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Abstract

Purpose of Review Establishing a diagnosis of ischemic heart disease (IHD) in women, including assessment for coronary
microvascular dysfunction (CMD) when indicated, can be challenging. Access to performance of invasive testing when appro-
priate may be limited, and noninvasive imaging assessments have evolved. This review will summarize the various noninvasive
imaging modalities available for the diagnosis of IHD and CMD in women, outlining indications, performance modalities,
advantages, and limitations.

Recent Findings While stress echocardiography and single photon emission computed tomography (SPECT) myocardial perfu-
sion imaging (MPI) are widely available and can detect IHD in women, their ability to specifically identify CMD is limited.
Novel developments in cardiac magnetic resonance (CMR) imaging, including spectroscopy, and positron emission tomography
(PET) have changed the diagnostic landscape. Coronary computed tomographic angiography (CCTA), while unable to diagnose
CMD, is developing an emerging role in the risk stratification of ischemic syndromes.

Summary Despite the discovery of increased CMD prevalence in symptomatic women and technological advances in diagnostic
imaging, practitioners are limited by user expertise and center availability when choosing a diagnostic imaging modality.
Knowledge of this evolving field is imperative as it highlights the need for sex-specific assessment of cardiovascular syndromes.
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Introduction

This contemporary review will summarize the current knowl-
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edge concerning noninvasive diagnostic strategies for [HD in
women, with an additional focus on assessment of microvas-
cular disease. This has current relevance in that mortality from
cardiovascular diseases, which had been overall progressively
declining over the last decades for both sexes has recently
increased [1]. In addition, there is evidence that younger wom-
en with acute coronary syndromes have worse outcomes when
compared with men [2, 3]. It has been postulated that these
worsening mortality statistics and outcomes gap may be due
to lifestyle-induced increased cardiovascular risk [1]
compounded by sex differences in symptom presentation
and pathophysiology of ischemic syndromes, inclusive of
more microvascular, or “small vessel” versus “epicardial ves-
sel” coronary disease in women as compared with men, a
phenomenon which has been under-recognized [4]. Further
understanding, awareness, and diagnosis of microvascular
coronary disease, also termed “coronary microvascular
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dysfunction” (CMD), is essential in order to provide appropri-
ate treatment and impact cardiovascular outcomes. Sex-
specific aspects of IHD clinical presentations and the strengths
and limitations of available and evolving diagnostic testing
strategies will be reviewed. Awareness and implementation
of tailored clinical diagnostic sex-specific approaches to
IHD, inclusive of assessment of CMD, must occur if cardio-
vascular outcomes are to improve for women.

Background

Coronary Microvascular Dysfunction in the Context of
Ischemic Heart Disease in Women

IHD is a term which has traditionally been used to refer to
obstructive (>50% stenosis) coronary atherosclerosis, also
termed “coronary artery disease (CAD)” or “coronary heart
disease (CHD).” However, recent observations characterized
by sex differences in myocardial ischemic syndromes have
expanded the definition of IHD to include a broader spectrum
of etiologies. Myocardial infarction (MI) in the absence of
obstructive coronary artery disease (MINOCA) is a recently
coined term, now included in the 4th Universal Definition of
MI which includes myocardial infarction resulting from
nonobstructive CAD, spontaneous coronary artery dissection,
coronary artery spasm, thromboembolism, and coronary mi-
crovascular dysfunction (CMD) [5¢¢]. Women, presenting
with both stable and unstable chest pain syndromes, are at
least twice as likely as men to have nonobstructive CAD on
coronary angiography [6, 7¢¢], termed ANOCA (angina with
no obstructive coronary arteries) or INOCA (ischemia with no
obstructive coronary arteries) [8, 9].

Of concern is that this entity is not benign; such patients
may have a 5-year combined fatal and nonfatal cardiovascular
event rate of up to 25% [10]. Factors observed to be associated
with increased morbidity and mortality in the absence of ob-
structive CAD are CMD, coronary atherosclerotic plaque
composition (increased lipid core density, regardless of degree
of calcification), and variations in arterial remodeling [11¢].
There is an urgency to recognize and diagnose IHD in women,
since they have higher morbidity and mortality associated
with MI from any etiology as compared with men; establish-
ing a diagnosis facilitates risk reduction and treatment [12].
With respect to factors predisposing to IHD, women not only
have a unique risk profile which changes across the lifespan as
related to pregnancy-related complications, ovarian disorders,
and menopausal status [13, 14], but traditional risk factors
have different magnitudes of burden. There is an exponential
summative effect on cardiac risk with diabetes, smoking, and
hypertension playing a larger role than dyslipidemia in wom-
en compared with men [15]. The differing pathophysiology of
IHD in women may be postulated to be related to the different
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structural, physiologic, and epiphenomenal exposures women
experience across their lifespan.

What Is Coronary Microvascular Dysfunction and How
Does It Impact Women?

Coronary microvascular dysfunction (CMD) is a term which
refers to impaired blood flow in the coronary microcirculation.
In the absence of myocardial diseases, the spectrum of mech-
anisms includes microvascular remodeling, endothelial dys-
function, smooth muscle dysfunction, and microembolization
from epicardial arteries [16]. These abnormalities, with or
without abnormal vasoreactivity of epicardial arteries, result
in reduced blood flow to the myocardium. While the role of
CMD in the etiology of MINOCA is uncertain [5¢¢], an
established role in causation of stable ischemic chest pain is
supported, with a sex preference for females [8]. One-half of
the patients undergoing invasive coronary evaluation for an-
gina have no significant CAD. Additionally, nearly 75% of
these patients had CMD or vasospasm [17¢]. Moreover, in
one large cohort study of stable angina in the absence of ob-
structive CAD, more female than male patients had coronary
vasomotor dysfunction defined either as epicardial artery va-
sospasm or CMD, 70.2% versus 43.1% (p <0.001) [18]. Of
the 458 patients specifically with CMD, females were dispro-
portionately represented (75% vs 25% males). It has been
hypothesized that anatomical differences such as the smaller,
thin walled, tortuous architecture of coronary arteries in wom-
en make them more susceptible to CMD. Further, female hor-
monal changes may be associated with decreased capillary
density, increased remodeling, and arterial stiffness, factors
which have been proposed to explain the increased prevalence
of CMD in post-menopausal women [18¢].

The Coronary Artery Vasospastic Disorders Summit
(COVADIS) has established diagnostic criteria for vasospas-
tic angina and microvascular angina; evidence of impaired
coronary microvascular function must be proven by either
(a) impaired coronary flow reserve, (b) abnormal coronary
resistance indices, (c) coronary microvascular spasm, or (d)
coronary slow flow phenomena [19¢]. Coronary flow reserve
(CFR) is defined as the ratio between coronary blood flow at
maximal hyperemia and at baseline condition [20] and ex-
presses the capacity of the coronary circulation (both epicar-
dial and microvascular compartments) to respond to a physi-
ological increase in oxygen demands with a corresponding
increase in blood flow. In ANOCA patients, the average
CFR is 2.7+ 0.6 [21]; thus, a cutoff value of 2.0 is generally
accepted as the lower threshold for normal CFR. Abnormal
CFR measurements can reflect focal, diffuse, and/or small
vessel (microcirculatory) coronary artery disease resulting in
vasomotor dysfunction and alterations in myocardial perfu-
sion [22].
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The Conundrum of Clinical Presentation and the Need
for Consideration of Sex-Specific Cardiovascular
Assessments

It is commonly acknowledged that women with IHD can pres-
ent similarly but also differently compared with men.
Historically, angina symptoms in women have thus been re-
ferred to as “atypical.” For example, women with ITHD are
more likely to experience dyspnea, nausea, vomiting, fatigue,
malaise, back or jaw pain, and excessive fatigue, sometimes
even in the absence of chest pain [23]. Misdiagnosis is ampli-
fied by poorly characterized and underdiagnosed CMD in
women. This underscores the need for sex-specific cardiovas-
cular risk stratification as an opportunity to move away from a
male centric diagnosis and management model.

Findings from the Prospective Multicenter Imaging Study
for Evaluation of Chest Pain (PROMISE) trial demonstrated
that, despite the fact that symptomatic women were more of-
ten than men (adjusted OR: 1.21, 95% CI: 1.01-1.44) referred
for diagnostic stress imaging (echocardiography or nuclear)
tests, they were less likely to have anatomically obstructive
CAD compared with men (10% vs 15%; p <0.001) [6]. This
discordance raises the possibility that traditional noninvasive
testing is potentially missing the diagnosis of CMD as the
etiology of symptoms. Furthermore, the same study found that
although women had an increased number of risk factors,
multiple traditional risk stratification scoring systems
(Framingham, ASCVD Pooled Cohort, Diamond-Forrester)
classified them as low risk [6]. The traditional risk scores often
underestimate risk as these stratification scores do not include
sex-specific risk factors known to be important in women.
Thus, sex not only influences risk factors and clinical presen-
tations but also affects a patient’s course through the diagnos-
tic algorithm for THD assessment.

What Is the Role of Noninvasive Imaging for IHD
Diagnosis in Women and What Tests Are Available?

Ischemic heart disease (IHD) in women can be assessed non-
invasively by both functional and anatomic testing, and the
characteristics, advantages, and disadvantages of each of these
modalities will be reviewed in this section. Table 1 summa-
rizes the noninvasive imaging techniques available for the
diagnosis of obstructive coronary artery disease.

Functional Testing

Stress testing to establish the presence of IHD has traditionally
focused on functional modalities for the detection of ischemia
due to obstructive CAD. Widely employed modalities are ex-
ercise stress electrocardiography (ECG), exercise or pharma-
cologic stress echocardiography, and single-photon emission

computed tomography (SPECT) exercise or pharmacologic
myocardial perfusion imaging (MPI). More recently, MPI
with positron emission tomography (PET) and cardiac mag-
netic resonance imaging (CMR) have been shown to be accu-
rate in diagnosing ischemia due to obstructive CAD but vary
in availability to clinicians; perfusion imaging is also possible
with stress echocardiography when using ultrasound enhanc-
ing agents [29], but expertise in using this technique is not
widespread.

A comparative meta-analysis [24] found that both the sen-
sitivity and specificity of stress ECG were lower in women
compared with men for the diagnosis of IHD. While stress
ECG is not an imaging test, it is an appropriate initial test
for symptomatic patients who are classified as low-
intermediate risk and are able to perform adequate physical
activity (treadmill or bicycle) as the stressor. The caveat is that
women are more likely to have nonspecific ST segment and
T-wave changes at baseline, resulting in ambiguous interpre-
tation of an exercise ECG [11¢]. Interestingly, a large cohort
study of over 5000 women found that exercise stress-induced
ST depression did not correlate with cardiovascular mortality
or morbidity hence offering limited prognostic information
[25]. A review also noted that the sensitivity for exercise stress
ECG in women ranged from 31 to 71%, with specificity from
66 to 86% [26]. These limitations highlight the difficulties of
relying on this diagnostic test, especially in women.

Stress Echocardiography

Stress echocardiography identifies ischemia by detecting left
ventricular (LV) wall motion abnormalities induced by exer-
cise or pharmacologic stress typically with dobutamine. In a
historic meta-analysis, the sensitivity and specificity of this
modality in women was 79 and 83%, respectively [27]. In
the event of poor or inadequate endocardial visualization, ul-
trasound enhancing “contrast” agents, comprised of
microbubbles which reflect ultrasound, improve both feasibil-
ity, reproducibility, and accuracy of test performance [28, 29].
Although stress ECG has lower specificity in diagnosing ob-
structive CAD, it compared favorably with contrast enhanced
stress echocardiography in a prospective single-center study
for the prediction of major adverse events (AE) in low-
intermediate risk early menopausal women [30].

Stress echocardiography has an advantage over other stress
modalities, especially in the dyspneic patient, by its ability to
detect valvular heart disease, pericardial or pleural effusions,
and hemodynamic assessments of the change in LV filling
and/or pulmonary artery pressures induced by exercise [31].
Moreover, multi-pulse ultrasound imaging techniques, specif-
ically “very low mechanical index” imaging now standard on
all echocardiographic equipment, allows for routine myocar-
dial perfusion imaging when used with ultrasound enhancing
agents during dobutamine or vasodilator stress and can
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Table 1  Noninvasive imaging techniques for the diagnosis of IHD: obstructive CAD
Stress ECG  Stress ECHO SPECT MPI PET cMRI CCTA Coronary
angiography
Advantages - Inexpensive - Information on - Good - Fewer false - Myocardial edema - Coronary - Gold
- Quick valves, effusions, sensitivity positives and scarring anatomical standard
LV filling and compared with - Subendocardial information - Can
pressure, specificity SPECT ischemia - FFR possible revascular-
pulmonary - Easily - Greatest - High spatial and ize if
hypertension accessible diagnostic temporal obstructive
- Both myocardial accuracy resolution esp. in disease
function and - Higher spatial women with dense found
perfusion resolution even breast and obese - Coronary
assessment in obese anatomic
possible with patients informa-
UEA compared with tion
- Good sensitivity SPECT
and specificity
Disadvantages - Wide - Cannot - Cannot - Expensive - Expensive - Difficult to - Invasive
sensitivity differentiate differentiate - Requires - Claustrophobia interpret if - Expensive
and between CMD between specialized - Metal concerns heavy coronary
specificity and obstructive CMD and equipment - Varying prognostic calcification or
range CAD obstructive (cyclotron) value in literature prior stenting
- Frequent CAD - Radiation - Need caution in pts - Radiation
false - Photo exposure with ESRD exposure
positives in attenuation - Need HR
women due to breast control
- tissue creates
Questiona- false positives
ble clinical - Difficulty
signifi- detecting
cance of differences in
positive the smaller
result hearts of
women
- Radiation
exposure
Accessibility  +++ +++ +++ ++ ++ +++
Relative -+ -+ +++ ++ +++ +
affordabili-
ty
Radiation - - +++ + - ++ +++
exposure
Nephrotoxic ~ No No No No No Yes Yes
possibility

ECG exercise stress electrocardiography, Echo echocardiography, SPECT single-photon emission computed tomography, MPI myocardial perfusion
imaging, PET positron emission tomography, cMR! cardiac magnetic resonance imaging, CCTA computed coronary tomographic angiography, UEA
ultrasound enhancing (contrast) agents, FFR fractional flow reserve, HR heart rate, ESRD end-stage renal disease, pts patients

provide simultaneous myocardial function and perfusion as-
sessment [29] with enhanced diagnostic and prognostic capa-
bility [32], especially in women [33°].

Wall motion assessments for ischemia cannot differentiate
between obstructive and coronary microvascular disease.
Indeed it is not unusual, especially in female patients, to have
a report termed “false positive stress echo” when coronary
angiography fails to demonstrate obstructive CAD.
However, it has been underappreciated that these “false posi-
tives stress echocardiograms” may indeed represent CMD and
associated ANOCA or INOCA [34].
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SPECT MPI

SPECT, in combination with either exercise or pharmacologic
stress, is the conventional approach for myocardial perfusion
imaging by many clinicians [35¢¢]. A meta-analysis assessing
SPECT MPI in females found that among the 1148 females
and 1142 males studied, mean sensitivity was 86% and 89%,
respectively, while specificity was 83% vs 71% [36]. While
normal or low-risk results (< 5% ischemia or a summed stress
score <4) prognostically have a 0.3—1% chance of nonfatal
MI or CAD death [37, 38], testing may not capture
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microvascular disease and result in a lost opportunity for treat-
ment [39]. However, the WOMEN study evaluating chest
pain symptoms in low-intermediate risk women demonstrated
that stress MPI results had no prognostic advantage compared
with stress ECG alone at 2 years of follow-up [40].

More recently, the CE-MARC study compared CMR and
SPECT MPI evaluation of CAD and demonstrated that
SPECT in women vs men had worse sensitivity (50.9% versus
70.8%; P =0.007) but comparable specificity (84.1% versus
81.3%; P=0.48) [41]. Since this data, new SPECT cadmium-
zinc-telluride (CZT) technology has emerged with the addi-
tional advantage of lower radiation exposure [42]. A recent
meta-analysis found that while it has similar sensitivity to
traditional SPECT (84% vs 82-91%), it has poorer specificity
(69% vs 79-90%) [43]. In another study, solid-state camera
offer improved image quality with lower radiation exposure
compared with conventional SPECT imaging, with similar
accuracy in women (82%) and men (88%) [44]. Limitations
of SPECT specific to women include photon attenuation due
to dense breast tissue and the difficulty to detect perfusion
differences in the smaller sized heart muscle of women
[35¢e, 45]. Relative radiation exposure may also be higher in
women, especially younger women, when compared with
men [27e, 46].

Cardiac MRI

Although cardiac magnetic resonance imaging (cMRI) cannot
reliably image specific coronary anatomy, it can be used to
detect obstructive CAD, impaired coronary vasoreactivity,
and endothelial dysfunction [47¢¢]. First-pass contrast-en-
hanced cMRI can assess myocardial perfusion, and pharma-
cologic stress-induced wall motion abnormalities can be
assessed. In women with ACS due to MINOCA, cMRI can
be used to detect and further characterize myocardial edema
and scarring, providing insight into potential pathophysiologic
mechanisms [48].

Dobutamine cMRI stress can yield useful information
about wall motion abnormalities, while vasodilators, such as
adenosine, dipyridamole, and regadenoson, can identify sub-
endocardial ischemia; failure of perfusion to increase
appropriately in response to stress has been observed
in INOCA subjects [49]. Stress cMRI detection of is-
chemia has been shown to have prognostic value in
women [50, 51]. However, despite the better temporal
spatial resolution of ¢cMRI compared with PET [52], it
is unclear whether this translates into improved accura-
cy, specificity, or sensitivity among women. Perhaps
one of the most important benefits of cMRI is lack of
radiation which is particularly advantageous for young
women with chest pain syndromes requiring diagnostic
work-up.

PET MPI

Positron emission tomography (PET) is a highly specialized
nuclear noninvasive metabolic imaging technique that can
evaluate left ventricular function, myocardial perfusion, and
CFR. PET measures physiologic function by assessing blood
flow and metabolism and can assess a spectrum of IHD etiol-
ogies in women and has been assigned class IB recommendation
in the 2014 American Heart Association Recommendations on
the Role of Noninvasive Testing in the Clinical Evaluation of
Women with Suspected IHD [7+¢]. However, emerging evidence
suggests that PET is a superior imaging modality; in a study
comparing CCTA, SPECT, and PET, in the diagnosis of IHD,
PET had the greatest diagnostic accuracy (85%) compared with
CCTA (74%) and SPECT (77%); there was no incremental in-
crease in accuracy by combining modalities [53]. However, no
sex stratification was done, and the cohort was 64% men. Since
women have a higher prevalence of single vessel CAD [54], and
PET has a higher sensitivity (92%) for identifying single vessel
disease CAD, this may be of particular benefit in women [55].

Compared with other modalities, added benefits are depth-
independent attenuation correction measurements which reduce
false positives, especially common in women due to breast tissue
or large body mass [35¢¢]. Moreover, improved spatial contrast
resolution translates to reduced false negatives which can arise in
women due to small left ventricular size [35¢¢]. Another advan-
tage, especially important for younger women whom are more
susceptible to adverse radiation effects, is that PET offers lower
radiation exposure than SPECT [27¢].

PET is a validated technique to also assess for CMD. Ratio
of myocardial blood flow (MBF) during hyperemia and rest is
termed myocardial flow reserve (MFR). Reduction in MFR is
commonly seen in patients with CMD [35¢¢].

Anatomical Testing

Over the last decade, computed coronary tomographic angi-
ography (CCTA) has emerged as a new option for the nonin-
vasive performance of anatomical, rather than functional, as-
sessment of chest pain patients. Indeed, 64-slice CCTA is the
recommended first-line guideline-directed diagnostic investi-
gation in the UK [56] followed by functional imaging as sec-
ond line. An emerging feature of CCTA is the calculation of
fractional flow reserve (FFR), a parameter traditionally
invasively calculated using angiography to determine the like-
lihood that an observed stenosis is associated with a signifi-
cant functional flow limitation causing myocardial ischemia.
In a review that summarized 3 prospective trials examining
609 patients and 1050 vessels comparing FFR derived from
CCTA versus angiography on average, the FFR CCTA sensi-
tivity was 89% and specificity 71%; no sex differences were
described [57].
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Diagnostic Tools and Strategies Useful
in the Diagnosis of CMD

Evaluation of IHD in women with chest pain syndromes in the
absence of obstructive CAD, or other coronary anatomical
explanation for symptoms, and thus presumed CMD, is a par-
ticularly challenging diagnostic and management dilemma. Of
course, it must be recognized that visualization of the coronary
microvasculature is beyond the limits of coronary angiograph-
ic resolution, which is limited to vessels 100 um in diameter
or greater [58]. Performance of invasive testing of coronary
physiology using graded doses of acetylcholine and adenosine
to assess for endothelial-dependent and endothelial-
independent dysfunction, respectively, in an assessment of
the components of CMD, is considered the “gold standard”
for determination of CFR and CMD [8].

However, despite the presence of persistent symp-
toms, frequently accompanied by ECG and/or biomarker
changes, most often this additional invasive coronary
physiology testing is not performed in the clinical set-
ting, due to logistical or feasibility reasons, leaving a
frequently confused patient and provider with no diag-
nosis other than “there is no CAD,” or “your heart is
normal,” and reassurance without guidance, resulting in
a missed opportunity for optimization of medical and
preventive therapies for a potentially missed diagnosis
of CMD. At the current time, although noninvasive
nonimaging techniques such as those assessing periph-
eral reactive hyperemia [59] are available, there are no
rigorously validated nonimaging noninvasive alternatives
for assessment of CMD. But there are several features
of the noninvasive imaging options already discussed
above which can be leveraged to assess for the presence
of CMD, and these are reviewed below and summarized
in Table 2.

Stress Echocardiography

Vasodilator stress echocardiography using dipyridamole,
adenosine, or regadenoson enables noninvasive CFR mea-
surement, either through direct transthoracic Doppler assess-
ment of primarily the left anterior descending coronary artery
or quantitative 2-D video densitometric assessment of myo-
cardial contrast perfusion and assessment of myocardial blood
flow reserve (MBFR) using ultrasound enhancing agents, also
described as myocardial contrast echocardiography. [29, 32,
44]. However, these techniques are not currently routinely
employed in North America, although CFR assessment using
transthoracic Doppler Coronary Flow Velocity Reserve as-
sessment in the left anterior descending coronary artery has
been deemed readily feasible and proposed as a standard com-
ponent of stress echocardiography practice in Europe [60e,
61].
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SPECT MPI

The role of SPECT in CMD is investigational, and not cur-
rently clinically applicable. Most SPECT laboratories are un-
able to perform quantitative assessment of MBF. A recent but
small study of 31 patients (only 13% women) comparing
SPECT vs PET found MBF values had significant variability
and large standard errors (2% =+ 32%) and similar for MBR
(2% +28%) [62]. Limitations include that larger studies need
to be done for further assessment, and this technology is not
widely available.

Preferred Emerging Noninvasive Techniques
for CMD Evaluation

PET and cardiac magnetic resonance imaging (cMRI), and
specifically magnetic resonance spectroscopy (MRS), are more
recently developed techniques that are not routinely utilized as
first-line diagnostic procedures for IHD diagnosis but have
unique capabilities to characterize myocardial metabolism and
tissue characterization, which are valuable in the differential di-
agnosis of IHD, unexplained by routine conventional noninva-
sive testing summarized above. PET can evaluate myocardial
blood flow and is considered the gold standard in the noninvasive
assessment of CMD. Stress cMRI and magnetic resonance spec-
troscopy (MRS) can determine myocardial function, perfusion,
and energetics and has implications for CMD. However, due to
the requirement for highly specialized experts and facilities with
advanced equipment, accessibility for PET, cMRI, and MRS is
not as widespread as echocardiography, nuclear perfusion imag-
ing, and CCTA.

Stress PET MPI

PET has the ability to measure both CFR and MBF to yield
information about ischemic disease that traditional imaging can-
not detect. Studies have noted that a CFR < 2 carries a 3.4-fold
increased risk of cardiac death and a CFR <1 5. a 5.6-fold
increase [63]. The greatest limitation is that since PET examines
hyperemic myocardial blood flow of both epicardial and micro-
vascular dysfunctions, if both are present, it is hard to discern if
there is just one or both contributing to the positive result.

Cardiac MRl and MRS (Magnetic Resonance Imaging
and Spectroscopy)

Myocardial blood flow measurements and CFR can be deter-
mined with cMRI, but significant variability has been ob-
served when comparing with PET [52, 64]. Small studies of
semi-quantitative perfusion analysis during adenosine stress
c¢MRI have trended with the presence of CMD in INOCA pa-
tients [65] suggesting that CMD may be an underlying
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pathological substrate predisposing to MINOCA. Magnetic res-
onance spectroscopy (MRS) utilizes magnetic resonance signals
from nuclei such as phosphorus-31 to provide information re-
garding the biochemical composition and metabolic state of car-
diac muscle and provides insight into the role of cardiac energet-
ics in THD.

In a subset of women enrolled in the Women’s Ischemic
Syndrome Evaluation (WISE) study, and angiographically
characterized as having ANOCA, abnormal decrease in myocar-
dial phosphocreatine-to-adenosine triphosphate ratios with hand-
grip exercise was observed, similar to that seen in those with
obstructive CAD [66], and, moreover, was predictive of in-
creased IHD events (most were chest pain hospitalization) at
3 years of follow up [67]. Although this study was provocative,
practical application of MRS techniques for CMD evaluation in
ANOCA patients has not been observed in the ensuing decade.
An advantage in contrast to PET is that cMRI and MRS tech-
niques do not require the application of external radioactive
tracers.

Coronary CTA

Although CCTA is not currently suitable for the detection of
CMD, there is emerging evidence regarding assessment of

Summary lllustration: (Fig. 1)

Assessment of IHD (Obstructive and Nonobstructive)
in Women: Role of Different Modalities

Fig. 1 The figure displays the
comprehensive spectrum of
different modalities for
assessment of both obstructive
and nonobstructive coronary
artery disease in women. The
invasive tests are circled in
yellow. Abbreviations: CAD,
coronary artery disease; CFR,
coronary flow reserve; CT,
computed tomography; ECG,
electrocardiogram; MRI,
magnetic resonance imaging;
MRS, magnetic resonance
spectroscopy; MPI, myocardial
perfusion imaging; PET, positron
emission tomography; SPECT,
single-photon emission computed
tomography

Stress ECG

CT angiography

Angiography
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Obstructive

SPECT MPI

plaque characteristics to determine and prognosticate associ-
ated atherosclerotic disease vulnerability, which could en-
hance functional assessment of nonobstructive CAD. In a sec-
ondary data analysis of 472 of 1000 total patients, including
47% women, presenting with acute coronary syndrome (ACS)
symptoms and randomized to the coronary CTA arm of the
ROMICAT-II trial, high-risk nonobstructive plaque character-
istics (positive remodeling, low < 30 Hounsfield units plaque,
napkin-ring sign, spotty calcium) on CCTA were demonstrat-
ed to predict ACS (odds ratio [OR]=8.9; 95% confidence
interval 1.8-43.3) [68]. More recently, a secondary pre-
specified nested observational cohort analysis of the
PROMISE trial, including 52% women, found that there
was a greater correlation of MACE in women with high-risk
plaque on CCTA than in men (adjusted hazard ratio, aHR 2.41
vs 1.4, respectively) and in younger patients than older (aHR
2.33 vs 1.36, respectively) [69¢]. This technique may have
particular relevance for improving diagnosis in women with
angina symptomatology and nonobstructive IHD, especially
those who are younger and have increased diagnostic chal-
lenges and poorer prognosis.

Conclusions

The noninvasive evaluation of at-risk women with stable
symptoms of cardiac ischemia is a rapidly evolving field,
and we are still learning more about their unique physiology,
presentations, and outcomes. Recent advances have occurred

Non-Obstructive

MRS

PET MPI

Invasive CFR
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Fig. 2 Suggested Diagnostic Work-Up for A Woman with Suspected
Stable IHD. The image encompasses a comprehensive diagnostic
algorithm for a woman with suspected stable IHD (chest (and/or other
upper body) pain, dyspnea, and/or excessive fatigue on exertion).
Imaging for obstructive epicardial coronary artery disease is depicted in
orange boxes and for nonobstructive IHD is in purple boxes; management
options are depicted in yellow boxes. *If resting ECG is normal, woman
is able to perform >5 METS; otherwise, proceed to “Intermediate™
pathway, and if a functional option is chosen, perform pharmacologic

in the understanding of ischemic heart disease in women, in-
cluding expansion of the spectrum to include both obstructive
and nonobstructive disease, the latter primarily represented by
microvascular disease; Fig. 1 summarizes the different avail-
able imaging modalities and their position in the spectrum of
IHD diagnosis in women. Developments in noninvasive diag-
nostic and prognostic tools may improve cardiovascular out-
comes in women by providing increasingly accurate diagnosis
and prediction of future major adverse cardiac events. A non-
invasive testing strategy using a stepwise approach may be
followed (Fig. 2), with newer modalities such as PET and
CMR utilized when our conventional stress testing or anatom-
ic imaging methods do not provide answers in women with
significant risk factors and ongoing symptoms, especially if
they persist despite a trial of guideline-directed risk-reduction
and symptom-relief therapies.
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