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BACKGROUND: Cardiovascular complications from COVID-19 contribute to its high morbidity and mortality. The effect of
COVID-19 infection on the coronary vasculature is not known. The objective of this study was to investigate the prevalence of
coronary vasomotor dysfunction identified by coronary flow reserve from cardiac positron emission tomography in patients
with previous COVID-19 infection.

METHODS AND RESULTS: All patients who had polymerase chain reaction—confirmed SARS-CoV-2 infection referred for myocar-
dial stress perfusion positron emission tomography imaging at Brigham and Women’s Hospital from April 2020 to July 2021
were compared with a matched control group without prior SARS-CoV-2 infection imaged in the same period. The main out-
come was the prevalence of coronary vasomotor dysfunction. Myocardial perfusion and myocardial blood flow reserve were
quantified using N13-ammonia positron emission tomography imaging. Thirty-four patients with prior COVID-19 were identi-
fied and compared with 103 matched controls. The median time from polymerase chain reaction—confirmed SARS-CoV-2 to
cardiac positron emission tomography was 4.6 months (interquartile range,1.2—5.6 months). There were 16 out of 34 (47%)
patients previously hospitalized for COVID-19 infection. Baseline cardiac risk factors were common, and 18 (53%) patients in
the COVID-19 group had abnormal myocardial perfusion. Myocardial blood flow reserve was abnormal (<2) in 44.0% of the
patients with COVID-19 compared with 11.7% of matched controls (P<0.001). The mean myocardial blood flow reserve was
19.4% lower in patients with COVID-19 compared with control patients (2.00+0.45 versus 2.48+0.47, P<0.001).

CONCLUSIONS: Myocardial blood flow reserve was impaired in patients with prior COVID-19 infection compared with cardiovas-
cular risk factor-matched controls, suggesting a relationship between SARS-CoV-2 infection and coronary vascular health.
These data highlight the need to assess long-term consequences of COVID-19 on vascular health in future prospective
studies.
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vascular endothelium and myocardium likely play a
central role.*® Myocardial blood flow reserve (MBFR)
derived from cardiac positron emission tomography
(PET) is a powerful quantitative imaging marker of clin-
ical cardiovascular risk. MBFR provides a robust and
reproducible clinical measure of the integrated hemo-
dynamic effects of focal and diffuse epicardial coronary
artery disease (CAD) and microvascular dysfunction on
myocardial tissue perfusion.® Inflammation and vascu-
lar dysfunction are key mediators of cardiovascular
disease, yet the consequences of COVID-19 infection
on these manifestations are unknown. We designed
this case—control study to investigate the prevalence
and severity of coronary vasomotor dysfunction in pa-
tients previously infected with SARS-CoV-2.

METHODS

The authors declare that all supporting data are avail-
able within the article.

We identified consecutive subjects with prior poly-
merase chain reaction—-confirmed SARS-CoV-2 infec-
tion who underwent clinically indicated N13-ammonia
myocardial stress perfusion PET imaging at our insti-
tution between April 1, 2020 and July 1, 2021. Control
patients without prior SARS-CoV-2 infection and with
PET in the same time period were matched ~3:1 aver-
age of controls to each patient with COVID-19 based on
age, sex, diabetes, obesity, hyperlipidemia, hyperten-
sion, and history of CAD (defined as prior myocardial
infarction, coronary artery bypass grafting, or percuta-
neous coronary intervention). A summed stress score
<3 was used to define a normal PET scan without evi-
dence of obstructive CAD. High-risk coronary vasomo-
tor dysfunction was defined as MBFR <2 associated
with a maximal myocardial blood flow (MBF) <1.8mL/
min per gram. To account for differences in heart rate
and blood pressure, which are major determinants of
rest MBF, MBFR was corrected using the formula MB
FR orrected=MBFR neorrectesRPP/10000, where RPP is
the product of the resting blood pressure and heart
rate.® Quantitative measures of MBF and MBFR were
recorded by a single experienced operator blinded to
patient data.

Statistical Analysis

The presence and extent of coronary artery calcium
was assessed using semiquantitative visual analysis
of the low-dose, noncontrast computed tomography
scan obtained for attenuation correction of the PET im-
ages.” Anormal-response linear mixed model was used
for continuous variables, and conditional binary logistic
regression was used for dichotomous variables, which
accounted for the matching between COVID-19 and
control patients and to compare hemodynamics, MBF,
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and prevalence of coronary vasomotor dysfunction. A
Fisher exact test was used for CAC assessment and
clinical risk categories between groups. P<0.05 was
considered statistically significant, and all testing was
2-tailed. All analyses were performed by using SAS
University Edition 9.4 (SAS Institute). The study was
approved by the Mass General Brigham Institutional
Review Board and conducted in accordance with insti-
tutional guidelines, and informed consent was waived.

RESULTS

We studied 34 patients with COVID-19 and 103
matched controls. The median time from polymerase
chain reaction—confirmed SARS-CoV-2 to cardiac
PET was 4.6 months (interquartile range [IQR], 1.2-5.6
months). There were 15 out of 34 (43%) patients who
required hospitalization for COVID-19 infection. Among
those hospitalized, the median length of stay was
8days (IQR, 5-32days). Treatments included: 9 out of
15 (60%) remdesivir, 6 out of 15 (40%) steroids, and 2
out of 15 (13%) tocilizumab. Three (20%) patients re-
quired the intensive care unit and 11 out of 15 (73%) re-
quired supplemental oxygen >2 L. Cardiac risk factors
were common among the COVID-19 cohort including
obesity (67.7%), hypertension (91.2%), hyperlipidemia
(91.2%), and diabetes (55.8%) (Table 1). The most
common symptoms reported at the time of cardiac
PET testing in the COVID-19 group were chest pain
and dyspnea. Among the 34 COVID-19 cases, 35.3%
(12/34) reported chest pain, 35.3% (12/34) reported
dyspnea, 5.8% (2/34) reported palpitations, and 32%
(11/34) were denoted as other.

At rest, MBF was globally homogeneous and sim-
ilar across the 2 groups (Table 2). However, despite a
similar coronary risk factor profile and calcified athero-
sclerotic burden (Table 2), the maximal hyperemic MBF
was 19.4% lower in patients with COVID-19 compared
with controls (2.0+0.45 versus 2.48+0.47, P<0.001).
Consequently, MBFR was abnormal (<2) in 44% of
the patients with COVID-19 compared with 11.7% of
matched controls (P<0.001). Similar results were ob-
tained when the analysis was restricted to patients with
visually normal PET scans (MBFR: 2.02+0.4 versus
2.54+0.4, P<0.001, in COVID-19 and controls, respec-
tively) (Table 2), suggesting that these findings are not
simply related to epicardial CAD but reflective of an ab-
normal microcirculatory response to stress. In a sub-
analysis, there was no significant differences in MBFR
among patients with COVID-19 who were hospitalized
versus those who were not (COVID-19 hospitalized
[n=16] MBFR=2.01 [0.5] versus COVID-19 not hospital-
ized [n=18] MBFR=1.99 [0.42], P=0.5), although this is
limited by the small sample size. Apart from a slightly
higher resting heart rate at rest among patients with
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Table 1. Baseline Demographic of the Study Cohort

SARS CoV-2 and Coronary Vasomotor Dysfunction

Clinical characteristics COVID-19, n=34 Control, n=103 P value*
Age, y, mean (SD) 65.7 (9.1) 66.7 (8.9) NS
Women, n (%) 13(38.2) 42 (41) NS
Time from SARS-CoV-2 infection to cardiac PET, mo, median 4.6 (2.6-7.7) NA
(IQR)
Previously hospitalized for COVID-19, n (%) 15 (43) NA
Cardiovascular risk factors, n (%)
Obesity 23 (67.7) 71 (69) NS
Diabetes 19 (65.8) 53 (561.5) NS
Hypertension 31(91.2) 92 (89.3) NS
Dyslipidemia 31(91.2) 89 (86.4) NS
Known CAD 10 (29.4) 40 (38.8) NS
Prior revascularization 9 (26.4) 33 (32) 0.5
Statin use 32 (94) 84/98 (86) 0.2

Control subjects matched on age, sex, and cardiovascular risk factors (diabetes, hypertension, known CAD, obesity, dyslipidemia). CAD indicates coronary

artery disease, and IQR, interquartile range.
*P values represents conditional regression for dichotomous variables. P<0.05

COVID-19, hemodynamic parameters, including blood
pressure, at rest and following vasodilator stress, were
not statistically significantly different between patients
with COVID-19 and controls (Table 2). Similarly, MBFR

is considered statistically significant.

was reduced when corrected to resting myocardial
blood flow normalized to the resting heart rate and
blood pressure (MBFR_co), although results were less
dramatic and not statistically significant when a clinical

Table 2. PET MBF, Coronary Flow Reserve, and Hemodynamics in COVID-19 and Matched Controls

PET imaging characteristics COVID-19, n=34 Controls, n=103 P value
Rest myocardial blood flow, mL/min per gram 0.79 (0.17) 0.73 (0.16) 0.06
Corrected rest myocardial blood flow, mL/min per gram 0.82(0.2) 0.83(0.2) 0.65
Rest coronary vascular resistance, mmHg/mL per g per minute 120 (35.7) 126.7 (33.2) 0.35
Stress myocardial blood flow, mL/min per gram 1.56 (0.44) 1.79 (0.39) <0.001
Stress coronary vascular resistance, mmHg/mL per gram per minute 58.2 (23.7) 50.2 (12.4) 0.008
Abnormal stress MBF, MBF <1.8, n (%) 25 (73.5) 58 (56.3) 0.1
MBFR 2.0 (0.45) 2.48 (0.47) <0.001
Corrected MBFR (MBFR_.)* 1.95 (0.5) 2.24 (0.66) 0.01
MBFR in patients with normal scans, SSS <3 2.02 (0.43), n=15 2.54 (0.43), n=63 <0.001
Coronary vasomotor dysfunction, MBFR <2, n (%) 15 (44.1) 12 (11.7) <0.001
Coronary vasomotor dysfunction corrected, corrected MBFR <2, n (%) 20 (59) 47 (45) 0.16
Abnormal perfusion, SSS >3, n (%) 18 (63) 40 (39) 0.2
SSS, median (IQR) 4 (0-9) 0 (0-6) 0.1
Coronary artery calcium, n (%) 0.92

None 5(14.7) 14 (13.6)

Mild—-moderate 8 (23.5) 31 (30.1)

Severe 21 (61.8) 58 (56.3)
Hemodynamics

Resting heart rate, bpm 73 (10.4) 68 (12) 0.02

Peak heart rate, bpm 90 (15.6) 90 (16) 0.95

Resting systolic blood pressure, mmHg 134 (23) 136 (24) 0.79

Peak systolic blood pressure, mmHg 129 (20) 132 (29) 0.7

All values represent mean and standard deviation unless otherwise noted. P values represent linear mixed model for continuous variables and conditional
logistic regression for dichotomous variables. P<0.05 is considered statistically significant. IQR indicates interquartile range; MBF, myocardial blood flow;
MBFR, myocardial blood flow reserve; PET, positron emission tomography; and SSS, summed stress score.

IMBFR. eote=MBFR correciexRPP/10000. RPP=Resting HRxresting SBP,
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Figure. MBFR and maximal myocardial blood flow.

Shown is a scatter plot (A) and bar graph (B) demonstrating the concordant and discordant impairment
of coronary flow reserve and maximal myocardial blood flow in patients with COVID-19 compared with
matched controls. MBFR <2 and maximal myocardial blood flow <1.8 mL/g~" per minute~" were defined
as impaired. MBFR indicates myocardial blood flow reserve. *P<0.001.
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cutoff of 2 for coronary microvacular dysfunction was
applied to the corrected flows (Table 2). Among the
patients with COVID-19 with abnormal stress myocar-
dial perfusion, 55.6% (10/18) had evidence of obstruc-
tive CAD, 22.2% (4/18) had nonobstructive CAD, and
22.2% (4/18) were unknown.

The Figure illustrates the differences in cardio-
vascular risk based on the patient-level measures of
maximal MBF and MBFR, both markers of clinical risk
that reflect the global coronary vasodilator capacity.®
Compared with controls, the COVID-19 group had a
greater proportion of patients with concordant abnor-
mal maximal MBF and MBFR, reflecting high clinical
risk (44% versus 9.7%, P<0.001). Conversely, the pro-
portion of patients with COVID-19 with concordant
normal maximal MBF and MBFR, reflecting low risk,
was lower than in the control group though not statisti-
cally significant (20.6% versus 40.8%, P=0.06).

DISCUSSION

We identified a cohort of patients with prior SARS-
CoV-2 infection who underwent clinically indicated
stress myocardial perfusion PET imaging. When com-
pared with a matched control group without prior
COVID-19 within a similar time frame, patients with
prior COVID-19 had greater frequency and severity
of coronary vasomotor dysfunction with lower maxi-
mal MBF and MBFR, a concordance that reflects the
highest clinical risk. Conversely, the lowest clinical risk,
patients with normal MBFR and maximal MBF, were
proportionally lower in patients with COVID-19 com-
pared with controls. That the burden of calcified ath-
erosclerosis was similar in both groups and the lower
MBFR in patients with COVID-19 who had normal per-
fusion suggest that the reduced MBFR was not simply
a manifestation of more epicardial CAD or diffuse ath-
erosclerosis, but may represent an abnormal micro-
circulatory response to stress. SARS-CoV-2 infection
has been shown to be associated with endothelial dys-
function, and these results may suggest an accelera-
tion of endothelial dysfunction or even a progression
of atherosclerosis that occurs in the setting of SARS-
CoV-2 infection.?

In survivors, the longer-term cardiovascular conse-
quences of COVID-19 are unknown and important to
delineate to inform therapeutic strategies for long-term
sequelae beyond acute illness, including the risk of
myocardial infarction and stroke from endothelial dam-
age. Our findings are novel and extend the observations
of prior studies in 2 important ways: (1) by showing a
high prevalence of coronary vasomotor abnormalities
in high-risk patients with prior SARS-CoV-2 infection
and (2) by demonstrating that the severity of these
abnormalities may represent excess microvascular
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dysfunction not accounted for by common associated
coronary risk factors or the burden of atherosclerosis.
The excess microvascular risk in this study supports a
potential role for vascular endothelial damage and/or
inflammation in driving coronary vasomotor abnormali-
ties that might contribute to excess cardiovascular risk
in this population.

This study has multiple limitations. Given the lack
of data on the patients’ coronary vascular health be-
fore COVID-19 infection, we are unable to determine
causality. However, when compared with a matched
control group with a comparably high burden of
cardiovascular risk factors and atherosclerosis, we
found a greater degree of impairment in MBFR in
the patients with COVID-19. Second, the small sam-
ple size and single-center study limited the power to
understand the impact of severity or timing of initial
COVID-19 infection relative to vascular assessment.
Finally, this study does not ascertain the impact of
coronary vasomotor dysfunction in long COVID-19 (or
post-COVID), which is an important question to ad-
dress in the future.®-'?

In conclusion, these results suggest an association
between SARS-CoV-2 infection and coronary micro-
vascular dysfunction. Importantly, these data high-
light the need to assess long-term consequences of
COVID-19 in future prospective studies with inclusion
of coronary vascular assessment before COVID-19
infection.
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