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Abstract

Purpose Post-COVID-19 syndrome is a poorly understood aspect of the current pandemic, with clinical features that over-
lap with symptoms of autonomic/small fiber dysfunction. An early systematic analysis of autonomic dysfunction following
COVID-19 is lacking and may provide initial insights into the spectrum of this condition.

Methods We conducted a retrospective review of all patients with confirmed history of COVID-19 infection referred for
autonomic testing for symptoms concerning for para-/postinfectious autonomic dysfunction at Mayo Clinic Rochester or
Jacksonville between March 2020 and January 2021.

Results We identified 27 patients fulfilling the search criteria. Symptoms developed between 0 and 122 days following the
acute infection and included lightheadedness (93%), orthostatic headache (22%), syncope (11%), hyperhidrosis (11%), and
burning pain (11%). Sudomotor function was abnormal in 36%, cardiovagal function in 27%, and cardiovascular adrenergic
function in 7%. The most common clinical scenario was orthostatic symptoms without tachycardia or hypotension (41%);
22% of patients fulfilled the criteria for postural tachycardia syndrome (POTS), and 11% had borderline findings to support
orthostatic intolerance. One patient each was diagnosed with autoimmune autonomic ganglionopathy, inappropriate sinus
tachycardia, vasodepressor syncope, cough/vasovagal syncope, exacerbation of preexisting orthostatic hypotension, exac-
erbation of sensory and autonomic neuropathy, and exacerbation of small fiber neuropathy.

Conclusion Abnormalities on autonomic testing were seen in the majority of patients but were mild in most cases. The most
common finding was orthostatic intolerance, often without objective hemodynamic abnormalities on testing. Unmasking/
exacerbation of preexisting conditions was seen. The temporal association between infection and autonomic symptoms
implies a causal relationship, which however cannot be proven by this study.

Keywords Autonomic diseases - Postural orthostatic tachycardia syndrome - Autoimmune autonomic ganglionopathy -
Orthostatic intolerance - COVID-19

Introduction

The novel severe acute respiratory syndrome coronavi-
rus type 2 (SARS-CoV-2) and resulting coronavirus dis-
ease 2019 (COVID-19) emerged in late 2019 and quickly
evolved into a pandemic that posed unprecedented chal-
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Rochester, MN 35905, USA [1]. Not only has SARS-CoV-2 infection been associated

with multiple para-infectious neurological and autonomic
abnormalities [2, 3], but postinfectious continuation or emer-
gence of such derangements has also plagued many of the
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affected patients, a phenomenon known as “long COVID”
[4], referred to as post-COVID syndrome at Mayo Clinic.
The latter has attracted much interest due to the significant
functional limitations experienced by sufferers and has
garnered the attention of providers interested in autonomic
medicine due to the associated symptoms of orthostatic
and exercise intolerance. Case reports have recently been
published of postural tachycardia syndrome (POTS) as a
postinfectious complication of SARS-CoV-2 [5, 6]. Others
have reported post-COVID-19 POTS associated with other
signs of autonomic dysfunction such as hyperhidrosis [7].
Cases of autonomic dysfunction beyond POTS have also
been reported, including phenomena such as small fiber neu-
ropathy with orthostatic cerebral hypoperfusion syndrome
[8] and post-COVID-19 exacerbation of paroxysmal hypo-
thermia and hyperhidrosis [9]. Post-COVID-19 acute inflam-
matory demyelinating polyneuropathy (AIDP), known for its
potential association with autonomic dysfunction, has been
described as well [10, 11].

All of this highlights the need for a more systematic
attempt at capturing the bigger picture of autonomic dys-
function in relation to COVID-19 via the investigation of
a larger cohort of patients, utilizing careful neurological
assessment and standardized autonomic function testing.

Our goal here is to share the experience of Mayo Clinic’s
large autonomic laboratories, with combined testing vol-
umes of over 7000 patients a year, in order to provide a
more comprehensive and less biased perspective regarding
the autonomic impairment that post-COVID patients experi-
ence, in hopes that this report will lead to better understand-
ing and management of autonomic dysfunction following
COVID-19 infection, and help guide future prospective
studies.

Methods
Patients

This is a retrospective analysis undertaken with the approval
of the Mayo Clinic Institutional Review Board (IRB). Using
an electronic search of the Mayo Clinic medical record sys-
tem, we identified all patients who were referred for auto-
nomic function testing at either Mayo Clinic Rochester, MN,
or Jacksonville, FL, between March 2020 and January 2021
for symptoms concerning for autonomic dysfunction that
emerged or were exacerbated after a laboratory-confirmed
(polymerase chain reaction [PCR] and/or antibody testing)
SARS-CoV-2 infection. The search results were expanded
with a few additional cases encountered by the authors in
the autonomic laboratory or autonomic clinic that were not
captured in the original search. Patients were excluded if
they had a suspected but not laboratory-confirmed infection.

@ Springer

Clinical variables

We then conducted a detailed medical record review of
identified cases to derive demographic information (age,
sex), COVID-19 infection details (date, symptoms, date
of confirmatory testing), symptoms compatible with auto-
nomic dysfunction (type, onset, duration), and findings
on neurological examination. After review of all avail-
able clinical information and results of autonomic func-
tion testing, the most appropriate autonomic diagnosis was
determined [12, 13].

Autonomic function testing

All patients underwent standardized autonomic function
testing [14] with autonomic reflex screen (ARS) and/or
thermoregulatory sweat test (TST). The ARS assesses
postganglionic sympathetic sudomotor, cardiovagal, and
cardiovascular adrenergic function. Postganglionic sym-
pathetic sudomotor function is assessed using quantitative
sudomotor axon reflex testing (QSART) [15], cardiova-
gal function by quantifying heart rate responses to deep
breathing and heart rate responses to the Valsalva maneu-
ver [16], and cardiovascular adrenergic function by assess-
ing blood pressure responses to the Valsalva maneuver and
passive head-up tilt [17]. All indices were compared to
normative values for age and sex. A composite autonomic
severity score (CASS) was derived from the ARS, which
allows for quantification of severity and distribution of
autonomic failure [18]. CASS is a validated instrument
and is composed of three subdomains: sudomotor (score
range 0-3), cardiovagal (0-3), and adrenergic (0—4). Total
CASS ranges from 0 to 10, with scores from 7 to 10 indi-
cating severe autonomic failure.

The TST investigates sudomotor pathways from the hypo-
thalamus to the eccrine sweat gland by quantifying areas of
anhidrosis across the entire anterior body surface [19]. Itis a
standardized clinical procedure performed in a temperature-
and humidity-controlled environment. The body core tem-
perature is raised to 38 °C by standardized elevation of the
environmental temperature while the patient is lying supine.
The skin is covered with an indicator powder that changes
color when exposed to sweat. Quantification of the percent-
age of anhidrosis is performed using digital photography.

Statistics

Summary statistics were used to describe demographic,
clinical, and autonomic variables including median, range,
frequencies, and percentages.
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Results

We identified 27 patients who met the criteria for confirmed
COVID-19 diagnosis and autonomic symptoms that devel-
oped at or after the infection and continued, leading to refer-
ral for autonomic nervous system testing.

Patient characteristics

Patient characteristics are detailed in Table 1. Sixteen
patients (59%) were female and 11 were male (41%). Ages
ranged from 21 to 77 years, with a median of 30 years. Time
from onset of first COVID-19 symptoms to COVID-19
diagnosis ranged from 0 to 16 days (median: 0), time from
onset of first COVID-19 symptoms to autonomic symptoms
ranged from O to 122 days (median: 7), and time from onset
of first COVID-19 symptoms to autonomic testing ranged
from 25 to 267 days (median: 119).

Eleven (41%) patients developed autonomic symptoms
during the infection and 16 (59%) after infection. Symptoms
compatible with autonomic/small fiber dysfunction included
lightheadedness (93%), orthostatic headache (22%), syncope
(11%), hyperhidrosis (11%), burning pain (11%), orthos-
tatic tachycardia (7%), flushing (7%), and weight loss (7%).
Hypohidrosis, heat intolerance, sicca syndrome, urinary hes-
itancy, urinary urgency, early satiety, blurry vision, numb-
ness, and allodynia were each reported by one patient only.

Autonomic testing results

Details of autonomic function testing are summarized in
Table 2. Autonomic function testing was abnormal in 17/27
(63%) patients. CASS ranged from O to 8, with a median of
1 (n=22; five cases were excluded due to possible anticho-
linergic medication effects). Sudomotor (n=22), cardiovagal
(n=22), and cardiovascular adrenergic (n=27) subscores
were as follows (range, median): (0-3, 0), (0-3, 0), and (04,
0), respectively. Quantitative sudomotor axon reflex test was
abnormal in 8/22 (36%), cardiovagal testing was abnormal
in 6/22 (27%), and cardiovascular adrenergic function was
abnormal in 2/27 (7%) patients.

Maximum systolic blood pressure change on tilt ranged
from —54 to+18 mmHg (median: —8), and maximum dias-
tolic blood pressure change ranged from —20 to+25 mmHg
(median: 0), respectively. Maximum heart rate increase on
tilt ranged from 5 to 66 beats per minute (median: 23). Val-
ues are one-minute averages.

Symptoms were reported during head-up tilt by 22/27
(81%) patients. Lightheadedness was reported by 17 (63%),
headache by seven (26%), tremulousness by four (15%),
warmth by four (15%), shortness of breath by seven (26%),

shoulder pain by one (4%), palpitations by two (7%), hyper-
hidrosis by three (11%), chest pain by five (19%), leg heavi-
ness by three (11%), foot numbness by one (4%), tinnitus by
one (4%), and abdominal pain by one (4%).

Four patients had a thermoregulatory sweat test; all were
abnormal. Two had widespread anhidrosis (73.2% and
78.2%) and two had a length-dependent pattern of sweat
loss (4% and 14.1%).

Diagnosis

The most commonly encountered clinical scenario was
symptoms of orthostatic intolerance without demonstrable
orthostatic tachycardia or orthostatic hypotension (n=11,
41%); these patients would best be categorized as having
subjective orthostatic intolerance (OI). Six patients (22%)
fulfilled diagnostic criteria for POTS [20], and an additional
three patients (11%) had orthostatic symptoms along with
borderline tilt findings (borderline heart rate increase; bor-
derline blood pressure drop), consistent with mild ortho-
static intolerance. The following diagnoses were made in
one patient each: autoimmune autonomic ganglionopathy
(AAG), inappropriate sinus tachycardia, vasodepressor syn-
cope, cough/vasovagal syncope, exacerbation of sensory
predominant autonomic neuropathy, exacerbation of small
fiber neuropathy, and exacerbation of neurogenic orthostatic
hypotension/alpha-synucleinopathy.

Representative cases
Postural tachycardia syndrome

Patient 15 A 35-year-old woman developed cervical lym-
phadenopathy, diarrhea, and nausea. A SARS-CoV-2 test
by nasal swab PCR 10 days after onset of symptoms was
positive. Two months later, she started experiencing con-
stant tingling in the feet, orthostatic lightheadedness, and
brain fog. Over the next month, her symptoms continued
to worsen despite a rehabilitative physical therapy program.
Activities of daily living became impaired by orthostatic
intolerance progressing to presyncope and numbness and
burning pain in the lower legs with associated allodynia.
She was evaluated by a neurologist, and electromyography
(EMG) and magnetic resonance imaging (MRI) of the cer-
vical and thoracic spine were normal. Treatment with tram-
adol, bupropion, and prednisone was unhelpful.

She presented to us with persistent symptoms 2 months
after onset. Neurological examination revealed mild distal
sensory loss to pinprick and temperature and was otherwise
normal. ARS and TST showed symptomatic orthostatic
tachycardia on tilt (heart rate increase of 31 beats per min-
ute [bpm] associated with feelings of lightheadedness and
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Table 1 Patient characteristics

Pt Sex Age COVID-19 Sx COVID-19 Sx Autonomic presenting Sx Autonomic Dx

to autonomic Sx
(days)

1 F 35 122 Cough, fever, LH myalgia, sore LH, hyperhidrosis POTS (deconditioning and
throat, anosmia, dysgeusia, hyperadrenergic)
congestion, rhinorrhea

2 F 33 0 Fatigue, SOB, OI, LH, syncope, LH, syncope, early satiety, WL POTS (hypovolemic)
anosmia, dysgeusia

3 M 21 66 HA, anosmia, insomnia LH POTS (hyperadrenergic)

4 F 34 0 Palpitations, flushing, OI, fatigue, LH, flushing, hypohidrosis, heat AAG
hypohidrosis, heat intolerance, intolerance, urinary hesitancy
urinary hesitancy

5 F 72 0 HA, myalgia, insomnia, anorexia, LH Ol
SOB, cough, fatigue, LH, brain
fog

6 F 42 0 Anosmia, dysgeusia, LH LH Ol

7 F 29 79 Fatigue, worsening Sx of ulcera-  LH, flushing POTS (deconditioning)
tive colitis (diarrhea)

8§ M 37 20 SOB, fatigue, CP, cough LH Vasodepressor syncope

9 F 60 2 Fever, cough, HA, fatigue LH, orthostatic HA Ol

10 M 77 0 Generalized weakness, LH, LH LBD, exacerbation of nOH
tremor, SOB anorexia, WL,
cough

11 F 67 0 Vision change, foot pain, paresthe- Burning pain, LH Exacerbation of sensory-predom-
sia, hyperhidrosis, HA, fatigue, inant autonomic neuropathy
LH

12 M 39 101 Anosmia, dysgeusia, flu-like Sx,  Syncope (cough-associated) Cough-associated syncope
fatigue, cough, diarrhea (vasovagal)

13 M 36 31 SOB, DVT, tremulousness Syncope, LH, numbness Inappropriate sinus tachycardia,

SEN exacerbation

14 F 60 10 SOB, CP LH Ol

15 F 35 75 Diarrhea, nausea, SOB, CP, lym-  LH, burning pain, sicca symptoms POTS (neuropathic)
phadenopathy

16 F 56 27 Sore throat, fever, anosmia LH, orthostatic HA, hyperhidrosis Ol

17 F 59 32 Cough, SOB, fever, nausea, diar- LH Ol
rhea

18 M 40 3 Myalgia, brain fog, WL, general-  Orthostatic HA, WL, LH, hyper- = POTS (hyperadrenergic)
ized weakness, HA hidrosis

19 F 37 0 Fatigue, insomnia, fog, thirst, LH, LH, urinary urgency Ol
urinary urgency

20 M 33 0 SOB, fatigue, LH LH Ol

21 F 48 0 HA, fatigue, LH Orthostatic HA, LH Ol

22 F 45 0 Myalgia, HA, SOB, fatigue, palpi- LH, orthostatic HA and tachy- Ol
tations, LH cardia

23 M 52 21 Fatigue, SOB, CP Burning pain, allodynia SFEN exacerbation

24 M 38 0 Fever, myalgia, SOB, pain, LH, LH, orthostatic blurry vision Ol
ear ringing, blurry vision, brain
fog, anxiety

25 M 49 15 Fever, cough, chills LH (0]

26 M 54 7 Fatigue, fever, cough, SOB, CP LH, orthostatic tachycardia Ol

27 F 27 17 HA, fatigue, SOB, panic LH, orthostatic HA Ol

Pt patient, Sx symptoms, LH lightheadedness, POTS postural orthostatic tachycardia syndrome, SOB shortness of breath, OI orthostatic intoler-
ance, HA orthostatic headache, AAG autoimmune autonomic ganglionopathy, nOH neurogenic orthostatic hypotension, LBD Lewy body demen-
tia, DVT deep vein thrombosis, CP chest pain, WL weight loss, SFN small fiber neuropathy
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% Anhidrosis: 4.0

Fig. 1 Thermoregulatory sweat test using alizarin red powder show-
ing length-dependent anhidrosis of the fingers, left lower leg, and
bilateral feet. The findings are consistent with length-dependent auto-
nomic (small fiber) neuropathy. Hidrotic areas are colored in purple
and anhidrotic areas in yellow; the face was not powdered

warmth) and length-dependent anhidrosis of the feet and
fingertips (Fig. 1).

This case represents neuropathic POTS. The etiology is
likely a postinfectious form of a limited autonomic (small
fiber) neuropathy.

Patient 1 A 35-year-old woman with obesity and anxiety
contracted SARS-CoV-2 with multiple symptoms including
fatigue, chest pain, and tachycardia. She quarantined with
a limited level of activity until symptoms improved, and
returned to work after several weeks. At that time, she was
in contact with a co-worker who tested positive for COVID-
19 and had to quarantine again. While she did not get re-
infected, she continued to have fatigue, brain fog, chest pain,
insomnia, and decreased level of activity. She presented
about 4 months after the initial infection with orthostatic
lightheadedness, tachycardia, and, later, hyperhidrosis.
Examination was normal except for signs of deconditioning.
Her chest pain was diagnosed as costochondritis.
Autonomic reflex screen revealed excessive heart rate
acceleration during tilt meeting POTS criteria, with hyper-
adrenergic characteristics including an increase in blood
pressure on tilt and resting sweat activity on QSART.

@ Springer

This case represents POTS with features of both decondi-
tioning and a hyperadrenergic state. The patient was treated
with a rehabilitative reconditioning program, cognitive
behavioral therapy, and low-dose beta-blocker with subse-
quent improvement and was able to return to work part-time
after 3 months.

Mild orthostatic intolerance

Patient 24 A 38-year-old man developed dyspnea, fever,
and myalgia. He tested positive for SARS-CoV-2. Concomi-
tant with his diagnosis, he experienced fragmented sleep,
postural lightheadedness, blurred vision, tinnitus, brain fog,
visceral discomfort, and anxiety. He was worried that he
would not wake up the next day and would leave behind his
young son. This led to multiple emergency department vis-
its. He presented a month after his diagnosis with worsening
lightheadedness and fatigue that prevented him from work-
ing or exercising. Extensive testing for his visceral discom-
fort revealed no organic etiology. His neurological examina-
tion was normal. ARS revealed normal autonomic reflexes,
low-normal baseline blood pressure, and a generous heart
rate increase (28 bpm) on tilt table testing associated with
lightheadedness.

The case signifies that orthostatic symptoms can happen
para-infectiously and be perpetuated by disease anxiety and
deconditioning that outlive the acute phase of the infection.
Treatment included reassurance, anxiolytics, and a rehabili-
tative reconditioning program. However, the patient contin-
ued to seek evaluation for his visceral pain and remained
symptomatic 2 months after evaluation.

Small fiber/autonomic neuropathy

Patient 23 A 52-year-old man previously of excellent health
contracted SARS-CoV-2. He experienced moderate respira-
tory symptoms of shortness of breath and productive cough
and was managed in the outpatient setting. About 3 weeks
later, he began to experience burning pain in the feet that
spread up to the knees that was associated with imbalance
and falls. The pain would wake him at night, impacted his
functional capacity, and was associated with allodynia. Neu-
rological examination revealed high arches, moderate distal
sensory loss to pinprick, and antalgic gait, but was other-
wise normal including all large fiber sensory modalities.
ARS was normal apart from a relatively reduced QSART
response at the foot compared to proximal responses, com-
patible with distal small fiber neuropathy (Fig. 2). Gabapen-
tin and a topical lidocaine cream improved his neuropathic
symptoms.

The patient’s presentation is most compatible with a
small fiber-predominant sensory neuropathy unmasked
by COVID-19 infection. The high arches suggest an
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Fig.2 Quantitative sudomotor axon reflex test showing relative dis-
tal (foot site) anhidrosis indicating distal autonomic (small fiber)
neuropathy. Sweat output (uL): forearm site (red) 1.03 (Sth percen-

otherwise—until the infection—asymptomatic hereditary/
genetic form of neuropathy.

Patient 11 A 67-year-old woman presented with long-
standing biopsy-proven length-dependent small fiber neu-
ropathy in the setting of psoriatic arthritis. Her symptoms
of mild acral tingling and burning pain had been stable for
10 years, until she contracted SARS-CoV-2. Concomitant
with her viral illness, she developed severe burning pain
in the hands and feet. She presented 6 months later with
persistent symptoms and occasional orthostasis. Her neuro-
logical examination revealed hyperalgesia in the hands and
feet. ARS revealed patchy loss of QSART responses in the
lower extremity, mild to moderate cardiovagal dysfunction,
and mild adrenergic impairment. The patient’s pain man-
agement was optimized, and she was started on a rehabilita-
tive program.

This is an example of a chronic premorbid sensory and
small fiber-predominant autonomic neuropathy exacerbated
by COVID-19 infection.

Autoimmune autonomic ganglionopathy

Patient4 A 33-year-old right-handed woman with a history
of episodes of labile, paroxysmal hypertension and hypo-
tension in the setting of stressful events (including preg-
nancy and delivery), mild heat intolerance, early satiety, and
chronic constipation abruptly developed lightheadedness,
facial flushing, shaking, prominent labile hypertension and
hypotension, and labile heart rate, tinnitus, vision changes,
brain fog, and heat intolerance with frank anhidrosis. Addi-

tile=0.25), proximal leg (blue) 2.11 (5th percentile=0.48), distal leg
(green) 2.30 (5th percentile=0.62), and foot (yellow) 0.26 (5th per-
centile=0.15 and 10th percentile=0.33)

tionally, the patient experienced worsening early satiety
but improvement of her chronic constipation. She unin-
tentionally lost 10 pounds. She had no symptoms of upper
respiratory infection or gastroenteritis and hence did not
have COVID-19 PCR testing. However, since other family
members had tested positive for COVID-19, she underwent
antibody testing a month and a half after symptom onset and
was positive for immunoglobulin (Ig) M but negative for
IgG COVID-19 antibodies.

The patient was assessed locally, suspected of hav-
ing POTS, and started on propranolol. She also had a
paraneoplastic autoantibody evaluation, and her gangli-
onic acetylcholine receptor antibody was 111 pmol/L
[normal < 53 pmol/L], which prompted referral to our
institution.

She presented to us 5 months after symptom onset. Neu-
rological examination was normal. Her ARS showed promi-
nently labile blood pressure (meeting criteria for orthostatic
hypotension) and tachycardia (Fig. 3a), and her TST revealed
patchy widespread anhidrosis of 73% (Fig. 3b). Given her
presentation, pattern of anhidrosis, and history of antibody
positivity, the patient was diagnosed with a forme fruste of
AAG and started on intravenous methylprednisolone. She
had initial improvement followed by a relapse in symptoms
after a COVID-19 reinfection.

The case likely represents a forme fruste of autonomic
ganglionopathy. The history of similar, fluctuating symp-
toms in the past may indicate a chronic form that was exac-
erbated by COVID-19 infection. The autoantibody positivity
and improvement with immunotherapy support a primary
autoimmune etiology.

@ Springer



392

Clinical Autonomic Research (2021) 31:385-394

Blood Pressure (mmHg)

(Nd8) a1ey LeaH

m S:n ?I'n 10'm 11Im
Time (Minutes)

Fig.3 a Hemodynamic profile on head-up tilt study. Note prominent
orthostatic tachycardia 129-42 bpm (green) and labile orthostatic
hypotension (red) with systolic blood pressure change ranging from

For all the cases above, alternative etiologies of auto-
nomic dysfunction were investigated and were absent or
insufficient to explain the patients’ complaints.

Discussion

In this study, we report the largest cohort to date of patients
with symptoms concerning for autonomic dysfunction
arising in the para-infectious or postinfectious period of
COVID-19. All the patients had thorough, validated auto-
nomic testing and careful clinical assessments to explore the
association of often vague, nonspecific postinfectious symp-
toms with objective abnormalities on autonomic function
testing. Remarkably, 17/27 (63%) patients had abnormalities
on autonomic function testing, ranging from symptomatic
orthostatic tachycardia to severe autonomic failure. The most
common autonomic presentation post-COVID-19 was OL.
While some of these patients fulfilled criteria for POTS or
had milder changes in orthostatic heart rate and blood pres-
sure providing objective signs of orthostatic intolerance, the
majority of patients experiencing orthostatic symptoms had
a normal tilt study.

Schondorf and Low first described postural orthostatic
tachycardia syndrome in 1993 [20]. Seven out of the 16
reported patients in this landmark study were classified as
post-viral, as they had symptoms of viral upper respiratory
tract infection prior to the onset of their symptoms. It was
proposed that these patients experience a form of postinfec-
tious limited autonomic neuropathy. Similarly, other types
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—14 to—34 mmHg. b Thermoregulatory sweat test showing wide-
spread anhidrosis (73%) in a patchy pattern compatible with auto-
nomic ganglionopathy

of autonomic neuropathy have been reported after a variety
of infections [21, 22]. Despite the limited experience, there
is evidence that patients with existing neurological disease
may develop worsening of their neurological symptoms with
COVID-19 and have a more severe course [23].

Patients infected with SARS-CoV-2 can develop a wide
range of clinical manifestations including fatigue, myalgias,
and gastrointestinal dysfunction [24-26]. These in turn may
lead to deconditioning, weight loss, and hypovolemia, which
are known to predispose to orthostatic intolerance. It would
therefore be expected that patients with a protracted course
of COVID-19 infection or with lingering postinfectious
symptoms are at increased risk of developing orthostatic
intolerance related to those factors. Furthermore, health-
related anxiety and insomnia in relation to COVID-19 itself
or disease-related measures such as quarantining [27] are
likely risk factors for worsening or emergence of a hyper-
adrenergic state and deconditioning, further increasing the
risk of resulting autonomic symptoms.

As expected, many patients with OI had clinical fea-
tures consistent with deconditioning, hypovolemia, and/or
a hyperadrenergic state. Although the methodology used in
our report does not allow an accurate measure of the fre-
quency of OI following COVID-19 infection, symptoms
compatible with OI are anecdotally commonly encountered
in Mayo Clinic’s post-COVID clinic, which may suggest
that postinfectious OI is more common following COVID-
19 compared to other viral infections. The limited currently
available data do not suggest that OI following COVID-19
differs from that encountered following other viral disorders,
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but further research into this phenomenon is needed to solid-
ify this impression. Symptoms induced by the upright posi-
tion without a clear cardiovascular correlate is not unique
to this cohort, but the high percentage of patients in this
category may indicate an increased level of anxiety, overlap
with chronic fatigue and central sensitization, or a condition
in the category of persistent postural perceptual dizziness.

We also identified patients with autonomic and small
fiber neuropathies, which may not be surprising consider-
ing that postinfectious neuropathy has been reported after a
variety of viral infections such as herpes simplex and infec-
tious mononucleosis [21, 22]. Interestingly, while one of
our patients developed de novo limited autonomic and small
fiber neuropathy with POTS following COVID-19 infection,
other cases were characterized by postinfectious worsening
of preexisting autonomic/small fiber neuropathies. That was
also true for the patient with presumed preexisting AAG.
While a causative relationship between these neuropathies
or their exacerbation and the preceding COVID-19 infection
cannot be proven, the temporal association and the frequency
within this relatively small cohort is intriguing. The mecha-
nisms underlying this phenomenon are unclear at present
and deserve further study. Exacerbation of a single case of
neurogenic orthostatic hypotension due to a synucleinopathy
following COVID-19 infection could be coincidental, but
this observation also deserves further surveillance and study.

Our study has several limitations. In addition to referral
bias, the retrospective design is subject to recall bias, and
bias is also introduced due to reliance on documentation in
the medical record and missing data. As the study is purely
observational, we can only report associations and cannot
draw reliable conclusions regarding causative relationships
or underlying mechanisms.

We conclude that many patients referred for autonomic
function testing after experiencing prolonged symptoms
after COVID-19 infection have abnormalities on autonomic
function testing that are usually mild. Orthostatic symp-
toms are commonly encountered and in some are associated
with objective findings of POTS or milder degrees of OlI,
although most commonly these symptoms are not associated
with objective findings during head-up tilt. In both scenar-
ios, symptoms may linger for a prolonged period and limit
activities of daily living to varying degrees. Post-COVID
autonomic and small fiber neuropathy are encountered as
well, often as an exacerbation of preexisting conditions.

Expanded retrospective and prospective studies are
needed to further explore and characterize the spectrum
of autonomic dysfunction related to COVID-19 infection,
understand its natural history, and optimize its management.
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