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ABSTRACT

In the current state of interventional cardiol-
ogy, the ability to offer advanced therapies to
patients who historically were not surgical
candidates has grown exponentially in the last

few decades. As therapies have expanded in
complex coronary and structural interventions,
the nuances of treating certain populations
have emerged. In particular, the role of sex-
based anatomic and outcome differences has
been increasingly recognized. As guidelines for
cardiovascular prevention and treatment for
certain conditions may vary by sex, therapeutic
interventions in the structural and percuta-
neous coronary areas may also vary. In this
review, we aim to discuss these differences, the
current literature available on these topics, and
areas of focus for the future.
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Key Summary Points

Why carry out this study?

More women have died from
cardiovascular disease than men in recent
years due to different risk factors and
anatomical differences that impact
therapeutic procedural indication and
outcome.

Women are often underrepresented in
cardiovascular trials, leading to a one-size-
fits-all approach to cardiovascular care.

What are the sex-based differences in
anatomy and outcomes discussed in the
literature, and how does this impact
percutaneous coronary and structural
intervention?

What was learned from the study?

With regard to coronary intervention,
female patients are observed to have
increased in-hospital mortality and in-
hospital complications compared to men.

Sex-specific differences in major vascular
complications, patient–prosthesis
mismatch, and pacemaker implantation
are present in patients undergoing TAVR.
Differences in outcomes after mitral valve
repair among sexes have not consistently
demonstrated statistical significance, but
may depend on etiology of the mitral
valve disease.

Further study is needed to examine sex-
specific differences so that we may better
select therapies for patients.

BACKGROUND

Sex-related differences in the pathophysiology,
treatment, and outcomes of cardiovascular dis-
eases have been studied in greater detail in the
last few decades [1]. Since the mid-1980s, in the

United States, more women have died from
cardiovascular disease compared to men [2].
This is partly due to women having different
anatomic and risk factor profiles relevant to
procedural indications and outcomes. Addi-
tionally, women with coronary artery disease
typically have worse outcomes compared to
men [3]. Thus, significant sex-related disparities
persist, resulting in suboptimal treatment of
women. Even when multiple social and eco-
nomic factors are considered such as level of
education, income, and access to care, this
inconsistency continues to be significant [4].
Although many reasons have been elucidated to
explain this disparity, much remains unclear.
Some of the sex-related differences in outcomes
may be partially explained by variation in the
pathophysiology of certain diseases. For exam-
ple, women with acute coronary syndrome are
less likely to have significant obstructive coro-
nary artery disease, but are more likely to have
plaque erosion and thrombus formation when
compared to men with similar symptoms [5–7].
It appears that the less frequent presence of
obstruction may be related to different patterns
of atherosclerosis. Analyses have shown that
coronary vessels in women appear to have a
more diffuse atherosclerotic disease pattern
with involvement of the entire circumference of
the artery [6]. Thus, coronary arteries appear
more ‘‘normal’’ at the time of angiography in
nearly 50% of women, without evidence of
flow-limiting stenosis [8]. Thus, the approach to
coronary intervention for stenoses that are sig-
nificant may be different for women versus men
based on the pattern of atherosclerosis.

Additionally, some of the differences in
outcomes may be related to variation in coro-
nary anatomy by sex. Coronary vessels in
women on average are smaller than those of
men, up to 10% smaller, independent of body
size [9, 10]. Studies looking at major epicardial
coronary diameters on cardiac computed
tomography imaging in patients with minimal
coronary artery calcium (scores\100 Agatston
score) found significantly smaller vessel diame-
ter in women compared to men. This difference
persisted after adjustment for body mass index,
body surface area, age, and left ventricular mass
[11]. It has been suggested that sex hormones
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may play a role in the size variation due to their
impact on arterial remodeling [10]. Addition-
ally, female vessels may show impaired
vasodilator response, though this is somewhat
controversial [9, 10]. They may also have
increased vascular stiffness compared to men
[9, 10]. This can affect hemodynamic assess-
ment of coronary lesions, which can have
implications for long-term outcomes of percu-
taneous coronary intervention (PCI).

Finally, we must also be aware of the differ-
ences regarding female representation in evi-
dence-based therapies and interventions. While
the proportion of women undergoing certain
interventions varies, women continue to be
underrepresented in cardiovascular trials and
on average comprise only 25% of clinical
investigation [12]. Fortunately, awareness of
this important issue has increased, and more
research is being done to understand sex-speci-
fic aspects of care. A position piece published in
2019 highlighted that many sex-specific differ-
ences are unveiled in post hoc analyses or sys-
tematic reviews. The authors suggested that
differences in risk/decision-making, communi-
cation, and investigator engagement may be
among the reasons for underrepresentation of

women in cardiovascular trials, and recommend
in-depth analysis of social and behavioral bar-
riers to better engage female trial participants
[13]. While the relevance of sex-based differ-
ences does depend on the exact condition or
intervention, consideration of these factors is
essential to avoid treating patients according to
a ‘‘one size fits all’’ strategy. In this review, we
aim to discuss these sex-specific differences, the
current literature available on these issues, and
areas to focus on in the future. We also high-
light anatomic structural differences between
women and men which may affect structural
and coronary interventions (Fig. 1). This review
is based on previously conducted studies and
does not contain any studies with human par-
ticipants or animals performed by any of the
authors.

PERCUTANEOUS CORONARY
INTERVENTIONS

Stents

Since the era of Andreas Gruentzig and initial
balloon angioplasty, the field of PCI has

Mitral Valve
• More likely to have primary MR
• Smaller le� ventricular volumes 

and EROA with ischemic MR

Coronary Arteries
• Smaller epicardial coronary vessel 

diameter
• Decreased vasodilatory response
• Increased vascular s�ffness

Femoral Artery
• Smaller Peripheral Vasculature
• Increased Peripheral Vascular 

Tortuosity  

Aor�c Valve
• Smaller Le� Ventricular Ou�low Tract 
• Smaller Aor�c Annulus and Root 

Fig. 1 Anatomic features in women affecting coronary and structural interventions. MR mitral regurgitation; EROA
effective regurgitant orifice area
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dramatically changed our ability to treat
patients with obstructive coronary disease.
Contemporary studies comparing outcomes by
sex have shown mixed results with female sex
being associated with variable mortality rates
[14–16]. However, these studies did not account
for non-traditional cardiac risk factors including
depression, which maybe more prevalent in
females and is shown to be associated with
adverse outcomes in cardiovascular patients
[17]. Many studies are outdated in the current
era where routine use of prasugrel and ticagrelor
is common. Hence, whether sex-based differ-
ences in outcomes still exist in contemporary
practice is still questionable.

Some aspects of PCI in the female sex have
been better studied in the literature. The female
sex has been consistently identified as a pre-
dictor of major bleeding after PCI, which may
be explained by several factors [18–20]. This
increased risk for women may be due to varia-
tion in platelet pathophysiology and response
to different antiplatelet therapies owing to the
sex-based differences in platelet function
[21–24]. Differences in patient age, drug safety
profile, or comorbidities associated with bleed-
ing may also explain this elevated risk
[14, 25, 26]. While radial access is more com-
monly performed in both male and female
patients, the rate of conversion to a femoral
approach is more common in women, and may
account for the increased risk of bleeding [19].
Recent data in general show that bivalirudin
reduced bleeding compared to heparin plus a
glycoprotein IIb/IIIa inhibitor. On the other
hand, prasugrel reduced ischemic outcomes but
at the cost of more bleeding compared to
clopidogrel [27–30].

Now in our second generation of drug-elut-
ing stents (DES), complications of stent throm-
bosis and in-stent restenosis (ISR) have declined
significantly with new designs and drug-elution
systems continuing to emerge on the market. In
everyday practice, many of these stents are used
off label in calcified, tortuous, and small-caliber
coronary vessels. As mentioned previously,
women generally have smaller-caliber vessels
along with smaller left ventricular dimensions
[10]. It is generally accepted that the risk of
stent thrombosis and ISR increases in smaller

diameter stents. As stent technology advances
to reduce short- and long-term complications, it
is unknown whether these adverse outcomes
are affected by sex. There has been improved
insight into this subject from work supported
through the Society for Cardiovascular Angiog-
raphy and Intervention (SCAI) [31]. As part of
their women’s initiative, Women in Innovation
and Drug-Eluting Stents (WIN-DES) was created
to gather and analyze data regarding PCI in
women [31]. A large multicentered registry
sponsored by WIN-DES assessed differences in
outcomes of DES in women [32]. Since women
have been traditionally underrepresented in
clinical trials, the authors performed a collabo-
rative analysis across 26 randomized control
trials [32]. The authors found that women who
underwent PCI were older, had lower ejection
fractions, and had a higher incidence of prior
myocardial infarction and diabetes [32]. These
women also had more complex disease with
multi-vessel obstruction and calcified lesions
[32]. At 3-year follow-up, the use of DES was
associated with reduction in major adverse car-
diovascular events compared to earlier genera-
tions, and lower rates of stent thrombosis. Based
on available data, outcomes with DES appear to
be comparable to those in men.

Although stent design/materials and drug-
elution properties have progressed significantly
in recent years, long-term concerns regarding
residual metallic scaffolds and increased late
events have continued. To counter these con-
cerns, bioresorbable scaffolds (BRS) were
designed. These are composed of a temporary
scaffold designed to provide a platform for drug
elution but then degrade over time with no
material left behind. Studies have shown that
these scaffolds fully resorb after 3 years, leaving
the vessel in its native state [33]. However, the
enthusiasm for these new stents has been tem-
pered by concerns over increase in stent
thrombosis, leading to limitations in use in
Europe and the United States [34]. It is unclear if
indications for use of BRS or long-term out-
comes would differ by sex. It could be postu-
lated that since women have smaller coronary
vessel diameters, BRS may further increase the
risk of stent thrombosis. However, once the
scaffold is degraded there is return of native
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vasomotor function of the vessel, which is an
advantage of this type of stent. Since women
have more evidence of endothelial dysfunction
at baseline, this property may be of particular
interest [10]. Additionally, there have been
limited case reports on use of BRS to treat
spontaneous coronary artery dissection [35].
Although not a major indication for PCI,
spontaneous dissection tends to occur more in
young women who may benefit from absorp-
tion of stent scaffolding. This would allow these
women to avoid potential long-term complica-
tions from residual metallic materials left
behind by traditional DES. Overall, it is unclear
if BRS technology would be beneficial in
women, though it deserves further study [36].

Outcomes related to PCI differ among men
and women as well. A recent study looking at
PCI in 6 million patients in the United States
found that women were more likely to suffer in-
hospital mortality and in-hospital complica-
tions compared to men [19]. Some of the sex-
specific differences were attributed to bleeding
risk as previously discussed, but others remain
unclear. It appeared that women consistently
had a 20% greater risk of in-hospital mortality
and overall adverse events compared to men,
even after adjustment for comorbid burden and
clinical characteristics [19]. Furthermore, a
study looking at women who underwent PCI for
ST elevation myocardial infarction also showed
20% higher age-adjusted risk of death and
ischemic cardiac or cerebrovascular events
compared to men, despite identical PCI success
rates [37]. Women receiving PCI for
stable coronary artery disease or non-ST eleva-
tion myocardial infarction, however, were not
found to have different outcomes compared to
their male counterparts [37]. Finally, there
appear to be differences in outcomes between
sexes in patients with multivessel coronary
artery disease. A recent meta-analysis assessing
PCI versus coronary artery bypass graft (CABG)
revascularization showed that women had a
worse overall composite outcome with PCI
compared to men, with a hazard ratio of 1.31
(95% CI 1.05–1.63, p\0.017) [38]. While only
six of the 15 randomized controlled trials in the
meta-analysis included sex-based data on com-
posite outcomes of all-cause mortality,

myocardial infarction, and/or stroke, this study
again highlights the need for more data on sex-
based outcomes in revascularization.

In conclusion, extensive data in the litera-
ture suggests that women undergoing PCI are
usually older, have lower functional status,
more comorbidities, and are more often
depressed compared to men. Women are con-
sistently at higher risk of bleeding, even after
multivariable adjustment. Extensive data sug-
gests that women are not only at higher risk of
more severe bleeding than men, but also are
more likely to have post-discharge bleeding not
brought to their physician’s attention. This may
contribute to the observed increased risk of in-
hospital mortality and in-hospital complica-
tions in female patients, though more devoted
study is needed.

Chronic Total Occlusion (CTO)

Interest in more complex PCI such as chronic
total occlusion (CTO) interventions has grown
tremendously in recent decades. Driven by
rapid expansion of new technologies, patients
now have options available other than coronary
bypass for CTO lesions that were previously felt
to be untreatable. As this area of PCI expands,
operators should be cognizant of potential dif-
ferences in sex-based outcomes. A recent study
by Sharma et al. retrospectively assessed a large
database from the United Kingdom of CTO PCI
[39], and found that overall complication rates
of CTO PCI were higher in women. This inclu-
ded coronary perforation, bleeding, and con-
trast-induced nephropathy. In general, female
patients were again older than their male
counterparts. Women had lower rates of prior
bypass surgery, less procedure time, and
reduced contrast load compared to men. The
difference in success rates observed between
sexes in CTO PCI may be explained by the
presence of collateral arteries, which are
important in determining the approach to CTO
PCI. While there is no clear evidence citing
differences in the presence or robustness of
collateral vessels in females, a difference could
be plausible based on known differences in
microcirculatory function with regard to
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decreased vasodilatory response and overall
higher rates of microvascular dysfunction in
women [9].

More recently, a meta-analysis was published
showing that sex was not an independent risk
factor for major adverse cardiovascular events or
procedural success for patients with CTO lesions
who underwent PCI [40]. However, women
comprised only 14–23.7% of the populations in
those studies that were included in the meta-
analysis (8811 women vs. 23,496 men) despite
similar prevalence of CTO lesions [40]. This
again may imply that women are underrepre-
sented in CTO trials and highlights the need for
further inclusion of women, and further study
of sex-based differences in outcomes in patients
with CTO.

STRUCTURAL INTERVENTIONS

Aortic Valve Disease

Aortic stenosis (AS) remains an important cause
of morbidity and mortality in elderly popula-
tions, and is considered the most prevalent
form of valvular disease within elderly Western
populations [41]. Through the advent of tran-
scatheter-based technology, many patients who
were not surgical candidates can now be treated
with minimally invasive procedures. Although a
less invasive procedure, the indications and
differences in outcomes for transcatheter aortic
valve replacement (TAVR) based on sex need to
be considered.

Pathophysiology
The main pathology of AS is valve leaflet calci-
fication. Lipid infiltration, aberrant extracellular
matrix remodeling, and extensive valvular
fibrosis may also be factors contributing to the
thickening and decreased mobility of the aortic
valve leaflets in aortic stenosis [42]. There are
sex-specific differences in the level of valvular
fibrosis and dense connective tissue, as well as
the degree of hemodynamic stenosis severity.
Women may present with symptomatic, severe
AS with less calcium but more fibrosis than
men, suggesting that the pathobiology for

development and progression of AS may differ
by sex [43].

Epidemiology
The reported prevalence of AS among the
elderly population is 12.4%, while the preva-
lence of severe AS in the same population is
3.4%. Under the current indications, approxi-
mately 290,000 elderly patients with severe AS
are TAVR candidates [41]. However, there con-
tinues to be a disparity between male and
female sex in diagnosis, treatment, and man-
agement of the disease. Extensive echocardio-
graphic data shows that men are twice as likely
to develop aortic stenosis compared to women
[44]. Several studies have reported a higher uti-
lization of surgical aortic valve replacement
(SAVR) in men compared to women [45–48].
This may be because women with aortic stenosis
had unfavorable preoperative baseline charac-
teristics, and were thus less likely to be referred
for surgical treatment [44]. Interestingly, this
disparity in referral for valve replacement is not
seen with the current TAVR practice [49, 50].
Since TAVR became commercially available in
the United States in 2011, women have been
referred more often for TAVR compared to men
[49]. Women are often older when they develop
symptomatic AS, which may explain the
increase in TAVR referral initially [51].

Differences in Anatomy/Surgical Technique
When assessing a patient for possible SAVR or
TAVR, both anatomic and clinical considera-
tions, such as surgical risk, should be consid-
ered. The choice of access site and valve type
depends on several factors, including presence
of peripheral disease and aortic arch anatomy.
Specifically, there is a higher likelihood of aortic
valve area-gradient discordance due to smaller
left ventricular outflow tract dimensions and
more frequent paradoxical low-flow, low-gradi-
ent severe aortic stenosis in women compared
to men [52]. Buellesfeld et al. evaluated TAVR-
related multi-detector computed tomography
imaging findings among 97 women and 80 men
with severe symptomatic aortic stenosis and
found smaller annular and left ventricular out-
flow tract dimensions in women, but similar
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ascending aortic dimensions [53]. The smaller
aortic annuli in women are associated with use
of smaller transcatheter heart valves compared
to men. Although implications of small valve
size historically relate to some elderly women
falling out of range of available devices, this has
become less of problem since the induction of
smaller transcatheter heart valves sizes, as well
as self-expanding and balloon-expandable plat-
forms. Patients with a smaller annulus had
lower rates of severe prosthetic valve regurgita-
tion compared to patients with a large annulus
[52]. Proper assessment of the aortic annulus is
important for valve sizing. The width of the
sinuses of Valsalva and the height of the coro-
nary arteries, specifically the left main, are cru-
cial for proper assessment as well. Women
generally have smaller body surface areas com-
pared to men, therefore these aortic root struc-
tures tend to differ in size as well [54]. The
smaller vessel size in women is not limited to
the aortic arch; women have smaller diameter
peripheral vessels that are suboptimal or pro-
hibitive for femoral access [1].

Given the innumerable differences discussed
above, thoughtful consideration should be
given to procedural technique. Specifically, the
access site (transfemoral, transaxillary,
transapical, or direct aortic access) and the use
of self-expanding or balloon-expanding valves
should be given extra attention. Lack of appre-
ciation of these differences (valve size, height of
coronary arteries) can lead to suboptimal valve
implantation, leading to catastrophic compli-
cations (Table 1) such as coronary obstruction

or annular rupture that are known to occur
more frequently in women [54].

Review of Outcomes
The landmark TAVR trials assessed outcomes in
patients who were felt to have prohibitive risk
for SAVR. Since safety data have shown equiv-
alent outcomes, more recent studies have
focused on low and intermediate-risk groups.
Along the lines of safety, there is evidence of
notable differences in adverse outcomes based
on sex. Post-procedurally, women have
demonstrated increased risk of annular rupture,
coronary obstruction, peripheral vascular com-
plications, and possible risk of patient–pros-
thesis mismatch [52]. In contrast, the need for
permanent pacemaker implantation post-TAVR
was lower in women compared to men (Table 1)
[51].

Patient–Prosthesis mismatch Patient–prosthe-
sis mismatch occurs when the effective orifice
area of an inserted prosthetic valve is too small
relative to body size, resulting in higher than
expected gradients in otherwise normally
functioning prosthetic valves. Patient–prosthe-
sis mismatch is a concern in patients with small
aortic annulus size undergoing SAVR but has
not been problematic with TAVR. Recent stud-
ies have shown that despite the need for smaller
valve sizes in women, they do not appear to be
at increased risk of patient–prosthesis mismatch
[55]. A recent trial performed by Popma et al.
found that in patients with severe aortic steno-
sis who were low surgical risk, TAVR with a self-
expanding supra-annular bioprosthesis was not
inferior to SAVR with respect to death from any
cause at 24 months [56]. This suggests an
increased utility of TAVR in those who are sur-
gical candidates, but who also have smaller
annular dimensions [57]. Extrapolating further,
this suggests that TAVR should be the preferred
intervention in women with severe AS [55].
Further studies are needed to directly compare
TAVR versus SAVR in this cohort, however, to
assess possible impact of patient–prosthesis
mismatch on long-term clinical outcomes.

Coronary obstruction risk Women also have a
higher risk of coronary occlusion/obstruction
due to lower coronary heights and smaller
sinuses of Valsalva [10]. These dimensions are

Table 1 Differences in complications post-transcatheter
aortic valve replacement

Women

; Pacemaker implantation

: Coronary obstruction

: Likelihood of patient–prosthesis mismatch

: Peripheral vascular complications (i.e., bleeding)

: Annular rupture
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inversely related to left main obstruction post-
implantation [58]. A higher proportion ([80%)
of patients who developed coronary obstruction
were women despite equal sex representation in
their registries [58]. In such cases, novel tech-
niques such as BASILICA, a technique involving
intentional laceration of the native or biopros-
thetic leaflet to prevent iatrogenic coronary
artery obstruction, may be considered to reduce
the risk of coronary obstruction.

Permanent pacemaker implantation Permanent
pacemaker placement is a known risk of TAVR,
with risk related to valve type and underlying
conduction disease. A 2019 study looking at sex
differences in outcomes among the CENTER
collaboration data for trans-femoral TAVR pro-
cedures noted that the need for permanent
pacemaker implantation was lower for females
compared to males (12.2 vs. 16.7%, RR 0.7, 95%
CI 0.7–0.8%, p\ 0.001) [51]. This difference
was seen with both self-expandable and bal-
loon-expandable valves, though pacemaker
implantation rates were higher in both sexes
among the self-expandable valve group [51].
This finding may be due to anatomical and
sizing discrepancies seen among the sexes, but
warrants further investigation to characterize
the mechanism.

Peripheral vascular complications The overall
risk of peripheral vascular complications has
declined with advances in technology allowing
the use of lower-profile delivery systems. How-
ever, this risk has not been eliminated and is
known to vary by sex, with women having more
vascular complications (6–20% vs. 2–14%) and
higher bleeding rates (10–44% vs. 8–25%)
compared to their male counterparts compared
to their male counterparts, see Table 3 [59]. A
2019 study looking at the CENTER collabora-
tion data in transfemoral TAVR procedures also
found elevated risk of bleeding in women by
about 50% (6.7 vs. 4.4%, RR 1.5; 95% CI
1.3–1.8, p\0.001) [51]. Interestingly, bleeding
risk appeared to correlate inversely with body
mass index (BMI) in females (lowest BMI
bleeding rate 7.7%, middle BMI group 7.1%,
and highest BMI group 5.5%), with no particu-
lar correlation in the male cohort [51]. These
findings were true for both early and newer
generation TAVR valves. Large sheath-to-

femoral-artery ratio, increased vessel tortuosity,
and significant vascular calcification specifically
contributing to these findings [51]. Previously
described differences in femoral diameter
between sexes may explain the elevated rate of
vascular complications in women, as they
appear to undergo TAVR via transfemoral access
more frequently [1]. Appropriate use of pre-
TAVR imaging assessments of iliofemoral vas-
culature is therefore particularly important in
women [52]. This further supports the need for
more evidence on antithrombotic therapy post-
TAVR, as well as potential adjunctive options in
those with higher bleeding risk. In late 2019,
Saito et al. published a review on adjunctive
antithrombotic regimens post-TAVR and found
that single antiplatelet therapy (SAPT) may be
safer than dual antiplatelet therapy [60]. Addi-
tionally, they suggested that an oral anticoag-
ulant alone may be superior to oral
anticoagulation plus SAPT in those patients
requiring full anticoagulation. Future trials are
underway that may provide clarity on this issue,
and may be particularly beneficial in women
who have demonstrated increased risk of
bleeding [60].

Overall morbidity and mortality In a meta-
analysis of 23 publications, women had fewer
pre-existing co-morbidities and better survival
(range of hazard ratio [95% CI] = 0.27
[0.09–0.84] to 0.91 [0.75–1.10]) with TAVR
compared to SAVR [59]. More recent data
looking at over 12,000 patients found higher
baseline prevalence of hypertension and renal
failure in females, but lower prevalence of
common cardiovascular comorbidities like
coronary artery disease, prior PCI or coronary
artery bypass graft, diabetes mellitus, stroke,
and peripheral arterial disease [51]. While some
previous studies outline a lower mortality rate
in women due to more favorable baseline
characteristics and lower rates of significant
paravalvular aortic regurgitation, others suggest
that both sexes have similar mortality out-
comes, at least in the 30-day period
[51, 52, 59, 61]. Overall mortality and stroke
rates 30 days post-TAVR were found to be sim-
ilar in males and females in the CENTER col-
laboration dataset, despite the increase in
bleeding complications for females mentioned
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above [51]. The 30-day mortality was lower in
both sexes by at least 50% over the last 10 years,
with overall mortality rates between 2007 and
2018, the data collection period, decreasing
further in males over time compared to females
[51]. Stroke rates, however, did not change over
time in either sex [51]. Outcomes of TAVR ver-
sus SAVR in women, particularly in the low-risk
population, have yet to be thoroughly exam-
ined. In high-risk and inoperable patients,
females may have a survival benefit of up to
2 years with TAVR compared to SAVR [62]. In
similar populations in the PARTNER 3 trial, the
rate of death, stroke, or re-hospitalization at
1 year was actually found to be lower with TAVR
than with surgery [63]. More sex-specific anal-
yses are needed to analyze these differences, and
to help clarify conflicting evidence in the
literature.

Understanding Sex-Specific Factors: Insight
from Registry Data in Women
As the use of structural heart interventions has
increased, so has the recognition of sex-specific
characteristics and risk. This led to the creation
of the Women’s International Transcatheter
Aortic Valve Implantation (WIN-TAVI) Real-
World Registry [64]. This was related in part to
the recognition that sex-specific factors as
illustrated can influence indications, outcomes,
and mortality. This 19-center prospective,
observational registry was created specifically to
analyze data in women undergoing TAVR in
North America and Europe. The registry
includes a variety of endpoints including safety
data and mortality, among others. Over the
course of 2 years, just over 1000 women have
been enrolled. The primary findings from initial
analyses revealed that the women enrolled were
at intermediate-high risk and had low early
mortality. Pregnancy history was also collected
in this cohort, specifically parity status and
gestational complications. Pregnancy and
adverse pregnancy conditions such as pre-
eclampsia, gestational diabetes, and premature
birth are known to be associated with increased
long-term cardiovascular risk in women [65].
While 70% of the women enrolled had been
pregnant, less than 5% suffered a pregnancy
complication. History of pregnancy was

predictive of early safety endpoints after TAVR.
These intriguing findings stress the need for sex-
specific history taking and risk assessment in
subjects enrolled in registries or clinical trials.

Mitral Valve Disease

Mitral regurgitation (MR) is the second leading
cause of valvular heart disease in US, behind AS
[66]. The current standard of care is surgical
repair or replacement of the mitral valve. The
indications for mitral valve repair or replace-
ment include severe symptomatic primary MR,
or asymptomatic MR in conjunction with left
ventricular dysfunction (as noted by an ejection
fraction of 30–60%), new-onset atrial fibrilla-
tion, or pulmonary hypertension. However,
there are limited studies directly comparing
surgical repair versus replacement.

Pathophysiology
MR is classified into two broad categories by
etiology: primary or secondary. Primary regur-
gitation refers to valvular pathology intrinsic to
the valve or valve apparatus. Primary MR can
result from myxomatous changes such as mitral
valve prolapse, collagen vascular disease, papil-
lary muscle dysfunction, mitral annular calcifi-
cation, trauma, rheumatic heart disease,
endocarditis, or spontaneous chordal rupture.
Secondary MR is a catch-all category that
encompasses anything not classified as primary.
More specifically, this involves extra-valvular
dysfunction that directly results in dysfunction
of the mitral valve, such as left atrial or left
ventricular dilation. Secondary MR is often a
result of advanced stages of ischemic, dilated, or
hypertrophic cardiomyopathy. Once valvular
disease is severe, both primary and secondary
MR have a poor prognosis.

Epidemiology
There are more than 40,000 mitral valve surg-
eries performed annually in the USA alone [67].
However, 50% of the population eligible for
surgery based on their valve criteria are denied
due to older age, comorbidities, or reduced
ejection fraction. Traditionally, those denied
surgery were given medical therapy alone.
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Fortunately, percutaneous mitral valve therapy
has been rapidly emerging as an alternative to
both surgical and medical therapy. Currently,
the only mainstream alternative available is the
MitraClip device, a large clip inserted percuta-
neously that grasps the anterior and posterior
leaflets of the mitral valve to reduce MR. This
has only been available since 2013, and ques-
tions remain as to who should undergo the clip
procedure, and when it should be performed.

Review of Outcomes
One of the first studies to compare mitral valve
repair versus replacement included 698
prospective matched case–control patients and
published in 2003 [68]. In the repair group,
both length of stay (9.5 days vs. 12.3 days) and
in-hospital mortality (4.3 vs. 6.9%) were signif-
icantly lower than in replacement patients. At 5
and 10 years, the survival of patients who
underwent repair versus replacement were
improved (82 vs. 72% and 62 vs. 46%, respec-
tively). Other studies supported these findings
as well, demonstrating that preservation of the
subvalvular apparatus, annulus, and mitral
leaflets allows improvement of ventricular
function after repair rather than replacement
[69–72].

The landmark trial for MitraClip was EVER-
EST I [73], which demonstrated that the proce-
dure could be safely performed in patients and
improve MR [73]. In EVEREST I, women com-
prised 38% of the group studied, and sex was
evaluated as a subgroup to assess for a risk factor
contributing to the endpoint of survival, mitral
valve surgery or reoperation, and 3 ? or 4 ? MR
at 5 years. Female sex was not demonstrated to
be statistically different in the analysis [73]. This
study was followed with EVEREST II which
attempted to demonstrate the efficacy of
MitraClip by comparing it with the standard of
care: surgical repair or replacement. Both
EVEREST I and EVEREST II data showed that
surgical repair was superior to MitraClip before
hospital discharge [73, 74]. EVEREST II showed
that there were similar rates of reduced MR at 12
and 24 months of follow-up, and indicated
percutaneous treatment was associated with
increased safety, improved left ventricular
dimensions, and improved quality of life. It is

important to note that the patient population
was deemed relatively low risk as demonstrated
by all patients enrolled being candidates for
either surgery or percutaneous therapy. Also,
this was a first-in-class device and technique. At
5-year follow-up, EVEREST II patients with
grade 3 ? or 4 ? MR who received percuta-
neous repair versus surgical repair were found to
have a reduced rate (44.2% versus 64.3%,
p = 0.01) of the composite endpoint (freedom
from death, surgery, or 3 ? or 4 ? mitral
regurgitation). Thus, high-risk patients were
identified to benefit from percutaneous therapy
over conventional surgery [74]. Subsequent
studies focused on this high-risk population and
were followed in the EVEREST II High Risk
Registry. These patients had a Society of Tho-
racic Surgeons expected procedural mortality
rate[ 12%. Women comprised 46% of patients
in this registry but there was no significant dif-
ference noted between sexes with regard to
outcome [74]. However, all patients did show a
substantial improvement in heart failure
symptoms and survival benefit, with fewer
overall hospitalizations [74].

The COAPT trial was another more recent
study looking at secondary MR in heart failure
patients. Women comprised 36% of the study
population overall, which was divided into
medical therapy alone (control) and medical
therapy plus MitraClip (device) groups [75].
Overall in patients who remained symptomatic
on maximal medical therapy, those who
underwent transcatheter mitral valve repair
with MitraClip demonstrated lower all-cause
mortality at 24 months and had a lower rate of
heart failure hospitalizations [75]. In subgroup
analysis looking at 24-month all-cause mortal-
ity, both men and women showed similar out-
comes that favored the device group, with HR
0.59 (95% CI 0.42–0.82) and 0.61 (95% CI
0.35–1.05), respectively [75]. Similar outcomes
again were seen in men and women when
looking at hospitalization due to heart failure
over a 24-month period [75].

Another important trial, the MITRA-FR
study, also looked at secondary MR in heart
failure patients. In contrast to COAPT, the
MITRA-FR trial found no significant difference
in mortality or heart failure hospitalizations at
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12 months between the control (medical ther-
apy) and intervention (medical therapy with
percutaneous mitral valve repair) groups [76].
Interestingly in subgroup analysis of the pri-
mary endpoint, men were found to have an
odds ratio of 1.30 (95% CI 0.7–2.10) suggesting
benefit with medical therapy alone. Women
were found to have more benefit with percuta-
neous mitral valve repair with an odds ratio of
0.90 (95% CI 0.4–2.30). However, this differ-
ence between sexes was not statistically signifi-
cant (p = 0.55) [76]. A contributing factor to
these findings may be that the majority of
people in both study groups were men, repre-
senting 78.9% and 70% of control and inter-
vention cohorts, respectively [76].

Understanding Sex-Specific Factors
and Differences
MitraClip was approved for use in 2008 in Eur-
ope and 2013 in the USA for high-risk patients
with degenerative MR [77]. To date, surgical
repair remains the gold standard for severe
mitral regurgitation. ACCESS-EU was a registry
that used the European System for Cardiac
Operative Risk Evaluation (EuroSCORE) instead
of Society of Thoracic Surgeons. ACCESS-EU
showed that women experienced similar safety
and efficacy results as their male counterparts
but had higher rates of discharge to skilled
nursing facilities [77]. Two hundred and five
women and 362 men had similar baseline risk
scores [78]. Women had higher rates of primary
disease (32 vs. 18%) and were more likely to
require only one clip (72 vs. 54%) but unfortu-
nately had a similar length of stay in the
intensive care unit (* 2.6 days) and overall
length of stay (8.0 ± 6.9 days) compared to
men. Thirty-day and 12-month safety results,
12-month efficacy, and 12-month survival were
similar between sexes. However, women were
more likely to be discharged to skilled nursing
facilities (25 vs. 15%) rather than home.

Transcatheter Valve Treatment and Sentinel
Pilot Registry in Europe (TCVT-EU) and Tran-
scatheter Mitral Valve Interventions (TRAMI)
were two registries similar to EVEREST HRR and
ACCESS-EU [79, 80]. TRAMI is currently the
largest real-world cohort of patients and enrol-
led 1,064 patients to follow them at 1, 3, and

5 years [79]. TRAMI demonstrated that tradi-
tional risk factors for conventional cardiac
mitral valve surgery such as female sex,
advanced age, severely reduced left ventricular
ejection fraction, and high risk score were not
predictive for mortality or major complication
rates [79]. However, further studies have ques-
tioned these results.

Getting Reduction of Mitral Insufficiency by
Percutaneous Clip Implantation (GRASP) con-
sisted of 171 patients, of which 65 were women
[81]. The primary safety endpoint was incidence
of major adverse events at 30 days, and the
primary efficacy endpoint was freedom from
death, surgery for mitral valve dysfunction, or
grade 3 ? or higher mitral regurgitation at
12-month follow-up [80]. The primary safety
endpoint was observed in four men (3.8%) and
four women (6.2%). Both groups enjoyed
remarkable reduction in mitral regurgitation
post-procedure as well as left ventricle reverse
remodeling. However, despite overall New York
Heart Association (NYHA) functional class at
30 days and 12 months being similar between
men and women, more women were in NYHA
functional class III, leading to a trend in better
improvement for men compared to women
over time (p = 0.083).

More recently, the first randomized control
trial was conducted to study sex-based differ-
ences in outcomes after mitral valve replace-
ment versus repair for severe ischemic MR [82].
Published in 2019, this study followed patients
with 96 (38.2%) women for 2 years and
demonstrated that women had smaller left
ventricular volumes and effective regurgitant
orifice (EROA) areas although greater EROA/left
ventricular end-diastolic volume ratios. At
2 years, women had higher rates of all-cause
mortality (27.1 vs. 17.4, 95% CI 1.05–3.26) and
major adverse cardiovascular and cerebrovas-
cular events (49 vs. 38.1%, 95% CI 1.06–2.37).
They also reported worse quality of life and
functional status compared to men. It is
important to note that although there was no
significant difference in age between men and
women, women were more likely to have
comorbidities like diabetes mellitus, hyperten-
sion, chronic kidney disease, and thyroid
disease.
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The fundamental difference from the data
thus far is the distinction between primary vs.
secondary regurgitation. EVEREST II consisted
of 73% primary mitral regurgitation, whereas
EVEREST II HRR/REALISM, GRASP, ACCESS-EU,
TCVT-EU, and TRAMI all had at least 70%
functional/secondary MR. Unfortunately, more
data is needed to further elucidate factors con-
tributing to sex differences in outcomes of
patients undergoing percutaneous mitral valve
therapy.

FUTURE DIRECTIONS

As the field of interventional cardiology con-
tinues to expand, understanding the role of sex-
based differences in both coronary and struc-
tural realms will continue to be of utmost
importance. Much of the initial data analyzing
sex-based differences in TAVR outcomes has
been generated from the study of early genera-
tion devices. As the technology continues to
change, this may have implications for equal-
izing the outcomes. For instance, recent data
assessing outcomes from the most recent
PARTNER 2 S3 trial assessing the SAPIEN 3 valve
included lower-risk patients compared to initial
studies. The authors found no difference in sex-
based outcomes as opposed to earlier reports of
survival and stroke [83]. Additionally, as the
safety of complex structural interventions con-
tinues to improve, many of these procedures
currently considered only for the highest-risk
patients will be made available to lower-risk
patients. As such, whether sex-based differences
play a role in younger patients remains to be
seen. Additionally, long-term data will be more
readily available both in the current population
of treated patients as well as younger patients
with extended follow-up. Another important
area to focus on is advocacy for more inclusion
of women in cardiovascular device trials.
Women have been historically underrepre-
sented in device trials for a variety of reasons.
Initiatives such as those through SCAI-WIN to
promote recruitment of women will be crucial
in translating advancements in medical knowl-
edge equally to both sexes.
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