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Abstract

Purpose Eighty percent of patients infected by SARS-CoV-2 report persistence of one symptom beyond the 4-week
convalescent period. Those with orthostatic tachycardia and orthostatic symptoms mimicking postural tachycardia
syndrome, they are defined as Long-COVID POTS [LCP]. This case-control study investigated potential differences

in autonomic cardiovascular regulation between LCP patients and healthy controls.

Methods Thirteen LCP and 16 healthy controls, all female subjects, were studied without medications. Continu-
ous blood pressure and ECG were recorded during orthostatic stress test, respiratory sinus arrhythmia, and Valsalva
maneuver. Time domain and power spectral analysis of heart rate [HR] and systolic blood pressure [SBP] variability
were computed characterizing cardiac autonomic control and sympathetic peripheral vasoconstriction.

Results LCP had higher deltaHR (+40+6 vs.+21+ 3 bpm, p=0.004) and deltaSBP (+8+4 vs.-1+2 mmHg, p=0.04)
upon standing; 47% had impaired Valsalva maneuver ratio compared with 6.2% in controls (p=0.01). Spectral analy-
sis revealed that LCP had lower RMSSD (32.1 £4.6 vs. 48.9+ 6.8 ms, p=0.04) and HFgg, both in absolute (349 + 105 vs.
851 +253ms?, p=0.03) and normalized units (32 +4 vs. 46 +4 n.u, p=0.02). LFsz, was similar between groups.

Conclusions LCP have reduced cardiovagal modulation, but normal sympathetic cardiac and vasoconstrictive func-
tions. Impaired parasympathetic function may contribute to the pathogenesis of Long-COVID POTS syndrome.
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Introduction

The COVID-19 pandemic has caused unprecedented
morbidity and mortality worldwide [1, 2]. According to
CDC, over 146 million people have been infected and
about 1 million died so far in the US alone. The causative
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agent is SARS-CoV-2, an enveloped, positive-sense RNA
virus able to infect the oropharyngeal mucosa, the lower
respiratory tract epithelium, the myocardium [3], the
endothelium [4], the immune system [5] and the nervous
system [6, 7] inducing damages in multiple organ systems
[8,9].

Up to 80% of patients infected by SARS-CoV-2 develop
chronic, disabling symptoms [10], including fatigue,
chest pain, reduced exercise tolerance, tachycardia and
cognitive impairment, even after mild or asymptomatic
COVID-19 [11]. This syndrome, which persists after
resolution of the acute infection, was named “Long-
COVID’, “Post-Acute COVID-19 Sequelae” or “Post-
Acute COVID19 Syndrome” [PACS] [12-15]. Given that
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over 140 million people in the US had COVID-19 infec-
tion, there is a growing healthcare concern [16, 17].

Persistent tachycardia remains one of the most com-
mon and disabling symptoms, reported from 9% up to
62% of COVID-19 survivors [18-21]. Positional tachy-
cardia and chronic orthostatic intolerance symptoms in
PACS mimic Postural Orthostatic Tachycardia Syndrome
[POTS] [22, 23], a condition that is associated with auto-
nomic nervous system dysfunction and that can be trig-
gered after an acute viral illness [24—27]. Because of these
similarities and because of the growing number of case
reports [16, 28—-30] the term Long-COVID POTS [LCP]
was coined for PACS patients who met the diagnostic cri-
teria for POTS [21, 31, 32].

Autonomic changes after SARS-CoV-2 infection are
under investigation. Alterations in sympathovagal bal-
ance including increased cardiac sympathetic modula-
tion have been described in PACS patients using Power
Spectral Analysis techniques [33]. Elevated resting mus-
cle sympathetic nerve activity was reported in COVID-
19 infected subjects without residual symptoms [34],
and around 15% of patients who recovered from mild to
moderate SARS-CoV-2 pneumonia were found to have
decreased parasympathetic cardiac control [35]. How-
ever, Heart-Rate Variability [HRV] was reported both
to be increased [34, 36] and reduced [28, 33] in PACS
patients. This likely reflect the heterogeneity of PACS
and the different pathophysiological mechanisms in
place, resulting in different autonomic profiles. Severity
of disease, hospital stay, comorbidities and concomitant
deconditioning from prolonged bedrest may all play a
role and act as confounders for autonomic profile deter-
mination. On the other hand, patient with a specific
manifestation of PACS, the excessive orthostatic tachy-
cardia and/or orthostatic intolerance, likely share com-
mon etiology.

Of note, a detailed characterization of autonomic func-
tions of LCP is not yet available. The specific mecha-
nisms underlying LCP remain unknown, and it is unclear
whether the autonomic nervous system is compromised
in these patients.

Methods

The aim of the case-control study here presented was to
determine differences in cardiac sympathovagal mod-
ulation and sympathetic peripheral vascular control
between LCP patients and controls.

Study populations

LCP patients were identified from referrals to the Van-
derbilt Autonomic Dysfunction Center from March to
December 2021. Diagnosis was established after confir-
mation of all the following inclusion criteria: (1) previous
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real-time-PCR diagnosis of SARS-CoV-2 infection; (2)
new onset of orthostatic intolerance after the infection
and persistent symptoms for more than three months;
and (3) orthostatic tachycardia>30 beats-per-minute
within 10 min of standing without concomitant ortho-
static hypotension [32, 37]. Subjects were excluded if
they were pregnant or breastfeeding; if they were obese
(BMI>30); if they had a history of diabetes mellitus,
chronic kidney disease, liver disease or a previous diag-
nosis of autonomic dysfunction, neurodegenerative
or cardiovascular disease; if they had previous history
of POTS or orthostatic intolerance; if they had severe
COVID-19 disease at presentation, defined as presenta-
tion respiratory rate>30 breaths/min, SpO2<94% on
room air at sea level, PaO2/FiO2<300mmHg or lung
infiltrates > 50% [38] or prolonged hospital stay (>30 days
of hospitalization) due to COVID-19.

A population of healthy controls was enrolled for com-
parison. These subjects were recruited in pre-pandemic
period, from August 2019 to March 2020, using flyers or
massive email advertisements. They were young, non-
obese female not affected by diabetes mellitus, chronic
kidney disease, liver disease, neurodegenerative or car-
diovascular disease and were not actively looking for
a consult at the Autonomic Dysfunction Center clinic.
Further, being studied in pre-pandemic period, they were
not exposed to SARS-CoV-2.

Subjects were asked to fast and abstain from exercise
at least 12 hours before studies, and all pharmacological
agents with antiarrhythmic and autonomic effects were
withheld for at least 72 hours before the study session.
All subjects had a medical history and physical exam
performed by an autonomic specialist. This study was
approved by an institutional review board (IRB#220,550,
PI C. A. Shibao & IRB#190,703, PI A. Diedrich) and all
participants gave written informed consent. This study
was conducted under VUMC institutional guidelines and
adhered to the principles of the Declaration of Helsinki
and Title 45 of the US Code of Federal Regulations (Part
46, Protection of Human Subjects).

Study protocol

All subjects underwent an initial orthostatic vital sign
assessment, during which blood pressure and heart
rate were obtained in different positions; once after
lying supine for at least 5 min, once after 5 min of sit-
ting with their feet on the floor and once after standing
for 10 min, using an automated arm-cuff blood pressure
device (Vital-Guard 450 C, Ivy Biomedical Systems, Inc.,
Brandford, CT). Pulse pressure was calculated as previ-
ously described for supine and standing conditions [39].
Autonomic function testing [AFTs] included respiratory
sinus arrhythmia [RSA] and Valsalva maneuver [VM].
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Cardiac activity was recorded continuously using a sin-
gle lead-II ECG and finger blood pressure was assessed
non-invasively using a photoplethysmographic volume-
clamp device (NOVA, Finapress Medical Systems, Neth-
erlands). Adjustments for height differences between
hand and heart levels were obtained using a hydrostatic
height correction system. Finger blood pressure values
were intermittently checked and cross-calibrated against
brachial artery pressure using a clinical arm-cuff blood
pressure device. AFTs recordings took place in a clinical
tilt-test room, in a quiet environment with dim illumina-
tion. For RSA, subjects were recorded for 60 s baseline
and were subsequently instructed to breathe at a fixed
frequency (0.1 Hz) for 90 s. VM consisted in record-
ing a baseline normal spontaneous breathing period of
60 s, followed by execution of a protracted (15 s) force-
ful expiratory effort against a resistance, producing an
intrathoracic pressure increase between 30 to 40mmHg.
After the effort, recording of additional 90 s recovery
phase took place. Values that are considered physiologi-
cal are RSA >1.2 and Valsalva Ratio > 1.6 [40].

Signals analysis

RSA and VM were analyzed offline using analysis soft-
ware (Physiowave®©, A. Diedrich, Vanderbilt University
Medical Center, TN, USA). The RSA analysis took into
account 90 s periods during a controlled 0.1 Hz breath-
ing maneuver. The instantaneous maximal heart rate
[HR] peaks and minimal HR valleys were automati-
cally detected and the median HRy;,x and HRyy of
the specific time period were calculated. RSA ratio was
computed by dividing median HRy,x/ median HRy.
Distinguished phases of VM (Baseline, VM1, VM2-early,
VM2-late, VM3 and VM4) were identified as previously
described [26] and the relative hemodynamic responses
in terms of HR and systolic blood pressure [SBP] were
automatically determined. In particular, the inter-phase
ASBP indices that were computed were: (1) VM2e drop
(lowest SBP in VM2-early — SBP Baseline) (2) VM2l rise
(highest SBP VM2-late - lowest VM2e) and (3) VM4
overshoot (highest SBP VM4 — SBP Baseline).

Spectral analysis of continuous cardiovascular vari-
ables was performed offline using the BRS software
(Physiowave® A. Diedrich, Vanderbilt University Medi-
cal Center, TN, USA) developed by one of the authors.
R peaks and finger blood pressure waveform maxima
were detected and displayed as R-R interval and SBP
time series. The root mean square of standard deviations
[RMSSD] and the standard deviations 1 and 2 [SD1 &
SD2] were derived from Pointcare plots of consecutive
R-R intervals [41]. The appropriate length (300 s) and sta-
tionarity of recorded segments for spectral analysis were
defined following criteria previously described [42].
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Periods of spontaneous breathing while supine were
analyzed. Time series of R-R intervals [RRI] were inter-
polated in order to obtain a continuous signal as a func-
tion of time, low-pass filtered (cut-off frequency 0.5 Hz)
and resampled at 4 Hz [42]. Linear trends were removed,
and power spectral density was estimated with the FFT-
based Welch algorithm. The power in the low (LF: 0.04
to <0.15 Hz), and high (HF: 0.15 to <0.40 Hz) frequency
domains were calculated for R-R interval [LFgp; and
HFpril and SBP [LF¢zp and HE ggp].

Statistical analysis

The primary aim was to assess for differences between
LCP and healthy controls in HFy;, which is considered a
robust spectral marker of cardiac parasympathetic mod-
ulation [42-44].

Secondary endpoints were RSA, VM ratio, VM met-
rics, HRV indices obtained using linear and non-linear
RR interval analysis and SBP variability indices.

A sample size calculation was performed taking into
consideration expected modifications of the primary out-
come using initial data of 7 LCP patients and 14 healthy
controls (total N=21 subjects), showing that it would be
possible to detect a 200 ms? difference in HFyy; with type
I error=0.05 and 80% power. We analyzed 29 subjects
in this study. Statistical analysis was performed using
the commercially available PRISM software (GraphPad
Software, LLC.). Shapiro-Wilk test was used to verify the
normality of distribution for continuous variables. Also,
a statistical assessment for potential outliers was per-
formed using ROUT approach with a Q=0.5%. Poten-
tial differences were assessed using Student’s t-tests or
the Mann-Whitney test, depending on the individual
dataset distribution. Statistical significance was reported
using the coefficient a=0.05. Values were reported as
means * standard error of the means [SEM]. One of the
authors was granted full access to all the data reported in
this manuscript and takes responsibility for its integrity
and the data analysis.

Results and discussion

Subjects characteristics

15 females met diagnostic criteria for LCP and 16 healthy
females without a history of COVID-19 infection were
enrolled as controls. Past medical history and history
of recent COVID-19-related illness are summarized
in Table 1. The most common presenting symptoms
included positional palpitations, lightheadedness, and
dizziness. The mean + SEM time from infection to devel-
opment of symptoms was 44 +8 days. The mean+ SEM
time from orthostatic symptoms onset to AFTs was
192+25 days. Only one subject was hospitalized due
to acute COVID-19 illness, for a total length of stay of
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48 h. Two subjects (LC013 & LCO014) were subsequently
excluded from the initial analysis because of BMI>35
Kg/m?.

Demographic and hemodynamic parameters are pre-
sented in Table 2. Both groups were similar in age and
BMI. As expected, LCP had higher orthostatic deltaHR
compared to controls (+40+6 vs.+21+3, p=0.004)
and presented an orthostatic increase in SBP (+8+4 vs.
-1+2, p=0.04) that was not present in healthy controls.
Also, pulse pressure was greater in the LCP population,
both in supine (46+2 vs. 39+2, p=0.02) and standing
condition (44 +2 vs. 29+ 2, p>0.001).

Autonomic function test

Cardiovagal assessment showed that LCP patients
and healthy controls had similar VM ratio (1.67+0.09
vs. 1.89+0.07 p=0.07) and RSA ratio (1.29+0.03 vs.

Table 2 Demographic and hemodynamic characteristics
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1.27+0.03 p=0.42); however, 46.7% of LCP had VM
ratio < 1.6 compared with 6.2% in controls (p=0.01).

VM hemodynamic changes during the four phases are
presented in Fig. 1. LCP patients and controls had similar
SBP during VM2e drop (-13.2+4.6 vs. -21.3+2.3 mmHg
p=0.11), VM2l rise (+16.0+2.9 vs.+13.5+3.4 mmHg
p=0.22) and VM4 overshoot (+21.0+3.2 vs.+18.6 +4.4
mmHg p=0.21). A tendency towards reduced mean VM
SBP recovery times was found in the LCP group com-
pared with controls (1.3+0.3 vs. 5.0+ 3.2 s, p=0.07).

Supine spectral analyses of BP and HR

Data from HRV analysis of LCP and healthy controls
are reported in Table 3. The total power of spontaneous
RRI variability was similar between the two groups (LCP
1671 + 350 vs. healthy controls 2467 + 544; p=0.29). LCP
patients, however, had reduced RMSSD (32.1+4.6 vs.
48.9+6.8 in healthy controls, p=0.04) and HFyg,, both

Parameters Long-COVID POTS Healthy Pvalue
N=13 N=16

Age (y) 35+3 29+2 0.69
BMI (kg/m?) 26+2 23+1 0.26
Baseline HR (bpm) 75+2 68+3 0.07
Baseline SBP (mmHg) 115+4 110+3 0.39
Baseline DBP (mmHq) 68+3 7142 043
Baseline PP (mmHg) 4542 39+2 0.02
Orthostatic AHR (bpm) +40£6 +21+£3 0.004
Orthostatic ASBP (mmHg) +8+4 142 0.04
Orthostatic ADBP (mmHg) ~ +10+2 +9+2 0.85
Orthostatic PP (mmHg) 4442 20+2 >0.001

Values are means + SEM; BMI indicates body mass index, HR heart rate, SBP Systolic blood pressure, DBP Diastolic blood pressure, PP Pulse pressure. P values were

obtained using Student’s t-test or Mann-Whitney test.
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Fig. 1 Valsalva ratio and Valsalva metrics analysis. The panel illustrates VM2e drop (lowest SBP in VM2e — SBP Baseline). VM2l rise (highest SBP VM2
- lowest SBP VM2e). VM4 overshoot (highest SBP VM4 — SBP Baseline). LCP indicates Long-COVID POTS. Values are means + SEM. Significance values

were obtained using Student’s t-test or Mann-Whitney test
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Table 3 Supine spectral analysis of BP and HR variability in
Long-COVID POTS and Healthy controls

Parameters Long-COVID POTS Healthy P value
N=13 N=16
RMSSD 32.1+£46 489+68 0.04
SD1 228+33 342+49 0.08
SD2 593+54 67.7£57 0.30
Total Power RRI 1671+350 2467 +544 0.29
LFgg (Ms?) 756+174 982+ 274 0.89
LFgg N.U. 664 5414 0.06
HF g (Ms?) 3494105 851253 0.03
HF g N.U. 32+4 46+4 0.02
LF/HF 3.0+0.7 12£03 0.01
LFsgp (MmHg?) 33+10 46+08 0.11
HFggp (MmHg?) 16+04 18+07 0.78

Values are means + SEM. RMSSD indicates root mean square of standard
deviations; SD1 and SD2, Pointcare plots standard deviation 1 and 2; RRIR-R
interval, SBP Systolic blood pressure, LF Low frequency bands, HF High frequency
bands. P values obtained using Student’s t-test or Mann-Whitney test

in absolute value (349 £ 105 vs. 906 + 243 in healthy con-
trols, p=0.02) and in normalized units (32+4 vs. 46 +4
n.u. in healthy controls, p=0.02). Accordingly, the LF/
HF ratio was increased in LCP (3.0+0.7 vs. 1.3£0.3 in
healthy controls, p=0.01). The SBP variability indices, on
the other hand, were similar between LCP patients and
healthy controls (LF¢zp 3.3+1.0 vs. 4.6+0.8 in healthy
controls; p=0.11 and HFg, 1.6+0.4 vs. 1.8+0.7 in
healthy controls; p=0.78).

Discussion

Autonomic nervous system determinantion is tradi-
tionally complex and multimodal. A recent study from
Novak et al. [45] used correlation-based network analysis
including several autonomic and non-autonomic features
(surveys, autonomic testing, sudoromotor testing, skin
biopsy results, cerebral blood flow velocity, inflammatory
markers) with the aim to investigate differences between
POTS, PASC and controls. They found that PASC and
POTS show positive correlations in nodes related to par-
asympathetic functions and inflammation, together with
evidence of vascular dysfunction and altered cerebral
blood flow. Although HRV and power spectral analysis
do not account for global autonomic function determi-
nation, these techniques have been extensively used to
characterize sympathetic and parasympathetic compo-
nents of the autonomic nervous system. While evidence
of long-term autonomic alterations in patients with
PACS is accumulating [33-36] results are sometimes
conflicting. The heterogeneity of PACS as currently clas-
sified may account for such differences. For this reason
we aimed to study a specific subgroup of PACS patients,
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in particular those meeting criteria for LCP. Because of
their characteristic manifestations they may especially be
affected by altered cardiac autonomic modulation.

Initial clinical evaluation revealed that our LCP popula-
tion was characterized by greater orthostatic HR incre-
ment and SBP increment. While these findings may be
explained by cardiac and vascular sympathetic overdrive,
further analysis of cardiovascular reflexes did not pro-
vide evidence of that. Instead, we found higher incidence
of vagal impairment as assessed by Valsalva Ratio com-
pared to healthy controls. Further, HRV analysis using
different methodologies showed that supine RMSSD and
HFyg; were decreased in LCP. Altogether these results
suggest that impaired cardiac parasympathetic activa-
tion may contribute to the pathophysiology of this novel
syndrome.

The mechanisms by which SARS-CoV-2 infection
may affect parasympathetic function is yet to be under-
stood. Recent studies reported a neurotropic behavior in
SARS-CoV-2, as the virus is known to replicate in neu-
ronal cell cultures [46], and viral particles were found in
human brain autopsies [7, 47]. Further, previous studies
suggested that viral CNS invasion occurs through neu-
rotropism, particularly in the cranial nerves innervating
the rhino-oro-laryngopharyngeal mucosa (CNII, CNVII,
CNIX, CNX). These gateways can grant access to neural
structures located in the Frontal lobe and the Brainstem
Pons and Medulla [47, 48]. In fact, human specimens of
Pons and Medulla Oblongata have been found to express
very high levels of ACE2 [49], the receptor for SARS-
CoV-2 spike protein, and inhibition of ACE2 function has
been shown to decrease vagal tone in animal models [50].
Therefore, viral infection and retrograde axonal transport
to bulbar centers may theoretically affect important auto-
nomic nuclei setting the conditions for impaired cardio-
vagal activity.

It is possible that impaired parasympathetic function in
these patients could be deleterious not only by affecting
cardiac modulation but also by altering systemic inflam-
matory responses through attenuation of the cholinergic
anti-inflammatory reflex arc [51, 52]. Persistent inflam-
mation has been described in SARS-CoV-2 survivors
who have elevated IL-1p, IL-6 and TNFa levels [53],
and our group previously reported increased inflamma-
tory cytokine IL-6 plasma levels in POTS patients [54].
Of note, preliminary studies investigating the effects of
transcutaneous auricular Vagus nerve stimulation in
humans [44] reported an increase in HFyp; and improve-
ment in orthostatic and gastrointestinal symptoms in
POTS.

This study has some limitations. It is a single center
study with a relatively small number of patients enrolled.
While elevated pulse pressure suggests that these patients
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are not hypovolemic, we did not measure circulating
blood volume, which can be an important contributor to
the clinical manifestations of LCP. However, hypovolemia
would tend to increase sympathetic activity through
physiological baroreflex compensation. We accounted
for deconditioning by excluding prolonged hospital stay
and severe disease in our study design, but the quantity
and type of daily physical exercise was not systematically
assessed and may be a confounder. We were not able to
demonstrate significant alterations in sympathetic drive
compared to healthy controls using blood pressure vari-
ability indexes and blood pressure response during VM,
but we also did not include in this study robust meas-
urements of sympathetic activity, such as muscle sym-
pathetic nerve activity recordings. Importantly, we did
not include in this study dynamic determination of auto-
nomic functions by performing HRV and blood pressure
variability analysis during head-up tilt testing. Future
larger studies that include a more systematic charac-
terization of central and peripheral sympathetic activity
in LCP may clarify autonomic alterations that we were
not able to detect. Our sample size was small, yet we
had enough power to detect differences in the primary
outcome.

Conclusions

In summary, LCP is a new orthostatic intolerance syn-
drome characterized by exaggerated orthostatic tachycar-
dia, chronic orthostatic intolerance, exercise intolerance,
and fatigue. The prevalence of this condition is expected
to increase in parallel with new SARS-CoV-2 infections,
likely increasing its burden on US healthcare system. The
pathophysiology and optimal clinical management for
this condition are still unknown. However, our results
suggest that patients with LCP may have abnormalities
in cardiac parasympathetic regulation. These findings, if
borne out by much larger studies, support the hypothesis
that LCP is a different condition from POTS unrelated to
SARS-CoV-2 infection, although the manifestations may
be similar. Further, if future larger studies will confirm
these results, patients affected by LCP may especially
benefit from the use of treatments aimed at restoring
parasympathetic modulation, such as electrical Vagus
nerve stimulation techniques.

Abbreviations

AFTs Autonomic function tests

HF Power in high frequency bands
HR Heart Rate

HRV Heart rate variability

LF Power in low frequency bands
PACS Post-Acute COVID-19 Syndrome

POTS Postural tachycardia syndrome
RMSSD Root mean square of successive differences
RSA Respiratory sinus arrhythmia
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SBP Systolic blood pressure
VM Valsalva maneuver

RRI R-R interval

LCP Long-COVID POTS
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