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Abbreviations: Ach, acetylcholine
AOA, aortic orifice area
AS, aortic stenosis
AV, aortic valve
CFR, coronary flow reserve
CMD, coronary microvascular dysfunction
COVADIS, coronary vaomotion disorders international study group
ECG, electrocardiogram
LCA, left coronary artery
LV, left ventricle
LVEDP, left ventricular end-diastolic pressure
LVEF, left ventricular ejection fraction
LVPSP, left ventricular peak systolic pressure
MPG, mean pressure gradient
MPRI, myocardial perfusion reserve index
NOCAD, non-obstructive coronary artery disease
NTG, nitroglycerine
PG, pressure gradient
RCA, right coronary artery
V, velocity
VTI, velocity time integral
1. Background

Evaluation of patients with aortic stenosis represents a chal-
lenging task for the clinical cardiologist. The cause of the patient’s
symptoms is especially difficult to assess in cases of mild-to-mod-
erate stenosis. It has been postulated that coronary microvascular
dysfunction (CMD) may contribute to the clinical symptoms in
patients with aortic stenosis (AS) [1]. This assumption is further
supported by studies showing that increased extravascular pres-
sure, increased left ventricular end-diastolic pressure (LVEDP)
and microvascular remodeling are frequently found in patients
with AS and contribute to the development of CMD [2,3]. Further-
more, studies showed that the severity of AS correlates with the
decline in myocardial flow reserve [1,4], a mechanism regulated
by the microvasculature. Recently, recommendations for the
assessment of CMD have been published by the Coronary Vasomo-
tion Disorders International Study Group (COVADIS), which not
only include the measurement of coronary flow reserve or myocar-
dial perfusion reserve but also intracoronary acetylcholine (ACh)
spasm provocation testing [5]. To elucidate the connection
between CMD and AS, we assessed the frequency of coronary
microvascular spasm, a subtype of CMD, with ACh provocation
ecommons.org
testing in symptomatic patients with mild-to-moderate AS com-
pared to a control group (see Fig. 1).

2. Methods

From 2013 to 2017 19 patients (mean age 77 ± 8, 53% male)
were enrolled retrospectively. All procedures performed in this
study were in accordance with the 1964 Helsinki declaration and
its later amendments. Informed consent was obtained from all par-
ticipants included in the study.

Invasive coronary angiography, right heart catheterization and
left ventricular (LV) pressure measurements were carried out to
evaluate the severity of the AS. After exclusion of epicardial ste-
noses as well as high-grade AS (peak-to-peak gradient <40 mmHg,
aortic valve area >1.0 cm2 and normal systolic LV function), all
patients underwent ACh provocation testing to assess coronary
vasomotion. Provocation testing was carried out as described pre-
viously [5]. Coronary microvascular spasm, a subtype of CMD, was
defined as ischemic ECG changes with reproduction of the patient’s
symptoms in the absence of epicardial spasm (<90% vasoconstric-
tion) during ACh-testing. A group of ten patients without angina or
dyspnoea symptoms served as a control group. This group included
patients who underwent catheterization as diagnostic coronary
angiography before surgical removal of atrial masses or patients
with chest discomfort of unknown origin in whom a non-cardiac
cause was identified after further diagnostic work-up.

Statistical analysis was carried out with SPSS Statistics 23.0 and
a two-sided p-value of <0.05 was considered statistically signifi-
cant. Results are expressed as mean ± standard deviation. The t-
test was used to compare continuous variables. The Fisher-exact-
test was used for categorical variables.

3. Results

Nine of the patients (47%) suffered from exercise-related dysp-
noea, 3 (16%) reported dyspnoea at rest and 7 (37%) had a combi-
nation of dyspnoea at rest and during exertion. Exercise-related
angina pectoris was seen in 2 patients (11%) whereas 3 (16%) suf-
fered from angina symptoms at rest and 5 (26%) had a combination
of both. No angina symptoms were reported in 9 patients (47%).
The following echocardiographic data were obtained: left ventric-
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Fig. 1. Representative case of an 84-year old man with exercise-related dyspnea and anginal symptoms at rest. Diagnostic assessments revealed a moderate aortic
stenosis and microvascular spasm induced by acetylcholine provocation testing. Echocardiography - to assess the severity of the aortic stenosis - showed a Vmax of
379 cm/s and a mean pressure gradient (MPG) of 34 mmHg (A). Coronary angiography revealed unobstructed coronary arteries (RCA and LCA), a left ventricular end-diastolic
pressure of 18 mmHg and a calculated aortic orifice area of 1.1 cm2 (B). The aortic stenosis was thus considered moderate. Additional assessment of coronary vasomotion was
carried out with acetylcholine testing (C). After intracoronary (i.c.) administration of 100 mg the patient reported a reproduction of his usual symptoms and ischemic ECG-
changes (red arrows) without significant epicardial vasoconstriction could be observed (C, upper panel). Subsequent i.c. administration of 0.2 mg nitroglycerine (NTG) led to
a resolution of the symptoms and normalization of the ECG (C, lower panel). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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ular ejection fraction (LVEF) (mean 63 ± 9%), interventricular sep-
tum (median 13 ± 2.3 mm), left ventricular posterior wall diameter
(median 9.8 ± 2.4 mm), Pmean 28 ± 12 mmHg, Vmax (mean
3.2 ± 0.6 m/s) and aortic orifice area (AOA) (median 1.1 ± 0.2 cm2).

Further characteristics of patients and the control group are
presented in table 1. There were no significant differences between
the two groups regarding demographic and risk factor data, apart
from the fact that the group of patients with aortic stenosis was
older (77 ± 8 vs. 67 ± 5 years, p = 0.002).

Patients with AS showed a significantly higher LVEDP (17 ± 5 vs.
7 ± 2 mmHg, p = <0.001) as well as a significantly higher Pmean
(19 ± 11 vs. 3 ± 1 mmHg, p = <0.001) than the control group. The
AOA, calculated by the Fick method, was significantly smaller in
patients with aortic stenosis compared to the control group
(1.3 ± 0.3 vs. 2.4 ± 0.2 cm2, p = <0.001). Cardiac output did not sta-
tistically differ between groups (4.4 ± 1.3 vs. 4.9 ± 0.5 l/min.,
p = 0.24).

During ACh provocation testing, coronary microvascular spasm
could be diagnosed in 12 (63%) of the 19 patients. Patients with
mild-to-moderate AS exhibited significantly more often a patho-
logical response to ACh-testing compared to the control group
(63 vs. 10%, p = 0.008).

4. Discussion

Under healthy conditions, the microvasculature regulates
myocardial perfusion in response to an increased oxygen demand.
Consequently a reduced coronary flow reserve (CFR), indicating an
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impaired vasodilator capacity of the microvasculature, serves as a
marker for CMD in patients with unobstructed coronary arteries
[6]. However, it has been suggested that impaired microvascular
vasodilation represents only one subtype of CMD. Indeed, coronary
microvascular spasm has been described as another form of CMD
[7]. Furthermore, a considerable number (30–40%) of patients with
AS and non-obstructive coronary arteries has been described to
suffer from angina pectoris [8,9]. It has been shown that a reduced
CFR [2,10] and a reduced myocardial perfusion reserve index
(MPRI) [1] is a frequent finding in patients with AS, indicating that
angina symptoms in these patients are related to an impaired func-
tion of the coronary microvasculature.

While it is hypothesized that a reduced vasodilation during
hyperaemia can cause exercise-related angina and/or dyspnoea
symptoms, coronary artery spasm may lead to attacks of angina
or dyspnoea at rest, symptoms that were frequent (42 and 53%,
respectively) in our patients. Indeed, during spasm the oxygen
supply to the myocardium is decreased, leading to myocardial
ischemia and consequently anginal symptoms [11]. Frequently,
microvascular spasm and reduced microvascular vasodilator
capacity occur together [12,13] resulting in the occurrence of
symptoms at rest and during exercise. The presence of CMD has
been explained by an elevated shear stress to the vessels of the
microvasculature, resulting from an increased LVEDP as well as
LV hypertrophy [2]. Additionally, it is known that an increase in
left ventricular peak systolic pressure (LVPSP) and LV mass leads
to an increase in oxygen demand of the myocardium [14]. Julius
et al. proposed that myocardial ischemia in patients with severe



Table 1
Characteristics of patients with mild-to moderate aortic stenosis (AS) and the control
group.

Mild-to-moderate
AS

Control
group

p-
value

n 19 10
Male sex n (%) 10 (53) 5 (50) 0.99
Age years (mean, SD) 77 ± 8 67 ± 5 <0.005
LVEF % (mean, SD) 73 ± 9 70 ± 4 0.33

CVRF n (%)
Arterial Hypertension 15 (79) 7 (70) 0.66
Diabetes mellitus 7 (37) 2 (20) 0.43
Dislipidemia 12 (63) 3 (30) 0.13
Positive family history 10 (58) 2 (20) 0.13
Smoking 2 (11) 4 (40) 0.14

Invasive measurements (mean,
SD)

LVEDP (mmHg) 17 ± 5 7 ± 2 <0.001
CO (l/min) 4.4 ± 1.3 4.9 ± 0.5 0.24
Peak-to-peak gradient (mmHg) 19 ± 11 3 ± 1.1 <0.001
Aortic orifice area (cm2) 1.3 ± 0.3 2.4 ± 0.2 <0.001

Data are presented as mean ± standard deviation (SD). A p-value of <0.05 was
considered statistically significant.
AS, aortic stenosis; CO, cardiac output; CVRF, cardiovascular risk factors; LVEF, left
ventricular ejection fraction; LVEDP, left ventricular end-diastolic pressure.
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AS and without LV hypertrophy could occur due to an increased
LVED pressure and a high LVPSP [2], suggesting that the microvas-
culature is normal yet undersized for the requirement imposed by
a severe narrowing of the aortic valve. This could also be observed
in our patients, exhibiting significant greater LVEDP and LVPSP val-
ues than the controls. These alterations may lead to a high wall
stress, alterations in the microvasculature and hence an increased
susceptibility to microvascular spasm.

In contrast to previous studies reporting CFR abnormalities in
patients with AS [2,10], our results showing a high frequency of
coronary microvascular spasm in patients with mild-to-moderate
AS are novel. This finding points towards the fact that in patients
with AS not only the vasodilatory microvascular function may be
impaired but that these patients may also suffer from an abnormal
microvascular vasoconstrictor response.

A comprehensive assessment of CMD including spasm testing
and assessment of CFR in patients with AS, should be considered
in future trials. Such an approach has recently been labelled as
interventional diagnostic procedure (IDP) [15].

The main limitation of this study is the small sample size, which
should be considered when interpreting the results. Moreover, it is
unclear whether our findings can be extrapolated to other patient
cohorts with aortic stenosis, e.g. those with high-grade aortic
stenosis. Nevertheless, we believe that our results can serve as
the basis for future trial planning as well as supporting clinical
management in similar patients encountered in everyday clinical
practice.

In conclusion, ACh-induced CMD is frequently found in patients
with mild-to-moderate AS and likely contributes to their clinical
symptoms. Targeted treatment of CMD may be beneficial in
patients with mild-to-moderate AS to improve symptoms and
outcome.
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