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BACKGROUND: Myocardial bridging (MB) may represent a cause of myocardial ischemia in patients with non-obstructive coro-
nary artery disease (NOCAD). Herein, we assessed the interplay between MB and coronary vasomotor disorders, also evalu-
ating their prognostic relevance in patients with myocardial infarction and non-obstructive coronary arteries (MINOCA) or
stable NOCAD.

METHODS AND RESULTS: We prospectively enrolled patients with NOCAD undergoing intracoronary acetylcholine provocative
test. The incidence of major adverse cardiac events, defined as the composite of cardiac death, non-fatal myocardial infarc-
tion, and rehospitalization for unstable angina, was assessed at follow-up. We also assessed angina status using Seattle
Angina Questionnaires summary score. We enrolled 310 patients (mean age, 60.6+11.9; 136 [43.9%] men; 169 [54.5%] stable
NOCAD and 141 [45.5%] MINOCA). MB was found in 53 (17.1%) patients. MB and a positive acetylcholine test coexisted
more frequently in patients with MINOCA versus stable NOCAD. MB was an independent predictor of positive acetylcholine
test and MINOCA. At follow-up (median, 22 months; interquartile range, 13-32), patients with MB had a higher rate of major
adverse cardiac events, mainly driven by a higher rate of hospitalization attributable to angina, and a lower Seattle Angina
Questionnaires summary score (all P<0.001) compared with patients without MB. In particular, the group of patients with MB
and a positive acetylcholine test had the worst prognosis.

CONCLUSIONS: Among patients with NOCAD, coronary spasm associated with MB may predict a worse clinical presentation
with MINOCA and a higher rate of hospitalization attributable to angina at long-term follow-up with a low rate of hard events.
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which a portion of an epicardial coronary artery non has been long considered a benign condition."?
takes an intramuscular course determining a dy- However, the presence of MB has been associated
namic compression during systole.! As coronary blood with the occurrence of angina, and suggested as a

Myocardial bridging (MB) is a congenital variant in flow occurs primarily during diastole, this phenome-
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CLINICAL PERSPECTIVE

What Is New?

e Myocardial bridging is an independent predictor
for a positive response to acetylcholine test and
for myocardial infarction and non-obstructive
coronary arteries as clinical presentation.

e The coexistence of myocardial bridging and a
positive acetylcholine test is associated with a
worse cardiovascular outcome.

What Are the Clinical Implications?

e Performing acetylcholine provocative test may
be useful to guide management and prognos-
tic stratification of patients with myocardial
bridging.

Nonstandard Abbreviations and Acronyms

MACE major adverse cardiac events
MB myocardial bridging

MINOCA myocardial infarction and non-
obstructive coronary arteries

NOCAD non-obstructive coronary artery disease
SAQ Seattle Angina Questionnaire

possible cause of acute coronary syndrome and sud-
den cardiac death."? Several mechanisms underlying
myocardial ischemia in patients with MB have been
suggested, as the result of the interplay between heart
rate and diastolic perfusion time, transmural perfusion
gradients, diffuse and focal coronary artery disease,
localized coronary vasoconstriction, and Venturi-like
effect.®8 Of importance, it has been hypothesized that
the longstanding compression-relaxation effect of MB
on the coronary arteries may induce endothelial dys-
function and an enhanced local vascular reactivity to
systemic vasoconstrictor stimuli.? Accordingly, previ-
ous studies demonstrated that patients with MB and
non-obstructive coronary artery disease (NOCAD) un-
dergoing intracoronary provocative test have a higher
occurrence of epicardial spasm compared with pa-
tients without MB.819-"2 However, these studies mainly
enrolled patients with stable angina, thus the role of
MB and vasomotor disorders in patients with myocar-
dial infarction and non-obstructive coronary arteries
(MINOCA) has never been investigated.®'9-"2 Of note,
coronary spasm, at both epicardial and microvascular
level, has been demonstrated as an important cause
of MINOCA."*7'6 |n this study, we tested the hypothe-
sis that the occurrence of epicardial or microvascular
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spasm in patients with MB may represent a mecha-
nism involved in the pathogenesis of MINOCA.

Therefore, in our study we aimed at assessing the
clinical correlates and the prognostic value of MB in
patients with NOCAD undergoing provocative testing
with acetylcholine. Moreover, we assessed the re-
lationship between MB and the response to invasive
provocative test in these patients, evaluating also their
impact on prognosis.

METHODS

Study Population

We prospectively enrolled consecutive patients admit-
ted to the Department of Cardiovascular Sciences of
Fondazione Policlinico Universitario A. Gemelli IRCCS
in Rome, Italy, undergoing clinically indicated coronary
angiography for suspected myocardial ischemia with
angiographic evidence of NOCAD (angiographically
normal coronary arteries or diffuse atherosclerosis with
stenosis <50% or fractional flow reserve >0.80) and
undergoing an intracoronary provocative test with ace-
tylcholine from September 2015 to December 2019.
There was no overlap in the enrollment of patients with
a previous study published by our group.'® We enrolled
both patients admitted with suspected stable angina
and patients with suspected MINOCA. Patients with
stable angina were defined as patients admitted with a
stable pattern of typical chest pain at rest, on exertion,
or a combination of both, without signs of myocardial
infarction (MI). Patients with MINOCA were diagnosed
based on their reporting of one or more episodes of
chest pain at rest, typical enough to suggest a cardiac
ischaemic origin in the previous 24 hours, associated
with ST-segment and/or T wave abnormalities on the
ECG and detection of raise and fall of serum troponin-
T levels with at least 1 value exceeding the 99th per-
centile of a normal reference population with an upper
limit of 0.014 ug/L."” Among patients presenting with
MINOCA, we excluded those with obvious causes
of MI other than suspected coronary vasomotor ab-
normalities and in whom provocative testing was not
performed. In particular, we excluded 66 patients with
a diagnosis of Takotsubo syndrome confirmed by left
ventricle angiography, 40 patients with a suspected
diagnosis of myocarditis (diagnosis based on the pres-
ence of signs and symptoms of inflammatory activa-
tion associated with wall motion abnormalities at left
ventricular angiography and echocardiogram suggest-
ing a non-epicardial pattern confirmed by subsequent
cardiac magnetic resonance imaging), 109 patients
with type 2 MI with mechanism other than suspected
vasospasm (eg, pulmonary embolism, evidence of
coronary thrombosis on an unstable plaque confirmed
by optical coherence tomography, cardiotoxic drug
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administration, hypertensive crisis, or severe valvulopa-
thies). Finally, 310 patients who underwent acetylcho-
line intracoronary provocative test were included in the
analysis (Figure 1). The study protocol complied with
the Declaration of Helsinki and the study was approved
by the institutional review committee. All patients gave
written informed consent to coronary angiography and
provocative tests and to be included in the follow-up
study.

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Coronary Angiography and Invasive
Provocative Test Protocol

Coronary angiography was performed through radial
or femoral artery approach. To fully expose all seg-
ments of the coronary arteries, at least 2 perpendicular
projections for right coronary artery and 4 projections
for left coronary artery were taken. MB was angio-
graphically defined as a >50% reduction in the luminal
diameter of the coronary artery in systole, which return
normal or near normal in diastole; the presence of MB

Myocardial Bridging and Coronary Spasm in MINOCA

was assessed after intracoronary nitroglycerine admin-
istration at the end of the intracoronary acetylcholine
provocative test.® Intracoronary acetylcholine provoca-
tive test was performed immediately after coronary
angiography. The decision of testing with provocative
test left coronary artery or right coronary artery as first
was left to the discretion of the physicians; both left
coronary artery and right coronary artery were tested if
the first test was negative. The acetylcholine provoca-
tive test was performed as previously described' and
procedural details are reported in Data S1.

The test was considered positive for epicardial cor-
onary spasm in the presence of focal or diffuse epicar-
dial coronary diameter reduction >90% in comparison
with the relaxed state following intracoronary nitroglyc-
erine administration given to relieve the spasm, asso-
ciated with the reproduction of the patient’s symptoms
and ischemic ECG shifts.® Microvascular spasm
was diagnosed when typical ischemic ST-segment
changes and angina developed in the absence of epi-
cardial coronary constriction >90% diameter reduc-
tion.'® Patients who experienced no angina, spasm, or
ST-segment shifts were considered to have a nega-
tive test response (normal coronary vasoreactivity).'®

Overall n =310 Myocardial bridging

n=53

MINOCA Stable NOCAD

n=141 n=30 n=12 n=169

n=183

Positive ACh test

P=0.001 forACh+
P=0.001 forepicardial spasm
P=0.79 for microvascularspasm

% Ach+
79.2%
80

Microvascular
e spasm

54.9%

40 i
21.0% Microvascular
spasm

Epicardial
spasm

Epicardial
spasm

MB+ MB-

Figure 1. Myocardial bridging and coronary spasm among patients with NOCAD with myocardial ischemia undergoing

acetylcholine provocative test.

A, Incidence of myocardial bridging, positive acetylcholine provocative test, MINOCA, and stable non-obstructive coronary artery
disease among patients with myocardial ischemia and non-obstructive coronary artery disease enrolled in our study. B, Incidence of a
positive response at acetylcholine test, epicardial spasm or microvascular spasm according to the presence or absence of myocardial
bridging. MB+ indicates myocardial bridging presence; MB—, myocardial bridging absence; MINOCA, myocardial infarction and non-
obstructive coronary arteries; and NOCAD, non-obstructive coronary artery disease.
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Furthermore, patients who experienced ischemic ECG
shifts without angina were considered to have a nega-
tive test response.'®

Clinical Outcome and Patient Follow-Up
We defined major adverse cardiac events (MACE) as
the composite of cardiac death, non-fatal Ml, and
hospitalization because of unstable angina. We only
counted the number of patients with the first occur-
rence of an MACE event during the follow-up period.
Cardiac death included sudden death or death pre-
ceded by typical chest pain; non-fatal Ml was de-
fined as typical chest pain at rest associated with
ST-segment and/or T-wave abnormalities on the
ECG and detection of increased serum troponin-T
levels.

We also recorded the occurrence of episodes
of angina (requiring or not hospitalization) during the
follow-up period and collected the Seattle Angina
Questionnaires summary score at 1-year.?°

All patients received a clinical follow-up by tele-
phonic interview and/or clinical check at 6, 12, 24,
36,48, and 60 months, and of importance, all patients
with a positive response at provocative testing were
discharged from the hospital after the index admission
with an optimal medical treatment including calcium-
channel blockers and statins up-titrated at the highest
tolerated doses.

Statistical Analysis

Data distribution was assessed according to the
Kolmogorov-Smirnov  test. Continuous variables
were compared using an unpaired Student t-test or
Mann-Whitney U test, as appropriate, and data were
expressed as mean+SD or as median (interquartile
range). Categorical data were evaluated using the 2
test or Fisher exact test as appropriate. A multivari-
able logistic regression analysis for the occurrence of
acetylcholine positive test or for MINOCA as clinical
presentation in the overall population was performed
including all variables with a P value of <0.05 at the
univariate analysis.

Survival curves of MACE for patients with or
without MB were produced using the Kaplan—
Meier method and were compared by log-rank test.
Univariable Cox regression analysis was applied to
assess the relationship of individual variables with
MACE. Cox regression was then applied to identify
variables independently associated with MACE; to
this aim, we included in the multivariable model only
variables showing P<0.05 at univariable analysis. All
tests were 2-sided, and a P value of <0.05 repre-
sented statistically significant differences. All analy-
ses were performed using SPSS version 21 (SPSS
Inc., Chicago, IL).
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RESULTS

Baseline Characteristics According to
Provocative Test Response

We enrolled 310 patients (mean age, 60+11.9 years;
136 [43.9%] men) with suspected myocardial is-
chemia and NOCAD (169 [54.5%] with stable an-
gina and 141 [45.5%)] with MINOCA) undergoing
acetylcholine provocative test. A positive provoca-
tive acetylcholine test occurred in 183 (59.0%) pa-
tients (117 [37.7%] epicardial spasm, 66 [21.3%]
microvascular spasm). Patients with a positive
provocative test, compared with patients with a
negative test, had a higher prevalence of MINOCA
as clinical presentation (98 [53.6%] versus 43
[33.9%], P=0.001) and MB (42 [23%] versus 11
[8.7%], P=0.01) (Figure 1A; Table S1). There were
no differences in the rates of complication during
acetylcholine test between MINOCA and patients
with stable angina (14 [9.9%] versus 14 [8.3%)],
P=0.61).

Clinical Characteristics and Provocative
Test Response According to the Presence
of Myocardial Bridging

In the overall population, 53 (17.1%) patients were found
to have MB on coronary angiography. MB was located
in 46 (14.8%) patients within the left anterior descend-
ing coronary artery and in 7 (2.3%) patients within
the left circumflex coronary artery. Compared with
patients without MB, patients with MB had a higher
prevalence of dyslipidemia (36 [67.0%)] versus 122
[47.5%], P=0.007) and MINOCA as clinical presentation
(34 [64.1%)] versus 107 [41.6%)] P=0.003). All other clini-
cal, biochemical, and echocardiographic parameters
were not significantly different between the 2 groups
(Table 1).

Of importance, patients with MB had a higher
occurrence of acetylcholine positive test (42
[79.2%)] versus 141 [54.9%)], P=0.001) compared
with patients without MB, driven by a higher oc-
currence of epicardial spasm, while rate of mi-
crovascular spasm did not differ between the 2
groups (Figure 1B). Furthermore, among patients
with a positive test, the presence of MB was as-
sociated with a higher rate of acetylcholine low
(<100 pg) dose needed to achieve a positive
test (28 [66.6%] versus 68 [47.9%], P=0.032)
(Table 1). Of interest, MB and a positive acetyl-
choline test coexisted more frequently in patients
with MINOCA as clinical presentation than in sta-
ble patients with NOCAD (30/141 [21.3%)] versus
12/169 [7%], P=0.002).

Of note, among patients with MB, those with ace-
tylcholine positive test had a longer MB segment
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Table 1. Clinical, Echocardiographic and Angiographic Features in the Overall Population and According to the Presence

or Absence of Myocardial Bridging

J Am Heart Assoc. 2021;10:e020535. DOI: 10.1161/JAHA.120.020535

Presence of Absence of
Overall Population Myocardial Bridging Myocardial Bridging
Characteristics (n=310) (n=53) (n=257) P Value
Clinical characteristics
Age, y; median (IQR) 60.6+11.9 60+12.8 60.7+11.8 0.70
Male sex, n (%) 136 (43.9) 29 (54.7) 107 (41.6) 0.08
Hypertension, n (%) 206 (66.5) 33 (62.2) 173 (67.9) 0.48
Diabetes mellitus, n (%) 61 (19.7) 15 (28.3) 46 (17.9) 0.08
Smoking habit, n (%) 105 (33.9) 20 (37.7) 85 (33.1) 0.51
Dyslipidemia, n (%) 158 (51.0) 36 (67.0) 122 (47.5) 0.007
Obesity, n (%) 24 (7.7) 3(5.7) 21 (8.2 0.53
Family history of CAD, n (%) 94 (30.3) 16 (30.2) 78 (30.9) 0.98
Clinical presentation, n (%) 0.003
MINOCA, n (%) 141 (45.5) 34 (64.1) 107 (41.6)
Stable angina, n (%) 169 (54.5) 18 (35.8) 150 (58.3)
Previous cardiovascular history, n (%) 27 (8.7) 2(3.8) 25(9.7) 0.16
Laboratory data
Hemoglobin (g/dL), median (IQR) 13.2 (12.4;14.2) 13.3 (12.3; 15.1) 131 (12.4; 14.9) 0.34
WBC (x10%/L), median (IQR) 71 (6.1;7.9) 7.2 (6.1;8.) 7.0(6.1;7.8) 0.96
Serum creatinine on admission (mg/dL), 0.83 (0.71; 0.96) 0.82 (0.68; 0.96) 0.83(0.71; 0.97) 0.77
median (IQR)
Troponin-T peak (ng/mL), median (IQR) 0.01 (0.01; 0.19) 0.13 (0.01; 0.46) 0.01 (0.01; 0.13) 0.52
CRP (mg/L), median (IQR) 0.05 (0.05; 0.5) 0.05 (0.05; 3.1) 0.05 (0.05; 0.50) 0.97
Echocardiographic data
EF on admission (%), median (IQR) 61 (58; 64) 61 (58; 63) 61 (58; 64) 0.79
EF on admission <50%, n, (%) 20 (6.5) 2(3.8) 18 (7.0) 0.38
Diastolic dysfunction, n, (%) 191 (61.6) 29 (54.7) 162 (63.0) 0.26
Angiographic data
Myocardial bridging location
LAD, n, (%) 46 (14.8) 46 (86.8) 0(0.0)
LCx, n, (%) 7(2.2) 7 (18.2) 0(0.0)
RCA, n, (%) 0(0.0) 0(0.0) 0(0.0)
Myocardial bridging segment
Proximal, n (%) 3(1.0) 3(5.7) 0(0.0)
Mid, n (%) 38 (12.2) 38 (71.7) 0(0.0)
Distal, n (%) 12 (3.9 12 (22.6) 0(0.0)
Myocardial bridging length, mm (mean+SD) 24.9+7.3 24.9+7.3
Presence of non-obstructive atherosclerosis 150 (48.4) 24 (45.3) 126 (49.0) 0.62
Provocative test
Positive, n (%) 183 (59.0) 42 (79.2) 141 (54.9) 0.001
Type of positive response
Epicardial spasm, n (%) 117 (37.7) 30 (56.6) 87 (33.8) 0.001
Microvascular spasm, n (%) 66 (21.3) 12 (22.6) 54 (21.0) 0.79
Coronary vasospasm only on MB segment, 25 (8.0) 25 (47.2)
n (%)
Coronary vasospasm on MB segment and 4(1.3 4 (7.5)
other segments, n (%)
Coronary vasospasm only on segments other 1(0.9) 1(1.9
than MB, n (%)
High Ach dose (=100 pg), n (%) 190 (61.3) 22 (41.5) 168 (65.4) 0.001
(Continued)
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Table 1. Continued
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Presence of Absence of
Overall Population Myocardial Bridging Myocardial Bridging
Characteristics (n=310) (n=53) (n=257) P Value
Complications 28 (9.0) 4(7.6) 24 (9.3) 0.68
AF/SVT, n (%) 8(2.6) 2(3.8) 6 (2.3) 012
Atrioventricular Block, n (%) 19 (6.1) 2 (3.9 17 (6.6) 0.88
VT/VF, n (%) 1(0.3 0(0.0) 1(0.4) 0.89
Therapy at discharge, n (%)
Statin 182 (58.7) 32 (60.4) 150 (58.4) 0.79
Calcium channel blockers 206 (66.5) 44 (83) 162 (63) 0.005
B-blockers 93 (30) 8 (15.1) 85 (33.1) 0.009
Nitrates 6 (1.9) 3(5.7) 3(1.2) 0.06
Cardioaspirin 143 (46.1) 27 (50.9) 116 (45.1) 0.44
ACEi/ARBs 216 (69.7) 41 (77.4) 175 (68.1) 0.18

ACE! indicates angiotensin-converting enzymes inhibitors; ACH, acetylcholine; AF, atrial fibrillation; ARBs, angiotensin receptor blockers; CAD, coronary
artery disease; CRP, C-reactive protein; EF, ejection fraction; IQR, interquartile range; LAD, left anterior descending; LCx, left circumflex; MB, myocardial
bridging; MINOCA, myocardial infarction and non-obstructive coronary arteries; RCA, right coronary artery; SVT, supraventricular tachycardia; VF, ventricular

fibrillation; VT, ventricular tachycardia; and WBC, white blood count.

compared with patients with acetylcholine negative
test (26.3+7.5 mm versus 18.2+4.0 mm, P=0.001).

Finally, promptly reversible arrhythmic complica-
tions during provocative test occurred in 28 (9%) pa-
tients, without significant differences between patients
with and without MB (Table 1).

Predictors of Positive Acetylcholine
Provocative Test in the Overall Population
At univariate logistic regression analysis, dyslipi-
demia (odds ratio [OR], 1.60; 95% ClI, 1.01-2.52;
P=0.044), C-reactive protein levels (OR, 1.06; 95%
Cl, 1.01-1.11, P=0.035), MINOCA as clinical presen-
tation (OR, 2.39; 95% CI, 1.49-3.82; P<0.001) and
the presence of MB (OR, 3.14; 95% Cl, 1.55-6.37,
P=0.001) were predictors of positive acetylcholine
test. At multivariate logistic regression analysis, C-
reactive protein levels (OR, 1.06; 95% CI, 1.01-1.11;
P=0.028), MINOCA as clinical presentation (OR, 2.20;
95% Cl, 1.35-38.58; P=0.002), and the presence of
MB (OR, 2.57; 95% ClI, 1.24-5.33; P=0.011) remained
independent predictors for acetylcholine positive test
(Table S2).

Predictors of MINOCA as Clinical
Presentation

We analyzed predictors of MINOCA as clinical presen-
tation in the overall population and we demonstrated
that only a positive acetylcholine test and the presence
of MB (OR, 2.02; 95% ClI, 1.25-3.26; P=0.004 and
OR, 2.39; 95% ClI, 1.27-4.49; P=0.007, respectively)
were independent predictors of MINOCA (Table S3).
Moreover, we performed a sensitivity analysis evaluat-
ing the predictive value of MB for MINOCA as clinical

J Am Heart Assoc. 2021;10:e020535. DOI: 10.1161/JAHA.120.020535

presentation in patients with a positive response and
in patients with a negative response to acetylcholine
test, demonstrating that the presence of MB was a
predictor of MINOCA only in patients with a positive
acetylcholine test, but not in patients with a negative
acetylcholine test (Table S4), suggesting a strong re-
lationship between MB and vasomotor disorders in
MINOCA.

Of importance, considering only patients with MB,
we assessed the predictors of MINOCA as clinical
presentation to identify MB features associated with
a more “malignant” clinical course. We demonstrated
that among patients having MB, the presence of ace-
tylcholine positive test was the only independent pre-
dictor of MINOCA as clinical presentation (OR, 4.37;
95% Cl, 1.08-17.72; P=0.039).

Clinical Outcome According to the
Presence of MB and Provocative Test
Response

At a median follow-up of 22 months (interquartile range,
13-32 months), MACE occurred in 25 patients (8.1%)
(Table 2). MACE rate was higher in patients with MB
compared with patients without MB (12 [22.6%)] versus
13 [5.1%)], P<0.001). Moreover, patients with MB had
more frequent recurrence of angina (20 [37.7%] ver-
sus 50 [19.4%], P=0.004) and a lower Seattle Angina
Questionnaires summary score (78 [68-84] versus 84
[78-88], P<0.001) compared with patients without MB
(Table 2). At univariate Cox regression analysis a posi-
tive acetylcholine test (hazard rartio [HR], 2.76; CI, 1.03—
7.34; P=0.043), the presence of MB (HR, 5.46; 95% ClI,
2.48-11.99; P<0.001) and MINOCA as clinical presen-
tation (HR, 5.48; 95% Cl, 2.05-14.63; P=0.001), were
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Table 2. Clinical Outcome in the Overall Population and According to the Presence or Absence of Myocardial Bridging

Overall
Population Presence of Myocardial Absence of Myocardial

Characteristics (n=310) Bridging (n=53) Bridging (n=257) P Value
MACE, n (%) 25 (8.1) 12 (22.6) 13 (5.9 <0.001

Cardiovascular death, n (%) 1(0.3) 0(0.0) 1(0.4) 0.65

Ml occurrence, n (%) 6 (1.9) 2(3.8) 4 (1.6) 0.29

Hospitalization for unstable angina, n (%) 18 (56.8) 10 (18.9) 8 (3.1) <0.001
Recurrent angina, n (%) 70 (22.6) 20 (37.7) 50 (19.4) 0.004
SAQ summary score, median (IQR) 82 (78; 88) 78 (68; 84) 84 (78; 88) <0.001
Follow-up time (mo), median (IQR) 22 (18; 32) 18 (13; 28) 23 (13; 34) 0.09

IQR indicates interquartile range; MACE, major adverse cardiovascular event; MI, myocardial infarction; and SAQ, Seattle Angina Questionnaire.

predictors of MACE at follow-up, but only the presence
of MB (HR, 3.98; 95% CI, 1.78-8.93; P=0.001) and
MINOCA (HR, 4.23; 95% ClI, 1.56-11.48; P=0.005) as
clinical presentation remained significant at multivari-
able Cox regression analysis (Table S5). Finally, com-
parisons of the Kaplan—Meier curves by log-rank test
showed that patients with MB had a worse MACE-free
survival compared with those without MB (P<0.001)
(Figure 2A).

Of interest, the rates of MACE and of recurrent
angina were significantly higher among patients with
MB and a positive acetylcholine test (P<0.001 for both
MACE and recurrent angina), along with a lower Seattle
Angina Questionnaires summary score (P<0.001)
(Figure 3A and 3B). Moreover, comparisons of the
Kaplan—-Meier curves by log-rank test showed that

patients with MB and a positive acetylcholine test had
also a lower MACE-free survival and they represent the
group with the worst prognosis (P<0.001, Figure 2B).
Therapy at discharge according to presence or ab-
sence of MB and according to acetylcholine response
is reported in Table S6.

We performed a subgroup analysis considering
only patients with MINOCA demonstrating that a pos-
itive acetylcholine test (HR, 5.38; 95% Cl, 1.08-26.93;
P=0.037) and the presence of MB (HR, 3.17; 95% Cl,
1.07-9.41; P=0.04) were the only independent predic-
tors of MACE. At the same time, a positive acetylcho-
line test (HR, 2.88; 95% ClI, 1.11-7.42; P=0.029) and
the presence of MB (HR, 2.29; 95% CI, 1.19-4.39;
P=0.013) were the only independent predictors of re-
current angina.
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Figure 2. Survival Kaplan-Meier curves for major adverse cardiac events according to the presence or absence of
myocardial bridging (A), and according to the presence/absence of myocardial bridging and positive/negative response at

acetylcholine provocative test (B).

Ach indicates acetylcholine; MACE, major adverse cardiac events; MB+, myocardial bridging presence; and MB-, myocardial bridging absence.
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Figure 3. Curves are compared by the log-rank test.

We had no patient loss at follow-up. Occurrence of major adverse cardiac events at follow-up (A) and Seattle Angina Questionnaires
summary score at 1-year (B) according to the presence/absence of myocardial bridging and positive/negative response at acetylcholine
provocative test. Ach indicates acetylcholine; MACE, major adverse cardiac events; MB+, myocardial bridging presence; MB-,
myocardial bridging absence; and SAQ. Seattle Angina Questionnaires.

DISCUSSION

In our study, we assessed the relationship between MB
and coronary spasm in patients with non-obstructive
coronary artery disease undergoing provocative test-
ing with acetylcholine and their impact on the out-
comes. We demonstrate that: (1) MB is an independent
predictor for a positive response to acetylcholine test;
(2) MB is an independent predictor of MINOCA as ini-
tial clinical presentation; (3) the coexistence of MB and
a positive acetylcholine test is present in 21% of pa-
tients with MINOCA with suspected vasomotor abnor-
malities, thus suggesting that in this cohort coronary
spasm is the mechanism of instability; (4) not all MB
are born equal as a positive response to acetylcholine
test identifies a subset with a worse outcome while, in
sharp contrast, patients with MB but without a positive
acetylcholine test have an excellent outcome.

MB is a well-known cause of myocardial isch-
emia in patients with NOCAD."#-%2" In keeping with
previous studies, we found that MB is present in
~17% of patients undergoing coronary angiography
for suspected myocardial ischemia." #2223 Moreover,
we demonstrated that patients with MB had more
frequently a positive response to acetylcholine test
compared with those without MB. Previous studies
demonstrated an enhanced local vascular reactiv-
ity to vasoconstrictor stimuli in MB coronary seg-
ments.?*~2" Accordingly, a recent study by Sara et al
showed that patients with MB may present endothe-
lial dysfunction at both epicardial and microvascular
level during intracoronary acetylcholine infusion,?’

J Am Heart Assoc. 2021;10:e020535. DOI: 10.1161/JAHA.120.020535

and another study by Nam et al demonstrated that
MB is associated with a higher incidence of epicar-
dial spasm during acetylcholine provocative test
compared with patients without MB.'> Previous
studies evaluating the relationship between vaso-
motor disorders and MB, however, enrolled stable
patients with NOCAD, not considering patients with
MINOCA.810-1227 Thys, a novelty of our study is the
enrollment not only of patients with stable NOCAD,
but also patients with MINOCA, allowing us to as-
sess the relationship between vasomotor disorders
and MB, along with their clinical relevance, both in
the stable and in the acute setting. Of importance,
we found that the presence of MB was an indepen-
dent predictor of MINOCA as clinical presentation
and the coexistence of MB and a positive response
at acetylcholine provocative test was detected
in 21% of our study population presenting with
MINOCA. Of note, in our study only patients with
MINOCA with suspected vasomotor disorders un-
derwent acetylcholine provocative test, and of con-
seqguence, these results cannot be extended to all
patients presenting with MINOCA. Another novelty
of our study is its longitudinal design, which allowed
us to demonstrate that the presence of MB was an
independent predictor of a worse outcome including
a higher rate of MACEs and of angina recurrence as
well as a worse quality of life. Importantly, this nega-
tive impact on the outcomes was confined to those
patients with associated coronary spasm. It is worth
noting that the higher occurrence of MACEs among
patients with MB and coronary spasm is mainly
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driven by a higher rate of rehospitalization for un-
stable angina. We have recently demonstrated that
invasive provocative test in patients with MINOCA
is safe and may be useful to detect the presence
of vasomotor disorders as cause of MINOCA, al-
lowing physicians to get a proper diagnosis and to
begin a therapy based on the underlying pathogenic
mechanism.'® In this study we expand this notion,
suggesting that vasomotor disorders occurring in
patients with MB may represent an important and
frequently underdiagnosed cause of MINOCA.
Therefore, the detection of MB at coronary angiog-
raphy in patients with NOCAD should be considered
as a hint to perform an invasive provocative test to
unmask the presence of functional alterations of
coronary circulation, especially in patients with an
acute presentation (Figure 4).

The study from Nam et al'® demonstrated that pa-
tients with MB and with a positive response at acetyl-
choline provocative test had a higher rate of recurrent
angina compared with patients with MB and without
induced coronary spasm. However, this study enrolled
only patients with stable NOCAD. Our study enrolled
both patients with stable NOCAD and MINOCA al-
lowing us to assess the prognostic value of MB and
vasomotor disorders in patients with a higher risk of
developing cardiac events.

The causes of MINOCA in patients with MB in the
absence of coronary spasm cannot be deduced from
our study. Other mechanisms linking MB to MINOCA

Myocardial Bridging and Coronary Spasm in MINOCA

are multiple, including transient thrombosis associated
with subangiographic plaque disruption, hemodynam-
ically significant bridging or spontaneous coronary ar-
tery dissection.'*28-30 Nevertheless, our data suggest
that only in the case in which MB-associated MINOCA
is mediated by coronary spasm this is associated with
a worse medium-long term outcome. In contrast with
our findings, a study by Brolin et al®' demonstrated no
causal link between MB detected at computed tomog-
raphy and MINOCA as clinical presentation. Differences
in study design, diagnostic techniques, and sample
size may in part explain the different results compared
with our study and suggesting that further studies are
needed to clarify the role of MB in the pathogenesis of
MINOCA. Moreover, as reported above, in our study
only patients with MINOCA with suspected vasomotor
disorders underwent acetylcholine provocative test.
Our study has several limitations. First, it is a
single-center study; second, MB was only diag-
nosed at coronary angiography; coronary angiog-
raphy is the most common diagnostic tool used to
detect the presence of MB, however, recent imaging
method techniques such as intravascular ultrasonog-
raphy, optical coherence tomography, fractional flow
reserve, and multidetector computed tomography
may be helpful to accurately assess the anatomical
and physiological characteristics of MB as well as
its hemodynamic significance in addition to coro-
nary angiography,'®2%32 therefore, MB cases may be
missed or underestimated. However, because the

Occurrence of

coronary spasm
(epicardial > microvascular)

9

Myocardial bridging

in patients with myocardial ischemia ﬁ
and non-obstructive CAD

Positive test

\\u\l\\“"\/ .

Negative test
v

Absence of
coronary spasm

e — 0

Malign clinical presentation
High risk of MINOCA as clinical presentation

S % ACh provocative test

Worse prognosis at long-term follow-up
Higher risk of MACE
Worse angina status and quality-of-life

Benign clinical presentation
Low risk of MINOCA as clinical presentation

Good prognosis at long-term follow-up
Lower risk of MACE

Figure 4. Clinical and prognostic implications of the interplay between myocardial bridging and coronary spasm in patients
with myocardial ischemia and non-obstructive coronary artery disease.
CAD indicates coronary artery disease; MACE, major adverse cardiac events; and MINOCA, myocardial infarction and non-obstructive

coronary arteries.
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angiographic confirmation could be achieved max-
imally at "MB augmentation view" in the right ante-
rior oblique cranial view and anterior-posterior cranial
view after intracoronary nitroglycerine injection, by at
least 2 different operators, we think that the missing
or underestimated MB would be extremely rare in our
study population. Third, we did not measure coronary
flow reserve and, therefore, its potential relationship
with the response to vasoconstrictor stimuli and with
MB. Moreover, because MB are dynamic stenosis, an
invasive assessment during exercise or situations of
increased inotropism could have helped in identifying
the hemodynamic relevance of MB during these con-
ditions; it remains unknown if the excess of events is
patients with MB and positive acetylcholine provoca-
tive tests is also the result of ischemia caused by the
dynamic stenosis. Furthermore, only patients with
MINOCA with suspected vasomotor disorders un-
derwent acetylcholine provocative test, while patients
with MINOCA with other pathogenic mechanisms (ie,
plaque rupture/erosion, coronary microembolism,
coronary dissection) were not included in our study.
As a consequence, our findings cannot be extended
to all patients with MINOCA. Finally, other limitations
are represented by the lack of an independent clinical
event committee for MACE adjudication and by the
lack of a core laboratory analysis for MB assessment.

Our study has therapeutic implications. Indeed,
B-blockers and calcium-channel blockers represent
the first-line medical therapy for flow-limiting MB.5®
However, the use of [B-blockers has been shown to
favor the occurrence of coronary spasm.?® Therefore,
in the era of precision medicine, performing acetyl-
choline provocative test may be useful to guide man-
agement of patients with MB (Figure 4), prompting the
introduction of calcium-channel blockers rather than
B-blockers in patients with evidence of vasospasm
who have a worse outcome.
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Data S1.

Supplemental Methods

Invasive provocative test protocol

ACh was administered in a stepwise manner into the left coronary artery (LCA) (20-200 pg)
or into the right coronary artery (RCA) (20-50 pg) over a period of 3 min with a 2-3 min interval
between injections. Coronary angiography was performed 1 min after each injection of these agents
and/or when chest pain and/or ischaemic ECG shifts were observed. The decision of testing with
provocative test LCA or RCA as first was left to the discretion of the physicians; both LCA and RCA
were tested if the first test was negative. In patients with myocardial infarction and non-obstructive
coronary arteries (MINOCA), the provocative test was performed during the same procedure of
coronary angiography in the acute phase (within 48 hours from admission). In MINOCA patients
taking vasoactive drugs, the provocation tests were performed after a washout period of at least 24 h
for calcium channel blockers (CCBs) and nitrates. In stable patients taking vasoactive drugs (calcium-
channel blockers and nitrates), the provocation tests were performed after a wash-out period for these
drugs of at 48 h. A fasting period (including caffeine consumption) >12 h was requested in all stable
patients. Finally, in patients with coronary stenosis of 50%, assessment of FFR, preceded by
intracoronary nitroglycerine administration, was performed after the provocative vasoreactivity test.
Angiographic responses during the provocative test were assessed in multiple orthogonal views in
order to detect the most severe narrowing and/or analysed by using computerized quantitative
coronary angiography (QCA-CMS, Version 6.0, Medis-Software, Leiden, The Netherlands).
Occurrence of bradyarrhythmias (defined as bradycardia with heart rate < 50 bpm or second- or third-
degree AV block lasting more than 3 s), atrial fibrillation and ventricular tachycardia (defined as three
or more consecutive premature ventricular complexes) during the provocative test were also

recorded.
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Echocardiographic assessment

All patients underwent a comprehensive echocardiographic evaluation during hospital
admission using a standard ultrasound machine (Artida, Toshiba Medical System, Japan) and all
images were digitally saved in raw data format to magneto optical discs for offline analysis performed
by an experienced echocardiographer. Left ventricle (LV) and left atrial dimensions were obtained
by M-mode and two-dimensional (2D) images whereas LV end-diastolic and end-systolic volumes

and LVVEF were calculated using the modified Simpson’s biplane method.
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Table S1. Clinical, echocardiographic and angiographic features in the overall population and according to the response at invasive provocative test.

Overall population Positive Ach test Negative Ach test p value

Characteristics (n=310) (n=183) (n=127)
Clinical characteristics
Age [median (IQR)] 60.6 +11.9 59.4+125 61.4+12.6 0.151
Male sex [n, (%)] 136 (43.9) 78 (42.6) 58 (45.7) 0.595
Hypertension [n, (%)] 206 (66.5) 118 (64.5) 88 (69.3) 0.378
Diabetes [n, (%)] 61 (19.7) 35(19.1) 26 (20.5) 0.769
Smoking habit [n, (%)] 105 (33.9) 60 (32.8) 45 (35.4) 0.628
Dyslipidaemia [n, (%)] 158 (51.0) 86 (47.0) 72 (56.7) 0.093
Obesity [n, (%)] 24 (7.7) 16 (8.7) 8 (6.3) 0.428
Family history of CAD [n, (%)] 94 (30.3) 52 (28.4) 42 (33.1) 0.380
Clinical presentation [n, (%)] 0.001

MINOCA [n, (%)] 141 (45.5) 98 (53.6) 43 (33.9)

Stable angina [n, (%)] 169 (54.5) 85 (46.4) 84 (66.1)
Previous CV history [n, (%)] 27 (8.7) 14 (7.7) 13 (10.2) 0.427
Laboratory data
Hb (g/dL) [median (IQR)] 13.2[12.4; 14.2] 13.2[12.4; 14.2] 13.1[12.2; 14.1] 0.452
WBC (x10%/L) [median (IQR)] 7.1[6.1;7.9] 6.8[5.97.9] 7.2[6.2;8.1] 0.152
Serum creatinine on admission (mg/dL) 0.83[0.71; 0.96] 0.83[0.71; 0.94] 0.85[0.70; 1.01] 0.387
[median (IQR)]
Troponin T peak (ng/mL) [median (IQR)] 0.01[0.01; 0.19] 0.01[0.01; 0.17] 0.01[0.01; 0.28] 0.394
CRP (mg/L) [median (IQR)] 0.05 [0.05; 0.5] 0.05 [0.05; 0.50] 0.05 [0.05; 2.50] 0.092
Echocardiographic data
EF on admission (%) [median (IQR)] 61 [58; 64] 61 [58; 64] 61 [58; 63] 0.435
EF on admission < 50% [n, (%)] 20 (6.5) 11 (6.0) 9(7.1) 0.705
Diastolic dysfunction [n, (%)] 191 (61.6) 119 (65.0) 72 (56.7) 0.138

Angiographic data
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Myocardial bridging presence [n, (%)] 53 (17.1) 42 (23.0) 11 (8.7) 0.001

Myocardial bridging localization 0.651
LAD [n, (%)] 46 (14.8) 36 (19.7) 10 (7.9)
LCx [n, (%0)] 7(2.2) 6 (3.3) 1(0.8)
RCA [n, (%)] 0 (0.0) 0(0.0) 0 (0.0)
Myocardial bridging segment 0.557
proximal [n, (%)] 4 (1.3) 4(2.2) 0 (0.0)
mid [n, (%)] 41 (13.2) 32 (17.5) 9(7.1)
distal [n, (%)] 8(2.6) 6 (3.3) 2(1.6)
Myocardial bridging length, mm [meanzx 249173 26.3+7.5 18.2+4.0 0.001
SD
Pre]sence of non-obstructive 150 (48.4) 90 (49.2) 60 (47.2) 0.737

atherosclerosis

Complications 28 (0.1) 18 (0.1) 10 (0.1) 0.553
AF / SVT [n, (%)] 8 (2.6) 6 (3.3) 2 (1.6) 0.352
Atrioventricular Block [n, (%)] 19 (6.1) 11 (6.0) 8 (6.3) 0.917
VT/ VF[n, (%)] 1(0.3) 1(0.01) 0 (0) 0.404

Therapy at discharge [n,(%)]

Statin 182 (58.7) 115 (62.8) 67 (52.8) 0.076
Calcium channel blockers 206 (66.5) 175 (95.6) 31 (24.4) 0.005
B-blockers 93 (30) 0 (0) 93 (73.2) <0.001
Nitrates 6 (1.9) 5(2.7) 1(0.8) 0.222
Cardioaspirin 143 (46.1) 91 (49.7) 52 (40.9) 0.127
ACEIi/ARBs 216 (69.7) (132 (72.1) 84 (66.1) 0.259

IQR: InterQuartile Range; CAD: Coronary Artery Disease; ACS: Acute Coronary Syndrome; CV: Cardiovascular History; Hb: Haemoglobin; WBC: White Blood Count; CRP: C
Reactive Protein; EF: Ejection Fraction; LAD: Left Anterior Descending; LCx: Left Circumflex; RCA: Right Coronary Artery; Ach: Acetylcholine; AF: Atrial Fibrillation; SVT;
SupraVentricular Tachycardia; VT: Ventricular Tachycardia; VF: Ventricular Fibrillation; ACEi: angiotensin converting enzymes inhibitors; ARBs: Angiotensin receptor
blockers
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Table S2. Predictors of ACh positive test in the overall population by univariate and
multivariate logistic regression analysis.

Univariate analysis

Multivariable analysis

OR (95% C.1.) p OR (95% C.1.) p
Presence of myocardial bridging 3.141 (1.55; 6.37) 0.002 2.569 (1.24; 5.33) 0.011
MINOCA presentation 2.385 (1.49; 3.82) <0.001 2.198 (1.35; 3.58) 0.002
CRP 1.058 (1.01; 1.11) 0.035 1.059 (1.01; 1.11) 0.028
Dyslipidaemia 1.597 (1.01; 2.52) 0.044

MINOCA: myocardial infarction and non-obstructive coronary arteries; CRP: C-reactive protein; C.I.: Confidence

Interval; OR: Odds Ratio.
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Table S3. Predictors of MINOCA in the overall population by univariate and multivariate logistic
regression analysis.

Univariate analysis Multivariate analysis
OR (95% C.1.) p OR (95% C.1.) p
Presence of myocardial
2.770 (1.490; 5.151) 0.001 2.386 (1.267; 4.494) 0.007
bridging
Positive ACh test 2.252 (1.410; 3.598) 0.001 2.022 (1.254; 3.261) 0.004

MINOCA: myocardial infarction with no obstructive coronary atherosclerosis ACh: acetylcholine; C.1.: Confidence Interval; OR: Odds

Ratio.
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Table S4. Predictors of MINOCA as clinical presentation in ACh positive test population by
univariate and multivariate logistic regression analysis.

Univariate analysis Multivariable analysis
OR (95% C.1.) p OR (95% C.1.) p
Presence of myocardial bridging 2.31 (1.09; 4.93) 0.030 2.908 (1.285; 6.578) 0.010
Obesity 0.92 (0.83; 0.98) 0.04
Diastolic Dysfunction 1.950 (1.060; 3.589) 0.006 2.502 (1.302; 4.808) 0.005

C.l.: Confidence Interval; OR: Odds Ratio.
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Table S5. Predictors of MACE in the overall population by univariate and multivariable cox regression

analysis.
Univariate analysis Multivariable analysis
HR (95% C.1.) p HR (95% C.1.) p
Presence of myocardial bridging 5.46 (2.48; 11.99) <0.001 3.98 (1.78-8.93) 0.001
Positive ACh test 2.76 (1.03; 7.34) 0.043
MINOCA as clinical presentation 5.48 (2.05-14.63) 0.001 4.23 (1.56-11.48) 0.005

MACE: Major Adverse Cardiovascular Event; MINOCA: myocardial infarction with non-obstructive coronary arteries;
ACh: acetylcholine; C.I.: Confidence Interval; OR: Odds Ratio.
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Table S6. Therapy at discharge according to presence or absence of MB and according to ACh response.

Presence of Presence of Absence of Absence of
Overall Myocardial Myocardial Myocardial Myocardial
population bridging and bridging and Bridging and bridging and

(n=310) positive ACh test  negative ACh test positive ACh test negative ACh test p value
Therapy (n=42) (n=11) (n=141) (n=116)
Statin [n, (%)] 182 (58.7) 26 (61.9) 6 (54.5) 81 (57.4) 69 (59.5) 0.945
CCB [n, (%)] 206 (66.5) 40 (90.9) 4 (36.3) 136 (96.4) 26 (22.4) <0.001
B-blockers [n, (%)] 93 (30) 2 (4.8) 6 (54.5) 13(9.2) 72 (62.1) <0.001
Nitrates [n, (%)] 6 (1.9) 3(7.1) 0 (0.0) 3(2.1) 0 (0.0) 0.082
Cardioaspirin [n, (%)] 143 (46.1) 21 (50.0) 6 (54.5) 66 (46.8) 50 (43.1) 0.801
ACEI/ARBs [n, (%)] 216 (69.7) 34 (80.9) 7 (63.6) 99 (70.2) 76 (65.5) 0.205

ACh: Acetylcholine; ACEi: angiotensin converting enzymes inhibitors; ARBs: Angiotensin receptor blockers; CCB: calcium-channel blockers.



