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Abstract
Aims: Reduced coronary flow velocity reserve (CFVR) is associated with adverse cardiovascular out-
comes. Whether CFVR and coronary blood flow (CBF) are similar in men and women with chest pain and 
non-obstructive CAD remains unknown. We hypothesised sex differences in CFVR and CBF.

Methods and results: A total of 1,683 patients with signs/symptoms of ischaemia and angiographically 
unobstructed coronary arteries (<40% angiographic stenosis) underwent coronary vasomotion evaluation. 
CFVR was measured as hyperaemic/resting average velocity in the LAD. Mid-LAD diameter was meas-
ured with quantitative angiography and CBF calculated at rest (rCBF) and hyperaemia (hCBF). Resting 
microvascular resistance (rMR) was calculated as mean arterial pressure/rCBF. Of the total number of 
patients, 1,096 (65%) were women, median age 51 [42, 59] years. Compared to men, women had lower 
median CFVR (2.7 [2.4, 3.2] vs 3.1 [2.7, 3.6], p<0.001), higher rCBF (49.7 [34.0, 71.1] vs 45.9 [31.8, 68.7] 
ml/min, p=0.04), lower hCBF (139.5 [93.0, 195.2] vs 147.1 [95.7, 218.6] ml/min, p=0.02), but similar rMR 
(p=0.82). Female sex was an independent predictor of lower CFVR, higher rCBF, and lower hCBF.

Conclusions: Compared to men, women with signs/symptoms of ischaemia and non-obstructive CAD 
have lower CFVR, higher rCBF, and lower hCBF. Female sex is a predictor of these sex-specific differ-
ences. The clinical diagnostic and prognostic implications of sex differences in coronary physiology need 
further evaluation.
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Abbreviations
APV average peak velocity
CFVR coronary flow velocity reserve
CMD coronary microvascular dysfunction
CSA coronary artery cross-sectional area
hCBF hyperaemic coronary blood flow
rCBF resting coronary blood flow
rMR resting microvascular resistance

Introduction
The prevalence of non-obstructive coronary artery disease (CAD) 
in patients undergoing coronary angiography for chest pain is 
30-50%1,2. Women with angina are more likely to have non-obstruc-
tive CAD on coronary angiography as compared to symptomatic 
men1,3. More than 60% of patients with non-obstructive CAD have 
coronary microvascular dysfunction (CMD) on functional inva-
sive coronary testing4. CMD has been associated with angina and 
increased risk of major cardiovascular events (MACE), including 
acute coronary syndrome (ACS), myocardial infarction (MI), pro-
gressive congestive heart failure, and sudden cardiac death5-8.

Endothelium-independent CMD is characterised by impaired 
augmentation of coronary blood flow (CBF) in response to hyper-
aemia induced by intravenous or intracoronary adenosine infu-
sion. In the absence of obstructive epicardial CAD, coronary flow 
velocity reserve (CFVR), the ratio of hyperaemic/basal average 
peak blood velocity, is used for contemporary diagnosis of CMD9. 
While abnormal CFVR and CMD diagnosis are associated with 
traditional cardiovascular risk factors10-16, CFVR remains an inde-
pendent predictor of mortality and MACE5,17-19.

In current practice, a uniform cut-off value for CFVR (either 
<2.0 or <2.5) is used to diagnose CMD in both men and women9,20. 
This is based on the assumption that resting coronary blood flow 
(rCBF) and hyperaemic coronary blood flow (hCBF) are similar 
in men and women. However, our group previously reported lower 
CFVR in women21. Similarly, Kobayashi et al22 reported lower 
invasive CFVR values but suggested similar mean hyperaemic 
transit time in women as compared to men presenting with angina 
and non-obstructive CAD. We hypothesised that women, as com-
pared to men, have higher rCBF and lower hCBF, accounting for 
the lower CFVR observed in women. We also hypothesised that 
female sex is an independent predictor of rCBF, hCBF and CFVR.

Methods
One thousand six hundred and eighty-three (1,683) consecutive 
patients with chest pain referred for clinically indicated coronary 
angiography and coronary vasomotion evaluation, between 1992 and 
2015, and who were found to have angiographically normal coro-
nary arteries or mild CAD (<40%) were enrolled in the Mayo Clinic 
Endothelial Database and included in this study. All patients pro-
vided written informed consent and the study was approved by the 
Mayo Clinic Institutional Review Board. Patients with ACS presen-
tation, MI or cerebrovascular accident within the last six months, pre-
vious percutaneous coronary intervention (PCI), use of radiographic 

contrast agents within 12 hours prior to catheterisation, advanced 
chronic kidney disease (GFR <30 ml/min/m2), cardiomyopathy 
(ejection fraction <50%), inflammatory diseases, and pregnant 
patients were excluded. All patients fasted for at least eight hours 
and withheld all prescription medications that could affect coro-
nary vasoreactivity for at least 48 hours prior to the study procedure.

The study protocol has been described in detail previously4,23-26. 
In brief, patients underwent a diagnostic coronary angiography 
using standard clinical protocols. Those with no CAD or non-
obstructive CAD (angiographic stenosis <40%) received 5,000 
intravenous units of heparin and a Doppler guidewire (FloWire®; 
Philips Volcano, San Diego, CA, USA) was positioned in the mid-
left anterior descending coronary artery (LAD). CFVR was meas-
ured as the ratio of hyperaemic peak flow velocity in response 
to intracoronary adenosine (36-72 µg) over resting flow velocity. 
Mid-LAD diameter was measured by an independent investigator 
in the segment 5 mm distal to the tip of the Doppler wire using 
a quantitative coronary angiography program (Medis, Leiden, 
the Netherlands), as previously described27. Coronary artery cross-
sectional area (CSA) was calculated as π×(coronary artery dia-
meter/2)2. Resting and hyperaemic average peak velocities (APV) 
were derived from the Doppler flow velocity spectra. Resting 
and hyperaemic CBF were calculated as [π×(coronary artery 
diameter/2)2×(average peak velocity/2)] 28. Resting and hyperae-
mic CBF were also indexed to body surface area and evaluated 
between sexes. In this patient population with non-obstructive 
CAD, mean arterial pressure (MAP) is equivalent to proximal and 
distal pressures in the LAD and used to calculate resting microvas-
cular resistance (rMR) as a ratio of MAP/rCBF.

STATISTICAL ANALYSIS
Continuous variables are described as mean±standard deviation 
(SD) if normally distributed or median and interquartile range 
(IQR) if non-normally distributed, and categorical variables as 
proportions. The Student’s t-test and chi-square test were used 
for comparison of means or proportions for continuous and cate-
gorical variables, respectively. Non-normally distributed variables 
were compared using the Mann-Whitney test and were log trans-
formed as required. The associations between those variables were 
investigated using univariate and multivariate regression ana-
lyses. A two-sided p-value of <0.05 was considered statistically 
significant. The statistical analyses were performed using SPSS, 
Version 22 (IBM Corp., Armonk, NY, USA).

Results
Table 1 summarises the demographic characteristics, lipids and 
medication profiles. Among the 1,683 patients, 1,096 (65%) were 
women and 587 (35%) were men. Median age was 51 (IQR 42, 59) 
years; 729 (43%) patients had hypertension, 156 (9%) had diabetes, 
913 (54%) had hyperlipidaemia and 200 (12%) were current smok-
ers. Women were older (52 [44, 60] vs 49 [39, 57] years), had higher 
resting MAP (99 [90, 109] vs 96 [88, 105] mmHg), and higher rest-
ing heart rate (73 [64, 82] vs 67 [60, 77] beats per minute) (p<0.001 
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for all). As compared to women, men had a higher prevalence of 
tobacco smoking (18 vs 9%, p<0.001) and higher median body 
mass index (BMI) (28.4 [25.5, 32.1] vs 27.6 [23.7, 32.8], p=0.008).

As compared to men, women had significantly lower median 
CFVR (2.7 [2.4, 3.2] vs 3.1 [2.7, 3.6], p<0.001) (Figure 1A), higher 
median rCBF (49.7 [34.0, 71.1] vs 45.9 [31.8, 68.7] ml/min, p=0.04) 
(Figure 1B), lower median hCBF (139.5 [93.0, 195.2] vs 147.1 [95.7, 
218.6] ml/min, p=0.02) (Figure 1C), and smaller median mid-LAD 
CSA (3.80 [2.69, 5.31] vs 4.26 [3.11, 6.15] mm2, p<0.001) (Figure 2A). 
Median rMR was not different between men and women (2.00 
[1.39, 2.94] vs 2.08 [1.36, 2.98] mmHg.min/ml, p=NS) (Figure 2B). 
Moreover, as compared to men, women had higher median indexed 
rCBF (27.13 [18.38, 39.10] vs 22.10 [15.00, 33.35] ml/min.m2, 
p<0.001) and lower median indexed hCBF (69.17 [46.76, 101.74] 
vs 75.91 [50.66, 107.55], p=0.02), but similar median indexed 
mid-LAD CSA (2.09 [1.45, 2.86] vs 2.08 [1.42, 2.98], p=0.97).

Table 2 summarises the independent predictors of rCBF. Female 
sex (p<0.001) was a strong independent predictor of higher rCBF 
after adjusting for age, sex, hypertension, diabetes, hyperlipid-
aemia, BMI, smoking, baseline heart rate, MAP, CSA, and rMR. 

Table 1. Demographics, lipids and medication profiles of the study 
population stratified by sex.

All patients  
(n=1,683)

Women  
n=1,096 
(65%)

Men  
n=587 
(35%)

p-value

Age, years 51 (42, 59) 52 (44, 60) 49 (39, 57) <0.001

Hypertension, n (%) 729 (43) 476 (44) 253 (43) 0.80

Diabetes mellitus, n (%) 156 (9) 98 (9) 58 (10) 0.54

Hyperlipidaemia, n (%) 913 (54) 583 (54) 330 (56) 0.27

Tobacco smoking, n (%) 200 (12) 92 (9) 108 (18) <0.001

Height, cm 168
(162, 175)

164 
(160, 168)

178 
(173, 183) <0.001

Weight, kg 81.0 
(68.0, 95.2)

74.0 
(64.0, 88.5)

91.0 
(80.0, 103.0) <0.001

BMI, kg/m2 28.1 
(24.4, 32.5)

27.6 
(23.7, 32.8)

28.4 
(25.5, 32.1) 0.008

Resting mean arterial 
pressure, mmHg 98 (89, 108) 99 (90, 109) 96 (88, 105) <0.001

Resting heart rate, bpm 71 (62, 80) 73 (64, 82) 67 (60, 77) <0.001

Lipid profiles
Total cholesterol, mg/dl 184 (157, 214) 187 (163, 216) 175 (148, 205) <0.001

Triglycerides, mg/dl 110 (77, 167) 106 (72, 154) 125 (86, 188) <0.001

High-density 
lipoprotein, mg/dl 51 (42, 63) 56 (47, 69) 43 (35, 50) <0.001

Low-density lipoprotein, 
mg/dl 103 (81, 128) 104 (81, 128) 102 (78, 129) 0.43

Vasoactive medications
Beta-blockers, n (%) 479 (28) 317 (29) 162 (28) 0.58

Calcium channel 
blockers, n (%) 538 (32) 352 (32) 186 (32) 0.90

Nitrates, n (%) 626 (37) 408 (37) 218 (37) 1.00

Data presented as n (%) and median (interquartile range). p-value is for comparison 
between sexes.
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Figure 1. Coronary blood flow stratified by sex. A) Coronary flow 
velocity reserve. B) Resting coronary blood flow. C) Hyperaemic 
coronary blood flow. Box plots represent medians and interquartile 
range. Whiskers represent minimum and maximum values.

Other independent predictors were BMI (p=0.002), resting heart 
rate (p<0.001), resting MAP (p<0.001), CSA (p<0.001), smoking 
(p=0.007) and rMR (p<0.001).

Table 3 summarises the independent predictors of hCBF. Female 
sex (p=0.01) was a strong independent predictor of lower hCBF 
after adjusting for age, sex, hypertension, diabetes, hyperlipid-
aemia, BMI, and smoking. Other independent predictors were age 
(p<0.001), BMI (p=0.01) and hyperlipidaemia (p=0.03).

Table 4 summarises independent predictors of CFVR. Female 
sex (p<0.001) was a strong independent predictor of lower CFVR 
after adjusting for age, sex, hypertension, diabetes, hyperlipidaemia, 
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Figure 2. Coronary artery cross-sectional area and resting 
coronary microvascular resistance stratified by sex. A) Mid-left 
anterior descending coronary artery cross-sectional area. 
B) Resting coronary microvascular resistance. Box plots represent 
medians and interquartile range. Whiskers represent minimum and 
maximum values.
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BMI, smoking, baseline heart rate, MAP, CSA, rCBF and rMR. 
Other independent predictors were age (p<0.001), diabetes mel-
litus (p=0.004), BMI (p<0.001), smoking (p=0.02), resting heart 
rate (p<0.001), CSA (p<0.001), and rMR (p<0.001).

Table 2. Multivariable regression analysis for resting coronary 
blood flow independent predictors.

Variable Beta SE p-value
Age 0.03 0.044 0.54

Sex (male) –3.93 1.10 <0.001

Hypertension 1.01 1.12 0.37

Diabetes 2.32 1.75 0.19

Hyperlipidaemia 0.41 1.09 0.71

Body mass index –0.26 0.09 0.002

Tobacco smoking 1.99 0.73 0.007

Resting heart rate 0.25 0.04 <0.001

Resting mean arterial pressure 0.21 0.04 <0.001

Coronary cross-sectional area 7.75 0.26 <0.001

Resting microvascular resistance –6.36 0.33 <0.001

Female sex, body mass index, tobacco smoking, resting heart rate, resting 
mean arterial pressure, coronary artery cross-sectional area, and 
microvascular resistance are independent predictors of resting coronary 
blood flow.

Table 3. Multivariable regression analysis for hyperaemic 
coronary blood flow predictors.

Variable Beta SE p-value
Age –1.16 0.20 <0.001

Sex (male) 13.40 5.00 0.01

Hypertension 9.62 5.12 0.06

Diabetes –2.65 8.20 0.75

Hyperlipidaemia –10.90 5.08 0.03

Body mass index 1.10 0.40 0.01

Tobacco smoking 0.34 3.43 0.92

Age, sex, hyperlipidaemia, and body mass index are independent 
predictors of hyperaemic coronary blood flow.

Table 4. Multivariable regression analysis for coronary flow 
velocity reserve independent predictors.

Variable Beta SE p-value
Age –0.02 0.001 <0.001

Sex (male) 0.20 0.04 <0.001

Hypertension 0.03 0.04 0.47

Diabetes –0.17 0.06 0.004

Hyperlipidaemia 0.01 0.04 0.87

Body mass index 0.01 0.003 <0.001

Tobacco smoking –0.06 0.03 0.02

Resting heart rate –0.02 0.001 <0.001

Resting mean arterial pressure –0.001 0.001 0.49

Coronary cross-sectional area 0.06 0.01 <0.001

Resting microvascular resistance 0.10 0.01 <0.001

Age, female sex, diabetes mellitus, body mass index, smoking, resting 
heart rate, coronary artery cross-sectional area, resting coronary blood 
flow and resting microvascular resistance are independent predictors of 
coronary flow velocity reserve.

Discussion
This study demonstrates that women with chest pain and no or 
mild epicardial CAD have lower CFVR, higher rCBF, lower 
hCBF, and smaller CSA as compared to men. Moreover, female 
sex is an independent predictor of lower CFVR, higher rCBF and 
lower hCBF.

Coronary flow velocity reserve as a marker of CMD is an impor-
tant prognostic marker. However, the heterogeneity in defining 
CMD based on a CFVR cut-off value is not only evident in research 
studies but also in everyday clinical practice. Britten et al have dem-
onstrated increased long-term risk of MACE in patients with CMD 
(defined as % change of coronary flow index post contrast infusion) 
and non-obstructive CAD5, Serruys et al demonstrated increased 
risk of adverse events and recurrent ischaemia with a CFVR cut-
off value of 2.5 post revascularisation20, and the Women’s Ischemia 
Syndrome Evaluation (WISE) study used CFVR <2.24 for CMD 
diagnosis in women29, demonstrating increased risk of MACE in 
women with chest pain and impaired CFVR defined as <2.328. 
Similarly, two recent positron emission tomography (PET) studies 
demonstrated that impaired CFVR (defined as <2.0) is a strong pre-
dictor of cardiovascular mortality30 and that increased risk of MACE 
in women, relative to men, is associated with severely impaired 
CFVR (defined as <1.6) rather than obstructive CAD31. Clinically, 
a CFVR cut-off value of 2.0 has been suggested for diagnosis of 
CMD in both men and women9. In the absence of obstructive CAD, 
the assumption that resting (denominator) and hyperaemic (numera-
tor) blood flow, mirroring measured APV in the mathematical equa-
tion of CFVR, are the same in men and women has never been 
challenged before. Moreover, the assumption that all-comer men 
and women have similar CFVR has also never been challenged 
before in a large-scale invasive study.

Three small studies have previously suggested that coronary 
physiology is different between the sexes and that an “ideal” cut-
off value for impaired CFVR might be sex-specific. The first is 
a PET study that showed higher baseline myocardial blood flow 
in asymptomatic healthy females as compared to healthy males32. 
The second is a study from our group that suggested that CFVR 
is lower in women, as compared to men, with chest pain and non-
obstructive CAD21. The third is a recent study that demonstrated 
lower invasive CFVR values in women as compared to men, sug-
gested similar mean hyperaemic transit time in women as com-
pared to men presenting with angina and non-obstructive CAD, 
and hypothesised that lower CFVR in women was possibly sec-
ondary to higher rCBF22. The current study is the first large-scale 
invasive haemodynamic study investigating differences in coro-
nary physiology between the sexes in symptomatic patients under-
going a clinically indicated angiogram – the patient population in 
which CFVR is likely to be measured for assessment of micro-
circulation. Our findings not only confirm that women with chest 
pain and non-obstructive CAD have lower CFVR as compared 
to men, but also demonstrate that female sex is an independent 
predictor of lower CFVR, a finding that our prior study21 failed 
to show due to its small sample size. Moreover, lower hCBF in 
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women, as demonstrated in this study, is in contrast to similar 
hyperaemic blood flow in men and women suggested by the afore-
mentioned smaller study by Kobayashi et al22.

While lower CFVR in women is related to both higher rCBF 
and lower hCBF, the reason for this sex-specific difference in CBF 
remains unclear. The associated finding of higher resting heart rate 
in women, as compared to men, suggests that higher resting sym-
pathetic tone in women could possibly explain these findings. Our 
group has previously demonstrated sex-specific genetic variants 
associated with coronary epicardial endothelial dysfunction33, but 
whether sex-specific genetic variants are also associated with dif-
ferences in sympathetic tone, adenosine resistance and/or endothe-
lium-independent CMD remains unknown and warrants future 
investigation using invasive catheter-based coronary reactivity 
testing (Doppler wire-derived CFR or pressure-temperature wire-
derived CFR using the thermodilution technique), or non-invasive 
PET-, magnetic resonance imaging-, or echocardiography-derived 
CFVR measurements and CMD diagnostic tools.

The findings of this study may have important clinical implica-
tions. Diagnosis and treatment of CMD improves angina, quality 
of life, physical function and mental health in patients with angina 
and/or signs of ischaemia but no obstructive CAD34,35. Our findings 
show sex-specific differences in CFVR and CBF in symptomatic 
patients and are hypothesis-generating as to whether CFVR cut-offs 
for CMD diagnosis and MACE prediction should be sex-specific. 
Coronary microvascular dysfunction is currently widely regarded as 
a “women’s disease” possibly secondary to underdiagnosis in men 
(where the diagnostic cut-off value of CFVR might be >2.5) and/
or overdiagnosis in women (where the diagnostic cut-off might be 
<2.5). Moreover, whether asymptomatic “healthy” patients have 
similar sex-specific coronary haemodynamic differences to those 
observed in this study population remains unknown. While this 
study design is unable to answer these important questions, future 
outcome data studies linking sex-specific CFVR values in both 
symptomatic and asymptomatic patients without obstructive CAD 
to increased cardiac morbidity, mortality and adverse events will 
hopefully clarify whether optimal CMD diagnostic CFVR cut-off 
values are indeed sex-neutral or perhaps sex-specific. Finally, the 
prognostic value not only of CFVR, but also of rCBF and hCBF in 
predicting MACE in asymptomatic “healthy” versus symptomatic 
women and men warrants further evaluation.

Study limitations
First, non-obstructive CAD status was determined angiographically 
as the visual absence of a focal coronary stenosis >40%, and there-
fore the presence of diffuse epicardial disease without focal steno-
sis in some patients, affecting CFVR measurements independent of 
any coexistent CMD, is possible but unlikely to have been missed. 
Identification of this small fraction of patients with uniform dif-
fuse epicardial narrowing requires the use of alternative imaging 
techniques (magnetic resonance angiography, PET, or intravascu-
lar imaging tools) which were not available in this study. Second, 
coronary artery diameter post adenosine infusion was not measured, 

and therefore computation of hCBF was based on the assumption 
that resting CSA does not significantly change post adenosine. 
Importantly, previously published data in both humans36 and ani-
mals37 have demonstrated that baseline epicardial coronary diameter 
and CSA do not significantly change post adenosine and therefore 
support our assumption and the methodology used to calculate hCBF. 
Finally, we do not have complete longitudinal outcome data on this 
patient population yet, but long-term follow-up and evaluation of 
optimal sex-specific CFVR cut-off values associated with adverse 
outcomes in men versus women would certainly be complementary 
to this study and help in the identification of a patient population 
that needs earlier medical intervention and aggressive risk factor 
modification. Future outcome studies are warranted to evaluate not 
only the sex-specific cut-off values of CFVR tied to MACE but also 
the prognostic values of rCBF and hCBF in men versus women.

Conclusions
Compared to men, women with chest pain and no or mild epicar-
dial CAD have lower CFVR, higher rCBF, lower hCBF and smaller 
CSA, but similar rMR. Female sex is an independent predictor of 
lower CFVR, higher rCBF and lower hCBF. Whether CFVR cut-
offs for coronary microvascular dysfunction diagnosis and MACE 
prediction should be sex-specific needs further evaluation.

Impact on daily practice
The clinical diagnostic (microvascular disease diagnosis) and 
prognostic (MACE outcomes) implications of lower CFVR, 
higher rCBF, and lower hCBF in women with signs/symptoms 
of angina and unobstructed CAD need further evaluation.
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