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Abstract Evolving knowledge regarding sex differences
in coronary heart disease has demonstrated that the
prevalence, symptomatology, and pathophysiology of
coronary atherosclerosis vary between genders. Women
experience higher mortality rates and more adverse out-
comes after acute myocardial infarction than men, de-
spite a lower prevalence of obstructive coronary artery
disease. Based on recent insights into the complex path-
ophysiology of coronary heart disease which includes a
spectrum of obstructive coronary artery disease and
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dysfunction of the coronary microvasculature and endo-
thelium, the term ischemic heart disease is a more
accurate term for discussion of coronary atherosclerosis
specific to women. In women, with clinical features and
risk factors for ischemic heart disease, the detection and
evaluation of ischemic heart disease is challenging due
to the diverse pathogenic mechanisms of ischemic heart
diseases in women. In this article, we discuss noninva-
sive imaging tests, provocative tests, including exercise
testing in women with suspected ischemic heart disease.
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Introduction

Marked reductions in cardiovascular mortality in women
have occurred for the first time in the past decade due to
an increase in awareness, greater focus on prevention strat-
egies as well as the application of evidence-based treatments
for established coronary artery disease (CAD) [1-3]. De-
spite this progress, CAD is still the leading cause of death
and disability in the United States, claiming the lives of
almost 200,000 women every year [4-7]. The focus on
sex-specific cardiovascular disease research has greatly im-
proved our understanding of the pathophysiology of coro-
nary disease in women [4]. The Women’s Ischemia
Syndrome Evaluation (WISE) trial and related studies have
expanded our understanding of the complex pathophysiolo-
gy of coronary atherosclerosis in women to include abnor-
mal coronary reactivity [8], microvascular dysfunction [9],
and plaque erosion/distal microembolization [10, 11], as
contributory factors to a female sex-specific ischemic heart
disease [12¢, 13, 14+]. Although prior evidence supports the
fact that atherosclerotic plaque impeding forward flow in a
coronary artery is the primary etiology of symptoms,
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morbidity, and mortality for coronary artery disease, data
from the WISE trial elucidated a new paradigm for ischemic
heart disease in women. In a cohort of the WISE women,
chest pain and abnormal stress tests occurred without a
critical (flow-limiting) lesion and at 5-year follow-up, these
women had an intermediate risk of cardiovascular events.
The WISE study provides prognostic information on symp-
tomatic women with nonobstructive disease. In these women,
symptoms persisted in the setting of usual anti-anginal thera-
py and during 5-year follow-up, there was an increased rate of
cardiac mortality, myocardial infarction, stroke, and hospital-
ization for congestive heart failure for the 33 % of symptom-
atic women with angiographically normal or nonobstructive
coronary stenoses compared with a similarly matched cohort
of women without symptoms [15]. Endothelial dysfunction
and microvascular disease was felt to be the cause of persis-
tent symptoms and abnormal stress tests in this group of
WISE women [14ee].

Additional data reveal that younger and middle aged
women with acute MI are more likely to have a poorer
prognosis and higher mortality compared with their male
counterparts [16—18], and that in over 50 % of symptomatic
women undergoing cardiac catheterization for acute coro-
nary syndrome (ACS), no evidence for obstructive CAD is
found [14e°]. Recent data have added to our understanding
of the mechanism of ACS in women in the absence of focal
areas of stenosis. Intravascular ultrasound and cardiac mag-
netic resonance (CMR) were used to demonstrate evidence
of plaque disruption and myocardial damage among women
with confirmed acute myocardial infarction (AMI) and nor-
mal or only minimally abnormal coronary angiograms [12e,
19]. In women, the dynamic interaction of hormonal fluctu-
ations, risk factors, and differences in vascular structure and
function contribute to the development of a somewhat dif-
ferent form of ischemic heart disease (IHD) disease with
small coronary arteries, diffuse disease, and microvascular
dysfunction being seen more frequently among women [4,
7, 14e¢]. Given the expanded milieu of coronary atheroscle-
rosis in women, the term ischemic heart disease (IHD) is
proposed as a more accurate and inclusive term for the
spectrum of coronary atherosclerosis specific to women,
rather than CAD or coronary heart disease (CHD) [14ee].

These new data pave the way for an expanded role of
cardiac imaging to investigate other elements implicated in
the spectrum of IHD in women—the coronary and noncoro-
nary atherosclerotic burden and methods to detect dysfunction
of the coronary endothelium, flow reserve, and microvascu-
lature—as these factors have increasingly significant implica-
tions for diagnosis, prognosis, and treatment [7, 14ee].

Therefore, early identification of women at risk for ische-
mic heart disease is critical, especially given that sudden
cardiac death is often the first manifestation of IHD in a high
proportion of women (52 %), compared with men (42 %) [20].
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We review the literature on the role of contemporary and
emerging techniques for the diagnostic and prognostic eval-
uation of symptomatic women at risk for ischemic heart
disease.

The Role of Contemporary Testing Techniques
for Diagnosis and Risk Assessment of Symptomatic
Women at Risk for Ischemic Heart Disease

Exercise Electrocardiogram (ECG)

Exercise stress testing is the most commonly used method of
diagnosing IHD in women and is the initial noninvasive study
of choice. As per the American College of Cardiology/Amer-
ican Heart Association guidelines, nonimaging treadmill ex-
ercise stress testing (ETT) continues to be an appropriate first
line testing symptomatic women who are (1) deemed inter-
mediate risk for IHD, (2) have a normal resting 12-lead ECG,
and (3) are capable of maximal exercise [21-23]. Although
historical evidence suggests a lower sensitivity and specificity
of ETT for the detection of epicardial disease, recent research
has improved our understanding of the diagnostic and prog-
nostic value of this modality in women [24°].

Lower exercise tolerance of women and the use of tradi-
tional criteria for a positive ETT of >1 mm horizontal or
downsloping reversible ST-segment depressions result in an
underdiagnosis of obstructive coronary disease. In a meta-
analysis of 3721 women being evaluated for IHD with an
ETT, positive ECG changes were shown to have a sensitiv-
ity and specificity in women of 61 % and 70 %, respectively
[25], compared with men where both sensitivity and speci-
ficity have been shown to be approximately 10 % higher
[14ee]. The accuracy for detecting obstructive CAD is de-
pendent on the magnitude, morphology, and duration of the
ECG changes. Marked ST-segment changes (ie, >2 mm
horizontal or downsloping ST depression at low workloads
and persisting into recovery) are more sensitive markers for
epicardial disease in women [26].

The strength of the ETT lies in its ability to provide
important prognostic data on the risk of cardiac death or
myocardial infarction in women. The diagnostic and prog-
nostic accuracy of exercise testing in women can be im-
proved by incorporating parameters such as exercise
capacity, chronotropic response, heart rate recovery, blood
pressure response, and the Duke Treadmill Score (DTS), in
addition to ST-segment depression with exercise [24¢]. The
DTS is defined as exercise time, (5* ST segment deviation),
4 xchest pain (1 = nonlimiting, 2 = limiting) [27]. Duration
of metabolic equivalents (METSs) is the strongest prognostic
variable from treadmill ETT [28, 29] with a higher death
rate in women who can achieve less than 5 METS compared
with those able to achieve more than 8 METs [30].
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The powerful prognostic role of exercise capacity as
determined by the ETT was validated in the recent publica-
tion of the prospective, randomized clinical trial “What is
the Optimal Method for Ischemic Evaluation in Women
(WOMEN) Trial.” In the cohort of 824 symptomatic women
who were randomized to exercise treadmill test or exercise
stress myocardial perfusion imaging, no difference in out-
comes at 2 years was demonstrated in these symptomatic
women with suspected epicardial disease and who were able
to exercise [31e°].

Therefore, exercise ECG is the test of choice for a symp-
tomatic woman with a normal ECG who is capable of achiev-
ing 5 METS or more. The use of the Duke Activity Status
Index (DASI) can help predict functional capacity. The DASI
score, a weighted scoring system that uses a 12-question
survey, has been validated in women to estimate the METs
associated with the activities of daily living. When DASI was
used in the WISE trial, there was an increased risk of cardio-
vascular death and nonfatal MI in women with a calculated
DASI score of less than 5 METs [19].

The Role of Stress Echocardiography

Contemporary stress echocardiography utilizing exercise or
dobutamine can be used to identify stress-induced ischemia
based on the development of regional wall motion abnor-
malities in the area of a decrease in myocardial blood flow.
Its role in symptomatic women at risk for ischemic heart
disease has been well established. Cumulative data analysis
of over 1000 women has shown the mean sensitivity of
stress echocardiography to detect physiologically significant
coronary disease to be 81 %, with a specificity of 86 % [22,
27, 32]. Sensitivity range 75 %-93 % and specificity range
79 %-92 % to reliably detect multi-vessel disease with
dobutamine stress echocardiography in women who are
unable to exercise [22].

Stress echocardiography has been shown to be useful for
determining cardiovascular prognosis in women [27-29]. In
a study evaluating 5-year survival in 4234 women undergo-
ing exercise stress echocardiography, survival in patients
with no evidence of ischemia was found to be as high as
99.4 % [29]. Survival was found to be 97.6 % in women
with evidence of single vessel ischemia and 95 % in women
with evidence of multiple-vessel ischemia [29]. Although an
abnormal stress echocardiogram correlates with a high car-
diac event rate in women, a recent meta-analysis comparing
dobutamine stress echocardiography to exercise single pho-
ton emission computed tomography (SPECT) myocardial
perfusion imaging (MPI) revealed a yearly rate of 0.75 %
of cardiovascular death and MI in the setting of a low-risk
dobutamine echocardiogram, compared with 0.3 % per year
in low-risk stress MPI [33]. The authors concluded that
stress echocardiography may underestimate risk in women

with less advanced CAD because perfusion abnormalities
detected by SPECT MPI precede the wall-motion abnormal-
ities detected by stress echocardiography. Wall motion ab-
normalities often occur in the setting of advanced stenosis
and less predictably in myocardium supplied by mild-to-
moderate coronary artery stenoses. Therefore, because an
MI often presents in myocardial areas perfused by a less
critical stenosis, stress echocardiography may underestimate
cardiovascular risk in women with nonobstructive CAD [33].

The added imaging information provided by stress-
echocardiography provides improved diagnostic and prog-
nostic accuracy in women at risk for CAD compared with
clinical variables and data from exercise treadmill testing
[32]. In addition, a unique benefit of stress echocardiogra-
phy for evaluating at-risk women is the absence of radiation
exposure compared with other noninvasive imaging techni-
ques (eg, SPECT, cardiac CT, coronary artery calcium scor-
ing). Incremental data (ie, valvular function pericardial
abnormalities) provided from a complete echocardiogram
may also reveal an alternative explanation for symptoms
of dyspnea or chest pain.

Myocardial Perfusion Imaging with SPECT

Myocardial Perfusion Imaging with Single Photon Emission
Tomography with ECG gating (MPI) provides quantitative
information on myocardial perfusion, regional and global
left ventricular function, and end-systolic and end diastolic
volumes. The diagnostic and prognostic value of contempo-
rary MPI techniques in evaluation of symptomatic women at
risk for CAD has been supported by data [22, 34, 35]. The
commonly seen limitations of traditional MPI techniques,
including photon attenuation due to breast attenuation arti-
fact and limited spatial resolution where minor perfusion
defects may go undetected in smaller hearts [35, 36], are less
problematic with the addition of electrocardiographic gat-
ing, attenuation correction protocols, use of prone imaging,
and use of higher-energy radioisotope technetium [22,
37-39]. For the diagnosis of physiologically significant
CAD in symptomatic women, the sensitivity of exercise
contemporary MPI techniques ranges from 78 % to 88 %,
with a specificity of 64 % to 91 % [37, 40].

An important advantage of MPI is the ability to use
pharmacologic stress for at- risk patients who are unable to
exercise or achieve an acceptable maximum heart rate with
exercise. Pharmacologic vasodilator MPI has been shown to
be accurate in detecting physiologically significant CAD in
women with a sensitivity and specificity for coronary ste-
nosis >50 % of 91 % and 86 %, respectively [41]. The
importance of pharmacologic stress is relevant in daily
clinical practice as very often, at-risk women are generally
older and often have reduced exercise capacity when they
present for evaluation. A large body of evidence supports
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the excellent prognostic accuracy of exercise and pharma-
cologic stress MPI in both men and women with the size and
severity of defects directly linked to the risk of cardiac even
independent of gender [35, 36, 42, 43].

The addition of gated left ventricular ejection fraction and
left ventricular volume to perfusion data further enhances
risk stratification [37, 38, 44, 45]. Pooled data in over 7000
women demonstrate an annual cardiac event rate of 0.7 %
with a normal perfusion study [46]. Based on the available
evidence, stress MPI is recommended for symptomatic
women with an intermediate to high pretest likelihood of
CAD with an abnormal, equivocal, or nondiagnostic base-
line ECG. Pharmacologic stress is recommended for symp-
tomatic women with normal or abnormal baseline ECG who
are unable to exercise or unable to achieve maximum pre-
dicted target heart rate with exercise [45]. Stress MPI with
exercise or pharmacologic stress adds incremental data to
clinical variables and stress ECG data in symptomatic wom-
en at risk for THD [43].

Diagnostic Testing for Coronary Atherosclerosis:
Beyond Epicardial Disease

For the symptomatic woman with a positive stress test and
evidence of nonobstructive disease on coronary angiogra-
phy, additional diagnostic testing may be warranted.
Insights from clinical trials in the past decade have provided
evidence to support the fact that several mechanisms con-
tribute to worse outcomes and continued symptoms in the
cohort of women who have no evidence of obstructive CAD.

Microvascular dysfunction of the coronary bed may in
part account for the paradoxical finding of a greater symp-
tom burden and high cardiac mortality in these women with
a lower burden of obstructive CAD [14¢¢]. Endothelial and
smooth muscle cell dysfunction contribute to a microvascu-
lar disorder frequently observed in women with signs and
symptoms of IHD and angiographically normal coronary
arteries. Several theories have been proposed to explain
normal angiographic results in women with chest pain. They
include chest pain of noncardiac origin, coronary artery
spasm, and diffuse disease without focal obstruction [47].
Higher rates of hypertension, left ventricular hypertrophy,
and diabetes in women are hypothesized to result in a
greater degree of microvascular disease in women compared
with men with similar degrees of epicardial stenosis [14ee,
15]. In the coronary tree, both endothelial-independent
(microvascular) dysfunction and endothelial-dependent epi-
cardial dysfunction have been shown to predict worse IHD
events in patients undergoing diagnostic cardiac angiogra-
phy, single-vessel percutaneous coronary angioplasty (PCI),
or post ACS/MI [14e¢]. The identification of abnormalities
in the coronary tree has implications in treatment strategies
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as restoration of endothelial function is associated with
improved outcome. Improved endothelial function was as-
sociated with a 7.3-fold lower rate of cardiac events in a
cohort of 400 hypertensive postmenopausal women, com-
pared with women with no improvement [48]. Therefore,
tests of vascular and endothelial integrity may help to dem-
onstrate vascular dysfunction and identify women at high
risk for cardiovascular outcomes [14ee, 47]. Emerging data
from contemporary imaging techniques with protocols and
methods for the detection of subclinical atherosclerosis and
endothelial dysfunction promise to reveal a new model for the
identification and risk stratification of IHD in women [14e].
As we shift our focus from the detection of flow-limiting
CAD lesions, cardiac imaging techniques with cardiac CT,
positron emission tomography (PET), and CMR are emerg-
ing as techniques to investigate other contributors implicat-
ed in the spectrum of IHD in women—the coronary and
noncoronary atherosclerotic burden. Also, other methods
are being used with increasing frequency to detect dysfunc-
tion of the coronary endothelium and microvasculature.

Coronary Artery Calcium Scoring and Computed
Tomographic Angiography

Multi-slice computed tomography (CT) scanning with coro-
nary artery calcium (CAC) scoring and computed tomograph-
ic angiography (CTA) allow for a noninvasive anatomic
identification and quantification of obstructive and nonob-
structive CAD. CAC detection adds incremental prognostic
value to traditional cardiac risk factors for coronary artery
disease [43, 49]. In an asymptomatic cohort of 4191 women
and 6186 men, CAC was associated with a higher incidence
of death in women than in men at each level of calcification:
80 % of women with extensive coronary calcification and
CAC scores of more than 1000 were alive at 5-year follow-up
compared with 98.4 % of women with no evidence of CAC
[45]. CAC scoring is also highly sensitive for the presence of
obstructive CAD (>50 % stenosis) and provides an estimate of
the total calcified atherosclerotic plaque burden, thereby cor-
relating to a patient’s cardiac risk [50]. Sex-specific analysis
of the role of CAC in evaluating symptomatic women at risk
for coronary disease reveals a high negative predictive value
when correlated with invasive coronary angiography. Of 539
symptomatic women who underwent clinically indicated cor-
onary angiography, 41 % had a normal angiogram without
evidence of CAC, demonstrating a negative predictive value
of 100 %. There was a greater prevalence of obstructive CAD
in women with CAC scores of more than 100 [45].

Recent data reveal an evolving role for cardiac CT in the
identification and risk stratification of CAD in women at
risk for coronary disease [45, 51]. CTA allows for a nonin-
vasive evaluation of the coronary arteries with high diag-
nostic accuracy for obstructive epicardial CAD [52, 53]. In a
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series of 51 women and 52 men, the diagnostic sensitivity
and specificity was similar by sex at 85 % and 99 %,
respectively [54]. However, one of the important limitations
of CTA, particularly in young women, is the potential in-
crease in lifetime risk of cancer due to concentrated ionizing
radiation to radiosensitive breast tissue [55]. Consequently,
considerable efforts in dose reduction strategies are being
employed in order to reduce radiation while optimizing
diagnosis of atherosclerosis in symptomatic patients at risk
for CAD [56, 57].

Myocardial Perfusion Imaging with Positron Emission (PET)

MPI with PET is a robust nuclear medicine imaging tech-
nique, and with its superior spatial resolution improves on
the diagnostic and prognostic accuracy for detecting epicar-
dial CAD in both men and women. Given the spectrum of
IHD in women, an enhanced value to PET is the ability to
calculate absolute blood flow in all areas of the coronary
tree, assess wall motion at peak hyperemia with vasodilator
stress, and evaluate coronary flow reserve, thereby interro-
gating the coronary microvasculature and endothelium
[58—60]. The capacity to quantify myocardial perfusion
provides an added advantage over SPECT for evaluating
multi-vessel CAD [60, 61]. Multiple studies have performed
direct comparison of the diagnostic accuracy of 82Rb myo-
cardial perfusion PET and 201TI or 99mTc SPECT. Their
overall results showed a high sensitivity of 90 %, high
specificity of 86 % and diagnostic accuracy of 90 % with
PET [60, 61]. Vasodilatory stress MPI with PET using
nuclear tracer 82Rb allows for integrated photon attenuation
correction and enhanced image quality, a notable advantage
over SPECT, when evaluating CAD in obese women. The
use of the isotope 82Rb PET is additionally beneficial in
women due to the ability to accurately quantify absolute
values of regional and global myocardial blood flow to
assess microvascular disease (flow reserve) [39]. Moreover,
contemporary integrated hybrid PET/CT offers an opportu-
nity to assess the presence and magnitude of subclinical
atherosclerotic disease burden and to further investigate
myocardial blood flow as a marker of endothelial function
and atherosclerotic disease activity which is of paramount
importance in female patients [60].

As with SPECT, increasing extent and severity of perfu-
sion defects with stress PET is associated with increasing
frequency of adverse events. The overall event rate in
patients with normal stress PET was 0.4 % per year [60].
A recent study on a cohort of 1432 patients followed for
1 year after 82Rb PET MPI with vasodilatory stress was
shown to be a powerful predictor of cardiac event and
survival in patient with known CAD or an intermediate to
high pretest likelihood of CAD [58]. Myocardial perfusion
imaging added incremental value to LVEF (ie, at any LVEF,

a higher summed stress score had greater risk) and LVEF
added incremental value to myocardial perfusion imaging
(ie, at any summed stress score, a lower LVEF had greater
risk). Furthermore, LVEF reserve independently provided
significant and incremental value over perfusion for predict-
ing future risk of adverse events [58, 60].

With its ability to detect epicardial disease as well as
evaluate the coronary microvasculature and endothelium,
this technology is an important advance in imaging, specif-
ically for imaging of CAD in women. Future investigations
of the potential complementary role of CTA and PET per-
fusion imaging for risk stratification and management of
women with IHD promise to expand PET’s role to include
an evaluation of the atherosclerotic burden.

Cardiac Magnetic Resonance Imaging (CMR)

Cardiac magnetic resonance imaging (CMR) is emerging as
an important imaging modality for the diagnosis of CAD in
women. CMR allows for the differentiation of a range of
myocardial diseases ranging from ischemic heart disease to
nonischemic cardiomyopathies, including stress-induced
cardiomyopathy (takotsubo) [62—-65]. CMR perfusion has
the unique ability to evaluate subendocardial ischemia, as-
sess left and right ventricular function, and provide a de-
tailed anatomic evaluation of both the myocardium as well
as of the peripheral vasculature. The specific advantages to
the use of CMR imaging for the evaluation of women with
suspected CAD is its excellent soft tissue characterization,
three-dimensionality, superior temporal and spatial resolu-
tion, and lack of ionizing radiation [4, 66].

Dobutamine CMR has been studied to identify flow limit-
ing coronary artery stenoses in women [66]. In a study of a
cohort of 266 women, inducible left ventricular wall motion
abnormalities during dobutamine CMR predicted cardiac
death and MI in women with known or suspected ischemic
heart disease [67]. Although data sets are small, the results
suggest that dobutamine CMR is a valuable noninvasive stress
imaging modality for identifying disease in at-risk women,
with a sensitivity and specificity for detecting obstructive
CAD in women of 85 % and 86 %, respectively [68].

CMR with vasodilator stress (dipyridamole or adenosine)
has also been used to detect myocardial ischemia through
first-pass perfusion imaging [69-73]. Ischemic territories
can be identified through intravenous dipyridamole and
gadolinium for first-pass perfusion and an estimation of a
myocardial perfusion reserve index. In a small study of 48
patients and 18 healthy subjects, a coronary flow reserve
less than 1.65 had a sensitivity and specificity of 91 % and
94 % percent, respectively, for the detection of coronary
artery disease as defined by PET scanning [72].

There is growing evidence on the prognostic ability of
CMR in symptomatic women at risk for IHD. In one of the
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first reports assessing the prognostic value of CMR with
adenosine and dobutamine, 513 patients were evaluated dur-
ing a mean follow-up of 2.3 years [74]. The 3-year event-free
(cardiac death and nonfatal myocardial infarction) survival
was 99 % with normal and 84 % with abnormal combined
stress images. CMR has added value for symptomatic women
who are found to have nonobstructive or normal coronaries on
invasive angiography. Due to its excellent temporal and spa-
tial resolution, CMR with perfusion has the ability to identify
subendocardial ischemia and may provide an etiology for
women with persistent chest pain without obstructive CAD
[66]. In addition, CMR has the ability to detect prior or recent
myocardial infarctions with high sensitivity, which may be
silent or unsuspected in women who are at risk.

Additional Emerging Imaging Techniques for Detection
of IHD in Women

Emerging innovative techniques have the ability to provide
semiquantitative information of coronary flow, with slow
flow in the absence of significant stenosis reflect impair-
ment of the myocardial microcirculatory perfusion [75]. The
use of intravascular coronary ultrasound and intracoronary
Doppler flow wire has essentially replaced the use of acetyl-
choline infusion for the evaluation of endothelial function.

Coronary flow can be studied invasively in the cardiac cath-
eterization laboratory by using intracoronary Doppler wires or
by the thrombolysis in myocardial Infarction frame count to
measure flow [76]. For the woman with ischemic symptoms,
an abnormal stress test with no evidence of flow-limiting
stenoses on standard angiography, intravascular ultrasonogra-
phy, or intracoronary Doppler flow may document atheroscle-
rosis within the arterial wall. This is relevant as significant
“outward remodeling” remodeling, atherosclerotic lesions that
protrude outward rather than impinging on the lumen as seen
in classic obstructive disease) with impaired coronary flow
reserve or endothelial dysfunction has been noted to occur
more frequently in women and be the cause of symptoms [11].
Emerging noninvasive methods for the detection of en-
dothelial dysfunction in addition to those discussed above
include high-frequency transthoracic Doppler harmonic
echocardiography, transesophageal echocardiography with
Doppler imaging, and digital reactive hyperemia peripheral
arterial tonometry [77]. Brachial artery reactivity testing
offers a window to study the integrity of the coronary
endothelium and can be used to noninvasively detect endo-
thelial dysfunction as impaired brachial endothelial function
is associated with increased cardiovascular adverse events.
Recent evidence point to the presence of atherosclerosis in
the peripheral vasculature as highly correlated with coronary
atherosclerosis. The use of ABI and CIMT are noninvasive
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imaging modalities that can be used for detection of peripheral
atherosclerosis as a surrogate for CAD in asymptomatic wom-
en at risk for [HD [14ee].

Recommendations

It is important for clinicians to appreciate that although women
have a higher atherosclerotic burden, are more symptomatic,
and have a worse clinical outcome, they have a lower preva-
lence of obstructive coronary disease than men. The patho-
physiology of heart disease in women is a spectrum and,
therefore, the clinician must consider a unique evaluation
approach, which in some case will extend beyond the detec-
tion of epicardial stenosis to include evaluation of the athero-
sclerotic burden as well as an evaluation of coronary reactivity
of the microvasculature and endothelium.

Clinicians must evaluate risk factors, symptoms, and
baseline ECG in women with risk factors for IHD to estab-
lish their pretest likelihood of disease. Next, an assessment
of the patient’s functional capacity is important to assess
prognosis, but also to appropriately choose the best nonin-
vasive stress testing modality. Current evidence supports the
use of the exercise ECG stress test as the initial test for
symptomatic women with a normal resting ECG and good
exercise tolerance (capable of >5 METS). The calculation of
functional capacity and clinical scores such as the Duke
Treadmill Score further improve the ability to diagnosis
and to assess prognosis in women [4, 22].

Cardiac imaging with stress MPI or stress echocardiogra-
phy provides incremental information over clinical variables
and the exercise ECG in symptomatic women with suspected
CAD. Local expertise should guide selection of the test.
According to the American Heart Association consensus
statement, symptomatic women with questionable exercise
capacity, abnormal baseline ECG, and those with diabetes
mellitus, should undergo cardiac imaging with exercise or
pharmacologic stress as the initial test in the evaluation of
symptoms [24¢]. Evolving evidence supports the use of newer
techniques like CTA in the setting of an abnormal or equivocal
stress cardiac imaging study. PET and CMR are other newer
methods that can be very useful in symptomatic women with
no evidence of obstructive CAD to evaluate the coronary
microvasculature for evidence of subendocardial ischemia or
abnormal coronary reserve (Fig. 1).

Conclusions

Insights from recent clinical trials have provided evidence
that there are clear gender differences that exist in the
pathophysiology, clinical presentation, diagnosis, and treat-
ment of CAD. The etiology of IHD in women is

multifactorial and includes a spectrum from obstructive
epicardial CAD to nonobstructive CAD with dysfunction
of the coronary microvasculature and endothelium. Future
imaging protocols that focus on analyzing endothelial func-
tion and detection of subclinical atherosclerosis will likely
be integrated into diagnostic and prognostic algorithms for
at-risk women. Emerging novel technologies and protocols
using CMR, assessment of carotid intima-media thickness,
and brachial artery flow-mediated dilatation will be useful to
further identify atherosclerotic burden and define the unique
pathophysiology of ischemic heart disease in symptomatic
women without evidence of obstructive CAD.

Disclosure No potential conflicts of interest relevant to this article
were reported.

Open Access This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.

References

Papers of particular interest, published recently, have been
highlighted as:

* Of importance

*« Of outstanding importance

1. Mosca L, Banka CL, Benjamin EJ, et al. Evidence-based guidelines
for cardiovascular disease prevention in women: 2007 update. ] Am
Coll Cardiol. 2007;49:1230-50.

2. Mosca L, Benjamin EJ, Berra K, et al. Effectiveness-based guide-
lines for the prevention of cardiovascular disease in women-2011
update: a guideline from the American Heart Association. Circu-
lation. 2011;123:1243-62.

3. Ford ES, Ajani UA, Croft JB, et al. Explaining the decrease in U.S.
deaths from coronary disease, 1980-2000. N Engl J Med.
2007;356:2388-98.

4. Shaw LJ, Bairey Merz CN, Pepine CJ, et al. Insights from the
NHLBI-Sponsored Women's Ischemia Syndrome Evaluation
(WISE) Study: Part I: gender differences in traditional and novel
risk factors, symptom evaluation, and gender-optimized diagnostic
strategies. J Am Coll Cardiol. 2006;47(3 Suppl):S4-S20.

5. Mosca L, Appel LJ, Benjamin EJ, et al. Evidence-based guidelines
for cardiovascular disease prevention in women. Circulation.
2004;109:672-93.

6. Executive summary. Heart disease and stroke statistics—2012 up-
date: a report from the American Heart Association. Circulation.
2012;125(1):188-97.

7. BaireyMerz CN, Shaw LJ, Reis SE, et al. Insights from the
NHLBI-Sponsored Women's Ischemia Syndrome Evaluation
(WISE) Study: part II: gender differences in presentation, diagno-
sis, and outcome with regard to gender-based pathophysiology of
atherosclerosis and macrovascular and microvascular coronary
disease. J Am Coll Cardiol. 2006;47(3 Suppl):S21-9.

8. von Mering GO, Arant CB, Wessel TR, et al. Abnormal coronary
vasomotion as a prognostic indicator of cardiovascular events in
women: results from the National Heart, Lung, and Blood

@ Springer



476

Curr Cardiovasc Risk Rep (2012) 6:469—478

11.

12.

13.

14.

15.

17.

19.

20.

21.

22.

Institute-Sponsored Women's Ischemia Syndrome Evaluation
(WISE). Circulation. 2004;109:722-5.

. Wong TY, Klein R, Sharrett AR, et al. Retinal arteriolar narrowing

and risk of diabetes mellitus in middle-aged persons. JAMA.
2002;287:2528-33.

. Burke AP, Virmani R, Galis Z, Haudenschild CC, Muller JE. 34th

Bethesda Conference: Task force #2—What is the pathologic basis
for new atherosclerosis imaging techniques? J Am Coll Cardiol.
2003;41:1874-86.

Burke AP, Farb A, Malcom GT, Liang Y, Smialek J, Virmani R.
Effect of risk factors on the mechanism of acute thrombosis and
sudden coronary death in women. Circulation. 1998;97:2110-6.

* Reynolds HR, Srichai MB, Igbal SN, et al. Mechanisms of
myocardial infarction in women without angiographically obstruc-
tive coronary artery disease. Circulation. 2011;124:1414-25. This
paper provides new data to help advance our understanding in the
area of sex-specific differences in pathophysiological mechanisms
of AMI and ischemic heart disease. Using IVUS and CMR in a
cohort of women with AMI in the absence of obstructive CAD for
the first time evidence for plaque disruption and myocardial tissue
characteristics is provided.

Nicholls SJ, Wolski K, Sipahi I, et al. Rate of progression of
coronary atherosclerotic plaque in women. J Am Coll Cardiol.
2007;49:1546-51.

e+ Shaw LJ, Bugiardini R, Merz CN. Women and ischemic heart
disease: evolving knowledge. J] Am Coll Cardiol. 2009;54:1561—
75. In this state-of-the-art paper, the authors describe the unique
spectrum of etiologies involved in IHD in women. They highlight
the uniqueness of microvascular dysfunction as a cause of symp-
toms in women and how women have a worse prognosis despite
nonobstructive epicardial disease.

Gulati M, Cooper-DeHoff RM, McClure C, et al. Adverse cardio-
vascular outcomes in women with nonobstructive coronary artery
disease: a report from the Women's Ischemia Syndrome Evaluation
Study and the St James Women Take Heart Project. Arch Intern
Med. 2009;169:843-50.

. Vaccarino V. Ischemic heart disease in women: many questions,

few facts. Circ Cardiovasc Qual Outcomes. 2010;3:111-5.
Blomkalns AL, Chen AY, Hochman JS, et al. Gender disparities in
the diagnosis and treatment of non-ST-segment elevation acute
coronary syndromes: large-scale observations from the CRUSADE
(Can Rapid Risk Stratification of Unstable Angina Patients Suppress
Adverse Outcomes With Early Implementation of the American
College of Cardiology/American Heart Association Guidelines) Na-
tional Quality Improvement Initiative. J Am Coll Cardiol.
2005;45:832-7.

. Lloyd-Jones D, Adams RJ, Brown TM, et al. Heart disease and

stroke statistics—2010 update: a report from the American Heart
Association. Circulation. 2010;121:e46-215.

Shaw LJ, Olson MB, Kip K, et al. The value of estimated func-
tional capacity in estimating outcome: results from the NHBLI-
Sponsored Women's Ischemia Syndrome Evaluation (WISE)
Study. J Am Coll Cardiol. 2006;47(3 Suppl):S36—43.

Murphy SL. Deaths: final data for 1998. Natl Vital Stat Rep.
2000;48:1-105.

Gibbons RJ, Balady GJ, Bricker JT, et al. ACC/AHA 2002 guideline
update for exercise testing: summary article. A report of the Ameri-
can College of Cardiology/American Heart Association Task Force
on Practice Guidelines (Committee to Update the 1997 Exercise
Testing Guidelines). J Am Coll Cardiol. 2002;40:1531-40.

Mieres JH, Shaw LJ, Arai A, et al. Role of noninvasive testing in the
clinical evaluation of women with suspected coronary artery disease:
Consensus statement from the Cardiac Imaging Committee, Council
on Clinical Cardiology, and the Cardiovascular Imaging and Inter-
vention Committee, Council on Cardiovascular Radiology and Inter-
vention, American Heart Association. Circulation. 2005;111:682-96.

@ Springer

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Phillips LM, Mieres JH. Noninvasive assessment of coronary
artery disease in women: What's next? Curr Cardiol Rep.
2010;12:147-54.

» Kohli P, Gulati M. Exercise stress testing in women: going back
to the basics. Circulation. 2010;122:2570-80. This state of the art
article reviews the literature regarding exercise stress testing in
women, with a focus beyond ST-segment depression alone.

Kwok Y, Kim C, Grady D, Segal M, Redberg R. Meta-analysis of
exercise testing to detect coronary artery disease in women. Am J
Cardiol. 1999;83:660-6.

Alexander KP, Shaw LJ, Shaw LK, Delong ER, Mark DB, Peterson
ED. Value of exercise treadmill testing in women. J Am Coll Cardiol.
1998;32:1657-64.

Cheitlin MD, Armstrong WF, Aurigemma GP, et al. ACC/AHA/
ASE 2003 guideline update for the clinical application of echocar-
diography—summary article: a report of the American College of
Cardiology/American Heart Association Task Force on Practice
Guidelines (ACC/AHA/ASE Committee to Update the 1997
Guidelines for the Clinical Application of Echocardiography). J
Am Coll Cardiol. 2003;42:954-70.

Arruda-Olson AM, Juracan EM, Mahoney DW, McCully RB,
Roger VL, Pellikka PA. Prognostic value of exercise echocardiog-
raphy in 5798 patients: is there a gender difference? J Am Coll
Cardiol. 2002;39:625-31.

Shaw LJ, Vasey C, Sawada S, Rimmerman C, Marwick TH.
Impact of gender on risk stratification by exercise and dobutamine
stress echocardiography: long-term mortality in 4234 women and
6898 men. Eur Heart J. 2005;26:447-56.

Gulati M, Pandey DK, Amsdorf MF, et al. Exercise capacity and
the risk of death in women: the St James Women Take Heart
Project. Circulation. 2003;108:1554-9.

s Shaw LJ, Mieres JH, Hendel RH, et al. Comparative effective-
ness of exercise electrocardiography with or without myocardial
perfusion single photon emission computed tomography in women
with suspected coronary artery disease: results from the What Is
the Optimal Method for Ischemia Evaluation in Women
(WOMEN) Trial. Circulation. 2011;124:1239-49. This landmark
randomized clinical trial compares an initial strategy of SECG
with MPI and for the first time provides outcome data, in symp-
tomatic women at risk for IHD. In low-risk, exercising women, a
diagnostic strategy that uses exercise treadmill testing vs exercise
MPI yields similar 2-year posttest outcomes and should be con-
sidered as the initial diagnostic strategy in symptomatic women
with suspected CAD.

Williams MJ, Marwick TH, O'Gorman D, Foale RA. Comparison
of exercise echocardiography with an exercise score to diagnose
coronary artery disease in women. Am J Cardiol. 1994;74:435-8.
Metz LD, Beattie M, Hom R, Redberg RF, Grady D, Fleischmann
KE. The prognostic value of normal exercise myocardial perfusion
imaging and exercise echocardiography: a meta-analysis. J Am
Coll Cardiol. 2007;49:227-37.

Mieres JH, Shaw LJ, Hendel RC, et al. American Society of
Nuclear Cardiology consensus statement: Task Force on Women
and Coronary Artery Disease—the role of myocardial perfusion
imaging in the clinical evaluation of coronary artery disease in
women [correction]. J Nucl Cardiol. 2003;10:95-101.

Klocke FJ, Baird MG, Lorell BH, et al. ACC/AHA/ASNC guide-
lines for the clinical use of cardiac radionuclide imaging—executive
summary: a report of the American College of Cardiology/Amer-
ican Heart Association Task Force on Practice Guidelines (ACC/
AHA/ASNC Committee to Revise the 1995 Guidelines for the
Clinical Use of Cardiac Radionuclide Imaging). Circulation.
2003;108:1404-18.

Hansen CL, Crabbe D, Rubin S. Lower diagnostic accuracy of
thallium-201 SPECT myocardial perfusion imaging in women: an
effect of smaller chamber size. J] Am Coll Cardiol. 1996;28:1214-9.



Curr Cardiovasc Risk Rep (2012) 6:469—478

477

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Mieres JH, Makaryus AN, Cacciabaudo JM, et al. Value of elec-
trocardiographically gated single-photon emission computed to-
mographic myocardial perfusion scintigraphy in a cohort of
symptomatic postmenopausal women. Am J Cardiol. 2007;99:
1096-9.

Santana-Boado C, Candell-Riera J, Castell-Conesa J, et al. Diag-
nostic accuracy of technetium-99m-MIBI myocardial SPECT in
women and men. J Nucl Med. 1998;39:751-5.

Polk D, Ford-Mukkamala, L, Heller, GV. Imaging in women. In:
Clinical nuclear cardiology: state of the art and future directions.
4th ed. Mosby, Inc., affiliate of Elsevier Inc; 2010. p 325-35.
Bokhari S, Shahzad A, Bergmann SR. Superiority of exercise
myocardial perfusion imaging compared with the exercise ECG
in the diagnosis of coronary artery disease. Coron Artery Dis.
2008;19:399-404.

Amanullah AM, Berman DS, Hachamovitch R, Kiat H, Kang X,
Friedman JD. Identification of severe or extensive coronary artery
disease in women by adenosine technetium-99m sestamibi SPECT.
Am J Cardiol. 1997;80:132-7.

Marwick TH, Shaw LJ, Lauer MS, et al. The noninvasive predic-
tion of cardiac mortality in men and women with known or
suspected coronary artery disease. Economics of Noninvasive
Diagnosis (END) Study Group. Am J Med. 1999;106:172-8.
Greenland P, Bonow RO, Brundage BH, et al. ACCF/AHA 2007
clinical expert consensus document on coronary artery calcium
scoring by computed tomography in global cardiovascular risk as-
sessment and in evaluation of patients with chest pain: a report of the
American College of Cardiology Foundation Clinical Expert Con-
sensus Task Force (ACCF/AHA Writing Committee to Update the
2000 Expert Consensus Document on Electron Beam Computed
Tomography) developed in collaboration with the Society of Ath-
erosclerosis Imaging and Prevention and the Society of Cardiovas-
cular Computed Tomography. ] Am Coll Cardiol. 2007;49:378-402.
Screening for coronary heart disease. recommendation statement.
Ann Intern Med. 2004;140:569-72.

Raggi P, Shaw LJ, Berman DS, Callister TQ. Gender-based differ-
ences in the prognostic value of coronary calcification. J] Womens
Health. 2004;13:273-83.

Shaw LJ, Iskandrian AE. Prognostic value of gated myocardial
perfusion SPECT. J Nucl Cardiol. 2004;11:171-85.

Bugiardini R, Bairey Merz CN. Angina with "normal" coronary
arteries: a changing philosophy. JAMA. 2005;293:477-84.
Modena MG, Bonetti L, Coppi F, Bursi F, Rossi R. Prognostic role
of reversible endothelial dysfunction in hypertensive postmeno-
pausal women. J Am Coll Cardiol. 2002;40:505-10.

Budoff MJ, Achenbach S, Blumenthal RS, et al. Assessment of
coronary artery disease by cardiac computed tomography: a scien-
tific statement from the American Heart Association Committee on
Cardiovascular Imaging and Intervention, Council on Cardiovas-
cular Radiology and Intervention, and Committee on Cardiac
Imaging, Council on Clinical Cardiology. Circulation. 2006;114:
1761-91.

O'Rourke RA, Brundage BH, Froelicher VF, et al. American
College of Cardiology/American Heart Association Expert Con-
sensus document on electron-beam computed tomography for the
diagnosis and prognosis of coronary artery disease. Circulation.
2000;102:126-40.

Meijboom WB, van Mieghem CA, Mollet NR, et al. 64-slice
computed tomography coronary angiography in patients with high,
intermediate, or low pretest probability of significant coronary
artery disease. J Am Coll Cardiol. 2007;50:1469-75.

Miller JM, Rochitte CE, Dewey M, et al. Diagnostic performance
of coronary angiography by 64-row CT. N Engl J Med. 2008;
359:2324-36.

Budoff MJ, Dowe D, Jollis JG, et al. Diagnostic performance of 64-
multidetector row coronary computed tomographic angiography for

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

evaluation of coronary artery stenosis in individuals without known
coronary artery disease: results from the prospective multicenter
ACCURACY (Assessment by Coronary Computed Tomographic
Angiography of Individuals Undergoing Invasive Coronary Angiog-
raphy) trial. ] Am Coll Cardiol. 2008;52:1724-32.

Pundziute G, Schuijf JD, Jukema JW, et al. Gender influence on
the diagnostic accuracy of 64-slice multislice computed tomogra-
phy coronary angiography for detection of obstructive coronary
artery disease. Heart. 2008;94:48-52.

Einstein AJ, Henzlova MJ, Rajagopalan S. Estimating risk of
cancer associated with radiation exposure from 64-slice computed
tomography coronary angiography. JAMA. 2007;298:317-23.
Raff GL, Chinnaiyan KM, Share DA, et al. Radiation dose from
cardiac computed tomography before and after implementation of
radiation dose-reduction techniques. JAMA. 2009;301:2340-8.
Hausleiter J, Meyer T, Hermann F, et al. Estimated radiation dose
associated with cardiac CT angiography. JAMA. 2009;301:500-7.
Dorbala S, Hachamovitch R, Curillova Z, et al. Incremental prog-
nostic value of gated Rb-82 positron emission tomography myo-
cardial perfusion imaging over clinical variables and rest LVEF.
JACC Cardiovasc Imaging. 2009;2:846—54.

Heller GV, Calnon D, Dorbala S. Recent advances in cardiac PET
and PET/CT myocardial perfusion imaging. J Nucl Cardiol.
2009;16:962-9.

Di Carli MF, Dorbala S, Meserve J, El Fakhri G, Sitek A, Moore
SC. Clinical myocardial perfusion PET/CT. J Nucl Med. 2007;48:
783-93.

Di Carli MF, Hachamovitch R. New technology for noninvasive
evaluation of coronary artery disease. Circulation. 2007;115:1464-80.
Soriano CJ, Ridocci F, Estornell J, Jimenez J, Martinez V, De
Velasco JA. Noninvasive diagnosis of coronary artery disease in
patients with heart failure and systolic dysfunction of uncertain
etiology, using late gadolinium-enhanced cardiovascular magnetic
resonance. J Am Coll Cardiol. 2005;45(5):743-8.

McCrohon JA, Moon JC, Prasad SK, et al. Differentiation of heart
failure related to dilated cardiomyopathy and coronary artery dis-
ease using gadolinium-enhanced cardiovascular magnetic reso-
nance. Circulation. 2003;108:54-9.

Mahrholdt H, Wagner A, Judd RM, Sechtem U, Kim RJ. Delayed
enhancement cardiovascular magnetic resonance assessment of
nonischaemic cardiomyopathies. Eur Heart J. 2005;26:1461-74.
Eitel I, von Knobelsdorff-Brenkenhoff F, Bernhardt P, et al. Clin-
ical characteristics and cardiovascular magnetic resonance findings in
stress (takotsubo) cardiomyopathy. JAMA. 2011;306(3):277-86.
Panting JR, Gatehouse PD, Yang GZ, et al. Abnormal subendocar-
dial perfusion in cardiac syndrome X detected by cardiovascular
magnetic resonance imaging. N Engl J Med. 2002;346:1948-53.
Wallace EL, Morgan TM, Walsh TF, et al. Dobutamine cardiac
magnetic resonance results predict cardiac prognosis in women
with known or suspected ischemic heart disease. JACC Cardiovasc
Imaging. 2009;2:299-307.

Gebker R, Jahnke C, Hucko T, et al. Dobutamine stress magnetic
resonance imaging for the detection of coronary artery disease in
women. Heart. 2010;96(8):616-20.

Rieber J, Huber A, Erhard I, et al. Cardiac magnetic resonance
perfusion imaging for the functional assessment of coronary artery
disease: a comparison with coronary angiography and fractional
flow reserve. Eur Heart J. 2006;27:1465-71.

Paetsch I, Jahnke C, Wahl A, et al. Comparison of dobutamine
stress magnetic resonance, adenosine stress magnetic resonance,
and adenosine stress magnetic resonance perfusion. Circulation.
2004;110:835-42.

Ingkanisorn WP, Kwong RY, Bohme NS, et al. Prognosis of
negative adenosine stress magnetic resonance in patients present-
ing to an emergency department with chest pain. J Am Coll
Cardiol. 2006;47:1427-32.

@ Springer



478

Curr Cardiovasc Risk Rep (2012) 6:469—478

72. Al-Saadi N, Nagel E, Gross M, et al. Noninvasive detection of
myocardial ischemia from perfusion reserve based on cardiovas-
cular magnetic resonance. Circulation. 2000;101:1379-83.

73. Schwitter J, Nanz D, Kneifel S, et al. Assessment of myocardial
perfusion in coronary artery disease by magnetic resonance: a
comparison with positron emission tomography and coronary an-
giography. Circulation. 2001;103:2230-5.

74. Jahnke C, Nagel E, Gebker R, et al. Prognostic value of
cardiac magnetic resonance stress tests: adenosine stress per-
fusion and dobutamine stress wall motion imaging. Circulation.
2007;115:1769-76.

@ Springer

75.

76.

71.

Pries AR, Habazettl H, Ambrosio G, et al. A review of methods for
assessment of coronary microvascular disease in both clinical and
experimental settings. Cardiovasc Res. 2008;80:165-74.

Manfrini O, Slucca M, Pizzi C, Colombo A, Viecca M, Bugiardini
R. Effect of percutaneous coronary intervention on coronary blood
flow at rest in myocardial sites remote from the intervention site
in patients with stable angina pectoris. Am J Cardiol. 2008;101:
776-9.

Matsuzawa Y, Sugiyama S, Sugamura K, et al. Digital assessment
of endothelial function and ischemic heart disease in women. J Am
Coll Cardiol. 2010;55:1688-96.



	Imaging Tests, Provocative Tests, Including Exercise Testing in Women with Suspected Coronary Artery Disease
	Abstract
	Introduction
	The Role of Contemporary Testing Techniques for Diagnosis and Risk Assessment of Symptomatic Women at Risk for Ischemic Heart Disease
	Exercise Electrocardiogram (ECG)
	The Role of Stress Echocardiography
	Myocardial Perfusion Imaging with SPECT

	Diagnostic Testing for Coronary Atherosclerosis: Beyond Epicardial Disease
	Coronary Artery Calcium Scoring and Computed Tomographic Angiography
	Myocardial Perfusion Imaging with Positron Emission (PET)
	Cardiac Magnetic Resonance Imaging (CMR)

	Additional Emerging Imaging Techniques for Detection of IHD in Women
	Recommendations
	Conclusions
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance •• Of outstanding importance



