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Abstract
Purpose of the Review To review the value of myocardial blood flow and coronary flow reserve (CFR) measurements, as
assessed by positron emission tomography (PET), in women with suspected ischemic heart disease.
Recent Findings CFR is a noninvasive measure of coronary vasomotor function that integrates the hemodynamic effects of
epicardial coronary stenosis, diffuse atherosclerosis, and microvascular dysfunction on myocardial tissue perfusion and has
emerged as an imaging marker of cardiovascular risk, independently of the degree of obstructive coronary artery disease (CAD).
Summary Normal coronary arteries or nonobstructive CAD is a common finding in women with ischemia. Thus, assessment of
risk based on a coronary stenosis approach may fail in women. PET is able to quantify absolute myocardial blood flow and CFR
which may help to elucidate other mechanisms involved such as microvascular dysfunction and diffuse epicardial CAD,
responsible for the disease in women.
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Introduction

In the multimodality era, selecting an initial strategy for eval-
uation of ischemic heart disease (IHD) is often challenging
[1]. Patient pre-test probability of coronary artery disease
(CAD), the sensitivity and specificity of each method and
the prevalence of obstructive CAD, among other factors, play
a central role in such decision. The American College of
Cardiology has recently summarized appropriate use criteria
for the utilization of noninvasive and invasive methods guid-
ing the physicians to detect and assess cardiac risk in symp-
tomatic patients [2]. In general, exercise stress test is recom-
mended for low risk patients with interpretable electrocardio-
gram (ECG) and cardiac imaging for those with intermediate

probability for CAD [2]. There is much debate in the literature
over the best strategies for evaluation of CAD in symptomatic
women [3]. This is mainly related to the fact that women
exhibit normal coronary arteries or nonobstructive CAD in
up to 50% of the cases. Detecting IHD in women in the setting
of nonobstructive CAD is of clinical relevance because this
population has an increased risk of cardiac events [4, 5•]. A
complex interaction between focal stenosis, diffuse epicardial
coronary narrowing, and microvascular dysfunction are often
responsible for their symptoms and cardiac risk [6, 7•].
Therefore, traditional evaluation based on the physiological
consequences of a significant epicardial coronary stenosis
may fail in women [7•, 8, 9•]. In most of the cases, radionu-
clide myocardial perfusion imaging only identifies the
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coronary vascular territories subtended by severe epicardial
stenosis. In consequence, this technique may underestimate
the diagnosis of the disease in women with the frequent clin-
ical scenario of nonobstructive CAD [9•].

Coronary flow reserve (CFR) is a noninvasive measure of
coronary vasomotor function that integrates the hemodynamic
effects of epicardial coronary stenosis, diffuse atherosclerosis,
and microvascular dysfunction on myocardial tissue perfu-
sion, and is considered a more sensitive indicator of myocar-
dial ischemia than the relative assessment of myocardial per-
fusion [9•]. Recently, CFR has emerged as an imaging marker
of cardiovascular risk both in men and women, independently
of the degree of obstruction of the epicardial coronary arteries
[10•]. Therefore, CFR measurements could be considered as a
powerful aid in the diagnosis of ischemia in patients without
obstructive epicardial CAD [11].

The present review will focus on the role of CFR measure-
ments as a marker of risk in women with IHD.

Assessment of Coronary Flow Reserve

CFR can be measured noninvasively by positron emission
tomography (PET), transthoracic Doppler echocardiography
and cardiac magnetic resonance imaging [11]. PET is an im-
aging technology that allows the assessment of relative and
absolute myocardial perfusion as well as left ventricular func-
tion at rest and during stress [12, 13]. Dynamic PET imaging
is the most validated technique that affords robust and repro-
ducible measurements of absolute myocardial blood flow
(MBF) in ml/min/g at rest and during pharmacological stress,
which allows the calculation of CFR as the ratio between
MBF at stress and MBF at rest [14, 15]. CFR estimated by
PETcan be used for diagnosis of myocardial ischemia, even in
absence of obstructive CAD [9•]. The ability of PET of com-
bining relative myocardial perfusion with absolute MBF mea-
surements improves the diagnostic and prognostic value of the
technique, making PET the method of election to reveal IHD
in women due to the high prevalence of coronary microvas-
cular dysfunction and nonobstructive CAD observed in this
population [3]. Other technical advantages for PET imaging
that increases its diagnostic accuracy are the following: (a)
routine attenuation correction (decreasing false positives re-
sults due to breast attenuation in women or by adipose tissue
in those with elevated body mass index), (b) a uniform inde-
pendent resolution, (c) a low radiation dose for the patient
using short-lived radiopharmaceuticals as compared to con-
ventional myocardial perfusion SPECT imaging, and (d) a
short time of the myocardial perfusion rest/stress study com-
pletion [12, 13, 16].

In order to quantify MBF by PET, the most utilized radio-
tracers are Rubidium-82 (Rb-82) and N-13 Ammonia [15]. In
brief, MBF values are estimated by image-derived time-

activity curves of the flow tracer from the arterial blood pool
and myocardial regions and fit to a mathematic model
representing the tracer kinetics over time. The rate of myo-
cardial tracer uptake affords an estimate of absolute MBF
[17]. Several software packages are commercially avail-
able to calculate absolute MBF at rest and during stress.
Thresholds of MBF at rest in healthy individuals may vary
between 0.4 and 1.2 ml/g/min, and hyperemic MBF be-
tween 1.8 and 2.3 ml/g/min (depending on the PET blood
flow tracer). Consequently, normal individuals are expect-
ed to have a CFR larger than 2 [18]. Because CFR is a
ratio, factors affecting MBF at rest or during hyperemia
such as age, sex, cardiac oxygen consumption, endothe-
lial dysfunction, and coronary risk factors, among
others, may influence its calculation [14, 15]. While
an abnormal CFR increases the likelihood of significant
obstructive CAD, it cannot differentiate significant epi-
cardial stenosis from nonobstructive disease, diffuse ath-
erosclerosis or microvascular dysfunction [19]. Clinical
interpretation of MBFs and CFR requires understanding
range values and the physiological and anatomical var-
iables that can affect these measurements [14, 18].

In selected cases, computed tomography (CT) coronary
angiography and coronary artery calcium (CAC) score calcu-
lations can be performed in combination with myocardial per-
fusion PET imaging (either in hybrid PET/CT scanners or by
sequential PET/CT protocols) [3, 11]. This noninvasive ap-
proach allows integrating epicardial anatomy with the MBF
and CFR measurements, thereby increasing the sensitivity of
the diagnosis of CAD [20–22]. The interaction between epi-
cardial CAD and noninvasive MBF estimates is discussed
below.

Diagnostic Accuracy and Risk Stratification
of Women by PET Imaging: Comparison
with Single Photon Emission Computed
Tomography Myocardial Perfusion Imaging

The American Society of Nuclear Cardiology, in the
Consensus Statement about myocardial perfusion in women
for the evaluation of stable IHD, recommends the exercise
treadmill as the initial diagnostic test for symptomatic inter-
mediate risk women who are capable of performing exercise
and have an interpretable resting ECG [3].

Because of the unique characteristics mentioned before,
PET is an imaging modality of particular interest for the diag-
nosis of ischemia in women where cardiac imaging has clin-
ical indication. A meta-analysis of the cardiac PET literature
demonstrated high sensitivity (92%) and specificity (85%) for
the detection of CAD [23, 24]. Two meta-analyses comparing
Rb-82 and N-13 Ammonia PET data with single photon emis-
sion computed tomography (SPECT) demonstrated a higher
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diagnostic accuracy for the first technique, with a 3–5% in-
crease in specificity and 4–5% increase in sensitivity [25, 26].

The higher diagnostic accuracy of PET in comparison with
conventional SPECT was confirmed for women and men
(88% vs 67%, p = 0.009) [27]. The evidence in more than
7000 patients indicates that a normal PET scan is associated
with an excellent prognosis [28]. A normal scan indicates low
risk (< 1% annual cardiac event rate) while an abnormal scan
indicates worsening prognosis (> 4.2% annual event rate).
Importantly, it has found a graded increase in risk of CAD
events with more severe and extensive perfusion defects
[28]. In sex-specific analysis of the PET Prognosis
Multicenter Registry, Kay et al. [29] have shown that stress
myocardial perfusion with Rb-82 provided significant and
clinically meaningful risk stratification in both genders. In
fact, there was a proportional relationship between CAD mor-
tality and stress Rb-82 PET myocardial perfusion defect size
and extent, as assessed by percentage of myocardium in-
volved. The unadjusted 5-year CAD mortality ranged from
0.9 to 12.9% for women (p < 0.0001) and from 1.5 to 17.4%
for men (p < 0.0001) for 0% to ≥ 15% abnormal myocardium
at stress. Of note, in this study, the percentage of abnormal
stress myocardium was independently predictive of CAD
mortality in both men and women. The finding of sex equity
in risk stratification with Rb-82 PET is in agreement with
evidence from SPECT and other stress imaging modalities

[29]. Furthermore, assessment of PET myocardial perfusion
imaging in conjunction with left ventricular function by gated
imaging stratifies risk and adds important prognostic informa-
tion in women and men [29, 30]. The combined measure-
ments of resting left ventricular ejection fraction and stress
myocardial perfusion defects, as assessed by percentage of
abnormal myocardium, were strong predictors of CAD mor-
tality in both genders [29].

Prognostic Value of Microvascular
Dysfunction inWomen: Quantification ofMBF
and CFR by PET

Women symptomatic for chest pain undergoing coronary
angiography frequently exhibit less obstructive epicardial
CAD than men, nevertheless they have a worse prognosis
[7•]. In fact, women with stable angina and nonobstructive
CAD are three times more likely to experience a cardiac
event within the first year of cardiac catheterization than
symptomatic men with nonobstructive CAD [5•]. In the ab-
sence of focal epicardial stenosis, the presence of diffuse
epicardial coronary narrowing, impaired endothelial shear
stress and microvascular dysfunction are often responsible
for symptoms and the IHD in women [4, 8]. Therefore,
noninvasive testing predominantly based on identifying

Fig. 1 This figure depicts the differences between detection of
myocardial ischemia in patients with and without obstructive coronary
artery disease. Patients with significant obstructive coronary artery
disease exhibit stress myocardial perfusion defects and an impaired

coronary flow reserve. In contrast, patients with nonobstructive
coronary artery disease often present normal relative myocardial
perfusion images while a reduced CFR uncovers myocardial ischemia.
CFR coronary flow reserve
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obstructive CAD can underestimate the diagnosis of the
disease in females [31]. PET with the distinct advantage of
quantifying absolute MBF and CFR can identify more ac-
curately women at risk even in absence of significant ob-
structive CAD (Fig. 1). Previous observational PET studies
have demonstrated alterations in the coronary microcircula-
tion (by quantification of MBF and CFR) in women with
risk factors for CAD and without stress-regional myocardial
perfusion defects [32, 33]. Such patients appear to be at
increased risk for cardiac events, since CFR has been re-
cently considered a noninvasive biomarker of cardiac risk
[34–36]. An impaired CFR (< 2) has been associated with a
3.4-fold increase and CFR less than 1.5 with a 5.6-fold in-
crease hazard in the risk of CAD death as compared to a
preserved CFR (≥ 2) [37]. Of note, CFR represents a nonin-
vasive continuous marker of cardiovascular risk: the cardiac
event rate for those patients with CFR < 2 increases expo-
nentially as CFR decreases [9•]. Furthermore, noninvasive
assessment of CFR by PET provides incremental risk strat-
ification beyond measures of clinical risk, including estima-
tions of left ventricular systolic function and the extent and
severity of myocardial ischemia (by semiquantitative anal-
ysis), resulting in an incremental risk reclassification of pa-
tients with known or suspected CAD [35–37]. PET-CFR
and MBF measurements also provide incremental risk strat-
ification over coronary artery calcifications (reflecting ath-
erosclerotic burden). In one study that included 901 symp-
tomatic patients with normal rest/stress PET perfusion im-
ages and without obstructive CAD, CFR and not CAC pro-
vided significant incremental risk stratification over clinical
risk score for prediction of major adverse cardiac events
(MACE). Interestingly, in this study, the rate of MACE in-
creased in the presence of impaired CFR even among pa-
tients with CAC of zero [38]. Likewise, we found in a small
cohort of 22 women with signs and symptoms of ischemia
and without obstructive CAD by coronary angiography, ab-
normalities in the microcirculatory function in absence of
CAC as assessed by hybrid PET/CT imaging. Of note, 23%
of the women presented cardiac events at 2 years of follow-
up and one woman had a cardiovascular hard event.
Furthermore, 32% of the patients had persistent chest pain,
a common finding in women with ischemia and nonobstructive
epicardial CAD (unpublished data). Together, these findings
suggest that there is complementary information between epi-
cardial atherosclerotic burden and coronary microcirculatory
function. In symptomatic patients with nonobstructive CAD,
CFR can be considered amarker of disease activity (as opposed
to disease burden) reflecting mainly endothelial and smooth
muscle dysfunction [12, 38]. It has also been described the
association between CFR, angiographic epicardial CAD, and
cardiovascular outcomes [10•]. The authors included 329 pa-
tients referred for coronary angiography after stress PET and
followed by a median of 3.1 years. They found a modest

correlation between CFR and CAD prognostic index and both
parameters were independently associated with cardiac events.
Patients with low CFR experienced rates of events similar to
those of subjects with high angiographic scores, and those with
low CFR who underwent coronary revascularization by coro-
nary artery bypass grafting experienced event rates comparable
to those with preserved CFR (independently of revasculariza-
tion). Thus, global CFR confers risk independently of luminal
angiographic severity. This concept has recently been explored
in symptomatic women and men without overt CAD. Murthy
et al. [39] investigated 405 men and 813 women referred for
evaluation of suspected CAD and without myocardial perfu-
sion defects at rest and during stress by PET. MACE were
assessed over a median follow-up of 1.3 years. Coronary mi-
crovascular dysfunction (CFR < 2) was a powerful predictor of
MACE and resulted in favorable net reclassification improve-
ment after adjustment for clinical risk and left ventricular func-
tion. Importantly, these findings were regardless of gender.
Thus, coronary microvascular dysfunction as assessed by
PET uncovers men and women at increased clinical risk.
More evidence has been recently reported by Taqueti et al.
[40] in a cohort of 324 consecutive patients referred for inva-
sive coronary angiography following rest/stress Rb-82 PETand
a median follow-up of 3 years. They have shown that women
have a significantly higher risk of adverse cardiac events de-
spite of a lower burden of obstructive epicardial CAD (adjusted
hazard ratio, 2.05; 95% confidence interval, 1.05–4.02; p =
0.03). This excess in cardiovascular risk in women was inde-
pendently associated with severely impaired CFR (< 1.6) in
absence of obstructive CAD by invasive coronary angiography.
The authors conclude that a very lowCFRmay be a critical link
to understanding the “hidden biological risk” of IHD in women
despite the lower burden for obstructive epicardial CAD as
compared to men [41]. These findings are of clinical impor-
tance because, as described before, women with IHD have
often nonobstructive CAD, and absolute quantification of
MBFmay allow reclassifying their risk, especially in the setting
of normal relative myocardial perfusion (i.e., no flow-limiting
CAD) [13] (Fig. 2). This “hidden phenotype” of cardiac risk
(low CFR and nonobstructive CAD) is not exclusive for wom-
en with IHD, other special populations like patients with dia-
betes, metabolic syndrome, chronic kidney disease, heart fail-
ure with preserved ejection fraction, among others, exhibit this
pattern which may represent a novel target for cardiac risk
reduction [9•].

So far, all the evidence described comes from single-
center studies. Randomized and multicenter trials are de-
sirable to standardize the routine clinical indication of
MBF and CFR measurements in women with IHD, in
particular for those without focal epicardial CAD.
Development of focused sex-specific diagnostic strategies
is of clinical relevance to reduce morbidity and mortality
in women [7•, 31].
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Conclusion

Compelling evidence underscores the importance of the ad-
verse prognosis of coronary microvascular dysfunction in ab-
sence of obstructive CAD inwomen with IHD. In this context,
measurements of absolute MBF and CFR by PET imaging
give helpful diagnostic information regarding the function of
the coronary microcirculation. Observational PET studies
have demonstrated that quantification of MBF and CFR can
identify and predict cardiac risk in women with IHD, even in
absence of overt CAD.

Acknowledgments The authors are thankful to Daniel Cirigliano for the
artwork.

Compliance with Ethical Standards

Conflict of Interest Roxana Campisi and Fernando D. Marengo declare
that they have no conflict of interest.

Human and Animal Rights and Informed Consent This article does not
contain any studies with human or animal subjects performed by any of
the authors.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

References

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

1. Adamson PD, Newby DE, Hill CL, Coles A, Douglas PS, Fordyce
CB. Comparison of international guidelines for assessment of
suspected stable angina. JACC Cardiovasc Imaging. 2018;11(9):
1301–10. https://doi.org/10.1016/j.jcmg.2018.06.021

2. WolkMJ, Bailey SR, Doherty JU, Douglas PS, Hendel RC, Kramer
CM, et al. ACCF/AHA/ASE/ASNC/HFSA/HRS/SCAI/SCCT/
SCMR/STS 2013 multimodality appropiate use criteria for the
detction and risk assessment of stable ischemic heart disease: a
report of the American College of Cardiology Foundation
Appropiate Use Criteria Task Force, American Heart Association,
American Society of Echocardiography, American Society of
Nuclear Cardiology, Heart Failure Society of AMerica, Heart
Rhythm Society, Society for Cardiovascular Angiopraphy and
Interventions, Society of Cardiovascular Computed Tomography,

Fig. 2 A 63-year-old woman with stable angina. She has history of
hypertension, diabetes, and hypercholesterolemia. a PET short-axis,
long-vertical and long-horizontal cuts at rest and during dipyridamole-
induced hyperemia show a preserved relative myocardial perfusion. b
Quantification of myocardial blood flow by N-13 Ammonia shows a
reduced CFR in the three vascular territories. c PET-gated images at rest

shows a preserved left ventricular ejection fraction with an adequate
increase during stress. d Cardiac computed tomography reveals
nonobstructive coronary artery disease. Abbreviations: PET positron
emission tomography, LAD left anterior descending, LCx left
circumflex, RCA right coronary artery, MBF myocardial blood flow,
CFR coronary flow reserve

Curr Cardiovasc Imaging Rep (2019) 12: 4 Page 5 of 7 4

https://doi.org/10.1016/j.jcmg.2018.06.021


Society for Cardiovascular Magnetic Resonance, and Society of
Thoracic Surgeons. J Am Coll Cardiol. 2014;63(4):380–406.
https://doi.org/10.1016/j.jacc.2013.11.009.

3. Taqueti VR, Dorbala S, Wolinsky D, Abbott B, Heller GV,
Bateman TM, et al. Myocardial perfusion imaging in women for
the evaluation of stable ischemic heart disease-state-of-the-
evidence and clinical recommendations. J Nucl Cardiol.
2017;24(4):1402–26. https://doi.org/10.1007/s12350-017-0926-8.

4. Pepine CJ, Ferdinand KC, Shaw LJ, Light-McGroary KA, Shah
RU, Duvernoy C, et al. Emergence of nonobstructive coronary
artery disease: a woman’s problem and need for change in defini-
tion on angiography. J Am Coll Cardiol. 2015;66(17):1918–33.
https://doi.org/10.1016/j.jacc.2015.08.876.

5.• Sedlak TL, Lee M, Izadnegahdar M, Merz CN, Gao M, Humphries
KH. Sex differences in clinical outcomes in patients with stable
angina and no obstructive coronary artery disease. Am Heart J.
2013;166(1):38–44. https://doi.org/10.1016/j.ahj.2013.03.015
This study describes that women with stable angina and
nonobstructive CAD are three times more likely to experience
a cardiac event within the first year of cardiac catheterization
than symptomatic men with nonobstructive CAD.

6. Eastwood JA, Johnson BD, Rutledge T, Bittner V, Whittaker KS,
Krantz DS, et al. Anginal symptoms, coronary artery disease, and
adverse outcomes in black and white women: the NHLBI-
sponsored Women’s Ischemia Syndrome Evaluation (WISE) study.
J Women's Health. 2013;22(9):724–32. https://doi.org/10.1089/
jwh.2012.4031.

7.• Mieres JH, Bonow RO. Ischemic heart disease in women. JACC
Cardiovasc Imaging. 2016;9(4):347–9. https://doi.org/10.1016/j.
jcmg.2016/02.008 This review highlights the need for sex-
specific approaches for the evaluation of CAD.

8. Baldassarre LA, Raman SV, Min JK, Mieres JH, Gulati M,Wenger
NK, et al. Noninvasive imaging to evaluate women with stable
ischemic heart disease. JACC Cardiovasc Imaging. 2016;9(4):
421–35. https://doi.org/10.1016/j.jcmg.2016.01.004.

9.• Taqueti VR, Di Carli MF. Clinical significance of noninvasive cor-
onary flow reserve assessment in patients with ischemic heart dis-
ease. Curr Opin Cardiol. 2016;31:662–9. https://doi.org/10.1097/
HCO.0000000000000339 This review summarizes all the
evidence about coronary flow reserve measurements as a
marker of cardiac risk in special populations.

10.• Taqueti VR, Hachamovitch R, Murthy VL, Naya M, Foster CR,
Hainer J, et al. Global coronary flow reserve is associated with
adverse cardiovascular events independently of luminal angio-
graphic severity and modifies the effect of early revascularization.
Circulation. 2015;131(1):19–27. https://doi.org/10.1161/
CIRCULATIONAHA.114.011939 This study highlights the
prognostic impact of microvascular dysfunction and diffuse
atherosclerosis over the degree of coronary stenosis.

11. Campisi R, Marengo FM. Coronary microvascular dysfunction in
women with nonobstructive ischemic heart disease as assessed by
positron emission tomography. Cardiovasc Diagn Ther. 2017;7(2):
196–205. https://doi.org/10.21037/cdt.2017.0408.

12. Murthy VL, Bateman TM, Beanlands RS, Berman DS, Borges-
Neto S, Chareonthaitawee P, et al. Clinical quantification of myo-
cardial blood flow using PET: joint position paper of the SNMMI
cardiovascular council and the ASNC. J Nucl Cardiol. 2018;25:
269–97. https://doi.org/10.1007/s12350-017-1110-x.

13. Al Badarin F, Aljizeeri A, Almasoudi F, Al-Mallah MH.
Assessment of myocardial blood flow and coronary flow reserve
with positron emission tomography in ischemic heart disease: cur-
rent state and future directions. Heart Fail Rev. 2017;22(4):441–53.
https://doi.org/10.1007/s10741-017-9625-4.

14. Camici PG, Rimoldi OE. The clinical value of myocardial blood
flow measurement. J Nucl Med. 2009;50(7):1076–87. https://doi.
org/10.2967/jnumed.108.054478.

15. Schindler TH. Myocardial blood flow: putting it into clinical per-
spective. J Nucl Cardiol. 2016;23(5):1056–71. https://doi.org/10.
1007/s12350-015-0372-4.

16. García EV. Proceedings of the cardiac PET summit meeting12 may
2014: cardiac PET and SPECT instrumentation. J Nucl Cardiol.
2015;22:563–70. https://doi.org/10.1007/s12350-015-0114-7.

17. Gewirtz H, Dilsizian V. Integration of quantitative positron emis-
sion tomography absolute myocardial blood flow measurements in
the clinical management of coronary artery disease. Circulation.
2 0 1 6 ; 1 3 3 ( 2 2 ) : 2 1 8 0–96 . h t t p s : / / d o i . o r g / 1 0 . 11 6 1 /
CIRCULATIONAHA.115.018089.

18. Gould KL, Johnson NP, Bateman TM, Beanlands RS, Bengel FM,
Bober R, et al. Anatomic versus physiologic assessment of coro-
nary artery disease. Role of coronary flow reserve, fractional flow
reserve, and positron emission tomography imaging in revascular-
ization decision-making. J Am Coll Cardiol. 2013;62(18):1639–53.
https://doi.org/10.1016/j.jacc.2013.07.076.

19. Naya M, Murthy VL, Taqueti VR, Foster CR, Klein J, Garber M,
et al. Preserved coronary flow reserve effectively excludes high-risk
coronary artery disease on angiography. J Nucl Med. 2014;55(2):
248–55. https://doi.org/10.2967/jnumed.113.121442.

20. Naya M, Murhty VL, Blankstein R, Sitek A, Hainer J, Foster C,
et al. Quantitative relationship between the extent and morphology
of coronary atherosclerotic plaque and downstreammyocardial per-
fusion. J Am Coll Cardiol. 2011;58(17):1807–16. https://doi.org/
10.1016/j.jacc.2011.06.051.

21. Rodriguez-Granillo GA, Campisi R, Carrascosa P. Noninvasive
cardiac imaging in patients with known and suspected coronary
artery disease: what is in it for the interventional cardiologist?
Curr Cardiol Rep. 2016;18:3. https://doi.org/10.1007/s11886-015-
0680-y.

22. Driessen RS, Stuijfzand WJ, Raijmakers PG, Danad I, Min JK,
Leipsic JA, et al. Effect of plaque burden and morphology on myo-
cardial blood flow and fractional flow reserve. J Am Coll Cardiol.
2018;71(5):499–509. https://doi.org/10.1016/j.jacc.2017.11.054.

23. Nandalur KR, Dwamena BA, Choudhri AF, Nandalur SR, Reddy P,
Carlos RC. Diagnostic performance of positron emission tomogra-
phy in the detection of coronary artery disease: a meta-analysis.
Acad Radiol. 2008;15:444–51. https://doi.org/10.1016/j.acra.
2007.08.012.

24. Beanlands R, Heller G. Proceedings of the ASNC cardiac PET
summit, 12 May 2014, Baltimore, MD: 1: the value of PET: inte-
grating cardiovascular PET into the care continuum. J Nucl Cardiol.
2015;22(3):557–62. https://doi.org/10.1007/s12350-015-0129-0.

25. Mc Ardle BA, Dowsley TF, de Kemp RA, Wells GA, Beanlands
RS. A systematic review andmeta-analysis. Does rubidium-82 PET
have superior accuracy to SPECT perfusion imaging for the diag-
nosis of obstructive coronary disease? J Am Coll Cardiol.
2012;60(8):1828–37. https://doi.org/10.1016/j.jacc.2012.07.038.

26. Parker MW, Iskandrian A, Limone B, Perugini A, Kim H, Jones C,
et al. Diagnostic accuracy of cardiac positron emission tomography
versus single photon emission computed tomography for coronary
artery disease: a bivariate meta-analysis. Circ Cardiovasc Imaging.
2012;5(6):700–7. https://doi.org/10.1161/CIRCIMAGING.112.
97827.

27. Bateman TM, Heller GV, McGhie AI, Friedman JD, Case JA,
Bryngelson JR, et al. Diagnostic accuracy of rest/stress ECG-
gated Rb-82 myocardial perfusion PET: comparison with ECG-
gated Tc-99m sestamibi SPECT. J Nucl Cardiol. 2006;13(1):24–
33. https://doi.org/10.1016/j.nuclcard.2005.12.004.

28. Dorbala S, Di Carli MF, Beanlands RS,MerhigeME,Williams BA,
Veledar E, et al. Prognostic value of stress myocardial perfusion
positron emission tomography: results from a multicenter observa-
tional registry. J Am Coll Cardiol. 2013;61(2):176–84. https://doi.
org/10.1016/j.jacc.2012.09.043.

4 Page 6 of 7 Curr Cardiovasc Imaging Rep (2019) 12: 4

https://doi.org/10.1016/j.jacc.2013.11.009
https://doi.org/10.1007/s12350-017-0926-8
https://doi.org/10.1016/j.jacc.2015.08.876
https://doi.org/10.1016/j.ahj.2013.03.015
https://doi.org/10.1089/jwh.2012.4031
https://doi.org/10.1089/jwh.2012.4031
https://doi.org/10.1016/j.jcmg.2016/02.008
https://doi.org/10.1016/j.jcmg.2016/02.008
https://doi.org/10.1016/j.jcmg.2016.01.004
https://doi.org/10.1097/HCO.0000000000000339
https://doi.org/10.1097/HCO.0000000000000339
https://doi.org/10.1161/CIRCULATIONAHA.114.011939
https://doi.org/10.1161/CIRCULATIONAHA.114.011939
https://doi.org/10.21037/cdt.2017.0408
https://doi.org/10.1007/s12350-017-1110-x
https://doi.org/10.1007/s10741-017-9625-4
https://doi.org/10.2967/jnumed.108.054478
https://doi.org/10.2967/jnumed.108.054478
https://doi.org/10.1007/s12350-015-0372-4
https://doi.org/10.1007/s12350-015-0372-4
https://doi.org/10.1007/s12350-015-0114-7
https://doi.org/10.1161/CIRCULATIONAHA.115.018089
https://doi.org/10.1161/CIRCULATIONAHA.115.018089
https://doi.org/10.1016/j.jacc.2013.07.076
https://doi.org/10.2967/jnumed.113.121442
https://doi.org/10.1016/j.jacc.2011.06.051
https://doi.org/10.1016/j.jacc.2011.06.051
https://doi.org/10.1007/s11886-015-0680-y
https://doi.org/10.1007/s11886-015-0680-y
https://doi.org/10.1016/j.jacc.2017.11.054
https://doi.org/10.1016/j.acra.2007.08.012
https://doi.org/10.1016/j.acra.2007.08.012
https://doi.org/10.1007/s12350-015-0129-0
https://doi.org/10.1016/j.jacc.2012.07.038
https://doi.org/10.1161/CIRCIMAGING.112.97827
https://doi.org/10.1161/CIRCIMAGING.112.97827
https://doi.org/10.1016/j.nuclcard.2005.12.004
https://doi.org/10.1016/j.jacc.2012.09.043
https://doi.org/10.1016/j.jacc.2012.09.043


29. Kay J, Dorbala S, Goyal A, Fazel R, Di Carli MF, Einstein AJ, et al.
Influence of sex on risk stratification with stress myocardial perfu-
sion Rb-82 positron emission tomography: results from the PET
(positron emission tomography) prognosis multicenter registry. J
Am Coll Cardiol. 2013;62(20):1866–76. https://doi.org/10.1016/j.
jacc.2013.06.017.

30. Lertsburapa K, Ahlberg AW, Bateman TM, Katten D, Volker L,
Cullom SJ, et al. Independent and incremental prognostic value of
left ventricular ejection fraction determined by stress gated rubidi-
um 82 PET imaging in patients with known or suspected coronary
artery disease. J Nucl Cardiol. 2008;15(6):745–53. https://doi.org/
10.1007/BF03007355.

31. Ong P, Camici PG, Beltrame JF, Crea F, Shimokawa H, Sechtem U,
et al. International standardization of diagnostic criteria for micro-
vascular angina. Int J Cardiol. 2018;1(250):16–20. https://doi.org/
10.1016/j.ijcard.2017.08.068.

32. Campisi R, Nathan L, Pampaloni MH, Schoeder H, Sayre JW,
Chaudhuri G, et al. Noninvasive assessment of coronary microcir-
culatory function in postmenopausal women and effects of short-
term and long-term estrogen administration. Circulation.
2002;105(4):425–30.

33. Schindler TH, Campisi R, Dorsey D, Prior JO, Olschewski M,
Sayre J, et al. Effect of hormone replacement therapy on vasomotor
function of the coronarymicrocirculation in post-menopausal wom-
en with medically treated cardiovascular risk factors. Eur Heart J.
2009;30(8):978–86. https://doi.org/10.1093/eurheartj/ehp013.

34. Herzog BA, Husmann L, Valenta I, Gaemperli O, Siegrist PT, Tay
FM, et al. Long-term prognostic value of 13N-ammoniamyocardial
perfusion positron emission tomography added value of coronary
flow reserve. J Am Coll Cardiol. 2009;54(2):150–6. https://doi.org/
10.1016/j.jacc.2009.02.069.

35. Ziadi MC, DeKemp RA, Williams KA, Guo A, Chow BJ, Renaud
JM, et al. Impaired myocardial flow reserve on rubidium-82

positron emission tomography imaging predicts adverse outcomes
in patients assessed for myocardial ischemia. J Am Coll Cardiol.
2011;58(7):740–8. https://doi.org/10.1016/j.jacc.2011.01.065.

36. Fukushima K, Javadi MS, Higuchi T, Lautamaeki R, Merrill J,
Nekolla SG, et al. Prediction of short-term cardiovascular events
using quantification of global myocardial flow reserve in patients
referred for clinical 82Rb PET perfusion imaging. J Nucl Med.
2011;52(5):726–32. https://doi.org/10.2967/jnumed.110.081828.

37. Murthy VL, Naya M, Foster CR, Hainer J, Gaber M, Di Carli G,
et al. Improved cardiac risk assessment with noninvasive measures
of coronary flow reserve. Circulation. 2011;124(20):2215–24.
https://doi.org/10.1161/CIRCULATIONAHA.111.050427.

38. Naya M, Murthy VL, Foster CR, Gaber M, Klein J, Hainer J, et al.
Prognostic interplay of coronary artery calcification and underlying
vascular dysfunction in patients with suspected coronary artery dis-
ease. J Am Coll Cardiol. 2013;61(20):2098–106. https://doi.org/10.
1016/j.jacc.2013.02.029.

39. Murthy VL, Naya M, Taqueti VR, Foster CR, Gaber M, Hainer J,
et al. Effects of sex on coronary microvascular dysfunction and
cardiac outcomes. Circulation. 2014;129(4):2518–27. https://doi.
org/10.1161/CIRCULATIONAHA.114.011939.

40. Taqueti VR, Shaw LJ, Cook NR,Murthy VL, Shah NR, Foster CR,
et al. Excess cardiovascular risk in women relative to men referred
for coronary angiography is associated with severely impaired cor-
onary flow reserve, not obstructive disease. Circulation.
2 0 1 7 ; 1 3 5 ( 6 ) : 5 6 6 – 7 7 . h t t p s : / / d o i . o r g / 1 0 . 1 1 6 1 /
CIRCULATIONAHA.116.023266.

41. Taqueti VR, Solomon SD, Shah AM, Desai AS, Groarke JD,
Osborne MT, et al. Coronary microvascular dysfunction and future
risk of heart failure with preserved ejection fraction. Eur Heart J.
2018;39(10):840–9. https://doi.org/10.1093/eurheartj/ehx721.

Curr Cardiovasc Imaging Rep (2019) 12: 4 Page 7 of 7 4

https://doi.org/10.1016/j.jacc.2013.06.017
https://doi.org/10.1016/j.jacc.2013.06.017
https://doi.org/10.1007/BF03007355
https://doi.org/10.1007/BF03007355
https://doi.org/10.1016/j.ijcard.2017.08.068
https://doi.org/10.1016/j.ijcard.2017.08.068
https://doi.org/10.1093/eurheartj/ehp013
https://doi.org/10.1016/j.jacc.2009.02.069
https://doi.org/10.1016/j.jacc.2009.02.069
https://doi.org/10.1016/j.jacc.2011.01.065
https://doi.org/10.2967/jnumed.110.081828
https://doi.org/10.1161/CIRCULATIONAHA.111.050427
https://doi.org/10.1016/j.jacc.2013.02.029
https://doi.org/10.1016/j.jacc.2013.02.029
https://doi.org/10.1161/CIRCULATIONAHA.114.011939
https://doi.org/10.1161/CIRCULATIONAHA.114.011939
https://doi.org/10.1161/CIRCULATIONAHA.116.023266
https://doi.org/10.1161/CIRCULATIONAHA.116.023266
https://doi.org/10.1093/eurheartj/ehx721

	Myocardial Perfusion Imaging for the Evaluation of Ischemic Heart Disease in Women
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Assessment of Coronary Flow Reserve
	Diagnostic Accuracy and Risk Stratification of Women by PET Imaging: Comparison with Single Photon Emission Computed Tomography Myocardial Perfusion Imaging
	Prognostic Value of Microvascular Dysfunction in Women: Quantification of MBF and CFR by PET
	Conclusion
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance



