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Editorial

Despite the high prevalence and severe consequences of 
calcific aortic valve disease (CAVD), its pathogenesis re-

mains relatively poorly understood. For many years, CAVD 
was considered a degenerative disease, where calcification 
was a consequence of normal aging. Although it is now widely 
accepted that CAVD is an active disease process,1 the erro-
neous degenerative label contributed to delayed progress in 
characterizing this condition. At present, our understanding of 
the mechanisms governing CAVD lags far behind our knowl-
edge of atherosclerosis, a disease to which CAVD is frequent-
ly compared. Ultimately, our incomplete understanding of 
CAVD pathogenesis has profound consequences: other than 
surgical valve replacement, there remains no treatment to stop 
the onset or progression of CAVD.
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Sex as an Important Biological Variable
Consistent with many other cardiovascular diseases, male sex 
closely follows advanced age as a risk factor for developing 
CAVD.2 During the past 5 years, there has been a surge in 
the appreciation of sex as a biological variable, with a report 
on the importance of sex-specific research reporting issued by 
the Institute of Medicine and National Academies,3 decisions 
by several journal publishers to require the reporting of the 
sex of all tissues and cells in papers, and the 2014 introduc-
tion of an National Institutes of Health policy requiring that 
sex as a biological variable be addressed as an aspect of rigor 
and reproducibility in National Institutes of Health grants. 
In the context of CAVD, there is scant information on sex-
specific differences in valve biology or pathology. Although 
several studies have demonstrated higher prevalence of CAVD 
among men, investigations that explicitly focus on this issue 
have concentrated on sex differences in ventricular or vascular 
dysfunction caused by CAVD,4,5 rather than the valve itself. 
Moreover, the majority of in vitro valve investigations use val-
vular interstitial cell (VIC) cultures that are not separated by 
sex or whose sex is unknown. Yet, evidence is emerging that 

cellular-scale sex differences may also play a role in aortic 
valve pathology.6

A significant step toward uncovering sex-specific differ-
ences in CAVD was achieved in 2013, when Aggarwal et al 
provided initial evidence that male sex impacts not only the 
probability of developing CAVD but also the nature of the 
CAVD. Specifically, for an equivalent degree of aortic ste-
nosis, men had significantly greater valve calcification than 
women, as measured by multidetector computed tomographic 
imaging of patients.7 This intriguing discovery sets the stage 
for the current work by Simard et al,8 whose research builds 
on the earlier finding to uncover further differences in pathol-
ogy between male and female valves with CAVD.

Aortic Valve Stenosis: More Than Just 
Calcification

In their study, Simard et al8 merge in vivo quantification of ste-
nosis severity and calcification with ex vivo evaluation of ex-
planted leaflets for evidence of calcification and fibrosis. After 
controlling for patient comorbidities, study participants were 
evaluated using echocardiography and multidetector com-
puted tomographic imaging to assess aortic stenosis severity 
and valve calcification and to frequency match patients ac-
cording to demographics and extent of disease. After routine 
valve replacement surgery, explanted valves were weighed, 
sectioned, and stained for different structural and extracellular 
matrix components known to be present in diseased valves. 
Specifically, the authors analyzed valve explants for levels of 
calcification, fibrosis, collagen content, and both dense and 
loose connective tissue. The degrees of calcification and fi-
brosis were semiquantitatively scored in a blinded analysis 
of histological sections, and fibrosis was further evaluated by 
quantifying collagen fiber and connective tissue density in 
tissue sections. The data were analyzed while controlling for 
multiple sex-specific factors that could interfere with the in-
terpretation of their results, including differences in body size, 
aortic valve area, and stenosis severity.

The results from this investigation reveal several striking 
differences between stenotic valves from men and women. 
Consistent with the earlier work of Aggarwal et al,7 multide-
tector computed tomographic imaging yielded higher scores 
for aortic valve calcification density in men compared with 
women with a similar degree of stenosis. Moreover, the ra-
tio of aortic valve weight density to aortic valve calcification 
density was significantly higher in women than in men, sug-
gesting increased amounts of noncalcified tissue in women. 
By analyzing explanted valves, the authors were then able 
to further investigate the identity of this abundant noncalci-
fied tissue and found significantly increased levels of fibrosis 
in stenotic valves from women relative to men. In men, the 
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fibrosis score also tightly correlated with the extent of calci-
fication, which was not the case for women. Analyses of col-
lagen fiber and connective tissue density further strengthened 
the conclusion that female sex is an independent predictor for 
increased fibrosis in CAVD.

Implications for the Study and Treatment  
of CAVD

The findings by Simard et al are remarkable because they sug-
gest that the pathogenesis and extracellular matrix remodel-
ing in aortic valve stenosis may substantially differ with sex. 
These results raise the question of whether CAVD progress-
es via a fundamentally different trajectory for men versus 
women or a similar trajectory with different exit points for 
each sex (Figure). Supporting the hypothesis that sex-specific 
divergence of CAVD pathogenesis may occur early on is a 
growing body of evidence indicating intrinsic cellular-scale 
differences between men and women,6 which also yield dif-
ferences in the cellular response to pathological stimuli. For 
example, VIC culture in hormone-free osteogenic medium 
is associated with an increase in calcification in male VICs 
compared with female VICs.9 The discovery that men and 
women exhibit different CAVD pathogenesis has the poten-
tial to provoke transformative changes in the approach used to 
investigate CAVD pathogenesis and the clinical treatment of 
this disease. Additionally, the findings by Simard et al serve 
to further differentiate CAVD from atherosclerosis, in which 
plaque lesions and calcification exhibit similar morphology 
and pathology across both sexes.10

The work by Simard et al also raises the broader issue of 
what valve characteristics are most appropriate for describing 
and evaluating CAVD. Research in the field has historically fa-
vored the study of calcification over fibrosis, but the female pa-
tients included in this study exhibited impaired valve function 
dominated by fibrosis, rather than calcification. Meanwhile, 
recent work with a mouse model of hypercholesterolemia and 

hypertension achieved hemodynamically significant stenosis 
in the absence of calcification.11 Thus, beyond identifying sex-
related differences in calcification, the study by Simard et al 
highlights the need to deepen our understanding of the con-
tribution of fibrosis to CAVD pathogenesis and progression. 
Furthermore, fibrosis is also associated with age, the primary 
risk factor for CAVD, where an increase in collagen type I 
and its cross-linking is observed in aging healthy valves.12 
Understanding the evolution of fibrosis in valves may be a 
critical step in elucidating the mechanisms that govern both 
CAVD onset and progression.

A significant limitation of the work presented by Simard 
et al is the lack of quantitative data beyond analysis of his-
tological staining to describe fibrosis. Additional analysis 
approaches are required to characterize the nature of these fi-
brotic changes and examine potential sex bias in collagen pro-
duction/degradation dynamics or fiber architecture. Moreover, 
although Simard et al make significant progress toward char-
acterizing sex-specific differences in the pathological features 
of stenotic valves, much remains to be discovered with respect 
to the mechanisms that govern these differences. As stated by 
the authors, hormones could play an important role in this 
process; however, the observation of sex-specific behaviors 
during in vitro VIC culture suggests additional mechanisms 
that transcend hormonal effects. Genetic and epigenetic dif-
ferences are likely involved, and differential production of 
microRNAs has been proposed as an important regulator of 
other sex-biased diseases.13 Deciphering these mechanisms 
necessitates the decoupling of hormonal and genetic effects, 
thus emphasizing the need for continued animal and in vitro 
studies to complement human valve analyses in identifying 
the origin of these sex-related differences.

The important contributions of the work by Simard et al 
underscore the need to continue to conduct prospective and 
retrospective in vivo and in vitro studies separated by sex to 
elucidate CAVD pathogenesis. This article also challenges the 

Figure. Possible routes for sex-specific 
divergence of calcific aortic valve 
disease (CAVD). Halting the progression 
of CAVD will require knowledge of whether 
the disease exhibits sex bias from its 
onset or if the initial disease process is 
shared across sexes, with subsequent 
differentiation.
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assumption that CAVD is defined by end point calcification 
and identifies fibrosis as an important feature of the disease, 
particularly in women. By expanding our understanding of the 
nature of CAVD experienced by men and women, this seminal 
study by Simard et al provides a foundation for the discovery 
of genes, proteins, and markers that render male sex the sec-
ond most important risk factor for this disease. Understanding 
the manner in which men and women diverge in their devel-
opment of CAVD will also be critical in generating effective 
treatments for this disease.
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