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ABSTRACT

Background and aims: Millions of survivors from severe COVID-19 infection suffer from residual symptoms
including anginal chest pain. The pathophysiological mechanisms, particularly the role of coronary microvas-
cular dysfunction (CMD), however, remain elusive. We compared the incidence and endotypes of CMD in pa-
tients with angina without obstructive coronary artery disease (ANOCA) between those who had a history of
severe COVID-19 infection (COVID group, defined as COVID patients needing supplemental oxygen therapy with
SpO2 < 90 % on room air), versus those who didn’t (Control group).

Methods: This multicentre, prospective cohort study enrolled 117 ANOCA patients (COVID group n = 59, Control
group n = 58). All participants underwent exercise stress testing and invasive coronary physiology assessment to
measure coronary flow reserve (CFR), and the index of microvascular resistance (IMR). CMD was defined as
CFR<2.0 or IMR>25. Patients also completed the modified Seattle Angina Questionnaire (SAQ-7) after invasive
functional assessment.

Results: CMD was diagnosed in 42 patients (35.9 %): 47.5 % in the COVID group and 24.1 % in the Control group
(p = 0.015). The prevalence of structural CMD was significantly higher in the COVID group (28.8 % vs. 5.2 %, p
< 0.001). The median IMR was significantly higher in the COVID versus the Control group (20.00 [15.00, 42.00]
vs. 17.00 [12.00, 21.00], p = 0.002) while no significant differences were observed in CFR and FFR. The SAQ-7
summary scores (54.44 vs. 59.44, p = 0.003) and physical limitation and quality-of-life domain scores were all
significantly lower in the COVID group.

Conclusions: The incidence of CMD, particularly structural CMD, was higher in ANOCA patients with a history of
severe COVID-19 infection, suggesting a link between persistent angina and CMD in this population.

* This trial is registered at https://clinicaltrials.gov/study/NCT05841485.
* Corresponding author. Interventional Medicine and Innovation at the University of Galway, Ireland.Research Centre for Advanced Imaging and Core Lab
(CORRIB) Research Centre, University Road, Galway, H91 TK33, Ireland.
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1. Introduction

The post-acute sequelae of SARS-CoV-2 infection, otherwise known
as “long COVID” syndrome or ‘Post COVID-19 condition’, as officially
named by the World Health Organization, has been defined as the
‘continuation or development of new symptoms 3 months after the
initial SARS-CoV-2 infection, with the symptoms lasting for at least 2
months with no other explanation’ [1]. Long COVID syndrome can affect
up to 45 % of COVID survivors, especially those who require oxygen use
during the disease course. These patients frequently report cardiovas-
cular complaints, especially angina-like chest pain, the most common
presentation [2,3].

The pathophysiological mechanisms underlying these cardiac
symptoms however remain poorly understood, with hypotheses sug-
gesting a complex interplay between the direct viral toxicity of SARS-
CoV-2, genetic susceptibility, the patient’s immune and inflammatory
response, and the patient’s own co-morbidities such as obesity, diabetes,
and ischemic heart disease [4]. Microvascular thrombosis and/or
endothelial dysfunction are among the most plausible pathophysiolog-
ical processes [5]. It has also been reported that these patients exhibit
significant capillary rarefication long after recovery from the infection
[6]. Notably, there have been conflicting results from non-invasive im-
aging studies regarding the prevalence of coronary microvascular
dysfunction (CMD) among patients with previously mild COVID-19
infection and those with severe COVID-19 infection history [7,8].

Thus, understanding the potential link between severe COVID-19
infection and CMD becomes crucial, especially since CMD is known to
be strongly associated with adverse outcomes, such as persistent angina,
heart failure, and mortality [9]. Invasive functional assessment with a
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pressure-temperature sensor wire is the most common modality to
investigate coronary microvascular function and has been given a Class
IB recommendation in relevant guidelines [10]. Furthermore, by
investigating the indices of coronary physiology, such as the index of
microvascular resistance (IMR) and coronary flow reserve (CFR), the
endotypes of CMD can be elucidated [11].

In the Comparative Study of Microvascular Dysfunction in COVID-19
Survivors with Stable Angina COMET-19 study, we aimed to compare
the incidence and endotypes of CMD in patients with angina without
obstructive coronary artery disease (ANOCA) between those who had a
history of severe COVID-19 infection versus those who didn’t.

2. Methods
2.1. Study design

The COMET-19 study was a multicentre, prospective cohort study
which aimed to compare the prevalence of CMD in ANOCA patients
between those who had a history of severe COVID-19 infection versus
those who didn’t. The study was registered on clinicaltrial.gov
[NCT05841485], and a detailed study protocol can be found in the
Supplementary Material. The study was conducted at two university
hospitals in the Republic of Lithuania: Klaipeda University Hospital and
the Hospital of Lithuanian University of Health Sciences Kaunas Clinics.

Consecutive adult patients (aged 40-80 years) with a diagnosis of
ANOCA, defined as patients presented with typical angina and have no
coronary artery stenoses >50 % on quantitative coronary angiography.
These patients underwent invasive testing to the left anterior descending
artery (LAD) to assess the fractional flow reserve (FFR) and for the
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Fig. 1. Flowchart of patient enrollment and assessment process in the COMET-19 study.
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presence or absence of CMD. Patients were stratified according to
whether there was, or was not, a history of prior severe COVID-19
infection, defined as a positive polymerase chain reaction test for
COVID-19 and the need for supplemental oxygen therapy due to a SpO2
< 90 % on room air whilst infected (Fig. 1). Patients with a history of
severe COVID-19 infection were assigned to the COVID group, while
those who never tested positive for COVID-19 via PCR and had no his-
tory of hospitalization for respiratory issues during the pandemic (from
January 2020 until enrollment) were placed in the control group.

Patients were excluded if they presented with acute coronary syn-
dromes (ACS), or if they had a history of myocardial infarction (MI), a
left ventricular ejection fraction (LVEF) <40 %, obstructive coronary
artery disease (CAD), or a history of coronary artery bypass graft surgery
(CABG). Additional exclusion criteria included chronic kidney disease
(eGFR <30 mL/min/1.73 m? at screening), active liver injury (aspartate
aminotransferase or alanine aminotransferase levels >3 times the upper
limit of normal at screening), significant valvular heart disease (defined
as moderate or severe aortic or mitral valve stenosis or insufficiency),
cardiomyopathy (e.g. hypertrophic cardiomyopathy), pregnancy or the
use of chronic supplemental oxygen therapy prior to their diagnosis of
COVID-19 (for COVID Group). Patients with physical limitations that
prevented them from performing exercise stress testing (EST) were also
excluded.

All patients completed the modified Seattle Angina Questionnaire
(SAQ-7), underwent EST, and received an invasive coronary physiology
assessment for CMD following the standardized protocols described
below [12]. The clinicians performing the EST and physiology assess-
ment were blinded to the patient’s COVID-19 status, while the patients
themselves were blinded to the results of their EST and physiology
assessment.

2.2. Exercise stress testing

EST was conducted on the same day before the invasive physiology
assessment, and followed the American College of Cardiology/American
Heart Association (ACC/AHA) guidelines and the Bruce protocol [13,
14]. A 12-lead ECG, heart rate, and blood pressure were recorded at
regular intervals. The tests were supervised and evaluated by
board-certified cardiologists, blinded to the patient’s COVID-19 history.
Exercise duration was timed from the start to the cessation of the pro-
tocol. Exercise-induced chest discomfort was documented when the
patient reported chest tightness during exercise. Ischemic ECG changes
were defined as >0.1-mV horizontal or down-sloping ST-segment
depression 80 ms from the J-point (CardioSoft® v6.7 Diagnostic System,
GE Healthcare, Illinois, U.S.A). Patients who developed ischemic ECG
changes were classified as having a positive EST. Patients who did not
develop ischemic ECG changes after reaching their target heart rate
were classified as having a negative EST, while those who did not
develop ischemic ECG changes but did not reach the target heart rate
were classified as inconclusive.

2.3. Coronary physiology assessment

Coronary physiology assessments were conducted after confirming
the absence of obstructive coronary artery disease with quantitative
coronary angiography, thereby confirming the status of ANOCA. The
Pressure Wire X (Abbott Vascular, Santa Clara, CA, USA) and the
CoroFlow system (Coroventis Research AB, Uppsala, Sweden) were
utilized for invasive functional assessments. FFR, CFR, and the IMR were
measured for the left anterior descending artery (LAD) of all patients
using the standard bolus thermodilution technique [15,16]. Due to
institutional protocol regulation, Acetylcholine flow reserve (AChFR)
was not performed in the current study. Coronary physiology assess-
ments were conducted following an initial intracoronary nitroglycerin
(100 or 200 pg) injection. The calibrated pressure wire was then posi-
tioned in the distal two-thirds of the LAD. Resting mean transit time
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(Tmn) was determined as the average of measurements obtained after
three injections of 3 mL saline solution into the coronary artery. The
measurement of distal coronary pressure and Tmn were repeated under
steady state hyperemia, induced by continuous intravenous infusion of
adenosine (140 pg/kg/min). The normal ranges for the measurements
were FFR >0.80, CFR >2.0, and IMR <25 units [17].

2.4. Modified Seattle Angina questionnaire

After completing the EST and CMD assessment, all patients were
asked to fill out the short version of the SAQ (SAQ-7), assisted by the
trained study nurse. The SAQ-7 consists of seven questions divided into
three domains: quality of life, physical limitation, and angina frequency
[12,18]. The score of each domain, as well as the summary score, were
calculated.

2.5. Study endpoints

The study’s primary endpoint was the incidence of CMD, defined as a
CFR<2.0 or IMR>25 according to the European Society of Cardiology
(ESC), the ACC/AHA guidelines and the European Association of PCI
(EAPCI) definition [15,19,20]. Secondary endpoints included the
severity of CMD in both groups, as indicated by CFR and IMR values. The
prevalence of CMD endotypes (structural, functional, undetermined)
was also investigated in both groups. Functional CMD was defined as
CFR<2.0 in combination with IMR<25, structural CMD as CFR<2.0
with IMR>25, and undetermined CMD as CFR>2.0 with IMR>25 [9,
11].

As a sensitivity analysis, CMD was also defined using a CFR<2.5,
regardless of IMR, as per the British Heart Foundation (BHF)/National
Institute for Health Research (NIHR) [21]. Functional CMD was defined
as CFR<2.5 in combination with IMR<25, and structural CMD was
defined as CFR<2.5 with IMR>25. The correlation between COVID
status and EST results, as well as anginal status as assessed by SAQ-7,
were investigated.

2.6. Statistical analysis and sample size calculation

The detailed sample size calculation is described in the study pro-
tocol (Supplemental material). In brief, to detect a difference of 15 %
vs. 45 % [8,22] prevalence of CMD in ANOCA patients without vs. with a
history of severe COVID-19 infection with a power of 90 % and a
two-sided alpha of 0.05, a total of 94 patients (47 per study arm) were
required. Additionally, assuming that the proportion of structural CMD
is 36.7 % among those with CMD in the control group, the estimated
prevalence of structural CMD in this group would be 5.5 % [9]. In
contrast, we assume the proportion of structural CMD among patients
with CMD in the COVID-19 group to be 50 %. Hence, the prevalence of
structural CMD in this group would be 22.5 %. Therefore, to detect a
difference in structural CMD prevalence of 5.5 % versus 22.5 % with 80
% power and a two-sided alpha of 0.05, a total of 116 patients would be
required.

Shapiro-Wilk test was used to assess the distribution of continuous
variables, which were expressed as mean + standard deviation (SD) or
as median with interquartile range as appropriate. Categorical variables
were expressed as frequencies and percentages. The comparison be-
tween the COVID-19 and non-COVID-19 groups was performed using
unpaired Student’s T-test, Mann-Whitney U test, chi-square test, and
Fisher’s exact test as appropriate. To account for the possible interfer-
ence of prior PCI, a sensitivity analysis excluding the patients with prior
PCI history was conducted. The correlation between physiological
indices, including FFR, CFR, and IMR, and COVID-19 severity parame-
ters, including duration of symptoms and duration of oxygen therapy,
were evaluated using the Spearman correlation coefficient. A two-sided
p-value of <0.05 was considered statistically significant for all tests.
Statistical analyses were performed using R statistical software (R
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Foundation for Statistical Computing, Vienna, Austria)
2.7. Ethics approval and consent to participate

The study was carried out in accordance with the Declaration of
Helsinki, and the study protocol received ethical approval from the
Kaunas and Klaipeda Regional Biomedical Research Ethics Committees
(Republic of Lithuania, nr: BE-3-7). All participants or their legal rep-
resentatives provided written informed consent prior to the study.

3. Results
3.1. Study population

From June 2023 to June 2024, the study enrolled a total of 117
ANOCA patients, consisting of 59 patients in the COVID-19 group and 58
in the control group (Fig. 1). The mean patient age was 65.95 + 11.43
years old, with well-balanced demographics (age, sex, height, and
weight), clinical histories (arterial hypertension, diabetes, etc.), as well
as baseline hemodynamic and laboratory data (Tables 1 and 2). The
analysis of quantitative coronary angiography also showed similar
diameter stenosis between the two groups in all three major coronary
arteries (Table 3). In the COVID-19 group, 3 patients (5.1 %) had
recovered from the infection less than 6 months prior, 17 patients (28.8
%) between 6 and 12 months, and 39 patients (66.1 %) more than 12
months ago. The median duration of COVID-19 symptoms was 14 [9.00,
18.00] days, and the median duration of oxygen therapy was 6 [4.00,
7.00] days. During the COVID disease course, 5 (8.5 %) patients
required inotropic agent and 4 (6.8 %) required mechanical ventilation
support.

3.2. COVID-19 status and coronary microvascular dysfunction

Among the 117 patients, 42 (35.9 %) were diagnosed with CMD,
which consisted of 20 (17.09 %) structural CMD, 15 (12.8 %) functional
CMD, and 7 (6.0 %) undetermined CMD. The prevalence of CMD was
higher in the COVID-19 group than the control group (28 [47.5 %] vs. 14
[24.1 %], p = 0.015, Fig. 2a and Table 3). Interestingly, all patients who
required mechanical ventilation during their COVID infection had CMD.
Although the number of patients was too small for statistical signifi-
cance, patients with less than 6 months after their COVID recovery
appear to have a higher prevalence of CMD (Supplemental Fig. 1). In the
sensitivity analysis using the BHF/NIHR definition of CMD (CFR<2.5),
the prevalence of CMD was nearly identical between the two groups (25
[42.4 %] vs. 24 [41.4 %], p = 1.00, Supplemental Fig. 2A), contradicting
the findings using the EAPCI definition of CMD [21].

Regardless of the definition, the distribution of CMD endotypes was
significantly different between the two groups, with structural CMD
being more prevalent in the COVID group (17 [28.8 %] vs. 3 [5.2 %])
and functional CMD more prevalent in the non-COVID group (11 [19.0
%] vs 4 [6.8 %], Fig. 2B). This relationship was also true in the sensi-
tivity analysis, with structural CMD being more prevalent in the COVID
group (19 [32.2 %] vs. 3 [5.2 %]) and functional CMD more prevalent in
the non-COVID group (21 [36.2 %] vs 6 [10.2 %], Supplemental
Fig. 2B). In another sensitivity analysis excluding patients with prior PCI
history (n = 14), the results remain similar to the entire cohort
(Supplemental Fig. 3).

3.3. COVID-19 status and coronary physiology indices

The coronary physiology results are presented in Table 3. The me-
dian FFR was 0.89 [0.86, 0.95], with no patients having an FFR <0.80.
There was no significant difference in FFR (0.89 [0.84, 0.96] vs. 0.90
[0.87,0.95]; p = 0.327) and CFR (2.74 [1.75, 2.94] vs. 2.68 [2.14, 2.90];
p = 0.540, Fig. 3A and B) between the groups. However, the COVID-19
group had a bimodal distribution of CFR values, with a second peak at a
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Table 1
Characteristics of Angina with Non-Obstructive Coronary Arteries patients
classified by COVID-19 status.

Characteristic Overall (n Control COVID-19 P-value

=117) Group (n Group (n =
=58) 59)

Female Sex, n (%) 56 (47.9 30 (51.7 26 (44.1 %) 0.520
%) %)

Age+SD, years 65.95 + 66.21 £ 12  65.69 + 0.810
11.43 10.93

Weight [Q1, Q3],kg 80.00 77.50 81.00 0.103
[72.00, [69.25, [74.00,
87.00] 86.5] 87.00]

Height [Q1, Q3], meter 1.71 1.71 [1.62, 1.71 [1.66, 0.329
[1.64, 1.77] 1.77]
1.77]

Body Mass Index [Q1, Q3], 26.83 26.41 27.1 0.324

kg/m2 [25.15, [24.97, [25.48,

29.41] 29.63] 29.41]

Arterial hypertension, n 64 (54.7 32 (55.2 32(54.2 %) 1

(%) %) %)

History of PCI, n (%) 14 (12.0 5 (8.6 %) 9 (15.3 %) 0.419
%)

History of stroke, n (%) 8 (6.8 %) 2 (3.5 %) 6 (10.2 %) 0.272

History of diabetes 22 (18.8 9 (15.5 %) 13 (22.0 %) 0.506
mellitus, n (%) %)

History of dyslipidemia, n 71 (60.7 32 (55.2 39 (66.1 %) 0.307
(%) %) %)

Smoker (former/current), n 62 (53.0 31 (535 31 (52.5 %) 1
(%) %) %)

History of alcohol abuse, n 7 (6.0 %) 1(1.7 %) 6 (10.2 %) 0.114
(%)

Time since COVID recovery <0.001
Less than 6 months, n (%) 3 (2.6 %) NA 3 (5.1 %)

6-12 months, n (%) 17 (14.5 NA
%)
39 (33.3 NA

%)

17 (28.8 %)

Over 12 months, n (%) 39 (66.1 %)

Use of inotrope during 4 (3.4 %) NA 4 (6.8 %)
COVID infection
Use of mechanical 5 (4.3 %) NA 5 (8.5 %)
ventilation during COVID
infection
CCS 0.364
I, n (%) 28 (23.9 13 (22.4 15 (25.4 %)
%) %)
11, n (%) 65 (55.6 30 (51.7 35 (59.3 %)
%) %)
111, n (%) 24 (20.5 15 (25.9 9 (15.3 %)
%) %)
IV, n (%) 0 (0.0 %) 0 (0.0 %) 0 (0.0 %)
On Admission Medication
Beta-blockers, n (%) 48 (41.0 25 (43.1 23 (39.0 %) 0.791
%) %)
ACEi/ARB, n (%) 55 (47.0 28 (48.3 27 (45.8 %) 0.931
%) %)
Calcium channel blocker, 49 (41.9 23 (39.7 26 (44.1 %) 0.767
n (%) %) %)
Mineralocorticoid 5 (4.3 %) 2 (3.5 %) 3(5.1 %) 1
receptor antagonist, n
(%)
Statin, n (%) 73 (62.4 33 (56.9 40 (67.8 %) 0.305
%) %)
Aspirin, n (%) 51 (43.6 20 (34.5 31 (52.5 %) 0.075
%) %)
Trimetazidine, n (%) 52 (44.4 26 (44.8 26 (44.1 %) 1
%) %)
Ranolazine, n (%) 29 (24.8 12 (20.7 17 (28.8 %) 0.422
%) %)
Ivabradine, n (%) 11 (9.4%) 7 (12.1 %) 4 (6.8 %) 0.362
Nitrates, n (%) 22 (18.8 11 (19.0 11 (18.6 %) 1
%) %)

Values are presented as n (%) for categorical variables, and as mean =+ standard
deviation (SD) or median [1st quartile, 3rd quartile] for numeric variables. PCI
= Percutaneous Coronary Intervention; CCS = Canadian Cardiovascular Society
grading of angina pectoris.
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Table 2

Baseline Hemodynamic, Laboratory, and echocardiographic parameters of pa-
tients Angina with Non-Obstructive Coronary Arteries, categorized by COVID-19
status.

Atherosclerosis 407 (2025) 120389

Table 3

Quantitative coronary angioraphy, coronary physiology parameters and in-
terpretations in patients with angina and non-obstructive coronary arteries,
categorized by COVID-19 status.

Parameters Overall (n = Control COVID-19 P- Parameters Overall (n Control COVID-19 P-value
117) Group (n = Group (n = value =117) Group (n = Group (n =
58) 59) 58) 59)
Resting Heart rate 69.1 + 8.63 69.45 + 68.76 + 8.58  0.670 RCA Quantitative Coronary 0.750
+SD, beats per 8.75 Angiography
minutes diameter stenosis <30 %, 103(88.0 50(86.2 %) 53(89.8 %)
Resting aortic 84 [74, 92] 85.5 [74, 81 [74.5, 0.341 n (%) %)
pressure [Q1, Q3], 95] 88.5] diameter stenosis 30 % 14(12 %) 8(13.8 %) 6(10.2 %)
mmHg ~50 %, n (%)
Hemoglobin +SD,g/1 135.51 + 134.21 + 136.80 + 0.463 diameter stenosis >50 %, 0(0.0 %) 0(0.0 %) 0(0.0 %)
18.99 19.87 18.16 n (%)
Red Cell Distribution ~ 13.60 13.65 13.60 0.262 LAD Quantitative Coronary 1
Width [Q1, Q3]1,% [13.10, [13.12, [13.10, Angiography
14.40] 14.88] 14.10] diameter stenosis <30 %, 96(82.1 48(82.8 %) 48(81.4 %)
White Blood Cell 8.94 [7.59, 9.18 [7.85, 8.63 [7.59, 0.273 n (%) %)
Count [Q1, Q3],10°/1 11.25] 11.36] 11.10] diameter stenosis 30 % 21(17.9 10(17.2 %) 11(18.6 %)
Neutrophils [Q1, 6.98 [5.20, 7.16 [5.28, 6.46 [5.24, 0.641 ~50 %, n (%) %)
Q3],109/1 8.75] 8.61] 8.82] diameter stenosis >50 %, 0(0.0 %) 0(0.0 %) 0(0.0 %)
Lymphocytes [Q1, 1.90 [1.27, 1.84 [1.25, 2.10 [1.27, 0.204 n (%)
Q3],10°/1 2.73] 2.56] 3.00] LCX Quantitative Coronary 1
Neutrophil/ 3.63 [2.19, 3.80 [2.36, 3.57 [2.08, 0.291 Angiography
Lymphocyte Ratio 5.49] 6.04] 5.06] diameter stenosis <30 %, 96(82.1 48(82.8 %) 48(81.4 %)
[Q1, Q3] n (%) %)
Platelets [Q1, 241.00 246.00 217.00 0.076 diameter stenosis 30 % 21(17.9 10(17.2 %) 11(18.6 %)
QS],lOg/l [200.00, [219.00, [194.00, ~50 %, n (%) %)
264.00] 273.00] 264.00] diameter stenosis >50 %, 0(0.0 %) 0(0.0 %) 0(0.0 %)
International 1.09 £ 0.17 1.11 £ 0.19 1.07 £ 0.15 0.234 n (%)
normalized ratioSD Coronary physiology
Potassium +SD, 4.17 £+ 0.65 4.28 + 0.58 4.08 + 0.69 0.125 Coronary flow reserve 2.71 2.68 [2.14, 2.74 [1.75, 0.540
mmol/L [Q1, Q3] [1.95, 2.90] 2.94]
Glucose [Q1, Q3], 6.12 [5.14, 6.06 [5.14, 6.14 [5.14, 0.952 2.94]
mmol/L 6.89] 6.92] 6.9] Fractional flow reserve 0.89 0.90 [0.87, 0.89 [0.84, 0.327
Hs-CRP [Q1, Q3], 3.55 [2, 3.55 [1.83, 3.55 [2.18, 0.946 [Q1, Q3], [0.86, 0.95] 0.96]
mg/L 6.34] 6.44] 6.3] 0.95]
Creatinine Clearance 46.10 45.35 47.1 [38.35, 0.874 Index of microvascular 19.00 17.00 20.00 0.003
[Q1, Q3], mL/min) [38.70, [38.78, 57.2] resistance [Q1, Q3] [14.00, [12.00, [15.00,
54.70] 53.32] 24.00] 21.00] 42.00]
Left ventricular 55.00 55.00 55.00 0.264 Coronary microvascular
ejection fraction [Q1, [51.00, [52.25, [50.50, dysfunction and its
Q3], % 55.00] 56.00] 55.00] endotypes
. . R Coronary microvascular 42(35.9 14 (24.1 28 (47.5 %) 0.015
Values are presented as mean + standard deviation (SD) or median [1st quartile, dysfunction, n (%) %) %)
3rd quartile] for continuous variables. Hs-CRP = Hight sensitivity C-reactive Coronary microvascular <0.001
protein. dysfunction endotypes
Structural, n (%) 20 (17.1 3(5.2%) 17 (28.8 %)
. . . . . %)
CFR'of approximately 1.6' (F ig. 3'). A Shapiro-Wilk test for nor{nahty Functional, n (%) 15(12.8 11 (190 4(6.8%)
confirmed a non-normal distribution (p-value = 0.0251) of CFR in the %) %)
COVID group. In comparison, the control group had normally distrib- Undetermined, n (%) 7 (6.0 %) 7 (6.0 %) 7 (11.9 %)

uted CFR values by the Shapiro-Wilk test (p-value = 0.2214). Further-
more, the COVID group had a significantly higher IMR than the control
group (17.00 [12.00, 21.00] vs. 20.00 [15.00, 42.00]; p = 0.002,
Fig. 3C).

There was no significant association between physiological indices, i.
e., FFR, CFR and IMR and the duration of COVID-19 symptoms or the
duration of oxygen therapy (Supplemental Fig. 4).

3.4. COVID-19 status and anginal symptoms

The results of SAQ-7 are presented in Table 4. The mean SAQ-7
summary score was significantly lower in the COVID group than in the
control group (62.5 [48.06, 70.42] vs. 68.89 [57.01, 72.5]; p = 0.003,
Fig. 4A). Among the domain scores, the angina frequency scores trended
to be lower in the COVID group (70.00 [60.00, 80.00] vs. 70.00 [70.00,
80.00]; p = 0.056, Fig. 4B), whilst physical limitation scores, which
implies the functional status of the patients and the quality-of-life scores
were significantly lower in the COVID group (Fig. 4C and D).

FFR was weakly associated with the SAQ summary score (r = 0.20, p
= 0.033) and SAQ angina frequency score (r = 0.24, p = 0.009) and not
associated with the SAQ physical limitation score (r = 0.11, p = 0.248)

Values are presented as n (%) for categorical variables, and as median [1st
quartile, 3rd quartile] for numeric variables.

or the SAQ quality of life score (r = 0.16, p = 0.079). However, CFR and
IMR were both significantly associated with the SAQ summary score (p
< 0.001), and all the domain scores (p < 0.05 for all, Supplemental
Fig. 5).

In comparison, the duration of COVID-19 symptoms and oxygen use
were not related to the SAQ summary score, angina frequency score,
physical limitation score, and quality of life score, as shown in Supple-
mental Fig. 6.

3.5. COVID-19 status and exercise test results

The ESTs were positive in 19 (32.2 %) and 10 (17.2 %) patients in the
COVID and control groups (p = 0.056), respectively (Supplemental
Table 1). Additionally, the prevalence of exercise-induced chest
discomfort was 21 (35.6 %) and 4 (6.9 %), p < 0.001) respectively. The
distribution of significant ST changes and T wave inversion during EST
was also numerically higher in the COVID group. Interestingly, twenty-
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Fig. 2. Prevalence of CMD and CMD Endotypes in ANOCA patients with and without a history of severe COVID-19 (Defined According to EAPCI Criteria). Panel A
shows the incidence of CMD while Panel B shows the CMD endotypes. CMD = coronary microvascular dysfunction, ANOCA = angina without obstructive coronary

artery disease.

eight patients (96.6 %) with ischemic ECG changes had CMD. None of
the seven (28.0 %) patients with chest pain without ischemic ECG
changes had CMD, five of these patients were in the COVID group
(Fig. 5).

4. Discussion

This prospective cohort study compared the prevalence of CMD in
patients with ANOCA between those with, versus without, a history of
severe COVID-19 infection. The main findings of the study are (Fig. 6).

1. The prevalence of CMD was significantly higher in the patients with a
history of severe COVID-19, with the majority exhibiting structural
CMD, while functional CMD was more common in those without a
history of COVID-19.

2. While all patients reported similar anginal frequencies, those with a
history of severe COVID-19 reported worse physical limitation and
poorer quality of life with overall lower SAQ-7 scores.

3. There was a numerically higher incidence of positive EST and
exercise-induced chest discomfort in those with a history of severe
COVID-19, highlighting a potential link between COVID-19 and
increased susceptibility to myocardial ischemia.

Collectively, these findings underscore the enduring and multifac-
eted impact of COVID-19 on coronary microvascular function, anginal
symptoms, and potentially myocardial ischemia, highlighting the need
for targeted management strategies in this patient population.

4.1. Prevalence of coronary microvascular dysfunction in patients with
severe COVID infection history

In this cohort, patients with a history of severe COVID-19 infection
exhibit a higher prevalence of CMD compared to controls, however, this
difference was no longer seen when using the more lenient BHF/NIHR
criteria of a CFR<2.5, irrespective of IMR values. This is largely attrib-
uted to the 12 patients with a CFR between 2.0 and 2.5 and a normal
IMR —distributed as 10 in the control group and 2 in the COVID-19
group. A closer examination of the distribution of CFR values shows
that the COVID-19 group included a subset of patients with a markedly
low CFR, peaking at approximately 1.6, which is well below the

established CFR cutoffs; notably, this subset was absent in the control
group. Data cited by the BHF/NIHR guidelines indicate that a CFR <2.5
has only a mediocre specificity of 0.65 for CMD, with a much higher
sensitivity of 0.95 [23]. More recent studies show that a CFR <2.0 is
more specific for CMD than a CFR <2.5 (91.19 % vs 81.25 %), however
it is less sensitive (57.61 % vs 75.54 %) for predicting a Doppler-based
CFR<2.5 [24]. Thus, the varying results we observed may reflect dif-
ferences in the diagnostic characteristics of the two criteria. Interest-
ingly, the higher prevalence of around 40 % reported using the BHF
criteria, corroborated better with the prevalence observed in studies
using non-invasive ischemia tests (e.g, stress positron emission tomog-
raphy (PET)) [25]. Furthermore, Rahman et al. have shown that patients
having a CFR within the grey zone (i.e., 2.0-2.5) are physiologically
indistinguishable from those with a CFR <2.0 [26]. Additionally, Demir
et al. demonstrated that when compared with Doppler-derived CFR, the
optimal thermodilution-derived CFR threshold for CMD was <2.5 [24].
However, to the best of our knowledge, there has been no direct com-
parison between the BHF/NIHR cut-off of CFR<2.5 and the EAPCI/AHA
cut-off of CFR<2.0 or IMR>25 in diagnosing CMD or predicting clinical
prognosis. Therefore, our study presents the outcomes based on both sets
of criteria. To eliminate confusion, the diagnostic threshold should be
standardised, preferably using more reproducible parameters such as
microvascular resistance reserve [27].

Despite these differences in the rates of CMD according to different
diagnostic criteria, the prevalence of structural CMD was significantly
higher in COVID-19 patients. This was primarily due to their elevated
IMR, which ultimately did not correlate with the severity of their
COVID-19 infection, as neither the total reported symptoms duration
nor the total days of oxygen use were associated with IMR. Notwith-
standing this, the duration of oxygen therapy and symptomatology are
less objective markers than the clinical definition of severe COVID-19,
which was based on an SpO2< 90 % on room air.

The prevalence of CMD in patients previously infected with COVID-
19 has been previously investigated with studies using non-invasive
imaging with PET and magnetic resonance imaging (MRI) yielding
conflicting results. For example, Ahmed et al. reported that patients with
prior COVID-19 infection exhibited poorer microvascular function and a
higher rate of clinical events [8]. On the contrary, Karagodin et al. [7]
observed that myocardial perfusion at rest or during stress, and there-
fore microvascular function, was comparable between patients
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Fig. 3. Density Plots of Coronary Flow Reserve (CFR), Fractional Flow Reserve (FFR), and Index of Microvascular Resistance (IMR) in ANOCA patients with and

without a history of severe COVID-19.

with-versus without prior mild COVID-19 history [7]. However, none of
these studies elucidated the different endotypes and potential patho-
physiological differences between COVID-19 and non-COVID-19 CMD.
To our knowledge, the current study is the first to not only highlight
these differences in CMD using invasive measurements, but also the first
to detail the differences in coronary physiological indices and CMD
endotypes between groups.

4.2. Pathophysiology of coronary microvascular dysfunction in patients
with severe COVID infection history

The higher incidence of CMD following severe COVID-19 infection
may be attributable to two major pathophysiological mechanisms,
namely, endothelial dysfunction and microvascular thrombosis. Several
studies have shown that other systemic viral infections, such as influ-
enza, also share similar pathophysiological mechanisms [28]. However,
although both COVID-19 and influenza are strongly associated with
elevated myocardial infarction risk, the prevalence of CMD after influ-
enza infection has not yet been reported [29,30]. Histopathological
studies have demonstrated that SARS-CoV-2 viral particles can infiltrate
and damage the vascular endothelium in organs like the kidney, lungs,
and heart [31-33]. This resultant endothelial damage further initiates
the prothrombotic pathways, evidenced by the elevated P-selectin and
von Willebrand Factor levels in COVID-19 patients [34]. This hyperco-
agulable state leads to microvascular thrombosis, impaired capillary

function, and eventually, microvascular dysfunction [35]. Moreover,
severe COVID-19 infection can trigger cytokine storms, exacerbating the
susceptibility and damage to the endothelium. These interwoven path-
ways contribute to CMD, supported by associations between coronary
flow velocity reserve and biomarkers of fibrin turnover and inflamma-
tion [36]. It is hypothesized that these acute changes irreversibly dam-
age the microcirculation, contributing to the high prevalence of CMD
observed in COVID survivors. While early intervention with anticoag-
ulants or anti-inflammatory agents may mitigate some effects, more
research is needed to explore these treatments and their potential to
reduce the incidence of CMD after COVID-19 infection.

In the current study, structural CMD, which encompasses alterations
within the coronary microvasculature, such as arteriolar blockage,
microvascular obstruction, and capillary depletion, predominated in
COVID-19 patients [37]. Osiaevi et al. reported a significant decrease in
vascular density that exclusively affected very small capillaries in long
COVID syndrome patients as compared with healthy controls [6]. Au-
topsies have shown thrombi rich in fibrin, platelets, and leukocytes in
the coronary microcirculation in 10-20 % of COVID-19 deaths [38,39].
A pathology study found intracoronary microthrombi in 35 % of
COVID-19 deaths with myocardial necrosis, regardless of the presence of
pre-existing coronary artery disease [40]. Analysis of thrombi retrieved
from thrombo-aspiration in COVID-19 patients with ST-elevation
myocardial infarction showed fibrin, leukocytes, a high density of
neutrophil extracellular traps (NETs) and no plaque fragments [41].
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Table 4

Modified Seattle Angina questionnaire responses and physical activity levels in
patients with angina and non-obstructive coronary arteries, categorized by
COVID-19 status.

Parameters Overall (n Control COVID-19 P-
=117) Group (n = Group (n = value
58) 59)
Modified Seattle Angina Questionnaire
SAQ-7 (Question 1) [Q1, 4[4, 5] 4[4, 5] 4 [3, 4.5] 0.003
Q3]
SAQ-7 (Question 2) [Q1, 4 [3, 4] 4[4, 4] 43, 4] 0.001
Q3]
SAQ-7 (Question 3) [Q1, 4 [3, 4] 4[3, 4] 3[3,4] 0.401
Q3]
SAQ-7 (Question 4) [Q1, 4 [3, 4] 4[3, 4] 3[3,4] 0.001
Q3]
SAQ-7 (Question 5) [Q1, 6 [5, 6] 6 [5, 6] 6 [5, 6] 0.722
Q3]
SAQ-7 (Question 6) [Q1, 5[3,5] 5[3.25, 5] 4 [3,5] 0.014
Q3]
SAQ-7 (Question 7) [Q1,  2[1,2] 2[1,2] 21, 2] 0.296
Q3]
Modified Seattle Angina Questionnaire domain scores
Angina Frequency [Q1, 70.00 70.00 70.00 0.056
Q3] [70.00, [70.00, [60.00,
80.00] 80.00] 80.00]
Physical limitation [Q1, 75.00 75.00 66.67 0.002
Q3] [58.33, [66.67, [50.00,
83.33] 83.33] 75.00]
Life Quality [Q1, Q3] 50.00 62.5 50.00 0.023
[25.00, [37.50, [25.00,
62.50] 62.50] 62.50]
Modified Seattle Angina 65.00 68.89 62.50 0.003
Questionnaire summary [52.50, [57.01, [48.06,
score [Q1, Q3] 71.94] 72.50] 70.42]

Values are presented as median [1st quartile, 3rd quartile] for numeric variables.

These findings suggest that micro-thromboembolisms and inflammation
irreversibly damage the coronary microvasculature, leading to a high
prevalence of structural CMD and contributing to long COVID
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syndrome. With the pathophysiological insights from these studies and
the findings of our cohort, the logical next step is to investigate whether
patients with COVID-19 history may also benefit from targeted medical
treatments, as demonstrated in the CORonary MICrovascular Angina

O Chest pain
O Ischemic ECG
O CMD

Fig. 5. Venn Diagram of Chest Pain, Ischemic ECG, and Coronary Microvas-
cular Dysfunction in ANOCA patients.
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Fig. 6. Graphical abstract summarizing the main results of the study.

(CorMicA) trial [17,19].

4.3. Impact of severe COVID-19 infection on quality of life

The impact of severe COVID-19 on quality of life, especially in pa-
tients who developed long COVID syndrome, is profound and multi-
faceted. The OpenSAFELY study utilized patient-reported outcome
measures (OpenPROMPT) to underline the substantial impact of long
COVID, with symptoms reported in nearly a quarter of the 6070 par-
ticipants [42]. Furthermore, these patients had 4.7 times higher odds of
reduced health-related quality of life (HRQoL), quantified as a 0.37 loss
in Quality-Adjusted Life Months (QALMs). The most significant predic-
tor of HRQoL loss was disabilities related to physical activity. These
patients also reported lower EQ-5D scores (mean 0.49) compared to
those without long COVID (mean 0.71), a difference exceeding the
minimally important difference of 0.063. This impact was worse than in
patients with chronic conditions such as heart failure (mean 0.60),
multiple sclerosis (mean 0.59), and end-stage renal disease (mean 0.68).

The baseline characteristics of patients in the Enhanced External
Counterpulsation (EECP) study further illustrates the demographic and
clinical profiles of long COVID patients [43]. This cohort had a mean age
of 53.81 years, with high PROMIS Fatigue scores (mean 24.0 out of 52),
indicating severe fatigue. SAQ scores showed considerable impairment
in physical limitation (mean 44.1 out of 100) and quality of life (mean
40.3 out of 100). The Duke Activity Status Index (DASI) and 6-Minute
Walk Test also reflected a severe impact on physical health. The
COMET-19 study further highlighted these issues, showing that among
ANOCA patients having comparable underlying disease, those with se-
vere COVID-19 history had significantly lower SAQ-7 scores (median
62.50) compared to controls (median 68.89), underscoring the lasting
reductions in quality of life due to persistent cardiovascular symptoms.
These findings are consistent with the OpenPROMPT and EECP studies,
emphasizing the profound and lasting impact of severe COVID-19
infection.

4.4. The impact of severe COVID-19 infection on myocardial ischemia

In the current study, positive EST test and ischemic ECG changes
during EST were numerically more prevalent in COVID-19 patients,

while exercise-induced chest discomfort was significantly more preva-
lent, indicating these patients might not only have a significantly higher
incidence of CMD but also a higher incidence of myocardial ischemia.
Sinha et al. showed that ischemic ECG changes are highly specific for an
underlying ischemic substrate. There were no false positive results for
ischemic ECG changes among ANOCA population, as all of them
exhibited either endothelium-independent or endothelium-dependent
microvascular dysfunction. Endothelium-independent dysfunction was
characterized by an abnormal CFR, while endothelium-dependent
dysfunction was indicated by abnormal acetylcholine flow reserve
[44]. Our study corroborates these findings, showing that ECG changes
correctly identified endothelium-independent CMD in 96.6 % of positive
cases. In contrast with Sinha et al., where only 63 % of patients exhibited
endothelium-independent CMD, all except one patient with an ischemic
ECG in our cohort were diagnosed with endothelium-independent CMD.
This suggests a fundamental difference between COVID-19-related CMD
and CMD not associated with COVID-19.

5. Limitations

Despite the valuable insights provided by the COMET-19 study,
several limitations must be acknowledged. The relatively small sample
size of 117 patients may limit the generalizability of our findings, as does
the focus on patients from two hospitals in Lithuania, which may not
represent a broader population. Given the scale of the COVID-19
pandemic, it was impossible to entirely exclude patients with a history
of mild COVID-19 infection. However, this is a common limitation in
studies examining the impact of COVID-19. In the present study, we
aimed to mitigate this limitation by rigorously excluding patients who
had been hospitalized for respiratory symptoms at any point during the
pandemic. While we demonstrated an association between severe
COVID-19 history and CMD, given our cross-sectional design, we cannot
establish causality, which, along with the temporal relationship between
severe COVID-19 infection and the development of CMD, could only be
established through longitudinal studies. It is entirely possible that pa-
tients with pre-existing CMD are more susceptible to severe COVID-19
infection. However, a substantial body of pathophysiological research
suggests that the increased incidence of CMD is likely to be a direct
consequence of COVID-19 infection. The use of bolus thermodilution for
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invasive functional assessment introduces potential variability in the
measurements of FFR, CFR, and IMR as compared with Doppler-based
measurements or continuous thermal dilution methods [24]. Addition-
ally, the assessment of endothelium-dependent CMD or coronary vaso-
spasm via acetylcholine flow reserve testing was not performed in this
study due to strict institutional regulations and ethical approval, which
may have limited the ability to fully characterise the full scope of CMD.
The differentiation of structural and functional CMD, while demon-
strating fundamental pathophysiological differences, have not yet been
shown to warrant specific therapeutic strategies. Furthermore, although
we observed a trend toward more prevalent ischemic ECG changes in the
COVID group, we did not have additional noninvasive imaging to
demonstrate the true relationship between severe COVID-19 infection
and the extent of myocardial ischemia. Given the low sensitivity of ex-
ercise stress tests, the inclusion of stress echocardiography or CMR
should be considered in future trials. Despite efforts to control for
baseline characteristics, the study was conducted in a consecutive, but
neither matched nor randomised population. Thus, residual confound-
ing factors, such as undiagnosed pre-existing conditions, variations in
post-COVID-19 care, and the lack of longitudinal data may also have
impacted the validity of our findings. Lastly, the exclusion of patients
who are unable to perform exercise stress tests and those with severe
renal dysfunction, while reasonable, may introduce a certain selection
bias. This is because patients with the most severe sequelae after severe
COVID infection, who are bedridden or suffer from end-organ failure,
are excluded, which also explains the relatively low prevalence of me-
chanical ventilation in our COVID group. Hence, while we observed that
all five mechanically ventilated patients exhibited CMD, the small
number of observations is underpowered and should be treated as
hypothesis-generating.

6. Conclusion

The COMET-19 study identifies a significant association between a
history of severe COVID-19 infection and an increased prevalence of
CMD in patients with ANOCA. Our findings demonstrate a higher inci-
dence of structural CMD, suggesting that coronary microvascular
impairment may be part of the pathophysiological mechanism for
ANOCA in patients who had severe COVID-19 infection. The study
highlights the persistent cardiovascular impact of severe COVID-19
infection, evidenced by elevated IMR and poorer anginal symptoms
and quality of life in affected patients. Additionally, we showed that EST
may be a valuable tool for predicting CMD, with ischemic ECG changes
strongly correlating with the presence of CMD.
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