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Patients presenting with chest pain suggestive of coronary artery disease (CAD) who at coronary arteriography
appear to be free of obstructive disease have presented a diagnostic and therapeutic challenge since the
1970's. Studies in female patient populations have suggested that this is predominantly a women's syndrome
usually caused by microvascular endothelial dependent and independent dysfunction. A critical review of the
literature focusing on studies including both women and men revealed that apart from a higher incidence of
this syndrome in women there are no clinical relevant differences between both sexes. In women a lower coro-
nary flow reserve has been reported but this appears to be mainly due to a higher basal flow. Important questions
with regard to the clinical implications of microvascular dysfunction have yet to be resolved in studies involving
women as well as men in which a distinction is made between patients with normal coronary arteries and those
with nonobstructive disease.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Towards the end of the 20th century several health studies in
women were started. In some studies, such as the Women's Health
Initiative and the Nurses' Health Studies, the long underrated subject
of cardiovascular diseases in women were part of a broader spectrum
of female health issues. Other studies were specifically designed to
gain more insight in gender related aspects of cardiovascular disease
in women, such as the Heart and Estrogen/progestin Replacement
Study (HERS) [1] and the Women's Ischemia Syndrome Evaluation
Study (WISE) [2]. These studies have generated a host of data that
have greatly enhanced our understanding of cardiovascular disease in
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women, however, since these studies included no men they allow no
conclusions about the influence of sex in topics that are not inherently
of a female nature.

A subject that has practical consequences concerns the large group
of female patients with chest pain and normal or near normal coronary
arteriogram (CAG). This was recognized in the WISE study which in-
cluded as one of three major objectives: “to explore mechanisms for
symptoms and myocardial ischemia in the absence of epicardial coro-
nary artery stenoses” [2]. The results of WISE have contributed to the
currently widespread perception that women with chest pain and
angiographically normal or near normal coronary arteries, in contrast
with men, frequently have microvascular or endothelial dysfunction.
However, without questioning the existence of these disorders, it may
be doubted whether they are predominantly ‘women's diseases’ and a
frequent cause of chest pain associated with adverse prognostic conse-
quences. There is a risk that women with chest pain in the absence
of coronary artery obstructions are too easily supposed to have micro-
vascular dysfunction. This could falsely confirm their fear of having a se-
rious cardiac condition which may cause anxiety and lead to repeated
hospitalizations and catheterizations.

To contribute to a balanced assessment of the clinical implications
of this syndrome we critically reviewed the literature, focusing on the
reported higher incidence and more serious consequences in women
compared to men.
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2. Evolution of insights into the syndrome of chest pain in the
absence of obstructive coronary artery disease

Soon after the introduction of coronary arteriography in the early
1960's [3] it became apparent that a considerable proportion of patients
with typical or atypical angina pectoris or other evidence or cardiac is-
chemia had angiographically normal or near normal coronary arteries
[4,5]. Because of its unknown origin this ‘syndrome’ became known as
‘syndrome X'. Patients with proven spasm of the epicardial coronary
arteries or myocardial bridging and patients with aortic stenosis were
generally excluded but some investigators used the term ‘syndrome X’
to classify all other patients with chest pain in the absence of obstructive
coronary artery disease (CAD) whereas others included only patients
with typical angina pectoris plus objective evidence of myocardial
ischemia. Later most investigators required in addition a positive exer-
cise test and various exclusion criteria, such as the presence of diabetes
mellitus or renal failure, were used by different investigators [6].

Several causes of syndrome X have been postulated but eventually
it has become generally accepted that the symptoms, if they are
due to cardiac ischemia, must be related to impairment of the coronary
microcirculation. Therefore, in lieu of ‘syndrome X’ Cannon and Epstein
in 1988 introduced the term ‘microvascular angina’ [7]. At present
many physicians use the latter term although the definitions still vary
and it has not been proven that all cases have the same underlying
mechanism [8,9].

3. Physiology and diagnosis of microvascular and
endothelial dysfunction

In the last decade several excellent reviews on the coronary micro-
circulation and the role of the endothelium have been published
[8,10-15]. In this paragraph we briefly review mechanisms involved
in microvascular dysfunction and commonly used diagnostic parame-
ters to allow a better understanding of the merits and limitations of
published studies.

To adjust for changes in perfusion pressure and to comply with
changing metabolic demands the coronary flow must be regulated.
Since the epicardial coronary arteries are mainly conduits with very
low resistance, the microcirculation is responsible for regulating coro-
nary flow which is achieved by constriction and dilatation of ‘resistance
vessels’ consisting of pre-arterioles (‘small resistance arteries’) and
arterioles. The large and medium sized arterioles mainly respond to
flow and pressure, a process that is in part endothelium dependent.
The small arterioles are modulated by metabolic demand [12].
Therefore, to achieve maximal coronary flow in clinical investigations
administration of a vasodilator of endothelium dependent vessels
(such as nitroglycerin) and a vasodilator of endothelium independent
vessels (such as adenosine or dipyramidol) is required.

Since the diameter of the vessels of the microcirculation is <400 pm
the microcirculation cannot be imaged and its integrity can only be
assessed by examining its function [16]. A frequently used functional
parameter is the coronary flow reserve (CFR) which is the quotient of
maximal (hyperemic) coronary flow divided by basal coronary flow.
To account for inter-individual differences in metabolic demand basal
flow is often corrected for the rate-pressure product [17,18]. At cathe-
terization CFR can be assessed by either volumetric determination
of coronary flow with thermodilution or flow velocity measurement
using a Doppler catheter [17-21]. Flow velocity measurements have
also been made noninvasively by transthoracic echo-Doppler of the
left anterior descending artery [22].

A significant limitation of CFR is that it does not reveal whether a
low CFR, usually defined as <2.5, is due to a low hyperemic flow or a
high basal flow. Furthermore, CFR is in part dependent on the perfusion
(aortic) pressure (Fig. 1 in online Supplementary material).

The index of microcirculatory resistance (IMR) introduced by Fearon
et al. does account for perfusion pressure and is defined as the mean

distal coronary pressure (P4) minus venous pressure divided by flow
[19,20]. The index reportedly has superior reproducibility and is less in-
fluenced by hemodynamic perturbations than CFR in the evaluation of
microvascular angina [20,23-25].

Coronary flow may non-invasively be determined by positron emis-
sion tomography (PET). This appears to be the most accurate method to
quantitate coronary flow volumes per unit of mass [10,26,27] but
this modality is not widely available and entails a significant amount
of radiation. Cardiac resonance imaging is a non-invasive technique
that appears to have promise in the diagnosis of microvascular coronary
disease and additionally has the potential to distinguish sub-endocardial
from sub-epicardial perfusion [28,29].

To assess coronary endothelial function at catheterization at present
mostly intracoronary infusion of acetylcholine (Ach) is used. Ach re-
leases NO from an intact endothelium which causes vasodilation but it
also has a vasoconstrictor effect on the smooth muscle cells of the vessel
wall. In the presence of an intact endothelium the net effect is vasodila-
tion of epicardial vessels as well as endothelium dependent vessels
of the microcirculation whereas in the presence of a dysfunctional
endothelium no dilatation or vasoconstriction results. The effect is
measurable by hemodynamic parameters but also the occurrence of
angina pectoris and ischemic ECG shifts in the absence of spasm of
the epicardial arteries has been considered evidence of microvascular
involvement [30].

4. Etiology of microvascular and endothelial dysfunction

Microvascular dysfunction may be caused by structural anatomical
changes of the arterioles, formerly called ‘small vessel disease’, or endo-
thelial dysfunction. It has also been suggested that microvascular spasm
and not just reduced vasodilator capacity may cause microvascular
angina pectoris [33,34] which also explains the occurrence of signs of
ischemia at Ach tests [30].

Probably the most frequent cause of structural changes is systemic
hypertension which for a long time has been shown to induce thicken-
ing of the media of coronary arterioles and to reduce the microcircula-
tory vasodilator capacity [35-37]. Another common cause that is held
responsible for structural and functional changes of the coronary micro-
circulation is diabetes mellitus, but it has been argued that the reduced
CFR which is often present in these patients is mainly due to an in-
creased basal flow and not to a reduced maximal flow [38]. Structural
changes of the microcirculation may also be associated with various
less common disorders such as systemic immune diseases, hypertrophic
cardiomyopathy and fibromuscular dysplasia [10,12,39,40] and may
constitute a major problem in heart transplant patients [41].

Ingestion of toxic substances may affect the coronary microcircu-
lation [42] and the microcirculatory toxicity of agents used in the
treatment of cancer is being recognized as a serious risk factor to be
considered in the choice of therapeutic options and cardioprotective
measures [43].

Furthermore, iatrogenic damage to the microcirculation may occur
during and after percutaneous and surgical interventions due to coro-
nary artery embolization [44,45] and in patients undergoing revascular-
ization procedures for acute coronary syndromes the occurrence of ‘no
reflow’ and ‘reperfusion injury’ is in part related to obstruction of the
microcirculation [46].

Endothelial dependent dysfunction of the microcirculation may be
associated with structural changes but is usually associated with cardio-
vascular risk factors such as smoking and advanced age and often occurs
in the course of developing coronary atherosclerosis [11,13].

5. The angiographic diagnosis of normal coronary arteries and
non-obstructive disease

To obtain more accurate and objective assessments of coronary arte-
riograms than achievable by visual interpretation in an early stage
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measuring devices were introduced, first hand held calipers and later
also electronic caliper based systems [3] as were used in the WISE
study [2,47]. The most objective and accurate assessments, however,
may be obtained by computer assisted systems with automated edge
detection, so-called ‘quantitative coronary angiography (QCA)’, which
has become the standard in current clinical investigations [48].

Compared with state of the art QCA systems visual assessments and
caliper measurements tend to overestimate lesions causing <70% lumen
diameter reduction [49-51]. Since usually a cutoff of 50% diameter re-
duction is used to separate obstructive from non-obstructive lesions it
is unlikely that visual or caliper assessments have led to a significant
number of false classifications as non-obstructive disease. Furthermore,
vessel wall irregularities causing <20% narrowing may be better
perceived in motion studies than in still images as are employed in
quantitative assessments because in motion studies random noise,
such as quantum noise and graininess of cine film, is to a large extent
smoothened [16] and in digital recordings the limiting size of pixels is
less disturbing. This may in part explain why in the analyses in the
WISE study vessel lumen reductions <20% were regularly observed in
still images of otherwise normal looking arteries [52].

Comparing the outcome of visual interpretation with QCA in the
PROMISE (Prospective Multicenter Imaging Study for the Evaluation
of Chest Pain) trial Shah et al. recently found that patients with lumen
reductions <50% according to QCA but >50% according to visual assess-
ment had a poorer prognosis than patients in whom both methods
agreed on the absence of >50% diameter reductions (1 year event rate
3.1 vs 0.9%) [51]. This suggests that 50% lumen diameter reduction per
QCA may not be an optimal cutoff to predict clinical outcome. Further-
more, significant disagreement between angiographic and physiologic
assessment of stenosis severity has been demonstrated [53].

Considering all limitations, it appears that the angiographic diagno-
sis of no or non-obstructive CAD is not as straightforward as it may
seem. Nonetheless, at present expert visual or caliper aided interpreta-
tion, including motion studies and using 50% diameter reduction as
cutoff, may still be considered a reasonable method to separate obstruc-
tive from non-obstructive CAD. In future studies, however, it may be ad-
vantageous to use more often state of the art QCA (with newly defined
cutoff levels) in combination with functional parameters.

6. Incidence of typical or atypical angina pectoris in the absence of
obstructive CAD

The incidence of angina pectoris or angina pectoris like chest pains in
the absence of obstructive CAD has always been substantial, particularly
in women. In 1986 Kemp et al. reported that in the CASS registry
of 21,483 patients 4304 patients (20%) had normal or near normal
coronary arteries [54]. In 2012 Jespersen et al. reported that of 11,223
patients referred for CAG because of stable angina pectoris 65% of
the women and 32% of the men had no obstructive CAD [55]. In
2014 Patel et al. reported that of 661,063 patients undergoing elective
CAG, mainly for atypical chest pain or stable angina pectoris, 58.4%
had either normal coronary arteries or non-obstructive (<50% diameter
obstruction) disease [56]. Young age, female sex and atypical symptoms
were among the predictors of non-obstructive disease but noninvasive
test findings had minimal incremental value. Similar results had been
reported earlier in investigations based on other large data registries
[57,58].

7. Incidence of microvascular or endothelial dysfunction in the
absence of obstructive CAD

Judging by the literature there are very few centers in which testing
for microvascular or endothelial dysfunction is standard procedure.
Data on the incidence in patients with chest pain in the absence of
obstructive CAD are therefore scarce and subject to considerable selec-
tion bias. Furthermore, differences in methodology to assess and

criteria to define dysfunction inhibit reliable comparisons between
published studies. In this study we reviewed the literature to examine
the differences in microvascular function between women and men,
focusing on stable patients with symptoms of ischemic heart disease
in the absence of obstructive CAD. For details of our search strategy
see online Supplementary material.

Table 1 summarizes studies that compare female and male patients
with angiographically proven absence of obstructive CAD [20,30,59-62].
In the vast majority of the patients microvascular and endothelial func-
tion was assessed to reveal a potential alternative cause of angina
pectoris or similar symptoms. In 5 of the 6 studies adenosine or
dipyridamole was used to determine endothelium independent vasodi-
lation, in 2 of these in combination with Ach to assess endothelium de-
pendent vasomotion. In the 2 studies with PET [59,61] women had a
higher basal and hyperemic blood flow than men and in multivariate
analysis Danad et al. found that male gender, together with age and
BMI, had a negative impact on hyperemic blood flow. These findings
are in agreement with a study of Sara et al. who found in a series in a
series of 1439 patients a higher baseline as well as peak flow velocity
in women than in men [62]. With adenosine and Ach tests there was
some sort of microvascular dysfunction in two thirds of their patients
but age, and not sex, was in multivariate analysis the only variable
that independently predicted abnormal microvascular function. In con-
trast, Aziz et al., extending a study previously published by Ong et al.,
observed with Ach provocation in patients with <50% luminal diameter
reduction clinical evidence of what was considered microvascular
spasm (occurrence of symptoms and ischemic ECG changes) in 42.4%
of the women versus 20.2% of the men [30,63]. Remarkably, in
22.6% of women and 28.2% of the men the test result was classified as
‘unspecific reaction’. Unfortunately, neither in the study by Aziz et al.
nor in other studies were the patients stratified according to the
presence or absence of non-obstructive CAD but in the previous study
by Ong et al. patients with <20% narrowing were selected who showed
similar reactions compared to patients with <50% narrowing [63].

Table 2 summarizes the results of studies in which no angiographic
data are available but obstructive CAD was considered unlikely on clin-
ical grounds [17,18,64-68]. Four of the 7 studies were executed with
PET in healthy volunteers with mean ages ranging from 29 [67] to
65 [17] years. In the volunteers basal coronary flow correlated positively
with age [17] and in two studies with volunteers [18,65] as well as in hy-
perlipidemic patients [64] basal flow was significantly higher in women
than in men. In another study [67] baseline and maximal flow were
non-significantly higher in women than in men but the resulting
lower CFR in women reached borderline statistical significance.

Insofar as a comparison between the patients of Table 1 and the
patients of Table 2 is meaningful it appears that in patients as well
as healthy volunteers women have on average a higher basal coronary
flow than men and consequently with identical maximal flow a lower
CFR.

8. Prognosis based on angiographic findings

In 1973 Bruschke et al. in a minimal 5-year follow-up study were the
first to report that the prognosis of patients examined for chest pain
who appeared to have angiographically normal coronary arteries was
excellent but that the prognosis of patients with vessel wall irregulari-
ties causing <50% diameter reduction, lesions generally considered
‘non-obstructive’, was significantly less favorable [69]. The prognostic
difference between normal arteries and non-obstructive disease has
been confirmed in almost all studies based on invasive coronary angiog-
raphy (ICA) as summarized in Table 3 [5,22,31,54,55,69-75] and more
recently in studies based on computed tomography coronary angiogra-
phy (CTCA) [76,77]. In a comprehensive meta-analysis including CAG
and CTCA results Wang et al. calculated for patients with stable angina
the following annualized hard cardiac event rates: patients with normal
coronary arteries 0.3% (95% CI 0.1%-0.4%), patients with non-obstructive



Table 1

Microvascular dysfunction in women versus men without angiographically obstructive coronary artery disease.

Year, first author

Demographic details

Coronary artery disease

Microvascular dysfunction CFR

MBF

Other

1994, Rosen [59]

2008, Han [60]

2011, Danad [61]

2015, Sara [62]

2015, Kobayashi

(20]

2017, Aziz [30]

29 patients with ‘syndrome X’ and
20 matched controls

17 W: age 56 + 6.6

12 M: age 51.6 + 10.3

142 patients ‘referred for CAG’
89W,53 M

age 493 £ 11.7

128 patients

89% with chest pain

78 W: age 55 4+ 10

50 M: age 52 + 10

1439 patients

angina pectoris, vasospasm (27.9%),
history of m.i. (14.9%)

937 W, 502 M

age 51.1 (17-81)

157 patients with angina

117 W: age 53.5 + 13.5

40 M: age 53.7 £ 11.3

1379 patients with angina
806 W: 63.9 4+ 11.1
573 M:59.0 + 11.6

CAG without even minimal
luminal irregularities

CAG <30% stenosis

CTCA <50% stenosis
CAG <30% stenosis or
FFR > 0.8

CAG < 40% stenosis

CAG <50% stenosis

CAG <50% stenosis

H2(15)0-PET (dipyridamole)

Intracoronary Doppler
(adenosine, acetylcholine)

W <M (p<0.001)
2.80 (2.40-3.20) vs 3.30 (2.90-4.00)

H2(15)0-PET/CT (adenosine)

Intracoronary Doppler

(adenosine, acetylcholine)

Intracoronary thermodilution
(adenosine)

W <M (p = 0.004)

38+ 16vs48+19

Baseline Ty, W <M (p = 0.005)
1.05 4 0.46 vs 1.31 & 0.51
Stress Toyn W =M (p = NS)
CAG (acetylcholine) symptoms

and ischemic ECG changes

Baseline W>M (p <0.001)
1.18 £ 0.20vs 0.88 & 0.19

Corrected for RPP W > M (p = 0.01)

1.35 4+ 0.32vs 1.02 + 0.25
Stress W>M (p = NS)

Baseline W> M (p < 0.01)

1.09 £ 0.30vs 0.91 4 0.34
Corrected for RPP

W =M (p=NS)

Stress W> M (p < 0.001)

3.78 £ 1.27 vs 2.90 4 0.85 also in
multivariate analysis

W = M (p = NS) coronary vasodilator
reserve

No difference between patients and
controls.

W < M diffuse epicardial endothelial
dysfunction

Peak flow velocity

Baseline W>M (p < 0.001)

26.0 (21.0-33.0) vs 22.0 (17.0-27.0)
Maximal flow W > M (p < 0.001)
49.0 (36.0-66.0) vs 45.0 (30.0-63.0)
IMRW =M (p = NS)

W > M abnormal coronary vasomotion
70.2% vs 43.1% (p < 0.001)

W>M CMD

42.4% vs 20.2% (p < 0.001)

In multivariate analysis

OR 4.3 (3.1-5.5) (p<0.001)

Abbreviations: CAG = coronary angiography, CFR = coronary flow reserve, CMD = coronary microvascular dysfunction, CTCA = computed tomography coronary angiography, FFR = fractional flow reserve, IMR = index of microcirculatory resis-

tance, M = men, MBF = myocardial blood flow, NS = not significant (p > 0.05), OR = odds ratio, PET = positron emission tomography, RPP = rate pressure product, T,,, = mean transit time, W = women.
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Table 2

Microvascular dysfunction in women versus men without clinical evidence of obstructive coronary artery disease.

Year, first author

Demographic details

MBF

Other

1993, Czernin [17]

1999, Duvernoy [64]

2001, Chareonthaitawee [65]

2010, Cortigiani [66]

2011, Sdringola [67]

2014, Murthy [68]

2016, Range [18]

40 healthy volunteers, women
only postmenopausal

12 W:age 62 + 9

28 M: age 66 + 9

30 hyperlipidemic patients
15W:age 53 + 4

15M: age 50 + 8

169 healthy volunteers
38W, 131 M
age 46 + 12

1660 patients with chest pain syndrome,
no wall motion abnormality on
echocardiogram at rest and stress

906 W: age 65 4+ 11

754 M: age 61 + 12

125 healthy volunteers

30W,95M

age29+5

1218 patients

813 W: age 62.3 (54.1-71.6)

405 M: age 61.2 (52.8-69.8)

Subgroup with no CAC on CT: 307 W, 97 M
26 healthy volunteers

16 W:age34 4+ 7

10 M: age 34 + 3

Microvascular dysfunction CFR
(13)N ammonia PET <50 years 4.08
(dipyridamole) >50 years 3.01

H2(15)0-PET (adenosine)

H2(15)0-PET (dipyridamole)

Echo Doppler LAD
(dipyridamole)

W <M (p =0.04)
2.52 + 0.62 vs 2.57 £ 0.66

Rb-82 PET (dipyridamole) W <M (p = 0.049)

3.85 £+ 0.59 vs 4.08 + 0.90

Rest/stress PET CT no
visual evidence of CAD

PET CT (dipyridamole, adenosine,
regadenoson, dobutamine)

W:3.07 + 1.12
M: 3.44 + 0.92
W =M (p=NS)

H2(15)0-PET
(adenosine, cold-pressor)

W =M (p=NS)
Baseline 0.94 + 0.25vs 0.91 4 0.25
Stress 2.61 4 0.54 vs 2.73 4+ 0.63

W>M (p = 0.001)

Baseline 94 + 22 vs 72 + 23

Stress 296 &+ 56 vs 226 4 47

In multivariate analysis (p = 0.02)

Corrected for RPP

Baseline W > M (p < 0.001)
- septum 1.52 + 0.31 vs 1.28 4+ 0.32
- anterior 1.74 + 0.41 vs 1.36 4+ 0.38
- lateral 1.72 + 043 vs 1.31 + 0.27
- inferior 1.40 4 0.28 vs 1.18 4 0.32

Stress W =M

Baseline W = M (p = NS)
0.76 £ 0.15 vs 0.69 + 0.15
Stress W = M (p = NS)
2.83 + 0.4 vs 2.72 + 0.61
W =M (p=NS)

Baseline W > M (p = 0.003)

1.10 £ 0.18 vs 0.85 4- 0.20

Baseline corrected for RPP W >M 1.41 + 0.33
vs 1.16 4 0.19 ml/min/ml; p = 0.024).
Cold-pressor W> M (p = 0.026)

1.39 £ 0.38 vs 1.06 4 0.28

Adenosine W =M (p = NS)

Baseline W > M (p < 0.0001)

1.2 (0.95-1.53) vs 0.92 (0.75-1.17)
Stress W>M (p <0.0001)

2.38 (1.82-3.14) vs 1.85 (1.3-2.51)
Coronary vascular resistance
Baseline W <M

81 4+ 14 vs 107 & 22 (p = 0.006)
Cold-pressor W < M

71 £17 vs 91 4+ 20 (p = 0.013)
Adenosine W =M (p = NS)

Abbreviations: CAC = coronary artery calcium, CAD = coronary artery disease, CFR = coronary flow reserve, M = men, MBF = myocardial blood flow, NS = not significant (p > 0.05), PET = positron emission tomography, RPP = rate pressure

product, W = women.
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Table 3
Invasive coronary angiography studies comparing MACE in women versus men.

Year, first author Number of patients Endpoints

Women Men

Difference in event rate (W vs M)

1973, Bruschke [69] 196 304

v
=

Myocardial infarction

Cardiac death

1973, Kemp [5] 99 101  All cause death

1986, Kemp [54] 2102 1949 All cause death
Cardiac death

1986, Papanicolaou 865 626  Myocardial infarction

[70] Cardiac death

1994, Sullivan [71] 83 55 Myocardial infarction

All cause death

Readmissions

Myocardial infarction wW=M

Cardiac death

Myocardial infarction wW=M

Death

2012, Jespersen [55] 3073 2110 Cardiovascular death wW=M
Myocardial infarction
Heart failure
Stroke

2013, Sedlak [31] 1757 1330 All cause death
Myocardial infarction
Coronary revascularization
Stroke

2015, Johnston [73] 6610 4517 All cause death

Myocardial infarction

Coronary revascularization

Stroke

All cause death wW=M

Myocardial infarction

I
==L

£ £ =22 2
I
=

Il
=

1995, Lichtlen [72] 61 115

2009, Sicari [22] 223 394

W=>M

W<M

2016, Sinning [74] 158 212

>5 year follow-up; extended by Proudfit et al. to 10 year
follow-up [75]

Difference W vs M extracted from data

Data from Coronary Artery Surgery (CASS) registry

Difference W vs M extracted from data

W with nonobstructive CAD at higher risk of cardiac event only
in first year of follow-up

Concerns group with stable chest pain

Only patients with 30-50% luminal diameter reduction included

Abbreviations: CAD = coronary artery disease, M = men, MACE = major adverse cardiovascular events, W = women.

(1-<50%) disease 0.7% (95% CI 0.5-1.0%), patients with obstructive
disease 2.7% (95% ClI 1.7%-3.7%) |77]. Thus the prognosis in patients
with non-obstructive disease is still markedly better than in patients
with obstructive CAD.

In part due to the small numbers of adverse events only a few CAG
studies have tried to subdivide the prognosis in non-obstructive CAD ac-
cording to extent and severity of the arterial involvement. A large retro-
spective cohort study of US veterans comprising 8391 patients with
normal coronary arteries and 8384 patients with non-obstructive CAD
was reported by Maddox et al. [78]. The results are difficult to compare
with the results of other studies because the definition of non-
obstructive disease is slightly different from commonly used definitions
and 95.5% of the patients were men. Nonetheless it is interesting that an
increasing 1-year myocardial infarction rate was noted in patients with
1 to 3 vessel non-obstructive CAD.

In 2013 Sharaf et al. reported on adverse outcomes in women with-
out obstructive coronary artery disease who participated in the WISE
study [52]. The CAG revealed normal coronary arteries in 339 patients
and non-obstructive CAD in 228 patients. Cardiovascular death or myo-
cardial infarction at 10 years occurred in 6.7% of the women with nor-
mal arteries and in 12.8% of the women with non-obstructive disease.
It should be noted that the patients with non-obstructive disease as
compared with their ‘normal’ counterparts were older and more often
postmenopausal, had in a higher percentage prior myocardial infarction
and prior PTCA, and were more often current smokers or had diabetes.
The WISE investigators suggested that their findings specifically related
to women [79], however, as shown in Table 3 CAG studies including
both sexes contradict this suggestion.

CTCA studies are comparable with invasive CAG studies in that
both methods depict the anatomical status of the epicardial coronary
arteries. However, the resolution of CT scanners, particularly of the
older <64-slice scanners is lower than what is obtainable by invasive
CAG with motion studies. The PICTURE study demonstrated that current
64-row CTCA compared with QCA as reference has a high sensitivity

but still somewhat lower specificity (88.9%) in classifying CAD [80].
Nonetheless the results of CTCA are interesting among others because
the use of this technique rapidly increases and in a growing number of
cases is used to replace ICA.

In 2012 Abdulla et al. assessed the prognostic value of 64-slice CTCA
in a meta-analysis including 2045 patients with normal CTA and 2068
patients with non-obstructive CAD. The cumulative major adverse car-
diovascular event (MACE) rate over 21 months was 0.5% in the normal
and 3.5% in the non-obstructive group [81].1In 2014 Jiang et al. published
a meta-analysis of CTCA studies and concluded that the event rate for a
normal CTCA was comparable with the event rate among healthy low-
risk individuals and that the presence of non-obstructive CAD and ob-
structive CAD incrementally increased the risk of adverse events [76].
In these prognostic aspects the results of CTCA studies corroborate the
findings in invasive CAG studies. Furthermore, several CTCA studies
have demonstrated an increasing occurrence of MACE with increasing
extent of non-obstructive disease [82-85].

Only a few CTCA studies have assessed the significance of sex but
two CONFIRM (Coronary CT angiography for clinical outcomes) studies
by respectively Leipsic et al. [83] and Schulman-Marcus et al. [85]
have specifically addressed this issue. Leipsic et al. did a propensity
analysis comprising 5731 women and 5731 men and after matching
found that women and men experienced identical annualized rates of
myocardial infarction, death, and MACE. In multivariate analysis non-
obstructive CAD was associated with similarly increased MACE, for
both women and men [83]. Schulman-Marcus et al., using the long-
term CONFIRM registry, followed 5632 patients for 5 years and found
that there were no distinct sex-specific differences in the risk of MACE
defined as death or myocardial infarction [85].

Unfortunately, in spite of the relatively benign prognosis with regard
to the occurrence of cardiovascular events, symptoms may persist for
many years [70,72,86] which may lead to repeated hospitalizations
and recatheterizations which seems to occur more often in women
than in men.
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9. Prognostic significance of microvascular or endothelial dysfunction

The role of endothelial dysfunction in atherogenesis is well
established [11,13] but only a few studies have assessed its prognostic
significance in patients with angina pectoris or angina-like chest pain
in the absence of obstructive CAD. Table 4 lists prognostic studies
that included both women and men with normal coronary arteries or
non-obstructive disease demonstrated by ICA in whom microvascular
and/or endothelial dysfunction was examined by direct investigation
of the coronary circulation [22,32,87-89]. In three studies Ach was
used to determine endothelial function of epicardial coronary arteries
and endothelial dependent microvascular vessels [87-89]. These
studies demonstrated that endothelial dysfunction of epicardial as
well as of microvascular vessels is associated with more cardiovascular
events. Studies by Schindler et al. [32] and Sicari et al. [22] were re-
stricted to the effect of Ach on epicardial coronary arteries and both
studies concluded that abnormal vasomotion was associated with in-
creased cardiovascular risk. Halcox et al. reported that endothelium in-
dependent responses were not predictive of outcome [88] but the other
studies allow no conclusions in this regard.

Except Reriani [89], who did not report on differences between
sexes, all investigators reported similar results in women and men.
Likewise Schédginger et al. found that sex was not associated with differ-
ent outcome in patients with endothelial dysfunction but they did not
clearly differentiate between patients with and those without coronary
atherosclerosis [90]. Taqueti et al., however, found in a median 3-year
follow-up study of 329 patients, 43% of whom were female, that only
women with severely impaired CFR (<1.6) had a significant increased
cardiovascular risk but it is unclear to what extent this concerned the
77 patients with no or non-obstructive coronary atherosclerosis (ac-
cording to the definition of the investigators including patients with
50-74% obstruction in one artery [91,92].

Studies restricted to women have confirmed the prognostic signifi-
cance of microvascular or endothelial dysfunction. In a 48 months
(median) follow-up of 163 women of the WISE study, 75% of whom
had normal coronary arteries or non-obstructive disease, von Mering
et al. found that the response of epicardial coronary arteries to Ach,
characterized by percentage change of cross-sectional area, and degree
of CAD in multivariate regression analysis were the only variables that
predicted cardiovascular events [93].

In 2010 Pepine et al. published the results of a WISE substudy
designed to investigate whether microvascular dysfunction predicts
major adverse outcomes among women with signs and symptoms of is-
chemia [21]. The study included 189 women, 152 of whom were free of
obstructive CAD. Endothelium-independent function of the microcircu-
lation was assessed by determining CFR with adenosine and using a cut-
off of 2.32 because this appeared the value best predictive of MACE. The
investigators concluded that coronary microvascular reactivity to aden-
osine significantly improves prediction of MACE over angiographic CAD
severity and CAD risk factors. It must be noted, however, that of the 25
first major events 8 were cases of stroke, which makes a direct causal ef-
fect of cardiac microvascular dysfunction unlikely, 6 events were cases

Table 4

of congestive heart failure which is unusual in this category of patients,
and that cause of death (n = 8) in most cases could not be ascertained.

Bugiardini et al. focused on endothelial function in relation to dura-
tion of symptoms and future development of coronary atherosclerosis
[94]. They selected 42 women with de novo angina pectoris and angio-
graphically normal coronary arteries without irregularities. With
intracoronary Ach vasoconstriction was seen in 22 patients, 13 of
them still had angina pectoris at the end of follow-up. Vasodilation
was seen in 20 patients who all experienced complete resolution of
chest pain. At the end of a 210 year follow-up coronary angiography
was repeated in 37 patients which showed variable degrees of coronary
lumen stenosis in all symptomatic patients and normal-appearing
coronary arteries in the others. The authors conclude that endothelial
dysfunction in a setting of normal appearing coronary arteries is often
associated with persistence of chest pain and development of coronary
atherosclerosis.

10. Discussion

In spite of the development of sophisticated noninvasive tests that
are frequently used in the selection of patients for ICA the percentage
of patients undergoing ICA for chest pain who appear to be free of ob-
structive CAD has not diminished since the publication of the Coronary
Artery Surgery Study (CASS) results in 1986 [54,56]. In publications this
‘syndrome’ is consistently more prevalent in women than in men but
the reported women/men prevalence ratios vary considerably. The dif-
ference between sexes may in part be due to a selection bias. Women
more often than men may have atypical symptoms [95] which may con-
tribute to more noninvasive tests being performed in women and
in cases of positive test results to more referrals for ICA. In a meta-
analysis of studies using different noninvasive myocardial perfusion
modalities Takx et al. concluded that PET, CT, and MRI can accurately
rule out hemodynamically significant CAD but that SPECT and echocar-
diography are clearly less accurate for this purpose [96]. Patel et al.
found that the results of noninvasive tests, in most cases SPECT, only
weakly correlated with the likelihood of obstructive CAD [56]. These
studies indicate that reliance on functional tests in the selection of pa-
tients for ICA may contribute to a high percentage of patients who are
found to be free of obstructive CAD, which could affect more women
than men.

It has been suggested that women more often than men have micro-
vascular dysfunction that may cause symptoms of ischemic heart
disease [21,79]. However, this concept is not substantiated by studies
that include both sexes. It is true that in some studies women have
lower CFR than men but quantitative PET studies in patients as well
as healthy volunteers have demonstrated that the difference is mainly
due to a higher basal coronary flow in women and not to a lower max-
imal flow. A common cause of microvascular disease is hypertension
which may lead to symptoms of cardiac ischemia by a combination of
factors, that is: maximal coronary flow is reduced whereas a higher
workload increases oxygen demand, and myocardial vascular rarefac-
tion may occur because the vasculature does not develop in proportion

Prognostic significance of endothelial and microvascular function in women versus men without obstructive coronary artery disease.

Year, first author Number of patients Main parameter

Median/mean follow-up (months) Difference in event rate (W vs M)

Women Men
2000, Al Suwaidi [87] 104 53 ACBF (acetylcholine, adenosine) 28 wW=M
2002, Halcox [88] 42 134 ACVR (acetylcholine, adenosine) 46 W<M,
but in multivariate analysis W = M
2003, Schindler [32] 39 91 ALA (cold pressor test) 45 wW=M
2009, Sicari [22] 223 171 CFR (echo-Doppler of LAD) 51 wW=M
2016, Reriani [89] 320 150 ACBF (acetylcholine, nitroglycerin) 116 Not reported

Abbreviations: CBF = coronary blood flow, CFR = coronary flow reserve, CVR = coronary vascular resistance, LA = luminal area, LAD = left anterior descending artery, M = men,

W = women.
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with the increasing myocardial mass associated with left ventricular
hypertrophy. [35,36]. In animal models and in patients it has been
demonstrated that reverse coronary microvascular remodeling may
be achieved by antihypertensive treatment but in this respect not all
classes of drugs appear to be equally effective [97,98].

The role of endothelium dependent microvascular vasodilation and
microvascular spasm is still uncertain and merits further investigations.
Provocation tests with intracoronary Ach, especially in high doses [30],
have generated evidence of epicardial and microvascular endothelial
dysfunction in a considerable proportion of patients which in one
study concerned more women than men (70% vs 43%) [30]. However,
it remains to be proven that in physiologic conditions coronary epicar-
dial or endothelium dependent microvascular dysfunction is a common
cause of chest pains considered compatible with cardiac ischemia.
Furthermore, since endothelial dysfunction is closely associated with
the initiation and progression of atherosclerosis [11,13] it is difficult
to ascertain which of these two processes is responsible for the prog-
nostic consequences. The link with atherosclerosis especially in the
presence of hypertension may also explain the relatively high inci-
dence of non-cardiac vascular events such as stroke in patients with
endothelial dysfunction.

Regrettably, in the literature rarely a separation is made between pa-
tients with normal coronary arteries and patients with nonobstructive
disease. There is overwhelming evidence that patients with suspicious
chest pain and normal CAG irrespective of sex have a cardiovascular
prognosis that is as least as good as the prognosis in the population
at large. Therefore, if these patients frequently have endothelium
dependent or endothelium independent microvascular dysfunction
that either is a benign condition or occurs just as often in the population
at large. In patients with nonobstructive disease, which may be
interpreted as an early stage of coronary atherosclerosis, the prognosis
is less favorable, albeit still better than in patients with obstructive
disease, and it is conceivable that in these patients endothelium depen-
dent and endothelium independent microvascular dysfunction play
a greater role. Hopefully, in future studies and in clinical practice this
aspect will be given more consideration and we recommend that
undiscriminative terms like ‘no significant CAD’ be avoided.

11. Concluding remarks

Apart from a higher prevalence in women we found in the literature
no convincing evidence of essential differences between women and
men referred for ICA because of stable symptoms compatible with
ischemic heart disease who are found to be free of obstructive CAD.

In the past the significance of microvascular and endothelial dys-
function probably has been underestimated but the full clinical signifi-
cance of these disorders has yet to be clarified. In the meantime there
is no justification to assume without objective proof that particularly
in female patients angina-like symptoms in the absence of obstructive
CAD are probably due to microvascular dysfunction. The Coronary
Vasomotion Disorders International Study Group (COVADIS) recently
published a scheme for standardization of diagnostic criteria for micro-
vascular angina [99]. According to this a diagnosis or ‘definitive micro-
vascular angina’ requires evidence of impaired coronary microvascular
function which at present can only reliably be obtained by invasive
investigations or PET. Obviously there is a need for widely available
harmless non-invasive methods to assess microvascular function. In
this respect studies with MR stress tests have shown promising results
[28,29].

Given the favorable prognosis in patients, women as well as men,
with normal CAG additional tests to assess microvascular or endothelial
function may not always be required but these tests may provide useful
information about the cause of the patient's symptoms. However, even
with proven microvascular or endothelial dysfunction it may remain
uncertain if there is a causal relationship with the patient's symptoms.
Physicians should therefore be careful not to cause unnecessary anxiety

when they inform patients about these disorders that may be mainly
risk factors; it also should not withhold them to search for alternative
causes of angina or angina-like chest pains such as aortic stenosis, myo-
cardial bridging [23] and non-cardiac causes.

Remaining questions, particularly about the role of the microvascu-
lature should be addressed in future studies that include men as well as
women and if there are sex related differences we should try to analyze
these and thus enhance our understanding of the mechanisms involved
in the syndrome of angina pectoris in the absence of obstructive CAD.
Perhaps also more emphasis should be placed on gender, defined as
non-biological aspects of being male or female (e.g. social roles, person-
ality traits), than on sex alone [100].

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2018.09.103.

Funding sources

This research did not receive any specific grant from funding agen-
cies in the public, commercial, or not-for-profit sectors.

Disclosures
No potential conflicts of interest.

Acknowledgements
None.

References

[1] S. Hulley, D. Grady, T. Bush, C. Furberg, D. Herrington, B. Riggs, E. Vittinghoff,
Randomized trial of estrogen plus progestin for secondary prevention of coronary
heart disease in postmenopausal women. Heart and Estrogen/progestin Replace-
ment Study (HERS) Research Group, JAMA 280 (1998) 605-613.

C.N. Merz, S.F. Kelsey, CJ. Pepine, N. Reichek, S.E. Reis, W.]. Rogers, B.L. Sharaf, G.

Sopko, The Women's Ischemia Syndrome Evaluation (WISE) study: protocol de-

sign, methodology and feasibility report, J. Am. Coll. Cardiol. 33 (1999) 1453-1461.

A.V. Bruschke, W.C. Sheldon, E.K. Shirey, W.L. Proudfit, A half century of selective

coronary arteriography, J. Am. Coll. Cardiol. 54 (2009) 2139-2144.

W.L. Proudfit, E.K. Shirey, F.M. Sones Jr., Selective cine coronary arteriography.

Correlation with clinical findings in 1,000 patients, Circulation 33 (1966) 901-910.

H.G. Kemp Jr., P.S. Vokonas, P.F. Cohn, R. Gorlin, The anginal syndrome associated

with normal coronary arteriograms. Report of a six year experience, Am. J. Med.

54 (1973) 735-742.

L.A. Vermeltfoort, P.G. Raijmakers, LI. Riphagen, D.A. Odekerken, A.F. Kuijper, A.

Zwijnenburg, GJ. Teule, Definitions and incidence of cardiac syndrome X: review

and analysis of clinical data, Clin. Res. Cardiol. 99 (2010) 475-481.

R.0. Cannon 3rd, S.E. Epstein, “Microvascular angina” as a cause of chest pain with

angiographically normal coronary arteries, Am. J. Cardiol. 61 (1988) 1338-1343.

[8] R.O. Cannon 3rd, Microvascular angina and the continuing dilemma of chest pain

with normal coronary angiograms, J. Am. Coll. Cardiol. 54 (2009) 877-885.

R.0. Cannon 3rd, P.G. Camici, S.E. Epstein, Pathophysiological dilemma of syn-

drome X, Circulation 85 (1992) 883-892.

[10] P.G. Camici, F. Crea, Coronary microvascular dysfunction, N. Engl. J. Med. 356
(2007) 830-840.

[11] J.E. Deanfield, J.P. Halcox, T.J. Rabelink, Endothelial function and dysfunction:
testing and clinical relevance, Circulation 115 (2007) 1285-1295.

[12] J. Herrmann, J.C. Kaski, A. Lerman, Coronary microvascular dysfunction in the
clinical setting: from mystery to reality, Eur. Heart J. 33 (2012) 2771-2782b.

[13] Y. Matsuzawa, A. Lerman, Endothelial dysfunction and coronary artery disease:
assessment, prognosis, and treatment, Coron. Artery Dis. 25 (2014) 713-724.

[14] AR. Pries, L. Badimon, R. Bugiardini, P.G. Camici, M. Dorobantu, DJ. Duncker, J.
Escaned, A. Koller, J.J. Piek, C. de Wit, Coronary vascular regulation, remodelling,
and collateralization: mechanisms and clinical implications on behalf of the work-
ing group on coronary pathophysiology and microcirculation, Eur. Heart J. 36
(2015) 3134-3146.

[15] T.K. Paul, K. Sivanesan, ]J. Schulman-Marcus, Sex differences in nonobstructive
coronary artery disease: recent insights and substantial knowledge gaps, Trends
Cardiovasc. Med. 27 (2017) 173-179.

[16] A.V. Bruschke, I. Padmos, B. Buis, A. Van Benthem, Arteriographic evaluation of
small coronary arteries, J. Am. Coll. Cardiol. 15 (1990) 784-789.

[17] ]. Czernin, P. Muller, S. Chan, R.C. Brunken, G. Porenta, J. Krivokapich, K. Chen, A.
Chan, M.E. Phelps, H.R. Schelbert, Influence of age and hemodynamics on myocar-
dial blood flow and flow reserve, Circulation 88 (1993) 62-69.

[18] E.T.Range, P. Kies, K.P. Schafers, G. Breithardt, O. Schober, T. Wichter, M.A. Schafers,
Sex differences in absolute myocardial perfusion. Non-invasive H2(15)0-PET in
young healthy adults, Nucl. Med. 55 (2016) 196-202.

2

[3

(4

(5

(6

(7

(9


https://doi.org/10.1016/j.ijcard.2018.09.103
https://doi.org/10.1016/j.ijcard.2018.09.103
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0005
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0005
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0005
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0005
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0010
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0010
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0010
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0015
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0015
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0020
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0020
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0025
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0025
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0025
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0030
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0030
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0030
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0035
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0035
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0040
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0040
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0045
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0045
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0050
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0050
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0055
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0055
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0060
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0060
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0065
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0065
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0070
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0070
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0070
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0070
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0070
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0075
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0075
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0075
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0080
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0080
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0085
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0085
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0085
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0090
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0090
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0090

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

LE. Zijistra et al. / International Journal of Cardiology 280 (2019) 19-28 27

W.F. Fearon, H.M. Farouque, L.B. Balsam, A.D. Caffarelli, D.T. Cooke, R.C. Robbins, P.].
Fitzgerald, A.C. Yeung, P.G. Yock, Comparison of coronary thermodilution and
Doppler velocity for assessing coronary flow reserve, Circulation 108 (2003)
2198-2200.

Y. Kobayashi, W.F. Fearon, Y. Honda, S. Tanaka, V. Pargaonkar, P,J. Fitzgerald, D.P.
Lee, M. Stefanick, A.C. Yeung, ].A. Tremmel, Effect of sex differences on invasive
measures of coronary microvascular dysfunction in patients with angina in the
absence of obstructive coronary artery disease, JACC Cardiovasc. Interv. 8 (2015)
1433-1441.

C.J. Pepine, R.D. Anderson, B.L. Sharaf, S.E. Reis, KM. Smith, E.M. Handberg, B.D.
Johnson, G. Sopko, C.N. Bairey Merz, Coronary microvascular reactivity to adeno-
sine predicts adverse outcome in women evaluated for suspected ischemia results
from the National Heart, Lung and Blood Institute WISE (Women's Ischemia
Syndrome Evaluation) study, J. Am. Coll. Cardiol. 55 (2010) 2825-2832.

R. Sicari, F. Rigo, L. Cortigiani, S. Gherardi, M. Galderisi, E. Picano, Additive prognos-
tic value of coronary flow reserve in patients with chest pain syndrome and nor-
mal or near-normal coronary arteries, Am. J. Cardiol. 103 (2009) 626-631.

B.K. Lee, H.S. Lim, W.F. Fearon, A.S. Yong, R. Yamada, S. Tanaka, D.P. Lee, A.C. Yeung,
J.A. Tremmel, Invasive evaluation of patients with angina in the absence of obstruc-
tive coronary artery disease, Circulation 131 (2015) 1054-1060.

J:M. Lee, ]. Layland, ] H. Jung, HJ. Lee, M. Echavarria-Pinto, S. Watkins, A.S. Yong, ] H.
Doh, CW. Nam, E.S. Shin, B.K. Koo, M.K. Ng, J. Escaned, W.F. Fearon, K.G. Oldroyd,
Integrated physiologic assessment of ischemic heart disease in real-world practice
using index of microcirculatory resistance and fractional flow reserve: insights
from the International Index of Microcirculatory Resistance Registry, Circ.
Cardiovasc. Interv. 8 (2015), e002857.

MXK. Ng, A.C. Yeung, WF. Fearon, Invasive assessment of the coronary microcirculation:
superior reproducibility and less hemodynamic dependence of index of microcir-
culatory resistance compared with coronary flow reserve, Circulation 113 (2006)
2054-2061.

N.P. Johnson, K.L. Gould, Integrating noninvasive absolute flow, coronary flow re-
serve, and ischemic thresholds into a comprehensive map of physiological severity,
J. Am. Coll. Cardiol. Img. 5 (2012) 430-440.

P.A. Kaufmann, P.G. Camici, Myocardial blood flow measurement by PET: technical
aspects and clinical applications, J. Nucl. Med. 46 (2005) 75-88.

L.A. Vermeltfoort, O. Bondarenko, P.G. Raijmakers, D.A. Odekerken, AF. Kuijper, A.
Zwijnenburg, MJ. van der Vis-Melsen, ].W. Twisk, A.M. Beek, GJ. Teule, A.C. van
Rossum, Is subendocardial ischaemia present in patients with chest pain and
normal coronary angiograms? A cardiovascular MR study, Eur. Heart J. 28 (2007)
1554-1558.

A. Liu, RS. Wijesurendra, ].M. Liu, A. Greiser, M. Jerosch-Herold, J.C. Forfar, K.M.
Channon, S.K. Piechnik, S. Neubauer, R.K. Kharbanda, V.M. Ferreira, Gadolinium-
free cardiac MR stress T1-mapping to distinguish epicardial from microvascular
coronary disease, J. Am. Coll. Cardiol. 71 (2018) 957-968.

A. Aziz, H.S. Hansen, U. Sechtem, E. Prescott, P. Ong, Sex-related differences in
vasomotor function in patients with angina and unobstructed coronary arteries,
J. Am. Coll. Cardiol. 70 (2017) 2349-2358.

T.L. Sedlak, B.D. Johnson, CJ. Pepine, S.E. Reis, C.N. Bairey Merz, Brachial artery con-
striction during brachial artery reactivity testing predicts major adverse clinical
outcomes in women with suspected myocardial ischemia: results from the
NHLBI-sponsored women's ischemia Syndrome Evaluation (WISE) Study, PLoS
One 8 (2013), e74585.

T.H. Schindler, B. Hornig, P.T. Buser, M. Olschewski, N. Magosaki, M. Pfisterer, E.U.
Nitzsche, U. Solzbach, H. Just, Prognostic value of abnormal vasoreactivity of
epicardial coronary arteries to sympathetic stimulation in patients with normal
coronary angiograms, Arterioscler. Thromb. Vasc. Biol. 23 (2003) 495-501.

A.L. Arrebola-Moreno, ]J.P. Arrebola, A. Moral-Ruiz, J.A. Ramirez-Hernandez, R.
Melgares-Moreno, ].C. Kaski, Coronary microvascular spasm triggers transient
ischemic left ventricular diastolic abnormalities in patients with chest pain
and angiographically normal coronary arteries, Atherosclerosis 236 (2014)
207-214.

M. Mohri, M. Koyanagi, K. Egashira, H. Tagawa, T. Ichiki, H. Shimokawa, A.
Takeshita, Angina pectoris caused by coronary microvascular spasm, Lancet 351
(1998) 1165-1169.

D. Erdogan, I. Yildirim, O. Ciftci, I. Ozer, M. Caliskan, H. Gullu, H. Muderrisoglu,
Effects of normal blood pressure, prehypertension, and hypertension on coronary
microvascular function, Circulation 115 (2007) 593-599.

S. Volz, S. Svedlund, B. Andersson, G. Li-Ming, B. Rundqvist, Coronary flow
reserve in patients with resistant hypertension, Clin. Res. Cardiol. 106 (2017)
151-157.

D. Rizzoni, C. Palombo, E. Porteri, M.L. Muiesan, M. Kozakova, G. La Canna, M. Nardi,
D. Guelfi, M. Salvetti, C. Morizzo, F. Vittone, E.A. Rosei, Relationships between
coronary flow vasodilator capacity and small artery remodelling in hypertensive
patients, ]. Hypertens. 21 (2003) 625-631.

A. Picchi, U. Limbruno, M. Focardi, B. Cortese, A. Micheli, L. Boschi, S. Severi, R. De
Caterina, Increased basal coronary blood flow as a cause of reduced coronary
flow reserve in diabetic patients, Am. ]. Physiol. Heart Circ. Physiol. 301 (2011)
H2279-H2284.

F. Cecchi, I. Olivotto, R. Gistri, R. Lorenzoni, G. Chiriatti, P.G. Camici, Coronary micro-
vascular dysfunction and prognosis in hypertrophic cardiomyopathy, N. Engl. J.
Med. 349 (2003) 1027-1035.

T.N. James, Morphologic characteristics and functional significance of focal
fibromuscular dysplasia of small coronary arteries, Am. J. Cardiol. 65 (1990)
12g-22g.

A. Hirohata, M. Nakamura, K. Waseda, Y. Honda, D.P. Lee, R.H. Vagelos, S.A. Hunt,
H.A. Valantine, P.G. Yock, P.J. Fitzgerald, A.C. Yeung, W.F. Fearon, Changes in

[42]

[43]

[44]

[45]

[46]

[47]

48

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

coronary anatomy and physiology after heart transplantation, Am. J. Cardiol. 99
(2007) 1603-1607.

A.V. Bruschke, T.N. James, Seminar on cardiovascular manifestations of the toxic oil
syndrome and related conditions, J. Am. Coll. Cardiol. 18 (1991) 707-710.

G. Peretto, D. Lazzeroni, C.L. Sartorio, P.G. Camici, Cardiotoxicity in oncology and
coronary microcirculation: future challenges in theranostics, Front. Biosci. 22
(2017) 1760-1773.

I.D. Moussa, LW. Klein, B. Shah, R. Mehran, M.J. Mack, E.S. Brilakis, J.P. Reilly, G.
Zoghbi, E. Holper, G.W. Stone, Consideration of a new definition of clinically rele-
vant myocardial infarction after coronary revascularization: an expert consensus
document from the Society for Cardiovascular Angiography and Interventions
(SCAI), J. Am. Coll. Cardiol. 62 (2013) 1563-1570.

L. Testa, W.J. Van Gaal, G.G. Biondi Zoccai, P. Agostoni, R.A. Latini, F. Bedogni, I.
Porto, A.P. Banning, Myocardial infarction after percutaneous coronary interven-
tion: a meta-analysis of troponin elevation applying the new universal definition,
QJM 102 (2009) 369-378.

H. Bulluck, N. Foin, JW. Tan, A.F. Low, M. Sezer, DJ. Hausenloy, Invasive assessment
of the coronary microcirculation in reperfused ST-segment-elevation myocardial
infarction patients: where do we stand? Circ. Cardiovasc. Interv. 10 (2017).

S.E. Reis, R. Holubkov, J.S. Lee, B. Sharaf, N. Reichek, W.J. Rogers, E.G. Walsh, A.R.
Fuisz, R. Kerensky, K.M. Detre, G. Sopko, CJ. Pepine, Coronary flow velocity re-
sponse to adenosine characterizes coronary microvascular function in women
with chest pain and no obstructive coronary disease. Results from the pilot
phase of the Women's Ischemia Syndrome Evaluation (WISE) study, ]. Am. Coll.
Cardiol. 33 (1999) 1469-1475.

JW. Jukema, A.V. Bruschke, AJ. van Boven, ].H. Reiber, E.T. Bal, A.H. Zwinderman, H.
Jansen, G.J. Boerma, F.M. van Rappard, K.I. Lie, et al., Effects of lipid lowering
by pravastatin on progression and regression of coronary artery disease in
symptomatic men with normal to moderately elevated serum cholesterol levels.
The Regression Growth Evaluation Statin Study (REGRESS), Circulation 91 (1995)
2528-2540.

S.J. Kalbfleisch, M.J. McGillem, L.M. Pinto, K.M. Kavanaugh, S.F. DeBoe, G.B. Mancini,
Comparison of automated quantitative coronary angiography with caliper mea-
surements of percent diameter stenosis, Am. J. Cardiol. 65 (1990) 1181-1184.
B.K. Nallamothu, J.A. Spertus, AJ. Lansky, D.J. Cohen, P.G. Jones, F. Kureshi, G.J.
Dehmer, J.P. Drozda Jr., M.N. Walsh, J.E. Brush Jr., G.C. Koenig, T.F. Waites, D.S.
Gantt, G. Kichura, R.A. Chazal, P.K. O'Brien, C.M. Valentine, ].S. Rumsfeld, J.H.
Reiber, J.G. Elmore, R.A. Krumholz, W.D. Weaver, H.M. Krumholz, Comparison
of clinical interpretation with visual assessment and quantitative coronary angiog-
raphy in patients undergoing percutaneous coronary intervention in contempo-
rary practice: the Assessing Angiography (A2) project, Circulation 127 (2013)
1793-1800.

R. Shah, E. Yow, W.S. Jones, L.P. Kohl 3rd, A.S. Kosinski, U. Hoffmann, K.L. Lee, C.B.
Fordyce, D.B. Mark, A. Lowe, P.S. Douglas, M.R. Patel, Comparison of visual assess-
ment of coronary stenosis with independent quantitative coronary angiography:
findings from the Prospective Multicenter Imaging Study for Evaluation of Chest
Pain (PROMISE) trial, Am. Heart J. 184 (2017) 1-9.

B. Sharaf, T. Wood, L. Shaw, B.D. Johnson, S. Kelsey, R.D. Anderson, CJ. Pepine,
C.N. Bairey Merz, Adverse outcomes among women presenting with signs and
symptoms of ischemia and no obstructive coronary artery disease: findings
from the National Heart, Lung, and Blood Institute-sponsored Women's Ischemia
Syndrome Evaluation (WISE) angiographic core laboratory, Am. Heart J. 166 (2013)
134-141.

N.P. Johnson, K.L. Gould, M.F. Di Carli, V.R. Taqueti, Invasive FFR and noninvasive
CFR in the evaluation of ischemia: what is the future? J. Am. Coll. Cardiol. 67
(2016) 2772-2788.

H.G. Kemp, R.A. Kronmal, R.E. Vlietstra, R.L. Frye, Seven year survival of patients
with normal or near normal coronary arteriograms: a CASS registry study, J. Am.
Coll. Cardiol. 7 (1986) 479-483.

L. Jespersen, A. Hvelplund, S.Z. Abildstrom, F. Pedersen, S. Galatius, J.K. Madsen, E.
Jorgensen, H. Kelbaek, E. Prescott, Stable angina pectoris with no obstructive coro-
nary artery disease is associated with increased risks of major adverse cardiovascu-
lar events, Eur. Heart J. 33 (2012) 734-744.

MR. Patel, D. Dai, A.F. Hernandez, P.S. Douglas, ]. Messenger, K.N. Garratt, T.M.
Maddox, E.D. Peterson, M.T. Roe, Prevalence and predictors of nonobstructive
coronary artery disease identified with coronary angiography in contemporary
clinical practice, Am. Heart J. 167 (2014) 846-852.e2.

K.H. Humphries, A. Pu, M. Gao, R.G. Carere, L. Pilote, Angina with “normal”
coronary arteries: sex differences in outcomes, Am. Heart J. 155 (2008)
375-381.

LJ. Shaw, R.E. Shaw, C.N. Merz, R.G. Brindis, LW. Klein, B. Nallamothu, P.S. Douglas,
R.J. Krone, CR. McKay, P.C. Block, K. Hewitt, W.S. Weintraub, E.D. Peterson, Impact
of ethnicity and gender differences on angiographic coronary artery disease prev-
alence and in-hospital mortality in the American College of Cardiology-National
Cardiovascular Data Registry, Circulation 117 (2008) 1787-1801.

S.D. Rosen, N.G. Uren, J.C. Kaski, D. Tousoulis, G.J. Davies, P.G. Camici, Coronary vaso-
dilator reserve, pain perception, and sex in patients with syndrome X, Circulation
90 (1994) 50-60.

S.H. Han, J.H. Bae, D.R. Holmes Jr., R . Lennon, E. Eeckhout, G.W. Barsness, C.S. Rihal,
A. Lerman, Sex differences in atheroma burden and endothelial function in patients
with early coronary atherosclerosis, Eur. Heart ]. 29 (2008) 1359-13609.

I. Danad, P.G. Raijmakers, Y.E. Appelman, H.J. Harms, S. de Haan, M.L.P. van den
Oever, C. van Kuijk, C.P. Allaart, O.S. Hoekstra, A.A. Lammertsma, M. Lubberink,
A.C. van Rossum, P. Knaapen, Coronary risk factors and myocardial blood flow in
patients evaluated for coronary artery disease: a quantitative ['>0O]H?0 PET/CT
study, Eur. J. Nucl. Med. Mol. Imaging (2011) 1-11.


http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0095
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0095
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0095
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0095
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0100
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0100
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0100
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0100
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0100
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0105
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0105
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0105
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0105
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0105
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0110
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0110
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0110
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0115
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0115
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0115
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0120
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0120
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0120
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0120
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0120
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0120
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0125
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0125
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0125
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0125
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0130
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0130
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0130
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0135
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0135
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0140
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0140
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0140
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0140
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0140
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0145
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0145
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0145
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0145
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0150
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0150
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0150
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0155
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0155
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0155
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0155
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0155
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0160
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0160
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0160
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0160
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0165
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0165
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0165
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0165
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0165
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0170
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0170
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0170
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0175
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0175
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0175
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0180
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0180
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0180
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0185
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0185
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0185
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0185
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0190
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0190
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0190
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0190
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0195
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0195
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0195
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0200
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0200
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0200
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0205
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0205
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0205
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0205
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0210
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0210
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0215
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0215
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0215
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0220
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0220
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0220
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0220
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0220
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0225
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0225
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0225
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0225
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0230
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0230
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0230
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0235
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0235
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0235
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0235
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0235
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0235
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0240
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0240
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0240
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0240
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0240
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0240
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0245
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0245
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0245
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0250
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0250
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0250
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0250
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0250
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0250
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0250
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0250
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0255
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0255
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0255
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0255
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0255
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0260
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0260
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0260
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0260
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0260
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0260
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0265
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0265
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0265
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0270
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0270
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0270
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0275
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0275
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0275
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0275
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0280
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0280
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0280
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0280
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0285
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0285
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0285
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0290
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0290
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0290
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0290
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0290
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0295
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0295
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0295
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0300
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0300
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0300
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0305
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0305
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0305
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0305
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0305
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0305
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0305

28

LE. Zijlstra et al. / International Journal of Cardiology 280 (2019) 19-28

[62] J.D. Sara, RJ. Widmer, Y. Matsuzawa, RJ. Lennon, L.O. Lerman, A. Lerman, Prevalence

(63]

(64

[65]

(66]

[67]

(68]

(69]

[70]

[71]

(72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

of coronary microvascular dysfunction among patients with chest pain and
nonobstructive coronary artery disease, JACC Cardiovasc. Interv. 8 (2015) 1445-1453.
P. Ong, A. Athanasiadis, G. Borgulya, H. Mahrholdt, J.C. Kaski, U. Sechtem, High
prevalence of a pathological response to acetylcholine testing in patients with
stable angina pectoris and unobstructed coronary arteries. The ACOVA Study
(Abnormal COronary VAsomotion in patients with stable angina and unobstructed
coronary arteries), J. Am. Coll. Cardiol. 59 (2012) 655-662.

C.S. Duvernoy, C. Meyer, V. Seifert-Klauss, F. Dayanikli, . Matsunari, . Rattenhuber,
C. Hoss, H. Graeff, M. Schwaiger, Gender differences in myocardial blood flow
dynamics: lipid profile and hemodynamic effects, J. Am. Coll. Cardiol. 33 (1999)
463-470.

P. Chareonthaitawee, P.A. Kaufmann, O. Rimoldi, P.G. Camici, Heterogeneity of
resting and hyperemic myocardial blood flow in healthy humans, Cardiovasc.
Res. 50 (2001) 151-161.

L. Cortigiani, F. Rigo, S. Gherardi, M. Galderisi, F. Bovenzi, E. Picano, R. Sicari,
Prognostic effect of coronary flow reserve in women versus men with chest pain
syndrome and normal dipyridamole stress echocardiography, Am. ]. Cardiol. 106
(2010) 1703-1708.

S. Sdringola, N.P. Johnson, R.L. Kirkeeide, E. Cid, K.L. Gould, Impact of unexpected
factors on quantitative myocardial perfusion and coronary flow reserve in young,
asymptomatic volunteers, J. Am. Coll. Cardiol. Img. 4 (2011) 402-412.

V.L. Murthy, M. Naya, V.R. Taqueti, C.R. Foster, M. Gaber, ]. Hainer, S. Dorbala, R.
Blankstein, O. Rimoldi, P.G. Camici, M.F. Di Carli, Effects of sex on coronary micro-
vascular dysfunction and cardiac outcomes, Circulation 129 (2014) 2518-2527.
A.V. Bruschke, W.L. Proudfit, F.M. Sones Jr., Clinical course of patients with normal,
and slightly or moderately abnormal coronary arteriograms. A follow-up study on
500 patients, Circulation 47 (1973) 936-945.

M.N. Papanicolaou, R.M. Califf, M.A. Hlatky, R.A. McKinnis, F.E. Harrell Jr., D.B. Mark,
B. McCants, R.A. Rosati, K.L. Lee, D.B. Pryor, Prognostic implications of angiograph-
ically normal and insignificantly narrowed coronary arteries, Am. J. Cardiol. 58
(1986) 1181-1187.

AX. Sullivan, D.R. Holdright, C.A. Wright, ].L. Sparrow, D. Cunningham, K.M. Fox,
Chest pain in women: clinical, investigative, and prognostic features, BMJ 308
(1994) 883-886.

P.R. Lichtlen, K. Bargheer, P. Wenzlaff, Long-term prognosis of patients with
anginalike chest pain and normal coronary angiographic findings, J. Am. Coll.
Cardiol. 25 (1995) 1013-1018.

N. Johnston, B. Jonelid, C. Christersson, T. Kero, H. Renlund, K. Schenck-Gustafsson,
B. Lagerqvist, Effect of gender on patients with ST-elevation and non-ST-elevation
myocardial infarction without obstructive coronary artery disease, Am. J. Cardiol.
115 (2015) 1661-1666.

C. Sinning, E. Zengin, C. Waldeyer, M. Seiffert, R.B. Schnabel, E. Lubos, T. Zeller, C.
Bickel, S. Blankenberg, P.M. Clemmensen, D. Westermann, SYNTAX score-0
patients: risk stratification in nonobstructive coronary artery disease, Clin. Res.
Cardiol. 105 (2016) 901-911.

W.L. Proudfit, V.G. Bruschke, F.M. Sones Jr., Clinical course of patients with normal
or slightly or moderately abnormal coronary arteriograms: 10-year follow-up of
521 patients, Circulation 62 (1980) 712-717.

B. Jiang, J. Wang, X. Lv, W. Cai, Prognostic value of cardiac computed tomography
angiography in patients with suspected coronary artery disease: a meta-analysis,
Cardiology 128 (2014) 304-312.

ZJ. Wang, LL. Zhang, S. Elmariah, H.Y. Han, Y.J. Zhou, Prevalence and prognosis of
nonobstructive coronary artery disease in patients undergoing coronary angiogra-
phy or coronary computed tomography angiography: a meta-analysis, Mayo Clin.
Proc. 92 (2017) 329-346.

T.M. Maddox, M.A. Stanislawski, G.K. Grunwald, S.M. Bradley, P.M. Ho, T.T. Tsai, M.R.
Patel, A. Sandhu, ]. Valle, D.]. Magid, B. Leon, D.L. Bhatt, S.D. Fihn, J.S. Rumsfeld,
Nonobstructive coronary artery disease and risk of myocardial infarction, JAMA
312 (2014) 1754-1763.

CJ. Pepine, K.C. Ferdinand, LJ. Shaw, K.A. Light-McGroary, R.U. Shah, M. Gulati, C.
Duvernoy, M.N. Walsh, C.N. Bairey Merz, Emergence of nonobstructive coronary
artery disease: a woman's problem and need for change in definition on angiogra-
phy, J. Am. Coll. Cardiol. 66 (2015) 1918-1933.

M.J. Budoff, D. Li, E.A. Kazerooni, G.S. Thomas, ].H. Mieres, LJ. Shaw, Diagnostic ac-
curacy of noninvasive 64-row Computed Tomographic Coronary Angiography
(CCTA) compared with Myocardial Perfusion Imaging (MPI): the PICTURE study,
a prospective multicenter trial, Acad. Radiol. 24 (2017) 22-29.

J. Abdulla, C. Asferg, K.F. Kofoed, Prognostic value of absence or presence of
coronary artery disease determined by 64-slice computed tomography coronary
angiography a systematic review and meta-analysis, Int. J. Cardiovasc. Imaging
27 (2011) 413-420.

M.S. Bittencourt, E. Hulten, B. Ghoshhajra, D. O'Leary, M.P. Christman, P. Montana,
QA. Truong, M. Steigner, V.L. Murthy, FJ. Rybicki, K. Nasir, L.H. Gowdak, ]. Hainer,
TJ. Brady, M.F. Di Carli, U. Hoffmann, S. Abbara, R. Blankstein, Prognostic value of
nonobstructive and obstructive coronary artery disease detected by coronary com-
puted tomography angiography to identify cardiovascular events, Circ. Cardiovasc.
Imaging 7 (2014) 282-291.

J. Leipsic, C.M. Taylor, H. Gransar, LJ. Shaw, A. Ahmadi, A. Thompson, K. Humphries,
D.S. Berman, J. Hausleiter, S. Achenbach, M. Al-Mallah, M.J. Budoff, F. Cademartiri,
T.Q. Callister, H.J. Chang, B.J. Chow, R.C. Cury, AJ. Delago, A.L. Dunning, G.M.
Feuchtner, M. Hadamitzky, P.A. Kaufmann, F.Y. Lin, KM. Chinnaiyan, E. Maffei,

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

G.L. Raff, T.C. Villines, M.J. Gomez, ].K. Min, Sex-based prognostic implications of
nonobstructive coronary artery disease: results from the international multicenter
CONFIRM study, Radiology 273 (2014) 393-400.

J.K. Min, A. Dunning, EY. Lin, S. Achenbach, M. Al-Mallah, M.J. Budoff, F.
Cademartiri, T.Q. Callister, HJ. Chang, V. Cheng, K. Chinnaiyan, B.]. Chow, A.
Delago, M. Hadamitzky, ]. Hausleiter, P. Kaufmann, E. Maffei, G. Raff, L.J. Shaw, T.
Villines, D.S. Berman, Age- and sex-related differences in all-cause mortality risk
based on coronary computed tomography angiography findings results from the
International Multicenter CONFIRM (Coronary CT Angiography Evaluation for
Clinical Outcomes: An International Multicenter Registry) of 23,854 patients with-
out known coronary artery disease, J. Am. Coll. Cardiol. 58 (2011) 849-860.

J. Schulman-Marcus, B.O. Hartaigh, H. Gransar, F. Lin, V. Valenti, I. Cho, D. Berman,
T. Callister, A. DeLago, M. Hadamitzky, J. Hausleiter, M. Al-Mallah, M. Budoff, P.
Kaufmann, S. Achenbach, G. Raff, K. Chinnaiyan, F. Cademartiri, E. Maffei, T.
Villines, Y.J. Kim, J. Leipsic, G. Feuchtner, R. Rubinshtein, G. Pontone, D. Andreini,
H. Marques, L. Shaw, J.K. Min, Sex-specific associations between coronary artery
plaque extent and risk of major adverse cardiovascular events: The CONFIRM
Long-term Registry, ]. Am. Coll. Cardiol. Img. 9 (2016) 364-372.

B.D. Johnson, L.J. Shaw, S.D. Buchthal, C.N. Bairey Merz, H.W. Kim, K.N. Scott, M.
Doyle, M.B. Olson, CJ. Pepine, J. den Hollander, B. Sharaf, W.]. Rogers, S. Mankad,
J.R Forder, SF. Kelsey, G.M. Pohost, Prognosis in women with myocardial ischemia
in the absence of obstructive coronary disease: results from the National Institutes
of Health-National Heart, Lung, and Blood Institute-Sponsored Women's Ischemia
Syndrome Evaluation (WISE), Circulation 109 (2004) 2993-2999.

J.A. Suwaidi, S. Hamasaki, S.T. Higano, R.A. Nishimura, D.R. Holmes Jr., A. Lerman,
Long-term follow-up of patients with mild coronary artery disease and endothelial
dysfunction, Circulation 101 (2000) 948-954.

J.P. Halcox, W.H. Schenke, G. Zalos, R. Mincemoyer, A. Prasad, M.A. Waclawiw, K.R.
Nour, A.A. Quyyumi, Prognostic value of coronary vascular endothelial dysfunction,
Circulation 106 (2002) 653-658.

M. Reriani, ].D. Sara, AJ. Flammer, R. Gulati, J. Li, C. Rihal, R. Lennon, L.O. Lerman, A.
Lerman, Coronary endothelial function testing provides superior discrimination
compared with standard clinical risk scoring in prediction of cardiovascular events,
Coron. Artery Dis. 27 (2016) 213-220.

V. Schachinger, M.B. Britten, A.M. Zeiher, Prognostic impact of coronary vasodilator
dysfunction on adverse long-term outcome of coronary heart disease, Circulation
101 (2000) 1899-1906.

V.R. Taqueti, L.J. Shaw, N.R. Cook, V.L. Murthy, N.R. Shah, C.R. Foster, J. Hainer, R.
Blankstein, S. Dorbala, M.F. Di Carli, Excess cardiovascular risk in women relative
to men referred for coronary angiography is associated with severely impaired
coronary flow reserve, not obstructive disease, Circulation 135 (2017) 566-577.
D.B. Mark, C.L. Nelson, R.M. Califf, F.E. Harrell Jr., K.L. Lee, R.H. Jones, D.F. Fortin, R.S.
Stack, D.D. Glower, L.R. Smith, et al., Continuing evolution of therapy for coronary
artery disease. Initial results from the era of coronary angioplasty, Circulation 89
(1994) 2015-2025.

G.0. von Mering, C.B. Arant, T.R. Wessel, S.P. McGorray, C.N. Bairey Merz, B.L.
Sharaf, K.M. Smith, M.B. Olson, B.D. Johnson, G. Sopko, E. Handberg, CJ. Pepine,
R.A. Kerensky, Abnormal coronary vasomotion as a prognostic indicator of cardio-
vascular events in women: results from the National Heart, Lung, and Blood
Institute-Sponsored Women's Ischemia Syndrome Evaluation (WISE), Circulation
109 (2004) 722-725.

R. Bugiardini, O. Manfrini, C. Pizzi, F. Fontana, G. Morgagni, Endothelial function
predicts future development of coronary artery disease: a study of women with
chest pain and normal coronary angiograms, Circulation 109 (2004) 2518-2523.
LJ. Shaw, C.N. Bairey Merz, CJ. Pepine, S.E. Reis, V. Bittner, S.F. Kelsey, M. Olson, B.D.
Johnson, S. Mankad, B.L. Sharaf, W.]J. Rogers, T.R. Wessel, C.B. Arant, G.M. Pohost, A.
Lerman, A.A. Quyyumi, G. Sopko, Insights from the NHLBI-Sponsored Women's
Ischemia Syndrome Evaluation (WISE) Study: part I: gender differences in tradi-
tional and novel risk factors, symptom evaluation, and gender-optimized diagnos-
tic strategies, J. Am. Coll. Cardiol. 47 (2006) S4-s20.

R.A. Takx, B.A. Blomberg, H. El Aidi, ]. Habets, P.A. de Jong, E. Nagel, U. Hoffmann, T.
Leiner, Diagnostic accuracy of stress myocardial perfusion imaging compared to
invasive coronary angiography with fractional flow reserve meta-analysis, Circ.
Cardiovasc. Imaging 8 (2015).

D. Neglia, E. Fommei, A. Varela-Carver, M. Mancini, S. Ghione, M. Lombardi, P.
Pisani, H. Parker, G. D'Amati, L. Donato, P.G. Camici, Perindopril and indapamide
reverse coronary microvascular remodelling and improve flow in arterial hyper-
tension, J. Hypertens. 29 (2011) 364-372.

M. Mancini, A. Scavone, C.L. Sartorio, R. Baccaro, C. Kleinert, A. Pernazza, V. Buia, M.
Leopizzi, G. D'Amati, P.G. Camici, Effect of different drug classes on reverse remod-
eling of intramural coronary arterioles in the spontaneously hypertensive rat,
Microcirculation 24 (2017).

P. Ong, P.G. Camici, J.F. Beltrame, F. Crea, H. Shimokawa, U. Sechtem, J.C. Kaski, C.N.
Bairey Merz, International standardization of diagnostic criteria for microvascular
angina, Int. J. Cardiol. 250 (2018) 16-20.

R. Pelletier, N.A. Khan, J. Cox, S.S. Daskalopoulou, M.]. Eisenberg, S.L. Bacon, K.L.
Lavoie, K. Daskupta, D. Rabi, K.H. Humphries, C.M. Norris, G. Thanassoulis, H.
Behlouli, L. Pilote, Sex versus gender-related characteristics: which predicts
outcome after acute coronary syndrome in the young? J. Am. Coll. Cardiol. 67
(2016) 127-135.


http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0310
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0310
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0310
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0315
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0315
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0315
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0315
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0315
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0320
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0320
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0320
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0320
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0325
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0325
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0325
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0330
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0330
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0330
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0330
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0335
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0335
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0335
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0340
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0340
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0340
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0345
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0345
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0345
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0350
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0350
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0350
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0350
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0355
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0355
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0355
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0360
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0360
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0360
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0365
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0365
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0365
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0365
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0370
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0370
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0370
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0370
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0375
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0375
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0375
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0380
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0380
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0380
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0385
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0385
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0385
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0385
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0390
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0390
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0390
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0390
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0395
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0395
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0395
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0395
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0400
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0400
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0400
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0400
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0405
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0405
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0405
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0405
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0410
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0410
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0410
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0410
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0410
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0410
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0415
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0415
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0415
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0415
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0415
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0415
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0415
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0420
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0420
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0420
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0420
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0420
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0420
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0420
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0420
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0425
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0425
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0425
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0425
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0425
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0425
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0425
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0430
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0430
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0430
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0430
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0430
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0430
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0435
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0435
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0435
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0440
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0440
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0440
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0445
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0445
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0445
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0445
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0450
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0450
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0450
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0455
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0455
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0455
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0455
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0460
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0460
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0460
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0460
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0465
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0465
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0465
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0465
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0465
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0465
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0470
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0470
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0470
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0475
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0475
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0475
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0475
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0475
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0475
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0480
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0480
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0480
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0480
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0485
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0485
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0485
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0485
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0490
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0490
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0490
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0490
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0495
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0495
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0495
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0500
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0500
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0500
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0500
http://refhub.elsevier.com/S0167-5273(18)32978-4/rf0500

	Chest pain in the absence of obstructive coronary artery disease
	1. Introduction
	2. Evolution of insights into the syndrome of chest pain in the absence of obstructive coronary artery disease
	3. Physiology and diagnosis of microvascular and endothelial dysfunction
	4. Etiology of microvascular and endothelial dysfunction
	5. The angiographic diagnosis of normal coronary arteries and non-obstructive disease
	6. Incidence of typical or atypical angina pectoris in the absence of obstructive CAD
	7. Incidence of microvascular or endothelial dysfunction in the absence of obstructive CAD
	8. Prognosis based on angiographic findings
	9. Prognostic significance of microvascular or endothelial dysfunction
	10. Discussion
	11. Concluding remarks
	Funding sources
	Disclosures
	Acknowledgements
	References


