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ABSTRACT

Ischemic heart disease is the primary cause of cardiovascular disease (CVD) mortality in both men and
women. Strategies targeting traditional modifiable risk factors are essential - including hypertension,
smoking, dyslipidemia and diabetes mellitus - particularly for atherosclerosis, but additionally for
stroke, heart failure and some arrhythmias. However, challenges related to education, screening and
equitable access to effective preventative therapies persist, and are particularly problematic for women
around the globe and those from lower socioeconomic groups. The association of female-specific risk
factors (e.g. premature menopause, gestational hypertension, small for gestational age births) with
CVD provides a potential window for targeted prevention strategies. However, further evidence for
specific effective screening and interventions is urgently required. In addition to population-level
factors involved in increasing the risk of suffering a CVD event, efforts are leveraging the enormous
potential of blood-based ‘omics, improved imaging biomarkers and increasingly complex bioinformatic
analytic approaches to strive toward more personalized early disease detection and personalized
preventative therapies. These novel tactics may be particularly relevant for women in whom traditional
risk factors perform poorly. Here we discuss established and emerging approaches for improving risk
assessment, early disease detection and effective preventative strategies to reduce the mammoth
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burden of CVD in women.

Introduction

Ischemic heart disease (IHD) is the primary cause of cardiovascular
disease (CVD)-related mortality in both men and women world-
wide [1,2]. However, despite campaigns over many decades, aware-
ness of the impact of CVD on women remains suboptimal, and
there has been a poignant decline in ‘ideal cardiovascular health’
[3,4] - a composite of modifiable clinical health factors and health
behaviors — and slowing of the overall reduction of the CVD
burden for women over the last 10years [2,5].

The key roles of hypertension, dyslipidemia, diabetes mellitus
and cigarette smoking in driving CVD are well recognized at a
population level and have been the target of primary prevention
strategies for more than 50vyears, resulting in a substantial
reduction in population-adjusted mortality associated with cor-
onary artery disease (CAD). However, access to screening and
primary prevention programs has been less optimal for women
[6]. Ongoing improvements in education, screening and equi-
table access to effective preventative therapies are required
(Figure 1). In addition, individuals with no traditional risk factors
develop life-threatening or fatal heart attacks, and the need for
improved markers for risk assessment and ultimately detection
of early disease to improve personalized prevention strategies
is urgent.

Screening and treating traditional modifiable risk
factors in women

Hypertension is the leading contributing risk factor for IHD glob-
ally [7], with a particularly strong association in women [8]. The
linear relationship between blood pressure (BP) measures and
CAD-related or stroke-related death extends into the ‘normal’
range [9]. Consistent with this, data from the SPRINT trial showed
that aggressive management with systolic BP targets below
120mmHg provides greater protection against major cardiovas-
cular events and death than more traditional goals [10]. Women
have additionally demonstrated worse non-IHD cardiovascular
consequences of elevated BP compared to men, including left
ventricular hypertrophy, heart failure with preserved ejection frac-
tion and arterial stiffness [11,12].

There are a wide variety of available anti-hypertensive agents
when considering pharmacotherapy, including many now acces-
sible in generic forms. Little difference has been observed between
the various BP-lowering drug classes if the target BP is achieved,
despite theoretical biological benefits related to specific molecular
pathways (e.g. angiotensin receptor blockade reducing cardiovas-
cular nicotinamide adenine dinucleotide phosphate [NADPH] oxi-
dase activity) [13-15]. This knowledge has led to the opportunity
for shared-decision approaches between a patient and her
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Figure 1. Overview of the established and emerging approaches for prevention of cardiovascular disease. BP, blood pressure; CKD, chronic kidney disease; CVD,

cardiovascular disease; SES, socioeconomic status.

physician to achieve an agreed target with minimum side effects,
pragmatically weighing individual absolute risk against patient
tolerance. When escalation is required, using two or more agents
at a lower dose has been observed to be more effective and
better tolerated from a side effects perspective than a maximal
dose of a single agent [16,17]. Weight loss, alcohol abstinence or
reduction and exercise are all important lifestyle factors to be
included in the overall patient management plan.

The causal role of hypercholesterolemia in atherosclerosis is
well established [18,19]. In women specifically, significant increases
in serum total and low-density lipoprotein (LDL) cholesterol have
been noted within the first year of the final menstrual cycle and
associated with carotid atherosclerosis [20]. Lipid-modifying treat-
ment using statins to inhibit HMG-CoA reductase reduces cardio-
vascular events and mortality in individuals with established CAD
[21,22]. In primary prevention, evidence for starting statin treat-
ment varies according to overall risk for the individual, with the
absolute benefit of lowering LDL-C depending on the absolute

CVD risk [22]. There is a dearth of primary prevention evidence
specifically in women. However, women eligible for statin treat-
ment are less likely to be prescribed therapy or be at the target
dose [23]. Other agents such as ezetimibe may also be considered
to achieve LDL lowering [24], particularly in individuals who are
intolerant of statins [25]. More recently, monoclonal antibody and
small interfering RNA strategies to inhibit PCSK9 have demon-
strated powerful effects on serum LDL cholesterol [26,27], with a
reduction in major adverse cardiovascular events (MACE) in those
with established CAD on monoclonal antibody strategies [26,28].
The potential for only twice-yearly injections is attractive to both
patients and health-care providers. Equitable access to such
emerging therapies using newer technology will be key for global
impact, with gender and socioeconomic status being important
considerations.

Type 1 and type 2 diabetes are independent risk factors for
atherosclerotic CVD, with the risk appearing to be more signifi-
cant in females [29]. Data from more than 850,000 participants
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across 64 studies found a 44% higher risk of CAD incidence
in women with diabetes than in men [30], and women with
diabetes in the UK Biobank had a 29% higher risk of myocar-
dial infarction compared with diabetic men [31]. Prevention
strategies include diet, reducing body mass index, increasing
exercise and reducing sedentary behaviors. Whilst pharma-
cological control of blood sugar with traditional oral agents
and insulin has been disappointing regarding the reduction of
atherosclerotic and cardiovascular events [32], new therapies
targeting SGLT2 [33-35] and GLP-1 [36] have shown potential
new promise. In the case of SGLT2 inhibitors, the most profound
effect has been protection against heart failure events, with less
efficacy for myocardial infarction and only achieving statistical
significance in very large meta-analyses [37]. However, SGLT2
inhibitors may have sex-based efficacy differences, with one
meta-analysis showing a significant reduction of MACE risk in
men but not in women [38]. The latter findings may generally
be related to poorer lipid level and BP control in women com-
pared with men [39].

Cigarette smoking is responsible for 50% of all avoidable
deaths in smokers, with half of these deaths resulting from
atherosclerotic CVD [40]. Astonishingly, the CVD risk in young
smokers (age <50vyears) is five-fold higher than in non-smokers,
with even higher risk in women versus men [41]. Mechanisms
include endothelial dysfunction with reduced nitric oxide bio-
availability, increased platelet and macrophage activation, and a
pro-inflammatory vascular environment that drives tissue remodel-
ing [42]. Age-adjusted smoking prevalence has decreased signifi-
cantly over the past 30years in both sexes, with significantly lower
smoking rates in women compared to men. However, despite the
widely acknowledged health impact of smoking, age-adjusted
smoking prevalence has remained either unchanged or signifi-
cantly increased for women in 66% of the countries of the world
compared to 33.5% of countries for men [43]. Even more concern-
ingly, the rates of tobacco and e-cigarette smoking have been
rising in young women, particularly those aged under 26 years [2].

Preventative strategies need to include broader public health
interventions to prevent smoking initiation, including public mes-
saging, policy approaches - both packaging rules and higher
taxation - and laws preventing smoking within indoor public
locations. New Zealand has taken a particularly strict stance,
legally banning the purchase of cigarettes or tobacco for ‘the
next generation, or more specifically anyone born after 1 January
2009. However, whilst smoking cessation is the most effective
measure for reversing vascular injury and preventing associated
events, the addictive nature makes success rates low even with
nicotine replacement or anti-addiction pharmacotherapies such
as bupropion [44].

Whilst there is a strong association of obesity with CVD risk,
diet and lifestyle interventions have been disappointing regarding
their impact on improved cardiovascular outcomes [45]. However,
recently bariatric surgery has been found to reduce MACE inci-
dence in several matched cohort studies [46,47], with statistically
similar results between sexes remaining after adjustment [46]. The
complex pathogenesis, as well as physiological and psychologic
impacts, of obesity have historically resulted in many proposed
interventions, with both positive and grave cardiovascular con-
sequences [48,49]. Evidence is emerging regarding the cardio-
vascular impact of some newer, specific pharmacological weight
loss strategies (e.g. liraglutide [50]) in the setting of diabetes and
obesity. Further research is needed on the safety and impact of
these therapies on MACE risk in non-diabetic, obese individuals.
Sex-based differences in glycemic control with agents such as
GLP-1 receptor agonists have been previously reported. Further

research is ongoing regarding potential differential protective
effects on MACE between sexes.

Risk scores and stratification

Data from large population studies examining cardiovascular risk
factors and outcomes have led to the development of traditional
risk algorithms. One of the first widely adopted scores was the
Framingham Risk Score (FRS). The most recent major version from
2008 includes age, sex, total cholesterol, high-density lipoprotein
(HDL) cholesterol, systolic BP, BP-lowering treatment, diabetes
mellitus and current smoking as predictor variables for a CVD
event (CAD, stroke, peripheral arterial disease or heart failure)
[51]. Whilst the FRS has been derived from a largely White
American population, with recalibration the various iterations have
demonstrated an ability to perform adequately in multiple ethnic
groups [52,53]. The American College of Cardiology/American
Heart Association-endorsed Pooled Cohort Equation (PCE) was the
first model to include data from large populations of both White
and Black Americans. The model includes the same predictor
variables as the 2008 FRS, but includes only hard endpoints (fatal
and non-fatal CAD and stroke) [54]. The sex-specific Reynolds Risk
Score was developed in a large prospective cohort of non-diabetic
North Americans, and is distinct from the FRS and the PCE with
the inclusion of high-sensitivity C-reactive protein (hs-CRP) [55].
NZ PREDICT-1° highlights the importance of a risk score that is
calibrated to the population it will be applied in, having been
derived from more than 400,000 New Zealanders and performing
substantially better in New Zealand than the PCE [56]. In a similar
vein, the European Society of Cardiology recommends using
SCORE2, derived using 45 cohorts in 13 European countries.
Importantly, SCORE2 considers the issues of age heavily weighting
risk estimates in other algorithms, and provides age-specific and
sex-specific 10-year absolute risk estimates [57].

There are known and well-documented issues with applying
CVD risk scores to new populations, including both over-estimation
and under-estimation of risk. Despite these performance issues,
expert consensus guidelines recommend incorporating 10-year
CVD risk tools in the primary prevention setting [9]. However,
access barriers for women have been measured, with fewer under-
going CVD risk classification in the primary care setting compared
to men [6]. Five- and 10-year ‘absolute’ cardiovascular risk scores
are heavily influenced by age, and thus do not provide maximum
opportunity in younger populations for early risk identification
and personalized prevention. Adjusting risk estimates for age and
sex may allow individual patients to maximize their cardiovascular
health across the whole of life, driving decisions around smoking
cessation, exercise, BP reduction and metabolic optimization [9].
Lastly, it is important to better understand the impact of
sex-specific risk factors, such as a history of adverse pregnancy
outcomes and early menopause, and how to incorporate these
into risk assessments.

Female-specific and non-traditional risk markers

The recognized burden of CVD in women and the relatively poor
performance of traditional risk algorithms have led researchers and
clinicians to search for additional aids in non-traditional and
sex-specific markers. Adverse pregnancy outcomes may provide
some opportunity for early sex-specific risk identification and inter-
vention. Gestational hypertension, gestational diabetes, preterm
delivery and giving birth to a small for gestational age infant are
prognostic in CVD [58,59]. Premature menopause and polycystic



ovary syndrome are additional female-specific factors associated
with CVD [58]. Although the overall CVD risk is lower in young
women compared with their male counterparts, it rises substantially
after menopause [60]. Several underlying mechanisms have been
discussed and include changes in the lipid profile and body fat
distribution [61], with accelerated gains in fat mass and losses of
lean mass during the menopause transition [62]. Multi-disciplinary
teams are encouraged to provide collaborative care for pregnant
patients with CVD - including at a minimum obstetrics, primary
care, cardiology and anesthesiology - to ensure risk is identified
and effectively communicated, and personalized, comprehensive
prenatal, delivery and postnatal strategies are implemented [63].
Pregnancy represents a unique opportunity for risk assessment and
initiation of risk factor management in women who are not oth-
erwise begin followed medically. Whilst such a pathway is logical,
there is a paucity of trial evidence demonstrating that the appli-
cation of such risk assessment results in clinical benefit.

Systemic autoimmune inflammatory disease [64], more com-
mon in women than in men, is also an important but
under-recognized risk factor, in addition to cancer survivorship
and exposure to mediastinal or breast radiation, or specific che-
motherapies or immunotherapies [65]. With regard to the latter,
an increasing number of women survive breast cancer and are
confronted with increased CVD associated with certain cancer
therapies. Improved services for cancer survivors are providing
opportunities for patient-specific optimization of cardiovascular
health. A number of under-recognized risk factors for CAD are
increasingly appreciated, including psychological, social, economic
and cultural factors [2]. Women, especially those from minority
populations, are disproportionally affected by disparities in wealth,
education and access to resources with impacts of cardiovascular
health. Studies have found that lower socioeconomic status -
including low income, low levels of education and living in dis-
advantaged areas - was strongly associated with CVD risk in
women [66,67]. The strong association between mental health
conditions and cardiovascular health and disease has been increas-
ingly recognized [68], ultimately with relevance for both women
and men.

Sleep that is considered to be of sufficient duration and quality
is associated with a lower risk of CVD in women [69]. Poor quality
has been independently associated with hypertension, arrhyth-
mias, stroke, myocardial infarction and congestive heart failure
[70]. Women are more likely than men to report insufficient sleep
duration. Self-reported sleep duration and insomnia have been
associated with incident CVD in women. Among 86,329 women
who reported on sleep in the Women’s Health Initiative
Observational Study, higher insomnia scores or sleep duration of
<5h or =10h had a higher risk of incident CVD [71]. In the Sleep
Heart Health Study, designed to look at the relationship between
obstructive sleep apnea and CVD, women who had the shortest
average apnea-hypopnea respiratory event duration during sleep
- a measure of hypersensitivity and hyperarousability that is asso-
ciated with insomnia - had a 32% increased hazard of all-cause
mortality compared to women that had long-duration events [72].
While the mechanisms by which sleep disturbances increase CVD
risk remain incompletely characterized, the adverse effects of
poor-quality sleep appear to affect women profoundly.

Elevated lipoprotein(a) (Lp(a)) is associated with high burden
of atherosclerosis, and can occur independently of elevated LDL
cholesterol [73,74]. Previously considered untreatable and a
domain only for lipid specialists, Lp(a) is now emerging as a ther-
apeutic target with the use of RNA technology [75]. Future risk
scoring systems should consider adding Lp(a) and other less tra-
ditional risk factors after the generation of appropriate evidence,
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which may particularly increase accurate prediction of the devel-
opment of CAD in females.

Health literacy is an important, but frequently under-considered,
factor in the screening and ongoing management of traditional
cardiovascular risk factors. Access to education and culturally
appropriate resources is an obvious driver of worse health lit-
eracy; a trend that is present in both higher and lower-income
countries, but amplified in the latter. Significant improvements in
the portion of women obtaining tertiary education qualifications
have been made in many countries, and women have gener-
ally been reported as having higher average health literacy than
men [76,77]. However, more than 1 in 10 adult women have a
below basic health literacy level, limiting opportunities for CVD
self-management [77].

Community strategies for optimal cardiovascular
health

Policy decisions have the potential for wide benefits on cardio-
vascular health of the community beyond education, through
influencing the environment. This may include efforts to reduce
air pollution, promote incidental exercise and activity, and improve
food option quality.

Air pollution is recognized to be a key environmental CVD risk
factor, with fine particulate matter <2.5um, nitrogen dioxide and
ozone gas being some of the major contributing factors [78].
Exposure to air pollution has been associated with increased risk of
stroke and CAD, even at levels lower than currently allowable by
public health policies [79]. Extreme temperature events, reduction
in green-space proximity in the form of civic foliage and public parks,
and contamination of waterways and soils with toxins such as heavy
metals are also important considerations requiring national and inter-
national policy focus [80]. These factors tend to be particularly rel-
evant to communities from low socioeconomic backgrounds.

Meta-analysis of studies investigating physical activity in the
general population has shown a 14-20% lower risk of CAD in
those who exercised 150-300min per week at a moderate-intensity
level [81]. Importantly, the association of physical activity and
reduced CAD risk was stronger in women than in men. However,
further research is needed to better understand this observation,
as physical activity has not necessarily been associated with
enhanced CVD risk factor control in women compared to men
[82]. Globally, women may have reduced opportunities for
moderate-to-vigorous physical activity due to cultural expectations
surrounding gender norms, time reserved for domestic duties and
religious limitations [83].

Diet has a profound effect on health and affects all of the major
CVD risk factors. Diets high in saturated and trans-fats create a
more atherogenic lipid profile, and it is estimated that a 2% increase
in calories from trans-fats results in a 23% increase in CVD incidence
[84]. Sex-based differences in cardiovascular risk factors, such as
lipid profile and adipose distribution, have been well described and
may be reflective of both biological and cultural diet differences
[85,86]. Metabolically, lipoprotein lipase enzyme in women has
demonstrated 1.99-fold increased activity compared to men [87],
highlighting important biological differences in nutrient utilization.
Current recommendations to optimize cardiovascular health pro-
mote a diet inclusive of vegetables, fruits, whole grains, lean protein
with minimal red meat intake and low levels of saturated and
trans-fats [80]. A recent meta-analysis estimated that higher adher-
ence to a Mediterranean diet was associated with risk reductions
for CVD incidence and CAD in women by 24% and 25%, respec-
tively; diet adherence was not associated with significant differences
in the incidence of stroke [88].
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A need for new solutions: beyond traditional risk
factors

Until recently, risk algorithms derived from large population studies
have been all that clinicians and patients had to predict the prob-
ability of CVD events and guide early preventative strategies. While
these scores are helpful to determine the probability of a future
CVD event, their role as an emerging tool with the ability to iden-
tify the emergence of the causal pathophysiology itself (e.g. ath-
erosclerosis or early cardiomyopathy) is limited. As we have
highlighted, it is not uncommon for patients to present with exten-
sive atherosclerosis and life-threatening heart attacks with no
standard modifiable cardiovascular risk factors (SMuRF) for CAD.
This population comprises approximately 10-25% of initial ST ele-
vation myocardial infarction (STEMI) presentations and experiences
a surprisingly higher (>50% greater) 30-day mortality rate com-
pared to those with at least one risk factor, a difference that is
more pronounced in women [89-91]. The ‘SMuRFless STEMI' group
highlights that while the existing risk scoring systems are beneficial
on a population level, individuals can have critical, vulnerable,
progressive coronary disease whilst masquerading as ‘low’ risk [92].
Improved systems to detect causal pathophysiological changes are
emerging. However, global thought leaders and policymakers need
to consider the prospective evidence required for synergistic inte-
gration of these novel tools with traditional risk stratification, ulti-
mately with translation to clinical guidelines [93].

Computed tomography (CT) imaging techniques can identify
CAD and are the most clinically advanced methods for early CAD
disease detection. Given that we now have data showing that
atherosclerosis is treatable and aggressive LDL-lowering strategies
can achieve complete halting of progression and stabilization of
phenotypes [94-96], an imaging-guided, personalized therapeutic
strategy now makes sense and is ideally initiated before an event.
The strong association of coronary artery calcification (CAC) with
atherosclerosis was first reported by Rumberger et al. in 1995
[97], reflecting deposition of calcium phosphate hydroxyapatite
crystals in the intimal extracellular matrix being a common and
typical feature of atherosclerosis [98]. Standardized measures of
CAC utilizing non-contrast, ECG-gated CT acquisition are now
reported in the Agatston score [99]. The resulting CAC score
(CACS), which is our only completely non-invasive marker of cor-
onary atherosclerosis itself, is one of the most successful single
markers of coronary events [100,101]. The main clinical role that
has emerged in international guidelines and practice is based on
studies demonstrating the ability for the CACS to reclassify
patients from intermediate traditional risk groups into a high-risk
or low-risk group [100,102,103]. Here, findings are considered
likely to have therapeutic influence. The unmet need regarding
detection of subclinical disease in individuals without traditional
risk factors has not been addressed to date, although there have
been increasing calls for use of the CACS in this group. Early
identification of plaque in this population would direct and per-
sonalize use of effective therapy, with statins shown to benefit
patients with established CAD even with ‘low’ cholesterol [22].
However, dedicated prospective studies are required in this group
if this is to be considered in future.

Future opportunities: incorporating genomics and
novel omic biomarkers of disease

Polygenic risk scores (PRSs) for CAD have been developed from
large populations and clinical biobanks, and have expanded from
a few single nucleotide polymorphisms to millions of variants.
Novel analytic approaches have led to the creation of a ‘meta’

PRS consisting of 1.7 million genetic variants [104]. This tool has
demonstrated a nearly 4.2-fold increased risk of a CAD event in
individuals in the top 20% of risk compared with those in the
bottom 20%, and has been validated in American and Canadian
cohorts of European descent [105,106]. A comparison of PRS
performance between the sexes demonstrates similar perfor-
mance in predicting CAD events and no statistical interaction
between the PRS and sex has been observed [104]. However, as
expected, CAD risks are delayed in women compared to men
across polygenic risk strata. Despite the promise of these large
retrospective studies, there is a need to test the CAD PRS in
prospective studies evaluating the feasibility, patient experience,
impact on risk assessment and management, and health eco-
nomic potential, as outlined in a recently published expert per-
spective [107].

High-throughput, multi-omic platforms, paired with advanced
coronary imaging and machine learning in large cohorts, provide
us with the opportunity to hunt for the ‘holy grail": a blood-based
biomarker of coronary atherosclerosis activity and/or burden,
which can be used to guide personalized approaches to CAD and
myocardial infarction prevention [108-110]. Considering gender
in the derivation of multi-omic risk scores will increase the prob-
ability of successful translation and impact.

Summary and conclusion

CVD is a leading cause of morbidity and mortality globally, with
IHD remaining a primary contributor in both men and women.
Great gains have been made in identifying and managing both
CVD and its risk factors, resulting in improved age-adjusted mor-
tality. However, there is a concerning lack of direct focus and data
on the impact of CVD in women and progress in reducing the
CVD burden in women has slowed in recent years. The
under-estimation of CVD risk remains an important issue and
continued efforts are needed to raise awareness of CVD among
health-care providers and women alike. Enhanced, ongoing col-
laborations between academic, clinical, policy and advocacy com-
munities will allow us to identify and address evidence and
implementation gaps and work toward reducing the burden of
CVD in women, thereby improving overall cardiovascular health.
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