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Heart rate reserve during pharmacological stress is a significant negative
predictor of impaired coronary flow reserve in women

Ahmed Haider1,2 & Susan Bengs1,2 & Monika Maredziak1,2 & Michael Messerli1 & Michael Fiechter1,2 &

Andreas A. Giannopoulos1 & Valerie Treyer1 & Moritz Schwyzer1 & Christel Hermann Kamani1 & Dimitri Patriki1 &

Elia von Felten1
&Dominik C. Benz1 & Tobias A. Fuchs1 & Christoph Gräni1 & Aju P. Pazhenkottil1 & Philipp A. Kaufmann1

&

Ronny R. Buechel1 & Catherine Gebhard1,2

Received: 14 September 2018 /Accepted: 4 January 2019 /Published online: 16 January 2019
# Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Purpose Evidence to date has failed to adequately explore determinants of cardiovascular risk in women with coronary micro-
vascular dysfunction (CMVD). Heart rate responses to adenosine mirror autonomic activity and may carry important prognostic
information for the diagnosis of CMVD.
Methods Hemodynamic changes during adenosine stress were analyzed in a propensity-matched cohort of 404 patients (202
women, mean age 65.9 ± 11.0) who underwent clinically indicated myocardial perfusion 13N-ammonia Positron-Emission-
Tomography (PET) at our institution between September 2013 and May 2017.
Results Baseline heart rate (HR) was significantly higher in patients with abnormal coronary flow reserve (CFR, p < 0.001 vs
normal CFR). Accordingly, a blunted HR response to adenosine (=reduced heart rate reserve, %HRR) was seen in patients with
abnormal CFR, with a most pronounced effect being observed in female patients free of myocardial ischemia (45.9 ± 34.9 vs
26.5 ± 18.0, p < 0.001 in women and 29.1 ± 16.9 vs 24.3 ± 21.7, p = 0.15 in men). Hence, a fully-adjusted multivariate logistic
regression model identified HRR as the strongest negative predictor of reduced CFR in women free of myocardial ischemia, but
not in men. Accordingly, receiver operating characteristics (ROC) curves for the presence of reduced CFR revealed that a %HRR
<35 was a powerful predictor for abnormal CFR with a sensitivity of 81% and a specificity of 60% in women.
Conclusion Ablunted HRR<35% is associated with abnormal CFR inwomen. Taking into account HR responses during stress test in
women may help to risk stratify the heterogeneous female population of patients with non-obstructive coronary artery disease (CAD).
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Introduction

Despite remarkably reduced mortality rates over the last two
decades, cardiovascular disease (CVD) remains the leading
cause of death in Europe, currently responsible for more than
four million deaths per year [1]. Notably, declines in

cardiovascular mortality were primarily attributed to the im-
proved survival of male patients, ultimately leading to a higher
cardiovascular mortality in women as compared to men [2].
Limited data availability on female-specific characteristics of
CVD as well as limitations of current diagnostic strategies in
women with suspected CVD have been suggested to account
for these sex-disparities in cardiovascular outcomes. Indeed,
contemporary imaging modalities for the diagnosis of coro-
nary artery disease (CAD) exhibit higher test accuracy in men
than in women, rendering risk assessment and patient stratifi-
cation in the latter sub-population a major challenge [3–5].
Key features complicating CAD assessment in women in-
clude, but are not limited to, technical artefacts related to
breast tissue, reduced heart size and exercise capacity, con-
cerns regarding radiation safety and the greater prevalence of
non-obstructive CAD in women [3, 4, 6–8]. Indeed, symp-
tomatic women are less likely to have obstructive CAD than
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men and tend to have a higher prevalence of coronary micro-
vascular dysfunction (CMVD), also known as microvascular
angina [9]. Emerging data document that CMVD is not a
benign condition and that especially women with CMVD
have severe symptoms and encounter a three times higher risk
than men to experience adverse cardiovascular outcomes [10,
11]. However, despite the female propensity towards worse
outcomes, recognition of CVMD is often delayed or deferred
in this population [11, 12]. This is mainly due to symptom
heterogeneity in women and the more complex invasive or
non-invasive diagnostic work-up needed to provide evidence
of CVMD. In fact, patients with suspected CMVD typically
undergo coronary flow reserve (CFR) quantification by inva-
sive coronary reactivity testing or noninvasive myocardial
perfusion imaging (MPI), both technically demanding proce-
dures that are not widely available [13].

Given (1) the higher prevalence and case-fatality of CMVD
in women, (2) the current undertreatment of patients with
CMVD, and (3) the frequent use of pharmacological stress
testing in women due to the higher incidence of decreased
exercise capacity in this population, we aimed to assess
whether heart rate responses to adenosine may help to risk
stratify patients with suspected CMVD.

Methods

Study population

Myocardial perfusion was assessed by 13N-ammonia
Positron-Emission-Tomography (PET)-myocardial perfusion
imaging (MPI) in 669 consecutive patients (202, 30%women)
who were referred to our institution between September 2013
and May 2017 for evaluation of known or suspected CAD.
Patients were stratified by sex, and propensity-matched
models were applied to adjust for baseline differences be-
tween women and men. Following propensity matching, 404
patients remained in the final analysis. Patients were assigned
to either normal or abnormal myocardial perfusion and/or
global CFR upon stratification by sex for the assessment of
outcome. The patient’s history including risk factors, medica-
tion use and key symptoms including chest pain and shortness
of breath were recorded at the time of the imaging study by
patient interview as well as by review of medical records.
Moreover, prior diagnosis of CAD and a history of revascu-
larization were documented. Our study was approved by the
Cantonal Ethics Board in Zurich, Switzerland (BASEC No.
2017–01112). All procedures performed in this study were in
accordance with the ethical standards of the institutional re-
search committee and with the 1964 Helsinki declaration and
its later amendments. For this type of study formal consent is
not required.

13N-ammonia PET- myocardial perfusion imaging
protocol

All 669 patients underwent 13N-ammonia PET-MPI according
to a one-day protocol at rest and during adenosine-induced
stress conditions with a standard dose rate of 0.14 mg/min/kg
over a time period of 7 min, as previously reported [14–17].
PET imaging was conducted on either a Discovery [LS/RX]
PET/CT scanner or a GE Advance PET scanner (both GE
Healthcare, Milwaukee, WI). Patients were devoid from caf-
feine intake during 12 h preceding the study. Medications
(including beta-blockers) were withheld for 24 h prior to
13N-ammonia PET-MPI according to recommendations made
by current guidelines [18, 19]. For anatomical orientation and
photon attenuation correction, PETacquisitions were preceded
by a computed tomography (CT) transmission scan. Upon in-
travenous injection of 13N-ammonia (700–900 MBq), stan-
dardized rest and pharmacological stress imaging protocols
were applied according to the guidelines published by the
American Society of Nuclear Cardiology [20].

Reconstruction protocol and image analysis

Image reconstruction was performed using a filtered back pro-
jection and the images were resliced into short-axis, vertical and
horizontal long-axis orientations as previously described [16].
Applying the 17-segment scoring system, rest and stress images
were visually scored and the summed stress score was further
used to determine the percentage of abnormal myocardium dur-
ing stress. Image interpretation was performed by two indepen-
dent and experienced readers, blinded to the clinical data. If the
summed stress score was smaller than four the scan was consid-
ered normal [15]. Image analysis was carried out using PMOD
software package (version 2.1 to 2.8; PMOD Technologies Ltd.,
Zurich, Switzerland) and myocardial blood flow (MBF) was
estimated by the model fitting of the blood pool as well as the
myocardial time-activity curves corrected for partial volume ef-
fects and spillover, according to previous reports [15, 16].We did
not normalize baseline MBF to rate-pressure product (RPP) as
this parameter was not retrieved in the patient sample. The global
CFR was obtained from the ratio of stress to rest absolute MBF
in the whole left ventricle. For stratification and statistical analy-
sis, a CFR> 2.0 was considered normal [21].

Statistical analysis

The study population was stratified by sex, and propensity score
matching was used to balance both groups for baseline differ-
ences. The propensity score for each patient was estimated using
a multivariable logistic regression model in which sex was
modelled using age, body mass index (BMI), diabetes, smoking,
hypertension, dyslipidaemia, family history of CAD, prior myo-
cardial infarction (MI), prior revascularisation, and medication as
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covariates in the model. The propensity score was then used to
match women and men with similar estimated propensity to two
decimal places. Data are presented as mean ± standard deviation
(SD) for continuous variables and frequency and percentage for
categorical variables. Prior to analyses, basic assumptions were
checked. Student’s t test, Mann-Whitney test, analysis of vari-
ance (ANOVA) or Kruskal-Wallis test were used for group com-
parisons of continuous variables. For categorical variables, chi-
square tests were used. For clinical convenience, CFR was
displayed as a dichotomous variable using ≤2 as a cut point for
an impaired ratio. As an effect measure modification by revers-
ible perfusion defect was detected, patients with myocardial is-
chemia were excluded for the analysis of associations between
heart rate reserve (HRR) andCFR/hyperemicMBF. The relation-
ship between CFR and HRR was evaluated using Pearson’s
correlation coefficient. Using a multivariate logistic regression
model, predictors of abnormal CFR were tested after stepwise
selection in men and women (criterion: probability-of-F-to-enter
<=0.05). A multivariate linear regression model was used to
assess predictors of hyperaemic MBF in men and women.
Variables included in both analyses were age, BMI, left ventric-
ular ejection fraction (LVEF), rate pressure product (RPP), path-
ologicMPI findings, smoking status, hypertension, diabetes, dys-
lipidemia, as well as previous MI and/or revascularization.
Statistical significance was set at p < 0.05. SPSS version 24.0
(SPSS Inc., Chicago, Illinois) was used for all statistical analyses.

Results

Patient characteristics

Following propensity score matching, a total of 404 subjects
(202 [50.0%] women, mean age 65.9 ± 11.0 years) remained in
the analysis. Before matching, 669 subjects (30% women,
mean age 65.8 ± 11.0 years) were analyzed. In the unmatched
cohort, mean age at presentation was 66.7 ± 11.3 years for
women and 65.4 ± 10.8 years for men (p = 0.17, Table 1).
Men were more often smokers (32.3% vs 21.3%, p = 0.004,
Table 1) and were more often on medication than women (p <
0.05, Table 1). More men than women had previously under-
gone revascularization (38.1% for PCI and 21.6% for CABG
vs 19.3% vs 12.9% in women, p < 0.01, Table 1) or had previ-
ously experienced an MI (24.6% vs 10.9% in women, p <
0.001, Table 1). Patient’s characteristics of both unmatched
and matched cohorts stratified by sex are depicted in Table 1.

Myocardial perfusion findings and hemodynamic
changes during adenosine stress

Ninety-three percent of patients reported discomfort, dyspnoea or
chest pain during adenosine infusion (p = 0.5 for men vs women,
Table 2). On 13N-Ammonia PET, reversible perfusion defects

were found in 29.7% of patients (31.2% of men and 28.2% of
women, p = 0.5), while 40.6% of patients showed an irreversible
perfusion defect (Table 2). Men had a higher prevalence of fixed
perfusion defects than women (47.5% vs 33.7% in women, p =
0.01, Table 2). CFR values were found to be abnormal (≤2.0) in
185 (46.0%) patients. Abnormal CFR ≤2.0 was detected in 43%
of women and 49.0% of men (p = 0.23 men vs women). Both
baseline and hyperemic myocardial blood flow (MBF) were
higher in women as compared to men (0.98 ± 0.3 mL/min/g vs
0.74 ± 0.2 mL/min/g, p < 0.001, and 2.1 ± 0.8 mL/min/g vs 1.6
± 0.6 mL/min/g, p < 0.001, Table 2). Accordingly, no significant
sex differences were found for CFR (2.2 ± 0.8 in women vs 2.1
± 0.8 in men, p = 0.40, Table 2). In patients without myocardial
ischemia detected by 13N-ammonia PET, abnormal CFR was
observed in 35.9% (n = 52) of women and 43.9% (n = 61) of
men (data not shown). Baseline LVEF, heart rate (HR) and sys-
tolic blood pressure (SBP)were significantly higher in women as
compared to men (p < 0.01, Table 2). Pharmacological stress
with adenosine caused a slight increase in diastolic and systolic
blood pressure (DBP and SBP) in both men and women (p <
0.05 vs baseline), while a decrease in LVEF was noted in both
sexes (p < 0.05 vs baseline). Similarly, a significant increase in
HR (p < 0.001 vs baseline) was observed, which was most pro-
nounced in women (99 bpm vs 86 bpm in men, p < 0.001,
Table 2). Accordingly, HRR during adenosine stress was signif-
icantly higher in women as compared to men (40.2 ± 39.3 vs
27.5 ± 22.6, p < 0.001, Table 2). No difference between men
and women was observed with regard to adenosine-induced
LVEF changes (LVEF reserve, p = 0.53, Table 2).

Adenosine-induced hemodynamic changes and their
association with coronary flow reserve

In the overall population, baseline HR was significantly higher
in patients in whom an abnormal CFR ≤2mL/min was detected
by 13N-ammonia PET (p < 0.001, data not shown). The asso-
ciation between an increased baseline HR and reduced CFR
was observed in both men and women (p = 0.013 for women
and p = 0.001 for men, Fig. 1a). No significant differences in
peak HR during adenosine infusion were observed between
patients with normal and reduced CFR (p =NS, Fig. 1b). In
contrast, a profound decrease in HRR was seen in women with
reduced CFR (p = 0.002, Fig. 1c), while a less pronounced
effect was observed in men with reduced CFR (p = 0.006 vs
normal CFR, Fig. 1c). In a subpopulation of patients without
myocardial ischemia, the above differences were even more
pronounced. In fact, in this subgroup of patients, a profoundly
decreased %HRRwas observed in women, but not in men with
abnormal CFR (45.9 ± 34.9 vs 26.5 ± 18.0, p < 0.001 in women
and 29.1 ± 16.9 vs 24.3 ± 21.7, p = 0.15 in men, Fig. 1f). This
significant reduction in HRR in women with abnormal CFR
was due to an increased baseline HR and a concomitantly re-
duced peak HR during pharmacological stress in this
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population (Fig. 1d and e). The latter was observed in women,
but not in men (Fig. 1e). No significant changes in baseline
mean arterial blood pressure (MAP) or peak MAP were ob-
served, while a slight increase in peak SBP was seen in men
with abnormal CFR (Fig. 2a–c). In contrast, a moderate de-
crease in peak DBP was observed in women CFR (p = 0.03
vs normal CFR), but not in men, with abnormal CFR (Fig. 2d).
Both, baseline and peak LVEFwere slightly reduced in patients
with abnormal CFR (p < 0.05, Fig. 2e and f). Accordingly, in
patients free of myocardial ischemia, a significant and positive
association was observed between baseline and peak LVEF and
CFR (r = 0.19, p = 0.001 for baseline LVEF and r = 0.18, p =
0.002 for peak LVEF, data not shown). Further, a strong and
positive correlation between HRR and CFR was found in these
patients (Pearson’s r = 0.33, p < 0.001). However, a sex-
specific analysis revealed that this association was present only
in women, while no significant association between HRR and
CFR was observed in men (Fig. 3a). Hence, a significant dif-
ference between regression lines for HRR and CFR in women
and men was observed (pinteraction = 0.001, Fig. 3a). Finally, in
men but not in women, a significant association between typical
angina symptoms or dyspnea with reduced CFR was observed
(p = 0.7 in women and p = 0.04 in men, Fig. 3b).

Predictors of abnormal CFR in women and men
without myocardial ischemia

Amultivariate logistic regression model taking into account age,
BMI, RPP, pathologic MPI findings, known CAD, and cardio-
vascular risk factors including smoking status, hypertension, di-
abetes, and dyslipidemia, identified HRR (continuous variables)
as the only significant negative predictor of reduced CFR in
women (Table 3A). In contrast, diabetes mellitus and baseline
LVEF, but not HRR, were selected as significant predictors of
abnormal CFR in men (Table 3B). Accordingly, in patients with-
out myocardial ischemia, receiver operating characteristics
(ROC) curves for the presence of reduced CFR revealed that a
%HRR< 35 was a powerful predictor for abnormal CFR with a
sensitivity of 81% and a specificity of 60% in women (Fig. 3c),
while the predictive value of HRR for the presence of abnormal
CFRwas significantly less inmen (area under the curve, AUC=
0.61, p = 0.03, Fig. 3d). As some studies suggest that hyperemic
MBF might be superior to CFR in the evaluation of cardiovas-
cular risk [22], and given the potential underestimation of CFR in
women, an additional regression analysis in patients without
myocardial ischemia was performed, with hyperemic MBF be-
ing the dependent variable. This fully adjusted linear regression

Table 1 Characteristics of the study population by sex

Baseline characteristics Unmatched cohort PS Matched cohort

Total
n = 669

Women
n = 202

Men
n = 467

p value Total
n = 404

Women
n = 202

Men
n = 202

p value

Age (years), mean ± SD 65.8 ± 11.0 66.7 ± 11.3 65.4 ± 10.8 0.17 65.9 ± 11.0 66.7 ± 11.3 65.1 ± 10.6 0.15

BMI, mean ± SD 28.7 ± 6.3 28.6 ± 7.7 28.7 ± 5.5 0.89 28.7 ± 6.8 28.6 ± 7.7 28.8 ± 5.8 0.78

Hypertension, n(%) 368 (55) 101 (50) 267 (57.2) 0.087 209 (51.7) 101 (50) 108 (53.5) 0.486

Smoking, n(%) 194 (29) 43 (21.3) 151 (32.3) 0.004 97 (24.0) 43 (21.3) 54 (26.7) 0.20

Diabetes, n(%) 170 (25.4) 48 (23.8) 122 (26.1) 0.52 85 (21.0) 48 (23.8) 37 (18.3) 0.179

Dyslipidemia, n(%) 332 (49.6) 91 (45) 241 (51.6) 0.12 193 (47.8) 91 (45) 102 (50.5) 0.273

Family history of CAD, n(%) 140 (20.9) 40 (19.8) 100 (21.4) 0.64 69 (17.1) 40 (19.8) 29 (14.4) 0.146

Previous MI, n(%) 137 (20.5) 22 (10.9) 115 (24.6) <0.001 55 (13.6) 22 (10.9) 33 (16.3) 0.111

Previous PCI, n(%) 217 (32.4) 39 (19.3) 178 (38.1) <0.001 89 (22.0) 39 (19.3) 50 (24.7) 0.08

Previous CABG, n(%) 127 (19) 26 (12.9) 101 (21.6) 0.008 63 (15.6) 26 (12.9) 37 (18.3) 0.13

Typical angina symptoms, n(%) 100 (14.9) 28 (13.9) 72 (15.4) 0.6 61 (15.1) 28 (13.9) 33 (16.3) 0.487

Atypical angina symptoms, n(%) 124 (18.5) 44 (21.8) 82 (17.6) 0.16 78 (19.3) 44 (21.8) 34 (16.8) 0.207

Dyspnea, n(%) 128 (19.1) 46 (22.8) 80 (17.1) 0.12 84 (20.8) 46 (22.8) 38 (18.8) 0.327

Medication

Platelet inhibitors 327 (48.9) 82 (40.6) 245 (52.5) 0.005 168 (41.6) 82 (40.6) 86 (42.6) 0.686

Beta-blocker 233 (34.8) 57 (28.2) 176 (37.7) 0.018 122 (30.2) 57 (28.2) 65 (32.3) 0.386

ACEI/Aldosterone antagonist 310 (46.3) 79 (39.1) 231 (49.5) 0.014 173 (42.8) 79 (39.1) 94 (46.5) 0.132

Lipid lowering agents 333 (49.8) 70 (34.7) 263 (56.3) <0.001 152 (37.6) 70 (34.7) 82 (40.6) 0.06

Unmatched (left) and matched (right) cohort following propensity score (PS) matching. Data are presented as mean ± SD or % of patients

PS propensity score, BMI body mass index, CAD coronary artery disease, MI myocardial infarction, PCI percutaneous coronary intervention, CABG
coronary artery bypass grafting, ACEI angiotensin-converting-enzyme inhibitor
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analysis identified HRR as a strong and independent predictor of
hyperemic MBF only in women (beta coefficient 0.331, p =
0.001), but not in men, while BMI and baseline LVEF were
selected as significant predictors of hyperemic MBF in both
sexes (Table 4).

Discussion

Our study is the first reporting that a blunted %HRR <35
during coronary vasodilator stress is a powerful independent
predictor of abnormal CFR in women free of myocardial is-
chemia on 13N-ammonia PET-MPI. Our data further illustrate

that predictor variables of abnormal CFR differ substantially
between men and women, with traditional cardiovascular risk
factors such as diabetes being associated with abnormal CFR
only in men. Similarly, although women with non-obstructive
CAD and suspected CMVD more often report severe chest
pain, angina symptoms were not associated with abnormal
CFR in women in our study. Given the high prevalence of
non-obstructive CAD in women and their augmented clinical
event rates, our data emphasize the need to better define the
female cardiovascular phenotype associated with CMVD and
suggest that taking into account hemodynamic variables rou-
tinely obtained during coronary stress testing might help to
identify female patients that should undergo further testing.

Table 2 Patient hemodynamic
and 13N-ammonia PET
parameters

13 N-Ammonia PET and hemodynamic
variables

Total

N = 404

Women

N = 202

Men

N = 202

p
value

Symptoms (flush, chest pain, dyspnea, nausea)
during adenosine infusion, n(%)

374 (92.6) 189 (93.6) 185 (91.6) 0.5

Perfusion defect

None, n(%) 172 (42.6) 100 (49.5) 72 (35.6) 0.01

Fixed, n(%) 164 (40.6) 68 (33.7) 96 (47.5) 0.01

Reversible, n(%) 120 (29.7) 57 (28.2) 63 (31.2) 0.51

Baseline MBF (mL/min/g), mean ± SD 0.9 ± 0.3 0.98 ± 0.3 0.74 ± 0.2 <0.001

Hyperemic MBF (mL/min/g), mean ± SD 1.8 ± 0.8 2.1 ± 0.8 1.6 ± 0.6 <0.001

CFR, mean ± SD 2.2 ± 0.8 2.2 ± 0.8 2.1 ± 0.8 0.40

Abnormal CFR (<2), n(%) 185 (46.0) 86 (43.0) 99 (49.0) 0.23

Agatston calcium score > 75th percentile, n(%)

(available in 200 patients)

62 (40.8) 37 (40.2) 25 (41.7) 0.86

LVEF

Rest (%), mean ± SD 52.02 ± 12.9 55.6 ± 12.9 48.2 ± 12.2 <0.001

Hyperemic (%), mean ± SD 49.1 ± 12.2 52.5 ± 12.3 45.6 ± 11.4 <0.001

LVEF reserve (%), mean ± SD −5.0 ± 10.1 −5.3 ± 8.1 −4.6 ± 11.8 0.53

Diastolic blood pressure (DBP)

Baseline (mmHg), mean ± SD 76.8 ± 12.5 73.8 ± 12.9 75.0 ± 12.9 0.49

Peak effect (mmHg), mean ± SD 96.0 ± 14.9 76.8 ± 12.4 76.8 ± 12.8 0.99

Systolic blood pressure (SBP)

Baseline (mmHg), mean ± SD 139.6 ± 24.5 144.0 ± 25.7 134.4 ± 22.0 0.003

Peak effect (mmHg), mean ± SD 142.0 ± 22.9 145.7 ± 23.4 138.2 ± 21.8 0.002

Mean arterial pressure (MAP)

Baseline (mmHg), mean ± SD 96.0 ± 14.9 97.1 ± 15.2 94.8 ± 14.4 0.25

Peak effect (mmHg), mean ± SD 98.2 ± 14.1 99.5 ± 14.3 96.9 ± 13.8 0.09

Heart rate

Baseline (bpm), mean ± SD 69.6 ± 12.1 71.2 ± 11.9 67.9 ± 12.2 0.007

Peak effect (bpm), mean ± SD 92.3 ± 24.8 98.7 ± 28.7 85.9 ± 18.0 <0.001

% HRR, mean ± SD 33.9 ± 32.6 40.2 ± 39.3 27.5 ± 22.6 <0.001

Peak heart rate * SBP (RPP) product,
mean ± SD

13,106 ± 3917 14,417 ± 4269 11,796 ± 3017 <0.001

Data are stratified by sex

MBF myocardial blood flow, CFR coronary flow reserve, LVEF left ventricular ejection fraction, DBP diastolic
blood pressure, SBP systolic blood pressure, MAP mean arterial pressure, bpm beats per minute, HRR heart rate
reserve, RPP rate pressure product
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Indeed, despite a growing awareness of sex-specific differ-
ences in the diagnosis of CAD, contemporary diagnostic strat-
egies have failed to provide effective risk correlates for wom-
en with non-obstructive CAD and persisting symptoms of
myocardial ischemia. This lack of recognition is primarily
related to the fact that a considerable proportion of women
does not present obvious perfusion defects by routinely ap-
plied imaging techniques but, instead, tend to suffer from vi-
sually non-detectable CMVD [13]. CMVD can be assessed
using PET-MPI derived CFR due to its distinct advantage of
excellent temporal and spatial resolution and absoluteMBF quan-
tification across coronary vessels [23, 24]. In women, PET-MPI
has tackled several standing issues by means of the excellent
breast tissue attenuation correction, and the favorable safety pro-
file with effective doses ranging from 2 to 3 mSv [25, 26].
However, despite its excellent diagnostic performance, the use
of PET-MPI is currently limited by technical and logistic chal-
lenges aswell as high costs associatedwith radiotracer production
[25]. Consequently, the vast majority of functional non-invasive
diagnostic imaging approaches rely on stress echocardiography,

stress magnetic resonance imaging (MRI) or stress single-photon
emission computed tomography (SPECT)-MPI, which all pro-
vide information on epicardial coronary lesions at a relatively
low cost. These imaging modalities, however, are not suitable
for accurate CFR quantification, resulting in a false sense of reas-
surance in women without evident perfusion defect or wall mo-
tion abnormality. Our study findings suggest that the analysis of
HRR during vasodilator stress might be a potential gatekeeper-
test for further assessment of CMVD in symptomatic women
without evidence of myocardial ischemia. In addition, our study
emphasizes the value of examining and reporting hemodynamic
changes that occur with adenosine stress and point out that the
reliance on traditional risk markers might not be an accurate risk
estimate for the presence of CMVD in women.

Hemodynamic changes during pharmacologic stress testing
have been reported previously. Consistent with earlier studies in
patients undergoing SPECT-MPI, we observed a significant in-
crease in HR during adenosine infusion, resulting in an average
%HRR of 34 in our total study population [27]. In previous
SPECT-MPI studies, a diminished HR response to adenosine

Fig. 1 Heart rate changes before and after pharmacological stress with
adenosine stratified by sex and the presence/absence of abnormal cor-
onary flow reserve. a–c Analysis performed in total population. a
Baseline heart rate. Values are reported in beats per minute (bpm). b
Peak heart rate during adenosine infusion. Values are reported in beats
per minute (bpm). c Heart rate change during adenosine stress. Values
are reported as percent heart rate reserve [(peak HR minus baseline
HR)/baseline HR]*100). d–e Analysis performed in patients without

myocardial ischemia. d Baseline heart rate. Values are reported in beats
per minute (bpm). e Peak heart rate during adenosine infusion. Values
are reported in beats per minute (bpm). f Heart rate change during
adenosine stress. Values are reported as percent heart rate reserve [(peak
HR minus baseline HR)/baseline HR]*100). d Baseline heart rate.
Values are reported in beats per minute (bpm). Data are presented as
mean ± SEM. Two-sided p values are indicated. CFR, coronary flow
reserve
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was observed in patients with myocardial ischemia [27, 28].
However, while the former was associated with an increased
risk of cardiac death in two studies [29, 30], an investigation
conducted in a female population did not detect any correlation
between chronotropic responses to adenosine and cardiovascu-
lar outcomes [31]. Previous work suggests that an increased
sympathetic activity might have accounted for the adverse out-
comes seen in patients with a blunted HR response [29, 30].
Thus, taking into account the effect of age, sex, and comorbid-
ities such as diabetes or heart failure on cardiac autonomous
function, different study populations and exclusion criteria
might have accounted for the conflicting findings [30, 32–34].

Our study now extends these previous data by demonstrating
that not only epicardial CAD but also CMVD is associated with
changes in chronotropic responses to adenosine and that these
changes differ by sex. To the best of our knowledge, only one
previous study has assessed the association between HR re-
sponses to adenosine and MBF in a heterogeneous population
of 31 patients. Although these authors did not report sex-specific

findings, they observed a blunted HRR in patients with reduced
CFR, in accordance with our data [35]. Notably, while the ma-
jority of published articles describe a diminished HR response to
vasodilator stress in patients with pathologic findings onMPI, we
recently observed a strong increase in adenosine related HRR in
younger patients <55 years in whom myocardial ischemia was
detected by SPECT-MPI. The strongest increase in HR during
adenosine stress was seen in young women with myocardial
ischemia [17]. As hemodynamic responses to adenosine have
been shown to depend on baseline cardiac autonomic tone, and
considering the known age-dependent changes of cardiac auto-
nomic control [32–34, 36, 37], a stronger, sympathetic-driven
hemodynamic response to adenosine in premenopausal women
with ischemic cardiac processesmay account for these seemingly
divergent findings.

Along this line of reasoning, our results agree with the concept
of sexual dimorphism in cardiovascular autonomous activity. In
fact, we did not observe a significant BP drop during adenosine
administration in our study indicating that the adenosine-related

Fig. 2 Hemodynamic changes in patients without myocardial ischemia
during pharmacological stress with adenosine stratified by sex and the
presence/absence of abnormal coronary flow reserve. a Baseline mean
arterial pressure (MAP). b Peak mean arterial pressure (MAP). c Peak
systolic blood pressure (SBP) during adenosine infusion. d Peak diastolic
blood pressure (DBP) during adenosine infusion. e Left ventricular

ejection fraction (LVEF) quantified by gated 13N-ammonia PET at base-
line. f Left ventricular ejection fraction (LVEF) quantified by gated 13N-
ammonia PET following pharmacological stress with adenosine. Data are
presented as mean ± SEM. Two-sided p values are indicated. CFR,
coronar flow reserve
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increase in HR occurs due to direct sympathetic stimulation rather
than due to a reflex to the decrease inBP.Overall, women showed
a stronger HR increase during adenosine infusion as compared to
men in our study, independent of CFR. As augmented plasma
norepinephrine levels along with an increase in HR following
adenosine administration have been reported [36], our observa-
tions suggest a stronger sympathetic response to vasodilator stress
in women. The fact that this response was blunted in the presence
of abnormalCFRor reduced hyperaemicMBF inwomen, but not
in men, might point towards a higher baseline sympathetic activ-
ity in women with CMVD. A higher resting HR in women with
abnormal CFR in our study as well previous evidence indicating
that chronotropic responses to adenosine depend on baseline sym-
pathetic tone further support this hypothesis [32–34, 36]. Notably,
individuals with CMVD are considered a high risk subset of
patients with cardiac syndrome X, a condition that is more com-
mon in women and characterized by chest pain, repolarization

abnormalities during exercise, and exclusion of significant epicar-
dial CAD [38–40].While a direct association between autonomic
dysregulation and CMVD has never been demonstrated, an in-
creasing body of evidence suggests that cardiac syndrome X is
associated with cardiac sympathetic hyperactivity and parasym-
pathetic impairment [41–43].

As with any study, certain design limitations are inherent.
First, the present study is a retrospective analysis conducted at
a single center, which confines its generalizability. Second,
due to the limited sample size, adjustment was only feasible
for a limited number of confounders. Thus, residual confound-
ing factors may remain after accounting for clinically pertinent
variables. Also, unmeasured variables not incorporated into
the propensity-matched models may have affected the results.
Third, we did not normalize baseline MBF to RPP, a measure
that may reduce variability within and between individuals
[21]. However, as in our study HRR was not only associated

Fig. 3 Association between heart rate reserve, symptoms and abnormal
coronary flow reserve in patients without myocardial ischemia. a
Correlation of heart rate reserve and coronary flow reserve (CFR) in
women and men. Pearson’s r and p values are indicated. b Typical angina
symptoms and dyspnea in patients with normal/abnormal coronary flow
reserve stratified by sex. Two-sided p values are indicated. c Receiver

operating characteristics (ROC) curves for the presence of reduced coro-
nary flow reserve (CFR) in women. d Receiver operating characteristics
(ROC) curves for the presence of reduced coronary flow reserve (CFR) in
men. Area under the ROC curve (AUC) and p value for heart rate reserve
(HRR) following pharmacological stress with adenosine
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with CFR but also with hyperemic MBF, a parameter that is
independent of RPP, our data suggest that the observed sex
differences occur independent of baseline MBF. The latter is
consistent with a previous study reporting that sex differences
in baseline MBF persisted after correction for RPP, thereby
indicating that other variables account for the higher baseline
MBF observed in women [44]. Finally, although patients were

asked to suspend their regular medications 24 h prior to the
scan, we cannot exclude an effect of individual treatment reg-
imen, in particular of β-blockers, on hemodynamic responses
to adenosine infusion. Nevertheless, no difference in %HRR
was observed in our study between patients who were on
long-term beta-blocker therapy as compared to those without
(33.9 ± 40.0 vs 32.5 ± 26.7, p = 0.68). These observations are
consistent with previous reports showing that β-blocker treat-
ment did not interfere with the expected HR increment during
adenosine infusion [17, 36].

In summary, our study demonstrates that a blunted %HRR
<35 is associated with abnormal CFR in women undergoing
stress testing. Taking this variable into account may help to risk
stratify the heterogeneous population of patients with non-
obstructive CAD and to tailor diagnostic strategies to the female
cardiovascular phenotype. Further research is warranted to deter-
mine the role of the sympathetic nervous system in the develop-
ment and clinical course of CMVD, and larger-scale investiga-
tions will have to assess whether HRRwill add incremental prog-
nostic value to PET-MPI in addition to image-related parameters.
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