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Abstract
Background: An association between atherosclerosis and coronary vasospasm has previously been sug-
gested. However, to date, no conclusive data on the whole spectrum of these disorders have been published.
Aims: This study aimed to define specific morphological features of atherosclerosis in patients with angina 
and no obstructive coronary artery disease (ANOCA) due to coronary vasospasm.
Methods: From February 2019 to January 2020, we enrolled 75 patients referred to our laboratory for 
a coronary function test (CFT) due to ANOCA and suspected coronary vasomotor dysfunction. The CFT 
consisted of an acetylcholine test and a physiology assessment with hyperaemic indexes using adenosine. 
Patients were divided into two groups according to the presence or absence of coronary vasospasm trig-
gered by acetylcholine (ACH+ and ACH–, respectively). In addition, optical coherence tomography (OCT) 
was performed to assess the lipid index (LI), a surrogate for lipid area, and the prevalence of markers of 
plaque vulnerability.
Results: ACH+ patients had a higher LI than ACH– patients (LI: 819.85 [460.95-2489.03] vs 269.95 
[243.50-878.05], respectively, p=0.03), and a higher prevalence of vulnerable plaques (66% vs 38%, 
p=0.04). Moreover, ACH+ patients showed a higher prevalence of neovascularisation compared to ACH– 
subjects (37% vs 6%, p=0.02) and a trend towards a higher prevalence of all individual markers, in par-
ticular thin-cap fibroatheroma (20% vs 0%, p=0.06). No differences were detected between patterns of 
coronary vasospasm.
Conclusions: The presence of coronary vasospasm, regardless of its phenotype, is associated with higher 
lipid burden, plaque vulnerability and neovascularisation.
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Abbreviations
ACH acetylcholine
ANOCA angina and no obstructive coronary artery disease
CAD coronary artery disease
CFR coronary flow reserve
CFT coronary function test
FFR fractional flow reserve
IMR index of microvascular resistance
LI lipid index
OCT optical coherence tomography
RFR resting full-cycle ratio
TCFA thin-cap fibroatheroma

Introduction
Despite the scientific advancements in the diagnosis and man-
agement of coronary artery disease (CAD), progress is limited 
in the field of angina with non-obstructive CAD (ANOCA), an 
often neglected condition with a high prevalence1 and a significant 
impact on prognosis and quality of life2-4.

Among possible causes of ANOCA, coronary vasomotor dis-
orders are prominent and are associated with an increased risk of 
adverse cardiovascular events5-9. Coronary vasospasm represents 
one of the most important coronary vasomotor disorders. It is 
a condition mainly related to endothelium-dependent vascular dys-
function, and it can affect both the epicardial vessels (epicardial 
spasm) or the microcirculation (microvascular vasospasm).

Despite being traditionally considered a merely functional dis-
order, epicardial vasospasm has been associated with a variable 
degree of plaque burden and of markers of plaque vulnerability, 
suggesting an association between atherosclerosis and coronary 
function disorder10-13. Optical coherence tomography (OCT) has 
emerged as the preferred method to assess atherosclerotic mor-
phological characteristics, due to its high spatial resolution13-14. 
However, significant variability has been reported in study results, 
and to date no study has performed a comprehensive analysis of 
all the different markers of plaque vulnerability in the different 
types of coronary vasospasm. A better understanding of the under-
lying anatomic and physiologic features could potentially allow 
improved risk stratification and tailored treatments.

The aim of the current study was to assess the atherosclerotic 
burden and morphological characteristics of coronary vasospasm 
using OCT in ANOCA.

Methods
STUDY DESIGN AND POPULATION
This single-centre observational study was conducted at the 
Radboud University Medical Center (Radboudumc) in Nijmegen, 
the Netherlands, a large tertiary referral centre specialised in 
patients with persistent angina in the absence of obstructive CAD. 
Between February 2019 and January 2020, we enrolled all patients 
undergoing an invasive coronary function test (CFT) for suspected 
coronary vasomotor dysfunction and we performed OCT to corre-
late functional and anatomical findings.

In all patients, obstructive CAD had been ruled out before CFT 
by previous anatomical imaging (coronary angiography or coro-
nary computerised tomography angiography) or non-invasive 
ischaemia detection. Absence of significant coronary lesions was 
confirmed by coronary angiography at the beginning of the CFT. 
The extent and severity of CAD burden upon angiography was 
quantified with the Gensini score, which was the scoring sys-
tem of choice due to its ability to stratify the degree of stenosis15. 
Exclusion criteria for the OCT study were obstructive CAD, pre-
vious coronary revascularisation and severe kidney disease (eGFR 
<30 mL/min). The study was approved by the local institutional 
ethical review board of the Radboudumc and complies with the 
Declaration of Helsinki. All patients gave written informed con-
sent to the study and data collection.

STUDY PROCEDURES
A detailed description of the CFT is reported in the Supplementary 
Appendix 1. Per protocol, all tests focused on the left anterior 
descending artery (LAD), in accordance with available recommen-
dations16, due to its prognostic relevance, the large territory of distri-
bution and logistical considerations (procedural time, radiation dose 
and amount of dye). Briefly, after confirming the absence of sig-
nificant CAD by angiography, we performed a provocative test with 
increasing doses of acetylcholine (10, 20, 100, 200 µg) in the left 
coronary artery to detect signs and symptoms of spasm. After the 
injection of nitrates, a pressure wire was placed in the distal LAD 
(PressureWire XTM; Abbott) and measurements of resting full-cycle 
ratio (RFR), fractional flow reserve (FFR), index of microvascular 
resistance (IMR) and coronary flow reserve (CFR) were performed 
using dedicated software (CoroFlow software; Coroventis).

OCT PROCEDURE ANALYSIS
Detailed OCT protocol and definitions are reported in the 
Supplementary Appendix 2. After CFT, one high-definition OCT 
run (54 mm, 20 mm/sec) of the LAD was performed (proximal 
marker in the LAD ostium) with a frequency-domain OCT cath-
eter (Dragonfly Optis; St. Jude Medical). Offline analysis of each 
OCT pullback was performed by two independent expert review-
ers, blinded to the results of the CFT. Disagreements were resolved 
by a third reviewer. In-depth analysis of cross-sectional images 
was performed in one frame per millimetre of longitudinal length. 
Plaque analysis followed international consensus17.

The main variables of interest were the lipid index (LI) 
(Figure 1), and the presence of vulnerable plaques, defined as 
plaques presenting at least one marker of vulnerability (pres-
ence of a fibroatheroma, macrophage infiltration, neovasculari-
sation or plaque erosion) (Figure 2), both individually and as 
a composite endpoint. The LI, a surrogate for lipid pool area, 
was defined as the mean lipid arc (Figure 1A) multiplied by 
lipid-core longitudinal length18. It was introduced to provide an 
index of atherosclerotic burden, as light in OCT cannot penetrate 
lipid-rich plaques due to significant attenuation, and a thorough 
assessment of plaque burden such as in intravascular imaging 



EuroIntervention 2
0

2
2

;1
8

:e
3

9
7-e

4
0

4

e399

Intracoronary imaging in different vasospastic ANOCA

would not be possible. Fibroatheroma was defined as a lipid 
plaque with a maximum lipid arc >90°. Thin-cap fibroatheroma 

(TCFA) was defined as a fibroatheroma with a cap thickness 
≤65 µm (Figure 1B). The individual morphological atherosclero-
sis characteristics were analysed both on a patient-level (number 
of patients with at least one OCT frame showing the variable 
of interest) and on a frame-level (extension of those variables 
in terms of number of millimetres indexed per total length of 
plaque segments) (Figure 1C).

DEFINITIONS
We defined the presence or absence of coronary vasospasm 
(either epicardial or microvascular spasm) according to an intra-
coronary acetylcholine (ACH) test result (ACH+ vs ACH–), in 
line with current guidelines16,19. Epicardial spasm was defined as 
a focal or diffuse epicardial coronary diameter reduction ≥90% in 
response to ACH, compared to the relaxed state after the intracoro-
nary nitroglycerine infusion, with reproduction of both recognis-
able symptoms and ischaemic electrocardiogram (ECG) changes. 
Microvascular spasm was defined as the reproduction of recog-
nisable symptoms and ischaemic ECG changes, in the absence 
of ≥90% epicardial diameter reduction during ACH infusion. 
Ischaemic ECG changes were defined as transient ST-segment ele-
vation or depression of ≥0.1 mV, or ischaemic T-wave changes in 
at least two contiguous leads. Impaired microvascular dilatation 
was defined by a CFR <2.0, an IMR ≥25, or a combination of both.

STATISTICAL ANALYSIS
Continuous variables are presented as mean±standard deviation 
or as median (interquartile range [IQR]), as specified. After test-
ing for normal distribution, comparisons were performed using 
the unpaired t-test, and the Mann-Whitney U test or Kruskal-
Wallis test, as appropriate. Categorical variables are presented as 
counts and percentages (%). Comparisons were performed using 
Pearson’s χ2 or Fisher’s exact test. A two-sided p-value <0.05 was 
considered statistically significant. All statistical analyses were 
performed with JMP v.14.0 (SAS Institute).

Results
BASELINE CHARACTERISTICS AND FLOW PARAMETERS
From February 2019 to January 2020, 83 patients underwent 
a CFT at our institution. Of these, 75 patients met the eligibility 
criteria and were enrolled in the study.

Baseline characteristics are reported in Table 1. The study popu-
lation was composed almost entirely of women (93%) with a mean 
age of 55 years and a moderate cardiovascular risk profile. As per 
protocol, significant CAD had been ruled out either by previous 
coronary angiography (50 subjects, 67% of the population), coro-
nary computerised tomography angiography (37 subjects, 49%) or 
non-invasive ischaemia detection test (50 subjects, 67%). Before 
CFT, coronary angiography confirmed the absence of significant 
stenoses. No cases of FFR or RFR below the ischaemic threshold 
were recorded.

Overall, there were no fatal or serious non-fatal complications 
related to the performance of CFT or OCT.

AA BB

CC

Fibrous plaque
Lipid plaque Segment covered by plaque

Segment covered by the OCT pullback

Figure 1. Representation of lipid pool analysis. A) Lipid angle, 
(B) thickness of the fibrous cap and (C) longitudinal extension. After 
frame-by-frame analysis, the total amount of plaque along the 
scanned segment was computed. Then, in the total segment covered 
by plaque, the extension of each plaque component was calculated. 
OCT: optical coherence tomography

Figure 2. Examples of plaque vulnerability markers detected with 
optical coherence tomography (OCT). A) Fibroatheroma (asterisks), 
shown as a lipid plaque with an angle >90°. The bright fibrous cap 
at the top of the plaque, when ≤65 µm, defines the presence of 
a thin-cap fibroatheroma. B) Macrophage infiltration (arrowheads), 
shown as bright spots with significant attenuation, in the context of 
a lipid plaque. C) Erosion (asterisks), shown as irregular 
endothelium with overlying thrombus. D) Neovascularisation 
(arrowheads), shown as small vascular structure in the context of the 
plaque, without connections with the lumen.
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An abnormal reaction to acetylcholine (ACH+) occurred in 
59 patients (79%), with 28 patients having epicardial spasm and 
31 patients having microvascular spasm. Baseline clinical charac-
teristics were similar between ACH+ and ACH– patients (Table 1). 
At angiography, coronary artery disease burden was very low, 
and ACH+ patients had a significant, yet clinically non-relevant, 
increase compared to ACH– patients (Gensini score 1 and 0, 
respectively, p=0.04). Of the patients with vasospasm, 23 (39%) 
had coexistent impaired microvascular dilatation as measured by 
adenosine, compared to three subjects in the ACH– group (19%). 
Twelve individuals (16%) had a negative CFT.

Three patients did not undergo an adenosine test due to drug 
contraindications (severe asthma) and could not perform a com-
plete physiology evaluation (only resting indexes were measured). 
Resting and hyperaemic flow indexes were within the normal range, 
and no differences were detected between the groups (Table 1).

OCT ANALYSES
ACH+ patients had a significantly higher LI than ACH– patients 
(819.85 vs 269.95, respectively, p= 0.03) (Table 2, Central illus-
tration), due to a significant increase in mean lipid angle (87.66° 
vs 64.14°, respectively, p<0.01). Furthermore, total plaque 

extension tended to be higher; as in ACH+ patients, 38.10% of 
all frames were covered by plaque, as compared with 10.88% in 
ACH– patients (p=0.06). In the ACH+ group, the prevalence of 
vulnerable plaque markers was significantly higher than in the 
ACH– group (66% vs 38%, p=0.04), led by a higher, yet non-
significant, rate of TCFA (20% vs 0%, p=0.06) and a significant 
increase in neovascularisation (37% vs 6%, p=0.02) No differ-
ences were recorded in the prevalence and extension of the other 
markers of plaque vulnerability. No correlations were identified 
between the variables of interest and baseline characteristics or 
flow parameters. In particular, exploratory analyses found no cor-
relations between atherosclerosis and CFR/IMR values.

A comparison was performed between patients with microvas-
cular spasm and epicardial spasm (Table 3), also showing no major 
differences in terms of LI (668.00 [310.10-2348.18] vs 885.40 
[461.45-2582.13], respectively, p=0.51) and in terms of markers 
of plaque vulnerability (overall rate of 64% and 68% in patients 
with epicardial and microvascular spasm, respectively, p=0.78).

Finally, in an exploratory analysis of the subgroup of patients 
with epicardial spasm, LI was compared between subjects with 
focal and diffuse epicardial spasm, yielding non-significant differ-
ences (982.25 vs 885.40, respectively, p=0.52).

Table 1. Baseline characteristics of the study population.

Variable Total ACH+ ACH– p-value

Demographics

Age (years) 55.17±7.28 55.51±7.67 53.94±5.67 0.41

Female sex 70 (93%) 55 (93%) 15 (94%) 1.00

History of smoking 38 (51%) 32 (54%) 6 (38%) 0.27

Current smoker 5 (6%) 4 (7%) 1 (6%) 1.00

Familiar history 47 (63%) 39 (66%) 8 (50%) 0.26

Hypertension 38 (51%) 30 (51%) 8 (50%) 1.00

Hypercholesterolaemia 34 (45%) 27 (46%) 7 (44%) 1.00

Diabetes mellitus 6 (8%) 5 (8%) 1 (6%) 1.00

Peripheral artery disease 3 (4%) 3 (5%) 0 1.00

Thyroid disorder 14 (19%) 10 (17%) 4 (25%) 0.48

Rheumatic disease 23 (31%) 19 (32%) 4 (25%) 0.76

Self-reported migraine 37 (49%) 27 (46%) 10 (63%) 0.27

Pregnancy-related 
hypertension 17 (24%) 11 (19%) 4 (25%) 0.73

Pre-eclampsia 8 (11%) 3 (5%) 3 (12%) 0.14

Angiographic and physiologic indexes

Gensini score 0.0 [0.0-2.5] 1.0 [0.0-3.5] 0.0 [0.0-1.1] 0.04

RFR 0.93 
[0.92-0.94]

0.93 
[0.92-0.95]

0.93 
[0.91-0.94] 0.65

FFR 0.89 
[0.86-0.92]

0.89 
[0.84-0.93]

0.88 
[0.87-0.92] 0.43

CFR 3.40 
[2.50-4.60]

3.30 
[2.50-4.53]

3.53 
[2.87-4.90] 0.51

IMR 18.10 
[14.00-26.00]

19.00 
[14.00-27.15]

18.00 
[16.10-21.00] 0.51

ACH: acetylcholine; CFR: coronary flow reserve; FFR: fractional flow reserve; IMR: index of 
microvascular resistance; RFR: resting full-cycle ratio

Table 2. Comparison of optical coherence tomography (OCT) 
findings in patients with and without an abnormal reaction to 
acetylcholine (ACH+/ACH–).

ACH+ (n=59) ACH– (n=16) p-value

Main outcome

Lipid index 819.85 
[460.95-2489.03]

269.95 
[243.50-878.05] 0.03

Vulnerable plaque 
(% subjects) 39 (66%) 6 (38%) 0.04

Marker prevalence (% of subjects)

Fibroatheroma 29 (49%) 4 (25%) 0.10

Thin-cap fibroatheroma 12 (20%) 0 0.06

Macrophage infiltration 28 (47%) 5 (31%) 0.27

Neovascularisation 22 (37%) 1 (6%) 0.02

Erosion 9 (15%) 0 0.19

Analysis of plaque extension (% length)

Total plaque extension (%) 38.10 [8.00-76.09] 10.88 [0.98-45.74] 0.06

Lipid-rich (%) 48.51 [16.62-81.03] 15.25 [0.00-75.00] 0.31

Fibroatheroma (%) 12.70 [0.00-38.40] 0.00 [0.00-3.41] 0.07

Calcification (%) 0.00 [0.00-22.39] 0.00 [0.00-0.00] 0.11

Macrophages (%) 5.07 [0.00-28.96] 0.00 [0.00-24.16] 0.41

Neovessels (%) 0.00  [0.00-9.82] 0.00 [0.00-0.00] 0.11

Analysis of lipid pools

Mean lipid arc (degrees) 87.66 [71.77-99.46] 64.14 [60.03-77.12] <0.01

Max lipid arc (degrees) 133.80 [88.03-180.95] 90.25 [66.40-120.38] 0.03

Cap thickness (μm) 214.44 
[188.33-255.52]

256.67 
[182.50-386.57] 0.25

Lipid length (mm) 10.00 [4.50-27.50] 4.00 [4.00-10.75] 0.10
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Discussion
In this study of patients with ANOCA undergoing CFT and OCT 
we obtained three major findings. First, patients with vasospasm 
elicited by acetylcholine (either epicardial or microvascular spasm) 
had more advanced atherosclerosis compared to patients without 
vasospasm. Second, patients with coronary vasospasm had more 
characteristics of plaque vulnerability compared to patients with-
out vasospasm. Third, there were no differences in terms of dis-
ease extension and morphology between patients with epicardial 
and microvascular spasm.

ASSOCIATIONS BETWEEN VASOMOTOR DYSFUNCTION AND 
ATHEROSCLEROSIS
Patients with coronary vasospasm showed more advanced ath-
erosclerosis compared to those without vasospasm. Although 

isolated reports have addressed similar hypotheses in specific 
phenotypes of vasomotor disorders (mainly vasospastic angina), 
to our knowledge this is the first study to analyse the full spec-
trum of vasomotor dysfunction. Despite conflicting reports in the 
last decades, with earlier studies suggesting that spasm may be 
associated with mild atherosclerosis12,20, our data support recent 
OCT and near-infrared spectroscopy (NIRS) studies10,11 dem-
onstrating that epicardial spasm may be associated with more 
advanced atherosclerosis, even in the absence of obstructive 
CAD. In our study, in vessels prone to vasospasm, atheroscle-
rotic plaques were both more extensive (38% of the assessed seg-
ment was covered by plaque, compared to 11% in ACH– vessels, 
p=0.06), and more prone to rupture (66% of ACH+ patients had 
at least one marker of plaque vulnerability, compared to 38% of 
ACH– group, p=0.04).

EuroIntervention
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Considering individual markers, the prevalence of neovasculari-
sation was increased in arteries with vasospasm, in agreement with 
previous experience21,22, and a consistent trend towards a higher 
rate was identified in all other variables21,23, particularly in TCFA 
(20% vs 0%, p=0.06).

We found no correlations between physiology indexes and 
markers of plaque vulnerability. This is in contrast with the study 
by Usui and colleagues24, which reported a positive correlation 
between IMR and markers of plaque severity, regardless of other 
indexes. However, this study was performed in the setting of angi-
ographically moderate-severe lesions, and the generalisability of 
these results in the setting of ANOCA is questionable and needs 
additional evidence.

Macrophage infiltration, which has been suggested as a risk 
factor for plaque progression and rupture21,25, was similar between 
those with and without vasospasm. We considered macrophages in 
the setting of lipid-rich plaques, as suggested by consensus docu-
ments, due to lack of validation studies in non-lipidic plaques17.

However, exploratory analyses that also considered bright spots 
outside lipid-rich plaques led to similar results. Additional data are 
needed to draw additional conclusions on the role of this marker 
of plaque inflammation.

Another interesting finding is related to intraplaque neovascu-
larisation. This marker was detected in 37% of ACH+ patients, 
with a higher prevalence compared to ACH– patients (6%, 
p=0.02). A possible association between neovessels and spasm has 
been questioned, as the dysfunctional endothelium of these vessels 
may trigger the paradoxical reaction to acetylcholine, through an 
impaired nitric oxide pathway21. We were able to reproduce this 
finding. However, it is noteworthy that the study by Choi and col-
leagues considered a combination of intraplaque neovessels and 
vasa vasorum. We decided to include only intraplaque vessels in 
the analysis. These develop in reaction to the growth of the lipid 
pool, triggered by ischaemia and inflammation, and may be a bet-
ter expression of such a deranged physiology. The role of vasa 
vasorum in our study is, therefore, not known.

Our results seem to support the theory that coronary vasos-
pasm is not only a functional disorder, but is associated with more 
advanced atherosclerotic disease. These data may also explain the 
higher rate of ischaemic adverse events reported by recent stud-
ies on this population5-8. Indeed, the prognostic value of high-
risk plaque characterisation by OCT was confirmed by the recent 
CLIMA study26, which found cap thickness <75 µm, lipid arc 
>180° and macrophage infiltration to be associated with a higher 
risk of adverse cardiovascular events at one year. Interestingly, 
low cap thickness resulted in the single strongest risk factor. In 
our study, despite the use of an even stricter cut-off (<65 µm), this 
marker was found in 20% of subjects with coronary vasospasm.

If confirmed in a larger series, these findings may have an 
impact on the management and treatment of patients with cor-
onary vasospasm, who usually show a low to moderate cardio-
vascular risk profile and receive drug therapy only to control 
symptoms (mainly calcium channel blockers and nitrates), with 
no significant benefit in terms of prognosis. There is still wide-
spread belief that coronary vasomotor dysfunction is a relatively 
benign condition, and this evaluation bias (i.e., the false belief 
that, if there is no angiographic stenosis, there is no significant 
atherosclerosis) may also lead to an underestimation of future 
events and, therefore, to a decreased level of awareness and insuf-
ficient clinical monitoring over time. CFT proved to be effective 
at better defining the vasomotor dysfunction phenotype and opti-
mising drug therapy27. The addition of anatomic information might 
provide additional prognostic value, which would in turn set the 
goal of treatment on harder outcomes, beyond simple symptom 
control. Current consensus documents focus on lifestyle factors 
and behavioural interventions, comparable to patients with CAD. 
With regard to risk factor management, ACE inhibitors and statins 
are recommended4. With regard to aspirin and anti-inflammatory 
therapy directed at atherosclerosis, no clear recommendations are 
available. We hypothesise that this medication might be beneficial 
in vasospastic ANOCA patients.

Table 3. Comparison of optical coherence tomography (OCT) 
findings in patients with epicardial vasospasm and microvascular 
spasm.

Epicardial spasm 
(n=28)

Microvascular 
spasm (n=31)

p-value

Main outcome

Lipid index 885.40 
[461.45-2584.13]

668.00 
[310.10-2348.18] 0.51

Vulnerable plaque 
(% subjects) 18 (64%) 21 (68%) 0.78

Marker prevalence (% of subjects)

Fibroatheroma 15 (54%) 14 (45%) 0.61

Thin-cap fibroatheroma 7 (25%) 5 (16%) 0.52

Macrophage infiltration 13 (46%) 15 (48%) 1.00

Neovascularisation 13 (46%) 9 (29%) 0.19

Erosion 2 (7%) 7 (23%) 0.15

Analysis of plaque extension (% length)

Total plaque extension (%) 41.67 [8.62-77.33] 21.21 [8.00-76.09] 0.58

Lipid-rich (%) 46.14 [2.63-80.94] 48.52 [29.17-81.43] 0.51

Fibroatheroma (%) 15.15 [0.00-45.31] 6.29 [0.00-31.87] 0.40

Calcification (%) 2.99 [0.00-21.60] 0.00 [0.00-22.90] 0.58

Macrophages (%) 4.76 [0.00-38.33] 5.07 [0.00-23.74] 0.74

Neovessels (%) 2.68 [0.00-12.00] 0.00 [0.00-5.04] 0.16

Analysis of lipid pools

Mean lipid arc (degrees) 92.16
[74.43-111.37]

83.34
[69.15-97.00] 0.28

Max lipid arc (degrees) 141.55 
[108.30-164.28]

114.55
[87.63-198.33] 0.74

Cap thickness (μm) 224.84 
[181.54-257.60]

214.44 
[187.67-238.69] 0.99

Lipid length (mm) 10.00
[4.00-26.00]

12.00
[4.75-29.25] 0.73
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RELATIONSHIPS BETWEEN MICROVASCULAR AND 
EPICARDIAL SPASM
The definition of microvascular spasm is based on the absence 
of visible severe epicardial spasm in the setting of typical chest 
pain and ECG changes triggered by acetylcholine28. Currently, 
the Coronary Vasomotion Disorders International Study Group 
(COVADIS) lists microvascular spasm in the group of conditions 
called microvascular angina, along with impaired microvascular 
dilatation. The latter is considered an endothelium-independent 
vascular dysfunction and includes impaired vasodilatory capac-
ity and increased microvascular resistance (marked by an abnor-
mal CFR and/or IMR values4). Although all these conditions may 
cause disturbed functioning of the microcirculation, in our study, 
microvascular spasm shared significant similarities with epicar-
dial spasm, particularly in terms of plaque distribution and com-
position. Understanding the mutual relationships between these 
conditions, either in terms of temporal evolution or spatial distri-
bution, would provide interesting insights. Indeed, microvascula-
ture may present the same features of dysfunctional endothelium 
and inflammation that were found in the epicardial arteries. Pro-
inflammatory mediators produced in the larger vessels may also 
affect the downstream vasculature. The current diagnostic crite-
ria define epicardial vasospasm as severe dynamic stenosis upon 
angiography, so all those abnormal reactions to acetylcholine 
which do not fulfil this strict criterion fall into the group of micro-
vascular spasm, regardless of the degree of epicardial stenosis, if 
any. As a consequence, the concomitant existence of epicardial 
and microvascular vasospasm is not considered; so it is not possi-
ble to understand whether overlapping syndromes may exist, the 
evolution of these patterns over time, and whether specific trig-
gers may elicit different spastic reactions in the same individual.

Unfortunately, no comparison with available evidence is possible, 
as studies focusing on microvascular spasm are lacking, and these 
results should be considered as hypothesis-generating. Moreover, 
there is still a lack of evidence in subjects with abnormal CFR/IMR 
values. Additional data may provide insights on morphological differ-
ences and similarities between these conditions, with the potential for 
further refinements of current classifications and risk stratification.

Limitations
This is a single-centre study, on a small sample of individuals. 
A larger population may allow additional comparisons, as well 
as a higher statistical power, especially for the analysis of mark-
ers of plaque vulnerability and for additional comparisons with 
non-vasospastic microvascular dysfunction. The study popula-
tion included mostly women; although a higher prevalence in the 
female sex is expected in the field of vasomotor disorders, the 
generalisability to male sex may be limited.

Finally, we followed standard assessment protocols for the 
acquisition and interpretation of OCT images, and relied on mul-
tiple, independent assessments to limit variability. Nevertheless, 
a certain degree of inter- and intra-operator variability in the meas-
urements must be taken into account.

Conclusions
Coronary vasospasm triggered by an abnormal reaction to ace-
tylcholine is associated with a higher degree of atherosclerosis, 
a higher prevalence of vulnerable plaques and a higher rate of neo-
vascularisation. Different patterns of vasospasm (focal, diffuse, or 
microvascular) are not associated with differences in intracoronary 
findings.

Impact on daily practice
Coronary vasospasm, regardless of its pattern, is associated with 
more advanced atherosclerotic disease, both in terms of plaque 
extension and of plaque vulnerability, compared with non-spas-
tic vessels. Thus, patients with coronary vasospasm may have 
a higher risk of adverse cardiovascular events compared to 
the general population. This may allow identification of high-
risk groups and improve long-term prognosis through the early 
adoption of strict management of cardiovascular risk factors and 
close follow-up.
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Supplementary Appendix 1. Description of study procedures. 

Coronary angiography 

Patients were instructed to withhold from taking all vasoactive medication (e.g., calcium channel 

blockers [CCBs], long-acting nitrates) and methylxanthine-containing substances (including 

caffeine) for 24-48 hours before the procedure, depending on half-life time. Administration of 

nitroglycerin was avoided during the procedure if possible. First, a diagnostic CAG was performed 

to confirm the absence of an obstructive coronary artery disease (CAD), defined as a visual stenosis 

of more than 50% in combination with a measured resting full-cycle ratio (RFR) >0.89 and/or 

fractional flow reserve (FFR) >0.80. If no or non-obstructive CAD was present, the procedure 

continued with the assessment of the coronary vasoreactivity in the CFT.  

 

Coronary function test 

Endothelium-dependent vasoreactivity: spasm provocation 

First, endothelium-dependent coronary function was tested with acetylcholine (ACH) provocation 

testing. This was performed in accordance with the standardised protocol by Ong et al28. Heart rate, 

blood pressure and a 12-lead ECG were continuously monitored. Incremental doses of 2, 20, 100, 

and 200 mcg of ACH were manually infused over a period of 1-3 minutes into the left coronary 

artery (LCA) through a guiding catheter. After each infusion, cine-images were obtained to assess 

the change in coronary diameter. After the 200 mcg dose or if significant epicardial or 

microvascular spasm was present, 0.2 mg nitroglycerin was injected into the LCA. In case of 

persistent coronary spasm or haemodynamically significant atrioventricular conduction disorders, 

intravenous atropine could be administered. At the discretion of the operator, an uneventful 

provocation test of the LCA could be followed by infusion of 80 mcg of ACH in the RCA in a 

similar matter. The ACH provocation test was always concluded with the intracoronary 

administration of nitroglycerin.  

 

Pressure indexes 



Second, a guidewire with distal pressure and temperature sensors (PressureWire X; Abbott 

Vascular) was used to measure the RFR, a novel non-hyperaemic pressure ratio that evaluates the 

entire cardiac cycle. With the sensor positioned at the tip of the catheter, the pressure measurement 

from the wire was equalised with that of the guiding catheter. The sensor was then positioned in the 

distal LAD coronary artery. A minimum of five steady‐state cardiac cycles was used to calculate 

RFR. The fractional flow reserve (FFR) was measured during assessment of the endothelium-

independent vasoreactivity.  

 

Endothelium-independent vasoreactivity: CFR and IMR 

Subsequently, using the same guidewire already in place, the endothelium-independent 

(hyperaemic) vasoreactivity was assessed with the thermodilution method. The aortic pressure (Pa) 

at the guiding catheter and the distal coronary pressure (Pd) at the tip of the guidewire were 

recorded simultaneously throughout the measurement. The resting mean transit time (Tmn) was 

determined by injections of 3-5 mL room temperature saline into the LAD artery, averaging at least 

three consecutive overlapping measurements. Next, adenosine (typically 140 μg/kg/min) was 

administered via a large peripheral or central vein to induce steady state maximal hyperaemia - and 

thereby minimal microvascular resistance – and at least three more injections of room temperature 

saline were recorded and averaged to determine the hyperaemic Tmn. Measurements of Tmn were 

only accepted if the variability between the three measurements of Tmn was <20%. A drift check 

was performed at the end of the procedure. In case of significant drift (more than 2 mmHg), 

measurements were repeated. 

 

FFR was calculated by the ratio of mean Pd and mean Pa at maximal hyperaemia. Microvascular 

resistance, measured as the index of microvascular resistance (IMR), was calculated as the Pd at 

maximal hyperaemia divided by the inverse of the hyperaemic Tmn. The coronary flow reserve 

(CFR) was determined by dividing the average resting Tmn by the average hyperaemic Tmn. All 

measurements were automatically analysed by dedicated software (Coroventis Coroflow).  

 

Supplementary Appendix 2. OCT analysis 

Analysis of the OCT pullbacks was performed by two independent expert reviewers, blinded to the 

results of the previous tests. Discordance was solved by a third reviewer. Every OCT run was 



reviewed in its full length. In-depth analysis of cross-sectional images was performed in one1 frame 

per millimetre of longitudinal length. 

 

Plaque was defined as an intima-media thickness >500 µm. Each plaque was then classified as 

fibrous or lipid-rich, according to international consensus documents. In particular, lipid was 

defined as a diffusely bordered, signal-poor region, with significant signal attenuation, and with an 

overlying signal-rich layer (fibrous cap). In the context of lipid plaque, lipid arc was measured 

every mm. Fibroatheroma (FA) was defined as a lipid-rich plaque with a lipid arc >90°. Lipid index 

(LI) was defined as the mean lipid arc multiplied by lipid-core longitudinal length. Fibrous cap 

thickness (FCT) was measured once every mm at its thinnest part (visual selection), and 

measurement was then repeated three times in the frame with the smallest value and averaged, to 

compensate intra-observer variability. Thin-cap fibroatheroma (TCFA) was defined as a 

fibroatheroma with a FCT ≤65 µm. Calcification was defined as an area with low attenuation and a 

sharp border, in the context of a plaque. Macrophages were defined as linear or spotty formations 

with an increased signal compared to the background speckle noise, and with heterogeneous 

backward shadows. Neovessels were defined as spherical or tubular, signal-void structures, with a 

diameter of 50 to 300 μm, in the context of a plaque, without any connection to other branches. 

Thrombus was defined as a floating or protruding mass >200 mm on multiple adjacent frames and 

was categorised accordingly as either red (high backscattering and high attenuation), or white (low 

backscattering and low attenuation). Plaque erosion was identified by the presence of thrombus with 

or without lumen irregularity overlying an intact fibrous cap on multiple adjacent OCT frames. 




