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Abstract: Background: Intracoronary acetylcholine testing may induce epicardial coronary artery
spasm (CAS) or coronary microvascular spasm (CMVS) in patients with angina syndromes but
non-obstructive coronary artery disease, but their causal role in individual patients is not always clear.
In this prospective, observational single-center study, we aimed to assess whether (1) the induction of
myocardial ischemia/angina by electrocardiogram (ECG) exercise stress test (EST) differs between
patients showing different results in response to acetylcholine testing (i.e., CAS, CMVS, or no spasm);
(2) the preventive administration of short-acting nitrates has any different effects on the EST of
those patients who showed a positive basal EST. We expected that if exercise-induced angina and/or
ischemic ECG changes are related to CAS, they should improve after nitrates administration, whereas
they should not significantly improve if they are caused by CMVS. Methods: We enrolled 81 patients
with angina syndromes and non-obstructive coronary artery disease, who were divided into three
groups according to acetylcholine testing: 40 patients with CAS (CAS-group), 14 with CMVS (CMVS-
groups), and 27 with a negative test (NEG-group). All patients underwent a basal EST (B-EST).
Patients with a positive B-EST repeated the test 24–48 h later, 5 min after the administration of
short-acting nitrates (N-EST). Results: There were no significant differences among the groups in
terms of the B-EST results. B-EST was positive in eight (20%) patients in the CAS-group, seven (50%)
in the CMVS-group, and six (22%) in the NEG-group (p = 0.076). N-EST, performed in eight, six, and
five of these patients, also showed similar results in the three groups. Furthermore, the N-EST results
also did not significantly differ compared to B-EST in any group, remaining positive in seven (87.5%),
four (66.7%), and four (80%) patients in the CAS-group, CMVS-group, and NEG-group, respectively
(p = 0.78). Conclusions: Our data show that patients with angina and non-obstructive coronary artery
disease show largely comparable results of the ECG exercise stress test and similar poor effects of
short-acting nitrates on abnormal ECG exercise stress test results. On the whole, our findings suggest
caution in attributing to the results of Ach testing a definite causal role for the clinical syndrome in
individual patients.

Keywords: angina syndromes; non-obstructive coronary artery disease; exercise stress test; acetyl-
choline test; nitrates

1. Introduction

Up to 50–60% of patients with episodes of chest pain suggesting stable angina and
about 15% of patients admitted to hospital with a clinical diagnosis of non-ST-segment ele-
vation acute coronary syndrome (NSTE-ACS) are found to have non-obstructive coronary
artery disease (NO-CAD) at angiography [1–3].

In a proportion of both groups, the intracoronary acetylcholine (Ach) provocation
test induces epicardial coronary artery spasm (CAS) or coronary microvascular spasm
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(CMVS) [4–6]. Furthermore, impaired coronary microvascular dilatation has been reported
in a relevant proportion of these patients [7–9]. However, although the detection of these
findings gives evidence for the presence of abnormalities in coronary epicardial function
and/or microcirculation, the role that the single alterations play in the clinical syndrome of
individual patients might not always be clear. Specifically, in some patients with angina
and NO-CAD, the induction of CAS by Ach during angiography might erroneously lead
to attributing their angina pain to this mechanism, when symptoms are instead caused
by CMVS. Ach in these patients might, indeed, induce both CAS (just as an expression of
coronary hyper-reactivity) and CMVS, but the latter will inevitably go undetected due to
the presence of CAS. Thus, in these cases, the true mechanism responsible for the clinical
picture of the patient (i.e., CMVS) will be missed [3].

The electrocardiogram (ECG) exercise stress test (EST) may induce ischemic ST-
segment changes and/or typical chest pain in patients with angina syndromes and NO-
CAD [10–12]. However, it is not clear whether the results of ESG-EST may help distinguish
among the different possible mechanisms responsible for angina symptoms in this hetero-
geneous population of patients. Specifically, it is not clear whether, in patients showing
CAS induction by Ach testing, ischemic symptoms and/or ECG changes induced by an
EST can actually be related to exercise-induced CAS rather than a missed CMVS, or even
an impaired coronary microvascular dilatation.

Previous studies have consistently shown that CAS is highly responsive to, and can
effectively be prevented by, short-acting nitrate administration [13], whereas both CMVS
and impaired coronary microvascular dilatation present an inconsistent response to short-
acting nitrates [14–16]. Accordingly, we hypothesized that if, among patients with chest
pain and NO-CAD, EST-induced angina and/or ischemic ECG changes are related to
CAS, they should be prevented or significantly improve when the EST is performed after
the administration of short-acting nitrates. In contrast, such an improvement might not
occur if EST-induced angina and ischemic ECG changes are caused by CMVS or reduced
vasodilatation [14–16].

Thus, the aims of this prospective, observational, single-center study were twofold:
(1) to assess whether, among patients with angina and NO-CAD, ECG-EST results differ be-
tween groups showing different results on Ach testing; (2) to assess whether the preventive
administration of short-acting nitrates has any different effects on the ECG-EST results of
the different Ach test groups, thus helping identifying the pathophysiologic mechanisms
responsible for the clinical picture of individual patients.

2. Materials and Methods
2.1. Patients

From January 2021 to June 2023, a total of 343 consecutive patients undergoing coro-
nary angiography at our hospital because of chest pain suspected for angina were found to
have NO-CAD and were considered for the study. Eighty-one patients (23.6%) who fulfilled
the following inclusion criteria were eventually included in the study: (1) episodes of stable,
exercise-induced chest pain compatible with typical angina or admission to our hospital
with a clinical picture of NSTE-ACS, i.e., chest pain at rest with ST-segment depression
and/or T wave changes at the ECG, with or without a typical rise and fall of troponin
I serum levels; (2) no significant stenosis (>50% reduction in epicardial lumen and/or
fractional flow reserve <0.80) at coronary angiography; (3) Ach test performed during
coronary angiography.

Patients (n = 262) were excluded from the study because of the presence of one or
more of the following exclusion criteria: (1) conditions that could preclude a symptom-
limited EST; (2) ECG abnormalities that could limit ST-segment analysis during the EST, e.g.,
non-sinus rhythm, conduction disorders, significant basal ST-segment/T wave changes;
(3) history of specific heart disease, e.g., ischemic (previous surgical or percutaneous
myocardial revascularization), valvular, congenital heart disease or cardiomyopathy; and
(4) lack of functional tests during invasive investigation. All patients gave their written
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informed consent to participate in the study, which was part of a larger study involving
patients with angina and normal coronary arteries, which was approved by the Ethics
Committee of Fondazione Policlinico Universitario A. Gemelli IRCCS, Università Cattolica
del Sacro Cuore, Rome, Italy (PRECISION study; Prot. 36077/19; ID 2747).

2.2. Acetylcholine Test

The Ach test was performed during invasive coronary angiography by the intracoro-
nary infusion of ACh into the left coronary artery at increasing doses of 20, 50, and 100 µg
over a period of 3 min each, and with a 3 min interval between injections. Coronary
angiography was performed at the end of each dose, or immediately in the case of the
induction of chest pain and/or ischemic ECG changes. The test was interrupted in the
case of positive findings or the occurrence of any side effect. In the case of a negative test
in the left coronary artery, the test was also performed in the right coronary artery, by
administering doses of 20 and 50 µg only.

An epicardial spasm was diagnosed in the case of focal or diffuse narrowing of the
coronary diameter ≥90%, associated with typical symptoms and/or ischemic ECG changes.
CMVS was diagnosed when typical symptoms and/or ischemic ECG changes were induced
in the absence of epicardial spasm at angiography, as defined above.

Based on the result of the Ach test, patients were divided into three groups: (1) patients
with the induction of epicardial coronary artery spasm (CAS-group); (2) patients with the
induction of coronary microvascular spasm (CMVS-group); and (3) patients with a negative
test (NEG-group).

2.3. Exercise Stress Test

All patients underwent a basal EST (B-EST) after the withdrawal of anti-ischemic
drug therapy for at least 5 half-lives. All ESTs were performed in the early afternoon
following the standard treadmill Bruce protocol. Three ECG leads (V2, aVF, and V5) were
continuously monitored during the test. A standard 12-lead ECG was printed, and blood
pressure was measured by a cuff sphygmomanometer at the onset of the test, at the end of
each stage, and at peak exercise, as well as at 1 mm ST-segment depression (STD), when
angina occurred, and when it was clinically indicated. Several 12-lead ECG strips were
printed when STD started to appear on the screen in order to time exactly when 1 mm STD
occurred.

EST was terminated when one or more of the following endpoints were achieved:
(1) physical exhaustion; (2) progressive angina (Borg scale > 6); (3) STD > 4 mm; and
(4) occurrence of potentially harmful clinical conditions (hypotension, severe arrhythmias,
worsening dyspnea).

The test was considered positive for myocardial ischemia when a horizontal or down-
sloping STD of >1 mm was observed in at least one lead. The ECG strips of both tests
were blindly and independently evaluated by two expert cardiologists. Discrepancies were
resolved by consensus, under the supervision of a third expert cardiologist.

Patients who showed significant ischemic ST-segment changes and/or developed
typical chest pain at the B-EST underwent a second EST 48–72 h after the baseline test, after
the administration of 5 mg of sublingual isosorbide dinitrate (nitrate-EST, N-EST) to assess
the potential response to vasodilator therapy. The drug was given 5 min before starting
the EST.

The tests were performed following the same procedure and criteria of the B-EST.
For each EST, we obtained heart rate (HR), systolic and diastolic blood pressure (BP),

and rate pressure product (RPP = HR × systolic BP) at baseline, 1 mm STD, angina, and
peak exercise, as well as time to 1 mm STD, angina, and peak exercise. Maximal STD was
also recorded. For statistical analyses, the values at peak exercise were used for those at
1 mm STD or angina when STD and/or angina did not occur during the second exercise
test (N-EST).
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2.4. Statistics

Baseline continuous variables between groups were compared by analysis of variance
(ANOVA), whereas discrete variables were compared by the chi-square test or Fisher’s
exact test, as indicated. The comparisons of the changes in continuous variables at N-EST vs.
B-EST within the 3 groups were performed by a generalized linear model with a repeated
measure design. An unpaired and paired t-test was applied for multiple comparisons
between and within groups, respectively, in the case of a global statistical significant
difference among the groups. A p < 0.05 was required for statistical significance. Variables
are reported as mean ± SD or proportions. The SPSS 28.0 statistical software (SPS Inc.,
Florence, Italy) was used for the analysis of the data.

3. Results
3.1. Patients

Overall, 81 patients were included in the study: 40 patients (49%) in the CAS-group,
14 patients (17%) in the CMVS-group, and 27 patients (34%) in the NEG-group. The
main clinical characteristics of the three groups of patients are summarized in Table 1.
There were no statistically significant differences among the groups in terms of age, sex,
cardiovascular risk factor, and clinical presentation, i.e., stable angina, unstable angina,
or myocardial infarction with non-obstructed coronary arteries (MINOCA). A higher
proportion of patients was taking calcium-channel blockers in the CAS-group (95% vs. 71%
in the CMVS-group and 26% in the NEG-group; p < 0.001), whereas beta-blockers were
more frequently used in the NEG-group and CMVS-group compared to the CAS-group
(37%, 29%, and 13%, respectively; p = 0.01). Statin therapy was taken by a high proportion
of patients in the CAS-group (78%) and NEG-group (67%), but in 36% of the CMVS-group
patients only (p = 0.02).

Table 1. Main clinical characteristics of patients.

CAS-Group
(n = 40)

CMVS-Group
(n = 14)

NEG-Group
(n = 27) p

Age (years) 60 + 10 61 + 9 56 + 13 0.23
Sex (M/F) 16/24 4/10 16/11 0.13
Cardiovascular risk factors

Family history of CVD 17 (43%) 5 (36%) 14 (52%) 0.58
Hypertension 23 (58%) 11 (79%) 13 (48%) 0.17
Active smoking 11 (28%) 4 (29%) 5 (19%) 0.66
Hypercholesterolemia 28 (70%) 9 (64%) 15 (56%) 0.48
Diabetes 7 (18%) 2 (14%) 3 (11%) 0.77

Clinical presentation
Stable angina 15 (38%) 5 (36%) 14 (52%) 0.44
Unstable angina 25 (63%) 9 (64%) 13 (48%) 0.44
MINOCA 7 (18%) 4 (29%) 3 (11%) 0.47

Drug therapy
Beta-blockers 5 (13%) 4 (29%) 10 (37%) 0.01
Ca2+ channel blockers 38 (95%) 10 (71%) 7 (26%) <0.0001
ACE-inhibitors/ARBs 18 (45%) 6 (43%) 10 (37%) 0.74
Statins 31 (78%) 5 (36%) 18 (67%) 0.02
Aspirin 24 (60%) 9 (64%) 11 (41%) 0.21

ACE = angiotensin-converting enzyme; ARB = angiotensin receptor blockers; CVD = cardiovascular disease;
MINOCA = myocardial infarction with non-obstructive coronary artery disease.

3.2. Basal Exercise Stress Test

The main results of the B-EST are summarized in Table 2. There were no significant
differences in the EST parameters among the groups, although the NEG-group tended to
show a longer EST duration (p = 0.06). Overall, 21 patients only (25.9%) showed a positive
B-EST. There was a tendency for a higher prevalence of positive EST in the CMVS-group
(7 patients, 50%) compared to the CAS-group (8 patients, 20%) and NEG-group (6 patients,
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22%), but the differences did not achieve statistical significance (p = 0.076). Angina was
induced in 10 patients only, with a higher prevalence in the CMVS-group (4 patients, 28%)
than in the CAS-group (4 patients, 10%) and NEG-group (2 patients, 7%), but the difference
did not achieve statistical significance (p = 0.08).

Table 2. Results of baseline EST in the 3 groups of patients.

CAS-Group
(n = 40)

CMVS-Group
(n = 14)

NEG-Group
(n = 27) p

Rest
HR (bpm) 82 + 17 81 + 23 77 + 15 0.43
Systolic BP (mmHg) 126 + 15 131 + 19 125 + 12 0.49
Diastolic BP (mmHg) 81 + 11 80 + 12 80 + 8 0.98
RPP (bpm × mmHg) 10,361 + 2687 10,703 + 3286 9594 + 2154 0.36

Peak exercise
HR (bpm) 152 + 23 144 + 16 156 + 17 0.24
Systolic BP (mmHg) 164 + 26 172 + 24 163 + 23 0.49
Diastolic BP (mmHg) 89 + 12 95 + 13 87 + 11 0.11
RPP (bpm × mmHg) 24,828 + 4618 24,848 + 4159 25,283 + 3806 0.90
Duration of exercise (s) 464 + 206 463 + 154 570 + 168 0.06

STD > 1 mm 8 (22%) 7 (50%) 6 (22%) 0.076
Angina 4 (10%) 4 (28%) 2 (7%) 0.08

BP = blood pressure; HR = heart rate; RPP = rate-pressure product; STD = ST segment depression.

3.3. B-EST vs. N-EST

Of 21 patients who showed a positive B-EST, 2 (9.5%) refused to undergo N-EST (1 in
CMVS-group and 1 in NEG-group). Thus, N-EST was performed in 19 patients, i.e., 8, 6,
and 5 patients in the CAS-, CMVS-, and NEG-groups, respectively.

Detailed results of the ESTs of patients who completed both the B-EST and the N-EST
are shown in Table 3. The results of the N-EST did not differ significantly among these
three groups of patients. The EST remained positive for ST-segment depression in seven
(87.5%) patients in the CAS-group, in four (66.7%) patients in the CMVS-group, and in four
(80%) patients in the NEG-group (p = 0.64). No significant differences were also observed
in the induction of angina pain among groups and between the two ESTs (Table 3).

Table 3. Results of B-EST and N-EST in the 3 groups of patients with a positive B-EST.

CAS-Group
(n = 8)

CMVS-
Group (n = 6)

NEG-Group
(n = 5) p

Rest
HR (bpm) B-EST 81 + 13 88 + 34 74 + 14 0.58

N-EST 81 + 11 75 + 10 73 + 11 0.43
Systolic BP (mmHg) B-EST 124 + 15 133 + 22 123 + 8 0.48

N-EST 126 + 9 131 + 15 118 + 4 0.16
Diastolic BP (mmHg) B-EST 81 + 4 80 + 8 80 + 10 0.92

N-EST 79 + 4 81 + 5 82 + 4 0.30
RPP (bpm × mmHg) B-EST 10,096 + 2628 11,680 + 4257 9060 + 1668 0.37

N-EST 10,226 + 1790 9968 + 2470 8670 + 1519 0.38
Peak exercise

HR (bpm) B-EST 148 + 14 140 + 13 163 + 16 0.06
N-EST 146 + 19 146 + 7 152 + 14 0.74

Systolic BP (mmHg) B-EST 170 + 23 180 + 30 164 + 17 0.54
N-EST 164 + 21 175 + 32 152 + 8 0.29

Diastolic BP (mmHg) B-EST 87 + 7 84 + 11 93 + 4 0.08
N-EST 83 + 5 86 + 6 93 + 6 0.003

RPP (bpm × mmHg) B-EST 25,307 + 4903 25,412 + 5497 26,512 + 1365 0.88
N-EST 24,089 + 5324 25,593 + 5065 23,078 + 2234 0.67

EST duration (s) B-EST 489 + 250 394 + 102 642 + 122 0.12
N-EST 471 + 144 438 + 67 620 + 138 0.06
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Table 3. Cont.

CAS-Group
(n = 8)

CMVS-
Group (n = 6)

NEG-Group
(n = 5) p

Positive N-EST 7 (87.5%) 4 (66.7%) 4 (80%) 0.64
Maximal STD (mm) B-EST 1.9 + 1.2 1.1 + 0.2 1.8 + 0.3 0.18

N-EST 1.3 + 0.9 0.7 + 0.5 1.6 + 0.7 0.12
Angina B-EST 1 (14%) 3 (25%) 2 (22%) 0.86

N-EST 0 (0%) 4 (33%) 2 (22%) 0.23
1 mm STD

HR (bpm) B-EST 135 + 16 139 + 13 138 + 20 0.88
N-EST 131 + 21 146 + 7 129 + 18 0.20

Systolic BP (mmHg) B-EST 161 + 19 177 + 31 150 + 14 0.17
N-EST 154 + 17 173 + 33 144 + 15 0.12

Diastolic BP (mmHg) B-EST 84 + 5 85 + 10 92 + 6 0.10
N-EST 83 + 5 84 + 5 91 + 6 0.008

RPP (bpm × mmHg) B-EST 21,665 + 3000 24,715 + 5857 20,544 + 2389 0.22
N-EST 20,071 + 3981 25,297 + 5150 18,540 + 2570 0.03

Time to 1 mm (s) B-EST 364 + 243 378 + 108 479 + 150 0.54
N-EST 404 + 254 419 + 41 496 + 201 0.70

BP = blood pressure; HR = heart rate; RPP = rate-pressure product; STD = ST depression.

4. Discussion

The most relevant findings of the present study are as follows: (1) the ECG-EST re-
sults were comparable in patients with angina syndromes with NO-CAD with a different
response to Ach testing; (2) in patients with a positive ECG-EST, the preventive admin-
istration of short-acting nitrates was, on the whole, unable to normalize or significantly
improve the results of ECG-EST, independently of the results of Ach provocation testing.

Some recent guidelines do not recommend the use of ECG-EST as a reference test to
detect obstructive CAD [17,18] because of the higher sensitivity of noninvasive stress imag-
ing modalities, coronary computed tomography angiography and functional assessment of
coronary stenoses, as well as the perceived high false positive rate of the ECG-EST [19–21].
However, myocardial ischemia can occur because of CAS, CMVS, or coronary microvascu-
lar dysfunction (CMD) in the absence of obstructive CAD. In this regard, a recent study
challenges the traditional belief that the EST has a high false positive rate, suggesting
instead a 100% specificity in identifying CMD [22]. In our study, we aim to assess whether
the EST can also play a role in helping to identify the mechanism responsible for clinical
syndrome in patients with angina and NO-CAD.

Coronary microvascular dysfunction has for a long time been considered a major
cause of angina chest pain in patients with NO-CAD [3,23,24]. Several studies, how-
ever, showed that a consistent group of these patients develops CAS during Ach testing,
suggesting that this mechanism might more frequently be involved than what was previ-
ously believed [4–6,25,26]. The fact that Ach induces CAS in a proportion of these patients,
however, does not necessarily reflect a causal relation with the clinical symptoms of the
patient, which might in fact be determined by some other mechanism, specifically coronary
microvascular constriction/CMVS or even abnormal coronary microvascular dilation.

This possibility is suggested by several observations. First, while one would expect a
higher proportion of Ach-induced CAS in patients with an acute presentation or rest angina,
the proportion of patients developing Ach-induced CAS is rather similar independently of
the clinical presentation. For example, in a large study by Ong et al. including >900 patients
undergoing an Ach test, CAS was induced in 34% of patients with rest angina and in 30%
of those with effort angina [4]. This finding was confirmed in the present study, in which
CAS was induced by Ach in 15 out of 34 patients with a history of stable (exercise-induced)
angina (44%) and in 25 out of 47 patients admitted with chest pain at rest indicating an
NSTE-ACS (53%; p = 0.44).
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Second, in two studies, Ach induced chest pain/ECG changes in patients with angina
and NO-CAD before the induction of CAS in 17% and 33% of patients, respectively [27,28],
suggesting that CMVS can be induced together with the occurrence of CAS and might
actually be responsible for the clinical symptoms in at least a proportion of patients.

Third, in a recent randomized study, the calcium-channel blocker diltiazem failed to
improve symptoms in patients with Ach-induced CAS, and the reduction in CAS induction
by diltiazem during a follow-up Ach test was associated with greater evidence of CMVS [29].
Of note, the published results of a recent randomized controlled trial failed to show
favorable effects on the angina status of invasive-provocative-test-guided medical therapy
in patients with angina and NO-CAD, thus questioning the possibility of always identifying
the correct mechanism of symptoms by these tests [30].

The fact that, in the present study, ISDN was unable to significantly improve exercise
results in the few patients with positive ECG-EST independently of the results of Ach is also
in keeping with this view. When considering the high sensitivity of CAS to nitrates, indeed,
the substantial lack of improvement in ischemic ST changes by ISDN in the CAS-group
(in our study, seven out of eight CAS patients had positive ECG-EST under ISDN effects,
without any difference compared to the basal test) suggests that CAS was unlikely to be the
cause of positive exercise-induced ischemia, thus also questioning its pathogenetic effects
for the angina symptoms of the patients.

The fact that the ECG-EST variables had a similar lack of consistent beneficial ef-
fects by ISDN in the three groups of patients with different Ach test results, in fact, may
suggest that coronary microvascular abnormalities, rather than CAS, are major causes of
the abnormal ischemic-like findings recorded during the EST. Previous studies, indeed,
reported no, or even detrimental, effects on the EST results of short-acting nitrates in
patients with the clinical picture of cardiac syndrome X (i.e., exercise-induced angina,
positive EST, angiographically normal coronary arteries), in whom CMD was shown to be
involved [14–16].

5. Limitations of the Study

Some limitations of our study should be acknowledged. First, this is a single-center
study with a relatively small sample size and limited statistical power; thus, our findings
need confirmation in larger multicenter studies. Second, our study involves a heteroge-
neous population, including both patients with chronic stable angina and those presenting
with a non-ST-segment elevation acute coronary syndrome, including MINOCA. Unfor-
tunately, a separate analysis of these two subgroups in our study was precluded by the
low number of patients; therefore, whether differences may exist in the EST results and
EST response to nitrates between these three subgroups needs to be addressed in further
appropriately designed studies.

6. Conclusions

In conclusion, our data show that patients with angina syndromes with NO-CAD show
largely comparable results of ECG-EST and similar poor effects of short-acting nitrates on
abnormal ECG-EST results, independently of the results of Ach provocation testing. On
the whole, these findings suggest caution in attributing to the results of Ach test a definite
causal role for the clinical syndrome in individual patients.
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