red as well as Masson’s trichrome staining, helped establish that women suffering from AS have more collagen-rich sections in their valve leaflets than men. Furthermore, the meaningful augmentation in dense connective tissue observed in women and not in men could suggest a stronger activation and more weighty implications of pro-fibrotic signalization pathways in women.
Despite constantly increasing knowledge on the disease, to date important blanks remain regarding the understanding of the complex interactions between fibro-collagen deposition and osteoblastic-chondrocytic transformations in the valve tissue as well as the time-dependency of these processes. As it was previously demonstrated, the initial histopathological response in AS is fairly similar with vascular atherosclerosis which is characterized by lipid-mediated infiltration and inflammation, increased valvular fibrosis and mineralization6, 21. We should bear in mind that there is a latent interval between transformation of fibrotic tissue to more intense calcification. According to this study inference we could say that one of the most important independent factor concerning calcification delay or even as a player in the complex interaction between fibrogenesis and calcification is the female sex.
One question, still, unresolved, is why the content of collagen and the magnitude of mineralization differ according to sex in AS? On the one hand, compared to men women tend to develop heart diseases, such as AS, later in life.22, 23 This difference may be attributable to the loss of estrogen during the menopause; however, the biological explanation for sexual dimorphism in AS (more fibrosis and less mineral in women for a given AS severity) is likely more complex and may not rely entirely on estrogen levels. On the other hand, male sex has been shown to be a risk factor for AS.24  Androgens have been reported to play a major regulatory role in bone formation, having significant effects on osteoclast and osteoblast activity and function.25 Of interest, the administration of testosterone to apolipoprotein E knockout mice, resulted, regardless to the sex, into higher level of mineral into the aortic sinus and innominate artery.26  In the same line, a recent study demonstrated that testosterone play a role in promoting the calcification of vascular smooth muscle cell cultures. 27 Also, women with polycystic ovary syndrome tend to develop vascular calcification, which could be related to higher levels of androgen hormones.28, 29 Moreover, studies emphasized that regardless of the hormonal status, the behavior of cell culture is influenced by sex.30 To this effect, McCoy et al. showed in porcine valve interstitial cells (VICs) that sex has a significant effect on the gene expression pattern.31 For instance, the expression of stanniocalcin 1 precursor (STC1) and natriuretic peptide precursor C (NPPC), which may play a role in the regulation of mineralization, were increased in porcine male VICs.31 Whether these differences play a significant role in sex-dependent fibrosis-mineralization of the aortic valve remain to be determined. 
Finally, female sex is not to be considered as an independent factor for lower amounts of calcification load in a global cardiovascular phenomenon as previous studies showed higher mitral annular calcification in women than men as so did our cohort.32, 33 Instead, we should bear in mind that sex-specific pathophysiology of valve diseases could differentially affect patient and individualized drug development should be dichotomized accordingly.


LIMITATIONS
The major limitation of this study resides in the lack of quantification of fibrotic tissue in the entire series of calcified aortic valves. Indeed the measurement of fibrosis, by quantitative method, was available in a subset of histologic sections. However, it is worth highlighting that different methods used to measure fibrosis in aortic valve sections (semi-quantitative scoring, quantitative assessment with Masson’s trichrome and picrosirius red) concurred and showed a higher level of fibrosis in female valves for a given AS severity. In the future, other imaging techniques (i.e. micro-computed tomography and MRI) could bring valuable information to support the findings presented in this study. 
The sample size of this study is relatively small. However, results in AVC were highly consistent with those of previous studies in larger number of patients,12, 13, 34 and the results on valvular fibrosis were based on robust histological analyses performed in carefully matched subsets of male and female patients. We used the Agatston method to measure AVC. The volumetric may potentially be more accurate than the Agatston method. However the Agatston method has been well validated by previous studies with the calcium weight measured on explanted valves9, aortic stenosis hemodynamic severity measured by Doppler-echocardiography12, 13 and clinical outcomes34 and has excellent inter-scan, inter- and intra-observer reproducibility.9, 12
Given that male sex is an independent risk factor for AS,4, 24 two third of our primary cohort were men and our matching reflected this point. Nevertheless, despite this over-representation of men, our cohorts (frequency matched and 1:1 matched) were well balanced according to match criteria and thus allowed a good comparison of aortic valves. Also, we did not take into account the native valve weight or the weight of lipid that infiltrates in the valve leaflets. However, given that the native valve weight is negligible and that lipids weight up to only 0.06g,35 it is highly improbable that these omissions may have significantly impacted the results of our study. 
CONCLUSIONS
In this series of AS patients, women presented higher levels of valvular fibrosis and dense connective tissue than men for a same hemodynamic stenosis severity and similar indexed aortic valve weight independently of confounding factors. These results may explain the previously reported inter-sex discrepancy in the levels of aortic valve calcification density required to achieve hemodynamically severe AS12, 13. These findings also suggest that the pathobiological processes underlying the development and progression of AS may be different or at least differently modulated between sexes. Further studies are needed to confirm these results and elucidate these differential pathobiological processes in women versus men. At term, we hope that new insights concerning the pathophysiology of AS according to sex will help for future medical treatment development of AS.
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CLINICAL IMPLICATIONS
The findings of this study are important in understanding the pathology of AS and have crucial clinical implications since they tend to demonstrate a sex-specific etiology or modulation of the disease. AS was identified as a calcific disease with presence of valvular fibrosis; we hereby propose a potential fibrotic etiology with presence of calcification that would be more specific to women. Thus women will present with symptomatic severe AS with less calcium but more fibrosis than men. This discrepancy in calcification/fibrosis ratio may explain in part the better results after transcatheter aortic valve implantation demonstrated in women vs. men, 36, 37 given that higher AVC was associated with higher degree of paravalvular regurgitation38, 39 and aortic annular rupture.40  Effective pharmacological treatment that would target the pro-fibrotic pathways implicated in the development of AS would be beneficial especially in women. 
Furthermore, as previously published, up to 30% of AS patients have echocardiographic discordant markers of AS severity (i.e. aortic valve area <1.0cm2 while mean gradient <40mmHg).13, 41 In this population, aortic valve calcium scoring by MDCT has been proposed as a complementary diagnosis tool to confirm AS severity. However, fibrotic tissues cannot be visualized by MDCT and different thresholds of AVC to identify severe AS have been proposed in women versus men to overcome this limitation (AVC≥1200AU in women and AVC≥2000AU in men).13 However, given the limited correlation between aortic valve calcification and fibrosis in women, some women may end-up with underestimated AS severity by MDCT. Hence, women with significant calcification (i.e. AVC ≥800AU)13 having symptoms and significant LV hypertrophy should receive a particular attention. However, there is a need for new development of imaging modalities that would measure not only aortic valve calcification but also valvular fibrosis. Some recent studies suggest that this may be accomplished in the future with cardiac magnetic resonance.42 Nonetheless, further research is needed to understand key underpinning molecular processes that drive the development of AS in a pro-calcifying/pro-fibrotic sex-specific manner. In a perspective of individualized medical intervention, deeper insights regarding AS pathogenesis would allow further research oriented toward sex-specific therapeutic targets (fibrosis in women and calcification in men).

NOVELTY AND SIGNIFICANCE:
What Is Known?
· Aortic valve calcification is the culprit lesion in aortic stenosis.
· Women have less aortic valve calcification than men for the same aortic stenosis severity.

What New Information Does This Article Contribute?
· Correlation between valve weight and aortic valve calcification is better in men than in women.
· Women have more fibrosis and denser connective tissue than men for the same aortic stenosis severity.
· Histopathology and pathophysiology of aortic stenosis may differ between men and women.

To date, no pharmacological treatment is available to stop or slow down the progression of aortic valve stenosis. Previous studies report that aortic valve calcification is the main culprit lesion of aortic valve stenosis. However, the vast majority of these studies have been performed in males or with a large majority of males. We recently reported that women present less aortic valve calcification than men for the same hemodynamic severity of aortic stenosis. In the present study, we confirm this finding and demonstrate that fibrosis and dense connective tissue were more abundant in women than in men for the same hemodynamic aortic valve stenosis. Thus histopathology of aortic stenosis differs between sexes with a more calcific pattern in men vs. a more fibrotic pattern in women. These findings suggest that the pathophysiology of the disease is different in women vs. men and a sex specific approach should be considered in the drug development for the treatment of aortic stenosis. 
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Table 1: Characteristics of the study population
	Variables
	Whole Cohort
(n=103)
	Male
(n=64, 62%)
	Female
(n=39, 38%)
	p-value

	     Clinical Data
	
	
	
	

	Age, years
	75±9
	74±8
	76±10
	0.18

	Body Mass Index, kg/m2
	28.3±5.3
	28.3±4.4
	28.3±6.6
	0.98

	Body Surface Area, m2
	1.90±0.23
	2.00±0.19
	1.73±0.20
	<0.0001

	Blood pressure, mmHg
	
	
	
	

	Systolic
	131±18
	129±19
	135±18
	0.17

	Diastolic
	73±9
	73±8
	73±10
	0.94

	Coronary Artery Disease, n (%)
	64(62)
	49(77)
	15(38)
	0.0008

	Hypertension, n (%)
	90(87)
	55(86)
	35(90)
	0.38

	Diabetes, n (%)
	39(38)
	24(38)
	15(38)
	0.97

	Renal failure, n (%)
	26(25)
	16(25)
	10(26)
	0.58

	     Echocardiographic Data
	
	
	
	

	Peak Aortic Jet Velocity, m/s
	4.1±0.8
	4.0±0.8
	4.2±0.7
	0.18

	Mean Gradient, mmHg
	41±18
	40±19
	43±15
	0.28

	Aortic Valve Area, cm2
	0.77±0.24
	0.84±0.25
	0.67±0.16
	0.001

	Indexed Aortic Valve Area, cm2/m2
	0.41±0.12
	0.42±0.13
	0.39±0.10
	0.42

	LV Outflow Tract diameter, cm
	2.17±0.20
	2.27±0.17
	2.01±0.14
	<0.0001

	Stroke volume, ml
	70±15
	74±15
	64±12
	0.0005

	Indexed Stroke volume, ml/m2
	37±8
	37±8
	37±7
	0.93

	LV Ejection Fraction, %
	61±9
	58±8
	65±8
	<0.0001


LV= left ventricle

Table 2: Tomographic and histological data of the study population
	Variables
	Whole Cohort
(n=103)
	Male
(n=64, 62%)
	Female
(n=39, 38%)
	p-value

	     MDCT Data
	
	
	
	

	Aortic Valve Calcification (AVC), AU
	1973
[1124-3490]
	2741
[1839-3858]
	1279
[882-1915]
	<0.0001

	AVC density, AU/cm2
	548
[334-833]
	670
[473-964]
	400
[270-557]
	0.0003

	     Histological Data
	
	
	
	

	Aortic Valve Weight (AVW), g
	2.36±0.99
	2.66±1.07
	1.87±0.58
	<0.0001

	AVW/Aortic annulus area, g/cm2
	0.63±0.23
	0.66±0.25
	0.59±0.18
	0.28

	AVW/AVC, mg/AU
	1.36±1.03
	1.14±0.82
	1.71±1.24
	0.0002

	Fibrosis score n(%)
	
	
	
	

	1
	31(30)
	22(34)
	9(23)
	0.43

	2
	57(55)
	34(53)
	23(59)
	

	3
	15(15)
	8(13)
	7(18)
	

	Warren-Yong score n (%)
	
	
	
	

	1
	0(0)
	0(0)
	0(0)
	0.03

	2
	19(19)
	10(16)
	9(23)
	

	3
	63(61)
	36(56)
	27(69)
	

	4
	21(20)
	18(28)
	3(8)
	


AVC = aortic valve calcification; AVW = aortic valve weight

Table 3: Multivariable analyzes of aortic valve fibrosis
	Dependent variable
	Independent variables
	Estimate[95% CI]
	p-value

	Calcium-weight ratio

	
	Female sex
	0.30[0.04;0.55]
	0.02

	
	Age
	-0.04[-0.06;-0.01]
	0.003

	Fibrosis score

	
	Warren-Yong score
	
	

	        Model 1
	3 vs.2
	1.51±0.40
	0.0002
0.002

	
	4 vs. 3
	1.20±0.38
	

	
	Female sex
	0.74±0.29
	0.008

	
        Model 2
	Square root AVC density
	0.09±0.03
	0.0007

	
	Female sex
	0.84±0.29
	0.003


*Models adjusted for age, body mass index, left ventricular outflow tract diameter.


Table 4: Characteristics of matched patients for Masson’s trichrome and Picrosirius Red staining analyzes
	Variables
	Male
(n=12, 50%)
	Female
(n=12, 50%)
	p-value

	     Clinical Data
	
	
	

	Age, years
	77±6
	77±5
	0.34

	Body Mass Index, kg/m2
	27.7±5.9
	26.4.3±4.5
	0.55

	Blood pressure, mm Hg
	
	
	

	Systolic
	129±20
	135±18
	0.54

	Diastolic
	72±8
	71±13
	0.93

	Coronary Artery Disease, n(%)
	7(58)
	5(42)
	0.41

	Hypertension, n(%)
	8(67)
	8(67)
	1.00

	Diabetes, n(%)
	5(42)
	3(25)
	0.73

	Renal failure, n(%)
	2(17)
	2(17)
	1.00

	     Echocardiographic Data
	
	
	

	Peak Aortic Jet Velocity, m/s
	3.9±0.6
	4.0±0.7
	0.65

	Mean Gradient, mmHg
	38±15
	38±13
	0.90

	Aortic Valve Area, cm2
	0.79±0.19
	0.67±0.19
	0.16

	Indexed Aortic Valve Area, cm2/m2
	0.41±0.09
	0.41±0.12
	1.00

	Stroke volume, ml
	71±17
	63±15
	0.27

	Indexed Stroke volume, ml/m2
	36±8
	38±8
	0.61




Figure 1 Radiologic, macroscopic and microscopic evaluation of stenotic aortic valve morphology and histology
 

[image: ]

Multi-modality evaluation of aortic valves from a man (A,C,E,G) and a woman (B,D,F,H) matched for hemodynamic severity of AS, valve size and major comorbidities. A-B) Radiology from multidetector computed tomography images of aortic valves in “en-face” view allow direct appreciation of calcium deposits. Red rings represent the aortic valve region and white areas are calcified lesions which are more serious and significant in the man’s valve. C-D) Macroscopic images of excised aortic valves following aortic valve replacement surgery. E-F) Valve histology at 10X original magnification with hematoxylin-eosin staining. Pink acellular areas represent fibrosis (black arrows); purple acellular nodules represent calcium nodules (red arrows). G-H) Valve histology at 20X original magnification with Masson’s trichrome staining. Dark blue sections represent collagen fibers (dense connective tissue); light blue sections represent extracellular matrix fibers (loose connective tissue); red and purple nodules represent calcium nodules; red fibers represent myofibroblast-like cells. I-J) Polarized light valve histology at 20X with picrosirius red staining. Under polarized light, red represents collagen fibers. From all three evaluation methods, calcification is more pronounced in man’s valve macroscopically (C versus D) and histologically (E versus F and G versus H, and I versus J), whereas fibrosis is more pronounced in woman’s valve.
* Calcium nodule. Scale bar = 1 mm


Figure 2 Aortic valve weight and aortic valve calcium relationship according to sex
[image: ] 
Box plot graphs showing the aortic valve calcification density (A) and aortic valve weight normalized by the cross-sectional aortic annulus area (B) according to patients’ sex. Of note, women have lower amounts of calcium while men and women have similar aortic valve weight when adjusted for aortic annulus dimension. The correlations between aortic valve calcium density and aortic valve weight density (C) are highly influenced by patients’ sex. The ratio of aortic valve weight to aortic valve calcium (D), which represents the proportion of non-calcified tissue by quantity of calcium, is higher in women. Box-plot format: the box indicates the 25th to 75th percentiles; the line within the box indicates the median; and vertical bars indicate the 95% range.

Figure 3 Level of valvular fibrosis according to calcification and sex
[image: ] 
Bar graphs represent proportion of patients according to semi-quantitative score of fibrosis stratified for Warren-Yong score in men (A) and women (B).


FIGURE 4 HISTOLOGICAL ASSESSMENT OFCOLLAGEN FIBERS CONTENT, DENSE AND LOOSE CONNECTIVE TISSUE PROPORTION IN MATCHED STENOTIC VALVES AND NON-STENOTIC AORTIC VALVE STAINED WITH PICROSIRUS RED AND MASSON’S TRICHROME STAINING
[image: ] 
Picrosirius red stain showed significantly greater relative amount of collagen fibers in women’s SAV than men’s SAV (A). Global fibrous tissue was also more abundant in SAV of women than men following Masson’s trichrome staining (B). Stenotic aortic valves of women presented higher proportions of dense connective tissue than men (C) and the increase of dense connective tissue from non-stenotic aortic valves (NSAV) to SAV was greater in women than in men (D). NSAV: non-stenotic aortic valves; SAV: stenotic aortic valves
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