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Chapter 1 )
The Emerging Need for Research e
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 aresult, 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

Signs of Heart Attack

Symptoms That Are Common Symptoms
Unique For Shared Between
Women Men & Women
.
Y L CO
g gk . s A - i
Sudden Dizziness “*=-1 Pain or Discomfort in
.="""] theJaw, Neck, Back, f-:"
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;3 * 4
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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
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Future Directions

Risk Factors

Hormonal risk ™

. factors
Aol Pregnanc
Biomedical consumption 9 y Increasing
Research and awareness and
clinical studies . Obesity | knowledge,
on women's Hypertension implementing
heart health sex-specific
A guidelines
Diabetes Mellitus Unhealthy diet /= 504 policies

Sedentary Demographics

behavior

Developing sex-specific treatment

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 Geda
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

e 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

e 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
e Traditional risk factors: dyslipidemia, patent foramen ovale
e 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 CHA,;DS,-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-partreview 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 oo
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

Itis well established that estrogens (17 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 ERa, ERp 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 ERa and ER 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 ERa and ERP 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 CA%* ion channels, and downstream activation
of second messengers [5].

It is through these genomic and non-genomic mechanisms that all three receptors
play arole 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, ERa can activate endothelial nitric oxide (NO) synthase
(eNOS) [10, 11], inhibit vascular smooth muscle cell (VSMC) proliferation [12] and
inhibit intimal-medial thickening [13]. ERf supports normal vasodilation and blood
pressure (BP) [2], reduces cardiac hypertrophy [14] and inhibits cardiac fibrosis [15].
An animal study identified that in females, ERP mediated cardioprotection against
ischemia and reperfusion injuries, [16], suggesting that ERB 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 CA?* 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 CA?* 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 CA>* 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].
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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

17B-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].



28 N. L. Tegg et al.

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 ARa and ARP. 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 CA?* 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 CAZ?* 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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(SCAD): An Overview of the Condition,
Diagnostic Work Up and Management
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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 * Troponin

* Creatinine ¢ Creatinine

* Electrolytes * Electrolytes

« Fasting cholesterol « Fasting cholesterol
* HbAlc * HbAlc

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 |+ Avoid revascularization if possible, unless
stabilize culprit lesion 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 Single antiplatelet (aspirin preferred)

* Statin * Beta blocker

* ACEI/ARB * Blood pressure control

* Beta-blockers * Antianginal therapy may be helpful to

* Anti-anginal therapy 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)
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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 I1

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].
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Type 1 Type 2 Type 3

4— Contrast
staining of
false lumen

4+— Long
diffuse and
smoaoth
narrowing

#— Focal or
tubular
stenosis

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
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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
301bs for women, or 50Ibs 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 ¢ 20 min educational session per week on risk factors, and treatment of
sessions 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




50 J. Y. Namkoong et al.

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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Takotsubo Cardiomyopathy oo

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—
70years [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

INTERTAK and Revised Mayo criteria

57

Cardiology Ceriteria,

Component

Heart failure
association-ESC
criteria

InterTAK diagnostic criteria

Revised mayo clinic
criteria

Characterization of

Transient regional

Transient LV dysfunction

Transient dyskinesis

ventricular LV or RV WMA. presenting as apical of LV midsegments,
myocardial The RWMA usually | ballooning, midventricular, | with or without
dysfunction extend beyond a basal, or focal WMA. RV apical involvement.
single epicardial involvement can be present. | The RWMA extend
vascular The RWMA usually extends | beyond a single
distribution, and beyond a single epicardial epicardial vascular
often result in vascular distribution; distribution
circumferential however, rare cases exist
dysfunction of the where the RWMA is present
ventricular segments | in the subtended myocardial
involved territory of a single coronary
artery
Trigger Frequently, but not | An emotional, physical, or | A stressful trigger is
always, preceded by | combined trigger can often, but not always
a stressful trigger precede the takotsubo present
(emotional or syndrome event, but this is
physical) not obligatory. May be
triggered by SAH, stroke/
TIA, seizure,
pheochromocytoma, asthma/
COPD exacerbation
Predisposing Post-menopausal women are
clinical predominantly affected
characteristics

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 InterTAK diagnostic criteria | Revised mayo clinic
association-ESC criteria
criteria

Biomarkers Positive but Levels of cardiac biomarkers | Modest elevation in
relatively small (troponin and creatine the cardiac troponin
elevation in cardiac | kinase) moderately elevated | levels
troponin (i.e., Significant elevation of BNP

disparity between
the troponin levels
and the amount of

dysfunctional
myocardium
present)
Significantly
elevated BNP or
NT-proBNP during
the acute phase
Coronary artery Absence of culprit | Significant CAD is not a Absence of
assessment atherosclerotic contradiction obstructive CAD or
CAD, including absence of
acute plaque angiographic
rupture, thrombus evidence of acute
formation, and plaque rupture

coronary dissection

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 (PartI): 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].
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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
QTec 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].



5 Takotsubo Cardiomyopathy 63

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

Clinical presentati te chest p dyspnea, heart failure, shock, cardiac arrest

Predisposing factors: ‘ Emotional, physical stressor Postmenopausal women

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

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

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

Hospitalization, continuous ECG monitoring (48 hours

Assessment and treatment of potential complications
minimum)

including shock, LVOTO, LV thrombus

Management post hospital discharge

Transthoracic echocardiogram at 3-6 months to ensure
resolution

Consider of ACEi/ARB and beta-blocker therapy

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

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 x 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 11
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 and5.76;95% CI12.96to 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%
CI10.29 t0 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, NCT(04425785, 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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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.



6 Preeclampsia: Early and Long-Term Clinical Considerations 77

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]:

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

— Liver involvement (elevated liver transaminases or right upper quadrant/
epigastric pain)

e 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 resultin 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
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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 |+ Maternal age (> 35 years)
> 30 kg/m?
Maternal history * Preexisting hypertension * Family history of preeclampsia
* Type 1 or 2 diabetes * Interpregnancy interval (>
* Chronic renal disease 10 years)

Autoimmune disease (e.g. SLE)
Antiphospholipid antibody

syndrome
Reproductive history  Previous hypertensive disorder | Prior placental abruption/fetal
of pregnancy/preeclampsia growth restriction or stillbirth
Current pregnancy * Assisted reproductive * Multifetal gestation
technology * 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).



80 S. Gibbs et al.

At 11-14 weeks, women should be screened again with blood pressure measurement,
risk factor assessment, uterine artery pulsatility index and placental growth factor
(PIGF) 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
isrecommended [5, 11]. Further monitoring is dependent on maternal and fetal status
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Organ
System

Adverse Clinical Signs

and Symptoms

Severe Complications
Indications for Delivery

Headache
Visual changes

Low platelets
Elevated INR/PTT
Elevated WBC

Dyspnealchest pain
Oxygen saturation <97%

Elevated creatinine
Elevated uric acid

Eclampsia

PRES

Cortical blindness/retinal detachment
GCS <13

TIA/Stroke

Platelets <50
Cytopenia requiring transfusion
DIC

Hypertensive emergency
Heart failure

Need for intubation/inotropes
Myocardial ischemia/infarction

Acute kidney injury
New start dialysis

Hepatic dysfunction (INR >2)
Hepatic rupture/hematoma

Nausea/vomiting
" RUQ/epigastric pain
2 Abnormal liver enzymes
Low albumin

Abnormal fetal heart rate
Growth restriction

Placental abruption
Intrauterine fetal death

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 (MgS0O4) 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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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

L. Albak - A. K. Gupta - M. Saeed - S. Liu ()

Section of Cardiology, Department of Internal Medicine, Rady Faculty of Health Sciences, Max
Rady College of Medicine, University of Manitoba, Winnipeg, MB, Canada

e-mail: sliu@sbgh.mb.ca

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 91
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_7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-39928-2_7&domain=pdf
mailto:sliu@sbgh.mb.ca
https://doi.org/10.1007/978-3-031-39928-2_7

92 L. Albak et al.

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



94 L. Albak et al.

(" Rise and/or fall of TnT (with one value
>99 percentile) + ischemic
symptoms/signs

(" Coronary angiogram demonstrates | D = MINOCA
nonobstructive CAD
(<50% stenosis)
( Assess clinical context )
(rule out non-cardiac causes of
L 1707) )
( ) ) ( Exclude:
Sepsis, PE, etc. ‘
cpsts, PE ete ‘ 1. Missed obstructive CAD
2. Nonischemic mechanism of myocardial injury
< Step 1 > - Step 2 - \
v v~ PN - ) ;
Review LV functional [ o | Coronary intravascular Coronary functional
angiogram assessment imaging (IVUS, ocn assessment
v/ 1 1 I [l 1
( o [ Takotsub N (
Obstructive a0 :“’.5“ ° (o mfam  Plaque disruption o Coronary artery spasm
cAD Pt o Coronary emboli/thrombus [l e Microvascular Disease

t

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].

Itis 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].
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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 1is 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



7 Myocardial Infarction with Non-obstructive Coronary Artery Disease ... 99

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%ClI, 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 PCl-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 oo
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



8 Blood Pressure: Changes Over a Woman’s Life, the Effect of Estrogen ... 109

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 ERa, ERB, 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 17 B-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 arole [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 2064 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
(OR0.61, 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 HY VAT
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 B-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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Childhood and Adolescence Reproductive Years Post-Menopausal
Often secondary HTN Primary vs. secondary HTN, investigate and treat as per local guidelines Predominantly primary HTN, treat as per local guidelines
Special Considerations: Special considerations: Special considerations:
PCOS: Hormonal contraceptive: Menopause transition: Menopausal hormone therapy:
- Childhood obesity - Promote weight loss, diet, exercise | - Combined and estrogen-based - Screen women as per - CEE can increase blood pressure
- Stimulants, illicit - Treatment with Metformin contraception contraindicated in local guidelines - In appropriately selected, symptomatic
substances, and herbal || - Treat hyperandrogenism women with hypertension - Premature menopause women, the early and short-term use of
i - P for HTN, - Use nonhormonal or progesterone associated with increased MHT does not increase CV risk.
KGenetic disorders j vonsider spironolactone only contraception instead J !ard\ovascular risk - Avoid long-term (>10 year) use of MHT /

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 Geda
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 B-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/m?

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, itis 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



136 J. L. Benham and J. M. Yamamoto

250 _ 250 - _
o Myocardial o Ischemic stroke
8 200 infarction 8 200 -
=] =]
. 150 = 150
] g
2] W -
€ 100 = 100 -
L)) (]
> >
® 50 ® 50 -
S | s L P

g et 0 e . :

0 5 10 15 20 25 0 5 10 15 20 25
Years after delivery Years after delivery
250 - 250 - ,

o ] Coronary artery o Angioplasty
8 200 - bypass graft 8 200 -
O- L 52—
L 150 A = 150 o
g | 2
[72] 2]
£ 100 - 2100 -
)] 4 ()]
> >
® 50 4 ® 50 -
] 4 o
z pa

0 A 0 '

0 5 10 15 20 25 0 5
Years after delivery Years after delivery

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 Il 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 acommon 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 i
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.

Keywords Menopause + Cardiovascular disease * Estrogens -+ Hormone
replacement therapy - Ischemic heart disease

S. Rouhana
Laboratory of Molecular Cardiology, Department of Biomedical Sciences, University of Guelph,
Guelph, ON, Canada

W. Glen Pyle ()
IMPART Investigator Team, Dalhousie Medicine, Saint John, NB, Canada
e-mail: gpyle@uoguelph.ca

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 145
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_10


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-39928-2_10&domain=pdf
mailto:gpyle@uoguelph.ca
https://doi.org/10.1007/978-3-031-39928-2_10

146 S. Rouhana and W. Glen Pyle

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 4 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 antimiillerian hormone (AMH) [9]. Perhaps the
most well-known hormonal change in perimenopause are decreasing but punctuated
levels of 17p-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-a (ERa) influences abdominal
obesity and physical activity, two areas that are commonly affected in post-
menopausal women. Deletion of ERa 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, ERa 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 ERa, 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-a [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.

(¢) 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 17p-estradiol—have direct impact on inflammatory
cytokine levels by supressing expression of pro-inflammatory IL-1 [88], IL-6 [88—
90], and TNF-a [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
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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 17p-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—a (ERa), fp (ERP), 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 ERa mediated response [118, 119]. The activation of vascular
ERa 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 ERf
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-a
and IL-1B 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 ERa and ERP 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 ERa which promotes
vasodilation and reduces platelet aggregation. By contrast, ER activation is highly
expressed in conditions such as oxidative stress, hypoxia, and inflammation, and
restrains the beneficial effects of estrogen through ERa 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. ¢ 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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Vascular Dysfunction in Women Gzt

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
(VSMCO). 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 PWYV, 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. Howeyver, 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

Itis 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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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 acombination
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].



12 Cardiometabolic Function in Women 183

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/m? 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 TIDM 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 (DMT?2). Genetic factors have a great
influence on PCOS occurrence; women are more prone to have PCOS if their mother
or sister has DMT?2 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/m?) 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/
m?) 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, M1, 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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