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Abstract

Postural orthostatic tachycardia syndrome (POTS), a disorder of the autonomic nervous system characterized by a rise in heart
rate of at least 30 bpm from supine to standing position, has been traditionally viewed as a dysfunction of the peripheral nerv-
ous system. However, recent studies and evidence from overlapping conditions suggest that in addition to being considered
a disorder of the peripheral nervous system, POTS should be viewed also as a central nervous system (CNS) disorder given
(1) significant CNS symptom burden in patients with POTS; (2) structural and functional differences found on neuroimag-
ing in patients with POTS and other forms of orthostatic intolerance; (3) evidence of cerebral hypoperfusion and possible
alteration in cerebrospinal fluid volume, and (4) positive response to medications targeting the CNS and non-pharmacologic
CNS therapies. This review outlines existing evidence of POTS as a CNS disorder and proposes a hypothetical model com-
bining key mechanisms in the pathophysiology of POTS. Redefining POTS as a CNS disorder can lead to new possibilities

in pharmacotherapy and non-pharmacologic therapeutic interventions in patents affected by this disabling syndrome.
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Introduction

In the past 30 years, postural orthostatic tachycardia syn-
drome (POTYS), one of the most common disorders of the
autonomic nervous system (ANS) [1], has undergone meta-
morphosis from an obscure and rarely diagnosed disorder
to a fairly prevalent and recognized syndrome, generating
interest among clinicians and researchers. Today the interest
in understanding, diagnosing and treating POTS is especially
prominent as COVID-19 pandemic left millions of people
worldwide disabled with post-COVID syndrome, including
post-COVID dysautonomia.

POTS is defined by the following diagnostic criteria:
(1) A sustained heart rate elevation of at least 30 bpm in
adults and at least 40 bpm in teens 12—19 years of age from
supine to standing position during a 10-min stand test or a
tilt table test. (2) Absence of orthostatic hypotension. (3)
Symptoms of orthostatic intolerance must be present for
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at least 6 months [2]. Although POTS is characterized by
orthostatic tachycardia and orthostatic intolerance, central
nervous system (CNS) symptoms, such as headache, fatigue,
chronic dizziness, cognitive dysfunction and sleep distur-
bance, affect a large number of patients. These symptoms are
often more disabling and difficult to treat than the hallmark
feature of postural tachycardia. Traditionally, POTS has been
viewed as a syndrome affecting the peripheral nervous sys-
tem via autonomic nerve fibers, with 50% of patients exhibit-
ing small fiber neuropathy on quantitative sudomotor axon
reflex test (QSART) [3]. However, central nervous system
pathophysiology involvement has been emerging as a possi-
ble mechanism in POTS and will be discussed in this paper.

The pathophysiology of POTS has been deemed as
largely heterogeneous and traditionally classified as neuro-
pathic, hypovolemic and hyperadrenergic [4]. Recent explo-
ration of the etiology of POTS implicated autoimmunity as
one of its major mechanisms. Patients with POTS display a
higher prevalence of various non-specific autoimmune mark-
ers, including anti-nuclear antibodies, and comorbid autoim-
mune disorders than the general population [5]. More spe-
cifically to the autonomic nervous system, ganglionic N-type
and P/Q-type acetylcholine receptor antibodies, alpha 1, beta
1 and beta 2 adrenergic antibodies, muscarinic M2 and M4
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antibodies, angiotensin II type 1 receptor antibodies and opi-
oid-like 1 receptor antibodies have been identified in patients
with POTS [6-11]. Many of these antibodies have been also
identified in patients with chronic fatigue syndrome, small
fiber neuropathy, complex regional pain syndromes and car-
diovascular disorders—conditions that share some clinical
features with POTS.

Interestingly, several of these and other comorbid and
overlapping syndromes were recently reframed as possible
central nervous system disorders. Migraine, the most com-
mon comorbidity of POTS, is viewed as a cortical brain
disorder [12]; fibromyalgia is considered a neurosensory
disorder with central sensitization as the main mechanism
[13, 14], and chronic fatigue syndrome is being reframed as
a central nervous system disorder of neuroinflammation and
abnormal neurovascular coupling [15, 16]. Applying these
novel concepts to the existing evidence of CNS involvement
in POTS, it is reasonable to consider POTS as a central nerv-
ous system disorder.

ANS in the CNS

Although POTS is considered a disorder of peripheral
nervous system [17], evidence that it affects the CNS has
been mounting over the past 2 decades. In 1998, Low et al.
suggested that although hyperadrenergic state and distal
neuropathy are involved in the pathophysiology of POTS,
“certain features suggest brainstem dysregulation” [18].
While subsequent studies concentrated on researching the
hyperadrenergic state and distal neuropathy, the notion that
POTS is associated with brainstem dysregulation has gone
largely unexplored.

ANS consists of peripheral and central autonomic path-
ways, with the central input originating from the hypothala-
mus and descending through the nuclei in the rostral medulla
and caudal pons to peripheral target organs via the sympa-
thetic nervous system (SNS) and parasympathetic nervous
system (PNS), which in turn send sensory signals back to
the brain [19]. Limbic system, amygdala and insular cortex
are important central regions that are involved in regulating
emotions, behavior, and homeostasis utilizing the ANS [18].
The dorsal medulla is the main location of the autonomic
nuclei responsible for blood pressure regulation and for
integrating vagal afferent and efferent pathways [20]. At the
level of dorsal medulla, higher total choline and myoinositol
were found on magnetic resonance (MR) spectroscopy in
adolescents with POTS, syncope and orthostatic hypoten-
sion suggestive of neuroinflammation [21].

@ Springer

Neuroimaging studies in POTS, other
autonomic disorders and CFS

More recently, studies utilizing neuroimaging with vari-
ous techniques uncovered noteworthy findings in patients
with POTS, as well as other disorders of the orthostatic
intolerance. Wagoner et al. utilized proton MR spectros-
copy in 11 children and teens with orthostatic intoler-
ance, 5 of whom had POTS confirmed by a tilt table test,
and found that patients with orthostatic intolerance had a
higher myoinositol and total choline in the dorsal medulla
than healthy controls suggesting neuroinflammation as an
underlying cause or consequence of the autonomic dys-
function [21].

In a study by Umeda et al. involving 11 patients with
POTS and 23 controls, MRI of the brain with voxel-based
morphometry and DARTEL procedure demonstrated lower
white matter volume beneath the precentral gyrus and par-
acentral lobule, right pre- and post-central gyrus, paracen-
tral lobule and superior frontal gyrus in POTS patients
[22]. There was also a significant negative correlation
between left insula volume and trait anxiety and depres-
sion scores, which suggested a link between dysregulated
physiological reactions arising from compromised central
autonomic control and increased vulnerability to psychiat-
ric symptoms in POTS patients [22].

In a study of 22 patients with orthostatic hypotension,
defined as a sustained reduction in blood pressure greater
than 20 mm HG systolic or greater than 10 mm HG diastolic
within 3 min of standing or a tilt table test [2], and 8 patients
with POTS using T1-weighted MRI, the cortical thickness
in the right hemisphere, including the medial orbitofrontal,
peri-calcarine, post-central, inferior temporal, and lateral
occipital cortex, and in the peri-calcarine cortex of the left
hemisphere was thinned in patients with orthostatic hypo-
tension, but not POTS, compared to normal controls [23].

Neurocardiogenic syncope (NCS) is caused by an abrupt
drop in blood pressure, heart rate and cerebral perfusion
accompanied by transient loss of consciousness [2]. When
MRI of the brain using voxel-based morphometry was com-
pared between 32 patients with NCS proven by a tilt table
test and healthy controls, a right insular atrophy was found
in patients with NCS [24]. Furthermore, a study of 291
patients with migraine, a common comorbidity with POTS,
demonstrated that frequent syncope (OR 2.7) and orthostatic
intolerance (OR 2.0) were independent risk factors for high
load of deep white matter lesions seen on MRI of the brain
[25]. Additionally, the study determined that individuals
with orthostatic intolerance had higher prevalence of high
periventricular white matter lesion load (OR =1.9), but there
was no increased prevalence of orthostatic hypotension or
POTS in that cohort of migraineurs [25].



Journal of Neurology

Two recent case reports also support a CNS etiology of
POTS. Kim et al., described an 18-year-old woman with
narcolepsy and POTS, whose MRI of the brain demonstrated
two non-enhancing lesions in the right thalamus and amyg-
dala [26]. The authors speculate that the amygdala contains
nuclei that project to autonomic centers in the hypothalamus
and brainstem that regulate physiological responses to fear,
stress, and emotion [26]. In another case report, Gadze et al.
described a 29-year-old woman with intractable epilepsy and
POTS who was treated with vagal nerve stimulation (VNS)
for seizures and whose POTS symptoms disappeared and
tilt table test became normal with VNS therapy [27]. The
authors suggest the afferent parasympathetic nerve fibers,
which originate in the end organs and project to the nucleus
tractus solitarius first, then to the brain, are likely responsi-
ble for the therapeutic effect of VNS since it reduces sympa-
thetic nervous system and increases parasympathetic nerv-
ous system activity. The authors speculate that increasing
parasympathetic input to the heart via VNS appears to be
possibly cardioprotective [27].

Abnormal neuroimaging has been demonstrated in
patients with chronic fatigue syndrome (CFS), a syndrome
that is comorbid with POTS and shares a significant clinical
overlap. CFS is defined as profound fatigue lasting at least
6 months, unalleviated by rest and associated with post-
exertional malaise and unrefreshed sleep [28]. Indeed, the
autonomic dysfunction is so vital to the pathophysiology of
CFS that the presence of orthostatic intolerance has been
included as one of the additional diagnostic criteria in the
Center for Disease Control case definition of chronic fatigue
syndrome [28]. In a study of autonomic correlates of steady
state blood pressure and heart rate using MRI of the brain
in 25 patients with CFS and 25 healthy controls, vasomotor
center, midbrain and hypothalamus correlations were found
to be abnormal in CFS, with impaired signaling between
brainstem/midbrain regulatory nuclei in patients with CFS
[29]. Finkelmeyer et al. also found larger GM volume and
lower WM volume in 42 pts with CFS, including increased
GM volume in the amygdala and insula, and a reduction in
WM volume in the midbrain, pons and right temporal lobe
[30].

Cerebrospinal fluid findings in patients
with autonomic disorders and CFS

In a study of 32 patients with persistent neurologic symp-
toms after HPV vaccine, 8 of whom had confirmed auto-
nomic disorders, researchers found increased cerebrospi-
nal fluid (CSF) proinflammatory cytokines and antibodies
to GluN2B-NT2, GluN2B-CT and GluN1-NT receptors
in patients compared to controls, suggesting T helper 2
immune-mediated response [31]. Similarly, in CFS, CSF

proinflammatory cytokines, chemokines and other immu-
nologic markers have been found consistently in at least
30% of patients vs. healthy controls (0%) [32, 33]. Neuro-
inflammation has been implicated in the pathogenesis of
CFS, and an initiative to study the biological mechanisms
of neuroinflammation using various neuroimaging and
CSF analysis techniques has been set in motion [15].

No studies on CSF analysis in patients with POTS have
been conducted to date, but such studies may be necessary
to ascertain whether proinflammatory cytokines and neu-
ronal antibodies are also present in patients with POTS.
Unfortunately, studies involving a spinal tap are more
invasive than those utilizing neuroimaging and may carry
a risk of post-lumbar puncture headache in patients with
POTS, especially if they have comorbid Ehlers—Danlos
syndrome [34], which can make these patients particularly
vulnerable to dural leaks.

POTS and mechanical compression
of brainstem

There have been several reports in the media and scientific
literature implicating compression of the brainstem as a
possible mechanism of orthostatic intolerance and describ-
ing resolution of POTS, syncope or orthostatic intoler-
ance after surgical intervention [35]. Since Ehlers—Dan-
los syndrome is comorbid with POTS, and Ehlers—Danlos
syndrome is associated with Chiari malformation, a triad
of EDS, POTS and Chiari type I malformation is not
uncommon in clinical practice. However, one study of 23
women with POTS found that herniation of the cerebel-
lar tonsils is not a common cause of orthostatic intoler-
ance [36]. Nevertheless, the authors admitted that hind-
brain compression may still be present and that a single
measurement of tonsillar depression might underestimate
the number of patients with hindbrain compression [36].
Indeed, some patients may have cranio-cervical instability,
which manifests with cerebrospinal fluid flow obstruction
and compression of the medulla or pons where central
autonomic nervous system networks are located. To date,
there have been no formal research studies that investi-
gated mechanical compression of the brainstem as a pos-
sible etiology of the autonomic dysfunction outside of the
anecdotal reports of resolution of dysautonomia following
surgery that have been circulating on social media. A lit-
erature search revealed a case series of ten patients with
Chiari type I malformation, seven of whom had improved
or resolved syncope following the surgical decompression,
and another report of a patient whose POTS resolved after
surgery for Chiari I malformation [37, 38].
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POTS and cerebral blood flow

Abnormal cerebral blood flow has been at the core of
POTS pathophysiology with findings of reduced cerebral
perfusion, impaired cerebral autoregulation, oscillatory
cerebral blood flow, which is linked to impaired cogni-
tive function, and altered EEG amplitude modulation that
may reflect abnormal brainstem physiology [39-41]. As a
result of cerebral hypoperfusion, cerebral tissue oxygena-
tion, assessed using non-invasive near infrared spectros-
copy, is found to decrease during orthostatic provocation
in patients with POTS [42]. However, at this time, it is
unknown whether lower cerebral tissue oxygenation in
POTS patients is a consequence of or a partial cause of
POTS symptoms [42].

Van Campen et al. studied 429 patients with CFS with
247 having a normal blood pressure and heart response to
a tilt table test, 62 with delated orthostatic hypotension
and 120 with POTS using Doppler flow imaging. Abnor-
mal CBF was found in 100% of patients with POTS, 98%
of patients with OH and 82% of CFS patients with normal
tilt table test, and there was a correlation between ortho-
static intolerance symptoms and reduction in the CBF at
mid-tilt [43]. The study revealed that 90% of CFS patients
had abnormal CBF reduction during the orthostatic stress,
regardless of the tilt table test pattern, and that orthostatic
intolerance symptoms correlate with CBF reduction.

POTS and intracranial hypotension

Spontaneous intracranial hypotension (SIH) is a relatively
rare condition characterized by lower than average intracra-
nial pressure, most commonly caused by a spinal fluid leak
at the level of the spine. Orthostatic headache is the hallmark
of SIH and is also a symptom in almost 30% of patients
with POTS. There is a significant overlap in symptoms of
SIH and symptoms of POTS, which raised a possibility of
shared etiology. In a case series of 48 patients with POTS
and 9 patients with SIH, all patients with SIH fulfilled the
clinical criteria of POTS leading the authors to conclude
that patients with POTS and orthostatic headache should
be screened with further diagnostic tests for SIH [44]. Kato
et al. reported a patient with POTS and SIH whose SIH and
POTS resolved after treatment with an epidural blood patch,
suggesting that POTS may be secondary to SIH [45]. Using
dynamic ultrasound of the optic nerve may differentiate
between SIH and POTS based on the decreasing optic nerve
sheath diameter upon standing in SIH, but not POTS [46].
Although the mechanism of orthostatic headache in
POTS is not entirely clear, there are suggestions that a
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relative CSF hypotension, in terms of reduction in spinal
venous pressure and in CSF volume, might be the under-
lying cause [47]. It is also conceivable that CSF volume
may be reduced in patients with POTS, given plasma
hypovolemia and possible increased compliance of the
dural tube, especially if a connective tissue disorder such
as EDS is present. Studies have shown that the role of
angiotensin in central neural mechanisms of fluid balance
in dehydrated animals depends primarily on the systemic
renin—angiotensin system and not an endogenous brain
renin-angiotensin system [48], which raises a possibility
that aberration in systemic renin—-angiotensin—aldoster-
one may translate into impaired CSF volume regulation
in patients with POTS.

POTS and the blood-brain barrier

The blood-brain barrier (BBB) provides an integral protec-
tion of the brain from the circulating toxins, immune com-
plexes and infections and has been considered an important
substrate in the etiologies of CFS, traumatic brain injury,
hypertension and other conditions [49]. Disruption of the
BBB is also observed in many different neurologic disorders
including multiple sclerosis, stroke, Alzheimer’s disease,
epilepsy, and traumatic brain injuries. In most CNS patholo-
gies, the BBB is affected as a result of the inflammation,
injury, or degenerative processes specific to the pathology
[49].

A recent study demonstrated that a protein component
of SARS-CoV-2 virus increased the permeability of the
blood-brain barrier, potentially disrupting the delicate neu-
ral networks within the brain [50]. Altered function of the
BBB can resulted in neuroinflammation and a multitude of
neurologic symptoms, such as headache, dizziness, cogni-
tive dysfunction, sleep disturbance and mood alterations
that are now seen in patients with post-COVID syndrome—
symptoms that are identical to those of POTS. The integrity
of BBB needs to be explored using a POTS animal model,
which may offer insights into the possible alteration of the
blood-brain barrier in patients with POTS.

CNS-targeted therapy

Therapeutically, CNS pharmacologic agents, such as stimu-
lants, anti-depressants and benzodiazepines, have been uti-
lized for treatment of various POTS symptoms, including
fatigue, cognitive disturbance, neuropathic pain, sleep dis-
turbance, and mood disorders. Central alpha agonists that
work on the CNS, such as clonidine and methyldopa, have
been beneficial for sympathetic overactivity, which mani-
fests with episodes of elevated blood pressure, tachycardia,
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diaphoresis, and anxiety [20]. Immunomodulatory therapy,
such as intravenous immunoglobulin, subcutaneous immu-
noglobulin, and plasmapheresis, used for treatment-refrac-
tory POTS with positive autoimmune markers [51-53], may
be effective by reducing neuroinflammation in the central
nervous system.

Additionally, it has been observed that some patients
with POTS improve with biofeedback and rehabilitation
programs that focus on cognitive behavioral therapy, exer-
cise therapy, group therapy, physical therapy, occupational
therapy, guided meditation and yoga [54]. In a study of seven
teens with POTS, a beneficial effect of electronecephalic
mirroring, (HIRREM®), a non-invasive neurotechnology,
on sympathetic nervous system and symptoms was observed
[55]. A plausible explanation of this improvement in some
patients may be that neuroplasticity as a result of these thera-
pies could have led to the reorganization of certain networks
in the insula, limbic system and other cortical autonomic
centers, thereby reducing sympathetic overactivity—the key
pathophysiologic mechanism of POTS.

Since deep brain stimulation of substantia nigra was
found to improve postural hypotension in patients with
Parkinson’s [56], neuromodulation could present a poten-
tial treatment avenue for the autonomic disorders. A non-
invasive transdermal vagus nerve stimulation for treatment
of POTS is currently in clinical trials [57].

POTS as a CNS disorder: proposed model

Combining the key mechanisms that have been identified
as essential to the pathophysiology of POTS, it is plausi-
ble to consider the following hypothetical model involving
both peripheral and central autonomic nervous systems
(Fig. 1): circulating G-coupled protein receptor and/or
other unidentified central or peripheral neuronal or vas-
cular antibodies may result in abnormal vasodilation and
vasoconstriction, small fiber neuropathy and impaired
renin—angiotensin—aldosterone system via abnormal kidney
perfusion or sympathetic denervation, which in turn can lead
to reduced circulating plasma volume. Subsequently, sys-
temic hypovolemia may cause or contribute to reduced CSF
volume and impaired cerebral blood flow, which can result
in structural and functional changes in the cortex and brain-
stem, altering the central autonomic networks and result-
ing in increased sympathetic outflow in response to central

autonomic activation. Sympathetic overactivity is known to
be associated with proinflammatory state, which may in turn
result in low-grade CNS inflammation, including or exclu-
sively occurring at the dorsal medulla [21] and possibly in
other areas of the brain and/or brainstem. Genetic predispo-
sition toward autoimmunity and/or the presence of heredi-
tary connective tissue disorders may raise an individual’s
risk for the formation of antibodies targeting both peripheral
and central ANS and vasculature in response to an environ-
mental trigger, such as infection, trauma, surgery, or preg-
nancy. Similarly, predisposition toward autoimmunity and/
or connective tissue disorders could result in weakening of
the blood-brain barrier that may be further compromised by
the components of the viral particles either via direct inva-
sion of the virus or via autoimmune complex formation with
cross-reacting antibodies. Variations of this model, complex
interplay between peripheral and central autonomic nerv-
ous system and the effect of various unidentified antibodies
would need to be further delineated via future research.

Conclusion

In summary, in addition to being considered a disorder of
the peripheral nervous system, POTS should be viewed also
as a central nervous system disorder given (1) significant
CNS symptom burden in patients with POTS, (2) structural
and functional differences found on neuroimaging in patients
with POTS and other forms of orthostatic intolerance, (3)
evidence of cerebral hypoperfusion and possible alteration
in CSF volume and (4) positive response to medications tar-
geting the CNS, non-pharmacologic CNS therapies and in
rare cases, surgical interventions that arguably reverse the
brainstem compression and restores brainstem perfusion and
normal CSF flow.

Large case—control studies utilizing functional MRI, PET
scan, MR spectroscopy and other structural and functional
neuroimaging modalities, as well as evaluation of neuroin-
flammatory markers in the cerebrospinal fluid, are needed to
(1) confirm whether POTS is disorder of the central nervous
system and (2) determine if it is based in neuroinflammation.
Redefining POTS as a CNS disorder can in turn lead to new
possibilities in pharmacotherapy and non-pharmacologic
therapeutic interventions in patents affected by this disa-
bling syndrome.
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