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ARTICLE INFO ABSTRACT

Keywords: Background: Acute COVID-19 infection has been shown to have significant effects on the cardiovascular system.
Post-acute sequelae of SARS-CoV-2 Post-acute sequelae of SARS-CoV-2 (PASC) are being identified in patients; however, the cardiovascular effects
COVID-19

are yet to be well-defined. The Post-COVID Cardiology Clinic at Washington University evaluates and treats
patients with ongoing cardiovascular PASC.

Objectives: This investigation aims to describe the phenotypes of cardiovascular symptoms of PASC in patients
presenting to the Post-COVID Cardiology Clinic, including their demographics, symptoms, and the clinical
phenotypes observed.

Methods: This was a retrospective analysis of symptoms, clinical findings, and test results from the first 100
consecutive adult patients who presented to the Post-COVID Cardiology Clinic at Washington University in St.
Louis, between September 2020 to May 2021 with cardiovascular symptoms following COVID-19 infection.
Results: The population (n = 100) had a mean age of 46.3 years and was 81% female. Most patients had mild
acute illness, with only 23% of patients requiring hospitalization during acute COVID-19 infection. The most
commonly reported PASC symptoms were chest pain (66%), palpitations (59%), and dyspnea on exertion (56%).
Of those presenting with these symptoms, 74/98 patients (75.5%) were found to have a significant blood
pressure elevation, considerable sinus tachycardia burden, reduced global longitudinal strain, increased indexed
left-ventricular end-diastolic volume (LVEDVi) by echocardiogram, and/or cMRI findings consistent with
possible active or healing myocarditis.

Conclusions: Our findings highlight clinical phenotypes of the cardiovascular manifestations of PASC. Further
studies are needed to evaluate the pathophysiology, treatment options and long-term outcomes for these
patients.

Sinus tachycardia
Cardiac magnetic resonance imaging

1. Background

Coronavirus disease-2019 (COVID-19), a viral illness caused by the
severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2), was
declared a global pandemic by the World Health Organization in March
2020 [1]. Since then, there have been over 500 million cases of COVID-
19 infection with over 6 million reported deaths [2]. Long-term sequalae
of COVID-19 infection are now being identified in patients who remain
symptomatic beyond the acute phase. These manifestations have been
termed Post-Acute Sequalae of SARS-CoV-2-Infection (PASC) by the

National Institute of Health [3]. Several case reports and studies have
emerged describing post-acute COVID symptoms weeks following initial
infection with significant symptoms seen in young and otherwise
healthy individuals that had a mild acute COVID-19 course [4,5]. These
symptoms can affect most systems, with the most common being fatigue,
cough, shortness of breath, chest pain, palpitations, difficulty concen-
trating, arthralgia, low-grade fever, and headache. While some studies
have described cardiovascular symptoms of PASC including palpitations
and chest pain, a comprehensive and standardized evaluation of these
patients is still lacking [6-9].

Abbreviations: PASC, Post-Acute Sequalae of SARS-CoV-2-Infection; COVID-19, Coronavirus disease-2019; TTE, Transthoracic Echocardiogram; cMRI, Cardiac
Magnetic Resonance Imaging; ECG, Electrocardiogram; NT-proBNP, N-terminal-pro Hormone Brain Natriuretic Peptide.
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The Post-COVID Cardiology Clinic at Washington University School
of Medicine was established in September 2020 to evaluate and treat
patients with ongoing or new cardiovascular symptoms following acute
COVID-19 infection. Here, we present a retrospective analysis of pa-
tients with cardiovascular PASC including their demographics, symp-
toms, and the clinical phenotypes observed.

2. Methods

The study is a retrospective analysis of one hundred consecutive
adult patients presenting to the Post-COVID Cardiology Clinic at
Washington University in St. Louis, Missouri, between September 2020
to May 2021 with cardiovascular symptoms following COVID-19
infection. A total of 110 patients were screened, and 10 patients who
did not have ongoing cardiovascular symptoms at the time of presen-
tation to the clinic were excluded (Supplemental Fig. 1). This study was
approved by the institutional review board at Washington University
School of Medicine in St. Louis, Missouri (IRB #202102053).

Data were collected from the hospital's electronic medical record
system. Baseline co-morbidities and vital signs were gathered via chart
review of visits prior to COVID-19 infection when available. Post
COVID-19 infection status was denoted by a prior positive SARS-CoV-2
nasopharyngeal PCR laboratory result or noting that the patient was
presumed COVID-19 positive from constellation of symptoms and
exposure history due to the lack of widely available testing in the early
stages of the pandemic.

Demographics, past medical history, medications, COVID-19 test
results, duration of symptoms from COVID-19 diagnosis to presentation
to the Post-COVID Cardiology Clinic, PASC cardiovascular symptoms,
vital signs, ECG findings, inflammatory and cardiac biomarker results,
Holter monitor results, transthoracic echocardiography (TTE) results,
treatments and follow-up data were collected for each patient. Holter
monitors were assessed for average heart rate and tachycardia burden.
With regards to TTE results, left ventricular ejection fraction (LVEF), left
ventricular volume, and global longitudinal strain (GLS) were assessed,
with normal values based on American Society of Echocardiography
guidelines as follows: LVEF (biplane/modified Simpson's rule) normal
53-73%; left ventricular end diastolic volume indexed to body surface
area (LVEDVi, biplane/modified Simpson's rule) normal for males 34-74
mL/m?, for females 29-61 mL/m?; GLS normal >18% (absolute value)
[10].

All statistical analyses were conducted at a significance level of 0.05
using JMP 16.1. Demographics, past medical history, COVID-19 test
results, duration from COVID-19 diagnosis to presentation to the Post-
COVID Cardiology Clinic, PASC cardiovascular symptoms, vital signs,
EKG findings, inflammatory and cardiac biomarker results, Holter
monitor results, TTE results, treatments, and follow-up data were all
analyzed using descriptive statistics.

To estimate a minimum duration of cardiovascular PASC symptoms,
time in days from COVID-19 diagnosis to initial cardiology office visit
was used. A non-parametric Kruskal-Wallis test was used to compare
durations of the different symptoms, from onset to initial office visit.
Vital signs, including blood pressure, were compared between cardiol-
ogy office visits using non-parametric Wilcoxon tests for paired data.
Blood pressure, heart rate, and weight at the initial cardiology office
visit were also compared to baseline values prior to COVID-19 using a
non-parametric Wilcoxon test for paired data. To determine a baseline
blood pressure, heart rate, and weight, two values from office visits
within the past five years for non-emergent complaints prior to COVID-
19 infection were averaged. If only one value prior to COVID-19 during a
non-emergent visit was available, this blood pressure was used as the
baseline.

Holter monitoring (Preventice, Boston Scientific, Minneapolis, MN)
was used to determine sinus tachycardia burden. Tachycardia episodes
were captured on the monitors and defined as a heart rate (HR) >100
beats per minute (bpm) for at least 30 s. Sinus tachycardia burden was
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defined as the percentage of time where the HR was >100 bpm with no
change in p wave morphology divided by the duration of the monitoring
period. Similar to prior studies, we defined a sinus tachycardia burden of
greater than or equal to 10% as significant [11]. Inappropriate sinus
tachycardia (IST) was defined according to Heart Rhythm Society
guidelines, with patients considered to have IST if their resting HR on
EKG or initial vital signs was >100 bpm and average HR on Holter
monitor was >90 bpm [12].

3. Results

One hundred consecutive patients were included in the cohort. The
mean age was 46.3 years (SD 14.7), 81% were female, 86% white, 13%
African American and 1% Asian. One third of the cohort were healthcare
workers at the time of acute COVID-19 infection. Demographics, base-
line co-morbidities and cardiovascular medications prior to COVID-19
are shown in Table 1.

Positive COVID-19 nasopharyngeal PCR test results were available

Table 1
Demographics.

Demographics n = 100

Sex Female: 81
Male: 19
Race African American: 13
Asian: 1
White: 86
Age 46.3 years (SD 14.7)
Healthcare worker 33

Past Medical History

Hypertension 38
Diabetes (Type 1 or 2) 12
Coronary Artery Disease 2

Heart Failure (Systolic, Diastolic, or Combined) 4

Psychiatric Conditions (including anxiety and depression) 17
Thyroid Disorders 20
Pulmonary Disorders 18
Chronic Pain 10
History of Arrhythmia 10

Cardiovascular Medications

Aspirin 14
Statin 18
Antiplatelet agent and/or anticoagulant* 4
Beta-Blocker 17
Calcium Channel Blocker 9
Thiazide 11
Loop Diuretic 13
ACE-Inhibitor 11
Angiotensin-Receptor Blocker 11
Angiotensin Receptor-Neprilysin Inhibitor 2
Alpha-1 Receptor Blocker 2
Alpha-2 Receptor Agonist 2
Nitrate 1
Phosphodiesterase-5 Inhibitor 1
COVID-19 Testing

Positive Test 81
Presumed Positive 19
COVID-19 Hospitalization Rate

Hospitalized 23
Intensive Care Unit 5
COVID-19 Vaccination Status

Vaccinated prior to COVID-19 infection 2
Vaccinated prior to clinical evaluation 71

Coronavirus disease-2019 (COVID-19).
" Does not include aspirin.
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for 81% of the cohort, and 19% patients were presumed positive based
on constellation of symptoms since testing was not readily available at
the time. Only 23% of patients were hospitalized during acute COVID-19
infection. At the time of infection, 97 patients were not vaccinated
against COVID-19, 2 patients were vaccinated (receiving at least one
dose of vaccine within the prior 6 months), and 1 patient had unknown
vaccination status. At the time of evaluation in the clinic, 71 patients
were vaccinated, 25 patients were not vaccinated, and 4 patients had
unknown vaccination status (Table 1).

From initial COVID-19 diagnosis to presentation at the Post-COVID
Cardiology Clinic, the median time was ninety-nine days (Fig. 1).
There was no significant difference in duration of symptoms from
COVID-19 diagnosis to office visit based on specific symptoms reported
(Kruskal-Wallis test, p = 0.90) (Table 2).

On presentation to the Post-COVID Cardiology Clinic, patients re-
ported a range of cardiovascular symptoms. Although most patients
reported multiple symptoms, the most common symptom reported was
chest pain (66%), followed by palpitations (59%) and dyspnea (56%)
(Fig. 2).

At the initial visit, a complete set of vital signs were obtained
(Table 3). Ninety-four patients (94%) had two blood pressure values
available prior to COVID-19 infection to calculate a baseline blood
pressure. Compared to baseline, there was a significant increase in
median systolic (128 vs. 121.5 mmHg, p = 0.029) and median diastolic
(83.5vs. 76 mmHg, p < 0.001) blood pressure (Fig. 3). A majority (81%)
of the blood pressures used to calculate baseline values were from within
the last two years prior to COVID-19 and none were beyond 5 years from
the time of COVID-19 infection. A total of 52 patients had an increase in
systolic or diastolic blood pressure of 10 mmHg or more from baseline.

Eighty-eight patients had heart rates and weights available prior to
COVID-19 infection to calculate a baseline heart rate and weight. As
with blood pressure, the majority of values were within the preceding
two years and none were beyond 5 years from the time of COVID-19
infection. Compared to baseline, there was a significant increase in
median heart rate (84 vs 79 bpm, p = 0.0034) and median weight (81.7 g
vs 80.4 kg, p = 0.0138) (Supplemental Fig. 2A).

All patients presenting to clinic had an ECG performed. Of these,
20% had low voltage. Laboratory testing for inflammatory and cardiac
biomarkers was performed which included C-reactive protein, estimated
sedimentation rate, ferritin, D-dimer, NT-proBNP, and troponin. Several
patients had elevations of one or more of these laboratory tests; how-
ever, there was no correlation of specific symptoms to any particular
laboratory test results (Table 4).

Sixty-nine patients had Holter monitoring performed for 48-72 h
(Table 5). Data for burden of sinus tachycardia was available for fifty-
nine of the patients. The median burden of sinus tachycardia was
8.4% (interquartile range [IQR] 2.6-17.7%). All patients with a burden

COVID-19 to Cardiology Office Visit
40
30+

20

Number of Patients

10~

0

0-50  50-100 100-150 150-200 200-250 250-300 300-350 350-400 400-450

Duration (Days)

Fig. 1. Time from initial COVID-19 infection to presentation with PASC.

Fig. 1 is a histogram illustrating the distribution of time in days from COVID-19
diagnosis to initial cardiology office visit. Patients had a significant lag between
COVID diagnosis and initial office visit, during which PASC cardiovascular
symptoms were still ongoing. Ninety-nine days is the median duration.

37

International Journal of Cardiology 366 (2022) 35-41

Table 2
PASC symptom duration.

Symptom Median duration* (days) [IQR]
Chest Pain 110.5 [64-163.3]
Palpitations 100 [64-160]

96 [57.3-163]
116 [63.5-167]
105 [67.8-146.5]
120 [98-174.5]
96 [50-170]

Dyspnea on Exertion
Pre-Syncope

Fatigue

Shortness of Breath
Lower Extremity Edema

Post-Acute Sequalae of SARS-CoV-2-Infection (PASC).
" Duration from COVID-19 diagnosis to Cardiology Office Visit.

PASC Cardiovascular Symptoms

Lower Extremity Edema

Shortness of Breath

Fatigue

Pre-Syncope Symptoms

Dyspnea on Exertion
59%

66%

0 10 20 30 40 S50 60 70 80 90 100
Percentage of Patients Reporting Symptoms

Palpitations
Chest Pain

Fig. 2. PASC cardiovascular symptoms.

Fig. 2 represents the distribution of cardiovascular PASC symptoms among the
cohort of 100 consecutive patients presenting to the clinic. A majority of pa-
tients reported chest pain and/or palpitations. The percentage at the end of
each bar represents the percentage of patients experiencing each of
these symptoms.

Table 3
Vital signs in patients with PASC.
Vital sign Median value at initial ~ Median value at follow-  p-value
office visit [IQR], (N = up office visit [IQR], (N
100) =74)
Heart Rate 83 [74-94] 76.5 [66.3-87.5] <0.0001
(BPM)
Systolic Blood 128 [116-136] 121 [112-131] 0.0004
Pressure
(mmHg)
Diastolic Blood 83.5 [77-90] 80 [73.8-87] 0.0026
Pressure
(mmHg)
Oxygen 98 [97-99] 98 [97-99] 0.65

Saturation (%)

Body Mass index 28.3 [25.0-35.8] - -

Beats per Minute (BPM).

Interquartile Range (IQR).

Post-Acute Sequalae of SARS-CoV-2-Infection (PASC).
Millimetre of Mercury (mmHg).

of sinus tachycardia of >5% were symptomatic with cardiovascular
PASC symptoms primarily during episodes of sinus tachycardia. Eight
patients (11.6%) in the cohort met criteria for IST.

Ninety-seven patients had TTE performed. The mean LVEF was
62.7% (standard deviation [SD] 8.9%), with three patients with LVEF of
<40%. GLS was available on seventy of the TTE exams, with a mean of
—18.1% (SD 2.9). Of these, twenty patients (28.6%) had reduced GLS.
Twenty-three patients (23.7%) had evidence of diastolic dysfunction.
Left-ventricular volumes were available for all ninety-seven TTE exams.
The median LVEDVi was 51.3 mL/m? (IQR 44.6-61.7 mL/m?). Of these,
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Fig. 3. Systolic and diastolic blood pressure distribution.

Fig. 3 demonstrates the blood pressure increase between baseline and initial
cardiology office visits for systolic and diastolic pressures in A and B, respec-

tively. Lines highlight the median values.

Table 4
Laboratory testing in patients with PASC.

Biomarker Normal Median Number of Patients with
Range [IQR] Elevation/Patients Tested
(%)

C-Reactive Protein:

Conventional (mg/L) <10 3.0 8/59 (13.6%)
[1.1-5.3]

High Sensitivity (mg/L) <1.0 2.0 22/32 (68.8%)
[0.7-4.9]

Erythrocyte <30 9.0 12/89 (13.5%)

Sedimentation Rate [6.5-17.5]
(mm/h)

Ferritin (ng/mL) <250 89 12/80 (15%)
[42.4-173]

D-dimer (ng/mL) <500 289 15/80 (18.8%)
[0-427.3]

BNP (pg/mL) <100 12 [9.9-32] 1/9 (11.1%)

NT-proBNP (pg/mL) <400 37 [0-122] 7/81 (18.9%)

Troponin I:

Conventional (ng/mL) <0.04 0 [0-0] 1/29 (3.4%)

High Sensitivity (pg/ <30 0 [0-0] 5/52 (9.6%)

mL)

B-type Natriuretic Peptide (BNP).

Interquartile Range (IQR).

N-terminal-pro hormone B-type Natriuretic Peptide (BNP).
Post-acute sequelae of SARS-CoV-2 Infection (PASC).

23.7% were noted to have increased left ventricular volumes by 2D echo
using modified biplane Simpson's rule.

Thirty-seven patients had cardiac MRI performed due to ongoing
chest pain with symptoms concerning for myopericarditis. Average
LVEF was 60%, with 7 patients having LVEF <50%. Nineteen percent (7
of 37) of these patients had T1 and/or T2 abnormalities (4 with pro-
longed native T1 values, 3 with prolonged T2 values, and 3 patients with
both). Cardiac MRI of two patients showed late gadolinium enhance-
ment. One patient had prolonged T1 and T2 values along with late
gadolinium enhancement, meeting Lake Louise Criteria for active
myocarditis.

In those patients presenting with chest pain, palpitations, dyspnea on
exertion and/or pre-syncope symptoms, 74/98 patients (75.5%) were
found to have a significant blood pressure elevation or sinus tachycardia
burden, reduced GLS, and/or increased LVEDVi by echocardiogram.
Over half of the patients presenting with chest pain and/or palpitations
were found to have systolic or diastolic blood pressure elevations of >10
mmHg (Table 6).

Ninety-four patients (94%) were treated with a new medication for
their symptoms. In the subset of the fifty-two patients that had an in-
crease in systolic or diastolic blood pressure of 10 mmHg or more from
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Table 5
Holter monitor findings.

Average Heart Rates (bpm) [SD] (n = 69):

Mean 80.3 [10.5]
Minimum 53.9 [9.03]
Maximum 151.8 [19.3]
Burden of Sinus Tachycardia (n = 59):

Median Percentage [IQR] 8.4%

[2.6-17.7%]
21 (35.6%)
12 (20.3%)
26 (44.1%)

0-5% (N, %)
5-10% (N, %)
>10% (N, %)

Inappropriate sinus tachycardia

Resting Heart Rate > 100 bpm, n = 100 17 (17%)
Mean Heart Rate > 90 bpm (on Holter), n = 69 14 (20.2%)
Both Resting Heart Rate > 90 bpm + Mean Heart Rate > 100 8 (11.6%)

bpm, n = 69

Beats per Minute (BPM).
Interquartile Range (IQR).
Standard Deviation (SD).

baseline, forty-eight were treated with the addition of a new anti-
hypertensive or an increased dose of a previously prescribed anti-
hypertensive. For symptomatic sinus tachycardia management, 62 pa-
tients were started on a beta blocker, 10 on a calcium channel blocker
and 8 on Ivabradine. While most patients tolerated these medications
well with improvement in symptoms, five patients failed metoprolol
alone, three failed diltiazem alone, and one failed ivabradine alone, due
to ineffective management of sinus tachycardia, bradycardia, hypoten-
sion, and/or hair loss.

In the subset of the seventy-four patients (74%) that have followed
up thus far, when comparing symptoms at initial cardiology office visit
to follow-up office visit, 82.4% (n = 61) reported improvement in
symptoms, and 10.8% (n = 8) reported unchanged symptoms. Only four
(5.4%) patients reported resolved symptoms, and one patient reported
symptoms were worse in the setting of recent COVID-19 vaccination. Of
those that reported improvement or resolution in symptoms, all 65 pa-
tients (100%) had been started on a medication for management at their
initial office visit.

Vital signs on follow-up demonstrated a lower heart rate and blood
pressure (systolic and diastolic) as compared to initial cardiology office
visit (Table 3). Sixty-nine patients that followed-up (93.2%) were pre-
scribed a new anti-hypertensive or required an increased dose of a prior
anti-hypertensive at their initial visit. Blood pressures at follow-up were
not significantly different from prior to COVID-19 infection baseline
(median systolic delta = 0 mmHg, diastolic delta = 1.0 mmHg; p >
0.05).

4. Discussion

In this retrospective study, we describe a patient cohort presenting to
the Post-COVID Cardiology Clinic at Washington University with
ongoing cardiovascular symptoms following acute COVID-19 infection.
The population is young and predominantly female. The majority of the
cohort had a relatively benign COVID-19 course and did not require
hospitalization. Patients described a broad range of cardiovascular
symptoms which were ongoing several months after acute COVID-19
infection. Most of the patients were not vaccinated at the time of
acute COVID-19 infection (in part due to lack of vaccination at that time)
but were vaccinated following infection. We were unable to determine
whether COVID-19 vaccination prior to infection was correlated with
attenuation of PASC; however, despite vaccination in the post-COVID
period, many patients continued to have PASC.

The female preponderance with regards to PASC is not isolated to
cardiovascular PASC but rather extends to other PASC symptoms such as
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Table 6
Frequency of symptoms and clinical findings.
Systolic or diastolic blood pressure elevation of ~ Sinus Tachycardia Burden of Reduced Global Longitudinal Increased
>10 mmHg >10% Strain LVEDVi
Symptom Number of Patients with finding (%):
patients
Chest Pain 66 35 (53%) 18 (27%) 13 (20%) 13 (20%)
Palpitations 59 32 (54%) 19 (32%) 11 (19%) 11 (19%)
Dyspnea on 56 26 (46%) 12 (21%) 11 (20%) 13 (23%)
Exertion
Pre-Syncope 42 21 (50%) 10 (24%) 5 (12%) 7 (17%)

Indexed left-ventricular end-diastolic volume (LVEDVi).
Millimetre of Mercury (mmHg).

fatigue and neurological symptoms [13]. Studies have posited that sex
hormone differences, sex-specific differences in comorbidities and in-
flammatory response, as well as sex-specific patterns of access to med-
ical care may contribute to higher rates of PASC in women [14].
Interestingly, women tend to have lower rates of severe acute infection
compared to men yet seem to have higher rates of post-COVID symp-
toms. For the difference in acute infection, higher levels of soluble ACE2
— to which SARS-CoV-2 binds - have been found in women and believed
to be protective against acute infection [15]. It remains unclear whether
this mechanism is also involved in the pathogenesis of PASC [16].

Palpitations were a common symptom reported by patients pre-
senting after having COVID-19 infection. Resting heart rate based on
vital sign data, while statistically significant with regards to an elevation
of the median value in the post-COVID setting, is unlikely clinically
significant. Holter monitor data however better captured the interesting
tachycardia pattern when using the tachycardia burden as we previously
defined. Overall, patients seem to have an over-exaggerated tachycardic
response to physiologic demands which then takes longer to recover,
amounting to higher tachycardia burden than expected with normal
activity. Some investigators have noted similar findings and termed this
phenotype Post-COVID-19 tachycardia syndrome [17]. Possible mech-
anisms for this excessive tachycardia may include response to change in
physiologic and/or metabolic demands such as weight gain, fatigue,
pain, and/or deconditioning. In our cohort, though, weight gain
amounted to an increase in median weight by 1.3 kg, not likely to be of
clinical relevance as a driver for tachycardia.

There have also been several reports of postural orthostatic tachy-
cardia syndrome (POTS), dysautonomia and IST, following COVID-19 in
the literature [4,18-22]. Although we were able to characterize IST in
our cohort, we could diagnose and/or exclude POTS as a possible
diagnosis for patients with palpitations based on defined criteria. Most
patients though had orthostatic vital signs which were not consistent
with POTS and noted to have palpitations typically occurring with ac-
tivity rather than with postural changes, making the diagnosis unlikely.
Overall, established disorders of sinus tachycardia including IST and
POTS may apply to some of our patients with others seeming to have
similar attributes suggesting they have a disorder on the same spectrum.

Nonetheless, patients seem to have improvement in their symptoms
such as palpitations, shortness of breath and chest pain with heart rate
lowering medications. Typically, this did not reduce heart rate back to
their baseline, but rather, minimized wide fluctuations in heart rate that
would otherwise occur with activity and limit exertion.

A subset of patients presenting with cardiovascular PASC had
increased blood pressure when compared to blood pressure prior to
infection. Many of these patients complained of headaches, chest pain
and dyspnea. While this relative increase in blood pressure for a ma-
jority of patients did not meet criteria for hypertension, improvement in
blood pressure control was associated with resolution of symptoms. As
noted with the tachycardia response, the blood pressure response may
similarly be related to a change in metabolic and physiologic demands.

On a cellular level, the renin-angiotensin-aldosterone system (RAAS)
may be implicated in blood pressure fluctuation. Once SARS-CoV-2
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infects the cell via the ACE2 receptor, it promotes a downregulation in
the expression of the receptor resulting in an increase in the levels of
Ang-1I, a potent vasoconstrictor [23,24]. This may help explain increase
in blood pressure in patients with PASC. Interestingly, prior research on
POTS has also implicated RAAS suggesting an impaired response to Ang
II [25].

The pro-inflammatory state stimulated by ACE2 and other inflam-
matory milieu is another possible underlying mechanism for the clinical
phenotypes we observed. There is a growing body of evidence impli-
cating endothelial dysfunction both in acute COVID-19 infection and
PASC [26]. Endothelial dysfunction is a systemic condition in which the
endothelium loses integral properties such as regulation of vascular
tone, permeability and homeostasis [27]. It has been attributed to many
cardiometabolic conditions including hypertension, diabetes, dyslipi-
demia, coronary artery disease and cerebrovascular disease [28].
Notably, the vascular endothelium of small and large arteries and veins
are laden with ACE2 receptors and evidence of endothelial inflammation
and dysfunction has been documented in myocardium of patients with
COVID-19 infection [29,30]. These endothelial changes from COVID-19
may be a plausible mechanism for PASC [26,27].

A proportion of the cohort reported lingering symptoms of chest pain
and shortness of breath. Most of these patients had normal diagnostic
testing without evidence of ischemia on stress testing, cardiac dysfunc-
tion on transthoracic echocardiography and/or myopericarditis on
cardiac MRI. However, there was a small group of patients with
abnormal imaging findings including reduced GLS, diastolic dysfunc-
tion, mildly dilated LV, and/or MRI findings consistent with myocardial
involvement (as described in the literature) [31]. The number of patients
with abnormal cardiac MRI meeting criteria for myocarditis - only one
case - is much lower than initially thought and more in line with recent
reports [32,33].

These abnormalities on imaging in addition to the symptoms we
observed may be secondary to COVID-19 infection, by either direct or
indirect mechanisms [34]. Autopsies and endomyocardial biopsy spec-
imens from subjects with SARS-CoV-2 infection and clinical diagnoses of
myocarditis have confirmed the presence of SARS-CoV-2 virus as well as
evidence of cardiomyocyte necrosis suggesting possible direct myocar-
dial injury [34]. Some patients may have had a component of myocar-
ditis in the acute stage of COVID-19 infection and persistent symptoms
and imaging abnormalities could reflect chronic myocarditis, features of
recovering myocarditis, and/or sequalae of systemic inflammatory
response.

Although many patients had improved symptoms with treatment
over time, we do not yet know the long-term effects of these processes at
play with and without treatment. Testing including echocardiography
may provide a subtle indicator of what to expect in the future — such as
reduction in GLS, a sensitive marker of future cardiomyopathy which
has been shown to be a poor prognostic indicator in patients with LV
dysfunction [35,36]. However, without robust prior baseline testing, it
is difficult to state that these findings were secondary to COVID-19.

While this is the first investigation presenting clinical findings on a
uniformly evaluated subset of patients presenting with cardiovascular
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PASC symptoms, it is a small single center cohort. Future multi-centered
studies with larger sample sizes are needed for external validation. Some
participants only had blood pressures available from several years ago
which may have affected the change in blood pressure, though the large
differential was unlikely to be the result of ageing alone [24]. Addi-
tionally, blood pressure, heart rate, and weight readings were from a
single measurement from the initial cardiology office visit; heart rate
and blood pressure in particular can vary widely throughout the day yet
only one value was available for comparison to prior baseline values.
While many patients had a considerable sinus tachycardia burden, there
are no standardized definitions of clinically significant tachycardia
burden. With retrospective data, some key clinical information to help
with diagnosis of conditions such as POTS was unavailable. Also, lack of
pre-COVID echocardiography and cardiac MRI precludes us from
knowing whether abnormalities seen were truly a result of COVID-19
infection.

5. Conclusion

As the COVID-19 pandemic continues with growing number of
COVID-19 cases as well as the emergence of new variants, the sequalae
of COVID-19 infection will become more prevalent emphasizing the
need for a systematic approach to evaluation and management of pa-
tients. Our findings highlight the clinical symptom phenotypes of the
cardiovascular manifestations of PASC and add to the growing body of
evidence pertaining to this new clinical syndrome. This serves as a
stepping stone for future studies on the pathophysiology and treatment
options for these patients. Long-term follow up is needed to evaluate
symptom persistence and clinical outcomes in patients who present with
PASC.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2022.07.018.
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