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Chapter 1 
The Emerging Need for Research 
on Women’s Heart Health 

Huong Nguyen, Lorrie A. Kirshenbaum, and Inna Rabinovich-Nikitin 

Abstract The neglect of women’s heart health in biomedical research has led to a 
lack of understanding about the unique physiological differences between men and 
women and how these differences impact the prevention, diagnosis, and treatment of 
heart disease. This lack of research has been, in part, due to the exclusion of women 
from clinical studies and clinical trials, as well as social and cultural factors such 
as the gender pay gap and the underrepresentation of women in leadership roles in 
the scientific community. Despite the fact that cardiovascular disease is the leading 
cause of death in U.S.A, there is still a lack of understanding about the prevention, 
diagnosis, treatment, and therapy of heart diseases in women. In addition, there is a 
lack of research on the unique physiological differences between men and women 
and how these differences impact the effectiveness and side effects of drugs. This 
lack of research is not only detrimental to women’s health, but also to society as a 
whole, as women play a vital role in the health and well-being of their families and 
communities. Therefore, it is crucial that more research is done to address the neglect 
of women’s heart health and to improve outcomes for women with heart disease. This 
research should focus on the development of gender-specific prevention, diagnosis 
and treatment strategies and on participation of women in clinical studies and drug 
trials. By addressing these issues, we can make significant progress in improving the 
outcomes for women with heart disease and ensure that women’s health is no longer 
excluded from biomedical research. 

Keywords Risk factors ·Women physiology · Ethnicity · Awareness · Symptoms
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The History of woman’s Health Research 

Historically, women have been excluded from most biomedical research and drug 
trials, including cardiovascular disease-related ones. This was mainly explained by 
safety considerations, such as women being in childbearing age or, alternatively, 
women having coexisting illnesses when included in research in older age [1, 2]. 
This biased approach led to a default assumption that what works for males would 
also work for females, resulting in an unfilled gap in the understanding of the effect of 
drugs on women’s bodies. However, epidemiological reports of clinical studies have 
shown that men often respond differently to drugs than women and that the outcomes 
between men and women may vary, especially in cardiovascular diseases [3, 4]. As 
a result, in 1993, the U.S. National Institutes of Health (NIH) issued guidelines that 
required federally funded studies to include women and minorities in clinical trials 
to ensure that the safety and efficacy of drugs would be adequately investigated in 
the full range of patients who could benefit from the drug [5]. Despite the fact that a 
large amount of money was allocated towards funding gender-based studies, many 
of those who enrolled both sexes in their studies failed to report gender-specific anal-
ysis [6]. Consequently, eight out of ten prescription drugs were withdrawn from the 
U.S. market in the late 90 s because they proposed a greater health risk for women 
than men [7]. Consequently, one of the main reasons why scientists are hesitant to 
include women in their studies is because of how little is known about the physi-
ology of women’s bodies compared to men. For example, women’s hormonal cycles 
are known to be a major factor in regulating women’s health; however, the cycling 
nature of female hormones may affect the homogeneity of the study. Furthermore, 
another important consideration that prevented the reassessment of experimental data 
performed in men’s models into women’s models is the high financial cost and effort 
of repeating the experiments [8, 9]. For this reason, despite the increasing devel-
opment of science, knowledge and understanding of women’s physiology remains 
poor. 

The Need for Woman’s Heart Health Research 

According to the Centers for Disease Control and Prevention (CDC), cardiovas-
cular disease is the number one cause of death in women in the U.S.A. Surprisingly, 
however, 44% of women are not aware of this fact [10]. With the long history of 
being excluded from biomedical research, we still do not have much understanding 
of prevention, diagnosis, treatment and therapy for women when it comes to heart 
diseases. As mentioned, many disease research and drug development were solely 
based on the fact that men represent the human species, which was proven ineffec-
tive due to the differences in physiological traits in both sexes. Hence, women might 
experience the efficiency and side effects of certain drugs differently than men; 
they even experience different symptoms and severity for the same diseases [11].
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One of the most known examples in recent years is the difference in heart attack symp-
toms between men and women. While both men and women can experience chest 
pain or discomfort, shortness of breath, and pain or discomfort in the jaw, neck, back, 
arm, or shoulder, women can also experience signs of nauseous, light-headedness, or 
unusual tiredness (Fig. 1.1). These unique symptoms lead to misdiagnosis of women, 
which may cause late treatment and result in worse damage to the heart [12]. More-
over, women who report chest pain or slight chest discomfort are often overlooked 
as having anxiety, panic disorder, stress or heartburn. Hence, 41% of women wait for 
more than 12 h at the first sign of heart attack before seeking medical care and miss 
the treatment window [13]. Furthermore, since women are historically considered to 
be protected from heart disease during pre-menopausal age, many times, their chest 
pain is being ignored and attributed to non-cardiac conditions due to their age [14]. 
As a result, studies have shown that women have a lower chance of recovering after 
their first heart attack and are more likely than men to die within one year after an 
acute MI [15, 16]. 

Awareness of the increased risk for cardiac disease in women is slowly rising. 
Although only 53% of women report that they would reach for medical help if they 
are experiencing symptoms of a heart attack, the knowledge that heart disease is the 
leading cause of death for women has doubled since 1997 [17, 18]. Nevertheless, 
the gap in knowledge and awareness is also ethnically based, with reports showing 
that African American and Hispanic women are significantly less aware than white 
women of the risk for cardiac disease in women [18, 19]. Furthermore, mortality rates 
can also be affected by reduced awareness, limited access to healthcare, and inequal-
ities in social and economic status [20]. This is best exemplified by the observation 
that mortality rates from cardiovascular disease among indigenous women in Canada 
are 53% higher compared to non-indigenous women [21]. Based on that, more efforts

Fig. 1.1 The similarities and differences in symptoms of a heart attack in women and men 
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to raise awareness and reduce gender disparities in research and clinical care should 
also focus on ethnic and cultural differences, in addition to sex differences. 

Another important aspect that should be considered when aiming toward 
increasing awareness among women understands why women delay reaching 
medical help compared to men. Data derived from the standard survey have shown 
that 51% of women postpone reaching for medical help due to family/caretaking 
responsibilities and 42% due to confusion in the media [18]. These findings high-
light once again the need to educate women on the different symptoms of heart attack 
healthcare providers and through public knowledge translation initiatives. 

Understanding the Risk Factors for Cardiovascular Disease 
in Women 

Population studies have shown that 96% of myocardial infarction (MI) cases in 
women are attributed to traditional risk factors, such as smoking, alcohol consump-
tion, hypertension, diabetes mellitus, obesity, unhealthy diet, and sedentary behaviour 
[22, 23]. However, despite the major effects of traditional risk factors on heart disease 
in women, another crucial risk factor that contributes to the incidence and risk of 
cardiovascular disease is the hormonal stage. Estrogen is a steroid hormone that is 
present in high levels in females from adolescence to menopause but drops signif-
icantly post-menopause. Women undergo hormonal fluctuations throughout life, 
making their susceptibility to cardiovascular diseases vary at different stages. For 
example, early age at menarche, irregular menstrual cycles, such as seen in polycystic 
ovary syndrome, and oral contraceptive therapy have all been shown to increase the 
risk of cardiovascular disease and predispose women to MI and/or stroke at an early 
age [24–26]. 

Furthermore, another dramatic risk factor for heart disease in women is pregnancy. 
Pregnancy presents major hormonal and metabolic stress to the body, which may 
contribute to the worsening or development of cardiac disease. In fact, studies have 
shown that cardiac disease mays present in 1–4% of all pregnancies [27]. Moreover, 
hypertensive disorders during pregnancy, such as preeclampsia, increase the risk 
for coronary heart disease, heart failure and stroke later in life [28, 29]. Another 
common pathology during pregnancy is gestational diabetes mellitus (GDM). 6–9% 
of pregnant women develop GDM [30], which increases the risk for type II diabetes 
(T2DM) up to 60% later in life [31], and consequently increases susceptibility to heart 
disease [32]. Therefore, it is important to highlight that although historically, much 
research has been done on women’s health during pregnancy, not much progress has 
been done in the area of female-related risk factors during pregnancy, especially the 
risk for cardiovascular disease and non-communicable diseases [33]. 

Another important risk factor for cardiovascular disease in women is based on 
demographic differences. For example, lower socioeconomic status has been asso-
ciated with reduced access to treatment, such as cardiac catheterization, resulting in



1 The Emerging Need for Research on Women’s Heart Health 5

Fig. 1.2 Schematic representation of the risk factors of cardiovascular disease in women and the 
future direction that need to be taken in order to transform women’s heart health globally 

higher mortality rates [34]. This link is especially prominent when comparing men 
and women from similar socioeconomic statuses. Therefore, understanding women’s 
unique risk factors (Fig. 1.2) and promoting primary prevention is a crucial step in 
reducing the mortality rate due to cardiovascular disease in women. 

Future Directions 

It is now clear that there is an emerging need for more research on women’s heart 
health that will address the unique physiological differences between men and women 
and contribute to improved outcomes following cardiac disease among women. Such 
research should focus on several key areas in order to achieve significant progress in 
the field. One important area of research is the development of gender-specific preven-
tion and treatment strategies for heart disease. This will be possible by increasing
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research that will focus on understanding the unique differences in physiology and 
risk factors of women while considering sex, ethnicity, culture and socioeconomic 
differences. Consequently, this knowledge will contribute to the development of inter-
ventions that are tailored to the unique physiological features of women and should 
involve new drugs and therapies that are more effective for women. Another impor-
tant area that should be further developed when considering women’s heart health is 
the inclusion of and participation of women in clinical studies and drug trials. It is 
essential that women are equally represented in these studies in order to ensure that 
the safety and efficacy of drugs and treatments are adequately investigated in the full 
range of patients who could use them. This may require implementing policies and 
funding initiatives that will increase the participation of women in these studies, as 
well as ensuring that the results of these studies are analyzed and reported in a way 
that takes into account the unique differences between men and women. 

Finally, a major focus should be made on increasing training and knowledge 
translation for both general population, as well as healthcare providers. This should 
include the implementation of sex-specific guidelines and public health policies that 
will help increase awareness, remove physical, social and socioeconomic barriers 
and will encourage women to seek medical help at an early stage of symptoms. 

With a focus on these multilevel approaches (Fig. 1.2), it is possible to make 
significant progress in improving the outcomes for women with heart disease and in 
ensuring that women’s health is no longer neglected in biomedical research. Further-
more, the motivation to invest in women’s heart health is important not only for 
women but also for society as a whole. Women play a central role in the economy, 
society and family life. Therefore improving the outcomes for women with heart 
disease can have a significant positive impact in many areas. 

Conclusions 

Cardiovascular disease continues to be the leading cause of death for women, and it 
is now well-known that it can affect women at any age. However, there is still a major 
gap in knowledge that needs to be filled in order to explain the sex-specific character-
istics of different heart diseases. Notably, sex-specific differences in heart disease are 
evident not only in research but also in education, prevention, diagnosis and treatment. 
Some barriers that may contribute to this gap have been discussed in this chapter and 
include the underrepresentation of women in therapeutic and biomedical research on 
cardiovascular disease, lack of public awareness, and insufficient resources invested 
in promoting women’s heart health. Moreover, the sex-dependant differences in heart 
disease should be further focused on socioeconomic, demographic, cultural, racial, 
and ethnic differences that contribute to additional increased risk for specific groups 
of women. In order to be able to fill the gap in knowledge on women’s heart health, 
it is important to enhance research and clinical trials by introducing more funding 
and study initiatives that would be the foundation to this emerging area of research 
and will eventually help transform women’s heart health globally.
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Chapter 2 
Risk Factors for Ischemic Stroke 
in Women 

Amy Y. X. Yu, Tracy E. Madsen, and Moira K. Kapral 

Abstract Stroke is the second leading cause of death worldwide. Stroke incidence 
is higher in young women compared to men. Among older individuals where the sex 
difference in stroke incidence is small or absent, women still bear a higher burden 
of disease compared to men. The absolute number of strokes in women is higher 
because women have longer life expectancy and women who survive stroke have 
worse outcomes: higher disability, lower quality of life, and more need for long-term 
care. In this chapter, we review sex differences in risk factors for ischemic stroke. A 
better understanding of these differences may allow for a more precise estimate of 
stroke risk by sex, enable more accurate diagnosis, and promote sex-specific stroke 
prevention strategies. 

Keywords Ischemic stroke · Hypertensive disorders of pregnancy (HDP) ·
Vascular health · Heart-brain interaction · Patent foramen ovale (PFO) 

Epidemiology 

Stroke is the second leading cause of death worldwide [1]. In 2016, the global lifetime 
risk of stroke was estimated to be 24.7% in men and 25.1% in women, with variations 
by region [2]. The association between sex and risk of incident ischemic stroke across 
the age continuum is U-shaped with the risk being higher in women than men under
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the age of 30 years, lower in women between the ages of 40–80 years, and equal 
between the two sexes after age 80 years [3]. 

The higher stroke incidence in young women compared to men has been consis-
tently observed in different populations [4, 5]. A recent systematic review and meta-
analysis found that ischemic stroke incidence was 44% higher in women than men 
among individuals aged 35 years or less (incidence rate ratio 1.44, 95% confidence 
interval (CI) [1.18, 1.76]) [6]. In addition, ischemic stroke incidence is increasing 
among young adults, and this trend is disproportionately impacting young women 
[7]. Among older individuals where the sex difference in stroke incidence is small or 
absent, women still bear a higher burden of disease compared to men. The absolute 
number of strokes in women is higher because women have longer life expectancy and 
women who survive stroke have worse outcomes: higher disability, lower quality of 
life, and more need for long-term care [8–10]. Sex differences in the risk of ischemic 
stroke by age suggest important differences in stroke etiology and risk factors by 
sex, and there may be opportunities for sex-specific approaches to disease prevention 
across the lifespan [11] (Fig. 2.1). 

In this chapter, we review sex differences in risk factors for ischemic stroke. A 
better understanding of these differences may allow for a more precise estimate of 
stroke risk by sex, enable more accurate diagnosis, and promote sex-specific stroke 
prevention strategies. We focus on ischemic stroke as this is the most common stroke 
type [1]. We recognize that stroke risk may be influenced by both biological sex as

Female-specific risk factors
• Pregnancy or puerperium, hypertensive disorder of pregnancy, 

adverse pregnancy outcomes (miscarriages, stillbirth, prematurity) 
• Exogenous hormone exposure (particularly oral estrogen)
• Duration of the reproductive span 

Shared risk factors where women are 
disproportionately affected compared to men
• Traditional risk factors: hypertension, smoking, diabetes, obesity, 

atrial fibrillation
• Other risk factors: migraines, intersectionality of gender and other 

social determinants of health 

Shared risk factors in men and women
• Traditional risk factors: dyslipidemia, patent foramen ovale
• Other risk factors: pollution, salt in processed foods. 

> 

Fig. 2.1 Sex differences in risk factors for ischemic stroke 
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well as the psychosocial constructs of gender and gender identity, but few studies 
have separately evaluated the effects of biological sex versus gender on stroke. Thus, 
we use the term “women” to refer to people of female sex throughout this chapter. 

Sex-Specific Risk Factors for Ischemic Stroke 

Pregnancy or the Puerperium Period 

Throughout the lifespan, women are exposed to ischemic stroke risk factors that do 
not affect men. Pregnancy is a prime example of a period of important physiolog-
ical and hormonal changes that uniquely affect women. A systematic review and 
meta-analysis of studies on pregnancy-related stroke incidence between 1990 and 
2017 found an overall crude incidence rate of 30.0 per 100,000 pregnancies, 95% 
CI [18.8, 47.9] [12]. While pregnancy-related stroke is rare, its incidence is rising 
according to data from the Public Health Agency of Canada (2003–2016) and the US 
Nationwide Inpatient Sample (1994–2011) [13, 14]. The types of stroke that occur 
during pregnancy or the postpartum period differ from those occurring outside of 
pregnancy. In the general population, 60–70% of strokes are ischemic, [1] but during 
pregnancy, as little as 20% of events are ischemic [12]. Instead, patients with stroke 
who are pregnant are at higher risk of intracerebral hemorrhage or cerebral venous 
sinus thrombosis compared to the general population. 

Various risk factors have been implicated in pregnancy-related stroke, including 
hypertensive disorders of pregnancy (HDP), maternal congenital heart disease, 
cervical artery dissection, connective tissue disorders, a hypercoagulable state, to 
name a few [13, 15]. Although some of these risk factors may appear to be specific 
to the pregnancy state, for example, HDP, gestational diabetes, or adverse pregnancy 
outcomes, there is now growing evidence showing that these risk factors may be 
associated with long-term adverse effects on cardiovascular health. 

Indeed, HDP complicate 3–8% of all pregnancies and are associated with 
pregnancy-related stroke as well as long-term risk of stroke [16–19]. A recent 
population-based study from Taiwan showed that the association between HDP 
increased stroke risk was present even after 17 years of follow-up [20]. The authors 
found that compared to women without HDP, those with this condition had more 
than double the risk of ischemic stroke in the first three years after childbirth and 
more than quadruple the risk of hemorrhagic stroke after 10–15 years. Also, this 
relationship appears to be dose dependent. A Canadian study showed that patients 
with recurrent HDP had higher risk of subsequent cardio- and cerebrovascular events 
than those without recurrent HDP, and the time to first event was shorter in the former 
group [21]. 

The mechanism through which HDP increase the risk of future stroke is unclear. 
Hypotheses include shared risk factors, unmasking of underlying metabolic or 
vascular disease during the pregnancy “stress test,” or induction of cardiovascular
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abnormalities [22]. Current guidelines recommend the use of low-dose acetylsali-
cylic acid to prevent pre-eclampsia after 12 weeks of gestations in individuals at 
high risk for pre-eclampsia [23]. Furthermore, an observational study of over 83,000 
women in the California Teachers Study found that acetylsalicylic acid is associ-
ated with reduced risk of stroke in women with HDP [24]. More research is needed 
to understand if acetylsalicylic acid can be routinely used in patients with HDP to 
prevent stroke. 

Adverse pregnancy outcomes have also been reported to increase risk of stroke. 
In a recent systematic review and meta-analysis of 18 studies and over 7.8 million 
women, the authors found a higher risk of stroke in women who had experienced 
miscarriage (7% increased hazard) or stillbirth (38% increased hazard) compared 
to women who did not experience miscarriage or stillbirth, and the risk of stroke 
increased with repeated exposure [25]. The authors did not identify any definitive 
association between infertility and stroke. In a population-based cohort study in 
Sweden, preterm delivery was associated with higher long-term risk of stroke, and 
the risk was highest among patients with recurrent preterm delivery (compared to a 
single exposure) and those with extreme preterm delivery at 22–27 weeks (compared 
to late preterm at 34–36 weeks or early term 37–38 weeks).[26] In addition, the 
authors found that children who survived preterm birth were at higher risk of stroke 
as adults [27]. 

On the other hand, in the Nurses’ Health Study II, gestational diabetes was 
associated with subsequent cardiovascular disease, but this seemed to be mainly 
driven by cardiac events, rather than stroke [28]. Breastfeeding has been associated 
with reduced long-term maternal cardiovascular risk, including an approximate 10% 
reduction in stroke risk in observational studies with 8–12 years of follow-up time 
[29, 30]. Breastfeeding has also been found to be associated with reduced risk of 
stroke in postmenopausal women [31]. However, whether this association is modi-
fied or mediated by other psychosocial factors, such as gender identity, education, 
socioeconomic status, is not well understood. 

Sex-Specific Risk Factors Outside of Pregnancy or Puerperium 

There are additional sex-specific stroke risk factors that are not associated with 
pregnancy. Exogenous hormones increase the risk of stroke, and the risk varies by 
formulation, dosage, and route. The authors of a Cochrane review found that users 
of combined oral contraceptives were at 70% increased relative risk of ischemic 
stroke compared to non-users (relative risk 1.7 and 95% CI [1.5, 1.9]) and the risk 
increased with increasing estrogen dose, with the highest risk associated with formu-
lations including > 50 mcg of estrogen [32]. Similarly, post-menopausal exposure 
to exogenous estrogen is associated with increased risk of ischemic stroke, but not 
hemorrhagic stroke [33, 34]. In a nested case–control study in French women, there 
was an increased odds of ischemic stroke with post-menopausal exposure to oral
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estrogen (odds ratio 1.58 and 95% CI [1.01, 2.49]), but this was not the case with 
progesterone (0.78 [0.49, 1.26]) or transdermal estrogen (0.83 [0.56, 1.24]) [35]. 

The duration of the reproductive span is also associated with stroke risk. In the 
Million Women Study, a prospective study of 1.2 million women in the UK followed 
for an average of 11.6 years per woman, investigators found a U-shaped relationship 
between age at menarche and subsequent stroke risk, with the risk being higher among 
people with early (≤ 10 years) or late (≥ 17 years) menarche compared to women with 
menarche at age 13 years [36]. Later natural menopause timing has been associated 
with reduced all-cause mortality and cardiovascular disease, but there is emerging 
evidence suggesting that the association between early menopause and cardiovas-
cular disease may be bi-directional, where women with poor pre-menopausal cardio-
vascular health may be at higher risk of early menopause [37]. A pooled analysis of 
individual data from > 170,000 women from 9 observational studies showed that a 
first cardiovascular disease event before age 35 years is associated with doubled risk 
of early menopause [38]. 

Sex Differences in Risk Factors Shared by Men and Women 

Traditional Vascular Risk Factors 

Although traditional vascular risk factors increase the risk of stroke in both sexes, 
some of these risk factors may affect women and men differently [11, 39–42]. In 
a population-based study from the UK Biobank where over 470,000 adults were 
followed prospectively for 9 years, investigators found that several vascular risk 
factors led to greater hazard of stroke in women compared to men, including hyper-
tension (30% excess risk in women compared to men), smoking (20% excess risk), 
diabetes (25% excess risk), and obesity (30% excess risk) [41]. The authors did not 
find any sex differences in risk of stroke with hyperlipidemia. In a US-based study 
of over 20,000 participants from the REGARDS study (REasons for Geographic 
and Racial Differences in Stroke), fasting blood glucose was associated with a 70 
to 100% increase in hazard of ischemic stroke in women compared to a 20–40% 
increase in men [42]. 

Sex and Heart-Brain Interactions 

Atrial fibrillation is present in approximately 15–20% of patients with ischemic 
stroke [43]. Women with ischemic stroke are more likely to have comorbid atrial 
fibrillation than men, and women with atrial fibrillation are at higher risk of ischemic 
stroke than men [44–46]. Female sex confers an extra risk point to the overall score 
in the CHA2DS2-VASc risk stratification tool [47]. Diagnosing atrial fibrillation in
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patients with ischemic stroke is highly relevant because they benefit from oral antico-
agulation for stroke prevention, rather than antiplatelet treatment. However, despite 
the increased risk of stroke in women with atrial fibrillation, women are less likely to 
be treated with oral anticoagulation or more likely to receive subtherapeutic dosing 
of these drugs in routine clinical practice compared to men [48, 49]. Furthermore, 
women were under-represented in large clinical trials on the efficacy of direct oral 
anticoagulants for stroke prevention in patients with atrial fibrillation, where fewer 
than 40% of participants were female, limiting sex disaggregated analyses on the 
efficacy and safety of these medications [50–53]. Women with atrial fibrillation are 
more likely to experience symptoms compared to men, but less likely to receive 
antiarrhythmic medications, electric cardioversion, or catheter ablation [54]. Finally, 
atrial cardiopathy, a novel concept referring to abnormal atrial tissue substrate, with 
or without overt atrial fibrillation is proposed as a new risk factor for stroke [55]. 
There is currently little data on sex differences in the investigation or management 
of atrial cardiopathy, but this is a rapidly developing area of new research. 

Patent foramen ovale (PFO) is another source of stroke-causing paradoxical 
emboli. PFO closure in selected patients has been shown to reduce long-term risk of 
stroke recurrence [56–58]. There is still little data on sex differences in effectiveness 
and safety of PFO closure for stroke prevention, but in a recent pooled individual 
patient data analysis of six randomized clinical trials that compared PFO closure 
versus medical treatment only (45% women), there was no signal of heterogeneity 
of effect by sex in subgroup analyses [59]. In a single-center prospective study of 
consecutive patients with cryptogenic stroke or transient ischemic attack imaged with 
trans-esophageal echocardiogram, the prevalence of PFO was found to be higher in 
men than in women (38% versus 28%), but there was no difference in PFO grade, 
prevalence of right-to-left shunt at rest, or coexistence of atrial septal aneurysm [60]. 

Beyond Traditional Vascular Risk Factors 

Migraine is a primary headache disorder, affecting up to 20% of the general popu-
lation with about three times higher prevalence in women compared to men, and 
particularly young women because the majority of people with migraines will have 
their first episode before the age of 50 years [61]. Up to a third of patients with 
migraine experience “aura,” consisting of reversible neurological symptoms with 
their episode. In hemiplegic migraine, which can be a familial or sporadic condi-
tion, the migraine aura includes motor symptoms [62]. Thus, migraine is a common 
condition mimicking cerebral ischemia [63, 64]. However, patients with migraine 
with aura are also at increased risk of ischemic stroke. A large meta-analysis showed 
that compared to controls without migraine, migraine with aura is associated with 
double the relative risk of ischemic stroke, and this risk increases with concurrent 
exposure to oral contraceptives (sevenfold increase in relative risk) and concurrent 
exposure to both oral contraceptives and smoking (tenfold increase in relative risk) 
[65]. In addition, the association between migraine with aura and ischemic stroke is
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stronger in young individuals aged < 45 years [61]. No definite association between 
migraine without aura and ischemic stroke has been found. Thus, ischemic stroke 
should be considered in certain patients with migraines with aura (first-ever aura, 
complex or atypical aura, or changes in aura). Finally, a new diagnosis of migraine 
with aura should be seen as an opportunity to discuss stroke prevention, particularly 
when other vascular risk factors, such as smoking or oral contraceptive use are also 
present. 

There is increasing recognition of the effects of healthy living environments (air 
quality, walkability, access to healthy food choices), psychosocial stress, medication 
access and adherence, and other social determinants of health on cardiovascular 
health [11]. In the UK Biobank study, the authors reported that women experiencing 
low socioeconomic status had a 20% excess hazard of ischemic stroke compared 
to men with low socioeconomic status [41]. In addition, researchers studied data 
from 176 countries reported to the World Health Organization and found that stroke 
mortality was higher in women than men in countries where women experienced 
overall higher inequalities, measured using the Gender Inequality Index [66]. More 
research is needed on the intersectionality between sex and other social determinants 
of health, including race and racism, socioeconomic status, education, and the factors 
that mediate these associations. 

Clinical Implications and Future Research 

In 2014, the American Heart Association/American Stroke Association published 
guidelines for the prevention of stroke in women [22]. The Canadian Stroke Best 
Practice advisory committee published in 2018 a two-part review and consensus state-
ment on acute stroke management during pregnancy and secondary stroke prevention 
during pregnancy [67, 68]. Finally, the recently published European Stroke Organi-
sation guidelines committee followed the Grading of Recommendations and Assess-
ment, Development and Evaluation (GRADE) approach to offer guidance on the 
management of stroke during menopause (including hormone replacement therapy), 
pregnancy, and the postpartum periods [69]. An important and consistent finding 
from these consensus statements and guidelines is the lack of high-quality evidence 
in this area. Women are under-represented in stroke clinical trials and sex disaggre-
gated analyses are often under-powered or lacking [70, 71]. There is an urgent need 
for more population-based observational studies and clinical trials on sex specific 
considerations in stroke.
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Summary 

In summary, it is important to recognize that many risk factors for ischemic stroke are 
sex-specific, while other risk factors shared by both sexes still may disproportionately 
affect women compared to men. Public messaging about sex-specific stroke risk 
factors is therefore important to increase awareness of stroke and its risk factors 
in women, including young women. We must move away from the stereotype that 
stroke primarily affects older men. 

Clinicians should routinely ask about sex-specific risk factors for stroke, including 
complications of pregnancy, exposure to exogenous hormones, and reproductive 
span. Inquiring about these risk factors should be no different than asking about 
hypertension and glycemic control. Furthermore, clinical visits for screening and 
treatment of traditional vascular risk factors are an important opportunity for ensuring 
that both women and men are receiving optimal evidence-based therapy, as well 
as patient education on how certain vascular risk factors disproportionately affect 
women compared to men. 

Research efforts to generate new and high-quality evidence on stroke in women 
should be supported and the proportion of women enrolled in clinical trials should 
match the proportion of women with disease in the population. Policymakers should 
strive to improve the population’s brain health by addressing social determinants of 
health including living environments, nutrition, socioeconomic status, and gender 
inequality. 
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Chapter 3 
The Effects of Sex Steroid Hormones 
on Cardiovascular Physiology in Females 

Nicole L. Tegg, Caitlynd Myburgh, and Colleen M. Norris 

Abstract There are fundamental sex-specific differences in cardiovascular (CV) 
physiology and cardiovascular disease (CVD) pathophysiology. Estrogen, a sex 
steroid hormone (SSH), has three receptors through which it enacts genomic and 
non-genomic actions. Estrogen has direct and indirect physiological effects on CV 
function. The roles of progesterone and testosterone on CV function are less under-
stood, but both exert vasodilatory actions. This chapter will explore the relationship 
between CV physiology and the SSHs, estrogen, progesterone and testosterone in 
females. 

Keywords Estrogen · GPER · Atherosclerosis · Oxidative stress · Hormone 
replacement therapy 

Estrogen Synthesis and Classification 

It is well established that estrogens (17β estradiol, estriol and estrone) are synthesized 
in the ovaries, adrenal cortex and aromatized by testosterone in peripheral tissues. 
Since estrogen is a steroid hormone, it is able to easily cross the phospholipid bilayer 
of the plasma membrane, where it can bind to three types of estrogen receptors 
(ER), including ERα, ERβ and G-protein coupled receptors (GPER). ERs exist in
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many tissues, including the endometrium, breast, ovarian stroma cells, hypothalamus, 
kidney, brain, bone and more [1]. 

A small portion of ERα and ERβ receptors are found on the plasma membrane, 
but the majority are found in the cytosol where, upon estrogen binding, the receptors 
translocate into the nucleus. GPER is located on the plasma membrane and the 
endoplasmic reticulum. One of the pivotal functions of estrogen is its ability to modify 
gene transcription through interaction with sex steroid hormone receptors (SSHR) 
and a variety of coregulatory proteins [2]. Upon estrogen binding, ERs undergo 
conformational changes followed by subsequent ER dimerization and binding to 
various consensus estrogen response element sites on nuclear DNA [3]. Through 
this pathway, gene expression can thus be selectively activated or inhibited when 
co-regulators are recruited to the estrogen-ER complex [4]. 

Genomic and Non-Genomic Effects of Estrogen 

The binding of estrogen to nuclear ERα and ERβ enhances gene transcription and 
hence is known as the genomic effects of estrogen. Estrogen is also capable of 
initiating more rapid intracellular signaling pathways when acting on membrane-
bound GPER, which has been proposed as a major route for the non-genomic effects 
[5], as shown in Fig. 3.1. The acute intracellular effects of binding to GPER include 
the opening of K+ channels, closing of CA2+ ion channels, and downstream activation 
of second messengers [5].

It is through these genomic and non-genomic mechanisms that all three receptors 
play a role in CV function [6, 7] through their regulation of processes such as cardiac 
hypertrophy, cardiac failure, ischemic heart diseases, vascular injury and atheroscle-
rosis [8, 9]. More specifically, ERα can activate endothelial nitric oxide (NO) synthase 
(eNOS) [10, 11], inhibit vascular smooth muscle cell (VSMC) proliferation [12] and 
inhibit intimal-medial thickening [13]. ERβ supports normal vasodilation and blood 
pressure (BP) [2], reduces cardiac hypertrophy [14] and inhibits cardiac fibrosis [15]. 
An animal study identified that in females, ERβ mediated cardioprotection against 
ischemia and reperfusion injuries, [16], suggesting that ERβ may be predominantly 
responsible for the protective actions of estrogen following a vessel injury. The 
specific mechanisms through which GPER lowers blood pressure remain unclear. 
However, animal studies have demonstrated that GPER plays an important role in 
the regulation of blood pressure, progression of atherosclerosis and inflammation 
[17], plays a role in the NO-mediated vasodilatory effects of estrogen [18], reduces 
VSMC of CA2+ sensitivity thereby inhibiting endothelin-initiated vasoconstriction 
[19], and has an antioxidant effect by suppressing oxidative stress (OS) through 
activation of the cyclic adenosine monophosphate pathway [20].
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Fig. 3.1 Genomic and Non-genomic Effects of Estrogen. The figure was generated using images 
from Servier Medical Art and modified using text and shapes. Servier Medical Art by Servier is 
licensed under a Creative Commons Attribution 3.0 Unported License. (https://creativecommons. 
org/licenses/by/3.0/)

Estrogens and the Cardiovascular System 

Estrogens can directly affect the CV system through several mechanisms, as shown 
in Fig. 3.2, including endothelial NO generation, cell proliferation, angiogenesis, and 
control of VSMC of CA2+ and K+ channels [21]. NO inhibits platelet aggregation, 
adhesion and proliferation of VSMCs and is a potent vasodilator [22]. NO further 
regulates vascular tone, myocardial contractility, endothelial integrity, permeability, 
and interactions between leukocytes and the endothelium [1]. Thereby, endothelium-
dependent effects of estrogen, including rapid vasodilation, are related to increased 
bioavailability of NO via ER activation of eNOS [2, 23–27]. ERs in VSMCs affect 
several VSMC functions, such as contractility and growth [28]. Estradiol atten-
uates voltage-dependent T & L type of CA2+ channel currents in VSMCs [29]. 
The activation of K+ channels is one of the mechanisms through which estrogen 
produces an inhibitory effect on the VSMC [21]. Estrogens further affect the vascular 
system by modulating angiotensin II (ANG II) stimulated endothelin synthesis and 
inducing prostaglandin production [30, 31]. When investigating the direct effects 
in the large arteries, estrogens are associated with improved coronary blood flow, 
coronary vasodilatory responses and decreased coronary vascular resistance [32, 
33].

https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/
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Fig. 3.2 Physiological effects of estrogen 

Indirect effects of estrogen on the CV system are through beneficial changes 
in the lipid profile, including increased high-density lipoprotein (HDL) choles-
terol, decreased low-density lipoprotein (LDL) cholesterol, and a reduction in LDL 
oxidation [21]. 

During menstruation, pregnancy and estrogen supplementation, vasodilation and 
BP are affected by estrogen level fluctuations [34–36]. 

The Role of Estrogen in Oxidative Stress, Inflammation 
and Endothelial Function 

17β-estradiol influences physiological systems such as the sympathetic nervous 
system and renin–angiotensin–aldosterone system (RAAS), oxidative stress (OS), 
endothelial function and salt sensitivity [37].
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Genetic factors can impact all these systems, which are related to a crucial inflam-
matory state and lead to the cardiac, vascular and renal damage found in hypertension 
[37]. 

Evidence indicates that estrogen is CV protective partly due to its ability to act 
on the RAAS and endothelin (ET) system. Estrogen’s profound impact on these 
systems may underlie its long-term regulatory effects on BP [37, 38]. RAAS activity 
is reduced by estrogen as estrogen reduces the production of angiotensin II (ANG II) 
and levels of ANG II type 1 receptor (AT1R) [37]. Estrogen down-regulates AT1R 
in the kidney, adrenal cortex and VSMC [39, 40]. Premenopausal women appear 
mainly to have the depressor RAAS pathway activated [41]. In various animal studies, 
estrogen increased angiotensinogen synthesis and decreased the synthesis of RAAS 
enzymes renin and angiotensin-converting enzyme [42–44]. Estrogen also decreases 
the pro-hypertensive effects of endothelin 1(ET1) by modulating the production of 
ET1, and ET receptors type A and B [38]. Estrogen can also inhibit ET1 synthesis 
by increasing eNOS [45] or decreasing the production of angiotensin II [46, 47]. 
Additionally, estrogen alters cardiac, renal and vascular expression of ET receptors 
[38]. 

OS is associated with the development of hypertension [37]. OS occurs when 
reactive oxygen species (ROS) production rate exceeds that of the antioxidant defence 
system [37]. The higher levels of OS that accompany aging affect multiple stages 
of the NO biosynthetic pathway [48]. Estrogen has antioxidant properties due to its 
ability to act as a ROS scavenger by donating hydrogen from its phenolic structure 
[22]. A deficiency of SSHs combined with aging results in an over-production of ROS 
[49]. The increased ROS levels inactivate NO and increase peroxynitrite production, 
which then oxidizes tetrahydrobiopterin (BH4), causing uncoupling of eNOS. This 
results in reduced NO bioavailability and impaired endothelial function [49]. NO 
scavenging by ROS leads to reduced bioavailability of NO, which contributes to the 
age-associated decline in endothelial function [50]. 

Evidence has shown that compared to age-matched men, premenopausal women 
have lower levels of OS through the antioxidant actions of estrogen [51–53], but post-
menopausal women show higher levels of OS [54]. Investigating this phenomenon 
and the effect of antioxidant therapy has shown that in estrogen-deficient post-
menopausal women, vitamin C (antioxidant) infusion temporarily and reversibly 
reduced ROS, removed the suppression of endothelial function due to oxidative 
stress, and thereby increased brachial artery flow-mediated dilation (FMD) [55, 56]. 

Inflammation has a vital role in the CV system and underlies multiple CV patholo-
gies. Alterations in the CV system lead to an inflammatory response, whereby cellular 
stress pathways become activated, and pro-inflammatory and anti-inflammatory 
factors are released [37]. During menopause, women have increased levels of 
inflammatory markers, including tumour necrosis factor-alpha, interleukin-6 and 
plasminogen activator inhibitor-1 [57, 58]. 

Endothelial dysfunction is associated with OS and vascular inflammation [37]. 
Endothelial dysfunction is characterized by decreased vasodilators such as NO and 
increased ET levels [37]. The reduced estrogen levels in postmenopausal women
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are associated with increased arterial stiffness, vascular and hemodynamic parame-
ters and decreased endothelial function [59], highlighting an important relationship 
between estrogen and endothelial dysfunction. 

Salt sensitivity is an exaggerated BP response to dietary salt consumption caused 
by impaired sodium excretion by the kidneys that results in extracellular fluid 
loading and increased cardiac output. Salt sensitivity is related to kidney malfunc-
tion, endothelial dysfunction and hyperactive sympathetic nervous activity [60], and 
is an important risk factor in the development of hypertension. Not only is this 
phenomenon more common amongst African ethnic groups, but postmenopausal 
women appear to be more salt sensitive than premenopausal women [61]. This is 
shown through the correlation between the removal of the ovaries with developing 
salt sensitivity [62], suggesting that changes in SSHs, namely estrogen, may be asso-
ciated with salt sensitivity. Further aggravating this hormonal effect is the increased 
sympathetic nerve activity in the presence of metabolic syndrome and weight gain 
[63, 64], which are common in postmenopausal women. 

The Role of Estrogen in Lipid Profile Alterations, Obesity 
and Atherosclerosis 

A sharp decline in estrogen is the most established hormonal shift seen in post-
menopausal women [65], which is seen as a causal factor in the increased incidence 
of vascular disease [66]. A negative association exists between vascular calcification 
and serum estrogen levels [67]. Reduced estrogen levels following menopause are 
associated with lipid profile variations, increased abdominal fat, insulin resistance, 
and atherogenic lipoproteins [37, 48]. Compared to men, women generally have 
higher amounts of fat constituting overall body mass and deposit fat in their lower 
extremities and subcutaneously. Estrogen may be responsible for the fact that women 
have increased rates of non-esterified fatty acid reuptake into adipose tissue as well 
as increased fat oxidation during extended exercise [48]. 

Age is associated with increased plasma triglyceride levels (TGL) and signif-
icant variations in fasting TGL in both sexes; however, only women demonstrate 
an increased prevalence of hypercholesterolemia [48] and HDL levels are higher in 
women than men of all ages. Lipid abnormalities are important in the progression of 
atherogenesis and atherosclerosis [1, 2]. Following menopause, levels of LDL and 
TGL increase and HDL levels decrease [68]. Estrogen can inhibit lesion formation 
in atherosclerosis [69], impacting lipid profiles and stimulating NO production, as 
NO prevents the development of atherosclerosis [22]. However, once atherosclerotic 
plaques have formed, estrogens increase the expression of matrix metalloproteinases 
(MMPs) [70], which increase the risk of plaque rupture [71–73].
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Hormone Replacement Studies and the Timing Hypothesis 

Studies have found improvements in endothelial function in postmenopausal women 
treated with estradiol, but function was not restored to a premenopausal state [56, 
74]. Studies have shown that the FMD response produced by treatment with estradiol 
is similar to the response seen in perimenopausal women [56, 74, 75], suggesting 
that aging may be a contributing factor to endothelial dysfunction. One study found 
that 18 h after treatment with estradiol postmenopausal women aged 50–59 had 
apparent improvement in endothelial function, however women aged 60–79 showed 
no improvement [76]. 

Large clinical trials, such as the Heart and Estrogen/progestin Replacement Study 
(HERS) and HERS-II, did not find a protective effect of HRT but rather found adverse 
CV events. These findings may have been related to the type of HRT used, ERs, and 
other factors such as the patient’s age or pre-existing CV conditions [48]. The HRT 
timing hypothesis in the prevention of atherosclerosis indicates that HRT needs to 
be initiated before advanced atherosclerosis. This hypothesis suggests that SSHs can 
alter the cell biology of the vessel walls and inflammatory cells that accumulate during 
atherosclerosis [2]. Several studies found improvements or a reversal of endothelial 
dysfunction when HRT was initiated early prior to the development of advanced 
atherosclerosis [24, 25, 34]. 

Estrogen replacement therapy (ERT) can reduce CVD in postmenopausal women 
[77]. However, the timing of the ERT within six years of menopause onset appears 
to be critical for effectiveness [78]. The Women’s Health Initiative Study found 
long-term ERT reduced vascular calcification in postmenopausal women aged 50– 
59 years [79]. Another study found that brachial artery FMD increased 3 h following 
oral BH4 administration in estrogen-deficient postmenopausal women but had no 
effect in postmenopausal women on estradiol or premenopausal controls [74]. 

The Influence of Estrogen on Endothelial Adaptations 
to Endurance Training 

Regular exercise is encouraged as a strategy to reduce CVD risk. However, there may 
be a sex specificity for endothelial adaption in older adults in response to endurance 
training. One study found that endothelial function improved with endurance exer-
cise training in estradiol-treated postmenopausal women but not in women given a 
placebo, indicating that estrogen may play an essential role in a woman’s vascular 
adaptations to endurance exercise [56]. Exercise and estradiol both utilize intracel-
lular signalling pathways to activate and phosphorylate eNOS in order to release 
NO [26, 80]. A synergistic relationship may exist between estrogen and exercise in 
modulating gene expression and intracellular signalling in endothelial cells; research 
is needed to explore if therapies which target ERs should be prescribed in conjunction 
with exercise for postmenopausal women [49].
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Progesterone 

Progesterone is synthesized in the ovaries (corpus luteum) and adrenal cortex. 
Progesterone receptors (PR) exist in the cytosol and, upon binding, translocate into 
the nucleus. PRs include PR-A and PR-B. They are found in the uterus, ovaries, 
mammary glands, brain, pancreas, bone, and lower urinary tract tissues [22]. PRs are 
found in many CV system cells, with the most notable CV effect on vascular cells 
where estrogen induces PR expression [81] in an effort to facilitate the inhibitory 
effects of estrogen [82]. 

Progesterone is mainly vasodilatory, although studies have found conflicting 
results [22]. Anti-atherogenic properties include decreasing LDLs and increasing 
HDLs [83]. Progesterone inhibits the proliferation and migration of VSMC by 
reducing mitogen-activated protein kinase activity [84]. The role of progesterone on 
CV function modulation is not as clearly identified as the role of estrogen. This may 
be because most trials investigated progestin therapy in combination with estrogens 
[82]. 

Testosterone 

In women, androgens are synthesized in the ovaries, adrenal cortex and converted 
in peripheral tissues. Androgen receptors (AR) are found in the cytosol and, upon 
androgen binding, translocate into the nucleus, with a small portion of receptors 
found on the plasma membrane. The AR exists as ARα and ARβ. Testosterone can 
additionally bind to an intracellular receptor. The complex then binds to DNA in the 
nucleus. ARs are related to PRs, and high doses of progestins can block ARs [85]. 

Testosterone also has genomic and non-genomic effects similar to estrogen, and 
its vascular actions are mediated by endothelial-dependent and independent mecha-
nisms [22]. Testosterone acts predominantly on VSMC to elicit vasorelaxant effects 
through the modulation of VSMC membrane ion channels. This is performed through 
the inactivation of voltage-operated L-type CA2+ channels [86, 87] and activation 
of K+ channels [88, 89]. Testosterone also induces vasorelaxation by stimulating 
NO production through neuronal NOS [90]. Other known functions of testosterone 
include inducing matrix remodelling, growth factor signalling and eccentric cardiac 
remodelling [91], collagen protein synthesis, and plays a role in the expression and 
activity of collagen-degrading enzymes such as MMPs. MMP-2 has a dominant role 
in cardiac remodelling [91]. 

In menopause, changes in androgens are correlated with insulin resistance, abdom-
inal fat and atherogenic lipoproteins [48]. Abdominal obesity is a key determinant of 
the relationship between androgenic parameters and CVD risk; therefore, CVD risk 
evaluations in women should include androgens [92]. Women typically have better 
cardiac function and survival than men, but this difference is lost when comparing 
postmenopausal women and men [48]. These differences are thought to be partly due
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to estrogen being cardioprotective compared to testosterone, which is detrimental to 
cardiac function. In women with polycystic ovary syndrome (PCOS), a positive 
association has been shown between endothelial dysfunction and elevated androgen 
levels, which suggests a correlation with early-onset endothelial dysfunction seen 
in PCOS [93]. Overall the effects of testosterone on vessel wall pathology are still 
controversial. 

Conclusion 

Estrogen has numerous effects on the CV system. Indirect effects include increased 
HDL, with decreased LDL and decreased LDL oxidation. Direct genomic effects 
include increased CV production of endothelial, smooth muscle and myocardial 
cells, the inhibition of VSMC and myocardial growth and remodelling and increased 
angiogenesis. Non-genomic effects include increases in endothelial cells and platelet 
NO production, inhibition of CA2+ currents, activation of K+ channels, and reduced 
vascular constriction. The roles of progesterone and testosterone are less well 
understood, but both appear to have vasodilatory actions. 
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Chapter 4 
Spontaneous Coronary Artery Dissection 
(SCAD): An Overview of the Condition, 
Diagnostic Work Up and Management 

Jenny Y. Namkoong, Tracey J. F. Colella, Carolina Gonzaga Carvalho, 
Mina Madan, and Shuangbo Liu 

Abstract There has been increased awareness of Spontaneous Coronary Artery 
Dissection (SCAD) as a type of myocardial infarction over the last decade. However, 
as its underlying pathology and mechanisms are still being understood, and the 
best management principles for SCAD still being realized, there are little robust 
guidelines for those not subspecializing in SCAD patient management to help guide 
management. This book chapter targets general medical practitioners who are faced 
with taking care of the small but increasing SCAD population in the community, in 
partnership with SCAD specialists. It provides an updated understanding of SCAD 
including the “inside out” versus “outside in” hypothesis of pathophysiology, and the 
management principles to be mindful of in SCAD in comparison to traditional acute 
coronary syndrome (ACS) management. Uniquely, the chapter provides colloquial 
answers to frequently asked questions by patients about SCAD, and an in-depth 
review of the benefits of cardiac rehabilitation for SCAD patients.
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Introduction 

Spontaneous Coronary Artery Dissection (SCAD) is a type of myocardial infarc-
tion (MI) that presents acutely with similar characteristics as the more common 
atherosclerotic MI. SCAD is the cause of up to 4% of acute coronary syndrome 
(ACS) presentations [1]. However, in females under the age of 50, it can represent 
up to 35% of ACS presentations [1–3]. 

There is an increasing awareness of SCAD as a unique type of heart attack, 
and an increasing need for medical practitioners to be equipped to manage SCAD 
patients in the community. Thus, the aim of this chapter is to review the current 
definition, classification and understanding of SCAD, and highlight key similarities 
and differences in diagnosis (Table 4.1), management (Table 4.2) and prognosis 
between SCAD ACS and atherosclerotic ACS.

In addition, a schematic (Fig. 4.1) and suggested outpatient partnered management 
(Table 4.3) of SCAD between SCAD specialists, rehabilitation specialists, general 
cardiologists, and primary care providers is provided. Commonly asked questions by 
patients are addressed (Table 4.5), including recommendations regarding pregnancy 
after SCAD. Furthermore, the role of cardiac rehabilitation in this population is 
highlighted [4].

Definition and Classification of SCAD 

The definition of SCAD is a ‘spontaneous separation of the coronary artery wall, 
which is not iatrogenic and not related to atherosclerosis or trauma’ [5]. It leads to 
myocardial infarction as the hematoma within the separated coronary artery wall 
compresses the lumen of the artery and prevents blood flow, causing ischemia. 

Traditionally, SCAD was thought to result from a tear in the intima of the coronary 
artery, which allowed blood to flow into the intimal layer to create this false lumen that 
expanded and compressed the true lumen [6]. This is referred to as the “inside out” 
hypothesis but is now superseded largely by a modified hypothesis, comparatively 
named the “outside in” hypothesis which suggests that the primary incident is an 
intramural hematoma, rather than an intimal tear [2, 6]. The intramural hematoma 
is thought to be caused by spontaneous medial dissection or rupture of the vasa 
vasorum [2]. From there, it is believed that the underlying hemorrhage expands in 
either a focal, linear, or spiral fashion to compress into the lumen of the coronary 
artery [2, 6]. 

The way the coronary artery lumen is compressed is how SCAD is classified into 
its three types, an angiographic classification identified and labelled by the Canadian
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Table 4.1 Comparison of history, physical exam, and investigations for acute coronary syndrome 
from atherosclerotic plaque rupture and spontaneous coronary artery dissection 

Atherosclerotic ACS SCAD ACS 

History

• Chest pain onset, timing, character
• Associated features
• Coronary artery disease risk factors 
including smoking, diabetes, hypertension, 
dyslipidemia, family history of premature 
coronary artery disease

• Chest pain onset, timing, character
• Associated features
• Coronary artery disease risk factors 
including smoking, diabetes, hypertension, 
dyslipidemia, family history of premature 
coronary artery disease

• Current or recent pregnancy
• Detailed obstetrics and gynecological 
history: 
– Age of menarche 
– Menopause onset 
– Pregnancies 
– Abortions 
– Multiparity (twin) pregnancies 
– Birth control 
– Hormone replacement therapy

• Possible triggers (physical or emotional)
• History of SCAD, hypertension or migraines
• History of autoimmune disease or connective 
tissue disorders

• Previous coronary angiograms
• Family history of SCAD, vascular disorder 
(including fibromuscular dysplasia), 
autoimmune disease or connective tissue 
disorders 

Physical examination

• Cardiovascular exam
• Respiratory exam

• Cardiovascular exam
• Respiratory exam
• Bruits: carotid, renal and femoral arteries
• Signs of connective tissue disorders 

Investigations

• Troponin
• Creatinine
• Electrolytes
• Fasting cholesterol
• HbA1c

• Troponin
• Creatinine
• Electrolytes
• Fasting cholesterol
• HbA1c
• CT angiography of head/neck and abdomen/ 
pelvis to assess for fibromuscular dysplasia

• Vascular or autoimmune work up
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Table 4.2 Coronary angiogram findings, management, and course in hospital of acute coronary 
syndrome from atherosclerotic plaque rupture and spontaneous coronary artery dissection 

Atherosclerotic ACS SCAD ACS 

Coronary angiogram

• Locate area of plaque rupture (culprit lesion) • Rule out acute atherosclerotic plaque 
disruption

• Confirm SCAD diagnosis 

Revascularization

• Percutaneous coronary intervention (PCI) to 
stabilize culprit lesion

• Avoid revascularization if possible, unless 
high risk features

• Natural history of SCAD is that most (96%) 
heal by 30 days

• Higher complication rate than atherosclerotic 
ACS, with lower rate of PCI success 

Course in hospital

• First 24–48 h has highest arrhythmia risk • 7% of SCAD patients treated conservatively 
will require intervention, generally within 
5 days of initial presentation 

Medications

• Dual antiplatelet therapy
• Statin
• ACEI/ARB
• Beta-blockers
• Anti-anginal therapy

• Single antiplatelet (aspirin preferred)
• Beta blocker
• Blood pressure control
• Antianginal therapy may be helpful to 
control chronic chest pain syndromes arising 
after SCAD

SCAD group (Fig. 4.2). Type 1 is an intimal tear with contrast staining of the false 
lumen, Type 2 represents a long diffuse and smooth narrowing angiographically, and 
Type 3 is a focal or tubular angiographic stenosis with both Type 2 and 3 resulting 
from an intra-mural hematoma [5].

Pathophysiology of SCAD 

Recent literature has suggested conceptualizing SCAD as “SCAB” (spontaneous 
coronary artery “bleed”) rather than “dissection”, as the presence of an intimal tear 
is not necessary for diagnosis [7]. Increasing understanding of SCAD suggests that 
as the “bleed” expands between the coronary artery layers, an intimal tear can occur 
to decompress the intramural pressure [6]. This newer pathophysiological theory is 
supported by the evidence that not all SCAD cases have an intimal tear, with recent 
cohort studies identifying an intimal tear in only 30% of cases [2]. Further, intra-
coronary imaging studies in more severe SCAD cases have shown to be associated 
with an intimal tear [8], which supports the “outside in” hypothesis as a unifying 
mechanism with the tear occurring secondarily for decompression [8, 9].
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Table 4.3 Outpatient management following diagnosis of SCAD ACS (Correlate with Fig. 4.1) 

1. Family physician follow up 

Ideally within 4–6 weeks of hospital presentation 

Aim • Validation of the significant health event 
– High proportion of patients report anxiety and depression following SCAD, related 
to feeling extreme vulnerability from lack of understanding of SCAD and 
variability of information from health care providers

• Pregnancy is high risk and strongly not recommended (see below)
• Medical management 
– Hypertension management is important 
– Beta blockers—decreases SCAD recurrence 
– No role for routine repeat coronary angiography 
– If similar symptoms to initial presentation, need to seek medical attention, declare 
the prior SCAD-related MI to ED staff, have ECG and troponin measured

• Lifestyle 
– Physical activity 

Regular, moderate-intensity activity is recommended 
Avoid heavy weightlifting or Valsalva maneuvers 

– Sexual activity—expected back to usual within 4 to 6 weeks. However, strongly 
advised against pregnancy 

– Food—healthy diet aimed at maintaining normal BMI, but SCAD is not a diet 
mediated disease

• Patients must make informed decisions about their future health
• Link in with SCAD support groups 
– Online  

Women@heart (www.womenheart.org) support group 
SCAD Patient Guide 2022 [54] (www.sunnybrook.ca/SCAD/guide) 
SCAD Alliance (www.scadalliance.org) 

2. Planned SCAD MDT follow up I 

Ideally within 8–12 weeks of hospital presentation 

Aim • Consultation reviewing SCAD and understanding of its mechanism
• One-time cross-sectional imaging from head to pelvis with CT angiography looking 
for: 
– Fibromuscular dysplasia (tortuosity, aneurysms, stenoses, dissections, contour 
irregularities (beading))

• Pregnancy is high risk and is not recommended 
– Due to the possibility of severe and potentially life-threatening SCAD during 
pregnancy, and recurrence rates of 17% for women with peripartum SCAD, 
pregnancy after SCAD-related MI is not recommended 

– In the event of pregnancy—patients must seek involvement of SCAD expert and 
high-risk obstetrics team prior to pregnancy or as early as possible after pregnancy 
to consider their options

• Further cardiac investigations if indicated, which may include 
– Echocardiogram; 
– Cardiac MRI (rule out differentials) 
– Coronary CT angiography or repeat coronary angiography—rarely required

• Review of medication
• Review of associated conditions
• Review of psychosocial state
• Confirm referral/attendance at cardiac rehab

(continued)

http://www.womenheart.org
http://www.sunnybrook.ca/SCAD/guide
http://www.scadalliance.org
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Table 4.3 (continued)

3. Long term management 

Aim • Risk stratifying your patient to likelihood of recurrence of SCAD, higher likelihood 
in those with 
– Migraine headaches 
– Poorly controlled hypertension 
– Fibromuscular dysplasia diagnosis 
– Known coronary artery tortuosity (from initial angiogram) 

Current literature suggests that receiving coronary stents is not associated with 
prevention of recurrent SCAD in future. Further, if SCAD recurs, it tends to affect 
different coronary arteries from that which caused the initial event 

4. Seeking medical attention with unplanned chest pain presentation 

Higher concern if within 5–6 days of initial presentation 

Aim Determine need for hospital management
• Immediate hospital management if 
– Hemodynamically unstable 
– Acute ongoing chest pain 
– Dynamic ECG changes, dynamic rise and fall of troponin

• Likely community management if: 
– Hemodynamically stable 
– Symptoms resolved 
– Patient appears well 
– No troponin elevation, or falling troponin compared with recent hospitalization 

5. Planned SCAD MDT follow up II 

Aim • SCAD education 
– Increasing education as more research on SCAD conducted and medical 
understanding increases

• SCAD rehabilitation, involving: 
– Graduated exercise regimen

• SCAD psychosocial support, involving: 
– Cognitive behavioral therapy (CBT) as needed 
– Peer support (Women@heart: www.womenheart.org)

• Education regarding SCAD and pregnancy

Epidemiology of SCAD 

The mean age of SCAD patients is between 44 and 52 years, and it is uncommon in the 
extremes of age (under 25 years or over 80 years) [5, 10]. The female predominance 
is now well established in the literature, with a large meta-analysis of 2172 patients 
revealing 84% of SCAD patients as female [6]. 

There has been a temporal increase in the incidence of SCAD, with a rise in 
awareness paralleling a rise in diagnosis, particularly since 2012 [2]. Although it is 
likely still under-recognized at present, SCAD is believed to be the cause of up to 
4% of ACS presentations [3]. Further, in administrative databases, SCAD represents 
15–20% of myocardial infarctions during pregnancy or peripartum, a particularly 
high-risk period for known SCAD patients [1, 10, 11].

http://www.womenheart.org
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Fig. 4.2 Classification of SCAD. Figure from Saw, 2016, contemporary review of spontaneous 
coronary dissection [5]

Recent data from the Canadian SCAD registry demonstrated that recurrence rates 
for SCAD are surprisingly low, 2.4% at 3 years [12]. Further, the 30-day mortality 
rate is 0.1% [13] and 3-year mortality rate is 1% [14] for SCAD patients. 

Risk Factors for SCAD 

The most notable risk factor for poor outcome in SCAD is pregnancy and the post-
partum state in a patient with prior SCAD. Hypertension also is a risk factor for 
SCAD-related myocardial infarction during pregnancy [15]. Amongst the SCAD 
patient population, 15–20% of patients are pregnant or post-partum at the time of 
diagnosis [1, 16]. However, the exact mechanism of association between hormones 
and SCAD is not yet understood, and the data is conflicting, as there does not appear 
to be a clear association between oral contraceptives or hormone replacement therapy 
and SCAD [16]. 

Secondly, hypertension has a high prevalence (45%) in SCAD patients [15]. There 
is a plausible explanation mechanistically, as hypertension can lead to chronic patho-
logical changes in the arterial wall via increasing arterial wall stress, endothelial 
damage, triggering smooth muscle cell proliferation and breakdown of elastin fibers, 
that ultimately make the vessel more vulnerable to SCAD [15]. Hypertension is also 
independently associated with a higher risk of in-hospital mortality (OR 2.19, CI 
1.86, 2.58) [17]. Furthermore, in a prospective Spanish registry, hypertensive SCAD 
patients had higher risk of increased severity of SCAD lesion (15 versus 7%, p >
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0.05), higher risk of procedural complications (65 versus 41%, p < 0.05) and lower 
likelihood of procedural success (65 versus 88%, p < 0.05) [15, 18]. 

In addition, there should be clinical suspicion for SCAD in the presence of risk 
factors such as fibromuscular dysplasia (FMD). Between 15 and 70% of SCAD 
patients are found to have FMD with the wide range explained by variable screening 
protocol [1, 3, 6, 19]. Further risk factors may include connective tissue disorders, 
autoimmune and inflammatory disorders [1, 6], as well as microvascular dysfunction 
[15, 20], however there is not enough data to establish a clear association between 
these entities and SCAD at present. The role of genetics in the mechanism of SCAD 
is also not yet fully understood. A recent study noted a higher prevalence of fibrillin 
1 (FBN1) in the plasma of SCAD patients compared with non-SCAD ACS patients 
[21]. This medium sized (n = 70 in each arm) study generated interest due to the 
mechanistic plausibility as fibrillin 1 is a component of the elastic tissue found in 
the media of coronary arteries [21]. Presently, there are no specific genetic screening 
tests for SCAD or fibromuscular dysplasia, but this is an active area of research [22]. 

Clinical Presentation of SCAD 

As a type of ACS, SCAD presents acutely with similar characteristics as atheroscle-
rotic myocardial infarction. Although ACS presentations in young and middle-aged 
females with no atherosclerosis risk factors should lead to a high suspicion for SCAD, 
it must be emphasized that ACS by atherosclerotic plaque rupture is significantly 
more common than SCAD (50 versus 4%) [23]. Thus, atherosclerotic ACS must be 
ruled out by coronary angiography before the diagnosis of SCAD can be considered 
in any clinical presentation [10]. 

Similar to atherosclerotic ACS, most patients with SCAD (85–96%) experience 
chest pain or discomfort as their primary presenting complaint [10]. However, a small 
proportion of SCAD patients may have atypical symptoms including dyspnea (20%), 
back pain (14%), diaphoresis (21%), nausea and vomiting (24%) and presyncope 
(9%). Clinically, approximately 20–50% of SCAD patients present as STEMI, and 
up to 5% present with ventricular arrhythmia, and 2% with cardiogenic shock [10]. 

In addition, SCAD should be suspected in patients with associated extreme phys-
ical or emotional trigger, which is notable in 40% and 24% of SCAD presentations, 
respectively [9]. The postulated mechanism is a hyper-catecholaminergic state, which 
along with Valsalva-like maneuvers in physical or emotional states can damage the 
vasculature and arterial wall with shear force [6]. In the recently published study 
by the Canadian SCAD group, an isometric physical trigger was more commonly 
observed in men (40.2 versus 24.0%, p = 0.007), whilst emotional stress triggers 
have been found to be more likely in women (35 versus 60%, p = 0.001) [9, 24].
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What to Do if You Suspect Your Patient Has SCAD 

A detailed history and physical examination are key to timely and accurate diag-
nosis of SCAD (Table 4.1). When there is a suspicion of SCAD, the assessment 
needs to include questions regarding previous SCAD, pregnancy, menstrual cycle, 
migraines, physical (particularly isometric) or emotional triggers, known FMD and 
vascular disorders. Similarly, the physical examination should extend beyond the 
cardiovascular exam to include auscultating for renal bruits and assessing for signs 
of connective tissue disorders. 

Investigation and management are initially similar for suspected SCAD patients 
and atherosclerotic ACS patients (Table 4.2). This includes serial electrocardiograms 
(ECG) and troponin levels. Following that, coronary angiography is vital as it can 
visualize plaque rupture to identify traditional atherosclerotic ACS, or rule out plaque 
rupture to confirm the suspected diagnosis of SCAD [10]. 

We know that there are also ACS presentations that are neither plaque-rupture 
atherosclerotic ACS nor SCAD, and can be caused by myocardial infarction with 
no obstructive coronary arteries (MINOCA), coronary vasospasm or microvascular 
dysfunction. Presentations can also be ACS-mimics such as myocarditis, myoperi-
carditis, takotsubo cardiomyopathy, or other non-cardiac diagnoses including 
pulmonary emboli or aortic dissection. 

Having considered the wider differential for acute chest pain, the general principle 
is to treat the patient as atherosclerotic ACS until SCAD or an alternate differential is 
diagnosed on coronary angiography [15]. If SCAD is the true diagnosis, the course of 
management significantly changes, including avoiding invasive percutaneous coro-
nary intervention (PCI) if possible [18]. However, PCI may still be considered in 
the presence of clinical high-risk features, including ongoing ischemia/chest pain, 
cardiogenic shock, sustained ventricular arrhythmia and left main dissection [25]. 

Further, coronary angiography assists in determining the type of SCAD and the 
amount of myocardium affected, which can also influence management and follow 
up frequency and strategy [26]. It is important to explain to the patient the risks 
of coronary angiography for informed consent, including vascular damage, stroke, 
myocardial infarction, arrhythmia, contrast risk and focusing specifically on radiation 
risk for young female patients. Also, the possibility of pregnancy must be assessed, 
and risks must be discussed. 

Moreover, SCAD patients are expected to be admitted in hospital for a longer 
duration of time (5–7 days) than atherosclerotic ACS patients, as studies have shown 
that SCAD patients who deteriorate do so usually within 5 days of presentation, 
compared to atherosclerotic ACS where the highest risk period is the first 48 h [27].
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Conservative Versus Invasive Management 

Management for revascularization differs between SCAD and atherosclerotic ACS 
patients. It is well established that if the clinical situation allows, conservative 
management without PCI is the preferred treatment strategy for SCAD patients, 
whereas for an atherosclerotic plaque rupture, PCI is recommended. This is explained 
by the natural history of SCAD, whereby 95% of SCAD are healed spontaneously by 
30 days [25]. However, 5–7% of patients who were initially treated conservatively 
will require PCI in the same presentation, most often due to cardiogenic shock, 
ongoing ischemic chest pain, or proximal coronary artery involvement [8, 25]. 

Intervention is considered only for select clinical situations in SCAD because the 
presence of dissection and intramural hematoma adds to the complexity of the proce-
dure, resulting in higher complication rates [2]. The success rate of PCI for SCAD is 
50–70% in large cohort studies, which is much lower than that for the atherosclerotic 
ACS PCI population [1, 28, 29]. Further, although this may be impacted by a selec-
tion bias of the more severe SCAD patients receiving intervention, PCI for SCAD 
has not been independently associated with reduced infarct size, nor with reduced in-
hospital MACE (Major adverse cardiovascular events) compared to conservatively 
managed SCAD groups [27, 30]. 

Medical Management 

The main debate in the acute medical management of SCAD ACS has been regarding 
single or dual antiplatelet therapy use. Currently, there are no randomized clinical data 
or established protocol [31], but there is expert consensus opinion to offer guidance. 
The most recent literature favors single antiplatelet therapy (SAPT) for SCAD ACS 
over dual antiplatelet therapy (DAPT) with the multicenter DIssezioni Spontanee 
COronariche (DISCO) registry from Italy and Spain (n = 199) showing patients on 
DAPT (n = 132, 66%) experienced significantly higher MACE (defined as all-cause 
death, non-fatal MI or unplanned PCI; 18.9 versus 6.0%. HR 2.62, 95% CI 1.22– 
5.61, p = 0.013) than those treated with SAPT (n = 67, 34%) [32]. This result was 
driven mainly by non-fatal MI (15.2 versus 3.0%, p = 0.009) and unplanned PCI 
(12.1 versus 1.5%, p = 0.001) [32]. The pathophysiological rationale behind this is 
increased bleeding and intramural hemorrhage due to DAPT, with no added benefit 
as there is no acute plaque rupture or disturbance. Similarly, the consensus is that 
anticoagulation is not necessary for SCAD ACS [1, 2, 33]. 

The key medication for the management of SCAD long term are beta blockers. A 
single center observational study has shown a significant decrease of SCAD recur-
rence with the use of beta blockers, by over 50%, over 3 years [33]. The second 
step of optimal medical management of SCAD is good blood pressure control, 
aiming for SBP < 130 mmHg. Angiotensin Converting Enzyme-Inhibitors (ACE-
I) or Angiotensin Receptor Blockers (ARBs) are used to treat hypertension, which



46 J. Y. Namkoong et al.

is a clear risk factor for both SCAD ACS and its recurrence, and are also indicated 
for the management of left ventricular dysfunction after SCAD-related myocardial 
infarction. If more blood pressure control is necessary, calcium channel blockers or 
diuretics may also be used as secondary agents, in line with treatment guidelines for 
essential hypertension [34]. 

Unlike atherosclerotic ACS, there is no evidence for the routine use of statins in 
SCAD [31]. Cholesterol-laden plaque is not implicated in the pathophysiology of 
SCAD ACS, while it is central to the pathophysiology of traditional atherosclerotic-
myocardial infarction. This is a challenging concept for most cardiologists and family 
physicians to accept, as the use of statin therapy after ACS is firmly entrenched in 
the practice patterns of most physicians. Similarly, anti-anginal medications (nitrates, 
and calcium channel blockers) may be very useful for symptom control for chest pain 
syndromes after SCAD, but are not prescribed routinely [2]. 

Outpatient Management of SCAD Patients 

The optimal outpatient management of SCAD patients is continually being developed 
as SCAD becomes more understood. Currently, as a lesser-known form of ACS 
with minimal public awareness or education, many SCAD patients experience social 
isolation, anxiety and depression during this vulnerable period in their recovery [4]. 

Indeed, good quality clinical research on outpatient management of SCAD 
patients are lacking, with many current recommendations being derived from the 
larger vessel (aortic) dissection literature whilst direct experience with SCAD 
patients is still building. Thus, the partnered management of patients between SCAD 
specialists, general cardiologists, cardiac rehabilitation specialists and primary care 
providers is important for the communication of accurate information (Table 4.5), 
education of effective management strategies, and screening of associated patholo-
gies [35]. Such management partnerships should be identified and linked in with the 
SCAD patient prior to hospital discharge. 

This schematic (Fig. 4.1) is a timeline from the point of SCAD ACS presenta-
tion to diagnosis and management in the hospital, followed by discharge home and 
the subsequent outpatient avenues of follow up (Table 4.3) with both the primary 
care provider (Time points: 1, 3, 4), and the planned SCAD multi-disciplinary team 
(MDT). 

The first follow up with the family physician (Point 1* in Fig. 4.1 and Table 4.3) 
after discharge from a SCAD admission to hospital is recommended to occur within 
4–6 weeks. One of the key message that needs to be reiterated to young females of 
child-bearing age is that after SCAD ACS, pregnancy is not recommended due to 
the high risk of severe and potentially life-threatening recurrence of SCAD during 
pregnancy or post-partum [16, 36]. Thus, in the event of pregnancy despite such 
warning, patients must seek involvement of SCAD expert and the high-risk obstetrics 
team as early as possible to consider their options. Seeking expert opinion prior to 
conception is most ideal if pregnancy is desired despite awareness of its high risk.
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Regarding exertion, SCAD patients are often advised to avoid high intensity phys-
ical exertion and Valsalva maneuvers, which involves not lifting anything heavier than 
30lbs for women, or 50lbs for men. However, this should not preclude patients from 
regaining an active lifestyle with regular moderate activity post SCAD. Participation 
in cardiac rehabilitation as early as possible is vital in facilitating this. 

Between 8 and 12 weeks after hospital discharge, a SCAD MDT follow up (Point 
2* in Fig. 4.1) is ideal for further assessment and investigations for associated disor-
ders. The most important and well documented association is FMD, and all patients 
who have experienced SCAD must have an initial screening test for FMD via a head-
to-pelvis computed tomographic (CT) angiography looking for aneurysm, tortuosity, 
dissection, irregularity, or stenosis of arterial beds. This may have already been done 
during the inpatient stay if a CT angiography was available. 

During the late follow up period, an unplanned chest pain presentation (Point 4* 
in Fig. 4.1) may occur. These need to be approached in a similar way to a new chest 
pain presentation, without presumption that it is related to SCAD as recurrence rates 
of SCAD are very low (2.4% over 3 years) [37, 38]. Thereby, hemodynamic stability, 
acute onset of symptoms and dynamic ECG changes and troponin levels are used to 
determine if the patient is best for in-hospital or community management. Notably, 
women are significantly more likely than men to be re-admitted to hospital for chest 
pain following prior SCAD (8 versus 1%, p = 0.001) [24]. 

Further, these outpatient scheduled reviews or unscheduled chest pain presenta-
tions are opportune to review medications and ensure patients are taking beta blockers 
long term following their SCAD ACS episode, assess their psychosocial state, and 
ensure referral to outpatient cardiac rehabilitation [26]. 

Longer term, after two to three years of consistent follow up by the SCAD MDT 
and a stable clinical state, shared decision making is advised to individualize the best 
method for ongoing patient access to SCAD resources and healthcare. Anecdotally, 
most patients and family physicians have felt comfortable at this stage to take owner-
ship of the follow up long term, given the established relationship with the SCAD 
MDT and ability to re-refer if concerns arise. 

Cardiac Rehabilitation 

Cardiovascular rehabilitation (CR) is a comprehensive secondary prevention program 
that includes patient education, nutritional counseling, exercise training and 
psychosocial interventions [39, 40]. Participation has been associated with up to 
a 50% reduction in morbidity and mortality, as well as improved quality of life 
following a cardiac event such as MI or cardiac procedure [41]. 

Unfortunately, less than 30% of eligible patients participate in CR [42] and women 
in particular, are less likely to be referred and participate in programming [43]. 
Younger age at diagnosis, lack of referral, caregiving/family responsibilities, trans-
portation, scheduling and logistical difficulties with attending an onsite program 
have been identified as predominant barriers for enrollment in CR [26, 44, 45].
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Despite the significant benefits associated with CR program completion, women 
diagnosed with SCAD are significantly under-represented in CR programs across 
Canada [12, 46]. Fear, anxiety and hesitancy regarding physical activity after SCAD 
are common and often lead patients to curtail or avoid physical activity altogether 
[11]. CR programs are recommended to safely support the resumption of moderate 
intensity physical activity after SCAD-related events [11, 47, 48]. Recommendations 
for physical activity should be tailored to the individual and may be best determined 
and guided during participation in CR [47, 48]. 

Cardiac Rehabilitation and SCAD Patients 

Referral to CR is considered the standard of care for all patients who have experienced 
a cardiac event or procedure, including those with a SCAD diagnosis [40]. 

Recent North American studies have shown improvements in aerobic capacity, 
body composition and mental health with no reported adverse events in SCAD 
patients completing CR [46, 48]. Structured rehabilitation (Table 4.4), particularly 
multi-dimensional interventions that offer comprehensive components (e.g. exer-
cise, psycho-educational support, mindful living sessions, nutrition counselling, peer 
support networks) have produced both physical and emotional benefits [49].

Krittanawong et al. [49] examined the usefulness of CR in a large cohort of SCAD 
patients (48/50 US states, Canada, Europe, Australia and New Zealand) enrolled in 
the Mayo Clinic SCAD registry (n= 354). In this cohort, 66% of patients participated 
in > 10 CR sessions while 32% chose not to participate. A lack of recommendation to 
CR by a health care provider was cited as the primary reason for non-participation. An 
inherent reluctance for clinician referral may be attributed to the relative unfamiliarity 
with SCAD, a lack of perceived benefit in this population due to the younger age 
without traditional risk factors, and concerns that exercise training may prompt a 
recurrent SCAD event. 

Wagers et al. [50] further reinforced the positive experiences and safety outcomes 
for SCAD survivors (n = 409) participating in a CR program. However, a focus 
on the ‘typical’ or traditional CR program was deemed by patients as “not a good 
fit” considering the patient’s younger age, gender and/or prior activity levels. Some 
participants reported feelings of isolation during CR due to lack of younger coun-
terparts to whom they could relate, while others felt their program was geared to the 
“standard heart attack” patient. Baechler et al. [26] interviewed 38 patients diagnosed 
with SCAD and observed that frustration with the lack of mental health resources was 
mentioned among the most common reported themes. Patients described that an ideal 
CR program should be specific for patients with SCAD and would include mental 
health support [26]. The importance of psychosocial support for SCAD survivors has 
been highlighted in several studies [51, 52] and reinforces that it should be accessible 
to every patient attending CR [39, 40], notably to women [53]. 

Neubeck et al. [52] performed an extensive systematic review of 28 studies and 
analyzed the physical and psychosocial recovery following discharge from hospital
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Table 4.4 Recommendations for cardiac rehabilitation (CR) programs treating SCAD survivors 

CR program 
duration 

6 months 

Cardiovascular risk 
factors

• Traditional and non-traditional risk factors for cardiovascular disease 
should be assessed and risk profile shared with patients

• CR programs should follow the current guidelines on management of 
blood glucose, hypertension, body weight, physical activity, 
psychosocial wellbeing, sleep, healthy diet, and smoking cessation

• Note that SCAD ACS is not considered a risk factor to initiate statin 
therapy. SCAD is not a statin-indicated condition

• Statin therapy should be considered when LDL-cholesterol is very high, 
> 5.0 mmol/L or as recommended by the current guidelines for primary 
prevention of cardiovascular disease (if there is no established 
atherosclerosis) 

Exercise structure • One-hour weekly exercise class consisting of 15 min warm-up, 30 min 
cardiovascular exercise on aerobic machines, and 15 min cool-down 

Frequency • 30–40 min of moderate intensity physical activity 5–7 days/week 
(150 min/week) 

Target exercise heart 
rate

• 50–70% of heart rate reserve based on the entrance exercise treadmill 
test 

Blood pressure limit • < 130/80 mm Hg 

Target perceived 
exertion rate

• “Moderate” to “somewhat difficult” 

Resistance training • Focus on a proper breathing and lifting technique avoiding the Valsalva 
maneuver/straining 

Weightlifting • 2- to 12-pound free weights to increase muscle strength, starting with 
lighter weights and progressing with strength gain

• Avoid lifting weights > 30 pounds for women and > 50 pounds for men 

Educational 
sessions

• 20 min educational session per week on risk factors, and treatment of 
heart disease and SCAD, and stress management, emphasizing 
women’s heart disease when appropriate 

Mental health • Counselling, mindful living sessions, and peer-support from other 
SCAD survivors

• Peer Support from patients with lived experience has been identified as 
a key component in recovery following a cardiac event such as SCAD 

Medications • If medication changes (eg: beta-blocker dose), consider repeating 
cardiopulmonary test to support optimizations of exercise prescription 

Health care team • Physician, Kinesiologist, Physiotherapist, Dietitian, Psychologist, 
Social Worker, Registered Nurse 

Recommendation to 
patients

• Stop or slow down if becoming extremely exhausted or feeling 
uncomfortable, or if symptoms arise, including but not limited to chest 
discomfort, chest pain, dyspnea, or dizziness
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Table 4.5 What to tell my SCAD patients? 

Have I had a heart attack? 

Yes, but a different kind of heart attack. A heart attack is when there is no flow through one of 
the heart arteries to the heart muscle, causing damage to the heart muscle. Most commonly, this 
occurs from cholesterol plaque buildup in the lining of a heart artery which ruptures and blocks 
the artery (and thus prevents the blood from flowing to the heart muscle) 
However, with SCAD, the blood flow blocks from a bleed that occurs within the layers of the 
heart artery. This causes compression of the heart artery from the outside, leading to reduced 
blood flow or in some cases, a tear in the artery lining 

If I have had a heart attack, why did I not get a stent? 

Some people with SCAD require a stent because the compression of the heart artery from the 
outside is very severe. However, it is preferrable to avoid a stent as it can lead to other complications 
such as extension of the tear in the artery or making the amount of artery compression more 
extensive. You did not have a stent inserted because you were still able to get enough blood flow 
to your heart muscle 
As the underlying problem is not a plaque within the heart artery, but a compression from the 
outside, all current research point to the best outcomes for SCAD if you can wait for the “bruise” 
in the wall of the heart artery to slowly dissolve itself over time 

Will I have SCAD again? 

A small proportion of people do get SCAD again. Understandably, this can be distressing 
Having had SCAD however, you are in a better position to know what it feels like and seek 
medical attention early. Thankfully, most people do not get SCAD recurrence and most SCAD 
patients recover well and safely 

What do I need to avoid getting SCAD again? 

The main thing to do is ensure your blood pressure is under good control, through lifestyle 
changes and medication. Stay on the medications prescribed by your doctor, which may include 
beta blockers. They aim to reduce the pressure stress on your heart arteries and have been shown 
to lower the chance of SCAD recurrence 
It is also important to avoid known physical triggers such as extreme heavy lifting that involve 
sudden Valsalva (bearing down) maneuvers 

Why am I getting so many mixed messages? 

Again, this is understandably confusing. Although the knowledge of SCAD is increasing over 
the years, particularly compared to regular heart attacks it is a relatively uncommon diagnosis. 
Thus, the understanding of it amongst the general community and the medical community is 
much less than for a traditional heart attack 

Can I get pregnant? 

Informed decision making around pregnancy is very important for SCAD patients. Pregnancy 
cannot be recommended because of the increased risk for another SCAD related heart attack 
which may be much more severe during pregnancy. Continuation of pregnancy, or the decision 
to terminate pregnancy must be a very carefully considered decision along with a specialized 
multidisciplinary team. This is because SCAD is the most common pregnancy-related heart 
attack and is thought to be related to the hormone changes that occur in pregnancy, particularly 
in the early post-partum period
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in 4167 patients (93.5% female) with SCAD. They observed lack of specific guid-
ance about physical activity and high levels of psychosocial distress. These findings 
suggest ideal programs with tailored exercise and psycho-educational components 
including peer support networks require further examination to test feasibility and 
effectiveness specific to the unique needs of these patients. Moreover, it is imperative 
that care providers are aware of the safety and associated benefits of CR participation 
to improve the recovery trajectory for this understudied population. 

Physical Activity After SCAD 

Fear and hesitancy regarding physical activity after SCAD are common among SCAD 
survivors and clinicians despite a lack of evidence for protection from recurrent 
SCAD [11]. Additionally, imposing physical restrictions to young individuals could 
lead to lifelong impact possibly promoting sedentarism, weight gain, and psychoso-
cial issues. In this realm, CR programs can contribute substantially to overall physical 
and mental health [11]. 

As outlined previously, CR has demonstrated overall benefit and safety [46, 
48–50]; therefore, pursuing regular, moderate exercise likely outweighs the theo-
retical risks of recurrent SCAD [11, 47, 48]. It is important to note that SCAD 
survivors, especially those who experienced recurrent SCAD or who have noncoro-
nary aneurysms or dissections should avoid extreme endurance training, exercising 
to exhaustion, elite competitive sports, or vigorous exertion in extremes of ambient 
temperature [11, 47, 48]. 

The Vancouver General Hospital (VGH) SCAD-CR protocol has been adopted 
worldwide and provides safe parameters for patients initiating CR [48]. Each patient 
should have an individualized exercise prescription, considering clinical parame-
ters, physical exercise prior to SCAD and personal goals. These considerations do 
not substantially differ from non-SCAD patients however, it is suggested to start 
physical activity at a lower level, as recommended by Chou et al. [48], then gradual 
progression should be targeted (Table 4.4). Further, SCAD survivors should avoid 
lifting or carrying heavy objects that require straining or prolonged Valsalva [11, 47, 
48]. Nevertheless, there is no evidence that heavier loads with proper technique (no 
straining or Valsalva) are harmful [47]. 

The length of time between a SCAD event and CR initiation should be considered, 
and empirically exercise prescription could be more conservative in the first months 
post SCAD as suggested in Table 4.4, and less restrictive after 6–12 months. The 
presence of FMD can also represent an additional challenge. Patients with carotid or 
vertebral artery dissections should avoid resistance training including body weight 
exercises such as push-ups and sit-ups during the first 8–12 weeks after the acute 
dissection after which the recommendations would be similar as for SCAD [47].
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Future Directions and Opportunities 

The evolving understanding of SCAD over the last ten years is promising to trans-
late into partnered care and better outcomes for SCAD ACS patients. More robust 
data have clarified prior assumptions, and management strategies have become 
more unified globally. The concern for pregnancy following a SCAD ACS episode 
continues, particularly as recurrence in this scenario is more likely to be severe. 

There are numerous future opportunities that need to be addressed in order to 
better understand the presentation, diagnosis, early recognition and treatment as 
well as long term management of patients diagnosed with SCAD. 

Cardiac rehabilitation is safe and feasible, early studies have shown the beneficial 
effects on clinical cardiovascular parameters and mental health in SCAD survivors 
[46, 49, 50]. Future studies need to specifically examine the clinical experiences 
and preferences of SCAD patients in order to develop a better understanding of 
alternative, flexible program models, the integration of peer support networks and 
how best to tailor CR programming to meet the patient’s psychosocial, physiological 
and educational needs. 

It is crucial that care providers are educated and understand the differences 
between SCAD and atherosclerotic diseases, and how best to mitigate barriers to 
SCAD care. Consideration of family systems and roles as well as involvement of 
family members in SCAD education may help alleviate patient and family anxiety 
which may subsequently optimize recovery transitions. 
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Chapter 5 
Takotsubo Cardiomyopathy 

Samantha S. L. Liauw, Shuangbo Liu, and Alexandra Bastiany 

Abstract Takotsubo cardiomyopathy, also known as stress-induced cardiomy-
opathy, apical ballooning syndrome or broken heart syndrome, is characterized 
by acute, transient cardiac dysfunction following a significant catecholaminergic 
disturbance. It is a relatively newly described clinical phenomenon, with incom-
pletely understood socio-environmental mediating factors and neurohormonal mech-
anisms implicated in the pathophysiology. It is more commonly seen in females. 
The diagnosis requires a thorough clinical history and the use of multimodality 
assessment commonly including angiography and echocardiography, with computed 
tomography and magnetic resonance imaging used in some cases. The prognosis 
of patients with Takotsubo cardiomyopathy and of patients with acute coronary 
syndrome are similar, with high burden of cardiogenic shock (6–20%) and mortality 
(1–8% in hospital, 3.5–5.6% annual rate). Treatment in the acute setting is mainly 
supportive with monitoring and treatment of life-threatening arrhythmias and cardio-
genic shock. Longer term therapies addressing the complex underpinnings of this 
condition (i.e. left ventricular remodelling, neurohormonal pathways, and psychoso-
cial and environmental factors) are still under investigation. This chapter reviews the 
epidemiology, pathophysiology, clinical manifestations, and diagnosis of takotsubo 
cardiomyopathy. The management and prognosis of takotsubo cardiomyopathy will 
also be reviewed. 
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Introduction 

Takotsubo cardiomyopathy is a clinical phenomenon, characterized by acute, tran-
sient cardiac dysfunction following a significant catecholaminergic disturbance. It is 
also known as stress-induced cardiomyopathy, apical ballooning syndrome, or broken 
heart syndrome. Takotsubo cardiomyopathy can mimic acute coronary syndrome 
(ACS). Although there are similarities in their clinical presentations, Takotsubo 
cardiomyopathy is differentiated from ACS in that the left ventricular myocardial 
dysfunction is not secondary to obstructive epicardial coronary artery disease, or 
acute plaque rupture [1]. The diagnosis hinges on left ventricular assessment with 
initial reports in the 1990s noting the resemblance to an octopus trap (“takotsubo”, 
in Japanese). It is a relatively newly described phenomenon and much remains to be 
discovered regarding its pathophysiology, optimal management, and prognosis. 

This chapter will begin with a review of the definition, epidemiology, and patho-
physiology of takotsubo cardiomyopathy. This will be followed by a discussion on 
the clinical manifestations, diagnosis, management and prognosis. 

Definition and Diagnostic Criteria 

Many different diagnostic criteria have been proposed, with no universal consensus 
[2]. Commonly cited criteria include the criteria of the Heart Failure Association 
Takotsubo Syndrome Taskforce of the European Society of Cardiology (ESC) [3], the 
InterTAK Diagnostic Criteria [4], and the Revised Mayo Clinic Criteria [5–7]. These 
three classifications are compared in Table 5.1. All three describe transient regional 
wall motion abnormalities that may be typical (i.e. apical ballooning-pattern), or 
atypical (i.e. midventricular, basal, or focal), the potential presence of triggers, and 
the presence of abnormal biomarkers. The criteria differ with regards to pheochro-
mocytoma as a potential trigger (permitted in the InterTAK but not in the revised 
Mayo Clinic criteria). Moreover, documentation of the left ventricular dysfunction 
resolution is only mentioned in the Heart Failure Association-European Society of 
Cardiology criteria.

Epidemiology and Predisposing Factors 

Takotsubo cardiomyopathy occurs following an acute physical or emotional stressor 
in the majority of cases [8], although in large series such as the International Takot-
subo Registry, 29% of patients had no evident trigger [9]. It is more commonly 
seen in females (9:1 female:male ratio) with an average age at presentation of 67– 
70 years [4]. Approximately 5–6% of women who present with suspected ST-segment 
elevation myocardial infarction, and approximately 2% of patients with suspected
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Table 5.1 Table of Heart Failure Association-European Society of Cardiology Criteria, 
INTERTAK and Revised Mayo criteria 

Component Heart failure 
association-ESC 
criteria 

InterTAK diagnostic criteria Revised mayo clinic 
criteria 

Characterization of 
ventricular 
myocardial 
dysfunction 

Transient regional 
LV or RV WMA. 
The RWMA usually 
extend beyond a 
single epicardial 
vascular 
distribution, and 
often result in 
circumferential 
dysfunction of the 
ventricular segments 
involved 

Transient LV dysfunction 
presenting as apical 
ballooning, midventricular, 
basal, or focal WMA. RV 
involvement can be present. 
The RWMA usually extends 
beyond a single epicardial 
vascular distribution; 
however, rare cases exist 
where the RWMA is present 
in the subtended myocardial 
territory of a single coronary 
artery 

Transient dyskinesis 
of LV midsegments, 
with or without 
apical involvement. 
The RWMA extend 
beyond a single 
epicardial vascular 
distribution 

Trigger Frequently, but not 
always, preceded by 
a stressful trigger 
(emotional or 
physical) 

An emotional, physical, or 
combined trigger can 
precede the takotsubo 
syndrome event, but this is 
not obligatory. May be 
triggered by SAH,  stroke/  
TIA, seizure, 
pheochromocytoma, asthma/ 
COPD exacerbation 

A stressful trigger is 
often, but not always 
present 

Predisposing 
clinical 
characteristics 

Post-menopausal women are 
predominantly affected 

Alternate diagnoses 
are excluded 

Absence of other 
pathological 
conditions to 
explain the pattern 
of temporary LV 
dysfunction 
observed (e.g. 
hypertrophic 
cardiomyopathy, 
viral myocarditis) 

No evidence of infectious 
myocarditis 

Absence of 
pheochromocytoma 
and myocarditis 

ECG STE, STD, LBBB, 
TWI, and/or QTc 
prolongation) during 
the acute phase 
(3 months) 

STE, STD, TWI, QTc 
prolongation or no changes 

STE and/or TWI

(continued)
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Table 5.1 (continued)

Component Heart failure
association-ESC
criteria

InterTAK diagnostic criteria Revised mayo clinic
criteria

Biomarkers Positive but 
relatively small 
elevation in cardiac 
troponin (i.e., 
disparity between 
the troponin levels 
and the amount of 
dysfunctional 
myocardium 
present) 
Significantly 
elevated BNP or 
NT-proBNP during 
the acute phase 

Levels of cardiac biomarkers 
(troponin and creatine 
kinase) moderately elevated 
Significant elevation of BNP 

Modest elevation in 
the cardiac troponin 
levels 

Coronary artery 
assessment 

Absence of culprit 
atherosclerotic 
CAD, including 
acute plaque 
rupture, thrombus 
formation, and 
coronary dissection 

Significant CAD is not a 
contradiction 

Absence of 
obstructive CAD or 
absence of 
angiographic 
evidence of acute 
plaque rupture 

Recovery Recovery of 
ventricular systolic 
function on cardiac 
imaging at follow up 
(3–6 months) 

BNP: B-type natriuretic peptitide; CAD: coronary artery disease; LBBB: left bundle branch block; 
NT-proBNP: N-terminal-pro hormone BNP; LV: left ventricle;  RV: right ventricle; STD: ST-segment 
depression; STE: ST-segment elevation; TWI: T-wave inversion; RWMA: regional wall motion 
abnormality 
Adapted from Lyon AR, Bossone E, Schneider B, Sechtem U, Citro R, Underwood SR, et al. 
Current state of knowledge on Takotsubo syndrome: a Position Statement from the Taskforce on 
Takotsubo Syndrome of the Heart Failure Association of the European Society of Cardiology. Eur J 
Heart Fail. 2016;18(1):8–27; Ghadri JR, Wittstein IS, Prasad A, Sharkey S, Dote K, Akashi YJ, et al. 
International Expert Consensus Document on Takotsubo Syndrome (Part I): Clinical Characteristics, 
Diagnostic Criteria, and Pathophysiology. Eur Heart J. 2018;39(22):2032–46; Prasad A, Lerman A, 
Rihal CS. Apical ballooning syndrome (Tako-Tsubo or stress cardiomyopathy): a mimic of acute 
myocardial infarction. Am Heart J. 2008;155(3):408–17

acute coronary syndrome [10], are ultimately diagnosed with Takotsubo cardiomy-
opathy [4]. Younger patients are more likely to be male, who mostly present with 
atypical Takotsubo, and tend to have acute neurological or psychiatric disorders and 
in-hospital complications [1]. In a sample of 92 patients admitted to an intensive care 
unit, 26 (28%) were found to have left ventricular apical ballooning on screening 
echocardiograms [11]. The National Inpatient Sample, a U.S.-based database from
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approximately 1,000 hospitals, found a significant increase in Takotsubo rising from 
315 cases in 2006 to 6230 cases in 2012 (incidence of 0.11 to 1.98 per year per 
100,000 persons; p < 0.001). The authors suspected the main reason for the increased 
incidence to be the growing recognition of this condition [12]. 

Much remains to be understood about how social and environmental factors are 
related to Takotsubo cardiomyopathy. A large US-based retrospective study exam-
ined racial differences of Takotsubo cardiomyopathy outcome in over 97,000 patients 
(about 89,000 (91.8%) Caucasian, and about 8000 (8.2%) African American) [13]. 
In an unadjusted analysis, African American patients were more likely to have in-
hospital complications such as cardiac arrest and invasive mechanical ventilation. 
These differences were eliminated after adjusting for age and gender. Based on 
their analysis, the authors proposed that the increased rate of complication seen 
in African Americans was explained by an increased proportion of African Amer-
ican men among patients with Takotsubo cardiomyopathy compared to Caucasian 
male patients. The study did not show mortality rate difference based on race. 

A small study of fifty patients looked at Takotsubo presentation stratified by 
Hispanic and non-Hispanic groups. Patients who were Hispanic were more likely 
to present in the summer months compared to non-Hispanic, and were more likely 
to experience Taktosubo cardiomyopathy during nocturnal hours compared to the 
non-Hispanic group [14]. Other studies have also identified an increased incidence 
of Takotsubo cardiomyopathy during summer months [15, 16]. 

There are likely complex and interconnected social and environmental factors that 
mediate Takotsubo incidence and morbidity which are incompletely understood. 
As the pathophysiology of Takotsubo cardiomyopathy is thought to be related to 
increased level of catecholamines (see next section), it has been hypothesized that 
chronic medical and socioeconomic stressors, which disproportionately affect certain 
racial groups, contribute to worse outcomes [13]. 

Pathophysiology 

The pathophysiology of Takotsubo cardiomyopathy is not completely understood. 
Various mechanisms implicating central and autonomic nervous systems activation, 
catecholamine excess, and endothelial dysfunction have been hypothesized [17–19]. 

Patients with Takotsubo cardiomyopathy have been found to have elevated serum 
and myocardial catecholamine levels, as well as cardiac sympathetic hyperactivity 
[1, 18]. Sympathetic nervous system activity increases with age, while vagal tone 
and baroreflex sensitivity decreases. Cardiac alpha and beta-adrenergic receptors 
are exposed to three sources of catecholamines: (1) circulating norepinephrine 
and epinephrine, regulated by the hypothalamic-pituitary-axis, with input from the 
hypothalamus, cingulate gyrus and amygdala via the locus coeruleus; (2) locally 
released norepinephrine from sympathetic nerve terminals (primary source of circu-
lating norepinephrine); and (3) local release of norepinephrine and epinephrine 
located in blood vessels and cardiac myocytes [17].
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The mechanism by which increased catecholamines translates to left ventric-
ular dysfunction is incompletely understood. However, myocardial biopsies of eight 
patients with Takotsubo cardiomyopathy during the phase of severe LV dysfunction 
showed focal mononuclear inflammatory cells, fibrosis, and characteristic contrac-
tion bands, all findings suggestive of catecholamine toxicity [1, 20]. Enhanced 
sympathetic stimulation and catecholamine excess leads to cAMP-mediated calcium 
overload, contractive dysfunction and myocardial stunning [10, 21]. Other postulated 
mechanisms include, oxygen supply–demand mismatch, disruption of ATP synthesis, 
altered cationic homeostasis, and increased free radicals [21]. 

A single-centre photon-emission/computed tomography (PET/CT) study demon-
strated increased cerebral blood flow in the hippocampus, brainstem and basal 
ganglia, and decreased cerebral blood flow in the prefrontal cortex in three patients 
with Takotsubo cardiomyopathy [22]. This pattern of brain activation remained to 
some extent after left ventricular recovery, suggesting the role of an ongoing central 
mechanism in the pathogenesis of this entity, beyond the acute presentation. Further-
more, a retrospective case–control study of 41 patients with Takotsubo cardiomy-
opathy found higher baseline amygdala activity on 18F-FDG-PET/CT years prior 
to presentation, compared to individuals without Takotsubo cardiomyopathy. This 
suggests that chronically heightened stress-associated neurobiological activity may 
potentially impact the risk of subsequent Takotsubo cardiomyopathy [23]. 

Given the increased incidence in women, further hypothesized mechanisms 
include postmenopausal estrogen deprivation and its role in regulating sympathetic 
drive and microcirculatory function [1]. Estrogen is generally vascular protective, 
and it improves coronary blood flow. The reduction of estrogen during menopause is 
hypothesized to contribute to Takotsubo cardiomyopathy via endothelial dysfunction 
and possibly coronary spasm [21]. When compared to a similar group of women, 
postmenopausal women with a history of Takotsubo cardiomyopathy were found to 
have excessive vasoconstriction, impaired vasodilatation and increased sympathetic 
activation in response to stressful stimuli [24]. Few small studies have reported on 
the observation of epicardial coronary spasm in patients with Takotsubo syndrome 
and are hypothesis generating [25, 26]. Reports of coronary microvascular dysfunc-
tion in Takotsubo cardiomyopathy are mixed with case series reports of diminished 
Thrombolysis in Myocardial Infarction frame-count, myocardial blush grade, coro-
nary flow reserve, and abnormal contrast echocardiography in some, but not in all 
patients presenting with Takotsubo cardiomyopathy [27]. Whether microvascular 
dysfunction represents a cause or epiphenomenon of Takotsubo cardiomyopathy, is 
currently the subject of debate [27]. 

Lastly, given rare reports of Familial Takotsubo cardiomyopathy, genetic predis-
posing factors have been proposed [4]. However, the existing literature is limited and 
consists of small sample size and retrospective study designs [4, 28–30]. The genetic 
basis for Takotsubo is the subject of ongoing research (ie. GENETIC study) [1].



5 Takotsubo Cardiomyopathy 61

Clinical Presentation and Diagnostic Work Up 

Patients with Takotsubo cardiomyopathy most commonly present with acute chest 
pain (55–68%) and dyspnea (18–30%) [10, 31, 32]. In a small, but not insignificant 
percentage of cases, patients present in cardiogenic shock or ventricular fibrillation 
(4% and 1.5%, respectively) [10]. Some patients are asymptomatic [33]. About one 
third of patients are reported to have an emotional stressor preceding the onset of 
Takotsubo cardiomyopathy, such as the death of a loved one or surprise birthday 
party [4]. One third of patients have a physical stressor, such as septic shock and 
vigorous housework. The remaining patients have no identifiable trigger preceding 
the event [4, 8]. The rate of preceding stressor may be underreported as some patients 
may not feel comfortable discussing sensitive topics during their acute presentation. 
Physical exam may be notable for tachycardia, hypoxia, increased work of breathing 
and other features of low output or congestive heart failure [2]. 

Systematic reviews of over 1000 patients with Takotsubo cardiomyopathy have 
reported similar frequencies of traditional cardiac risk factors between patients 
presenting with Takotsubo cardiomyopathy compared to an acute coronary syndrome 
presentation (hypertension: 42 versus 54%, diabetes: 11 versus 17%, dyslipidemia: 
25 versus 33%, and smoking: 22 versus 42%) (8, 10). Takotsubo cardiomyopathy 
patients have a higher prevalence of psychiatric illness, with 42% percent of the 1750 
patients in the International Takotsubo Registry having a history of psychiatric illness 
[9]. The presence of a psychiatric condition is represented in classification scores such 
as the Intertak Diagnostic Criteria (Table 5.1) [4]. There is also a relatively high preva-
lence of neurologic disease (27%), pulmonary disease (15%), malignancy (10%), 
chronic kidney disease (7%), and thyroid disease (6%) in patients presenting with 
Takotsubo cardiomyopathy [8, 9]. Rare cases of cocaine-induced cardiomyopathy 
[34] and pheochromocytoma have also been described [35]. 

Electrocardiographic (ECG) changes are non-specific and may show variable 
ST and T wave abnormalities, and long QT interval. Nearly half of patients had 
ST changes, and about half of patients had Q waves or T-wave changes [8]. In an 
international and collaborative systematic review of over 1000 subjects, 44% of 
patients had ST-segment elevation on presentation, with the most frequent localiza-
tion being the precordial leads [4, 17]. Frangieh et al. reported ECG findings in 200 
patients with Takotsubo cardiomyopathy and in 200 patients with myocardial infarc-
tion, within 12 h of symptom onset [36]. In patients who presented with inferior or 
anteroseptal ST-segment elevation, concurrent ST-segment depression in lead aVR 
was very specific for Takotsubo cardiomyopathy (98 and 100% specificity, respec-
tively). In patients without ST-segment elevation, ST-segment depression in aVR 
had a specificity of 99% for Takotsubo cardiomyopathy [36]. Anterior ST-segment 
depression was specific for myocardial infarction. The evolution of ECG changes 
starts with ST-segment normalization, followed by progressive T-wave inversion, and 
QT interval prolongation over several days, with subsequent resolution of T-wave 
and QT abnormalities over days to weeks [37].
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QTc prolongation was similar in frequency in Takotsubo cardiomyopathy and 
myocardial infarction in patients presenting with ST-elevation, but more prevalent in 
non-ST segment elevation (56% in Takotsubo cardiomyopathy vs. 34% in non-ST-
segment myocardial infarction, p = 0.005) [36]. Case series report the mean QTc 
in patients with Takotsubo cardiomyopathy as ranging between 450 and 555 ms in 
patients without torsades de pointes (TdP) [38]. The mean presenting and maximal 
QTc in patients presenting with Takotsubo cardiomyopathy and TdP is 595 ms and 
706 ms, respectively [38, 39]. 

Troponin levels usually peak within 24 hours of presentation and the peak levels 
are generally lower compared to patients with acute myocardial infarction [9]. The 
median initial troponin is 7.7 times the upper limit of normal (interquartile range 
2.2–24) in the International Takotsubo Registry study [9]. Creatine kinase is typically 
only slightly increased with a medial CK of 0.85 the ULN (0.52–1.48 interquartile 
range) [9]. Plasma B-type natriuretic peptide and N-terminal prohormone of brain 
natriuretic peptide are substantially increased in patients with Takotsubo cardiomy-
opathy, usually peak within 48 h of symptom onset, and gradually normalise over 
months [33]. The presence of circulating microRNAs including miR-1, miR-16, miR-
26am and miR-133a can differentiate Takotsubo cardiomyopathy from myocardial 
infarction [37]. 

In the work up of patients presenting with acute chest pain, non-specific ECG 
abnormalities, and abnormal cardiac biomarkers, one of the major differential diag-
noses is acute myocardial infarction. It is critical to differentiate between the two 
entities as the treatment differs vastly. It can be challenging to differentiate between 
the two clinically, and coronary angiography is frequently performed to confirm the 
diagnosis. The InterTAK guidelines propose that in patients without ST-segment 
elevation, ongoing chest pain, clinical instability, and high pre-test probability of 
Takotsubo cardiomyopathy, initial testing with echocardiogram and subsequent non-
invasive coronary CT-angiography is an option if a transthoracic echocardiography 
shows circumferential ballooning pattern [37]. 

Left ventricular angiography can identify wall motion abnormalities in either the 
typical apical-ballooning pattern (Fig. 5.1) or atypical pattern and aids in the diag-
nosis of Takotsubo cardiomyopathy. Coronary angiography usually reveals either 
normal coronary arteries or nonobstructive coronary artery disease in most patients. 
However, 10–29% of patients are found to have concomitant obstructive coro-
nary atherosclerosis [9, 17, 40, 41]. Coronary artery disease, such as stable, non-
obstructive fibroatheroma or flow-limiting lesions, is incidental, rather than the 
inciting culprit. If lesions are found on the angiogram, it should not correspond 
to the regional wall motion abnormality [9]. Left ventricular end diastolic pres-
sure is frequently elevated (93% of patients) [9]. Specialized intracoronary imaging 
modalities such as optical coherence tomography (OCT) and intravascular ultrasound 
(IVUS) can be used to characterize indeterminate or intermediate lesions (See Case 
example 1). The role of physiologic testing for coronary microvascular dysfunction 
or spasm during acute presentation of Takotsubo is currently under investigation and 
predominantly performed in research settings, rather than as a routine clinical basis 
currently [42].
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a b 

Fig. 5.1 Left ventricular angiography in a diastole and b systole demonstrating apical akinesis in 
typical, apical-ballooning type Takotsubo cardiomyopathy 

LVOTO: left ventricular outflow tract obstruction, LV: left ventricle, ACEi: Angiotensin-
converting-enzyme inhibitors, ARB: angiotensin II receptor blockers 

Management post hospital discharge 

Consider of ACEi/ARB and beta-blocker therapy Transthoracic echocardiogram at 3-6 months to ensure 
resolution 

If diagnosis of Takotsubo is made based on Heart Failure Association/ESC, InterTAK or Revised Mayo Criteria 

Hospitalization, continuous ECG monitoring (48 hours 
minimum) 

Assessment and treatment of potential complications 
including shock, LVOTO, LV thrombus 

Acute ventricular dysfunction with regional wall motion abnormality extending beyond a single epicardial 
vascular distribution, non-specific ECG, significant elevated natriuretic peptides, moderately elevated troponin 

LV angiography or echocardiography for ventricular 
assessment 

Coronary assessment (usually by coronary angiography) to 
rule out culprit epicardial lesions 

Clinical presentation: acute chest pain, dyspnea, heart failure, shock, cardiac arrest 

Predisposing factors: Emotional, physical stressor Postmenopausal women 

If diagnosis is not clear, consider MRI to rule out 
alternate diagnoses such as myocarditis or infarct 

Fig. 5.2 Clinical diagnostic and management pathway for a patient with Takotsubo cardiomy-
opathy. LVOTO: left ventricular outflow tract obstruction, LV: left ventricle, ACEi: Angiotensin-
converting-enzyme inhibitors, ARB: angiotensin II receptor blockers
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Transthoracic echocardiography is recommended in patients presenting with 
Takotsubo cardiomyopathy to establish the diagnosis and evaluate left ventricular 
function [37]. In Takotsubo cardiomyopathy, the extent of wall motion abnormality 
seen on echocardiogram often extends beyond a single coronary artery distribution, 
in contrast to an acute myocardial infarction wherein the wall motion abnormality 
corresponds to the myocardium supplied by the culprit coronary artery. The mean left 
ventricular ejection fraction is 28–54% [8, 9, 21, 31]. Four subtypes of the syndrome 
have been described, based on the pattern of wall motion abnormality. The apical 
ballooning subtype (81.7% of cases [43]) is characterized by hypo-, a-, or dysk-
inesia of mid-apical myocardial segments [4]. Approximately 20% of cases have 
associated left ventricular outflow tract obstruction (LVOTO) due to compensatory 
hyperdynamic contraction of the base [37]. Mitral regurgitation secondary to systolic 
anterior motion of the mitral leaflet or papillary muscle dysfunction can also be seen 
[37]. There may be an “apical nipple sign”, representing a small zone of preserved 
contractility at the most distal apex [37]. The other subtypes are mid-ventricular 
(14.6%), basal (2.2%), and focal (1.5%) [33, 43]. Right ventricular involvement has 
also been described in one-third of the cases and may be a marker of worse prognosis 
[44, 45] (Fig. 5.2). 

If there are any concerns for infectious myocarditis, cardiac magnetic resonance 
imaging (MRI) should be performed to rule out myocarditis. Takotsubo cardiomy-
opathy would be notable for myocardial edema and the absence of late gadolinium 
enhancement [37]. 

In Hospital Risk Stratification and Complications 

In-hospital and 30-day outcomes for Takotsubo cardiomyopathy patients are similar 
when compared with patients with acute coronary syndrome [9]. In the International 
Takotsubo Registry, the risk of a composite of catecholamine use, cardiogenic shock, 
the use of invasive or non-invasive ventilation, cardiopulmonary resuscitation, and 
death was 19% in patients with Takotsubo cardiomyopathy compared to 19.3% in a 
control group of patients with acute coronary syndrome. 

Cardiogenic shock can occur in 6–20% of cases [37, 46], whereas death occurs 
in 1–8% of cases [6, 9, 21, 31]. Clinical characteristics associated with adverse 
in-hospital outcomes include male sex, age > 75 years, physical trigger, acute neuro-
logic or psychiatric diseases, a high Charlson comorbidity index, tachycardia, systolic 
hypotension, initial troponin > 10 × the upper reference limit, elevated BNP and white 
blood cell count, admission LVEF < 45%, and right-ventricular involvement [37, 47– 
49]. A recent systematic review found a strong correlation between physical stressor 
and in-hospital mortality [31]. Other potential complications include left ventricular 
thrombi (1–2%) and left ventricular rupture (0.2%) [9, 33]. Arrhythmic complica-
tions include advanced atrioventricular block (2.9%), atrial fibrillation (4.7%), and 
ventricular arrhythmia/Torsade de Pointes (3.0–8.6%) [37]. Anterolateral T-wave
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inversion, QT interval prolongation and presence of J-waves are associated with 
sudden cardiac death and ventricular tachyarrhythmia [37]. 

Given the possibility of malignant arrhythmia, continuous ECG monitoring for at 
least 48 h is recommended for patients with suspected Takotsubo cardiomyopathy 
[37] (Fig. 5.2). A regular 12-lead ECG recording should also be performed to assess 
the QT interval duration [50]. In cases of additional risk factors for arrhythmias such 
as QT prolongation, monitoring should be extended as needed. The risk–benefit ratio 
of permanent implantable cardioverter-defibrillators for Takotsubo cardiomyopathy 
is currently debated [50]. 

The benefit of beta-blockers in the acute phase of Takotsubo cardiomyopathy 
remains unproven and while it may theoretically target elevated catecholamine levels, 
they carry the risk of bradycardia and pause-dependent torsade de pointes [37]. 
Therefore, beta-blockers should be used cautiously. Beta blockers and angiotensin-
converting enzyme inhibitors (ACEi) can be considered if the ejection fraction is 
45% or less [3]. Angiotensin-converting-enzyme inhibitors (ACEi) or angiotensin II 
receptor blockers (ARB) may potentially facilitate LV recovery [37] (Fig. 5.2). 

Considering the overlap in clinical presentation with acute coronary syndrome, 
patients should receive guideline-based therapy for acute coronary syndrome 
with aspirin, P2Y12 inhibitor, anticoagulation, high-intensity statin, and pain 
management therapy. Once the diagnosis of Takotsubo cardiomyopathy is made, 
the antiplatelet therapy, as well as anticoagulation, and the statin can be discon-
tinued. However, if coronary artery disease is seen on diagnostic work up, aspirin 
and statin should be continued. Anticoagulation should be continued in cases of 
documented left ventricular thrombus and can be considered in cases of severe left 
ventricular dysfunction with apical involvement. It is not recommended as a routine 
prophylactic strategy in all cases. Continuation for 3 months or until left ventricular 
function has resolved is recommended [33]. 

In cases of cardiogenic shock, evaluation for LVOTO should be performed either 
on invasive angiography or on echocardiography. If absence of LVOTO, inotropes 
may be used. However, their use is associated with 20% increased mortality rates 
[37]. The use of Calcium sensitizer levosimendan has been suggested as an alter-
native to catecholamine agents [37]. In the presence of LVOTO, patients should 
receive fluid resuscitation and cautious use of short-acting beta blockers. Inotropes 
and nitrates should be avoided [33]. An expert heart failure opinion should be obtained 
for assessment of possible mechanical support [3]. 

Long Term Prognosis and Follow up 

Left ventricular dysfunction appears to resolve within four to eight weeks. Follow up 
imaging at 3 months is recommended post discharge to ensure recovery of ventric-
ular function [3]. Independent predictors of adverse outcomes in the subacute phase 
include decreased left-ventricular ejection fraction, increased LV filling pressure, 
atrial fibrillation, and moderate to severe mitral regurgitation at 4–6 weeks [37]. It
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was recently recognized that despite apparent early recovery, contractile dysfunc-
tion may develop with time due to cardiac inflammation, which could lead to global 
microscopic fibrosis, and could be detected as early as 4 months [51]. 

Regarding long-term clinical outcomes, a large systematic review of over 4000 
patients found the annual mortality rate to be 3.5%(31). Most deaths (78%) are 
attributed to noncardiac causes [31]. The International Takotsubo Registry of 1750 
patients found the rate of major adverse cardiac and cerebrovascular events to be 
9.9% per patient-year, and the rate of death to be 5.6% per patient-year [9]. Physical 
trigger and neurologic disorder were associated with higher 5-year mortality when 
compared to emotional stressor as a reference group (HR 3.78; 95% CI: 2.21 to 6.44; 
p < 0.001 and 5.76; 95% CI 2.96 to 11.2; p < 0.001, respectively). Atypical ballooning 
subtypes were also associated with worse long-term outcome [31]. In a multivariable 
analysis, age, male sex, diabetes, pulmonary disease, and chronic kidney disease were 
associated with a higher risk of recurrence or death [52]. Patients may experience 
long term symptoms of dyspnea, lethargy, palpitations, fleeting chest pains that affect 
quality of life [1]. 

Studies reviewing the effect of commonly prescribed therapy for left ventric-
ular dysfunction (primarily beta-blocker and ACEi/ARB) on long-term outcomes 
yield mixed results, and they are limited by their retrospective study design. The 
recurrence rate of Takotsubo cardiomyopathy was found to be 1.8% per patient-year 
in the International Takotsubo Registry [9]. A retrospective study of 519 patients 
followed over a median of 5.2 years found a recurrence rate of 7.5%. Treatment with 
beta-blockers was associated with lower risk of recurrence or death (HR 0.46, 95% 
CI 0.29 to 0.72; p = 0.001). There was no correlation between treatment with ACEi 
or ARB and the recurrence or death [52]. In a retrospective study of 825 patients, 
beta-blocker therapy upon discharge was associated with a significantly lower risk of 
all-cause death (adjusted HR 0.563; 95% CI 0.356 to 0.889; p = 0.014) at a median 
follow up of 24 months [53]. There was no significant difference in recurrence rate 
of Takotsubo between the two groups. However, another large retrospective study 
of 1750 patients found no survival benefit at 1-year from beta-blocker therapy upon 
discharge [9]. The use of ACEi or ARB was associated with improved survival at 
1-year follow up [9]. One hypothesis to explain the discrepant findings of the above 
observational studies is that the use of ACEi/ARB may be more beneficial in earlier 
stages (within the first year) to facilitate ventricular recovery whereas beta-blocker 
therapy may offer benefits in recurrence and survival in the longer-term via other 
systemic pathways. In the absence of randomized controlled trials, current treatment 
recommendations based on expert opinion are for treatment with an ACEi or ARB, 
as well as beta-blocker for at least 3 months. 

The benefit from estrogen supplementation, anti-depressants or other psychiatric 
drugs is controversial [37]. There are many ongoing randomized clinical trials inves-
tigating pharmacological treatment (NACRAM—N-Acetylcysteine and Ramipril
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Takotsubo Syndrome Trial, BROKEN-SWEDE- HEART—Optimized Pharmaco-
logical Treatment for Broken Heart [Takotsubo] Syndrome, NCT04666454), exer-
cise, and cognitive behavioral therapies (PLEASE study, NCT04425785, and E-
SMINC study, NCT04178434) in improving the mortality and morbidity associated 
with Takotsubo cardiomyopathy. 

Conclusion 

Takotsubo cardiomyopathy is an increasingly recognised condition consisting of 
a transient left ventricular dysfunction most likely due to a catecholamine surge. 
It disproportionately affects females. Attention to clinical nuances and coronary 
lesion characterization are necessary to differentiate between this entity and the main 
differential diagnosis of acute coronary syndrome. Although most patient have an 
excellent prognosis, Takotsubo cardiomyopathy is not a benign condition, as it can 
be associated with serious complications. Further research is needed and is currently 
underway to inform on the long-term management, and to improve Takotsubo-related 
morbidity and mortality. 

Case example 1: Patient presenting with acute chest pain and suspected Takotsubo 
cardiomyopathy and bystander coronary artery disease. The differential includes 
acute coronary syndrome and further testing with cardiac MRI could be helpful to 
confirm the diagnosis. 

1: Electrocardiogram: significant T-wave inversion anterolaterally and QTc 
prolongation. 

2: Coronary angiography: Mild to moderate stenosis in the right-coronary artery. 
3: Coronary angiography: Moderate stenosis in the left anterior descending 

(LAD). 
4: Coronary angiography: Wire-induced pseudolesion in the LAD (black arrow). 
5: Optical coherence tomography (OCT): showing pseudolesion mimicking red 

thrombus. 
6: OCT: fibrocalcific plaque in mid LAD. 
Transthoracic echocardiogram with contrast during diastole (7) and systole (8) 

showing distal 2/3 of the left ventricle is hypokinetic.
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Chapter 6 
Preeclampsia: Early and Long-Term 
Clinical Considerations 

Sarah Gibbs, Rachelle Govia, Jessica Cudmore, Laura Chisick, 
and Robin Ducas 

Abstract Preeclampsia is a hypertensive disorder of pregnancy characterized by 
new onset of hypertension after 20 weeks gestational age, in the setting of protein-
uria and/or other end organ damage. It is a multisystem disorder and is caused by 
abnormal placentation and release of angiogenic factors with resultant maternal 
vascular dysfunction. Preeclampsia complicates 5% of pregnancies and the inci-
dence has increased 25% in the last 20 years. Severe forms of preeclampsia can result 
in dysfunction of maternal neurologic, renal, cardiac, hepatic, pulmonary function, 
as well as haematologic disturbances and death. Fetal complications include severe 
growth restriction, preterm birth and stillbirth/neonatal death. Screening, timely diag-
nosis and management of preeclampsia are integral to optimizing outcomes, with 
definitive therapy being delivery of the fetus. However, preeclampsia may also be 
diagnosed in the postpartum period, highlighting the need for post-partum assess-
ment. Though much work has been done in the antepartum diagnosis and manage-
ment of preeclampsia, a growing body of evidence has shown an increased risk of 
long-term cardiovascular disease in patients who develop preeclampsia. Not only 
must healthcare providers be able to diagnose and manage preeclampsia, providers 
must also understand the role that preeclampsia plays in the lifelong cardiovascular 
risk of their patients. 
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Introduction 

Hypertensive disorders of pregnancy are one of the leading causes of both maternal 
and perinatal mortality globally. Preeclampsia is a hypertensive disorder of preg-
nancy characterized by new onset of hypertension after 20 weeks gestational age 
(GA), in the setting of proteinuria and/or other end organ damage. It complicates 
5% of pregnancies and the incidence has increased by 25% in the last 20 years [1, 
2]. Preeclampsia is a multisystem disorder and is caused by abnormal placentation 
and release of angiogenic factors with resultant maternal vascular dysfunction [3]. 
Severe forms of preeclampsia can result in dysfunction of maternal neurologic, renal, 
cardiac, hepatic, and pulmonary function, as well as haematologic disturbances and 
death. Fetal complications include severe growth restriction, preterm birth and still-
birth/neonatal death. Screening, timely diagnosis and management of preeclampsia 
are integral to optimizing both maternal and fetal outcomes, with definitive therapy 
being delivery of the fetus. However, preeclampsia may also be diagnosed in the 
postpartum period, highlighting the need for post-partum blood pressure assessment. 
Though much work has been done in the antepartum diagnosis and management of 
preeclampsia, a growing body of evidence has shown an increased risk of long-
term cardiovascular disease in patients who develop preeclampsia. Not only must 
healthcare providers be able to diagnose and manage preeclampsia in the setting of 
pregnancy, providers must also understand the role that preeclampsia plays in the 
lifelong cardiovascular risk of their patients. 

Overview 

Hypertension in a pregnant patient is defined as a systolic BP ≥ 140 mmHg and/or 
diastolic BP ≥ 90 mmHg, based on an average of at least two measurements [4]. 

There are four major categories of hypertensive disorders in pregnant women: 

1. Isolated gestational hypertension—New hypertension after 20 weeks gestational 
age (GA) in the absence of end organ involvement. 

2. Preeclampsia and spectrum conditions (preeclampsia, hemolysis elevated liver 
enzymes and low platelets (HELLP) syndrome and eclampsia).—New hyperten-
sion after 20 weeks GA with variable end-organ damage. 

3. Chronic hypertension—hypertension antecedent to pregnancy or present prior to 
20 weeks GA. 

4. Preeclampsia superimposed on chronic hypertension—worsening/resistant 
hypertension with new onset proteinuria or end organ involvement after 20 weeks 
GA, in a woman with pre-existing hypertension.
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Diagnosis of Preeclampsia 

Preeclampsia is diagnosed when a previously normotensive patient develops hyper-
tension (> 140 mmHg systolic blood pressure or > 90 mmHg diastolic blood pressure) 
after 20 weeks of gestation along with evidence of end-organ damage. 

For a diagnosis of preeclampsia, at least one of the following needs to be present 
in addition to new onset hypertension [5–8]: 

• Proteinuria (protein:creatinine ratio ≥ 30 mg/mmol or albumin:creatinine ratio ≥ 
8 mg/mmol, ≥ 0.3 g/day in a 24 h urine collection) 

• Maternal end organ dysfunction 

– Neurological sequelae (headache, altered mental status, visual scotoma, 
clonus, eclampsia, blindness, stroke, posterior reversible encephalopathy 
syndrome (PRES) 

– Cardiovascular (myocardial dysfunction, pulmonary edema) 
– Hematological sequelae (thrombocytopenia, hemolysis, disseminated intravas-

cular coagulation) 
– Renal insufficiency (creatinine > 90 µmol/L) 
– Liver involvement (elevated liver transaminases or right upper quadrant/ 

epigastric pain) 

• Uteroplacental dysfunction (fetal growth restriction, abnormal fetal dopplers, 
placental abruption, stillbirth) 

HELLP syndrome is a severe form of preeclampsia with an increased risk of 
maternal and fetal complications [4]. HELLP syndrome is characterized by hemolysis 
(with microangiopathy blood smear/schistocytes/burr cells), elevated liver enzymes, 
and low platelet count. 

Eclampsia is diagnosed in the setting of new onset tonic–clonic focal or multifocal 
seizures or coma in a patient with preeclampsia, and is the manifestation of severe 
neurologic involvement. Eclamptic seizures are defined as occurring in the absence of 
other causative conditions such as cerebral ischemia/infarction, epilepsy, intracranial 
hemorrhage or drug use [7]. 

Pathophysiology of Preeclampsia: 

Preeclampsia is a multisystem disorder of pregnancy with a complex pathophysi-
ology that remains incompletely understood. Suboptimal trophoblast invasion and 
inadequate remodeling of the maternal spiral arteries in the early stages of placenta-
tion is thought to underlie this clinical syndrome [3, 9]. These abnormalities result in a 
reduction in prefusion to the utero-placental unit and subsequent placental ischemia/ 
hypoxia which in turn causes an increase in angiogenic markers (including fms-like 
tyrosine kinase-1 and soluble endoglin) [9]. The increase in angiogenic markers,
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has been proposed to result in a decrease in vascular growth factor (VEGF) and 
placental growth factor, and subsequent maternal vascular endothelial dysfunction. 
Endothelial dysfunction may be accompanied by vasoconstriction, oxidative stress 
and micro-emboli which can affect multiple organ systems [3, 10]. The degree of 
maternal inflammatory response and placental ischemia as well as the evolving imbal-
ance in angiogenic and antiangiogenic factors influence the clinical severity of the 
syndrome [3, 6–8, 11]. Additional mechanisms likely involved in the development of 
preeclampsia include immunologic aberrations in pregnancy and genetic factors [3]. 
Abnormal placentation early in pregnancy tends to be a key feature of early-onset 
preeclampsia (diagnosis < 34 weeks) which carries the highest risk of maternal fetal 
morbidity and mortality. In contrast, cases of late-onset preeclampsia (> 34 weeks) 
often demonstrate normal early placental development but develop due to abnormal 
placental perfusion, inflammation and oxidative stress later in pregnancy [12]. 

Outcomes and Burden of Preeclampsia: 

Globally, preeclampsia has been found to be present in 5% of pregnancies, noting 
some regional variation [13]. Hypertensive disorders of pregnancy are one of the 
leading causes of maternal death globally, with 13% being attributed to preeclampsia/ 
eclampsia [14]. The most common cause of death from preeclampsia is cere-
bral hemorrhage from severe uncontrolled hypertension [2]. Significant morbidity 
for the mother also takes the form of increased rates of pulmonary edema (0.1– 
2.3%), renal failure requiring dialysis (2.3%) and HELLP syndrome (8.3%) [15–17]. 
Preeclampsia increases the rates of various conditions in the fetus, including prema-
turity, low birth weight, and death. It has been found that in women with preeclampsia 
the risk of preterm birth ranges from 20 to 55% and the risk of a low-birth-weight 
infant ranges between 23 and 34% [16, 18, 19]. Many studies globally have examined 
the cost to health care systems associated with preeclampsia; there is a significant 
increase in health care spending in patients with preeclampsia with the majority of 
extra cost (millions to billions of dollars annually, depending on country) attributed 
to caring for premature infants and increased use of health care services [20–22]. 

Risk Factors and Primary Prevention of Preeclampsia: 

There have been multiple risk factors associated with the development of 
preeclampsia (Table 6.1) [6–8, 23]. However, it is important to understand that most 
cases of preeclampsia occur in women with no overt risk factors. The identification 
of risk factors for preeclampsia is clinically important as it can guide care providers 
to initiate preventative therapy.

Given the burden and scope of disease, prevention of preeclampsia is a healthcare 
priority. In high-risk women (Table A), acetylsalicylic acid (ASA) has been shown



6 Preeclampsia: Early and Long-Term Clinical Considerations 79

Table 6.1 Risk factors for the development of preeclampsia [4, 8, 24] 

“High risk” factor “Moderate risk” factor 

Maternal demographics • Pre-pregnancy body mass index 
> 30 kg/m2 

• Maternal age (≥ 35 years) 

Maternal history • Preexisting hypertension 
• Type 1 or 2 diabetes 
• Chronic renal disease 
• Autoimmune disease (e.g. SLE) 
• Antiphospholipid antibody 
syndrome 

• Family history of preeclampsia 
• Interpregnancy interval (> 
10 years) 

Reproductive history • Previous hypertensive disorder 
of pregnancy/preeclampsia 

• Prior placental abruption/fetal 
growth restriction or stillbirth 

Current pregnancy • Assisted reproductive 
technology 

• Multifetal gestation 
• Nulliparity 

SLE systemic lupus erythematosus 
*Patients are typically considered “high risk” if they have at least one risk factor from the high-risk 
category or two or more from the moderate risk category

to reduce rates of preterm preeclampsia by 70%, in addition to reducing preterm 
birth and severe disease [6, 25, 26]. It is recommended to start ASA > 100 mg 
daily prior to 12 weeks GA and to continue to 36 weeks or delivery, depending 
on obstetrical plan [7, 26]. Exercise in pregnancy is recommended for all women 
without contraindications, to decrease the odds of developing preeclampsia. It has 
been demonstrated that 140 min of moderate-intensity exercise weekly can reduce 
the risk of developing preeclampsia by 25% [27]. In patients with low calcium intake 
(< 900 mg/day), calcium supplementation (> 500 mg/day) has been associated with 
reduced risk and severity of preeclampsia by up to 50% [28–30]. There is no clear 
role for vitamins C or E, metformin, statins, oral magnesium, low molecular weight 
heparin or folic acid in the prevention of preeclampsia currently, although studies 
assessing these are in progress [11]. 

Antepartum Management of Preeclampsia 

Screening for the Development of Preeclampsia 

Screening for preeclampsia begins at the first prenatal (or antenatal) visit by screening 
for maternal risk factors (Table 6.1). Integral to assessment is accurate blood pressure 
measurement. This is done with an appropriately sized cuff, while the patient is in 
the sitting position and the arm is placed at the level of the heart. Two measurements 
should be taken in the same arm, at least 15 min apart [8]. Blood pressure should be 
measured at each clinical encounter to identify pre-existing hypertension (< 20 weeks 
GA) or the development of a hypertensive disorder of pregnancy (> 20 weeks GA).
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At 11–14 weeks, women should be screened again with blood pressure measurement, 
risk factor assessment, uterine artery pulsatility index and placental growth factor 
(PlGF) if available [6, 8, 11]. This integrated approach assessing maternal character-
istic/risk factors, blood pressure, biomarkers and fetal flow characteristics demon-
strates improved accuracy at predicting development of preeclampsia compared to 
maternal risk factors alone [6]. In addition to blood pressure monitoring screening 
for preeclampsia includes assessment for maternal proteinuria. Urine dipstick is a 
sufficient screening method for new onset proteinuria however, 24 h urine collection 
or spot urine PCR should be used to confirm proteinuria if the urine dipstick is > + 
1 or if preeclampsia is suspected [8]. 

Though the diagnosis of preeclampsia is typically made in the prenatal period, a 
diagnosis of hypertensive disorders of pregnancy and/or preeclampsia can be made 
up to 6 weeks post-partum, highlighting the need for appropriate post-partum follow-
up [8]. For women who did not develop hypertension or preeclampsia antenatally, 
routine post-partum care is typically done with assessment at 6 weeks post-partum. 
Women with preeclampsia are typically seen frequently in the immediate post-partum 
period, as blood pressures tend to rise in the first week post-partum. Patient education 
is critical as blood pressures still need to be checked and medications should not be 
stopped until it is safe to do so. Thereafter, the frequency of appointments tends to 
wane as blood pressures settle. Patients without pre-existing hypertension are slowly 
weaned off medication as the cardiovascular changes of pregnancy and delivery 
subside. 

Clinical Presentation of Preeclampsia and Assessment 
of Complications 

Preeclampsia affects multiple organ systems; as such, clinical and laboratory assess-
ment is necessary for both diagnosis, identification of severe disease and manage-
ment. Affected organ systems include the central nervous system, cardiovascular, 
renal, hepatic, haematologic and the fetal-placental unit (Fig. 6.1). During pregnancy, 
management of preeclampsia is based on the severity of blood pressure elevation in 
addition to the degree of end-organ damage that develops, including complications 
in the fetus. Adverse conditions are features of preeclampsia that increase the risk 
of negative maternal or fetal outcomes and require urgent management (typically 
expedient delivery) in order to mitigate severe complications. (Fig. 6.1) [8].

Antepartum Management of Preeclampsia: 

Once the diagnosis of preeclampsia has been established, frequent clinical assessment 
is recommended [5, 11]. Further monitoring is dependent on maternal and fetal status
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Fig. 6.1 Clinical presentation and indications for delivery in preeclampsia. DIC = disseminated 
intravascular coagulopathy; GCS = Glasgow coma scale; INR = international normalised ratio; 
PRES = posterior reversible encephalopathy syndrome; PTT = prothrombin time; RUQ = right 
upper quadrant; TIA = transient ischemic attack; WBC = white blood cell

and close clinical follow up is used to help guide indications for medical therapy and 
planning for delivery. 

With regards to blood pressure management, blood pressure > 140/90 mmHg typi-
cally can be managed with oral medications to a target blood pressure of systolic < 
140 and diastolic < 85 mmHg. Oral antihypertensive medications of choice typically 
include labetalol, methyldopa and/or nifedipine [23]. When blood pressure is severely 
elevated (> 160/ > 110 mmHg), intravenous medications (labetalol or hydralazine) 
or shorter acting oral medications (nifedipine) may be used in order to bring the 
blood pressure down more rapidly [7, 8, 11]. Though antihypertensive therapy in 
preeclampsia is typically given to mitigate maternal adverse outcomes, planning for 
delivery is one of the most important aspects of preeclampsia management as this 
is the definitive treatment. Management of preeclampsia needs to be individualized. 
Important considerations include the gestational age, disease severity, end-organ 
involvement and patient preference. Women with a diagnosis of preeclampsia < 
24 weeks GA should receive counselling regarding the pros and cons of continuing 
the pregnancy. In general, expectant management would be recommended between 
24 and 33 + 6 weeks GA [8, 11]. Once a patient reaches 34 weeks GA, there is
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insufficient evidence to recommend continued expectant management [5, 8, 11]. For 
women > 37 weeks GA, delivery is typically recommended [5]. Regardless of GA, 
women with preeclampsia who have developed severe complications require imme-
diate delivery (Fig. 6.1). If preterm delivery is clinically indicated, consideration 
should be given to administering antenatal corticosteroids to women presenting < 34 
+ 6 weeks GA in order to accelerate fetal lung maturity [8, 11, 31]. It is important to 
note that exercise (beyond typical activities of daily living) is considered contraindi-
cated in women with established preeclampsia and relatively contraindicated in 
women with gestational hypertension [32]. Women with gestational hypertension 
should speak with their health care provider regarding participation in moderate- to 
vigorous activities. 

Management During Delivery 

In the absence of obstetrical indications, most women with preeclampsia may have 
a trial of vaginal delivery with diligent intrapartum blood pressure monitoring and 
pharmacologic management. In cases of abnormal fetal testing, labour may not be 
tolerated and delivery by caesarean section is indicated. It is important to avoid 
excess IV fluid to reduce the risk of pulmonary edema. Antihypertensives are to be 
continued during labour and it is suggested to continue active management of the 
3rd stage of labour with oxytocin, especially if the patient has thrombocytopenia 
or a coagulopathy. However, it is important to avoid ergometrine for women with 
gestational hypertension and preeclampsia as it increases the risk of uncontrolled 
hypertension [8]. 

Management and Prevention of Eclampsia: 

For women having preeclampsia with severe features or those with a formal diagnosis 
of eclampsia magnesium sulfate (MgSO4) should be given to prevent initial or recur-
rent seizures [11]. Antihypertensive therapy is also used to prevent stroke. Severe 
features warranting MgSO4 administration include: severe hypertension, headaches/ 
visual disturbances, RUQ/epigastric pain, platelets < 100, progressive renal insuffi-
ciency, and /or elevated liver enzymes. A loading dose of MgSO4 is typically given, 
followed by an infusion. Dose adjustments should be made in renal insufficiency or 
oliguria [2]. All patients should be monitored for signs of magnesium toxicity every 
1–2 h (including absent deep tendon reflexes, respiratory distress or altered level of 
consciousness) [8, 11].
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Post-partum Diagnosis and Management of Preeclampsia 

Diagnosis of Post-partum Preeclampsia 

Though preeclampsia is typically diagnosed antepartum, about 5% of cases can 
present in the post-partum period, (typically within the first week post-partum, but 
can be seen up to 6 weeks) and can be responsible for significant maternal morbidity; 
as some studies have shown that up to 50% of patients who develop eclampsia will 
do so in the postpartum period, with approximately 26% occurring > 48 h post-
partum [33–36]. It is important to ensure that blood pressure is measured 3–7 days 
post-partum as this is the anticipated peak secondary to the extravascular fluid redis-
tribution [11]. Target blood pressure remains < 140/90 mmHg (target in patients with 
diabetes < 130/80 mmHg) [37]. Options for medical therapy include those used in 
antepartum management in addition to captopril and enalapril, which may be used 
with breastfeeding [8]. If breastfeeding is not pursued standard/guideline directed 
antihypertensive therapy may be used [37]. It is important to continue antihyper-
tensive treatment for women with antenatal preeclampsia and those who delivered 
preterm, in the post-partum period. Women with ongoing hypertension at > 6 weeks 
post-partum, should be screened for pre-existing hypertension or a secondary cause 
[5, 8]. 

Recurrence and Secondary Prevention 

The recurrence rate of preeclampsia in a subsequent pregnancy is approximately 
15% [38]. Importantly, early onset preeclampsia has a recurrence rate of roughly 
50%. Women with a history of preeclampsia who are seen in preconception coun-
selling or in early subsequent pregnancy should be counselled on the risk of recurrent 
preeclampsia and offered the established primary prevention interventions [7, 8]. 

Lifelong Cardiovascular Risk and Outcomes 

In 1964, Epstein showed for the first time ever that women who had developed 
preeclampsia were at increased risk of developing cardiovascular disease later in life 
[39]. Since that time, a robust body of literature has evolved to show that there is 
a strong connection between preeclampsia and long-term maternal cardiovascular 
risk. One of the landmark studies exploring the link between hypertensive disorders 
of pregnancy and long-term cardiovascular risk was the CHAMPS study. This was 
a retrospective Canadian population-based cohort study involving over 1 million 
women without pre-existing cardiovascular disease before their first delivery. In 
these women, 7% developed a maternal placental syndrome (hypertensive disorders
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of pregnancy, abruption or infarction of the placenta). They found a doubling of the 
risk of premature cardiovascular disease in women who had developed a maternal 
placental syndrome compared with those who had not. The mean and maximum age 
at the time of first cardiovascular event in this group was 38 years and 60 years, 
respectively, which was significantly earlier than in women who had not devel-
oped maternal placental syndromes [40]. Numerous other works have shown similar 
findings in women with a history of preeclampsia. A robust metanalysis of over 
50 studies and 10 million women demonstrated at a twofold higher incidence of 
cardiovascular events (including: death, myocardial infarction, stroke, hypertension, 
diabetes and dyslipidemia) in women with previous preeclampsia compared to those 
with previous normotensive pregnancy. In addition, this meta-analysis highlighted 
a fourfold higher burden of cardiovascular disease/outcomes in women who had 
early onset preeclampsia (preeclampsia requiring delivery before or at 34 weeks 
gestational age) [1]. 

Preeclampsia is associated with fourfold increase risk of hypertension [41], with 
30% of women having hypertension at 2-years post-delivery and 25% with metabolic 
syndrome at that time [42, 43]. Women who have developed preeclampsia have 
at least twice the risk of type 2 diabetes and dyslipidemia [44]. Early onset heart 
failure and dysrhythmias are also more common in women with maternal placental 
syndromes (including preeclampsia), and the mean age at composite outcome in 
another retrospective cohort study of > 1 million women was 37.8 years [45]. 
Similar associations are also seen between preeclampsia and dementia, chronic 
kidney disease, seizures, and even overall death from any cause [41]. 

Factors Associated with Lifelong Risk 

Our current understanding of the role preeclampsia plays in long term adverse health 
risk is incomplete. It is unknown if the antecedents of preeclampsia were present 
in women long before pregnancy, emphasizing the importance of a comprehensive 
history in these women. It is possible that these women had subclinical risk factors, 
such as increased peripheral vascular resistance, childhood obesity or a strong family 
history of vascular disease, which predisposed them to developing preeclampsia 
and then subsequently overt cardiovascular disease later in life [3]. Alternatively, 
preeclampsia could be the first “hit” on a phenotype which then becomes susceptible 
to cardiovascular and metabolic disease later on. In this hypothesis, the direct effects 
of endothelial dysfunction in pregnancy may have initiated and then accelerated 
atherosclerosis in these individuals [46]. Further research is required to develop a 
better understanding of the role preeclampsia plays in life-long disease.
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Screening for the Development of Cardiovascular Disease 

Post-partum management of women with preeclampsia has evolved over a number 
of years, and now hypertension during pregnancy is recognized as a major cardiovas-
cular risk factor amongst many national and international associations. As of 2016, 
the Canadian Cardiovascular Society’s Dyslipidemia Guidelines were changed to 
include screening for all women regardless of age if they had a hypertensive disorder 
in pregnancy [47]. As of 2019, the UK NICE guidelines made similar recommenda-
tions, advising women who have had a hypertensive disorder of pregnancy that this is 
associated with an increased risk of cardiovascular disease later in life, and advising 
these women to avoid smoking, and to maintain a healthy lifestyle and weight [5]. 
Finally, the American Heart Association recommends that these women undergo 
cardiovascular screening within 3 months after delivery [48]. 

Currently, there is no clear consensus on when is the optimal time to screen 
patients for cardiovascular disease after the diagnosis of preeclampsia. The Mother’s 
Clinic in Kingston, Ontario is one of the longest running Canadian post-partum risk 
factor reduction clinics, whereby women are seen 6 months post-partum and both 
modifiable (e.g. smoking) and non-modifiable (e.g. total cholesterol) risk factors are 
assessed. Women are then given a sense of their lifetime cardiovascular disease risk 
estimate based on 5 different risks factors (total cholesterol, systolic blood pressure, 
diastolic blood pressure, elevated fasting glucose and smoking) [49]. However, no 
consensus has yet been reached on the best way to assess and characterize risk 
in all individuals, nor the optimal timing of assessment/intervention post-partum. 
Furthermore, many post-partum cardiovascular risk reduction clinics are challenged 
by high attrition, lack of proven effectiveness, and low patient engagement [50]. 

Long Term Pharmacologic Management: 

The literature exploring long term pharmacologic management of women who have 
developed preeclampsia is underway but far from robust. Women have long been 
underrepresented in the cardiovascular literature and only recently has there been 
concerted efforts to address the specific needs of this population [51]. Currently, the 
pharmacologic management of women who have experienced hypertensive disor-
ders of pregnancy is focused mainly on early and aggressive treatment of their 
other cardiovascular risk factors including: diabetes, hypertension, chronic kidney 
disease and dyslipidemia. Without literature specific to this population of women, 
these conditions are treated in the usual fashion with the same targets as the general 
population.
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Statins 

The role of statin therapy in the post-partum period is controversial. Current recom-
mendations support screening at-risk women with a lipid panel in late post-partum 
period and focus primarily on lifestyle modifications to optimize lipid profile with the 
decision to start a statin guided by cardiovascular age estimates [52]. Though there has 
been some early work using pravastatin in an animal model, demonstrating improved 
cardiac remodelling and cardiac output post-partum [53], much more research in 
this area is required to understand the role that statins might play in the long term 
management of women who develop preeclampsia. 

Acetylsalicylic Acid and Angiotensin Converting Enzyme 
Inhibitors 

The use of ASA and angiotensin converting enzyme inhibitors in the post-partum 
period, after pregnancy complicated by hypertensive disorder have been evaluated. 
In one small placebo controlled trial, women who took ASA for 2 months after preg-
nancy complicated by preeclampsia, had increased arterial flow mediated dilation 
indicating an improvement in endothelial function [54]. Another small feasibility 
randomized controlled trial showed improved diastolic dysfunction and left ventric-
ular remodelling in women with a history of preeclampsia who took enalapril for 
6 months post-partum [55]. Both studies had small sample sizes and were testing 
feasibility only. Larger studies are needed to determine if these interventions impact 
long term cardiovascular risk. 

With an increasing interest and awareness around the cardiovascular health of 
women, we can expect more robust research in this area of medicine in the coming 
years. This will help to formalize and guide the management of women who have 
experienced preeclampsia and hypertensive disorders of pregnancy, in order to 
optimize their health and reduce their long-term cardiovascular risk. 

Summary 

Preeclampsia remains one of the leading causes of adverse maternal and fetal preg-
nancy outcomes. It complicates millions of pregnancies globally, however, with 
a growing understanding of risk factors, improved screening programs and inter-
ventions for prevention, health care providers have tools to help optimize preg-
nancy outcomes for both mothers and their offspring. Women who have developed 
preeclampsia are at a significantly increased risk of adverse multisystem outcomes 
and premature death after pregnancy. Though the mechanisms for the increased 
burden of disease are not entirely well understood, it is imperative for healthcare
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providers and patients to recognize development and history of preeclampsia as a 
maker of increased lifelong risk. Continued research is required to evaluate strategies 
to reduce the increased lifelong risk of adverse events in these women. 
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Chapter 7 
Myocardial Infarction 
with Non-obstructive Coronary Artery 
Disease: An Overview of Definition, 
Classification, Diagnostic Workup 
and Management 

Laura Albak, Arjun K. Gupta, Mahwash Saeed, and Shuangbo Liu 

Abstract Myocardial infarction in the absence of obstructive coronary artery disease 
(MINOCA) represents 5–10% of patients presenting with acute myocardial infarc-
tion. MINOCA is a working diagnosis and coronary angiography, intravascular 
imaging and cardiac magnetic resonance imaging are important diagnostic tests. 
MINOCA is not a benign condition and can be associated with major adverse cardiac 
events. Therefore, diagnosis of the underlying etiology of MINOCA is imperative 
and impacts treatment and prognosis. The objective of this chapter is to provide a 
definition of MINOCA, examine the epidemiology, provide a diagnostic schema, 
review the pathophysiologic mechanisms of various causes of MINOCA and eval-
uate the prognosis of these patients. Several case examples are utilized to illustrate 
different causes and management of MINOCA. 

Keywords MINOCA · Acute myocardial infarction · Non-ST-segment-elevation ·
Coronary artery disease (CAD) · Electrocardiogram 

Introduction 

Myocardial infarction in the absence of obstructive coronary artery disease 
(MINOCA) was first described in the 1930s by Gross et al. after identifying 
extensive myocardial infarction (MI) in patients with patent coronary arteries [1]. 
Since that time, several landmark angiographic studies have found that 5–10% of 
patients presenting with acute myocardial infarction (AMI) had nonobstructive coro-
nary artery disease [2]. This finding is supported by a contemporary meta-analysis
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reporting an overall prevalence of MINOCA to be 6% in patients presenting with 
AMI [3]. MINOCA is a ‘working diagnosis’ comprised of a heterogenous group 
of underlying conditions, often divided into coronary and noncoronary mechanisms 
[4]. As such, a diagnosis of MINOCA should prompt further evaluation to identify 
its underlying pathophysiology [5]. 

MINOCA is often underdiagnosed, however, recognition and accurate diagnosis 
of MINOCA and the underlying cause is important for treatment and prognosis. The 
diagnostic work up can include multiple imaging modalities, beginning with coronary 
angiogram and extending to cardiac magnetic resonance [4]. Based on the ACTION 
(Acute Coronary Treatment and Intervention Outcomes Network) registry, MINOCA 
is not benign as the frequency of in-hospital major adverse cardiovascular events 
(MACE) in MINOCA patients is 4.9% [6]. As highlighted in the ACUITY trial, while 
patients presenting with non-ST-segment-elevation MI without obstructive coronary 
artery disease (CAD) have low rates of subsequent MI (3.6%, hazard ratio (HR) 
0.35, 95% confidence interval (CI) 0.12–1.98) with no unplanned revascularization, 
overall 1-year mortality (5.2%, HR 3.44, 95%CI 1.05–11.28) is still significant [7]. 
In contrast to patients who present with AMI from obstructive CAD, treatment of 
MINOCA often does not require revascularization, and management should target 
the underlying cause [8]. 

The aim of this chapter is to define MINOCA and describe the patient popula-
tion. We will also provide a diagnostic schematic, identify causes, and appropriate 
management strategies of this important diagnosis. 

Definition 

The diagnostic criterion for MINOCA was first outlined in 2017 by the European 
Society of Cardiology (ESC). A diagnosis of MINOCA requires: (1) AMI defined 
by the Third Universal Definition of MI [9], (2) non-obstructive coronary arteries on 
angiography (<50% stenosis), and (3) no obvious alternative diagnosis for the acute 
presentation [5]. AMI defined by the Third Universal Definition is a detection of rise 
and/or fall of cardiac biomarker values (preferably cardiac troponin) with at least one 
value above the 99th percentile upper reference limit and at least one of the following: 
(1) symptoms of ischemia, (2) new significant ST-segment or T wave changes or new 
left bundle branch block, (3) pathological Q waves on electrocardiogram (ECG), (4) 
imaging of new loss of viable myocardium or new regional wall motion abnormality, 
or (5) intracoronary thrombus identified by angiography or autopsy [9]. 

As the ESC criteria is based on the Third Universal Definition, the diagnosis 
of AMI is dependent on the elevation of a cardiac biomarker such as troponin [9]. 
However, an elevated troponin can result from myocardial injury from ischemic and 
nonischemic mechanisms, and therefore is not disease specific. This lack of speci-
ficity prompted the Fourth Universal Definition of Myocardial Infarction, requiring 
that MI should be due to ischemic mechanisms [10]. Similarly, in 2019, the Amer-
ican Heart Association (AHA) updated the definition of MINOCA, reserving its use
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for patients with an ischemic basis for their clinical presentation [11]. It is critical 
to exclude (1) clinically overt causes for elevated troponin (e.g., sepsis, pulmonary 
embolism), (2) clinically missed obstructive disease (e.g., complete occlusion of a 
small coronary artery subsegment from plaque disruption or embolism or an unno-
ticed >50% distal stenosis of a coronary artery), and (3) myocyte injury secondary 
to subtle non-ischemic mechanisms (e.g., myocarditis) [11]. This statement was 
supported by ESC in 2020, with consensus to exclude myocarditis and Takotsubo 
syndrome from a final diagnosis of MINOCA [12]. 

Epidemiology 

A meta-analysis of current literature comprising of 176,502 patients estimated that 
the prevalence of MINOCA ranges from 1–14% of patients presenting with AMI [3]. 
MINOCA occurs more commonly in females than males (10.5% versus 3.4%; p < 
0.0001) as shown in large AMI registeries [6]. The mean age of MINOCA patients 
is 55 years (95%CI 51–59 years) [3]. Studies have also shown that patients with 
MINOCA tend to be younger than MI-CAD patients (males 63 versus 66 years and 
females 54 versus 59 years, p < 0.001) [6]. In addition, females with MINOCA tend 
to be younger than males with MINOCA (median 54 versus 63 years, p < 0.001). 

Traditional CAD risk factors occur less frequently in patients with MINOCA 
when compared to patients with MI-CAD. Patients were less likely to be diabetic 
(16.8% versus 29.9%, p < 0.001), hypertensive (55.2% versus 61.4%, p < 0.001) and 
dyslipidemic (36.1% versus 61.4%, p < 0.001) [13]. However, 75% of MINOCA 
patients had a common cardiac risk factor [6]. Conversely, patients with MINOCA 
had higher rates of prior heart failure (8.6% versus 4.9%), atrial fibrillation or flutter 
(8.2% versus 4.1%), or chronic lung disease (14.5% versus 9.2%) [6] compared to 
MI-CAD. 

The clinical presentation of MINOCA is indistinguishable from AMI secondary 
to acute atherosclerotic plaque rupture, with similar symptoms and signs [5]. Chest 
pain is the most common presenting symptom for both MI-CAD and MINOCA 
patients (87.3% versus 86.3%; p = 0.63) [14]. However, MINOCA is more common 
in patients presenting with non-ST-elevation myocardial infarction (NSTEMI) than 
ST-elevation myocardial infarction (STEMI, 8.9% versus 2.2%; p < 0.0001) [6]. 

Diagnostics 

Figure 7.1 provides a clinical flowchart for the diagnosis of MINOCA. The initial 
diagnostic evaluation in patients with suspected AMI is coronary angiogram. If 
nonobstructive CAD (<50% stenosis) is identified, consideration of the clinical 
context and exclusion of other causes of myocardial injury is necessary [11]. If 
AMI remains the diagnosis of exclusion (step 1), review of the coronary angiogram
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Fig. 7.1 Diagnostic flow chart of workup of myocardial infarction in the absence of obstruc-
tive coronary artery disease (MINOCA). (TnT = Troponin; CAD = coronary artery disease; 
PE = pulmonary embolism; CMRI = cardiac magnetic resonance imaging; IVUS = intravas-
cular ultrasound; OCT = optical coherence tomography; SCAD = spontaneous coronary artery 
dissection) 

is recommended to identify any overlooked coronary lesions (including obstructive 
CAD and spontaneous coronary artery dissection). Left ventricular (LV) functional 
assessment (echocardiography or left ventricular angiogram) is helpful to delineate 
non-coronary and non-ischemic mechanisms of myocardial injury such as Takot-
subo syndrome or other cardiomyopathies [11]. Cardiac magnetic resonance imaging 
(CMR) is a key investigation in MINOCA. Although not always readily available, 
it can assess for myocarditis, Takotsubo syndrome, and other cardiomyopathies, in 
addition to confirming AMI [11]. 

Further investigations (step 2), including coronary intravascular imaging and func-
tional assessment, may be required to identify the underlying cause of MINOCA. 
Coronary intravascular imaging consists of optical coherence tomography (OCT) 
and intravascular ultrasound (IVUS), both of which are helpful for identifying plaque 
disruption, coronary dissection, and thromboembolism. OCT is a light wave based 
imaging technique which creates cross-sectional images of tissue with high resolu-
tion [15]. It provides more detailed coronary plaque morphology, such as plaque 
rupture, erosion, and calcified nodules compared to coronary angiography [16]. 
IVUS is an important adjunct during coronary angiography as it directly images 
the vessel wall and aids in the characterization of plaque composition, distribution, 
morphology and extent [17]. Lastly, coronary functional assessments may be needed 
if the above tests do not reveal a cause. Functional assessment includes provocative 
testing with acetylcholine (Ach) to help diagnose coronary vasospasm and coronary 
microvascular dysfunction [18, 19].
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Pathophysiologic Mechanisms 

MINOCA should be considered a working diagnosis that requires evaluation of the 
underlying cause so that treatment can be directed as appropriate. Both atherosclerotic 
and nonatherosclerotic mechanisms can lead to MINOCA. The pathophysiology, 
diagnosis and management of these entities are described below. 

Atherosclerotic 

Plaque disruption can occur at a site of non-obstructive atherosclerosis. Plaque 
rupture, erosion and calcific nodules can trigger thrombus formation leading to AMI 
via distal embolization, superimposed coronary spasm or transient complete throm-
bosis with spontaneous thrombolysis [11]. Using intravascular ultrasound (IVUS), 
plaque rupture and plaque erosion has been identified in over 40% of patients 
with MINOCA [20, 21]. CMR can demonstrate myocardial edema with or without 
necrosis, which would suggest transiently compromised flow in a larger vessel. A 
small, well-defined area of late gadolinium enhancement (LGE) on CMR may suggest 
distal embolization as the most likely mechanism [20]. 

ESC and AHA guidelines recommend medical management over percutaneous 
coronary intervention (PCI) with dual antiplatelet therapy for one year, followed by 
lifetime single antiplatelet therapy for suspected or confirmed plaque disruption [5, 
11]. This is supported by acceptable 1-year revascularization rate of 5.7% demon-
strated in a small study evaluating patients with MINOCA secondary to plaque 
erosion who received medical management only [22]. As this mechanism of injury 
occurs in the setting of atherosclerotic disease, statin therapy is also recommended 
[23]. 

Nonatherosclerotic 

Nonatherosclerotic mechanisms of MINOCA include coronary artery dissection, 
vasospasm, microvascular dysfunction, and thromboembolism. 

Spontaneous Coronary Artery Dissection (SCAD) 

Spontaneous coronary artery dissection causes myocardial injury by intimal disrup-
tion leading to a false lumen or intramural hematoma, causing compression of the 
true lumen resulting in coronary insufficiency [24]. SCAD is not associated with 
atherosclerosis or trauma and is not iatrogenic in nature [24]. It is more common in 
females and is responsible for up to 25% of all AMI cases in females under 50 years of
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age [25]. Predisposing conditions include fibromuscular dysplasia, hormonal therapy 
and peripartum state [26]. 

Coronary angiography is considered first-line for imaging modality. IVUS and 
OCT can aid in the diagnosis and both are considered safe with very low complication 
rates [17, 27]. 

Conservative management is recommended as PCI may cause propagation of the 
dissection [28]. Medical management includes single antiplatelet agent and beta-
blockers [24]. When comparing single versus dual antiplatelet (DAPT) regiments, 
risk of MACE is higher in DAPT group at 12-month follow up (18.9% versus 6.0%; 
HR 2.62, 95%CI 1.22–5.61; p = 0.013) [29]. However, the conservative approach 
may not be appropriate in high-risk patients with ongoing ischemia, left main artery 
dissection or hemodynamic instability. Urgent PCI (with balloon angioplasty or 
cutting balloon) or coronary artery bypass grafting (CABG) can be considered based 
on the expertise of the operators and stability of the patient [24]. 

It is recommended to monitor patients in-hospital for a minimum of 48 h for medi-
cation adjustments and evidence of complications [24]. Risk of dissection extension 
and new recurrent SCAD is low (5–10%), however it is important to detect early as 
it can lead to further ischemia [28, 30]. Repeat angiography is warranted if there is 
evidence of ischemia clinically, electrocardiographically, or presence of significant 
arrhythmia. Emergency revascularization may be undertaken to relieve ischemia if 
feasible [24]. 

Epicardial Coronary Vasospasm 

Epicardial coronary vasospasm is defined as transient total or subtotal coronary 
artery occlusion (>90% constriction) with angina and ischemic ECG changes that 
occur spontaneously or in response to provocative stimuli [18]. This transient occlu-
sion can result in MI [31], sudden cardiac death [32], and/or arrhythmia [33]. Most 
patients also have a component of endothelial dysfunction [34]. Additional mecha-
nisms of vasospasm include smooth muscle hyperreactivity [35] in response to drugs 
or toxins (e.g., cocaine, fluorouracil) [11] and autonomic dysfunction [36]. Cigarette 
smoking has also been identified as a preventable risk factor of coronary spasm [37]. 

Coronary angiography may help confirm the diagnosis if there is >75% coronary 
artery diameter reduction that is transient and reversible [4]. Provocative testing is 
often required to confirm the diagnosis. This involves administering a stimulus (ACh 
or ergonovine) during coronary angiography and monitoring for chest pain, ischemic 
ECG changes and >90% vasoconstriction on angiography [18]. 

Management involves avoiding known triggers, controlling cardiovascular risk 
factors to promote vascular health, and pharmacological therapy with calcium 
channel blockers (CCB) and nitrates [4]. Vasodilation with CCB has been asso-
ciated with improved long-term survival compared to no treatment with these drugs 
[38], whereas nitrates are used for symptom control. Statins have also been shown to 
improve clinical outcomes due to inhibition of vascular smooth muscle contraction 
[39].



7 Myocardial Infarction with Non-obstructive Coronary Artery Disease … 97

Coronary Microvascular Dysfunction 

Coronary microvascular dysfunction (CMD) is defined as abnormal microvascular 
resistance that is clinically evident as inappropriate coronary blood flow response, 
impaired myocardial perfusion and/or myocardial ischemia that cannot be accounted 
for by abnormalities in the epicardial coronary arteries [40]. The coronary microvas-
culature (vessels <0.5 mm diameter) is responsible for >70% of coronary resistance in 
the absence of obstructive coronary disease [40]. Patients with CMD usually present 
with stable angina [40], and this clinical entity is responsible for up to 30–50% of 
patients presenting with chest pain and nonobstructive CAD [19]. 

CMD is more commonly diagnosed in females [11], and its’ risk factors are 
similar to typical coronary atherosclerotic disease, including hypertension, hyperc-
holesterolemia, diabetes and cigarette smoking [40]. Pathogenesis of CMD is divided 
into endothelium-dependent or -independent dysfunction [11]. Invasive physiologic 
testing during coronary angiography can demonstrate impaired coronary flow and the 
type of dysfunction. Alternatively, CMD can be diagnosed with a combination of (1) 
non-invasive testing such as positron emission tomography or CMR demonstrating 
ischemia and (2) the absence of obstructive epicardial CAD [40]. 

Coronary microvascular dysfunction is characterized by any of (1) impaired coro-
nary flow reserve (CFR) <2.0 in response to vasodilator stimuli such as adenosine; (2) 
microvascular spasm evidenced by chest pain and/or ECG signs of ischemia but no 
epicardial spasm after acetylcholine provocation; (3) impaired microvascular blood 
flow measured by corrected thrombolysis in myocardial infarction (TIMI) frame 
count >25; and (4) abnormal coronary microvascular resistance indices (index of 
microvascular resistance >25U) [19]. 

CFR defines the vasodilator capacity of the coronary vascular tree [41] and is 
measured during coronary angiography using a Doppler flow wire [42]. Intracoro-
nary acetylcholine provocation testing produces vasodilation in healthy endothelium 
and vasoconstriction in presence of endothelial dysfunction [43]. Delayed flow of 
angiographic contrast reflects increased distal coronary resistance, and is measured 
by the TIMI frame count [19]. Index of microvascular resistance (IMR) quantita-
tively reflects the coronary microvascular resistance. It is derived from thermodilu-
tion technique using a coronary pressure wire with temperature sensor at the tip [41]. 
Baseline mean transit time is measured after injection of room-temperature normal 
saline down a coronary artery. Intravenous adenosine is then administered to induce 
steady state maximal hyperemia, followed by repeat normal saline injections, and the 
hyperemic mean transit time is measured. IMR is calculated as the distal coronary 
pressure at maximal hyperemia divided by the inverse of hyperemic mean transit 
time [44]. 

Management options are limited in CMD, as conventional antianginal vasodilator 
drugs are less effective on the microvasculature compared to large epicardial 
vessels [40]. Antianginal therapies, including CCB and beta-blockers can help alle-
viate symptoms, in comparison, nitrates may be less effective [40]. Therapies to
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improve endothelial function (e.g. L-arginine, statin, enalapril), promote microvas-
cular vasodilation (e.g. dipyridamole, ranolazine) or stimulate visceral analgesic 
effect (imipramine, aminophylline) can also be considered [11]. 

Coronary Thromboembolism 

Coronary thromboembolism causing MINOCA usually involves the microcirculation 
[45] or partial lysis of an epicardial coronary thrombus resulting in nonobstructive 
angiographic disease [11]. Thrombosis may result from hereditary or acquired throm-
botic disorders, and emboli may occur from coronary or systemic arterial thrombi 
[45]. Inherited disorders include factor V Leiden, elevated factor VIII/von Wille-
brand factor [11], and protein S and C deficiencies [45]. In a systematic review of 8 
studies that evaluated inherited thrombotic disorders in MINOCA patients, 14% of 
patients that underwent screening had evidence of an inherited thrombotic disorder 
[3]. Acquired thrombotic disorders include antiphospholipid syndrome, myeloprolif-
erative disorders, thrombotic thrombocytopenic purpura (TTP) and heparin-induced 
thrombocytopenia (HIT) [11]. 

Coronary emboli can also occur in predisposing hypercoagulable states such as 
atrial fibrillation and valvular heart disease [5]. Non-thrombotic sources may also lead 
to coronary embolization, including valvular vegetations, cardiac tumors, calcified 
valves and iatrogenic air emboli [45]. Paradoxical embolism secondary to right-to-
left shunts (e.g. patent foramen ovale, atrial septal defect or coronary arteriovenous 
fistula) is a rare cause of coronary emboli [45]. 

The prevalence of coronary thromboembolism in MINOCA is low [5], with preva-
lence of de novo coronary embolism being 2.9% [46, 47]. Often, angiographically 
small pruned coronary vessels obstructed with thrombi or emboli may not be recog-
nized, aortic valve disease may not be appreciated and thrombophilia disorders may 
not be screened for [5]. Overall, diagnostic work-up includes laboratory analysis for 
thrombophilia disorders, echocardiography to assess for intracardiac thrombus, mass, 
valvular disease and right-left shunts, and coronary angiography with intravascular 
imaging (IVUS, OCT) [5]. Long-term management is based on underlying etiology, 
usually involving systemic anticoagulation [4]. 

Prognosis 

MINOCA is not a benign condition, and prognosis is heterogeneous due to the 
diverse mechanisms of the underlying causes. In comparison to MI-CAD, most 
studies demonstrate MINOCA patients have better outcomes [3, 48]. However, this 
conclusion is not consistent across all studies. For example, in the VIRGO study 
(Variation in Recovery: Role of Gender on Outcomes of Young AMI Patients), in 
comparison to MI-CAD patients, MINOCA patients had similar 1-month and 1-
year mortality rate (1-month: 1.7% versus 1.1% [p = 0.43]; 12-month: 2.3% versus
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0.6% [p = 0.68], respectively) and similar quality-of-life measures [14]. The Korean 
Infarct Registry also demonstrated that MINOCA patients and MI-CAD patients with 
single- or double-vessel angiographic disease had similar risk of MACE at 12 months 
(7.8% versus 12.2%, p = 0.359) [49]. Additionally, risk of recurrent events (inci-
dence of mortality or non-fatal MI) in MINOCA patients is significantly higher than 
the general population without cardiovascular disease (4.6% versus 2.2%, p < 0.001) 
[50]. 

A large meta-analysis demonstrated a pooled in-hospital mortality rate of 0.9% 
(95%CI, 0.5–1.3%) and a 12 month mortality rate of 4.7% (95%CI, 2.6–6.9%) [3] in  
MINOCA patients. In comparison to MI-CAD patients (in-hospital mortality rate: 
3.2%, 95%CI, 1.8–4.6% and 12-month mortality rate: 6.7%, 95%CI, 4.3–9.0%), 
mortality rates were lower in MINOCA patients, however the findings are still 
concerning and demonstrate the gravity of this condition. In the SWEDEHEART 
study, which examined long-term outcomes in MINOCA patients at a mean of 
4.1 years follow up, rate of mortality was 13.4% with 7.1% experiencing another 
AMI, 4.3% had an ischemic stroke, 6.4% were hospitalized for heart failure and 
3.6% were hospitalized for bleeding [51]. 

Conclusion 

MINOCA is an important clinical entity that has diverse pathophysiological causes. 
Prompt recognition by healthcare professionals is paramount to provide optimal 
evaluation and diagnosis. Appropriate management and prognosis are based on the 
underlying mechanism of the syndrome. 

Case Examples 

Case 1: 

A 45-year-old female presented to the emergency department with an acute onset 
of chest pain. She had no relevant past medical history or cardiac risk factors. She 
described her pain as a heavy retrosternal pressure, which was 7/10 severity. The pain 
radiated to her back and was associated with diaphoresis, nausea, and emesis. The 
onset of pain had occurred while showering. She noted recent increase in personal 
stress. 

She was hemodynamically stable on presentation, and a 12-lead ECG demon-
strated lateral ST-segment depression and T-wave inversions. Her serum troponin 
value was elevated, and she was thus diagnosed with a NSTEMI. Treatment was 
initiated with dual antiplatelet therapy, anticoagulation with low-molecular weight 
heparin and high-intensity statin.
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She was referred to the cardiac catheterization lab (CCL). The LV ejection frac-
tion was mildly reduced at 59%, with visualized hypokinesis of an area of distal 
anterolateral wall and apex. Coronary angiogram demonstrated mild narrowing of 
the entire length of the left anterior descending artery (LAD), save for a prominent 
segment of severe stenosis in the mid portion, along with moderate narrowing of 
the origin of the second diagonal branch. Otherwise, coronary arteries were angio-
graphically normal. Given the finding of severe single vessel coronary artery disease, 
intracoronary OCT imaging of the LAD artery was performed, which confirmed a 
double lumen with intramural hematoma surrounding the true lumen, consistent with 
SCAD, with no evidence of atherosclerosis (Fig. 7.2). An abdominal aortogram was 
performed for non-selective renal angiography, which revealed no evidence of renal 
fibromuscular dysplasia (FMD). 

She was admitted to the hospital for medical management. She did not have further 
episodes of chest pain or arrhythmias. Her subsequent management included aspirin 
and treatment with beta-blockers. The patient was referred for follow-up with the 
SCAD clinic and further imaging including computerized tomography (CT) scan of 
Circle of Willis and CT angiography to assess for iliofemoral FMD. 

Case 2: 

A 47-year-old male with past medical history of ischemic heart disease with a 
previous inferoposterior STEMI treated with right coronary artery (RCA) percu-
taneous coronary intervention (PCI), hypertension, dyslipidemia, and active tobacco 
smoking, presented to a rural emergency department with acute onset retrosternal 
chest pain while playing baseball. He described his pain as similar to his previous 
acute myocardial infarction, 7/10 severity, and associated with diaphoresis.

Fig. 7.2 Panel A demonstrates the left anterior descending artery with diffuse luminal narrowing 
(marked by red arrow) consistent with type 2 SCAD (Panel A). Panel B is the OCT of the left 
anterior descending artery with an intramural hematoma (denoted by *) and compression of the true 
lumen 
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He was hemodynamically stable on presentation. A 12 lead ECG demonstrated 
ST-segment elevation in the inferior leads. The patient was diagnosed with an 
inferior STEMI. Given the geographic distance from a PCI-capable centre, treat-
ment was initiated with thrombolysis with tenecteplase, dual antiplatelet therapy, 
low-molecular weight heparin and high-intensity statin. 

The patient was then transferred to nearest coronary interventional centre for 
facilitated PCI. Coronary angiogram demonstrated widely patent RCA drug eluting 
stent (DES), a moderate to severe mid left circumflex (LCx) lesion that did not 
appear acute in nature, and mild atherosclerotic disease elsewhere. Intracoronary 
OCT imaging was used to further evaluate the LCx artery. This demonstrated lipidic 
plaque with plaque rupture and thrombus, therefore identifying the mid-LCx as the 
culprit vessel (Fig. 7.3). PCI with intracoronary OCT guidance was performed with 
deployment of one DES. Subsequent medical management included dual antiplatelet 
therapy with aspirin and ticagrelor, high-intensity statin, beta-blocker and angiotensin 
II receptor blocker treatment. 

Case 3: 

A 60-year-old female with past medical history of diabetes mellitus, hypertension, 
pancreatitis, remote follicular lymphoma and active tobacco smoking, presented to 
emergency department with acute epigastric pain and generalized weakness. She had 
recent endoscopic ultrasound-guided cystogastrostomy for pancreatic pseudocyst. 
Since the procedure, she had ongoing epigastric pain, nausea, poor oral intake and 
diarrhea. 

She was hemodynamically stable on presentation. Her serum troponin was 
elevated and 12 Lead ECG demonstrated significant ST-segment elevation in the 
anteroseptal leads. She was diagnosed with a STEMI. Treatment was initiated with

Fig. 7.3 The image on the left demonstrates the left circumflex artery upon re-presentation with 
inferior STEMI with moderate mid-vessel disease. The image on the right is the OCT demonstrating 
plaque rupture and associated hemorrhage (denoted by ‘A’) 
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dual antiplatelet therapy, anticoagulation with low-molecular weight heparin, and 
high-intensity statin. 

She was referred urgently to the CCL. Coronary angiogram demonstrated 
minor luminal irregularities with no flow-limiting lesions. Left ventriculogram 
was performed demonstrating an ejection fraction of 30%. Regional wall motion 
abnormalities were identified with hyperkinetic anterobasal and posterobasal wall 
segments, akinetic anterolateral and diaphragmatic wall segments and dyskinetic 
apex (Fig. 7.4). These findings were consistent with Takotsubo cardiomyopathy. 

Post-procedure, the patient was diagnosed with starvation ketosis and managed 
medically with intravenous fluids and subcutaneous insulin. The patient was 
referred for follow-up with general cardiology LV reassessment with a transthoracic 
echocardiogram.

Fig. 7.4 The panels on the left demonstrate the angiographically normal epicardial coronary 
arteries. The images on the left demonstrate left ventriculography in diastole (a) and systole (b). 
There is basal hyperkinesis with anterior, apical and lateral akinesis consistent with Takotsubo 
cardiomyopathy 
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Chapter 8 
Blood Pressure: Changes Over 
a Woman’s Life, the Effect of Estrogen, 
and Special Considerations in Women 

Daniel Esau and Beth L. Abramson 

Abstract Hypertension is an important risk factor for cardiovascular disease in 
women and is one of the leading contributors to morbidity and mortality in women. 
Although the majority of women who become hypertensive are post-menopausal, 
hypertension in the pre-menopausal years remains an important public health issue. 
Hypertensive disorders in pregnancy are of particular importance and lead to signif-
icant mortality in women world-wide. In this chapter, we will discuss the role of 
estrogen and progesterone on blood pressure control and examine how a woman’s 
blood pressure may change during pregnancy and in the post-menopausal years. 
We will also discuss factors contributing to hypertension that are unique to women, 
including the use of oral contraceptives, pregnancy related conditions, polycystic 
ovary syndrome (PCOS), and the loss of estrogen during menopause. Finally, 
we will discuss the underrepresentation of women in clinical trials on hyperten-
sion and sex-specific variations in hypertension treatment (both pharmacologic and 
non-pharmacologic). 

Keywords Blood-pressure · Menopause · Estrogen · Polycystic ovary syndrome ·
Pregnancy · Hormone replacement therapy 

Introduction 

Hypertension implies a blood pressure that is higher than normal. Defining what 
blood pressure is “normal” is difficult, since there is variation among major guidelines 
regarding the level at which elevated blood pressure becomes pathologic [1–4]. The 
blood pressure level at which hypertension is diagnosed is also different depending
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on other comorbidities (for example, the presence of diabetes), and thus we can 
infer that a blood pressure reading that may be considered “normal” (or at least 
not pathological) in one individual may be considered abnormal and pathologic in 
another [1]. Hypertension is often divided into primary and secondary hypertension. 
Secondary hypertension is due to an underlying cause such as renovascular disease, 
renal failure, pheochromocytoma, aldosteronism, hypercortisolism, or monogenic 
forms, while primary (or essential) hypertension is a diagnosis of exclusion when 
secondary causes are not present [5]. Not all patients with a diagnosis of hypertension 
require pharmacologic treatment, and separate, higher, blood pressure cut-offs are 
often used to determine when pharmacotherapy is recommended [1–3]. Regardless, 
there is a clear and strong correlation with increasing blood pressure and the risk of 
cardiovascular disease, renal disease, and overall mortality. Data gathered through 
the Global Burden of Disease study has shown that hypertension is the leading cause 
of attributable deaths among women world-wide, and is second only to child and 
maternal malnutrition in disability-adjusted life years amongst level 2 risk factors 
[6]. Similarly, in 2018 in the United States, there were 95,876 deaths primarily 
attributed to high blood pressure, 52% of which were women [7]. 

Data from 2007–2017 has found that approximately 23% of Canadians (nearly 
5.8 million people) carry a diagnosis of hypertension, with no significant change 
in prevalence over the same period [8, 9]. From 2015 to 2018 in the United States, 
42.8% of women and 51.7% of men had a diagnosis of hypertension [7]. In early 
adulthood mean systolic blood pressure is higher in men than women, and men have 
higher rates of hypertension [7, 10, 11]. Although the prevalence of hypertension 
increases with age in both sexes, there is a precipitous increase in hypertension rates 
in women in the fourth and fifth decade of life, such that by age 65 women are slightly 
more likely to have hypertension then men [7, 11]. 

Historically women have had lower rates of hypertension control relative to men 
[12–14]. However, more contemporary data has indicated that women now have 
higher rates of hypertension awareness, treatment, and control than men across all 
ethnic groups in the United States as well as in low-, middle, and high-income 
countries [7, 15–17]. Although this may be a promising sign of increasing familiarity 
from both patients and care providers for the diagnosis and treatment of hypertension 
in women, there remains a significant gap in the treatment and control of hypertension 
in both sexes, with only 50.4% of hypertensive adults being treated and only 21.6% 
having their hypertension controlled in the United States [7]. In Canada, awareness, 
treatment, and control of hypertension seems better, at 83.5%, 78.9%, and 65.4%, 
respectively [9]. However, there are concerns about widening gender disparities in 
Canada, as data from 2017 showed a significant decrease in hypertension awareness, 
treatment, and control in women compared to previous years [9]. 

Furthermore, several studies have reported that women are at a higher relative risk 
of developing complications of hypertension than men. In adults with stage 1 hyper-
tension, women were more likely to develop microalbuminuria and left ventricular 
hypertrophy than men [18]. Although men remain at higher absolute risk of cardio-
vascular events, the association of cardiovascular events with blood pressure may 
be steeper in women than in men [19, 20]. This would imply that for an equivalent
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decrease in blood pressure, a larger proportion of cardiovascular events are prevented 
in women than in men [19]. This remains an area of debate, and several clinical trials 
and meta-analyses have not found any sex-specific differences in clinical outcomes 
or treatment effect with the use of antihypertensive agents [21–24]. 

Blood Pressure Effects of Endogenous Estrogens 
and Progesterone 

Although cardiovascular disease remains a leading cause of death among women, 
women have lower rates of cardiovascular disease than men overall [7], and it is likely 
that the effects of estrogen contribute to the lower rates of cardiovascular disease in 
the pre-menopausal years [25]. Blood pressure is also clearly dependent on the effect 
of hormones, and as estrogens and progesterone levels change throughout a woman’s 
life, so too does the risk of hypertension. During menopause, circulating levels of 
estrogen and progesterone fall, and the risk of hypertension in women is greatly 
increased in the post-menopausal years [7, 26]. Clinicians must also consider the 
effects of exogenous hormones on blood pressure, such as with the use of combined 
estrogen-progesterone contraceptives [27]. 

Estrogens and progesterone are sex hormones that play key roles in the sexual 
and reproductive development in women. They also play important roles in regu-
lating blood pressure and promoting vascular health. Estrogen acts on vascular and 
cardiomyocyte estrogen receptors (ERs), including ERα, ERβ, and G protein-coupled 
ER and functions through both genomic and non-genomic pathways [25, 28]. The 
overall effects of endogenous estrogen are favourable in preventing cardiovascular 
disease and lowering blood pressure, but the effects of exogenous estrogens (such as 
those used in oral contraceptive pills (OCP) or menopausal hormone therapy (MHT)) 
are complex and more controversial [25, 29–31]. 

Endogenous estrogens reduce blood pressure by facilitating nitric oxide-mediated 
vasodilatory pathways and inhibiting vasoconstrictive pathways mediated by the 
sympathetic nervous system and angiotensin, while progesterone promotes natri-
uresis through its anti-mineralocorticoid effects [25, 26, 28, 32, 33]. Estrogen inhibits 
pro-fibrotic genes and stimulates neoangiogenesis, both of which function to reduce 
blood vessel inflammation and maintain arterial compliance [25, 34]. Estrogen is also 
involved in regulation of several pathways in the Renin–Angiotensin–Aldosterone 
system (RAAS) [35, 36]. In physiologic levels, these effects function to prevent high 
blood pressure, but as estrogen is lost during menopause this protective regulation 
is lost. For example, surgical menopause (due to bilateral oophorectomy) is associ-
ated with increased likelihood of salt-sensitivity of blood pressure [37], and animal 
models suggest that a loss of estrogen leads to increased expression of angiotensin 
subtype 1 (AT1) receptor in the kidneys and salt-induced hypertension [38]. 

The effects of exogenous hormones are distinct from endogenous estrogen and 
progesterone, and both OCP and MHT have in general been shown to increase blood
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pressure [26, 27, 39–43], although the specific drug used, the dose, and the route 
of administration are all important considerations in predicting this effect [26, 44, 
45]. Exogenous estrogens, when taken orally and allowed to pass through the liver 
during first-pass metabolism, stimulate the synthesis of angiotensinogen which, in 
susceptible women, may lead to salt and water retention and significant blood pres-
sure elevation through activation of RAAS [32, 33, 46]. When exogenous estrogens 
are delivered through an oral route, they undergo first pass metabolism in the liver, 
which leads to supra-physiologic levels in the liver and increased hepatic synthesis 
of proinflammatory and procoagulant molecules [26, 32, 47]. Non-oral routes of 
hormone administration, such as the estrogen/progestin transdermal patch, bypass 
the first-pass metabolism in the liver which may improve tolerability, minimize side 
effects, and potentially minimize negative cardiovascular effects [32, 47]. Although 
endogenous progesterone has affinity for the mineralocorticoid receptor and antago-
nizes the effects of aldosterone, most synthetic, exogenous progestogens do not share 
this effect [32, 33]. One exception is drospirenone, which shares similar properties 
to endogenous progesterone including affinity for the mineralocorticoid receptor and 
has been shown to decrease blood pressure in post-menopausal women treated with 
1 mg 17β-estradiol/2 mg drospirenone for hormone replacement therapy [33]. 

Hypertension in Girls and Adolescent Women 

The development of elevated blood pressure in childhood and teenage years 
contributes to the early development of atherosclerosis and left ventricular hyper-
trophy and is also associated with the development of hypertension in adulthood [48, 
49]. There is thus increasing attention on detection of both elevated blood pressure 
and hypertension in children and adolescence. The prevalence of hypertension in chil-
dren and adolescents is around 3.5%, while an estimated 7.1% have elevated blood 
pressure [50]. Although there is no clear sex difference in the prevalence of hyper-
tension in children and teenagers [50], boys are more likely than girls to have severe 
obesity [51]. Around 20% of children and adolescence in the United States are obese, 
and the largest driver of primary hypertension in children and teenagers is obesity 
[50]. However, sociodemographic status, ethnicity, and family history of hyperten-
sion are also important factors [50, 52]. Traditionally, most cases of hypertension in 
children and adolescence were thought to be secondary to another condition and up to 
80–85% of cases were reported to have an identifiable—and potentially treatable— 
cause, with hypertension most frequently being renal or renovascular in etiology 
[53, 54]. In hypertensive children it is therefore prudent to perform at minimum a 
urinalysis and blood work to examine renal function and electrolytes [48]. A renal 
ultrasound is frequently ordered, and further testing such as a sleep study and drug 
screen are ordered if clinically indicated [48]. However, more recent data has argued 
that the prevalence of primary (often obesity related) hypertension is increasing and 
is now an equally important cause of hypertension in children and adolescence [50, 
54, 55]. It should be noted that although an increased prevalence of obesity has
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contributed to an increase in primary hypertension, pediatric patients with secondary 
hypertension also have high rates of obesity, and the presence of obesity cannot be 
used to predict whether a child has primary or secondary hypertension [52, 55]. 

In general, the younger the age of onset of hypertension, the more likely that 
secondary causes (renal or endocrine disorders) are contributing. The use of illicit 
substances, diet and herbal supplements, as well as prescription drugs such as oral 
contraceptives and stimulants, should be considered [48]. Turner syndrome is the 
most common chromosomal abnormality in females, occurring in 1:2500 women, 
and is associated with an up to 40% risk of developing hypertension as a child 
[56]. Other conditions that need to be considered in hypertensive pediatric patients 
include congenital heart disease, such as coarctation of the aorta (especially in girls 
with Turner syndrome) [57], Takayasu’s arteritis [58], and fibromuscular dysplasia 
[59]. 

Hypertension in Women of Reproductive Age 

The prevalence of hypertension in women of reproductive age is reported to be 7.7– 
9% [60, 61], with hypertension being more prevalent in women with diabetes, chronic 
kidney disease, and a higher body mass index. There is also a higher prevalence of 
hypertension as women age and among non-Hispanic black women (compared to 
non-Hispanic white women) [7, 60]. There are several important considerations that 
arise in women of this age group, including the use of oral contraceptives, polycystic 
ovary syndrome, and hypertensive disorders in pregnancy. 

Oral Contraceptives and Hypertension 

Although oral contraceptives (OCP) are intended to reproduce the properties of 
endogenous estrogens and progesterone, oral contraceptives have generally been 
found to increase blood pressure [27, 39, 62]. In one meta-analysis, a linear dose– 
response relationship was found with an increased risk of hypertension of 13% for 
every 5-year increment of OCP use [39]. 

As previously discussed, non-oral routes of hormone administration, such as trans-
dermal patches or intravaginal devices, avoid first-pass metabolism in the liver [32, 
47], and this theoretically should mitigate the risk of hypertension seen with oral 
estrogens. The use of an estrogen/progestin transdermal patch was found to cause 
lower activation of the RAAS system compared to OCP in healthy premenopausal 
women [46]. However, even if systemic absorption is low and first-pass metabolism 
is avoided, there may still be a negative effect on blood pressure. The use of 
the combined hormonal contraceptive vaginal ring was associated with a small, 
but significant, increase in 24-h blood pressure compared to baseline (mean 24-
h BP increased by 2.69 ± 5.35 mmHg) [63]. Similarly, levonorgestrel-releasing
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intrauterine devices have been reported to have either neutral effect [64] or to mildly 
increased blood pressure [65]. 

Unlike with estrogen containing contraceptives, progesterone only oral contra-
ceptive are not associated with an increased blood pressure [66]. Furthermore, the 
use of oral combined contraceptives containing drospirenone, a progesterone like 
molecule with affinity for the mineralocorticoid receptor [33], may counteract or 
minimize the hypertensive effect of estrogen. After 6 months of use, there was no 
difference in blood pressure measurements or serum aldosterone and renin levels 
between hypertensive women treated with 20 mcg of ethinyl estradiol and 3 mg 
of drospirenone compared to those treated with nonhormonal contraceptive [67]. 
Although more research is needed, the use of non-oral contraceptive, progesterone 
only contraceptive, and contraceptives involving drospirenone have shown promising 
results in mitigating the increased blood pressure seen with oral contraceptive use 
[62, 68]. 

While the absolute risk remains low, women using OCPs are at an approximately 
1.6-fold increased risk of myocardial infarction or ischemic stroke, although this 
risk is minimized when the dose of estrogen is minimized [69]. Though certainly 
an important contributor, the risk of cardiovascular events with the use of OCP 
is unlikely to be due to blood pressure effects alone, as exogenous estrogen has 
procoagulant and prothrombotic effects [70]. For example, a relative risk increase 
(with low absolute risk) of venous thromboembolism with OCP use is well described 
[27, 70]. To minimize risk, it is therefore important to ensure that women do not 
have risk factors for cardiovascular disease before starting OCP. Ensuring a woman 
does not have hypertension is paramount as women who did not have their blood 
pressure monitored prior to initiation of oral contraceptive pills were at higher risk 
for ischemic stroke and myocardial infarction than women who did have their blood 
pressure measured [27]. Because of these risks, the use of combined or estrogen-
based contraception continues to be contraindicated in women with pre-existing 
hypertension regardless of the route of administration, and, depending on the severity 
of hypertension, is considered category 3 (the known risks likely exceed the benefit) 
or category 4 (unacceptable risk) according to the World Health Organization medical 
eligibility criteria [31]. Progesterone-only contraceptives and the copper-bearing or 
levonorgestrel-releasing IUD remain safe options in the majority of hypertensive 
women [31]. In normotensive women, blood pressure should be measured prior to 
the first dose of OCP and then annually thereafter to ensure that hypertension does 
not develop [31]. 

Polycystic Ovary Syndrome and Hypertension 

Polycystic ovary syndrome (PCOS) is a common heterogeneous endocrine syndrome 
that develops during a woman’s reproductive years [71]. PCOS is associated with 
an increased risk of hypertension as well as several other cardiovascular risk factors 
including obesity, insulin resistance, diabetes, metabolic syndrome, and dyslipidemia
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[61, 71–73]. Women with PCOS are predisposed to developing early atherosclerosis 
and cardiovascular disease [72, 74]. 

Women of reproductive age with PCOS have a higher risk of hypertension than 
those without PCOS (Relative risk 1.7, 95% CI: 1.43–2.07) [61, 75]. There has long 
been debate regarding whether this increased risk is due to an underlying effect of 
PCOS or simply secondary to the effect of obesity, which is highly prevalent in women 
with PCOS [61, 76]. Arguing for an independent effect of PCOS on the development 
of hypertension, the presence of hyperadrogenism is one of the major criteria used 
to diagnose PCOS and may play a pathogenic role in the development of hyperten-
sion and other cardiovascular risk factors in women with PCOS [61, 77]. Androgens 
may increase arterial blood pressure in women with PCOS by altering the compo-
nents of the RAAS [36, 75]. PCOS is also characterized by insulin resistance, which 
contributes to salt retention and interferes with endothelium-dependent vasodilation 
mechanisms and thereby contributes to the development of hypertension [75, 76]. 
Furthermore, although there is an increased risk for hypertension in pre-menopausal 
women with PCOS, this risk is normalized somewhat with aging, and a recent review 
found no significant difference in risk of hypertension in women with or without 
PCOS once they reached menopausal age, although the prevalence of hypertension 
in these groups was high (40% and 49% in menopausal/post-menopausal women 
without and with PCOS, respectively) [61]. Similarly, although younger women 
with PCOS are at increased risk of cardiovascular events compared to their peers, as 
women age the risk in women with PCOS becomes similar to that of women without 
PCOS [61, 78, 79]. This trend may be due to a progressive decrease in androgen 
production with age, which occurs both in the general population and in women with 
PCOS [61, 80, 81]. 

Treatment of hypertension in women with PCOS is multifactorial. Lifestyle modi-
fications including weight loss, diet, and exercise can improve hypertension, reduce 
cardiovascular risk, reduce androgenicity, and improve insulin resistance in women 
with PCOS [82, 83]. Metformin is widely used in PCOS as an insulin sensitizer and 
may improve weight loss compared to lifestyle modifications alone [84]. There is 
also evidence that metformin can reduce blood pressure in women with PCOS [85], 
likely mediated through its insulin sensitizing effects [76]. Treatment of hyperan-
drogenism is undertaken with the use of combination of oral contraceptives and/or 
spironolactone. Although estrogen-based contraceptives may be useful in treating 
hyperandrogenism in PCOS [86], they are generally contraindicated in hypertensive 
women (with or without PCOS), as discussed previously [31]. Spironolactone is a 
mineralocorticoid receptor antagonist used as an antihypertensive agent in a variety 
of clinical situations but may be especially suited to treating hypertension associated 
with PCOS due to its antiandrogenic effects, which were initially found serendipi-
tously in women with PCOS who were being treated for hypertension with this agent 
[87, 88]. The bulk of the evidence for spironolactone is from treatment of hyperten-
sion in the general population [89], but one small study did show a significant reduc-
tion in blood pressure in women with PCOS with the use of spironolactone [90]. In 
addition, spironolactone has other favorable effects in PCOS and has been reported
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to normalize endothelial function and improve cholesterol levels [91], hirsutism, 
insulin sensitivity and menstrual cycle frequency [92]. 

Other than the theoretical benefit of spironolactone in PCOS, there is little 
evidence that any specific agents are preferable for the treatment of hypertension. 
A small case series reported that telmisartan, an angiotensin II receptor antagonist 
(ARB), decreased androgen levels and improved menstrual patterns in women with 
PCOS and hypertension [93]. However, in general, women with PCOS and hyper-
tension are treated with pharmacotherapy with the same considerations regarding 
medication choice as any other woman with hypertension. 

Hypertensive Disorders in Pregnancy 

Hypertensive disorders are the most common medical complication of pregnancy. In 
Canada, hypertension in pregnancy affects approximately 7.6% of all pregnancies 
[94]. Hypertension during pregnancy may be chronic (in women with pre-existing 
hypertension who become pregnant) or may develop during pregnancy (either gesta-
tional hypertension or preeclampsia) [95], and is defined as a systolic blood pressure 
≥ 140 mmHg and/or a diastolic blood pressure ≥ 90 mmHg based on the average of 
at least two measurements taken at least 15 min apart [96]. The rates of hypertensive 
disorders in pregnancy appear to be increasing: data from the United States shows 
an increase from approximately 5.3% of deliveries in 1993 to 9.1% of deliveries 
in 2014 [7], while worldwide the incidence of hypertensive disorders in pregnancy 
have increased 10.9% from 1990 to 2019 [97]. Hypertensive disorders in pregnancy 
are associated with significant maternal, fetal, and neonatal morbidity and mortality, 
with increasing rates of placental abruption, intrauterine growth restriction, prema-
turity, intrauterine deaths, and intracerebral hemorrhage in pregnant women with 
hypertension [95, 97, 98]. In 2019, approximately 28 thousand women died from 
hypertensive disorders in pregnancy, the majority in low- and middle-income coun-
tries [97]. The detection and treatment of hypertensive disorders in pregnancy is 
therefore an important global health concern. 

Chronic hypertension is defined as hypertension that precedes pregnancy or that 
develops within the first 20 weeks of pregnancy. Gestational hypertension is defined 
as a new diagnosis of hypertension occurring after 20 weeks’ gestation without 
evidence of proteinuria or hematologic abnormalities [95]. In general, pregnancy 
outcomes in women with both chronic hypertension and gestational hypertension 
are good if blood pressure is controlled, although there remains an increased risk 
of preterm birth and small-for-gestational-age neonates in women with chronic 
hypertension [98]. However, around one quarter of these women will progress to 
preeclampsia, a more serious condition that is associated with an increased risk of 
significant mortality and morbidity [95, 98]. Severe hypertension (with or without 
preeclampsia) is also a concern, and is associated with fetal and maternal complica-
tions, including hemorrhagic stroke [99]. In women with hypertension in pregnancy,
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blood pressure control is important in preventing severe hypertension, preeclampsia, 
and preterm birth [99, 100]. 

Preeclampsia is a clinical diagnosis that requires elevated blood pressure in 
conjunction with proteinuria or other severe features [96, 101]. Chronic hypertension 
is one of the strongest predictors of a woman’s risk of progression to preeclampsia 
(RR 5.1, 95% CI 4.0–6.5) [102], but several other factors such as obesity, diabetes, 
advanced maternal age, and genetic susceptibility play a role [101, 102]. It is impor-
tant that preeclampsia is detected, diagnosed, and treated, since it can progress rapidly 
to serious complications including death of both the fetus and the mother [101]. Treat-
ment of preeclampsia is beyond the scope of this chapter, but, in addition to blood 
pressure control, often involves delivery. 

Medications are used to treat all types of hypertensive disorders in pregnancy. 
Because many antihypertensive medications are not suitable for use in pregnancy 
(either because of demonstrated teratogenicity/fetopathy or a lack of evidence for use 
in pregnancy), women with chronic hypertension who are planning to become preg-
nant or who become pregnant often have their antihypertensive medications changed. 
Most notably, angiotensin-converting enzyme inhibitors (ACE-I) and angiotensin 
receptor blockers (ARBs) are contraindicated at all stages of pregnancy due to demon-
strated fetopathy [103–105]. Acceptable antihypertensive agents include labetalol, 
methyldopa, nifedipine, diltiazem, prazosin, clonidine, and hydralazine (although 
the last three are generally considered second or third line agents) [95, 96, 98, 105]. 
Although hypertension is of critical importance in pregnancy, it is also important to 
avoid excessive lowering of blood pressure. Low blood pressure in pregnancy has 
been associated with low fetal birth weight via placental hypoperfusion [99, 106]. 
Because some women with chronic hypertension experience a fall in their blood 
pressure in the first and second trimesters, antihypertensive medications are often 
stopped early in pregnancy with plans to restart if the blood pressure rises again in 
the second or third trimester [98]. 

Data relating to optimal blood pressure in pregnancy is scarce. The CHIP trial was 
a randomized clinical trial that compared “tight” (target dBP of 85 mmHg) versus 
“less tight” (target dBP of 100 mmHg) blood pressure control in women with mild 
or moderate nonproteinuric chronic or gestational hypertension [100]. No difference 
was reported between “tight” and “less tight” blood pressure control in the risk of 
pregnancy loss or overall maternal complications [100], but “less-tight” control was 
associated with a significantly higher frequency of severe maternal hypertension, 
which, in a later analysis, was shown to be associated with an increased risk of peri-
natal and maternal outcomes independently of the co-occurrence of preeclampsia 
[107]. A recent meta-analysis of 40 randomized controlled trials with 6355 patients 
found that treatment to a sBP of < 130 mmHg reduced the risk of severe hyper-
tension by approximately one-third compared to a sBP of ≥ 140 mmHg, and also 
reported a decreased risk for preeclampsia, placental abruption, and preterm birth 
but an increase in small-for-gestational-age infants with the use of blood pressure 
lowering medications [99]. Because of a paucity of data and because both high and 
low blood pressure can lead to complications, it is not surprising that the optimal 
target blood pressure in pregnancy remains somewhat controversial: the International
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Society for the Study of Hypertension in Pregnancy recommending targeting 110– 
140/80–85 mmHg [95], the American College of Obstetricians and Gynecologists 
recommending targeting a systolic blood pressure≥ 120 and < 160 mmHg and a dias-
tolic pressure of ≥ 80 mmHg and < 110 mmHg [108], while Hypertension Canada 
recommends targeting a diastolic pressure of 85 mmHg [105]. However, following 
the publication of these guidelines, the recently published results from the Chronic 
Hypertension and Pregnancy (CHAP) project, which investigated treatment of mild 
chronic hypertension at a gestational age of less than 23 weeks with a target of < 140/ 
90 mmHg versus only initiating pharmacotherapy in cases of severe hypertension (≥ 
160/105 mmHg), have provided support for the lower blood pressure target with less 
adverse pregnancy outcomes (risk ratio 0.82; p < 0.001) reported without impairing 
fetal growth [109]. 

It is now recognized that women with a history of hypertensive disorders during 
pregnancy are at increased risk of cardiovascular events in later life [110–112]. 
Women with a history of preeclampsia or gestational hypertension have higher BMIs, 
higher blood pressure, and unfavorable lipid profiles compared to parous women 
who did not have hypertensive disorders or pregnancy [113, 114]. In addition to 
the elevated risk of arterial stiffness and chronic hypertension compared to women 
without a history of hypertensive disorders in pregnancy, an increased risk of coronary 
artery disease, stroke, heart failure, aortic stenosis, and mitral regurgitation in women 
with previous hypertensive disorders in pregnancy has been reported [110, 112]. 
This increased risk was partially (50–65%), but not completely explained by the 
development of chronic hypertension in these women [110]. Given these findings, a 
history of hypertensive disorder of pregnancy is an important sex-specific risk factors 
for women that should be assessed when clinicians are performing a cardiovascular 
risk assessment in women. Furthermore, the occurrence of a hypertensive disorder 
of pregnancy in a woman should be a trigger for clinicians to thoroughly perform a 
cardiovascular risk assessment and consider risk mitigating strategies. 

Hypertension and Menopausal Hormone Therapy 

Menopause is associated with a significant rise in the prevalence of hypertension in 
women [7, 26]. Although the prevalence of hypertension increases with age, there is a 
large increase in the prevalence of hypertension in women from the pre-menopausal 
years (30.3% of women aged 35–44) to the menopausal years (50.9% of women aged 
45–54) [7]. From the age of 20–64 the prevalence of hypertension is greater in men 
than women, but after the age of 65, the trend reverses and an equal or higher propor-
tion of women have hypertension than men [7]. As estrogen and progesterone levels 
fall during menopause, women lose the protective, anti-hypertensive effects of these 
hormones [26, 28, 36]. Women undergoing menopause have higher blood pressure 
values and higher cardiovascular risk than premenopausal women of the same age 
[115, 116]. Similarly, women who go through early menopause (at < 45 years of age)
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are at higher risk of coronary heart disease, while women experiencing menopause 
from 50 to 54 years of age had a lower risk [117]. 

Another marker of vascular disease is arterial compliance, which is defined 
as the change in arterial blood volume attributed to a given change in pulsatile 
blood pressure [118]. Lower arterial compliance plays a role in the development 
of isolated systolic hypertension as well as refractory hypertension [34]. As previ-
ously described, estrogen has anti-fibrotic and anti-inflammatory affects that preserve 
vascular heath [25, 34]. Women have more estrogen receptors in their aorta than men 
[119]. Therefore, women may be more prone to developing arterial stiffness as they 
lose the effect of estrogen in the post-menopausal years. In one study, lower arterial 
compliance was associated with an increased burden of coronary artery plaque and 
calcification in post-menopausal women, but not in men [118]. The loss of ovarian 
hormones during menopause also leads to an increased risk of salt sensitivity, which 
could contribute to the development of hypertension [37, 38]. In addition to the 
increased incidence of hypertension post-menopause, both normotensive and hyper-
tensive postmenopausal women may develop a blunted nocturnal blood pressure dip 
[120, 121]. This “non-dipping” pattern, defined as a < 10% drop in nocturnal systolic 
blood pressure [121], has been associated with negative cardiovascular outcomes and 
target organ damage, especially in older women [121, 122]. 

The cardiovascular benefits and risks of menopausal hormone therapy remains 
a complex and controversial subject [25, 29]. The study of menopausal hormone 
therapy has had a difficult course, and although an in-depth review of this subject 
is beyond the scope of this chapter, it is notable that studies have varied signifi-
cantly in their results, with some studies showing positive effects to MHT in post-
menopausal women while others have shown neutral or negative effects [30]. In 
2002, the Women’s Health Initiative (WHI) randomized clinical trial of oral estrogen 
and progestin that was stopped three years earlier due to increased health risks that 
exceeded the benefits of the therapy, including an increased risk of cardiovascular 
events, venous thromboembolism (VTE), breast cancer, and stroke [43]. A 2017 
Cochrane review involving 43,637 women came to a similar conclusion regarding 
the continuous use of combined (estrogen and progesterone based) or estrogen based 
MHT in postmenopausal women, and although a subgroup analysis of women aged 
50–59 found only an increased risk of VTE (and not cardiovascular disease or malig-
nancy) the authors concluded that a small difference in risk could not be excluded due 
to low power [123]. A 2004 meta-analysis found a reduction in all-cause mortality 
(OR 0.61, CI: 0.39–0.95) with the use of MHT in women under the age of 60 years, but 
did not find any difference in mortality in women older than 60 years or overall [124]. 
When long-term follow-up from the WHI trial was published, short-term MHT was 
not associated with a risk of all-cause, cardiovascular, or cancer mortality when used 
from a median of 5.6 years (conjugated equine estrogens (CEE) and medroxypro-
gesterone (MPA)) or 7.2 years (CEE alone) [125]. These studies would suggest that 
the cardiovascular risk of MHT is lowest when started early in the postmenopausal 
period, and this has led to the development of the “critical timing hypothesis”, which 
states that the risks of MHT vary depending on the age (or time since menopause) 
that therapy is initiated [29, 30]. A recent scientific statement from the Society of
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Obstetricians and Gynaecologist of Canada highlights that in appropriately selected, 
symptomatic women, the early and short-term use of menopausal hormone therapy 
does not confer increased cardiovascular risk, but women who initiate menopausal 
hormone therapy 10 or more years after menopause are at increased risk of adverse 
cardiac events [126]. This statement is in agreement with the recommendations of 
several other international societies [30, 127, 128]. 

In terms of the effect on blood pressure, both oral CEE and CEE plus MPA mildly 
increase blood pressure in postmenopausal women [42, 43]. A subsample analysis 
of the WHI published in 2018 reported that the use of CEE was associated with 
an 18% increased incidence of hypertension in post-menopausal women, an effect 
which was noted to dissipate once MHT was stopped [40]. In contrast, transdermal 
estrogen has been reported to decrease sympathetic activity, decrease salt sensitivity, 
and reduce blood pressure in postmenopausal women [41, 44, 45]. The WHI obser-
vational study involved 93 676 postmenopausal women followed for an average of 
10.4 years, and found no significant difference in cardiovascular events or all-cause 
mortality between oral estradiol, CEE, or transdermal estradiol, although there was 
a nonsignificant trend towards favoring transdermal estrogen [129]. Although more 
study is needed, a transdermal administration may be preferable to oral hormone 
replacement in postmenopausal women, especially in patients with hypertension. 

Sex-Specific Differences in Clinical Trials and Differences 
in Treating Hypertension in Women 

Given the sex-specific differences in physiology and clinical presentation of hyper-
tension, it is important to consider whether the treatment approach used for hyper-
tension is affective in women as well as men. Many studies do not perform subgroup 
analysis to examine the outcome of interest in women [11], and even if this is done, 
studies may not be powered sufficiently to look for sex-specific outcome differences. 

Women are underrepresented in several of the clinical trials examining the effec-
tiveness of antihypertensive agents [11]. Some of the first clinical trials investigating 
treatment of hypertension were performed in the United States Veterans Affairs (VA) 
system and did not enroll any women [130, 131]. More recently, the SPRINT trial, 
which found a benefit to intensive versus conservative blood pressure management 
in non-diabetic patients at high cardiovascular risk, enrolled only 35.6% women 
[132]. The ACCOMPLISH trial, which found superior reduction in cardiovascular 
events in high-risk patients with a combination of benzapril-amlodipine compared 
to benzapril-hydrochlorothiazide, enrolled 39.5% women [133]. 

The underrepresentation of women in cardiovascular clinical trials is a well-known 
issue [134], and although examples do exist of underrepresentation in hypertension 
trials, there are also examples where women are equally [21, 135, 136] and even 
overrepresented [22]. However, even when women are equally represented only a 
few large trials have performed subgroup analyses to examine whether sex-specific
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differences in outcomes exist. In the ALLHAT trial, which enrolled 47% women, no 
difference in CVD outcome was detected when the data were examined separately by 
sex [21]. Similarly, no sex-specific difference in outcomes were noted in the HYVAT 
trial, which enrolled 61% women [22]. In 2009, one review aimed to examine sex 
specific outcomes in 67 separate hypertension trials, and concluded that “evidence 
from trials of antihypertensive treatment benefits specific to women is weak, but 
in studies where the analysis was adjusted for gender, the results appear similar for 
women and men”, although no study at that time had the main objective of comparing 
treatment effect between men and women [23]. Similarly, a large meta-analysis of 
over 190,000 patients did not find any sex-specific difference in the response of 
women or men to any particular hypertensive agent, nor was there any difference in 
achieved blood pressure or on the reduction in cardiovascular events seen with an 
equivalent drop in blood pressure [24]. 

Another concern is that blood pressure targets recommended by major guidelines 
do not differentiate based on sex, despite the known differences in the pathophys-
iology of hypertension and normal blood pressure differences between men and 
women. For example, normotensive women have lower blood pressure than age-
matched normotensive men [137], and yet blood pressure targets do not reflect this. 
Furthermore, despite the aforementioned lack of sex-specific differences in treatment 
outcomes of hypertension in major clinical trials [23, 24, 138], some authors have 
reported that the relationship between elevated blood pressure and cardiovascular 
events is more pronounced in women than in men [19, 20]. The potentially contra-
dictory nature of these results may be partly explained by the use of 24-h blood 
pressure monitoring in trials that found a sex-specific risk difference, rather than 
the more typical in-office blood pressure used in many clinical trials. Specifically, 
the relationship between night-time blood pressure and cardiovascular events was 
steeper in women [19], and as discussed previously, both seemingly normotensive and 
hypertensive post-menopausal women may develop a “non-dipping” nocturnal blood 
pressure [120, 121]. Thus, to approach an acceptably low relative risk of cardiovas-
cular events compared to normotensive patients for each sex, more aggressive target 
blood pressures may be needed in women than in men. Hermida et al. estimate that, 
for a 24-h blood pressure target in men of < 135/85 mmHg, the equivalent threshold 
for women is < 125/80 mmHg [20]. 

Sex-specific variations in the prescribed antihypertension therapy have been 
reported. Several [138–142], but not all [143], studies report that hypertensive women 
were more likely to be prescribed diuretics or β-blocker therapy, while men were 
more likely to be prescribed ACE-I. It should be noted that one possible reason for 
the lower use of ACE-I and ARBs in women is the avoidance of these medications 
in women of child-bearing age, although it is unlikely that this would completely 
explain this discrepancy. Thiazide diuretics have also been reported to reduce the 
risk of bone fractures and osteoporosis [144, 145], which may partially explain a 
preferential selection of these agents in women. 

Non-pharmacologic therapy for hypertension have been well studied in women. 
Dietary interventions (such as the DASH diet) have been shown to lower blood 
pressure and reduce calculated cardiovascular risk [135, 146, 147]. The combination
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of a DASH diet with exercise and cognitive-behavioral therapy for weight loss led 
to an average of 16.1/9.9 mmHg blood pressure reduction in overweight and obese 
participants, 67% of whom were women [148]. Similarly, both reducing salt intake 
to less than 100 mmol/day and adopting the DASH diet reduce blood pressure, but 
there is a greater effect from combining both salt restriction and the DASH diet, with 
a systolic blood pressure reduction of 11.5 mmHg in hypertensive patients [147]. 
Salt restriction has long been studied as a means to prevent hypertension, and a 
recent study of nearly 21,000 people found that replacing salt with a salt substitute 
(75% sodium chloride and 25% potassium chloride by mass) lead to a significant 
decrease in strokes, major cardiovascular events, and death over a mean follow-up 
of 4.74 years [149]. Because of the upregulation to RAAS after menopause [35], 
salt restriction may be especially beneficial in treating and preventing hypertension 
in postmenopausal women, and a reduction in blood pressure with salt restriction 
has been reported in this population [149, 150]. Interestingly, a recent study from 
Japan found that the effects of a lower-salt and higher-potassium diet lead to greater 
blood pressure reduction in women of all ages (pre- or post-menopausal) compared to 
men [151]. In people who drink more than two alcoholic beverages per day, reducing 
alcohol consumption has been shown to lower blood pressure [152]. Regular exercise 
is also beneficial in reducing blood pressure in women [153–155]. In addition to 
lowering blood pressure, combined aerobic and resistance exercises reduced arterial 
stiffness in postmenopausal women [156]. 

Future Directions and Unanswered Questions 

There remain several unanswered questions regarding hypertension in women. The 
optimal blood pressure target for blood pressure in pregnancy remains controver-
sial, and there are efforts ongoing to try to clarify this target. Another question is 
whether the relation between cardiovascular events and hypertension in women is 
steeper than in men. There have been conflicting results regarding this question 
[19, 20, 23, 24, 138], but, if present, this sex-specific difference would imply that 
differential blood pressure targets for men and women should be employed [20]. No 
current guidelines recommend using sex-specific blood pressure targets. Because 
the pathophysiology of hypertension may be different in women than in men, with, 
for example, a greater importance on arterial stiffness [34, 118] and the effect on 
salt intake [37, 38, 149–151] in women, it is important to consider whether certain 
medications or interventions may be more or less effective in treating hypertension 
in women. Although the majority of studies up to this point have shown no clinical 
difference in the effect of any particular antihypertensive on blood pressure in women 
or men [23, 24, 138], future studies should be mindful to incorporate sex-specific 
analyses so that any difference in treatment response does not go unnoticed (Fig. 8.1).
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Reproductive Years 
Primary vs. secondary HTN, investigate and treat as per local guidelines 

Special considerations: 

PCOS:
- Promote weight loss, diet, exercise
- Treatment with Metformin
- Treat hyperandrogenism
- Pharmacotherapy for HTN, 

consider spironolactone 

Hormonal contraceptive:
- Combined and estrogen-based 

contraception contraindicated in 
women with hypertension

- Use nonhormonal or progesterone 
only contraception instead 

Post-Menopausal 
Predominantly primary HTN, treat as per local guidelines 

Special considerations: 

Menopause transition:
- Screen women as per 

local guidelines
- Premature menopause 

associated with increased 
cardiovascular risk 

Menopausal hormone therapy:
- CEE can increase blood pressure
- In appropriately selected, symptomatic 

women, the early and short-term use of 
MHT does not increase CV risk.

- Avoid long-term (>10 year) use of MHT 

Childhood and Adolescence 

Often secondary HTN 

Special Considerations:

- Childhood obesity
- Stimulants, illicit 

substances, and herbal 
supplementations

- Genetic disorders 

Fig. 8.1 Blood pressure across a woman’s lifespan. Certain special considerations discussed in this 
text are highlighted. HTN = hypertension, CV = cardiovascular, MHT = menopausal hormone 
therapy 

Conclusion 

Hypertension remains a leading cause of morbidity and mortality in women world-
wide [6]. A woman’s blood pressure is determined by numerous factors, including 
regulation by neurohormonal, renal, and endocrine systems. The effects of estrogens 
on a woman’s blood pressure are important, and, although hardly the only regulator 
of blood pressure, can explain some of the changes in blood pressure that occur 
during pregnancy and menopause. Clinicians should be aware of the potential effect 
of hormonal contraception on a woman’s blood pressure, which is regulated through 
the effects of exogenous estrogens. 

Although significant strides have been made in improving the care of women 
with hypertension, there are several unanswered questions. Underrepresentation of 
women was prevalent in early cardiovascular trials, and it is important that researchers 
do not repeat the mistakes of the past. As further studies are done, there should be 
a focus on ensuring adequate recruitment of women and in powering studies so that 
sex-specific outcome differences can be analyzed. 

Special considerations in women include PCOS, hypertensive disorders in preg-
nancy, and the use of exogenous estrogens for contraception or menopausal hormone 
therapy. Knowledge of the blood pressure changes that occur during these condi-
tions is paramount to the care of women, and clinicians should be on the lookout for 
hypertension at all stages of a woman’s life. 
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Chapter 9 
Gestational Diabetes as a Risk Factor 
for Cardiovascular Disease 

Jamie L. Benham and Jennifer M. Yamamoto 

Abstract Gestational diabetes (GDM), defined as glucose intolerance with first 
recognition in pregnancy, is one of the most common medical conditions in preg-
nancy. It is well known that gestational diabetes is associated with a number of 
obstetric and neonatal complications; however, GDM is also an important risk factor 
for conditions that are diagnosed far past the postpartum period. One of these, which 
has become increasingly recognized, is the higher risk of cardiovascular disease 
among people who have been diagnosed with GDM. Evidence suggests that people 
with GDM have a twofold higher risk of cardiovascular disease and that this risk 
is evident within the first decade following pregnancy. As cardiovascular disease is 
the leading cause of death worldwide, it is imperative that the factors that contribute 
to cardiovascular disease in women are delineated to inform prevention and treat-
ment strategies. A diagnosis of GDM offers women, clinicians, and policy makers 
a unique opportunity to implement effective screening and treatment strategies to 
reduce cardiovascular disease in this population. Much more research is needed to 
identify the best evidence-based practices for cardiovascular disease protection in 
this population. Nonetheless, it is essential that people with GDM and their health-
care providers recognize this risk and the importance of continued screening, treat-
ment, and follow-up. This chapter will discuss the relationship between GDM and 
cardiovascular disease. Specifically, we will review: key highlights regarding GDM 
epidemiology, diagnosis, and outcomes; potential pathophysiologic mechanisms for 
the development of cardiovascular disease following GDM; the epidemiology of
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cardiovascular disease following GDM; and the screening for and prevention of 
cardiovascular disease following GDM. 

Keywords Gestational diabetes · Pregnancy · Glucose · Type 2 diabetes ·
Postpartum 

Gestational Diabetes 

Definitions and Epidemiology 

It is estimated that globally up to 17% of pregnancies are complicated by hyper-
glycemia in pregnancy [1]. Gestational diabetes (GDM), typically defined as glucose 
intolerance with first recognition in pregnancy, represents ~85% of hyperglycemic 
disorders in pregnancy. Its prevalence can vary significantly across populations based 
on the diagnostic criteria used and GDM risk factors present. However, it remains one 
of the commonest metabolic conditions affecting pregnant people. The prevalence 
of GDM continues to rise due to both person-level factors such as increasing obesity 
and advanced maternal age as well as diagnostic considerations such as screening 
practices and the glucose thresholds used in the diagnostic criteria. 

Pathophysiology of Gestational Diabetes 

Pregnancy is a time of substantial physiologic adaptation. The considerable hormonal 
changes that occur across pregnancy are essential to facilitate maternal–fetal nutrient 
transport and support fetal growth. The increase in a number of hormones such as 
human placental lactogen, progesterone, estrogen, prolactin, growth hormone, and 
corticotropin releasing hormone during pregnancy lead to a steep rise in insulin 
resistance typically beginning mid-gestation [2]. Additionally, excessive endoge-
nous glucose production occurs as a result of hepatic gluconeogenesis and maternal 
glucose uptake inhibition. Gestational diabetes develops from the inability of pancre-
atic β-cells to meet the higher demands due to the combination of increased 
insulin resistance and excessive endogenous glucose production in the latter half 
of pregnancy.
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Gestational Diabetes Diagnosis and Risk Factors 

The diagnostic criteria debate is contentious and there remains no global consensus 
on the optimal diagnostic criteria for diagnosing GDM. Thus, international guide-
lines differ in terms of which criteria should be used. Likely the most commonly 
used diagnostic criteria are from the International Association of the Diabetes and 
Pregnancy Study Group (IADPSG), which diagnoses GDM based on a one-step 75 
g 2-h oral glucose tolerance test (OGTT) [3]. While the screening and diagnostic 
criteria differ, almost all major international diagnostic criteria use dynamic glucose 
testing (e.g., 75 g OGTT, 50 g glucose challenge, 100 g OGTT) [4]. Most guide-
lines recommend screening for GDM occur at ~24–28 weeks’ gestation [5–7]. There 
remains controversy about the role for screening for GDM in early pregnancy as 
we currently lack published large randomized controlled trials to demonstrate the 
risks and/or benefits of early screening. Additionally, the recommendations for who 
should be screened for GDM also differ with some guidelines recommending risk 
factor-based screening and others recommending universal screening for GDM. Risk 
factors for GDM are summarized in Box 9.1. 

Box 9.1: Risk Factors for Gestational Diabetes 
≥ 35 years of age 
From a high-risk group ethnic group (African, Arab, Asian, Hispanic, 

Indigenous, or South Asian) 
Having a body mass index ≥ 30 kg/m2 

Previous GDM 
Previous birthweight > 4 kg 
Family history of type 2 diabetes (first-degree relative) 
Polycystic Ovary Syndrome 
Acanthosis nigricans 
Using corticosteroids 
Having prediabetes 

*Adapted from the 2018 Diabetes Canada Clinical Practice Guidelines [5] 

Complications of Gestational Diabetes 

The Hyperglycemia and Adverse Pregnancy Outcomes Study published in 2008 
was a landmark study that established that lesser levels of hyperglycemia than overt 
diabetes were associated with an increased risk of complications [8]. Specifically, it 
demonstrated that the risk of large for gestational age (birthweight >90th centile), 
cord-blood C-peptide levels >90th centile, primary caesarean delivery, and neonatal 
hypoglycemia increased as glucose levels increased with no obvious threshold.
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While GDM is associated with a higher risk of pregnancy complications, large 
randomized controlled trials and high-quality meta-analyses have demonstrated treat-
ment decreases the risk of a number of pregnancy complications such as primary 
caesarean delivery, shoulder dystocia, and large infant size (macrosomia and large 
for gestational age) [4, 9, 10]. 

While the pregnancy and neonatal complications associated with GDM are well-
recognized, there are a number of metabolic long-term risks for people with GDM 
and their offspring associated with GDM. Type 2 diabetes is perhaps the most well 
recognized, with GDM being associated with a sevenfold increased risk of developing 
type 2 diabetes [11]. This is substantial for not only the large number of individuals 
being diagnosed with overt diabetes, but also in terms of the young age at diagnosis; 
within 10 years of delivery, about half of people with previous GDM will develop 
diabetes or pre-diabetes [12]. Increasingly recognized is the higher risk of future 
cardiovascular disease in people with GDM. A meta-analysis including over 5 million 
people demonstrated a twofold increased risk of cardiovascular events in people with 
previous GDM compared to those without GDM [13]. 

Pathogenesis of Gestational Diabetes as a Risk Factor 
for Cardiovascular Disease 

The pathogenesis of GDM as a risk factor for cardiovascular disease is still being 
elucidated however, it is likely complex and multifactorial. This includes mechanisms 
such as the higher risk of type 2 diabetes, shared metabolic risk factors for GDM 
and cardiovascular disease, and other mechanisms such as subclinical inflammation, 
placental factors, and adipocyte dysfunction. 

Risk of Type 2 Diabetes 

Type 2 diabetes is a strong risk factor for cardiovascular disease. This may be 
particularly important in people with previous GDM given their young age at diag-
nosis. In fact, a younger age at diabetes diagnosis of type 2 diabetes confers an 
even stronger risk of all-cause mortality and macrovascular disease [14]. There are 
multiple pathogenic mechanisms that lead to diabetes causing cardiovascular disease. 
One important mechanism is that diabetes, a pro-inflammatory state, causes vascular 
inflammation and subsequent cardiovascular disease [15].
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Shared Risk Factors 

Gestational diabetes has many shared risk factors for the development of cardio-
vascular disease such as metabolic syndrome, obesity, dyslipidemia, hypertension, 
hypertensive disorders in pregnancy, polycystic ovary syndrome, and higher levels 
of deprivation. These shared risk factors likely explain part of risk of cardiovascular 
disease incurred with a diagnosis of GDM. 

Other Mechanisms 

There are a number of other postulated mechanisms that may further explain how 
GDM can lead to cardiovascular disease. These include subclinical inflammation, 
adipocyte dysfunction, placental factors, and subclinical alternations in cardiac struc-
ture or function. Interestingly, there is emerging evidence to suggest that a number 
of these mechanisms occur prior to pregnancy and/or persist after pregnancy [16– 
19]. Additional research is needed to further elucidate the pathophysiology of GDM 
leading to cardiovascular disease and determine the potential role for screening for 
biomarkers or subclinical disease may act as a risk factor for cardiovascular disease 
in people with previous GDM. 

Epidemiology 

The risk of cardiovascular disease is increased twofold in women affected by GDM 
compared with women without a history of GDM [13]. For women who subsequently 
develop type 2 diabetes, this risk is fourfold [20]. Some studies have reported that the 
risk of cardiovascular disease in women with GDM may be related to the development 
of type 2 diabetes [21], a known risk factor for cardiovascular disease, however, even 
without progression to type 2 diabetes, people with GDM have a higher risk of 
cardiovascular disease [13]. This increased risk is evident as early as the first decade 
after delivery [13, 22], and increases over time [22] (Fig. 9.1).

Cardiovascular Disease Risk Factors 

Gestational diabetes is one of many factors that may contribute to the development 
of cardiovascular disease among affected women. Not only do women with GDM 
have an almost eightfold increased risk of developing type 2 diabetes [11, 23], they 
are also more likely to be diagnosed with hypertension [24, 25] and dyslipidemia 
[26] following a pregnancy affected by GDM. Other cardiovascular risk factors that
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Fig. 9.1 Cumulative incidence of cardiovascular hospitalization per 10,000 women over time*. 
(*Solid line, women with gestational diabetes, dotted, women without gestational diabetes. Results 
are shown for four outcomes that were representative of other cardiovascular disorders.) Reproduced 
from McKenzie-Sampson et al. [22] with permission from Springer Nature

may contribute to their risk of developing cardiovascular disease include age, family 
history, smoking and having overweight or obesity. 

A cross-sectional study compared the cardiovascular disease risk profiles of 
women with GDM who did and did not develop type 2 diabetes using data from the 
Third National Health and Nutrition Examination Survey [27]. The authors found 
that while there were no differences in cardiovascular risk profiles between individ-
uals with GDM without subsequent diabetes and those without a history of GDM, 
individuals who developed diabetes following GDM had a higher risk of metabolic 
syndrome and had more cardiovascular disease risk factors [27]. 

Participating in healthy lifestyle behaviours may play a mitigating role in the 
development of cardiovascular disease in this population. A prospective cohort study 
of women from the Nurse’s Health Study II reported that the risk of cardiovascular
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disease among women with GDM was not elevated among individuals who partici-
pated in healthy lifestyle behaviours including regular physical activity, not smoking, 
maintaining a healthy weight, and following a good quality diet [20]. 

Postpartum Screening 

Cardiovascular risk factors including the development of type 2 diabetes are often 
identifiable in the first year postpartum [28]. Clinical practice guidelines recommend 
postpartum screening for diabetes in all women affected by GDM in pregnancy [6]. 
The reported proportion of women who complete postpartum screening for type 2 
diabetes is highly variable with a systematic review reporting published estimates 
ranged from 5.7 to 57.9% in the first three years postpartum [29]. Although some 
studies have reported that the proportion of women completing postpartum screening 
tests for diabetes following a pregnancy affected by GDM has increased over time, 
less than half of women are being screened for this important cardiovascular disease 
risk factor [29, 30]. Postpartum screening rates for other cardiovascular disease risk 
factors is also poor. 

Reasons for not screening for diabetes following a pregnancy affected by GDM 
are likely multifactorial with various health systems factors, healthcare provider 
factors, and patient factors contributing [31]. A survey of primary care providers and 
women affected by GDM in Ottawa, Ontario, Canada found that >95% of respondents 
believed that postpartum screening for diabetes was important, yet only 37% of 
primary care providers reported having their patients complete screening [32]. 

Women affected by GDM are asked to make many adaptations to treat the condi-
tion during pregnancy including monitoring blood glucose levels frequently, making 
lifestyle changes, and taking medication if required, and often have regular clin-
ical follow-up with a diabetes team to navigate these changes. In the postpartum 
period, mothers experience competing demands and are less focused on their own 
health [33]. This may contribute to less adherence to postpartum recommendations 
regarding screening and lifestyle changes. 

Preventing Cardiovascular Disease Following Gestational 
Diabetes 

Despite the growing body of evidence demonstrating an association between GDM 
and risk of cardiovascular disease, there are a number of challenges when considering 
risk reduction in this population [13]. It is becoming increasingly noted that women 
have been historically excluded from or underrepresented in cardiovascular studies 
and trials. This may be particularly true for women of reproductive age who are at risk 
of pregnancy or who may be breastfeeding as these are common exclusion criteria
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for clinical trials. Thus, there remains a paucity of clinical trial evidence guiding 
the evaluation of cardiovascular risk and cardiovascular risk reduction strategies 
in this population [34]. Nonetheless, pregnancy and the postpartum period are a 
critical window of opportunity to reduce cardiovascular risk as this is often a time of 
engagement with the healthcare team. 

As we await more clinical trials and studies to guide us, there are a number of 
strategies we can use to reduce the risk of cardiovascular disease following GDM. 
These include the prevention or delay of type 2 diabetes onset, the management of 
other cardiovascular risk factors as well as a variety of other considerations. 

Preventing or Delaying Type 2 Diabetes Following Gestational 
Diabetes 

While the risk of cardiovascular disease following GDM is not exclusively medi-
ated through type 2 diabetes, preventing or delaying type 2 diabetes onset remains 
of paramount importance in cardiovascular risk reduction. It has been increasingly 
recognized that early onset type 2 diabetes (< 40 years) is an aggressive phenotype for 
the development of macro and microvascular complications [35, 36]. Given that half 
of people with GDM develop diabetes or prediabetes within 10 years postpartum, 
most people who develop type 2 diabetes following GDM will do so at a young age. 

There is evidence for both lifestyle and pharmacotherapy for preventing or 
delaying type 2 diabetes onset. The landmark Diabetes Prevention Program (DPP) 
demonstrated that intensive lifestyle intervention and metformin reduced the risk of 
type 2 diabetes by 58% and 31% respectively in people at high risk for diabetes [37]. 
An analysis of the 10-year follow-up data examined the 350 women with a history 
of GDM who participated in the DPP [38]. This study demonstrated that both the 
intensive lifestyle intervention and metformin were effective in reducing progression 
to overt diabetes. Unlike the larger study population, metformin was found to be as 
efficacious as lifestyle therapy in the prevention of diabetes in this population. 

A number of studies, trials, and systematic reviews have been published since 
the DPP examining strategies to reduce diabetes risk specifically following GDM. 
Overall, they suggest that both lifestyle and pharmacologic interventions are effective 
in delaying the onset of type 2 diabetes [39]. However, there are a number of things 
to highlight when translating this into clinical practice. The first is the presence of 
publication bias, with the presence of small positive trials and the absence small 
negative trials being noted in a recent high-quality review on lifestyle intervention 
trials [40]. The second is if clinical trial results can be effectively translated into real-
world settings. The postpartum period is a busy and often stressful time in which 
many people find prioritizing their own health challenging. Intensive lifestyle therapy 
may not be a realistic or affordable option for many people in the postpartum period 
or the years to follow. Pharmacologic therapy may be a more feasible option for many 
people postpartum but evidence remains limited to metformin at this time. Ongoing
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studies in other classes of diabetes medication such as dipeptidyl peptidase 4 (DPP-4) 
inhibitors, sodium-glucose cotransporter 2 (SGLT-2) inhibitors, and glucagon-like 
peptide-1 (GLP-1) agonists may demonstrate other effective therapies. 

There is a large body of evidence that has demonstrated that breastfeeding is 
associated with a lower risk of developing type 2 diabetes in both people with 
previous GDM and their offspring [41–43]. While we lack randomized controlled 
trial evidence to support causation, given the many benefits of breastfeeding, it is 
recommended in people who are able and willing to do so [5]. 

Treating Cardiovascular Disease Risk Factors—Postpartum 
Considerations 

As GDM has been recognized as a pregnancy associated risk factor for cardiovascular 
disease, ongoing cardiovascular disease risk surveillance and treatment post-GDM 
is warranted. This includes but is not limited to screening for hypertension, dyslipi-
demia, microalbuminuria, obesity, and smoking [34]. Effective screening strategies 
and treatments for cardiovascular risk factors are detailed elsewhere however, there 
are a number special considerations to consider in the postpartum population. 

Since the higher cardiovascular disease risk after GDM is evident within the 
first decade following pregnancy, screening for and treatment of cardiovascular risks 
should occur early and often [13, 34]. Studies examining postpartum screening for 
overt diabetes indicate that few people are being screened for diabetes alone post-
partum. As few as 1 in 2 people with GDM are being screened for diabetes within 
the year after pregnancy and only 1 in 3 are receiving the guideline recommended 
screening test [44]. There remains much work to do to improve postpartum screening 
for diabetes in addition to screening for other cardiovascular risk factors. Ongoing 
studies of postpartum cardiovascular risk prevention strategies may offer more insight 
into the best strategy to manage cardiovascular risks in the postpartum period. 

Risk prediction is an important tenet in the prevention of cardiovascular disease 
however, this may be especially challenging in women. Unfortunately, current risk 
prediction tools have low validity in young women. Additional research is need to 
develop and validate risk prediction tools in young females and consider pregnancy 
associated cardiovascular risk factors. 

Safe Effective Contraception 

Any discussion of risk management in the postpartum period must include safe 
effective contraception for those at risk of pregnancy. Many key cardiovascular 
risk reduction medications such as angiotensin-converting enzyme (ACE) inhibitors, 
angiotensin II receptor blockers, SGLT-2 inhibitors, and statins may be unsafe or lack
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Table 9.1 Lower risk contraceptive options for people at risk of pregnancy with risk factors for or 
established cardiovascular disease by 1-year failure rate with typical use 

Low failure rate Moderate failure rate High failure rate 

(<1%) (6–12%) (18–28%) 

Long-acting reversible contraception Progestin-only* Condoms* 

Copper IUD* 

Levonorgestrel IUD* 

Subdermal implant* 

Vasectomy** 

* Defined by the World Health Organisation Medical Eligibility Criteria for Contraceptive Use 
(MEC) categories 1 (no restriction) and 2 (advantages generally outweigh the theoretical or proven 
risks) [50]; ** where applicable 

adequate safety data for their use in the setting of pregnancy or lactation. A number 
of studies highlight the lack of safe effective contraception in people at risk of preg-
nancy with diabetes and misconceptions about contraception in people with cardio-
vascular disease or risk factors [45, 46]. While cardiovascular risk should always 
be considered and discussed with people when choosing a contraception method, 
there are a number of options still available. Lower risk yet effective options include 
the intrauterine device (copper or levonorgestrel), subdermal implant, progestin-only 
pills, and vasectomy where applicable [47–50]. While barrier methods are low risk, 
they have a high failure rate when used alone and therefore should be considered 
after or in addition to other options [47] (Table 9.1). 

Future Directions 

Gestational diabetes is a common endocrine disorder affecting pregnancy and is asso-
ciated with an increased risk of developing cardiovascular risk factors and cardiovas-
cular disease. Robust studies evaluating this association over time are needed along 
with evidence informed strategies to improve education about and prevention of the 
long-term cardiovascular sequelae of GDM. Until then, it is important to discuss 
screening and risk reduction strategies of type 2 diabetes and cardiovascular disease 
in all people with GDM.
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Chapter 10 
Menopause and the Bridge 
to Cardiovascular Disease 

Sarah Rouhana and W. Glen Pyle 

Abstract Before menopause women are protected against cardiovascular disease 
morbidity and mortality, relative to age-matched men. After menopause cardiovas-
cular disease mortality rises sharply in women to match or exceed levels in men. A 
higher rate of cardiovascular mortality is seen in women who experience menopause 
at an early age which supports the idea that cardiovascular risk is primarily driven 
by ovarian failure and not age. While the dramatic shift in cardiovascular disease 
risk is associated with the loss of estrogens in menopause, there are multiple biolog-
ical and sociological phenomenon driving the threat. Shifts in adipose patterning, 
vasomotor symptoms and the damage to endothelial function, along with increased 
levels of inflammation, are all postmenopausal changes that pose threats to cardio-
vascular health. The inequitable treatment of women with cardiovascular disease 
compounds biological hazards, as does a lack of education and training for women’s 
cardiovascular health. Estrogen replacement therapy offers some potential benefits 
for postmenopausal women but the knowledge gaps in our understanding of how 
estrogens impact cardiovascular health specifically, and postmenopausal well-being 
generally, limits its use. Research into the cardiovascular impact of menopause, the 
mechanisms of estrogen replacement therapy, and improved training for healthcare 
professionals could improve the health of post-menopausal women. 
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Introduction 

Prior to menopause, women are relatively protected against cardiovascular disease, 
as evidenced by a lower incidence of cardiovascular disease morbidity and mortality 
when compared to men of the same age [1]. However, protection against cardiovas-
cular disease is starkly diminished in women after menopause, as seen by the sharp 
rise of cardiovascular mortality later in life that matches or exceeds levels reported 
in the male population [2]. Despite the relative protection enjoyed by premenopausal 
women against cardiovascular disease mortality, cardiovascular disease in general— 
and ischemic heart disease specifically—is the leading cause of death of women 
globally [3–5]. 

The reasons for increased cardiovascular disease mortality in women after 
menopause are poorly understood. There are, however, a number of biological and 
sociological risk factors that change or emerge after menopause that contribute to 
this phenomenon. The rise in cardiovascular mortality reported in postmenopausal 
women is not explained by any single risk factor and is likely the result of interactions 
between several of these elements. 

This chapter will outline the physiological changes that occur during menopause, 
provide mechanisms to explain the biological basis for the postmenopausal rise in 
cardiovascular mortality, and discuss sociological factors that compound biological 
risk. 

Setting the Stage: Defining Key Elements of Menopause 

(a) Menopause 

Menopause is a physiological process that typically occurs over several years and 
results in a decline in ovarian function and the end of menstrual cycles. Some women 
experience iatrogenic menopause following the surgical removal of the ovaries or 
ovarian failure in association with chemotherapy, radiation therapy, or other medical 
treatments. The removal of ovaries (oophorectomy) in association with hysterec-
tomy was once a relatively common occurrence, but current guidelines recommend 
retaining the ovaries unless there are medical concerns, such as a genetic risk of 
ovarian cancer [6, 7]. The onset of menopause is defined as the time 12 months after 
the final menstrual period as a result of ovarian follicle depletion, or at the time of 
bilateral oophorectomy [8]. 

Natural menopause can take up to 10 years to occur [9], with a mean age of onset 
of 51 years of age. However, age of menopause is impacted by a wide range of factors 
including genetics [10, 11]; diet and exercise; socio-economic status; and ethnicity, 
giving rise to variations across the world [12]. In much of the world the expanded 
life expectancy now means that women spend more than one-third of their lives in a 
postmenopausal state.
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Menopause is more than a transition into a post-reproductive phase: it impacts 
health and quality of life. Estrogens—a key group of hormones produced by the 
ovaries—affect systems in the body beyond the reproductive organs, including bone, 
brain, adipose, muscle, blood vessels, and heart. The ovarian estrogens also regulate 
estrogen production by extragonadal tissues like adipose. The decline in circulating 
estrogens creates an imbalance with other hormones and regulatory factors in the 
body including testosterone and glucocorticoids, whose actions are normally coun-
tered by estrogens. Overall, the loss of estrogens and hormonal homeostasis creates 
a physiological environment that is associated with an increased risk for a number of 
health conditions including dementia, obesity, osteoarthritis, cardiovascular disease, 
and sarcopenia [13]. 

(b) Perimenopause 

A standardized set of criteria developed by ‘The Stages of Reproductive Aging 
Workshop+ 10’ (STRAW+10) has divided the menopausal transition into 4 periods: 
late reproductive phase, early menopausal transition, late menopausal transition, and 
early postmenopause [8]. The postmenopausal stage has historically garnered the 
most attention in terms of research and medical interventions because of the rise in 
health conditions associated with this phase. Although the postmenopausal period 
is when most health conditions associated with menopause overtly manifest, the 
groundwork for risks is likely set much earlier, during the early and late menopausal 
transitions, more commonly referred to as “perimenopause”. 

Perimenopause is broadly defined as a period of irregular menstrual cycles 
coupled with amenorrhea that describes the time between the reproductive stage and 
menopause [8]. Early menopausal transition starts when women experience persis-
tent differences in their menstrual cycle duration of 7 or more days. Cycle variability 
increases and there are periods of amenorrhea which last 60 days or more in the late 
menopausal transition. Perimenopause is completed at the end of a 12-month period 
of amenorrhea. In total, perimenopause can have a normal duration of 2–8 years [14]. 

Perimenopause is not simply a smooth and gradual decline in ovarian hormones. 
It is marked by highly variable and increasing levels of follicle stimulating hormone 
(FSH), as well as low levels of antimüllerian hormone (AMH) [9]. Perhaps the 
most well-known hormonal change in perimenopause are decreasing but punctuated 
levels of 17β-estradiol [8]. FSH levels rise up to 6 years before menopause and the 
decline in estrogens does not start until 2 years before the final menstrual period 
[15, 16]. Circulating levels of testosterone do not change significantly during the 
perimenopausal phase, but the declining levels of estrogens produces an imbalance 
between estrogens and androgens that creates a state of relative androgenic excess 
[17]. 

(c) Early/Premature Menopause 

Menopause typically does not occur until middle age, an age that also corresponds 
with an increased cardiovascular disease risk in men. Because ageing is a risk factor 
for cardiovascular disease, it is difficult to quantify how much of the increased risk
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seen in postmenopausal women is a natural process of ageing and how much is the 
consequence of ovarian failure. 

The case for ovarian involvement is evident in women who experience early 
menopause or premature ovarian insufficiency. Early menopause is defined as an 
onset that occurs before age 45, and premature ovarian insufficiency results in 
menopause before 40 years of age. These conditions affect 12 and 4% of women, 
respectively [18]. Meta-analyses of observational studies found premature ovarian 
insufficiency is associated with an increased rate of cardiovascular disease gener-
ally, and ischaemic heart disease specifically [19–21]. A review of 32 observational 
cohort, case–control, and cross-sectional studies including 310,329 women shows 
early menopause creates a higher risk of coronary heart disease and cardiovascular 
disease mortality, but not stroke [22]. Zhu and colleagues reported a similarly tight 
relationship between early and premature menopause with coronary heart disease, 
but they also report an elevated risk of stroke in women who enter menopause earlier 
than expected [20]. Overall, the data clearly show an elevated risk for cardiovascular 
disease development and mortality in women who experience either early menopause 
or premature ovarian insufficiency, compared to women of a similar age. 

Hormone replacement therapy studies show cardiovascular disease development 
is reduced when women with premature ovarian insufficiency are treated until the 
typical age of menopause [23, 24], supporting the argument that the loss of ovarian 
function is a critical risk factor for cardiovascular disease. A review of 15 observa-
tional studies across 5 countries reported women with premature or early menopause 
who used hormone therapy for more than 10 years had a reduced risk of cardiovas-
cular disease compared to women who did not [20]. Recommendations published 
in the Journal of Obstetrics and Gynaecology Canada recommend “women with 
premature or early-onset menopause appear to be at an increased risk of adverse 
cardiovascular outcomes, and this risk may be prevented by the use of menopausal 
hormone therapy until the average age of menopause” [25]. 

Together, these studies uncouple the risk of cardiovascular disease development 
in postmenopausal women from ageing, and establish a link between the decline in 
ovarian estrogen production and risk factors for cardiovascular disease. These data, 
coupled with studies demonstrating an ability of estrogen replacement to mitigate 
some cardiovascular disease hazard, make a strong case for a key role of ovarian 
failure in the increased rate of cardiovascular disease seen in postmenopausal women. 

Emergence of Risk 

The physiological changes that accompany menopause create a favourable environ-
ment for the development of cardiovascular disease and co-morbidities that worsen or 
promote cardiovascular illness. Diabetes [26, 27], hypertension [28, 29], and dyslipi-
demia [30] are among the co-morbidities observed at higher rates in postmenopausal 
women. Metabolic syndrome, which is characterized by increased abdominal obesity, 
insulin resistance, elevated blood pressure, and increased inflammation, is more
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prevalent in women after menopause [31, 32]. These comorbidities exacerbate injury 
associated with cardiovascular events like myocardial infarction and complicate the 
clinical management of patients, giving rise to higher adverse events and mortality 
rates. How they arise is a reflection of the diverse impact estrogens have on the body 
and the systematic effects of menopause. 

(a) Adipose 

Regional adiposity is a risk factor in cardiovascular disease. The loss of estrogens 
coupled with a relative increase in androgens after menopause creates a hormonal 
milieu in which body fat distribution is altered in women [33, 34]. Premenopausal 
adipose distribution is primarily subcutaneous in the gluteofemoral region and is 
associated with a lower risk of metabolic diseases and other pre-cursors to cardiovas-
cular disease [35–37]. After menopause, there is a shift towards an increase in visceral 
storage of adipose [38, 39]. A key role for the location of adipose deposits in deter-
mining risk of disease was demonstrated in a study of normal weight postmenopausal 
women that showed visceral obesity was associated with increased mortality, but 
increased subcutaneous levels were not [40]. The adjustment in adipose distribu-
tion towards higher levels in abdominal and intraperitoneal regions more closely 
resembles the male pattern of adipose distribution and creates an elevated risk for 
cardiovascular risk factors like diabetes [41], and cardiovascular conditions such as 
hypertension [41] and coronary artery disease [42]. 

Sex differences in adipose patterning has long been known, but the mech-
anisms underlying shifts in adipose deposition with menopause remains poorly 
understood. There is emerging evidence for interactions between sex steroids and 
the adipose microenvironment to drive the alterations in adipose distribution that 
follow menopause. Abildgaard and colleagues reported menopause is associated 
with metabolic dysfunction in visceral and subcutaneous adipose [43]. Both visceral 
and subcutaneous adipose showed adipocyte hypertrophy, increased inflammation, 
hypoxia, and fibrosis, while visceral adipocytes exhibited a decrease in insulin sensi-
tivity. Subcutaneous adipose tissue dysfunction causes an inability to store fats in this 
location and creates a spill-over that is taken up by visceral adipose. Price et al. previ-
ously speculated that a decline in circulating progesterone coupled with increased 
production of estrone in the gluteofemoral region decreases lipoprotein lipase activity 
regionally and explains the decreased ability to store fats in this adipose site [44]. 
After menopause, the visceral adipose tissue is the primary source of estrogens and 
increased local levels may create a cellular milieu that promotes visceral expansion 
[45]. Despite studies offering data to support a local mechanism of adipose regu-
lation after menopause, the details of local adipose storage both before and after 
menopause remain largely unknown. 

Increased postmenopausal obesity may also be centrally mediated. In mouse 
models, central nervous system estrogen receptor-α (ERα) influences abdominal 
obesity and physical activity, two areas that are commonly affected in post-
menopausal women. Deletion of ERα in hypothalamic steroidogenic factor-1 neurons 
decreased energy expenditure in the form of physical activity and increased depo-
sition of fat in the abdomen [46]. Deletion of the same estrogen signaling target
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in pro-opiomelanocortin neurons of the hypothalamus stimulated appetite. Interest-
ingly, ERα reductions in ventromedial hypothalamic nucleus steroidogenic factor-1 
neurons produces a similar hypoactive state, possibly through decreased SNS activity, 
which would also increase lipid storage [47]. The postmenopausal reduction in circu-
lating estrogens produces less stimulant for central nervous system ERα, providing 
a feasible mechanism to explain some body composition alterations. 

(b) Vasomotor Symptoms 

Estrogens help maintain a healthy, functioning endothelium, which is diminished 
with menopause. The onset of endothelial dysfunction begins early in menopause 
[48–50] and may set the stage for later coronary artery lesions. The process of 
atherosclerosis and vascular dysfunction is enhanced with other menopausal changes, 
including increased activation of the renin–angiotensin–aldosterone [51, 52] and 
sympathetic nervous systems [53–55]. 

Vasomotor symptoms (VMS) are the cardinal symptom of the menopausal tran-
sition. Over 70% of women report VMS [56] which include hot flushes and night 
sweats. The intensity and frequency of VMS vary widely, and are impacted by ethnic 
background, genetics, diet, and level of physical activity [57]. In addition to impacting 
quality of life by disrupting sleep and mood, VMS appear to be a harbinger of future 
cardiovascular risk. 

Women who experience more severe symptoms, or for a prolonged period of time, 
are at increased risk of developing cardiovascular disease [58, 59]. A study of 11,725 
women who had frequent VMS before age 50 found an increased risk of coronary 
artery disease [60]. The SWAN [61, 62], WISE [63], and WHI-OS [59] studies all 
found VMS were associated with preclinical signs of cardiovascular disease, although 
KEEPS [64] found no association in women at low risk for cardiovascular disease. 

Early onset [65] and prolonged VMS duration [66] are individually linked to 
subclinical changes in vascular structure and function that are risk factors for cardio-
vascular disease. How menopausal VMS increase the risk of cardiovascular disease is 
not definitively known, although there are several plausible mechanisms. VMS are a 
consequence of a more narrow thermoeneutral zone that arises during perimenopause. 
The constricted tolerance for temperature variations triggers a physiological response 
to dissipate the perceived increase in heat, largely through the autonomic nervous 
system. Increased SNS and/or decreased PNS activity work to mediate this effect, 
but the impact is systematic, including the cardiovascular system. Chronic SNS acti-
vation in association with VMS could lead to increased blood pressure and the risk 
for cardiovascular disease. Increased SNS activity is also linked to dyslipidemia [67] 
which may explain unhealthy lipid profiles that can develop in women with VMS, 
independent of BMI and other known CVD risk factors [68, 69]. Some [70], but not 
all [71] studies have demonstrated a positive correlation between VMS and increased 
levels of pro-inflammatory cytokines such as IL-6, IL-8, and TNF-α [72, 73], which 
promote cardiovascular disease including endothelial dysfunction. 

Sleep disturbances and mood imbalances that are linked to VSM may also provide 
connections between the menopausal effects of VMS and the increased risk for CVD.
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Studies have shown that reduced or disrupted sleep is associated with subclinical 
CVD [74, 75]. VSM also negatively impacts mood, which creates CVD risk [76, 77]. 

Whether VSM increase cardiovascular risk directly or are a coincidental occur-
rence in women who develop chronic conditions that have been linked to this 
menopausal phenomenon has been difficult to determine, given the number of 
other postmenopausal changes that occur simultaneously. For example, women with 
obesity [78, 79]—a known cardiovascular risk factor—are more likely to experience 
severe VMS. 

(c) Inflammation 

Both preclinical animal models of menopause and human studies have reported 
increased levels of circulating proinflammatory cytokines supporting a heightened 
level of inflammation [80–82]. Fernandes and colleagues were the first to report 
changes in myocardial levels of cytokines in a mouse model of menopause [83]. 
The links between inflammation and cardiovascular disease are well established 
[84–86, 90–93]. 

Estrogens—in particular 17β-estradiol—have direct impact on inflammatory 
cytokine levels by supressing expression of pro-inflammatory IL-1 [88], IL-6 [88– 
90], and TNF-α [89, 90], and stimulating release of anti-inflammatory IL-10 [91, 
92]. These effects are mediated through ER which are expressed in a number of cell 
types including macrophages, B cells, T-cells, neutrophils, and monocytes [93]. The 
anti-inflammatory actions of estrogens occur when hormonal levels are high, but 
estrogens can be pro-inflammatory at low concentrations [94]. Progesterone, which 
is also lost during menopause, promotes a predominantly anti-inflammatory cytokine 
profile [95]. 

Estrogens can also impact immune function and inflammation through indirect 
pathways. Metabolically stressed cells secrete inflammatory cytokines and chemo-
tactic molecules to recruit immune cells such as macrophages, lymphocytes, and 
eosinophils to the dysfunctional tissue. The loss of estrogens and an ability to protect 
against metabolic stress with menopause increases the likelihood of energetic distur-
bances which create a pro-inflammatory environment. The disruption in metabolism 
that occurs with menopause and promotes a pro-inflammatory state is referred to as 
“metainflammation” [96]. 

(d) The Inequity of Medicine 

Menopause is associated with numerous biological changes that individually and in 
combination increase the risk of cardiovascular disease. But beyond the biological 
changes, social and medical management factors that influence care also contribute 
to the elevated risk of morbidity and mortality that accompanies menopause. 

Myocardial infarctions with obstructive coronary artery disease (type 1) are 3 
times more common in men than women, while myocardial infarctions with no 
obstructive coronary arteries (MINOCAs, type 2) are more prevalent in women [2]. 
The lack of coronary obstructions associated with MINOCA leads to a more opti-
mistic prognosis and less aggressive treatment. This benign prediction stands in 
contrast to clinical trials showing that clinical outcomes with MINOCA patients are



152 S. Rouhana and W. Glen Pyle

similar to those with obstructive coronary artery disease [97]. The disproportionate 
representation of postmenopausal women who experience MINOCA as compared to 
similarly aged men may contribute to the higher rates of acute myocardial infarction 
mortality, but the relatively small number of MINOCA cases as a proportion of all 
acute myocardial infarctions limits the ability to use this issue to explain a significant 
amount of the sex-dependent discrepancies in mortality. 

Beyond the risks specifically associated with MINOCA, studies have consis-
tently shown that women are less likely to be given timely treatment following acute 
myocardial infarctions. A study of 192,204 adults over the age of 60 diagnosed with 
STEMI found that women are less likely to receive Percutaneous Coronary Interven-
tion (PCI) or coronary artery bypass grafts, and that the gap between the sexes for 
revascularization increased between 2005 and 2014 [98]. While the presence of co-
morbidities that increase the risk of bleeding may explain some of the differences in 
PCI between the sexes, women who did receive revascularization therapy underwent 
procedures after a more significant delay than men. These data suggest that even when 
revascularization therapy is not contraindicated because of co-morbidities, there is 
still a difference in interventional therapies between the sexes. The combination of 
fewer interventions and delayed treatment was associated with a higher in-hospital 
mortality in older women as compared to men. 

Medical management of patients at risk of cardiovascular disease or who have 
previously had a cardiovascular event is critical to limit the risk of recurrence or 
a first-time event. Guideline therapies for individuals at risk or recovering from 
cardiovascular disease generally do not differ between the sexes. The lack of sex-
specific guidelines are the result of a paucity of clinical and preclinical research 
involving female patients or animals, as opposed to a need to treat similar pathophys-
iological mechanisms between the sexes [99, 100]. Despite similarities in treatment 
plans, women are generally less likely than men to receive pharmaceutical treatments 
according to guidelines to manage cardiovascular risk in both primary and secondary 
care setting [1, 101, 102]. 

Hormone Replacement Therapy (HRT): Restoring 
the “Protection”? 

Throughout its history HRT has undergone extensive investigation with paradoxical 
findings: some studies report beneficial effects on women’s health, while others find 
no benefits or even increased risk for a variety of health conditions. 

(a) A Brief History of HRT 

In the 1960s, American gynecologist Robert Wilson published the book “Femi-
nine Forever” in which he advocated for the use of estrogen supplements to avoid 
menopausal “symptoms” that led to a “horror of…living decay” [103]. Wilson’s 
work generated significant philosophical debate about the view of menopause as a 
medical condition which persisted decades after publication [104].
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In 1975 two reports linking HRT to an increased risk of endometrial cancer 
presented the first significant obstacle to the clinical use of exogenous estrogens 
to mitigate the symptoms and risks of menopause [105, 106]. Concerns about a link 
to cancer were addressed by lowering the dose of estrogens and adding progesterone 
[107]. 

Over the next several decades preclinical research and observational studies 
produced a remarkably consistent body of evidence demonstrating clear cardiovas-
cular benefits of HRT for postmenopausal women. However, in 1998 the Heart and 
Estrogen/progestin Replacement Study (HERS) yielded data questioning the bene-
fits of HRT and offered evidence of some increased risk [108]. These concerns were 
hotly debated until 2002 when the Women’s Health Initiative (WHI) released the 
results of a trial where data showed a 29% increase in heart attacks alongside a 26% 
increased risk of breast cancer [109]. The clear risks of HRT coupled with no obvious 
cardiovascular benefits shown in the WHI study seemed to mark the end of HRT. 

(b) Solving the Paradox 

Despite the clearly negative results of WHI and other clinical trials investigating 
the health benefits of HRT, a closer examination of the findings raised a number of 
issues that may see the re-emergence of estrogen replacement therapy as a tool to 
reduce risk and improve the health of postmenopausal women. Among the variables 
that differ across studies and may explain some of the variations in outcomes are 
the timing and duration of estrogen replacement therapy; dose and route of estrogen 
administration; as well as the formulation of estrogens used. 

In general, studies have found that initiating hormone therapy within 10 years of 
the onset of menopause (< 60 years of age) reduces rates of myocardial infarctions, 
cardiac deaths, and all-cause mortality [110, 111]. Initiation of therapy within 6 
years is beneficial in slowing the progression of atherosclerosis, but not when started 
after 10 years postmenopause [112]. A Cochrane review of placebo-controlled RCTs 
found HRT reduced coronary artery deaths and all-cause mortality when HRT was 
started within 10 years of menopause, with a neutral impact beyond 10 years [113]. 
Even in studies that found negative results, women who initiated treatment at earlier 
ages demonstrated benefits with respect to cardiovascular disease risk and mortality 
[113]. Together, these studies suggest that early intervention with HRT appears to 
have cardiovascular benefits, but initiating or continuing treatment beyond a decade 
after menopause is not widely supported. 

Vaginally administered estrogens have beneficial cardiovascular outcomes, while 
transdermal estrogens may increase the risk of cardiovascular death [113]. Interest-
ingly, vaginal estrogens are weaker than those administered using dermal patches, 
suggesting that low dose estrogens may have more benefits than higher doses, and 
that route of delivery impacts cardiovascular outcomes. 

Estrogen is not a singular compound, but rather a group of hormones. Hormone 
replacement therapies are often comprised primarily of 17β-estradiol along with other 
estrogens [114]. The variable formulations of HRT are likely to contain agonists that 
differentially activate the various estrogen receptors in the body, creating diverse and 
even paradoxical effects.
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Although the data are not clear in terms of fully understanding the risks and bene-
fits of estrogen replacement therapy, on the whole, most medical societies support the 
use of hormone replacement therapy to relive menopausal symptoms for women who 
experience early menopause or premature ovarian insufficiency; postmenopausal 
women under 60 years of age; and those who are at low-to-moderate CVD risk [115– 
117]. While there are suggestions that HRT may be protective, there are contraindi-
cations which preclude its universal application. Women with a history of venous 
thromboembolism, or histories of cardiovascular disease or breast cancer should be 
excluded. 

The effectiveness of hormonal replacement therapy has been a hotly debated topic 
with evidence supporting a cardiovascular advantage for use, as well as no benefit 
against cardiovascular disease or even an increased risk of negative outcomes. These 
discrepant findings and the inability to adequately explain their existence underscores 
the knowledge gap that exists concerning our understanding of how estrogens work 
in the body; how ageing impacts their effects; and how these sex hormones respond 
to stressors. 

(c) Mechanisms of HRT 

The three known estrogen receptors—α (ERα), β (ERβ), and G protein-coupled 
estrogen receptor 1 (GPER)—are expressed in numerous cell types. Depending 
on their distribution and level of expression they can induce and initiate different 
cascades and actions. The beneficial effects of estrogens seen on the vascular system 
are mainly due to an ERα mediated response [118, 119]. The activation of vascular 
ERα releases arterial vasodilatation actors and modulates the inflammatory response 
through genomic mechanisms [120]. In fact, with the hormonal changes occurring 
with menopause, it is believed that there is a shift toward a higher expression of ERβ 
which is associated with higher inflammation and endothelial dysfunction, possibly 
explaining the negative results of clinical trials when HRT was applied well after 
menopause. 

Several studies have shown the beneficial effects of estrogens in downregu-
lating vascular inflammation through the decrease of cytokines, intracellular adhe-
sion molecules (VCAM-1 and ICAM-1), and the accumulation of leucocytes in the 
endothelium [94, 121–123]. In addition, the estrogen-dependent decrease in TNF-α 
and IL-1β in different cell types has been proposed as a driving force behind the anti-
inflammatory and vasculo-protective actions [94, 124]. Some studies have, on the 
contrary, shown an increase in inflammatory cytokines as a result of estrogen excess 
[125]. However, it seems that this connection is only consolidated in the context of 
auto-immune diseases such rheumatoid arthritis and atherosclerosis [126]. 

Other effects of estrogen deficiency have highlighted their role as antioxidants. 
Estrogen loss leads to increased production of reactive oxygen species which 
promotes LDL oxidation [127]. LDL oxidation is a key step in the process of 
atherosclerosis by inducing the formation of foam cells on blood vessel walls. This 
disease is driven by an immune-mediated inflammation and increased production 
of proinflammatory cytokines, both of which damage vascular endothelium [128]. 
The endothelial damage arising from inflammation and oxidative stress leads to a
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decrease in endothelial-derived nitric oxide production, which impairs vascular func-
tion. The introduction of exogenous estrogens can prevent the oxidation of LDL and 
reduce endothelial damage [127, 129]. 

The balance between ERα and ERβ signaling is a crucial factor in maintaining 
the regulation of inflammation, oxidative stress, and other potentially damaging 
processes which contribute to cardiovascular disease. Most of the beneficial effects 
of estrogens on the cardiovascular system are mediated through ERα which promotes 
vasodilation and reduces platelet aggregation. By contrast, ERβ activation is highly 
expressed in conditions such as oxidative stress, hypoxia, and inflammation, and 
restrains the beneficial effects of estrogen through ERα activation [130]. Of some 
note is the recent finding that in a mouse model of menopause the responsiveness 
of cardiac estrogen receptors is significantly altered during the perimenopausal tran-
sition [83]. These findings support the concept that estrogen replacement therapy 
has time-dependent benefits and risks, and that the remodelling of organ systems 
with menopause creates a fundamentally different physiology whose regulation by 
estrogens may be altered. The idea that a simple replacement of a complex group of 
hormones with a relatively static delivery system in an altered physiological environ-
ment ignores the complexity and diversity of estrogen regulation and the profound 
changes associated with menopause. 

Women’s Health Education 

Following prescribed treatment plans and implementing lifestyle modifications to 
reduce risk is highly correlated with understanding cardiovascular disease [131]. A 
number of cardiovascular organizations and societies have undertaken public educa-
tion campaigns to increase awareness of cardiovascular disease in women. These 
initiatives have been tremendously successful in making both women and men aware 
of the cardiovascular disease risks faced by women; the unique symptoms that may 
occur in women with cardiovascular disease; and empowering women to advocate 
for appropriate care [132]. 

Despite the success of public education campaigns, there remain significant 
knowledge gaps in both the general public and amongst healthcare practitioners 
concerning cardiovascular disease and women. In 2013, the Canadian Women’s Heart 
Health Centre (CWHHC) surveyed Canadian women to determine their knowledge 
and understanding of heart health [133]. The CWHHC found 75% of women had 
low to medium level knowledge of cardiovascular disease and risk factors. A greater 
understanding of cardiovascular disease was associated with a university education 
and higher household income. Of some concern were the findings that those whose 
knowledge of cardiovascular disease was lowest, tended to have the greatest overes-
timation of their understanding, and that 60% of women deemed to be at high risk 
for cardiovascular disease described their risk as low or moderate. On the positive 
side, women who were over 55 and most likely to be postmenopausal were the most 
likely to discuss heart disease risks and prevention with their healthcare providers.
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More recent studies and surveys conducted in other countries have reported similar 
results concerning public understanding of cardiovascular disease in women [132, 
134]. Thus, while the efforts of research societies and medical organizations have 
dramatically improved awareness of cardiovascular disease in women, there remains 
a significant deficiency in public education. 

A similarly concerning knowledge deficiency has been identified among health-
care professionals. A 2004 survey found 70% of medical school trainees received no 
formal education or training on sex or gender-based medicine [135]. A more recent 
review of medical school curriculum in Canada shows that the problem persists, 
as evidenced by a general lack of material on women’s health or sex differences 
[136]. The lack of education and training on women’s health has resulted in a lack of 
confidence among healthcare professionals when it comes to treating women [137]. 
Only 39% of primary healthcare providers recognized cardiovascular disease as a 
top health concern for women, and less than half of primary care physicians and 
cardiologists felt well prepared to manage cardiovascular disease in women [132]. 

Path Forward 

Menopause presents a complex and intricate series of biological stressors on a 
women’s cardiovascular system (Fig. 10.1). The addition of sociological issues which 
complicate treatment creates an environment ripe for cardiovascular risk. Despite 
the bleak picture, there are several opportunities to advance and improve women’s 
cardiovascular health, specifically by targeting the challenges posed by menopause.

Discovery and preclinical research have advanced our understanding of the role 
estrogens play in the body and how their loss impacts health and disease. The emer-
gence of a new animal model of menopause to create and study the transitional 
perimenopausal phase offers an important opportunity to recapitulate the hormonal 
changes that characterizes menopause [138]. The more physiologically accurate 
model will allow for an investigation of the Timing Theory—the idea that menopause 
creates distinct windows of risk and that HRT may be most effective when applied 
within distinct phases. Studies using this model have already shown that cardiovas-
cular changes occur during the perimenopausal period, and have identified potential 
targets to mitigate risk [83, 139]. 

The initial public education campaigns by professional societies and advocacy 
groups should be lauded for their success in improving knowledge about the risk of 
cardiovascular disease faced by women. However, there remain knowledge gaps in 
both the public and healthcare professional groups that require a new approach. In 
an effort to improve healthcare training and correct the inequity of treatment that 
negatively impacts women, the Canadian Women’s Heart Health Alliance developed 
an accredited physician education program that specifically deals with women and 
cardiovascular disease [140]. The women’s heart health curriculum targets physician 
specialists in internal medicine and cardiology; nurses; medical trainees; cardiac 
rehabilitation specialists; and women at risk for cardiovascular disease. A survey
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Fig. 10.1 Cardiovascular risk in postmenopausal women. a The decline in ovarian function 
throughout the perimenopausal phase presents a stress to the cardiovascular system that is driven 
largely by the punctuated decline in estrogens. b Systemic challenges including changes in adipose 
patterning, vascular dysfunction, inflammation, and oxidative stress cause damage and dysfunc-
tion across the cardiovascular system. Social inequities including unequal access to timely and 
guideline-driven medical care exacerbates biological risk. c The application of treatments according 
to recommended guidelines improves outcomes for postmenopausal women with cardiovascular 
disease. Public and professional education programs whose content is based on preclinical and clin-
ical research dedicated to understanding women’s cardiovascular physiology including the changes 
produced by menopause are critical for improved care and prevention strategies. Research into 
the mechanisms of HRT may reshape its delivery or advance alterative therapies that mitigate 
cardiovascular disease risk after menopause. Figure created with BioRender.com

found most healthcare professionals are willing to pursue additional training to 
address their knowledge gaps concerning sex and cardiovascular disease, which 
bodes well for these educational initiatives. 

The concerning results of the WHI and other studies which found no cardiovas-
cular benefits of HRT were a stark reminder of how little is known about estro-
gens, their role in cardiovascular physiology, and their potential as therapeutic 
tools. Preclinical research investigating the physiological changes that occur during 
menopause coupled with studies designed to understand the fundamental role of 
estrogens in regulating cardiovascular function could be used to re-design HRT. The 
use of specific estrogen receptor agonists/antagonists for more precise prophylactic 
treatment would limit unwanted side effects and increase effectiveness. Identifying 
the lowest effective dose and the best route of treatment would also limit side effects 
and provide the most impactful interventions.
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Women make up slightly more than half the global population and on average 
spend nearly one-third of their lives in menopause. The cardiovascular risk posed 
by this phase of life is significant and profoundly impacts quality of life as well 
as life expectancy. Addressing the unique challenges of women’s cardiovascular 
health demands a focused and significant investment of time and resources. Without 
a dedicated undertaking women will continue to receive substandard care. These 
costs are both economic and social, and reach beyond the women directly affected 
by cardiovascular disease to profoundly impact the societies in which they live. 
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Chapter 11 
Vascular Dysfunction in Women 

Danah S. Al-Hattab and Michael P. Czubryt 

Abstract Vascular dysfunction may arise when blood vessel function is impaired by 
alterations in the underlying cellular functions and responses to stimuli, changes in 
vascular composition, or damage. Vascular stiffness—in which compliance and elas-
ticity of vessels become compromised—is a significant contributing factor to the 
development and adverse outcomes of cardiovascular diseases, including hyperten-
sion, atherosclerosis and ischemic heart disease. Growing evidence indicates that 
the development and impact of vascular stiffness is different in women versus men. 
While women have frequently been excluded from clinical studies of cardiovascular 
disease in the past, resulting in under-reporting and a lack of clarity of the disease 
burden faced by women, recent work has sought to address this major shortcoming, 
and has led to the identification of important sex-associated differences in cardio-
vascular disease risk, treatment and outcomes. In this chapter, we examine factors 
that contribute to vascular stiffness and dysfunction, with a focus on the differences 
between women and men, and consideration of how different life stresses impact 
women in unique ways. 

Introduction 

Vascular stiffness (VS) occurs when the vessel wall has a reduced capacity to expand 
or contract normally in response to blood pressure changes within the vascular 
system. VS is caused either by cellular dysfunction within the vessel wall, including 
endothelial or smooth muscle cell dysfunction, or by an increase in vascular wall 
components, including extracellular matrix or cellularity. Measures of VS reflect 
the physical properties of arteries in the vascular system, and include distensibility,
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compliance, and elasticity. Alterations of these properties can be a consequence of, 
or can exacerbate, numerous cardiovascular diseases (CVD) [1]. 

It is important to carefully consider the basic terminology describing the mechan-
ical properties of blood vessels to help avoid mis-communication between basic 
sciences and clinical prognostic settings. The Elastic Modulus (EM) is defined as 
the ratio between stress, which is a measure of the force acting upon the vessel wall 
normalized to area, and strain, which is the deformation of the wall in response to 
force. Both terms are related to the resistance to, or related to the diameter change 
in response to, the force applied on the vascular wall, which is quantified as the 
change in vessel diameter when intravascular pressure increases. The EM is thus 
a measure of the stiffness of the vascular wall, and higher values of EM indicate 
stiffer vessels. The elasticity or deformability of the vessel wall is determined by 
the quantity and quality of vascular wall components including collagens, elastin 
fibers and the physical characteristics and number of vascular smooth muscle cells 
(VSMC). The relative proportions of these components impact the compliance and 
distensibility of the vessel wall, that is, its ability to accommodate pressure changes 
by changing shape [2]. 

Arterial Stiffness and Cardiovascular Disease Risk 

Arterial stiffness is an independent risk factor for all-cause mortality and for the devel-
opment of CVD [3]. Women with arterial stiffness have a nearly threefold increase 
in mortality compared to men [4]. Furthermore, women tend to have increased pulse 
pressure and pulse wave velocity (PWV), which are correlated to stiffer arteries 
over time [5]. These two simple, non-invasive parameters are reliable gold stan-
dard techniques for measuring arterial stiffness in the clinic. Multi-factorial stres-
sors throughout life may interfere with women’s hormones which in turn increases 
susceptibility to cardiovascular diseases and vascular dysfunction [6]. According to 
Statistics Canada, CVD is the leading cause of premature death for Canadian women, 
with the top 3 CVD-related causes of death for women being ischemic heart disease 
(IHD), stroke, and heart failure (HF). Canadian women are more likely to develop 
angina as their first CVD manifestation and with HF, are at a 24% higher risk to 
develop atrial fibrillation than men [7]. Young Canadian women are more likely than 
men to die within 1 year after an acute MI [8]. Most of these diseases are initiated 
and aggravated by vascular dysfunction and/or vascular stiffness [9]. United Nations 
population data from 2000 to 2010 indicates that younger women (ages 25–49) 
have significantly higher rates versus men (6.31% vs. 2.89%) of peripheral vascular 
disease worldwide [10]. In 2019, the leading cause of death in women worldwide 
was CVD, with IHD accounting for 47% of the total, followed by stroke at 36% [11]. 

From an anatomical aspect, sex differences may contribute to the clinical mani-
festations and characteristics of certain CVD. For example, on average women have 
smaller hearts than men, and have smaller coronary arteries, making them more 
susceptible to atherosclerotic plaque build-up, which can contribute to IHD risk.
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CVD is very common, responsible for approximately one-third of all female deaths 
globally, affecting nearly 48 million women in the United States, and in Canadian 
women is five times more likely to cause death than breast cancer [12, 13]. Differ-
ences in cardiomyocyte metabolism also exist between men and women, thus the 
differential impact of sex on cardiovascular risk may arise from a combination of 
factors unique to the heart versus the blood vessels, and it is important to consider 
all such contributors [14]. 

Sex-Specific Factors Contributing to Vascular Stiffness 

Sex Hormones Affecting Vascular Stiffness 

Sex-specific hormones affecting arterial stiffness in females have been investigated 
at different points of the life cycle. Studies from females at pre-puberty revealed 
stiffer large arteries which were indicated by an increase in carotid-femoral PWV 
measurements, and a higher pulse pressure when compared to males of similar age 
[15]. In contrast, after puberty, females exhibit increased arterial distensibility and 
attenuated stiffness compared to males. This is not only due to the effect of sex 
hormones on vascular stiffness, but also due to the potential role of overall body/aortic 
growth on arterial stiffness. Studies have linked this to the effect of the menstrual 
cycle on arterial compliance and endothelial function [15–17]. 

Many studies have investigated the protective role of estrogen in premenopausal 
women against the development of CVD when compared to men of similar age. 
Estrogen acts directly through its active receptors on endothelial cells and VSMC 
within the vessel wall. It promotes vasodilation by stimulating nitric oxide and prosta-
cyclin synthesis and inhibits VSMC proliferation in part by altering its membrane 
ionic permeability by activating potassium efflux and by inhibiting calcium influx 
[18]. 

The Study of Women’s Health Across the Nation (SWAN) examined the vascular 
alterations in midlife women transitioning through menopause. This study suggested 
that arterial stiffness is significantly increased within 1 year after the final menstrual 
period. This change is augmented with the increase in women’s age, which is usually 
accompanied by multiple CVD risk factors including increases in blood pressure, 
obesity and lipid profile [19].
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Post-menopause, Hormone Replacement Therapies and Oral 
Contraceptives 

Atherosclerosis is a significant contributor to vascular dysfunction in both men and 
women. It is characterised by arterial narrowing due to lipid accumulation, inflam-
mation, VSMC migration and foam cell deposition [20]. Although women are less 
prone than men to develop atherosclerosis prior to menopause, they become more 
susceptible than men after menopause. In comparing menopausal women to men, the 
risk of hypercholesterolemia is increased, and is associated with increasing levels of 
total cholesterol and low-density lipoprotein by 10% and 14%, respectively, without 
further changes in high-density lipoprotein levels [21]. Post-menopausal women 
have a 3.4-fold increase in risk of developing atherosclerosis compared to pre-
menopausal women [22, 23]. In addition, post-menopausal women with osteoporosis 
have increased arterial stiffness as measured by PWV, correlating significantly with 
an increased risk of developing coronary atherosclerosis [24]. Women with autoim-
mune diseases such as systemic lupus erythematosus or rheumatoid arthritis are also 
at greater risk for developing atherosclerosis compared to healthy women [25]. 

Hormonal fluctuations throughout a woman’s life significantly determine vascular 
health resilience. Steroidal sex hormones and their receptors, including estrogen, 
progesterone and androgen receptors, are expressed in the vascular endothelium 
and VSMC [26]. During menopause, women have significantly reduced levels of 
estrogen, which can be treated by hormone replacement therapy (HRT). The most 
common HRT used during menopause is estrogen supplementation [27]. While some 
studies have reported that HRT suppresses atherosclerosis in the coronary arteries, 
others indicate that a major complication of HRT is development of clots and strokes 
[28]. Data from randomized trials suggest that standard hormone therapy increases 
stroke risk by 30% when using different types of HRT [29, 30]. Exogenous estrogen, 
as occurs in oral contraceptive (OC) use, may induce the development of thrombosis 
through increased coagulation factors, decreased platelet aggregation and altered 
lipid profile [31]. The prevalence of hypertension among females taking OC is 
significantly higher with increased duration of OC use [32]. This impact is highly 
augmented in the presence of factors such as arterial stiffness, endothelial dysfunction 
and oxidative stress [33, 34]. 

In addition, a role has been identified for the male sex hormone testosterone 
in inducing arterial stiffness in post-menopausal women [35]. Testosterone levels 
fall significantly with age, and loss of testosterone correlates highly with vascular 
impairment and endothelial dysfunction. However, additional studies are needed to 
explore its sex-specific effects on blood vessel function and elasticity [36, 37].
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Aging and Vascular Stiffness 

Aging is an independent risk factor for increased vascular stiffness. Data from the 26-
year Framingham study identified sex- and age-related changes to vascular stiffness 
and CVD risks, with risk increasing linearly in men, while women tend to have 
a more curved aging trend: a flatter curve in youth with increased steepness after 
menopause in both arterial stiffness and associated CVD risks [38]. Additional studies 
correlated the primary effect of aging with increasing central artery stiffness observed 
in healthy postmenopausal women. However, this increase in arterial stiffness could 
be a combined factor with age-related elevations in blood pressure in these women 
[39]. 

The Baltimore Longitudinal Study of Aging (BLSA) examined age-associated 
changes in arterial stiffness using aortic PWV and carotid applanation tonom-
etry measurements in 50 healthy females (26–96 years). This study revealed that 
these measures are significantly increased with age, without showing any noticeable 
increase in their blood pressure [40]. This result suggests that such age-associated 
changes in VS may occur independently of age-related changes in blood pressure. 

Lifestyle (Exercise and Diet) 

Additional studies have suggested that lifestyle changes such as exercise or diet 
could influence arterial elasticity and compliance in females independent of age. 
Post-menopausal women who are aerobically active have better vascular compliance, 
with reduced total cholesterol and LDL-cholesterol levels, in healthy females with 
different ages and physical activity status [39]. In contrast, female athletes showed 
an increase in arterial stiffness after their retirement from competition with high 
physical activity [41]. Additionally, post-menopausal women with elevated baseline 
blood pressure who restricted sodium from their diet showed a significant reduction 
in systolic blood pressure and pulse pressure [42]. These results indicate that vascular 
stiffness may be mediated in part by modifying diet or lifestyle. 

Pregnancy and Preeclampsia 

Major events in the life cycle of women may also influence their overall health 
consequences. A 10-year study that assessed arterial function in pregnant vs. non-
pregnant women of the same age showed that during pregnancy, arterial function is 
altered throughout the gestation period [43]. This study found that pregnant women 
exhibited statistically significant differences in systolic, diastolic and central blood 
pressure, and in pulse pressure values, compared with non-pregnant women, and
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that, in post-partum women, there is an increase in PWV and brachial augmentation 
index. 

Parameters assessing arterial stiffness can be a predictor for the early diagnosis 
of pregnancy risks, complications or development of preeclampsia—an alarming 
medical condition that may occur midway through pregnancy (typically after 
20 weeks). Women with preeclampsia experience a rise in blood pressure, protein 
in their urine, headaches and blurred vision. This condition could result in serious 
and potentially life-threatening outcomes for both the fetus and the mother and may 
be related to end-organ dysfunction and other CVD in the mother [44]. Higher arte-
rial stiffness has been observed in women with prolonged postpartum preeclampsia. 
Findings from systemic meta-analyses including twenty-three related studies noted 
a significant increase in arterial stiffness measurements in women with preeclampsia 
vs. women with normotensive pregnancies [45]. Similarly, women with preeclampsia 
had higher arterial stiffness compared with women with gestational hypertension 
[45]. These factors may contribute to the development of long-term CVD as a result 
of persistent endothelial damage beyond the period of postpartum preeclampsia. It 
is important to note, however, that another study investigating vascular compliance 
one year after delivery showed no significant changes in arterial stiffness between 
women that had preeclampsia and women with normotensive pregnancies, suggesting 
that postpartum-related changes in arterial stiffness in women with preeclampsia 
are reversible [46]. Some studies have reported increased risk of IHD, cerebrovas-
cular incidents and CVD mortality following preeclampsia. Furthermore, the risk 
for hypertension in women who experienced preeclampsia is increased 10 years 
after preeclamptic delivery [47]. Thus, additional studies in this area are required 
to reconcile these disparate results, and to gain clearer insight into the long-term 
risks of preeclampsia, including the role of underlying mechanisms such as short- or 
long-term alterations in VS. 

Psychosocial Stresses 

It is notable that another life-related stressor in a woman’s life may impact CVD risks. 
A study that included both males and females investigated the impact of childhood 
trauma and recent life stresses on increased central arterial stiffness in combina-
tion with depression and anxiety, which contribute to and exacerbate CVD [48]. 
Psychosocial stresses in women at mid-life, including family responsibilities, moth-
erhood or caregiving, job stress, and perceived discrimination, can negatively impact 
women’s cardiovascular health [49]. 

A systematic literature review involving more than a dozen studies has identified 
that the majority of these studies (83%) showed a significant connection between 
general stress exposures and increased later-life CVD risks. Most of these studies 
have used different indicators for stress-related CVD outcomes such as carotid 
intima-media thickness (cIMT), endothelial dysfunction, central arterial stiffness and 
presence of carotid plaque, including measurements of plaque numbers, thickness,
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area or 3-dimensional volume, which are all inclusive in predicting CV events [50]. 
For example, Mexican women who experienced more than five years of chronic stress 
or had experienced physical violence had thicker cIMT compared to non-stressed 
Mexican women [49]. Among these women, the longer they experienced physical 
violence, the greater the cIMT was measured. Another study from Denmark has 
shown that family and partnership breakups are associated with the development of 
myocardial infarction in middle-aged women [51]. Additional study has shown that 
highly demanding jobs are significantly associated with CVD risk factors amongst 
working women [52]. 

When examining the overall data correlating multi-factorial stresses and hormonal 
fluctuations in the different events in women’s life, it is crucial to consider sex-specific 
influences on CVD risks and vascular health. An examination of the literature high-
lights the need for sex-specific research, since two-thirds of cardiovascular research 
to date has focused on males [13]. Sex-specific factors increase the probability of 
vascular disease development and CVD events, and there is an urgent need for studies 
exploring the interactions between sex, aging and cardiovascular health, and the 
specific role of VS. 

Conclusion and Future Directions 

A host of factors related to lifestyle and physiology are important determinants of 
vascular stiffness, and in turn, vascular heath and development of cardiovascular 
diseases (Fig. 11.1). Recent work has clearly demonstrated how such factors may be 
unique to women, or may exert differential effects in women versus men. Identifying 
and characterizing these factors is critical for understanding cardiovascular disease 
risk, progression and treatment, and as importantly, for understanding how disease 
occurs differently in women and men.

Despite this significant progress, many questions remain open, and therefore, 
there is an urgent need to undertake cardiovascular disease research both in isolated 
populations of women, and in contrasting men and women in the same study to better 
assess the impact of sex on vascular health. Understanding how these factors change 
throughout the a women’s life-cycle—particularly during key lifetime events such as 
puberty, parturition and menopause—is needed in order to better recognize how risk 
and treatments may differ in young versus older women, and how this may correlate 
or differ from men. Many funding agencies are now requiring considerations of sex-
and gender-based analysis to be specifically noted in applications for grants, and these 
approaches are likely to lead to better study designs and greater translation of research 
to effective clinical practice. These studies will facilitate a deeper knowledge and 
understanding of potential therapeutic targets for intervention that may ultimately 
reduce cardiovascular disease risk and improve outcomes for both women and men.
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Fig. 11.1 Contributors to 
vascular stiffness in 
women. This representative 
figure shows the numerous 
factors that may influence 
vascular elasticity and 
stiffness and that may be of 
greater significance in 
women than men, resulting 
in increased risk for 
cardiovascular disease or 
altered prognosis
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Cardiometabolic Function in Women 
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Abstract Metabolic syndrome and associated increased risk of cardiovascular 
diseases developed the new global concept of cardiometabolic risk. Insulin resis-
tance, impaired glucose tolerance, dyslipidemia, hypertension, and central obesity are 
the major features of cardiometabolic syndrome, a collection of different metabolic 
dysfunctions. Cardiometabolic diseases represent the enormous burden of the modern 
population. Historically considered a ‘man’s disease’, cardiometabolic diseases 
in women represent underdiagnosed, underestimated, and undertreated conditions. 
Various cardiovascular disease manifestations in women are often neglected, or do 
not require an extensive therapeutic regimen. Cardiovascular diseases in women are 
increased largely by risks such as diabetes, hypertension, dyslipidemia, and obesity. 
Although cardiovascular events incidence progresses with age in both genders, men 
have a higher prevalence of cardiovascular events until mid-age. However, after 
menopause, the women-to-men ratio of cardiovascular events increases. Biological 
explanations for gender differences in cardiometabolic diseases are complex. The 
main physiological features that underlie the gender differences in cardiometabolic 
diseases development could be defined as sex hormones and body composition 
disparities in men and women. Some cardiometabolic aspects are unique for women, 
such as pregnancy-related or menopause-related features, leading to exert adverse 
cardiometabolic features in present, or leave a deep imprint in later life. 
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Introduction 

A class of disorders known as cardiometabolic diseases (CMD) includes heteroge-
neous group of clinical entities arising from endocrine, nutritional, and metabolic 
contributors. A group of metabolic dysregulations known as the metabolic syndrome, 
which includes central obesity, atherogenic dyslipidemia, and hypertension is 
strongly associated with an increased risk of diabetes mellitus and cardiovascular 
diseases (CVD) if untreated. Metabolic syndrome and associated increased risk of 
CVD morbidity developed the new global concept of cardiometabolic risk. Insulin 
resistance, impaired glucose tolerance, dyslipidemia, hypertension, and central 
obesity are the major features of the cardiometabolic syndrome (CMS), a collection 
of different metabolic dysfunctions. As a new disease entity defined by the World 
Health Organization (WHO) and the American Society of Endocrinology (ASE) [1], 
CMS represents a burden on all spheres of the health system. 

The presence of metabolic syndrome is associated with markedly increased risk 
of CVD morbidity and mortality, which puts into light strong relationship between 
these two disorders. These common conditions are frequently preventable, although 
increasing prevalence of CMD in the last decades managed to promote CMD as 
a global health problem worldwide. People around the world are becoming more 
likely to develop one or more of these disorders at some point in their lives. The 
four main causes of the CMD prevalence include smoking, poor exercise habits, 
consuming large amounts of alcohol, and maintaining an unhealthy diet. Therefore, 
it is important to address these issues due to the significant socioeconomic cost to 
countries of all income levels. Importantly, CMD as a group of common conditions 
can be prevented with early diagnosis along with treatments and scientific efforts to 
find novel strategies for reducing the number of people experiencing one or more of 
these conditions worldwide. 

The basic step in providing adequate treatment modalities refers to understanding 
the pathophysiological events that underlie CMD. In brief, the pathophysiology of 
CMD is related to insulin resistance, which can result in metabolic syndrome, predia-
betes, and non-alcoholic fatty liver disease. Patients with metabolic syndrome, predi-
abetes, and/or insulin resistance have accelerated atherogenesis and a higher risk of 
CVD. Obesity can aggravate insulin resistance and hasten the development of CMD, 
although it can also exist independently of this condition. Interventions should be 
prompt and include prevention of metabolic and vascular outcomes and treatment 
of CMD. In order to prevent CVD, it is necessary to recognize the benefits of a 
proper diet and training regimen in time. Accordingly, controlling CVD risk factors 
will be narrowed and further diagnosis and treatment will have better outcome in 
confronting CMD.



12 Cardiometabolic Function in Women 179

Gender Differences in Cardiovascular (CV) Risk Factors 
Between Men and Women 

Despite having a significant impact on health, sex and gender are frequently ignored 
in medical care. Sex differences between men and women may relate to a combination 
of physiological, cultural, and behavioral contributors. Sex-related disparities in CV 
morbidity are related to different physiological and pathophysiological functions in 
women, which are most often associated with different physiological properties, such 
as hormonal milieu or body composition. 

It is worth to mention that women were not involved in experimental studies until 
the latter part of the twentieth century, hence most of the knowledge we currently 
have on the major diseases affecting CVD originates from research performed 
predominantly in men, with its findings being applied to women. 

CMD represent an enormous burden on the modern population. Historically 
considered a ‘man’s disease’, CMD in women represent an underdiagnosed, under-
estimated, and undertreated condition. However, CMD remains the leading cause of 
death in both genders [2]. Moreover, CVD in women is increased largely by risks such 
as diabetes, hypertension, dyslipidemia, and obesity. Socioeconomic and psychoso-
cial factors also seem to have a higher impact on CVD in women [3]. Regarding 
metabolic syndrome, the prevalence could not be understood easily, because of 
numerous confounding factors, such as age, genetic background, diet, and exer-
cise habits influencing the occurrence of metabolic syndrome and its components 
[4]. Although the prevalence of metabolic syndrome increased significantly from the 
1980s to 2012 by 35%, the focus on gender difference in prevalence of metabolic 
syndrome should be put forward as demonstrated by the newest data from the 
NHANES study, showing that the prevalence for CMD declined by 24% in men 
and 22% in women [5]. 

It is known that CVD morbidity is more frequent in men compared to women, 
while women, on the other hand, exhibit a greater CVD mortality rate. Various CVD 
manifestations that occur in women are often neglected. When it comes to gender 
disparity in CVD, underestimating the cardiac risk and misinterpreting symptoms 
can lead to less referral for cardiac testing and inappropriate diagnosis and treatment 
in women compared to men. This underrepresentation of women in large clinical 
trials can also reflect this important issue. CVD have been largely underdiagnosed 
in women, or not required for extensive therapeutic regimens [6]. 

Both genders are affected by CV pathologies worldwide, with ischemic heart 
disease and stroke as leading causes of deaths in men and women. Although CV 
events incidence progresses with age in both genders, men have higher prevalence of 
cardiovascular events until mid-age [7]. After menopause, the women to men ratio 
of CV events increases.
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The Mechanistic Basis of Gender-Specific Contributors 
for CMD Development 

Biological explanations for gender differences in CMDs are complex. However, the 
underlying mechanism of different cardiometabolic dysfunction between genders 
still remains unclear. Many studies have shown different risk factors for CVD and 
metabolic syndrome, different epidemiology, and clinical settings, but whether the 
observed gender differences regarding CVD pathologies originate from congen-
ital sex-dependent characteristics, or derive from disproportional inclusion of both 
gender in clinical studies and analysis, remains unclear. The main physiological 
features underlying the gender differences in CMDs development could be defined 
as sex hormones and body composition disparities in men and women. It is more 
than clear that hormonal changes occurring in women during reproductive age and 
menopause affect CV and metabolic functions. Furthermore, differences in muscle 
and fat tissue distribution, quantity and function, also contribute to different metabolic 
regulation in men and women. 

The physiological roles of estrogen and testosterone are well-known in regards to 
their role in the reproductive system, as well as metabolic regulatory roles. Estrogen 
could modulate different functions by activation of its intracellular alpha and beta 
receptors, as well as G-protein membrane-bound receptors. Activation of these recep-
tors modulate feeding behavior, deposition of visceral fat tissue, insulin production 
and secretion, as well as glucose utilization [8]. Moreover, estrogen exerts a protective 
role on cardiomyocytes and vasculature, increase in bioavailability of nitric-oxide 
(NO), and thus decreasing arterial tone, arterial stiffness and vascular remodeling 
[9]. Besides the protective roles of estrogen in women of reproductive age, the role 
of androgens on cardiovascular system and metabolic functions is still controversial 
in both genders. Before menopause, women are considered to be protected from 
atherosclerosis to some extent in comparison to men. However, after the repro-
ductive period, estrogen levels drop, and the risk of CVD is increases with age. 
It is well-known that after menopause, women have higher incidence of stroke, and 
hypertension and is more prevalent in women after 75 years old [10]. 

Testosterone inhibits lipid uptake, activity of lipoprotein lipase, decreases visceral 
fat tissue deposits and increases the lean body mass [11]. Androgen deficiency 
and excess androgen exert many adverse effects on cardiovascular health [12]. For 
example, it is known that lower levels of androgen in men lead to dyslipidemia, higher 
body mass index (BMI), hypertension, and CVD [13]. Similar situation is observed 
in post-menopausal women [14], however, sex steroid replacement therapy could 
ameliorate these changes [15]. On the other hand, high concentration of androgens 
in both genders exert adverse effects on CV system [16]. One of the representative 
entities of hyperandrogenic state in females is polycystic ovary syndrome (PCOS). 
In PCOS, cardiometabolic disturbances exist in extent to reproductive abnormali-
ties. Frequently unrecognized, these changes could severely influence cardiovascular 
health and metabolic functions.
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Regarding body composition, women have higher percentage of body fat tissue 
and lower percentage of lean body mass. Nevertheless, women have lower prevalence 
of metabolic syndrome compared to men, even after adjustment of BMI [17]. Fat 
tissue represents the endocrine tissue secreting adipokines, which exert numerous 
functions at local and systemic levels. It is known that fat tissue distribution differs 
between genders; women have high percentage of subcutaneous fat, which secretes 
adiponectin, a cytokine with anti-inflammatory action [18]. 

Cardiometabolic Aspects in Women 

Hypertension in Women 

Hypertension represents one of the major risk factors for development of CVD, with 
an increasing prevalence worldwide. In 2000, it was estimated that 26% of people in 
the general population have hypertension [19], however, these numbers increased to 
31.1% by 2010 [20]. It is estimated that 29% of men and 29.5% of women popula-
tion will have hypertension in 2025 [19]. In general, men have higher risk of CV and 
renal illness than premenopausal women of similar age, and day-time, ambulatory 
blood pressure measurements by 24 h monitoring revealed that normotensive men 
had higher blood pressure values than women [21]. In women, the prevalence of 
hypertension increases with age, ranging from 19% in premenopausal women up to 
75% in postmenopausal (65–74 years), and 85% in women over 75 years old [22]. 
This marked discrepancy between younger and older females can be attributed, at 
least partially, to physiological hormonal changes following menopause. It is well-
known that estrogen induces vasodilatation indirectly acting on secretion of vasodi-
latatory endothelial substances, however its direct effect on vascular smooth muscle 
cells (VSMC) was also reported [23]. The estrogen-induced vascular protection can 
provide an appropriate explanation for lower incidence of CVDs in premenopausal 
women, while on contrary, lack of estrogen during postmenopausal period may 
explain the increased hypertension rates in older women. Women can experience 
varying forms of hypertension that are associated with sex-specific differences, such 
as menopause, oral contraceptive pills (OCP) and pregnancy. 

Sex Specific Factors that Influence Hypertension 

Hypertension and Menopause 

After losing the vasodilatory effects of endogenous estrogen during menopause, 
postmenopausal women experience greater systolic blood pressure compared to 
age-matched men. Moreover, these alterations are secondary to lose of nitric oxide
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production and increased expression of angiotensin II receptors [24]. Furthermore, 
estrogen decreases oxidative stress by producing more antioxidants and fewer reac-
tive oxygen species, thus these mechanisms are also involved in complex patho-
physiology of hypertension-related menopausal disorders. Notably, estrogen also 
decreases inflammation by activating neoangiogenesis and inhibiting pro-fibrotic 
genes. Therefore, losing the protective effects of estrogen increases women’s risk for 
CV and developing adverse cardiac events [25]. However, studies have shown that 
exogenous estrogen administration by hormone replacement therapy, had no impact 
on hypertension in menopausal women, and further no beneficial effects on the CV 
system [26]. Moreover, obesity is present in 40% of postmenopausal women, which 
could further aggravate risk for hypertension [27]. 

Hypertension and Oral Contraceptive Pills Usage 

OCP usage in young women is associated with risk for hypertension and CV events, 
while discontinuation OCP decreases and reverses the risk [28]. Interestingly, women 
who used OCP for more than 24 months had a 1.96-fold increased risk of hypertension 
[29]. Moreover, it was shown that the risk for developing hypertension was almost 
50% higher at the highest OCP doses compared to the lowest ones [30]. It is also 
known that smoking prevalence is high in women, with the pooled prevalence of ever 
cigarette smoking in adolescent girls/students of the school, adult women, pregnant 
women, and women with the disease was 23, 27, 32, and 38%, respectively [31], 
and the risk involved with smoking is augmented by usage of OCP in younger 
women. The decreased concentration of ethinyl estradiol in third generation OCP 
decreased risk of hypertension development [32]. Moreover, data to date indicate that 
progesterone-only contraceptive pills do not raise the risk of hypertension or short-
term cardiometabolic consequences [33]. The mechanisms involved in OCP-induced 
hypertension include progesterone actions, estrogen-induced fluid retention, renal 
dysfunction driven by sodium-lithium counter transport, and intra-renal vascular 
lesions [34]. 

Hypertension and Pregnancy 

Hypertension during pregnancy could be represented as preeclampsia/eclampsia 
(preeclampsia with seizures), gestational hypertension, chronic hypertension of any 
cause, and chronic hypertension with superimposed preeclampsia. The risk of hyper-
tension and metabolic syndrome is increased in women experiencing pregnancy-
related hypertensive disorders compared to normal blood pressure pregnancies [35]. 
Moreover, hypertensive disorders of pregnancy are associated with increased risk of 
CVD 20–30 years later while the risk of hypertension in women after pregnancy is 
2.4-fold increased ten years postpartum [36].
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During pregnancy, physiological hemodynamic changes in the women organism 
include plasma volume and cardiac output increases, systemic vascular resistance 
decreases, and renal blood flow increases. In contrast to real hypovolemia and under-
filling, symptoms including suppressed plasma renin activity, elevated blood pres-
sure, lower glomerular filtration rate, and frequent edema development are more 
indicative of an overfilled, vasoconstricted circulation in preeclampsia settings [37]. 
In these patients, cardiometabolic risk is more pronounced [38], while state of 
hypercoagulability is further exaggerated [39]. 

Using a lower diagnostic threshold for hypertension diagnosis in pregnancy may 
lead to better diagnosis of women at risk for developing preeclampsia and pregnancies 
at risk for adverse fetal/neonatal outcomes. According to the American College of 
Cardiology, lower threshold is recommended to diagnose hypertension in pregnancy: 
systolic blood pressure of 130 mm Hg or diastolic blood pressure of 80 mm Hg, or 
higher [40]. 

Hypertension and PCOS 

Although various clinical studies have reported an increased hypertension risk among 
PCOS patients [41], there is still lots of inconsistency regarding this topic. However, 
some studies also report increased hypertension prevalence among PCOS women, 
independently of BMI [42]. In one study, a 40% increased risk for elevated blood 
pressure in PCOS women was reported, independently of age, BMI, diabetes or 
dyslipidemia [43]. According to one research, this risk was threefold higher in PCOS 
women (mean age around 30 years) than in age-matched controls [44]. Furthermore, 
the large Danish study, enrolling dominantly premenopausal PCOS women, reported 
elevated blood pressure (130/85 mmHg or above) in 30% of patients compared to 
controls [45]. On the other hand, some studies reported no difference in 24-h BP 
measurements among PCOS and non-PCOS women [46, 47], others demonstrated a 
modest elevation of systolic blood pressure during daytime, as well as mean arterial 
pressure in young PCOS patients compared to controls [48]. Moreover, rodent studies 
demonstrated that rats spontaneously hypertensive rats expressed similar ovarian 
morphological features, hormonal status, and blood pressure values as normoten-
sive rats with induced PCOS [49]. Furthermore, there are evidence from preclinical 
studies that PCOS modeling increases left ventricle wall thickness and produces 
cardiomyocytes hypertrophy [50].
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Insulin Resistance and Diabetes Mellitus in Women 

Diabetes represents the fastest growing chronic disease worldwide with number of 
patients projected to increase to 592 million by 2035. Numerous data support the fact 
that gender influences the pathophysiology of insulin resistance, diabetes, relative 
risk of diabetes-associated cardiometabolic complications and response to therapy 
[51, 52]. It has been reported that complications of diabetes are more frequent and 
particularly detrimental in women, however, understanding the precise influence and 
contribution of sex hormones on occurrence of CV complications is challenging [51, 
53]. Complex factors affect the development and outcomes of CV system compli-
cations in diabetes, such as sex hormones and other reproductive factors among 
women including age of menarche and menopause, levels of sex hormones, history 
of hormonal medicines intake, and history of childbearing [54, 55]. 

According to meta-analyses, diabetic women had a 27% higher relative risk for 
stroke and 50% higher relative risk of CHD than men [51, 56]. Evidence is accruing 
that the diabetes-linked CHD mortality was significantly higher in women compared 
to men [53]. According to literature, the major causes of morbidity and mortality 
among diabetic patients include peripheral arterial disease and myocardial infarction 
(MI) [52]. Epidemiological data suggest that mortality rate in patients who experience 
MI is seven times higher in woman and four times higher in man with diabetes 
compared to non-diabetic individuals. 

It has not been completely known what is causing women with diabetes to 
have higher relative risk of CV morbidity and mortality. Importantly, occurrence of 
diabetes type 2 reverses the beneficial effects of female sex hormones in cardiopro-
tection, thus resulting in greater burden of ischemic complications in diabetic woman 
[57]. Complex pathophysiological mechanisms have been proposed to contribute to 
adverse CV outcome in women. One of them is referring to the fact that women 
are exposed to metabolic stage of prediabetes for a longer period of time than man 
[51, 53, 58]. Also, treatment modalities are less efficient in diabetic women espe-
cially referring to achieving an optimal treatment that will decrease mortality risk. 
Late diagnosis and implementation of adequate treatment approach in women than 
men are one of the explanations for worse clinical outcome in women with diabetes. 
Generally viewed, women suffering from diabetes type 1 (DM1) are characterized 
with overall worse metabolic control and greater exposure to hyperglycemia during 
life [59–61]. 

Another factor that also increases the risk of diabetes-related CV complications 
is BMI for which men have lower tolerance threshold before developing diabetes 
compared to women [62, 63]. Previously conducted clinical studies revealed that 
BMI in female with diabetes type 2 was 1.79 kg/m2 higher than in man [51, 64]. 
Gender-specific differences in fat storage have been reflected in greater subcutaneous 
fat storage in women and visceral and ectopic fat storage in man, while only visceral 
and ectopic fat storage are responsible for the increased risk for insulin resistance, 
thus explaining the necessity for greater amount of weight gain in women before 
diabetes onset [60].
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An increase in androgen levels appears to be beneficial against diabetes in 
man. Nevertheless, it markedly increases risk for development of CVD complica-
tions in women with diabetes. Recent findings suggest that women with diabetes 
may more likely experience dyslipidemia, hypercoagulability, and endothelium-
dependent vasodilation impairments [8]. In fact, significantly elevated factor VII, 
PAI-1 activity as well as adiponectin were revealed in women, which may explain 
higher cardiovascular risk and mortality compared to men [65, 66]. 

Insulin Resistance, Diabetes Mellitus and Women-Specific 
Factors 

Insulin Resistance, Diabetes Mellitus and Menopause 

A growing body of evidence suggests a strong relation between diabetes, menopause 
and CV risk. Numerous reports highlight that postmenopausal woman with metabolic 
disorders such as T2DM are prone to elevated risk for CVD. Importantly, these 
women are three times more likely to experience CV complications and stroke in 
comparison to non-diabetic women, while early menopause further increases the 
risk of impaired CV function [67]. The majority of experimental and clinical data 
indicate that T1DM and T2DM accelerate reproductive ageing through increase in 
LH and FSH levels and decrease in estradiol levels. It’s important to emphasize 
that T2DM triples the risk for menopause, and ovarian ageing [68, 69]. Importantly, 
estrogen deficiency and a rise in cortisol during menopause further disturb glycemic 
control and have important CV health implications in women [70]. Alterations in 
the sex hormone levels in postmenopausal women with diabetes lead to activation 
of the renin–angiotensin–aldosterone system, which results in impaired endothe-
lial function [71]. Since coexistence of diabetes and menopause represent predic-
tors of CV morbidity and mortality, their early recognition and identification are of 
crucial importance in order to provide adequate treatment modality to the patients 
and decrease the burden of CV disease [72]. 

Insulin Resistance, Diabetes Mellitus and Pregnancy 

Gestational diabetes mellitus (GDM) is characterized by glucose intolerance during 
pregnancy. GDM is one of the most serious health problems that may not only 
affect pregnancy outcomes, but also elevate the risk for establishment of diabetes 
2 postpartum by sevenfold [58]. It has been considered that secretion of placental 
hormones such as estrogen, progesterone, PGH, hPL [73] as well as cortisol can 
lead to insulin resistance by blocking insulin effects. Women with history of GDM 
are associated with markedly higher CV risk factors such as hypertension [73],
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dyslipidemia, hypoadiponectinemia and metabolic syndrome [74] compared to their 
peers. Unfortunately, women who suffered from pregnancy-induced diabetes are two 
times more likely to experience future CV events in comparison to women without 
history of diabetes during pregnancy [74]. The Coronary Artery Risk Development in 
Young Adults study suggested that GDM is associated with impaired cardiac function 
such as altered left ventricular relaxation and compromised left ventricular systolic 
capacity years after postpartum [75]. Furthermore, GDM strongly impairs vascular 
function and structure, therefore resulting in future atherosclerosis. Nevertheless, 
the mechanisms that underlie GDM pathology, endothelial injury and CVD remain 
uncertain [73]. Pathophysiological events that have been proposed to contribute to 
endothelial dysfunction include subclinical vascular inflammation and suppressed 
apelin, while hypoadiponectinemia and elevation of PAI-1 [76] represent interesting 
biomarkers for CMD diagnosis in women with history of GDM [77]. Interestingly, it 
has been discovered that certain cardiometabolic alterations could be present before 
pregnancy and diagnosis of GDM [78]. Therefore, it is of great significance to follow 
up with women following GDM in order to prevent, alleviate and properly manage 
future adverse CV outcomes. 

Insulin Resistance, Diabetes Mellitus and PCOS 

According to estimates, 65–70% of PCOS women have insulin resistance and 
compensatory hyperinsulinemia, which appear to be the root cause of many of the 
endocrine symptoms of PCOS [79]. In recent years lean PCOS patients are also 
considered as high risk for hyperlipidemia and hyperinsulinemia, which contributes 
to increased risk of diabetes mellitus type 2 (DMT2). Genetic factors have a great 
influence on PCOS occurrence; women are more prone to have PCOS if their mother 
or sister has DMT2 or PCOS [80]. Insulin plays a central role in metabolic dysfunc-
tion, hyperandrogenism and reproductive dysfunction of PCOS. Hyperinsulinemia 
could aggravate hyperandrogenemia in PCOS individuals, both obese and lean [81]; 
compensatory hyperinsulinemia predisposes granulosa cells to be more sensitive to 
lueinizing hormone (LH) actions, which in turn causes theca cells to release more 
androgen while producing less sex hormone-binding globulin in the liver. A domi-
nant follicle cannot be matured because greater insulin levels switch follicle stim-
ulating hormone (FSH) to LH [82], leading to anovulation or oligo-ovulation. In 
addition, hyperinsulinemia can reduce aromatase activity, which leads to hyperan-
drogenemia. In parallel, high insulin levels raise free insulin-like growth factor (IGF), 
which enhances androgenesis and ovarian theca cell proliferation, while decreasing 
IGFBP-1 [83]. A link between PCOS and insulin resistance was also demonstrated 
by the therapeutic potential of insulin-sensitizing substances such as myo- and D-
chiro-inositol [84], metformin, and delivery of oral contraceptives [85], together with 
lifestyle changes including diet and exercise [86]. Reducing the reproductive and 
endocrine effects of PCOS, is important in reducing CV risk factors simultaneously, 
considering that PCOS has a negative impact on quality of life.
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Obesity in Women 

Obesity is considered a major risk factor for cardiometabolic disorders. Although 
obesity affects both genders, the prevalence of obesity is increased by 50% in women 
compared to men, to a total of 300 million women worldwide [87, 88]. By 2025, 
the prevalence of obesity is predicted to rise to 18% of men and 21% of women 
[89]. According to 2017–2018 data from the NHANES of America, the percentage 
of adult women who are severely obese (BMI of 40 kg/m2) is higher (11.5%) than 
the percentage of adult men who are severely obese (6.9%). Interestingly, the novel 
aspect of “normal weight obesity” is important to be considered when obesity as 
a risk factor for CMS development is debatable in these patients which may also 
be at a higher risk [90]. Differences between urban and rural obesity prevalence 
should also be considered for management of overweight and obesity, since greater 
socioeconomic status is associated with greater risk of obesity in urban regions [91]. 

Obesity and Women-Specific Factors 

Obesity and Menopause 

Obesity rates are increasing in pre-pregnancy, childbearing-age women [92], and 
in menopause [93]. Postmenopausal women have 4.88-fold higher risk for obesity 
development compared to premenopausal women [94]. When estrogen levels are 
low, relative hyperandrogenemia occurs, which contributes to the development of 
obesity with physiologically unfavorable fat redistribution from gynoid to abdom-
inal regions, leading to central type of obesity. Sex-hormone binding globulin is 
produced to a lower degree by the liver, which raises androgen bioavailability during 
the development of central obesity. In adipose tissue, testosterone converts to estrogen 
via aromatization process. However, although obese postmenopausal women have 
higher levels of estrogens, they do not exert protective and beneficial roles and higher 
rates of CV diseases in postmenopausal women are still observed. Hormone replace-
ment treatment is still debatable because there may be advantages for women who 
are in the early stages of menopause. 

Furthermore, when discussing obesity in menopause, controlling appetite by 
estrogen should be considered. Decline in estrogen levels could be responsible for 
enhancing neuropeptide Y (NPY) effects, since NPY is inhibited in the presence of 
estrogen [95]. The absence of its inhibition leads to increases food intake, particularly 
carbohydrate rich food, which could contribute to obesity development.
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Obesity and Pregnancy 

Pregnancy-related obesity increases risks for both the mother and the fetus. One of 
the most frequent problems linked to pregnancy fat is gestational diabetes mellitus 
(GDM), which develops suddenly in pregnant women without a history of diabetes. 
Later in life, GDM becomes a risk factor for CVD [96]. 

Obese pregnant women have markedly different cardiac functions, as evidenced 
by their higher heart rates, lower cardiac and stroke volume indices, and increased 
systemic vascular resistance [97]. It was observed that overweight and obese preg-
nant women was are at higher risk for congenital heart defects in their fetuses 
[98]. The effects of maternal obesity during pregnancy can include higher risk for 
metabolic syndrome and obesity in children as well as other negative health outcomes. 
Pregnancy-related increases in fat mass, particularly in the lower body, causes 
metabolic dysregulation, hyperglycemia, lipotoxicity, and inflammation, which may 
affect endothelial function, placental development, and outcomes of pregnancy 
[99]. Postpartum weight retention increases future cardiometabolic risks and pre-
pregnancy obesity in subsequent pregnancies because 50–60% of overweight or 
obese women gain even more weight later on [100]. Leptin and adiponectin are 
essential adipokines for the proper development of the placenta. Recent findings 
show that placentas of obese women had lower levels of the two adipokines, while 
epigenetic modification of their promoters (DNA methylation) found to be high-
lighted as the molecular mechanisms involved in the placental adaptation to harmful 
maternal environment [101]. 

Pre-pregnancy BMI and gestational weight gain are independent risk factors for 
preeclampsia occurrence [102]. Preeclampsia intensifies pregnancy’s “physiologi-
cal” symptoms, such as insulin resistance, hyperlipidemia, inflammation, and hyper-
coagulability, which may result in metabolic syndrome in pregnant women [103]. 
Women with preeclamptic have higher risk for hypertension, ischemic heart disease 
(IHD), and stroke compared to the general population later in life [104]. 

Increased adiposity is undoubtedly linked to CVD. It’s important to note that 
women who are obese and insulin resistant have higher chances of developing CVD, 
particularly ischemic heart disease and heart failure with preserved ejection fraction 
(HFpEF). 

After menopause, ischemic heart disease becomes more common and is the 
leading cause of mortality in women, demonstrating the negative effects of lower sex 
hormones on metabolic profile and fat redistribution [105]. Angiographic presen-
tations of ischemic heart disease in women differ from those in men, with lesser 
obstructive lesions and more coronary vasospasm. Higher mortality rates have been 
seen in women with non-obstructive lesions, and dyslipidemia, hypertension, and 
type 2 diabetes, suggesting a significant predictor of the overall mortality rates [106].
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Higher BMI levels were associated with a lifetime risk of developing heart failure 
(HF). However, according to Framingham Heart Study, the rise of one unit BMI (1 kg/ 
m2) on the risk of HF is sex dependent, with 5% increased risk for men and 7% in 
women [107]. The differential risk of HFpEF among obese individuals seems partic-
ularly profound among women and may underlie sex differences in HF subtypes. 
In other words, when obesity is combined with female sex, HFpEF stands out as a 
special phenomenon, contrary to men, which develop both HFpEF and heart failure 
with reduced ejection fraction (HFrEF) in the presence of the same risk factors 
[108]. Estrogenic vasodilatory signaling and the differential use of myocardial energy 
substrates seem to contribute to these differences [109]. The entity called “obesity 
paradox” describes a phenomenon where overweight and obese individuals have 
better prognosis for certain recognized CVD symptoms than those who are lean, 
notably for heart failure [110]. Higher level of arterial stiffening is present in obese 
women and it has a greater negative impact on diastolic function compared to men 
[111]. 

Some of the hypothesized causes for enhanced CVD risk include increased aldos-
terone and mineralocorticoid receptor activation, abnormal estrogenic signaling, and 
higher levels of androgens [112]. 

Obesity and PCOS 

Cardiometabolic dysfunction is associated with the majority of obesity-related 
comorbidities. It was shown that 38–80% women with PCOS are obese [113]. When 
compared to women who were not obese, women with obesity had an odds ratio 
of 2.77 for developing PCOS, according to a meta-analysis of pertinent research 
published [114]. PCOS represents obesity-related condition; higher body weight 
aggravated PCOS symptoms and reducing the body weight, even modestly by 
5%, improve reproductive, metabolic and other PCOS manifestations, including 
risk of CV events [115]. Regardless of the method of conception, obese women 
have lower reproductive outcomes, while having a higher BMI is linked to worse 
fertility prognosis [116]. Obesity and weight gain are linked to PCOS because of 
the impact of weight increase on insulin resistance and hyperinsulinemia, as well 
as the dysmetabolic and steroidogenic effects of defective PI3-kinase and intact 
MAP kinase post-receptor insulin pathways. Insulin sensitivity and cardiometabolic 
risk are influenced by several adipokines. Moreover, it indicates that secretion of 
adipokines by visceral and subcutaneous fat affects metabolic processes [117]. For 
example, visfatin has roles in metabolic, inflammatory, and insulin sensitivity path-
ways [118], and its levels are increased in PCOS patients [119]. In girls and women 
who are genetically susceptible to PCOS, obesity plays a role in insulin resistance, 
which promotes clinical presentation of PCOS. The underlying reason why women 
with PCOS are obese is that obesity increases the susceptibility for PCOS, as recent
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study of Barber explained. In this study, factors such as epidemiology, genetic and 
epigenetic aspects of PCOS, including the underlying role of insulin resistance 
should be considered crucial contributors in weight gain during PCOS development. 
Obesity, acting through enhanced insulin resistance, promotes the clinical manifesta-
tion of PCOS in those girls and women who are genetically predisposed. Therefore, 
obesity increases the propensity for PCOS, and this is the true explanation for why 
women with PCOS are obese [120]. The interrelationships between genetic factors, 
environmental contributors, insulin resistance, obesity, metabolic and reproductive 
dysfunctions should be considered in estimation of CV risk factors in PCOS patients. 

Dyslipidemia in Women 

An increase in serum total cholesterol (TC), low-density lipoprotein (LDL) or 
tryglicerides (TG), and a decrease in serum high-density lipoprotein (HDL) concen-
tration are signs of dyslipidemia. Dyslipidemia is one of the most significant risk 
factors for atherosclerosis and associated CVD. 

Interestingly, 50% of those who experience a heart attack have normal TC levels. 
In addition to standard ways of biochemical analyses of lipid status to evaluate 
cardiometabolic risks, nowadays there are advanced lipid assays, markers of oxidative 
stress and inflammation, hormone levels, and body composition, which all provide a 
better chance for early therapies that are safer and more successful in prevention and 
treatment of CMD. In order to develop strategies for blood lipid management, which 
is a crucial step in the primary prevention of CVD, basic data on the prevalence and 
factors linked to various lipid indicators is necessary. 

The prevalence of metabolic dyslipidemia among people with diabetes is 40%, 
while independently of other CVD risk factors, low HDL-C and metabolic dyslipi-
demia were separately linked to an elevated risk of coronary artery disease events 
and contribute to the end-point of cardiovascular death, MI, stroke, and angina [121]. 
Although lowering LDL with statins has decreased the incidence of atherosclerotic 
CVD events, people with T2DM still have an elevated residual CVD risk [122]. The 
condition known as metabolic dyslipidemia is characterized by aberrant lipid profiles 
with excessive TG and/or low HDL [123]. Compared to men, women with T2DM 
are known to have higher mean LDL, TC, and TG levels, and receive lowering lipid 
treatment in lesser times [124]. 

Serum levels of LDL, TC, and TG were positively associated with CVD risk in 
women. However, after adjusting confounding factors, such as diet, the significance 
of that correlation was diminished, while still exists among men, especially for MI 
occurrence and TC levels [125].
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The study of Peters and coauthors investigated sex-difference in the prevalence, 
trends, and CV risk factors in the United States from 2001 to 2016. A greater 
percentage of men with CVD had dyslipidemia compared to women, whereas in 
those without CVD, rates showed similar values between men and women [126]. 
According to this study, older men were more likely to receive treatment and have 
controlled dyslipidemia, contrary to women, which were less likely to have adequate 
control of dyslipidemia. However, younger women often have better lipid profiles 
than men, but after menopause, cholesterol levels rise to levels greater than in men 
[127]. 

Wang and coworkers investigated the gender differences in middle-age rural China 
and concluded that females had much higher prevalence of dyslipidemia, with so-
called “scissor shaped” age-gender trend between the sexes after the age of 50 to 55 
[128]. Moreover, in this study, the risk of dyslipidemia was associated with obesity 
in males, and with hypertension in females. Similar “scissor shaped” observations 
were also found between age and gender in other studies [129], while the underlying 
mechanisms referred to estrogen levels decline during menopause [130]. 

Dyslipidemia and Women-Specific Factors 

Dyslipidemia and Pregnancy 

Pregnancy is related to altered lipid metabolism, which is important for fetal growth. 
Hormonal alterations such as increase in insulin and progesterone levels lead to 
increased lipogenesis and decreased lipolysis, while lipids are transferred via placenta 
to fetal tissues providing development and growth of fetus [131]. Both TG and TC 
are rising in their levels as pregnancy progresses. However, these alterations seem to 
be not atherogenic, although their levels are 3–4 times higher in the third trimester 
[132] and normalized after the delivery. 

Pregnant women who have greater levels of small dense LDL fractions are more 
likely to have cardiovascular disease later in life. The smaller and denser LDL parti-
cles fraction increases in pregnancy, while such a particle is thought to be more 
atherogenic [133]. 

Atherogenic dyslipidemia, which is characterized by high TG, small dense LDL, 
and low HDL levels, is showing increased evidence for adverse pregnancy outcomes 
and CV risk later in life. Moreover, pregnancy complications, such as preeclampsia, 
gestational diabetes mellitus (GDM) may highlight these detrimental alterations in 
lipid patterns and clinical results, particularly because the children of these mothers 
are more likely to have fatty streaks and have a higher chance of developing progres-
sive atherosclerosis [134]. It is suggested that dyslipidemia observed in early preg-
nancy (< 20 weeks) could be associated with increased risk for preeclampsia [135].
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In predisposed women or those with familiar forms of hyperlipidemia, increase of 
lipids carries an increased risk for maternal–fetal complications. 

Dyslipidemia and Menopause 

Changes in cardiometabolic parameters, such as dyslipidemia, have higher influence 
on CVD risk after menopause. Menopausal status is linked to elevated TC, LDL, 
apolipoproteins, and TG as well as decreased HDL cholesterol (predominantly in the 
HDL2 sub-fraction [136]), even independently of age. Additionally, recent studies 
indicate that HDL cardioprotective qualities are lost after menopause. However, 
although hormone replacement therapy exerts beneficial effects on lipid status, it 
should not be recommended for CVD prevention because improving CVD outcomes 
is omitted [137]. 

Women with PCOS, post-menopausa, premature menopause, early menopause, 
premature ovarian insufficiency, and familial hypercholesterolemia had higher risk 
of dyslipidemia [137, 138]. 

Physiological estrogen decline during menopause plays a major role in altered 
lipid metabolism such as increase in LDL concentration. Menopausal women have 
high frequency of dyslipidemia, yet research has shown that this population has a 
very low degree of disease knowledge. Therefore, early diagnosis of dyslipidemia in 
menopausal and young women who have not yet experienced menopause is necessary 
to lower the risks of CVD and the mortality rate [139]. 

Dyslipidemia and PCOS 

Nearly 70% of PCOS women suffer of dyslipidemia [140], while the prevalence of 
metabolic syndrome varies between 34 and 46% [141–144]. Dyslipidemia, concomi-
tantly with higher androgen levels and body weight increase, particularly in early 
adulthood, is important for evaluation of PCOS symptoms and diagnosis. One meta-
analysis study of PCOS demonstrated significant difference in lipid status among 
PCOS and non-PCOS women. Levels of TG were 26 mg/dL higher and HDL-C 
was 6 mg/dL lower in PCOS-affected women than in control women. Addition-
ally, the values of LDL and non-HDL were 12 and 19 mg/dL higher, respectively. 
LDL and non-HDL were still increased in PCOS participants even after BMI was 
matched [145]. These data showed that dyslipidemia existence in newly recognized 
cardiometabolic aspects of reproductive disorders such as PCOS, has significant 
influence on augmentation of further complications regarding CV events. According 
to Talbott et al. total HDL and HDL2 levels were considerably lower in women with 
PCOS than controls even after adjusting for age and BMI [146]. This study compared
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206 women with PCOS and 206 age-matched controls. Moreover, lean women with 
PCOS have shown lower serum HDL and HDL2 sub-fraction levels compared to 
control subjects [147]. Complete lipid testing should be done on all PCOS patients, 
as first line of treatment for all PCOS patients—and especially for those with dyslipi-
demia in order to reduce risk of further CV events and cardiometabolic consequences. 
These features could pinpoint a critical window of time when weight gain plays a 
significant role in the development of PCOS and indicates the need for preventative 
measures against metabolic and cardiovascular illnesses. 

Conclusion 

CMD in women are increased largely by risks such as diabetes, hypertension, dyslipi-
demia, and obesity. Although cardiovascular events incidence progresses with age 
in both genders, men have a higher prevalence of cardiovascular events until mid-
age. However, after menopause, the women-to-men ratio of cardiovascular events 
increases. The basic step in providing adequate treatment modalities refers to under-
standing the pathophysiological events that underlie CMD. Biological explanations 
for gender differences in cardiometabolic diseases are complex. The main physi-
ological features that underlie the gender differences in CMD development could 
be defined as sex hormones and body composition disparities in men and women. 
Some cardiometabolic aspects are unique for women, such as pregnancy-related 
or menopause-related features, leading to exert adverse cardiometabolic features in 
present, or leave a deep imprint later in life (Fig. 12.1).
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Fig. 12.1 Schematic representation summaries risk factors for cardiometabolic disease in women 
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Chapter 13 
Molecular Basis of the Circadian 
Mechanism in Women 

Molly Crandall, Inna Rabinovich-Nikitin, and Lorrie A. Kirshenbaum 

Abstract Circadian rhythm is present in all living life forms and influences daily 
major physiological processes through synchronized molecular interactions within a 
24-h cycle. The circadian mechanism is a coordinated pathway instigated via receival 
of various triggers, causing a cascade of molecular signals acting to achieve a shift in 
gene regulation. Interestingly, there are apparent sex differences within the circadian 
mechanism. Modulation of the circadian rhythm in sex-dependent manner leads to 
physiological variations in homeostatic functions that are specific to women. Finally, 
recent evidence in the past 20 years has indicated that the disruption of circadian 
rhythm can influence the development of many different pathologies. Moreover, there 
is increasing information that certain diseases linked to the female sex may have a 
link to the circadian function. The cardiovascular system is significantly impacted by 
the circadian clock, and we are beginning to understand the effects of disrupted clock 
upon the heart. Notably, research in women’s heart health has proven existence of sex-
dependent characteristics of cardiovascular disease (CVD). This novel intersection 
of the cardiac disease and misaligned internal clock presents isolated risks that can be 
specific for women. Herein, we will discuss how dysregulation of circadian rhythms 
impact women’s heart health. 
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Overview of Circadian Rhythm 

The circadian mechanism is represented by diurnal oscillations of multiple regula-
tory components that modulate daily physiological functions. Internal and external 
signals, also known as zeitgebers, can trigger molecular responses creating a cascade 
of signals throughout the body [1]. Light–dark cycles are a principal factor in the 
modulation of circadian machinery. Photoreceptors within the retina of the eye 
receive light, initiating a response from the suprachiasmatic nucleus (SCN) in the 
hypothalamus of the brain [2]. The SCN is a core component of circadian mechanism 
as it instigates organ specific responses via neural and humoral signals. Furthermore, 
peripheral cells contain their own circadian machinery, known as peripheral clocks, 
that can be stimulated through messages from the SCN or via inter- and intracellular 
zeitgebers. Both the central and peripheral clocks regulate the expression of circa-
dian genes to maintain daily oscillations of key cellular events through positive and 
negative feedback loops [3]. Transcription factors, CLOCK (circadian locomotor 
output cycles kaput) and BMAL1 (brain and muscle Arnt-like protein-1), mark the 
beginning of the positive arm through their heterodimerization within the nucleus. 
The CLOCK:BMAL1 dimer bind to E-box elements present within promoter regions 
of circadian-dependent genes. Specifically, CLOCK:BMAL1 will induce the tran-
scription of Period (PER1, PER2 and PER3) and Cryptochrome (CRY1 and CRY2) 
genes [4]. Upon their translation within the cytoplasm and subsequence heterodimer-
ization, PER and CRY will inhibit the transcriptional activity of CLOCK:BMAL1. 
Accordingly, PER and CRY are fundamental aspects within the negative feedback 
loop to regulate the transcription of core clock genes (Fig. 13.1). Furthermore, there 
are additional components that concern the regulation of core clock genes [5]. In this 
regard, the heterodimer CLOCK:BMAL1 regulates the transcription of the orphan 
nuclear-receptor, RORα/β and REV-ERBα/β, which provide further transcriptional 
control of the circadian machinery. Particularly, ROR proteins function to initiate the 
transcription of Bmal1 whereas the REV-ERB isoforms will inhibit this transcrip-
tional activity. Thus, circadian rhythm is a multifaceted process that must act in turn 
to modulate the timely expression of target genes [1].

In the past years, it has become increasingly apparent that there are sex differ-
ences regarding circadian rhythm. In general, women tend to align with a morning 
chronotype and report to have increased mental performance at an earlier time of 
day when compared to their male counterparts [6, 7]. Furthermore, women have 
circadian periods shorter than 24 h as demonstrated with earlier entrained phase core 
body temperature (CBT) and melatonin rhythms [8]. The role of estrogen within the 
context of the circadian clock has been suggested as a possible reason for a reduced 
intrinsic circadian period [9]. It is well understood that estrogen is involved in circa-
dian pathways. Estrogen receptor 2 (ESR2) encodes estrogen-receptor β (ERb) and 
contains an E-box sequence within the promotor region indicating possible regu-
lation via CLOCK:BMAL1. When Bmal1 is knocked down, there is disruption of 
timely ERb transcription [10]. In addition, PER1 and PER2 can differentially be 
modulated through estrogen, implying that estrogen can control the inhibition of
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Fig. 13.1 Molecular mechanism of the circadian clock. Light is an external cue received through 
the retina of the eye and relays this information to the circadian master clock within the superchi-
asmatic nucleus (SCN) of the brain. This results in a cascade of neural and endocrine signals 
throughout the body to reach peripheral clocks. Within these tissues, the cell modulates the molec-
ular mechanism of circadian clocks through activation of the positive or negative transcriptional-
translational feedback loops in the nucleus. The positive arm begins with the expression of two 
transcription factors, CLOCK (circadian locomotor output cycles kaput) and BMAL1 (brain and 
muscle Arnt-like protein-1), who heterodimerize in the nucleus to bind to E-box promotor sequences 
in DNA. Together, they activate two genes of the negative arm of the circadian mechanism, PERIOD 
(PER1, PER2, PER3) and CRYPTOCHROME (CRY1 AND CRY2). Upon translation in the cyto-
plasm, PER and CRY heterodimerize to inhibit the transcriptional activity of CLOCK:BMAL1. 
Furthermore, BMAL1 has another layer of regulation through ROR and REV-ERB. Specifically, 
while ROR proteins function to initiate the transcription of Bmal1, REV-ERB isoforms inhibit this 
transcriptional activity

the primary transcription factors of the circadian clock [11]. When blind hamsters 
were subjected to an estradiol implant, their circadian locomotor period was reduced 
[12] and, ovariectomized C57BL/6 J mice demonstrated shortened circadian activity 
[9]. This is indicative of a species-dependent effect of estrogen upon the circadian 
period. Additionally, the menstrual cycle follows an ultradian rhythm and unequiv-
ocally, provides a distinct interrelation between chronobiology and women. Clearly, 
the unique impacts of estrogen upon the circadian clock demonstrates the complicated 
relationship between the female sex and circadian rhythmicity.
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Consequences of Circadian Misalignment in the Female Sex 

Within humans, it has been demonstrated that most reproductive hormones follow 
daily rhythmicity of their levels, such as follicle stimulating hormone (FSH), 
luteinizing hormone (LH) and progesterone. Notably, the SCN initiates release of 
gonadotropin-releasing hormone (GnRH) to drive LH secretion to cause follicular 
rupture and oocyte release. While GnRH may be an autonomous circadian oscillator, 
this information leads to the rise of questions surrounding the role of the circadian 
mechanism in the reproductive system, specifically concerning the repercussions 
of a disrupted circadian rhythm [13]. Furthermore, ultradian rhythm of distal body 
temperature and heart rate variability can predict the surge of LH commonly seen 
during the pre-ovulatory stage of the menstrual cycle. The fertile window within 
women follows ultradian timing, demonstrating control by the internal clock of repro-
ductive potential [14]. Women often fulfill caregiving roles in the family dynamic 
and participate in professions with irregular scheduling, known as shift work, leading 
to disrupted circadian rhythm that disproportionally affect women. Misalignment of 
circadian rhythm has been associated with a multitude of pathologies across many 
physiological systems. Notably, emerging evidence strongly indicates that women 
are uniquely affected by this disruption as effects of the circadian clock can be seen 
within different diseases. 

Polycystic ovary syndrome (PCOS) is an endocrine disorder that affects 4% 
to 10% of women worldwide and is characterized by hyperandrogenism, poly-
cystic ovaries and ovulatory dysfunction [15]. While better known as a reproduc-
tive disorder, it has been evident since the late 1990s that PCOS is associated with 
increased risk for the development of metabolic and cardiovascular disorders [16]. 
Recently, night shift work had a significant correlation with PCOS that is exacerbated 
with prolonged participation in this work schedule which prompted further explo-
ration into the relationship between circadian mechanism and PCOS. It was found that 
core circadian genes were reduced in amplitude in human granulosa cells from indi-
viduals with PCOS. Furthermore, the same study deduced through KEGG analysis 
that genes involved in metabolic disorders, including the TCA cycle and carbohydrate 
acid metabolism have altered cyclic patterns of expression between PCOS and control 
groups [17]. In further inquiry into how night shift work impacts women, female rats 
exposed to continuous light exhibited PCOS-like symptoms such as prolonged and 
disordered estrous cycles, oligo/anovulation and atretic cyst-like follicles. Addition-
ally, the 24-h light exposure resulted in abnormal glucose metabolism in the liver, 
adipose and muscle tissue. Metagenomic analysis also revealed that rats subjected 
to consistent light harbored gut microbiota containing reduced amounts of repro-
ductive and metabolic-related genes [18]. Markedly, there is a potential underlying 
circadian role within the pathology of PCOS and further research is necessary to 
fully understand the impact of circadian disruption upon the reproductive systems in 
women. 

Globally, CVD is the leading cause of mortality for women worldwide, although 
it remains vastly misdiagnosed and understudied [19, 20]. With new research, it
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is becoming increasingly apparent that CVD appears differently in women than in 
men and that women are more susceptible to specific types of heart disease. In men, 
the main physical symptom of acute myocardial infarction (AMI) is typical chest 
pain or discomfort that is described as pressure, tightness, and squeezing. Whereas 
in women, AMI presents as atypical chest pain, which is noted as sharp, burning, 
and sore combined with other symptoms such as fatigue, dyspnea, nausea/vomiting, 
and anxiety [21]. Sex-dependent differences in clinical presentation are a plausible 
cause for disparities in CVD mortality in women albeit, there are separate risk factors 
associated with the female sex. Certain cardiomyopathies have been shown to have a 
direct link to the circadian dysregulation in women. Furthermore, depression, which 
affects millions of women worldwide has been implicated in the development of 
CVD and may contribute partially to circadian disruption. Furthermore, professions 
employing shift work and at-home childcare are predominately performed by women, 
leading to circadian disruption which impacts the health of the cardiovascular system. 
Thus, we shall investigate the correlation between cardiovascular events and circadian 
rhythm and unique repercussions that women face from this association. 

Historically, there has always been an awareness that the cardiovascular system 
is influenced by circadian oscillators, indicating a long withstanding link between 
the internal clock and cardiomyopathies [22]. Foremost, heart rate (HR) and blood 
pressure (BP) are known to decrease during the evening and upon entering sleep 
stages. Respectively, these cardiovascular parameters will increase during the day 
[23, 24]. In fact, the circadian phase corresponding to 9:00–11:00 a.m. has a marked 
peak in heartbeat scaling exponent α which corresponds to a time frame of cardiac 
vulnerability [25] Cardiac events, such as MI, are more likely to be experienced 
during the early hours of the day as well [26]. Moreover, some cardiomyopathies are 
manipulated by the circadian clock in a sex-dependent manner. Acute stress-induced 
cardiomyopathy, such as Takotsubo syndrome (TTS) has a similar presentation and 
prognosis rate of acute coronary syndrome but is a heart failure disease [27, 28]. 
Characteristics of TTS include unobstructed coronary arteries and ballooning of the 
left ventricle with normal or near-normal ejection fraction [29]. Although previous 
preconceptions have noted otherwise, it is becoming increasingly apparent that TTS 
causes long-term heart failure phenotype and global severe edema of both ventricular 
myocardium [29, 30]. This heart failure disorder primarily affects middle-aged or 
elderly women and occurrence follows a circadian rhythm [31]. Chronobiological 
variation of TTS follows a wave-like pattern of presentation with majority of events 
occurring between noon and 6 p.m. with fewer incidents happening between midnight 
and 6 a.m. Interestingly, this deviates from the standard understanding that adverse 
cardiac event occurs during the early morning hours. Furthermore, most individuals 
are diagnosed specifically within October and upon Wednesdays. Therefore, TTS 
not only demonstrates daily chronological occurrence but also weekly and monthly 
rhythmicity [32]. Additionally, spontaneous coronary artery dissection (SCAD) has 
shown to have chronobiological significance related to the menstruation. Sudden 
cardiac death and MI are linked to the appearance of SCAD within women, and they 
present with recurring chest pain despite lacking ischemia within the heart or coro-
nary obstruction [33, 34]. A normal menstrual cycle follows an ultradian rhythm
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and relies on the cyclical regulation of reproductive hormones [35]. Interestingly, 
SCAD related chest pain has been shown to worsen with upcoming menstruation in 
a predictable manner [33]. This is suggestive that adverse cardiac events associated 
with SCAD may follow an ultradian cycle and be associated with hormonal fluctua-
tions. Moreover, SCAD has also been noted to frequently occur within the first month 
postpartum and were more likely to have undergone infertility treatments, furthering 
the notion that SCAD is associated with hormonal regulation [36]. Further research 
is necessary into the implications of circadian and sex related cardiomyopathies as 
there is clear evidence that belonging to the female sex is an important risk factor 
for circadian-related cardiovascular events. 

As research into mental health increases, there is significant implication that circa-
dian misalignment has negative impacts upon mental health while mental illnesses 
are also considered a risk for CVD with apparent gender dispositions. Depression 
disorder (DD) is a common, although serious, mental health disorder that typi-
cally presents as combinations of various somatic and cognitive symptoms with the 
most predominant quality being anhedonia; the inability to experience pleasure [37, 
38]. In addition, women are at greater risk of developing DD, particularly during 
mid-puberty and adult years due to the hormonal changes that women will enter 
throughout various stages in their life [39]. For instance, post-partum depression is 
one of the most common complications associated with pregnancy and childbirth. 
The occurrence of post-partum depression affects 13–15% of pregnant individuals 
although the risk is dependent on multiple factors such as cultural aspects, socioeco-
nomic status, and social support [40]. Increasing evidence has recently demonstrated 
that depression has a relationship with a disrupted circadian rhythm. Individuals with 
major depressive disorder (MDD) had low levels of motor activity with increases 
only present upon antidepressant therapy [41]. Additionally, depressed individuals 
had clear circadian variation deviations in body temperature with reduced amplitude 
at the diurnal peak [42]. Genotyping and selection of 248 single-nucleotide polymor-
phisms (SNPs) at 19 circadian genes within a population study of individuals with 
unipolar MDD, and bipolar disorder (BD) revealed significant associations between 
circadian genes and mental illness. The top genes nominally associated with the 
group combining these mood disorders were CRY1, NPAS2 (paralogous to CLOCK), 
and Vasoactive intestinal peptide receptor 2 (G-protein coupled receptor implicated 
in circadian mechanism). In particular, the strongest correlation in only the MDD 
group was found at a SNP, rs2287161, located at the 3’ end close to CRY1 [43]. 
In a separate analysis of university students, evening chronotype females were at 
most risk for depression and anxiety. Furthermore, via computer modelling of five 
circadian polymorphisms, individuals with allelic or genotypic variants of genes 
regarding circadian period length or amplitude were more likely to have depression. 
This association was particularly significant in the population of depressed individ-
uals with the PER3 variable tandem repeat length polymorphism allele, rs57875989 
[44]. Hence, not only is it apparent at a societal level that depression is correlated 
with circadian disruption in women, but it can also be found on a genome-wide level. 

Women with depression have an increased risk of coronary artery disease (CAD) 
and other CVDs and since women are twice as likely to experience depression,



13 Molecular Basis of the Circadian Mechanism in Women 211

there is pronounced reasoning for investigation into this relationship [20, 45]. These 
individuals are more likely to develop acute myocardial infarction (AMI), heart 
failure (HF) or stroke that is associated with depression. In fact, ischemic heart 
disease mortality had 3.70 (95% confidence interval [CI] 1.32–10.35) for depression 
and 7.12 (95% CI 2.67–18.98) for history of attempted suicide with the strongest 
associations among women [39]. Regarding coronary heart disease (CHD), women 
had improved long-term clinical outcomes with darapladib therapy for stabilization 
of atherosclerotic plaque. This benefit was lost when these women demonstrated 
high frequency of depressive symptoms [46]. Additionally, following MI, 71.4% of 
female patients reported developing a mood disorder or emotional mental health issue 
after diagnosis [47]. The relationship between depression with CVDs and circadian 
misalignment in women requires further studies as this overlooked risk factor has 
substantial implications in heart related pathologies. 

With increasing demand for individuals to participate in shift work, even from a 
young age, there is a societal elevated risk in the development of cardiovascular and 
circadian disorders. This results in a unique situation where women are independently 
affected by disruption of the circadian mechanism and are subjected to increased 
incidences of having their circadian rhythm disturbed resulting in an elevated risk of 
cardiovascular disease. In fact, shift work disorder (SWD), a circadian rhythm sleep 
disorder associated with an abnormal work schedule, has psychological and phys-
ical consequences. For instance, individuals with SWD describe symptoms such as 
insomnia, inappropriately timed and excessive sleepiness, irritability, and depression 
[48]. In a 2019 meta-analysis study, results indicated that shift work was associated 
with a general increased risk of poor mental health outcomes. This study identi-
fied that female shift workers had a 33% higher risk of depression when compared 
to female non-shift workers [49]. In a cross-sectional study surrounding SWD and 
nurses, women in this profession were more likely to be under constant stress than 
men and this stress was exacerbated when in a situation of low social support. More-
over, women were more likely to experience insomnia and excessive daytime sleepi-
ness with no significant association with high job strain [50]. Shift work has also 
been associated with a heightened risk of adverse cardiac events and diseases. In 
U.S. cohort of female nurses working rotating night shift work, it was also shown 
that participation in this kind of shift work increases all-cause and CVD-related 
mortality [51]. Through Nurses’ Health Studies with 24 years of follow-up, rotating 
night shift work was associated with an elevated risk for CHD in a length-dependent 
manner where risk declined over time upon leaving night shift work [52]. Night 
shift work was also found to be linked to CHD and atrial fibrillation in a duration-
dependent manner within a different study although the sex differences were not 
reported, while a different study did not state the gender statistics within their study 
population [53]. Therefore, not only does shift work elevate the risk of CVD but also 
shows that increased incidence of night shift work worsens these risks. In female 
nurses, those that had worked 4 or less night shifts in two weeks had lower HDL 
cholesterol levels and nurses with a history of rotating night shift work had higher C-
reactive protein levels. These two biomarkers have been previously associated with an 
increased probability of CVD [54, 55]. Other biomarkers associated with a prevalent
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risk of CVD are inflammatory agents, such as tumour necrosis factor alpha (TNFα), 
resisting and interleukin-6 (IL-6). These three markers were elevated among individ-
uals subjected to circadian misalignment [56]. While the cohort was not separated 
by sex, this further demonstrates that shift work has harmful consequences. Addi-
tionally, shift work and rotating shift work was associated with adverse pregnancy 
outcomes with some evidence of elevated risk for preeclampsia, gestational hyper-
tension, and gestational diabetes mellitus [57]. These pregnancy related diseases 
have previously been shown to be associated with higher probability of subsequent 
CVD [58]. With this knowledge, we can see that women in shift work associated 
professions have increased likelihood of circadian-related disorders, cardiovascular 
events, and adverse maternal outcomes during pregnancy. 

Potential Therapeutics and Conclusions 

Over the years, the relationship between CVD and circadian rhythm is gradually 
being elucidated, however, the effects of circadian disruption and CVD within women 
is not well understood. With the apparent gender differences in circadian rhythm and 
CVD, it is crucial to further our knowledge in this area to develop more clinically 
relevant diagnostic criteria and medical therapeutics. At present, there are few treat-
ments available for those with a disrupted circadian rhythm and the most known is 
relatively simple: bright light therapy. In circadian rhythm desynchronization during 
chemotherapy for breast cancer, daily exposure that mimics sunlight without ultravi-
olet light showed significant improvements to circadian variables such as amplitude 
and mean of activity levels, particularly during recovery weeks following their fourth 
cycle of chemotherapy [59]. In corroboration of the previous findings, bright light 
improved daytime sleepiness, depression, sleep onset latency and sleep efficiency 
in women receiving chemotherapy for breast cancer [60]. Bright light therapy has 
also been previously reported in improving seasonal and non-seasonal depression 
and mood disorders such as bipolar disorder which could act to decrease mood 
disorder related cardiovascular risks [61]. In fact, exposure to intense light in mice 
and humans lead to increased glycolysis through upregulation of a Per2 mimicking 
miRNA, therefore suggesting bright light therapy as a potential therapeutic for MI 
[62, 63] Regarding cardiovascular diseases, chronopharmacological circadian-timed 
drug administration has shown improvements of hypertension. Ingestion of hyper-
tension medications at bedtime resulted in lower mean asleep BP, greater decline 
of BP relative to time of sleep, and were strongly correlated to lowered CVD risk 
[64, 65]. For women specifically, there have been many studies concerning estrogen 
replacement treatment (ERT) due to the theory of cardioprotective estrogen effects, 
although the results are controversial. ERT in postmenopausal women increased 
the 24-h amplitude of serum cortisol levels and lowered the 24-h mean tempera-
ture demonstrating its abilities to modulate the biological clock [66]. In opposition, 
postmenopausal women subjected to estrogen and progestin replacement therapy 
were found to have increased incidences of MI, stroke, venous thromboembolisms,
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CHD, and breast cancer [67]. Largely, there are no specific therapeutics targeted 
towards CVD and circadian disruption, other than appropriately timed drug admin-
istration, ways to reduce cardiovascular risks and traditional CVD treatments. There 
are distinctive risks for women concerning circadian misalignment and CVDs as they 
are prone to shift work, familial caregiver roles and other circadian- or cardiovascular-
related comorbidities. Further research is required to fully elucidate the molecular 
relationship women have to circadian rhythm disorders and CVDs. The relationship 
between cardiovascular disease and circadian rhythm in women is a novel field that 
few are familiar with, but it is imperative to comprehend the common link to identify 
potential interventions and therapeutics. 
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Chapter 14 
Cardio-Rheumatology and Women’s 
Hearts 

Shadi Akhtari and Paula Harvey 

Abstract Autoimmune rheumatic disorders (ARD) such as systemic lupus erythe-
matosus (SLE) and rheumatoid arthritis (RA) affect 8% of the population, of which 
approximately 80% are women (Mavrogeni Heart Fail Rev 24:489–498, 2019 [1]). 
The presence of chronic systemic inflammation increases the risk of a variety of 
cardiovascular disorders, making cardiovascular disease (CVD) a leading cause of 
morbidity and mortality in this patient population. Moreover, cardiac symptoms in 
these women can be atypical, clinically silent or be misinterpreted as being related 
to their underlying ARD (Mulvagh et al., CJC Open 4(2):115–13, 2022 [2]). Many 
are affected from an early age not only by debilitating physical symptoms from 
their underlying autoimmune disease but also by psychological aspects including 
a disrupted sense of identity, loss of independence, and societal stigma (Sutanto 
Arthritis Care Res (Hoboken) 65:1752–1765, 2013 [3]). These factors, combined 
with sociocultural factors and ethnicity play an additional important role in cardiovas-
cular event rates and outcomes. Finally, women with ARDs require special attention 
with regards to reproductive health issues including contraception, fertility, preg-
nancy, lactation, and menopause, particularly with regards to safety of therapies 
used for their ARD at various stages of their reproductive life. In this chapter, we 
aim to provide a general overview of cardiovascular considerations in women with 
ARDs. 
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Cardiovascular Manifestations of Rheumatic Diseases 

Patients with ARDs can present with a broad spectrum of cardiovascular mani-
festations including premature atherosclerotic cardiovascular disease (ASCVD) 
(Table 14.1). The mechanism for development of ASCVD in the presence of systemic 
inflammatory disease has been linked not only to a higher prevalence of traditional 
cardiovascular risk factors, but importantly to chronic inflammation contributing to 
impaired endothelial and microvascular function, leading to early atherosclerosis 
[4–6]. Other than a predisposition to premature ASCVD, patients with systemic 
inflammatory disorders are at high risk for a wide range of other cardiac and vascular 
problems, including myocarditis, ischemic as well as non-ischemic cardiomyopathy, 
pericarditis, pericardial effusions, valvulitis, cardiac arrhythmias, pulmonary hyper-
tension, and vasculitis. A hypercoagulable state may also ensue, predisposing patients 
to thrombotic events including vascular thrombosis and nonbacterial thrombotic 
endocarditis. 

Table 14.1 Range of cardiovascular problems in autoimmune rheumatic disease 

Vascular • Accelerated atherosclerosis
• Myocardial infarction
• Coronary microvascular dysfunction
• Vasculitis including aortitis and coronary arteritis
• Aortic aneurysms and dissections
• Arterial stiffness
• Pulmonary hypertension
• Thrombosis
• Cerebrovascular disease 

Myocardial • Myocarditis ± myocardial fibrosis
• CHF (HFrEF and HFpEF)
• Infiltrative cardiomyopathy 

Pericardial • Pericarditis
• Pericardial effusion
• Pericardial nodules
• Pericardial constriction 

Valvular • Valvulitis/fibrosis
• Valvular regurgitation
• Libman-Sacks endocarditis 

Conduction Disease and Arrhythmias • Atrial arrhythmias
• Ventricular arrhythmias
• Conduction abnormalities and heart block
• Sudden cardiac death 

Related to use of medication • Hypertension
• Dyslipidemia
• Heart failure
• Increased risk of myocardial infarction
• Antimalarial-induced Cardiomyopathy 

Other • Autonomic insufficiency
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Therapies used in the treatment of these systemic inflammatory disorders such as 
glucocorticoids, non-steroidal anti-inflammatory drugs (NSAIDs), and some disease-
modifying anti-rheumatic drugs (DMARDs) may also contribute to an increased 
cardiovascular risk. For example, glucocorticoid use is associated with a variety 
of adverse cardiovascular effects including hypertension, fluid retention, premature 
atherosclerosis, risk of myocardial infarction, arrhythmias, and heart failure (HF) 
[7]. Use of NSAIDs is also associated with an increased risk of adverse cardio-
vascular events, including hypertension, myocardial infarction, stroke, and HF [8]. 
Tofacitinib, a targeted synthetic DMARD that inhibits Janus Kinase (JAK) has been 
linked to higher risk of major adverse cardiovascular events (MACE) compared to 
anti-TNF therapy [9]. Conversely, other therapies such as methotrexate and anti-TNF 
therapies may reduce this risk [10–12]. A number of anti-inflammatory medications 
including colchicine and canakinumab (an anti-IL 1b) have been shown in random-
ized controlled trials [13, 14] to be effective in secondary prevention of CVD events 
in the general population but evidence for efficacy and safety on CVD outcomes in 
ARD is currently lacking. Other medications such as the antimalarial drugs chloro-
quine and hydroxychloroquine can have both important cardioprotective as well as 
rare, but potentially life-threatening cardiotoxic side effects such as HF and arrhyth-
mias in the small number of patients who develop cardiomyopathy with long-term 
use [15]. 

ASCVD Risk Assessment 

Cardiovascular risk assessment in the presence of chronic systemic inflammatory 
disease is challenging. The commonly used traditional cardiovascular risk calculators 
such as the Framingham Risk Score (FRS) and the Pooled Cohort Equations (PCE) 
usually underestimate and sometimes overestimate CV risk in patients with ARDs 
[16]. Traditional CV risk factors such as elevated cholesterol and blood pressure 
(BP) can vary markedly over time in patients with a chronic relapsing and remitting 
disease partly due to variable disease activity and treatment-related factors such as 
use of glucocorticoids, NSAIDs and DMARDs [17]. Cumulative exposure over time 
to risk factors such as elevated cholesterol and hypertension are better able to quantify 
ASCVD risk [18], yet these dynamic risk factors are difficult to capture in a single-
point-in-time model. To further complicate assessment, some risk factors behave 
paradoxically in the inflammatory milieu; for example, lipid levels may appear falsely 
low in presence of active inflammation and start rising once inflammation is better 
controlled, the so-called ‘lipid paradox’[19]. Efforts to include non-traditional risk 
factors, disease-specific parameters, multipliers, and biomarkers have not yet been 
successful at improving risk estimate in this population [16]. In addressing this issue, 
the European League Against Rheumatism (EULAR) recommended a multiplier 
of 1.5 to the calculated score using traditional risk models for RA in 2016 [20]. 
Despite this recommendation, validation studies have shown that the multiplication 
factor does not significantly improve risk prediction [21, 22]. In 2021, EULAR did
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not endorse use of any particular risk calculators for SLE due to lack of validated 
SLE-specific tools, but instead recommended thorough assessment of traditional 
and disease-specific factors to guide prevention efforts [23]. For other ARDs, use 
of prediction tools for the general population was recommended due to lack of 
validated disease-specific tools [23]. Newer approaches incorporating non-invasive 
imaging of subclinical atherosclerosis such as carotid ultrasound or coronary artery 
calcium scoring are promising in more accurate ASCVD risk stratification in this 
population [24–26]. The key factors in prevention of cardiovascular complications 
include aggressive management of traditional risk factors as well as achievement of 
effective inflammatory control. 

Select Conditions Disproportionately Affecting Women 

As shown in Table 14.2, women are at greater risk of developing ARDs compared 
to men and therefore more likely to be affected by the accompanying cardiovascular 
manifestations. 

Rheumatoid Arthritis (RA) 

Rheumatoid arthritis (RA) is the most common form of inflammatory arthritis, 
affecting approximately 1% of the general population and is twice as common in 
women compared with men [27, 28]. Common cardiovascular complications in RA 
include an elevated risk of ASCVD, HF, arrhythmias, and strokes [29]. Clinically 
apparent myocarditis and pericarditis are rare in RA but may occur. When compared 
to healthy individuals, RA portends a similar risk to type 2 diabetes of developing 
CV events [30]. The observed increased risk of ASCVD is thought to be not only due 
to under-recognition and under-treatment of traditional CV risk factors but impor-
tantly, due to chronic systemic inflammation. Additionally, some medications may 
increase this risk (NSAIDs, glucocorticoids, and JAK inhibitors) while others, such 
as methotrexate, may decrease it. A two-fold increased risk for development of HF

Table 14.2 Female 
predominance of various 
autoimmune rheumatic 
conditions 

Rheumatic condition Female: male ratio 

RA [28] >2:1 

SLE [34] 9:1 

Systemic sclerosis [41] 3:1 

Giant cell arteritis [46] 2–3:1a 

Takayasu arteritis [52] 6–10:1a 

a Ranges reflect different age-groups and populations studied 
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has been reported in patients with RA compared to those without RA, a risk that 
persists after adjusting for traditional cardiovascular risk factors and ischemic heart 
disease [31]. The pathogenesis of HF in RA is not fully understood; an increased 
prevalence of established risk factors contributes, but RA related chronic production 
of inflammatory cytokines also appears to be an independent risk factor [31]. Risk 
of conduction disturbances, cardiac arrhythmias and sudden cardiac death has been 
shown to be higher in RA patients compared to controls [32]. The key elements 
in prevention of cardiac complications are aggressive treatment of traditional risk 
factors and optimization of anti-inflammatory and immunomodulatory therapies. 

Systemic Lupus Erythematosus (SLE) 

SLE is an autoimmune disease that can affect multiple organs including the heart 
[33]. There is a female preponderance (9F:1 M) with symptoms usually presenting 
in the second or third decades of life [34]. CVD is a leading cause of morbidity 
and mortality in patients with SLE and includes coronary artery disease, pericarditis, 
valvular disease, myocarditis, and cardiomyopathy. Young women 35–44 years of 
age were found to be over 50 times more likely to have a myocardial infarction 
than age-matched controls in the Framingham Offspring Study [35]. Older age at 
lupus diagnosis, longer lupus disease duration, longer duration of glucocorticoid 
use, hypercholesterolemia, and post-menopausal status were more common in those 
who had CV events than those who did not [35]. Pericarditis is the most common 
cardiac manifestation in lupus with autopsy series reporting a prevalence of 43– 
83% [36]. Valvular heart disease is often asymptomatic, involving left-sided valves, 
presenting as thickening of the valves due to underlying inflammation and fibrosis. 
Libman-sacks endocarditis is associated with more severe valvular dysfunction and 
risk of thromboembolic events due to fibrin and platelet emboli and requires lifelong 
anticoagulation therapy. Myocarditis in SLE was previously considered uncommon 
but prevalence appears to be higher than previously thought with the use of more 
sophisticated diagnostic imaging modalities such as cardiovascular magnetic reso-
nance (CMR) imaging. Antimalarial drugs, chloroquine and hydroxychloroquine 
(HCQ), are important in treatment of rheumatic conditions including SLE and RA. 
HCQ has been shown to improve survival, prevent disease progression, reduce the 
need for steroid use, improve lipid levels, and decrease thrombotic as well as cardio-
vascular events [18, 37]. However, serious toxicity from antimalarials can occur, 
including retinal toxicity, skin hyperpigmentation, neuromyopathy and cardiotox-
icity. The cardiotoxic effects of antimalarials are collectively referred to as anti-
malarial induced cardiomyopathy (AMIC), which can present either as HF due to left 
ventricular (LV) systolic and diastolic dysfunction, with conduction abnormalities, or 
with arrhythmias. AMIC is a rare, under-recognized, complication of prolonged anti-
malarial treatment [38]. Early recognition and drug withdrawal are critical to avoid 
poor patient outcomes, with a survival rate of almost 55% [15]. The best approach 
for early identification of AMIC is currently not well-defined and remains an area of
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active research, focusing on the use of serum biomarkers such as cardiac troponin and 
B-type natriuretic peptides (BNP), serial ECG monitoring, cardiac imaging including 
echocardiographic techniques as well as assessment of myocardium by CMR imaging 
[39]. 

Systemic Sclerosis (SSc) 

Systemic sclerosis is a rare, chronic, multisystem disease characterized by vascular 
dysfunction and fibrosis of the skin and internal organs. The majority of patients with 
SSc are female [40, 41]. Cardiac involvement in SSc is common and can be asymp-
tomatic but overt cardiac involvement can occur and is a poor prognostic factor [42]. 
The dysregulated immune system and endothelial dysfunction in SSc result in diffuse 
microvascular disease and recurrent ischemia–reperfusion injury, leading to inflam-
mation and eventually tissue fibrosis and adverse remodeling. This can manifest as 
microvascular ischemia, LV systolic and diastolic dysfunction, right ventricular (RV) 
dysfunction, pulmonary hypertension, or acute/chronic myocarditis [40]. Myocardial 
fibrosis can also lead to electrical abnormalities, including atrial and ventricular tach-
yarrhythmias, as well as bradyarrhythmias with sinus node dysfunction and bundle 
branch blocks [32]. Pericardial effusions are often asymptomatic but pericarditis and 
cardiac tamponade have been described [43]. Autonomic insufficiency is frequently 
seen in SSc [44]. Lack of heart rate variability and resting tachycardia have been asso-
ciated with increased mortality in SSc [44]. Given high prevalence of cardiac involve-
ment in SSc with associated increase in morbidity and mortality, annual cardiac 
screening with biomarkers such as troponins and BNP, ECG, echocardiogram is 
performed regardless of symptoms, with additional more advanced testing as guided 
by symptoms. There are currently no SSc-specific therapies for most cardiovascular 
complications and management is generally the same as for patients without SSc. 
Beta blocker use should be avoided due to effects on Raynaud’s phenomenon[23]. For 
biopsy-proven myocarditis, treatment with immunosuppressive therapy in addition 
to the typical cardiomyopathy treatment is recommended [42]. 

Giant Cell Arteritis (GCA) 

Giant Cell Arteritis is an idiopathic systemic vasculitis of large- and medium-sized 
vessels, twice as frequent in women compared to men [45, 46]. Vascular involve-
ment can be widespread, leading to stenoses and aneurysm formation of the affected 
vascular beds. Vision loss is the most feared complication in patients with GCA, 
though cardiovascular disease risk is another important consideration. A signifi-
cantly higher risk of cardiovascular mortality and morbidity including higher rate of 
strokes, thoracic aortic aneurysms and dissection, ischemic heart disease and periph-
eral vascular disease has been identified in patients with GCA [45]. The association
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with increased CVD morbidity and mortality may be due to prolonged duration of 
therapy with glucocorticoids or due to ongoing inflammation due to lack of complete 
cessation of inflammation. With more recent development of novel biologic therapies 
including tocilizumab, patients now have a steroid-free option to achieve remission 
[47]. Aspirin [48] and statins [49, 50] have been evaluated as adjunct therapies to 
glucocorticoids in treatment of GCA, but results have been mixed. Important clin-
ical questions remain including whether the use of statins post-clinical remission in 
patients with GCA decreases cardiovascular events in these patients and whether it 
allows a longer course of disease remission compared to having the patient without 
any therapy after clinical remission is achieved. 

Takayasu Arteritis (TA) 

TA is an uncommon chronic idiopathic large-vessel vasculitis, primarily affecting 
the aorta, its primary branches, and the pulmonary arteries. Women are affected 
in 80–90% of cases with age of onset usually between 20 and 40 years, with the 
highest prevalence in Asia [51, 52]. The inflammatory process within the arteries 
can lead to narrowing, occlusion, or dilatation of the involved portion of the artery 
[53]. TA can present with constitutional symptoms, hypertension, arterial bruits, 
or absent/diminished pulses. Limb claudication, discrepant blood pressure between 
arms, hypertension, angina due to coronary artery ostial narrowing from aortitis or 
coronary arteritis, aortic regurgitation due to aortic dilatation, pericardial disease 
and myocardial infarction are some of the more specific potential cardiovascular 
manifestations [53]. Accelerated atherosclerosis is well known and is thought to 
be due to arterial injury and endothelial dysfunction. Traditional CVD risk factors 
have also been shown to be more prevalent in patients with TA than controls, which 
can be contributory [54]. Patients may present with myocardial infarction, angina, 
or sudden death. Revascularization procedures cannot be performed until inflam-
mation is controlled. When revascularization is indicated, coronary artery bypass 
graft (CABG) is preferred to percutaneous coronary intervention (PCI), with supe-
rior outcomes with regards to patency rates as well as mortality [55]. CHF can be 
related to significant valvular dysfunction, mainly aortic regurgitation, severe hyper-
tension, pulmonary arterial involvement, or rarely inflammatory myocarditis [53]. 
Aortic regurgitation is the most common valvular dysfunction in patients with TA, 
caused primarily by annular dilatation and dilatation of the ascending aorta. Conduc-
tion disease can be seen with frequent or complex ventricular arrhythmias, prolonged 
QT dispersion, and complete AV block [56, 57].
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Osteoarthritis (OA) 

Though not an autoimmune condition, osteoarthritis cannot be excluded from this 
discussion. OA is the most common type of arthritis, affecting approximately 10% 
of the adult population, disproportionately affecting women (> 70%). It is the fourth 
most common predictor of health problems worldwide in women [58]. Obesity and 
the associated cardiovascular risk factors such as hypertension, diabetes, and dyslipi-
demia are commonly observed in individuals with OA [59]. Use of therapies such as 
NSAIDs is associated with additional cardiac risk. On the other hand, inadequately 
treated pain from OA can be an important limiting factor, leading to avoidance of 
regular physical activity, weight gain, poorer cardiovascular fitness, and physical 
disability. Among those with OA of the hip and/or knee, severity of OA disability 
has been shown to be associated with a significant and independent increase in all-
cause mortality and cardiovascular events [59]. There are data to suggest that receipt 
of an elective hip or knee total joint arthroplasty is associated with improved survival 
and reduced risk for CVD events [59]. This apparent protective effect may be related 
to more physical activity, pain relief and reduction in NSAID use, though more 
research is needed to elucidate the explanation for this observed relationship [59]. 

Other Important Considerations 

Ethnicity 

Significant ethnic and sociocultural variation in CVD event rates have been observed 
in patients with ARD. SLE is better studied with this regard. Black women with 
SLE, for example, have more SLE-related morbidity and mortality compared to 
White women [60] with a reported 14% increased risk of CVD. Risk of MI has been 
observed to be lower among Hispanic and Asian women with SLE compared to White 
women, and risk of stroke observed to be higher among Black and Hispanic compared 
to White women [61]. Furthermore, significant ethnic disparities with regards to 
age at the time of hospitalization for CVD events has also been observed. Among 
different groups with SLE, Black women were the youngest to be admitted with 
CVD and have a CVD-associated in-hospital death, on average 19.8 years younger 
than ethnicity—and sex-matched controls at the time of CVD-associated death [62]. 
There is a paucity of data on interaction of ethnicity and ASCVD outcomes in RA and 
other ARDs [63]. Further research to better understand the role of ethnicity among 
various groups as it relates to CVD risk in this population is needed.
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Reproductive Health Issues 

Autoimmune conditions can be associated with increased prevalence of adverse preg-
nancy outcomes. The risk of pregnancy complications depends on factors including 
diagnosis, disease activity and organ damage, medications, and presence of antiphos-
pholipid (aPL) antibodies. For example, women with SLE are at significantly higher 
risk of developing pre-eclampsia, preterm live birth, low birth weight, spontaneous 
abortions, and stillbirth compared to controls [60]. Pulmonary arterial hyperten-
sion related to some ARDs is another example of a situation associated with high 
risk of maternal mortality, estimated at up to 20% [64]. Pre-pregnancy counseling 
and tailored safe and effective contraception is therefore an important part of patient 
management. Choice of contraception itself can be complicated in women with ARD; 
for example, the combined progesterone and estrogen oral contraceptive pill is not 
recommended in those with positive aPL antibodies or those who have more severe 
SLE [65]. Patients who are positive for aPL experience additional challenges with 
regards to fertility and higher risk of thrombosis and spontaneous abortions once 
pregnancy is achieved [65]. Therapies used in patients with ARD are not all safe 
preconception, or during pregnancy and lactation and therefore, careful review of 
medications is essential if pregnancy is desired or contemplated. As an example, 
cyclophosphamide, a potent immunosuppressant used for severe SLE complications 
and systemic sclerosis, among other indications, is highly teratogenic and can lead to 
increased risk of infertility and premature menopause [65]. Patients of childbearing 
age should be counseled prior to starting such agents and highly effective contracep-
tion should be initiated. In general, data is limited on medication effects on fertility, 
pregnancy, or lactation as women in these stages are typically excluded from studies. 
Additionally, many women with ARDs avoid or postpone pregnancy due to anxiety 
about risks of pregnancy complications, miscarriage, and genetic transmission to 
their offspring [3]. They may also feel anxious about caring for a child given their 
potentially debilitating disease [3]. Asking patients about their desire for pregnancy 
early and often can help keep an open dialogue. Post-menopausal issues are also not 
uncommon in patients with ARD. HRT remains an important consideration in those 
with disabling vasomotor symptoms, with current evidence supporting the use of 
HRT in ARD patients in absence of aPL, including those with SLE [66]. 

Societal Stigma 

Despite significant improvements in treatment options and patient survival, ARDs 
can have a significant impact on patients’ sense of independence, self-esteem, and 
quality of life. Many patients suffer from debilitating pain, fatigue and cutaneous 
manifestations which can limit ability to work and participate in desired social activ-
ities. Patients with SLE often perceive that SLE is misunderstood and stigmatized by
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their family, friends, and physicians, leading to a sense of isolation [3]. The signif-
icant physical disability can cause feelings of anxiety about their future. Similarly, 
patients with scleroderma have been reported to experience difficulties with regards 
to physical, emotional, and social limitations [67]. Studies in RA have shown that 
patients often experience physical restriction, social restriction and anxiety about the 
future and loss of independence [68]. Further research on interventions to promote 
positive coping strategies and mental resilience can help improve quality of life and 
overall health outcomes, including cardiovascular health in these patients. 

Future Directions 

The field of cardio-rheumatology is emerging, appreciating the need for prioritizing 
cardiovascular care in patients with ARD. As the field evolves, it is important to 
acknowledge that many ARDs disproportionately affect women. Framing the impor-
tance of ARDs as a women’s health issue can be helpful in the design and delivery 
of care that is consistent with the needs of this growing population. 
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Chapter 15 
Cardiovascular Adverse Effects of Breast 
Cancer Chemotherapy 

Haojun Huang and Liam R. Brunham 

Abstract Breast cancer is the most commonly diagnosed cancer globally, with more 
than 2.3 million cases per year and resulting in the death of 685,000 women [1]. As 
a result of population growth and aging, the International Agency for Research on 
Cancer estimates that the burden of breast cancer will increase to over 3 million 
new cases and 1 million deaths per year by 2040 [1]. With the introduction of early 
diagnosis, prevention measures, and effective treatment approaches, the mortality of 
breast cancer has decreased by 42% from 1989 to 2022 [2]. Various treatments have 
been developed based on the stage of breast cancer and the presence or absence of 
molecular markers such as estrogen or progesterone receptors and human epidermal 
growth factor 2. However, with improved survival and outcomes, the long-term side 
effects of breast cancer treatment are a growing concern. Cardiovascular compli-
cations are among the most frequent adverse effects of chemotherapies, which 
increases the concern of premature morbidity and mortality among cancer survivors 
[3]. In this chapter, we will focus on the adverse cardiovascular effects caused by 
chemotherapeutic agents used in the treatment of breast cancer. 
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Cardiovascular Complications of Chemotherapies 

The era of chemotherapy began in 1946 when researchers from Memorial Sloan 
Kettering Cancer Center reported that the chemical warfare agents, nitrogen 
mustards, are effective against certain forms of cancer by chemically modifying 
the DNA of cancer cells [4, 5]. Soon after the discovery of the first anthracycline 
drug, daunorubicin, in the 1950s, doxorubicin was isolated from a mutant variant 
of Streptomyces peucetius (var. caesius) and found to be highly effective against a 
wide range of solid tumours and hematologic malignancies [6, 7]. Other analogues 
such as epirubicin and idarubicin were also approved for clinical use [8]. Today, a 
broad range of chemotherapy drugs (such as alkylating agents, antimetabolites, and 
anti-tumour antibiotics) have been developed to target different cancer types. 

Cardiovascular complications such as arrhythmias, myocardial dysfunction, and 
heart failure are the most severe side effects of the cancer therapeutics [9]. For 
example, doxorubicin-induced cardiac damage is irreversible and cumulative dose-
dependent. The incidence of developing impaired myocardial function with doxoru-
bicin, based on the decline in left ventricular ejection fraction (LVEF), is estimated 
to be 3–5% at a cumulative dose of 400 mg/m2 of doxorubicin, 7–26% at a dose 
of 550 mg/m2, and up to 48% at 700 mg/m2 [10]. Other chemotherapy drugs such 
as monoclonal antibodies (trastuzumab, bevacizumab and pertuzumab) and tyrosine 
kinase inhibitors (sunitinib and sorafenib) may also induce cardiotoxicity but tend 
to be reversible [11–13]. 

Known Mechanisms of Doxorubicin-Induced Cardiotoxicity 

Doxorubicin Interacts with DNA and Topoisomerase II 

The primary mode of action of doxorubicin appears to be intercalation with nucleotide 
base, causing deformation of DNA in tumour cells [14, 15]. Doxorubicin is also 
known to intercalate with topoisomerase II-DNA complex, inhibiting replication fork 
progression and leading to double-strand DNA breaks (DSB) [16]. Topoisomerase 
II (TOP2) is an ATP-dependent nuclear enzyme that induces transient DNA breaks 
to release the torsional stress that occurs during DNA replication, transcription, and 
other nuclear processes. Both human topoisomerase II isoforms, TOP2A and TOP2B, 
are targeted by doxorubicin [17]. TOP2A is required during mitosis and is highly 
expressed in proliferating cells [18], while TOP2B is predominant in non-dividing 
cells such as cardiomyocytes [19]. Cardiomyocyte-specific deletion of Top2b in mice 
results in protection from doxorubicin-induced cardiotoxicity (DIC) [20]. In addition 
to nuclear DNA damage, doxorubicin also targets mitochondrial DNA, forming high 
levels of adducts and cross-links and leading to breakage of the mitochondrial DNA 
helix [21, 22]. Mitochondrial DNA lesions and free radical-associated mitochondrial 
dysfunction are reported after doxorubicin exposure [23].
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Doxorubicin Increases Cellular Oxidative Stress 

Another important mechanism of DIC is increased oxidative stress [24]. Reactive 
oxygen species (ROS) are natural by-products of cellular activity, while disruption 
of antioxidant functions or overproduction of ROS leads to oxidative stress. Mito-
chondria supply 95% of the ATP through fatty acid and glucose oxidation as well 
as producing the principal amount of ROS in cardiomyocytes [25]. Assisted by 
NADH dehydrogenase on complex I of the mitochondrial electron transport chain, 
the quinone moiety of doxorubicin is reduced to a semiquinone radical, leading to 
the generation of superoxide anion O2

− and highly toxic hydroxyl radical OH• in 
the presence of iron [26, 27]. The formation of free radicals during doxorubicin 
metabolism increases mitochondrial oxidative stress and membrane lipid peroxi-
dation, eventually causing mitochondrial dysfunction and lowering ATP synthesis 
[28]. 

Besides mitochondria, cytoplasmic oxidative stress also increases in response to 
doxorubicin. Firstly, doxorubicin can directly interact with iron and form a DOX-Fe 
complex, which promotes ROS production through Fe(II) and Fe(III) cycling [29]. 
Nitric oxide (NO) is also a source of DOX-induced oxidative stress by catalyzation of 
nitric oxide synthase (NOS). Similar to NADH dehydrogenase, doxorubicin can also 
bind to a reductase enzyme, endothelial nitric oxide synthase (eNOS), and induce 
semiquinone radical and superoxide O2

− formation. Subsequentially, the imbal-
ance between eNOS and nitric oxide leads eNOS to generate the potent oxidants 
peroxynitrite and hydrogen peroxide [30]. Furthermore, doxorubicin-induced down-
regulation of endogenous antioxidant enzymes (e.g., peroxidase, catalase, and super-
oxide dismutase) limits the ability of ROS elimination and enhances the oxidative 
stress in cardiomyocytes [31, 32]. 

Doxorubicin Induces Cell Death Pathways 

Doxorubicin-induced apoptosis has been extensively studied. DNA damage and 
oxidative stress induced by doxorubicin activate tumour suppressor p53 and Bcl-
2-associated X (Bax) proteins, c-Jun N-terminal kinase (JNK) and p38 mitogen-
activated protein kinase (MAPK) signaling and down-regulation of GATA Binding 
Protein 4 (GATA4) as well as PI-3K/Akt survival pathway [33–35]. Activation of 
the extrinsic apoptotic pathway has also been studied in DIC. Oxidative stress up-
regulates the expression of transcription factor NF-κB and nuclear factor-activated 
T cell-4 (NFAT4), leading to increased Fas/FasL and p53 [36, 37]. Additionally, 
increased ROS production stimulates endoplasmic/sarcoplasmic reticulum (ER/SR) 
stress, triggering the apoptotic pathway by activating caspase 12 [38, 39]. 

In addition to apoptosis, other cell death pathways such as autophagy, ferrop-
tosis and necrotic cell death have also been studied [40]. Autophagy is a cell defence 
mechanism differentially regulated in doxorubicin-treated cardiomyocytes to help the
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degradation of cellular components [41]. The control of autophagy level is essential to 
maintain cellular homeostasis, while excessive activation of autophagic flux can lead 
to cardiotoxicity and cell death [42, 43]. Interestingly, the critical regulator of ferrop-
tosis, glutathione peroxidase 4 (GPx4), is downregulated by doxorubicin, resulting 
in excessive mitochondrial lipid peroxidation and mitochondria-dependent ferrop-
tosis through the formation of DOX-Fe complex [44]. Treatment with the ferroptosis 
inhibitor ferrostatin-1 protects against DIC [44, 45], suggesting that modulation of the 
ferroptotic pathway may prove to be a successful method to mitigate cardiotoxicity. 
Additionally, doxorubicin increases necrotic cell death through BH3-only protein 
Bcl-2-like 19 kDa-interacting protein 3 (Bnip3)-mediated mitochondrial dysfunction 
[46]. Further study reveals that the elevated level of necrotic cell death is mediated 
by doxorubicin-induced proteasomal degradation of the ubiquitin E3-ligase TNF 
receptor associated factor 2 (TRAF2), leading to impaired tumor necrosis factor-α 
(TNFα)-mediated nuclear factor-κB (NF-κB) activation and increased cardiotoxicity 
[47]. 

Prediction and Prevention of Doxorubicin-Induced 
Cardiotoxicity 

Current Preventive Strategies for Doxorubicin-Induced 
Cardiotoxicity 

For patients deemed to be at highest risk of cardiotoxicity, for example due to pre-
existing cardiovascular diseases, additional prevention management can be consid-
ered before doxorubicin treatment. These include limiting the total cumulative 
doxorubicin doses, altered delivery methods with lower cardiotoxicity (e.g., contin-
uous infusions and liposomal doxorubicin) and co-treatment with cardioprotective 
drugs (e.g., dexrazoxane, angiotensin-converting enzyme inhibitors, beta-blockers 
or statins) [10]. 

The iron-chelator dexrazoxane binds free iron and decreases mitochondrial iron 
levels [29, 48]. Dexrazoxane also leads to TOP2B depletion and a reduction in DNA 
double-strand breaks were observed [49, 50]. Recent studies also found that dexra-
zoxane inhibits both apoptosis and necroptosis in doxorubicin-treated cardiomy-
ocytes [51, 52]. Usage of dexrazoxane is recommended in a European Society of 
Cardiology (ESC) guideline for patients with advanced or metastatic breast cancer 
receiving a cumulative dose of > 300 mg/m2 doxorubicin [10]. Dexrazoxane treat-
ment in children with high-risk acute lymphoblastic leukemia or solid tumours 
improves left ventricular structure and function compared to those who receive 
doxorubicin treatment only [53, 54]. However, high-quality evidence and further 
randomized trials of dexrazoxane treatment DIC are still needed [55]. 

In recent years, multiple clinical trials have provided compelling evidence of 
a cardioprotective effect of sodium-glucose transport protein 2 (SGLT2) inhibitors
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(SGLT2i) in multiple forms of heart failure [56–60], which raises the intriguing possi-
bility that this class of medication could also have cardioprotective effects for DIC. 
SGLT2i is a well-tolerated and effective glucose-lowering medication for treating 
type 2 diabetes mellitus (T2DM) [61]. Four SGLT2i (empagliflozin, dapagliflozin, 
canagliflozin, and ertugliflozin) have been approved for the T2DM treatment [62]. 
Empagliflozin has been found to prevent DIC in mice [63–69] and lower the rate of 
cardiac events in anthracycline-treated patients [70], but its exact mechanism is still 
under evaluation. 

Advances in Approaches for Cardiovascular Research 

Although there is high interest in developing new therapeutic compounds for 
cardiotoxicity and other cardiovascular diseases, it is challenging to access human 
primary cardiac cells and maintain them in cell culture during the preclinical research 
[71]. In vivo studies using laboratory animals, such as mice or rats, are commonly 
used, but display significant differences in cardiac anatomy and physiology compared 
to humans, limiting their ability to accurately reflect pathological mechanisms [72– 
74]. A major breakthrough came in 2007 with the description of human pluripo-
tent stem cells (iPSCs) by Shinya Yamanaka [75] and the development of directed 
differentiation methods to generate cardiomyocytes from iPSCs (iPSC-CMs) [76]. 

Human iPSCs have been shown great potential in differentiation to board range 
of cell types, including cardiomyocytes, hepatocytes, and neuronal cells. In cardio-
vascular research, iPSC-CMs derived from patients with specific phenotypes and 
genetic backgrounds have proven to be excellent models for studying cellular mech-
anisms and mimicking drug responses. An advantage of this model is the suitability 
to high-throughput drug screening platform for multiple disease-specific measure-
ments, including multielectrode array, calcium handling and toxicity measurements. 
Moreover, combined with other cutting-edge techniques, such as genome editing, 
next-generation sequencing, and three-dimension cell culture/heart-on-a-chip tech-
nology, iPSC-CMs offer an efficient and scalable approaches in cardiotoxicity disease 
modelling and regenerative medicine. 

Pharmacogenomics and Precision Medicine 

Although chemotherapeutic agents are among the most cardiotoxic of all medicines, 
the risk factors for developing DIC range from patient-associated (age, sex, pre-
existing heart disease, etc.) to therapy-associated (drug formulations, intravenous 
injection administration and history of irradiation, etc.) [10]. In some cases, patients 
suffer from DIC at low doses of doxorubicin, suggesting genetic diversity effects 
in susceptibility [77]. Genetic influences have been proposed to explain up to 95% 
of the interpatient variability in drug disposition and therapeutic effects in general
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[78]. One large-scale study on over 44,000 participants found that over 99% of those 
individuals assessed had a genotype associated with a higher risk of at least one 
medication [79]. Unlike other risk factors, genetic susceptibility exists throughout a 
patient’s lifetime [80]. 

Pharmacogenomics research aims to minimize adverse drug reactions. Precision 
medicine involves using pharmacogenetics, biomarker, and phenotypic testing to 
help physicians select the appropriate drug and dosage for the patient [81]. Over 200 
drugs have label information regarding pharmacogenomic biomarkers [82]. 

Nineteen published genetic association studies have identified 28 genetic vari-
ants significantly associated with DIC [83]. These variants are located in genes 
related to drug transporter (ABCC1, ABCC2, ABCC5 and SLC28A3), antioxidants 
(CAT, GSTP1 and HAS3), drug metabolism (CBR3, NOS3, POR and UGT1A6), 
DNA repair (ERCC2), NAD(P)H oxidase multienzyme complex (NCF4, RAC2 and 
CYBA), iron metabolism (HFE), sarcomere structure and function (CELF4 and 
MYH7), and transcription factor (RARG). 

The rs2229774 variant, located in the transcription factor retinoic acid receptor 
gamma (RARG), was the first DIC-associated variant validated in a human iPSC-
CM model. Christidi et al. compared the effects of the rs2229774 variant in multiple 
patient-specific iPSC-CM lines and found that the presence of the RARG variant 
was necessary and sufficient to increase susceptibility to doxorubicin [84]. Further 
studies using genome-edited isogenic iPSC-CMs pairs differing only by the pres-
ence of rs2229774 showed that the presence of this variant leads to reduced acti-
vation of RARG target genes, and consequently attenuated DNA repair activity in 
response to doxorubicin [85]. Another group also found rs2229774 increases sensi-
tivity to doxorubicin through activating the cardioprotective extracellular regulated 
kinase (ERK) pathway and suppression of topoisomerase 2b, while co-treatment 
with RARG agonist CD1530 attenuates DIC [86]. 

Another DIC-related gene identified by human genetics, SLC28A3, encodes solute 
carrier family 28 member 3, and has also been studied in iPSC-CMs. Two variants 
rs7853758 and rs885004 located in SLC28A3 have been associated with a lower risk 
of DIC [87, 88]. However, since rs7853758 is a synonymous variant and rs885004 is 
located in the intron region, it is unclear how they change the expression and function 
of SLC28A3. Magdy et al. first focused on the impact of SLC28A3 in DIC and found 
that overexpression of SLC28A3 significantly increased iPSC-CMs sensitivity to 
doxorubicin, while knocking out SLC28A3 showed higher cell viability compared 
to the wild-type iPSC-CMs in DIC. Using nanopore-based fine-mapping and base-
editing, they further identified a novel variant, rs11140490, within the overlap region 
of SLC28A3 and an antisense long noncoding RNA (SLC28A3-AS1) that appeared 
to be the causal cardioprotective variant. The cardioprotective action of rs11140490 
exerted in regulating the transcription of SLC28A3-AS1, which resulted in down-
regulating the expression of SLC28A3 and protected against DIC in patient-specific 
iPSC-CMs [89]. 

These studies of DIC-associated variants have illustrated the utility of iPSC-
CMs in validating the functional effects of genetic variants and identifying novel 
pharmacogenetic mechanisms that underlie the pathogenesis of DIC. This type of
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functional validation supports the clinical implementation of genetic testing to predict 
risk of chemotherapy-induced cardiotoxicity prior to treatment. Furthermore, as the 
genetic background of each patient is unique and complex, generating iPSC-CMs 
from breast cancer patients and testing drug susceptibility prior to chemotherapy 
could lead to a personalized medicine approach to predict and prevent DIC. 

Conclusion 

Despite substantial improvements in the treatment of breast cancer, major concern 
remains about the cardiovascular complication of breast cancer and its treatment. The 
anthracyclines are among the most cardiotoxic chemotherapies. Advances in the iden-
tification of genetic variants associated with chemotherapy-associated cardiotoxicity, 
as well as the development of iPSC-CMs as physiologically relevant model systems 
which validate the functional effects of these genetic variants, has moved us closer 
to personalizing treatment in order to predict and prevent cardiotoxicity (Fig. 15.1). 

Chemotherapy is an effective method in treating breast cancer but may also induce 
toxicity to the heart. Progress in using patient-specific induced pluripotent stem cell-
derived cardiomyocytes (iPSC-CMs) modelling and pharmacogenomic studies help 
to predict and prevent this side effect. Cardiovascular risk assessment pre- and post-
chemotherapy as well as cardioprotective medications are also used for monitoring

Fig. 15.1 Advanced research of chemotherapy-induced cardiotoxicity in breast cancer patients 
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and treating breast cancer patients at high risk of developing cardiotoxicity. Figure 
was created with BioRender. 
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Chapter 16 
Sex-Dependent Differences 
in the Diagnosis, Treatment and Causes 
of Heart Failure 

Jessica A. M. McBride and Jeffrey T. Wigle 

Abstract The impact of heart failure on women’s health is only now being fully 
realized. There has previously been a mistaken belief that heart failure was predom-
inantly a man’s condition. However, research has demonstrated that the causes and 
treatments of heart failure differ between males and females. Females are exposed to 
unique stresses on their cardiovascular system (hypertensive disorders of pregnancy, 
gestational diabetes and chemotherapy for breast cancer) that can ultimately lead to 
increased risk of heart failure. As well, risk factors such as diabetes can have a larger 
impact in females as compared to males. Effective treatment for female heart failure 
patients has been hindered by challenges in accurately diagnosing the disease, the 
lack of relevant preclinical models, a historic underrepresentation of females in clin-
ical trials and a lack of treatments for heart failure with preserved ejection fraction, 
the most common form of heart failure in females. Biological differences between 
males and females can account for some of the differences observed in heart failure 
outcomes but sex dependent impacts of social determinants of health can also account 
for some of the adverse outcomes for females with heart failure. In this review we will 
briefly describe the two major subtypes of heart failure and the use of new biomarkers 
to more effectively diagnose heart failure. We also discuss four specific risk factors 
for heart failure that predominantly affect heart failure incidence in females, the 
impacts of social determinants of health on heart failure risk, and how women may 
be more adversely impacted by them. Finally, we will propose approaches to narrow 
the gap in heart failure treatment for females in the future. 
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Introduction 

Heart failure (HF) is the end-stage manifestation of various cardiovascular diseases 
that occur when the heart is unable to meet the metabolic demands of peripheral 
tissues [23, 73]. HF affects a variety of organs in the body and is typically accompa-
nied by multiple co-morbidities thereby complicating its’ prevention and treatment. 
In 2020, approximately 64 million people worldwide were living with HF with an 
incidence in high-income countries of around 1–9 per 1000 people [25]. Currently, 
HF incidence is higher in males but HF prevalence is equal between the sexes, as 
females have lower mortality from the disease [40]. In Canada, HF prevalence is 
between 1.2 and 3.6% of the population, although this is likely an underestimate of 
the true prevalence because of difficulties in definitively diagnosing HF [25, 57]. The 
lack of data from patient populations outside of Europe and North America means 
that the worldwide burden of HF is also unclear [25]. 

HF pathology is complex because there are multiple etiologies that can lead to HF 
and only a limited understanding of how these risk factors work together to produce 
the disease [49]. Chronic inflammation is a common feature between many risk 
factors and is thought to play a large role in HF pathology, contributing to pulmonary 
hypertension, extracellular matrix deposition, and eventually cardiac remodeling and 
impairment of heart function [49]. An elevated level of neurohormonal activation 
creates a positive feedback loop of continued remodeling and hemodynamic alter-
ations [32]. Symptoms of HF worsen with the stage of disease, from mild exercise 
intolerance, fatigue, and weakness to zero exercise tolerance and trouble breathing 
while seated [23, 73]. There are many co-morbidities that put individuals at risk 
for heart failure—ischemic heart disease, coronary artery disease (CAD), and atrial 
fibrillation are major factors for males whereas hypertension, diabetes mellitus, and 
obesity are major co-morbidities for females [8, 62, 73]. 

Functional and symptomatic classifications of HF describe the severity of HF, like 
the Framingham or New York Heart Association criteria. Classifying individuals by 
ventricular ejection fraction (LVEF) status is commonly used because individuals 
with reduced ejection fraction (HFrEF) (EF < 40%) typically have different disease 
etiologies and treatment plans than individuals who have HF with preserved ejec-
tion fraction (HFpEF) (EF > 50%). Those with an EF between 40 and 50% have 
recently been classified as having HF with mid-range EF (HFmrEF), although this 
classification has little clinical significance because there are currently no prevention 
or treatment guidelines specific to individuals with HFmrEF [57]. 

This chapter will focus on HF in the female sex. The history of HF diagnosis and 
treatments, the gaps in research on HF in females, and female-specific considerations 
for HF will be discussed. Suggestions will also be made on future work to improve 
the outcomes for females with HF. In this chapter, use of the words ‘female’ or 
‘male’ indicates a person’s biological sex, while ‘woman’ or ‘man’ will indicate 
their gender. The complex interplay of sex and gender and how it affects HF will be 
discussed briefly.
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History 

In the late twentieth century HF was declared an epidemic due to its’ large burden 
(with respect to both patient quality of life and financial costs) on Western popu-
lations and the lack of effective interventions to decrease morbidity and mortality 
[57]. Incidence of HF steadily decreased until two decades ago when mortality and 
incidence rates both plateaued [77]. The nature of HF has shifted as well—HFrEF 
was the predominant form of HF before declining to less than half of diagnosed 
cases in the twenty-first century [8]. This change in type of HF is attributed to: (1) 
the discovery of multiple pharmaceuticals and other interventions to treat HFrEF, 
(2) better prevention and treatment for MI and other ischemic heart disease that 
leads to HFrEF, and (3) the ability to accurately diagnose HF [25]. Two additional 
reasons that HFpEF prevalence has increased are the improved diagnosis of HFpEF 
and recognition that HF affects males and females equally [64]. 

The wide-spread belief of HF as a ‘men’s disease’ has greatly affected all aspects 
of the HF field. Pre-clinical and clinical studies researching diagnosis, prognosis, or 
treatments for HF were conducted primarily in male animal or cell models, or male 
patients [7, 12]. In addition, the diversity of male samples was low regarding patient 
socioeconomic status, race, and ethnicity [80]. This has resulted in clinical guidelines 
being implemented for populations that were not represented in the clinical trials. 
Western research is still lagging in including more diverse groups of people in clinical 
studies [45]. This is an important gap in the HF field since females and males have 
very different disease profiles. A sex-specific approach to HF is required and will 
lead to better treatment of cardiovascular disease. 

HFpEF 

An in-depth examination of HFpEF is necessary when examining the effects HF has 
on females since females tend to be diagnosed with HFpEF rather than HFrEF [57, 
77]. While HFpEF and HFrEF are two classifications of HF, they are distinct diseases. 
HFpEF typically presents in individuals with chronic disorders like hypertension or 
diabetes mellitus and is associated with age-related comorbidities like arterial stiff-
ness [5, 19, 71]. These diverse etiologies are thought to produce multiple phenotypes 
of HFpEF that often include interstitial fibrosis and concentric remodeling of the 
heart [5, 19, 71]. In contrast, HFrEF commonly follows ischemic or acute damage 
such as that from myocardial infarction or valve disease which lead to cardiomyocyte 
death, replacement fibrosis, and eccentric remodeling of the heart [5, 19, 71]. HFpEF 
is harder to diagnose: approximately 76% of undiagnosed HF cases are later classi-
fied as HFpEF [25] and there is no unifying diagnostic criteria for HFpEF [50]. There 
also remain no effective treatments for HFpEF while various pharmaceuticals and 
interventions are known to be effective in lowering HFrEF morbidity, as described 
below [37]. However, HFrEF incidence continues to fall while that of HFpEF rises
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[8], providing a grim picture for treating HF in the future without effective treatments 
for patients. 

The higher percentage of females with HFpEF, and a lower percentage with 
HFrEF, has led to the assumption that females are biologically predisposed to HFpEF 
and protected from HFrEF [5, 16]. Fundamental differences between females and 
males have been used to explain this notion: for example females have higher estrogen 
levels, higher amounts of inflammation, different associated comorbidities (diabetes, 
preeclampsia, hypertension), smaller average LV size, and differential gene expres-
sion [5]. Fundamental differences do affect cardiac metabolism, myocardial structure, 
and vascular dysfunction, and may predispose females to HFpEF. However, recent 
studies are challenging the notion that HFpEF is more prevalent in females. Pooled 
longitudinal cohort studies, preclinical studies, and clinical trials have found HFpEF 
to have equal incidence in females and males [37, 65, 76]. It is likely that the increased 
prevalence of HFpEF in females is a result of the underlying risk factors themselves 
having sex differences in their distribution [50]. This debate is ongoing, but no matter 
the outcome, understanding the fundamental differences between females and males 
will improve the treatment of females with HF in a sex-specific manner. 

Current Treatments 

There are currently no effective treatments for HF, and barring a heart transplant, 
the outcome of HF is ultimately death. Pharmacological therapies and interven-
tions can manage HF symptoms, improve quality of life, and prolong lifespan, 
but the availability of treatments depends on the etiology of HF. For patients with 
HFrEF, therapeutic regimes are well established and include Angiotensin-Converting 
Enzyme (ACE) inhibitors, angiotensin receptor blockers, aldosterone antagonists, 
beta-blockers, diuretics, and hyper polarization blockers [45]. Surgical interventions 
like coronary revascularization or valve replacement are offered to those HF patients 
with CAD or valve disease, respectively [37]. 

Therapy guidelines for patients with HFpEF are much less established. ACE 
inhibitors and aldosterone antagonists are commonly prescribed although there is 
little evidence that these inhibitors improve outcomes of HFpEF patients [37]. 
Spironolactone has recently been added to clinical guidelines for managing HF and 
modestly improves HFpEF symptoms and outcomes, with the best results seen in 
females [37, 74]. Clinical trials have provided evidence that sodium glucose co-
transportor-2 (SGLT2) inhibitors decrease major adverse cardiac events in both 
females and males [54]. Ongoing studies suggest that these molecules may become 
another option for HFpEF patients in the future [69]. 

The dearth of treatment guidelines for HFpEF patients is due to many factors, 
including a lack of knowledge on the cellular and molecular pathobiology of HFpEF 
[46], and a historic lack of an animal model for HFpEF [46]. Recently, the laboratory 
of Dr. Hill has generated a two-hit model of HFpEF, where mice are fed a high-fat diet 
and then treated with N-nitro-1-arginine methyl ester (L-NAME), that better models
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human HFpEF [61]. Additionally, poor historical clinical trial design (inadequate 
treatments, poorly selected treatment target, and/or improper patient selection) have 
also hampered the development of treatment guidelines [74]. Targets for future inves-
tigation are loop or thiazide diuretics, SGLT-2 inhibitors, anti-inflammatory drugs, 
inhibitors of cardiac fibrosis, and drugs targeting cardiometabolic abnormalities 
[37, 68]. 

Investments have been made into investigating sex-specific HF treatments as 
females tend to respond to some therapies differently than do males. Exercise and 
dietary modifications have benefitted diastolic function, EF, and blood volume in HF 
trials where females were well represented [74]. Much more work is needed for these 
treatments to be accepted and routinely used in clinical practice, and more research 
into other sex-specific therapies will benefit females with HF. 

Female-Specific Considerations for HF (Fig. 16.1) 

(A) Breast Cancer 

Breast cancer (BC) is the most common cancer diagnosed in women although cases 
do occur rarely in males [21]. It is treated with a combination of cytoreductive surgery, 
targeted endocrine or molecular therapy, radiation treatment, and chemotherapy [21]. 
Cardiotoxicity is a major concern in BC patients with up to ~ 1/3 of BC patients devel-
oping treatment-related adverse cardiovascular events [58]. Chemotherapeutics like 
anthracyclines are associated specifically with HFrEF development while radiation 
is associated with development of HFpEF [56].

Much research has been put into preventing and alleviating chemotherapy-induced 
cardiotoxicity. Physical activity in any form is recommended for BC patients, as 
it has been shown to preserve long-term cardiac function in BC survivors [48]. 
Co-therapy with angiotensin receptor blockers or ACE inhibitors is also recom-
mended for patients receiving either anthracycline or trastuzumab chemotherapy 
[39] to preserve LVEF. A modified, conserved non-coding RNA (Circ-INSR) shows 
promise for protecting against doxorubicin-induced cardiac dysfunction in preclin-
ical studies [41]. Anthracycline-based BC treatment is common, so methods focusing 
on protecting against anthracycline-induced cardiotoxicity are important to improve 
treatment of BC patients. 

While the emphasis to treat chemotherapy-induced cardiotoxicity has benefitted 
those who develop HFrEF, HFpEF is more common in breast cancer survivors [56]. 
BC patients face similar comorbidities associated with HFpEF development, like 
obesity, hypertension, a sedentary lifestyle, and older age [27]. Older females are 
especially vulnerable to HFpEF after receiving radiotherapy with or without previous 
cardiovascular disease [60]. Unfortunately, there is a large gap in research on BC 
patients who develop HFpEF. A challenge in researching this patient population is 
the patients themselves, as following older populations with higher mortality rates 
for long time periods is quite challenging. New, large cohort studies specifically on
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Diabetes Breast Cancer 

Lack of preclinical studies 
in female animals 

Decreased enrollment in 
heart failure clinical trials 

Underdiagnosis of females 
with heart failure 

Lack of public awareness of heart 
failure as a women’s diseaseLack of diversity in female 

populations recruited to trials 

Fig. 16.1 Female-specific risk factors for heart failure. Risk factors for heart failure that have a 
greater effect in female populations are shown in blue. The pregnancy associated risk factors and 
breast cancer are uniquely female specific, whereas diabetes and Takotusubo syndrome are more 
common in females with heart failure. Systemic barriers to improving treatment for women with 
heart failure are shown in green. The lack of preclinical models (animals or cells), especially for 
heart failure with preserved ejection fraction has hampered translation of results into the clinic. 
Clinical trials for heart failure have historically had poor recruitment of female subjects. There is 
a need to continue to educate clinicians and the public that heart failure is not only a male disease 
but is found in females as well

females with BC could ameliorate the lack of understanding the HF field has on BC 
patients with HFpEF. 

The detection of cardiotoxicity relies mostly on measurement of LVEF function 
by echocardiography, but cardiac MRI can also be used [4]. These methods are 
effective but are not able to detect early, reversible stages of cardiotoxicity with high 
sensitivity [78]. The measurement of blood procollagen-derived type I C-terminal 
propeptide (PICP) levels is being investigated as an early minimally invasive marker 
of cardiotoxicity. Increases in PICP levels 3 months after beginning anthracycline-
based chemotherapy predicted cardiotoxicity in BC patients 1 year after the patients 
completed therapy [14]. This early detection allows patients and health care teams 
to take interventions to prevent cardiotoxicity and related cardiovascular events, 
improving quality of life in women and decreasing costs to the healthcare system. 

(B) Pregnancy 

Pregnancy can lead to many health complications in women such as preeclampsia, 
gestational diabetes, and hypertensive disorders of pregnancy (HDP). Cardiovascular 
diseases were recently reported to complicate 10% of pregnancies and cause 15% 
of maternal deaths globally [55] When women with cardiovascular disease become 
pregnant their chance of having long-term adverse cardiovascular events (including 
heart failure), increased onset of diabetes or new hypertensive disease increases 
[66]. Tools that evaluate pregnancy risk for these patients were also able to identify
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those patients at the highest risk for long-term adverse outcomes. Early life-style 
intervention, monitoring and treatments may reduce the burden of cardiovascular 
disease for these women. In the Women Health Initiative study, disorders of preg-
nancy were associated with increased prevalence of diabetes, hypertension and coro-
nary artery disease [26]. However, only hypertensive disorders of pregnancy were 
significantly associated with heart failure incidence with a 1.8 fold increase in risk 
[26]. Furthermore, pre-eclampsia for even one child was associated in another study 
with a doubling of the incidence of heart failure in the affected women versus women 
who did not have preeclampsia during pregnancy [29]. The cardiovascular strains 
that result from pregnancy result in long-term complications for women especially 
those with pre-existing cardiovascular disease [66]. Peripartum cardiomyopathy is a 
form of heart failure with reduced ejection fraction that develops late in pregnancy 
or within 5 months post-delivery [28, 30]. This disease occurs without an obvious 
cause and is more prevalent in African women [28, 30] Around 80% of women with 
peripartum cardiomyopathy recover function but the long-term outcomes for these 
patients is not clear currently [28, 30]. Pregnancy is a uniquely female risk factor 
for the development of heart failure and the ability to identify at risk women in the 
future should improve long-term outcomes. 

(C) Diabetes 

45% of individuals with HFpEF also have diabetes mellitus [49]. Diabetes mellitus 
combined with HF produces worse mortality and morbidity than either disease alone 
[49]. Diabetes mellitus is associated with increased incidence of heart failure in 
both men and women but the effect is 2.5 times more pronounced in females [31]. 
Non-diabetic women with HF have an increased survival rate as compared to non-
diabetic men with heart failure but this survival advantage is not seen in diabetic 
populations [43]. A study of Asian HFrEF patients showed that diabetes is prevalent 
in this population and female HF patients had increased rates of diabetes even at 
lower body mass index [11]. Outcomes for diabetic females were shown to be worse 
than outcomes for diabetic men in this study, although diabetes was associated with 
poorer outcome for both sexes as compared to non-diabetic patients [11]. The effect 
of diabetes on heart failure could result more from ischemic heart disease in men 
as opposed to an increase in HFpEF in women [36]. In a Canadian cohort study, 
women who have gestational diabetes during pregnancy have been shown to have an 
increased rate of HF as compared to women who did not have gestational diabetes 
during pregnancy [20]. Maternal diabetes was shown to be associated with an earlier 
onset of cardiovascular disease in their children, including a 1.45 fold increase rate 
of heart failure [82]. 

(D) Takotsubo Syndrome 

Takotsubo syndrome (TTS), or acute stress-induced cardiomyopathy, is a form of 
acute heart failure recognized ~ 25 years ago that is characterized by a temporary 
and reversible ballooning of the apical (75%) or mid-apical (25%) area of the LV in 
absence of pre-existing CAD, myocardial infarction, or myocarditis [1, 13]. It occurs 
in 1–2.5% of the population and has a clear sex-bias with 90% of cases occurring in
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females and is frequently underdiagnosed because its presentation is similar to that of 
myocardial infarction [1, 13]. TTS may be triggered by emotional or physical stress, 
or arise from no known triggers, that result in a large catecholamine release. CNS 
activation may cause calcium-overload cardiotoxicity and microvascular dysfunction 
seen in TTS [1] or it may be associated with the stress trigger [13]. A recent debate 
has emerged over whether TTS is caused by catecholamine release or if this release 
is an epiphenomenon of TTS pathology [3]. 

Studying Takotsubo syndrome has many challenges, one being a lack of an animal 
model for the syndrome as the cause is still not understood and another being the 
difficulty diagnosing these patients [13]. Despite these challenges, the prognosis of 
TTS is favourable: TTS can be easily reversed, and ~ 80% of patients fully recover 
within a few months [22]. There is a lack of clinically proven, effective treatments 
for TTS [22, 42], but patients receive beta-blockers, ACE inhibitors, angiotensin 
receptor blockers, diuretics to speed the recovery of the LV [1]. TTS is a significant 
HF etiology that females are more susceptible to whose pathology and treatment is 
poorly understood. 

Diagnosing HF and Biomarkers 

Diagnosing HF with high sensitivity and specificity has remained a challenge, even 
with tools like echocardiography and radionuclide angiography [23]. The current 
clinical gold standard of HF diagnosis is right heart catheterization, an invasive 
method to measure cardiac output and chamber pressures. Despite these methods, 
there are still individuals who do not present with detectable symptoms of HF but 
nonetheless experience deteriorating cardiovascular function. In addition, the diag-
nostic cutoffs for these methods are based on data gathered from males despite 
females’ thinner average left ventricular wall thickness and lower ejection fraction, 
two measures typically used to diagnose HF [6, 64]. Less invasive, more sensitive, 
and sex-specific methods are required to diagnose HF more accurately. 

Biomarkers are a diagnostic method that are much less invasive than right heart 
catheterization and are being increasingly used clinically. Biomarkers are molecules 
in the blood including proteins, hormones, and RNA transcripts that are produced 
throughout the body from normal or disease-state physiological processes [71]. 
Levels of biomarkers are measured from blood samples taken from patients, and 
if levels meet or exceed a set threshold, a patient is recommended for more testing 
from the high likelihood of heart failure present. The amino terminal of the precursor 
of natriuretic peptide B (NT-proBNP) and cardiac troponins (cTns) are commonly 
used in clinical diagnosis of HF as they indicate stretching of the myocardium from 
volume overload [71, 72] and non-specific myocardial damage [9, 72] that occur 
during HF. More molecules are being investigated to improve the diagnostic value of 
biomarkers like soluble interleukin-1 receptor-like 1 (sST2) [75]. sST2 binds IL33, 
preventing the cardioprotective effects that IL33 induces, and indicates that myocar-
dial damage is occurring [9]. Inflammatory biomarkers like C-reactive protein (CRP)
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and IL6 may be useful in supporting the diagnosis of HF as they indicate general 
inflammation and decreased myocardial function respectively [65, 67]. 

Currently, a universal cutoff is used in most clinical settings when diagnosing HF 
using biomarkers. Sex-specific cutoff levels are being advocated because multiple 
biomarkers have been identified to have different baseline levels in females as 
compared to males: levels of natriuretic peptides are higher in females while levels 
of cTns, CRP, and IL6 are lower in females [67, 72]. Females may be missed when 
screening for HF using universal biomarker cutoff levels, and since biomarker levels 
are typically the first diagnostic measure taken of individuals suspected of having 
HF, this has large implications for females with HFpEF who will not present with 
reduced EF [9, 67]. 

Researchers have been studying if biomarkers can be used to differentiate HFpEF 
and HFrEF. Toma et al. [75] found that HFpEF and HFrEF have different transcrip-
tomic signatures which also differ between sexes, although they do require validation 
with larger sample sizes [75]. Duprez et al. [19] found that the biomarker procollagen 
type III N-terminal propeptide (PIIINP), a marker of collagen synthesis in the heart, 
was able to differentiate patients with HFpEF from healthy patients. Moving this 
research to the clinic has the potential to improve the diagnosis of HFpEF, especially 
in females with HFpEF who are often missed in earlier HF screening. 

There are limits to the diagnostic use of biomarkers. For one, biomarker levels 
can be greatly affected by different physiological states like obesity and therefore 
biomarker results should account for conditions such as obesity [71]. In addition, 
there are reports that while biomarker levels differ between sexes at baseline, they 
do not differ between sexes after incident HF [9, 53]. Future work will determine the 
ability to use biomarkers as a sex-specific indicator of HF, although the prognostic 
ability of biomarkers, including NT-proBNP, cTns, and sST2, remains relevant in 
both sexes [9]. 

Equity, Diversity and Inclusion (EDI) 

Western health care systems were designed under a colonial mindset and inherently 
were built to disadvantage some groups of people more than others. Structural racism 
leads to poor treatment of people of colour and increases their overall morbidity and 
mortality, including in the HF field. Sexism is also present in the healthcare system 
and historically studies were conducted on males and through a patriarchal lens. 
Non-heterosexual, non-cisgendered, and disabled people also endure discrimina-
tion and face poorer health outcomes within colonial health care systems than their 
heterosexual, cisgendered, or able-bodied counterparts. Discrimination leads to real 
consequences in health outcomes, which will be outlined below as it relates to HF. 

As of 2020, females were still underrepresented in clinical studies on HF [64] 
despite the continued recommendations by scientists in the field to recruit more 
females to studies. As HF occurs equally between the sexes, the reason females are 
underrepresented is not a lack of females with HF. Saeed et al. [ 59] propose that (1)
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reduced referrals to cardiovascular specialists due to atypical HF presentation and 
underestimation of cardiovascular disease risk in females, (2) an age-bias preventing 
female recruitment to studies, as females develop HF later in life than males, (3) 
fear and mistrust in the research system decreasing the likelihood of females to 
join clinical studies, (4) study interference with work or family responsibilities, 
and (5) financial costs all can contribute to the underrepresentation of females in 
HF clinical studies [59]. Physicians have been found to be less capable of identi-
fying female patients with cardiovascular disease [6, 59], which would decrease the 
number of referrals of females to specialists. Evidence-based drugs are also used less 
often to treat females with HF than males with HF [6, 38], and especially Black or 
Hispanic females [44], which may cause distrust in females towards the health care 
and research systems. Promoting research into females with HF, changing the educa-
tion healthcare workers receive on HF in females, and getting input from females 
with HF on how to improve study accessibility are three approaches that may increase 
representation of females in clinical studies on HF. 

Social determinants of health (SDOH) must be considered when seeking to reduce 
HF disease risk. Income is known to be the SDOH that impacts health the greatest and 
is a risk factor comparable to age, myocardial infarction, or diabetes in developing HF 
[79, 80]. Since women are overrepresented in those living in poverty, the effects of 
income as an SDOH are compounded by sex and further disadvantage females [63]. 
Low socioeconomic status has been linked to poor cardiovascular outcomes specifi-
cally [63], highlighting the importance of considering this SDOH when attempting 
to reduce cardiovascular disease prevalence and incidence. Income level, employ-
ment status, education and neighbourhood socioeconomic factors have been asso-
ciated with cardiovascular health in high income countries [63]. For example, a 
higher income level is correlated with a decreased burden of CVD disease even 
when confounders such as smoking levels and alcohol consumption are accounted 
for [35, 47]. All these factors may result in patients receiving a reduced standard of 
care resulting in increased mortality [17, 70]. 

Race and ethnicity are another health determinant that directly impact the health 
of individuals. The place of race within medicine has been debated, since race is a 
social construct with no biological basis, but we argue that race is correlated with ~ 
15% of genetic variation between individuals [51] and race changes health outcomes 
expected by the average person, so it must be evaluated in medical research. Individ-
uals who are Black, Indigenous, or are people of colour (BIPOC) are subjected to 
more frequent risk factors for HF including hypertension, diabetes, and obesity, and 
bear an increased burden of HF [52, 57, 79–81]. In the US specifically, Black indi-
viduals are more likely to develop HF after myocardial infarction than their White 
counterparts, have increased incidence of HF (especially in younger age groups [57], 
and have higher rates of hospitalization from HF [52, 81]. Hispanic Americans also 
face worse outcomes after treatment and higher morbidity than White individuals 
[81]. Knowledge gaps exist on how structural racism impacts other non-White popu-
lations living in North America, especially South Asian persons [57]. Despite the 
large burden of HF on BIPOC individuals, and the knowledge that BIPOC individuals 
may have worse responses to medications than White individuals, they are severely
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underrepresented in clinical trials [79, 80]. There needs to be proper representation 
in HF research to provide equitable treatment guidelines and improve the outcomes 
of people with HF, and a willingness for research staff and healthcare workers to 
engage with BIPOC communities to translate this research effectively to the clinic. 

Next Steps and Suggestions 

(A) Study Design 

It has been well established how the design of studies investigating HF, especially 
regarding patient recruitment, is inadequate when translating research to national 
populations in North America. Female, black, and elderly patients are not included 
in cardiovascular disease clinical studies to the degree they make up cardiovascular 
cases [2, 25, 33, 34]. Elderly patients (> 85 years) are typically not included in clinical 
studies and are therefore underrepresented in data [34]. It is imperative to increase 
the diversity in HF studies so that all persons can be treated equitably for cardiovas-
cular diseases. Requirements by grant-giving organizations and high-impact journals 
to have diversity in patient recruitment would be impactful to change these statis-
tics. Strikingly, clinical studies led by women were more likely to include BIPOC 
study participants and report race/ethnicity [79, 80]. National funding agencies have 
implemented guidelines for researchers to clearly outline how they will include both 
female and male animal or cell models in their research [12], which will have an 
impact on pre-clinical studies. 

Increasing diversity in clinical studies is more difficult, as studies can depend 
on volunteers for trials to occur. Volunteers are more likely to be of higher socioe-
conomic status and have disposable time and resources to participate in the trial, 
have their identity represented in the researchers undertaking the study, and have had 
favourable experiences with the healthcare system in the past. Unfortunately, struc-
tural racism means BIPOC individuals tend to be of lower socioeconomic status, 
face barriers to higher education and therefore becoming a clinical researcher, and 
experience discrimination within the healthcare system that leads to distrust. In addi-
tion, females are more likely to have a higher burden of unpaid work, like child 
rearing, preparing food, and taking care of family members. Clinical trials should 
recognize these barriers faced by BIPOC and female individuals and make efforts to 
ameliorate them, like providing financial compensation, reevaluating hiring criteria, 
or increasing the flexibility for participants to participate in trials. Recommendations 
for building back trust with BIPOC individuals after centuries of colonialism and 
racism include: rebuilding trust between the healthcare system and research teams 
with BIPOC communities, implementing cultural competency training for health 
care workers and researchers involved in HF research, and properly communicating 
with communities affected by colonialism and racism [2].
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(B) Treatment Considerations 

Females are chronically undertreated with available therapies for HFpEF and HFrEF 
[24, 81]. As of 2019, females were still underprescribed with diuretics, were less 
frequently enrolled in exercise prescriptions and disease management programs than 
males, and cardiac resynchronization therapy was underutilized in females [15, 64]. 
This is troubling as evidence has shown these therapies might benefit females more 
than males [15, 16] Health care providers and the public need to be continually 
educated regarding the presentation and prevalence of HF in females. 

The goals of treatment in females and males should be reevaluated. Females 
experience a worse quality of life, decreased functional capacity, and worse prognosis 
as compared to men [15, 80], although they do have a lower mortality rate. This differs 
greatly from males who tend to experience higher rates of sudden death, quality of life 
and functional capacity. Goals for males with HF trend towards improving underlying 
(ischemic) causes of HF and prolonging life, but as women tend not to have ischemic 
disease and live longer lives with HF, we suggest attention be paid to how quality 
of life and functional capacity can be increased with treatment. Females are also 
readmitted to hospital more often and may benefit from more frequent, personalized 
healthcare [39]. In the future, the development of new biomarker assays that can 
robustly detect HF in females would help with both earlier treatment of the disease 
itself and allow for ongoing monitoring of response to treatment. 

(C) Changing Public Perception 

The traditional view of cardiovascular disease as a ‘men’s disease’ led to the 
widespread belief in Western countries that females are protected from HF, possibly 
because females more often experience HFpEF instead of HFrEF and went under-
diagnosed for decades. Many studies since have proven this view to be incorrect [64], 
but public perception still views females to be at low risk for cardiovascular disease. 
This means that females seek treatment later than males would for similar severity 
of symptoms, are less capable of identifying cardiovascular disease in females [59], 
and adhere less strictly to modifying cardiovascular disease risk factors than males. 

Females experience different modifiable risk factors to cardiovascular disease 
than males do [10], so efforts to reduce cardiovascular disease should be sex-specific. 
Obesity is a risk factor that should be targeted in females, as more than half of females 
with HFpEF are also obese [50]. Heart failure can also result from altered mental 
health states as exampled by TTS. Addressing mental health and mental health-
affecting SDOHs with a systems-wide approach will have far reaching effects on 
HF, risk factors for HF, and other cardiovascular diseases. It will also increase the 
quality of life in females with HFpEF, as depression is common in these patients 
[50].
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Conclusion 

Heart failure is a complex disease and it has been historically underdiagnosed in 
females (Fig. 16.1). This underdiagnosis results from an interplay of different factors 
such as preclinical models being predominantly male, presentation of females with 
heart failure is different than that for males, unique risk factors that trigger heart 
failure in females, and under recruitment of females for heart failure clinical trials. 
Future studies that address these issues will aid in the identification of approaches to 
both better diagnose and treat heart failure in females. 
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Chapter 17 
Sex-Dependent Cardiac Fibrosis After 
Myocardial Infarction: A Function 
of Differential Periostin Signaling? 

Besher M. Abual’anaz, Sunil G. Rattan, and Ian M. C. Dixon 

Abstract Sex-related differences among male and female patients are well known 
but much less information is available with respect to sex-specific pathogenesis of 
cardiac fibrosis in hearts of these patients. A common form of cardiac fibrosis occurs 
after chronic myocardial infarction (MI). As a major etiology of heart failure (HF) is 
ischemic heart disease with attendant MI and as HF is characterized by remodeling of 
the extracellular matrix (ECM), this chapter will highlight the literature that features 
differences between males and females in this pathology. Normal ECM scaffolding 
may lose normal configuration in acute MI (including a loss of scaffold structure and 
its protein components) or in the excessive deposition of matrix components seen 
in chronic wound healing in the heart following MI. Overt cardiac fibrosis is now 
known to contribute to the loss of normal cardiac function via increased ventricular 
wall stiffness which is in turn manifest as the incidence of heart failure and cardiac 
fibrosis per se and is known to be a primary contributor to the occurrence of heart 
failure. In this chapter, we seek to explore possible signaling differences among males 
and females that might contribute to sex-specific progression of cardiac fibrosis in 
the aftermath of acute MI. In this case, secreted periostin, known to be a marker 
for the activation of quiescent cardiac fibroblasts to hypersecretory myofibroblasts, 
may be crucial for the early onset of cardiac wound healing. Periostin is secreted 
by myofibroblasts and is a profibrotic matricellular protein that is known to be re-
expressed in the adult heart after pathological insult. We suggest that sex differences 
in periostin-dependent mechanisms to promote i) acute wound healing and ii) chronic 
cardiac fibrosis that may underpin the differential occurrence of heart failure in males 
and females following MI.
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Introduction 

Sex-related differences among male and female patients with common etiologies of 
cardiovascular diseases are well-known, however very little work has been published 
with respect to specific mechanisms of cardiovascular disease progression in the 
context of women’s heart heath [1, 2]. Periostin was first described as bone specific 
adhesion protein and was thus named as osteoblast specific factor 2 (OSF-2) in 1993, 
however the role of periostin since its discovery has evolved to be included in the 
remodeling of ECM scaffolds in heart and vasculature, as well as dental tissues and 
ligaments [3, 4]. Further, periostin is now known to be involved in the remodeling 
of ECM in response to different pathological stimuli including vascular and cardiac 
muscle injury [4]. 

Normal ECM scaffolding may lose normal configuration in acute myocardial 
infarction (loss of structure and protein components) or in excessive deposition 
of matrix components seen in chronic wound healing/cardiac fibrosis which may 
develop in the heart following myocardial infarction [5]. Overt cardiac fibrosis is 
now known to contribute to the loss of normal cardiac function via increased ventric-
ular wall stiffness which in turn manifests as an incidence of heart failure [6, 7]. 
Cardiac fibrosis per se is known to be a primary contributor to the occurrence of 
heart failure [8, 9]. Further, secreted periostin is also known as a marker for the acti-
vation of quiescent cardiac fibroblasts to hypersecretory myofibroblasts [10], and 
that periostin may be crucial for the early onset of cardiac wound healing [11]. As 
the literature is replete with data to underscore the marked re-expression of periostin 
secretion after myocardial injury, we used coronary artery ligation to reproduce a 
common means of induction of periostin expression [12–16]. 

Myocardial Infarction and Cardiac Fibrosis in Males 
and Females 

The myocardium is extraordinarily sensitive to oxygen availability and each 
cardiomyocyte contains a relatively large number of active mitochondria (compared 
to mitochondrial numbers in smooth muscle or skeletal muscle) producing ATP for 
cellular contraction. Myocardial infarction (MI) is defined as a pathological state 
wherein cardiomyocyte death ensues as a result of prolonged myocardial ischemia. 
The causes of cardiac ischemia can be divided into atherothrombotic ischemia as a 
result of a thrombus that fully or partially occludes the coronary artery, which leads to 
acute coronary syndrome, whereas non-thrombotic ischemia results from an oxygen
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supply–demand imbalance [17]. MI may be diagnosed from a clinical assessment 
of the patient (showing obvious chest pain and discomfort, unexplained weakness, 
nausea, dyspnea or a combination of these symptoms), biomarker levels (leaking 
cardiac troponin I or T to the plasma from ruptured cardiac myocytes), recordings 
of aberrant electrical activity of the heart from electrocardiogram (ECG) readings, 
and echocardiographic imaging showing disturbances in M-mode readouts [17, 18]. 
Based on generation of cardiac ECG depolarization and repolarization patterns, acute 
myocardial infarction can be classified into two categories—and these are charac-
terized by elevation of ST segments into two main patterns. In the first instance one 
may consider ST segment elevation acute myocardial infarction (STEMI) and in the 
second case may manifest as non-ST segment elevation acute myocardial infarc-
tion (non-STEMI) [19]. Both STEMI and Non-STEMI are major causes of cardiac 
emergency. 

Cardiac fibrosis is defined as a pathological disorder that affects the heart as a 
result of excessive production of extracellular matrix (ECM) proteins and deposi-
tion in the cardiac interstitium. The cardiac interstitial space is defined as the space 
between and among cardiomyocytes and may contain structural proteins such as 
fibrillar collagens, fibronectins, laminins, other types of collagens (non-fibrillar), as 
well as non-structural matrikines, and nascent signaling peptides (matricryptic signal 
proteins and known cytokines including latent TGFβ1). 

The main structural ECM proteins are fibrillar collagens, especially types I and 
type III, which are produced mainly from the relatively quiescent cardiac fibroblast 
(CF—these cells are evolved and present for low levels of output of ECM proteins 
in normal myocardium that is suited for slow matrix turnover) in the myocardial 
interstitium. Any activation of the normal fibroblast to a hypersynthetic myofibroblast 
represents a primary switch, and perhaps is a singular event in the evolution of cardiac 
fibrosis—heralded by an increase of ECM deposition in the myocardial interstitial 
space. A net increase in ECM proteins will usually result in an increased myocardial 
stiffness which will have a negative impact on cardiac function such as increased 
incidence of arrythmia, or development of systolic dysfunction as well as diastolic 
dysfunction which eventually lead to HF [20−23]. Cardiac fibrosis can be classified 
based on histopathological criteria into three subtypes—and they are replacement 
fibrosis, interstitial fibrosis as well as perivascular fibrosis [23]. 

Cardiac fibroblasts are mesenchymal-derived cells that normally exist throughout 
the heart and are located in interstitial spaces between cardiomyocytes. In healthy 
hearts, fibroblasts are responsible for the maintenance of the homeostasis between 
the secreted ECM components which is the result of a balance in secretion of tissue 
inhibitors of metalloproteinases (TIMPs) and matrix metalloproteinases (MMPs) 
[24] (Fig. 17.1). After any type of heart injury, this cell undergoes activation to 
transition phenotypes to that of a myofibroblast. This cell is hypersecretory in injured 
hearts, and it contributes to the development of cardiac fibrosis by secreting collagen 
and other ECM components [25, 26] (Fig. 17.2). Resident cardiac fibroblasts and 
their activated phenotype, i.e., cardiac myofibroblasts, are the main contributors in 
the development of cardiac fibrosis [10, 27–29], however their distribution following 
MI in hearts of male and female patients has not been rigorously compared.
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Fig. 17.1 Normal cardiac interstitium. Panel A depicts resting cardiac fibroblasts, with balanced 
deposition and turnover of ECM components. Panel B provides a listing of resting cardiac fibroblast 
properties with emphasis on a catalogue of expressed proteins. The cardiac fibroblast is characterized 
with relatively high motility, while secreting vimentin, transcription factor 21(Tcf21), discoidin 
domain receptor 2 (DDR2) and thymus cell antigen 1 (Thy1). It is also characterized with the basal 
expression of platelet-derived growth factor receptor type α (PDGFRα) and expresses vimentin 
with little to no periostin expression 

Fig. 17.2 Fibrosed cardiac interstitium. Panel A depicts the fibrosed cardiac interstitium, and 
shows activated cardiac fibroblasts (e.g., myofibroblasts) with the attendant hypersecretory pheno-
type. Prolonged population of the interstitial space with myofibroblasts results in the enhanced 
deposition of ECM components mainly collagen type I and type III. Panel B: A depiction of an 
activated cardiac myofibroblast. The cardiac myofibroblast is characterized by being relatively non-
motile, while secreting periostin. It is also characterized by the incorporation of α- SMA proteins 
incorporated into stress fibers, and these cells are known to express PDGFRα above the basal level 
along with vimentin [26] 

Biology of Periostin 

Periostin was first identified in 1993, and given the name osteoblast specific factor 2 
(OSF-2), it was first discovered in bone and lung. Periostin was characterized as adhe-
sion protein for preosteoblasts cells and its expression was increased by TGF-β [3,
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30]. Since 1993, periostin has been recognized as a player in the ECM remodeling in 
response to different pathologies including vascular and muscle injuries [4]. Periostin 
expression is detected in the developing hearts but not in healthy adult hearts. [31]. 
Following any type of cardiac injury, periostin protein is re-expressed exclusively 
from cardiac myofibroblasts [10]. The periostin gene in human and mouse has been 
cloned, in mouse it is located on chromosome number 3, and it has 23 exons with 
genomic footprint of approximately 30 kilobases. The terminal exons are protein 
coding as shown in Fig. 17.3. 

The full length of mouse periostin protein is 838 amino acids (AA) which is 
encoded by 23 exons with a molecular weight of approximately 93 kDa [32]. The 
protein structure of periostin consists of four distinct regions as shown in Fig. 17.3. 
The first region of the periostin gene -signal peptide- is a relatively short signal peptide 
sequence (AA sequence from 1 to 24) included entirely on the first exon. It is highly 
conserved and is responsible for periostin protein secretion and regulation of cell 
function through integrin binding [3, 30, 33]. The second region is the EMI domain, 
named after the same domain in the EMILLIN family of proteins (the AA sequence 
includes amino acids from 25 to 108). This region is contained within the coding 
region of exons two and three and it is responsible for the formation of multimers 
which are important in protein–protein interactions (PPIs) [33, 34]. Through the EMI 
domain, periostin can interact with fibronectin [35], collagen type I [36] and Notch1 
[37]. The third structural region of periostin consists of four fasciclin (FAS1) domains 
which are highly conserved - each domain has approximately 150 AA (AA sequence 
from 109 to 634) included between exons three and fourteen. The second and fourth 
FAS1 domains have an integrin-binding motif that is responsible for cell adhesion 
[32, 33, 38]. The fourth region is the C-terminal region (the AA sequence extends 
from amino acids 635–838) and is encoded between exons fifteen and twenty-three. 
It is also called the alternatively spliced region that is responsible for the formation of 
the periostin protein variants or isoforms, resulting in variation in molecular weight 
of the secreted periostin between 86 and 93 kDa [4, 33, 38–40]. Moreover, this region 
contains proteolytic cleavage sites which are important in regulation of the cell matrix

Fig. 17.3 Periostin gene structure. The amino acid sequence that encodes each protein domain is 
labelled above (first line). The second line shows the exact exon number that encodes each protein 
domain. The third line shows the four characteristic periostin protein domains. The signal peptide is 
encoded in exon 1, the EMI domain is encoded in exon 2 and 3, and the FAS1 domains are encoded 
by exons 3 to 14 that have an integrin-binding motif that is responsible for cell adhesion. Finally, 
the C-terminal domain is encoded by exons 15–23 



268 B. M. Abual’anaz et al.

Fig. 17.4 The 3D structure of mouse periostin protein. This figure was created with the complete 
folded prediction of structure obtained from databases in the SWISS-MODEL Repository [42]. 
Herein we provide the N-terminal which contains the signal peptide (periostin secretion), followed 
by EMI domain (fibronectin binding) and four fasciclin domains (FAS1 domains, Integrins, BMP-
1 and Tenascin-C binding) and end with the C-terminal domain (periostin protein variants). The 
variants formation is induced by TGF-β1, their expression appears to be developmentally regulated 
and contribute differently to ECM fibrillogenesis [41] 

organization [41]. The mouse periostin protein structure in three dimension (3D) is 
shown in Fig. 17.4. The figure was created with the complete folded prediction of 
structure obtained from databases in the so-called SWISS-MODEL Repository [42]. 

Periostin in Post MI Cardiac Interstitial Remodeling 

Periostin functions as a matricellular protein in heart, and is produced as extracellular 
secreted protein in interstitial space [43]. In healthy adult heart, periostin is expressed 
at very low basal levels. Moreover, it is expressed in the heart in vascular smooth 
muscle cells (VSMCs) in vasculature [44], valve interstitial cells (VIC) [45] and in 
cardiac fibroblasts within myocardium [4]. However, after any type of cardiac injury, 
periostin is highly expressed from the activated cardiac myofibroblast [5]. Periostin 
promotes collagen fibrogenesis which may explain why it is expressed in different cell 
types that populate matrix-rich tissues [46]. Periostin interacts with several proteins 
in the myocardial interstitial space, including other extracellular matrix proteins, 
enzymes, matricellular proteins and receptors [47]. Fibronectin and tenascin-C both 
are ECM proteins that interact with periostin via direct interaction through EMI and 
FAS1 domains respectively [35, 48]. Collagen type I and Laminin γ2 are also ECM
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component proteins that interact with periostin indirectly via unknown mechanisms 
[48–51]. Periostin can bind to collagen type I and induce collagen fibrogenesis by 
promoting collagen crosslinking [48]. 

Periostin can also bind directly and indirectly to two different enzymes, and in 
the first instance, by direct binding via the FAS1 domain to bone morphogenetic 
protein-1 (BMP-1). This binding results in enhanced deposition of BMP-1 in ECM. 
Secondly, periostin may indirectly bind via EMI domain to lysyl oxidase (LOX) 
enzyme [52, 53]. BMP-1 is one of the procollagen C proteinases that activates LOX 
enzyme because LOX is produced in an inactive form (pro-LOX) [54]. The active 
form of LOX is responsible for collagen stabilization in ECM by forming the inter-
and intramolecular cross linking of fibrillar collagens between lysine residues [55]. 
It is also reported that LOX colocalized and interacts with fibronectin [56]. 

Periostin may also interact with cell receptors like integrins (integrin αVβ3, inte-
grin αVβ5 and integrin α6β4) and Notch-1 by unknown mechanisms. This interaction 
may lead to cell migration, proliferation and alteration in ECM properties [57–61]. 
In cardiac fibroblasts periostin can bind to integrin αVβ3 and integrin αVβ5 and this 
mode of binding induces cell migration through focal adhesion kinase (FAK) phos-
phorylation [15]. After MI, mesenchymal cells including cardiac fibroblasts may 
alter their phenotype and become activated [62]. Activation happens due to response 
to mechanical stressors and to binding of TGFβ1 [63–65]. Activated fibroblasts are 
hypersecretory myofibroblasts which make a major contribution to accumulation of 
ECM protein production and in the generation of the fibrotic scar as well as cardiac 
fibrosis. This scar is also called replacement fibrosis [4]. 

Previous studies performed with periostin gene knock out mice (Postn−/−) using  
an MI heart failure model showed that periostin is essential for the development and 
establishment of fibrotic scar. Postn−/− animals were highly susceptible to cardiac 
rupture (CR) in the infarcted area within two weeks after inducing MI [14]. However, 
in periostin overexpressing transgenic mice CR was absent following MI—nonethe-
less these mice developed cardiac hypertrophy and spontaneous interstitial cardiac 
fibrosis [14]. It is now becoming clear that different pathologies may (in common) 
be linked to elevated levels of periostin release in myocardium—these etiologies 
include MI, hypertension, diabetic cardiomyopathy, dilated cardiomyopathy, cardiac 
hypertrophy and aging [15, 66–69]. Nonetheless, a pathologic stimulus seems to 
be required for its release in humans, as periostin is strongly expressed in failing 
hearts but not in healthy hearts [15, 70, 71]. Further, whether differences in how 
the myocardium (and its constituent cells) respond to periostin signaling in male vs. 
female patients is largely unexplored and represents a significant knowledge gap.
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Periostin’s Role in Male and Female Post-MI Patients 

Information dealing with the periostin role in acute cardiac wound healing is lacking 
in female patients due to an overwhelming presence of data generated using male 
subjects. Moving forward, one would need to include female subjects in any mean-
ingful experimental design. In acute MI, a major determinant of death in both males 
and females is CR which again reflects the same causality of death in male mice 
from the Oka et al. study results [14]. However, in the detailed study performed by 
Gao et al. group the cause of death in wild type C57B/6 J mice was due to HF and 
CR [72]. On the other hand, very little information is available on parallel outcomes 
in female mice. 

It has been reported that estrogen has the ability to downregulate proinflammatory 
molecules including adhesion molecules and cytokines which ultimately lead to 
suppression of vascular inflammation [73]. We suggest that the lack of this effect in 
males may contribute to the marked mortality at 3 days after MI in male animals, 
as male mice do not access this anti-inflammatory effect borne by estrogen, simply 
due to their intrinsic lower levels of circulating estrogen when compared to female 
animals. We expect that this difference contributes to a relatively higher inflammatory 
response in male heart after MI versus age-matched female hearts post—MI [74]. 
Moreover, there is a growing body of evidence to indicate that peak contractility 
(velocity of cardiac muscle contraction) in intact female hearts are slower compared 
to male contractility [75]. Thus, we may hypothesize that several causal factors may 
lead to a putative accentuation of peak mortality in males following MI compared to 
late mortality in post MI female subjects, and that these include the role of periostin 
itself in acute wound healing in males, the lack of estrogen protective effects on 
hearts and finally the higher native contractility in male hearts vs female hearts. 

Cardiovascular Disease Progression is Distinct in Male 
and Female Patients 

In adulthood, male patients are more susceptible to morbidity and mortality than 
women with the onset of cardiovascular disease (CVDs) and development of HF 
[2]. Other sex-dependent trends in the pathogenesis of post-MI heart failure are also 
apparent. In particular, epidemiological data have shown consistently that women 
are more prone to develop heart failure with preserved ejection fraction (HFpEF) 
[76, 77] when compared to men. However, men are much more prone than their 
female compatriots to develop HFrEF [78, 79]. Hearts from males and females in 
both human patients and preclinical animal models exposed to pressure overload 
respond differently when compared to each other [1]. Male hearts respond to pressure 
overload by developing eccentric myocardial hypertrophy and fibrosis which has a 
negative effect on systolic function. Female hearts respond mainly by developing 
concentric myocardial hypertrophy which is marked by significantly less cardiac
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fibrosis [1]. Female hearts in preclinical models of MI (cardiac ischemia) develop 
significantly smaller infarct scars when compared to aged matched infarcted hearts 
from the male cohort [1]. As females’ hearts following MI develop smaller infarcts, 
it follows then that they exhibit lower incidence of cardiac rupture compared to 
hearts from males after MI. The difference in infarct size is a result of delayed 
myocardial healing because males’ hearts after MI exhibit greater activation and 
expression of MMPs as well as a more robust inflammatory response compared 
to females [80, 81]. Thus, while there is no significant difference of expression of 
αSMA or in collagen type IIIαI among males and females, we suggest that the sex-
specificity for wound healing mechanisms in heart may exist. Moreover, the work 
of Molkentin et al. provides results that stipulate that POSTN KO mouse heart is 
characterized by the significant gene alteration of 449 specific genes when compared 
to the basal expression of wild type hearts [14]. Groups of genes within the 449 
significantly altered genes can be sub-classified into different groups that involve 
either cell adhesion, fibrosis, fibroblast function or ECM [14]. These findings point 
to a broad and significant diversity of the response of protein expression patterns in 
heart and raise the possibility of putative sex-dependent differences. 

Prior work by Norris et al. [48], has provided data to indicate that periostin is 
responsible for collagen I fibrogenesis and crosslinking as in the periostin KO mice, 
they reveal a reduction in collagen fibril diameter and decreased denaturation temper-
ature of collagen [48]. These changes reflect a putative qualitative change in the 
“toughness” of fibrillar collagen type I when deprived of normal periostin exposure in 
tissues. Furthermore, a recent study by Angelini et al. addressed an important knowl-
edge gap in our understanding of the regulating mechanisms of cardiac remodeling 
and fibrosis in the aged male and female hearts [2]. More specifically, this group has 
shown that sex differences exist in ECM scaffold components of the aged male hearts 
and the aged female hearts in response to 5-aminoimidazole-4-carboxamide riboside 
(AICAR) treatment by decreasing the ECM deposition while this treatment has no 
effect in males. AICAR treatment itself is responsible for the attenuation of periostin 
signal intensity in aged female hearts but not the aged male hearts having the same 
treatment regimen [2]. AICAR treatment provided the advantageous effect associ-
ated with a significant increase of adenosine monophosphate-activated protein kinase 
(AMPK) phosphorylation. Interestingly, AMPK phosphorylation was significantly 
higher in AICAR treated female derived fibroblasts compared to AICAR treated 
male heart derived fibroblasts. Moreover, these findings reveal that fibronectin is 
significantly different in aged male ECM scaffolds compared to aged female ECM 
scaffolds [2]. 

Summary 

As periostin release in the myocardium is required for acute cardiac wound healing 
and maintenance of the integrity of the left ventricular wall after MI, it provides an 
important target for future studies addressing sex-dependency in the pathogenesis
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of cardiac fibrosis in hearts of female and male subjects. Whether or not there is a 
significantly higher dependency of periostin expression in males than in females in 
the context of acute wound healing is a knowledge gap, and is currently unaddressed 
in the literature. Thus, the prioritization and implementation of experimental designs 
to interrogate the hypothesis that differential operation of periostin in hearts of males 
and females stimulates acute cardiac wound healing and also chronic cardiac fibrosis 
is required to shed light on these sex-dependent mechanisms following myocardial 
infarction. Data from these specific future studies will inform accurate treatment 
strategies for both female and male patients who have suffered myocardial infarction. 
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Chapter 18 
A Narrative Review of the Vascular 
Consequences of Estrogen Deficiency: 
A Focus on Female Athletes 
with Functional Hypothalamic 
Amenorrhea 

Emma O’Donnell and Paula J. Harvey 

Abstract Estrogen deficiency is linked with accelerated progression of atheroscle-
rosis. Premenopausal women presenting with ovarian disruption due to functional 
hypothalamic amenorrhea (FHA) are characterised by estrogen deficiency. One 
common and reversible form of FHA in association with energy deficiency is 
exercise-associated amenorrhea (EAA). Despite being young, otherwise healthy and 
participating in regular exercise training, women with EAA demonstrate paradoxical 
changes in cardiovascular function, including impaired endothelial function, a known 
permissive factor for the progression and development of atherosclerosis. Such alter-
ations suggest a profound effect of estrogen deficiency on vascular function. The 
long-term cardiovascular consequences of impaired vascular function in response to 
ovarian disruption in women with EAA remain to be determined. However, retro-
spective studies indicate premature development and progression of coronary artery 
disease in older premenopausal women reporting a history of hypothalamic ovarian 
disruption. Importantly, in women with EAA, estrogen therapy and resumption of 
menses restores endothelial function. In this review we focus on the influence of 
estrogen deficiency in association with energy deficiency in mediating changes in 
cardiovascular function in women with EAA, including endothelial function, regional 
blood flow, arterial stiffness and intima media thickness. The influence of energy 
deficiency and exercise training are also considered. 
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Introduction 

During their reproductive years, women are at lower risk of cardiovascular disease 
(CVD) than age matched men [1]. After menopause, this cardiovascular advantage is 
lost, such that by the 7th decade of life CVD risk in women surpasses that observed 
in age-matched men [2]. The loss of cardioprotection in women after menopause 
has been attributed, in part, to the beneficial effects of endogenous estrogen. Studies 
indicate that 17β-estradiol confers cardioprotection via numerous multifaceted mech-
anisms that act upon the myocardium and vascular system [3, 4]. For example, 
estrogen deficiency is associated with decreased production of endothleium-derived 
nitric oxide (NO), increased oxidative stress and changes in regulation of factors 
involved in inflammatory and coagulation/fibrinolytic cascades [3], each of which are 
independently linked with impaired endothelial function, increased arterial stiffness 
and carotid intima media thickness [5–11]. Accordingly, estrogen deficiency due to 
ovarian disruption during the premenopausal years is thought to contribute to prema-
ture development and accelerated progression of atherosclerosis, possibly via one or 
more of these mechanisms [12]. This notion is supported in part by evidence linking 
a history of menstrual irregularities due to either organic or functional hypothalamic 
origin to increased future cardiovascular disease risk in women [13, 14]. 

In premenopausal women, functional hypothalamic amenorrhea (FHA) is a 
reversible cause of non-organic ovarian disruption [15]. It is characterized by the 
absence of menses and marked estrogen deficiency due to suppression of the hypotha-
lamic–pituitary–ovarian (HPO) axis [16]. Three commonly inter-related types of 
FHA are observed: stress-related amenorrhea, weight loss-related amenorrhea and 
exercise-associated amenorrhea (EAA) [16]. The current review focuses on women 
with EAA. EAA has been reported in occupationally, recreationally and compet-
itively physically active women, and has been causally linked with energy defi-
ciency due to insufficient caloric intake to meet high energy expenditure levels (e.g. 
exercise) [17]. In contrast to the well-documented adverse cardiovascular conse-
quences of FHA in association with clinical eating disorders [18] or psychosocial 
stress [19], the cardiovascular sequelae of estrogen deficiency due to EAA in women 
who are weight-stable and otherwise healthy are less well-described. In these women, 
the absence of co-morbidities, organic endocrine dysfunction, chronic malnutrition, 
and ageing, provides a unique model to investigate the cardiovascular effects of 
endogenous estrogen, and estrogen deficiency in premenopausal women. 

At the level of the vasculature, endogenous estrogen plays a vital role in both 
the maintenance of vessel integrity and vascular function. This role is integral to 
the development and progression of atherosclerosis, with impaired vascular func-
tion evident decades prior to overt coronary artery disease (CAD) [20]. Given that 
estrogen deficiency results in loss of the vasculo-protective effects of estrogen, and 
that premenopausal women are typically overlooked in terms of their CVD risk [21], 
understanding the possible cardiovascular consequences of estrogen deficiency on 
vascular health in otherwise healthy, young, estrogen deficient exercising women 
with EAA is of importance. Thus, the aims of this chapter will be to focus on the
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vascular effects of hypoestrogenemia due to ovulatory disruption in women with 
EAA. Due to the etiology of EAA in this group, the effects of aerobic exercise training 
and energy deficiency on cardiovascular function are also considered. For the purpose 
of this chapter, the term estrogen will refer to endogenous 17 beta-estradiol, and the 
term energy deficiency will refer to caloric deficit, due to either insufficient caloric 
intake to meet the energy demands of the individual (e.g., low energy availability), 
or due to caloric restriction per se. The sources, physiological actions, metabolism, 
and transport of estrogen are well characterized and are not reviewed here [22–25]. 
The cardiovascular consequences of psychogenic stress (e.g., anxiety), eating disor-
ders (e.g., anorexia nervosa), and polycystic ovarian syndrome (PCOS), all of which 
are independently associated with ovulatory disruption, have also been described in 
detail elsewhere [14, 18, 26, 27]. 

Ovarian Disruption in Exercising Premenopausal Women 

Perturbations to the hypothalamic–pituitary–ovarian (HPO) axis elicits menstrual 
disturbances (MD). MD exist across a spectrum, from subtle and asymptomatic 
(luteal phase defect and anovulation) to severe and symptomatic (oligomenorrhea 
and amenorrhea). Not all women who participate in physical activity will experi-
ence MD. However, hypothalamic MD are more common among physically active 
women, including women with physically demanding occupations versus sedentary 
women [28–33]. For example, studies report that across 166 menstrual cycles from 
87 eumenorrheic women, asymptomatic MD were identified in only 5% of cycles 
in sedentary women compared with 48% of cycles in physically active women [29]. 
The estimated prevalence of the most severe menstrual disturbance, amenorrhea (i.e., 
cessation of menses for at least 90 consecutive days [34]), is also markedly higher 
among physically active versus inactive women, ranging between 2 and 46% among 
competitive and recreational athletes [29, 32, 33, 35], as compared with 2–5% in 
non-exercising women [29, 34, 36]. It is noteworthy that the prevalence of amen-
orrhea among competitive athletes and recreationally physically active women are 
reported to be similar [29, 34, 36], identifying that this severe MD is not exclusive 
to competitive athletes. 

MD in exercising women have been causally linked to energy deficiency, or low 
energy availability, in association with a high energy expenditure (i.e., exercise) 
frequently combined with restrictive eating patterns without obvious caloric deficits 
[17, 37, 38]. In women with EAA, metabolic and hormonal perturbations include 
decreased resting metabolic rate, and low circulating levels of estrogen, triiodothyro-
nine, insulin, glucose, IGF-1 and leptin, and elevated levels of cortisol, ghrelin, PYY, 
and adiponectin [39–43]. The physiological and health consequences associated with 
these energy deficiency related perturbations in exercising women include MD and 
cardiovascular alterations [29, 44]. They also include, impaired bone health [30,
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42], with possible detrimental effects to the immune, gastro-intestinal, and muscu-
loskeletal systems [45]. Decrements in exercise performance and increased risk for 
injury are also postulated [45]. 

The suppression of reproductive function in response to energy deficiency is 
initiated through inhibition of the hypothalamic gonadotropin-releasing-hormone 
(GnRH) pulse generator, causing altered amplitude and frequency of the pituitary 
release of luteinising hormone, causing ovarian disruption. A genetic predisposition 
to susceptibility to developing FHA has also been identified [16]. Importantly, exer-
cise per se does not disrupt menstrual function when energy balance (i.e., a eucaloric 
state) is maintained in exercising women [37]. Furthermore, no set weight point or 
critical fat mass has been identified that enables menstruation [46]. 

Cardiovascular Consequences of Ovarian Dusruption 
in Premenopausal Women 

CVD remains one of the leading causes of premature death in women in the United 
States [47] and Canada [48], yet the pathophysiology of CVD in women, particularly 
premenopausal women, remains surprisingly under-investigated. Given that regular 
cyclic ‘normal’ ovarian function promotes cardioprotection, ovarian disruption may 
conversely impair cardiovascular health in young premenopausal women. Despite the 
paucity of data, this notion is supported by studies reporting adverse cardiovascular 
effects of both subclinical ovarian disruptions and altered ovarian hormone levels. 
For example, studies examining the potential influence of fluctuations in endoge-
nous estrogen levels across the menstrual cycle on cardiac events, such as unstable 
angina or myocardial infarction, demonstrate that they are more likely to occur during 
the early follicular (low estrogen) compared with all other phases of the menstrual 
cycle [49, 50]. Most [13, 51–53] but not all [54] studies also report that decreased 
estrogen exposure due to irregular or decreased number of menstrual cycles per year, 
is identified as an independent contributing factor to the development and progres-
sion of premenopausal CAD. It is pertinent to note that in women with irregular 
menstrual cycles of organic origin, such as PCOS, estrogen deficiency is more likely 
to co-exist with other co-morbidities, such as obesity, metabolic syndrome, or hyper-
insulinemia [55], making it difficult to distinguish the independent cardiovascular 
effects of estrogen deficiency in these women. Among the largest prospective cohort 
studies in women, the Nurses Health Study, identified that a history of irregular 
menstrual cycles during the reproductive years is linked with a 53% increased risk 
for fatal or nonfatal CAD compared with women reporting a history of regular cycles 
[13]. A smaller case-controlled retrospective study of 202 women similarly reported 
that in premenopausal women under the age of 55 years with confirmed myocardial 
infarction, a higher lifelong incidence of irregular menstrual cycles were reported 
compared with controls [52].
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The potential deleterious effects of hypothalamic hypoestrogenemia due to FHA 
on the cardiovascular system was investigated in the Women’s Ischemia Syndrome 
Evaluation (WISE) [53]. This study examined the relationship between circulating 
estrogen levels and angiographically confirmed CAD in a small group (n = 95) of 
untrained premenopausal women [53]. The investigators observed that independent 
of other risk factors, estrogen deficiency, due to psychogenic stress-related FHA, was 
identified as a risk factor for angiographically documented CAD [53]. Taken together, 
these findings support an important role for ‘normal’ ovulatory cycling and mainte-
nance of cardiovascular health in premenopausal women. Prospective larger studies 
to examine the cardiovascular effects of ovulatory disruption in premenopausal 
women are clearly warranted. 

Nitric Oxide and the Endothelium: Effects of Estrogen, 
Exercise and Caloric Restriction 

As the mono-layer of cells lining the vasculature, the endothelium participates in 
all aspects of vascular health. This is achieved in part by the balanced synthesis 
and release of vasoactive substances from the endothelial cells, including NO, a 
potent vasodilator. In addition to modulating vascular tone, NO also exerts vasculo-
protective effects through multiple mechanisms, including inhibition of inflammation 
and platelet aggregation, and suppression of smooth muscle cell proliferation [3, 56]. 
Thus, NO modulates both arterial function and structure and plays a central role in 
maintaining vascular health, and is considered to be “atheroprotective”. Accord-
ingly, decreased endothelium-derived NO production and/or bioavailability is both 
a characteristic of, and contributor to, disruption of vascular function and structure, 
including: (i) endothelial dysfunction, a recognized permissive factor for the devel-
opment and progression of atherosclerosis [56]; (ii) increased arterial stiffness, an 
independent risk factor for the development of hypertension, left ventricular hyper-
trophy and heart failure [57], and (iii) increased carotid intima media thickness, a 
surrogate marker of early CVD that is a strong predictor of coronary artery disease 
in both pre- and postmenopausal women [58]. 

Through different mechanisms of activation, estrogen, caloric restriction and 
regular aerobic exercise enhance the synthesis and/or bioavailability of endothe-
lial NO through a shared signaling cascade, the PI3K/Akt pathway [59–61]. Once 
formed, NO diffuses into the adjacent smooth muscle cells and causes vasodilation. 
Upon estrogen binding with its plasma-membrane receptor, estrogen rapidly acti-
vates endothelial NO synthase (eNOS) to produce NO via the PI3K/AKT pathway 
[61]. In addition to increasing production, estrogen also increases the bioavailablity 
of NO via anti-oxidant effects [61]. Physiologic shear stress, the frictional force of 
blood flow directly on the vessel wall, creates a mechanical signal that is sensed by 
endothelial cells and transduced to activate signaling cascades that activate eNOS to 
produce NO [60]. Dynamic exercise elicits marked increases in blood flow, resulting
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in large increases in shear stress and augmented production of NO. This effect is seen 
with both acute (e.g. a single bout of exercise) and chronic exercise training [60], 
the latter resulting in repeated exposure of the endothelium to increased shear stress 
and elevated NO production. This repeated exposure elicits vascular adaptations that 
are associated with attenuation of age-associated declines in endothelial function 
[62]. Life-long caloric restriction, defined as a reduction in energy intake without 
malnutrition, is also associated with the increased production and bioavailability of 
NO [63], and has been linked with attenuated age-associated declines in endothelial 
function [59]. 

Vascucular Findings in EAA: Endothelial Function 

Despite being aerobically trained and otherwise healthy, the beneficial effect of 
aerobic exercise training on resting endothelial function appears to be obviated in 
EAA. Specifically, despite similar resting brachial artery diameter, brachial artery 
flow mediated dilation (FMD), a shear stress NO-mediated event, is lower in EAA 
athletes compared with their regularly menstruating counterparts [64–69]. Impor-
tantly, FMD values in EAA are often very similar to that reported in older estrogen 
deficient exercise trained postmenopausal women [70], suggesting a profound effect 
of estrogen deficiency on endothelial function (see Fig. 18.1) and vascular adaptations 
to exercise training in both premenopausal and postmenopausal women. 
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Fig. 18.1 Estrogen exposure determined by daily urinary analysis of estrone glucuronide, the domi-
nant metabolite of endogenous estrogen, across the menstrual cycle for eumenorrheic athletes (EUA) 
and sedentary women (SED), and across a 30-day monitoring period for EAA (A). FMD for EAA, 
EUA and SED (B). [71][67] Adapted from O’Donnell et al., 2007 and O’Donnell et al. 2014
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Microvascular (i.e. small vessel) function is also reported to be impaired in EAA. 
Resting and peak-ischemic calf blood flow, estimated using venous occlusion strain-
gauge plethysmography, is lower in physically active women with long-term EAA 
(average 271 days) versus physically active and sedentary ovulatory women [71]. 
Paradoxically, despite elevated vascular resistance in women with EAA, their blood 
pressure is significantly lower than that observed in their eumenorrheic counterparts 
[43, 71]. Of interest, several studies suggest that duration of estrogen deficiency may 
be important, with longer duration possibly resulting in both structural and func-
tional vascular alterations [71]. This notion is supported in part by most [66, 67] 
but not all [65] studies reporting blunted endothelium-independent function in the 
brachial artery, assessed using exogenous sublingual NO administration (nitroglyc-
erin). Blunted response to exogenous NO suggests vascular structure may be altered, 
and/or vascular smooth muscle cell responsiveness to NO may be impaired in EAA. 

To investigate whether a single bout of exercise, a known NO stimulus, could 
restore macro-and micro-vascular endothelial function in EAA, O’Donnell et al. 
[67] assessed brachial artery FMD and calf blood flow before and one-hour after 
45-min of dynamic exercise. Both FMD and calf blood flow were augmented in 
EAA after exercise, yet FMD remained lower while calf blood flow was ‘restored’ 
to levels seen in eumenorrheic ovulatory athletes, indicating possible differences in 
the vascular effects of estrogen deficiency in the: i) response to acute exercise in 
different vascular beds; and/or ii) vascular adaptations to chronic aerobic exercise 
training in the trained versus untrained limb (e.g. upper versus lower body). 

In addition to increased vascular resistance, decreased vascular compliance and 
lower shear rate, other possible factors that may influence endothelial function in 
EAA include augmented muscle sympathetic nerve activity, and elevated circu-
lating levels of oxidative stress and low-density lipoproteins, all of which have 
been reported in amenorrheic versus eumenorrheic athletes [65, 72–74]. Plasma 
low-density lipoprotein has been shown to be inversely associated with number of 
menstrual cycles per year and with brachial artery FMD [65]. Collectively, these 
findings are in keeping with the known vasomodulatory effects of the sympathetic 
nervous system [75], oxidative stress [76] and circulating lipids [77]. They are also 
in alignment with the known sympatho-inhibitory [78], anti-oxidant [79] and lipid 
metabolism [80] effects of estrogen. 

Restoration of Endothelial Function in EAA 

Resumption of the normal menstrual cycle and therefore endogenous estrogen levels 
[66, 81], and administration of exogenous estrogen with oral contraceptive use [64] 
have both been demonstrated to improve FMD in EAA. Endothelium-independent 
function has also been reported to be restored in EAA after resumption of menses 
[66]. Importantly, these findings identify that impairment in endothelium-dependent 
and -independent function in EAA are reversible.
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Arterial Stiffness: Effects of Estrogen, Exercise and Caloric 
Restriction 

Even in health, aging leads to progressive stiffening of the arterial tree in both men and 
women [82], contributing to the increased incidence of age-associated hypertension 
and atherosclerotic disease, and increased risk of CV events [57]. Stiffening of the 
arterial wall is caused by multiple mechanisms [83]. These age related changes 
lead to reduced ability of the large elastic arteries to expand and recoil in response 
to changes in pressure [57]. Changes in endothelium derived mediators, including 
decreased production of NO, also contribute to arterial stiffness [84]. 

Estrogen, exercise training and caloric restriction are independently associated 
with decreased arterial stiffness [59, 85, 86] predominantly through favorable effects 
on the endothelium. While exact mechanisms beyond the effects on endothelial func-
tion are unclear, estrogen, exercise training and caloric restriction are associated with 
decreased levels of oxidative stress [59, 61, 86]. Attenuation of the age-associated 
increase in oxidative stress is postulated to attenuate or prevent elastin degrada-
tion, protein oxidation (nitrotyrosine), and formation of advanced glycation end 
products [86]. The loss of estrogen due to menopause is associated with a steeper 
age-associated increase in arterial stiffness [82], with the first year after the final 
menstrual period identified as a critical window when marked increases in stiffness 
occur [87]. Notably, short-term (4 weeks) and long-term (~6 years) estrogen therapy 
lowers indices of arterial stiffness in postmenopausal women [88]. Aerobic exercise 
training has also been shown to attenuate the age-associated increase in stiffness in 
postmenopausal women [89]. 

Vascular Findings in EAA: Arterial Stiffness 

To date, only two studies have examined indices of arterial stiffness in EAA [69, 90]. 
In one study, central arterial stiffness assessed by pulsewave velocity was reported 
to be similar between EAA, eumenorrheic athletes and recreationally active controls 
[69]. In a separate study, indices of aortic stiffness, specifically augmentation index 
and augmentation pressure, were also demonstrated to be similar between EAA and 
eumenorrheic athletes [90]. In contrast, in another study using different indices, 
arterial stiffness, namely augmentation index adjusted for heart rate, was reported 
to be significantly lower in EAA (−11%) versus eumenorrheic athletes (−1%) [90]. 
Collectively, these findings suggest that despite estrogen deficiency, arterial structure 
is well preserved in EAA. This observation is in stark contrast to findings in estrogen 
deficient postmenopausal women [87].
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Intima Media Thickness: Effects of Estrogen, Exercise 
and Caloric Restriction 

Increased intima-media thickness (IMT) is a recognised important surrogate marker 
for atherosclerosis [91]. Intima-media thickening in the femoral arteries is reported 
to occur earlier than in the carotid, and as such, is thought to better reflect the true 
extent of generalized atherosclerosis than that in the carotids [91]. Thus, IMT in the 
femoral arteries provides a useful tool for the detection of atherosclerosis in its early 
stages [91]. Mechanisms that increase IMT are shared factors that are responsible 
for the development and progression of atherosclerosis [91]. 

Through preservation of arterial structure and function, estrogen, exercise 
training and caloric restriction are independently associated with preserved or low 
(favourable) femoral and carotid IMT [92–96]. 

Vascular Findings in EAA: Intima Media Thickness 

In the only study to investigate IMT, femoral and brachial artery IMT in EAA was 
reported to not differ from that observed in eumenorrheic athletes [69]. In contrast, 
femoral, but not brachial, artery IMT was lower in EAA compared to eumenorrheic 
sedentary women [69]. However, in this study, 50% of EAA were taking oral contra-
ceptives, making interpretation of the effects of estrogen deficiency on IMT difficult 
to determine. Thus, atherosclerotic risk in EAA remains unclear. 

Summary and Conclusion 

Irregular menstrual cycles are associated with increased risk of premature develop-
ment of atherosclerosis and CVD and events. Despite being exercise trained, other-
wise healthy premenopausal women with EAA demonstrate abnormal vascular func-
tion, and possibly altered structure, including impaired endothelium-dependent and
-independent function. Endothelial dysfunction is a recognized permissive factor for 
the development and progression of atherosclerosis. Loss of the cardioprotective 
effects of estrogen due to ovarian disruption is thought to play a key role. Notably, 
estrogen deficiency in women with EAA is similar to that observed in older estrogen 
deficient postmenopausal women. Importantly, endothelial dysfunction is reversible 
in EAA with resumption of normal menstrual cycles and normal estrogen exposure, 
and exogenous estrogen administration with hormonal contraceptives. Further, FHA 
in amenorrheic athletes is not due to exercise training per se, rather it is causally 
related to energy deficiency due to insufficient caloric intake to meet high energy 
expenditure demands. Thus, the observed vascular perturbations in these women are 
likely due to complex interactions between the vasomodulatory effects of estrogen,
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energy deficiency and exercise training. More studies are needed to determine the 
long-term cardiovascular consequences of estrogen deficiency in women with EAA. 
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Chapter 19 
Depression and Anxiety in Women 
with Coronary Artery Disease: 
Prevalence and Links to Adverse Cardiac 
Outcomes 

Karen Bouchard, Alexandra Chiarelli, Michael Dans, and Heather Tulloch 

Abstract Depression and anxiety are highly prevalent among patients with coro-
nary artery disease. Symptoms can severely inhibit patients’ recovery and potentially 
lead to adverse cardiac-related outcomes, including repeat hospitalizations, recur-
rent cardiac events, and cardiac-related mortality. Across existing meta-analyses and 
systematic reviews on the prognostic effects of depression and anxiety on cardiac 
outcomes, women comprise only a small subset of the population and sex and gender-
based analyses are rarely conducted. This is problematic as rates of depression and 
anxiety post cardiac event are nearly two-times higher in women than men. This 
chapter will profile recent advances in research on sex differences in the preva-
lence and prognostic effects of depression and anxiety on adverse cardiac outcomes. 
Recommendations for improving the identification and appropriate management of 
women with comorbid coronary artery disease and depression and/or anxiety are 
proposed. 

Keywords Depression · Anxiety ·Mental health · Coronary artery disease · PTSD 

The Burden of Anxiety and Depression 

The global estimates of depression and anxiety are 4.4% and 3.6%, respectively. 
This amounts to approximately 322 and 264 million people living with a depressive 
or anxiety disorder [1]. An additional 53 million and 76 million cases of depression 
and anxiety were reported in light of the Covid-19 pandemic [2]. As defined by the
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Diagnostic and Statistical Manual-5th edition (DSM-V), major depressive disorder 
includes persistent (at least two weeks) symptoms of sadness or a loss of interest 
or pleasure in activities, and at least 4 other symptoms: sleep or appetite distur-
bance, sense of worthlessness or excessive guilt, fatigue, impaired concentration, 
and thoughts of death or suicide. Anxiety disorder is a broad term that encapsu-
lates several disorders, such as generalized anxiety disorder (GAD), panic disorder, 
and post-traumatic stress disorder (PTSD). GAD is defined by symptoms of exces-
sive worry that is difficult to control and at least three other symptoms, such as 
muscle tension, fatigue, difficulty with concentration, restlessness, irritability, and 
sleep disturbance [3]. Individuals may also feel uneasy and nervous, with phys-
ical manifestations, such as increased heartrate, rapid breathing, and nausea. Panic 
disorder is characterized by recurrent, unexpected panic attacks during which an 
abrupt surge of intense fear occurs, during which the individual experiences physical 
sensations (e.g., heart palpitations, sweating, chest pain/discomfort, nausea, dizzi-
ness) and fears (e.g., fear of losing control or dying). PTSD involves an exposure to 
an actual or threatened death, serious injury or sexual violence. In response, the indi-
vidual experiences intrusive symptoms (e.g., recurrent distressing memories, dreams, 
flashbacks), negative alterations in cognition or mood (e.g., fear, anger, shame, unable 
to remember part of the traumatic event), negative changes in arousal (e.g., hypervig-
ilance, irritability, angry outburst), and persistently avoids stimuli associated with the 
event. To meet diagnostic criteria for a depressive or anxiety disorder, social or occu-
pational/educational functioning must be impacted by these symptoms. Depression 
and anxiety possess substantial overlap in symptomology and are highly concomitant 
(50% of cases) but are recognized as distinct diagnostic entities that may be tied to 
specific chronic disease outcomes [4]. 

Prevalence of Depression and Anxiety in Cardiac Disease 

Cardiac disease can prompt a wide range of emotions. Patients are often fearful that 
they may experience another heart event, feelings that may become exacerbated when 
experiencing bodily pains or engaging in strenuous physical activity or emotionally 
stressful situations [5]. Adopting changes to behaviour and lifestyle factors may feel 
overwhelming and frustrating [6]. It is common for patients to feel a loss of identity 
[7] and it can be difficult to adjust to new roles within the family unit or place 
of employment [8]. Others are not able to return to work and must rely on social 
assistance for their income, resulting in financial strain. All of these experiences may 
lead to a depressed mood or anxiety. Further, some patients experience pre-existing 
depression and anxiety symptoms, placing them at higher risk of developing adverse 
cardiac outcomes [9] and recurrent mood or anxiety symptoms. 

Approximately 40% of all patients with coronary artery disease (CAD) report 
symptoms of depression (9–50%) [10] or anxiety (14–55%) [11] during hospitaliza-
tion or immediately post-event, with 15–20% meeting criteria for a major depressive 
or anxiety disorder [7]. At one-year post-cardiac event, 15% and 27% of patients
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suffer symptoms of depression and generalized anxiety, respectively [12], which is 
approximately twice as common as in primary care patients and three times more 
prevalent than in the general population. Prevalence rates of panic disorder are esti-
mated to be 5–8% of patients with CAD [13] whereas rates of PTSD can be much 
higher, ranging from 6 to 24% [14, 15]. For some, symptoms are transient and resolve 
within the months following their event, but for others, symptoms can persist meeting 
diagnostic criteria for a mood or anxiety disorder. If left unaddressed, depression and 
anxiety can severely inhibit patients’ recovery and potentially lead to adverse cardiac 
outcomes. 

Effects of Depression and Anxiety on Cardiac Outcomes 

Depression has been identified as a risk factor for cardiac disease incidence and 
recurrence. To illustrate, a large, multi-centre, population-based cohort study of 
nearly 150,000 participants determined that depression increased the risk of inci-
dent myocardial infarction (MI) by 23% [16]. Depression is also a robust predictor of 
cardiac-related mortality in patients with established disease. A recent large prospec-
tive cohort study determined that depression is associated with nearly three times 
the risk of cardiac-related death within two years post-MI, even when controlling for 
age, smoking, diabetes, body-mass index, history of MI, and disease severity [17]. 
Furthermore, in comparison to patients who are not depressed, Meijer and colleagues 
noted that patients with depression post-MI are five times more likely to die of a 
cardiac-related illness [18]. A dose–response relationship appears to exist between 
depressive symptoms and adverse cardiac outcomes. Specifically, increases in scores 
from < 5 to > 5 on the Beck Depression Inventory (BDI) were associated with nearly 
twice the risk of cardiac-related death [19, 20]. This indicates that even mild symp-
toms of depression are related to worse outcomes for these patients. Depression also 
predicts recurrent cardiac events. For instance, in a meta-analysis of 4500 patients 
after percutaneous coronary intervention (PCI), depression was shown to double the 
risk of major adverse cardiovascular events (MACE; a composite outcome composed 
of cardiac mortality, non-fatal MI, non-fatal stroke, repeated coronary revascular-
ization and cardiac readmission) [21]. Taken together, evidence from nearly four 
decades of research on depression and cardiac disease, has concluded that depres-
sion confers approximately a doubling to tripling in risk of cardiac events post-MI 
[10, 18]. This evidence has culminated into a scientific statement from the American 
Heart Association, which officially recognized depression as a risk factor for adverse 
cardiovascular clinical outcomes [10]. 

Although less studied than depression, the evidence supporting the connection 
between anxiety and post-event cardiac outcomes is accumulating. According to a 
meta-analytic review of 20 studies involving nearly 250,000 adults, anxiety is asso-
ciated with 26% increased risk of incident heart disease and 48% increased risk of 
cardiac mortality in healthy populations, independent of demographic and biological 
risk factors and health behaviours [22]. There continues to be a dearth of research that
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examines the direct effects of anxiety on cardiac clinical endpoints in patients with 
established disease [23] and the data generated from this limited research are incon-
sistent, with some meta-analytic reviews noting a significant relationship between 
anxiety and adverse outcomes, while others noting a less-robust link. For example, 
a meta-analysis aggregating data from nearly 6000 patients with MI documented 
that post-event anxiety conferred a 71% increased risk of new cardiac events and a 
23% increased risk of cardiac mortality [22]. A similar meta-analysis of 16 studies 
including 9373 patients with MI determined patients with anxiety had a 23% and 
27% increased risk of short-term complications and long-term MACE, respectively, 
in comparison to those without anxiety [24]. Another meta-analysis of 44 studies 
involving 30,527 patients with CAD examined the association between anxiety 
and mortality [25]. In the unadjusted analyses, one standard deviation increase in 
anxiety resulted in a 20% increased risk of mortality. However, when adjusting for 
medical and psychological factors, all relationships between anxiety and clinical 
endpoints became insignificant. Further, a systematic review and meta-regression 
of anxiety and morbidity risk in patients with coronary heart disease noted a non-
significant association between GAD and MACE (p = 0.28) [26]. The criteria for and 
measures used to determine levels of anxiety may explain the heterogeneity across 
the results reported in these meta-analyses. For example, Tully and colleagues [26] 
only included studies that used a structured diagnostic interview to estimate anxiety 
levels, while others were inclusive of research that used self-report instruments. In 
addition, depression may alter the association between anxiety and cardiovascular 
risk. For example, a 2020 meta-analysis of anxiety and clinical outcomes, including 
17 studies that involved nearly 40,000 patients with acute coronary syndrome (ACS), 
determined that anxiety is independently associated with increased mortality risk 
(Relative Risk [RR] = 1.21; p = 0.02), but that depression attenuated this association 
to non-significant (RR = 0.88; p = 0.37) [27]. 

There continues to be minimal research linking other anxiety disorders to cardiac 
outcomes in patients with established disease. For instance, panic disorder has largely 
been studied with respect to incident MACE among healthy populations [28, 29]. 
A meta-analysis of twelve studies involving over one million adults determined that 
panic disorder is significantly associated with new-onset cardiac events (Hazard Ratio 
[HR] = 1.40) and MI (HR = 1.38) even after controlling for depression [29]. The 
link between panic disorder and recurrent events in patients is unclear as there is 
limited research. There is only one study investigating the effects of panic disorder 
on cardiac outcomes in patients with established CAD [30]. This longitudinal cohort 
study, which aims to recruit nearly 4000 participants, will be completed in 2023 so 
data is not yet available. There is comparatively a larger body of evidence to suggest 
that PTSD is linked to poor cardiac prognoses. For example, a meta-analyses of 6 
studies with over 400,000 healthy adults reported a 55% increased risk of incident 
coronary heart disease associated with PTSD [31]. Similarly, a prospective study with 
281 twin pairs demonstrated that, after a median follow-up period of 13 years, the 
incidence of coronary heart disease was double (OR = 2.2) among those with PTSD 
(22.6%) compared to those without (8.9%) [32]; this association remained significant 
after adjustment for lifestyle, other risk factors and depression. The risk is also present
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for those with established disease. To illustrate, a meta-analysis that aggregated data 
from 24 studies reported that clinically significant symptoms of PTSD are associated 
with a doubling of risk of mortality or an ACS recurrence [33]. Additional research 
is required to clarify the relationship between anxiety diagnoses above and beyond 
generalized anxiety and cardiac risk in healthy and clinical populations. 

Explanatory Mechanisms Linking Depression, Anxiety 
and Cardiac Outcomes 

Plausible physiologic and behavioural pathways linking depression and anxiety to 
cardiac outcomes have been proposed and are discussed in detail elsewhere [34−35] 
but summarized below (Fig. 19.1). Briefly, depression and anxiety are associated with 
elevated inflammatory markers, endothelial dysfunction, increased platelet aggrega-
tion and activity, hypothalamic–pituitary–adrenal axis dysregulation, and disruptions 
to autonomic functioning, all of which are implicated in the incidence and progression 
of cardiac disease. Health behaviors, such as maintaining a healthy diet, engaging 
in physical activity, obtaining adequate sleep duration and quality, attending cardiac 
rehabilitation, adhering to prescribed medication regimes, smoking cessation, and 
social support utilization, are linked to reduced risk of future hospitalizations and 
MACE. Unfortunately, patients with depression and anxiety appear to be less likely 
to engage in health-promoting behaviours, which accumulates to increased risk of 
cardiovascular morbidity and mortality.

Taken together, current research has demonstrated that depression and anxiety 
confer risk to the patient with CAD and plausible mechanisms linking these psycho-
logical disorders to cardiac outcomes have been illuminated. It is noteworthy, 
however, that within studies profiled across existing meta-analyses and systematic 
reviews on the prognostic effects of depression and anxiety on cardiac outcomes, 
women comprised only a small subset of the population (M = 26%). Table 19.1 
provides a list of existing meta-analyses that examined the prognostic influence of 
depression and anxiety in patients with established CVD. The number of studies 
profiled within each review and the average percentage of women across all studies 
included in the review are reported. It should be noted that while rates of CAD in 
men are double the proportion of women in younger populations (<60 years) [38, 
39] this gap diminishes with age, becoming on par in the > 80 age group [40]. In 
the 60–79 age group, the incidence rates of CVD are 77.2% for women and 78.2% 
for men. The proportion of women in extant research is not consistent with cardiac 
population norms.

Sex and gender-based analyses (i.e., testing hypotheses separately for males/men 
and females/women such as stratified analyses, gender-based interactions, etc.) were 
seldom integrated across the profiled studies within existing meta-analytic reviews. 
Indeed, Smaardijk and colleagues [41] determined that sex and gender-based anal-
yses were conducted in only 24% of the 49 studies measuring the prognostic effects



298 K. Bouchard et al.

Fig. 19.1 Mechanisms linking depression/anxiety to cardiac outcomes

of anxiety and depression on clinical outcomes in patients with heart disease. The 
underrepresentation of women and paucity of sex- and gender-based analyses across 
this research renders it difficult to draw definitive conclusions about the connections 
between depression and anxiety on cardiac prognosis in women. This gap has impli-
cations for the identification and appropriate management of women with comorbid 
CAD and depression and/or anxiety. 

Sex Differences in the Prevalence of Depression and Anxiety 
in Patients with Cardiac Disease 

It is now acknowledged that sex- and gender-unique differences exist in the patho-
physiology, symptoms, and outcomes of cardiac disease in women, including psycho-
logical variables, such as depression and anxiety. Table 19.2 displays a list of current 
meta-analyses examining sex and gender differences in depression and anxiety 
prevalence and link to CAD prognosis.

Several studies within these reviews have noted that women are disproportionally 
affected by depression and anxiety symptoms, post-CAD [42]. A meta-analysis of 16 
prospective studies involving 10,175 patients (29% women) explored sex differences 
in depression and prognosis post-MI. The aggregated results indicated that 36% of 
women and 29% of men reported elevated levels of depression post-discharge [43].
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Table 19.1 Representation of women across studies profiled in current meta-analyses including 
patients with CAD 

First Author, 
Year 

Construct 
studied 

Cardiac diagnosis or 
procedure 

Studies within 
review (N) 

Mean % of 
women in profiled 
studies 

Celano, 2015 Anxiety CAD 44 24 

Edmonson, 
2012 

Anxiety (PTSD) ACS 24 23 

Li, 2020 Anxiety ACS 17 27 

Roest, 2010 Anxiety MI 12 22 

Tully, 2014 Anxiety CHD 40 26 

Wen, 2021 Anxiety MI 16 25 

Barth, 2004 Depression CHD 20 24 

Meijer, 2011 Depression MI 29 25 

Meijer, 2013 Depression MI 16 27 

Nicholson, 
2006 

Depression CHD 34 22 

Song, 2020 Depression PCI 9 27 

Van Melle, 
2004 

Depression MI 22 27 

Zhang, 2019 Depression PCI 8 28 

Takagi, 2017 Depression & 
Anxiety 

Cardiac Surgery 16 28 

Notes: CAD Coronary Artery Disease; ACS Acute Coronary Syndrome; PTSD Post Traumatic Stress 
Disorder; MI Myocardial Infarction; CHD Coronary Heart Disease; PCI Percutaneous Coronary 
Intervention

Table 19.2 Meta-analyses of sex- and gender differences in depression and anxiety prevalence and 
CAD prognosis 

First Author, Year Construct studied Clinical 
population 

Focus Studies 
within 
review 
(N) 

Shanmugasegaram, 
2012 

Depression CAD Prevalence 8 

Buckland, 2019 Depression CHD Prevalence 20 

Smaardijk, 2020 Psychological factors (including, 
anger and hostility, anxiety, 
depression, social support, Type A 
behaviour pattern, Type D 
personality, and PTSD) 

IHD Prognostic 
Outcomes 

44 

Doyle, 2015 Depression MI Prognostic 
Outcomes 

16 

Notes: CAD Coronary Artery Disease; CHD Coronary Heart Disease; PTSD Post Traumatic Stress 
Disorder; IHD Ischemic Heart Disease; MI Myocardial Infarction
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A systematic review of 20 longitudinal studies indicated that more women than men 
report depression during hospitalization (36% vs 23%) and this trend continued over 
two-years (23% vs 20%) [44]. Finally, another meta-analysis confirmed that the 
prevalence of depression is two-times greater in women than men with CAD, but 
that this doubling in prevalence is also found in the general population [45]. 

Similar to depression, anxiety levels are typically higher in women post-cardiac-
event or procedure, but the literature base is markedly smaller and dated. A prospec-
tive, comparative study determined that women reported 25% higher levels of anxiety 
(M anxiety = 0.76 vs. 0.57 on the Brief Symptom Inventory) than men within the 
first 72 h of admission for MI, independent of other relevant sociodemographic or 
clinical variables. These higher rates of anxiety existed across a variety of geographic 
locations, including Australia, South Korea, Japan, England, and the United States. 
[46] Another study determined that anxiety levels are higher in women in comparison 
to men (M Men = 32.36 and Women = 49.00 as measured by the STAI) following 
MI, especially in the hours immediately preceding hospital discharge [47]. Bjerkset 
et al. [48] observed that women’s risk for anxiety were highest in the first two years 
post-MI, but then symptoms reduced. Men’s symptoms, however, increased two 
years post-MI. In addition, young women appear to be particularly susceptible to 
new-onset depression and anxiety, with one large prospective study (N = 306; 49% 
women) determining that young women are twice as likely as young men to develop 
mental stress post-MI [49]. 

It is still unclear why women with CAD are particularly susceptible to experi-
encing depression and anxiety, but several hypotheses have been proposed and tested. 
These vulnerabilities have been discussed in detail elsewhere [23, 42] but broadly 
include genetic, hormonal, demographic, psychological, social, and cultural factors. 
For instance, women may be more likely to inherit depression [50] although the 
genes responsible for this sex difference and its connection to CVD are still unclear. 
Pregnancy and the postpartum period may be responsible for the dysregulation of 
the hypothalamic–pituitary–adrenal axis and elevated inflammatory responses, which 
have been linked to post-partum depression and increased CVD risk [51, 52]. Women 
are less likely to be referred to cardiac rehabilitation than men and demonstrate lower 
rates of program completion [53], due to cited barriers such as childcare responsi-
bilities and the underrepresentation of women-related factors in cardiac rehabilita-
tion curricula (e.g., menopause, pregnancy) [54]. As cardiac rehabilitation has been 
shown to produce improvements in participants’ mental health, including reducing 
symptoms of anxiety and depression and promoting quality of life [55, 56], women 
are missing this important intervention. Women-only cardiac rehabilitation programs 
may be a promising avenue to address cited barriers and adherence issues [57]. Lastly, 
women are also more likely to report more mental health symptoms than men in the 
general population, so it is possible that sex-differences may not be specific to those 
with a cardiac diagnosis.
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Sex Differences in the Prognostic Effects of Depression 
and Anxiety on Adverse Cardiac Outcomes 

A systematic review and meta-analysis, pooling data from over 2 million healthy 
women and 3 million healthy men concluded that there are no significant group 
differences in the risk of psychological factors (including depression and anxiety) 
for IHD incidence between men and women [58]. Data on sex- and gender-differences 
in patients with established disease is comparatively less developed. Single studies 
report mixed findings as to whether women or men are disproportionally impacted 
by the effects of depression and anxiety on clinical outcomes. For instance, one study 
indicated that each standard deviation increase in psychological distress was associ-
ated with a 44% increased risk of CVD events in patients with CAD (cardiovascular 
mortality, MI, stroke, heart failure, unstable angina), but only among women [59]. 
A multi-centre prospective study involving 2411 patients (807 women) measuring 
the impact of depression on sex differences in the outcomes following MI, deter-
mined that depression was more prevalent in women than men (29% vs. 18%) [60] 
but these higher rates of depression in women contributed only slightly to their risk 
of rehospitalization (HR = 1.14) and symptoms of angina (HR = 1.22), but not 
mortality. In another study, 41% (N = 804) of patients with stable CAD had elevated 
scores on the Hospital Anxiety and Depression Scale-Anxiety (HADS-A; > 7), but 
the authors noted no sex differences in the prevalence of anxiety or anxiety-related 
risk for cardiac events [61]. 

As findings from primary research appear to be mixed, meta-analyses have been 
conducted to answer the question regarding the clinical risk of mental health symp-
toms between the sexes. Findings from two meta-analyses confirmed that there is 
limited data to support that the consequences of depression and anxiety are more 
severe for women than men; in fact, the risk associated with depression and anxiety 
may be more severe for men with CAD. To illustrate, a meta-analysis of data gener-
ated from 227,647 women and 321,894 men with ischemic heart disease determined 
that after adjustments (i.e., demographic and lifestyle factors, cardiac history and 
severity, psychological comorbidities, medication use, and cardiac treatment) the 
risk of MACE was stronger in men (HR = 1.37) than women (HR = 1.21) with 
psychological distress (i.e., anger, hostility, anxiety, depression, social support, Type 
A behaviour pattern, Type D personality, and PTSD) [41]. These results are consistent 
with another meta-analysis of 16 prospective studies where a stronger association 
was found between depression and poor cardiac prognosis in men (HR = 1.38) 
compared to women (HR = 1.22) post-ACS [43]. As such, it is evident that mental 
health symptoms place both sexes at higher risk for adverse outcomes, but it is unclear 
why men’s cardiac health may be more adversely impacted by symptoms of depres-
sion and anxiety than women. Future research is required to investigate the potential 
mechanisms responsible for this potentially sex- and gender- dependent relationship 
as well as the factors that may protect anxious and/or depressed women from worse 
prognoses.
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Studies using all women-samples may help to clarify the potency of depres-
sion and anxiety on cardiac outcomes for women with heart disease. Unfortunately, 
after a thorough review of the published literature (English-only; 2000–2022), only 
two studies were identified. Both studies were conducted prior to 2009 and both 
measured the prognostic effects of depression only. In one study [62] (N  = 292), 
patients were assessed for depression within 6 months after admission for an acute 
coronary event and followed for 5 years. Outcome variables included recurrent 
events, including cardiovascular mortality, acute MI, and revascularization proce-
dures (percutaneous transluminal coronary angioplasty and coronary artery bypass 
grafting). After adjusting for potential confounders, such as age and physical health 
parameters, the results indicated that patients with two or more depressive symp-
toms were nearly twice as likely to experience a recurrent cardiac event than those 
who reported only one or no depressive symptoms. Another study [63] (N  = 67) 
examined the effects of depression while hospitalized for CABG on infections six-
months later. One-month post-CABG, 41% of women were diagnosed with clinical 
depression via a diagnostic interview (50% of these women had a history of depres-
sion). More severe levels of depression were associated with more infections (e.g., 
pneumonia and upper-respiratory infections), and emergency room and primary care 
visits at six-months post-surgery. Taken together, these studies highlight that depres-
sion is a significant risk factor for poor cardiac prognoses in women, albeit possibly 
less so than men. 

Recommendations for Future Research and Clinical Practice 

Accumulating research over the last two decades highlights the primacy of psycho-
logical factors in cardiac disease progression. Broadly, the research indicates that 
more women report symptoms of anxiety and depression post-event but the conse-
quences of anxiety and depression, while clearly present for women, may be more 
severe for men, at least according to the currently published literature. There remains 
much uncertainty of the prognostic importance of depression on cardiac outcomes 
among women, and how it compares with that of men, due to the limited number of 
women involved in research and the paucity of studies using sex-and gender-based 
analyses. Research on sex-differences on the effects of anxiety on cardiac clinical 
endpoints is even less developed and is missing entirely in women-only studies. 
Based on the current state of the evidence, we outline priorities for future research 
and clinical practice. 

First, the majority of studies did not measure “gender” as it is now defined, and 
the terms “sex” and “gender” were often used interchangeably (including “female” 
and “woman”). It is possible that gender-related factors (i.e., gender identity, gender 
roles, gender relations, and institutionalized gender) may help to explain differences 
in cardiac outcomes. A multicentre prospective follow-up study examined anxiety 
and depression as potential pathways between sex and gender and MACE among
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young patients with ACS (273 women; 636 men) [64]. The risk of events asso-
ciated with sex were inconclusive. However, feminine characteristics were associ-
ated with higher rates of recurrent ACS in comparison to masculine characteristics. 
The relationship between femininity and recurrent ACS was partially explained by 
elevated levels of anxiety. This association was not found when examining sex as 
a binary construct (male/female), highlighting the potential importance of gender-
related characteristics in determining cardiac outcomes. It is important to note that 
75% of the studies measuring depression/anxiety and cardiac outcomes in women 
were conducted over 10 years ago, when robust definitions for sex and gender were 
only beginning to emerge. Some guidance is now available to assist researchers in the 
incorporation of gender into health research [65], as well as validated instruments 
used to measure gender (e.g., GENESIS-PRAXY; Stanford Gender-Related Vari-
ables for Health Research) and methods for incorporating gender-related variables 
into statistical analysis. 

Second, there is a need for research to adopt an “intersectional” lens when exam-
ining cardiac health outcomes, which would involve considering patients’ various 
identities (e.g., age, sex, gender, race, sexual orientation, social class, immigration 
status etc.) and their combination when determining risk [66]. For example, there is 
emerging evidence from large prospective studies (e.g., Virgo, GENESIS-PRAXY, 
YOUNG-MI) that younger women may be the most susceptible to the adverse cardio-
vascular effects of post-event depression [67]. Among a sample of men and women 
with obstructive CAD, an increased risk in death was observed in young women 
with depressive symptoms (≤ 55 years) but not in men aged ≤ 55 or women aged 
> 55 years [68]. Other demographic and social determinants of health may combine 
to help explain worse outcomes among women [69]. For example, younger women 
with MI are often poor, of minority race, and with a history of trauma compared to 
men and older women [70]. Future research is tasked with untangling these complex-
ities when examining the prognostic influence of psychological factors on cardiac 
outcomes among women. 

Third, there continues to be wide heterogeneity in the clinical characteristics of the 
sample. It is plausible that the role of sex in depression predicting cardiac outcomes 
is more relevant in certain cardiac diagnostic subgroups, such as those with non-
obstructive CAD. For example, Spontaneous Coronary Artery Dissection (SCAD) 
and Takotsubo Cardiomyopathy (TC) disproportionally afflict women, and accumu-
lating research indicates that psychological triggers are prominent precursors and 
often remain prevalent post-event. To illustrate, a 2018 study [71] reported that 52% 
of patients with SCAD had a psychiatric history and 48% had an intense emotional 
stressor immediately preceding their SCAD [72]. Similarly, TC is often experienced 
by older women and triggered by severe emotional distress [73]. Not surprisingly, 
recent investigations report that depressed mood (20–41%), anxiety (14–17%), and 
traumatic stress symptoms (23–43%) are pervasive among patients with SCAD and 
TC [74, 75]. As women continue to be underrepresented in extant research on CAD, 
subgroup analyses on obstructive versus non-obstructive CAD amongst women are 
often not conducted. This research may be important as Smaardijk and colleagues 
[41] noted that the risk of MACE associated with psychological factors was more
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pronounced in women with non-obstructive CAD versus women with obstructive 
CAD. 

Fourth, the Canadian Cardiovascular Society, American Heart Association, and 
European Society of Cardiology recommend that all patients with CAD be consid-
ered at risk for developing depression post-cardiac event or procedure. Therefore, 
patients should be screened using validated self-report questionnaires or diagnostic 
interviews by trained professionals. Similar recommendations are made for screening 
for anxiety, although anxiety has yet to be considered an established risk factor 
for poor cardiovascular prognoses, so definitive guidance is lacking. Screening for 
patients’ mental health is recommended during hospitalization, at minimum, and it 
is suggested that screening continues at regular intervals throughout the recovery 
period [76]. There is evidence to suggest that measuring depression and anxiety 
during clinically stable periods may be more useful for predicting future cardiac 
events [25] Measuring symptoms over the longer term may also help to elucidate 
some sex- and gender differences. 

Several validated screening tools are available to researchers and clinicians, many 
of which are available in a wide variety of languages and are easy and quick to use, 
with minimal patient and researcher or clinician burden (see Table 19.3 for examples). 
Scores serve as a proxy for a clinically significant level of impaired functioning in 
the individual but are not diagnostic on their own. Elevated scores signal the need 
for a clinical interview by a licensed professional to assess the presence and type of 
disorder. Although all patients ought to be screened for depression, there is particular 
urgency in younger women and those with a history of depression [77].Anxiety 
seems to be particularly pertinent in patients undergoing surgery, so screening for 
anxiety symptoms pre-and-post surgery would be helpful to identify those in need 
of additional support. There is also accumulating research to suggest that caregivers 
of patients with comorbid depression/anxiety and CVD ought to be screened for 
distress symptoms in conjunction with the patient, as their outcomes are highly 
interconnected [78–82]. It is worth noting that psychological problems are often 
underreported, so it is likely that accumulated data is skewed towards lower values. 
In other words, the problem of depression and anxiety in patients with CAD may be 
worse than it appears.

Fifth, the development and assessment of high-quality interventions targeting both 
sexes are required, but sex and gender-based analyses or women-specific interven-
tions are lagging. Burgeoning evidence indicates that clinical and behavioural inter-
ventions may be beneficial for the treatment of depression and anxiety in patients 
with CAD [83−84] but women still represent a minority of the samples investi-
gated (~25% in studies within the most recent meta-analysis [84]). Apart from one 
meta-analysis, sex- and gender-based analyses were not conducted, likely due to the 
small number of women included in the profiled observational studies. Linden and 
colleagues [83] aggregated data from 23 studies involving approximately 10,000 
patients with CVD. Their results revealed that psychological treatments offered in 
addition to usual care for patients reduced mortality by 27% (up to 2 years) and cardiac 
recurrence (post-2 years) by 43%; the mortality benefits of psychological treatments 
were only seen in men. As there are recognized sex- and gender-differences in the
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Table 19.3 Examples of screening tools for depression and anxiety 

Tool Author, Year # of items Time to complete (min) Access 

BDI Beck, 1961 21 < 10 License and fee required 
for use 

PHQ-9 Spitzer, 1999 9 < 5 No license or fee required 
for use 

HADS Zigmond, 1983 14 < 5 License and fee required 
for use 

GAD-7 Spitzer, 2006 7 < 2 No license or fee required 
for use 

DASS Lovibond, 1995 42/21 < 10 No license or fee required 
for use 

CAQ Eifert, 2000 18 < 2 No license or fee required 
for use 

STAI Spielberger, 1970 40 < 20 License and fee required 
for use 

BAI Beck, 1988 21 < 10 License and fee required 
for use 

BSI Derogatis, 1993 53 < 15 License and fee required 
for use 

Notes: BDI Beck Depression Inventory; PHQ-9 Patient Health Questionnaire; HADS Hospital 
Anxiety and Depression Scale; GAD-7 Generalized Anxiety Disorder Assessment; DASS Depres-
sion Anxiety Stress Scales; CAQ Cardiac Anxiety Questionnaire; STAI State-Trait Anxiety 
Inventory; BAI Beck Anxiety Inventory; BSI Brief Symptom Inventory

pathophysiology, symptoms, and lived-experience of CAD, women-only interven-
tions may be a promising approach [88]. There is limited evidence to date, however, as 
fewer than 16 interventions, using a wide range of intervention approaches, including 
psychotherapy, pharmacotherapy, cardiac rehabilitation, peer support, and stress-
management, have been developed to target symptoms of anxiety and depression 
in women with CAD. Among these trials, there are mixed findings to their efficacy 
in reducing women’s cardiac risk. For example, in the SWITCHD trial (Stockholm 
Women’s Intervention Trial for Coronary Heart Disease), women were random-
ized to a group-based psychosocial intervention program or usual care [89]. Women 
participated in 20 sessions over the course of a year designed to improve knowledge 
about CVD risk factors, relaxation and self-monitoring skills, and clinical advice 
compliance (e.g., medication use). Participants were then assessed after several years 
(M duration = 7.1 years) to investigate the program’s ability to improve patients’ 
survival. After controlling for clinical prognostic factors, the analysis indicated that 
the intervention yielded a threefold protective effect on women’s survival. In another 
study, a 1-year cognitive-behavioural stress management program (20 2-h sessions) 
for women with ischaemic heart disease (N = 159) was found to improve stress 
behaviour and exhaustion [90] but did not improve biochemical indicators (hs-CRP, 
leptin, glucose and insulin) associated with cardiovascular risk [91] in comparison
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to usual care (i.e., general lifestyle advice and outpatient visits). Lastly, a 6-month 
telephone peer-support intervention for women with CHD (N = 108) was devel-
oped to reduce symptoms of depression and improve perceived social support [92]. 
At 6 months post-intervention, there was a general improvement in depression and 
perceived social support in both groups, but the intervention yielded no specific treat-
ment effects. Although there are some promising findings, the intervention compo-
nents and modalities that are most effective for supporting women’s psychosocial 
health remain unclear. Therefore, providing concrete recommendations for interven-
tions for women with CAD is still premature but would be a welcome addition to 
the literature following adequate investigation. 

Conclusion 

Symptoms of depression and anxiety are highly prevalent amongst patients with 
established cardiac disease. Studies using sex- and gender-based analyses indicate 
that women with CAD experience higher levels of depression in comparison to men, 
but that the consequences of depression may be more severe for men. Research 
using all-women samples underscore the importance of identifying depression in 
women, post-cardiac event or procedure, as unmanaged depression may hinder 
women’s recovery. If the results from women-only studies are taken in combina-
tion with the findings from studies using sex- and gender-based analyses, it can be 
concluded that depression is linked to adverse cardiac outcomes in both men and 
women. As the literature base is small and results are inconsistent, future studies 
examining the effects of anxiety on cardiac outcomes in both men and women are 
required. Screening for mental health symptoms is warranted and action must be 
taken to alleviate these symptoms when present. Additional interventions to reduce 
this distress are needed and preliminary research indicates that women-only programs 
may be successful but ought to be investigated further before investing in sex-or 
gender-specific programming.3 5 
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Chapter 20 
Cardiac Imaging in Women 
with Suspected Ischemic Heart Disease 

Sina O’Sullivan and Amy W. Pollak 

Abstract Cardiovascular imaging has undergone advances over the past decades 
and is increasingly used for the diagnosis of atherosclerotic disease in men and 
women. Recent guidelines suggest the use of stress imaging in symptomatic women 
at intermediate or high pretest probability of having ischemic heart disease, as well 
as the use of coronary computed tomography angiography to delineate the pres-
ence and location of coronary plaque. There are differences in pathophysiology of 
atherosclerotic disease in women, as women are more likely to have nonobstructive 
disease, often caused by abnormal coronary reactivity, microvascular dysfunction, as 
well as plaque erosion and distal microembolization. Myocardial perfusion imaging 
with positron emission tomography (PET) or magnetic resonance imaging (MRI) can 
aid in the diagnosis of microvascular dysfunction, making it even more valuable in 
women for an earlier and more accurate diagnosis leading to improved management 
and outcomes in women. 

Keywords Imaging · Echocardiography · SPECT · PET · CT · MRI · Pregnancy 

Introduction 

Ischemic heart disease remains the leading cause of death in women in the Western 
World [1]. Advances in cardiovascular imaging have led to improvement in diagnosis 
of atherosclerotic disease in women, and earlier and more accurate diagnosis of 
symptomatic women results in enhanced management with subsequent therapies. 

Stress testing with EKG and the addition of imaging is recommended in symp-
tomatic women at intermediate or high pretest probability of having coronary artery 
disease (CAD) based on the American College of Cardiology (ACC)/American 
Heart Association (AHA) practice guideline on exercise testing, which are gener-
ally defined as those with typical or atypical chest pain at ≥ 50 years of age and
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those < 50 years of age with typical angina [2]. In addition, women with symp-
toms and additional risk factors such as diabetes and metabolic syndrome are at 
increased CAD risk and should be considered for testing [3]. In general, women 
with low pretest probability should be assessed for non-ischemic etiology of their 
symptoms [4]. However, the commonly used pretest probability assessment deter-
mined by age, gender, chest pain characteristics and the presence of traditional risk 
factors can underestimate cardiovascular risk in women with atypical symptoms and 
non-traditional risk factors [5]. The 2021 ACC/AHA Chest Pain guidelines outlines 
the use of stress testing versus coronary computed tomography angiography (CTA) 
in patients who present with chest pain, acknowledging that for many women, symp-
toms of underlying CAD often include dyspnea, nausea, fatigue or discomfort in 
the neck, shoulder, arms or back. The recommendation has moved from classifying 
chest pain from typical angina versus atypical angina to cardiac chest pain versus 
possible cardiac chest pain or non-cardiac chest pain. 

There are multiple challenges in non-invasive testing in women. Whereas men are 
more likely to have obstructive coronary artery disease, often left main or multivessel 
disease, women are more likely to have nonobstructive disease, often caused by 
abnormal coronary reactivity, microvascular dysfunction, as well as plaque erosion 
and distal microembolization [6]. These differences in pathophysiology should be 
reflected in the testing we choose for the diagnosis of cardiovascular disease in women 
with symptoms. Confounding the use of stress imaging is the higher false positive 
rates of stress testing in women compared to men. In addition, there is substantial 
underrepresentation of women in studies of non-invasive testing [7]. The advances 
in cardiovascular imaging and the development of novel imaging techniques have 
expanded their role in the detection of not only flow-limiting epicardial coronary 
atherosclerosis, but also microvascular disease and endothelial dysfunction. 

Stress Echocardiography 

Stress echocardiography combines ultrasound images of the heart with exercise or 
pharmacologic stress testing to evaluate women with symptoms compatible with 
ischemic heart disease. It is recommended for identification of obstructive CAD and 
estimation of prognosis for symptomatic women at intermediate to high ischemic 
heart disease (IHD) risk and with any of the following: (1) resting ST-segment abnor-
malities, (2) functional disability, or (3) indeterminate or intermediate-risk stress 
ECG. (Class I; Level of Evidence B) (4). 

Exercise echocardiography has improved diagnostic sensitivity and specificity for 
the detection of CAD in women compared to exercise ECG alone (79% and 83%, 
respectively) [8, 9]. If patients can exercise, it is preferred over pharmacologic stress 
testing, as exercise capacity has been shown to be a strong prognostic factor for 
cardiac events and mortality [10]. In patients that are unable to exercise, dobutamine 
stress testing has good sensitivity (80%) and specificity (84%) for the detection of 
IHD, with a slightly lower sensitivity in vasodilator stress testing with dipyridamole
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or adenosine [11]. Both abnormal exercise and dobutamine stress echocardiography 
has been shown to be a predictor of subsequent cardiac events and mortality [12, 13], 
whereas normal stress echocardiography has a good negative predictive value with an 
event rate of < 1% per year. High risk features of abnormal stress echocardiography 
are detailed in Table 20.1. 

Stress echocardiography may also aid in the diagnosis of non-ischemic causes 
of cardiac symptoms. It has become widely established in the assessment of 
multiple clinical conditions including systolic or diastolic heart failure, non-ischemic 
cardiomyopathy, valvular heart disease, pulmonary hypertension, athletes’ hearts 
and congenital heart disease [14]. The assessment of diastolic dysfunction using the 
ratio of early diastolic transmitral velocity to early diastolic tissue velocity (E/e’) 
correlates with invasively measured LVDP during exercise and facilitates the recog-
nition of likely abnormal filling pressures in response to exercise that may explain 
non-specific symptoms not caused by ischemic heart disease [15]. 

Novel techniques including the use of tissue doppler imaging and speckle 
tracking or strain imaging increase the sensitivity by early recognition of myocardial 
dysfunction compared to visual wall motion analysis alone [16].

Table 20.1 High-risk features and diagnostic accuracy of imaging modalities in assessment of 
ischemic heart disease in women 

Imaging modality Sensitivity 
(%) 

Specificity 
(%) 

High-risk features 

Stress 
echocardiography 

79 83 Baseline LVEF ≤ 40%, extensive resting 
wall motion abnormalities or extensive 
ischemia, right ventricular ischemia, 
increase in end-systolic size with stress, 
and decrease in LVEF with stress 

Stress SPECT 78–93 61–99 Summed stress score > 8, ≥ 10% of 
abnormal myocardium at stress, left 
ventricular dilation, and peak stress or 
poststress LVEF ≤ 45 

Stress PET 90 89 Same features as stress SPECT and CFR < 
2 

Stress MRI 89 80 Presence and extent of inducible wall 
motion abnormalities, or perfusion defects 
with stress imaging, low LVEF, presence 
and extent of infarct size 

CT angiography 90–99 79–91 Coronary artery calcium ≥ 400, proximal 
left anterior descending artery stenosis ≥ 
70%, 2- or 3-vessel CAD, left main stenosis 
≥50%, and 3-vessel nonobstructive CAD 

CAD Coronary Artery Disease; CFR Coronary Flow Reserve; CT Computed Tomography; LVEF 
Left Ventricular Ejection Fraction; MRI Magnetic Resonance Imaging; PET Positron Emission 
Tomography, SPECT Single-Photon Emission Computerized Tomography 
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Given the absence of radiation exposure, stress echocardiography is the preferred 
imaging modality in younger women with symptoms of IHD, especially those of 
reproductive age [4]. 

Myocardial Perfusion Imaging with SPECT and PET 

Similar to stress echocardiography, myocardial perfusion imaging (MPI) with single 
photon emission computed tomography (SPECT) or positron emission tomography 
(PET is recommended for diagnosis of CAD and risk stratification in symptomatic 
women at intermediate to high IHD risk and with resting ST-segment abnormali-
ties, functional disability, or indeterminate or intermediate-risk stress ECG, (Class 
I; Level of Evidence B) [4]. Stress myocardial perfusion imaging not only provides 
information about LVEF and wall motion abnormalities, but also about the extent 
and severity of myocardial perfusion at stress and rest. 

Single Photon Emission Computed Tomography (SPECT) 

Stress myocardial perfusion imaging with single photon emission computed tomog-
raphy (SPECT) is commonly performed in the evaluation of women with IHD 
symptoms. The sensitivity and specificity for the diagnosis of obstructive CAD 
in symptomatic women in exercise SPECT is reported as 81% and 78%, respec-
tively [9]. Pharmacologic SPECT with a vasodilator (i.e., dipyridamole, adenosine, 
or regadenoson) improves sensitivity (91%) and specificity (86%) [4] and is used 
frequently in patients with inability to exercise or with a baseline left bundle branch 
block [17]. 

False positive findings, especially anterior and anterolateral defects due to breast 
attenuation, are common in women who are obese or have large breasts and reduce 
the diagnostic accuracy of myocardial perfusion SPECT. In addition, women have 
smaller heart volumes than men and a higher risk of false negative studies. Newer 
techniques including the use of ECG gating to allow functional assessment (LVEF and 
wall motion abnormalities), attenuation correction protocols, use of 2 position supine/ 
prone or supine/upright imaging, and use of higher-energy radioisotope technetium 
(99Tc instead of 201TI) have been shown to reduce artefacts and increase diagnostic 
accuracy [18]. Novel high-speed SPECT cameras provide increased sensitivity due 
to improved count detection and advanced reconstruction algorithms resulting in 
improved image quality and reduced radiation exposure [19]. 

There is robust data on the excellent prognostic accuracy of exercise and pharma-
cologic SPECT in both women and men. The risk of CAD events increases gradually 
based on size and severity of perfusion defects. A normal or low risk study (defined 
as < 5% of abnormal myocardium or summed stress score of < 4) is associated with 
a < 1% annual risk of CAD death or nonfatal myocardial infarction (MI), whereas
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a high-risk result (e.g., moderately to severely abnormal or multivessel perfusion 
pattern or summed stress score > 8) increases the annual CAD death or MI rate to 
6% or greater [20]. Additional high-risk features include left ventricular dilation and 
left ventricular dysfunction at rest and stress [4] and should be noted on the final 
report. The finding of transient ischemic dilatation (TID) where the left ventricle 
dilates at stress (ratio of stress to rest greater than 1.18–1.35) varies in the literature, 
however this is a finding specific for obstructive left main disease or three vessel 
disease [21]. 

Positron Emission Tomography (PET) 

Stress myocardial perfusion positron emission tomography (PET) has several advan-
tages compared to SPECT, including improved spatial and temporal resolution as well 
as the ability to quantify myocardial blood flow and coronary flow reserve, which 
leads to improved diagnostic and prognostic accuracy, especially in obese women. 

The diagnostic sensitivity and specificity of PET is excellent at 92% and 85%, 
respectively [22], with an overall improvement in diagnostic accuracy of about 20% 
for stress PET MPI compared with SPECT MPI (88% versus 67%, respectively; P 
= 0.009) [23]. 

As in stress SPECT, an increase in the magnitude of stress and rest perfusion defect 
is associated with an increasing frequency of IHD events. Based on cumulative data 
of more than 7,000 patients, a normal scan indicates low risk (<1% annual cardiac 
event rate) while an abnormal scan is associated with worsening prognosis (> 4.2% 
annual event rate). There was also a graded increase in risk of CAD events with more 
extensive and severe perfusion defects (predicted CAD death increased by one-third 
for every 10% increase in percent of ischemic myocardium and by more than one-half 
for every 10% increase in percent of scarred myocardium) [18]. 

A distinct advantage of PET MPI is the ability to measure myocardial blood 
flow and calculate coronary flow reserve (CFR), which aids in the diagnosis of non-
obstructive CAD and coronary microvascular dysfunction that is more prevalent in 
women (Figure 20.1) [24]. A CFR of less than 2 is associated with a higher rate of 
adverse events, with a hazard ratio ~ 5 for CAD events in a study with short term 
follow up of about 1 year [25]. In patients with ischemia on PET MPI, the addition 
of a reduced CFR doubled their CAD death rate [26].

PET MPI also improves the detection of multivessel CAD compared to SPECT 
by assessing left ventricular function at rest and during peak stress (as opposed to 
post-stress with gated SPECT). An abnormal LVEF reserve, defined as a decrease or 
diminished increase in the LVEF during peak stress even in the absence of apparent 
perfusion abnormalities is suggestive of multivessel or left main disease [27]. 

An additional advantage of PET MPI is the substantially lower radiation dose, 
with an effective radiation dose of 3.6 mSv using the perfusion tracers rubidum-82 
and ammonia-13N versus 12.2 mSv for technetium-99 m SPECT [28].
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Fig. 20.1 Vasodilator PET stress with global myocardial blood flow ratio of 2.3 which is mildly 
reduced from normal in a patient with a clinical history consistent with microvascular angina

Computed Tomography (CT) 

Coronary Artery Calcium Scoring 

Coronary CT has increased in use and significance over the past decade. Non-contrast 
coronary artery calcium (CAC) scoring quantifies coronary artery calcium which 
signifies atherosclerotic disease. It is often reported as the Agatston score which is 
calculated by multiplying the density of the plaque (in Hounsfield Units) by the area 
of the plaque. Thus, coronary artery calcium scoring is a marker for atherosclerotic 
burden, however it does not assess luminal obstruction. [3]. 

Based on the 2018 guidelines on the management of cholesterol, coronary artery 
calcium scoring can be used to evaluate cardiovascular risk for primary prevention 
and guide the use of statin therapy for individuals without diabetes, with LDL levels 
higher than 70 mg/dl but less than 190 mg/dl and atherosclerotic cardiovascular 
disease (ASCVD) risk score is between 7.5% and 19.9% [29]. Recommendations 
for use of statin therapy based on the CAC score are summarized in Table 20.2. Coro-
nary artery calcium scores can also be added to the MESA (Multi-Ethnic Study of 
Atherosclerosis) risk calculator (https://www.mesa-nhlbi.org/MESACHDRisk/Mes 
aRiskScore/RiskScore.aspx),which includes other high risk features such as family 
history of premature CAD, to better predict cardiovascular risk.

https://www.mesa-nhlbi.org/MESACHDRisk/MesaRiskScore/RiskScore.aspx),which
https://www.mesa-nhlbi.org/MESACHDRisk/MesaRiskScore/RiskScore.aspx),which
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Table 20.2 Recommendations on statin therapy based on coronary artery calcium scoring 
according to the 2018 Cholesterol guidelines {Grundy, 2019 #157} 

Coronary artery calcium score 
(Agatston units) 

Addition Recommendation on statin 
therapy 

0 Without high-risk features Not indicatedReassess in 5-10 
years 

0 With high-risk features Reasonable to initiate statin 

Current tobacco use 

Diabetes mellitus 

Family history of premature 
ASCVD 

1-99 Reasonable to initiate statin for 
patients > 55 years of age 

≥100 or ≥ 75th percentile Indicated (Unless deferred by 
patient-clinician risk 
discussion) 

When compared to invasive coronary angiograms, a normal calcium score (score 
of 0) has a high negative predictive value with an extremely low probability of stenosis 
(< 1%). In contrast, women with moderate (≥ 100) or higher (≥ 400) CAC scores had 
a greater prevalence of obstructive coronary disease [30]. Of note, women are more 
likely to have a relatively “low” coronary calcium score despite a high percentile of 
75th percentile and the high percentile which will indicate an increased CV risk. 

It is important to highlight that coronary calcium scoring are only appropriate as an 
initial test for asymptomatic individuals. If a woman is having possible cardiac chest 
pain, and CT is the chosen imaging strategy, coronary CT angiography is indicated. 

Coronary CT Angiography 

CT angiography has undergone rapid improvements in technology, including dual-
source CT, spectral imaging, gantry rotation time, and advanced reconstruction algo-
rithms, which resulted in significantly improved diagnostic accuracy for the detection 
of both obstructive and nonobstructive coronary atherosclerotic burden [31]. Coro-
nary CT (CCT) angiography can provide information about plaque location, plaque 
burden and luminal narrowing, as well as important insight about high-risk plaque 
features and plaque composition, such as non-calcified plaque, spotty calcification 
or low attenuation plaque (<30 Hounsfield units) and positive arterial remodeling 
[32] (Figure 20.2).

CCT may be used as the index procedure in symptomatic women at intermediate 
IHD risk with resting ST-segment abnormalities, functional disability, or indeter-
minate or intermediate-risk stress ECG, (Class IIb; Level of Evidence C) [4]. The
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Fig. 20.2 High-risk plaque 
in the proximal LAD. While 
the vessel is only 25-50% 
obstructed by the 
non-calcified plaque (red 
arrow), there is evidence of 
high-risk features such as 
low attenuation plaque with 
spotty calcification. In 
addition, there is a mixed 
plaque with calcification 
(blue arrow)

updated 2021 AHA/ACC Chest Pain guidelines recommend coronary CT for eval-
uation of intermediate to high-risk patients with chest pain with a possible cardiac 
cause, who are under the age of 65 years and with suspicion for less obstructive 
CAD. However, for intermediate-high risk individuals who are over age 65 or with 
obstructive CAD suspected, functional stress testing is preferred [33]. It may also be 
used for further investigation if prior functional stress testing was inconclusive. 

Multiple clinical trials and meta-analyses have revealed a diagnostic sensitivity 
of 97% to 99% and a specificity of 88% to 91% for the detection of obstructive CAD 
compared with invasive angiography [4]. A recent secondary analysis of the Assess-
ment by Coronary Computed Tomographic Angiography of Individuals Undergoing 
Invasive Coronary Angiography (ACCURACY) trial showed a diagnostic sensitivity 
and specificity to detect > 50% stenosis in women of 90% and 88%, respectively, 
which is comparable to men (Sensitivity 96%, specificity 78%) [34]. 

There is well established evidence about the prognostic accuracy of CCT on both 
IHD events and mortality. Results from the Coronary CT Angiography Evaluation
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for Clinical Outcomes International Multicenter (CONFIRM) registry demonstrated 
a proportional increase in adverse events based on the number of coronary arteries 
with obstructive disease for both men and women (adjusted hazard ratios of 1.6, 
2.0, 2.9, and 3.7, respectively, for nonobstructive, 1-vessel, 2-vessel, and 3-vessel 
obstructive [> 50% stenosis] CAD compared with no CAD). Notably, the risk for 
adverse outcomes in patient with three-vessel or left main disease was higher in 
women compared to men (hazard ratio 4.21 vs 3.27). The absence of CAD was asso-
ciated with a favorable outcome (annualized death rate: 0.28%) [35]. Non-obstructive 
CAD was found less in women than in men but was associated with an increased 
risk for mortality and major adverse cardiac events that was similar in both men 
and women (HR for women: 1.77, HR for men: 1.96) [36]. In addition, in patients 
with non-obstructive CAD, the presence of noncalcified and mixed coronary plaques 
were associated with worse clinical outcomes in women and men when compared 
to calcified plaque alone (6-year death rate of 1.4% for calcified plaque, 3.3% for 
mixed plaque, and 9.6% for noncalcified plaque) [37]. 

The ability of coronary CTA to assess hemodynamically significant lesions > 
50% stenosis resulting in ischemia has traditionally been limited. Coronary computed 
tomography angiography-derived fractional flow reserve (FFR-CT) is a non-invasive 
physiological test that can assess flow limitation across coronary stenoses with high 
diagnostic accuracy and good correlation to invasive FFR [38]. In a study comparing 
FFR-CT with other stress testing a high sensitivity (90%) and moderate speci-
ficity (71%) for the detection of hemodynamically significant CAD was observed 
compared to invasive FFR testing [39]. The 2021 AHA/ACC guidelines recommend 
the addition of FFR-CT for intermediate-risk patients with acute chest pain and coro-
nary artery stenosis of 40% to 90% in a proximal or middle segment on CCTA to 
guide decision-making regarding the use of coronary revascularization [33]. 

Current generation radiation dosimetry is low for CCTA, with effective doses for 
most patients in the 3 to 5 mSv range [33]. However, a disadvantage of cardiac CT 
is radiation exposure to breast tissue, especially in young women. A coronary CT 
angiogram is predicted to have a slight increase in lifetime relative risk for breast 
cancer of by 0.2–0.4% in women aged 25 and 55 years, respectively [40]. In younger 
women radiation exposure should be considered when the choice of testing is made. 

The use of coronary CTA is limited in patients with underlying renal disease, 
allergy to iodinated contrast, respiratory instability or inability to follow breath-hold 
instructions as well as heart rate variability, arrhythmias or inability to tolerate beta 
blockers to achieve target heart rate [33]. 

Cardiac Magnetic Resonance Imaging (MRI) 

Cardiac magnetic resonance imaging (MRI) has developed significantly over the 
past decade. Advantages of MRI are high spatial and temporal resolution, lack of 
ionizing radiation, lack of attenuation artefacts, and lack of limitation by body habitus 
[32]. Cardiac MRI allows for the differentiation of a range of myocardial diseases
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causing chest pain in women, including myocarditis, stress-induced cardiomyopathy, 
sarcoidosis, and amyloidosis. In addition, in women at risk for or with suspected IHD, 
it has the ability to detect prior or recent myocardial infarctions with high sensitivity 
[31]. It may be reasonable to use stress cardiac MRI, especially stress perfusion 
cardiac MRI, as the index procedure for the diagnostic evaluation of symptomatic 
women at intermediate-high IHD risk and with (a) resting ST-segment abnormalities, 
(b) functional disability, or (c) indeterminate or intermediate risk (Class IIb; Level 
of Evidence B) [4]. 

Stress cardiac MRI can be performed with dobutamine, vasodilator or exercise 
and has been shown to have a high diagnostic accuracy for the detection of CAD 
in women [41]. A meta-analysis reported a diagnostic sensitivity of dobutamine 
stress MRI of 83% and specificity of 86%, with perfusion imaging 91% and 81%, 
respectively [42]. Vasodilator stress MRI is the preferred method due to shorter 
stress times and enhanced late gadolinium enhancement which facilitates detection 
of myocardial infarction [4]. A meta-analysis demonstrated a sensitivity of 89% and a 
specificity of 80% for vasodilator stress MRI, with adenosine having better sensitivity 
and specificity than dipyridamole (90% vs. 86% and 81% vs 77%, respectively) [43]. 
Specifically in women, sensitivity and specificity have been found to be 84% and 
88%, respectively, based on a multicenter registry of 147 symptomatic women who 
underwent vasodilator stress MPI and late gadolinium enhancement [41]. 

The CE-MARC (Clinical Evaluation of Magnetic Resonance Imaging in Coronary 
Heart Disease) single center trial [44] as well as the MR-IMPACT II study (A Study 
of Gadodiamide Injection in Myocardial Perfusion Magnetic Resonance Imaging) 
[45] demonstrated superior sensitivity in detecting CAD in vasodilator stress MRI 
compared to SPECT imaging, which was especially significant in women (88.7% vs 
50.9%, respectively). 

A meta-analysis found that patients with a negative stress cardiac MRI had very 
low annual cardiovascular event rates (0.8% for combined annual events, 03% for 
cardiovascular death and 0.4% for MI). Patients with evidence of ischemia on MRI 
had a higher incidence of MI (OR 7.7) and cardiovascular death (OR 7.0) with annual 
event rates of 2.3% for cardiovascular death and 2.6% for MI. The presence of late 
gadolinium enhancement was also significantly associated with a worse prognosis 
[46]. Late gadolinium enhancement imaging is routinely included in the cardiac MRI 
examination and may help detect previously unrecognized myocardial infarction 
which will then lead to the use of anti-ischemic and risk factor modifying therapies 
[32]. 

An advantage of stress MRI is the ability to assess for perfusion defects due to 
obstructive CAD, but also due to impaired coronary vasoreactivity and endothelial 
dysfunction. In a study of 113 symptomatic women without obstructive CAD on 
invasive coronary angiography, 57% demonstrated subendocardial hypoperfusion 
abnormalities on adenosine stress MRI with normal resting perfusion images consis-
tent with coronary microvascular disease, making stress MRI a useful an impor-
tant diagnostic tool in these women [47]. In a subgroup of patients of the WISE 
(Women’s Ischemia Syndrome Evaluation) study consisting of 118 women, patients
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with abnormal myocardial perfusion reserve determined by advanced semiquanti-
tative assessment on stress MRI were more likely to demonstrate abnormal inva-
sive coronary reactivity consistent with endothelial dysfunction [48]. The presence 
of perfusion defects in the absence of obstructive CAD were associated with an 
increased risk of cardiac events. One study showed that women experienced a 56-
times higher annual rate of major adverse cardiac events (MACE) compared to those 
with normal stress MRI (0.3% vs 15.1%, P < 0.001) [49]. Similarly, another sub 
analysis of the WISE study demonstrated a 2.3-fold higher 3-year risk of MACE 
in women with MRI-detected ischemia with no obstructive coronary artery disease 
(INOCA) compared to those with normal MRIs (43% with INOCA and 13% with 
normal MRI) [50]. 

The 2021 AHA/ACC Chest Pain Guidelines indicate that for approximately 
6% to 15% of troponin-positive acute coronary syndrome (ACS) occurring in the 
absence of obstructive CAD and importantly cardiac MRI can differentiate infarct-
related scar (MINOCA) from alternative causes such as myocarditis and nonischemic 
cardiomyopathy, when performed within 2 weeks of ACS [33]. 

Cardiac Imaging in Pregnancy 

Cardiac imaging in pregnancy is less common but poses a unique challenge. There 
are two important concerns in pregnancy, especially for the fetus: radiation exposure 
and contrast exposure. Careful consideration of differential diagnoses in pregnant 
women with chest pain should be made and imaging modalities should be chosen 
based on these with the goal to minimize exposure to contrast and radiation. Radiation 
exposure beyond 50 mGy can double the relative risk of childhood cancer from 0.1to 
0.2% [51]. If a threshold of 150 mGy is reached, significant damage of the fetus 
can occur, and assessment of intervention including pregnancy termination should 
be made. Notably, however, fetal exposure is well below 50 mGy for all cardiac 
imaging modalities. Contrast agents may cross the placenta and enter fetal circulation, 
however fetal teratogenic or mutagenic effects have not been reported. Intravenous 
iodinated contrast agents are classified as US Food and Drug Administration Category 
B, gadolinium-based contrast agent as US Food and Drug Administration Category 
class C [52]. 

Conclusion 

Ischemic heart disease remains a major threat to women and early diagnosis and 
treatment is important to decrease cardiovascular events and mortality. Contempo-
rary imaging techniques have high sensitivity and specificity for the diagnosis and 
prognostic evaluation of IHD in women, including obstructive and non-obstructive 
CAD as well as more female predominant microvascular and endothelial dysfunction.
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Advances in cardiac imaging will further establish its role in the non-invasive risk 
assessment of symptomatic women with suspected IHD to help guide management 
and decrease cardiovascular mortality. 
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Chapter 21 
Heart Ischemia/Reperfusion Injury—Is 
the Female Equally Protected Compared 
to Male? 

Delphine Baetz and Marie Vedere 

Abstract Despite the decrease in cardiovascular mortality over the past 3 decades, it 
still remains the leading cause of death in women. Young women have a lower risk of 
cardiovascular disease (CVD), but this trend is reversed after menopause. There are 
many reasons for this difference between men and women, including traditional risk 
factors such as diabetes, smoking, dyslipidemia, or aging for which women are clearly 
more impacted than men. Additionally, there are female-specific risk factors, called 
non-traditional risk factors, that are associated with increased risk of cardiovascular 
disease in women. These so-called non-traditional risk factors concern women with 
pre-eclampsia, recurrent pre-eclampsia, gestational diabetes and premature delivery. 
In addition, there is also an increased risk for women who use contraceptives, who 
have suffered recurrent miscarriages, premature ovarian failure and early menopause. 
There are also psychological, social and cultural aspects related to sex. Indeed, lower 
level of education is more frequently observed in women. Further, numerous pre-
clinical animal studies have highlighted some of the cellular mechanisms involved 
in the differences in the cardiovascular risk in females. These studies have shown a 
link between high estradiol levels, calcium handling and cardioprotection in young 
females. In addition, it seems that the mitochondria, which are essential to cardiac 
function by providing ATP for contraction and play a central role in the management 
of oxygen and calcium, are also, differentially regulated between males and females. 
Therefore, it is important to better understand the origin of these differences between 
men and women in order to improve the diagnosis, prevention and management of 
CVD in the future. 
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Introduction 

For many years, cardiovascular diseases (CVD) have been, in the common imagina-
tion, a male pathology related to their “bad habits” such as smoking, drinking, eating 
fat-enriched foods… Indeed, the differences in hormones and genes between males 
and females underlie sex-related differences in the regulation of physiological and 
pathological cardiovascular function. 

In 2019, cardiovascular diseases were the leading cause of death worldwide, 
with 18.6 million people which represent 32% of all death [1]. Of these numbers, 
World Health Organization (WHO) estimated that 7.4 million people died from 
coronary heart disease (CHD) alone (https://www.who.int/news-room/fact-sheets/ 
detail/cardiovascular-diseases-(cvds)), although it seems that over the last decades, 
deaths related to CVDs significantly declined [2]. Moreover, CVDs are responsible 
for the majority of deaths in females [3], which also have worse outcomes following 
acute coronary heart disease, compared with males [4]. In general, among CVDs, 
CHD and stroke are the main killer of women worldwide [5] (https://vizhub.health 
data.org/gbd-compare/). Nevertheless, there are some variations between males and 
females’ CVDs. In fact, in pre-menopausal women, CHD and cardiac remodeling 
following myocardial infarction is at lower incidence when compared to age matched 
males. On the contrary, in post-menopausal females or in pre-menopausal females 
who underwent oophorectomy, the incidence of CVDs is increased when compare 
to males [3, 4]. 

Sex differences in the prognosis, treatment, related disabilities and death related to 
Acute Coronary Syndromes (ACS) were first described in the Framingham Study in 
1979 [6]. Nevertheless, the underlying mechanisms of these differences are miscel-
laneous and not all known yet. This lack of knowledge is partly linked to the under-
representation of women in clinical trials [7] and the use of male animals in most 
basic research studies [8]. 

This chapter will discuss these differences and their origins. 

(1) Epidemiology of ischemia reperfusion injury in humans 

In the last 4 decades, we observed a clear decline in mortality from CHD. This 
decline is attributed to a significant progress in prevention and treatment, a decline 
in cigarette smoking, a better control of hypertension, and more importantly, the 
development and timely use of thrombolysis and stents in acute coronary syndrome 
to limit or prevent cardiac infarction. 

Among CVDs, CHD results mostly from ACS. ACS is divided into three 
categories: ST-segment myocardial infarction (STEMI), non-ST-segment elevation 
myocardial infarction (NSTEMI) and unstable angina. Recent analysis of 78,254 
patients from the Get With The Guidelines–Coronary Artery Disease registry pointed 
out that fewer women suffered from STEMI compare to men (28.2% vs. 35.1%) [9]. 
Moreover, women were less likely than men to have NSTEMI or unstable angina 
(36.6% vs. 47.6%) [10]. However, when comparing young STEMI patients under 
the age of 45, 22% of women have spontaneous aortic dissection compared to 3% of

https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds
https://vizhub.healthdata.org/gbd-compare/
https://vizhub.healthdata.org/gbd-compare/
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men which is also in accordance with greater risk for cardiac re-infarction (15% vs. 
1%) [11]. 

Over the past 3 decades, mortality from heart disease has declined, but cardiovas-
cular disease remains the leading cause of death among women. Moreover, recent 
reports show that there is even a trend of increasing CVD related mortality in past 
several years [12] and especially among young women [2, 13]. 

A recent study that examining the average rates of recurrent MI, recurrent CHD 
events, heart failure hospitalization, and mortality at the first year after MI between 
the years 2008 and 2017 found a dramatic drop in recurrent events for both men and 
women. However, mortality, recurrent MI and CHD events are still superior in men 
compared to women, with greater decrease in recurrence in women, compared with 
men [14]. On the contrary, survival rates of women with STEMI and NSTEMI are 
worse than that of men in a 10 years follow-up post infarction. The excess mortality 
rates for women are still present after adjusting for age and comorbidities, but it 
decreases after adjusting for the use of evidence-based treatments [15]. In parallel, a 
very recent publication that compiled the results of 15 different studies showed that 
short-term mortality continues to be higher in female with STEMI compared with 
male [16]. 

This chapter is dealing with female’s disadvantages when facing CVD, compared 
with males. Premenopausal women have significantly lower CVD risk than men 
of the same age, but women lose their benefit at the time of menopause. In fact, 
women are at higher risk for CVD 7 to 10 years later than men. These sex differ-
ences have been largely attributed to the protective effects of sex steroid hormones 
during reproductive years. The mechanisms involved in the cardioprotective effects 
of estrogen are varied; they include antioxidant properties, increased angiogenesis 
and vasodilatation, reduced fibroblast proliferation and antiapoptotic properties [17]. 

This book chapter will cover specific areas where women are disadvantaged 
compared to men, and include traditional risk factors for women, sex specific treat-
ment and diagnosis, and lastly, female’s personal knowledge and behavior, that can 
contribute in a negative way to cardiovascular disease development and management 
[18] (Fig. 21.1). 

(2) Traditional risk factors for women 

While in younger ages, women are at lower risk for CVD, in older ages women are 
at higher risk for CVD than men. A significant part for CVD risk could be prevented 
by maintaining a healthy lifestyle and controlling glucose, cholesterol and blood 
pressure at normal levels for both men and women. Most of the CHD risk factors 
have been descried in both sexes, but some of them are linked with different risk for 
men or women [18]. Sex differences have been pointed out in diabetes, dyslipidemia 
and obesity [19]. For example, the prevalence of diabetes is higher in women [20]. 
However, on the contrary, women tend to have better controlled blood pressure and 
lower cholesterol [21, 22]. Indeed, total cholesterol had more pronounced adverse 
effect on CHD in men than women [23]. But a number of known cardiovascular risk 
factors were shown to have a higher relative effect in women, including diabetes 
[24], atrial fibrillation [25] smoking [26], and low socioeconomic status [27].
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(a) Diabetes 

Cardiovascular complications are one of the most common causes of morbidity and 
mortality among diabetic patients [28]. Surprisingly, during the last 30 years, a reduc-
tion in CVD mortality was observed only in men and not in women. In the 1970s, 
women with diabetes had better survival rate than men, that was largely suppressed 
between 1988 and 2000 [29]. The lack of improvement among women is concerning 
but not well documented. 

While type 2 diabetes is more prevalent in men compared to women (9.6 vs. 7.9%) 
[30], cardiovascular risk is higher in diabetic women than men, suggesting worse CV 
consequences and mortality in diabetic women, independently of age [31, 32]. For 
example, a meta-analysis from 64 cohorts that included 858,507 individuals, 28,203 
of them with CHD demonstrated that diabetic women have 40% increased risk for 
CHD compared to diabetic men [24]. Moreover, obesity, which is a related risk factor 
to diabetes, is more prominent in women [33]. Interestingly, it seems that women 
with diabetes lose their sex-related protection in the development of CVD [34, 35]. 
An analysis of pooled data from the Framingham Heart Study and the Framingham 
Offspring Study with follow-up of 20 years showed that the adjusted hazard ratios 
(HR) with 95% confidence intervals for death from CHD were 2.1 (95% CI, 1.3– 
3.3) in men with diabetes only, and 4.2 (95% CI, 3.2–5.6) in men with CHD only 
compared with men without diabetes or CHD. This is reversed in women with hazard 
ratio for CHD death being 3.8 (95% CI, 2.2–6.6) in women with diabetes, and 1.9 
(95% CI, 1.1–3.4) in women with CHD [36]. 

Different studies in humans and animal models suggest that diabetic female have 
endothelium impairment [37]. While men have a two-fold increased risk for CHD, 
diabetic women have four-fold increased risk for CHD [38]. This difference can be 
partly explained by the endothelial dysfunction observed in women with diabetes 
that is more pronounced than in diabetic men [39]. Moreover, evidence suggests 
that impaired glucose tolerance combined with vascular dysfunction in pre-diabetic 
individuals present a greater risk in women than in men [40]. 

Notably, ex disparities in diabetes pharmacotherapy also exists, but they cannot 
explain in full the excess risk in women. Additional studies are needed to better 
elucidate the different mechanisms responsible for this disparity in diabetes-related 
risk of CHD [24]. It is reasonable to speculate that treatment recommendations for 
women with diabetes should be different from those for men. 

(b) Smoking 

Smoking represents a major risk factor for myocardial infarction for women both 
before and after menopause [41]. When comparing the risk factor for myocardial 
infarction between men and women, the relative risk is 1.9 versus 3.3, respectively 
[42]. Among adults with known CVD, nearly one third are users of tobacco. Further-
more, women are even more at risk when using oral contraceptives with tobacco 
products. In fact, smoking is a risk factor for venous thrombosis with a bigger relative 
effect among young women using oral contraceptives [43].
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To date, we do not have enough information on the cardiovascular impact of 
electronic cigarettes usage, and the sex dependent risk, although one study revealed 
greater usage of electronic cigarettes in women with prevalent cardiovascular disease 
when compared with men [44]. Nevertheless, it is also important to evaluate the 
influence of dual use (cigarettes and e-cigarettes) regardless of sex [45]. 

(c) Hypertension 

In average, women develop hypertension a decade later than men do, and the effect 
of hypertension becomes more prevalent in elderly women than in elderly men. 
Although there are no sex differences in the clinical manifestation of hypertension 
[46], hypertension in older women is often less controlled. In this regard, only 23% 
of women vs. 38% of men over 80 years have a blood pressure inferior of 140/90 mm 
Hg [47]. 

(d) Dyslipidemia 

Atherosclerosis related CVD are strongly linked to dyslipidemia, and represent the 
highest population-adjusted risk of 47.1% among women after menopause, compared 
with all other known risk factors for CVD [19]. This risk is typically not observed 
prior to menopause, even if cholesterol levels are high. 

A study called INTERHEART aimed to measure Apolipoprotein B (ApoB)/ 
Apolipoprotein A1 (ApoA1) and TC/HDL-C levels in men compared to women. 
The study found a strong association between higher blood lipid levels to acute 
myocardial infarction in women, compared with men [48].Therefore, in the last 
decades, statins are used extensively for lowering serum cholesterol and associated 
risk for CVD. However, a recent study that assessed the association between absolute 
reductions in LDL-C levels with statin therapy and all-cause mortality suggested that 
association between absolute reductions in cholesterol levels and individual clinical 
outcomes is not well established [49]. 

Importantly, most of the clinical studies that evaluated the effects of lipid-lowering 
medications on CHD were done mainly in men, and not in women. Therefore, extrap-
olated recommendations were made for clinical use for women. Recently, a new 
meta-analysis study pointed out the observed effects of statins treatment in women, 
showing that statins therapy reduced CHD in primary prevention in men but not in 
women [50, 51]. More specifically, for women without CVD, statins use does not 
have any impact on all-cause mortality or CHD mortality, however, for women with 
known cardiovascular disease, statin treatment is effective in reducing CHD events 
and CHD mortality [52, 53]. 

(e) Aging 

Age is linked to a deterioration in heart function which is linked to an increased risk 
for developing CVD [33]. As already mentioned, sex is another risk factor in aging. In 
the AHA 2019 Heart Disease Statistical Update, the incidence of CVD was reported 
to be greater in females than males at ages 60–79 ( 78.2% versus 77.2%) and 91.8% 
versus 89.3% for ages over 80 [54]. The risks associated with cardiovascular disease



334 D. Baetz and M. Vedere

increase with age regardless, of sex, and this is related to a significant decrease in 
testosterone and estrogen levels [33]. Within the older population, cardiovascular 
disease is still the leading cause of death, and, with increasing life expectancy, the 
incidence of cardiovascular disease is likely to remain very high among older people, 
representing an increasing high sociological and financial cost to our society [55]. 

(3) Non-traditional Risk Factors for Women 

In 2018 and 2019 the American Heart Association/American College of Cardiology 
Multi-Society cholesterol guideline and American College of Cardiology/American 
Heart Association guideline first introduced the concept of risk-enhancing factors that 
are specific to women [56, 57]. These guidelines included premature menopause, 
preeclampsia, gestational diabetes and polycystic ovary syndrome as CVD risk-
enhancing factors [58]. 

In order to quantify the associations that may exist between reproductive factors in 
women at childbearing age and their cardiovascular risk, a meta-analysis published 
in 2020 compiled the results of 32 review papers. According to this study, the risk for 
ischemic heart disease among women with pre-eclampsia, recurrent pre-eclampsia, 
gestational diabetes, and preterm birth increased by 2-folds. The risk for women 
who use combined oral contraceptives (estrogen and progesterone), experienced 
recurrent miscarriage, premature ovarian insufficiency, and early menopause have 
increased by 1.5–1.9 folds. Miscarriage, polycystic ovary syndrome and menopausal 
symptoms also represent a risk factor, but the associations with cardiovascular risk 
is less prominent [59]. According to these findings, from menarche to menopause, 
some hormonal factors linked to reproduction are associated with increased risk of 
CVD, therefore, it is of importance to consider these hormonal factors in order to 
propose new guidelines to women that will to improve their care and better predict 
their risks, especially in younger women. 

(a) Early Menopause and Premature Menarche 

In 2016, a systematic review revealed that women who experience premature or early-
onset menopause had a higher risk of CHD, CVD mortality, and overall mortality 
[60]. More recently, in 2019 and 2020 two other meta-analysis studies linked the type 
and age of menopause onset to the risk of CVD. The first study, from the InterLACE 
consortium, compared natural menopause and surgical menopause, and showed that 
surgical menopause was associated with over 20% increased risk of CVD [61]. The 
second pooled individual-level data from 15 observational studies performed across 
five countries (Australia, Scandinavia, the USA, Japan, and the UK) between 1946 
and 2013, revealed an increased risk of non-fatal CVD before the age of 60 years 
for women who experienced premature and early menopause. Interestingly, this risk 
was no more apparent after the age of 70 years [62]. 

These results led to the idea that hormone replacement therapy (HRT) could 
provide a solution for post-menopausal women to reduce risk for CVD. A study 
conducted by The Women’s Health Initiative that included 16,608 postmenopausal 
women who were randomized to HRT versus placebo was ended prematurely due to
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a strong signal of increased CVD risk in women on the combined estrogen-progestin 
pill [63]. On the contrary, another study pointed out to a lower risk for CHD among 
women who experienced surgical menopause before 50 years old and were treated 
with HRT, compared to women that were not treated with HRT [61]. Altogether, 
most studies failed to show any cardiovascular benefit for the use of HRT and several 
studies even reported increased risk. To date, HRT is not recommended for prevention 
of CVD [64] and women with premature menopause need specific monitoring that 
takes into account the increased risk factor. 

Recently, the link between CVD and the age of menarche was examined. A meta-
analysis study revealed an increased risk of death from all causes for women who had 
menarche before the age of 12 years. Moreover, early menarche was associated with 
increased risk of death from ischemic heart disease, among nonsmoking women [65]. 
Notably, early menarche was also linked to development of hypertension, diabetes 
and hypercholesterolemia which all increase CVD risk [66]. 

(b) Pre-eclampsia 

Pre-eclampsia, a hypertensive disorder of pregnancy, affects around 10% of all preg-
nancies. Women who experience pre-eclampsia have a twofold increased risk for 
CVD later in life, compared with women with normotensive pregnancies. More-
over, these women display an increased risk of chronic hypertension, dyslipidemia, 
diabetes and atherosclerosis [67]. Interestingly, when the pre-eclampsia is recurrent, 
the risk is even higher (RR 2.40, 95% CI 2.15 to 2.68) when compared with women 
with subsequent uncomplicated pregnancy [68]. NT-proBNP levels are increased 
in patients with preeclampsia, which is also an indication for increased risk for 
CVD [69]. To date, there is no consensus on the guidelines addressing postpartum 
cardiovascular risk assessment for women with pre-eclampsia [67, 70, 71]. 

(c) Gestational diabetes 

Gestational diabetes (GD) affects 7–10% of all pregnancies worldwide. GD is corre-
lated with an increased risk for developing type 2 diabetes (T2DM) which is a major 
risk factor of CVD, as discussed previously [72]. 19% of women who experienced 
GD will develop T2DM compared to 4.8% in women who did not experience GD 
[73]. 

According to a Canadian meta-analysis, women with GD had an increased cumu-
lative incidence of hospitalization for CVD 25 years after delivery that is associated 
with higher risk of myocardial infarction (HR 2.14, 95% CI 1.15–2.47), coronary 
angioplasty (HR 2.23, 95% CI 1.87–2.65), and coronary artery bypass graft (HR 
3.16, 95% CI 2.24–4.47) [74]. In 2019, another meta-analysis that pooled data from 
5,390,591 women with GD showed an elevated risk of cardiovascular disease in the 
first decade after pregnancy that was not affected by the incidence of T2DM, that is 
more frequent after GD [75]. 

The reason for increased risk for CVD among women with a history of GD, 
may be explained by alterations to endothelial function. In fact, glucose intolerance 
has been related to endothelial changes during GD. These changes can last years
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after pregnancy as shown by a significant reduction in coronary blood flow which is 
correlated with a coronary microvascular dysfunction [76]. 

Furthermore, poor blood sugar control during pregnancy, even without GD diag-
nosis, was also found to be associated with a future risk for CVD. Every 1 mmol/L 
increment in the glucose tolerance test during pregnancy, was associated with a 13% 
higher risk of CVD, after adjustment for age, ethnicity, income, rurality, and women 
with gestational diabetes [77]. 

Therefore, it is of importance to consider GD as a potential CVD risk factor, and 
to implement a regular follow up to women with GD following pregnancy. 

(d) Polycystic ovary syndrome 

5–20% of women suffer from polycystic ovary syndrome (PCOS) that is character-
ized by excessive androgen hormone production by the ovaries and is associated with 
insulin resistance and compensatory hyperinsulinaemia [78]. 

A recent study showed an association between subclinical CVD markers, such 
as endothelial dysfunction and coronary artery calcium stores and PCOS. Neverthe-
less, because PCOS is currently associated with metabolic disorders, it is difficult 
to distinguish the relative importance of metabolic risk factors from PCOS when 
considering CVD risk factors [79]. There is a lack of population-based long-term 
studies examining cardiometabolic morbidity and mortality in PCOS with a need for 
further research to better understand the long-term cardiometabolic impacts on CVD 
among women with PCOS [80]. 

(e) Oral contraceptives (COCs) 

The use of COCs is associated with 2- to 4-fold increased risk for arterial and venous 
thromboembolic events. The risk for venous thromboembolism in women using 
oral contraceptives aged < 30 years is estimated to be 3.7/10,000 cases annually, 
compared to 1.2/10,000 in women who do not use COC. Moreover, the risk for 
venous thromboembolism is rising with age [81]. The dose of COCs is in relation to 
the risk of AMI. A meta-analysis that compiled data from 1298 publications showed 
that the risk of myocardial infarction or ischemic stroke was 1.6-fold higher in women 
using > 50 μg estrogen COCs [82]. 

(4) Clinical presentation, diagnosis and management 

Clinical presentation, diagnosis and therapeutic strategies used for women suffering 
from acute coronary syndrome may explain partially sex-related differences observed 
in ischemia/reperfusion injury. There is a large amount of data describing the 
differences involved with ACS between women and men and their outcomes. 

The management of ACS is based on a rapid diagnosis. Different studies evalu-
ated women specific symptoms of AMI, in order to promote knowledge and better 
diagnosis of AMI in women. One meta-analysis of fifteen prospective studies with a 
total sample size of 10,730 pointed out that during a suspected ACS, women present 
with dyspnea, arm pain, nausea and vomiting, fatigue, heart palpitations and pain 
at the shoulder. Moreover, the average age of AMI in women is four years older,
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compared to men [83]. Another study indicated that chest pain is the predominant 
symptom for both sexes, however, women present a greater number of additional non-
chest pain, and both women and their healthcare providers were less likely to attribute 
these prodromal symptoms to heart disease, in comparison with men [84]. Prodromal 
cardiac symptoms are warning signals that precede cardiac disease. Previous studies 
have shown sex differences in prodromal symptoms as well as established risk factors 
for MI. Recently, 213 middle-aged men and women, all diagnosed with myocardial 
infarction were enrolled in a study that mapped possible sex differences and estab-
lished a list of risk factors that precede myocardial infarction. In this regard, the 
dominant prodromal symptom for both males and females was chest pain at the time 
of onset of MI, however, hyperlipidemia status was more frequent in females. Females 
also reported to have higher stress load the year preceding myocardial infarction with 
serious life events, followed by reports on sadness/depression. These findings may 
contribute to a better understanding of different diagnostic approach between sexes, 
as well as a sex-oriented cardiovascular preventive approach [85]. Insights from the 
PROMISE trial revealed that although women had more frequently normal nonin-
vasive testing compared with men, those with abnormal results were less likely to 
be referred for catheterization or to receive statins therapy. These results strongly 
support the need for a sex-specific algorithm to guide noninvasive testing and chest 
pain management [86]. 

For women experiencing STEMI, the door-to-device time and first medical 
contact-to-device time are longer and are associated with increased mortality rates 
[87]. Indeed, different studies indicated that women traditionally delay seeking 
medical help, compared to men. This may be attributed to misinterpretation of symp-
toms, difficulties to access care, embarrassment or even a low awareness of personal 
risk [88]. Recently, a study performed on 6330 patients with STEMI (21% women) 
compared the differences in delays for emergency call services and door-to-device 
time and reported that female patients undergone excess delays in prehospital system, 
and hospital delays, even after adjustment for confounders that resulted in an adjusted 
excess delay of 10 min, compared with men [89]. 

Notably, the anatomic coronary structure of women is different from the one in 
men, with smaller blood vessels in women, compared to men [72]. It is correlated with 
a more frequent coronary plaque erosion with distal embolization in women while 
men are more often suffering from plaque rupture with thrombosis [90]. Diffuse 
atherosclerotic is typical in CAD in women and often associated with microvascular 
and endothelial dysfunction, while epicardial coronary stenosis is more frequent in 
men [91]. Notably, women diagnosed with STEMI continue to experience subop-
timal treatment delays related to worse adverse outcomes. It could be in part related 
to a misperception of CVD risk in females by the medical staff, because women 
have commonly been considered more protected, or, it could be related to presenta-
tion with atypical symptoms [87]. Indeed, coronary interventions are less frequent 
in women [92], and have a lower rate of -prescribed guideline-directed medical 
therapy and a greater mortality in hospital [13]. Recently, it has been shown that 
the treatments offered to women are less aggressive, and a lower rate of interven-
tional procedures are performed in women, when compared to men [93]. In addition,
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a recent study showed that after multivariable adjustments, evidence-based acute 
treatments for ACS, including early dual antiplatelet therapy, heparin, and reperfu-
sion therapy, are less frequent in women than in men. Furthermore, women that are 
suitable for secondary prevention are less likely to receive dual antiplatelet therapy, 
angiotensin-converting enzyme inhibitors/angiotensin receptor blockers, or statins at 
discharge [94]. Moreover, a study performed on 7878 patients hospitalized following 
MI or angina, demonstrated that women less frequently receive immediate invasive 
management [95]. It appears that sex disparities in timeliness to reperfusion in young 
patients with STEMI are also persisted [96]. 

In addition to delayed diagnosis and lack of optimal treatment, women with ACS 
that undergone successful percutaneous coronary intervention still have a 20% higher 
adjusted mortality risk in the short term. 1 year after ACS, those over age 45 have 
a 74% survival rate vs. 81% in men [97]. Furthermore, residual angina is more 
frequent after myocardial revascularization in women [98], and young women in 
particular, have worse short-term and long-term outcomes than men [4]. Indeed, 
spontaneous coronary artery dissection is an increasingly recognized cause of acute 
coronary syndromes (ACS) afflicting predominantly younger to middle-aged women. 
Spontaneous coronary artery dissection (SCAD) is responsible for a particular and 
atypical form of myocardial infarction, affecting mostly women in apparent good 
health (80 to 90% of patients are women) [99]. Recent studies show that this poorly 
understood disease is not as rare as previously thought: it is in fact responsible for 
almost a third of acute myocardial infarctions occurring in women under 60 years 
old. The number of these heart attacks is clearly underestimated because the patients 
do not present the classic risk factors, such as high cholesterol and overweight, 
which may lead to preventive treatment. The first genetic risk factor for spontaneous 
coronary artery dissection was identified in the largest study conducted to date for 
this condition, but more studies are needed to better understand the mechanisms 
involved in this atypical form of ACS [100]. 

Recently, the Lancet women and cardiovascular disease Commission summa-
rized the main differences in prevention, diagnosis, treatment and access to care 
for women when compared to men. They concluded that cardiovascular disease in 
women remains understudied, under-recognized, underdiagnosed, and undertreated 
[101]. 

(5) Personal knowledge and behavior disadvantaged 

It is evident that sex, greatly influences physiological functions and pathophysiology. 
However, psychological, social and cultural aspects linked to sex can also play a 
role in pathophysiology. Indeed, these factors can exacerbate or inhibit biological 
processes, and cardiovascular risks are not spared by this [102]. In most of the 
world, women live longer than men. However, this advantage tends to disappear. 
The reason for that may rely on the fact that in many countries women have less 
access to education, which gives them less access to health, and consequently, may 
lead to opposite tendency in survival rates [103]. 

(a) Low social status
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Several studies have already shown that there is a relationship between a low socio-
educational level and an increased risk for CVD. This may be related to other factors, 
such as biological, behavioral (lack of sleep, obesity, etc.) or even psychological 
(anxiety, depression, etc.), which are known to be more frequent in women with 
low socio-educational level [104]. Moreover, adverse childhood experiences is also 
associated with higher CVD risk in adults [105]. In a systematic review that collected 
data from 116 cohorts, a strong link between risk of CHD was associated with lower 
educational achievement in women, compared with men [27]. In order to explain 
this link, two recent studies demonstrated that low socio-economic status is a source 
of chronic stress that promotes inflammation and atherogenesis [106, 107]. 

(b) Obesity, overweight, and physical inactivity 

In the last 3 decades, the prevalence of overweight (BMI > 25 kg/m2) and obesity has 
increased significantly in the general population. In 2015, 1.9 billion and 609 million 
adults were estimated to be overweight or obese, respectively. This corresponds to 
almost 39% of the world’s population. Global prevalence for obesity have increased 
from 8.9 to 14.8% in women, and from 5 to 10.1% in men between the years 1980 
and 2015 [108–110]. These sex-related differences in obesity prevalence are not only 
related to nutrition, but also to lifestyle discrepancies between men and women and 
are important to be considered [111, 112]. 

Generally, overweight and obesity are strongly correlated with CVD mortality, 
especially in women [113]. The Framingham Heart Study found that obesity 
increased the relative risk of CAD by 64% in women, as opposed to 46% in men [114]. 
It is well known that adiposity is a source of sterile inflammation that can be strongly 
associated with CVD [115, 116]. Moreover, the hormonal changes occurring after 
menopause, especially estrogen decrease, result in an increased risk of metabolic 
syndrome and cardiovascular complications in obese postmenopausal women [117]. 

To counteract the effect of obesity, exercise training is beneficial. Indeed, exer-
cise training is a good physiological stimulus, which was shown to reduce primary 
and secondary cardiovascular events. The WHO organization reported recently that 
inactivity or insufficient physical activity is correlated with an increased risk of CVD 
and shortens lifespan by three to five years. In addition, data from 2016 reported 
that 31.7% of adult females and 23.4% of adult males are not active enough. This 
can certainly be attributable to historical habits where males have been more likely 
involved in specific sports/physical activities that are different from those practiced 
by females [118]. It is therefore important to reconsider the recommendations for 
physical activity, especially in women to promote better prevention. 

(c) Psychological health 

There is an increasing evidence that psychological health can represent a risk factor 
in the development of CVD [119]. 

A meta-analyze study from the last decade showed a significant increased risk 
for coronary heart disease among adults experiencing stress at work and in personal 
life. The proposed mechanisms are inflammation, metabolic changes and hemo-
static disturbances [120]. Different studies have defined anxiety as a risk factor



340 D. Baetz and M. Vedere

for hypertension [121]and metabolic syndrome [122]. Moreover, a recent study 
looking at 2,017,276 participants from 46 cohorts reveal a close association between 
anxiety and increased risk of CHD mortality of 41% [123]. Depressive disorders, 
that affect more women than men, are also associated with increased risk for devel-
oping and dying from CVD [124], especially myocardial infarction which stands 
at 30% [125]. About 20–25% of women go through depression during their life, 
therefore, it begs the question- how is it linked to CVDs? it seems that biological 
risk factors, including sympathetic nervous system, hyperactivity and impairment in 
hypothalamic–pituitary–adrenal function are involved [126]. In this regard, an obser-
vational study which included 560 women, showed that women with depression had 
a 2.53-fold risk for MI during the 16 years follow-up [127]. 

On the contrary, positive psychological health has its own independent associa-
tions with lower risk of CVD [128]. The American Heart Association proposed a 
definition of cardiovascular health that comprises of 7 components: 4 health behav-
iors (physical activity, healthy diet, no smoking, and normal BMI) and 3 health factors 
(normal blood pressure, total cholesterol, and plasma glucose). It is well recognized 
that optimism is associated with healthier behaviors, such as more physical activity, 
no smoking, healthy diet score, better sleep quality, and higher composite cardio-
vascular health scores [119]. In women in particular, it has been shown that positive 
state of mind is associated with lower risk of CVD [129] and slower progression of 
atherosclerosis [130] (Fig. 21.1). 

(6) Mechanisms of CVD in women

Fig. 21.1 Why CVDs are responsible for the majority of deaths in the female population? 
Specific factors in which women are considered disadvantaged compared to men in terms of cardio-
vascular health, including traditional risk factors, women-specifics risk factors, diagnosis, treatment 
and management, and personal knowledge and behavior 
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Clinical studies show that many biological or non-biological determinants affect 
cardiovascular health differently in women and men. Many in vivo animal studies 
try to decipher the cellular mechanisms involved in the different responses to the 
risk factors of cardiovascular disease in females. However, a limiting factor in these 
studies is that they have long been performed in male mice only. Nevertheless, many 
studies deliberately trying to search for sex-related differences in the cardiovascular 
system discovered genes that exhibited sexual dimorphism [8]. 

Many in vivo animals based studies are contradictory when comparing females and 
males. For example, a study focusing on IHD in women demonstrated that female rat 
hearts were more resistant to oxygen deprivation than hearts of male rats [131]. The 
same protection was shown in female dogs, rats, mice and rabbits hearts subjected 
to ischemia–reperfusion [132]. There are two others examples where females have 
better resistance to heart ischemia. The first one shows in a model of rat Langendorff 
perfused heart that ischemia causes smaller infarct size in females compared to males 
[134]. The second study performed in mice describe a better functional recovery of 
the heart [133]. However, it is important to note that there are also many experimental 
models that did not show any differences between males and females; this was the 
case of an in vivo model of coronary artery ligation in adult dogs subjected to 1 h 
of ischemia and 4 h of reperfusion [134]. Two others studies reported no differences 
in the infarct size between males and females in rat models in vivo [135] or ex vivo  
[136]. It is important to note that all these studies were performed with young animals. 

(a) Estrogen 

Epidemiological data suggest that premenopausal women are protected from CHD 
compared with age-matched men, but this protection is lost after menopause. This led 
to the generally accepted conclusion that the sex hormones, and especially estradiol 
(E2) can protect against CHD in women. Most studies in humans found a link between 
high estradiol levels and cardioprotection in young women. 17β-Estradiol (E2) is  
the principal estrogenic hormone that exerts its cardioprotective effect via different 
receptors, including estrogen receptors α (ERα) and β (ERβ) and the G protein-
coupled estrogen receptor 1 (GPER). However, the literature reports some conflicting 
results, which may be due to different experimental models considered, acute versus 
chronical effects, species, age, etc. Moreover, because of the dramatic changes in 
cardiac risk factors between premenopausal and postmenopausal women, estrogen 
has been extensively studied for its potential cardioprotective effect. In the early 90th 
an evolutionary study pointed out to the beneficial role of estrogen use in reducing 
the incidence of CHD and the associated mortality from CVD [137]. However; at the 
same time, the Framinghan heart study showed a 50% increased risk of cardiovascular 
morbidity from estrogen consumption [138]. This controversy has not been fully 
settled to that day, in part due to the potentially severe side effects and contradicting 
benefits [17]. 

Ovaries are the primary site of E2 production in premenopausal women, and E2 
is produced in small amounts by the testes in men [139]. It was shown that E2 can 
be synthesized in extragonadal tissues, through the conversion of testosterone by 
cytochrome p450 aromatase in both sexes [140]. Among these E2-producing tissues,
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heart is expressing the aromatase and E2 can also be produced locally in cardiac cells. 
This suggests that local cardiac E2 synthesis could play a role in the E2-mediated 
effects on CHD [141]. Erα, ERβ and GPER are all expressed in the heart [142]. 
ERα and ERβ are also detected in vascular smooth muscle cells (VSMC) [133]. The 
multiplicity of receptors and sites of action of E2 makes it difficult for understanding 
the mechanisms involved in cardioprotection and therefore, this field of research is 
not fully elucidated yet [143, 144]. 

In order to better understand the role of estradiol, scientists mostly used ovariec-
tomized females or transgenic models that do not express the E2 receptors. E2 acts 
through interaction with the different receptors (ERα, ERβ or GPER) that induce 
different responses, which can be genomic and/or non-genomic. The physiological 
responses may be different because E2 levels varies between sexes and in accor-
dance with age in females. Notably, it has been shown that E2 levels in women after 
menopause may be similar to those in men. In order to understand the importance 
of E2 levels, Quesada et al. demonstrated in rat Langendorff perfused hearts, that 
infarct size was reduced in hearts from intact females compared to ovariectomized 
ones, where E2 production was inhibited [11]. Interestingly, the signaling pathway 
of the protective effect of estrogen may be due to suppressed calcium-calmodulin-
dependent protein kinase II (CaMKII) activity. Indeed, CaMKII was up-regulated 
in the hearts of ovariectomized rats and was related to bigger infarct size [145]. 
Furthermore, some studies have shown a reciprocal link between E2 and calcium 
signaling. ERα and GPER are regulated by Ca2+ at the receptor level and down-
stream signaling via a feedforward loop [146]. E2 also plays a role in the wound 
healing response following myocardial infarction, but the results of different studies 
are contradictory. Genomic responses via ERα and ERβ were  shown to be mostly  
in favor of decreased infarct size, while the GPER response is mostly non-genomic 
and is associated with smaller infarct size. Surprisingly, however treatment with E2 
to ovariectomized females also leads to conflicting results, showing higher mortality 
and infarct size in some studies, or improved heart remodeling and increased survival 
in others, as described in the review by Matarrese [147]. Another contradictory is 
seen with the type of receptors implicated, such as shown in a recent work demon-
strating that activation of ERα reduces mortality with increasing infarction extension, 
while stimulation of ERβ accounts for reduced infarction area and increased cardiac 
hypertrophy and mortality [148, 149]. 

(b) Calcium handling 

Calcium homeostasis is highly important in maintaining the principal activity of 
the heart, pumping blood. Its regulation is very complex and is the result of many 
signaling pathways with many factors involved. In this regard, E2 regulates numerous 
calcium-dependent activities in cardiac tissues. For example, it has been shown that 
ovariectomy decreased the abundance of beta1-Adrenergic receptor and L-type Ca2+ 

channel protein without affecting the other factor involved in calcium regulation, 
such as sarcoplasmic reticular ATPase, phospholamban, and ryanodine receptor.
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However, hormone-dependent modifications in protein contents were not associ-
ated with changes in contractile function [150]. Nevertheless, during stress condi-
tions, such as during ischemia–reperfusion, the extent of injury was greater in males 
and associated with increased sarcoplasmic reticulum Ca2+ [151]. Therefore, it was 
postulated that lower expression of β1-AR in intact females would provide a mech-
anism for the reduced calcium overload and reduced ischemia–reperfusion injury 
observed, but it still cannot explain the differences in extracellular calcium between 
males and females [151]. Another mechanism than can account for the differences 
observed in Ca2+ handling may be mediated in part by nitric oxide synthase (NOS) 
[152]. Estrogen upregulated NOS in female hearts and caused S-nitrosylation of the 
L-type-calcium channel which resulted in decreased calcium entry via the L-type 
calcium channel and therefore, less calcium loading during ischemia [153]. 

(c) Genetic and proteomic regulation of cardiac metabolism 

Different studies related to modification in a number of genes implicated in 
metabolism could account for the different capacity of protection from ischemia– 
reperfusion. Some studies showed that beta estrogen receptor play a role in this 
protection and that its absence is correlated with altered expression of certain 
metabolic genes that may be important in ischemic injury as the relative use of 
carbohydrate versus fatty acid in the production of ATP. Indeed, female hearts have 
increased ratio of carbohydrate to fatty acid metabolism, compared with males [149, 
154]. In addition, cytoskeletal, contractile, and mitochondrial [155]. Vijay et al. [156] 
proteins have been shown to differentiate between the sexes [157]. 

(d) Role of mitochondria 

A large body of evidence indicates that mitochondria are essential for the heart 
function by providing ATP for the contraction and are central in the oxygen and 
calcium handling. Mitochondrial dysfunction plays a major role in the develop-
ment of ischemia–reperfusion injury [158]. Nevertheless, the role of mitochondria 
in the differences observed in tolerance to ischemia–reperfusion between male and 
females is still unclear [159]. There is no difference in mitochondrial function and 
metabolism between male and female rats until the end of weaning period (day 30); 
however, during the period of sexual maturation the cardiac tolerance decreases in 
males, but remains unchanged in females. This suggests that the adult female heart 
is more resistant to oxygen deprivation than male heart [132], which may correlate 
with differences in mitochondrial content or function. Indeed, it has been shown 
that cardiomyocytes from female rat hearts exhibit lower mitochondrial content 
but better function [160] coupled with improved lipid utilization, higher oxida-
tive capacity, lower ROS production, and better calcium retention capacity [161] 
in comparison with males [162, 163]. Moreover, mitochondria play a role in cell 
death. In a Langendorff-perfused rat heart model, caspase activation was higher in 
males compared to females, suggesting a mechanism for increased cardiac cell death 
in males [164]. 

The inversion in the risk to CHD after menopause can be explained by reduction in 
heart mitochondrial mass and functionality, which decreases with age and correlates
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with increased H2O2 generation. In particular, aged females exhibited significant 
loss of mitochondrial function and increased relative H2O2 production compared 
with their male counterparts. This results demonstrated sex dimorphism in the age-
associated defects on cardiac mitochondrial function [165]. 

Conclusion 

In order to provide better care to women, it is important to consider all risk factors 
that are specific to women. With all the recent data showing the differences between 
females and males in the management and consequences of cardiovascular disease, 
it is reasonable to think that in the future, strategies will be put in place that take these 
intersex differences into account in order to better support females. For this purpose, 
it is important to focus on sex-specific differences to deliver optimal preventive 
medical care. Promisingly, a new approach was described in 2020 by Agarwala 
et al. in order to stratified risk factors in women [57]. This is supported also by 
The Framingham Risk Score (FRS), which was first developed in 1987 based on 
a sample population from northeastern USA. The risk factors that are not specific 
to women which are usually considered include age, gender, smoking status, total 
cholesterol, high-density lipoprotein (HDL), blood pressure and diabetes mellitus 
[166]. However, recent analysis showed that using the FRS alone classifies up to 90% 
of asymptomatic women as low risk, underestimating the true incidence of CVD in 
women [167]. This is why; Ridker et al. develop a new tool of risk stratification that 
takes into account risks factors specific to women. These new stratification named 
Reynolds Risk Score (RRS) allows to reclassify 40–50% of women at intermediate 
risk into higher- or lower-risk categories [168]. 

We are hoping that research can continue to bring us new knowledge that will 
allow us to better consider the differences between male and females in order to 
improve the diagnosis, prevention and management of CHD. 
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Chapter 22 
Engaging Women in Decisions About 
Their Heart Health 

Krystina B. Lewis, Faria Ahmed, Sandra Lauck, Sandra Carroll, 
and Dawn Stacey 

Abstract Women living with cardiovascular disease face many health decisions 
throughout their journey. Most women want more information and greater involve-
ment in decision-making about their health in partnership with their clinicians. Yet, 
facing these decisions can lead to a sense of personal uncertainty about the best course 
of action. The individualized and intentional communication offered by a shared 
decision-making approach is particularly important for women with cardiovascular 
disease, given the limited availability of scientific data about women regarding the 
risks and benefits for screening and treatment options, making the elicitation and 
incorporation of personal preferences and values in their decision-making critical. 
Further, sex and gender considerations are important in shared decision-making 
particularly as they are associated with various decision-making styles, communica-
tion styles, and values and preferences which can influence an individual’s preferred 
option. In this chapter, we begin by providing a definition of shared decision-making 
and discuss the evidence related to women’s involvement in health decisions, partic-
ularly for cardiovascular conditions. We present the evidence supporting interven-
tions to facilitate shared decision-making in clinical practice such as patient decision
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aids, decision coaching and question prompt lists. Finally, we present considera-
tions for shared decision-making implementation in clinical practice. Throughout, 
we highlight opportunities for meaningful patient engagement amidst the challenges 
of shared decision-making to achieve true patient-centered care for women living 
with cardiovascular disease. 

Keywords Shared decision making · Follow-up · Healthcare systems · Policies ·
Patients 

Introduction 

Women living with cardiovascular disease (CVD) face standard and unique health 
decisions throughout their journey. Making these decisions can lead to a sense of 
personal uncertainty about the best course of action. The best option is not always 
clear, either because the evidence is insufficient, information is not readily available 
or unclear, or there is a need to trade off benefits and harms across options, including 
the option of maintaining status quo. When women are engaged in decisions about 
their health, they have better outcomes and experiences [1, 2]. 

The majority of women want more information and greater involvement in 
decision-making about their health in partnership with their clinicians [3]. Women 
with CVD are encouraged to take charge of their health by enhancing their knowledge 
about their condition, and advocate for their own health [4]. Healthcare providers 
have been urged to enhance their understanding of women’s experience with CVD 
and create a culture that supports open communication and respect for patients’ 
perspectives [4]. These invitations aligns with key shared decision-making princi-
ples. Shared decision-making (SDM) is a collaborative process between patients 
and healthcare providers whereby they work together to achieve a health decision 
that is based on the best evidence and the patient’s values and preferences [5, 6]. 
Active patient participation in health decisions is essential for patient-centered care; 
to ensure that care is attentive to the needs, values and preferences of patients [7]. 

Increasingly, a SDM approach, which integrates patients’ values and preferences, 
is recommended in clinical practice guidelines and expert consensus documents for 
patients with cardiovascular conditions. Canadian, American and European guide-
lines have endorsed SDM to guide decisions across cardiac care; in the manage-
ment of patients with heart failure [8] atrial fibrillation [9] ventricular arrhythmias 
[10] implantable cardioverter-defibrillators [11] and valvular heart disease [12]. The 
Centres for Medicare and Medicaid in the United States have mandated use of patient 
decision aids to facilitate a SDM approach before percutaneous left atrial appendage 
closure and implantable cardioverter-defibrillator for primary prevention as a condi-
tion of reimbursement [13]. These endorsements are driven by the supporting 
evidence that SDM aligns with the quadruple aim [14, 15] (better outcomes, better 
experiences for both patients and providers, and optimized costs) and that it fosters 
value-based healthcare [16–18].
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The overall aim of this chapter is to discuss the use of SDM and effective inter-
ventions to engage women with CVD in decisions about their health. We begin by 
providing a definition of SDM and discuss the evidence related to women’s involve-
ment in health decisions, particularly for cardiovascular conditions. We present the 
evidence supporting interventions to facilitate shared decision-making in clinical 
practice such as patient decision aids, decision coaching and question prompt lists. 
Finally, we present considerations for SDM implementation in clinical practice. 
Throughout, we highlight opportunities for meaningful patient engagement amidst 
the challenges of SDM to achieve true patient-centered care for women living with 
CVD. 

Shared Decision Making: Defined 

In 1982, the President’s Commission for the Study of Ethical Problems in Medicine 
and Biomedical and Behavioral Research coined the term “shared decision-making” 
to revitalize the approach to obtaining informed consent [19]. The report stated: 
“The ethical foundation of informed consent can be traced to the promotion of two 
values: personal well-being and self-determination. To ensure that these values are 
respected and enhanced, the Commission finds that patients… must have all relevant 
information regarding their condition and alternative treatments, including possible 
benefits, risks, costs, other consequences, and significant uncertainties.… Ethically 
valid consent is a process of shared decision making based upon mutual respect and 
participation, not a ritual to be equated with reciting the contents of a form.” (p. 2) 
Forty years later, informed consent remains largely viewed as a legal process that 
acquires patients’ permission to pursue one specific treatment, often without consid-
eration of all possible options and their attributes. Experts agree that SDM is a more 
comprehensive approach because it invites patients to engage in a conversation about 
all the feasible treatment options and outcomes based on the best available evidence, 
to share and incorporate their preferences, enabling a jointly made decision [20–22]. 
Patients also agree that current informed consent approaches achieve suboptimal 
comprehension and do not guide decision-making [23]. 

Shared decision making (SDM) recognizes the expertise of both patients and their 
healthcare providers to make health-related decisions together. It differs from patient 
education which is primarily aimed at unilaterally “giving” information to people 
to help them understand their conditions and management in general terms with 
little or any particular attention to decision-making needs [24]. Healthcare providers 
share information about the condition, the treatment options, the risks and benefits of 
each, and the potential outcomes. Patients contribute their expertise related to their 
lived experiences, their priorities and goals, attitudes and tolerance towards risk, and 
the value they place on those various outcomes. A decision is then made jointly, 
incorporating what is known about the patient’s priorities all while engaging them 
to their desired level of involvement [25]. When choices are informed by the best 
available evidence and reflect what matters most to the person, a quality decision
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can be made. A SDM approach is often initiated with an invitation from healthcare 
providers, asking patients to share their goals, values, and preferences. Derived from 
a comprehensive review of 161 studies [6], nine SDM-related behaviors were iden-
tified (Box 22.1). If goals, values, and preferences are not elicited from the patients, 
clinicians run the risk of incorrectly - and inappropriately - assuming what patients 
prefer and value [26, 27]. 

Box 22.1: Essential Shared Decision-Making Behaviours for Healthcare 
Providers

• Define and explain the healthcare problem
• Present the options
• Discuss the pros and cons (benefits, risks, costs)
• Elicit values and preferences for possible outcomes
• Discuss patient ability and self-efficacy to follow agreed upon plan
• Present what is known and make recommendations, informed by patient’s 

goals, values and preferences
• Check and clarify the patient’s understanding
• Make or explicitly defer a decision, and
• Arrange follow-up 

*Based on Makoul and Clayman [6]. 

Shared Decision-Making and Women’s Heart Health 

The individualized and intentional communication offered by a SDM approach is 
particularly important for women with CVD, given the relative paucity of scientific 
data about women’s heart health [28]. When the level of research evidence is low, as 
is the case for women with CVD, SDM is arguably even more critical to elicit and 
incorporate personal preferences and values for the options and potential outcomes 
[29]. Further, sex and gender considerations are important in SDM, particularly as 
they are associated with various decision-making styles, communication styles, and 
values and preferences which can influence an individual’s preferred option [30–34]. 
The lived experience with certain treatments can also be different for women. For 
example, with implantable cardioverter-defibrillators, being female is a risk factor 
for adjustment difficulties, reasons that have been attributed to body image concerns, 
social support and roles, caregiver role(s) and activity limitations [35]. Females 
with ICDs experience higher levels of anxiety and depressive symptoms, worse 
functional outcomes, and more ICD-related concerns. In one study, females were 
considerably more indecisive when asked to engage in deactivation discussions and 
express preferences about ICD therapy [36].
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Despite recent gains in the awareness of sex and gender differences in the diag-
nosis, treatment, management, and rehabilitation for women living with CVD, 
women’s specific decision-making needs and experiences in these contexts have 
received little attention [4, 37, 38]. In fact, much of the SDM literature for and 
about women is focused on sexual and reproductive health decisions; also known as 
the bikini boundaries [39]. In a review of 590 Choosing Wisely recommendations 
encouraging conversations between women and their healthcare providers about 
(in)effective, high (and low) value practices pertinent to women’s health, none were 
related to heart health [40]. A recent content analysis of Canadian health policies 
about conditions with known gendered inequities identified 30 policies, 10 of which 
were focused on cardiac rehabilitation. Of these, only one addressed women’s cardiac 
health [41]. 

First steps in tailoring SDM approaches for women with CVD’s specific decision-
making needs include acknowledging the sex differences in pathophysiology, clinical 
manifestations, efficacy of diagnostic tests, availability and efficacy of treatments 
for females with CVD, including the known gendered disparities in care, health 
behaviours, lived experience(s), and clinical outcomes [42, 43]. For example, several 
risk factors for CVD have a stronger contribution to its development in women 
than in men (e.g., hypertension, diabetes, stress, depression, and family history of 
CVD) which may, for example, influence an individual’s preference for early vs. 
delayed treatment [38]. Other conditions and risk factors are unique to women, such 
as conditions occurring during pregnancy and related to hormonal status. Social 
gender roles should also be considered including caregiving, transportation, and/ 
or work-related responsibilities as these can often shape values and preferences for 
or against certain options. Hence, we need to adopt standardized use of sex and 
gender terms to clearly articulate what drives the issue of interest. In SDM research 
specifically, misappropriate use of the terms, sex and gender, limits our understanding 
of the impacts of these variables on decision-making outcomes [44]. 

Women’s Decisional Needs. When women are faced with difficult health deci-
sions, decisional needs often arise. This can be because the decision has more than 
one reasonable option, uncertain outcomes, or known outcomes that people value 
differently [45, 46]. A decisional need is defined as a deficit that can adversely affect 
the quality of a decision [47]. Examples of modifiable decisional needs include inad-
equate knowledge about the condition, problem, options, or outcomes, unrealistic 
expectations, unclear personal values, inadequate support from others, inadequate 
resources, and unreceptive decision stage due to denial or emotions [47]. Complex 
decision characteristics, and personal and clinical needs such as a patient or health-
care provider’s gender can influence decisional needs and manifestations of deci-
sional conflict. The Ottawa Decision Support Framework delineates these needs, and 
asserts that when they go unresolved the quality of a decision and its implementation 
can be adversely affected [48]. 

In a systematic review of 45 decisional needs studies [47], only two included 
studies focused on the needs of patients facing cardiovascular decisions: (1) 
implantable cardioverter-defibrillator implantation where 8 participants (40%) were 
female[49], and (2) left ventricular assist device placement (sex/gender was not
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reported) [50]. In these two studies, numerous decisional needs were reported. Partic-
ipants had unrealistic expectations as they did not believe that outcome probabilities 
applied to them, and desired knowing about the experiences of others. They experi-
enced difficult decision roles as they valued outcomes differently than their family 
members; a need often reported in the context of decisions regarding life prolonga-
tion. Participants also experienced negative emotions given their progressive condi-
tion of heart failure, feeling distress, fear, anxiety, worry, uncertainty, frustration and 
out of control [49, 50]. Unrealistic expectations were also noted in an interview-
based study with older women about CVD screening [51]. The women believed 
screening did not apply to them as they felt healthy and were symptom-free. Others 
feared finding out about a potentially incurable condition, which would impact their 
lifestyle and quality of life with little perceived control over the disease outcome 
[51]. 

When decisional needs are assessed and identified, healthcare providers can tailor 
their decision support to their patients’ needs. When not addressed, decisional conflict 
is likely to persist and can result in consequences such as vacillation between options, 
delays in decision-making, blaming others for bad outcomes, and regret [52, 53]. 
Decision regret, defined as distress or remorse after making a decision [54], has 
been identified in patients with implantable cardioverter-defibrillators [55] and left 
ventricular assist devices [56]. In one study, female LVAD recipients had significantly 
higher decision regret than males [56]. Evidence-based decision support interven-
tions (e.g., patient decision aids, decision coaching and/or question prompts) aim to 
address decisional needs and improve decision-making outcomes [48, 57]. 

Interventions to Facilitate Shared Decision-Making 

Evidence-based interventions to facilitate SDM in clinical practice include patient 
decision aids, decision coaching, and question prompt lists. Counselling can also 
be used by physicians and other practitioners to help patients understand options, 
benefits, harms, probabilities, and scientific uncertainties; clarify the personal value 
of the ratio of benefit to harm, and participate in decision making according to their 
preferred level [58]. 

Patient Decision Aids. Patient decision aids are evidence-based interventions 
that aim to support patients’ participation in decision making [59]. According to 
international standards, a patient decision aid must: (1) make explicit the decision to 
be made, (2) provide information on the condition, (3) list the options, (4) provide 
the benefits, (5) provide the harms, and (6) help patients clarify their values in asso-
ciation with the options [60]. Patient decision aids can take various formats (e.g., 
booklets, videos, web-based) and are designed to be used either ahead or during the 
consultation. Either way they are intended to supplement, not replace, the clinical 
encounter. 

A 2017 systematic review evaluating the effectiveness of patient decision aids for 
adults facing treatment or screening decisions identified 105 randomized controlled
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trials involving 31,043 people [59]. Sex and/or gender was reported in 102 trials 
(30, 642 participants) with 54.7% women [61]. As compared to usual care, patient 
decision aids were associated with higher decision quality. Patients have significant 
better knowledge, have more realistic expectations of the benefits and harms, and 
make choices that are more aligned with their values and preferences [59]. Patient 
decision aids were also associated with improved decision-making processes. People 
exposed to the decision aids experienced less decisional conflict, felt more informed, 
and had clearer values. There was more active participation in the decision-making 
process; patient-clinician communication improved, with no difference in the length 
of the consultation. There was no difference compared to usual care on anxiety, 
depression, quality of life, or satisfaction. Importantly, patient decision aids are not 
associated with worsened health outcomes or harms. Organizational and healthcare 
system level outcomes warrant further investigation. 

Numerous patient decision aids exist to support CVD prevention and treatment 
decisions. A systematic review of patient decision aids for stroke prevention in atrial 
fibrillation identified 10 studies with female representation ranging from 1 to 49.4%) 
[62]. Pooled results demonstrated that patients exposed to a patient decision aid expe-
rienced reduced decisional conflict [mean difference (MD)=−0.10; 95% confidence 
interval (CI): −0.18 to −0.02; P = 0.01], including on both the Decisional Conflict 
Scale informed and values clarity subscales. Significant differences in knowledge 
were reported in 4 of the 5 studies which measured it. Participants exposed to the 
patient decision aids were more likely to choose oral anticoagulant [risk ratio: 1.03; 
95% CI: 1.01–1.05; P = 0.004]. Not included in this review, is a recent random-
ized controlled trial of 922 patients using an encounter conversation tool (compared 
with no tool) which increased patient involvement in decision making and clinicians’ 
satisfaction, with no significant effect on treatment decisions or encounter duration. 
[63] Participants in both groups reported better communication quality, knowledge, 
and lower decisional conflict. For primary CVD prevention, Bonner et al. [64] iden-
tified 25 publicly accessible online decision aids, the majority of which focused on 
a single medication for CVD prevention. These patient decision aids were evalu-
ated using the Patient Education Materials Assessment Tool (PEMAT-P) ratings and 
found to be very understandable, yet their readability levels were higher than the 
general population’s health literacy level. This could potentially make it difficult 
for people to participate in decision making based on their content. Single studies 
have demonstrated the effectiveness, feasibility, and acceptability of patient decision 
aids for implantable cardioverter-defibrillator implantation [65, 66] and replacement 
decisions [67]. Individuals exposed to a patient decision aid prior to specialist consul-
tation experienced less decisional conflict, improved knowledge scores and better 
values-choice concordance compared to usual care. At the time of ICD replacement, 
individuals exposed to the patient decision aid were also more knowledgeable [67]. 

Online repositories house freely accessible patient decision aids for cardiovascular 
decisions (Table 22.1). There is also the Ottawa Personal Decision Guide or the 
Ottawa Personal Decision Guide for Two, which are generic decision support tools 
that can be used for any health or social decisions [68]. It has also been culturally 
adapted with Indigenous women [69].
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Table 22.1 Online repositories of freely accessible patient decision aids for cardiovascular 
decisions 

Sources Country Website Topics of patient decision 
aids 

The Ottawa Hospital 
Research Institute 
(Inventory of decision aids) 

Canada https://decisionaid.ohri.ca/ 
AZlist.html 

Angiogram 
Aspirin 
Antihypertension 
medication 
Cardiac ablation 
Cardiac catheterization 
Cardiac implantable 
electronic devices 
Statins 

Laval University (Decision 
Boxes) 

Canada https://www.boitedeci 
sion.ulaval.ca/en/ 

Aspirin 
Statins 

American College of 
Cardiology, CardioSmart 

United 
States 

https://www.cardiosmart. 
org/SDM/Decision-Aids/ 
Find-Decision-Aids 

Aortic stenosis 
Atrial fibrillation 
Cardiac 
resynchronization 
therapy 
Implantable 
cardioverter-defibrillator 
Left ventricular assist 
device 

Shared Cardiology United 
States 

https://sharedcardiology. 
wordpress.com/tools/ 

Atrial fibrillation 
Aortic stenosis 
Primary prevention 
Stable angina 

Colorado program for 
patient centered decisions 

United 
States 

https://patientdecisionaid. 
org/ 

Aortic stenosis 
Atrial fibrillation 
Heart Failure 
Medications 
Implantable 
cardioverter-defibrillator 
Left ventricular assist 
device 

Decision Coaching. Decision coaching is a non-directive approach to help 
patients to prepare for making health decisions [70]. Any member of the healthcare 
team (e.g., nurses, social workers, pharmacists, genetic counsellors) trained in deci-
sion coaching, or those using a protocol, can assume the role of decision coach either 
face to face or on the telephone [71]. Decision coaches: (a) assess patients’ decision-
making needs; (b) provide information on options, benefits and harms (verbally or 
using evidence-based resource such as a patient decision aid); (c) assess patients’ 
understanding; (d) clarify patients’ values on features and outcomes of options; and 
(e) screen to determine patients’ needs relevant to implementing the chosen option 
(e.g., motivation, self-confidence, barriers, commitment). Decision coaching aims 
to: develop the patient’s skills in thinking about the options, prepare for discussing

https://decisionaid.ohri.ca/AZlist.html
https://decisionaid.ohri.ca/AZlist.html
https://www.boitedecision.ulaval.ca/en/
https://www.boitedecision.ulaval.ca/en/
https://www.cardiosmart.org/SDM/Decision-Aids/Find-Decision-Aids
https://www.cardiosmart.org/SDM/Decision-Aids/Find-Decision-Aids
https://www.cardiosmart.org/SDM/Decision-Aids/Find-Decision-Aids
https://sharedcardiology.wordpress.com/tools/
https://sharedcardiology.wordpress.com/tools/
https://patientdecisionaid.org/
https://patientdecisionaid.org/
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the decision in a consultation with his or her healthcare provider, and implement 
the chosen option [72, 73]. The non-directive approach allows decision coaches to 
be “mediators” of information, listeners of patients’ preferences, and messengers 
of expressed preferences to the health care provider, often physicians, ultimately 
responsible for prescribing or implementing treatment with the chosen option [74]. 
Systematic reviews on shared decision-making interventions have shown that deci-
sion coaching is important to empower patients and enhance their autonomy [72, 75]. 
A decision coaching protocol with video is available online [76]. When paired with 
a patient decision aid, decision coaching improved patients’ understanding of, and 
participation in their care, enhanced informed decisions and reduced costs [70, 72]. A 
recently published systematic review of 28 randomized controlled trials synthesizing 
the effectiveness of decision coaching interventions yielded low certainty evidence 
on knowledge [73]. It was not possible to establish strong conclusions for other 
outcomes such as preparation for decision making, decision self-confidence, feeling 
informed, clear values, or feeling supported. When combined with evidence-based 
information, participants’ knowledge may improve. There were no adverse effects 
(e.g., decision regret, anxiety). None of the included trials were about cardiovascular 
decisions. 

Question Prompts. Question prompts are delivered to patients before consulta-
tions and are designed to help patients identify their informational needs and prepare 
questions to ask in the consultation. A systematic review of 33 studies, two of which 
conducted in the cardiovascular setting, showed a 27% improvement in patients 
asking questions and 9% improvement in overall satisfaction, without any difference 
in knowledge, anxiety, or consultation length [77]. An example of a question prompt 
is the AskShareKnow intervention which is composed of three generic questions 
specific to facilitating shared decision making that patients can ask their healthcare 
provider (Box 22.2). When simulated patients asked these questions in the consul-
tation, clinicians provided them with more information and were more likely to 
involve them in decision making [78]. When actual patients observed a 4-min video-
clip about the 3-questions in the waiting room of family physicians, 87% of patients 
making a decision asked one or more question in the consultation [79]. 

Box 22.2: The AskShareKnow Intervention 

What are my options? 
What are the possible benefits and harms of those options? 
How likely are each of those benefits and harms to happen to me?
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Implementation of Shared Decision-Making in Clinical 
Practice 

Widespread SDM implementation has not been without challenges [80]. The imple-
mentation of health interventions is more successful when interventions are designed 
to overcome identified barriers [81]. Hence, to increase the use of SDM interventions 
in clinical practice, it can be useful to: (1) identify barriers interfering with their use, 
(2) determine effective approaches for increasing their uptake in clinical practice, 
and (3) measure their impact on patient, provider, and system-level outcomes. 

Identifying Barriers to Shared Decision-Making for Women. Barriers and 
facilitators of implementing shared decision-making in various settings and popu-
lations have been systematically investigated from the perspectives of patients and 
providers and at the level of organizations and systems [74, 82–86]. Examples of 
barriers at the patient, healthcare provider, organizational and system levels are listed 
in Table 22.2. Interestingly, for many of these perceived barriers, there is evidence to 
counter them [87]. Women face additional barriers, over and above the ones identified. 
In certain cultures, familial paternalism challenges women’s ability to be engaged 
in their health decisions [88]. This is especially true for elderly women and those 
with low health literacy. For example, in a Tawainese study, an 89-year-old illiterate 
woman with non-ST elevated myocardial infarction deferred decisions and receipt 
of education to her eldest son, despite preferring non-invasive therapies. The deferral 
of decisions to her son was a strategy to honor the head of the household and wish 
to maintain harmony in the family over the need to exercise her individual choices 
and agency. Many women have expressed challenges accessing acute cardiovascular 
care, concerns substantiated by research. When women seek care for cardiovascular 
concerns, they are often misunderstood, their symptoms misinterpreted, resulting in 
misdiagnoses, and consequently do not receive the needed treatment [4].

The implementation of SDM and supportive interventions are more likely to 
be successful when interventions are co-produced with end-users, entire teams are 
trained in SDM, integrated deliberately into existing interprofessional teams’ work-
flows, and outcomes are measured to demonstrate impact [89]. In some specialized 
cardiovascular centres, Heart Teams structures offer an existing platform to integrate 
and enhance interprofessional SDM in clinical practice [90]. For women with CVD 
specifically, tailoring SDM interventions to their decisional needs is warranted. 

Effective Approaches to Increase Shared Decision-Making Uptake. Interven-
tions that aim to increase SDM use in clinical practice target patients, healthcare 
providers, or both, with best results when integrated within supportive organizational 
and healthcare systems [75, 89]. The most recent Cochrane review on interventions 
for increasing the use of SDM in clinical practice identified 87 studies, 14 of which 
were about cardiovascular diseases [75]. Forty-four studies evaluated SDM inter-
ventions targeting patients, which included patient decision aids, question prompt 
lists and training for patients, among others. Fifteen studies evaluated interventions 
targeting healthcare providers and the most common were education and training to 
enhance SDM knowledge and skills [75]. A previous update of this review found
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Table 22.2 Barriers to shared decision-making 

Level Barriers Interventions/strategies to overcome barriers 

Patient [74] • Lack of knowledge (e.g., 
health condition, options, 
outcomes and values and 
preferences) 

• Power imbalance in the 
patient-physician 
relationship 

• Lack of confidence in 
knowledge 

• Lack of self-efficacy in 
SDM skills 

• Limited health literacy 

• Patient decision aids 
• Decision coaching 
• Question Prompts 
• Involve nurses to help them understand their 
options, discuss values/preferences, and 
advocate for them within the 
interprofessional healthcare team 

Healthcare 
Providers [82] 

• Lack of SDM knowledge 
• Believe it is inappropriate 
due to patient 
characteristics or the 
clinical situation 

• Indifference/resistance 
• Perception they already do 
it 

• Perception that patients do 
not want it 

• Concerns about workflow 
disruptions 

• Lack of time 

• Dispel myths 
• Training for use with various populations 
• Training for use across various situations 
• Team-based training 
• Endorsement of SDM interventions by 
specialty societies 

Organization 
[86] 

• Lack of leadership support 
for SDM 

• Culture does not value 
patients’ voices 

• Disruption to workflow 
• Lack of resources 
• Infrastructure challenges 
• Unaware of added value 
• Lack of incentives 

• Supportive leadership 
• Alignment of SDM with organizational 
priorities (i.e., quality and safety) 

• Integration into existing workflow 
• Investment in resources 
• Measure to demonstrate benefits 

System [86] • Culture of healthcare 
delivery not acknowledging 
value of patients 

• Lack of policies and 
guidelines 

• Lack of incentives or 
enforcement of incentives 

• Inadequate healthcare 
provider education and 
licensing 

• Integration of SDM into policies and 
guidelines 

• Implementation of incentives for correct/ 
quality SDM use 

• Provide education for pre and post licensure 
healthcare providers
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that there was greater uptake of SDM when interventions targeted both patients and 
healthcare professionals or targeted the patient alone [91]. 

A systematic review of 44 studies identified 36 unique training programs for 
healthcare providers [92]. Teaching methods in these studies included case-based 
learning, small group sessions, role play, printed materials, audit and feedback and 
online tutorials. An international group of experts reached consensus that SDM 
training programs must focus on, at a minimum, building relational competencies 
and risk communication competencies [93]. When interprofessional SDM approach 
is the goal, training in teams and socially supportive environments is recommended 
[94]. SDM training content aligns well with the call by the Canadian Women Heart 
Health Alliance for mandatory skill and capacity building training for healthcare 
providers in active listening, understanding, and empathy to improve cardiovascular 
outcomes for women [4]. 

Currently, there is a systematic review and meta-analysis underway to investigate 
the effectiveness of SDM interventions for cardiovascular decisions (PROSPERO 
registration CRD42021290164). Its results will contribute to our understanding of 
these interventions specifically for cardiovascular health decisions. Depending on 
the results of this review, there may still be a pressing need for SDM evaluation 
and implementation studies for cardiovascular decisions [95]. Future studies should 
ensure adequate representation of women with other underrepresented groups in 
research such as people with low literacy and numeracy, and people from diverse 
racial and ethnic groups. 

Measuring for Impact. To monitor whether SDM is occurring and reinforce 
its use, numerous patient-reported, provider-reported, and/or observer-based instru-
ments exist [96, 97]. Frequently measured outcomes in SDM research involve the 
extent, quality, and outcomes of the SDM that occurred in preparation for, during, 
and/or after the encounter. Examples include knowledge, risk perception, satisfaction 
with the decision-making process, decisional conflict, and decision regret. Patient-
reported outcomes (PROs) measure various aspects of patients’ health and healthcare, 
from their perspective, free of interpretation from others [98]. These are increasingly 
being used to enhance and personalize SDM approaches [99, 100]. 

The SURE test is a simple patient-reported tool that can be used in clinical practice 
to monitor patients’ decisional needs (Table 22.3) [101]. The four-item SURE test is 
used to screen patients for decisional conflict and is based on the original version of 
the Decisional Conflict Scale [102]. Each ‘yes’ response is worth one point; a total 
score of less than four indicates the presence of decisional conflict.

Conclusion and Future Directions 

SDM has the potential to benefit women with CVD because it tailors care to the 
individuals’ clinical and decisional needs, life circumstances, and personal prefer-
ences; a process that is particularly appropriate in the setting of limited evidence. It 
encourages an exchange of expertise between women and their healthcare providers,
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Table 22.3 Screening for decisional conflict—The SURE test 

SURE test item 

Sure of myself Do you feel SURE about the best choice for you? 

Understand information Do you know the benefits and risks of each option? 

Risk/benefit ratio Are you clear about which benefits and risks matter most to you? 

Encouragement Do you have enough support and advice to make a choice? 

Scoring per item: Yes = 1; No = 0; Total score < 4 indicates decisional conflict

meaningful participation, and active listening to better understand and achieve quality 
decisions that are informed and based on what matters most to these women. Yet, 
currently, most SDM interventions do not encompass the unique decisional and clin-
ical needs of women with CVD. As the state of the evidence evolves on the prevention, 
screening, treatment, rehabilitation, and end of life decisions relevant to women with 
CVD, opportunities should be sought and encouraged for collaboration to develop 
decision support tools and strategies, with women having CVD, that rely on that same 
evidence to increase the quality of women’s decision-making and decision-making 
processes. 
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Chapter 23 
Sex Differences in the Function 
of Cardiac Sodium-Calcium Exchanger 
in Physiological and Pathophysiological 
Settings: Implications for Cardiac 
Arrhythmias 

Norbert Nagy and István Baczkó 

Abstract In the past decades, it has become increasingly clear that women and men 
significantly differ in the epidemiology, pathophysiology and outcome of cardiovas-
cular diseases that also include certain cardiac electrophysiological aspects leading 
to different disease phenotypes and disparate outcomes of pharmacological interven-
tions. These dissimilarities stem from numerous differences in ion channel expres-
sion, kinetics and regulation. One of the first observations of sex-related differences 
was the longer QT-interval in women measured on the ECG. Sex hormones can 
influence the electrophysiological parameters on the genomic level altering gene 
expression. In this regard, the reduced expression of various ion channels carrying 
repolarizing currents, including Ito, IK1, IKr, IKs and IK,ATP, have been described 
in women. Sex hormones can also change ion channel functions by non-genomic 
effects, including the modulation of specific signalling pathways (such as eNOS). 
Furthermore, direct effects of sex hormones on ion channels were also described. For 
example, 17β-oestradiol directly reduced IKr, while testosterone increased IKr and 
progesterone enhanced IKs. In addition to repolarizing ion currents, sex hormones can 
influence a large number of transmembrane ion channels and exchangers in various 
ways, therefore, in this chapter, the sex-related differences regarding an important 
component of intracellular Ca2+ handling, the Na+/Ca2+ exchanger are discussed. 
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Overview of Cardiac Ca2+ Handling and Its Gender 
Differences 

Intracellular Ca2+ has a crucial role in the excitation–contraction coupling. A complex 
interplay of intracellular Ca2+ fluxes under strict control provides the integrity of the 
intracellular Ca2+ homeostasis. The actual membrane potential intimately influences 
Ca2+ handling and vice versa, the intracellular Ca2+ has important roles in the function 
and kinetics of several ion channels [1]. 

During depolarization, the opening of the L-type Ca2+ channels provides large 
Ca2+ influx that triggers Ca2+-induced Ca2+ release by opening the ryanodine recep-
tors (RyR). The RyRs and L-type Ca2+ channels locate in close proximity by the 
abundant expression in the extensive T-tubule network forming nanodomains, called 
dyads. The released Ca2+ (Ca2+-transient) interacts with the contractile proteins and 
initiates several Ca2+-dependent signalling pathways (such as calmodulin-Kinase 
II signaling) [2]. During relaxation, the intracellular Ca2+ is sequestered to the 
sarcoplasmic reticulum by the ATP-dependent sarcoplasmic reticulum Ca2+ ATP-
ase (SERCA), and extruded to the extracellular space by the Na+/Ca2+ exchanger. 
In a small extent, the ATP-dependent Ca2+ pump also contributes to the relaxation 
(Fig. 23.1) [3]. 

Several studies investigated the possible gender related differences in Ca2+ 

handling, however, data are often controversial. A study comparing expression levels 
demonstrated that female ventricular myocytes have markedly higher levels of RyR 
compared to male animals. Similarly, RyR mRNA was increased in female animals 
[4]. Ovariectomy caused hyperactivity of the ryanodine receptor, and this increased 
flux could be reversed by replacement of estrogen and inhibition of protein-kinase 
A (PKA). This result suggests that estrogen has a role in controlling the Ca2+ flux 
through the modulation of the ryanodine receptor [5]. Experiments carried out on 
streptozotocin-induced diabetic rats revealed that expression levels of RyR2 and 
FKBP12.6 was higher in control females than in control males. In contrast, in 
diabetes, RyR2 phosphorylation and FKBP12.6 unbinding was lower in females [6].

Fig. 23.1 Schematic illustration of ventricular intracellular Ca2+ handling and the suggested 
operation of NCX during action potential. See text for detailed description 
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In 10-week ovariectomized rats the maximum Ca2+ uptake activity of sarcoplasmic 
reticulum Ca2+ ATPase (SERCA) was reduced together with SERCA protein down-
regulation and reduction of SERCA mRNA levels. Since supplementation of estrogen 
and progesterone effectively antagonized the effects of ovariectomy it was concluded 
that female sex hormones have an important role in SERCA-mediated Ca2+ uptake 
[7]. 

It was demonstrated that disruption of the FKBP12.6 gene in mice led to Ca2+ 

handling mismanagement in both sexes, however, cardiac hypertrophy was observed 
only in male animals. When female animals were treated with tamoxifen, an estrogen 
receptor antagonist, similar cardiac hypertrophy could be observed as in the case of 
male mice. Therefore, it seems possible that estrogen could be protective against 
hypertrophic response [8]. 

In contrast, in human atrial tissue it was found that L-type Ca2+ current, RyR, 
calsequestrin and phospholamban did not show gender differences on the expression 
level [9]. 

The Role of the Na+/Ca2+ Exchanger in Ventricular 
Myocytes 

The mammalian Na+/Ca2+ exchanger (NCX) consists of 10 transmembrane 
segments. In the myocardium, the NCX1 isoform is a critical modulator of cardiomy-
ocyte Ca2+ cycling [10]. A large loop between the 5th and 6th segments has regulatory 
functions [11–13] providing allosteric regulations by cytoplasmic Na+ and Ca2+ ions. 
It has been found that high intracellular Na+ inactivates NCX [14], however, its phys-
iological significance is questionable since relatively high levels of intracellular Na+ 

(>20 mM) are required. 
The NCX transports three Na+ together with one Ca2+ ion where the Na+ concen-

tration gradient provides the driving force for the exchange. Depending on the 
intracellular and extracellular Na+ and Ca2+ concentrations, as well as the actual 
membrane potential, the NCX can work in two operational modes even during the 
same action potential. When intracellular Na+ is high, the intracellular Ca2+ is low 
and the membrane potential is depolarized, the reverse mode is favoured where 
Ca2+ influx takes place. In contrast, the high intracellular Ca2+ and the hyperpolar-
ized membrane potential facilitate forward mode and NCX extrudes the intracellular 
Ca2+ (Fig. 23.1). 

The NCX is abundantly expressed in the sarcolemma, however, it is suggested that 
the expression level is higher in the t-tubules, having important consequences in Ca2+ 

handling [15]. 15% of the NCX may be located in close proximity to the ryanodine 
receptors, therefore, can sense microdomain Ca2+ levels [16]. While the role of the 
forward mode in the relaxation is clear, the possible role of the reverse mode in the 
Ca2+ induced Ca2+ release is controversial. There are studies demonstrating that Na+
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influx facilitates the reverse mode of NCX and this Ca2+ influx is able to contribute 
to the Ca2+-induced Ca2+ release mechanism [17–19]. 

Since NCX generates net current, it is feasible that it contributes to the action 
potential waveform, although the available data are controversial. There are results 
showing that forward NCX-mediated inward current is a crucial component of the 
action potential [20]. In contrast, experiments with the novel selective NCX inhibitor 
ORM-10962 indicate that action potential duration remained unchanged following 
NCX inhibition [21]. 

Altered NCX function is described in various pathological conditions. In heart 
failure, the NCX is upregulated and becomes a better competitor for the SERCA 
in Ca2+ removal [22]. Therefore, it can contribute to the reduced intracellular Ca2+ 

content and the generated inward current can be an important source of arrhyth-
mias [22–25]. In the setting of myocardial ischaemia–reperfusion, the reverse mode 
of NCX can contribute to the Ca2+-load during ischemia, and the rapid onset of 
the forward NCX might generate large inward current evoking arrhythmic triggers 
[26–28]. 

Sex Differences in the NCX-Expression and Genomic 
Regulation 

Chen et al. investigated the sex-related regional expressional differences of NCX 
in adult rabbits. Furthermore, both the reverse and forward modes of the exchanger 
were compared [29]. 

The study found that during the intersex comparison, that in the case of female 
rabbits, the outward NCX current was larger in the base region, but was smaller in the 
apex region compared to males. The inward current was identical between genders 
in both regions. When NCX was compared within the same sex, they observed that 
in the case of female rabbits, both the outward and inward NCX was larger in the 
base region. In male animals, the outward NCX was larger in the apex, but the inward 
NCX had higher amplitude in the base. 

Western blot analysis revealed that NCX1 expression was higher in females 
obtained from the base region of the heart compared to males, as well as was higher 
compared to apex from both genders (Fig. 23.2). This enhancement of NCX1 could 
be the consequence of estrogen-induced genomic mechanism.

The authors also found that NCX and Cav1.2α were upregulated in the base 
of female hearts that could contribute to the sex-differences in the manifestation 
of LQT2 syndrome. The higher Ca2+ influx in the base region due to larger ICaL 
is suggested to be compensated for higher NCX to maintain stable Ca2+ balance 
[29]. However, the higher ICaL prolongs the action potential and causes sarcoplasmic 
reticulum Ca2+-overload, and the spontaneous releases elicits early afterdepolariza-
tions via NCX activity. The authors concluded that the apex-base heterogeneity of
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Fig. 23.2 Distribution of 
NCX1 protein in male and 
female rabbits obtained from 
the apex and base region. 
Asterisk denotes that NCX1 
protein was more abundant 
in female base compared to 
male base, and the apex of 
both sexes (with permission, 
[29])

NCX expression could be an important arrhythmogenic factor in the development of 
various arrhythmias (Fig. 23.3) [29].

Golden et al. have demonstrated that testosterone regulates the expression of the 
major proteins involved in Ca2+-handling such as NCX. It was found that ventricular 
myocytes isolated from two-day old rats after 24 h of testosterone treatment had 
maximal increase in NCX expression. Therefore, the male sex hormone may play a 
significant role in the gender-related differences of cardiac performance [30]. 

Furthermore, it has been found that estrogen upregulates the ICaL and NCX in 
female rabbits, therefore increases the risk of LQT2-type arrhythmias [31]. The 
same group also investigated whether these results could be confirmed in the human 
heart. It was found that Cav1.2 and NCX1 protein levels were higher in women 
than in men or in postmenopausal women in the apex. INCX and ICaL were measured 
from female and male cardiomyocyte derived human induced pluripotent stem cells, 
where both ICaL and INCX amplitude were higher in the case of women-derived cells. 
It was concluded that estrogen upregulated ICaL and INCX in female human ventricular 
myocytes. These sex-related differences could be attributable, at least in part, to the 
increased sex-related differences in Ca2+-handling, and arrhythmia propensity [31].
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Fig. 23.3 Genomic effect of estrogen on early afterdepolarization (EAD) development. Panel A 
and B show action potentials from the base (A) and apex (B) regions where the cells were incubated 
in vehicle and estrogen, respectively. In both cases the IKr inhibitor dofetilide largely prolonged 
action potentials without eliciting early afterdepolarizations. Panel C: when female base myocytes 
were incubated in estrogen, the dofetilide induced early afterdepolarizations. Panel D: when female 
base myocytes were treated with estrogen and its antagonists (ICI), the application of dofetilide 
prolonged the action potential without evoking early afterdepolarizations (with permission, [29])

Sex-Related Role of NCX in Ca2+ Handling Balance 

In NCX-overexpressed transgenic and wild-type mice, Sugishita et al. investigated 
the effect of metabolic inhibition on [Ca2+]i and [Na+]i. It was found that metabolic 
inhibition induced higher [Ca2+]i rise in male transgenic (Tg) animals compered 
to wild-type, however, in contrast, in female Tg mice, the [Ca2+]i increase was not 
significant. The increase of [Na+]i was also larger in male animals than in females. The 
non-selective NCX inhibitor KB-R7943 abolished the effect of NCX overexpression, 
however, failed to annul all gender differences. In contrast, estrogen significantly 
decreased the [Ca2+]i and [Na+]i rise in male mice and attenuated gender differences, 
indicating that estrogen is able to protect cardiac myocytes against [Na+]i and [Ca2+]i 
elevation during metabolic inhibition [32]. 

The Ca2+-handling of ovariectomized rats was investigated by Kravtsov et al. 
[5]. The ovariectomy did not influence the expression level of the NCX, however, 
increased Ca2+ flux was found via NCX and ryanodine receptor together with 
enhanced expression of protein-kinase A. These changes suggest that ovariectomy 
increases contractility, and left ventricular developed pressure [5]. 

Comparison of the expression levels of different Ca2+-handling proteins in healthy 
male and female rats revealed that female ventricular myocytes have markedly higher 
level of CaV1.2, RyR and NCX proteins compared to male animals. Similarly, RyR 
and NCX mRNA were increased in female animals. Contractile properties were
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compared by using right ventricular papillary muscles which demonstrated faster 
maximal rate of force development in female rats [4]. 

In healthy male and female rats, the key Ca2+-handling proteins were examined. 
It was found that NCX, RyR and L-type Ca2+ channel mRNA content was higher in 
female rats [33]. 

In line with the previous results, it was found that the base of female rabbit hearts 
exhibited larger ICaL than female apex or males. Estrogen also upregulated ICaL 
in cultured female myocytes. Mathematical modeling indicated that increased ICaL 
level increased action potential duration (APD) and promoted arrhythmias. Exper-
imental and modeling data indicates that estrogen upregulates ICaL that promotes 
APD lengthening and EAD formation [34]. 

NCX has a crucial role in beat-to-beat Ca2+- handling balance, therefore, it inti-
mately influences the contractile force. The effect of male sex hormones on Ca2+-
balance was investigated on orchidectomized male rats, where it was found that the 
hypogonadal condition caused 50% decrease in the contraction force which could 
be partially restored by testosterone supplementation. The orchidectomized rats also 
exerted lower expression levels of NCX with prolonged relaxation of contraction 
[35]. 

Sex-Related Differences of NCX in Myocardial Ischemia 

Myocardial ischemia often develops following occlusion of a coronary artery estab-
lishing serious imbalance between blood supply and demand. The deficit in blood 
flow initiates several alterations in the kinetics of ion channels, intracellular pH, 
intracellular Na+ and Ca2+ levels, extracellular K+ level, changes in the secondary 
messenger system, release of free radicals that altogether largely increase arrhythmia 
propensity in the heart [36]. Cross et al. investigated the sex-related effects of NCX 
overexpression during ischemia–reperfusion in transgenic mice. It was found that 
transgenic male mice exerted lower cardiac performance than male wild type mice, 
however, there was no difference among female transgenic versus wild type animals. 
When bilateral ovariectomized and sham-operated female mice were subjected to 
ischemia, the cardiac performance was lower in the case of ovariectomized mice 
indicating the role of sex-related hormones [37]. In another study, arrhythmia inci-
dence between left anterior descending artery (LAD) ligation and sham-operated 
rats from both sexes was also compared. It was found that male gender was a strong 
predictor of increased arrhythmia vulnerability [38].
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Sex-Related Changes of NCX in Heart Failure 

Heart failure is a complex clinical syndrome leading to impairment of cardiac perfor-
mance, pump failure and increased susceptibility to serious cardiac arrhythmias. 
Various structural (hypertrophy, fibrosis), metabolic as well as electrical alterations 
(including changes in ion channel protein expression and regulation) can be observed 
in heart failure, collectively termed ‘remodeling’ [39]. These changes together lead 
to heterogeneous repolarization and impaired impulse conduction. Repolarizing 
currents that normally form a strong safety margin by redundant activation (“repo-
larization reserve”) [40] are seriously compromised and attenuated and the resultant 
impaired repolarization could serve as a substrate for arrhythmias. 

Sex differences also exist in the case of heart failure. Heart failure with reduced 
ejection fraction is more frequent in males together with ischemic etiology, however 
in the case of females, heart failure with preserved ejection fraction coupled with 
hypertension or diastolic dysfunction is more often observed. Transgenic overex-
pressing TNF1.6 mice exhibit heart failure and increased mortality [41]. It was 
found that female transgenic mice have slower decay of the Ca2+-transients, however, 
the transient amplitude, contraction and response to isoproterenol were identical to 
wild-type mice. In the case of male mice, the transient decline, amplitude, as well 
as the contraction and isoproterenol response was significantly reduced compared to 
wild-type animals. 

A ventricular tachypacing-induced heart failure swine model was used to inves-
tigate the sex differences in NCX function in heart failure. The control (non-failing) 
ventricular myocytes exerted identical NCX current and beta-adrenergic respon-
siveness. However, NCX was upregulated in HF and this remodeling was more 
pronounced in males than in females, however, the beta-adrenergic responsiveness 
was smaller in male animals (Fig. 23.4) [42].

Conclusion 

The expression and function of NCX, a crucial component of cardiac intracellular 
Ca2+ handling seems to be significantly influenced by gender. It is feasible that in 
some pathophysiological settings in females, the upregulated NCX function shows 
heterogeneous distribution via estrogen-mediated genomic mechanisms, and can be 
an important contributor to increased risk of delayed afterdepolarization development 
and therefore, increased arrhythmia propensity.
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Fig. 23.4 Gender differences in the NCX current and beta-adrenergic responsiveness in pig heart 
failure myocytes. Panel A shows NCX currents from male myocytes, panel B from female 
myocytes. Gray curve illustrates control, black curve illustrates NCX current after isoproterenol 
treatment. Panel C demonstrates the NCX current density, panel D demonstrates the ratio of outward 
isoproterenol-induced and basal NCX current. Results indicate that male myocytes have larger NCX 
current but reduced isoproterenol response in heart failure ([42] with permission)
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Chapter 24 
Role of Estrogen in Attenuating 
Apoptosis and Cardiac Dysfunction 
in Female Heart Failure 

Sukhwinder K. Bhullar, Karina Oliveira Mota, 
Carla Maria Lins de Vasconcelos, and Naranjan S. Dhalla 

Abstract Cardiovascular diseases including heart failure are the major cause 
of morbidity and mortality in both males and females of all ages and ethnici-
ties. Premenopausal females are relatively protected from cardiovascular diseases 
compared to age-matched males; however, the risk of these health hazards increases in 
females substantially after menopause and becomes equal to that in males. Given the 
accelerated heart failure risk associated with the onset of menopause, sex hormones 
such as estrogen have been postulated to explain cardioprotection in premenopausal 
females. By acting on specific receptors through genomic and non-genomic signaling 
mechanisms, estrogen is considered to protect against cardiac dysfunction and associ-
ated apoptotic cell death in females under pathological conditions including myocar-
dial infarction, pressure overload and volume overload. Accordingly, this chapter is 
intended to highlight some observations which support the viewpoint regarding the 
protective role of estrogen in the development of cardiac dysfunction and prevention 
or slowing of apoptosis in female failing hearts. Since the clinical impact of estrogen 
therapy in heart failure is of a significant concern, some experimental evidence for the 
estrogen treatment on apoptosis and cardiac dysfunction in female heart failure due 
to volume overload with or without ovariectomy has been presented. It is concluded 
that estrogen therapy offers partial cardioprotective effects against heart failure and 
cardiac remodeling due to volume overload in females. Accordingly, it is proposed to 
develop a combination therapy with other ovarian hormones to delay the progression 
of heart failure in postmenopausal females.
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Introduction 

It is well known that cardiac dysfunction occurs in response to several molec-
ular, cellular, and interstitial alterations that manifest cardiac remodeling under both 
ischemic and non-ischemic conditions [1–3]. Furthermore, cardiac dysfunction leads 
to heart failure due to a variety of mechanisms including cell death [4–6], changes in 
energy metabolism [7], oxidative stress [8], inflammation and fibrosis [9], defects in 
contractile proteins [10], calcium transport abnormalities [11], alterations in ventric-
ular structure [12, 13] and prolonged neurohormonal activation [14, 15]. It is note-
worthy that heart failure is a growing public health hazard [16] and the worldwide 
prevalence of death due to this cause of illness is estimated to be 64.34 million 
people annually. In fact, heart failure poses a considerable burden after 60 years of 
age as the global expenditure for managing patients suffering from this disease is 
estimated to reach approximately $400 billion in 2030. The overall lifetime risk of 
heart failure was considered to be 21% for men and 20% for women at the age of 
40 years, 33% for men, and 29% for women at the age of 55 years. However, over the 
past several years, the prevalence of morbidity and mortality in patients with heart 
failure has been constantly higher in females but its impact in different age groups 
is significantly varied [16, 17]. 

It is now evident that the prevalence of cardiovascular disease risk in young 
females is low and the symptoms for heart failure usually occur more than a decade 
later than in males [18–21]. However, females after natural or surgical menopause or 
in mid-life during the menopausal transition experience adverse changes in cardiovas-
cular and cardiometabolic health simultaneously [22–29]; the prevalence of prema-
ture (3.7%) and early menopause (12.2%) in women is considerable. Estimated 
data has shown that 1.2 billion women worldwide will be perimenopausal or post-
menopausal by 2030 with 47 million women becoming menopausal each year and 
at risk of heart disease [30, 31]. In fact, monitoring and management of women’s 
health during midlife is considered to be a key in preventing the increased inci-
dence and severity of cardiac disease [24, 32–34]. The mechanisms responsible for 
cardioprotection observed in young females and its loss after menopause and subse-
quent cessation of ovarian function are not clear; however, it has been suggested that 
estrogen may be responsible in this regard [27, 35–44]. Additionally, compared to 
males, there is also a lower incidence of cardiomyocyte apoptosis in different cardiac 
diseases in female failing hearts, which is considered to contribute to slowing the 
development of cardiac dysfunction and delaying the progress of heart failure [45– 
51]. It is believed that the occurrence of lower rates of apoptosis in premenopausal 
females could either be owing to the presence of apoptosis-related genes on the Y 
chromosomes or attributed to the estrogen [52, 53].
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This chapter is intended to summarize the knowledge concerning differences 
between males and females for the occurrence of cardiomyocytes apoptosis, changes 
in the pro-and anti-apoptotic proteins as well as the development of cardiac dysfunc-
tion in various types of cardiovascular diseases, including heart failure. Since 
menopause contributes significantly to enhancing the cardiovascular risk in females, 
and the beneficial effects of hormone therapy in patients are controversial, we have 
attempted to provide some information regarding the role of estrogen in cardiopro-
tection against the volume overload induced heart failure in animals with or without 
ovariectomy [34, 54–56]. In view of the observations that cardiomyocyte apoptosis 
may be a potential therapeutic target for delaying the development of cardiac dysfunc-
tion in female heart failure [57–59], some evidence has been presented to show asso-
ciation between alterations in the degree of apoptosis and cardiac dysfunction in 
female failing hearts upon the induction of volume overload. 

Sex Differences in Heart Failure 

Since male and female cardiovascular systems differ significantly in many charac-
teristics under pathological conditions, there are dramatic sex differences in the 
development and incidence of heart disease [60–70]. Almost all facets of heart 
failure from epidemiology to pathophysiology as well as responses to therapy and 
ultimate outcomes in females are affected differently compared to males [16, 54, 
55, 71–77]. Figure 24.1 shows considerable differences of pathological events and 
general characteristics in female failing hearts in comparison to those in male hearts 
under various stressful situations. Although some risk factors such as menopause, 
pregnancy and hypertensive disorders are the major determinants of differences in 
female and male failing hearts, several other risk factors including obesity [78, 79], 
smoking [80], socioeconomic status [81, 82], aging [22, 83], cancer therapy [84, 85] 
as well as various cardiomyopathies [86], including Takotsubo syndrome [87, 88] 
and peripartum [89] are common for developing heart failure in both sexes.

It should also be mentioned that there is a prevalence of preserved ejection frac-
tion (HFpEF) and occurrence of concentric ventricular remodeling in female failing 
hearts. Primarily, females are older than men when they have their first episode of 
myocardial infarction [90–92]. Similarly, heart failure of ischemic and nonischemic 
origin is generally considered to be a male disease, and in response to prolonged 
coronary ischemia, female hearts are protected in comparison to males [92, 93]. 
Women predominantly present cardiac dysfunction and heart failure in association 
with hypertension and diabetes [94–96]. Compared to males, cardiac function [57, 
97], left ventricular size, and ejection fraction are preserved [98, 99] in females when 
challenged with myocardial infarction [90, 100], dilated cardiomyopathy [101–103], 
atherosclerosis [104], myocardial ischemia and ischemia/reperfusion injury [105– 
107], pressure overload [50, 108, 109] and volume overload [57, 110, 111]. Since, 
the hormonal profile varies between males and females, protective effects of estrogen 
in the failing heart at multiple levels, as well as on cardiac dysfunction are more
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evident in females than males of comparable age [112–114]. Furthermore, the degree 
of apoptotic myocyte death is markedly lower in female failing hearts than in males 
[48–51]. These observations suggest that the development of heart failure in females 
occurs differently than in males and estrogen plays a critical role in determining the 
pathophysiology of cardiac disease in females. 

Effects of Estrogen and Cardiac Dysfunction in Female 
Heart Failure 

Estrogen is known to affect female cardiovascular function during the development 
of different diseases in several manners [36, 42, 115]. By acting on specific G-protein 
coupled estrogen receptors (α and β) as well as through genomic and non-genomic 
signaling mechanisms, this hormone protects females against cardiac dysfunction 
and progression of heart failure due to various pathological stimuli. These receptors 
are widely expressed in different species ranging from mice to humans. The binding 
of estrogen (particularly, 17β-estradiol) to the estrogen receptors has been shown 
to promote homo/hetero dimers that translocate to the nucleus and bind directly to 
gene estrogen response elements for the regulation of gene transcription [116–119]. 
At the plasma membrane level or in the cytosol, estrogen receptors interact with 
various kinases and scaffolding molecules to modulate multiple signal pathways for
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Fig. 24.2 Mechanism of the 
protective effects of estrogen 
in the development of heart 
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exerting protective effects against the development of heart failure (Fig. 24.2) [117, 
120–122]. 

It is noteworthy that estrogen exerts protective effects on the myocardium in 
females against various pathological conditions such as myocardial infarction as 
well as ischemia/reperfusion injury and promotes delay in heart failure in addition 
to improving survival and a better prognosis after myocardial infarction [123, 124]. 
Since female myocardium shows greater resistance to ischemia/reperfusion injury 
in different animal models, enhanced recovery of contractile function and lesser 
arrhythmias during reperfusion have been observed in young adult female rats than 
the age-matched males [107, 123, 125–127]. Also, estrogen has been shown to exert 
protection against ischemia/reperfusion injury via activation of the mitochondrial 
and sarcolemma ATP-sensitive K+ channels [128, 129]. Estrogen treatment reduces 
oxidative stress [130, 131] and mitochondrial permeability transition pore opening 
(mPTP) [132–134] in addition to increasing the endothelial nitric oxide synthase 
(eNOS) activity [135]. Inhibition of nuclear factor-κB (NF-κB) as well as reduc-
tion of infarcted area and neutrophil accumulation were also reported by estrogen 
therapy [136]. Additionally, estrogen has been shown to modulate manganese super-
oxide dismutase phosphorylation through mitochondrial p38β at Threonine 79 and 
Serine 106 levels [123]. Furthermore, estrogen-induced anti-hypertrophic effects
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were demonstrated [137–139] in slowing down cardiac dysfunction, development 
of cardiac hypertrophy and progression of heart failure [140]. By suppressing Ca2+/ 
calmodulin-dependent protein kinase II [137, 141], estrogen was observed to inhibit 
cardiac hypertrophy. Moreover, cardiomyocyte apoptosis was attenuated by estrogen 
and the activation of estrogen receptors [52, 142–144] through signaling system such 
as PI3K/Akt pathway and estrogen-mitogen-activated protein kinase (MAPK) and 
protein kinase G interaction [145, 146]. Since the protection of female from heart 
disease is lost after menopause or during menopause transition [37, 38], estrogen has 
been claimed to be protective against cardiac dysfunction [39, 147]. These observa-
tions are consistent with the view that estrogen plays a role in cardioprotection in 
females for improving cardiac function and reducing the incidence of heart failure 
in females. 

Mechanisms of Modification of Cardiomyocyte Apoptosis 
in Female Failing Hearts by Estrogen Treatment 

Although the pathogenesis of heart failure remains unclear, cardiomyocyte apop-
tosis is considered to be among the critical factors involved and implicated in cardiac 
dysfunction [46, 47]. Since the transition from compensated to decompensated hyper-
trophy is associated with cardiac remodeling upon restructuring of the ventricular 
wall and chamber dilation of the postinfarcted heart [90, 148], prevention of cell 
death can be seen to affect the ischemic damage to maintain ventricular structure 
and function [12, 13, 149]. It has also been observed that under pathological condi-
tions, there is a lower incidence of cardiomyocyte apoptosis in the female’s failing 
heart, attenuation of cardiac dysfunction, and delay in the progression of heart failure 
compared to males [45, 49, 50, 66–68, 150–153]. The possibility of reduced myocyte 
death in women due to stressful stimuli may either be due to inactivation of pro-
apoptotic signal pathway or activation of anti-apoptotic pathway by the endogenous 
sex hormones such as estrogen. The role of insulin-like growth factor-1 (IGF-1) has 
also been suggested in improving cell survival under these conditions [154]. It needs 
to be emphasized that among all the programmed cell death mechanisms, which 
eliminate abnormal cells and maintain cellular homeostasis during the development 
of different diseases [155–161], apoptosis is believed to play the most significant role 
in cardiovascular disease [162–165]. Various stimuli such as deprivation of growth 
factors [166], hypoxia [167], oxidative stress [168], intracellular Ca2+-overload [11], 
inflammatory cytokines [169, 170] and nitric oxide [171], DNA injury [172] heat 
shock [173], radiation [174], viral infection [175] and aging [176] are involved in 
the utilization of complex molecular machinery for the initiation, transduction, and 
execution of cell death as well as the occurrence of apoptosis [177–183]. Progressive 
apoptosis in the myocardium, limited capacity of the myocardium for self-renewal 
and inability of the heart to sustain efficient contractile function leading to ischemic
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damage as well as adverse cardiac remodeling and cardiac dysfunction in failing 
hearts have been well documented [46, 47, 184–189]. 

A variety of pathological conditions including hypertension [190], myocardial 
infarction [191–193], ischemia/reperfusion [194, 195] and dilated cardiomyopathy 
or end-stage heart failure [46] have been shown to initiate abnormalities in various 
signaling pathways for the occurrence of cardiomyocyte apoptosis and cardiac 
dysfunction in failing hearts [196–207]. It has been indicated that the inhibition of 
apoptotic cardiomyocyte death upon modulation of signaling pathways by different 
interventions improves cardiac function in diseased hearts [208–224]. Indeed, the role 
of estrogen in inhibiting apoptosis and cardiac dysfunction in female heart failure 
has been indicated under several pathological conditions [50, 51, 103, 202, 225– 
228]. In this regard, estrogen therapy was shown to attenuate cardiac remodeling, 
lower content of pro-apoptotic proteins, such as caspases 3 and 9, and suppress 
cardiomyocyte apoptosis in female heart failure after pressure overload [50, 227]. 
Estrogen was also demonstrated to markedly reduce the severe pulmonary hyperten-
sion in rats by reducing endothelial cell apoptosis due to pressure overload [229]. 
Moreover, estrogen demonstrated a reduced degree of apoptosis [202] and preven-
tion of cardiac dysfunction as well as adverse ventricular remodeling in female 
rats subjected to volume overload [51]. This hormone has been shown to atten-
uate cardiomyocyte apoptosis and the development of congestive heart failure upon 
improving cardiac contractility [140]. Furthermore, it was found to inhibit apoptosis 
signal-regulating kinase 1/c-Jun N-terminal kinase/p38 as well as MAPK through 
antioxidative effects [203]; long-term 17β-estradiol treatment was also shown to 
improve congestive heart failure by these mechanisms [103]. By activating thiore-
doxin, inhibiting NADPH oxidase activity, and reducing oxidative stress in the 
heart, estrogen was observed to prevent progressive cardiac enlargement in a genetic 
mouse model of congestive heart failure [151]. Administration of estrogen attenu-
ated the generation of reactive oxygen species and reduced apoptosis by suppressing 
ischemia/reoxygenation-induced oxidative stress in the myocardium [140, 230, 231]. 

Under the ischemic or hemodynamic overload conditions, administration of 17β-
estradiol was observed to reduce cardiac apoptosis and related adverse ventricular 
remodeling in post-menopausal females because antiapoptotic actions of estrogen 
promote the prevention of oxidative stress that produce unstable, reactive oxygen 
species to trigger apoptosis [231]. Differential effects of 17β-estradiol have shown 
to suppress oxidative stress to some extent via modulation of p38 MAPK isoforms 
in rat cardiomyocytes [232]. Furthermore, 17β-estradiol reduced pro-apoptotic p38α 
and its downstream target p53, which are the primary regulator of cell death while 
promoting the activity of pro-survival protein p38β through PI3K/Akt signaling [145, 
231]. Estrogen was also found to reduce myocyte apoptosis by activating pro-survival 
PI3K/Akt signaling in cultured neonatal cardiomyocytes, suggesting that estrogen 
may improve survival partially in female heart failure [145]. The interaction of 
estrogen receptor α with miR-22, and Sp-1 was reported to enhance cystathionine-
lyase expression in the myocardium of female rats, increase antioxidative defense 
and promote cell survival, which may prevent apoptosis in cardiomyocytes [131]. 
Increased cardiomyocyte hypertrophy [226] may also prevent the deterioration of
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cardiac function upon treatment with 17-β estradiol in female rats subsequent to 
myocardial infarction [233]. Furthermore, 17-β estradiol attenuated the hypertrophic 
response and cardiomyocyte apoptosis due to pressure overload [50, 139, 226, 227] 
and volume overload in females [51, 57, 228]. Thus, estrogen therapy in females 
may prevent cardiomyocyte apoptosis and improve cardiac function by an interplay 
of several signal transduction mechanisms, which may serve to delay the progression 
of heart failure. 

Given the protection of the heart from the oxidative stress and ischemia–reper-
fusion insults in females, there is a possibility that estrogen may produce beneficial 
effects at the level of individual cardiomyocytes in several experimental models of 
heart failure [50, 51, 57, 145, 225, 234, 235]. Over the past three decades, the inci-
dence of heart failure has been higher in different age groups of female patients and 
thus there is a great interest in instituting appropriate hormone therapy for the control 
of risk of this heart disease [236–238]. It is pointed out that several factors such as 
type of heart failure, menopause timings, age of patients, as well as route and dose 
of hormone administration are considered carefully before initiating the therapy in 
females in order to avoid cardiovascular complications. Particularly, contraceptives 
and postmenopausal hormone therapy are believed to promote the increase in cardio-
vascular complications in females [239–244]. It has been indicated that oral estrogen 
may increase circulating angiotensin II, which may cause adverse cardiovascular 
effects [242]. Furthermore, it has been observed that initiating therapy with estrogen 
to younger women in their menopause transition period exhibits a lower event rate of 
coronary disease events than in women of the age 60 and over [243]. It has also been 
demonstrated that the loss of estrogen may contribute to left ventricular dilation in 
females receiving postmenopausal hormone therapy [244, 245]. On the basis of some 
observational research, it has been argued that there a potential survival advantage 
in female heart failure with postmenopausal hormone treatment [246]. Furthermore, 
hormone replacement therapy has been shown to reduce myocardial hypertrophy in 
females. On the other hand, estrogen treatment has been reported to increase the 
risk of congestive heart failure and it has been indicated that hormone therapy may 
be initiated for the relief of menopausal symptoms but should not dispensed for the 
purpose of heart disease protection [247, 248]. Since there is a controversy regarding 
the estrogen therapy in postmenopausal females, it is suggested that a combination 
therapy with other ovarian hormones or some existing cardiovascular drugs may 
prove beneficial for suppressing the incidence of heart failure.
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Experimental Evidence for the Effects of Ovariectomy 
and Estrogen Therapy on Cardiac Dysfunction 
and Apoptosis in Female Heart Failure Due to Volume 
Overload 

In order to gain some information regarding the role of estrogen in protecting the 
development of heart failure in females, we have examined the effects of estrogen 
therapy on cardiac dysfunction, cardiac remodeling, degree of apoptosis and plasma 
catecholamines in failing hearts due to volume overload. Heart failure for these 
experiments was induced by arteriovenous (AV) shunt in female rats with intact 
ovaries as well as in ovariectomized animals for a period of 16 weeks [51, 57] and 
the results are shown in Figs. 24.3 and 24.4 as well as Tables 24.1 and 24.2. It  
can be seen from Fig. 24.3 that the volume overload induced cardiac hypertrophy 
(as represented by heart weight/body weight ratio) and fractional shortening were 
attenuated whereas cardiac output was increased without any significant changes in 
heart rate by ovariectomy. These alterations in ovariectomized animals were fully or 
partially reversed by estrogen treatment. It can also be observed that heart weight 
to body weight ratio, cardiac output and heart rate in sham control animals were 
not affected by ovariectomy or estrogen therapy except that fractional shortening in 
ovariectomized animals was depressed significantly, which effect was not reversed 
by estrogen treatment. Ovariectomy has also been reported to decrease +dP/dt, − 
dP/dt and left ventricular pressure as well as increase left ventricular end diastolic 
pressure in volume overload female hearts; these effects were also fully or partially 
reversed by treatment with estrogen [57].

Figure 24.4 shows the effects of ovariectomy and estrogen therapy on some param-
eters of cardiac remodeling in volume overload female rats with intact ovaries and 
ovariectomized animals. Both systolic and diastolic ventricular internal diameters 
were increased in volume overload ovariectomized animals and estrogen therapy 
suppressed the diastolic, but not the systolic, internal diameter significantly. Further-
more, ovariectomy significantly depressed the systolic, but not the diastolic, thickness 
of posterior wall significantly; this effect of ovariectomy on systolic posterior wall 
thickness was partially reversed by estrogen treatment. Since the status of cardiac 
function and cardiac remodeling is determined by changes in the sympathetic activity 
in heart failure [57, 249, 250], we have also determined the plasma levels of cate-
cholamines. The data shown in Table 24.1 indicate that ovariectomy depressed the 
plasma levels of both epinephrine and norepinephrine but increase the plasma level 
of dopamine in the volume overload animals. These changes in both epinephrine and 
dopamine levels, unlike that for norepinephrine levels, were significantly reversed 
by estrogen treatment. 

In view of the important role of cardiomyocyte apoptosis in determining the status 
of cardiac dysfunction in diseased hearts, we determined changes in the degree of 
apoptosis and associated caspases enzymes as well as both pro-apoptotic and anti-
apoptotic protein contents due to ovariectomy and estrogen therapy in the volume 
overload hearts. The results in Table 24.2 show the degree of apoptosis as well



392 S. K. Bhullar et al.

0 

2 

4 

6 

0.0 

0.2 

0.4 

0.6 

* 
# # 

m
g/

g
L/

m
in

 

B. CO 

Female 
without 
OVX 

Ovx Ovx +  
Estrogen 

Female 
without 
OVX 

Ovx Ovx +  
Estrogen 

* 

A. HW/BW 

AVSSham 

0 

20 

40 

60 

80 

0 

100 

200 

300 

400 
%

 
B

ea
ts

/m
in

 

C. FS 

D. HR 

# 
# 

¶ 
¶ 

¶ 

# 

Fig. 24.3 Effects of OVX in control female rats as well as estrogen therapy on cardiac dysfunction 
in OVX animals 16 weeks post AV shunt. Values are mean ± S.E. of 12 animals in each group. 
AV, arteriovenous shunt; OVX, ovariectomized; BW, body weight; HW, heart weight; CO, cardiac 
output; FS, fractional shortening; HR, heart rate. *P < 0.05 versus corresponding values for female 
sham without OVX; #P < 0.05 versus corresponding value for AV female without OVX; P < 0.05  
versus corresponding value for AV OVX animals without estrogen treatment. Data are based on the 
results from our paper—Dent et al. [57]

as protein content for both caspase 3 and 9 were increased by ovariectomy and 
these effects were fully reversed by estrogen treatment. Furthermore, protein content 
for pro-apoptotic proteins, such as Bax and phosphorylated Bad, were increased 
whereas anti-apoptotic protein, phosphorylated Bcl-2, content were decreased due 
to ovariectomy in volume overload hearts. These effects on pro- and anti-apoptotic 
proteins were fully or partially reversible by estrogen treatment. It should also be 
pointed out that the degree of apoptosis as well as caspase 3 and 9 protein content 
in volume overload females were less than those in the age-matched males [51]. 
Furthermore, mRNA levels for both caspases 3 and 9 in volume overload females 
were also less than those in the age-matched males [51]. Although these studies 
support the role of estrogen in cardioprotection during heart failure due to volume
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diastolic posterior wall thickness. *P < 0.05 versus corresponding value for female sham without 
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sponding value for AV OVX animals without estrogen treatment. Data are based on the results from 
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Table 24.1 Catecholamine plasma levels in female without OVX as well as in OVX animals treated 
with or without estrogen post AV shunt at 16 weeks 

Without OVX OVX OVX + Estrogen 
Sham AV Sham AV Sham AV 

Epinephrine 745 ± 64 687 ± 32 556 ± 30 247 ± 25# 375 ± 27# 322 ± 15 
Norepinephrine 679 ± 9.2 457 ± 38* 394 ± 25 236 ± 18# 476 ± 25 297 ± 26 
Dopamine 101 ± 5 19 ± 6 101 ± 6 137 ± 7# 173 ± 10 100 ± 6 

AV, arteriovenous shunt; OVX, ovariectomized. Data are mean ± S.E. of 5 experiments performed 
with different preparations. Data are based on the results from our paper—Dent et al. [57]. * P < 
0.05 versus corresponding value for sham female without OVX; #P < 0.05 versus corresponding 
value for AV female without OVX; P < 0.05 versus corresponding value for OVX without estrogen 
treatment
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overload in females, it is noteworthy that alterations in hemodynamic parameters, 
cardiac remodeling and changes in the degree of apoptosis as well as content of 
pro-apoptotic and anti-apoptotic proteins due to ovariectomy in volume overload 
animals were either fully or partially reversible by estrogen. However, the role of 
various other hormones in offering cardioprotection due to heart failure in females 
cannot be ruled out at present. 

Conclusion 

From the foregoing discussion, it is evident that premenopausal women are less 
prone to heart disease including the development of heart failure in comparison 
to men. Such a difference is reflected by several characteristics such as decreased 
diastole reserve, stroke volume and pulsatile afterload as well as increased arterial 
stiffness, pulse pressure and left ventricular filling pressure in addition to increased 
immunity, inflammation and microvascular disease in females under various patho-
logical conditions. Furthermore, these differences between males and females for 
the development of cardiac remodeling, loss of cardiomyocyte due to apoptosis and 
heart failure as a consequence of various pathological stimuli including myocardial 
infarction, pressure overload, and volume overload have been attributed to differ-
ences in sex hormones such as estrogen. This viewpoint is supported by the fact 
that the plasma levels of estrogen in young female are markedly higher than those 
in males. Furthermore, the incidence of heart failure in females becomes equal or 
greater than that of males after the initiation of menopause, which is associated with 
development of ovarian dysfunction and depression in the level of plasma estrogen. 

The role of estrogen as a cardioprotective hormone is also attested in several 
experimental studies with female animals which show greater resistance for the 
development of heart failure due to risk factors such as diabetes, hypertension and 
aging in comparison to males. Female animal hearts were also observed to exhibit less 
cardiac defects such as cardiac dysfunction, metabolic changes, cellular damage upon 
subjecting to myocardial ischemia, ischemia–reperfusion injury and coronary occlu-
sion (myocardial infarction). The development of heart failure in female animals due 
to the induction of volume overload was found to be considerably reduced in compar-
ison to males because several parameters for cardiac dysfunction as well as signal 
transduction systems for apoptosis were suppressed in comparison to males. It is note-
worthy that ovariectomy was demonstrated to promote the development of volume 
overload induced characteristics of heart failure in female animals whereas these 
alterations in different hemodynamic parameters as well as in both pro-apoptotic 
and anti-apoptotic signal transduction pathways due to volume overload were fully 
or partially reversed by estrogen therapy in ovariectomized animals. The increase in 
plasma levels of epinephrine and dopamine, unlike that for norepinephrine, in volume 
overload ovariectomized animals were also partially reversed by estrogen therapy. 
These observations indicate that ovariectomy may affect different hormones other 
than sex hormones in the body.
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The mechanisms for the beneficial effects of estrogen therapy are considered to 
be mediated through the activation of estrogen receptors and subsequent depressions 
in oxidation stress, ATP degradation and mPTP opening in the myocardium. It is 
pointed out that the treatment of estrogen in postmenopausal state is considered to 
offer cardioprotection by improving energy status and anti-hypertrophic effects as 
well as by decreasing the degree of apoptosis and attenuation of cardiac dysfunc-
tion in failing hearts. Although such beneficial effects of estrogen were seen in 
both clinical and experimental observations with different types of heart failure, 
some of the clinical studies have indicated contradictory results and have cautioned 
against the use of estrogen therapy in delaying the progression of heart failure as 
well as associated adverse cardiovascular abnormalities in postmenopausal females. 
Nonetheless, in view of the partial beneficial effects of estrogen treatment, the loss 
of some other ovarian hormones may also be involved in promoting the development 
of heart failure under postmenopausal conditions. Thus, it would be prudent to use 
a combination therapy with different ovarian hormones for the treatment of heart 
failure after menopause in females. 
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Chapter 25 
Prevention of β-Adrenoceptor-Mediated 
Alterations in Female Heart Failure 
by Estrogen 

Paramjit S. Tappia, Adriana Adameova, Vijayan Elimban, 
and Naranjan S. Dhalla 

Abstract Recent interest in Women Heart Health has led to increased attention to 
the influence and importance of sex in the incidence of cardiac dysfunction under a 
wide variety of stressful situations. It is now well known that pre-menopausal females 
are protected from several types of pathological stimuli leading to heart dysfunction. 
While the morbidity and mortality rates due to heart failure in pre-menopausal women 
are much less than their male counterparts, the mechanisms responsible are far from 
clear. Since the β-adrenergic system, which regulates heart function, is an integral 
pathway in the transition from cardiac hypertrophy to heart failure, this article is 
intended to present the evidence on sex differences in the β-adrenoceptor (β-AR) 
signaling mechanisms in a rat model of heart failure due to volume overload for 
16 weeks. Both mRNA levels and protein content for β1-AR and β2-AR in female 
volume-overloaded hearts were elevated whereas these values were depressed in male 
failing hearts. Unlike female hearts, mRNA levels for adenylyl cyclase as well as 
β-arrestin 2 were depressed in male failing hearts whereas unlike male hearts, protein 
content for adenylyl cyclase and mRNA levels for GRK2 were increased in volume-
overloaded female hearts. Ovariectomy for 16 weeks increased protein contents 
for β1-AR, β2-AR and adenylyl cyclase in control hearts whereas values for these 
components were depressed in the ovariectomized volume-overloaded hearts. These 
alterations due to ovariectomy were reversed by 17β-estradiol. Although ovariec-
tomy depressed epinephrine-stimulated adenylyl cyclase activity in both control and
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volume-overloaded hearts, this change in control animals was not affected by 17β-
estradiol. These observations support the view that estrogen plays an important role 
in augmenting β-AR-mediated signal transduction in female heart failure. 

Keywords Sex differences · Volume overload · Heart failure · Ovariectomy ·
β-adrenoceptors · Adenylyl cyclase · Signaling transduction 

Introduction 

It is now established that heart failure (HF) with preserved ejection fraction (HFpEF) 
represents a large proportion of total worldwide HF [1, 2]. In fact, women have a 
higher incidence of HFpEF, while men present with HF with reduced ejection fraction 
(HFrEF). Such differences in the incidence of HF have been attributed mainly to 
the female sex hormone, estrogen [3, 4]. It is also evident that the incidence of 
cardiovascular disease events including coronary artery disease, hypertension and HF 
in young women is substantially lower than in men, but increases disproportionately 
in women after menopause [5, 6]. Furthermore, hypertension, diabetes and cigarette 
smoking are reported to be the highest risk factors for the occurrence of HF in women 
[7]. It should be mentioned that low income as well as low level of education have 
been linked to increased incidence of hospitalizations due to HF in post-menopausal 
women [8]. Women have also been reported to exhibit worse symptoms and poor 
well-being as compared to men [9]. 

The resistance to cardiovascular disease events in females have frequently been 
attributed to the female sex hormones. Particularly, the role for estrogen and estrogen 
receptors (ER) in the development of HF has been suggested in view of the observa-
tion that hormone replacement therapy (HRT) in women attenuates cardiac hyper-
trophy [10]. While cellular remodeling associated with left ventricle (LV) dysfunc-
tion is also attenuated in women, outcome is improved due to greater preservation of 
ventricular function, as well as reduced cellular hypertrophy and dilatation. However; 
the exact cellular signaling mechanisms responsible for the cardioprotection observed 
in young females is far from clear. It should be noted that estrogen appears to be 
protective in women since the increased risk of HF is associated with a reduction in 
estrogen levels during and after menopause. On the other hand, clinical trials have 
demonstrated that estrogen replacement therapy in post-menopausal women results 
in adverse cardiac events and increases the risk of breast cancer [11]. Thus, additional 
experiments and investigation to fully understand the beneficial/protective actions 
of estrogen are required for improved therapies and prevention strategies in women. 
It is also noteworthy that over the last few years the importance of sex and suscep-
tibility to HF is increasingly being recognized with respect to clinical presentation 
and outcomes [12]. Unfortunately, women were underrepresented in many clinical 
and experimental studies in the field of cardiovascular disease. However, the lack of 
good trial evidence concerning sex-specific outcomes has led to assumptions about
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heart disease treatment in women, which in turn has resulted in inadequate diagnoses 
and suboptimal management, and impacting outcomes [13–18]. 

While a sustained adrenergic drive seen in different cardiac pathologies is consid-
ered to result in several cellular and molecular defects including a downregulation 
of the β-adrenoceptor (β-AR) associated with cardiac dysfunction (Fig. 25.1), this 
article is intended to describe the evidence for sex differences and the role of estrogen 
in the β-AR signaling system in an experimental model of HF due to volume over-
load. We have earlier examined the echocardiographic and hemodynamic changes 
in male and female rats in heart failure stage at 16 weeks due to volume overload 
induced by an arteriovenous (AV) shunt [19]. It was observed that the increase in 
heart muscle mass was higher in females than males and unlike the females, rate 
of pressure development/contraction (+dP/dt) and rate of pressure decay/relaxation 
(−dP/dt) were depressed whereas left ventricular end-diastolic pressure (LVEDP) 
was increased in male rats. In addition, while an increase in cardiac output occurred 
in both sexes, this was more marked in males [19]. Furthermore, increases in circu-
lating catecholamine levels was only seen in male rats, whereas a decrease or no 
change was observed in female failing hearts [19]. 

Interestingly, ovariectomy resulted in depressed +dP/dt, −dP/dt, and fractional 
shortening, whereas a marked increase in cardiac output as well as increased LVEDP 
and LV internal diameters were observed at 16 weeks post-AV shunt. Although 
treatment with 17-βestradiol normalized ±dP/dt, LVEDP remained elevated [19]. 
Taking these observations together, it is thus evident that sex differences in cardiac
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Fig. 25.1 Different cardiac pathologies leading to the development of congestive heart failure 



412 P. S. Tappia et al.

function and remodeling subsequent to volume overload exist, which may also be 
related to the sex differences in plasma catecholamine concentration. Moreover, 
estrogen may have a protective role and preserve cardiac contractile function, but the 
mechanisms involved in defining these functional sex differences remain to be fully 
elucidated. 

The β-AR signaling system is known to regulate the activities of adenylyl cyclase, 
which generates cAMP with the subsequent activation of protein kinase A (PKA) and 
regulation of diverse functions including sarcolemmal L-type Ca2+-channel activity, 
sarcoplasmic reticulum Ca2+-release and myofibrillar sensitivity and subsequent 
cardiac contractile function (Fig. 25.2). It is interesting to note that PKA has also 
been reported to influence the sex-dependent differences in cardiac contractile func-
tion as well as the predisposition to heart disease [20]. Previously, we have reported 
sex differences in the various components of the β-AR system, including β-ARs and 
adenylyl cyclase, as well as Gi and Gs proteins, β-arrestin 1, β-arrestin 2 content, and 
GRK2 and GRK3 activities in cardiac hypertrophy due to volume overload [21]. In 
this chapter, we describe the available evidence that demonstrates sex differences in 
the β-AR signaling system, and associated components in heart failure due to volume 
overload in addition to indicating some of the mechanisms of the protective actions 
of estrogen that may be related to prevention of the effects of over-activation of the 
β-AR system and cardiac remodeling. 

Fig. 25.2 Mechanism of 
action of norepinephrine in 
the heart. Gs and Gi, 
stimulatory and inhibitory 
guanine nucleotide binding 
proteins; cAMP, cyclic AMP; 
PKA, protein kinase A; SR, 
sarcoplasmic reticulum
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Role of β-AR-Signal Transduction in Heart Function 

Stimulation of the sympathetic nervous system (SNS) is known to release nore-
pinephrine (NE), which exerts positive inotropic effect in the heart through the acti-
vation of β-ARs [22]. The β-AR signaling system not only regulates the cardiac 
contractile function, but is believed to provide essential support for the maintenance 
of cardiac function during the development of HF [23, 24]. The binding of NE to 
β-ARs initiates the activation of Gs proteins, and stimulation of adenylyl cyclase. 
The consequent generation of cAMP from ATP, activates PKA and results in the 
increase of intracellular Ca2+ levels and augmentation of contraction of the heart 
[25]. Furthermore, GRKs, a family of serine/threonine kinases, regulate the β-AR 
signal transduction system through phosphorylation of the agonist-occupied recep-
tors [26, 27]. GRK2 (β-ARK1), GRK3 (β-ARK2), and GRK5 are predominantly 
expressed in the heart [28]. Upon NE-induced stimulation of β-ARs, GRK2 translo-
cates from the cytosol to the membrane, phosphorylates β-ARs and uncoupling of 
Gs proteins from β-ARs [29]. 

It is well established that β-AR-mediated signal transduction is altered in HF 
and the most evident change involves the β-ARs, where β1-AR is markedly down-
regulated. Alterations in other components of the β-AR signaling system including 
uncoupling of β2-ARs and increased activity of Gi protein have also been shown 
to occur [30]. These changes appear to be related to increased activity of the SNS 
and increased exposure of the heart to NE. However, it should be mentioned that 
chronic activation of the SNS exerts a net long-term adverse effect on the heart and 
the myocardial adrenergic desensitization is partially maladaptive in the setting of 
LV dysfunction [30]. Data from human end-stage heart failure [22, 23] and several 
experimental models of HF such as the spontaneously hypertensive rat [31], pres-
sure overload induced HF [32], myocardial infarction (MI) [33, 34] and volume 
overload induced HF have been reported to reveal different degrees of changes in β-
AR signal transduction, including downregulation of β1-AR. Specifically, in patients 
with volume overload due to left heart valvular disease and mitral regurgitation, a 
decrease in β-AR density has been observed [35, 36]. A decrease in myocardial β-AR 
density, adenylyl cyclase activity and response to isoproterenol in pigs subsequent 
to an AV shunt has also been reported [37]. On the other hand, while no changes in 
the maximal binding (Bmax) and dissociation constant (Kd) characteristics of β-AR 
were found in the rat subsequent to AV shunt, a reduction in the maximal adenylyl 
cyclase response to NE was observed [38]. It is interesting to note that an increase in 
β-AR density was reported in the hypertrophic stage, whereas a decrease was seen 
at HF stage without having any effect on Kd following AV shunt in rats [39].
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Sex Differences in Cardiovascular Disease 

With the aging population, the incidence and prevalence of HF continue to rise, 
which remains a major health hazard [40]. Both clinical and experimental lines of 
evidence have demonstrated the existence of sex differences in the prevalence of heart 
disease. It is generally believed that pre-menopausal women have a lower risk for 
heart disease, but markedly increases after menopause [41]. Women tend to develop 
heart disease some 10–15 years later than men, which has led to the hypothesis that 
estrogen is cardioprotective in women [42]. In this regard, experimental studies have 
demonstrated that females are protected from developing HF in several different 
animal models. For example, a tenfold less mortality in female rats as compared 
to their male counterparts subsequent to volume overload has been reported; in 
addition, the female rats showed no signs of HF [43]. Female hearts have also been 
shown to be less susceptible to ischemia–reperfusion (I/R) injury and better recovery 
of cardiac function as well as cardiomyocyte survival following I/R [44, 45]. The 
intravenous administration of epinephrine in both male and female rats resulted in 
a higher frequency and occurrence of epinephrine-induced premature ventricular 
contractions, missed beats, and conduction blocks in the male rats as compared to 
female rat hearts; loss of cardioprotection was also observed upon ovariectomy [46]. 

Human observations have shown that the incidence of HF is higher for men 
in all age groups [47]; however, the lifetime risk is similar in men and women 
because women tend to live longer [48]. Indeed, a Framingham study reported, after 
adjustment for age, that the incidence of HF in women is approximately 30% lower 
than in men [47]. Women with heart disease tend to be sicker than men by the time HF 
is diagnosed; furthermore, women appear to benefit less following by- pass surgery 
and tend to have more severe symptoms in HF. These differences could be accounted 
for the fact that women are older and frailer when they develop HF. 

In contrast to men, hypertension and diabetes represent the major risk factors for 
the development of heart failure in women and the clinical course of heart failure 
is generally more benign and more frequently characterized by HF with preserved 
systolic function and diastolic dysfunction [47]. Women tend to be older and more 
hypertensive but are less likely to demonstrate any clinical signs of coronary heart 
disease (CHD) and more often have preserved ventricular function [48]. The combi-
nation of obesity and hormonal disturbances in postmenopausal women is of serious 
concern [49]; in fact, it has been shown that diabetic women have a three-to six-
fold risk of MI whereas diabetic men are at an increased risk of two to four-fold 
[49]. Following the induction of a mechanical load, women have a lower tendency 
to develop myocardial hypertrophy than men [50] and seem to be better protected 
with later onset of cardiac decompensation than men with heart failure [51]. 

It has become very apparent that there is also a sex bias in the diagnosis or 
treatment of HF, [52]. In fact, it has been reported that women are more frequently 
prescribed diuretics and digitalis, and are much less often prescribed a combination 
therapy of the two [52, 53]. It should be mentioned that digoxin was associated with 
a significantly higher risk of death in women when compared to placebo [54] and
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the administration of diuretics may actually result in more adverse effects in women 
[55]. Interestingly, older women with HF have better survival rates than men [56]. 
In women, an increase in LV mass or the extent of cardiac hypertrophy is a stronger 
predictor of mortality than traditional measures of LV size and function [57]. Taken 
together, it is clear that there is a need for sex specific clinical studies or trials which 
should be designed to include sufficient numbers of women [49]; this will assist to 
not only understand the influence of sex in the response to treatment, but also help 
to further understand the role of sex in HF outcomes. 

Although the role of estrogen has drawn much attention for scientific investiga-
tion regarding the mechanisms for the cardioprotection observed in pre-menopausal 
women, this aspect remains to be completely understood. ERs are known to be 
present in the human heart, and are considered to have a role in cardiac hypertrophy 
and subsequent progression to HF [49, 58, 59]. In fact, HRT has been reported to 
attenuate cardiac hypertrophy in women [11]. There are two main types of ERs (ER-
α and ER-β) ER-α is predominantly expressed in the adult rat heart whereas ER-
βexpression has been reported to be the predominant ER expressed in the neonatal 
heart, but decreases later in life [60]. Clinical examination has revealed a marked 
upregulation of ER-α mRNA and protein levels as well as increased ER-β mRNA 
in cardiac hypertrophy [49, 61]. 17β-estradiol has been reported to modulate the 
expression of natriuretic peptides in the atria and the LV via the mitogen-activated 
protein kinase (MAPK) pathway [58, 62]; these alterations may reduce the activity 
of the p38 MAPK pathway, by stimulation of its inhibitor, MAPK phosphatase 1 
[63], and thus attenuate cardiac hypertrophic response. 

In many experimental models, the more severe cardiovascular phenotype in male 
transgenic animals or ovariectomized females can be rescued by the administration 
of estrogen; suggesting that estrogen prevents or at least slows down the develop-
ment of cardiac hypertrophy and HF. In this regard, estrogen has been shown to 
attenuate cardiac hypertrophy induced by pressure overload in vivo [64], and antag-
onize cardiomyocyte hypertrophy in vitro involving ER-dependent mechanisms [49, 
65]. Sex differences in LV remodeling and fibrosis in hypertrophic cardiomyopathy 
have also been investigated [66]. In this study it was observed that a disproportionate 
number of females had a more pronounced degree of remodeling in different forms 
of hypertrophic cardiomyopathy, but no sex differences were seen in the extent of 
fibrosis [65]. 

Another factor that may explain female cardioprotection is that there is a lower 
β-AR density in female cardiomyocytes and they are less responsive to isoproterenol, 
resulting in a reduced calcium influx after β-AR stimulation [67]. It has also been 
shown that there is a decreased β-AR density and β-AR inotropic response in the 
aging female heart [49]. The most convincing line of evidence for the protective 
effect for estrogen originates from large cohort studies that have compared CHD 
risk in postmenopausal women currently using estrogen versus never-users. These 
studies have shown consistently that CHD risk is 35–50% lower in estrogen users 
after adjusting for other risk factors [68, 69]. 

It has been suggested that HRT may only be beneficial when its administration 
is initiated early during a narrow window of opportunity, which is around the time
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of menopause and before women develop an excessive buildup of atherosclerotic 
plaque. In this regard, the Women’s Health Initiative (WHI) study, which discounted 
any benefit of HRT was criticized because it included women much older than the 
average hormone user, who typically initiate HRT around the time of menopause. The 
average age of participants in this study was 64 years. The average age of menopause 
has been suggested to be 51.4 years of age, and some studies suggest that women 
who initiate HRT later may miss the chance to benefit from this treatment [70, 71]. 
Interestingly, in a study with healthy women aged between 45 and 58 and exhibited 
postmenopausal or perimenopausal symptoms, it was reported that after 10 years of 
randomized HRT early after menopause has significantly less risk of HF, without 
any increase in the risk of cancer, venous thromboembolism or stroke [72]. Also, 
HRT does not independently predict mortality or thromboembolism or bleeding in 
women with atrial fibrillation [73]. 

Sex Differences in the β-AR Mechanisms in Heart Failure 
Due to Volume Overload 

The β-AR signaling system is a key regulator of heart rate, systolic and diastolic func-
tions, and myocardial metabolism [74]; however, its responses in HF are markedly 
altered [75]. Indeed, adrenergic over-activity is a major pathogenic event for the 
development of HF and is often associated with poor prognosis [75]. Initially, there 
is an increase in β-AR signaling allowing the heart to adapt quickly to increased 
workloads; this allows the heart to increase its output within a matter of seconds 
by increasing pacemaker frequency and myocardial contractility [74]. Although 
some compensatory mechanisms maintain cardiac performance at an acceptable 
level under pathologic situations, the prolonged activation of the SNS and increased 
levels of NE have an adverse action on the heart [75]. It is interesting to note that a 
decreased capacity to respond to β-adrenergic stimulation, particularly under condi-
tions of increased demand (i.e. faster pacing rates and treatment with isoproterenol) 
has been reported in isolated female rabbit hearts; furthermore, this reduced respon-
siveness was also observed to be associated with diminished arrhythmic activity [76]. 
Since β1-AR signaling accounts for the majority of pathologic hypertrophy in HF, 
reverse remodeling has been shown to occur by using the β-AR blocking agents in 
the failing human heart [77]. Alterations in the β-AR signaling system have also 
been shown to be involved in the development of HF due to volume overload in the 
rat, which was linked to a hypersensitivity of the myocardium to β-AR stimulation 
[78]. Furthermore, upregulation of β-AR system as well as changes in the subcellular 
distribution of regulatory proteins, GRK isoforms and β-arrestins have been observed 
in this experimental model [79]. 

It is interesting to note that no sex differences have been reported with respect to 
basic mechanical ability and functioning of healthy myocardium [80], and thus under 
pathophysiological conditions, it is the response to stressors that may be a major
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factor in eliciting sex differences in cardiac remodeling and contractile function 
[80]. In accordance to this suggestion, Chu et al. [81] found that there were also 
no functional sex differences in the heart as well as no difference in expression 
of β-ARs in the rat. On the other hand, sex differences have been shown in the 
inotropic response to isoproterenol where male atrial and ventricular cells exert a 
greater increase in cell shortening; in fact, the twofold higher β-AR density and larger 
cAMP production in male rat cardiomyocytes as compared to female cardiomyocytes 
suggested an elevated β-adrenergic signaling in males [82]. In human studies, it has 
been reported that sex affects age-related β-AR downregulation in normal human 
ventricles, with females having a greater extent of decrease in aging [83]. It was 
found that this curvilinear relationship between age and receptor density, which 
plateaus at approximately 40 years of age in women was suggested to be due to an 
effect of sex hormones on β1-AR expression in the human heart [83]. Females have 
also demonstrated a lower sympathetic activation and parasympathetic withdrawal 
in nonischemic HF as compared to males that may be a contributory factor for 
cardioprotection in females [84]. Interestingly, males demonstrated a greater decline 
in the inotropic and chronotropic response to β-adrenergic stimulation with age as 
compared to females [84]. Since the β-adrenergic responsiveness is reduced in males 
with HF as compared to females, it has been suggested that sex-specific differences in 
calcium handling may be partially responsible for the improved survival of females 
in HF [85]. Indeed, sex-specific differences in calcium handling proteins have also 
been reported in rat heart ventricle [81] and in failing pig cardiomyocytes [85] that 
may be related to reduced β-AR responsiveness in males as compared to females 
[81, 85]. 

Overall, it is evident that HF is associated with abnormalities in the β-AR signaling 
system in different models of HF and that sex differences in outcomes of different 
cardiac pathologies may be related to sex-specific alterations or preservation of the 
β-AR and its signaling components. The following section describes the evidence 
demonstrating sex differences in the modifications in the β-AR signaling system in 
HF due to volume overload induced by AV shunt. Furthermore, some mechanisms 
associated with estrogen-induced cardioprotection in the female heart have been 
highlighted. 

We have observed that at 16 weeks post AV shunt in male rats there was a signifi-
cant decrease in both β1-AR and β2-AR mRNA levels in the failing hearts. In contrast, 
a small, but significant increase in the expression levels of both β1-AR and β2-AR gene 
expressions at 16 weeks post AV shunt was seen in the female heart [86] (Table 25.1). 
The changes in the gene expression of both receptor types were concurrent to the 
changes in protein contents of both β1-AR and β2-AR at 16 weeks in male and female 
hearts (Table 25.1). It should be mentioned that stimulation of the β2-AR attenuates 
cardiac remodeling and infarct expansion in rats and that a combination therapy 
of β2-AR stimulation with β1-AR blockade exceeded the therapeutic effectiveness 
of sole β1-AR blockade [87]. From these reports it is apparent that β2-AR medi-
ated signal transduction is cardioprotective [87, 88]. Therefore, our observations of 
elevated β2-AR gene and protein expression at 16 weeks post AV shunt, may have an 
important contributory role in inducing appropriate remodeling and preservation of
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Table 25.1 Gene and protein expression of β1-AR and β2-AR in male and female heart failure due 
to volume overload induced by arteriovenous shunt for 16 weeks 

Male Female 

Control AV shunt Control AV shunt 

A: mRNA (% of control) 

β1-AR (680 b.p.) 109 ± 11 83 ± 6* 102 ± 3 123 ± 8* 
β2-AR (525 b.p.) 102 ± 5 79 ± 4* 106 ± 4 127 ± 8* 
B: Protein (Densitometric units) 

β1-AR (65 kDa) 1.6 ± 0.1 0.7 ± 0.1* 2.2 ± 0.2# 3.3 ± 0.4* 
β2-AR (46 kDa) 2.2 ± 0.2 1.4 ± 0.1* 2.6 ± 0.2 3.7 ± 0.3* 
Quantified data showing β-AR mRNA levels (A) and protein contents (B) in male and female rats 
at 16 weeks volume overload induced by AV shunt. Values are means ± SE of 3–5 different RNA 
or membrane preparations in each group. * P < 0.05 versus control (sham) values; # P < 0.05  
versus corresponding male control (sham) values. Data presented are based on results from our 
publication—Dent et al. [86] 

cardiac contractile function of the female heart subsequent to volume overload [86]. 
In this regard, overstimulation of the β-adrenergic system during the hypertrophic 
phase leads to downregulation of the β-ARs at the failing stage and concomitant 
decrease in cardiac function, which is the case in male rats subjected to volume over-
load; however; the female heart appears to be less sensitive to the stimulation of the 
adrenergic system under stress and a downregulation in the β-AR at 16 weeks post 
AV shunt was not observed; this may be one explanation for why cardiac contractile 
function is sustained by the female heart subjected to volume overload. 

We have also examined different components of the β-AR signaling system for 
possible sex differences [86]. Table 25.2 shows the status of adenylyl cyclase V/VI 
gene expression and protein contents in male and female hearts subsequent to volume 
overload induced by an AV shunt. While no changes were seen in the expression of 
adenylyl cyclase V/VI in the female heart, adenylyl cyclase V/VI mRNA levels 
were depressed in male rats at 16 weeks post AV shunt; however, protein amounts 
for adenylyl cyclase V/VI were increased in females at this time point, while no 
change was detected in the male heart (Table 25.2). No alterations in the mRNA 
levels of both Gi and Gs were observed in the heart of either male or female hearts 
at 16 weeks post-AV (Table 25.3). Further examination of the other components 
of the β-AR signaling system revealed an increase in GRK 2 gene expression in 
the female hearts, while β-arrestin 2 mRNA level was decreased in the male heart 
following the induction of volume overload at 16 weeks post-AV shunt. In this 
regard, it is pointed out that GRK-arrestin system is considered to play a critical role 
in desensitization and downregulation of GPCRs [35] as well as desensitization of 
β-ARs are important contributors to contractile dysfunction in HF [35]. The observed 
increase in GRK2 mRNA in females and the decrease in β-arrestin 2 mRNA level 
in the male heart in response to AV-shunt, is suggestive of a compensatory role of 
these regulatory proteins [25, 89]. Since the upregulation of GRK2 has been linked
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Table 25.2 Gene and protein expression of adenylyl cyclase (AC) in failing heart stage to volume 
overload induced by arteriovenous shunt for 16 weeks 

Male Female 

Control AV shunt Control AV shunt 

A: mRNA (% of control) 

AC V (680 b.p.) 101 ± 4 87 ± 6* 104 ± 6 111 ± 6 
AC VI (525 b.p.) 102 ± 3 33 ± 7* 105 ± 7 102 ± 5 
B: Protein (Densitometric units) 

AC (65 kDa) 1.6 ± 0.1 1.8 ± 0.1 1.7 ± 0.2 2.7 ± 0.3* 
Quantified data showing AC subtype mRNA levels (A) and AC protein contents (B) in male and 
female rats at 16 weeks volume overload induced by AV shunt. Values are means ± SE of 3–5 
different RNA or membrane preparations in each group. * P < 0.05 versus control (sham) values. 
Data presented are based on results from our publication—Dent et al. [86] 

Table 25.3 mRNA Levels of G-proteins, GRKs and arrestins in heart failure due to volume 
overload induced by arteriovenous shunt for 16 weeks 

Male Female 

Control AV shunt Control AV shunt 

mRNA (% of control) 

Gi (680 b.p.) 103 ± 5 112 ± 6 106 ± 7 110 ± 4 
Gs (525 b.p.) 100 ± 4 101 ± 6 102 ± 3 101 ± 6 
GRK2 (680 b.p.) 101 ± 3 103 ± 5 102 ± 4 123 ± 4* 
GRK3 (525 b.p.) 100 ± 4 108 ± 6 102 ± 2 110 ± 6 
β-arrestin 1 (65 kDa) 104 ± 5 105 ± 4 103 ± 11 118 ± 5 
β-arrestin 2 (46 kDa) 102 ± 3 88 ± 6* 104 ± 5 109 ± 7 
Quantified data showing mRNA levels of Gi, Gs, GRK2, GRK3, β-arrestin 1 and β-arrestin 2 in 
male rats at 16 weeks volume overload induced by AV shunt. Values are means ± SE of 3–5 
different RNA preparations in each group. * P < 0.05 versus control (sham) values; # P < 0.05  
versus corresponding male control (sham) values. Data presented are based on results from our 
publication—Dent et al. [86] 

to depressed contractile function in HF [32], the observed increase of GRK2 gene 
expression levels in the female heart may attenuate the augmented function of β-
ARs in the female heart. It is well recognized that β-arrestin plays a role in β-AR 
desensitization, and β-arrestin signaling and activation of EGFR/ERK by the β1-AR 
has been suggested to be cardioprotective [87]. We observed a specific decrease in 
the mRNA expression level of β-arrestin 2 in the male hearts (Table 25.3), which 
may be seen as a compensatory mechanism to prevent the downregulation of β-AR 
function in males post AV shunt. 

Some investigators have reported that 17β-estradiol reduced the contraction of the 
female rat tail artery in response to adrenergic stimulation indicating that females may 
be less sensitive to adrenergic stimulation and that estrogen may have a modulatory
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role on the vascular response to adrenergic stimulation [90]. In addition, ovariectomy 
has been reported to result in an upregulation of β1-AR expression and downregu-
lation of β2-AR expression during I-R; these alterations were restored by treatment 
with estrogen, suggesting that estrogen might play a cardioprotective role in female 
rat hearts subjected to I-R [91]. From the aforementioned, it is evident that unlike 
males, the ability of females to maintain cardiac function following AV-shunt in the 
rat can be linked to female sex hormones. This view is based on our observations 
[86] that showed increased protein content for both β1-AR and β2-AR and adenylyl 
cyclase as well as basal adenylyl cyclase activity in the intact AV-shunt female, which 
were depressed by ovariectomy (Table 25.4). Furthermore, it was observed that the 
augmented epinephrine-stimulated adenylyl activity in the intact 16 weeks post AV 
shunt female heart was also attenuated by ovariectomy. It should be noted that β-
AR proteins were increased in the ovariectomized control female rats. Treatment 
of the 16 week AV-shunt ovariectomized females with 17β-estradiol resulted in a 
reversal of β-ARs and basal adenylyl cyclase activity, whereas a partial normaliza-
tion of the increased epinephrine-stimulated adenylyl cyclase activity was observed 
(Table 25.4). Interestingly, estrogen has been reported to facilitate coupling of the β-
AR to adenylyl cyclase [92]. Overall, from these data, it is evident that 17β-estradiol 
treatment of ovariectomized female rats, at least partially, can reverse the effects of 
ovariectomy on some components of the β-AR signal transduction system, which 
correlate to cardioprotective effects when the female heart is subjected to volume 
overload by AV-shunt [86].

Conclusion 

Heart failure continues to be a major factor in morbidity and mortality in both men 
and women, but how the predisposition, etiology and treatment of HF differs between 
the sexes is underexplored [93]. Nonetheless, estrogen has been shown to play an 
essential role in the response of the β-AR signal transduction system to AV-shunt 
in the female heart, whereby upregulation in the female heart can be seen as an 
important mechanism for the maintenance of cardiac function. On the other hand, 
the downregulation of the β-AR signal transduction system in the male heart in 
response to AV-shunt can be seen as a contributory factor for the occurrence of cardiac 
dysfunction and HF. It should be noted that since the changes in some of the compo-
nents of the β-AR signal transduction system were only partially corrected in the 
female heart upon treatment with 17β-estradiol is suggestive of involvement of other 
female sex hormones (e.g. progesterone) that may also contribute to the observed 
sex differences in the β-AR signaling system. In addition, the timing of instituting 
HRT in perimenopausal and/or postmenopausal women for cardioprotection needs 
to be further examined. 

It should, however, be mentioned that a large multivariable analysis has demon-
strated that there are no effects of sex (and age) on the β-AR-mediated inotropy 
or catecholamine sensitivity in human atrial trabeculae [94], which may have some
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repercussions in the clinical use of β-blockers in HF. In addition, sex differences in 
the cardiac response to β-blockers have also been reported [95]. In this regard, while 
evidence-based therapies for HF are available, there is a paucity of information on 
sex-specific efficacy [4]. Thus, such information should be considered when using 
β-blockers in clinical practice. It is pointed out that testosterone has been reported 
to modulate AR gene expression in orchidectomized male rats subjected to ischemic 
insults [96]. Furthermore, an upregulation of β2-AR, Gs and Gi2, but downregula-
tion of β3-AR, GRKK2 and Gi3 protein levels has been observed following testos-
terone treatment of castrated rats subjected to doxorubicin-induced HF [97]. Taken 
together, further investigation in understanding the role of this male sex hormone in 
cardiac function under the setting of AV-shunt as well as HF due to other etiologies 
is warranted. Nonetheless, significant progress has been made recently, in under-
standing sex differences in the pathophysiology of HF, which may ultimately assist in 
individualized sex-specific therapeutic strategies and in the approach for prevention 
that may also take sex of the individual into consideration. 
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13. Miličić D, Bergami M, Pavasović S (2022) Sex differences in therapies for heart failure. Curr 
Pharm Des 28:1295–1303 

14. Parry M, Van Spall HGC, Mullen KA et al (2022) The Canadian women’s heart health alliance 
atlas on the epidemiology, diagnosis, and management of cardiovascular disease in women: 
sex- and gender-specific diagnosis and treatment. Can J Cardiol Open 4:589–608 

15. Kim I, Field TS, Wan D et al (2022) Sex and gender bias as a mechanistic determinant of 
cardiovascular disease outcomes. Can J Cardiol S0828–282X(22)00858-3 

16. Ueda K, Fukuma N, Adachi Y et al (2021) Sex differences and regulatory actions of estrogen 
in cardiovascular system. Front Physiol 12:738218 

17. Wang N, Evans J, Sawant S, Sindone J, Lal S (2023) Sex-specific differences in the efficacy of 
heart failure therapies: a meta-analysis of 84,818 patients. Heart Fail Rev 28(4):949–959 

18. Pacheco C, Mullen KA, Coutinho T (2021) The Canadian women’s heart health alliance atlas 
on the epidemiology, diagnosis, and management of cardiovascular disease in women: sex-
and gender-unique manifestations of cardiovascular disease. Can J Cardiol Open 4:243–262 

19. Dent MR, Tappia PS, Dhalla NS (2010) Gender differences in cardiac dysfunction and 
remodeling due to volume overload. J Card Fail 16:439–449 

20. Liu Y, Chen J, Fontes SK et al (2022) Physiological and pathological roles of protein kinase A 
in the heart. Cardiovasc Res 118:386–398 

21. Dent MR, Tappia PS, Dhalla NS (2011) Gender differences in β-adrenoceptor system in cardiac 
hypertrophy due to arteriovenous fistula. J Cell Physiol 226:181–186 

22. Bristow MR, Hershberger RE, Port JD et al (1990) β-adrenergic pathways in nonfailing and 
failing human ventricular myocardium. Circ 82:112–125 

23. Bohm M (1995) Alterations of β-adrenoceptor-G-protein-regulated adenylyl cyclase in heart 
failure. Mol Cell Biochem 147:147–160 

24. Chakraborti S, Chakraborti T, Shaw G (2000) β-adrenergic mechanisms in cardiac diseases: a 
perspective. Cell Signal 12:499–513 

25. Dhalla NS, Wang X, Sethi R et al (1997) β-adrenergic linked signal transduction mechanisms 
in failing hearts. Heart Fail Rev 2:55–65 

26. Schumacher SM, Koch WJ (2017) Noncanonical roles of G protein-coupled receptor kinases 
in cardiovascular signaling. J Cardiovasc Pharmacol 70:129–141 

27. Dzimiri N, Muiya P, Andres E, Al-Halees Z (2004) Differential functional expression of human 
myocardial G protein receptor kinases in left ventricular cardiac diseases. Eur J Pharmacol 
489:167–177 

28. Penn RB, Pronin AN, Benovic JL (2000) Regulation of G protein coupled receptor kinases. 
Trends Cardiovasc Med 10:81–89 

29. Inoko M, Kihara Y, Sasayama S (1995) Neurohumoral factors during transition from left 
ventricular hypertrophy to failure in Dahl salt-sensitive rats. Biochem Biophys Res Commun 
206:814–820 

30. Weil J, Schunkert H (2006) Pathophysiology of chronic heart failure. Clin Res Cardiol 95:16–17 
31. Anderson KM, Eckhart AD, Willette RN, Koch WJ (1999) The myocardial β-adrenergic system 

in spontaneously hypertensive heart failure (SHHF) rats. Hypertension 33:402–407 
32. Choi DJ, Kock WJ, Hunter JJ, Rockman HA (1997) Mechanism of β-adrenergic receptor 

desensitization in cardiac hypertrophy is increased β-adrenergic receptor kinase. J Biol Chem 
272:17223–17229 

33. Ishigai Y, Mori T, Moriyama S, Shibano T (1999) Induction of cardiac β-adrenergic receptor 
kinase 1 in rat heart failure caused by coronary ligation. J Mol Cell Cardiol 31:1261–1268 

34. Vinge LE, Oie E, Andersson Y et al (2001) Myocardial distribution and regulation of GRK 
and β-arrestin isoforms in congestive heart failure in rats. Am J Physiol Heart Circ Physiol 
281:H2490–H2499 

35. Dzimiri N, Moorji A (1996) Relationship between alterations in lymphocyte and myocardial 
β-adrenoceptor density in patients with left heart valvular disease. Clin Exp Pharmacol Physiol 
23:498–502 

36. Sakagoshi N, Nakano S, Taniguchi K et al (1991) Relation between myocardial β-adrenergic 
receptor and left ventricular function in patients with left ventricular volume overload due to 
chronic mitral regurgitation with or without aortic regurgitation. Am J Cardiol 68:81–84



424 P. S. Tappia et al.

37. Hammond HK, Roth DA, Insel PA et al (1992) Myocardial β-adrenergic receptor expression 
and signal transduction after chronic volume-overload hypertrophy and circulatory congestion. 
Circ 85:269–280 

38. Sullegarger JT, D’Ambra PM, Clark LC et al (1998) Effect of digoxin on ventricular remodeling 
and responsiveness of β-adrenoceptors in chronic volume overload. J Cardiovasc Pharmacol 
Ther 3:281–290 

39. Cartagena G, Sapag-Hagar M, Jalil J et al (1993) Changes in β-adrenergic receptors of rat heart 
and adipocytes during volume-overload induced cardiac hypertrophy. Int J Clin Pharmacol 
Ther Toxicol 31:198–203 

40. Jaarsma T (2002) Are women different than men? Aspects of heart failure in special populations: 
elderly women. Eur J Cardiovasc Nurs 1:29–31 

41. Schonfelder G (2005) The biological impact of estrogens on gender differences in congestive 
heart failure. Cardiovasc Res 67:573–574 

42. Rossouw JE (2002) Hormones, genetic factors, and gender differences in cardiovascular disease 
Cardiovasc Res 53: 550–557 

43. Gardner JD, Brower GL, Janicki JS (2002) Gender differences in cardiac remodeling secondary 
to chronic volume overload. J Card Fail 8:101–107 

44. Bae S, Zhang L (2005) Gender differences in cardioprotection against ischemia/reperfusion 
injury in adult rat hearts: focus on Akt and protein kinase C signaling. J Pharmacol Exp Ther 
315:1125–1135 

45. Wang M, Wang Y, Weil B et al (2009) Estrogen receptor β mediates increased activation 
of PI3K/Akt signaling and improved myocardial function in female hearts following acute 
ischemia. Am J Physiol Regul Integr Comp Physiol 296:R972–R978 

46. Teplitz L, Igic R, Berbaum ML, Schwertz DW (2005) Sex differences in susceptibility to 
epinephrine-induced arrhythmias. J Cardiovasc Pharmacol 46:548–555 

47. Stromberg A, Martensson J (2003) Gender differences in patients with heart failure. Eur J 
Cardiovasc Nurs 2:7–18 

48. Rosengren A, Hauptman P (2008) Women, men and heart failure: a review. Heart Fail Monit 
6:34–40 

49. Regitz-Zagrosek V, Lehmkuhl E (2005) Heart failure and its treatment in women: role of 
hypertension, diabetes and estrogen. Herz 30:356–367 

50. Carroll JD, Carroll EP, Feldman T et al (1992) Sex-associated differences in left ventricular 
function in aortic stenosis of the elderly. Circ 86:1099–1107 

51. Guerra S, Leri A, Wang X et al (1999) Myocyte death in the failing human heart is gender 
dependent. Circ Res 85:856–866 

52. Agvall B, Dahlstrom U (2001) Patients in primary health care diagnosed and treated as heart 
failure, with special reference to gender differences. Scand J Prim Health Care 19:14–19 

53. Harjai KJ, Nunez E, Stewart Humphrey J et al (2000) Does gender bias exist in the medical 
management of heart failure? Int J Cardiol 75:65–69 

54. Rathore SS, Wang Y, Krumholz HM (2002) Sex-based differences in the effect of digoxin for 
the treatment of heart failure. N Engl J Med 347:1403–1411 

55. Gasse C, Hense HW, Stieber J et al (2002) Factors associated with differences in antihyper-
tensive drug treatment: results from the MONICA Augsburg Population Surveys 1989/90 and 
1994/95. Soz Präventivmed 47:128–142 

56. Parashar S, Katz R, Smith NL et al (2009) Race, gender, and mortality in adults > or = 65 
years of age with incident heart failure (from the Cardiovascular Health Study). Am J Cardiol 
103:1120–1127 

57. Mejhert M, Kahan T, Edner M, Persson HE (2008) Sex differences in systolic heart failure in 
the elderly: the prognostic importance of left ventricular mass in women. J Womens Health 
17:373–381 

58. Grohe C, Kahlert S, Lobbert K et al (1997) Cardiac myocytes and fibroblasts contain functional 
estrogen receptors. FEBS Lett 416:107–112 

59. Taylor AH, Al-Azzawi F (2000) Immunolocalisation of oestrogen receptor β in human tissues. 
J Mol Endocrinol 24:145–155



25 Prevention of β-Adrenoceptor-Mediated Alterations in Female Heart … 425

60. Jankowski M, Rachelska G, Donghao W et al (2001) Estrogen receptors activate atrial 
natriuretic peptide in the rat heart. Proc Nat Acad Sci USA 98:11765–11770 

61. Nordmeyer J, Eder S, Mahmoodzadeh S et al (2004) Upregulation of myocardial estrogen 
receptors in human aortic stenosis. Circ 110:3270–3275 

62. Nuedling S, Kahlert S, Loebbert K et al (1999) 17 β-estradiol stimulates expression of 
endothelial and inducible NO synthase in rat myocardium in-vitro and in-vivo. Cardiovasc 
Res 43:666–674 

63. Dash R, Schmidt AG, Pathak A et al (2003) Differential regulation of p38 mitogen-activated 
protein kinase mediates gender-dependent catecholamine-induced hypertrophy. Cardiovasc 
Res 57:704–714 

64. Van Eickels M, Grohe C, Cleutjens JP et al (2001) 17 β-estradiol attenuates the development 
of pressure-overload hypertrophy. Circ 104:1419–1423 

65. Babiker FA, De Windt LJ, van Eickels M et al (2004) 17 β-estradiol antagonizes cardiomy-
ocyte hypertrophy by autocrine/paracrine stimulation of a guanylyl cyclase A receptor-cyclic 
guanosine monophosphate-dependent protein kinase pathway. Circ 109:269–276 

66. Schulz-Menger J, Abdel-Aty H, Rudolph A et al (2008) Gender differences in left ventric-
ular remodeling and fibrosis in hypertrophic cardiomyopathy: insights from cardiovascular 
magnetic resonance. Eur J Heart Fail 10:850–854 

67. Vizgirda VM, Wahler GM, Sondgeroth KL et al (2002) Mechanisms of sex differences in 
rat cardiac myocyte response to β-adrenergic stimulation. Am J Physiol Heart Circ Physiol 
282:H256–H263 

68. Johnstone D, Limacher M, Rousseau M et al (1992) Clinical characteristics of patients in 
studies of left ventricular dysfunction (SOLVD). Am J Cardiol 70:894–900 

69. Gasse C, Stieber J, Doring A et al (1999) Population trends in antihypertensive drug use: results 
from the MONICA Augsburg Project 1984 to 1995. J Clin Epidemiol 52:695–703 

70. Barrett-Connor E (2007) Hormones and heart disease in women: the timing hypothesis. Am J 
Epidemiol 166:506–510 

71. Liu L, Klein L, Eaton C et al (2020) Menopausal hormone therapy and risks of first hospitalized 
heart failure and its subtypes during the intervention and extended postintervention follow-up 
of the Women’s Health Initiative Randomized Trials. J Card Fail 26:2–12 

72. Schierbeck LL, Rejnmark L, Tofteng CL et al (2012) Effect of hormone replacement therapy 
on cardiovascular events in recently postmenopausal women: randomised trial. Br Med J 
345:e6409 

73. Apostolakis S, Sullivan RM, Olshansky B, Lip GY (2014) Hormone replacement therapy 
and adverse outcomes in women with atrial fibrillation: an analysis from the atrial fibrillation 
follow-up investigation of rhythm management trial. Stroke 45:3076–3079 

74. Lamba S, Abraham WT (2000) Alterations in adrenergic receptor signaling in heart failure. 
Heart Fail Rev 5:7–16 

75. Clark AL, Cleland JGF (2000) The control of adrenergic function in heart failure: therapeutic 
intervention. Heart Fail Rev 5:101–114 

76. Hoeker GS, Hood AR, Katra RP et al (2014) Sex differences in β-adrenergic responsiveness 
of action potentials and intracellular calcium handling in isolated rabbit hearts. PLoS ONE 
9:e111411 

77. Frigerio M, Roubina E (2005) Drugs for left ventricular remodeling in heart failure. Am J 
Cardiol 96:10L-18L 

78. Wang X, Ren B, Liu S et al (2003) Characterization of cardiac hypertrophy and heart failure 
due to volume overload in the rat. J Appl Physiol 94:752–763 

79. Wang X, Sentex E, Saini HK et al (2005) Upregulation of β-adrenergic receptors in heart failure 
due to volume overload. Am J Physiol Heart Circ Physiol 289:H151–H159 

80. Monasky MM, Varian KD, Janssen PM (2008) Gender comparison of contractile performance 
and β-adrenergic response in isolated rat cardiac trabeculae. J Comp Physiol B 178:307–313 

81. Chu SH, Sutherland K, Beck J et al (2005) Sex differences in expression of calcium-handling 
proteins and β-adrenergic receptors in rat heart ventricle. Life Sci 76:2735–2749



426 P. S. Tappia et al.

82. Vizgirda VM, Wahler GM, Sonderoth KL et al (2002) Mechanisms of sex differences in 
rat cardiac myocyte response to β-adrenergic stimulation. Am J Physiol Heart Circ Physiol 
282:H256–H263 

83. Lindenfeld J, Cleveland JC Jr, Kao DP et al (2016) Sex-related differences in age-associated 
downregulation of human ventricular myocardial β1-adrenergic receptors. J Heart Lung 
Transplant 35:352–361 

84. Turner MJ, Mier CM, Spina RJ et al (1999) Effects of age and gender on the cardiovascular 
responses to isoproterenol. J Gerontol A Biol Sci Med Sci 54:B393–B400 

85. Wei SK, McCurley JM, Hanlon SU, Haigney MC (2007) Gender differences in Na/Ca 
exchanger current and β-adrenergic responsiveness in heart failure in pig myocytes. Ann N 
Y Acad Sci 1099:183–189 

86. Dent MR, Tappia PS, Dhalla NS (2012) Gender related alterations of β-adrenoceptor 
mechanisms in heart failure due to arteriovenous fistula. J Cell Physiol 227:3080–3087 

87. Ahmet I, Krawczyk M, Zhu W et al (2008) Cardioprotective and survival benefits of long-
term combined therapy with β2 adrenoreceptor (AR) agonist and β1 AR blocker in dilated 
cardiomyopathy postmyocardial infarction. J Pharmacol Exp Ther 325:491–499 

88. Mieno S, Watanabe F, Sawa Y, Horimoto H (2005) Gene transfer of β2 adrenergic receptor 
enhances cardioprotective effects of ischemic preconditioning in rat hearts after myocardial 
infarction. Interact Cardiovasc Thorac Surg 4:163–167 

89. Brodde OE, Bruck H, Leineweber K (2006) Cardiac adrenoceptors: physiological and 
pathophysiological relevance. J Pharmacol Sci 100:323–337 

90. Garcia-Villalon AL, Buchholz JN, Krause DN, Duckles SP (1996) Sex differences in the effects 
of 17 β-estradiol on vascular adrenergic responses. Eur J Pharmacol 314:339–345 

91. Wu Q, Zhao Z, Sun H et al (2008) Oestrogen changed cardiomyocyte contraction and β-
adrenoceptor expression in rat hearts subjected to ischaemia-reperfusion. Exp Physiol 93:1034– 
1043 

92. Shima S, Okeyama N, Akamatu N (1989) Effects of oestrogen on adenylate cyclase system 
and glucose output in rat liver. Biochem J 257:407–411 

93. Lala A, Tayal U, Hamo CE et al (2022) Sex differences in heart failure. J Card Fail 28:477–498 
94. Pecha S, Geelhoed B, Kempe R et al (2021) No impact of sex and age on β-adrenoceptor-

mediated inotropy in human right atrial trabeculae. Acta Physiol 231:e13564 
95. Tuncay E, Seymen AA, Sam P et al (2009) Effects of β-adrenergic receptor blockers on cardiac 

function: a comparative study in male versus female rats. Can J Physiol Pharmacol 87:310–317 
96. Tsang S, Wu S, Liu J, Wong TM (2008) Testosterone protects rat hearts against ischaemic 

insults by enhancing the effects of α1-adrenoceptor stimulation. Br J Pharmacol 153:693–709 
97. Sun J, Fu L, Tang X et al (2011) Testosterone modulation of cardiac β-adrenergic signals in a 

rat model of heart failure. Gen Comp Endocrinol 172:518–525



Chapter 26 
Cardiovascular Consequences 
of Metabolic Disturbances in Women 

Belma Turan 

Abstract Metabolic disorders in humans are characterized by hyperglycemia 
and hyperinsulinemia, insulin resistance, impaired glucose intolerance, dyslipi-
demia, hypercholesterolemia, and hypertriglyceridemia affecting main systemic 
parameters as well as cells and organs such as cardiometabolic disturbances. These 
create high risks for the prevalence of various diseases, including cardiovascular 
diseases (CVDs). Metabolism is defined as a process in cells to provide energy and 
remove waste products via catabolism and anabolism. Metabolic syndrome (MetS) 
is present in about 5% of the population with normal body weight, 20% who are over-
weight, and 60% of those who are considered obese, while it increases with age in a 
sex-specific manner. For instance, MetS are slightly higher in men below 50 years, 
with a marked reversal after 50 years (https://www.webmd.com/heart-disease/guide/ 
metabolic-syndrome). Sex differences in CVDs have been reported in human and 
animal studies, how they are involved in women’s diseases, effectiveness of thera-
pies, and clinical outcomes compared to men, however, there are various complex 
molecular mechanisms underlining these differences which needs to be clarified. 
According to current knowledge on sex-dependent differences, electrophysiolog-
ical parameters, contractility, several intracellular signaling mechanisms concen-
trated on cellular metabolism, gene and protein expressions, and posttranslational 
protein modification in the heart. Taking into consideration, the pleiotropic effects 
of estrogen, it exerts a protective effect on the cardiovascular system throughout 
the premenopausal period of women. The cardioprotective action of estrogen on the 
cardiovascular system largely depends on its critical role in the prevention and/or 
regulation of oxidative stress in the heart. 

Keywords Sex hormones · Electrophysiology ·Mitochondria · Oxidative stress ·
Metabolic syndrome · Obesity · Diabetes

B. Turan (B) 
Department of Biophysics, Faculty of Medicine, Lokman Hekim University, Ankara, Turkey 
e-mail: belma.turan@medicine.ankara.edu.tr; belma.turan@lokmanhekim.edu.tr 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
L. Kirshenbaum and I. Rabinovich-Nikitin (eds.), Biology of Women’s Heart Health, 
Advances in Biochemistry in Health and Disease 26, 
https://doi.org/10.1007/978-3-031-39928-2_26 

427

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-39928-2_26&domain=pdf
https://www.webmd.com/heart-disease/guide/metabolic-syndrome
https://www.webmd.com/heart-disease/guide/metabolic-syndrome
mailto:belma.turan@medicine.ankara.edu.tr
mailto:belma.turan@lokmanhekim.edu.tr
https://doi.org/10.1007/978-3-031-39928-2_26


428 B. Turan

Introduction 

The various ongoing biochemical processes in mammalians’ bodies such as 
catabolism and anabolism are in the concept of metabolism, which has a role to main-
tain the mammalian life with the physiological condition. Metabolism includes two 
main components such as catabolism and anabolism, ongoing with many complex 
processes in organs, tissues, and cells. A metabolic disorder can occur under the 
impairment of an abnormal chemical reaction raised in a living cell, which in turn 
affects energy production and regulation. So, metabolic disorders are abnormal condi-
tions, including a range of conditions further affecting negatively the mammalian 
body and causing different symptoms and complications [1, 2]. Various factors such 
as genetic factors, lifestyle and diet habits, and sexdifferences play important roles in 
the induction of metabolic disorders [3, 4]. The metabolic disorders affect negatively 
the mammalian body function altering the distribution of proteins, fats, and carbo-
hydrates, which are associated with the induction of metabolic syndrome, diabetes, 
or both in humans. 

Metabolic syndrome (MetS) or Syndrome X, characterized by insulin resistance 
[5], is a complex syndrome including a combination of several risk factors such as 
glucose intolerance, abdominal obesity, dyslipidemia, and high blood pressure. The 
combination of these changes leads to the development of type 2 diabetes mellitus 
(T2DM) as well as the induction of cardiovascular disorders [6–9]. In this concept, 
there are various data in the literature to demonstrate the association between insulin 
resistance and the development of cardiovascular disease [10]. 

In the MetS, not only one risk factor but also combinations of various risk factors 
can lead to further additional risks for the development of cardiovascular dysfunction 
[11–15]. From a clinical perspective, a special heart disease detected in MetS indi-
viduals seems to be associated with mostly insulin resistance. Indeed, cardiovascular 
disease (CVD), whether or not associated with metabolic disturbances, is the main 
cause leading to death at an increasing raise-rate worldwide [16]. 

Various external factors including sedentary lifestyle and changes in nutritional 
habits have led to an increase in the prevalence of overweight body and obesity, 
thereby the development of MetS among humans, not only in adults but also in child-
hood ages [17–19]. Recently, the notable level increases in the prevalence of MetS, 
and also the associated risks for CVDs have raised concerns about well-understand 
their risk factors in humans. More importantly, these concerns are also focused on 
well-understand whether or not sexdifferences can play roles in the prevalence of 
CVDs via metabolic disturbances. Generally, it is accepted that sex differences can 
arise from both reversible hormonal effects and irreversible organizational processes, 
including body fat distribution, glucose homeostasis, insulin signaling, ectopic fat 
accumulation, and lipid metabolism during normal growth as well as differences in 
responses to hormonal or nutritional factors. Moreover, there is a great effort to iden-
tify novel gender-difference associated factors to contribute to both the induction 
and/or susceptibility to MetS and also to CVDs. In these regards, there are studies 
focused on how the tissue-specific gene regulation can be different between men and
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women, contributing to differential metabolism and thereby bringing novel insights 
to open doors for personalized therapeutic approaches in cardiometabolic diseases 
[20–22]. This chapter will particularly focus on the role of metabolic disturbances 
in the development of CVDs in women. Insights into novel therapeutic interventions 
will be also discussed as well. 

Sex Differences in Lifestyle and Risk Factors of Metabolic 
Syndrome 

Metabolic syndrome (MetS) is mainly associated with an increased risk not only 
for CVDs but also for T2DM. The MetS prevalence is high and increases with age 
in a gender-specific manner. For instance, the MetS prevalence is slightly higher in 
men below 50 years old, but it reverses after 50 years old [19, 23, 24]. Epidemiolog-
ical studies also emphasize the expectation of the rising prevalence of the MetS and 
associated CVDs with the global obesity epidemic and suggest early weight manage-
ment to reduce risk in pre-symptomatic individuals with large waists. In this context, 
documented data have shown the marked role of differences between women and 
men, at most, through differences in gene expression from the sex chromosomes, 
mostly, under the light of epidemiological and pathophysiological findings, clinical 
manifestations, and outcomes of clinical therapies [24]. These factors are leading 
to subsequent differences in sexual hormones further associated with different gene 
expressions and functions in the CV system. These differences can raise from biolog-
ical differences between women and men, named sexdifferences. However, it is truly 
not possible to distinguish between the effects of sex (S) and sex(G) in the medical 
field. For instance, some clinicians suggested getting under consideration both of 
them by using the term S&G for all medical relevant differences between women 
and men [24, 25]. Supporting, Beigh and Jain [26] performed a comparative study 
among MetS males and females aged 30 years. A high prevalence of MetS in women 
than men is existing via comparative findings of some parameters such as the body 
mass index, waist circumference, blood HDL and cholesterol levels, and fasting blood 
glucose levels among humans. In addition, besides these parameters, age status is also 
effective in gender-based differences and risk factors for MetS-associated syndromes 
in adults [27]. 

Several factors can underline gender-dependent differences in the risk factors 
associated with MetS-induced CVDs. The considerable differences on this topic 
seem to be associated with the different responses to various pathological stimuli 
such as inflammatory factors. In this regard, interestingly, it has been shown that 
metabolic impairment in humans leads to different inflammatory profiles across sex 
with high pro-inflammatory cytokine productions in males higher than in females [28, 
29]. It has been also observed varying cardiovascular profiles secondary to metabolic 
deterioration among male and female samples [30]. Furthermore, epidemiological 
data also demonstrated clinically relevant sex- and gender-dependent differences in
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the rates of T2DM and CVD outcomes across the life span associated with age-related 
data including not only midlife but also youth [31–33]. 

Stress has well-documented adverse effects on a range of health outcomes, 
including obesity, and metabolic disturbances, which are important contributors to 
the development of CVDs, as well [34]. During every period of life span, an important 
percentage of populations is exposed to a wide range of emotional stress, which is an 
independent risk factor for chronic diseases such as metabolic syndromes and CVDs 
[35], while chronic stress is also a risk factor for different pathological states in indi-
viduals [36]. Furthermore, several experimental and clinical studies mentioned the 
involvement of oxidative stress in the multifactorial pathological stimuli in the induc-
tion ofMetS [37]. Due to our general knowledge, various sources including inducible 
nitric oxide synthase (iNOS) and mitochondria can contribute to the enhancement of 
reactive oxygen species (ROS) generation in cells. In these regards, it has been shown 
that MetS is characterized by an inappropriate rise of plasma-free fatty acids (FFAs) 
that is related to and activates ROS production [38, 39]. Although this mechanism 
is not known well, studies showed triggering of ROS augmentation as well as the 
augmentations in NAPDH) oxidase (NOX), NOS, and oxygenase besides reactive 
nitrogen species (RNS) in adipose tissue [39, 40], likely by stimulating NOX and 
lowering antioxidative enzymes [41] are among the factors to contribute increasing 
oxidative stress in cells. Obesity has an increasing prevalence worldwide and is gener-
ally related to the dysregulation of caloric intake and energy expenditure, which can 
promote oxidative stress being likely a mechanistic connexion between obesity and 
related complications, including insulin resistance [41]. For instance, FFAs in obese 
mammalians can prevent ROS production in the mitochondria, whereas, oxidative 
stress can increase fat accumulation by stimulating pre-adipocyte proliferation and 
adipocyte differentiation [41, 42]. 

As mentioned in previous paragraphs, various hormones play an important role 
in function of the heart. Supporting this statement, it has been shown an impor-
tant protective effect of estrogen on cardiovascular disease is mediated by oxidative 
stress. Studies have shown that estrogen has important and critical physiological 
effects, including antioxidant effect via reversing the decreases in oxidized/reduced 
glutathione ratio, in the levels of superoxide dismutase and glutathione peroxidase, 
and preventing the cardiovascular risk in postmenopausal women, which have been 
attributed to part to lowering the increased ROS level [25, 43–46]. 

In this rergard, there is growing awarenss mitochondrial funcitn is critical for 
maintiaing normla cardaic function. Furthermore, there are both clinical and experi-
mental data demonstraing the relationship between heart failure in humans and mito-
chondrial disruption. For instance, a close relationship exists between mitochondrial 
defects such as alterations in mitochondrial phosphorylation system, complex I respi-
ration, fatty acid oxidation, and decreases in the mitochondrial content in heart failure 
[47–49]. Therefore, it can be concluded that significant metabolic defects, associated 
with mitochondrial dysfunctin are an underlying cause of CVDs.
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Insulin Resistance and Association with Cardiovascular 
Diseases 

Insulin resistance has been shown to play important role in the development of 
oxidative stress in MetS besides other roles in the glucose pathway [10, 50–52]. 
In a general aspect, insulin is a key hormone to regulate cellular metabolism in 
many tissues in the human body, while tissue response to insulin stimulation is 
decreased under insulin resistance. In general aspects, there are significant defects in 
both uptake and oxidation of glucose and a decrease in glycogen synthesis, thereby, 
inducing the development of cardiovascular disease via several metabolic alterations 
in mammalians under insulin resistance. For instance, insulin resistance can induce 
an imbalance in glucose metabolism that generates chronic hyperglycemia, which 
in turn triggers oxidative stress and causes an inflammatory response that leads to 
cell damage. Insulin resistance, therefore, is closely associated with the stimulation 
of oxidative stress at systemic and cellular levels in mammalians. 

The maintenance of normal circulating carbohydrate and lipid levels and their 
metabolism are under control with a normal insulin sensitivity of cells. Under phys-
iological conditions, blood glucose levels can modulate the release of insulin from 
the pancreas, and therefore, induce stimulation of glucose uptake and metabolism 
in muscles, adipose tissue, and several other insulin-sensitive organs, including the 
heart. So, in the concept of muscle-associated high metabolic demand, insulin resis-
tance has significant effects on heart muscle besides other tissues as main targets 
of intracellular glucose transport as well as glucose and lipid metabolisms [53– 
55]. These abnormal regulations of cellular glucose are further leading to impaired 
responses to any external pathological stimuli in mammalian cells. 

Insulin resistance in the heart tissue can directly affect intracellular insulin 
signaling with a reduced glucose oxidation rate in cardiomyocytes. As demonstrated 
by several studies, an acute insulin application to myocytes can provide a significantly 
different effect than that of its chronic effect. For instance, as shown by some studies 
in the liver of obese mice, insulin inhibits fatty acid synthase delivered acutely, while 
chronic hyperinsulinemia may induce fatty acid synthase activity and increase fatty 
acid synthesis [56]. At the organ level, early and later studies mentioned that there 
exists an organ-dependent insulin resistance, including heart, as a manner of tissue-
dependency [57, 58]. Correspondingly, it can be accepted that the effect of insulin 
resistance in different tissues is depending on either the physiological function or the 
metabolic function of the targeting tissue. 

The effect of insulin resistance at the cellular level mainly includes disruptions 
in mitochondrial function and endoplasmic reticulum stress besides the alterations 
in other cellular signaling pathways associated with lipotoxicity. As summarized in 
Fig. 26.1, the increases in the mediators, such as ROS and RNS together with impair-
ments in both glucose and fatty acid oxidations and also other metabolic and unfolded 
protein response disturbances, are all responsible for the induction of mitochondrial 
dysfunction [59–63]. In these regards, as mentioned in the previous section, there 
are close relations between increases in the production of ROS and mitochondrial
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Fig. 26.1 A schematic 
presentation of the 
relationship between insulin 
resistance and mitochondrial 
dysfunction. Here; ROS and 
RNS: Reactive oxygen and 
nitrogen species, GL and FA 
oxidation: Glucose and fatty 
acid oxidation, UPR: 
Unfolded protein response 
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dysfunction in various cell types, under either hyperglycemia, hyperinsulinemia, 
or both. In this regard, one can summarize that abnormal regulation of the redox-
sensitive signaling pathway together with increased production of not only ROS but 
also RNS promote oxidative stress in the cells. Therefore, all these abnormalities in 
redox-regulation of the cells further lead to an intersection with the development of 
cellular insulin resistance. 

Furthermore, mitochondria are targets of cellular ROS. A high cellular ROS level 
severely affects mitochondrial function, leading to defects in mitochondrial elec-
tron transport, complex enzyme activities, ATP diminution, caspase 3 liberations, 
and mitochondrial DNA lessening [64–66], thereby contributing to insulin resis-
tance and its related syndromes. In turn, mitochondrial dysfunction can put effect 
on intermediary metabolism [65, 67], cellular redox signaling [14, 64], Ca2+- and 
Zn2+-homeostasis [68–70], and cell death [71]. Therefore, it is the truly correct defi-
nition for the insulin working ways: Insulin in cells has multiple processes basically 
to allow the correct balance between nutrient supply and demand [72]. However, the 
target cells fail to respond to ordinary levels of circulating insulin in insulin resistance 
conditions [73]. Briefly, it can be summarized that insulin exerts a lower biological 
effect under insulin resistance in comparison to the physiological level, leading to 
defective insulin-stimulated glucose uptake. 

Sex-Related Differences in Cardiac Function 

There is a great effort to determine the role of sex differences in cardiovascular func-
tion in not only patients but also healthy populations. Indeed, studies demonstrated 
that the hearts of men and women respond differently to physiologic stresses and
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pathological stimuli [74–76]. Sex-dependent differences in myocardial contractile 
performance, resting heart rate, cardiac growth, stroke volume, response to exercise, 
and arterial blood pressure have been observed [77–80]. Taking into consideration 
the stress-associated adverse effects of some pathological stimuli (i.e. hypertension, 
obesity, insulin resistance, and other metabolic disturbances), sexdifferences, partic-
ularly observed in postmenopausal women, play an important role in comorbidities 
during the lifespan induction and the overcoming the CVDs [81, 82]. A recent clin-
ical study, performed in Northeast China characterized by low levels of income 
and education, demonstrated that the risk factors for MetS have both similarities 
and differences depending on gender, particularly in the prevalence of CVDs [27]. 
There are supporting early studies that demonstrated why sexdifferences could be 
described by the biology-linked differences between women and men. These are 
basically due to differences in sex chromosomes, sex-specific gene expression of 
autosomes, sex hormones, and their effects on organ systems, including the CV 
system. In this regard, it has been shown that women show more dramatic changes 
in hormones during their lifetime than men [24]. In these regards, it is a fact that sex 
hormones have a great impact on energy metabolism, body composition, vascular 
function, and inflammatory responses. Thus, endocrine imbalances relate to unfa-
vorable cardiometabolic traits, observable in women with androgen excess. Also, 
both biological and psychosocial factors are responsible for sex and sexdifferences 
in diabetes risk and outcome [83, 84]. In a supporting study, the authors demonstrated 
that estrogen, having a wide range of critical physiological effects including actions 
on both CV and metabolic systems, has marked cardioprotection on CVD mediated 
by oxidative stress [43]. 

The increasing prevalence of obesity, MetS, and comorbidities among women, 
particularly following the beginning of the menopause period brings a high risk for 
CVDs. So, it is clear evidence that metabolic risk factors are more strongly associated 
with CVDs in women than men and need more data (or metabolic predictors) yet to 
overcome the metabolic disturbances in humans starting from childhood age [85]. 
Sex and sexdifferences in the prevalence of MetS can translate into different CV 
risks associated with metabolic disturbances. As discussed by many review articles, 
however, there are differences related to the role of sexdifferences in the induction 
of T2DM and CV risks across the life course of men and women. In the presence 
of T2DM, the difference in the absolute rates of CVD between sexes seems to get 
lessen, with a higher level in men than women [86–88]. Large-scale observational 
studies suggest that T2DM women have a significantly high risk for the incidence 
of CVD than T2DM men [89]. Overall, as documented in a recent clinical study, the 
authors mentioned the striking role of sex differences in cardiometabolic health and 
disease and how sexdifferences have a role in cardiometabolic risk factors. Among 
them, the prevalence of the MetS is strongly related to different body fat distribution 
patterns, particularly abdominal adiposity, adiponectin, and related body and blood 
biomarkers [90]. 

Although cardiovascular disease remains essentially an age-related condition in 
both men and women and despite similarities for CV disorders, the number of 
CV events is higher in elderly women because of the higher prevalence of MetS
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and/or obesity compared to men in this age group [25, 86, 88, 91]. Clinical outcomes 
strongly support not only the sex-dependent effects but also age-dependent effects 
on the development of CVDs in humans. However, as a general understanding of 
how and why CVD inductions differ between the sexes remains limited, there are 
great amounts of data available to provide the differences between the sex in patterns 
of age-related cardiac remodeling. It can be considered that both hormonal and 
non-hormonal factors underlie sexdifferences in CV aging and the development of 
age-related CVDs. 

There are various mechanistic pathways to demonstrate the role of sexdifferences 
in CVDs. Figure 26.2 can summarize the underline factors associated with obesity, 
MetS, T2DM, and aging to induce the main risk factors leading to gender-dependent 
induction of CVDs. Major differences between men and women exist in epidemi-
ology, manifestation, pathophysiology, treatment, and outcomes of CVDs, such as 
coronary artery disease, pressure overload, hypertension, cardiomyopathy, and heart 
failure [92]. In terms of biological contributors, there are three main topics to describe 
the mechanisms of sexdifferences in CVDs such as genetic mechanisms, epige-
netic mechanisms, and sex hormones. In these topics, genetic mechanisms mainly 
include sex-specific heterochromatin effects of sex chromosomes as genetic mecha-
nisms [93], sex-specific effects of autosomal genetic variants [94], and genome-wide 
expression profiling and proteomics [95–98]. In the context of epigenetic mecha-
nisms, histone and DNA modifications and non-coding RNA are the main factors 
related to the gender-dependent induction of CVDs. Both sex hormones and their 
receptors have an important impact on risk factors for the prevalence of gender-
dependent CVDs [99, 100]. There are gender-dependent differences in the synthesis 
and metabolism of sex hormones, in subtypes and regulation of sex hormone recep-
tors in the CV system, and genomic actions of sex hormone receptors [101–103]. 
There are also nongenomic effects of sex hormone receptor activation on the induc-
tion of gender-dependent CVDs. Studies mentioned that sex hormones can exert rapid 
nongenomic effects mediated either by the classical receptors [104, 105]. Interest-
ingly, the nongenomic actions of sex hormones are not dependent on changes in gene 
expression for their actions.

Metabolic Disturbances in the Heart Induce Cardiovascular 
Dysfunction in Women 

There are several differences between the size and function of men’s and women’s 
hearts such as the smaller ratio of heart chambers with thinner walls and finer veins 
in a woman’s heart than the man’s heart. A woman’s heart also pumps faster than 
a man’s heart whereas a man’s heart ejects more blood with each pump than the 
woman’s heart. The differences between heart functions of women and men have 
been documented by both cardiovascular physiology and the incidence, severity, 
and comorbidities of several pathological conditions such as obesity, diabetes, and
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Fig. 26.2 Cardiometabolic 
risk factors leading to 
cardiovascular diseases. 
Type 2 diabetes (T2DM), 
metabolic syndrome (MetS), 
aging, and obesity are the 
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further leading to 
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CVDs [77] Consequently, the hearts of women and men do not only differ in physical 
parameters but also display several functional, structural, genetic, and hormonal 
differences which either individually or as a manner of their combination can lead to 
different responses to the similar pathological stimuli. Taking into consideration the 
documents in the literature and also presented in the previous sections, the overall 
gender-related mechanisms in the induction of gender-dependent MetS-associated 
cardiac remodeling and dysfunction can be summarized in Fig. 26.3 [21, 43, 85, 87, 
106–108].

There are important differences in myocardial metabolism of women’s hearts and 
men’s hearts, such as decreased glucose utilization and oxygen consumption by the 
myocardium at most via the effect of estrogen [109, 110]. Besides, early studies docu-
mented the impact of the inherent sexinfluence on the myocardial contractile perfor-
mance of healthy and diseased mammalians, mostly dependent on gender-dependent 
alterations in the regulation of diastolic and systolic Ca2+ levels in cardiomyocytes as 
one of the predominant mechanisms underlying the gender-based distinctions [111– 
114]. Recent studies on this topic are also supporting the early ones. In these regards, 
Sorrentino and co-workers examined the effects of hyperglycemia on cardiac function 
and myocyte physiology in experimental diabetic mice [70]. Their data demonstrated 
that hyperglycemia-induced defective cardiac function is associated with increased 
chamber dilation, thinning of the LV, and significant loss in the myocyte population 
together with marked alterations in cellular level Ca2+-homeostasis which are further 
associated with induction of diabetic cardiomyopathy. 

Sex differences in the heart have been examined and presented by using elec-
trophysiology, contractility, signaling metabolism, and cardioprotection at cellular 
levels. These observed differences are associated, in part, with differences due to 
gene, protein expression, and posttranslational protein modifications via primarily
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Fig. 26.3 Schematic possible pathways demonstrating the association between the gender-related 
effects on the prevalence of metabolic syndrome (MetS) and sex-dependent effects on MetS-induced 
cardiac dysfunction

estrogen-mediated mechanisms [115]. Estrogen can regulate mRNA, miRNA, and 
protein expression levels, particularly rapid signaling pathways in cells [116–119]. In 
line with these statements, the proteomic differences in mitochondria between female 
rats and male rats are found to be due to differences in the phosphorylation levels of 
some proteins such as high levels of aldehyde dehydrogenase 2, pyruvate dehydroge-
nase, and alpha-ketoglutarate dehydrogenase in females than males, via the estrogen-
mediated increase in PI3-kinase signaling pathway [120]. They also demonstrated 
that the levels of some metabolic enzymes are significantly different between female 
and male rat hearts and these differences could underline the important differences 
in ROS and RNS levels, as well [121, 122]. 

The early animal studies on the gender-dependent differences in CV function and 
CVDs are focused on electrophysiological changes in cellular Ca2+-homeostasis-
related parameters [123, 124]. The sex differences in the expression levels of some 
inwardly rectifying K+-channels and their regulation with estrogen have been shown 
in animal heart cardiomyocytes [125] as well as in late Na+-channels and L-type 
Ca2+-channels [126, 127]. Supporting, Johnson and co-workers, in their early study, 
demonstrated the effects of estrogen on the heart and found an increased expression 
of L-type Ca2+-channels in the hearts of estrogen receptor knockout mice [128]. 
Therefore, these results infer a modulation of cardiomyocyte Ca2+-regulation by 
estrogen to limit the level of Ca2+ in the ventricular myocytes. Estrogen can also exert
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a direct effect on the heart and be involved in the fast regulation of transcription. For 
instance, an acute application of 17β-estradiol has a negative inotropic effect [129] 
and inhibits L-type Ca2+-current [130] in the guinea-pig heart. Furthermore, several 
lines of evidence have suggested the gender-related differences in SR function as the 
main culprit of this dimorphism under hyperglycemia, such as the observation of the 
smaller amplitude of transient Ca2+ increase under electrical stimulation of female 
cardiomyocytes than those of males [131, 132]. Importantly, it has been mentioned a 
reduction in SR Ca2+-ATPase activity can be the most obvious reason for these results 
in the above statements, whereas the possible contribution of Na+/Ca2+ exchanger to 
the above pathways cannot be fully excluded [131]. With further studies, it has been 
documented less thiol oxidation in diabetic female rat cardiomyocytes compared 
to those of males accounting for lesser variation in the voltage-gated K+-channels 
currents [133]. The authors also reported that the activation of autocrine/paracrine 
mechanisms is absent or less pronounced in cardiomyocytes from those diabetic 
female rats via a protective action of estrogen with a lower level of oxidative stress 
expressed as lower superoxide ion generation [133, 134]. 

Previously, the role of sex differences in CV function under hyperglycemia has 
been studied in T1DM mimicking rat cardiomyocytes, focusing on cardiomyocyte 
level Ca2+ regulating mechanisms [135]. In that study, the authors demonstrated 
defective intracellular Ca2+-signaling was more prominent in males than females. 
Furthermore, additional examinations also showed these differences mainly arise due 
to differences in the protein and phosphorylation levels of cardiac RyR2 and its regu-
lator protein FKBP12.6. More importantly, that study also reported the apparent less 
hyperphosphorylation of RyR2 with less thiol oxidation in diabetic female cardiomy-
ocytes providing a lower risk of cardiac abnormalities in females compared to males. 
These marked gender-associated differences in the intracellular Ca2+-signaling can 
be in part related to either oxidative stress status, antioxidant defense status, or 
both. Indeed, it is accepted that the differences in ovarian sex hormones, especially 
the potent antioxidant capacity associated with estrogen, have been documented 
to play a major role in this “sex bias” of myocardial contractile function [114, 
136]. Overall, already published data provide excessive information about gender-
dependent differences in hyperglycemia-induced electrophysiological changes in the 
hearts, in part, associated with differences in a sex-hormone-dependent generation of 
oxidative stress in cardiomyocytes. Consequently, it can be concluded that although 
both sex and sex are interpenetrated in humans, alterations in energy metabolism are 
essential features of CVDs, and sexual dimorphism of energy metabolism and more 
specifically mitochondria occupies an important part of these processes. 

Metabolic predictors of incident coronary heart disease in women have been 
measured by determination of 371 metabolites in a discovery set of postmenopausal 
women with coronary heart disease (CHD) and demonstrated their importance in 
the relationship between lipid oxidation and subsequent CHD as novel markers [85]. 
Moreover, as mentioned in previous sections, Murphy and co-workers emphasized 
the role of sex differences in the development of metabolic cardiomyopathy [87] 
comparing the different CV dysfunction under different pathological conditions. In 
these regards, in contrast to ischemic cardiomyopathies, diabetic cardiomyopathies
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are more prominent in women than in men. Although diabetes is a risk factor for 
CVD, however, there is sexual dimorphism in this risk factor with a fivefold high 
common in diabetic women compared to that only twofold in diabetic men. Interest-
ingly, the authors in the above study demonstrated that heart failure with preserved 
ejection fraction is more prevalent in MetS women than age-matched men. Their 
data presented that the parameters such as Ca2+-handling, ROS- and NO-signaling, 
and cardiac structural proteins have sex-dependent cardiometabolic differences. So, 
the disturbances in the heart, and metabolic cardiomyopathies (at most observed in 
MetS, obese, and/or diabetic individuals), are strongly arising as a manner of sexual 
dimorphism. 

Supporting the above statements, it has been observed gender-dependent differ-
ential responses to a 28-week high-carbohydrate diet-induced MetS male and female 
rats. The MetS male rats had increased blood pressure, prolonged Q–T interval in 
surface electrocardiograms, low heart rate with depressed left ventricular function in 
hypertrophic hearts, and relaxation of the aorta [15]. A parallel study with the same 
experimental protocol in aged-matched MetS female rats has presented no signif-
icant changes in their heart rate and heart weight, and no significant prolongation 
in Q-T interval and heart rate (Fig. 26.4). In addition, the light microscopy anal-
ysis of the heart tissue from MetS male rats demonstrated high-level fibrosis than 
those of MetS females (Fig. 26.5). The further biochemical analysis also supported 
these gender-dependent differences. Although it has been determined significantly 
a low ratio of phospho-Akt to Akt and a high ratio of phospho-PKA to PKA in 
the ventricular cardiomyocytes from male MetS rats [137], the phospho-Akt to Akt 
ratio was significantly increased and phospho-PKA to PKA ratio was significantly 
decreased in the ventricular cardiomyocytes from female MetS rats compared to the 
age-matched normal rats (Fig. 26.6a, b). Furthermore, the ROS and RNS levels in the 
same cells were significantly high in male MetS rats compared to the aged-matched 
male normal rats [15, 137]. However, the ROS level was significantly high with 
no significant change in the RNS level determined in the ventricular cells from the 
female MetS (Fig. 26.6d). There were no significant differences in the ratios of Bax/ 
Bcl-2 between the male and female groups (Fig. 26.6c).

In line with the previously demonstrated data, the authors evaluated the SR Ca2+-
leak to sex differences in humans either with afterload-induced cardiac hypertrophy 
with preserved LV function or with end-stage heart failure [138]. Although cardiac 
function did not differ between sex in both cardiac pathologies, there was a signif-
icantly lower Ca2+-spark frequency in ventricular cardiomyocytes in females with 
hypertrophy than those in males. Their further studies strongly pointed out the role 
of low-level SR Ca2+-leak in the low risk of ventricular arrhythmias in female indi-
viduals than the males. These findings are also in line with the others, particularly 
associated with the different levels of oxidation levels among female and male hearts 
[135]. In addition, as discussed by authors [42, 106], estrogen has a definite protec-
tive effect on the cardiovascular system, at most, through oxidative stress levels 
associated with oxidative-stress induced pathogenesis of atherosclerosis, myocardial 
dysfunction, cardiac hypertrophy, heart failure, and myocardial ischemia.
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Fig. 26.4 General parameters female Wistar rats with the age of 2 months old and treated with 
32% sucrose in their drinking water for 28 weeks to induce metabolic syndrome (MetS) compared 
to aged-matched female rats (controls; Con group) the similar animal model used for MetS male 
rat groups as described, previously. Their body and heart weights (a, b), the QT-interval calculated 
from surface electrocardiograms (c), and heart rate (d). Validation of the development of insulin 
resistance is determined by the HOMA-IR index (e). Data presenting the mean (± SEM) values. 
The total number of rats/group; n = 7–8. Significance level at *p < 0.05 versus Con group with 
student-t test 

Fig. 26.5 Light microscopy examinations represent Masson trichrome-stained heart sections from 
the male (upper) and female (lower) rats in either control (left) or metabolic syndrome, MetS, (right) 
groups. The abnormal arrangements and loss of integrity in myofibres are more prominent in the 
MetS male heart compared to the MetS female heart. The fibrosis level was also high in the male 
heart than in the female heart. The total number of rats/group; n = 4–5. Magnification: 50 μM
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Fig. 26.6 The biochemical analysis of some heart parameters from female MetS rats compared 
to those of aged-matched controls and oxidative stress status of isolated cardiomyocytes. The 
phosphorylation and protein expression levels of insulin-regulated protein Akt (p-Akt and Akt) 
(a) and protein kinase A (p-PKA and PKA) (b), the ratio of apoptosis markers Bax/Bcl-2 (c), 
and (d) the cardiomyocyte levels of reactive oxygen species (ROS) (left) and reactive nitrogen 
species (RNS) (right). The intracellular level of ROS ([ROS]) and RNS ([RNS]) were imagined 
with confocal microscopy in the loaded cells with either specific dyes DCFDA or DAF, respectively. 
Maximal fluorescence intensity was achieved by a HEPES-buffered solution supplemented with 
H2O2 (100 μM) and with NO donor ZipNONO (100 μM). Data are presented as mean (±SEM) 
values. The total number of rats/group; n = 6–8. Significance levels at *p < 0.05vs Con group with 
student-t test

Conclusions 

There are marked sex-related differences in mammalian cardiac function not 
only under physiological conditions but also in responses to pathological stimuli. 
Although metabolomic profiling offers promise for the prediction of CVDs, 
metabolic risk factors are more strongly associated with CVD in female than males. 
There is also a strong association between the levels of oxidations and CVDs in 
women and men, however, it is needed to have an additional investigation of the 
mechanism and potential clinical use of oxidative risks. More importantly, since alter-
ations in energy metabolism are essential features of CVDs, sex-related dimorphism, 
particularly in energy metabolism and more specifically mitochondria, plays a vital 
role in the induction and progress of CVDs with different levels and different health 
problems. Despite these facts, sex differences are still not under serious consideration 
in the interest of both experimental and clinical research. Indeed, the mechanisms 
underlying the sex-dependent differences in CVDs are still poorly understood. 
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