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Abstract

Cardiovascular disease remains the leading cause of morbidity and mortality for both women and
men. Emerging evidence supports that ischemic heart disease (IHD) may manifest differently in
women and men, in ways ranging from the clinical presentation, diagnosis, and management of
disease to the basic biology and biomechanics of cardiomyocyte function and the coronary
circulation. Women consistently present with a higher burden of symptoms and comorbidities as
compared with men and experience worse outcomes. These data have proved perplexing given the
decreased likelihood of women to demonstrate obstructive coronary artery disease (CAD) on
coronary angiography. Reported sex differences have long been influenced by the practice of
defining heart disease primarily as obstructive CAD, but obstructive plaque is now recognized as
neither necessary nor sufficient to explain symptoms of IHD, and it is no longer adequate to tailor
diagnostic and treatment strategies only to this subset of patients. To date, women remain
underrepresented in guideline-changing heart disease research and trials, creating important
limitations in the evidence base for cardiovascular medicine. Smaller epicardial coronary arteries
in women as compared to men, coupled with differences in shear stress and inflammatory
mediators over the life span, may modify the development of CAD in susceptible patients into a
diffuse pattern with more contribution from coronary vasomotor dysfunction than focal
obstruction. Newer studies corroborate that symptomatic women are more likely than men to
present with nonobstructive CAD and coronary microvascular dysfunction. When present, these
processes increase cardiovascular risk in both women and men but may constitute an especially
malignant phenotype in a subset of severely affected women, with implications for the
management of not only CAD but also heart failure with preserved ejection fraction. This
represents a state-of-the-art review of sex differences in the coronary system, with an eye toward
how diverse pathophysiological processes may contribute to IHD phenotypes prevalent in women
and men. Beyond providing women and men with equitable optimal care according to current
paradigms, understanding the pathophysiology of IHD beyond a conventional focus on obstructive
CAD is needed to address what is likely a combination of biological as well as environmental
determinants of their prognosis.
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Introduction: Sex Differences in Ischemic Heart Disease

Over the last century, cardiovascular disease (CVD) has accounted for more deaths than any
other major cause of death in the United States [1] and is now the leading cause of mortality
among both women and men worldwide [1-4], resulting in nearly 18 million deaths in 2015.
Deaths from CVD primarily involve ischemic heart disease (IHD), such as myocardial
infarction (MI) and heart failure, and also include those associated with stroke and
peripheral arterial disease. Focusing within the cardiac system, approximately 630,000
Americans die from heart disease each year, representing 1 in every 4 deaths, and the
numbers are similar for women and men (Fig. 1) [4]. Yet awareness of heart disease risk for
women has substantially lagged that for men [5]. Heart disease—historically synonymous
with coronary artery disease (CAD)—has been traditionally defined anatomically as
obstructive atherosclerosis involving the epicardial coronary arteries. There is now greater
understanding that IHD occurs in the presence of an inadequate blood supply to the
myocardium, which may or may not result from obstructive atherosclerotic narrowing in the
epicardial coronary arteries [6, 7].
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Indeed, as demonstrated by recent national [1, 4] and global [2, 3] statistics, IHD poses a
major threat to both women and men across their life spans. Emerging evidence supports
that IHD may manifest differently in women and men, in ways ranging from the clinical
presentation, diagnosis, and management of disease to the basic biology and biomechanics
of cardiomyocyte function and the coronary circulation. This finding has led to calls to
expand conventional tools developed more than a half-century ago for the diagnosis and
management of (primarily obstructive) CAD to address the full spectrum of IHD impacting
women as well as men. The following represents a state-of-the-art review of sex differences
in the coronary system, with an eye toward how diverse pathophysiological factors and
processes may contribute to IHD phenotypes prevalent in women and men.

Sex Differences in the Epidemiology of IHD: Reframing the “Gender Gap”

Over the last three decades, case fatality rates for heart disease in the United States have
been similar or higher for women as compared to men (Fig. 2) [1]. Although this finding
partly reflects that women outnumber men in older populations at greatest risk for IHD,
women often present with a higher burden of comorbidities and experience worse IHD
outcomes as compared to men. While trends in the United States suggest dramatic declines
in cardiac deaths for both women and men over the last two decades, this decrease has not
been uniform for all individuals, especially young women [8]. At the same time, important
sex differences in the rates of IHD diagnosis, utilization of care, response to therapy, and
clinical outcomes have been described [9-12]. Compared with men, women have a higher
prevalence of persistent angina, nonobstructive CAD, coronary microvascular dysfunction
(CMD), spontaneous coronary artery dissection, stress-induced cardiomyopathy, and heart
failure with preserved ejection fraction (HFpEF) [13-21]. IHD risk factors including
diabetes mellitus [22] and atrial fibrillation [23] are associated with higher rates of vascular
complications in women versus men. WWomen presenting with acute coronary syndromes
experience higher mortality as compared with men [24-27] and are referred for cardiac
transplantation at later stages of heart failure [28]. There is also underutilization in women
of cardiac devices [29], including implantable cardiac defibrillators [30] and cardiac
resynchronization therapy (CRT) [31], despite subgroup analyses of randomized controlled
trial data showing that female sex is associated with improved responsiveness to CRT [32].

Thus, the previous assumption that heart disease in women is the same as that in men, only
occurring about a decade later, represents an oversimplification and underscores the
importance of sex-specific research in cardiovascular care [33]. There is urgent need for
randomized and comparative trial data in female as well as male patients [34]. To date,
women have been underrepresented in guideline-changing CVD research and trials (Fig. 3),
often comprising less than a third of enrolled patients [35]. This phenomenon has obscured
important sex-specific differences in the pathobiology of disease, which are now becoming
more apparent. Central among these has been the recognition that a variety of disorders, not
simply obstructive CAD, may result in ischemic symptoms and worse cardiac outcomes in
patients, especially women [6, 10, 36]. As such, the heart disease “gender gap” likely
reflects not only inconsistencies in awareness and application of guideline-directed
management of CAD in women but also fundamental limitations in how heart disease is
defined and managed in the population. Beyond providing women and men with equitable
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optimal cardiovascular care according to current paradigms, understanding the underlying
biology of IHD beyond a conventional focus on obstructive CAD is needed to address what
is likely a combination of biological as well as environmental determinants of their
prognosis.

Sex Differences in Risk Factors of IHD

Traditional IHD disease risk factors include older age, smoking, hypertension,
hyperlipidemia, obesity, insulin resistance, and a family history of premature atherosclerosis.
These factors play important roles in the development of IHD in both women and men,
although the prevalence of certain risk factors differ between the sexes, and some are
stronger predictors of IHD in women. The overall incidence of IHD in women lags that in
men by about a decade, suggesting loss of a cardioprotective effect in postmenopausal
women [37] that remains incompletely understood. Differences in the pattern of smoking
between women and men have decreased over time [1], and smoking appears to confer a
25% increased adjusted relative risk of major adverse cardiovascular events (MACE) in
women versus men, as reported in a meta-analysis of 86 prospective trials encompassing 3.9
million participants [38].

Systolic blood pressure rises steeply in older women, and mild-moderate hypertension has
been associated with more cardiovascular complications in women than men (risk-factor-
adjusted hazard ratio of 2.5 versus 1.6 in women and men, respectively) [39]. Nonetheless,
no apparent sex difference was observed in the relationship of systolic blood pressure and
MACE in a contemporary meta-analysis of 124 cohort studies of 1.2 million individuals,
44% of whom were women [40]. Although female lipid profiles worsen with menopause,
elevated total cholesterol seems to confer a clinically similar (albeit statistically lower) risk
of MACE in women as in men, according to a recent meta-analysis of 97 cohort studies
including over 1 million individuals [41]. Despite a higher prevalence of obesity in nonwhite
women as compared to nonwhite men [1], no significant sex differences have been observed
between increasing body mass index (BMI) and adjusted risk of MACE [42].

In contrast, although the prevalence of diabetes mellitus is now similar in women and men,
robust evidence exists for a greater excess risk of IHD among diabetic women than men. The
relative risk for fatal IHD associated with diabetes was 40-50% higher in women than men,
as reported in meta-analyses of up to 64 prospective cohort studies of nearly 860,000
diabetic patients [22, 43]. Diabetes appears to nullify any cardioprotective effects associated
with younger age in women. The transition from normoglycemia to overt diabetes in women
appears to accompany a greater decline in health than in men, such that women who develop
diabetes experience a heavier burden of risk factors, including a higher BMI, than diabetic
men.

In summary, while the effects of hypertension, hyperlipidemia, and obesity appear mostly
similar between the sexes, prolonged smoking and diabetes seem significantly more
hazardous for women than men. The mechanisms underlying these observed sex differences
in risk factor effects are not well understood. Besides menopause, additional female-specific
or female-predominant risk factors for IHD include: (1) pregnancy-related complications
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[44], such as gestational diabetes, pregnancy-induced hypertension, and preeclampsia; (2)
emotional stress [45], such as that linked to stress cardiomyopathy [46]; and (3) autoimmune
disorders characterized by chronic inflammation, such as systemic lupus erythematosus and
rheumatoid arthritis [47], which underscore the pathological role of inflammation in
atherosclerosis [48, 49].

Sex Differences in Clinical Presentation, Diagnosis and Management of IHD

Early reported sex differences [50] in the clinical presentation, diagnosis and management of
IHD have been influenced by the long-standing practice of defining heart disease as
obstructive CAD and tailoring diagnostic and treatment strategies to this subset of patients.
We now recognize that obstructive CAD, as defined anatomically on coronary angiography,
is neither necessary nor sufficient to explain symptoms of IHD, which commonly include
angina and dyspnea in both women and men [51, 52]. Indeed, women present more
frequently than men with symptoms of angina [14] but are less likely to manifest anatomic
obstructive CAD. In a contemporary cohort of 11,223 symptomatic patients (42% women)
referred for non-urgent coronary angiography, one-third of men, but two-thirds of women,
had no obstructive CAD (Fig. 4), and these patients still experienced elevated risk of MACE
(Fig. 5) [15]. Among patients with stable angina who are found to have obstructive CAD,
sex differences also exist in the extent and severity of disease, with women less likely than
men to have obstructive multivessel disease [36,53]. Consistent sex differences in
angiographic findings have been demonstrated not only in stable IHD but also in patients
presenting with acute coronary syndromes, including unstable angina and MI [5456]. In
autopsy evaluations of patients who died of IHD, women also demonstrated less extensive
and less obstructive CAD than men, despite pathologic evidence of MI [57], with more
evidence of plaque erosion than plaque rupture [58]. In addition, in patients with obstructive
CAD, women are less likely than men to demonstrate coronary collateralization [59].
Despite consistently documented lower angiographic disease burden and more often
preserved left ventricular (LV) function as compared with men, women with IHD have
similar adverse outcomes [1, 60].

Due to a greater symptom burden and rate of functional disability in women, coupled with a
lower prevalence of obstructive CAD by coronary angiography, the evaluation of IHD in
women as compared with men can present unique challenges to clinicians. The accuracy of
standard noninvasive diagnostic testing for ischemia, such as stress testing with exercise
electrocardiography, echocardiography, or nuclear myocardial perfusion imaging (MPI), can
vary significantly when evaluated against a gold standard of finding anatomic obstructive
CAD. This has been particularly relevant for women, whose symptoms are less likely to be
explained by findings on coronary angiography and whose abnormal stress tests in the
absence of obstructive CAD are more likely to be interpreted as “false positives” [61, 62].
Yet, women with angina and confirmed ischemia have increased mortality from IHD [63].
As discussed later on, the recent application of modern clinical diagnostic tools, such as
cardiac computed tomography angiography (CCTA) and positron emission tomography
(PET), is changing the paradigm of how disease is diagnosed [64, 65], broadening
definitions of CAD and ischemia, respectively, to better reflect pathological phenotypes
more prevalent in certain patients, especially women.
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Management strategies for IHD, with the goal of ameliorating symptoms and improving
survival, have also largely been the same for women and men while focused predominantly
on obstructive CAD. As a function of this, symptomatic women are less likely than men to
be candidates for invasive approaches, such as percutaneous coronary intervention (PCI),
which targets flow-limiting obstructive coronary artery stenoses, and particularly coronary
artery bypass grafting (CABG), which is most often reserved for multivessel obstructive
disease. These individuals may present with severe ischemia or acute MI prior to being
diagnosed with nonobstructive coronary arteries (phenomena recently described as INOCA
[66] and MINOCA [67, 68], respectively), comprising an even higher-risk subset of patients.
Furthermore, women undergoing PCI or standard treatment for acute MI demonstrate
increased risk of bleeding and vascular complications as compared to men [69, 70]. This
finding suggests that the beneficial impact of invasive interventions, particularly in stable
IHD, may be lower in women if not tailored to key biological differences involving not only
their burden of obstructive atherosclerosis, but also the size of their vessels, effective
circulating volumes, and metabolism of drugs.

Separate from differences in biology, there have been multiple reports of sex differences in
the use of evidence-based interventions, including contemporary guideline-directed medical
therapies (GDMT) [10]. In a 2002 survey of 3779 patients (42% female) with stable angina,
women were less likely than men to receive optimal secondary prevention with antiplatelet
and lipid-lowering therapies, even after angiographic documentation of disease [53]. At 1-
year follow-up, women with confirmed CAD were less likely than men to report complete
resolution of angina and more than twice as likely to suffer death or nonfatal Ml, even after
multivariable adjustment for baseline risk factors including age, the presence of diabetes,
abnormal LV function and severity of CAD, or interim revascularization. In 49,358 older
patients hospitalized for CAD from 2003 to 2009, women (47%) were less likely than men
to receive optimal GDMT at discharge and more likely to have higher mortality if they
received suboptimal care [71]. Of note, authors found that the sex disparity in mortality
disappeared with optimal care, and up to 69% of the excess mortality observed in older
women could potentially be reduced by providing equitable optimal care, including timely
initiation of aspirin, lipid-lowering medications and smoking cessation counseling. This
finding is important because sex differences in response to medical therapies have been
described, for example, greater coronary atheroma regression in response to high-intensity
statins [72, 73] and greater benefit in cardiovascular outcomes with lesser degrees of LDL
reduction [74] in women compared with men. These data underscore that women (and men)
may especially benefit from a tailored approach that (1) achieves not only equitable
standards of quality care as currently defined, (2) but also addresses fundamental differences
in their biological and pathophysiologic manifestations of IHD.

Sex Differences in Coronary Anatomy and Function

Sex Differences in Coronary Artery Size and Blood Flow

The coronary arterial system represents a continuous network of functionally distinct vessel
segments of decreasing size (Fig. 6) [75, 76]. The proximal large epicardial coronary arteries
(400 pm to 2-5 mm in diameter) give way to small prearterioles (100-400 um) and smaller
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intramural arterioles (<100 um), which interface directly with the coronary capillary bed
(<10 um). The epicardial arteries have a primary capacitance function and exhibit minimal
resistance to coronary flow under normal conditions, with their diameter primarily regulated
by shear stress. In contrast, the prearterioles and arterioles make up most of the resistance
circuit of the heart. Specifically, the prearterioles serve a critical role in the autoregulation of
coronary blood flow via changes in vascular tone in response to local shear stress and
luminal pressure changes, and the arterioles are instrumental in the matching of myocardial
oxygen demand with blood supply via changes in perfusion of the low-resistance coronary
capillary bed in response to local tissue metabolism [77, 78].

Women have smaller epicardial coronary arteries than men, even after accounting for body
habitus and LV mass [79-81]. In 710 patients (46% female) being evaluated for suspected
CAD with CCTA and found to have limited coronary artery calcium scores (CAC, <100),
women demonstrated significantly smaller diameters of all major epicardial coronary
arteries, and these differences persisted after multivariable adjustment for age, BMlI, body
surface area, and LV mass [80]. Myocardial perfusion, or coronary blood flow, is typically
also higher in women than in men at both rest and under hyperemic conditions [16, 82, 83].
In 1218 patients (67% female) being evaluated for suspected CAD with stress testing using
PET and found to have no evidence of myocardial perfusion defects, women demonstrated
higher coronary blood flows at both rest and peak stress when averaged over the entire left
ventricle [16], resulting in a similar global coronary flow reserve (CFR) when compared to
men.

With changes in blood flow, coronary arteries demonstrate an intrinsic tendency to maintain
a given level of shear stress by endothelial-dependent dilatation [84]. Endothelial shear
stress is dynamic and can change in response to plaque formation and vascular remodeling
[85]. Low endothelial shear stress has been implicated as a catalyst for focal lipid
accumulation, inflammation, oxidative stress, matrix breakdown, and pathologic expansive
remodeling with associated plaque instability [86, 87]. Gould and others [88] have
hypothesized that higher coronary blood flow in women, coupled with their smaller
coronary arteries, may result in clinically significant higher endothelial shear stress
conditions, which may contribute to sex differences in susceptibility to coronary
atherosclerosis. This phenomenon may be especially relevant earlier in the life cycle prior to
the withdrawal of estrogens, which may interact with pressure-and shear stress-dependent
mechanisms of arteriolar vasomotor function to impact upon release of endothelial
mediators including nitric oxide, prostaglandins, and endothelium-derived hyperpolarizing
factor [89]. The burden of coronary atherosclerosis is indeed lower in women than in men,
particularly at younger ages. The distribution of CAC stratified by age in 9341 asymptomatic
study participants (40% female, median age 54 + 10 years) is illustrated in Fig. 7, with
women demonstrating a slower rate of rise in CAC over the life span [90]. A similar pattern
has been shown in asymptomatic cohorts from the Framingham Heart Study [91] and the
Multi-Ethnic Study of Atherosclerosis [92].

Differences in shear stress and their associated effects on mechanoreceptor-induced
intracellular cascades may affect not only the susceptibility to, but also the anatomical
pattern of CAD in women and men. While the mitigating effects of high shear stress on
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atheroma progression may not entirely prevent the development of CAD in susceptible
patients, they may modify it into a diffuse pattern of disease with decreased contributions
from focal obstruction. Such an effect would be consistent with previously described clinical
and pathological observations of sex differences in the presentation of IHD.

Nonobstructive Coronary Atherosclerosis and Coronary Microvascular

Dysfunction

Growing data [15, 17, 36, 53-60, 93-99] support that the pathophysiology of IHD in women
may vary as compared to that in men. Although women frequently have less anatomical
obstructive CAD, they do not necessarily experience fewer IHD events. A major contributor
to this apparent paradox may be vascular dysfunction in the form of abnormal coronary
reactivity, which often coexists with diffuse, nonobstructive atherosclerosis and endothelial
dysfunction [17, 36, 100]. Invasive coronary angiography using visual assessments of
epicardial coronary luminal patency with X-ray and contrast dye remains a cornerstone of
modern cardiovascular care for the diagnosis of obstructive CAD. However, this technique
has limited ability to identify diffuse atherosclerosis and small-vessel dysfunction, which
may contribute to MACE including acute coronary syndromes, heart failure and death from
plaque erosion, impaired vaso-reactivity, and CMD with resultant myocardial ischemia [54,
56-58]. The addition of invasive fractional flow reserve, an assessment of the pressure drop
across a focal epicardial stenosis, to coronary angiography has proven beneficial to identify
lesion-specific ischemia and guide revascularization, [101] but may miss the integrated
contribution of diffuse atherosclerosis and small-vessel disease to myocardial ischemia [102,
103]. It is now well recognized that a normal coronary angiogram is not synonymous with a
normal coronary circulation. Testing for IHD, especially in women, is currently moving
beyond testing for the presence or absence of obstructive epicardial CAD, which represents
only one of several possible contributors to myocardial ischemia.

Over the last decade, the clinical integration of advanced diagnostic imaging tools is helping
to redefine IHD and highlight the importance of nonobstructive CAD and CMD.
Noninvasive approaches using CCTA and PET, for example, have provided very sensitive
assessments for the evaluation of anatomic atherosclerotic plaque and functional ischemia,
respectively. Regarding atherosclerotic plaque, recent observational studies have revealed
stepwise incremental risk for future adverse events in patients along a continuum of both
severity (i.e., mild, moderate, or severe stenosis) and extent (i.e., number of involved
segments or vessels) of CAD [15, 104-106]. Accelerated by the growth of noninvasive
CCTA, which both increases test sensitivity for the diagnosis of CAD and enables
characterization of plague morphology, mounting evidence now supports that (1) the
presence of any atherosclerotic plaque, obstructive or not, portends increased risk of events
and (2) the higher the overall plaque burden that is present, the higher the risk. From the
international multicenter CONFIRM registry, in which 23,854 consecutive patients without
known CAD (33% asymptomatic) underwent CCTA between 2005 and 2009, per-patient
nonobstructive and obstructive CAD conferred increased risk of mortality in a stepwise
manner as compared with absence of CAD, which was associated with very low risk [106].
In a subsequent sex-specific subgroup analysis of patients with no or nonobstructive CAD (n
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=18,158), nonobstructive CAD was associated with a modest adjusted risk of MACE
(composite of death and nonfatal MI) that was similarly increased in both women and men
[107]. Further, in a smaller subset of patients with longer follow-up (7= 5632 followed for 5
years, 30% with nonobstructive CAD), there was no interaction of sex on the association
between per-vessel extent of obstructive CAD and MACE, and authors concluded that
exploratory analyses of atherosclerotic burden did not identify sex-specific patterns
predictive of MACE [108]. Thus, women and men with comparable risk and extent of CAD
had comparable prognosis. Nonetheless, prevalent patterns of disease do differ between
women and men, with more symptomatic women than men manifesting nonobstructive
rather than obstructive CAD [15, 60], with important implications for diagnosis and
management.

Neither conventional angiography nor CCTA can detect CMD, which is defined not
anatomically, but functionally as a reduced CFR in the absence of flow-limiting CAD.
Global CFR, calculated as the ratio of hyperemic to rest absolute myocardial blood flow
averaged over the left ventricle, is an integrated marker of coronary vasomotor dysfunction
that measures the hemodynamic effects of focal, diffuse, and small-vessel CAD on
myocardial tissue perfusion [82, 109] and has emerged as an important prognostic imaging
marker of cardiovascular risk. Observational data have consistently shown that CFR
measurements using PET MPI distinguish patients at low or high risk for MACE, including
cardiac death [110-113], beyond comprehensive clinical assessment, LVEF, myocardial
perfusion defects, low-level troponin elevation [96], or plaque severity on invasive coronary
angiography [114]. In parallel to findings with atherosclerotic plaque, evidence now
supports that (1) the existence of impaired CFR, whether in the presence or absence of
obstructive CAD (e.g., CMD), portends increased risk of cardiovascular events and (2) the
more severely impaired the overall global CFR, the higher the risk. Whereas a CFR >2
effectively excluded high-risk angiographic CAD and was associated with low rates of
annualized cardiac death [115], event rates for patients with CFR <2 increased exponentially
as CFR decreased [7, 112, 116]. Because CFR is a measure of not only the effects of
epicardial CAD but also of diffuse atherosclerosis and CMD on myocardial tissue perfusion,
worse prognosis in patients with CFR <2 may be related to coronary vasomotor dysfunction
arising from a mix of pathophysiologic CAD phenotypes.

These findings highlight the morbidity associated with diffuse atherosclerosis and CMD.
Similar to CTA findings for nonobstructive CAD, cardiac PET MPI studies support that
CMD is common in symptomatic patients, affecting approximately 50% of patients with
normal MPI and LVEF referred for testing [16]. Furthermore when present, CMD was
associated with MACE independently of sex (Fig. 8) [16]. That is to say, both women and
men with CMD (CFR <2 in the presence of normal cardiac perfusion) experienced worse
outcomes, although this phenotype was twice as prevalent in women as in men. This result
was consistent even in patients with a CAC score of 0 [16], and global CFR, but not CAC,
provided significant incremental risk stratification over clinical risk score for prediction of
MACE [117]. Thus, symptomatic patients who do not demonstrate regional ischemia
associated with flow-limiting CAD may have diffuse atherosclerosis and CMD for which a
more sensitive, quantitative assessment of ischemia may better diagnose abnormalities and
identify novel targets for systemic therapies. Although not a uniquely female disorder, this
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pattern of abnormalities may be more prognostically useful in women because they often
occur absent obstructive CAD, and may be especially relevant in those with diabetes and/or
metabolic syndrome, MINOCA, INOCA, and HFpEF.

There is also emerging evidence that women with very low CFR may be at an especially
elevated risk of cardiovascular events. In symptomatic patients referred for invasive coronary
angiography after PET MPI, women had a lower pretest probability of CAD and a lower
burden of obstructive CAD relative to men, but were not protected from MACE (Fig. 9a, b)
[36], consistent with previously described epidemiologic trends. Whereas outcomes for men
were more closely associated with presence or absence of severely obstructive CAD (Fig.
9c, d), in women, only those with impaired CFR demonstrated a significantly increased
adjusted risk of MACE (Fig. 9e, f). The excess cardiovascular risk in women relative to men
referred for coronary angiography was independently associated with and mediated by
impaired CFR, not obstructive CAD (p for interaction = 0.04, Fig. 10a). Whereas most men
with severely impaired CFR were found to have >1 vessel CAD on coronary angiography,
most women with similarly impaired CFR demonstrated <1 vessel CAD (Fig. 10b). In
adjusted analysis, approximately 40% of this observed differential effect of sex on outcomes
was mediated by CFR [36].

A very low CFR may represent a crucial link to understanding the hidden biological risk of
IHD among women. Previous data [114] support that revascularization, especially by
CABG, in certain individuals with severely impaired CFR may be beneficial. That sex
differences on outcomes of cardiovascular events are amplified in those with severely
impaired CFR further suggests that certain patients (i.e., with very low CFR and less
obstructive CAD, a phenotype more prevalent in women and less amenable to focal
revascularization) may be at especially high risk (Fig. 11) [36]. Instead of being interpreted
as demonstrating a “false positive” (or in some cases negative) traditional ischemic
evaluation, patients with impaired CFR and less obstructive CAD may be at significantly
increased CVD risk despite having access to revascularization, a tool fundamentally targeted
to the management of obstructive CAD. Thus, while providing optimal, equitable guideline-
directed care remains a critical goal for managing women with IHD, doing so according to
current paradigms may be insufficient to address what is likely a combination of biological
as well as environmental determinants of their prognosis. Additional research is needed to
determine precisely what is optimal care for this subset of vulnerable patients with a
predominance of women.

Remaining Knowledge Gaps and Future Directions

We have come to recognize that for a majority of patients seeking an explanation for their
angina in the cardiac catheterization laboratory, no significantly obstructing lesion are found
[118], and a substantial proportion of these patients are women. Nonetheless, these patients
may still have significant atherosclerosis and ischemia, and their prognosis is not necessarily
benign. Women as compared to men commonly present with higher rates of baseline
comorbidities, including not only older age but also hypertension, diabetes mellitus, obesity,
chronic renal failure, peripheral vascular disease, HFpEF, and inflammatory diseases such as
rheumatoid arthritis [10, 25-27, 54-56]. Many of these disease processes are associated with
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diffuse atherosclerosis and microvascular ischemia, and parallel themes are emerging
between nonobstructive CAD and CMD. In particular, two key findings regarding these
entities in symptomatic patients have emerged: (1) they are common in both women and
men but more prevalent in women, and (2) they are associated with similarly increased risk
of IHD events in both women and men, except for in patients with severely impaired CFR,
where women demonstrate even greater risk [36].

This latter subgroup is particularly interesting and represents a clinically unmet need that is
ripe for future investigation. Specifically, in cases where impaired CFR stems not from
obstructive CAD (with no opportunity for revascularization to mitigate CVD risk), a novel
therapeutic strategy to systemically target IHD may be warranted. These cases of severe
CMD, which often coexist with nonobstructive CAD, may provide a clue as to a common
mechanism underlying IHD risk in both women and men. Such a mechanism may involve
inflammation [119], endothelial dysfunction [120], and increased cardiomyocyte oxygen
demand with ensuing microvascular ischemia, myocardial injury [96], and impaired cardiac
mechanics [97, 121]. Thus, clearer understanding of the relationship between coronary
vasomotor dysfunction and CAD comorbid conditions, including insulin resistance and heart
failure, may guide development of novel systemic therapies to harness the benefit of more
“complete revascularization” [114, 122-125] in a manner not defined by anatomy alone. As
such, new imaging tools may represent important biomarkers not only for prospective
studies evaluating the role of ischemia and revascularization, but also of novel anti-
inflammatory [126, 127], lipid-lowering [128], glucose-lowering [129], and neurohormonal-
modulating [130] agents on cardiovascular outcomes.

Conclusion

While prominent sex differences are apparent in certain anatomical measures of CAD, IHD
represents a continuum of disease in women and men, with both anatomical and functional
manifestations. The integration of functional and anatomical parameters associated with
CAD (i.e., quantification of coronary flow reserve with visualization of anatomic
atherosclerotic plague) may enhance our understanding of sex differences in cardiac risk and
lead to improved algorithms for diagnosing and treating women and men with IHD. Many of
the hypothesis-generating studies reviewed here illustrate the importance of performing sex-
specific analyses to advance beyond current limitations in cardiovascular care. Insights like
these may inform future trials and, possibly, the implementation of sex-specific thresholds
within clinical guidelines for more optimal patient management. Doing so may lead us to a
more complete understanding of the pathobiology of IHD and its manifestations in large
subsets of patients, reframing sex-specific medicine as a form of precision medicine with the
goal of improving outcomes for all.
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Fig. 1.

Number of deaths from ten leading causes, by sex (United States 2015). (Source: National
Vital Statistics System, Centers for Disease Control and Prevention, 2015 [4])
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Fig. 2.
Cardiovascular disease mortality trends for males and females (United States 1979-2015).
(Source: National Center for Health Statistics and National Heart, Lung, and Blood Institute
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Fig. 3.

Percentage of women enrolled in randomized clinical trials (RCTs) of cardiovascular
disease, compared with relevant disease and death statistics. (Reproduced with permission

[35])
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Fig. 4.
Degree of coronary artery disease (CAD) by sex and year of invasive coronary angiography
examination. (Reproduced with permission [15])
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Major adverse cardiovascular event (MACE)-free survival by sex and vessel disease (VD)

involvement on invasive coronary angiography. (Reproduced with permission [15])
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Fig. 6.
Schematic of the anatomy and function of the coronary circulation. (Reproduced with

permission [76])
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Fig. 7.
Distribution of coronary artery calcium scores (logarithmic scale) by sex and age in
asymptomatic individuals. (Reproduced with permission [90])
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Adjusted cumulative rate of major adverse cardiac events (MACE) by sex and coronary flow
reserve (CFR) in patients with normal myocardial perfusion. (Reproduced with permission

[16])
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Freedom from major adverse cardiovascular events (MACE) according to sex (aand b), sex
and angiographic disease (c and d), or sex and coronary flow reserve (e and f) in patients
referred for myocardial perfusion imaging and invasive coronary angiography. (Reproduced

with permission [36])
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Log adjusted hazard for major adverse cardiovascular events (MACE) by sex and coronary
flow reserve (CFR), (a) Patients with severely impaired CFR (<1.6) by angiographic disease
and sex categories, (b) CAD indicates coronary artery disease, VD vessel disease, LAD left

anterior descending artery, LM left main artery. (Reproduced with permission [36])
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SEX PREVALENT PATHOLOGIC PHENOTYPE
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Fig. 11.

Conceptual model of prevalent pathological phenotypes in women and men with ischemic
heart disease and possible impact on cardiovascular management strategies and outcomes.
CABG indicates coronary artery bypass surgery, CFR coronary flow reserve, CVD
cardiovascular disease, GOMT guideline-directed medical therapy, MBF myocardial blood
flow, PC/ percutaneous coronary intervention, and VD vessel disease. (Reproduced with

permission [36])
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