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Abstract

Postural orthostatic tachycardia syndrome (POTS) is a chronic debilitating condition of orthostatic intolerance, predominantly affecting young
females. Other than postural tachycardia, symptoms of POTS include a spectrum of non-cardiac, systemic and neuropsychiatric features. Despite
the availability of widespread pharmacological and non-pharmacological therapeutic options, the management of POTS remains challenging.
Exaggerated parasympathetic withdrawal and sympathetic overdrive during postural stress are principal mechanisms of postural tachycardia
in POTS. Non-invasive, transcutaneous, vagus nerve stimulation (tVNS) is known to restore sympathovagal balance and is emerging as a novel
therapeutic strategy in cardiovascular conditions including arrhythmias and heart failure. Furthermore, tVNS also exerts immunomodulatory
and anti-inflammatory effects. This review explores the effects of tVNS on the pathophysiology of POTS and its potential as an alternative non-

pharmacological option in this condition.
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Postural orthostatic tachycardia syndrome (POTS) is characterised by
persistent symptoms (=6 months) of orthostatic intolerance associated with
an inappropriate increase in heart rate (HR; 230 BPM in adults and =40 BPM
in children and adolescents) without any orthostatic hypotension (blood
pressure fall >20/10 mmHg) on assuming an upright posture. Other than
symptoms of increased HR (palpitations, presyncope, blurry vision), the
classical constellations of symptoms of POTS include gastrointestinal
(nausea, gastroparesis), neuropsychiatric (mental clouding, anxiety) and
systemic (fatigue, dyspnoea) symptoms!? POTS predominantly affects
young females. Although the disease is not life-threatening, itis a debilitating
disease and is associated with significant impairment of quality of life.

Excessive postural tachycardia in POTS results from a combination of
compensatory autonomic response to haemodynamic changes and an
inappropriate augmentation of sympathetic response to postural stress
(Figure 1) Conventional pharmacological and non-pharmacological
therapies attempt to reduce the exaggerated HR response by expansion
of intravascular volume (hydration, high sodium diet, fludrocortisone and
desmopressin), reduction of venous pooling (binders, midodrine and
octreotide), parasympathomimetic action (cholinesterase inhibitors),
sympatholytic effects (B-blocker and a2 agonist), and inhibition of
automaticity of the sinoatrial node (funny current inhibition by ivabradine).®
Despite targeting widespread physiological derangements, the available
therapies for POTS are constrained by limited efficacy and widespread
cardiac and non-cardiac side-effects. Importantly, the aforementioned

therapeutic strategies do not modify the non-cardiac manifestations of
POTS.

Non-invasive transcutaneous vagus nerve stimulation (tVNS) is a novel
strategy for achieving selective activation of afferent branches of the vagus
nerve through electrical stimulation of part of the external ear (cymba
conchae and tragus).* tVNS has emerged as a novel non-pharmacological
approach to treat neuropsychiatric and cardiovascular disorders including
AF and heart failure.*® tVNS exerts parasympathomimetic and anti-
adrenergic effects on the heart” An anti-inflammatory effect of tVNS has
also been established.® The current review explores the effects of tVNS on
the pathophysiology of POTS and provides the rationale for its use as an
alternative non-pharmacological option in this condition.

Pathophysiology of POTS

POTS, a syndrome of heterogeneous aetiologies, is linked to
deconditioning from prolonged space flight or bed rest, volume
dysregulation, mast cell activation disorders, autoimmunity, and
hyperadrenergic state! Irrespective of aetiology, the exaggerated
orthostatic HR response in POTS is associated with three distinct
pathophysiological entities, namely peripheral autonomic dysfunction,
absolute hypovolaemia, and central hyperadrenergic state (Figure 2).
Diverse aetiological entities ultimately converge into these three
pathophysiologic mechanisms, also known as endophenotypes, and
more than one endophenotype is present in many cases.>®
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Figure 1: Mechanisms of Postural Tachycardia in POTS
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AAb = functional autoantibody; AR = adrenergic receptor; ATI-R = type 1 angiotensin Il receptor; EDS = Ehlers—Danlos syndrome; M AChR = type 2 muscarinic cholinergic receptor; MCAD = mast cell
activation disorder; POTS = postural orthostatic tachycardia syndrome. Source: Created with BioRender.com.

In physiological conditions, standing from the recumbent position is
immediately followed by the gravitational pulling of circulating blood into
capacitance vessels of the lower part of the body, leading to reduced
venous return and subsequent reduction of cardiac output and blood
pressure (Figure ZA). The compensatory mechanisms are then activated
to maintain the cardiac output. The principal early compensatory response
results from offloading of aortic baroreceptors, leading to parasympathetic
withdrawal and sympathetic activation. Stimulation of al-adrenergic
receptors (al-ARs) at peripheral capacitance vessels causes
vasoconstriction and an attempt to increase the venous return.
Parasympathetic withdrawal increases HR. Activation of -ARs on the
sinoatrial node and ventricular myocardium is associated with an increase
in HR and stroke volume, respectively. The sympathetic system also
activates the renin—angiotensin—aldosterone system (RAAS) to generate
angiotensin Il and aldosterone, which further promotes the contraction of
capacitance vessels and increases the intravascular volume. This results
in increased intravascular volume, venous return and myocardial
contractility, along with increased HR, with the aim of improving the
cardiac output.2®

In patients with POTS, due to the attenuation of one or more compensatory
mechanisms, the optimal cardiac output is achieved only in the presence
of a higher HR response (Figures 1 and 2B)* In the neuropathic
endophenotype, the venous return is impaired due to inadequate
constriction of blood vessels in the pelvic, splanchnic and lower
extremities, leading to stasis of blood in these regions due to gravitational
pooling.® The attenuated vasoconstriction response primarily results from
the impairment of sympathetic activity in blood vessels® Similarly, in
Ehlers—Danlos syndrome, laxity of vascular connective tissue and
coexistent autonomic dysfunction contribute to blood stasis Mast cell
activation disorders also lead to inadequate venous return due to the
effects of vasoactive substances released from mast cells and associated
inflammatory neuropathy.”

A significant number of POTS patients demonstrate a state of chronic
intravascular hypovolaemia.®* Abnormal RAAS activity, characterised by
inadequate aldosterone secretion by angiotensin Il, is the main mechanism
of hypovolaemia® Chronic deconditioning is also associated with
hypovolaemia.® However, the reduction of stroke volume in deconditioning
is shown to be disproportionate to the degree of hypovolaemia, and
reduced myocardial mass also contributes to suboptimal cardiac output in
this condition.*

Otherthan the compensatory reflex tachycardia due to the aforementioned
physiological changes, an inappropriate augmentation of sinus rate is
also attributed to sympathetic overactivation, inflammation and
autoantibodies (Figure 1) In the hyperadrenergic phenotype, the
sympathetic activity is normal in the supine position. However, the
sympathetic outflow is overactivated in the standing position, leading to
tachycardia and sometimes hypertension® The B-adrenergic
autoantibodies may also trigger postural overactivation of the sympathetic
nervous system.® As described later, POTS is associated with a systemic
inflammatory response. Inflammation is shown to augment sympathetic
outflow as well as the response of sinus node to adrenergic activation.*"”
Autoantibodies against type 2 muscarinic cholinergic receptors (M,AChRs)
and B-ARs may also contribute to inappropriate sinus tachycardia
response.8®

POTS and Functional Autoantibodies

Several clinical observations suggest that autoimmune pathophysiology
plays a role in POTS. These observations include disease onset following
viral infections or vaccination, family history of systemic autoimmune
disorders, and association with peripheral neuropathy of autoimmune
origin.? The presence of autoantibodies against common G protein-
coupled receptors (GPCRs) including al-AR, B1-AR, B2-AR, M AChRs and
type 1 angiotensin 2 receptor (AT1-R) has been demonstrated in POTS
(Figure 3)*™-?' The autoantibodies bind to the extracellular loop between
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Figure 2: Postural Haemodynamics
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Normal postural physiology (A) and postural physiology (B) in postural orthostatic tachycardia syndrome. BP = blood pressure; CO = cardiac output; HR = heart rate; SV = stroke volume. Source: Created

with BioRender.com.

the fourth and fifth membrane-spanning segments of GPCR (ECL2,
extracellular loop 2), a site that is different from the true ligand binding
site® Unlike other autoantibodies that invoke immune-mediated cell
damage, the antibodies against GPCR induce functional response inside
the cell. In the absence of true ligands, the antibodies induce an agonistic
response, whereas in the presence of true ligands, the antibodies either
enhance (allosteric activation) or reduce (partial agonist) the functional
response of true ligand (Figure 3)® Antibodies against al-AR, AT1-R and
M,AChR act as partial agonists and B1-AR and B2-AR antibodies are
allosteric activators.®®"%?" Following orthostatic challenge, the al-AR and
AT1-R antibodies attenuate the vasoconstriction response  of
catecholamines and angiotensin Il whereas M,AChR and B1-AR antibodies
exaggerate the HR-accelerating effects of parasympathetic withdrawal
and sympathetic stimulation, respectively.®? In addition to activating the
B-ARs on the sinus node, the autoantibodies against -AR can also
increase sympathetic outflow.® Although the role of AT1-R antibodies on
volume regulation has not been tested, they can potentially attenuate
aldosterone synthesis in response to RAAS activation and may promote
the state of intravascular hypovolaemia.? Recently, there was a surge in
the incidence of POTS after the COVID-19 pandemic. Functional antibodies
against different GPCRs have also been demonstrated in the serum of
symptomatic  post-COVID-19 patients.® Interestingly, detection of
functional antibodies by conventional ELISA may be erroneous.*

Autonomic Remodelling in POTS

Autonomic remodelling in POTS is responsible for an inappropriate
augmentation of HR response that is out of proportion to physiological
reflex tachycardia. The characteristic autonomic abnormalities include
attenuated parasympathetic response and augmented sympathetic
activity on the sinoatrial node.>*®* Interestingly, autonomic remodelling
in POTS is not only limited to the sinoatrial node: autonomic remodelling
with subsequent electrophysiological changes is also noted in the atrium
and ventricle.® However, the consequences of atrial and ventricular
autonomic remodelling are still to be determined.

Attenuation of resting sympathovagal imbalance with attenuation of
parasympathetic activity is suggested by decreased HR variability (HRV),
along with a reduced high-frequency (HF) component and an increased
low-frequency (LF) to HF ratio (LF/HF ratio) of HRV in POTS patients
compared with those without POTS.?? Following standing posture,
immediate reduction of the HF component of HRV is a physiological
phenomenon. However, the reduction is more profound in POTS patients,
suggesting an exaggerated parasympathetic withdrawal. Similarly, a
higher increase in LF/HF ratio following standing in POTS patients
suggests significant sympathovagal imbalance.?®?* Unlike in the control
population, a significant rise in the LF component of HRV and muscle
sympathetic nerve activity (MSNA) with standing and hypotension
suggests augmented sympathetic outflow following haemodynamic
challenges in POTS patients.?®%

Unlike consistent attenuation of resting parasympathetic tone, supine
sympathetic activity is reported to be normal, reduced or increased in
POTS patients.®* The heterogeneous aetiology may explain the
conflicting findings on resting sympathetic activity. Although the supine
sympathetic tone is principally unaffected in POTS patients, decreased
MSNA may suggest a neuropathic form, while a high MSNA and LF
component of HRV may suggest hyperadrenergic POTS. A discordance
between vascular and cardiac sympathetic response following orthostatic
stress, a subtle increase in MSNA with a profound increase in LF
component, is also reported in neuropathic POTS.*

Transcutaneous Vagus Nerve Stimulation in POTS
tVNS in POTS: The Mechanistic Concept

As described previously, the blunted postural parasympathetic activity
and exaggerated sympathetic activity are the primary mechanisms of
postural tachycardia in POTS. Hence, potentiation of parasympathetic
response and inhibition of sympathetic drive may work as an effective
therapeutic strategy in POTS. Consistent with this notion, cholinesterase
inhibitors  (ChEls) and B-blockers are used for pharmacological
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Figure 3: G Protein Receptor-coupled Functional Autoantibodies in POTS
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management of POTS.® However, resting bradycardia is a common
concern with these approaches. The generalised parasympathomimetic
effects of ChEls are also an issue. Moreover, in the setting of reduced
myocardial mass and hypovolaemia, inhibition of myocardial contraction
by B-blocker may provoke postural hypotension in vulnerable patients.®

tVNS provides a unique, non-pharmacological opportunity to restore
sympathovagal balance by electrical stimulation of the auricular branch
of the vagus, a selective afferent branch (Figure 4)3* Selective
recruitment of afferent vagus fibres with low-level VNS and tVNS leads
to activation of the sensory nucleus of the vagus (nucleus tractus
solitarius or NTS). The NTS subsequently transmits stimulatory signals to
the motor nucleus of the vagus and caudal ventrolateral medulla
(CVLM). Tonic discharge from neurons in the rostral ventrolateral
medulla (RVLM) is responsible for the activation of sympathetic motor
nuclei in the spinal cord. However, upon activation, the CVLM sends
inhibitory signals to the RVLM, leading to inhibition of the sympathetic
system. In contrast, activation of the motor nuclei of the vagus leads to
activation of the parasympathetic system. The parasympathomimetic
and sympatholytic effects of tVNS have been demonstrated in both
preclinical and clinical studies. In patients with heart failure, 1 hour of
tVNS was associated with significant improvement of HRV parameters
(increased HRV, increased HF component, and decreased LF and LF/HF
ratio), which suggests an increase in cardiac parasympathetic activity
and attenuation of sympathetic activity with improvement of
sympathovagal balance.® Similar outcomes have been observed with
intermittent tVNS treatment (1 hour daily) given for an extended
duration.®* Likewise, the decrease in both the frequency and incidence
of MSNA during tVNS in healthy volunteers implies a reduction in
sympathetic outflow.¥ Additionally, suppression of stellate ganglion
nerve activity through VNS has been reported in a canine model of AF.*
Importantly, clinical studies did not demonstrate significant resting
bradyarrhythmia, hypotension or systemic parasympathomimetic
effects with tVNS.® Hence, there is a mechanistic plausibility of
correction of autonomic dysfunction with tVNS in POTS without
significant side-effects of available pharmacotherapy (Figure 5).

Stimulation of the efferent vagus nerve by tVNS has also been shown to
attenuate systemic inflammation.®* The immunomodulatory effect of the
parasympathetic system in the spleen is known to be responsible for the
anti-inflammatory activity of tVNS.®2 A state of systemic inflammatory
response with the rise of inflammatory cytokines is described in
POTS?%40 The exact role of inflammation in POTS is still unclear.
However, inflammatory cytokines may participate in  multiple
pathophysiological processes including attenuation of vasoconstriction,
potentiation of central sympathetic flow, and promotion of inappropriate
sinus tachycardia“"* Inflammatory cytokines may also play important
roles in the pathophysiology of non-cardiac symptoms such as depression
and fatigue. Hence, the anti-inflammatory effect of tVNS may help to
resolve cardiac and non-cardiac symptoms (Figure 5).

tVNS is used to treat neuropsychiatric conditions including depression
and post-traumatic stress disorders.** Functional brain imaging studies
suggest tVNS-induced altered activation patterns in several brain regions.*
Other than the anti-inflammatory effect, the beneficial effects of tVNS may
also result from the alteration of the neurotransmitter milieu in the
brain.*** This pleiotropic effect may help to alleviate neuropsychiatric
symptoms of POTS (Figure 5).

tVNS and POTS: Experimental Evidence

The POTS phenotype is demonstrated in rabbits following immunisation
with peptides from adrenergic receptors (al- and $1-ARs) or muscarinic
cholinergic receptors (M,AChRs). Six weeks after immunisation, animals
developed autoantibodies against respective GPCRs (al- and B1-ARs or
M,AChRs) and had a greater degree of postural increase in HR without
significant changes in blood pressure during the tilt test.***” HRV analysis
showed reduced HF components along with increased LF and LF/HF ratio
in the immunised animals compared with preimmune values.

In the M_AChR autoantibody model, daily 30-minute tVNS for 2 weeks was
associated with significant suppression of postural tachycardia and
associated inflammation.* tVNS for 4 weeks also ameliorated postural
tachycardia in the autoantibody-induced hyperadrenergic POTS model
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(immunisation with a1- and B1-AR proteins).*® HRV analysis following tVNS
showed an improvement of cardiac sympathovagal balance, as indicated
by anincrease in the HF component and a decrease in the LF component
and LF/HF ratio following orthostatic stress.*®* The cholinomimetic effect
of tVNS was also demonstrated by an increase in ACh secretion and
augmentation of the HR-lowering action of the M,AChR agonist.”**® A
concurrent mitigation of systemic inflammation by tVNS with subsequent
reduction of serum inflammatory cytokines was reported in both studies.

tVNS and POTS: Clinical Evidence

Case reports and small clinical studies demonstrated modulation of POTS
pathophysiology and symptoms by invasive and non-invasive VNS.*
There are anecdotal reports of improvement of POTS symptoms following
invasive VNS for refractory epilepsy.®*® In a sham control study, short-
term transcutaneous auricular vagal nerve stimulation during orthostatic
challenge was associated with an increase in the HF component of HRV,
which was translated into an increase in tilt time and a tendency toward
reduction of orthostatic change of HR (supine HR-standing HR).”
Interestingly, the beneficial effect was achieved only with low-level
stimulation (high-frequency power <200 ms?). In another open-label
clinical trial, 4 hours of tVNS daily at the cymba conchae region for 14 days
was associated with a significant reduction in orthostatic intolerance and
gastrointestinal symptoms in POTS patients.* A tendency of reduced HR
following standing posture was also noted in the tVNS group.

The recently published sham-controlled, double-blind, randomised
clinical trial by our group showed that 1-hour tVNS (20 Hz, 1 mA below the
discomfort threshold) for 2 months is associated with significant
improvement of postural tachycardia and a tendency towards improved
autonomic symptoms in patients with POTS.? Postural changes in HRV
parameters (increased LF, decreased HF, and increased LF/HF ratio) were
attenuated by tVNS, suggesting attenuation of sympathetic response and
improvement of parasympathetic response and sympathovagal balance.
tVNS was also associated with a reduction in levels of functional antibodies
against al-AR and B1-AR, and proinflammatory cytokine tumour necrosis
factor-a (TNF-a). More importantly, no patientin the tVNS group developed
blood pressure reduction during the postural test. Despite the mitigation
of compensatory postural sympathetic hyperactivation, the absence of
postural hypotension in the tVNS group suggests that the beneficial
effects of tVNS in POTS are beyond the modulation of autonomic balance.
By attenuating the a1-AR antibodies and inflammation, tVNS may improve
vasoconstriction and venous return following orthostatic stress. Mitigation
of inflammation and reduction of anti-B1-AR antibodies may help in
alleviating central sympathetic outflow and inappropriate tachycardia
response. Although the effect of tVNS on AT1-R autoantibodies has not
been evaluated in published experimental and clinical studies, a reduction
of AT1-R antibodies may potentially improve the vascular contraction and
intravascular volume and thus the venous return following standing
posture. Currently, a few other studies are also evaluating the role of tVNS
in POTS (NCT04632134, NCT03124355), and dysautonomia syndromes
associated with Ehlers—Danlos syndrome (NCT05212129) and COVID-19
(NCT05630040, NCT05421208).

It should be noted that the physiological effects of tVNS are dependent on
the parameters of stimulation including pulse width, frequency and
amplitude of the electric current. In addition, although tVNS has been
shown to exert a ‘memory effect’, the optimal duration of stimulation has
not been determined. These shortcomings notwithstanding, current
evidence suggests that further investigation of tVNS as a non-
pharmacological therapeutic option in POTS is warranted.

Figure 4: Mechanisms of Action of
Transcutaneous Vagus Nerve Stimulation
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Figure 5: Mechanisms of Symptom
Improvement with tVNS in POTS
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Conclusion

Considering the potential impact of non-invasive vagal stimulation on
various key targets of POTS, such as sympathovagal imbalance,
inflammation and autoantibody production, tVNS holds promise in altering
the underlying disease mechanisms and mitigating the tachycardia
response. In addition, the pleiotropic effects of tVNS may provide further
benefits by alleviating non-cardiac and neuropsychiatric symptoms. The
existing evidence suggests that chronic tVNS is well tolerated and, unlike
pharmacotherapies, does not carry any major side-effects. Preliminary
clinical data suggest that tVNS decreased postural tachycardia in patients
with POTS compared with sham stimulation. Further evaluation of tVNS in
randomised, sham-controlled clinical trials, adequately powered to detect
clinical outcomes, is warranted. L
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Clinical Perspective

« Exaggerated parasympathetic withdrawal and sympathetic overdrive during postural stress are principal mechanisms of postural tachycardia

in postural orthostatic tachycardia syndrome (POTS).

« Non-invasive autonomic modulation using low-level tragus stimulation holds promise in altering the underlying disease mechanisms and
mitigating the tachycardia response in patients with POTS, by decreasing anti-adrenergic autoantibodies, improving cardiac autonomic

function and decreasing serum inflammatory cytokines.

« Future studies should correlate the use of autonomic modulation to improved patient-reported outcomes.
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