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Aims This study uniquely explored the relationship between coronary microvascular function and exercise haemodynamics
using concurrent invasive testing.
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Methods
and results

Fifty-one consecutive patients with unexplained cardiac exertion symptoms, non-obstructive coronary artery disease
and normal left ventricular ejection fraction (>50%) underwent haemodynamic exercise assessment and concurrent
coronary reactivity testing. Heart failure with preserved ejection fraction (HFpEF) was defined as a pulmonary arterial
wedge pressure (PAWP) ≥15 mmHg at rest and/or ≥25 mmHg at peak exercise. Endothelium-independent coronary
microvascular dysfunction (CMD) was defined as a coronary flow reserve (CFR) ≤2.5, while endothelium-dependent
CMD was defined as ≤50% increase in coronary blood flow (CBF) in response to intracoronary acetylcholine
infusions. Patients with HFpEF (n = 22) had significantly lower CFR (2.5± 0.6 vs. 3.2± 0.7; P = 0.0003) and median
%CBF increase in response to intracoronary acetylcholine [1 (−35; 34) vs. 64 (−4; 133); P = 0.002] compared to
patients without HFpEF (n = 29). PAWP was significantly higher in patients with endothelium-independent CMD
compared to controls during both rest and exercise. This significant elevation was only present during exercise in
patients with endothelium-dependent CMD compared to controls. CFR had significant inverse correlations with
PAWP at rest (r = −0.31; P = 0.03) and peak exercise (r = −0.47, P = 0.001). CFR also had positive correlations
with maximal exercise capacity (in W/kg) (r = 0.33, P = 0.02).
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Conclusions Coronary microvascular function is inversely associated with filling pressures, particularly during exercise. Both
types of CMD are associated with higher filling pressures at peak exercise. These findings underscore the potential
mechanism and therapeutic target for CMD and HFpEF.
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Keywords Heart failure with preserved ejection fraction • Microvascular dysfunction •
Exercise haemodynamics

Introduction
Heart failure with preserved ejection fraction (HFpEF) accounts
for approximately one-half of heart failure cases worldwide.
While this condition is increasingly recognized and has a rising
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. prevalence because of an ageing population, its pathophysiology
remains poorly understood and no effective treatment strategy
has been developed.1 Several observations have shown that coro-
nary microvascular dysfunction (CMD) may play an important
role in HFpEF,2–6 possibly because impaired myocardial perfusion
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causes ischaemia,7,8 angina, and cardiomyocyte injury, leading
to a depressed cardiac functional reserve9,10 and myocardial
fibrosis.3

In the absence of significant epicardial coronary artery disease
(CAD), CMD is mainly determined by a deficient vasodilatory
response to demand through endothelium-dependent and/or
-independent processes.11 Despite compelling evidence in support
of the presence of CMD in HFpEF, most studies have relied on
non-invasive assessment of both CMD and HFpEF which might
not be accurate. To avoid misclassification,12,13 the reference
standard method for making a HFpEF diagnosis requires invasive
haemodynamic assessment during exercise, yet no studies using
this modality have also directly evaluated coronary microvascular
function. This study addresses this gap by undertaking a compre-
hensive and concurrent assessment of coronary reactivity and
intracardiac filling pressures at rest and during exercise in a patient
population with unexplained cardiac exertion symptoms referred
to the cardiac catheterization laboratory for clinically indicated
evaluation of CMD and HFpEF.

Methods
Patient population
This study included consecutive subjects with unexplained cardiac exer-
tion symptoms (like dyspnoea), and non-obstructive CAD at coronary
angiography (<50% stenosis), who underwent both clinically indicated
invasive coronary reactivity testing (CRT) for the evaluation of CMD,
as well as haemodynamic exercise right heart catheterization for the
evaluation of HFpEF between 2010 and 2019. Exclusion criteria were:
(i) any history of left ventricular ejection fraction <50%; (ii) interme-
diate or significant epicardial CAD (angiographic stenosis ≥50% in a
major vessel); (iii) significant valvular heart disease (more than mod-
erate regurgitation and/or stenosis); (iv) primary cardiomyopathies
(hypertrophic, infiltrative, or restrictive); (v) constrictive pericarditis;
(vi) severe myocardial bridging; (vii) stiff left atrial syndrome; or (viii)
pulmonary disease (pulmonary arterial hyptertension, chronic obstruc-
tive pulmonary disease).

Study protocol
This study was conducted in accordance with the guidelines of the Dec-
laration of Helsinki and was approved by the Mayo Clinic Institutional
Review Board. All patients provided written informed consent for
participation in the study. Clinical, laboratory, and echocardiography
data, as well as microvascular function parameters and haemodynamic
measurements, were abstracted from the medical records through
detailed chart review.

The catheterization protocol is depicted in Figure 1. Patients
discontinued vasodilatory medications (calcium channel blockers,
beta-blockers, and long-acting nitrates) at least 48 h before the study.
They were only allowed to take sublingual nitroglycerin tablets or
spray for angina up to 6 h prior to the catheterization procedure.
The Mayo Clinic protocol of CRT has been described previously in
detail.14,15 In brief, patients underwent diagnostic coronary angiog-
raphy using standard clinical protocols. Those with no significant
epicardial CAD (no or mild angiographic stenosis <50% in any major
vessel) went on to receive 5000 U of heparin intravenously, after ..
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.. which a Doppler guidewire (FloWire, Philips/Volcano Corp., San
Diego, CA, USA) was positioned in the mid-left anterior descending
coronary artery (LAD). First, to assess endothelium-independent
vasodilatation, intracoronary bolus injections of incremental doses
(18 to 72 μg) of adenosine were administered through the guiding
catheter until maximal hyperaemia was achieved. Coronary flow
reserve (CFR) was calculated as the ratio of hyperaemic over baseline
blood velocities. Endothelium-independent CMD was subsequently
defined as CFR ≤2.5 in response to adenosine.15 Next, coronary
microvascular endothelial function was assessed using infusions of
increasing concentrations of intracoronary acetylcholine (10−6, 10−5,
and 10−4 mol/L for 3 min each). Doppler measurements of peak
velocity were performed after each acetylcholine infusion, followed by
repeat coronary angiography. Mid-LAD diameter was measured in the
segment 5 mm distal to the tip of the Doppler wire, using a quantita-
tive coronary angiography programme (QAngio, Medis Corp, Leiden,
The Netherlands). Coronary blood flow (CBF) was then calculated
using the formula: CBF = π× (peak velocity/2)× (coronary artery
diameter/2)2, as previously described.15 The maximal percent change
in CBF in response to acetylcholine compared to baseline (%ΔCBF)
was then calculated, and endothelium-dependent CMD was defined as
%ΔCBF ≤50%.15,16

Right heart catheterization was performed through a 9F sheath via
the right internal jugular vein.12 Right atrial pressure, right ventricu-
lar pressures, pulmonary arterial pressures, and the pulmonary arterial
wedge pressure (PAWP) were measured at end-expiration (mean of ≥3
beats) using 2F high-fidelity micromanometer-tipped catheters (Millar
Instruments, Houston, TX, USA) advanced through the lumen of a 7F
fluid-filled catheter (Balloon wedge, Arrow, Wayne, PA, USA). Mean
micromanometer pressures were calibrated to mean fluid-filled pres-
sures at the beginning and throughout each procedure to avoid baseline
drift. Transducers were zeroed at mid-axilla, measured by laser calipers
in each patient. Mean PAWP was taken at mid-a wave. PAWP posi-
tion was verified by typical waveforms, appearance on fluoroscopy, and
direct oximetry (PAWP blood saturation ≥94%). Arterial blood pres-
sure was measured through a 4F to 6F radial arterial cannula through-
out the tests. After obtaining resting haemodynamics, each subject
performed a symptom-limited exercise test on a supine bicycle while
on the catheterization table. The first stage of exercise (20 W) was per-
formed for 5 min and followed by graded 20 W increments in workload
every 2 min until exhaustion. HFpEF was defined as PAWP ≥15 mmHg
at rest and/or≥25 mmHg at peak exercise, as recommended by current
guidelines.12,17

Statistical analysis
Normally distributed data are presented as mean± standard devi-
ation (SD), and skewed data as median and interquartile range
(Q25; Q75). Comparisons for continuous variables are made
using the independent-samples t-test, Wilcoxon rank-sum test
and one-way ANOVA. Categorical data were compared using the
chi-square test or Fisher’s exact test (when appropriate). Linear
regression was used to assess the relationship between haemo-
dynamic parameters and indexes of CMD. Age- and sex-adjusted
regression was also done. Correlations are reported using Pear-
son’s r correlation coefficients. Statistical analyses were performed
using JMP v.13 software (SAS Institute, Cary, NC, USA). All tests
are two-tailed, and P< 0.05 was considered to be statistically
significant.
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Microvascular function, exercise haemodynamics, and HFpEF 767

Figure 1 Protocol of the catheterization study. APV, average peak velocity; CBF, coronary blood flow; CFR, coronary flow reserve; HFpEF,
heart failure with preserved ejection fraction; PA, pulmonary artery; PAWP, pulmonary arterial wedge pressure; RA, right atrial.

Results
Study population
From 65 consecutive subjects undergoing both CRT and invasive
haemodynamic evaluation during exercise, 51 fulfilled criteria for
inclusion and constitute the study population (online supplemen-
tary Figure S1). From this group, 22 (43%) were found to have
HFpEF by invasive diagnosis. Patients with HFpEF had higher levels
of invasively diagnosed endothelium-independent CMD (46% vs.
21%; P = 0.06), and endothelium-dependent CMD (86% vs. 35%;
P = 0.0002) as compared to non-HFpEF group (Table 1). Patients
with HFpEF had early stage disease, with relatively few comor-
bidities, and displayed similar baseline characteristics, laboratory
values, and echocardiography parameters to those without HFpEF,
with the exception of a higher medial E/e′ by echocardiography
[11.4 (8.5; 15.0) vs. 7.5 (6.7; 10.7); P = 0.01] (Table 1). CFR in
response to adenosine and %ΔCBF in response to acetylcholine
were significantly lower in patients with HFpEF as compared to
non-HFpEF group [CFR: 2.5± 0.6 vs. 3.2 ± 0.7, P = 0.0003; %ΔCBF:
1% (−35; 34) vs. 64% (−4; 133), P = 0.002] (Table 1). Comparisons
between patients with CMD and controls are presented in online
supplementary Table S1. Patients with endothelium-independent
CMD and endothelium-dependent CMD had significantly higher
levels of N-terminal pro B-type natriuretic peptide as compared
to controls [128 (66; 307) vs. 47 (25; 77); P = 0.001; and 83 (39;
137) vs. 43 (25; 69), respectively; P = 0.04] (online supplementary
Table S1). ..
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.. Microvascular function indices
and exercise haemodynamics
There was a significant inverse linear correlation between CFR
and mean PAWP at rest which became stronger during peak
exercise, with Pearson’s r of −0.31 at rest and −0.47 at exercise
(Figure 2A). In addition, the slope of the CFR–PAWP relationship
became steeper at peak exercise compared to rest as indicated
by the significant correlation between ΔPAWP (peak exercise
PAWP – PAWP at rest) and CFR (Pearson’s r = −0.38; P = 0.01;
Figure 2B). The %ΔCBF response to acetylcholine was inversely
related to PAWP at peak exercise (Pearson’s r = −0.36; P = 0.01;
Figure 2C). There was a positive correlation between CFR and peak
ergometric work exercise capacity, as represented by the maximum
W/kg attained by every patient (r = 0.33, P = 0.02; Figure 3A), this
relationship was not observed with %ΔCBF (r = 0.19; P = 0.18;
Figure 3B). On age- and sex-adjusted regression analyses, the
relationship between CFR and %ΔCBF with resting PAWP became
stronger (Pearson’s r = −0.45; P = 0.007 and r = −0.29; P = 0.058,
respectively). The relationship between CFR and %ΔCBF with peak
exercise PAWP remained significant (P = 0.005 and P = 0.048,
respectively). The other adjusted regression analyses are shown
in Table 2.

Coronary microvascular dysfunction
and exercise haemodynamics
In patients with vs. without endothelium-independent CMD,
PAWP was significantly higher, both at rest (12.3± 2.4 mmHg vs.

© 2020 European Society of Cardiology
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768 A. Ahmad et al.

Table 1 Baseline characteristics of patients with vs. those without heart failure with preserved ejection fraction

HFpEF diagnosis P-value
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

No (n = 29) Yes (n = 22)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Baseline characteristics
Age, years 54.3±10.4 59.6±10.1 0.08
Female sex, n (%) 22 (76) 15 (68) 0.54
Body mass index, kg/m2 28.2± 6.3 31.1± 5.7 0.10
Atrial fibrillation, n (%) 1 (4) 2 (9) 0.57
Hypertension, n (%) 15 (52) 12 (55) 0.84
Diabetes mellitus type II, n (%) 2 (7) 6 (27) 0.06
Hyperlipidaemia, n (%) 16 (55) 17 (77) 0.10
Smoking exposure, n (%) 11 (38) 7 (32) 0.65
Prior HF hospitalization 1 (4) 2 (9) 0.57
eGFR, mL/min/1.73 m2 79.4±19.9 73.6± 20.0 0.31

Medications, n (%)
ACEI or ARB 4 (14) 4 (18) 0.71

Beta-blockers 10 (35) 12 (55) 0.15
CCB 5 (17) 6 (27) 0.39
Statins 16 (55) 14 (64) 0.54
Diuretics 3 (10) 2 (9) 0.88

Labs
Haemoglobin, g/dL 13.8±1.2 13.6±1.3 0.59
Creatinine, mg/dL 0.9 [0.7; 1.0] 1.0 [0.8; 1.0] 0.31

Total cholesterol, mg/dL 178 [155; 216] 155 [147; 207] 0.29
LDL-cholesterol, mg/dL 106 [81; 138] 85 [58; 119] 0.21

HDL-cholesterol, mg/dL 58 [46; 64] 54 [45; 81] 0.86
Triglycerides, mg/dL 85 [56; 135] 105 [63; 128] 0.61

NT-proBNP, ng/dL 64 [33; 83] 75 [25; 224] 0.46
Echocardiography parameters

LVEF, % 64 [62; 66] 63 [59; 66] 0.4
LAVI, mL/m2 26 [21; 29] 27 [22; 34] 0.36
Mitral E, m/s 0.7 [0.6; 0.8] 0.7 [0.6; 0.8] 0.86
Medial e′, m/s 8.2 [7.1; 10.9] 6.0 [5.0; 7.0] 0.002
Lateral e′, m/s 10.0 [9.0; 11.6] 8.0 [6.5; 10.0] 0.07
Mitral E/A 1.0 [0.86; 1.33] 1.0 [0.73; 1.18] 0.19
Average E/e′ 7.1 [6.4; 9.2] 9.2 [7.3; 12.4] 0.05
TR velocity max, m/s 2.4 [2.2; 2.5] 2.4 [2.3; 2.5] 0.76

Invasive parameters
QCA (%) 0 [0; 30] 0 [0; 20] 0.58
Coronary flow reserve 3.2 ± 0.7 2.5 ± 0.6 0.0003
%Δ Coronary blood flow 64 [−4; 133] 1 [−35; 34] 0.002
%Δ Coronary artery diameter −6 [−21; 4] −21 [−29; −9] 0.01

Resting RVEDP, mmHg 8.8 ± 3.0 10.1 ± 2.8 0.12
Resting mean PAWP, mmHg 9.9 ± 2.6 12.5 ± 2.7 0.001

Peak exercise mean PAWP, mmHg 18.0 ± 4.4 28.4 ± 3.6 <0.0001

Endothelial-independent CMD, n (%) 6 (21) 10 (46) 0.06
Endothelial-dependent CMD, n (%) 10 (35) 19 (86) 0.0002

ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; CCB, calcium channel blocker; CMD, coronary microvascular dysfunction; eGFR,
estimated glomerular filtration rate; HDL, high-density lipoprotein; HF, heart failure; HFpEF, heart failure with preserved ejection fraction; LAVI, left atrial volume index; LDL,
low-density lipoprotein; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal pro B-type natriuretic peptide; PAWP, pulmonary arterial wedge pressure; QCA,
quantitative coronary angiography; RVEDP, right ventricular end-diastolic pressure; TR, tricuspid regurgitation.
Mitral E, medial e′ , and mitral E/A were missing for 6 (12%) of the patients. LAVI, lateral e′ , and average E/e′ were missing for 10 (20%) of patients. TR maximum velocity was
missing for 23 (45%) of the patients. Six patients out of the 51 did not undergo echocardiography at our institution. To make sure they never had an ejection fraction <50%,
their ejection fraction was abstracted from other imaging modalities or from clinical notes. All other data are complete.

© 2020 European Society of Cardiology
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Microvascular function, exercise haemodynamics, and HFpEF 769

A B

C D

Figure 2 (A,C) Correlation between coronary flow reserve (CFR) (A) or %Δ coronary blood flow (CBF) (C) and mean pulmonary arterial
wedge pressure (PAWP), both at rest and during peak exercise. (B,D) Correlation of CFR (B) or %ΔCBF (D) and delta PAWP (peak exercise
PAWP – PAWP at rest).

10.4± 3.0 mmHg; P = 0.02) and at peak exercise (25.8± 5.9 mmHg
vs. 20.9± 6.6 mmHg; P = 0.01). In contrast, PAWP was
only higher at peak exercise in patients with vs. without
endothelium-dependent CMD (24.9± 6.2 vs. 19.3± 5.7; P = 0.002)
(Figure 4).

Discussion
The present study demonstrates the important relationship
between CMD and exercise haemodynamics in HFpEF. The HFpEF
cohort examined includes patients with earlier disease stage,
with younger age and fewer comorbidities, but invasively proven
HFpEF. The major findings are that: (i) endothelium-independent
function correlates inversely with rest and exercise left-sided car-
diac filling pressures; endothelium-dependent function correlates
inversely with peak exercise left-sided cardiac filling pressures;
(ii) endothelium-independent function has a positive correla-
tion with peak exercise capacity; (iii) patients with HFpEF have ..
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.. significantly lower coronary microvascular function (as measured
by CFR in response to adenosine and %ΔCBF in response
to acetylcholine) compared to those without HFpEF; (iv) 46%
of HFpEF patients have endothelium-independent CMD, 86%
have endothelium-dependent CMD. Thus, the current results
demonstrate a potential role and therapeutic target for the
coronary microvasculature in the pathophysiology of HFpEF
in humans.

Microvascular function and exercise
haemodynamics
Results of the current study suggest a direct link between coronary
microvascular function assessed by CFR and peak exercise capac-
ity, represented by peak external ergometric work (W/kg), which
reflects a reduced cardiac reserve. The current study extends pre-
vious studies. Echocardiography-derived CFR was shown to be
inversely correlated to treadmill exercise capacity, while another

© 2020 European Society of Cardiology
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770 A. Ahmad et al.

A

B

Figure 3 Correlation of peak exercise capacity (W/kg) and (A)
coronary flow reserve and (B) %Δ coronary blood flow.

Table 2 Age- and sex-adjusted regression analysis
between microvascular indices (coronary flow reserve
and %Δ coronary blood flow) and haemodynamic
parameters at baseline and at peak exercise

Resting
PAWP
(mmHg)

Peak
exercise
PAWP
(mmHg)

𝚫 PAWP
(mmHg)

Exercise
capacity
(W/kg)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

CFR
Pearson’s r −0.45 −0.46 −0.29 0.14
P-value 0.007 0.005 0.07 0.38

%Δ CBF (%)
Pearson’s r −0.29 −0.29 −0.18 0.07
P-value 0.059 0.048 0.20 0.64

CBF, coronary blood flow; CFR, coronary flow reserve; PAWP, pulmonary
arterial wedge pressure.

study showed a reduced exercise capacity in women with CMD.18

Ventricular relaxation during diastole is an active process that
consumes adenosine triphosphate and hence requires adequate
oxygen delivery for oxidative phosphorylation.19 Several studies
have demonstrated that detectable levels of cardiac troponins,
signifying cardiomyocyte injury, are found in patients with HFpEF ..
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Figure 4 Baseline mean pulmonary arterial wedge pressure
(PAWP) and peak exercise mean PAWP in patients with coronary
microvascular dysfunction (CMD) vs. controls.

without significant epicardial CAD.5,20 Obokata et al.9 reported
that compared with subjects with HFpEF with normal troponin
T at rest, those with elevated troponin T displayed impaired sys-
tolic reserve during peak exercise, and that peak exercise oxygen
consumption was inversely correlated with detectable levels of
troponin in blood. Moreover, in patients with stable CAD and pre-
served left ventricular ejection fraction, chronic circulating levels
of high-sensitivity troponins have been associated with increased
incidence of cardiovascular death and heart failure.20 It may be
postulated that over time, repetitive cardiomyocyte injury might
increase myocardial fibrosis leading to a more pronounced rise in
cardiac filling pressures not only with exercise but also at rest.

Furthermore, in normal circumstances lusitropy increases during
exercise to keep cardiac filling pressures low.21 Ischaemia caused
by CMD7,8 may therefore be associated with a loss of lusitropy and
higher filling pressures for a similar stroke volume, which can be
exacerbated by exercise.

Coronary microvascular dysfunction
and heart failure with preserved ejection
fraction
In this study, CMD was associated with higher left-sided cardiac
filling pressures at rest, with this relationship being even more

© 2020 European Society of Cardiology

 18790844, 2021, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ejhf.2010 by U

niversiteit H
asselt, W

iley O
nline L

ibrary on [16/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Microvascular function, exercise haemodynamics, and HFpEF 771

pronounced during an increased myocardial demand such exercise.
Several pre-clinical studies have demonstrated an association
between CMD and HFpEF. Paulus and Tschope22 hypothesized that
comorbidities common to HFpEF (e.g. diabetes, obesity, chronic
kidney disease) lead to systemic inflammation including coro-
nary endothelial inflammation leading to CMD, which subsequently
reduces endothelial nitric oxide bioavailability and cyclic guanosine
monophosphate (cGMP) production by adjacent cardiomyocytes.
These processes result in downstream titin hypophosphorylation
and increased cardiomyocyte stiffening and hypertrophy leading to
increased left ventricular diastolic stiffening, a known hallmark of
HFpEF.22 An autopsy study has demonstrated that patients with
HFpEF have more coronary microvascular rarefaction and myocar-
dial fibrosis compared to age-matched controls.3

Coronary microvascular dysfunction might be caused by
endothelium-dependent as well as endothelium-independent
mechanisms, or a combination of both. Endothelium-dependent
dysfunction occurs with the loss of balance between
endothelium-derived relaxing factors (e.g. nitric oxide) and vaso-
constrictors (e.g. endothelin), while endothelium-independent
dysfunction mainly occurs due to an impaired myocyte tone.23

In a multicentre study using adenosine stress echocardiographic
imaging, Shah and colleagues found that CMD was present in
75% of recruited HFpEF patients, and was associated with the
presence of atrial fibrillation, albuminuria and poorer right ven-
tricular function.4 Yang and colleagues first reported on the
separate contributions of endothelium-dependent and indepen-
dent CMD in HFpEF, with each present in approximately 30%
of patients with HFpEF, and at least some type of CMD was
identifiable in 72%.6 The present study importantly confirms and
extends upon these earlier studies, again showing that CMD
is very common in patients with less advanced HFpEF. Impor-
tantly, this is the first study to evaluate the relationships of both
endothelium-independent and endothelium-dependent CMD on
resting and exercise haemodynamics in HFpEF. It is notable that
impaired microvascular relaxation was associated with elevated fill-
ing pressures during exercise, regardless of the type of CMD. This
common outcome underscores the difference in the roles that the
endothelium and myocytes may have during resting and exercise
perfusion.

Coronary microvascular response to increased demand is
comprised of an endothelium-dependent paracrine release of
molecules such as nitric oxide and endothelium-derived relaxing
factor along with endothelium-independent microvascular vascular
smooth muscle cell relaxation.23 Despite most clinical studies
regarding CMD and HFpEF focusing on endothelium-independent
function,2,4,5 as measured by CFR, pre-clinical studies linking CMD
and HFpEF have mostly focused on the role of nitric oxide and
cGMP in the pathophysiology of HFpEF.24 There is no established
treatment for HFpEF that reduces mortality, and while several
trials have been done, most have been negative when assessing
the same therapies used in HFrEF. Furthermore, few treatments
that have been looked at for the treatment of HFpEF were also
studied as a possible treatment for CMD, such as inorganic nitrite
and phosphodiesterase inhibitors,25–28 but these studies were also
largely negative and provided no benefit. All this indicates that ..
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.. there is a possible confounding effect of CMD in patients with
HFpEF that should be taken into account in future studies of HFpEF
treatment. It is possible that patients with endothelium-dependent
and endothelium-independent CMD represent specific pheno-
types in HFpEF that should be evaluated separately in clinical trials
testing interventions targeted to these specific pathophysiologies.

Strengths and limitations
First of all, the current study must be interpreted in the context of
its retrospective single-centre design and limited population size.
Second, due to the exclusion criteria applied in the design of the
study, further limiting the population size included in the analysis,
selection bias could not have been avoided and might affect gen-
eralizability of our results. Furthermore, the cross-sectional design
of the study prevents from establishing causation. Also, duration
of treatment, doses and titrations were not available for analy-
sis and would have provided additional insight into the baseline
characteristics of our population. Furthermore, additional lab val-
ues, such as high-sensitivity troponin after exercise, would have
contributed to the evidence in the current study. Finally, cardiac
magnetic resonance imaging has an emerging role in assessing dias-
tology and the cause of HFpEF, and would have helped in fur-
ther assessing the HFpEF population in this study. On the other
hand, a major strength was that both HFpEF and CMD diagnoses
were confirmed by gold-standard invasive measurements, which
greatly enhances accuracy of diagnosis as compared to non-invasive
diagnostic modalities.13,29 The patients with HFpEF in the present
study displayed earlier disease stage, with younger age and lower
comorbidity burden than in other series, and these baseline dif-
ferences must be considered in applying the current results to the
broader spectrum of patients with HFpEF. Longitudinal studies with
pre-defined target populations and interventions are needed to fur-
ther establish the role of CMD in the pathophysiology, diagnosis
and treatment of HFpEF, as well as phenotyping of patients to guide
therapeutic decision making.

Conclusion
In patients with non-obstructive epicardial stenosis and with a pre-
served ejection fraction presenting for unexplained cardiac exer-
tion symptoms, the presence of invasively defined CMD correlates
with higher intracardiac filling pressures at peak exercise, and is
strongly associated with invasive gold standard HFpEF diagnosis.
Further studies are needed to explore the potential diagnostic and
prognostic value of CMD in patients with HFpEF, as well as its
potential role as a therapeutic target.

Supplementary Information
Additional supporting information may be found online in the
Supporting Information section at the end of the article.
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