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INTRODUCTION

Cardiovascular Disease (CVD) is the leading cause of death globally in
women and men, respectively 34.6% and 31.4% in 2019. The incidence
of CVD is higher in men, yet worse prognosis and higher mortality after
an acute cardiovascular event are seen in women. Advances in diagnosis
and treatment have led to a reduction in mortality rates in both sexes
over the last decades. This reduction, however, is less pronounced in
younger women, women living in regions with a low to middle socio-
demographic index, and women with a low socioeconomic status in high-
income countries [1]. Furthermore, recent reports describe a rise of Acute
Myocardial Infarction (AMI) in younger women [2]. Numerous cohort
studies and registries have shown sex disparities in diagnosis, treatment,
and outcomes, especially in acute cardiovascular care [3-6]. Women tend
to be under-represented in clinical trials and gender differences are often
not considered in the current guidelines. These concerns have prompted
an international initiative to reduce the CVD burden in women by 2030
[2]. In this narrative review, we aim to highlight the main sex disparities
in common acute cardiac diseases. Secondly, we discuss possible female-
specific pathophysiological mechanisms and conjoint gaps in the
knowledge on which future research can focus.

CARDIOVASCULAR RISK FACTORS
Traditional Risk Factors

Traditional risk factors like hypertension, diabetes, obesity,
dyslipidemia, tobacco use, sedentary lifestyle, and family history of CVD
are strong predictors for cardiovascular events in men. In women, these
factors show a different prevalence and impact on cardiovascular health.
In general, obesity and sedentary lifestyle are more prevalent. Women
tend to be older when they present with CVD, and at presentation have
more often metabolic syndrome, hypertension, and diabetes [3,7]. With
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hypertension, dyslipidemia, and diabetes being the most important
modifiable risk factors in women, awareness should be raised about
more drug-related side effects from antihypertensives, lower prevalence
of controlled dyslipidemia and underuse of statins, and higher risk for
delayed diagnosis of diabetes [2,8]. Additionally, the worldwide increase
in tobacco use in young women is particularly concerning as smoking
might be more deleterious in women [9]. Furthermore, a history of
premature maternal AMI is a stronger risk factor for premature CVD in
women than men [10].

Sex-Specific Risk Factors

Pregnancy induced-hypertension, gestational diabetes, and pre-
eclampsia increase metabolic stress during pregnancy and their
occurrence encounters a long-term risk for development of CVD. Pre-
eclampsia is associated with an increased risk of hypertension, Ischemic
Heart Disease (IHD), stroke, and Venous Thromboembolism (VTE) in
later life. Furthermore, CVD is the main cause of death in pregnancy
and puerperium, mainly due to peripartum pulmonary embolism
[11]. Additionally, cardiovascular toxicity from cancer treatment is a
growing concern. Certainly, combination of chemotherapy and thoracic
radiotherapy poses an increased risk for cardiac diseases like heart
failure, coronary artery disease, arrhythmia, etc [2]. Finally, increased
CVD risk from hormone-based contraceptives and hormone replacement
therapies have been described, especially in smokers. However, its
underlying mechanisms are incompletely understood and cardiovascular
benefits in some subgroups remains debated [4,12].

Under-Recognized Risk Factors

Overall, non-traditional risk factors play a stronger role in women.
In the VIRGO study, women with Acute Coronary Syndrome (ACS), were
more likely to self-report as black, unemployed, divorced, separated, or
widowed, with lower total household incomes and lower socioeconomic
status than their male counterparts [3]. In both sexes, depression and
history of attempted suicide are significant independent predictors
of premature CVD and IHD mortality, though effects are far more
pronounced in women. Additionally, women who experienced severe
physical or sexual abuse in childhood have an almost 50% higher risks of
cardiovascular events in early adulthood [13].

ACUTE CARDIOVASCULAR DISEASE STATES
Acute Myocardial Infarction

Cardinal symptom of ACS in both sexes is retrosternal pain or
tightness. However, women present more frequently with other
symptoms like pain in other body locations, fatigue, dyspnoea, or nausea,
even without chest pain. These symptoms are regularly labeled as
“atypical”, however, they should rather be interpreted as characteristic for
the underlying pathophysiology as women have a more pronounced vagal
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response and more often have an alternative diagnosis such as coronary
microvascular disease [4]. In acute myocardial ischemia or infarction
due to obstructive Coronary Artery Disease (CAD), women, particularly
premenopausal women, more often have endothelial cell denudation
leading to plaque erosion than classic rupture in a thin-capped, lipid-rich
plaque. Data from the PROSPECT study showed less extensive CAD, less
necrotic plaque core, less plaque calcification, similar plaque burden, and
smaller lumens in women. Moreover, thin-cap fibroatheroma was highly
predictive of plaque vulnerability, more in women than men [14].

Women, in general, bear a longer delay in seeking medical care, face
a higher risk of incorrect diagnosis, and delayed treatment. Women have
fewer diagnostic findings on electrocardiogram, lower peak biomarkers
at presentation, and symptom recognition is more difficult [3]. Younger
women (under 55) presenting without chest discomfort pose the highest
risk of misdiagnosis. In all age groups, women cluster more comorbidities
including traditional and non-traditional risk factors at the time of ACS
presentation than their male counterparts. Additionally, women are
less likely to receive guideline-recommended therapy and more often
experience side-effects and complications from medical treatment and
interventions [4,7]. Multiple studies have consistently shown worse
cardiovascular outcomes in women with ACS, even after adjustments
for risk factors, medication, time to presentation and revascularization
strategies. Again, outcome differences are most pronounced in young and
middle-aged women compared to age-matched men [7].

Ischemia with Non-Obstructive Coronary Arteries

In suspected myocardial ischemia or infarction, up to two-third of
women referred for coronary angiography have non-obstructive epicardial
arteries (coronary stenosis < 50%) [15]. This condition has recently been
termed (M) INOCA, which stands for ischemia or myocardial infarction
with non-obstructive coronary arteries. Many different disease states can
lead to (M) INOCA, ranging from epicardial coronary artery disorders (e.g.
atherosclerotic plaque rupture, erosion or artery dissection with non-
obstructive arteries), oxygen supply-demand mismatch (e.g. vasospasm,
embolism) to endothelial dysfunction due to coronary microvascular
dysfunction or vasospasm [5].

Several pathophysiological mechanisms have been recognized in
INOCA, including coronary vasospasm and/or Coronary Microvascular
Dysfunction (CMD) with changes in coronary blood flow regulation
and vascular smooth muscle tone, altered cardiac autonomic nerve
function, increased proinflammatory markers, platelet dysfunction, and/
or presence of coronary atherosclerosis [15]. Vasospastic Angina (VSA)
is the clinical presentation of myocardial ischemia caused by epicardial
and/or microvascular vasospasm, whereas CMD manifests with so-called
Microvascular Angina (MVA). Due to the heterogeneous character of
INOCA, a stepwise approach with non-invasive and invasive testing and
empirical therapy should lead the clinician in the diagnostic assessment.
Although treatment is focused on modification of lifestyle factors and risk
factor management, antianginal medication will differ for patients with
VSA and MVA [5,15]. Clinicians should be aware that INOCA is about two
times more prevalent in women than men and is often misdiagnosed.
Coronary vasospasm and coronary microvascular dysfunction have been
associated with impaired quality of life, increased major adverse cardiac
events, overall mortality and healthcare costs [15].

Spontaneous Coronary Artery Dissection

SCAD is characterized by an acute nonatherosclerotic, nontraumatic
coronary event with hematoma formation within the tunica media
leading to true coronary lumen compression. With increasing disease
recognition and advances in intracoronary imaging, SCAD is estimated at
1 to 4% of ACS in general, up to 35% in young women (< 50), and 43%

of ACS during pregnancy [16]. The condition is about nine times more
prevalent in women. Compared to men, women with SCAD more often
have arteriopathies including fibromuscular dysplasia and systemic
inflammatory disorders. Other risk factors are pregnancy, multiparity,
and hormonal therapy. Preceded physical and emotional stress are more
common in men. Sex differences in SCAD susceptibility and the role of
sex hormones are still debated. High-level evidence-based guidance
for treatment is lacking. Albeit, the majority show complete recovery
of coronary architecture within 30 days with conservative medical
management, about 14% requires urgent revascularization (PCI or CABG)
with higher complication risk. In contrast to good long-term survival,
SCAD patients often develop psychosocial distress, post-SCAD symptoms,
and recurrent SCAD [16].

Acute Decompensated Heart Failure

In the spectrum of acute heart failure, Acute Decompensated Heart
Failure (ADHF) is the most common clinical presentation. Its burden
on health care systems is enormous and overall long-term outcomes
remain poor. In general and as for hospitalization with ADHF, Heart
Failure with reduced Ejection Fraction (HFrEF) mainly due to ischemic
heart disease, is more common in males, while Heart Failure with
preserved Ejection Fraction (HFpEF) is more prevalent in females [2,17].
Risk factors for women with acute decompensated HFpEF are older
age, obesity, hypertension, chronic kidney disease, and depression.
Prevalence of diabetes is similar in men but diabetes is associated
with worse mortality in women [17]. Current guideline-recommended
therapies ameliorate HFrEF outcomes, whereas medical treatment for
HFpEF is limited. Furthermore, women with acute heart failure are less
likely to be discharged on guideline-recommended therapy. Despite these
differences, there seem to be comparable mortality rates in the year
following hospitalization for ADHF [18].

Peripartum Cardiomyopathy

A rare, but sometimes fatal form of ADHF is Peripartum
Cardiomyopathy (PPCM). PPCM is exclusive to women and is defined
as idiopathic cardiomyopathy presenting with heart failure secondary
to left ventricular systolic dysfunction towards the end of pregnancy
or in the months following delivery, where no other cause of heart
failure is found. The incidence ranges between 1:1300 and 1:4,000
births worldwide [2]. Main risk factors are African-American race,
preeclampsia, multigestational pregnancies, hypertension, and age
above 30 years. Outcomes are variable, covering complete recovery
to cardiogenic shock in extremis, need for cardiac transplantation, or
death [2,19]. Mortality rates vary widely (0 to 25%) based on geographic
location. Pathophysiology remains incompletely understood, with current
evidence supporting a vascular/hormonal hypothesis; PPCM is a vascular
disease, triggered by hormonal changes during late gestation [20]. With
respect to fetal safety, ADHF treatment in PPCM consists of heart failure
therapy, anticoagulation, and inhibition of prolactin secretion [19].

Acute Myocarditis

Registries on acute myocarditis demonstrated a male sex dominance
with a prevalence from 65 to 75%, most common in young men and
postmenopausal women. Conduction abnormalities and ventricular
arrhythmias were more frequently seen in women [21]. A recent large
multicentric retrospective cohort study of adults hospitalized with acute
myocarditis revealed higher rates of cardiogenic shock and cardiac arrest
due to ventricular fibrillation in women. Additionally, female gender
emerged as an independent predictor of in-hospital mortality. Despite
a worst short-term outcome, one-year follow-up did not reveal any sex-
related difference in mortality [22].
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Takotsubo Syndrome

About 2% of patients presenting with suspected acute coronary
syndrome have Takotsubo Syndrome (TTS). In women, this number
goes up to approximately 10% and is it most frequently seen in
postmenopausal women. Annualized recurrence rate has been estimated
at around 1.5%. Its pathophysiology is incompletely understood, but an
excessive cardiovascular response to a sudden catecholamines surge
appears to be central. Psychological and/or physical stress often precedes
the onset of TTS [23]. Whereas emotional stressors are more common
in women, men appear to develop TTS as a complication of major non-
cardiac illnesses or procedures. Moreover, male gender is burdened with
a greater incidence of cardiogenic shock in TTS, ventricular arrhythmias,
acute kidney injury, and higher in-hospital mortality risk [24]. While TTS
is a reversible condition, in-hospital mortality rate is high (4-5%), which
is in the same range as ACS STEMI patients. There are no prospective
randomized clinical trials in patients with TTS [23].

Cardiogenic Shock

Women with cardiogenic shock are older and have a higher
cardiovascular risk profile [27]. Analysis of the SHOCK registry and IABP-
SHOCK II trial did not show any gender-related difference regarding in-
hospital mortality and clinical outcome (1 year follow-up) in patients with
AMlI-related cardiogenic shock, despite a higher incidence of mechanical
complications among women [25,26]. Interestingly, cardiogenic shock in
women was less often related to acute coronary syndrome [27]. Lower
rates of revascularization, invasive hemodynamic monitoring and use of
mechanical circulatory support occurred in females. Besides this, a higher
risk of 30-day readmission was observed in women with cardiogenic
shock complicating AMI [6]. The EUROMACS registry enlightened
that women who underwent VAD implantation were more often in an
unstable hemodynamic condition (INTERMACS 1 and 2). Major bleeding,
arrhythmias and RV failure were major complications in female patients
[28].

Cardiac Arrest

Females tend to have less often witnessed cardiac arrest, a higher
degree of comorbidities and present more likely with non-shockable
rhythm. Multiple studies enlightened a gender difference in treatment
of out-of-hospital cardiac arrest: women were less likely to receive
bystander cardiopulmonary resuscitation and automatic external
defibrillation, especially in public [29]. Some registries evidenced a sex
disparity during post-resuscitation management with female receiving
fewer revascularization, as well as less targeted temperature management
[30,31]. Survival rate with a favorable neurologic outcome for women
aged 30 to 49 years seems higher than that in men within the same age
range. In general, however, higher overall mortality among women are
observed [31].

UNDERLYING MECHANISMS
Anatomy and Physiology

Sex disparities in anatomy and organ function are present throughout
the cardiovascular system, even after adjustment for body size. In healthy
individuals, women have smaller heart cavities and a lower left ventricular
mass. With higher age, left ventricular ejection fraction increases more
in women than men, however, systolic myocardial strain and strain rate
diminish more in aging women. Moreover, systolic and diastolic left
ventricular elastance (stiffness) is higher than in men at the same age
[17]. At rest, stroke volume is about 10% lower in women, though a
higher baseline heart rate leads to a similar cardiac index in both sexes.
During cardiovascular stress, men respond mainly by rising vascular
resistance, while women create higher cardiac output by increasing

their heart rate. It has been postulated that in repeated cardiovascular
stress the heart rather than the large arterial vessels takes the burden
in women [32]. However, this mechanism may shift in postmenopausal
women, as systolic blood pressure rises more steeply in aging women
[4]. Typical gender-related atherosclerotic coronary changes in ischemic
heart disease have been discussed in section 3.1. Nevertheless, smaller
coronary arteries, higher coronary blood flow, and higher endothelial
shear stress are also believed to contribute to endothelial dysfunction and
atherosclerosis [33].

Sex Hormones

The effects of sex hormones on cardiovascular health are incompletely
understood. It has been argued that endogenous estrogens, namely
estrone, 17-beta-estradiol, and estriol, play a protective role in CVD by
its direct effects on vascular cells, regulation of lipid levels, recovery from
vascular injury, mitigating of atherosclerosis formation during fertile
age, protection from stress-induced cell death of cardiomyocytes, and
myocyte regeneration. Estrogen acts through several pathways, within
the cardiovascular system most importantly binding to the intranuclear
estrogen receptor alfa leading to gene expression. More rapid effects
are seen through “nongenomic” mechanisms. Herein, estrogen binds
to plasma membrane receptors and subsequently increases levels of
calcium and nitric oxide, and activation of kinases. After menopause, the
decline in estrogen induces changes in endothelial mediators, endothelial
dysfunction, enhanced sympathetic tone, more visceral adiposity,
increased systemic inflammation, and elevated vascular stiffness [34].

The protective role of estrogen is ambiguous as estrogen
supplementation in postmenopausal women has shown harmful
effects, mainly increased risk of VTE and stroke. Nonetheless, hormone
replacement therapy might be beneficial for CAD when it is initiated
in younger women (< 60 years) or at an earlier stage of menopause
[12]. Furthermore, hemostasis in women is influenced by hormonal
fluctuations during the menstrual cycle, pregnancy, hormone-based
contraceptives, hormone replacement therapy, and menopause. These
fluctuations are associated with a higher thrombotic and hemorrhagic
burden in acute cardiac diseases [4].

Men and postmenopausal women have higher levels of testosterone,
which is postulated to enhance atherogenesis, vasoconstriction,
hypertension, and coronary calcification [34]. Moreover, testosterone
induces a relative natriuretic peptide deficiency which might be
deleterious for cardiovascular health [35]. On the other hand, lower
testosterone levels are associated with worse cardiovascular outcomes
[12]. Animal data suggests that testosterone, rather than estrogen, acts
protectively in myocardial ischemia-reperfusion injury [35]. Whereas
estrogen is conventionally considered as cardioprotective, testosterone
is often thought to have many deleterious effects on the cardiovascular
system. Nevertheless, beneficial or noxious effects of estrogen and
testosterone are rather context-specific.

Coronary Microvascular Dysfunction

Different pathophysiological mechanisms have been suggested in
CMD, that involve structural, functional and extravascular abnormalities.
As for functional disorders, endothelial coronary dysfunction is
considered one of the main factors that lead to the development of CMD.
In response to physiological stimuli, such as exercise or to intracoronary
acetylcholine injection, the impaired endothelium may be unable to
release vasoactive molecules, such as nitric oxide, that act on the vascular
smooth muscle cells leading to vasodilatation and an increase coronary
blood flow [36]. In addition, there may be a disproportion between
the vasodilator nitric oxide and the vasoconstrictor endothelin-1,
resulting in an abnormal microvascular tone. Endothelium-independent
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mechanisms have also been proposed. In patients with CMD, a reduced
Coronary Flow Reserve (CFR) in response to coronary reactivity testing
with intracoronary adenosine administration is noted [5]. As for the
structural abnormalities, coronary microcirculation is subjected to
structural changes (microvascular remodeling), characterized by a
reduction in capillary density and capillary diameter, intimal thickening,
smooth muscle cell thickening and proliferation and perivascular fibrosis,
resulting in a reduced microcirculatory conductance capacity [5,36].
Women have smaller size coronary arteries with laminar flow and
higher endothelial shear stress, whereas men present most commonly
with larger coronary arteries, disoriented flow and low shear stress.
High shear stress conditions are associated with anti-atherosclerotic
effects secondary to reduction in LDL transport, inflammation, platelet
activation, atheroma formation and thrombosis. This may lead to the
development of a more stable diffuse coronary artery disease in women,
in contrast to more focal atherosclerotic narrowing typically seen in men
[33].

Miscellaneous Effects

High amounts of iron in men and postmenopausal women have
been associated with increased atherosclerosis severity and risk of
CAD. Interestingly, it has been put forward that monthly iron loss has a
protective effect on cardiovascular health [37]. Here, iron might inhibit
calcification within atherosclerotic lesions, so calcification could work as a
defense mechanism against iron-enhanced atherosclerosis. Furthermore,
epigenetic mechanisms play a role in the pathogenesis of inflammatory

diseases such as atherosclerosis. DNA methylation, histone modification,
and microRNA alterations are the main epigenetic mechanisms which
are activated by nutrition, smoking, pollution, stress, and the circadian
rhythm. Other mechanisms such as oxidized lipids, cytokines and
signalling molecules, hypoxia, and necrotic cells activate macrophages
involved in pro- and anti-inflammatory signalling of atherosclerotic
plaque [38].

GAPS IN KNOWLEDGE

As homeostasis in the cardiovascular system is achieved differently
in both sexes, insights of the underlying mechanisms are vital to improve
cardiovascular outcomes in women and men at risk. Differences in
anatomy, physiological responses, hormone levels, endothelial function,
hemostasis, concentration of mineral elements and epigenetics may
have a subtle to profound influence on cardiovascular health. Moreover,
effects may change over time due to alterations in other organ systems
or external influences (e.g. smoking, sedentary lifestyle) (Figure 1A). One
could question which changes in sex hormones, endothelial reactivity,
and microvascular function influences the worsening cardiovascular
outcomes after menopause. Also, what are the main compensatory
physiological mechanisms before menopause? Future research should
also focus on better understanding of the effects of testosterone in
different clinical situations. Another, interesting topic is the possible role
of free iron in acceleration of atherosclerosis after menopause (Figure
1B).
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CONCLUSION

In summary, gender impacts pathophysiology, risk factors,
prevalence, clinical symptoms, treatment, and outcomes in acute
cardiovascular diseases. As female sex hormones have a protective
effect on cardiovascular health, women, in general, are older and have
more comorbidities on their presentation with an acute cardiac disease
state. Presenting at younger age remains a tremendous risk factor for
misdiagnosis and poor outcomes. Furthermore, women are less likely
to receive guideline-recommended therapy and face a worse prognosis
after an acute event. Also, diagnostic tests and treatment strategies are
frequently based on clinical trials with male participants. Non-traditional
risk factors are often underestimated, yet play an important role in the
pathophysiology. In contrast to macrovascular coronary artery disease in
men, women more often have coronary microvascular dysfunction and
endothelial inflammation. Further unravelling of biological mechanisms,
more enrollment of women in clinical trials, and enhanced awareness of
cardiovascular health in women, should improve outcome differences.
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