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“Nothing in life is to be feared, it is only to be understood. Now is the time to
understand more so that we may fear less.”

—Marie Curie

The autonomic nervous system, which consists of the sympathetic, parasympathetic,
and enteric divisions, is an integral part of the central and peripheral nervous systems and
controls homeostasis, blood flow, and responses to internal and external stimuli. Disorders
of the autonomic nervous system—both common, such as postural orthostatic tachycardia
syndrome (POTS), neurocardiogenic syncope, and orthostatic hypotension (OH); and rare,
such as multiple system atrophy, amyloid neuropathy, and familial dysautonomia—have
been an evolving area of research in basic and translational science as well as in clinical
practice. More recently, the COVID-19 pandemic further underscored the need to elucidate
the neurologic and autonomic mechanisms of post-infectious syndromes. To this end, the
new frontier in neurology and autonomic disorders, as well as the mechanistic interplay
between a wide range of neurologic conditions and autonomic dysfunctions, present an
exciting opportunity for groundbreaking discoveries.

In this Special Issue, we aimed to collect original research, reviews, hypothesis, per-
spectives, and opinions on autonomic disorders and how it affects various medical subspe-
cialties, including neurology, cardiology, infection-associated chronic illnesses, headache
medicine, psychiatry, and others. We were particularly interested in studies and reviews
of the potential biomarkers and identification of effective diagnostic and therapeutic ap-
proaches in patients with complex neurologic and autonomic disorders and how they
advance our understanding of these disorders, in addition to helping us expand our
diagnostic and therapeutic capabilities in clinical practice.

It has been known from clinical observations and some experimental studies that
the autonomic nervous system extends beyond the regulation of the target organs by
the parasympathetic, sympathetic, and enteric nervous systems and that it closely com-
municates with the immunologic system and inflammatory pathways. David Goldstein,
MD, Ph.D., Chief of Autonomic Section at the National Institutes of Health, provides a
perspective on the “extended” autonomic system (EAS) and the “homeostat” theory as
applied to the pathophysiology and potential treatments of dysautonomia (contribution 1).
He emphasizes that the ANS may include neuroendocrine, immune/inflammatory, and
central components and that comparators in the form of thermostat, glucostat, carbistat,
and barostat exist that regulate different variables, such as core temperature, blood glucose,
blood gases, and delivery of blood to the brain. He presents the homeostat theory and
how it applies to EAS with specific examples of pediatric, adolescent/adult, and geriatric
forms of dysautonomia and argues that computer modeling has the potential to lead to
individualized treatments and outcomes (contribution 1).
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The neuropsychiatric manifestations of systemic disease are an under-represented
area of research in neurology that deserve increased research interest, education time, and
neurology training. Weinstock et al. reported a case series of eight patients with mast cell
activation syndrome (MCAS)—a multisystemic immunologic disorder with an estimated
prevalence of 17%—who experienced significant neuropsychiatric disorders that were
refractory to standard therapies. Five patients had depression, five had generalized anxiety
disorder, and four had a panic disorder (contribution 2). All eight patients were subse-
quently diagnosed with MCAS; six out of eight patients had comorbid autonomic disorders
with the most common being POTS, and four had hypermobile Ehlers–Danlos syndrome (h-
EDS). All patients experienced significant improvement in their neuropsychiatric and mul-
tisystemic symptoms after mast-cell-directed therapy was implemented, which included
antihistamines, mast-cell-stabilizing agents and a low-histamine diet (contribution 2). This
case series illustrates the systemic nature of common neurologic and psychiatric disorders,
which need to be identified and treated.

Migraine is one of the most comorbidities of POTS, with both disorders being heavily
influenced by sex hormones. Godley III et al. review how sex hormones affect migraine
with the help of interdisciplinary research scientists that focused on examining estrogen
and oxytocin while noting that progesterone, testosterone, and vasopressin were less
well-studied (contribution 3). They conclude that progress in research on the effects
of hormones on the nervous system has been slow and that substantial gaps exist in
our understanding of the complex roles sex hormones play in migraine (contribution 3).
Increased funding, interdisciplinary research efforts, and exploring therapeutic agents,
such as oxytocin delivered via nasal spray, could advance the science and therapeutic
implications of sex hormones in women with migraine at various stages of life.

Long COVID-19 highlighted a wide gap in our understanding and clinical approach
to patients with post-acute infection syndromes, which commonly include POTS and myal-
gic encephalomyelitis/chronic fatigue syndrome (ME/CFS). However, with the renewed
interest and investment in the field of infection-associated chronic illnesses, we have made
significant progress in our understanding of the complex pathophysiology of post-acute
sequelae of SARS-CoV-2, which includes autonomic dysfunction, immune dysregulation,
endothelial disturbance, vascular and neuropathic changes, microbiome alteration, mi-
croglial activation, blood–brain barrier disruption and other pathologic manifestations [1].
Importantly, Davenport et al. emphasize that ong COVID-19 is not a functional neurologic
disorder (FND) (contribution 4). FND is previously known as conversion disorder and
hysteria—a condition rooted in psychosocial etiology and distorted sense of agency and
emotional processing, which is commonly treated with FND-targed psychotherapy and
physical therapy. The authors assert that the vast majority of patients with long COVID-19
do not have FND, but do have dysautonomia and ME/CFS, which should not be mislabeled
with FND as pathophysiology, diagnostic tests, physical exam, and treatment approaches
are significantly different between these disorders (contribution 4).

Adding to the expanding science on long COVID-19, Tabacof et al. reviewed echocar-
diograms of over 200 patients with post-COVID-19 dysautonomia and queried if these
symptoms may be cardiogenic (contribution 5). They found that most patients did not
show evidence of cardiac abnormalities on echocardiography. Interestingly, they found
that patients with post-COVID-19 dysautonomia had lower stroke volume than in an
unclassified subgroup and that stroke volume and left-ventricular end-diastolic volume
were smaller in those reporting decreased physical activity after COVID-19 (contribution 5).
Similar findings were identified in patients with POTS before the COVID-19 pandemic [2,3].

Hypercoagulable state has been found in many patients with long COVID-19 and
some patients with POTS. Kell and Pretorius et al. argue that fibrinaloid microclots may
be important in the pathophysiology of POTS through their ability to block the flow
of blood through microcapillaries and thus cause tissue hypoperfusion (contribution 6).
Amyloids are known to be membrane disruptors and may affect the autonomic nerve fibers.
Previously, they showed the presence of microclots in patients with long COVID-19 [4]—a
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finding that was recently confirmed by another study demonstrating that fibrin drives the
thromboinflammation and neuropathology after COVID-19 infection [5]. It remains to be
determined whether the same mechanisms are involved in POTS, especially in the context
of post-acute infection syndromes.

Current research highlight autoimmunity as an important pathophysiologic mecha-
nism of POTS and its numerous comorbidities, including gastrointestinal disorders. Nakane
et al. examined patients diagnosed with functional gastrointestinal disorders and found
that among 11 patients with irritable bowel syndrome and functional dyspepsia, 4 had
anti-ganglionic nicotinic acetylcholine receptor antibodies measured via luciferase immuno-
precipitation system assay, with 3 also having dry eyes and dry mouth, while there were
no such symptoms in antibody-negative group (contribution 7). Further studies are needed
to determine the prevalence of these and other antibodies in patients with functional
gastrointestinal disorders.

Continuing the important topic of autoimmunity in autonomic disorders, Pena et al.
offered a comprehensive literature review on a variety of autoantibodies and immunomod-
ulatory therapies that have been described in patients with POTS and OH (contribution 8).
They highlight the existing studies and case series that demonstrate the presence of antinu-
clear, anti-phospholipid, alpha and beta adrenergic, cholinergic, and angiotensin II type I
autoantibodies associated with POTS and OH. Importantly, case reports and series sug-
gest that immunotherapy with intravenous and subcutaneous immunoglobulin as well as
plasmapheresis can be beneficial in patients with severe POTS refractory to standard thera-
pies (contribution 8). Large clinical trials, including the NIH RECOVER-AUTONOMIC
trial assessing the benefits of IVIG, are currently in progress to determine the efficacy of
these therapies in patients with post-COVID POTS and autonomic dysfunction [6].

Diagnostic testing is an integral part of the clinical evaluation and diagnostic criteria
of autonomic disorders. Jason et al. conducted a study of 193 patients with ME/CFS using
a tilt table test whereas 32.5% of patients in this cohort tested positive for POTS or OH
(contribution 9). The participants with either of these two common autonomic disorders
were found to have more problems with sleep and post-exertional malaise as well as greater
physical and health function limitations. These findings highlight the need for further
understanding of the etiology of symptoms that have been ascribed to POTS or OH, how
the symptoms may or may not interfere in the interpretation of the TTT, and what other
tests (that are more sensitive and specific for autonomic dysfunction) should be developed
for patients with clear autonomic dysfunction, but a negative tilt table test.

Perfecting simple and non-invasive means of testing for objective data and improved
diagnosis and thus treatment options for patients with Parkinson’s disease, Fernando et al.
found that having patients with Parkinson’s disease take their blood pressure at home
twice daily in lying and standing positions over 5 days greatly improved identification of
blood pressure disturbance, including OH, in comparison to a single in-office measurement
(contribution 10). This may help with early recognition of OH and other blood pressure
disturbances, as well as implementation of interventions to mitigate dysautonomia, in
patients with Parkinson’s disease—one of the most common movement disorders seen in
neurology clinics.

This Special Issue is only a tiny particle in the universe of the unknown about the brain
and the autonomic nervous system. Nevertheless, we hope it can serve as an important
source of information that generates excitement, curiosity, and further research in neurology,
neuroscience, and interdisciplinary specialties. It has been an honor and a privilege
for us to serve as the Guest Editors of this Special Issue, and to read, edit, and learn
from the innovative, cutting-edge contributions, written by some of the best researchers,
clinicians, and world-renowned experts in the field. As neurology and autonomic disorders
advance and as we continue to face the COVID-19 pandemic with increased prevalence
of post-COVID-19 complications, investigating the pathophysiology, diagnostic tests, and
therapeutic options for complex neurologic and autonomic disorders becomes our top
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priority. It is a leap forward that we must take in our quest for scientific inquiry and
advancement in medicine, science, patient care, and public health.
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Abstract: Dysautonomias are conditions in which altered functions of one or more components of
the autonomic nervous system (ANS) adversely affect health. This essay is about how elucidating
mechanisms of dysautonomias may rationalize personalized treatments. Emphasized here are two
relatively new ideas—the “extended” autonomic system (EAS) and the “homeostat” theory as ap-
plied to the pathophysiology and potential treatments of dysautonomias. The recently promulgated
concept of the EAS updates Langley’s ANS to include neuroendocrine, immune/inflammatory, and
central components. The homeostat theory builds on Cannon’s theory of homeostasis by proposing
the existence of comparators (e.g., a thermostat, glucostat, carbistat, barostat) that receive information
about regulated variables (e.g., core temperature, blood glucose, blood gases, delivery of blood to
the brain). Homeostats sense discrepancies between the information and response algorithms. The
presentation links the EAS with the homeostat theory to understand pathophysiological mechanisms
of dysautonomias. Feed-forward anticipatory processes shift input–output curves and maintain
plateau levels of regulated variables within different bounds of values—“allostasis”. Sustained
allostatic processes increase long-term wear-and-tear on effectors and organs—allostatic load. They
decreaseing thresholds for destabilizing and potentially fatal positive feedback loops. The homeostat
theory enables mathematical models that define stress, allostasis, and allostatic load. The present dis-
cussion applies the EAS and homeostat concepts to specific examples of pediatric, adolescent/adult,
and geriatric dysautonomias—familial dysautonomia, chronic orthostatic intolerance, and Lewy body
diseases. Computer modeling has the potential to take into account the complexity and dynamics of
allostatic processes and may yield testable predictions about individualized treatments and outcomes.

Keywords: autonomic; dysautonomia; homeostat; homeostasis; allostasis

1. Introduction

Dysautonomias are conditions in which altered functions of one or more components
of the autonomic nervous system (ANS) adversely affect health.

These disorders are frustrating, not only for patients but also for clinicians and
researchers. There are several reasons for this. First, dysautonomias come in many
forms—there is a whole “universe” of dysautonomias—that can involve essentially all
body organs and systems. Because of this multiplicity and the multi-system and therefore
multi-disciplinary nature of dysautonomias, they fall through the cracks of the traditional
biomedical enterprise. Second, dysautonomias are complex, involving abnormalities in
regulation of many effectors and organs by numerous brain anatomic and neurochemical
networks. Third, dysautonomias seem often to be mind-body disorders that entail two-
way miscommunications between the central autonomic network and body organs; this
perspective flies in the face of the traditional Cartesian duality separating the psyche and
soma. Fourth, different centers offer diverse autonomic function tests, with the repertoires
seeming to heavily depend importantly on cost and throughput, insurance coverage, and
regulatory constraints as opposed to tailoring the testing based on relevance to the assess-
ment of individual patients. Fifth, and probably most significant, compared to the large
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and seemingly increasing patient demand and public health burden, clinical and basic
training and scientific knowledge about dysautonomias are disproportionately sparse. This
is the “grand challenge” of autonomic disorders [1].

The overall goal of this presentation is to inform the conversation about mechanisms
of dysautonomias that may rationalize personalized treatments. Given the above difficul-
ties in the field, one embarks on this sort of essay with some trepidation. Emphasized
here are two relatively new ideas—the “extended” autonomic system (EAS) [2] and the
“homeostat” theory [3] as applied to the pathophysiology and potential treatments of
dysautonomias. I will be considering examples from “galaxies” in the dysautonomias
universe, corresponding to pediatric, adult, and geriatric disorders.

2. The “Extended” Autonomic System (EAS)

By mediating automatic, unconscious, involuntary behaviors, the ANS operates at
the border of the body and mind. More than a century ago, the English physiologist John
Newport Langley defined the ANS as consisting of three parts—the sympathetic nervous
system, the parasympathetic nervous system (a phrase he coined), and the enteric nervous
system [4]. These were thought to be purely efferent systems for transmitting neuronal
signals via ganglia to body organs.

In the intervening century, three types of discoveries have rendered inadequate Lang-
ley’s theory of the ANS. First, in addition to neurotransmitter systems, a large number of
endocrine and neuroendocrine systems mediate automatic, unconscious, involuntary activ-
ities within the body’s “inner world” [5]. One may reasonably contend that epinephrine
was the first hormone and neuroendocrine effector to be identified [6]. Second, ANS com-
ponents interact complexly and dynamically with immune and inflammatory systems [7].
Third, a brain network that is being described in increasing detail—the central autonomic
network [8]—receives and integrates afferent signals from the periphery and modulates au-
tonomic outflows. Based on these considerations, the recently disseminated concept of the
“extended” autonomic system (EAS) expands on Langley’s ANS to include neuroendocrine,
immune/inflammatory, and central facets (Figure 1).

 

Figure 1. The extended autonomic system. The EAS consists of the central autonomic network
(CAN)/stress system, Langley’s autonomic nervous system (ANS), neuroendocrine systems, and
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inflammatory/immune systems. The four components are bi-directionally inter-related, mean-
ing 6 combinations of relationships. In the central autonomic network, the “stress system” in
the Chrousos/Gold schema includes the paraventricular nucleus of the hypothalamus (PVN),
which is the source of arginine vasopressin (AVP) and corticotrophin-releasing hormone that drive
the hypothalamic-pituitary-adrenocortical axis (HPA), and the pontine locus ceruleus (LC), the
main source of norepinephrine in the brain. Abbreviations: Abbreviations: A5 = A5 noradren-
ergic cell group; AMY = amygdala; ANP = atrial natriuretic peptide; ANS = autonomic ner-
vous system; AP = area posterma; BNP = brain-derived neurotrophic factor; CING = cingulate
cortex; CVLM = caudal ventrolateral medulla; DDA = DOPA-dopamine autocrine-paracrine sys-
tem; DMNX = dorsal motor nucleus of the vagus nerve; ENS = enteric nervous system; GHE
= ghrelin; HACER = hypothalamic area controlling emotional responses; Hippo = hippocampus;
INS = insulin; LEP = leptin; NA = nucleua ambiguus; NO = nitric oxide; NTS = nuclear of the
solitary tract; PACAP = pituitary adenyl cyclase-activating polypeptide; PAG = periaqueductal grey
region; PNS = parasympathetic nervous system; Pre-Bötz = pre-Bötzinger complex; RAS = renin-
angiotensin-aldosterone system; RPG = respiratory pattern generator; RTN = retrotrapezoid nucleus;
RVLM = rostral ventrolateral medulla; SAS = sympathetic adrenergic system; SNS = sympathetic
noradrenergic system; THY = thyroid; VTA = ventral tegmental area.

3. The Homeostat Theory

Claude Bernard and Walter B. Cannon (who coined the term “homeostasis”) concep-
tualized that the overall “purpose” of body processes is to maintain the constancy of the
internal environment. In contrast, in systems biology, homeostasis is more of an outcome
than a goal [9].

The homeostat theory builds on Bernard’s and Cannon’s notions by proposing the
existence of monitored, regulated variables (e.g., core temperature, blood glucose, blood
gases, delivery of blood to the brain), which are controlled by comparator “homeostats”
(e.g., thermostat, glucostat, carbistat, barostat) that sense discrepancies between afferent
information and set points for responding (Figure 2).

 

Figure 2. Principles of homeostat operation. Levels of the monitored variable are kept within bounds
by negative feedback regulation (A). Negative feedback loops are characterized by an odd number of
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inhibitory processes (red (−) signs and arrows). Positive relationships are denoted by green + signs.
A homeostatic comparator (homeostat) compares afferent information with a set point or other
algorithm for responding. The discrepancy drives one or more effectors. (B) An example of com-
pensatory activation when there are multiple effectors and one is disabled. Both the hypothalamic-
pituitary-thyroid axis and the sympathetic noradrenergic system (SNS) are effectors for regulating
core temperature (Core Temp.). Disruption of the hypothalamic-pituitary-thyroid axis compensatorily
activates the SNS. (C) The sympathetic adrenergic system (SAS) is an effector that is shared by the
barostat and glucostat. Effector sharing explains hyperglycemia in hemorrhagic shock. Abbreviations:
AVP = arginine vasopressin; GLU = glucagon; INS = insulin.

Homeostats are metaphorical constructs [9]. No one knows what the “purposes”
or “goals” of homeostatic systems are. One can postulate the existence of numerous
homeostats—an “osmostat” for serum osmolality, an “oxistat” for blood oxygen tension, a
“volustat” for effective circulating blood volume, and even a “nocistat” for the experience
of pain and a “psychostat” for the sense of equanimity vs. distress. The thought process
is that if body variables are kept within bounds, there must be systems at play that are
designed to achieve these goals. Systems biologic approaches seem to avoid flirting with
this sort of teleological assertion.

4. Allostasis and Allostatic Load

Much of integrative physiological research has focused on negative feedback
regulation—reflexes. In humans, however, long-term homeostasis is importantly main-
tained via anticipatory, feed-forward processes [10] that temporarily shift input–output
curves and bring levels of regulated variables to different values—“allostasis” [11].

At first glance, the notion that allostatic processes operate in anticipation of need would
seem paradoxical. How can a response occur before the stimulus that would generate that
response? This has been a basis for criticizing teleological thinking. Actually, allostatic
adjustments can be explained readily by effects of instinct, imprinting, conditioning (both
classical (Pavlovian) and operant (instrumental)), and conscious simulations. Examples of
instinct in the operations of the EAS would be a person’s heart rate increasing as part of
“central command” in anticipation of exercise, instinctive avoidance behavior evoked by
visual [12] or olfactory [13] predator cues, and innate immune responses to a viral infection.
An example of classical conditioning would be augmented tachycardia in anticipation of
standing up in patients with postural tachycardia syndrome (POTS) [14] because of learned
associations of previously neutral cues with unconditioned aversive stimuli, such as nausea,
chest pain, and faintness evoked by orthostasis. An example of operant conditioning would
be learning to avoid situations involving prolonged standing, because they are aversive. An
example of reacting to conscious simulations would be eating an energy bar before running
a mile. Recent animal experiments have begun to identify the specific central pathways
and neurochemicals in these responses. In general, they correspond to components of
the central autonomic network, although the boundaries of that network seem to require
extension to the motor cortex [15] and nigrostriatal dopaminergic system [16].

One of the characteristic features of a viral illness such as COVID-19 is a low-grade
fever. According to the allostasis concept, the fever is the result of adjustments in input–
output curves for the sympathetic noradrenergic system (SNS), which regulates delivery of
blood to the skin surface, and the sympathetic cholinergic system (SCS), which regulates
sweating. These adjustments keep core temperature within bounds (“stasis”) but at a
different level (“allo”). The EAS idea accounts for these allostatic adjustments resulting in
fever in COVID-19, in that the EAS incorporates the immune/inflammatory systems and
input to the brain from biochemical signals arising from those systems [3].

Allostatic adjustments ordinarily are temporary. For instance, after a viral infection is
over, the low-grade fever dissipates. An integrative physiological explanation for dysau-
tonomias is that the allostatic adjustments persist [3]. Levels of regulated variables are kept
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at new values. This comes at the costs of greater energy utilization, increased variability,
and accelerated wear-and-tear on effectors and body organs (allostatic load).

The homeostat theory offers the ability to define difficult entities such as stress and
allostatic load in ways that can be modeled mathematically [17,18]. For instance, stress can
be defined as the condition in which an error signal drives effectors that decrease the error
signal, and allostatic load can be defined as the integrated wear-and-tear on the effectors
and consequently on body organs. Among other things, this model predicts that stress can
accelerate the accumulation of allostatic load sufficiently to precipitate positive feedback
loops and organ failure.

5. Principles of Homeostat Operation

5.1. Multiple Effectors

Having multiple effectors (Figure 2B) offers obvious survival advantages. These
include extending the range of control of the monitored variable, compensatory activation
of alternative effectors, and stressor-specific patterning. Cannon’s view about how blood
glucose is maintained included two opposing effectors, the “sympathico-adrenal” system
and the “vago-insular” system [19]. If the “common variation” of the level of glycemia fell
below a given value (70 mg% was listed), “sympathico-adrenal” activation would raise the
glucose level; if the level of glycemia exceeded a given value (130 mg%), “vago-insular”
activation would decrease the glucose level. Because of the opposing effectors, the glucose
level would be kept within bounds across a range of common variation.

Compensatory activation of alternative effectors enables at least some degree of control
of the level of the monitored variable when another effector is disabled. Examples of com-
pensatory activation abound in physiology and pathophysiology, such as recruitment of
accessory neck muscles in asthma attacks and augmentation of sympathetic noradrenergic
responses to stress in adrenalectomized individuals [20]. Longer-term forms of compen-
satory activation exemplify plasticity, such as the development of collateral circulation in
the setting of coronary artery blockage and adaptive changes in locomotion in movement
disorders.

Having multiple effectors probably also permitted the evolution of patterned responses
to different stressors. For instance, cold exposure selectively activates the SNS, while
glucoprivation selectively activates the sympathetic adrenergic system (SAS) [21].

5.2. Effector Sharing

Effector sharing occurs when two or more homeostatic systems share the same ef-
fector. A classic example is the arginine vasopressin (AVP) system. AVP not only is a
vasoconstrictor but also, acting as the anti-diuretic hormone, is the body’s main effector
in regulation of water balance and hence of serum osmolality. Sharing of the AVP effector
by the “barostat” and “osmostat” explains why patients in shock can be hyponatremic.
Similarly, sharing of the SAS effector by the barostat and “glucostat” explains why the
patients are hyperglycemic (Figure 2C).

6. Homeostats at Work

The key elements of the homeostat theory—monitored variables, regulators, and
homeostats—are in essence metaphors. Experimental observations over the last two
decades, however, have increasingly elucidated how homeostatic systems operate and
have generally supported the concepts of multiple effectors, effector sharing, negative
feedback regulation, and allostasis. The following discussion focuses on regulation of core
temperature, glucose, blood gases, and delivery of blood to the brain during orthostasis.

6.1. Thermoregulation

Humans have two primary sources of afferent information about temperature, the skin
and the arterial blood (Figure 3). A neuronal pathway relays cutaneous sensory information
via the dorsal horn, spinothalamic tract, and lateral brachial nucleus to the pre-optic area
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(POA), which also possesses neurons responsive to the temperature of the arterial blood.
Subjective thermal comfort plays a critical role in body temperature regulation, since this
represents the primary stimulus for behavioral thermoregulation. Core and skin tempera-
ture contribute about equally to thermal comfort, whereas metabolic heat production and
plasma catecholamine responses are more responsive to core temperature [22].

In fruit flies, peripheral thermosensory information to higher brain centers converges
onto three target regions: the mushroom body, the lateral horn, and the posterior lateral
protocerebrum. Hot and cold antennal receptors project onto distinct but adjacent glomeruli
in the proximal antennal protocerebrum, forming a thermotopic map in the brain. It has
been proposed that “. . . dedicated populations of cells orchestrate behavioral responses to
different temperature stimuli, and reveal a labeled-line logic for the coding of temperature
information in the brain” [23].

 

Figure 3. Central network controlling core temperature via the sympathetic noradrenergic sys-
tem (SNS). Abbreviations: BAT = brown adipose tissue; BP = blood pressure; BV = blood ves-
sels; DMH = dorsomedial hypothalamus; POA = pre-optic area; rMR = rostral medullary raphe;
RVLM = rostral ventrolateral medulla; RVMM = rostral ventromedial medulla.

6.2. Glucose

The hypothalamic arcuate nucleus (ARC) is a key brain center for sensing adiposity
signals (e.g., insulin, leptin, ghrelin, glucagon-related peptide 1) (Figure 4). ARC neurons
not only regulate feeding but also contribute to glucose homeostasis and innate immune
responses.

Blood levels of glucose are regulated mainly by hormones, such as insulin from pancre-
atic islet β-cells, glucagon from pancreatic islet α-cells, epinephrine from adrenomedullary
chromaffin cells, and, to a lesser extent, cortisol from adrenocortical zona fasciculata cells.
These hormonal effects interact complexly. Glucagon may increase circulating glucose lev-
els both directly via hepatic glucose release and indirectly via adrenomedullary epinephrine
secretion [24]. Meanwhile, epinephrine stimulates pancreatic glucagon secretion [25], sug-
gesting the potential for a self-reinforcing positive feedback loop. Epinephrine stimulates
pancreatic insulin secretion via β-adrenoceptors but mainly inhibits insulin secretion via
agonism at α-adrenoceptors. Epinephrine infusion blunts insulin responses to both hyper-
glycemia and glucagon [26].
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Virtually every serious illness or cause of emotional distress is associated with hy-
perglycemia, even in individuals without a history of diabetes, and is associated with
worse outcome [27–31]. One may reasonably propose that the adverse prognoses associ-
ated with hyperglycemia are not the result of hyperglycemia itself so much as of disease
severity-related neuroendocrine changes producing hyperglycemia.

 

Figure 4. Central network controlling blood glucose. Abbrevations: AP = area postrema;
Arc. = arcuate nucleus; BV = blood vessels; CVLM = caudal ventrolateral medulla; DMX = dorsal
motor nucleus of the vagus nerve; GnRH = growth hormone-releasing hormone; HPA = hypothalamic-
pituitary-adrenocortical axis; LH = lateral hypothalamus; NTS = nucleus of the solitary tract;
PBN = parabrachial nucleus; PVN = paraventricular nucleus of the hypothalamus; RVLM = ros-
tral ventrolateral medulla; SAS = sympathetic adrenergic system; VMH = ventromedial hypothalamic
nucleus; X = vagus nerve.

6.3. Blood Gases

In mammals, appropriate delivery of oxygen to and removal of carbon dioxide are
crucial for survival. Multiple effectors for this regulation exist, and blocking one com-
pensatorily activates others. The retrotrapezoid nucleus (RTN) neurons in the rostral
ventrolateral medulla (RVLM) is part of a column of respiration-related neuronal clusters.
The RTN is thought to regulate breathing automaticity and arterial pCO2 homeostasis
(Figure 5). The carotid bodies stimulate the respiratory pattern generator both directly and
indirectly by activating the RTN via a neuronal projection originating within the nucleus of
the solitary tract (NTS). Consistent with the principle of multiple effects and compensatory
activation, silencing RTN neurons increases carotid body activity [32].

12



J. Pers. Med. 2024, 14, 123

 

Figure 5. Central network controlling arterial blood gases.

6.4. Blood Flow to the Brain during Orthostasis

The requirements of correct core temperature and continuous availability of metabolic
fuels have challenged organismic integrity throughout mammalian evolution. Multiple
effectors have evolved to meet these challenges. In contrast, humans have been standing
up since only relatively recently in evolutionary time. It is thought that in Africa, about
5–6 million years ago, there was a shift from jungle to savannah life. Bipedalism afforded
obvious selective advantages in this new ecological niche, such as seeing further distances
during migrating, carrying objects and infants, communication via hand gestures or arm
waving, and more powerful striking and manipulating. According to cladographic data,
our ancestor Homo erectus came on the scene only about 2–3 million years ago.

In order to tolerate standing, an individual must be able to tighten blood vessels below
the level of the heart and increase the force and rate of cardiac contraction to maintain
blood flow to the brain. One may speculate that because orthostasis is relatively new in
evolutionary terms, only one system, the SNS, is available to maintain blood flow to the
brain during orthostasis. Predictably, orthostatic intolerance and hypotension are cardinal
manifestations of SNS failure.

There are two general types of afferent information to the brain during orthostasis
(Figure 6). The first is high-pressure mechanoreceptors in the walls of arteries—especially
in the carotid sinus, at the vascular gateway to the brain. The second is low-pressure
mechanoreceptors in atria and pulmonary veins. Both types of mechanoreceptors are
unloaded by the orthostatic decrease in venous return to the heart.

The effectors mediating the homeostatic responses are similar, but there are some
differences. Activation of the renin-angiotensin-aldosterone system seems to be more
prominent with unloading of low- than of high-pressure mechanoreceptors [33]. Low-
pressure mechanoreceptors also appear to play a prominent role in reflexive forearm
vasoconstriction [34] and SAS activation [35].

Lower body negative pressure (LBNP) decreases venous return to the heart and simu-
lates gravitational stress. Reflexive sympathetically-mediated vasoconstriction can explain
maintenance of arterial blood pressure in this setting. Non-hypotensive LBNP decreases
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middle cerebral artery blood flow velocity without a change in arterial diameter [36]. These
findings indicate that during orthostasis, brain blood flow decreases for the same level of
blood pressure—operationally, an allostatic shift in the chair-shaped curve relating cerebral
blood flow to blood pressure (autoregulation). One may hypothesize that individuals with
relatively large orthostatic decreases in venous return to the heart would be more likely to
have symptoms of orthostatic intolerance, such as lightheadedness or “brain fog”. Test-
ing this hypothesis would require controlling for hyperventilation, which independently
decreases middle cerebral artery blood flow velocity by decreasing arterial pCO2.

 

Figure 6. Low- and high-pressure baroreflexes. The sympathetic noradrenergic system (SNS) is the
main effector for maintaining blood pressure (BP) during orthostasis. Diffuse SNS failure always
manifests with orthostatic hypotension. Other effectors are the renin-angiotensin-aldosterone sys-
tem (RAS), arginine vasopressin system (AVP), atrial natriuretic peptide (ANP), the sympathetic
adrenergic system (SAS), and the parasympathetic nervous system (PNS).

7. Application to Pediatric Dysautonomias: Familial Dysautonomia (FD)

Within the dysautonomias universe, the pediatric “galaxy” often entails substantial
genetic load or embryological abnormalities in development of components of the ANS.

A classic example is familial dysautonomia (FD), also referred to as Riley-Day syn-
drome and Type III hereditary sensory and autonomic neuropathy (HSAN III). FD is mainly
a disease of people of Ashkenazic Jewish extraction, due to a founder effect; almost all the
disease alleles share a common ancestral haplotype. The disease results from a splicing
error in the Elongator acetyltransferase complex subunit 1 (ELP1) gene (also known as
IKBKAP). The splicing error results in exon 20 being skipped in different tissues.

The pattern of plasma levels of catechols in FD points to arrested development of
sympathetic noradrenergic nerves, coupled with compensatorily increased activity of
tyrosine hydroxylase and normal activity of the SAS [37]. FD patients have attenuated or-
thostatic increments in plasma norepinephrine levels [38], possibly reflecting a generalized
abnormality of sensory afferents, including from mechanoreceptors [39].

FD patients are susceptible to crises of nausea and vomiting associated with tachycar-
dia, sweating, hypertension, and behavioral changes. Cyclic vomiting in FD is associated
with high circulating dopamine levels [40]. This hyperdopaminergic state seems to be
pathophysiologically significant, because treatment with carbidopa, which inhibits cate-
cholamine biosynthesis, is effective in mitigating the vomiting [41]. Vesicles containing
newly synthesized norepinephrine are released preferentially during sympathetic stimula-
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tion [42], and acute increases in plasma dopamine are likely to reflect increased exocytotic
release from sympathetic noradrenergic nerves. It is therefore reasonable to speculate
that arrested development of sympathetic noradrenergic nerves in FD results in a form of
functional dopamine-beta-hydroxylase deficiency and compensatorily increasing sympa-
thetic traffic to extant terminals, so that during crises there is excessive dopamine release
compared to the increases in plasma levels of norepinephrine and epinephrine.

Multi-disciplinary management strategies have improved survival in FD. Experimen-
tal therapeutic efforts to treat the disease process itself have so far been unsuccessful. After
development of an animal model of FD and high-throughput drug screening, the small
molecule kinetin (6-furfurylaminopurine) seemed promising. The pharmaceutical devel-
opment program ended in 2019 due to budgetary constraints and the rarity of the patient
population. Other feasible therapeutic approaches are small nuclear RNA components [43]
or antisense oligonucleotides [44] to treat the splicing defect. Also, gene replacement
therapy has been proposed that would entail delivering Type 2 adeno-associated virus
(AAV) to express a wild type copy of the ELP1 gene [45] or Type 9 AAV for exon-specific
inclusion of ELP1 exon 20 in cells expressing the target pre-mRNA [46].

The most effective treatment for FD would be prevention of the disease. An effort is
under way to avoid reproduction by heterozygous carriers [47]; theoretically, this might
eventually eliminate the disease.

8. Application to Adult Dysautonomias: Postural Tachycardia Syndrome (POTS)

Dysautonomias in adolescents or adults often involve complex, multi-system disorders
of regulation of components of the ANS, where the effectors have developed normally.
Chronic orthostatic intolerance in POTS and repeated episodes of neurocardiogenic syncope
(NCS) involve many symptoms, such as fatigue, exercise and heat intolerance, presyncope,
impaired concentration and memory, headache, coat hanger pain, early satiety, bloating or
vomiting, tremulousness, and pallor.

Both POTS and NCS are far more common in women than men, for reasons that
remain poorly understood. Among vigorously healthy astronauts re-exposed to the earth’s
gravity after prolonged space flight, orthostasis intolerance is far more prevalent in females.
Application of a computer model of cardiovascular function has indicated that simple
differences in physiognomy such as the longitudinal center of gravity can explain the
greater prevalence of post-reentry orthostatic intolerance in women than men [48]. For the
same orthostatic gravitational stress, women might have a greater shift in blood volume
to pelvic veins and therefore a larger fall in venous return to the heart and cardiac stroke
volume [49].

The schema in Figure 7 offers a concept for how neurocirculatory dyshomeostasis
might result in persistent fatigue, a tendency to faint, excessive orthostatic tachycardia,
and brain fog in POTS. The red arrows indicate afferent input to the central autonomic
network from “high pressure” arterial baroreceptors that respond to alterations in systemic
blood pressure, “low pressure” baroreceptors that respond to alterations in pulmonary
venous pressure, and signals from the immune/inflammatory system. The numerous
inter-relationships, most of which are bi-directional, seem dauntingly complex, yet they are
derived from two relatively simple ideas, the EAS and the homeostat theory.

In general, chronic orthostatic intolerance syndromes do not evolve to lethal neurode-
generative diseases, and in a substantial proportion of cases, the overall clinical status
improves over time. Therapeutic interventions in which patients actively participate, such
as graded exercise or counter-maneuvers [50], meditation, or yoga [51], might improve
symptoms because of SNS activation in the setting of active coping [52].

15



J. Pers. Med. 2024, 14, 123

 

Figure 7. Concept diagram relating the EAS to intervening variables to symptoms of brain fog, a
tendency to faint, and orthostatic intolerance in post-infectious POTS. Red arrows indicate afferent
input to the brain from high-pressure and low-pressure mechanoreceptors. Grayed out boxes indicate
variables for which objective data in POTS are incomplete or inconsistent. Pink filling indicates
variables with abnormal values in POTS. Imbalance between sympathetic noradrenergic system
(SNS) and sympathetic adrenergic system (SAS) outflows produces a tendency to faint. Other abbrevi-
ations: AVP = arginine vasopressin; Autoreg. = cerebrovascular autoregulation; BV = blood volume;
BP = arterial blood pressure; CBF = cerebral blood flow; Endothel. = endothelial dysfunction; Neuro-
transm. = central neurotransmitters; POTS = postural tachycardia syndrome; PVP = pulmonary
venous pressure; RAS = renin-angiotensin-aldosterone; SV = cardiac stroke volume; Tend. to
faint = tendency to faint; TPR = total peripheral vascular resistance; Ven. Compl. = splanchnic
venous compliance.

9. Application to Geriatric Dysautonomias: Central Lewy Body Diseases (LBDs)

A major form of geriatric dysautonomias is a family of diseases involving Lewy
bodies, intra-neuronal inclusion bodies having characteristic histopathological features.
In Lewy body diseases (LBDs), Lewy bodies are found in brainstem dopaminergic and
noradrenergic neurons or in sympathetic ganglia. Lewy bodies contain an abundance of the
protein alpha-synuclein (αS). Conditions previously classified as forms of primary chronic
autonomic failure—pure autonomic failure (PAF), multiple system atrophy (MSA), and
Parkinson’s disease with orthostatic hypotension (PD + OH)—are referred to as autonomic
synucleinopathies [53]. Dementia with Lewy bodies (DLB) involves a relatively high
frequency of orthostatic hypotension and neuroimaging evidence of cardiac noradrenergic
deficiency [54] and is now included in the family of autonomic synucleinopathies. All these
disorders involve catecholamine deficiencies in the brain, the periphery, or both.
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In the central LBDs PD and DLB, by the time parkinsonism or cognitive dysfunc-
tion manifests, clinically substantial catecholaminergic neurodegeneration has already
occurred. Neurorescue strategies might forestall symptomatic disease if central LBDs could
be identified in a preclinical phase. The prospective, observational, long-term PDRisk study
assessed the predictive value of low vs. normal cardiac 18F-dopamine positron emission
tomography (PET), an index of myocardial content of the sympathetic neurotransmitter
norepinephrine [55] in at-risk individuals. At 7 years of follow-up, eight of nine partici-
pants with low initial 18F-dopamine-derived radioactivity and one of eleven with normal
radioactivity were subsequently diagnosed with a central LBD (LBD+). Conversely, all
of nine LBD+ participants had low radioactivity before or at the time of diagnosis of a
central LBD, whereas among twenty-five participants without a central LBD, only one (4%)
had persistently low radioactivity. Cardiac 18F-dopamine PET therefore highly efficiently
distinguishes at-risk individuals who are subsequently diagnosed with a central LBD from
those who are not [56]. These results have supported the view that the pathophysiological
process leading to central LBDs can begin outside the brain, with early involvement of
the autonomic nervous system—especially sympathetic noradrenergic innervation of the
heart [55].

Computational modeling has revealed multiple functional abnormalities in cate-
cholaminergic neurons in LBDs [57]. These abnormalities can be explained by autotoxic
interactions between oxidized metabolites of catecholamines and αS [58]. Extension of the
modeling to address the trajectory of loss of catecholamine stores in LBDs over time has
indicated a tri-phasic pattern [59] (Figure 8). For years, compensatory activation maintains
homeostasis of striatal dopamine [60]. Once the compensatory processes are overwhelmed
because of autotoxicity and allostatic load producing aging-related declines in efficiency, a
second phase ensues in which there is a rapid decline in neurotransmitter stores (dyshome-
ostasis). When the complement of releasable catecholamine falls below a threshold level,
the patient notes symptoms of the deficiency. In the symptomatic third phase, there is slow
further loss.

The key to delaying the onset of symptomatic catecholaminergic neurodegeneration
would be to begin treatment soon after the transition from homeostasis to dyshomeostasis.
Mathematical modeling predicts that the same treatment that would exert only a small,
transient benefit in symptomatic disease, but begun at the transition from homeostasis to
dyshomeostasis, would substantially delay the onset of symptomatic disease [59].

It seems reasonable to propose that computational modeling, coupled with empirical
data about EAS effectors and intervening variables, might yield testable hypotheses about
exacerbating/ameliorating factors, responses to treatments, and outcomes in individual
patients. Such a project, however, would require coordinating the efforts of integrative
physiologists, systems biologists, and autonomic neuroscientists.
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Figure 8. Tri-phasic loss of catecholamine stores in Lewy body diseases. Cardiac noradrenergic
stores assessed by 18F-dopamine (18F-DA) positron emission tomography decline in a tri-phasic
manner before tri-phasic decline in putamen 18F-DOPA-derived radioactivity. The loss of left ven-
tricular myocardial 18F-DA-derived radioactivity proceeds from the inferolateral to the anterobasal
wall, and the loss of putamen 18F-DOPA-derived radioactivity proceeds from the posterior to the
anterior putamen.

10. Conclusions

The EAS expands on the ANS by including neuroendocrine systems, immune/
inflammatory systems, and the central autonomic network. The four components interact
complexly and bi-directionally and determine clinical manifestations of dysautonomias.
The homeostat theory enables objective, non-circular definitions of stress, allostasis, and
allostatic load. Computer modeling has the potential to take into account the complex-
ity and dynamics of allostatic processes [18,61] and may yield testable predictions about
individualized treatments and outcomes.

Funding: Goldstein was supported (in part) by the Division of Intramural Research of the NIH,
NINDS.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

18



J. Pers. Med. 2024, 14, 123

Acknowledgments: The content is solely the responsibility of the author and does not necessarily
represent the official views of the National Institutes of Health.

Conflicts of Interest: The author declares no conflict of interest

References

1. Cheshire, W.P. The grand challenge of autonomic disorders. Front. Neurol. 2022, 13, 1052137. [CrossRef] [PubMed]
2. Goldstein, D.S. The extended autonomic system, dyshomeostasis, and COVID-19. Clin. Auton. Res. 2020, 30, 299–315. [CrossRef]

[PubMed]
3. Goldstein, D.S. Stress and the “extended” autonomic system. Auton. Neurosci. 2021, 236, 102889. [CrossRef]
4. Langley, J.N. The autonomic nervous system. Brain 1903, 26, 1–26. [CrossRef]
5. Goldstein, D.S. Adrenaline and the Inner World: An Introduction to Scientific Integrative Medicine; The Johns Hopkins University

Press: Baltimore, MD, USA, 2006.
6. Rao, Y. The First Hormone: Adrenaline. Trends Endocrinol. Metab. 2019, 30, 331–334. [CrossRef] [PubMed]
7. Udit, S.; Blake, K.; Chiu, I.M. Somatosensory and autonomic neuronal regulation of the immune response. Nat. Rev. Neurosci.

2022, 23, 157–171. [CrossRef]
8. Benarroch, E.E. Physiology and Pathophysiology of the Autonomic Nervous System. Continuum 2020, 26, 12–24. [CrossRef]
9. Goldstein, D.S. How does homeostasis happen? Integrative physiological, systems biological, and evolutionary perspectives. Am.

J. Physiol. Regul. Integr. Comp. Physiol. 2019, 316, R301–R317. [CrossRef]
10. Schulkin, J.; Sterling, P. Allostasis: A Brain-Centered, Predictive Mode of Physiological Regulation. Trends Neurosci. 2019, 42,

740–752. [CrossRef]
11. Sterling, P. What Is Health?: Allostasis and the Evolution of Human Design; MIT Press: Cambridge, MA, USA, 2020.
12. Li, A.J.; Wang, Q.; Ritter, S. Selective Pharmacogenetic Activation of Catecholamine Subgroups in the Ventrolateral Medulla

Elicits Key Glucoregulatory Responses. Endocrinology 2018, 159, 341–355. [CrossRef]
13. Kondoh, K.; Lu, Z.; Ye, X.; Olson, D.P.; Lowell, B.B.; Buck, L.B. A specific area of olfactory cortex involved in stress hormone

responses to predator odours. Nature 2016, 532, 103–106. [CrossRef] [PubMed]
14. Norcliffe-Kaufmann, L.; Palma, J.A.; Martinez, J.; Camargo, C.; Kaufmann, H. Fear conditioning as a pathogenic mechanism in

the postural tachycardia syndrome. Brain 2022, 145, 3763–3769. [CrossRef] [PubMed]
15. Strack, A.M.; Sawyer, W.B.; Platt, K.B.; Loewy, A.D. CNS cell groups regulating the sympathetic outflow to adrenal gland as

revealed by transneuronal cell body labeling with pseudorabies virus. Brain Res. 1989, 491, 274–296. [CrossRef] [PubMed]
16. Chen, A.P.F.; Chen, L.; Shi, K.W.; Cheng, E.; Ge, S.; Xiong, Q. Nigrostriatal dopamine modulates the striatal-amygdala pathway in

auditory fear conditioning. Nat. Commun. 2023, 14, 7231. [CrossRef] [PubMed]
17. Goldstein, D.S. Computer models of stress, allostasis, and acute and chronic disease. Ann. N. Y. Acad. Sci. 2008, 1148, 223–231.

[CrossRef] [PubMed]
18. Acevedo, A.; Androulakis, I.P. Allostatic breakdown of cascading homeostat systems: A computational approach. Heliyon 2017, 3,

e00355. [CrossRef] [PubMed]
19. Cannon, W.B. Organization for physiological homeostasis. Physiol. Rev. 1929, 9, 399–431. [CrossRef]
20. Udelsman, R.; Goldstein, D.S.; Loriaux, D.L.; Chrousos, G.P. Catecholamine-glucocorticoid interactions during surgical stress. J.

Surg. Res. 1987, 43, 539–545. [CrossRef]
21. Goldstein, D.S.; Kopin, I.J. Adrenomedullary, adrenocortical, and sympathoneural responses to stressors: A meta-analysis. Endo.

Regul. 2008, 42, 111–119.
22. Frank, S.M.; Raja, S.N.; Bulcao, C.F.; Goldstein, D.S. Relative contribution of core and cutaneous temperatures to thermal comfort

and autonomic responses in humans. J. Appl. Physiol. 1999, 86, 1588–1593. [CrossRef]
23. Gallio, M.; Ofstad, T.A.; Macpherson, L.J.; Wang, J.W.; Zuker, C.S. The coding of temperature in the Drosophila brain. Cell 2011,

144, 614–624. [CrossRef] [PubMed]
24. Sharabi, Y.; Goldstein, D.S.; Bentho, O.; Saleem, A.; Pechnik, S.; Geraci, M.F.; Holmes, C.; Pacak, K.; Eisenhofer, G. Sympa-

thoadrenal function in patients with paroxysmal hypertension: Pseudopheochromocytoma. J. Hypertens. 2007, 25, 2286–2295.
[CrossRef] [PubMed]

25. Hamilton, A.; Zhang, Q.; Salehi, A.; Willems, M.; Knudsen, J.G.; Ringgaard, A.K.; Chapman, C.E.; Gonzalez-Alvarez, A.; Surdo,
N.C.; Zaccolo, M.; et al. Adrenaline Stimulates Glucagon Secretion by Tpc2-Dependent Ca(2+) Mobilization From Acidic Stores
in Pancreatic alpha-Cells. Diabetes 2018, 67, 1128–1139. [CrossRef] [PubMed]

26. Porte, D., Jr.; Graber, A.L.; Kuzuya, T.; Williams, R.H. The effect of epinephrine on immunoreactive insulin levels in man. J. Clin.
Investig. 1966, 45, 228–236. [CrossRef] [PubMed]

27. Wu, J.; Huang, J.; Zhu, G.; Wang, Q.; Lv, Q.; Huang, Y.; Yu, Y.; Si, X.; Yi, H.; Wang, C.; et al. Elevation of blood glucose level
predicts worse outcomes in hospitalized patients with COVID-19: A retrospective cohort study. BMJ Open Diabetes Res. Care 2020,
8, e001476. [CrossRef] [PubMed]

28. Singh, A.K.; Singh, R. Does poor glucose control increase the severity and mortality in patients with diabetes and COVID-19?
Diabetes Metab. Syndr. 2020, 14, 725–727. [CrossRef]

19



J. Pers. Med. 2024, 14, 123

29. Scheen, A.J.; Marre, M.; Thivolet, C. Prognostic factors in patients with diabetes hospitalized for COVID-19: Findings from the
CORONADO study and other recent reports. Diabetes Metab. 2020, 46, 265–271. [CrossRef] [PubMed]

30. Bode, B.; Garrett, V.; Messler, J.; McFarland, R.; Crowe, J.; Booth, R.; Klonoff, D.C. Glycemic Characteristics and Clinical Outcomes
of COVID-19 Patients Hospitalized in the United States. J. Diabetes Sci. Technol. 2020, 14, 813–821. [CrossRef]

31. Dziewierz, A.; Giszterowicz, D.; Siudak, Z.; Rakowski, T.; Dubiel, J.S.; Dudek, D. Admission glucose level and in-hospital
outcomes in diabetic and non-diabetic patients with acute myocardial infarction. Clin. Res. Cardiol. 2010, 99, 715–721. [CrossRef]

32. Guyenet, P.G.; Bayliss, D.A.; Stornetta, R.L.; Kanbar, R.; Shi, Y.; Holloway, B.B.; Souza, G.; Basting, T.M.; Abbott, S.B.G.; Wenker,
I.C. Interdependent feedback regulation of breathing by the carotid bodies and the retrotrapezoid nucleus. J. Physiol. 2018, 596,
3029–3042. [CrossRef]

33. Egan, B.M.; Julius, S.; Cottier, C.; Osterziel, K.J.; Ibsen, H. Role of cardiovascular receptors on the neural regulation of renin
release in normal men. Hypertension 1983, 5, 779–786. [CrossRef] [PubMed]

34. Zoller, R.P.; Mark, A.L.; Abboud, F.M.; Schmid, P.G.; Heistad, D.D. The role of low pressure baroreceptors in reflex vasoconstrictor
responses in man. J. Clin. Investig. 1972, 51, 2967–2972. [CrossRef] [PubMed]

35. Jacobs, M.C.; Goldstein, D.S.; Willemsen, J.J.; Smits, P.; Thien, T.; Lenders, J.W. Differential effects of low- and high-intensity lower
body negative pressure on noradrenaline and adrenaline kinetics in humans. Clin. Sci. 1996, 90, 337–343. [CrossRef] [PubMed]

36. Serrador, J.M.; Picot, P.A.; Rutt, B.K.; Shoemaker, J.K.; Bondar, R.L. MRI measures of middle cerebral artery diameter in conscious
humans during simulated orthostasis. Stroke 2000, 31, 1672–1678. [CrossRef] [PubMed]

37. Goldstein, D.S.; Holmes, C.; Axelrod, F.B. Plasma catechols in familial dysautonomia: A long-term follow-up study. Neurochem.
Res. 2008, 33, 1889–1893. [CrossRef] [PubMed]

38. Axelrod, F.B.; Goldstein, D.S.; Holmes, C.; Berlin, D.; Kopin, I.J. Pattern of plasma levels of catecholamines in familial dysautono-
mia. Clin. Auton. Res. 1996, 6, 205–209. [CrossRef] [PubMed]

39. Norcliffe-Kaufmann, L.; Axelrod, F.; Kaufmann, H. Afferent baroreflex failure in familial dysautonomia. Neurology 2010, 75,
1904–1911. [CrossRef] [PubMed]

40. Norcliffe-Kaufmann, L.J.; Axelrod, F.B.; Kaufmann, H. Cyclic vomiting associated with excessive dopamine in Riley-day syndrome.
J. Clin. Gastroenterol. 2013, 47, 136–138. [CrossRef]

41. Norcliffe-Kaufmann, L.; Martinez, J.; Axelrod, F.; Kaufmann, H. Hyperdopaminergic crises in familial dysautonomia: A
randomized trial of carbidopa. Neurology 2013, 80, 1611–1617. [CrossRef]

42. Kopin, I.J.; Breese, G.R.; Krauss, K.R.; Weise, V.K. Selective release of newly synthesized norepinephrine from the cat spleen
during sympathetic nerve stimulation. J. Pharmacol. Exp. Ther. 1968, 161, 271–278.

43. Hatch, S.T.; Smargon, A.A.; Yeo, G.W. Engineered U1 snRNAs to modulate alternatively spliced exons. Methods 2022, 205, 140–148.
[CrossRef] [PubMed]

44. Sinha, R.; Kim, Y.J.; Nomakuchi, T.; Sahashi, K.; Hua, Y.; Rigo, F.; Bennett, C.F.; Krainer, A.R. Antisense oligonucleotides correct the
familial dysautonomia splicing defect in IKBKAP transgenic mice. Nucleic Acids Res. 2018, 46, 4833–4844. [CrossRef] [PubMed]

45. Schultz, A.; Cheng, S.Y.; Kirchner, E.; Costello, S.; Miettinen, H.; Chaverra, M.; King, C.; George, L.; Zhao, X.; Narasimhan, J.;
et al. Reduction of retinal ganglion cell death in mouse models of familial dysautonomia using AAV-mediated gene therapy and
splicing modulators. Sci. Rep. 2023, 13, 18600. [CrossRef] [PubMed]

46. Romano, G.; Riccardi, F.; Bussani, E.; Vodret, S.; Licastro, D.; Ragone, I.; Ronzitti, G.; Morini, E.; Slaugenhaupt, S.A.; Pagani, F.
Rescue of a familial dysautonomia mouse model by AAV9-Exon-specific U1 snRNA. Am. J. Hum. Genet. 2022, 109, 1534–1548.
[CrossRef]

47. Singer, A.; Sagi-Dain, L. Impact of a national genetic carrier-screening program for reproductive purposes. Acta Obstet. Gynecol.
Scand. 2020, 99, 802–808. [CrossRef]

48. Summers, R.L.; Platts, S.; Myers, J.G.; Coleman, T.G. Theoretical analysis of the mechanisms of a gender differentiation in the
propensity for orthostatic intolerance after spaceflight. Theor. Biol. Med. Model. 2010, 7, 8. [CrossRef]

49. Diaz-Canestro, C.; Sehgal, A.; Pentz, B.; Montero, D. Sex specificity in orthostatic tolerance: The integration of haematological,
cardiac, and endocrine factors. Eur. J. Prev. Cardiol. 2022, 29, e246–e248. [CrossRef]

50. Fu, Q.; Levine, B.D. Exercise and non-pharmacological treatment of POTS. Auton. Neurosci. 2018, 215, 20–27. [CrossRef]
51. Abdelazeem, B.; Abbas, K.S.; Manasrah, N.; Amin, M.A.; Mohammed, S.M.; Mostafa, M.R. Yoga as a treatment for vasovagal

syncope: A systematic review and meta-analysis. Complement. Ther. Clin. Pract. 2022, 48, 101579. [CrossRef]
52. De Boer, S.F.; Slangen, J.L.; Van der Gugten, J. Plasma catecholamine and corticosterone levels during active and passive

shock-prod avoidance behavior in rats: Effects of chlordiazepoxide. Physiol. Behav. 1990, 47, 1089–1098. [CrossRef]
53. Isonaka, R.; Gibbons, C.H.; Wang, N.; Freeman, R.; Goldstein, D.S. Association of innervation-adjusted alpha-synuclein in arrector

pili muscles with cardiac noradrenergic deficiency in autonomic synucleinopathies. Clin. Auton. Res. 2019, 29, 587–593. [CrossRef]
54. Kim, J.S.; Park, H.E.; Oh, Y.S.; Song, I.U.; Yang, D.W.; Park, J.W.; Lee, K.S. (123)I-MIBG myocardial scintigraphy and neurocircu-

latory abnormalities in patients with dementia with Lewy bodies and Alzheimer’s disease. J. Neurol. Sci. 2015, 357, 173–177.
[CrossRef]

55. Lamotte, G.; Holmes, C.; Sullivan, P.; Lenka, A.; Goldstein, D.S. Cardioselective peripheral noradrenergic deficiency in Lewy
body synucleinopathies. Ann. Clin. Transl. Neurol. 2020, 7, 2450–2460. [CrossRef]

20



J. Pers. Med. 2024, 14, 123

56. Goldstein, D.S.; Holmes, C.; Sullivan, P.; Lopez, G.; Gelsomino, J.; Moore, S.; Isonaka, R.; Wu, T.; Sharabi, Y. Cardiac noradrenergic
deficiency revealed by 18F-dopamine positron emission tomography identifies preclinical central Lewy body diseases. J. Clin.
Investig. 2024, 134, e172460. [CrossRef]

57. Goldstein, D.S.; Pekker, M.J.; Eisenhofer, G.; Sharabi, Y. Computational modeling reveals multiple abnormalities of myocardial
noradrenergic function in Lewy body diseases. JCI Insight 2019, 5, e130441. [CrossRef]

58. Goldstein, D.S.; Kopin, I.J.; Sharabi, Y. Catecholamine autotoxicity. Implications for pharmacology and therapeutics of Parkinson
disease and related disorders. Pharmacol. Ther. 2014, 144, 268–282. [CrossRef]

59. Goldstein, D.S.; Pekker, M.J.; Sullivan, P.; Isonaka, R.; Sharabi, Y. Modeling the Progression of Cardiac Catecholamine Deficiency
in Lewy Body Diseases. J. Am. Heart Assoc. 2022, 11, e024411. [CrossRef]

60. Troshev, D.; Bannikova, A.; Blokhin, V.; Pavlova, E.; Kolacheva, A.; Ugrumov, M. Compensatory Processes in Striatal Neurons
Expressing the Tyrosine Hydroxylase Gene in Transgenic Mice in a Model of Parkinson’s Disease. Int. J. Mol. Sci. 2023, 24, 16245.
[CrossRef]

61. Rao, R.; Androulakis, I.P. Allostatic adaptation and personalized physiological trade-offs in the circadian regulation of the HPA
axis: A mathematical modeling approach. Sci. Rep. 2019, 9, 11212. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

21



Journal of

Personalized 

Medicine

Article

Neuropsychiatric Manifestations of Mast Cell Activation
Syndrome and Response to Mast-Cell-Directed Treatment:
A Case Series

Leonard B. Weinstock 1,*, Renee M. Nelson 2 and Svetlana Blitshteyn 2,3

1 Independent Researcher, Specialists in Gastroenterology, St. Louis, MO 63141, USA
2 Department of Neurology, Jacobs School of Medicine and Biomedical Sciences, University at Buffalo,

Buffalo, NY 14203, USA; reneenel@buffalo.edu (R.M.N.); sb25@buffalo.edu (S.B.)
3 Dysautonomia Clinic, Williamsville, NY 14221, USA
* Correspondence: lw@gidoctor.net

Abstract: Mast cell activation syndrome (MCAS) is an immune disease with an estimated prevalence
of 17%. Mast cell chemical mediators lead to heterogeneous multisystemic inflammatory and allergic
manifestations. This syndrome is associated with various neurologic and psychiatric disorders,
including headache, dysautonomia, depression, generalized anxiety disorder, and many others.
Although MCAS is common, it is rarely recognized, and thus, patients can suffer for decades.
The syndrome is caused by aberrant mast cell reactivity due to the mutation of the controller
gene. A case series is presented herein including eight patients with significant neuropsychiatric
disorders that were often refractory to standard medical therapeutics. Five patients had depression,
five had generalized anxiety disorder, and four had panic disorder. Other psychiatric disorders
included attention-deficit hyperactivity disorder, obsessive compulsive disorder, phobias, and bipolar
disorder. All eight patients were subsequently diagnosed with mast cell activation syndrome;
six had comorbid autonomic disorders, the most common being postural orthostatic tachycardia
syndrome; and four had hypermobile Ehlers-Danlos syndrome. All patients experienced significant
improvements regarding neuropsychiatric and multisystemic symptoms after mast-cell-directed
therapy. In neuropsychiatric patients who have systemic symptoms and syndromes, it is important
to consider the presence of an underlying or comorbid MCAS.

Keywords: anxiety; depression; dysautonomia; mast cell activation syndrome; panic disorder; POTS

1. Introduction

Mast cell activation syndrome (MCAS) presents with heterogenous multisystemic
inflammatory and allergic manifestations [1–3]. MCAS is characterized by patterns of
aberrant mast cell (MC) overactivity [2]. Mast cell activation disease (MCAD), which
includes MCAS and mastocytosis, is associated with neuropsychiatric disorders, including
various types of dysautonomia, neuropathy (including small fiber neuropathy), myalgia,
migraine, headache, cognitive dysfunction, restless legs syndrome, sleep disturbance, non-
pulsatile tinnitus, depression, generalized anxiety, and panic attacks [2,4]. MCAS is the
most common variant of MCAD and has an estimated prevalence of 17% in the general pop-
ulation [5]. Despite a significant prevalence, this hyperactive immune disorder is usually
not considered in the differential diagnosis in patients with multisystemic symptoms [1,6].
This is in part due to its relatively recent discovery (2007) and it is generally not included
in medical school curriculum [7].

The heterogeneity of MCAS is vast, with symptoms and syndromes across various
domains including constitutional, dermatologic, ophthalmologic, otologic, oropharyngeal,
lymphatic, pulmonary, cardiovascular, gastrointestinal, genitourinary, musculoskeletal,
neurologic, psychiatric, metabolic, hematologic, and immunologic systems (Table 1) [2].
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Patients with unrecognized, undiagnosed MCAS will often see multiple specialists and
ultimately stop reporting symptoms owing to poor experiences with the medical system.
Unfortunately, these patients are at risk of being misdiagnosed with somatization disorder
or Munchausen’s syndrome.

Table 1. Common symptoms of mast cell activation syndrome. There are many heterogenous
phenotypes that vary according to mast cell location, number, and ability to degranulate specific
mediators. Symptoms may be continuous or intermittent and be of various levels of severity.

Constitutional Fatigue, subjective hyperthermia and/or hypothermia, sweats, change in appetite, weight gain/loss,
chemical/physical sensitivities, poor healing

Dermatologic Urticaria, itch, flushing, hemangiomas with itch/pain, various rashes, telangiectasias, striae, skin tags,
folliculitis, ulcers, eczema, angioedema, alopecia, onychodystrophy

Ophthalmologic Irritated, “dry” eyes, difficulty focusing, blepharospasm
Otologic Tinnitus, hearing loss, coryza, rhinitis, nasal congestion, epistaxis

Oropharyngeal Pain, burning, leukoplakia, ulcers, angioedema, dysgeusia, dental and/or periodontal
inflammation/decay

Lymphatic Lymphadenopathy, rare splenomegaly
Pulmonary Dry cough, dyspnea (difficulty taking a deep breath), wheezing, obstructive sleep apnea

Cardiovascular Presyncope, hypertension, blood pressure lability, palpitations, edema, chest pain, allergic angina
(Kounis syndrome)

Gastrointestinal
Dyspepsia, gastroesophageal reflux, abdominal pain, nausea, vomiting, diarrhea and/or constipation,
gastroparesis, angioedema, dysphagia (usually proximal), bloating (post-prandial or
spontaneous), malabsorption

Genitourinary Menorrhagia, pelvic pain, endometriosis, vulvodynia, vaginitis, dysmenorrhea, miscarriages,
infertility, dysuria

Musculoskeletal Myalgias, migratory bone/joint pain, osteopenia/osteoporosis

Neurologic Headache, migraine, sensory neuropathies, dysautonomia, episodic weakness, seizure disorders,
non-epileptic seizures, cognitive dysfunction, insomnia, hypersomnolence, restless leg syndrome

Psychiatric Depression, anger/irritability, mood lability, anxiety, panic, obsession–compulsion, attention
deficit/hyperactivity

Hematologic Easy bruising, polycythemia, anemia

Immunologic Hypersensitivity reactions, increased risk for malignancy and autoimmunity, impaired healing, increased
susceptibility to infection

MCs can be located adjacent to blood vessels along the blood–brain barrier (BBB)
and interact with microglia, astrocytes, and blood vessels through stored or synthesized
neuroactive mediators [8]. As the effector cells of the innate immune system, MCs are first to
respond to injury, releasing proinflammatory signals to which microglia respond through
the production of cytokines, chemokines, glutamate, and reactive oxygen species [9].
Mature MCs can migrate to the brain from the vascular system, and evidence suggests
that MCs themselves may disrupt the integrity of the BBB [8]. Signaling between MCs and
microglia modulates immunologic responses to inflammation, infection, trauma, and stress.
In the setting of prolonged neuroinflammation, these controls may be less effective, and
aberrant inflammatory responses may ensue.

The severity of symptoms ranges from mild to life-threatening when anaphylaxis
is present. The degree of morbidity is related to the quantity of the affected mast cells
(MCs), the number of mutations within the mast cell (MC) lineage, the specific organ
involvement, the presence of comorbid postural orthostatic tachycardia syndrome (POTS)
and hypermobile Ehlers-Danlos syndrome (hEDS), and the impact of triggers [10–13].
There are many MC triggers, including diet, stress, estrogens, excipients, and a variety of
infections [14,15]. The long-lasting, often hidden triggers on which treatment can have a
significant impact include small intestinal bacterial overgrowth, mycotoxin and chemical
exposures, and heavy metal toxicity [16–19]. We present a case series of patients diagnosed
with refractory neuropsychiatric disorders who were subsequently diagnosed with MCAS
and whose conditions improved with MC-directed treatment.
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2. Materials and Methods

This is a retrospective case series of eight patients who experienced chronic neuropsy-
chiatric symptoms and disorders and were subsequently diagnosed by the authors with
MCAS. We observed that these patients experienced significant improvement regarding
their psychiatric symptoms when their MCAS was treated with MC-directed therapy.
Criteria for inclusion in this case series were a diagnosis of a psychiatric disorder by a
primary care physician and/or a psychiatrist and a diagnosis of MCAS (Table 2) [6]. Ex-
clusion criteria included mastocytosis or having symptoms and signs best explained by
a medical condition other than MCAS. Comorbid syndromes including autonomic disor-
ders, such as postural orthostatic tachycardia syndrome (POTS), and joint hypermobility
syndromes, such as hypermobile Ehlers-Danlos syndrome (hEDS), were assessed. All
subjects gave their informed consent for inclusion before they participated in the study.
The study was conducted in accordance with the Declaration of Helsinki. The study was
approved by the University at Buffalo Jacobs School of Medicine Institutional Review Board
(STUDY00006936).

Table 2. Diagnostic criteria for mast cell activation syndrome.

Consensus 1:

1. Severe, recurrent mast cell symptoms, which often include anaphylaxis and involve 2 or more organs, including urticaria,
flushing, pruritus, angioedema, nasal congestion/pruritus, wheezing, throat swelling, hoarseness, headache, hypotensive
syncope, tachycardia, cramping, and diarrhea;

2. Increased mast cell mediators “preferably tryptase or increased tryptase from baseline plus 20% + 2 during an attack” or “less
specific mediators” (plasma histamine or prostaglandin D2, serum heparin, urine N-methylhistamine);

3. Response to mast-cell-directed therapy.

Consensus 2:
Presence of 2 systems with typical mast cell activation symptoms and ≥1 of the following:

1. Positive mast cell mediators (plasma histamine or prostaglandin D2, serum heparin, tryptase, and chromogranin A, or urine
N-methylhistamine, leukotriene E4, and 2, 3 dinor prostaglandin F2 alpha);

2. Biopsy showing >20 mast cells per high-power field;

Positive clinical response to mast-cell-directed therapy

Although many FDA-approved medicines have been studied and used for MCAS,
there is no FDA-approved protocol for MCAS [14]. As part of our standard approach,
we advise a 3-week trial on a gluten-free, dairy-free, and low-histamine diet. Medical
therapy starts with a combination of non-sedating histamine receptor 1 and histamine
receptor 2 blockers twice daily [9]. If the response is inadequate or the patients have
significant symptoms, they receive additional over-the-counter MC stabilizing agents such
as vitamins C and D and quercetin, a flavonoid. For those with extensive symptoms, they
are administered the Step 1 MC-directed therapy, which includes antihistamines, vitamins
C and D, quercetin, and the addition of low-dose naltrexone (LDN). The use of LDN has
been reported to be effective in treating MCAS and depression [20,21]. The administration
of additional medicines including immune modulators and chemotherapy are used for
refractory MCAS [14,22].

3. Results

The subjects included seven females and one male with a mean age of 36 years (ages
ranged from 18 to 71 years). Prior neuropsychiatric diagnoses, medical therapy, past medical
history, new diagnoses, and the outcomes of MC-directed therapy are outlined in Table 3.
Five had depression and one had bipolar disease. Two of these patients had attempted
suicide as teenagers. Five had generalized anxiety disorder and four had panic disorder.
Seven subjects had additional disorders: attention-deficit/hyperactivity disorder, obsessive–
compulsive disorders, phobias, Tourette’s syndrome, and narcolepsy.

24



J. Pers. Med. 2023, 13, 1562

T
a

b
le

3
.

N
eu

ro
p

sy
ch

ia
tr

ic
m

an
if

es
ta

ti
on

s
of

m
as

tc
el

la
ct

iv
at

io
n

sy
nd

ro
m

e
p

at
ie

nt
s

an
d

re
sp

on
se

to
m

as
t-

ce
ll-

d
ir

ec
te

d
th

er
ap

y:
ca

se
s

1–
4.

N
eu

ro
ps

yc
hi

at
ri

c
m

an
if

es
ta

ti
on

s
of

m
as

tc
el

la
ct

iv
at

io
n

sy
nd

ro
m

e
an

d
re

sp
on

se
to

m
as

t-
ce

ll-
di

re
ct

ed
tr

ea
tm

en
t:

ca
se

s
5–

8.

N
1

2
3

4

A
ge

(y
ea

rs
),

se
x

47
,f

em
al

e
50

,f
em

al
e

37
,f

em
al

e
71

,f
em

al
e

Pr
io

r
ps

yc
hi

at
ri

c
di

ag
no

se
s

G
A

D
,O

C
D

,p
ho

bi
a

G
A

D
,p

an
ic

di
so

rd
er

Bi
po

la
r

di
so

rd
er

(s
ui

ci
de

at
te

m
pt

ag
e

15
),

G
A

D
,A

D
H

D
,

To
ur

et
te

’s
,n

ar
co

le
ps

y
M

D
D

(s
ui

ci
de

at
te

m
pt

ag
e

16
)

C
lin

ic
al

co
ur

se
in

ch
ild

ho
od

an
d

ad
ol

es
ce

nc
e

A
na

ph
yl

ax
is

to
nu

ts
an

d
an

ti
bi

ot
ic

s
N

on
e

Br
ai

n
fo

g,
di

ar
rh

ea
,u

rt
ic

ar
ia

,
se

lf
-a

bu
si

ve
be

ha
vi

or
,a

st
hm

a

H
ea

da
ch

es
,r

ec
ur

re
nt

vi
ra

l
in

fe
ct

io
ns

,h
iv

es
,e

de
m

a
w

it
h

in
se

ct
bi

te
s,

al
le

rg
ie

s,
na

us
ea

,
ab

do
m

in
al

pa
in

,d
ep

re
ss

io
n,

m
en

or
rh

ag
ia

C
lin

ic
al

co
ur

se
in

ad
ul

th
oo

d
Po

st
pa

rt
um

ph
ob

ia
s,

ra
sh

es
,

fa
ci

al
sw

el
lin

g,
pr

ur
it

us
,

sy
nc

op
e,

ta
ch

yc
ar

di
a,

m
ig

ra
in

e

Sy
nc

op
e/

pr
es

yn
co

pe
du

ri
ng

pr
eg

na
nc

y,
pa

ce
m

ak
er

fo
r

br
ad

yc
ar

di
a,

ta
ch

yc
ar

di
a,

bl
ur

re
d

vi
si

on
,a

nx
ie

ty
,j

oi
nt

pa
in

D
ep

re
ss

io
n

(d
ai

ly
su

ic
id

al
id

ea
tio

n)
,

m
an

ia
,h

al
lu

ci
na

ti
on

s,
an

xi
et

y,
fa

ti
gu

e,
ab

do
m

in
al

pa
in

,n
au

se
a,

m
ya

lg
ia

,h
iv

es
,b

on
e

pa
in

,e
pi

so
di

c
hy

pe
rt

en
si

on
,b

ed
ri

dd
en

4
da

ys
/w

ee
k

D
ep

re
ss

io
n

(d
ai

ly
su

ic
id

al
id

ea
ti

on
),

pe
lv

ic
pa

in
le

ad
in

g
to

hy
st

er
ec

to
m

y
ag

e
21

,t
in

ni
tu

s,
ch

es
ta

nd
bo

dy
pa

in
,i

nt
er

st
it

ia
l

cy
st

it
is

Pr
io

r
ps

yc
hi

at
ri

c
th

er
ap

y
M

ul
ti

pl
e

SS
R

Is
w

it
ho

ut
ef

fic
ac

y
Pr

es
cr

ib
ed

SS
R

I:
el

ec
te

d
no

tt
o

ta
ke

it

1
SS

R
I,

2
SS

R
N

Is
,2

an
ti

-p
sy

ch
ot

ic
s,

3
be

nz
os

,l
am

ot
ri

gi
ne

,a
to

m
ox

et
in

e,
de

xt
ro

am
ph

et
am

in
e,

gu
an

fa
ci

ne

3
cl

as
se

s
of

an
ti

-d
ep

re
ss

an
ts

—
m

ul
ti

pl
e

ag
en

ts
,l

it
hi

um
,a

nd
EC

T

N
ew

di
ag

no
se

s
M

C
A

S,
hE

D
S,

N
C

S,
IS

T
M

C
A

S,
N

C
S,

la
bi

le
hy

pe
rt

en
si

on
M

C
A

S,
PO

TS
,R

LS
,l

ab
ile

hy
pe

rt
en

si
on

M
C

A
S,

PO
TS

M
as

tc
el

lt
re

at
m

en
t

H
yd

ro
xy

zi
ne

,c
et

ir
iz

in
e

da
ily

.
Pr

ed
ni

so
ne

PR
N

fla
re

s
C

et
ir

iz
in

e
an

d
fa

m
ot

id
in

e
da

ily
.

St
ep

1
th

er
ap

y,
LD

N
.M

ai
nt

ai
ne

d
on

ar
ip

ip
ra

zo
le

,d
ex

tr
o-

am
ph

et
am

in
e,

an
d

la
m

ot
ri

gi
ne

A
nt

ih
is

ta
m

in
es

1
an

d
2,

hy
dr

ox
yu

re
a

O
ut

co
m

es
of

m
as

tc
el

l
tr

ea
tm

en
to

n
ne

ur
op

sy
ch

ia
tr

ic
co

nd
it

io
ns

C
om

pl
et

e
re

sp
on

se
:

w
or

ks
fu

ll
ti

m
e

C
om

pl
et

e
re

sp
on

se
:

w
or

ks
fu

ll
ti

m
e.

Ta
ch

yc
ar

di
a,

sy
nc

op
e,

flu
sh

in
g,

an
d

an
xi

et
y

re
so

lv
ed

Pa
rt

ia
lr

es
po

ns
e:

w
or

ks
pa

rt
ti

m
e

C
om

pl
et

e
re

sp
on

se
:

in
de

pe
nd

en
ti

n
A

D
Ls

an
d

iA
D

Ls
.D

ep
re

ss
io

n
re

so
lv

ed

25



J. Pers. Med. 2023, 13, 1562

T
a

b
le

3
.

C
on

t.

N
5

6
7

8

A
ge

(y
ea

rs
),

se
x

18
,m

al
e

18
,f

em
al

e
19

,f
em

al
e

33
,f

em
al

e
Pr

io
r

ne
ur

op
sy

ch
ia

tr
ic

di
ag

no
se

s
Pa

ni
c

di
so

rd
er

,G
A

D
,M

D
D

Pa
ni

c
di

so
rd

er
,G

A
D

,M
D

D
Pa

ni
c

di
so

rd
er

,M
D

D
Pa

ni
c

di
so

rd
er

,G
A

D
,M

D
D

C
lin

ic
al

co
ur

se
in

ch
ild

ho
od

an
d

ad
ol

es
ce

nc
e

Br
ai

n
fo

g,
fa

ti
gu

e,
rh

in
it

is
,

di
ar

rh
ea

,a
bd

om
in

al
pa

in
w

it
h

gl
ut

en

C
on

st
ip

at
io

n,
di

ar
rh

ea
,

dy
sp

ha
gi

a,
he

ar
tb

ur
n,

na
us

ea
,

ec
ze

m
a,

he
ad

ac
he

,
m

en
or

rh
ag

ia
,s

yn
co

pe

N
au

se
a,

di
ar

rh
ea

,m
en

or
rh

ag
ia

,
flu

sh
in

g,
fa

ti
gu

e,
br

ai
n

fo
g,

ti
nn

it
us

H
ea

da
ch

e,
m

ul
ti

pl
e

vi
ra

l
in

fe
ct

io
ns

C
lin

ic
al

co
ur

se
in

ad
ul

th
oo

d
M

ya
lg

ia
s

C
on

st
ip

at
io

n,
di

ar
rh

ea
,

dy
sp

ha
gi

a,
he

ar
tb

ur
n,

na
us

ea
,

ec
ze

m
a,

he
ad

ac
he

,
m

en
or

rh
ag

ia
,s

yn
co

pe

W
ei

gh
tl

os
s,

na
us

ea
,d

ia
rr

he
a,

m
en

or
rh

ag
ia

,fl
us

hi
ng

,f
at

ig
ue

,
br

ai
n

fo
g,

ti
nn

it
us

N
au

se
a,

pa
in

,f
at

ig
ue

,
w

ea
kn

es
s,

tin
ni

tu
s,

pa
lp

ita
tio

ns
,

flu
sh

in
g,

pr
es

yn
co

pe
,m

ig
ra

in
e,

br
ai

n
fo

g,
hi

ve
s,

it
ch

,b
on

e
pa

in

Pr
io

r
ps

yc
hi

at
ri

c
th

er
ap

y
Es

ci
ta

lo
pr

am
Es

ci
ta

lo
pr

am
,b

us
pi

ro
ne

D
es

ve
nl

af
ax

in
e,

flu
vo

xa
m

in
e,

flu
ox

et
in

e
N

on
e

N
ew

di
ag

no
se

s
M

C
A

S
M

C
A

S,
R

LS
,h

ED
S

M
C

A
S,

PO
TS

,h
ED

S
M

C
A

S,
PO

TS
,h

ED
S

M
as

tc
el

lt
re

at
m

en
t

St
ep

1,
LD

N
H

1/
2

bl
oc

ke
rs

,L
D

N
,b

us
pi

ro
ne

PR
N

an
xi

et
y

St
ep

1,
LD

N
G

FD
,

St
ep

1,
LD

N
O

ut
co

m
e

on
m

as
tc

el
l

tr
ea

tm
en

tf
or

ne
ur

op
sy

ch
ia

tr
ic

co
nd

it
io

ns

C
om

pl
et

e
re

sp
on

se
:

A
bl

e
to

re
tu

rn
to

co
lle

ge
af

te
r

w
it

hd
ra

w
al

C
om

pl
et

e
re

sp
on

se
:

A
bl

e
to

at
te

nd
co

lle
ge

af
te

r
ho

m
e

sc
ho

ol
in

g

M
ar

ke
d

im
pr

ov
em

en
t:

A
bl

e
to

re
tu

rn
to

co
lle

ge
.R

eg
ai

ne
d

15
po

un
ds

C
om

pl
et

e
re

sp
on

se
:

A
bl

e
to

w
or

k
fu

ll
ti

m
e

A
bb

re
vi

at
io

ns
:

A
D

H
D

,
at

te
nt

io
n-

d
efi

ci
t/

hy
p

er
ac

ti
vi

ty
d

is
or

d
er

;
be

nz
os

,
be

nz
od

ia
ze

p
in

es
;

E
C

T,
el

ec
tr

oc
on

vu
ls

iv
e

th
er

ap
y;

G
D

F,
gl

u
te

n-
fr

ee
d

ie
t;

G
A

D
,

ge
ne

ra
liz

ed
an

xi
et

y
di

so
rd

er
;h

ED
S,

hy
pe

rm
ob

ile
Eh

le
rs

-D
an

lo
s

sy
nd

ro
m

e;
IS

T,
in

ap
pr

op
ri

at
e

si
nu

s
ta

ch
yc

ar
di

a;
LD

N
,l

ow
-d

os
e

na
lt

re
xo

ne
;M

C
A

S,
m

as
tc

el
l

ac
ti

va
ti

on
sy

nd
ro

m
e;

M
D

D
,m

aj
or

d
ep

re
ss

iv
e

d
is

or
d

er
;N

C
S,

ne
u

ro
ca

rd
io

ge
ni

c
sy

nc
op

e;
O

C
D

,o
bs

es
si

ve
–c

om
p

u
ls

iv
e

d
is

or
d

er
;P

O
T

S,
p

os
tu

ra
lo

rt
ho

st
at

ic
ta

ch
yc

ar
di

a
sy

nd
ro

m
e;

PR
N

,a
s

ne
ed

ed
;S

SR
I,

se
le

ct
iv

e
se

ro
to

ni
n

re
up

ta
ke

in
hi

bi
to

r.
N

ot
e:

St
ep

1
th

er
ap

y
is

a
co

m
bi

na
tio

n
m

as
t-

ce
ll-

di
re

ct
ed

or
al

th
er

ap
y

us
in

g
va

ri
ou

s
ov

er
-t

he
-c

ou
nt

er
hi

st
am

in
e

1
re

ce
p

to
r

an
ta

go
ni

st
s

(v
ar

ie
ty

of
br

an
d

s,
tw

ic
e

d
ai

ly
),

hi
st

am
in

e
2

re
ce

p
to

r
an

ta
go

ni
st

(f
am

ot
id

in
e

20
m

g
tw

ic
e

d
ai

ly
),

qu
er

ce
ti

n
(1

00
0

m
g

tw
ic

e
a

da
y)

,s
us

ta
in

ed
re

le
as

e
vi

ta
m

in
C

(1
00

0
m

g
da

ily
),

an
d

vi
ta

m
in

D
(2

00
0–

50
00

m
g

da
ily

de
pe

nd
in

g
on

vi
ta

m
in

D
le

ve
l)

.

26



J. Pers. Med. 2023, 13, 1562

We subsequently diagnosed significant disorders: MCAS in eight subjects, POTS in
four, labile blood pressure in two, inappropriate sinus tachycardia in one, neurocardiogenic
syncope in one, migraine in two, and restless legs syndrome in two. Four subjects had
hEDS. All subjects’ symptoms improved with MC-directed therapy, as shown in Table 3.
Six subjects experienced significant improvement regarding their psychiatric disorder so
they could return to work, high school, or college. One woman could now function well as
a homemaker. Her daily suicidal ideation, which had persisted for decades, also ceased.
One subject improved enough to work part time.

3.1. Illustrative Case: Patient 1

The patient was a 47-year-old physician who was healthy except for episodes of
anaphylaxis in response to nuts in her childhood and adolescence. In her twenties, she
experienced symptoms of weight loss, lymphadenopathy, night sweats, and fatigue, and at
one point, she was thought to have lymphoma, which was subsequently ruled out. She
was treated with amoxicillin for presumed bacterial infection, which caused a rash. At
that time, her treating physicians thought she may have had mononucleosis. Subsequently,
she experienced two bouts of shingles. She experienced no psychiatric symptoms and
received no psychiatric diagnosis in childhood, adolescence, or in her twenties and felt that
she was healthy and athletic prior to her first pregnancy. During her first pregnancy at
age 35, she developed severe nausea associated with weight loss and was diagnosed with
hyperemesis gravidarum. During her first pregnancy, she was treated with IV hydration
via a central venous line on a temporary basis with good results, and the central venous
line was removed toward the end of her pregnancy. She subsequently had uneventful
labor, vaginal delivery, and postpartum period and was able to return to work full time
without symptoms. She developed a severe phobia of blood 1.5 years post-partum, along
with generalized anxiety and obsessive symptoms. Her second pregnancy was at 38 years
of age, which was again associated with nausea and food intolerances, but she was able
to maintain her weight and did not require a central venous line. However, she did
receive intravenous hydration every few weeks through a peripheral line for symptoms
thought to be due to dehydration. After an uneventful delivery, her phobia of blood
worsened, and she developed compulsive rituals as well as fatigue. A few years later, she
developed recurrent rashes, periorbital swelling, flushing episodes (Figure 1), rapid heart
rate upon standing or with minimal exertion, and chronic constipation. She also developed
presyncope associated with diarrhea and tachycardia, which were often triggered by taking
a shower. These symptoms persisted for the next 6 years without an explanation or an
identifiable etiology, despite receiving evaluations from a variety of specialists. Due to a
severe fear of the sight of blood, anxiety, and obsessive–compulsive disorder, which was
diagnosed by a primary care physician, she had to stop working and became housebound
after the second pregnancy. She denied depressive symptoms or suicidal ideations. She did
report Raynaud’s phenomenon as well as recurrent lower-back pain for at least 15 years,
which was triggered by prolonged sitting. She was diagnosed with hypermobility spectrum
disorder, though she denied chronic muscle or joint pain. She did experience easy bruising
and bruxism. Prior to her second pregnancy, she used to run for at least 30 min several
times per week. After her second pregnancy, she developed significant exercise intolerance
due to resting and exertional tachycardia. She described having a heart rate of 150 beats
per minute after walking for only 5 min. Sertraline 200 mg was initiated for OCD and
anxiety, which resulted in a partial improvement in psychiatric symptoms; as such she
was well enough to briefly leave the house. She reported experiencing chronic insomnia
for many years, sleeping only 3 to 5 h per night. Clonazepam was prescribed at a dose
of 0.5 mg to 1 mg at bedtime, but it did not prolong her sleep duration. She experienced
frequent flushing and angioedema, sometimes triggered by stress, but most of the time, the
trigger was unknown. She could not identify any potential food triggers. A gluten-free,
low-histamine diet failed to help. After receiving an intramuscular cortisone injection
for the treatment of a rash, she felt significantly better for several weeks, both regarding
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physical and psychological symptom improvement. At the time of her presentation, her
most disabling symptoms were obsessive thoughts regarding her fear of seeing blood,
fatigue, exercise intolerance, resting and postural tachycardia, and recurrent pruritic facial
and neck rash.

 

Figure 1. Photo of the periorbital edema with facial and neck flushing provided by patient 1.

A tilt table test demonstrated inappropriate sinus tachycardia (IST) and neurocar-
diogenic syncope after a nitroglycerin challenge. Diagnostic tests were also remarkable,
showing low serum ferritin level, elevated platelets, and mildly reduced IgG1 subclass.
Serum and urine MC mediators, including serum tryptase, serum histamine, serum and
urine chromogranin, and prostaglandins, were in the normal range at baseline testing,
during which she was not experiencing a flare.

Given the clinical features of allergic symptoms and excellent response to antihis-
tamines and steroids, a clinical diagnosis of MCAS was made by an allergist based on the
Consensus 2 criteria [6]. Daily hydroxyzine at a dose of 25 mg was initiated and increased
to twice a day, along with 10 mg cetirizine daily. The patient reported significant improve-
ment and near complete resolution of both her phobia of blood and obsessive–compulsive
thoughts and rituals. Additionally, her elevated resting and exertional heart rate decreased
after the implementation of antihistamines without the use of heart-rate-controlling medi-
cations typically used for the treatment of IST and other autonomic disorders, such as beta
blockers or an I-channel blocker. Given her physical and psychological improvement, she
was able to return to work in healthcare full time and resume an exercise training program.

3.2. Illustrative Case: Patient 4—Personal Account

“Here is my story of a lifelong battle with depression, mood swings and healing after
a diagnosis and treatment of MCAS. I had depressive symptoms as a little girl, which
escalated after I was molested at the age of 11. By the time I was 16, I tried to kill myself.
In my early twenties I escalated to severe mood swings going into mania for 6 to 7 days
at a time never sleeping or even lying down to an inability to stay awake for days on
end. I would go into a rage at the drop of a hat and at times would lock myself in the
bathroom to keep away from my sons so they would not receive the outcome of my rage.
There was even a time I thought I should give my boys up for adoption because I believed
they deserved a better mother than I was able to be. Along with the mood swings I also
developed severe panic attacks”.
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“I saw a psychiatrist who diagnosed me with bipolar disorder. I then started taking
medications which would help a little for a short time, but then I’d be right back where I
started. I was eventually put on Lithium that helped the symptoms, but I developed severe
swelling in my abdomen to the point I had to wear maternity clothes and vomited around
the clock. My mood and desire to die was also related to severe pain from a torn lumbar
disc that went undiagnosed for 22 years. Between the pain and depression, I continued to
get worse, until I attempted suicide again in 1990. I continued to try different medications
but had drug reactions and a never-ending circle with depression and thoughts of suicide
wrapped in the middle”.

“At age 55 I was diagnosed with breast cancer and underwent a mastectomy and
chemotherapy. Shortly after chemo I started having multiple symptoms, including heart
palpitations up to 200 bpm just walking across the room as well as chest pain and dan-
gerously low blood pressure, I was finally diagnosed with POTS. I also had esophageal
spasms, interstitial cystitis, migraine headache and episodes of severe vomiting. I also
started suffering severe shortness of breath and was diagnosed with asthma and vocal
cord dysfunction. I kept asking for help from doctors but was told it was all in my head
and I just needed to see a psychiatrist! I knew all of this was not in my head, but when
you have a history of depression and bipolar disorder, I found that very few doctors take
you seriously”.

“My primary care physician finally referred me to a neurologist for POTS, and my
life changed at that appointment when he diagnosed me with MCAS. He assured me my
symptoms were not in my head but in my brain. He started me on the MCAS protocol, and
although some symptoms were better the depression was not. He then referred me to Dr.
Weinstock who tried other medications and eventually added a chemotherapy drug called
hydroxyurea. Shortly after starting hydroxyurea, my suicidal thoughts finally stopped, and
I have not had any desire to die since. I am truly happy for the first time in my life”.

4. Discussion

We present a case series of eight patients with refractory neuropsychiatric disorders
who experienced significant improvement after subsequent diagnosis and treatment of
MCAS. Previously, these patients exhibited either no response or poor response to a variety
of psychiatric medications and psychotherapies. Electroshock therapy had been used in
the eldest patient in the cohort. These patients often presented to psychiatrists in their
early teenage years, but some developed neuropsychiatric symptoms as an adult, with
pregnancy or the postpartum period being a precipitating or exacerbating event. The
female predominance in our case series was similar to other MCAS studies where the
female to male ratio was over 80% [23,24]. Most of the patients in our case series responded
to simple Step 1 MC-directed therapy. The eldest of our patients was a 71-year-old woman
who had experienced severe, lifelong depression. Low-dose hydroxyurea (500 mg per day)
was added to her regimen to treat refractory gastrointestinal symptoms. To her surprise,
her daily suicide ideation resolved for the first time in four decades. Hydroxyurea has
been used successfully to treat general systemic symptoms in both refractory MCAS and
mastocytosis [22]. This drug is an oral ribonucleotide reductase inhibitor which is used at a
high dosage in the treatment of chronic myeloproliferative neoplasms and at a low dosage
in sickle cell anemia, where there is evidence that MC activation causes increased cytokines
and joint pain [25].

5. Mast Cells

We theorize that MCAS-associated neuropsychiatric disorders could be caused by
abnormal MCs in the central and/or peripheral nervous system or indirectly by circulating
MC mediators that lead to inflammation in the nervous system. MCs, known as immune
and pro-inflammatory effector cells, are present in the meninges and are implicated in
the pathophysiology of migraine via neuropeptide release, vasodilation, and plasma and
protein extravasation, which can lead to MC degranulation. Since MCs release hundreds of
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various mediators, including histamines, tryptases, and leukotrienes, the degranulation of
meningeal MCs contributes to the sensitization of trigeminal vascular afferent processing.
This MC-mediated pathway is thought to be one of the mechanisms underlying migraine
pain pathophysiology, and migraine is one of the most common comorbidities noted in
patients with MCAS [26].

Similar to our case series, patients with MCAS can have comorbid autonomic dys-
function. While the mechanisms have not been explored in detail, a recent study linked
the parasympathetic nervous system and MCs via its findings, which suggest that the
endogenous acetylcholine activates the meningeal MCs [27]. Further studies are needed
to delineate the complex interplay between the autonomic nervous system, MCs, and the
connective tissues of the meninges, cerebral vasculature, and other structures important to
the pathophysiology of the triad of dysautonomia, MCAS, and hypermobility spectrum
disorders often observed in clinical practice [28].

Additionally, circulating autoantibodies could affect the brain and autonomic nervous
system due to an MC-induced hyperpermeable BBB and/or an abnormally functioning
blood–cerebrospinal fluid barrier [8,29]. The role of MC activation in a variety of neuropsy-
chiatric disorders has been studied in humans and in animal models [30–37]. Magnetic
resonance imaging has demonstrated morphological and functional abnormalities in the
brains of mastocytosis patients with neuropsychiatric complaints [38]. Using the same tech-
nique, a MCAS patient with depression also exhibited the same radiographic finding [39].
In a case series of 139 patients with mastocytosis, 49% had depression [31]. In another series
of 288 mastocytosis patients, the prevalence of depression was 64%, with 56% described as
having moderate and 8% severe depression [30].

6. Histamine and Histamine Receptors

Histamine, a major MC mediator, is a known neurotransmitter in the central nervous
system. Histamine is a monoamine that is metabolized from the precursor histidine and is
released into some of the neuronal synapses, as well as into the blood stream, where it acts
as a hormone. Histamine is also a known neuromodulator since it regulates the release of
other neurotransmitters, such as acetylcholine, norepinephrine, and serotonin [40]. The
histamine receptors H1, H2, H3, and H4 are a class of G-protein–coupled receptors which
bind to histamine as their primary endogenous ligand [41,42]. The H1 receptor mediates
immediate hypersensitive reactions, such as wheezing, itching, coughing, and hypotension;
the H2 receptor affects gastric mucosa, vascular smooth muscle, fat cells, basophils, and
neutrophils and inhibits antibody synthesis, T-cell proliferation, and cytokine production;
the H3 receptor decreases the release of acetylcholine, serotonin, and norepinephrine
neurotransmitters in the central nervous system; and the H4 receptor is implicated in mast
cell chemotaxis and regulating immune responses [42–44].

Histamine is known to contribute to the regulation of sleep and wakefulness, and
histamine blocking is a well-known pharmacological approach used to induce sleep. Low
levels of histamine have been shown to correlate with schizophrenia, and an altered his-
taminergic system has been found in the nigrostriatal network in Parkinson’s disease [40].
Postmortem studies have revealed alterations in the histaminergic system in neurological
and psychiatric diseases. Brain histamine levels are decreased in Alzheimer’s disease
patients, whereas abnormally high histamine concentrations are found in the brains of
Parkinson’s disease and schizophrenic patients [40]. Low histamine levels are associated
with convulsions and seizures [40]. The release of histamine is altered in response to dif-
ferent types of brain injury; for example, the increased release of histamine in an ischemic
brain trauma might play a role in recovery following neuronal damage [43]. Neuronal
histamine is also involved in pain, and drugs that increase brain and spinal histamine
concentrations have antinociceptive properties. Histaminergic drugs, most importantly his-
tamine H3 receptor ligands, have shown efficacy in many animal models of the neurologic
disorders, and clinical trials to determine the efficacy and safety of these drugs in humans
are needed [43].
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Histamine has a significant underexplored potential to provide targets for many CNS
disorders. The histamine system has been suggested as a possible target for the treatment
of psychiatric disorders, and drugs that modulate this system have been proposed as
cognitive enhancers [44]. Greater understanding of histamine, histamine receptors, and
histaminergic pathways in the central and peripheral nervous systems is particularly
relevant for the development of novel pharmacological treatments for neurologic and
psychiatric disorders [42,45–47].

Lastly, histamine may cause the increased permeability of the blood–brain barrier. It
also significantly influences neuroendocrine control, including the behavioral state, biologi-
cal rhythms, energy metabolism, thermoregulation, fluid balance, stress, and reproduction.
In addition to being a neurotransmitter and neuromodulator, histamine is also associated
with the functioning of the immune system. During an immune reaction, histamine is
released and contributes to the physiologic changes necessary for the immune system
to fight a pathogen, including an increase in blood pressure, temperature, swelling, and
bronchial constriction [8,42,45,47].

7. Mast-Cell-Directed Treatment

Standard psychiatric medicines are frequently prescribed for patients presenting with
depression and anxiety; however, a significant subset of patients is refractory to these
treatments or experiences adverse events. Our case series suggests that when MCAS is
suspected and then diagnosed, MC-directed therapy can be effective in improving neu-
ropsychiatric manifestations. Treatment with antihistamines, MC-stabilizing agents, and
other pharmacologic modalities such as LDN, along with non-pharmacologic approaches
including avoiding symptomatic triggers and adopting low-histamine and gluten/dairy-
free diets, can be effective, are inexpensive, and have a low side effect profile compared
to standard antidepressant and antianxiety therapies. Another consideration regarding
the intolerance to standard psychiatric medications experienced by the general population,
particularly for MCAS patients, is the frequency of reaction to excipients [48].

Benzodiazepines are used in the treatment of anxiety and panic attacks. These medica-
tions have been demonstrated to have an inhibitory action on the pro-inflammatory effector
functions of MCs [49]. In addition, there is evidence in the literature that supports the role
of histamine as a neurotransmitter in stress-related disorders [50]. Microglia express all
four histamine receptors, with selective upregulation of H1R and H4R [51]. Astrocytes
express the H1R and H2R histamine receptors [52]. This may be another mechanism for the
effect of histamine receptor blockers in MCAS and psychiatric disorders. Nevertheless, due
to the adverse effects and addictive potential associated with chronic benzodiazepine use,
benzodiazepines should not be routinely prescribed and should be reserved for patients
who are refractory to other non-addictive MC therapies.

For severe cases of MCAS, immune modulators can be helpful. These medications
include hydroxyurea and various tyrosine kinase inhibitors (TKI). Masitinib, a TKI, has
been used as effective treatment for drug-refractory depression in mastocytosis and is
currently being studied in MCAS patients [30,53] [Clintrials.gov NCT05449444]. In the
largest mastocytosis case series to date, of 288 patients treated with masitinib, 67% experi-
enced a significant improvement with regard to depression overall, and 75% recovered [30].
In a case report, a MCAS patient with severe MCAS and postural orthostatic tachycar-
dia syndrome experienced significant improvement with regard to depression, anxiety,
and dysautonomia symptoms using intravenous immunoglobulin, LDN, and antibiotic
treatment for small intestinal bacterial overgrowth [21].

8. Autonomic Dysfunction and MCAS

Autonomic dysfunction is common in MCAS patients, possibly due to the MC media-
tor effects on the central autonomic networks in the brain, peripheral autonomic and small
nerve fibers, and the vasodilatory effects of the mediators on blood vessels and via other
yet unidentified mechanisms. One study identified clinical evidence of MC hyperactivity
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in 64% of their patients with POTS, 66% of whom received at least one positive laboratory
finding suggestive of MC hyperactivity [28]. In another study, the percentage of MCAS
diagnosis within a group of POTS and hEDS patients was 31% in comparison with 2% in
a group without POTS or hEDS [54]. Small fiber neuropathy and cerebral hypoperfusion
may share pathophysiologic mechanisms in MCAS, dysautonomia, and hEDS [55]. While
the true prevalence of MCAS in patients with POTS or hEDS is unknown, considering the
lack of awareness of MCAS as a diagnostic entity among clinicians and the difficulty of
confirming diagnosis objectively, most of the patients in our series had comorbid autonomic
disorders, with POTS being the most common diagnosis.

9. Limitations

The limitations of this study include those inherent to the nature of a retrospective chart
review, the small sample size, the subjectivity of patient-reported functional improvement
following treatment, the lack of a control group, the referral bias and heterogeneity of
various mast-cell-directed treatment, the influence of psychiatric medications, and the
treatment approaches for autonomic comorbidities and other comorbidities. In addition,
we recognize that there is some controversy regarding the diagnostic criteria for MCAS [6].
There are limitations related to our patient selection and the generalizability of our findings.

10. Clinical Relevance in Personalized Care

Although the literature on MCAS, dysautonomia, and hypermobility spectrum dis-
orders is relatively limited, patients who have all three conditions as a triad are often
encountered in clinical practice [56]. Many of these patients have been sick for years or
decades, seen multiple physicians of various specialties, tried a wide variety of medications
and supportive therapies with limited improvement, and have experienced significant
functional impairment. While neurologic, autonomic, and psychiatric comorbidities in
these patients are numerous, many patients are misdiagnosed with psychiatric diagnoses
such as somatic symptom disorder, medically unexplained symptoms, functional neuro-
logic disorders, somatization disorder, factitious disorder, or malingering. Some parents
of children and teens with the triad have been wrongfully accused of Munchausen by
proxy. The mislabeling of these patients with psychiatric illness as the cause for a systemic
illness often leads to inappropriate or misdirected treatment, iatrogenic adverse events,
resentment, mistrust on the part of the patient, doctor shopping, non-compliance, med-
ical care avoidance, and psychological symptoms and trauma caused by their negative
experience with the healthcare system. As the illustrative cases demonstrate, significant
improvement in and even resolution of decades of neuropsychiatric symptoms are possible
when an underlying systemic disorder is identified and therapeutic modalities for the
underlying systemic disorder are instituted. Although at this time it is unknown whether
a relationship between MCAS, dysautonomia, and hypermobility spectrum disorders is
rooted in causation or association, we believe that a patient-centered, comprehensive, and
personalized approach to neurologic and psychiatric care is essential to accurate diagnosis,
effective treatment, and reducing the symptom burden and disability associated with these
multisystemic complex chronic disorders.

11. Conclusions

In patients with neuropsychiatric disorders refractory to standard therapy who have
systemic symptoms, underlying MCAS should be considered in the differential diagnosis.
This is especially the case if they have comorbid POTS, other types of dysautonomia, and/or
hEDS. Prospective randomized controlled trials are needed to determine the prevalence
of MCAS in patients with treatment-refractory neuropsychiatric disorders, delineate the
neurologic and psychiatric manifestations of MCAS, and assess the response to MCAS-
targeted treatment.
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Abstract: Sex hormones and migraine are closely interlinked. Women report higher levels of migraine
symptoms during periods of sex hormone fluctuation, particularly during puberty, pregnancy, and
perimenopause. Ovarian steroids, such as estrogen and progesterone, exert complex effects on the
peripheral and central nervous systems, including pain, a variety of special sensory and autonomic
functions, and affective processing. A panel of basic scientists, when challenged to explain what
was known about how sex hormones affect the nervous system, focused on two hormones: estrogen
and oxytocin. Notably, other hormones, such as progesterone, testosterone, and vasopressin, are
less well studied but are also highlighted in this review. When discussing what new therapeutic
agent might be an alternative to hormone therapy and menopause replacement therapy for migraine
treatment, the panel pointed to oxytocin delivered as a nasal spray. Overall, the conclusion was that
progress in the preclinical study of hormones on the nervous system has been challenging and slow,
that there remain substantial gaps in our understanding of the complex roles sex hormones play in
migraine, and that opportunities remain for improved or novel therapeutic agents. Manipulation
of sex hormones, perhaps through biochemical modifications where its positive effects are selected
for and side effects are minimized, remains a theoretical goal, one that might have an impact on
migraine disease and other symptoms of menopause. This review is a call to action for increased
interest and funding for preclinical research on sex hormones, their metabolites, and their receptors.
Interdisciplinary research, perhaps facilitated by a collaborative communication network or panel, is
a possible strategy to achieve this goal.

Keywords: sex hormones; migraine; estrogen; oxytocin; progesterone; testosterone; prolactin;
vasopressin

1. Introduction

Migraine is a neurological disorder affecting 12% of adults around the world at any
one point in time [1]. Migraine symptoms can be different in women than men. Women
can have more frequent and intense headaches with a higher risk of chronification [2].
Migraine is now recognized as the number one cause of disability globally for women aged
15–49 [3]. This gender difference in the behavior of migraine as a disease highlights the
role of sex hormones in its pathophysiology. This review was the result of a round-table
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discussion among a panel of basic scientists from different disciplines on the topic of
how sex hormones exert their effect on the nervous system, particularly migraine disease.
The panelists were asked to discuss what the gaps in our knowledge were, what the
barriers were, whether they could identify any new therapeutic agents that would provide
an alternative treatment for migraine, and if there was an explanation for the clinical
observation that the prevalence of some migraine-related symptoms, such as vestibular
migraine and sinus pain and pressure, increase during perimenopause while headaches
tend to recede.

2. Sex Hormone Fluctuation as a Trigger of Migraine

Migraine tends to follow a classic temporal pattern throughout a cisgender woman’s
life that corresponds with sex hormone fluctuations during reproductive milestones in the
female lifespan. Puberty is a key period with significant changes in sex hormone levels.
Interestingly, in children and adolescents, the prevalence of migraine headaches is nearly
equivalent in boys and girls [4], but during puberty, the prevalence of migraine between
men and women diverges and is 3–4 times higher in women compared to men [5,6]. This
sex difference corresponds to the onset of menarche and falls after menopause.

Migraine symptoms can be linked to menstrual cycle changes (menstrual migraine)
and 18–25% of women with migraine experience migraine or headaches during men-
struation [7]. Menstrual migraine can be associated with a higher frequency of migraine-
accompanying symptoms and more frequent and severe migraine attacks [8]. A comparison
of women with and without migraine shows that those with migraine are characterized by
faster late-luteal-phase estrogen decline compared to women without migraine. Thus, the
timing and rate of estrogen withdrawal has been proposed to be a marker of vulnerability
to migraine in women [9]. Contraceptive pills reduce the number of migraine attacks,
migraine days, pain scores, disability scores, and migraine medication use while reducing
the frequency of aura, and lowering, but not eliminating, the risks of cardiovascular com-
plications or other side effects [10–12]. Another strategy is to use estrogen supplementation
with a pill, vaginal gel or patch during the menstrual week.

Migraine is a heterogeneous disease associated with many possible combinations of
genetic defects which share a common phenotype of intermittent pain or other hypersensi-
tivities. This accounts for the unpredictable response of migraineurs to medications and the
effect of hormones on the nociceptive system is no exception. For some, a drop in estrogen
triggers a menstrual migraine attack without aura; for others, high levels of estrogen can
trigger an attack with aura [13].

Migraine disease has a complex relationship with pregnancy. For 8% of women
with migraine, their headaches worsen during the first trimester. This is especially true
for migraine without aura, which is more hormonally driven [14–16]. The majority of
women with migraine generally experience reduced migraine symptoms by the third
trimester [17]. However, many women have the acute onset of headaches during pregnancy.
Approximately 60% of these new headaches will be related to migraine but caution must
be taken to evaluate pregnant women for secondary headaches [18]. A third of women
will have postpartum headaches [19]. For those who continue to have migraine symptoms
during their pregnancy and immediately postpartum, treatment options are limited to
protect the fetus. There are specific recommendations for safe care of women with migraine
headaches during pregnancy and breastfeeding [20].

Perimenopause, the period of two to eight years when menses first become irregu-
lar prior to the year after the end of menses, is a time when hormonal fluctuations are
still occurring, and pre-existing migraine symptoms can remain unchanged, improve,
or worsen [21–23]. In total, 8–13% of women report their first migraine during peri-
menopause [24,25]. However, many women see a decrease in headache prevalence during
this period [26,27], most prominently in women who already suffer from migraine with
aura [28]. For unexplained reasons, mid-facial pain and pressure and vestibular migraine
can become prominent symptoms during perimenopause and menopause [29]. Hormone
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replacement therapy, or menopause replacement therapy (MRT), usually a continuous
dosing of estrogen alone or estrogen plus progestin (ethinyl estradiol 5 μg combined with
norethindrone acetate 1 mg, estradiol 1 mg combined with 0.5 mg norethindrone acetate,
or transdermal estradiol combined with one-quarter or one-half of a 5 mg norethindrone
daily) [30], remains an option, particularly for those women who have not had a hysterec-
tomy because estrogen alone increases the risk of endometrial cancer. Transdermal estrogen
patches or gels can be efficacious and less risky than systemic estrogen replacement in
treating migraine [7,23,31]. A significant shortcoming of supplemental hormone therapies
is that they do not provide migraine relief for all women and, for some, headaches become
more severe. But a second major shortcoming of MRT is that, although the dosing of sex
hormones is roughly half that of birth control pills, the risks of heart disease, stroke, blood
clots, and breast cancer are not eliminated [13,30,32].

The bottom line is that current sex hormone supplements play a valuable role in
mitigating the symptoms of migraine, but, because they are still associated with serious
complications, especially migraine with aura, and exacerbate migraine symptoms in some,
many medical professionals choose not to use hormone supplements in their migraine
treatment plan. For example, plant-derived hormones (phytoestrogens) and the derivative
bio-identical hormones are effective in reducing menstrual-related migraine headaches [33],
but there is no rigorous scientific evidence that these supplements are safer or more natural
compared to the current hormonal interventions. Phytoestrogen-containing foods, such as
soy, are recommended over supplements, and all phytoestrogens should be avoided if there
is a chance of pregnancy because these compounds might adversely affect the endocrine
system. It is speculated that they might be safer in older women, such as those suffering
from menopausal symptoms, particularly hot flashes [34,35], but currently there is not
enough evidence to conclude that the benefits of phytoestrogens outweigh their potential
health risks [36], and they do not appear to be ideal migraine preventive agents. Thus,
since many women with migraine are unable to find an effective preventive therapy, there
remains the challenge to understand how sex hormone supplements work, with the goal
that select metabolites or synthetic derivatives might be both efficacious and safer than
current hormonal therapies.

3. Which Sex Hormones Should Be the Target?

3.1. Estrogen

Estrogen plays a complicated role in migraine disease. Both drops and fluctuations in
estrogen are associated with migraine symptoms, but its effect varies between individuals
because of different receptors, metabolites, and interactions with other hormones. The
dominant understanding of how crucial estrogen is in protecting individuals from migraine
symptoms is what happens when estrogen levels decline: the estrogen withdrawal hy-
pothesis. This hypothesis theorizes that drops in plasma estrogen trigger migraine attacks
and neuroinflammation, eventually leading to chronic sensitization [37]. There are several
possible mechanisms to explain his theory. One explanation is that estrogen suppresses
pain by binding to estrogen receptor alpha (ER alpha) and estrogen receptor beta (ER
beta), which are primarily associated with cell nuclei in the trigeminal ganglia. Activation
of these nuclear receptors regulates inflammatory genes that ultimately suppresses cell
excitability [38]. Also, this hypothesis may be explained by drops in estrogen leading to
higher levels of calcitonin gene-related peptide (CGRP) [23].

CGRP is believed to be among the critical neuropeptides responsible for the throb-
bing pain associated with a migraine attack and the neuroinflammation that causes both
pain and that perhaps cause neuroplastic neural changes responsible for chronic central
sensitization [39]. Specifically, estrogen may also increase neurogenic vasodilation and
gene regulation. For example, in mice, expression of neuropeptide Y and galanin, two
neuropeptides which may inhibit or modulate CGRP mechanisms in trigeminal neurons,
may play a part in the fluctuations of head pain during the estrus cycle [40].
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While the estrogen withdrawal hypothesis focuses primarily on the trigeminal nerves,
it is important to recognize the wider-ranging actions of estrogen in other parts of the
body and brain [41]. A second mechanism to explain the estrogen withdrawal theory was
demonstrated in an animal model where reduced levels of estrogen were shown to increase
the frequency of cortical spreading depressions, the electrophysiological event believed to
be responsible for triggering the trigeminal system and headaches, as well as auras [42].

There are various mechanisms that might explain how cortical spreading depressions
are initiated. For example, estrogen is known to rapidly alter cellular excitability and gene
expression in hypothalamic neurons [43,44]. And estrogen affects energy homeostasis via
the proopiomelanocortin (POMC) neurons in the hypothalamic arcuate [45], and may play
a role in migraine. Other brain regions, such as the mesolimbic cortical reward system,
have also been implicated and show profound estrogen sensitivity [46–48]. The complexity
stems from having three forms of estrogen (estrone, estradiol and estriol), thirteen estradiol
metabolites, and two classes of receptors with different isomers which are functionally
distinct and differentially distributed throughout the brain. Estrogen has other metabolic
functions that might contribute to pain control indirectly, such as its indirect effect on
serotonin [49].

3.2. Progesterone

Progesterone, the second major sex hormone, is produced in the ovaries, adrenal
glands and placenta, and primarily helps maintain pregnancy. Progesterone with estradiol
is found at the onset of menstrual migraines. Nonetheless, it is more likely that the
withdrawal of estradiol, rather than progesterone, initiates migraine headaches. Instead,
progesterone appears to protect neurons by suppressing neuroinflammation and reducing
trigeminal nerve sensitivity. In one study, the receptive field size of facial trigeminal
mechanoreceptors was not increased by treatment with progesterone, unlike the effects of
estradiol [50].

It may be in the interplay with additional factors where progesterone plays an integral
role in pain modulation. In a longitudinal study of fibromyalgia, it was high levels of pro-
gesterone and testosterone together that were associated with less pain [51]. Progesterone
and testosterone are able to penetrate the blood-brain barrier and function as precursors
for neurosteroids. There is an example of a progesterone derivative which enhances GABA
function by modulating GABA receptors and, in turn, inhibits neuronal sensitivity [52,53].
Furthermore, both progesterone and allopregnanolone appear to dampen nociception in
the trigeminovascular system and to reduce neurogenic inflammation in migraine through
neuron-glia interactions [52]. In addition, in animals, progesterone and estradiol affect two
CNS pathways that lead to increased neuroprotection [54]. But the role of progesterone in
neuroinflammation is complicated by the finding that, during menstruation, prostaglandins
rise and promote neuroinflammation through the release of substance P, neurokinins, and
CGRP [55].

Currently, synthetic progesterone is used as a form of birth control and a migraine
preventive agent in the form of a continuous low dose of progestin. Bio-identical pro-
gesterone can be delivered in three formulations: orally, topically, and as a suppository.
Progesterone may improve insomnia as a mild sedative, and improve sleep apneas by
stimulating respiration [56]. Finally, the progesterone metabolite, allopregnanolone, plays
a role in the disproportionate level of mood disorders in susceptible women [57], and may
begin to explain the high prevalence of anxiety in those with migraine.

3.3. Testosterone

A popular belief is that testosterone is the male hormone whereas estrogen is the
female hormone. However, this is an oversimplification, as both estrogen and testosterone
have important roles to play in individuals of either sex [58]. In both males and females,
the balance between estrogen and testosterone production throughout life influences the
function of both reproductive and nonreproductive organs [58].
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Testosterone could be a potential therapeutic target, as it has an antinociceptive ef-
fect [59–63]. In animal studies, after gonadectomy or the blocking of testosterone receptors,
animals appeared more sensitive to nociceptive stimuli [64–68]. The few human studies
performed support an analgesic effect of testosterone, as higher testosterone levels are
associated with lower experimental pain sensitivity [69]. Studies on the relationship of
testosterone to migraine are few. Testosterone levels are lower in adults with migraine vs.
without migraine, and are related to migraine severity. Interestingly, even when similar
testosterone levels are found, men with migraine more frequently report symptoms of
androgen deficiency compared to men with no migraine. However, one study found that
no differences in testosterone levels were found in women with vs. without migraine,
and that migraine pain intensity was not correlated with testosterone levels. In addition,
transgender subjects who were given androgen-blocking medication and estrogen replace-
ment developed increased levels of migraine with aura, similar to the effect of estrogen
replacement therapy in cisgender women [13]. Since men with lower levels of androgen
are prone to cluster headaches [70], the androgen deficiency model of migraine is based on
the premise that testosterone offers neuroprotection. This theory is complicated by finding
that, in contrast to estrogen which promotes neuroinflammation through CGRP and other
neuropeptides, testosterone promotes neuroinflammation through microglial pathways.
Therefore, while testosterone supplementation in females might protect against progression
to chronic migraine, it will not have the same effect due to the gender-specific physiology
of males [71].

Testosterone appears to be able to effectively reduce symptoms by suppressing spread-
ing depressions, increasing serotonin, stabilizing cerebral blood flow, and reducing cell
excitability and neuroinflammation [72]. These metabolic effects may explain the findings
that testosterone treatment can improve clinical pain and experimental pain sensitivity
in patients with chronic pain, including in patients with temporomandibular joint pain,
fibromyalgia, and migraine [73–76], and that testosterone treatment delivered by a subcuta-
neous implant significantly reduces migraine intensity [75]. Thus, although testosterone is
not thought to play a causal role in migraine, it likely modulates pain. Nonetheless, limited
evidence and complex effects are reasons that testosterone is not included in migraine
management guidelines.

3.4. Oxytocin

Oxytocin’s (OT) therapeutic effects in migraine are complex and widespread in the
nervous system, including at the level of the primary sensory neuron, spinal cord, and in a
variety of brain regions associated with pain processing and modulation [77–79]. A recent
theory is that menstrual migraines are related to a drop in both estrogen and OT during
menstruation. Whether the lower concentrations of OT are secondary to the effect of less
available estrogen in the CNS is not yet known.

The effect of OT on migraine has been shown via a case report in which intravenous OT
provided analgesia and migraine relief [80]. In addition, double-blind, placebo-controlled
clinical studies have shown evidence that intranasal OT sprays are efficacious for treating
migraine pain in adult men and women [77,81] and experimental-evoked pain in men [82].
A benefit of oxytocin as a treatment for migraine is that it is routinely administered in-
tranasally for inducing labor, postpartum care, and for enhancing lactation, and its safety
profile is well documented. In addition, intranasal oxytocin in humans has no major side
effects [83].

OT is a neuropeptide that exerts its pain-inhibitory effects both at the level of the
primary afferent fiber and in the central nervous system. The first mechanism is via the
descending neural pathway from the paraventricular nucleus (PVN) to the dorsal horn of
the spinal cord [84,85]. Signals from the PVN release oxytocin in the spinal dorsal horn
that activate GABAergic interneurons in the dorsal horn which secondarily recruit other
inhibitory GABAergic interneurons and suppress pain signals carried by ascending A-delta
and C-fibers [86–89]. The second mechanism is where OT released from the supraoptic

40



J. Pers. Med. 2024, 14, 184

nucleus (SON) in the hypothalamus, periaqueductal gray (PAG), rostral ventromedial
medulla (RVM), and the spinal dorsal horn [90,91] modulates central endogenous pain
pathways by raising nociceptive thresholds [92,93]. OT can suppress headache pain by
binding to oxytocin receptors (OTRs) specifically in the trigeminal nucleus and trigeminal
ganglia [94]. Imaging studies of migraine patients show overlap in the localization of
OT/OTR, particularly those in the brainstem, thought to be migraine generators [95].

OTR mRNA and proteins are expressed in nociceptive C-fibers and Aδ-fibers in the
adult rat trigeminal ganglia [94], and have a high level of co-expression with CGRP in
trigeminal ganglia neurons [77]. OT dose-dependently blocks the release of calcitonin gene-
related peptide (CGRP) from trigeminal afferent neurons innervating the dura in vitro [94].
CGRP is critical for the pathogenesis for chronic migraine, meaning that OTR activation on
trigeminal nociceptive neurons could be a key mechanism of decreased headache intensity
and frequency in migraine.

OT might have a general anti-inflammatory effect in orofacial nociceptive pathways
by activating OTR, which can also suppress pro-inflammatory markers IL-1B and TNFa
in the trigeminal ganglia (and in the spinal trigeminal nucleus caudalis) by inhibiting
upregulation of these cytokines. A secondary effect is that inflammatory pain stimulates
increased OTR gene expression [96]. But with less OT, trigeminal ganglia neurons become
more sensitive, enhancing the likelihood of a migraine being triggered [97].

3.5. Vasopressin

Arginine vasopressin (AVP) is a neuropeptide hormone that has an antidiuretic effect
in low concentrations, but at higher concentrations it causes vasoconstriction. Together,
these effects raise blood pressure. AVP also has a role in pain, behavior, platelet aggregation,
and blood coagulation functions. Specifically, AVP, in response to stress and pain, may be
relevant to migraine pathophysiology [98,99]. Platelets have more AVP receptors in women
who experience migraine [100]. It is possible that the AVP secretion has nothing directly
to do with migraine, but, since the highest levels of AVP during a migraine attack may be
associated with emesis [101] and vomiting, hypovolemia and nausea without vomiting
trigger AVP release. Elevated levels of AVP may be responsible for the facial pallor,
antidiuresis, and coagulation abnormalities occasionally observed in migraine [102]. In
addition, some migraine precipitators (stress, ethanol, etc.) cause decreased AVP secretion
and bioavailability, while some migraine-improving factors (tricyclic antidepressants, sleep,
etc.) are associated with an increase in AVP [103]. Intranasal delivery of AVP has been
described as an effective therapeutic agent for headache control [104].

Much of AVP is synthesized in the SON of the hypothalamus and, while AVP is largely
stored in and secreted from the pituitary, AVP-containing hypothalamic fibers are widely
distributed in the CNS [105]. These fibers reach different centers in the brainstem and,
in particular, the trigemminal nuclei. The AVP receptors (VP1 and VP2) are found in the
trigeminal ganglion [94]. Thus, the AVP system has many ways to modulate migraine
pathophysiology. Since there are no direct fibers containing AVP in the trigeminovas-
cular system, it is likely that the peptide may diffuse into this system. Overall, there
exists sufficient evidence to maintain interest in the use of AVP to moderate the onset of
headaches [106].

3.6. Prolactin

Prolactin (PRL) is a hormone that is responsible for lactation, breast development,
and hundreds of other actions needed to maintain homeostasis. PRL is chemically related
to growth hormones and placental lactogen hormones. In an animal model, high levels
of prolactin increased meningeal trigeminal pain sensitivity by only affecting CGRP in
female rodents [107]. In humans, serum prolactin levels are higher in those with migraine.
Individuals with prolactin-secreting pituitary adenomas were found to have a higher
incidence of headaches and migraine attacks [108]. With monoclonal antibodies targeting
prolactin receptors, a recent report opens new possibilities to better understand the complex
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interaction between prolactin and CGRP, but blocking prolactin receptors in humans poses
risks of interfering with the other functions of this hormone [109].

4. Limitations of Current Methods

Advances in understanding sex hormones in humans are hampered by the challenges
of reliably creating an equivalent model of a migraine attack and measuring responses to
interventions in animal models. Additionally, the translational value of preclinical studies
can be uncertain due to a predominant use of males or not reporting sex as a biological
variable [110,111], a reliance on ovariectomies, and modeling hormonal changes in animals
that have an estrous cycle rather than a human-like menstrual cycle [112]. Furthermore, the
effect of sex hormones on migraine and pain may vary depending on the pain model, model
species, and experimental design in laboratory settings. The expert panel identified the lack
of an established migraine animal model as one of the barriers to rapid progress in migraine
research. For human research, the design of effective human studies has been challenging.
Blood sampling of hormone levels is complicated by fluctuation throughout the day and
month. The differential effect of sex hormone interventions might be impacted by the
delivery method, timing of delivery, and dose, as well as sex, age and other conditions and
medications of the patients.

As migraine is inherently a complex disorder involving different biological systems
including the nervous, endocrine, endothelial, and immune systems, an interdisciplinary
and collaborative approach among clinical and preclinical researchers is encouraged. Fur-
thermore, given the limited number of basic scientists exploring this subject, it is critical
that there is a cross-pollination of knowledge and ideas for research between often isolated
fields of study. For example, chronic pain, which includes fibromyalgia, back pain, and TMJ
overlaps with research performed in immunology, headache medicine, and other medical
specialties [113,114]. It will take a dramatic increase and maintained effort in advocacy and
support from patients and medical professionals to advance our knowledge of migraine
and hormonal pathophysiology enough to lead to hormonal therapies of greater precision
and safety.

5. Conclusions and Future Directions

While a large body of research has established hormonal changes and fluctuations as a
driver of migraine symptoms in women and transgender people, the relation to hormonal
life events is not definitively known for the full range of migraine symptoms. A new
HEADS (headache, ear, auditory, dizziness, and sinus) Registry is now available to record
and track many of these symptoms (reference: headsregistry.lumiio.com). Additionally,
clarification of the mechanisms behind the emergence and recession of different migraine-
related symptoms remains. Hormones may have both a causal role in migraine generation
and also contribute to pain propagation.

This panel identified several potential hormones and mechanisms that show promise
for improved migraine therapeutics, but the conclusion was that more resources need to
be concentrated on this significantly debilitating neurovascular condition. In particular,
the gender-specific nature of migraine disease calls for the need to better understand
how hormones affect the nervous system. New areas of research are required to better
understand the mechanisms by which sex hormones relate to changes in migraine symp-
toms during the periods of hormonal fluctuation in puberty, menstruation, pregnancy,
and perimenopause. Translationally relevant animal models of migraine will play a key
role in providing mechanistic insights, especially when coupled with clinical data. We
highlight the theoretical opportunity to create novel hormone-based therapeutic molecules
that might desensitize the hyperactive migraine nervous system without the potential
side effects of contraceptives and hormone replacement therapy. Moreover, progress in
understanding how hormones affect the nervous system will lead to innovations in treating
not only migraine, but other menopausal symptoms.
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Abstract: Long COVID is a common sequela of SARS-CoV-2 infection. Data from numerous scien-
tific studies indicate that long COVID involves a complex interaction between pathophysiological
processes. Long COVID may involve the development of new diagnosable health conditions and
exacerbation of pre-existing health conditions. However, despite this rapidly accumulating body of
evidence regarding the pathobiology of long COVID, psychogenic and functional interpretations of
the illness presentation continue to be endorsed by some healthcare professionals, creating confusion
and inappropriate diagnostic and therapeutic pathways for people living with long COVID. The
purpose of this perspective is to present a clinical and scientific rationale for why long COVID should
not be considered as a functional neurologic disorder. It will begin by discussing the parallel historical
development of pathobiological and psychosomatic/sociogenic diagnostic constructs arising from
a common root in neurasthenia, which has resulted in the collective understandings of myalgic
encephalomyelitis/chronic fatigue syndrome (ME/CFS) and functional neurologic disorder (FND),
respectively. We will also review the case definition criteria for FND and the distinguishing clinical
and neuroimaging findings in FND vs. long COVID. We conclude that considering long COVID
as FND is inappropriate based on differentiating pathophysiologic mechanisms and distinguishing
clinical findings.

Keywords: post-COVID-19 condition (PCC); post-acute sequalae of COVID-19 (PASC); myalgic
encephalomyelitis; chronic fatigue syndrome; neurasthenia; conversion disorder; dysautonomia;
neurology; physical examination; imaging

1. Introduction

Severe fatigue that impairs usual function long has been described throughout recorded
human history. The neurologists Beard [1] and Charcot [2] were among the first to charac-
terize the health condition ‘neurasthenia’ in the latter half of the 19th century. Based on
this common historical root in neurasthenia, two divergent scholarly and clinical paths
have taken shape over time. The first path involves a pathogenic disease model rooted
in the scientific process, resulting in a rich literature describing pathobiology and various
attempts at creating specific case definition criteria. This path has resulted in the label of
myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS). The second path is a psy-
chosomatic/sociogenic illness construction that has incorporated ideas from contemporary
neuroscience into an unbroken conceptual chain linking back to neurasthenia. This path
has resulted in the label of functional neurologic disorders (FND).
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Long COVID has caused a renewed scholarly and clinical focus on complex chronic
conditions associated with infections [3–19]. According to the National Academy of Science,
Engineering, and Medicine definition, long COVID is “an infection-associated chronic
condition that occurs after SARS-CoV-2 infection and is present for at least 3 months as
a continuous, relapsing and remitting, or progressive disease state that affects one or
more organ systems” ([20], p. 2). Long COVID consists of single or multiple symptoms
attributable to single or multiple diagnosable conditions [20]. It can follow asymptomatic,
mild, or severe SARS-CoV-2 infection [20]. Among individuals with a positive COVID-19
test, approximately 43% of non-hospitalized cases and over half of hospitalized cases
report symptoms and signs of long COVID, according to data from the first two years
of the pandemic [21]. More recently, testing for SARS-CoV-2 infection has become far
less frequent within society and surveillance testing has been discontinued. In addition,
many individuals with COVID-19 now convalesce outside the medical system, so these
cases are undetected. These observations suggest the prolonged decreases in function and
delayed recovery [22–25] associated with COVID-19 may be undercounted and accelerating
over time.

The intensity and disablement of fatigue associated with long COVID is similar to
other post-viral conditions, including post-treatment Lyme disease [26], chronic Epstein–
Barr infection [27], and post-mononucleosis syndrome [28]. The condition may range
from mild impairment of function to severely disabling exhaustion. Patient complaints
include severe waxing and waning fatigue, worsening fatigue the day after exertion, and
dramatic exacerbation by efforts to exercise. Associated symptoms, including cognitive
impairment (often referred to by patients as brain fog, diffuse chronic pain, sleep disrup-
tion, and autonomic dysfunction, including POTS, migraine, gastrointestinal dysmotility,
and temperature intolerance are common concomitants. The onset of symptoms may be
continuous from the time of infection or delayed in onset by weeks or months following
an apparent full recovery from the acute phase of infection [20]. Long COVID disable-
ment can range from mild to severe, and it can resolve in a period of months, or it can
persist and worsen over time. Disablement related to long COVID may result in profound
functional impairments in self-care, as well as family, social, school, and occupational
roles [20]. Post-exertional malaise/post-exertional neuroimmune exhaustion (PEM/PENE)
is common among people with long COVID [25,29,30], which accounts for the persistent,
severe, and often progressive pattern of disablement in long COVID. PEM/PENE is a
clinical hallmark of ME/CFS, suggesting an ME-like subtype of long COVID is preva-
lent [25,29,31–33]. Therefore, it is perhaps unsurprising that many of the same themes
historically characterizing the narrative about ME/CFS are still influencing the discourse
surrounding long COVID.

An accumulating body of research indicating the underlying pathophysiology of long
COVID involves a complex interaction between processes and systems. Long COVID has
been acknowledged to exacerbate pre-existing health conditions, or it may present as new
diagnosable health conditions [20]. However, psychosomatic/sociogenic illness constructs
continue to influence the contemporary discourse related to long COVID [34]. This clinical
perspective will anchor the current discourse regarding long COVID into the historical
context involving a parallel development of ME/CFS (predominately pathobiological) and
FND (predominately psychosomatic/sociogenic) diagnostic constructs. This perspective
will now review the clinical findings and neurobiological pathology of long COVID, devel-
oping a clinical and scientific rationale for why it is inappropriate to consider long COVID
as FND.

2. Pathobiological Disease Characterization: From Neurasthenia to Myalgic
Encephalomyelitis/Chronic Fatigue Syndrome

Some neurologists considered neurasthenia as a form of nervous exhaustion that
caused severe mental and physical fatigue, even following the mild exertions associated
with normal daily functions like self-care, family and community activities, and remu-
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nerative work [35]. Weakness characterized by abnormally rapid fatiguability and slow
recovery following exertion were classically associated with neurasthenia. Yet, people
with neurasthenia generally had unremarkable findings on physical examination despite
having often severe functional limitations from a whole constellation of associated signs
and symptoms. Nervous system exhaustion, nerve over-excitability, and impaired cerebral
blood flow all were implicated as potential patho-etiological factors, perhaps secondary to
overwork, toxicity, or infection [35]. The absence of remarkable physical findings consistent
with neurasthenia, perhaps combined with a high prevalence of neurasthenia in women,
led to early psychological theories suggesting that emotional disturbances correspond-
ing to the severe physical and mental symptoms, signs, and disablement must be causal
factors [35].

The personal and societal challenges of persistent fatigue never abated, even as the
diagnosis of neurasthenia began to fall out of favor. It was during this time that the
association between persistent fatigue and infection began to be more deeply explored. In
1934, Gilliam [36] documented an outbreak of infectious disease that caused lingering signs
and symptoms at Los Angeles County General Hospital in the United States. Poliomyelitis
was the best-known epidemic at the time, so Gilliam called this new condition atypical
poliomyelitis [36]. Outbreaks of atypical poliomyelitis were also documented in Iceland
in 1946–1947 and 1948–1949 [37]. In 1955, the term benign myalgic encephalomyelitis
(ME) was introduced to describe the post-acute signs and symptoms following infectious
disease at the Royal Free Hospital (London, UK) [38,39]. The term epidemic ME was then
coined at a 1978 symposium of the Royal Society of Medicine [40]. This development
was the medical community’s first acknowledgement of ME as a distinct disease process,
instead of a behavioral disorder. ME began to reach the popular consciousness in the
mid-1980s US following an outbreak of post-infectious illness in Incline Village, Nevada.
Work surrounding this outbreak led to assigning the name chronic fatigue syndrome (CFS)
to signs and symptoms following an infection [4]. Although clinicians and researchers
thought this term best described the phenomenon [41], people with ME believe it poorly
represents their lived experience. Unsurprisingly, the term CFS remains deeply unpopular
among people living with ME/CFS [42] even as it continues to find a common usage.

The nature of lingering symptoms, signs, and disability was the subject of explo-
ration as the various outbreaks were documented. Ramsay first coined the term epidemic
malaise to describe the phenomenon of muscle weakness that was worsened upon re-
peat testing [38,39]. This observation of a physical performance decline in response to a
previous exertion was formative to developing contemporary case definition criteria for
ME/CFS. PEM/PENE is now recognized as a whole host of unusual signs and symptoms
following exertion, such as profound fatigue, cognitive dysfunction (such as impairment
in attention, short-term memory, and performing mental calculations), sleep disturbance,
clinical presentations consistent with viral reactivation (such as fevers, swollen glands, and
pharyngitis), body and joint pains, headaches, and muscle weakness [43–50]. PEM/PENE
appears responsible for the episodic disability observed in people living with ME/CFS.
Episodic disability suggests a person’s physical and cognitive abilities may vary substan-
tially within a short term of hours to days (i.e., microcycling) and a long term of weeks,
months, and years (i.e., macrocycling) [51,52]. In addition, PEM/PENE has increasingly
become a component of case definition criteria over time to differentiate the phenomenon
of debilitating fatigue, among other signs and symptoms, after exposure to a pathogen or
toxin from other causes of fatigue.

Various case definitions to describe ME have been created throughout the late 20th
century and early 21st century. These case definitions include the Holmes et al. [4] criteria
(1988), Oxford criteria (1991) [53], Fukuda et al. criteria (1994) [53] and its elaboration
by Reeves et al. (2005) [54], Canadian Consensus Criteria (CCC; 2003) [43], International
Consensus Criteria for ME (ICC-ME; 2011) [44], criteria for Systemic Exertional Intolerance
Disease (SEID; 2015) [55], and the UK National Institute for Health and Care Excellence
guideline (UK NICE; 2021) [56]. There has been a progressively increasing prominence for
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the role of PEM/PENE as an important differentiating factor between ME/CFS and other
health conditions associated with fatigue. PEM/PENE is now perhaps the most important
specific (rule-in) consideration to identify ME/CFS and distinguish it from other health
conditions that involve disabling fatigue.

ME was first discussed as being different from other neurological disease processes in
a 1956 paper that first used the term “benign myalgic encephalitis” to distinguish it from
other infectious encephalitic infections and, perhaps most importantly, hysteria [57]. It
was first assigned an International Classification of Diseases (ICD) code in the ICD-8 1969
(code 332) [58]. ME and CFS are included in ICD-11 as post-viral syndromes (8E49) [59].
Inclusion of ME is evidence of improving legitimacy within the biomedical community, as
the clinical characteristics and courses of these conditions have become better understood
over time. Notably, ME and CFS are not included in the ICD as mental or behavioral
disorders [59]. Key points in the development of a pathobiological disease construction
resulting in the collective understanding of ME/CFS are summarized in Figure 1.

Figure 1. Key time points in the parallel development of disease and illness constructions resulting
in myalgic encephalomyelitis/chronic fatigue syndrome (pathobiological illness construction) and
functional neurologic disorder (psychosomatic/sociogenic illness construction), based on a common
historical root in neurasthenia.

3. Psychosomatic/Sociogenic Illness Construction: From Neurasthenia to Functional
Neurologic Disorder

While decades of scientific work have led down the path of iterative case definition
criteria and the determining of the underlying pathophysiology of ME/CFS, a parallel
path largely has repeated old thinking with new labels (Figure 1). The first edition of the
Diagnostic and Statistical Manual (DSM) of the American Psychiatric Association listed
hysteria as conversion reaction [60], transitioning to hysterical neurosis in the DSM’s second
edition [61]. These titles were based on the early concepts of hysteria as a uterine disorder in
women [62]. A major underlying hypothesis advanced by Freud is that hysterical disorders
involved the conversion between a somatic symptom and a repressed feeling or idea,
such as a somatic symptom arising from anxiety, hence the term conversion disorder [63].
With the transition away from a system classifying disorders based on putative etiology
and toward a contemporary system of psychodiagnostics by clinical phenomenology, the
third edition of the DSM replaced hysterical neurosis with dissociative disorders and
conversion disorders under the broader classification of somatoform disorders [62]. Early
hypotheses regarding the etiology of hysteria were carried forward into thinking about
somatoform disorders. Psychoanalytic theories suggested the repressed expression of
conflicted unconscious drives, learning theories held that people with conversion disorders
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benefitted from secondary gain of their somatic symptoms, and sociocultural hypotheses
were that somatic symptoms occur in substitution of the expression of intense forbidden
ideas and emotions [63].

In 2013, the term ‘functional neurological symptom disorder’ was introduced in the
DSM Version 5 Text Revision (DSM-V-TR) [64] and conversion disorder remained the
main nomenclature. The 2022 revision of DSM-V-TR then changed the primary name
to functional neurological symptom disorder and maintained conversion disorder as a
synonym (Box 1) [65]. FND is now classified by the International Classification of Diseases
(ICD-11) [59] as a dissociative neurological symptom disorder, defined as a mental health
condition involving a loss of connection between thoughts, memories, feelings, surround-
ings, behavior, and identity [66]. More recent data from neuroscientific studies [67–72]
have been used to support claims of emotional processing that might be familiar to ear-
lier advocates of hysteria and somatoform conditions. Despite poor-quality supporting
research [73], mainstay interventions for FND continue to include psychodynamic and
cognitive-behavior therapies to address emotional processing. Thus, despite the original
intent [74] and subsequent rationalizations [75] of the principal proponents of FND, this
brief historical analysis indicates a continuous underlying conceptual thread that remains
unbroken between neurasthenia, through hysterical neurosis and somatoform disorders,
leading to the contemporary psychosomatic/sociogenic illness construction of FND.

Box 1. Diagnostic criteria for functional neurologic disorder [61]

One or more symptoms of altered voluntary motor behavior or sensory function 

Clinical findings provide evidence of incompatibility between the symptom and recog-
nized neurological or medical conditions 

The symptom or deficit is not beĴer explained by another medical or mental disorder 

The symptom or deficit causes clinically significant distress or impairment in social, oc-
cupational, or other important areas of functioning, or warrants medical evaluation 

Proponents suggest that just the label of FND may be helpful for some patients who
live with troublesome but medically unexplained symptoms and signs [76,77]. Even still,
the DSM-V-TR diagnostic criteria for FND indicate this label should not be provided
when an alternative diagnosis is more compelling. For example, ME/CFS should not be
considered as a functional disorder because more specific case definition criteria best explain
its constellation of symptoms, signs, and pathophysiology. However, some prominent
medical organizations have conflated PEM/PENE with FND because some symptoms of
PEM/PENE are represented among the DSM-V-TR case definition criteria for FND. For
example, the UK NICE attempted to classify ME/CFS as a functional disorder in 2017 [78].
This action was met with significant opposition from the ME community [79]. The dispute
lasted over two years with the subsequent guideline removing the reference to ME/CFS as
FND [78]. Both individual clinicians (generally from the fields of neurology and psychiatry)
and prominent national medical organizations in European countries [80,81] persist in
classifying ME/CFS as FND despite compelling evidence to the contrary.

4. Evidence Refutes That Long COVID Should Be Considered a Functional
Neurologic Disorder

FND refers to medical and neurologic symptoms that fail to match any existing
medical or neurological conditions [82]. It is a rare syndrome, affecting around 4–12 per
100,000 people despite a suggestion that it is commonly diagnosed in neurology clinics [83].
FND is usually diagnosed when patients are observed to experience seizure-like spells in
the setting of normal electroencephalography (EEG) or when they demonstrate abnormal
movements or paralysis that are incongruent with their neurologic exam and neuroimaging.
In some patients, FND may occur alongside other diagnosable entities, such as long COVID.
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In this scenario, the clinician should evaluate and treat those diagnosable entities, and
refrain from considering the entire patient presentation as “functional” simply because
functional aspects may be present. While the rate of misdiagnosis with FND in patients with
long COVID is unknown, clinical experience suggests that many patients with complex
chronic disorders in general have been misdiagnosed with anxiety, depression, or FND at
some point in the course of their illness (Box 2).

Box 2. Defined conditions commonly misdiagnosed as functional neurologic disorder

Autonomic conditions, such as neurocardiogenic syncope, postural orthostatic tachycar-
dia syndrome, orthostatic intolerance, and autonomic and small fiber neuropathy 

Chronic pain conditions, such as fibromyalgia, myofascial pain syndrome, and complex 
regional pain syndrome 

Systemic immune conditions, such as mast cell activation syndrome and mastocytosis 

Autoimmune conditions, such as Sjögren’s syndrome, systemic lupus erythematosus, 
and anti-phospholipid syndrome 

Genetic conditions, such as hypermobile Ehlers-Danlos syndrome and other hypermo-
bility spectrum disorders, Fabry’s disease and others 

Mitochondrial and metabolic conditions 

Infection-associated chronic conditions, such as myalgic encephalomyelitis, Long 
Covid/Post-Covid condition, and post-treatment Lyme disease 

4.1. Refutative Evidence from Pathophysiology

The scope and severity of Long COVID-related disablement in individuals and in
society has incentivized investigations into the pathophysiology of this novel infection-
associated chronic disease. Long COVID is now understood as an umbrella term encom-
passing a complex pathophysiology affecting multiple organ systems. Various potential
aspects of long COVID pathobiology include autonomic manifestations [84]; vascular and
endothelial dysfunction in the context of hypercoagulability [85–87]; viral persistence [88];
abnormalities in T cell populations and responses [89,90]; impaired cardiopulmonary
function [91,92]; autoimmunity [93–95]; bioenergetic impairments [96–98]; small fiber neu-
ropathy [99]; and alterations in the gut microbiome [100]. In 2021, post-COVID-19 condition
(or, long COVID) was assigned an ICD code (U09.9) [101]. The collective understanding of
long COVID is far from settled. However, an accumulating science now provides a more
compelling pathophysiological basis for testing and interventions than considering long
COVID as a functional disorder. Long COVID should not be broadly considered as FND
because of its “organic” nature, requiring FND to be ruled out according to DSM-V-TR
criteria [64].

4.2. Refutative Evidence from Clinical Presentation

Typically, people with functional disorders often exhibit numerous multi-systemic
and multi-organ concerns, including various neurologic and psychiatric manifestations
such as sensory disturbance, motor weakness, balance difficulty, chronic dizziness, chronic
vertigo, chronic pain, chronic fatigue, sleep impairment, urinary and gastrointestinal
symptoms, and cognitive dysfunction (Table 1). The symptom experience and distress
associated with symptoms in people with FND is frequently not supported or incongruent
with objective findings on neurologic examination and diagnostic testing. People with
functional disorders also may have comorbid psychiatric conditions, such as depression and
anxiety [102–105]. It remains unclear whether the prevalence and severity of psychiatric
comorbidities among those with functional disorders is greater than people living with
other types of chronic illnesses, and whether psychiatric conditions contributed to other

53



J. Pers. Med. 2024, 14, 799

signs and symptoms or are a secondary reaction to their presence. In addition, inventories
used to measure anxiety and depression often may capture the autonomic signs and
symptoms of underlying pathobiological process. FND, if diagnosed correctly through
positive signs on neurologic examination, does not appear to be as common although true
prevalence is unknown and needs to be studied. Moreover, no carefully designed research
studies have been conducted to systematically test the hypothesis that long COVID is a
functional disorder and the extant literature is poor in methodological quality [106].

Table 1. Typical clinical features of long COVID, myalgic encephalomyelitis/chronic fatigue syn-
drome, and functional neurologic disorder.

Clinical Feature ME/CFS Long COVID FND

Post-exertional malaise/
Post-exertional neuroimmune exhaustion Yes Yes, some types No

Pain Yes Yes, some types Sometimes

Dizziness Yes Yes No

Neuropathic features Yes Yes No

Recurrent flu-like symptoms Yes Common No

Dysautonomia Yes Common No

Abnormal sleep study Yes Yes No

Fatigue Yes Yes Yes

Impaired sleep Yes Yes Yes

Functional leg weakness No No Yes

Functional seizures No No Yes

Functional tremor No No Yes

Functional dystonia No No Yes

Functional gait disorder No No Yes

Functional facial spasm No No Yes

Functional tics No No Yes

Functional drop attacks No No Yes

Functional sensory symptoms No No Yes

Functional cognitive symptoms No No Yes

Functional speech and swallowing No No Yes

Functional visual symptoms No No Yes

Dissociative symptoms No No Yes

4.2.1. Motor Examination

The diagnosis of FND requires the presence of discrete neurologic deficits, which
are usually elicited as part of the neurologic examination (Tables 1 and 2). Presenting
features may include weakness in the lower or upper extremities of sudden onset and can
be unilateral or bilateral. A neurologic examination is used to demonstrate evidence of
internal inconsistency between voluntary movements and automatic movements through
findings of a positive Hoover’s sign and hip abductor sign [107]. While weakness in
the extremities is a common concern in many people living with long COVID, clinical
experience indicates that the neurologic examination typically reveals an unremarkable
motor examination without Hoover’s or hip abductor signs. Give-way weakness may be
present in patients with long COVID, but it is usually diffuse and non-lateralizing and
occurs secondary to pain, fatigue, PEM/PENE, or orthostatic intolerance. In the context of
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these companion findings, give-way weakness should not be interpreted as evidence of a
functional etiology.

Table 2. Key differentiating physical examination findings of long COVID vs. functional neurologic
disorder.

Findings Long COVID Functional Neurological Disorder

• Postural tachycardia
• Orthostatic hypotension
• Dizziness
• Other symptoms upon standing that are

relieved by sitting or lying down

• No usual abnormalities

• May have dilated poorly reactive pupils or
mild horizontal end-point nystagmus

• Normal, although patients may report vision
or hearing impairment

• Give-way weakness may be present due to
fatigue, post-exertional neuroimmune
exhaustion, misunderstanding the task, or
poor effort

• Weakness inconsistent with known
neurologic patterns

• Paralysis and weakness with positive
Hoover’s sign and/or positive hip
abductor sign

• Length and non-length dependent reduced
temperature and pinprick consistent with
small fiber neuropathy

• Complete anesthesia in certain body parts or
exactly at the midline or below the waist,
incongruent with known neurologic patterns

• Whole-body shaking, mild postural tremor,
and/or internal tremor not visible to
the examiner

• Possible fasciculations due to benign
fasciculation syndrome

• Tremor entrainment
• Tremor that disappears with distraction
• Inconsistent tremor
• Unusual tremor incongruent with

neurologic disorders

• Usually normal, but some unsteadiness and
difficulty with tandem walking might
be present

• Functional gait
• Astasia-abasia
• Unusual gait pattern inconsistent with

another neurological cause

• Syncope
• Presyncope
• Orthostatic intolerance
• Anoxic seizures

• Spells with non-epileptic convulsions

• Acrocyanosis with discoloration of the legs
and/or arms distally, more in the dependent
position (Figure 2)

• Possible dermatographia
• Possible dry skin
• Possible pale or flushed appearance
• Possible maculopapular rashes, urticarial

lesions, and chilblains

• No usual abnormalities
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Figure 2. Acrocyanosis in the distal leg in the dependent position (A) that immediately disappears
on raising the leg up against gravity (B) in a person with long COVID. She was initially misdiag-
nosed with functional neurologic disorder based on non-epileptic spells, which were subsequently
determined to be pre-syncopal episodes caused by post-COVID-19 postural orthostatic tachycar-
dia syndrome.

4.2.2. Sensory Examination

A common presenting feature of FND is sensory disturbance that fails to fit into defined
patterns of neuropathy, radiculopathy, or the central lesion of the brain (Tables 1 and 2).
Sensory testing as part of neurologic examination in a patient with FND may reveal
complete anesthesia in non-anatomic distributions, such as involving an entire extremity,
located exactly at the midline, or below the waist. While sensory disturbance is common
in patients with long COVID due, in part, to post-COVID-19 small fiber neuropathy [108],
sensory exam findings usually correspond to a neuropathic pattern with decreased pinprick
and temperature sensations in the feet or hands, distally more than proximally. However, a
patchy sensory loss distribution is not uncommon in those who present with non-length-
dependent patchy small fiber neuropathy, a form that is especially prevalent in people with
autoimmune disorders [109].

4.2.3. Tremor

Tremor may be another presenting feature of FND with examination findings revealing
tremor entrainment and other inconsistent tremor characteristics (Tables 1 and 2). Tremor
and other abnormal movements may be among common complaints of patients with long
COVID, but often involve diffuse, whole-body body tremors or shaking, which may be
associated with dysautonomia and hyperadrenergic state, including abnormal blood pres-
sure, heart rate, and blood volume. Autonomic dysfunction affects nearly 70% of patients
with long COVID [110], so improvement or resolution of abnormal movements associated
with dysautonomia may be noted with hydration, increased salt intake, or medications.
Additionally, the sensation of “internal vibrations” is often described by people living
with long COVID; although the etiology of this concern is not fully understood, clinical
experience suggests it often occurs in patients with hypovolemia, dysautonomia, and small
fiber neuropathy. These features should not be attributed to functional causes or FND.

4.2.4. Spells and Seizures

Spells of unknown etiology are often attributed to FND, especially when accompanied
by normal EEG in the setting of convulsive activity (Table 1). While a small subset of
people living with long COVID could have non-epileptic functional seizures, many patients
with long COVID have post-COVID-19 dysautonomia in the form of neurocardiogenic
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syncope, postural orthostatic tachycardia syndrome, orthostatic hypotension, and ortho-
static intolerance. These patients often experience spells of presyncope or syncope, some
with convulsive activity during syncope, which is termed anoxic seizures. Patients with
presyncope and syncope may be misdiagnosed with FND by neurologists with limited
knowledge of the phenomenology of syncope. In cases where the etiology of spells is
unclear, a tilt table test can provide differentiation between syncope and pseudo-syncope
with adequate sensitivity and specificity [111]. A video recording of the spells obtained
by the family also may be reviewed by a neurologist to assist with differentiating between
syncope and dissociative/functional seizures.

4.2.5. Gait Examination

Gait examination of people living with long COVID is typically unremarkable, al-
though some people may have unsteadiness due to orthostasis or poor proprioception
related to large fiber neuropathy, chronic vestibulopathy, or hypermobility spectrum disor-
ders (Tables 1 and 2). Clinical features of abnormal gait and movements consistent with
FND, such as dystonia, ticks, twitches, and jerks, are typically uncommon in people with
long COVID. Concerns about gait and findings in the gait examination explainable by other
causes should not be taken as signs of FND.

4.2.6. Urinary Functioning

Urinary retention is sometimes listed as a feature of FND [112], but clinical experi-
ence suggests that urinary retention rarely occurs in people with long COVID. Urinary
retention is a common feature of autonomic neuropathy and, if present in patients with
long COVID, should prompt an investigation for post-COVID-19 autonomic neuropathy or
ganglionopathy which have been described as rare post-COVID-19 conditions [113].

4.2.7. Cognition

Cognitive concerns, such as difficulty with attention, concentration, and memory,
have been endorsed by some proponents of FND as being functional in nature. One
review suggested that almost one quarter of patients attending memory clinics may have
functional cognitive disorders [114]. However, it is unclear how these complaints are
differentiated from the cognitive impairment—commonly referred to as brain fog—in
patients with long COVID. Numerous studies suggested neuroinflammation and microglial
activation as mechanisms of post-COVID-19 neurologic sequelae [115,116]. Importantly,
several studies identified neuropsychological deficits via cognitive testing in patients with
long COVID [117,118].

Moreover, traditional screening tests for evaluation of cognitive impairment designed
to screen patients for Alzheimer’s disease are not useful in patients with cognitive impair-
ment secondary to long COVID [119]. Thus, currently available screening tests that were
designed for neurodegenerative conditions and not neuroinflammatory or neuroimmune
conditions are inadequate to rule in or out impairments secondary to neuroinflammatory
and neuroimmune processes, and, therefore, cannot be utilized to diagnose as functional
by default if results are “normal” in patients with long COVID and other disorders that
are associated with cognitive complaints. Cognitive tests to assess patients with non-
neurodegenerative cognitive complaints need to be designed to provide clinicians with
validated tools to better evaluate and quantify the extent of cognitive impairment in patients
with post-COVID-19 neurocognitive syndrome.

4.2.8. Summary

In summary, FND and long COVID can be effectively differentiated through a compre-
hensive clinical examination. One caveat is the difficulty that arises when a patient presents
with some evidence of functional neurologic disorder on physical examination (e.g., with
tremor entrainment or positive Hoover’s sign) in conjunction with postural tachycardia,
acrocyanosis, and other features of long COVID and post-COVID-19 dysautonomia or
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small fiber neuropathy (Figure 2). In cases like these, management of non-FND disorders
and symptoms should be the top priority. Clinical experience suggests that a significant
number of patients with long COVID are being misdiagnosed with FND without diag-
nosing and addressing the primary long COVID pathophysiology or symptoms, such as
dizziness, palpitations, tachycardia, and pain. In these cases, FND-tailored diagnostic and
therapeutic approaches delay improvement and recovery by failing to implement the phar-
macologic and non-pharmacologic therapies targeting underlying autonomic, neuropathic,
and cardiovascular pathophysiologies. Referral to FND-tailored rehabilitation programs
should be considered only for patients, in whom post-COVID-19 FND is determined to be
the main component of long COVID and in strict adherence with relevant case definition
criteria [82].

4.3. Refutative Evidence from Neuroimaging

Despite its relatively recent recognition, the literature describing significant structural
brain abnormalities in long COVID is already extensive. This literature suggests FND
cannot commonly explain long COVID, because it indicates neurologic signs, symptoms,
and disability may be caused by structural changes in the brain. Such abnormalities
have been demonstrated using various imaging modalities and range from changes in
gray matter thickness and volume, to macro- and microstructural white matter changes
and evidence of metabolic and neuroinflammatory derangement. It is also important
to note that despite clearly distinctive systemic immunological abnormalities [120–122]
and abnormal neuroimmune profiles [121,123] in long COVID, routine clinical structural
magnetic resonance imaging (MRI) sequences often return normal findings [123].

Douaud et al. [124] examined structural brain changes in a biobank cohort based in the
United Kingdom, before and after SARS-CoV-2 infection. Compared to uninfected controls,
the authors found significant gray matter thickness reduction following infection, with
a reduction in global brain size. Hosp et al. [125] used an MRI diffusion microstructure
imaging technique to evaluate subtle changes in both gray and white matter integrity.
Compared to recovered infected patients, those with ongoing symptoms demonstrated
widespread changes in microstructure, which correlated with evaluations of cognitive
dysfunction. Wu et al. [126] used another diffusion tensor imaging (DTI) technique to
evaluate the perivascular space and glymphatic system. These authors calculated flow in
the perivascular spaces alongside medullary veins, which lie orthogonal to the projection
and association nerve fibers in the periventricular deep white matter. They reported
reduction in the indices for glymphatic function in people living with long COVID even
following a mild acute infection. Another small cohort study compared recovered, brain
fog positive, and brain fog negative patients with long COVID [127]. Dynamic contrast-
enhanced MRI (DCE-MRI) showed significant whole brain leakage, indicating increased
blood–brain barrier (BBB) permeability, in only the ‘brain fog’ sub-group [127]. Chaganti
et al. combined techniques in a longitudinal study of 14 patients with long COVID-related
cognitive impairment [128]. DCE-MRI and DTI revealed impairments in the integrity of BBB
and white matter microstructure [128]. Simultaneously, MR spectroscopy demonstrated
reduced glutamate/glutamine in these areas, leading the authors to suggest that white
matter injury may result from glutamatergic excitotoxicity, secondary to reduced BBB
integrity associated with neuroinflammation [128]. VanElzakker et al. [129] used positron
emission tomography (PET) with a tracer for activated microglia ([11C]PBR28) to report
evidence of significantly increased neuroinflammation in many brain regions in LC. Peluso
et al. [130] used a novel PET tracer ([18F]F-AraG) to tag activated T cells. Following SARS-
CoV-2 infection, activated T cells were found in multiple organs including the bowel and
bone marrow, but notably had trafficked into central nervous system (CNS) sites such
as the brainstem and spinal cord, where they should be absent. This finding was more
exaggerated in patients with long COVID signs and symptoms [130]. Biopsy-accessible
tissues such as colon tissue demonstrated residual viral components, and the authors
speculated they also might be present in the CNS [130].
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A 2021 review article canvased the literature of neuroimaging in FND [131]. The
highlighted modalities were functional MRI (fMRI), using both resting-state and task-
based paradigms; high-resolution structural MRI evaluation of gray matter; DTI of white
matter microstructure; MR spectroscopy; CT/MR positron emission tomography; and
near-infrared spectroscopy. The authors note that neuroimaging in FND is early in its
development, with few replicated studies, and with confounding factors in terms of clinical
heterogeneity and co-morbidities. They conclude by encouraging a multimodal neuroimag-
ing approach to advance the field. Most fMRI studies using blood oxygen level-dependent
(BOLD) techniques have shown abnormalities in specific brain regions, yet data have been
inconsistent [132]. Very recently, Schneider et al. [133] have attempted to further define
the variability of BOLD signal in FND, with particular emphasis on the somatomotor,
limbic, and salience networks. However, when structural abnormalities have been found in
gray [134] or white matter [67], it remains unclear whether they are a cause, consequence,
or comorbidity [132,135].

While neuroimaging in FND is an evolving field, there are already replicated findings
in long COVID that point toward a coherent structural pathophysiology. Aspects high-
lighted in the literature to date involve neuroinflammation with microglial activation, a
dysfunctional blood–brain barrier, white matter microstructural changes, as well as reduc-
tion in gray matter volume. Systemic dysfunction, such as orthostatic intolerance with
reduced cerebral blood flow, is also shown to be a key contributor to symptoms [136–140].
The detail of how these findings are driven from specific and potentially correctable up-
stream causes is enthusiastically anticipated by patients, clinicians, and researchers alike.

5. Conclusions

Long COVID continues to be a major public health issue [141]. While several pheno-
types of long COVID clinical presentation have emerged based on observational studies
and collective clinical experience over the past four years, it is important to emphasize
that the vast majority of patients with long COVID do not have FND. As this perspective
indicates, long COVID is not based in ‘functional’ etiology, as demonstrated by numer-
ous studies identifying a complex pathophysiology as well as common findings from the
clinical examination and a summary of extant structural neuroimaging studies. Further
research is needed to delineate precise pathophysiological pathways and effective therapies
for long COVID and numerous post-COVID-19 neurologic manifestations. Additionally,
studies applying accepted case definition criteria are also needed to determine the true
prevalence of FND as the sole or major contributor to symptoms and disability among
individuals with persistent symptoms following SARS-CoV-2 infection. These studies will
help establish clinical practices that best differentiate this small subset of patients with FND-
related specialized needs from the vast majority of people who experience long COVID in
the forms of ME/CFS, dysautonomia, immune dysfunction, small fiber neuropathy and
other post-COVID-19 neurologic syndromes.
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Abstract: Despite the prevalence of dysautonomia in people with Long COVID, it is currently
unknown whether Long COVID dysautonomia is routinely accompanied by structural or functional
cardiac alterations. In this retrospective observational study, the presence of echocardiographic
abnormalities was assessed. Left ventricular (LV) chamber sizes were correlated to diagnostic
categories and symptoms via standardized patient-reported outcome (PRO) questionnaires. A
total of 203 individuals with Long COVID without pre-existing cardiac disease and with available
echocardiograms were included (mean age, 45 years; 67% female). Overall, symptoms and PRO
scores for fatigue, breathlessness, quality of life, disability, anxiety and depression were not different
between those classified with post-COVID dysautonomia (PCD, 22%) and those unclassified (78%).
An LV internal diameter at an end-diastole z score < −2 was observed in 33 (16.5%) individuals,
and stroke volume (SV) was lower in the PCD vs. unclassified subgroup (51.6 vs. 59.2 mL, 95% C.I.
47.1–56.1 vs. 56.2–62.3). LV end-diastolic volume (mean diff. (95% CI) −13 [−1–−26] mL, p = 0.04)
and SV (−10 [−1–−20] mL, p = 0.03) were smaller in those individuals reporting a reduction in
physical activity post-COVID-19 infection, and smaller LVMI was weakly correlated with worse
fatigue (r = 0.23, p = 0.02). The majority of individuals with Long COVID report shared symptoms
and did not demonstrate cardiac dysfunction on echocardiography.

Keywords: postural orthostatic tachycardia syndrome (POTS); dysautonomia; long COVID;
echocardiogram; post-acute sequelae of COVID; PASC

1. Introduction

Although SARS-CoV-2 infection has been phenomenologically linked with both cardiac
abnormalities [1–8] and persistent lingering symptoms referred to as Long COVID [9,10], it
remains unknown whether these two sets of complications are pathologically connected in
a majority of cases. Cardiac effects from COVID-19 infection have been described within
several categories: (1) myocardial injury seen in ~30% of acutely hospitalized individuals,
as evidenced by elevated cardiac biomarkers (i.e., troponin) [1]; (2) coagulopathy leading
to microvascular or macrovascular thromboembolic events [2,3]; (3) rare cases of clinical
myocarditis or myopericarditis necessitating hospitalization either in adults or in children in
the context of Multisystem Inflammatory Syndrome in Children (MIS-C) [4–6]; and (4) car-
diac MRI evidence of inflammation, identified primarily in prospective surveys of those
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with mild initial COVID-19 illness, such as young athletes, which is typically limited and
transient [7,8]. In distinct contrast to these COVID-related cardiac endotypes, Long COVID
is estimated to affect as many as 20% of individuals who have survived an initial acute
COVID-19 infection [11] and leads to diverse chronic symptoms, typically without objective
abnormalities on standard-of-care diagnostic laboratory or imaging tests [9]. Symptoms
include those that may be considered referable to the cardiovascular system (chest discom-
fort, palpitations, breathlessness and exercise intolerance) as well as systemic (fatigue, brain
fog, dizziness, memory loss and weakness) [9,10]. Many individuals experience debilitating
symptoms for more than 12 months following acute infection [9].

A cornerstone of Long COVID is post-exertional symptom exacerbation following an
increase in levels of physical or mental exertion [9,10]. This feature is also cardinal to a set
of conditions that fall within the classification of autonomic nervous system dysfunction
or dysautonomia. Indeed, dysautonomia has been described in Long COVID [12–15],
and the reported causes of symptom exacerbation (physical exertion, stress, dehydration,
weather changes, consuming large meals, premenstrual period and alcohol) and reduc-
tions in levels of physical activity are shared between Long COVID and other forms of
dysautonomia [9,10,12,16,17]. Most individual presentations of dysautonomia in Long
COVID span multiple subtypes of autonomic dysfunction, with up to 33% meeting criteria
for specific diagnoses such as postural orthostatic tachycardia syndrome (POTS) [18–20].
Dysautonomia is not classically associated with myocardial inflammation or dysfunction.
However, given the prevalence of myocardial involvement as a sequela of COVID-19, it was
sought to determine whether post-acute COVID dysautonomia (PCD) is associated with
distinct cardiac abnormalities, including features of cardiac atrophy, as reported in other
forms of dysautonomia [16,17]. In this study, symptom burden and echocardiographic
findings among a “real world,” richly phenotyped Long COVID/post-acute COVID-19
dysautonomia (PCD) cohort were analyzed retrospectively.

This report describes the findings from routine echocardiogram assessments obtained
from a cohort of individuals attending a Long COVID clinic, and explores the presence of
clinically diagnosed PCD alongside self-reported persistent symptoms.

2. Materials and Methods

2.1. Study Design

This was an observational study using retrospectively obtained electronic health
record (EHR) information and patient-reported outcomes (PROs). Approval for publication
was provided by the Mount Sinai Program for Protection of Human Subjects (IRB 21-00944).
A waiver of consent was approved.

2.2. Participants

Adults attending the Long COVID clinic at Mount Sinai Hospital were included. The
Long COVID clinic is an interdisciplinary clinic consisting of physicians (primary care and
a range of subspecialties including physiatry and cardiology), physical therapists, dietitians
and researchers.

Inclusion criteria were EHR diagnosis of Long COVID, defined as experiencing new,
returning or ongoing health problems 4 or more weeks following initial COVID-19 infection
in the absence of any specific organ damage using standard clinical testing protocols [9,21],
and having a transthoracic echocardiogram (TTE) assessment performed at Mount Sinai
Hospital > 28 days following diagnosis with COVID-19. Individuals were excluded if they
had a diagnosis of heart failure, cardiomyopathy or dysautonomia prior to COVID-19
infection.

2.3. Data Collection and Outcomes

Data including demographics, acute COVID-19 hospitalization status, need for me-
chanical ventilation and duration of COVID-19-related symptoms were obtained retrospec-
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tively from the EHRs as well as a patient-reported outcome (PRO) surveys developed by
Long COVID clinic team members and administered as part of clinical care.

2.4. Echocardiographic Assessment

Echocardiographic data were systematically extracted from clinical reports through a
Mount Sinai Data Warehouse query and included left ventricular (LV) and right ventricular
(RV) size and function; LV ejection fraction (EF); left and right atrial sizes; qualitative
descriptors of the aortic, mitral, tricuspid and pulmonic valve anatomy and function;
presence/absence of pulmonary hypertension; thoracic aortic dilatation; pericardial ab-
normalities; LV internal diameter at end diastole (LVIDd) and end systole (LVIDs); LV
end-diastolic volume (LVEDV), end-systolic volume (LVESV) and stroke volume (SV) from
the four-chamber apical view; and LV mass index (LVMI). The LVIDd and LVIDs z scores
were calculated using the formula: (LVIDmeasured − LVIDmean)/SD, with normal mean and
SD values obtained from the American Society of Echocardiography and the European
Association of Cardiovascular Imaging [22]. Additionally, the following quantification
methods were used for other outcomes: Teicholz 2D (LVIDd) and biplane Simpson (LVEDV
4C, LVESV 4C, EF); SV 4C was calculated using 0.785 × left ventricular outflow tract
(LVOT) diameter2 × LVOT velocity time integral; LV mass index was calculated using 0.8
(1.04 ([LVIDd + posterior wall thickness in diastole + interventricular septum thickness in
diastole]3 − [LVIDd]3))+ 0.6 g; and LV mass index was calculated using LV mass/BSA.

Abnormalities of valves were defined as either structural abnormalities or moderate
or higher valvular stenosis or insufficiency. Echocardiographic reports were manually over-
read by the investigators (C.Z., A.K.) to ensure completeness of the data. Echocardiograms
performed prior to COVID-19 infection were also reviewed if available.

2.5. Classification of Clinically Diagnosed Dysautonomia

EHRs (primary care or cardiology progress notes, “problem list”) were manually
reviewed to identify whether individuals with Long COVID were diagnosed with dysau-
tonomia/PCD specifically as documented by their treating cardiologist or physician or were
otherwise “unclassified” (no stated diagnosis of dysautonomia in the EHR). Participants
were classified by the research team as having dysautonomia if their treating cardiologist
or physician documented this diagnosis in the EHR, with supporting evidence including
symptoms and clinical/historical features, and/or formal testing including a tilt table test,
active stand test, quantitative sudomotor axon reflex test, thermoregulatory sweat test, or
using heart rate variability. Members of the research team were not involved in the initial
diagnosis of dysautonomia.

2.6. Patient-Reported Outcomes

Individuals attending the Long COVID clinic were requested to complete a PRO
survey as part of their routine clinical care. Survey data were collected using Research
Electronic Data Capture (REDCap) electronic data capture tools hosted in the Mount Sinai
Health System. Participants were provided with a survey link via email to complete
online. The PROs included persistent symptoms and triggers of symptom exacerbation and
screening tools for breathlessness (Medical Research Council (MRC) Breathlessness Scale),
health-related quality of life (HRQoL) (EuroQol EQ-5D-5L), fatigue (Fatigue Severity Scale
(FSS), fatigue visual analog scale (VAS)), completion of regular-, moderate- and vigorous-
intensity physical activity (author developed), cognitive function (Neuro-QOL), anxiety
(GAD-7), depression (PHQ-2) and disability (WHODAS).

2.7. Statistical Plan

Statistical analyses were undertaken with Stata (StataCorp, Stata Statistical Software
Release: V.14). Data are presented as frequencies and proportions, mean and standard
deviation (SD) or median and 95% confidence interval (CI) where appropriate. Correlations
between echocardiographic variables and PROs were examined using Pearson’s correlation
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or Spearman’s correlation where appropriate. Independent sample t-tests were used to
examine between-group differences based on the classification of dysautonomia, presented
as mean difference and 95% CI. Proportions were examined using Pearson’s chi-squared
test, presented as frequency (%).

3. Results

Participants were identified from a database of 737 individuals with Long COVID. Of
these, 217 (29%) had an echocardiogram performed in a clinical setting at least 28 days
following their COVID-19 infection (Figure 1). Fourteen (6%) were excluded from anal-
yses as they had pre-existing (i.e., prior to COVID-19 infection) diagnosed heart failure,
cardiomyopathy and/or dysautonomia. The majority of the final cohort were female (67%)
and did not require hospitalization during acute COVID-19 infection (Table 1).

Figure 1. Consort flow diagram.

Table 1. Demographics of individuals with Long COVID (n = 203).

All Participants
(n = 203)

Female
(n = 135)

Male
(n = 68)

Dysautonomia
(n = 45)

Unclassified
(n = 158)

Female, n (%) 135 (67%) 135 (100) 0 (0) 37 (82) 98 (62)
Age, y 45 (22–80) 46 (22–79) 44 (23–80) 47 (23–79) 45 (22–80)
BSA 1.9 (1.3–2.6) 1.8 (1.3–2.5) 2.1 (1.6–2.6) 1.8 (1.4–2.3) 1.9 (1.3–2.6)

Hospitalized for COVID-19, n (%) 44 (22) 29 (21) 15 (22) 8 (18) 36 (23)
Mechanical ventilation, n (%) 5 (2) 5 (4) 0 (0) 0 (0) 8 (18)
Duration of symptoms, days 218 (34–500) 221 (36–479) 213 (34–500) 212 (36–479) 220 (34–500)

Data are presented as mean (range) otherwise indicated. BSA—body surface area. PCR—polymerase chain
reaction. Mechanical ventilation—if required, mechanical ventilation was utilized during acute COVID-19
infection.

Echocardiographic abnormalities among the 203 included individuals are presented in
Table 2. LV and RV systolic function was normal in 201 (99%) and 203 (100%) individuals,
respectively. Of the 202 (99%) individuals for whom an EF was reported, the median
(95% confidence interval (CI)) value was 65 ± 5%. Diastolic dysfunction was present in
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8 (4%), LV hypertrophy in 20 patients (11%), pulmonary hypertension in 2 (1%; 1 also with
RV dilatation) and pericardial abnormalities in 3 (1%) individuals. These abnormalities
were new (n = 2, 7, 1, 2), documented prior to COVID-19 infection (n = 0, 2, 0, 1) or prior
echocardiograms were unavailable (n = 6, 11, 1, 0) in affected individuals. Three (1%)
individuals were diagnosed with myocardial impairments attributed to COVID-19 infec-
tion: one patient with segmental wall motion abnormality with borderline LV EF (no prior
echocardiogram available for comparison), one patient with normal LV size and diffuse bor-
derline LV systolic dysfunction (EF 50%; no prior echocardiogram available) and one with
severe LV dilatation and EF 56% (new compared to pre-COVID-19 echocardiogram). Since
Long COVID was defined as cases without structural cardiac changes that could otherwise
explain persistent symptoms, these individuals were excluded from downstream analyses.

Table 2. Echocardiographic abnormalities in individuals with Long COVID (n = 203).

Parameter Reported (%) Abnormal (%)

LV systolic function 203 (100) 2 (1)
LV diastolic function 189 (93) 8 (4)

LV hypertrophy 179 (88) 20 (11)
LV dilatation 203 (100) 1 (0.5)

RV systolic function 197 (97) 0 (0)
RV size 197 (97) 2 (1)

Pulmonary hypertension 77 (38) 2 (3)
LA size 127 (63) 4 (3)
RA size 127 (63) 1 (1)

Mitral valve 200 (99) 1 (1)
Aortic valve 200 (99) 1 (1)

Tricuspid valve 200 (99) 0 (0)
Pulmonic valve 200 (99) 0 (0)

Pericardium 113 (56) 3 (3)
Aortic root dilatation 85 (42) 3 (4)

Miscellaneous - 3 (1)
Data are reported as number and percentage. LV—left ventricle; RV—right ventricle; LA—left atrium; RA—right
atrium. Mitral valve abnormality was mitral valve prolapse with mild-to-moderate insufficiency. Aortic valve
abnormality was bicuspid aortic valve. Miscellaneous abnormalities included interatrial septal aneurysm (n = 1);
lipomatous atrial septal hypertrophy (n = 1); ventricular septal defect versus sinus of Valsalva aneurysm (n = 1).

Of the 200 individuals with Long COVID included in the secondary analyses, 44 (22%)
were classified by their provider (primary care or cardiologist) as having PCD; classifica-
tions were made based on symptoms and clinical/historical features (n = 28 (64%)) and/or
formal testing (n = 17 (39%); these included tilt table test, active stand test, heart rate vari-
ability, quantitative sudomotor axon reflex test and/or thermoregulatory sweat test). The
remaining 156 (78%) were labeled as having Long COVID without further classification.

Stroke volumes (SVs) were lower in the PCD group when compared to those not
classified (Table 3). A similar subset of individuals in both the PCD (n = 10, 23%) and
unclassified groups (n = 23, 15%) had LVIDd measurements smaller than sex-specific
normal expected values (Z-score ≤ −2, p = 0.25) [22]. Overall, there were no differences in
echocardiographic LV chamber size measures between the two groups.
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Table 3. Echocardiographic measures in individuals with Long COVID (n = 200).

All Participants
(n = 200)

Dysautonomia
(n = 44)

Unclassified
(n = 156)

Difference

LVIDd z score −0.89
(−1.06–−0.72)

−1.16
(−1.55–−0.77)

−0.81
(−1.00–−0.62) 0.35 (−0.06–0.72)

LVIDs z score a −0.42
(−0.57–−0.28)

−0.50
(−0.82–−0.18)

−0.40
(−0.57–−0.18) 0.10 (−0.26–0.45)

LVEDV a 89.0 (85.3–92.5) 82.5 (75.5–89.4) 90.8 (86.6–94.9) 8.3 (−0.3–16.9)
LVESV a 39.3 (33.8–44.7) 30.0 (25.0–35.0) 42.2 (35.2–49.1) 12.2 (−0.5–24.9)

SV a 57.5 (54.9–60.1) 51.6 (47.1–56.1) 59.2 (56.2–62.3) 7.6 (1.6–13.7)
LVMI 85.2 (82.4–88.0) 85.8 (79.3–92.3) 85.0 (82.0–88.1) 0.8 (−7.5–5.9)

Data are presented as mean (95% confidence interval). a Echocardiographic measurements not available for all
participants. LVID z score: dysautonomia, n = 43; not classified, n = 150. LVEDV: dysautonomia, n = 37; not
classified, n = 130. LVESV: dysautonomia, n = 23; not classified, n = 73. SV: dysautonomia, n = 35; not classified,
n = 116.

Of the 200 individuals with echocardiographic measures reported, 99 (50%) completed
the PRO survey. The mean (95% CI) total number of symptoms reported was 12 (1 to 33)
for individuals with PCD, as well as individuals who were unclassified. Scores from PROs
screening for fatigue, breathlessness, quality of life, disability, anxiety and depression were
not different between those with PCD and those who were unclassified (Table 4).

Table 4. Patient-reported outcomes for individuals (n = 99) who completed the survey.

Patient-Reported Outcome
All Participants

(n = 99)
Dysautonomia (n = 27) Unclassified (n = 72) Difference (95% CI)

MRC breathlessness scale 2 (1–4) 2 (1–4) 2 (1–4) 0 (−1–0)
EQ-5D-5L domains

Mobility 2 (1–4) 2 (1–4) 2 (1–4) 0 (−1–0)
Usual activities 3 (1–5) 3 (1–5) 3 (1–5) 0 (−1–1)

Anxiety/depression 3 (1–4) 3 (1–4) 3 (1–4) 0 (−1–1)
Self-care 1 (1–3) 1 (1–3) 1 (1–3) 0 (−1–0)

Pain/discomfort 3 (1–4) 3 (1–4) 2 (1–4) −1 (−1–0)
EQ-5D-5L health status VAS a,b 59 (55–63) 52 (43–60) 61 (57–66) 10 (1–19)

Fatigue Severity Scale, total
score a,b 49 (46–51) 52 (48–56) 48 (44–51) −4 (−10–2)

Fatigue VAS (0 to 100) a,b 44 (39–50) 43 (32–55) 45 (38–51) 2 (−11–14)
Neuro-QOL, t score a,b 41 (39–44) 39 (34–44) 42 (39–45) 3 (−3–9)

GAD-7, total score a 7 (6–8) 8 (5–10) 6 (5–8) −1 (−4–1)
PHQ-2, total score a 2 (2–2) 2 (2–3) 2 (2–2) 0 (−1–0)

WHODAS, total score a,b 32 (28–37) 37 (29–45) 30 (25–36) −7 (−17–4)

Data are presented as median (95% confidence interval (CI)) or a mean (95% CI). b EQ-5D-5L health status VAS,
fatigue VAS: dysautonomia, n = 26; not classified, n = 70. Fatigue Severity Scale, GAD-7: dysautonomia, n = 26;
not classified, n = 71; Neuro-QOL: dysautonomia, n = 16; not classified, n = 54; WHODAS: dysautonomia, n = 24;
not classified, n = 65.

The majority of individuals who completed the physical activity survey questions
reported a reduced engagement in moderate-intensity (69/85 (81%)) and vigorous-intensity
(60/86 (70%)) physical activity post-acute COVID-19 infection. Both LVEDV (mean diff.
(95% CI) −13 [−1–−26] mL, p = 0.04) and SV (−10 [−1–−20] mL, p = 0.03) measurements
were smaller in those reporting reduced engagement in moderate-intensity physical activity
post-COVID-19 infection when compared to those with similar or more regular engage-
ment in moderate-intensity physical activity. Smaller LVMI measurements were weakly
correlated with worse fatigue VAS scores (r = 0.23, p = 0.02).

4. Discussion

Both myocardial injury and the phenotype of Long COVID are important known
consequences of infection with SARS-CoV-2. However, it is not yet established whether
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these phenomena are epidemiologically or pathobiologically related. Because Long COVID
symptoms classically include some combination of fatigue, palpitations, breathlessness,
chest discomfort and post-exertional symptom exacerbation, it is imperative to clarify
whether these are manifestations of cardiac dysfunction. These data demonstrate that in
the overwhelming majority of a set of well-characterized individuals evaluated in a Long
COVID clinic, LV and RV function is normal. Of this cohort, only three individuals had
evidence of new-onset cardiomyopathy (segmental or diffuse LV dysfunction and/or LV
dilatation). Outside of these edge cases, the majority of individuals with Long COVID in
this study did not require hospitalization for acute COVID-19, and it was found that their
persistent symptoms were not associated with structural or functional cardiac abnormalities.
These findings support that the phenomena of SARS-CoV-2-induced myocardial injury and
Long COVID are not directly related. As such, a cardiac rehabilitation approach that might
be appropriate following myocardial infarction or heart failure hospitalization is unlikely
to be effective in treating Long COVID symptoms and should not be prescribed.

Previous data have shown that the typical Long COVID presentation incorporates
features of dysautonomia, with individuals reporting systemic symptoms (fatigue, breath-
lessness, chest discomfort, palpitations, dizziness, syncope/presyncope, orthostatic exac-
erbations, leg pain and exercise intolerance/post-exertional symptom exacerbation). Fur-
ther, the triggers of worsening symptoms (physical exertion, stress, dehydration, weather
changes, consuming large meals, premenstrual period and alcohol) are similar [9]. Dysau-
tonomia is now an established endotype of Long COVID [12–14]; yet, only 13–33% of
individuals meet the criteria for specific diagnoses such as POTS [18–20]. It is, therefore,
necessary to define a new terminology: post-COVID-19 dysautonomia (PCD).

The proposed pathophysiologic connections between COVID-19 and dysautonomia
include (1) hypovolemia due to fever, decreased fluid intake, nausea, excessive diaphoresis
and prolonged bed rest, leading to increased cardiac sympathetic nervous system outflow
and cardiac atrophy; (2) direct SARS-CoV-2 infection and the destruction of extracardiac
postganglionic sympathetic neurons, increasing sympathetic outflow; (3) SARS-CoV-2
invasion of the brainstem, resulting in increased central sympathetic outflow analogous to
that seen in Takotsubo cardiomyopathy; and (4) virally induced autoimmunity, directing
an immune attack against host neurons [23]. Further work is required to better understand
which, if any, of these mechanisms underlie PCD.

Small cardiac size with reduced blood volume (i.e., cardiac atrophy) has previously
been noted in POTS [17] and other forms of dysautonomia [16]. Here, it is reported that
~17% of individuals with Long COVID demonstrate features of small LV chamber size
and that echocardiographic signs of cardiac atrophy correlate with reductions in moderate
physical activity (lower LV EDV and SV) and worse fatigue (smaller LVMI). Clinicians
should be attuned to recognizing PCD, as affected individuals may benefit from a number
of effective interventions (i.e., oral fluid and electrolyte repletion as well as lower extremity
compression garments), pharmacotherapy and/or autonomic rehabilitation [24]. The latter
is a specialized form of rehabilitation that focuses on utilizing symptom-titrated exercises
that focus on retraining appropriate physiological responses to autonomic challenges, and
can improve or resolve symptoms [25,26] while increasing cardiac mass and blood volumes
in a majority of cases [17,27]. Among the Long COVID cohort, only 22% of individuals
were diagnosed with PCD, even though symptom type, severity and LV chamber size were
not distinguishable from the unclassified group. Overall, significant overlap in clinical and
cardiac profiles between the PCD and unclassified groups indicates that these represent a
single phenotype, with the etiology of symptoms being appropriately recognized in only a
fraction of LC patients. Only SV was lower in the PCD group, suggesting that there may
have been features present in these individuals that raised suspicion for dysautonomia or
prompted a work-up with formal autonomic testing. For example, individuals with lower
SV may show physiologic signs such as sinus tachycardia or exaggerated exertional or
orthostatic tachycardia.
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For many years, dysautonomia (that has been triggered by conditions or events other than
acute SARS-CoV-2 infection) has been associated with reduced cardiac size, and improvements
in functional testing after rehabilitation have been associated with complementary increases in
cardiac size [16,17]. This has led to the narrative that at least some dimension of the disability
caused by dysautonomia may be caused by “cardiovascular deconditioning” [27]. However,
few studies account for the fact that prior to the emergence of Long COVID, dysautonomia was
not diagnosed until, on average, almost six years after the initial emergence of symptoms [28].
At this time, it is possible that significant deconditioning can occur as otherwise healthy and
active individuals begin to avoid physical activity due to the propensity to produce post-
exertional symptoms. With the emergence of Long COVID as a chronic post-acute infection
syndrome and the observation that a large proportion of Long COVID cases are accompanied
by dysautonomia [29], cases of PCD are being diagnosed much faster than dysautonomia that
was diagnosed prior to 2020. In this study, there was a shorter period of time between the
onset of PCD symptoms and its diagnosis (since all diagnoses of PCD in this study happened
in under 2 years of symptom onset). This study’s finding of minimal changes in cardiac size
related to a diagnosis of PCD compared with those without a PCD diagnosis would indicate
that such cardiac changes are in fact related to prolonged periods of inactivity, rather than
any cardinal pathobiological features of dysautonomia. Few studies in the field have had the
opportunity to study cardiac morphology of cases of dysautonomia that have been diagnosed
so soon after the onset of symptoms.

The limitations of this study include the use of data collected retrospectively from a
convenience sample and the lack of baseline information, such as pre-COVID-19 PROs and
echocardiographic features for most individuals. The classification of dysautonomia by the
research team relied on EHR information, which may result in issues such as variability
between cardiologists and physicians in their assessment and diagnosis of dysautonomia,
a lack of uniformity in the outcomes used to confirm a diagnosis dysautonomia including
electrocardiograms and the potential for information to be absent from the EHR for both
classified and unclassified groups.

The contemporary absence of universal diagnostic criteria for dysautonomia and,
more specifically, PCD challenges the ability to identify individuals who would benefit
from interventions. The improved recognition of PCD can address important dispari-
ties in healthcare, especially for women, who are more frequently affected. Although
cohort-based observations support cardiac atrophy as a mechanism contributing to PCD,
echocardiographic measurements are not likely to be useful as sole biomarkers to capture
this phenotype. Further studies are needed to more rigorously define PCD and enable
improved recognition and care.

5. Conclusions

The majority of individuals with Long COVID report shared symptoms and did
not demonstrate cardiac dysfunction on echocardiography. Cardiac atrophy, as has been
previously reported in association with other forms of dysautonomia, is a feature of
Long COVID and correlates with reductions in physical activity levels and worse fatigue.
Improved biomarkers of PCD are needed to enable better recognition and care for patients
with Long COVID.
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Abstract: Postural orthostatic tachycardia syndrome (POTS) is a common accompaniment of a
variety of chronic, inflammatory diseases, including long COVID, as are small, insoluble, ‘fibrinaloid’
microclots. We here develop the argument, with accompanying evidence, that fibrinaloid microclots,
through their ability to block the flow of blood through microcapillaries and thus cause tissue hypoxia,
are not simply correlated with but in fact, by preceding it, may be a chief intermediary cause of POTS,
in which tachycardia is simply the body’s exaggerated ‘physiological’ response to hypoxia. Similar
reasoning accounts for the symptoms bundled under the term ‘fatigue’. Amyloids are known to be
membrane disruptors, and when their targets are nerve membranes, this can explain neurotoxicity
and hence the autonomic nervous system dysfunction that contributes to POTS. Taken together as
a system view, we indicate that fibrinaloid microclots can serve to link POTS and fatigue in long
COVID in a manner that is at once both mechanistic and explanatory. This has clear implications for
the treatment of such diseases.

Keywords: fibrinaloid microclots; postural orthostatic tachycardia syndrome (POTS); Long COVID;
TeamClots

1. Introduction

Orthostasis, Orthostatic Intolerance, and POTS

Human beings have evolved to maintain a largely erect posture [1] and can adopt it
from recumbent poses. Orthostasis describes the (normal) physiological response used to
counteract the potential fall in blood pressure when a person who has been lying down
assumes the upright position. This tendency occurs because, in an adult, gravity causes a
shift of some 300 to 800 mL of blood from the upper to the lower body. This orthostasis
depends strongly on the autonomic nervous system.

However, if the system does not respond properly, there can be a significant decrease
in the central blood pressure; common symptoms of such hypoperfusion are dizziness,
lightheadedness, and syncope (fainting). The resulting intolerance of the upright posture is
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known as orthostatic intolerance (OI). When accompanied by a sustained postural drop
in blood pressure (of more than 20 mmHg systolic or 10 mmHg diastolic [2]), the patient
is diagnosed with orthostatic hypotension, which is a form of orthostatic intolerance (OI).
Another variant of OI occurs when there is less of a fall in blood pressure, but the autonomic
response leads instead to a rapid increase in heart rate (tachycardia). This is known as
postural orthostatic tachycardia syndrome (POTS) (e.g., [3–5]). POTS is a manifestation
of autonomic dysregulation and is clinically characterized as excessive tachycardia upon
standing in the presence of symptomatic orthostatic intolerance. We recognize that POTS
may be classified into subtypes such as neuropathic POTS and hyperadrenergic POTS;
however, most of the papers we cite do not in fact make this distinction, and, for the present
purposes, we avoid doing so as well, since our chief aim here was simply to suggest that
there is, in general, significant evidence for the role of fibrinaloid microclots in POTS.

Although well known in other contexts for at least three decades [6,7] (see Table 1),
with at least 500,000 cases in the USA alone [8–10], mostly in women (5:1) [5,9,11–14], POTS
has emerged as a frequent symptom of both acute [15] and long COVID (e.g., [16–21] as
part of the wider cardiovascular dysautonomia spectrum; see Table 1).

Table 1. Some diseases and syndromes with which POTS is associated.

Disease, State, or Syndrome Comments Selected Reference(s)

Autoimmune disorders and Autoimmunity Some strong associations [16,22–26]

Cognitive function Large amount of literature; improved by plasma
exchange [27] [27–30]

Fatigue [31–38]

HPV or other antiviral vaccination An example of induction by a viral protein [39–45] but cf. [46]

Inflammation [47]

Irritable bowel disease [48]

Long COVID A very common occurrence and a focus of our interest [16–20,49–68]

Migraine [69]

Multiple sclerosis
Now recognized as possibly caused by Epstein–Barr
virus [70] (albeit much earlier evidence for an infectious
origin existed [71,72], cf. [73,74]).

[75]

Myalgic encephalomyelitis/chronic fatigue
syndrome (ME/CFS)

Is also usually a postviral disease and bears a number of
similarities to long COVID [68,76–79] [31,32,52,80–84]

Platelet delta granule storage pool deficiency Causal direction unclear [85]

Pregnancy Many cardiovascular stresses accompany pregnancy,
especially during hypertensive disorders [86,87] [88,89]

Reviews [22]

The management of POTS has been the subject of prior reviews and guidelines and
is beyond the aims of the present study [90,91]. Our focus in this study was mainly on
microclots as a plausible, mechanistic basis for POTS, especially in relation to long COVID.

2. The Normal Control of Heart Rate

Because of the general interest in POTS in long COVID and other affected communities,
we include a very brief and high-level overview. The heart rate is controlled by many
genetic and lifestyle factors (e.g., [92,93]), and the required kinds of understanding are both
conceptual (e.g., the need to cater for the time-varying demands of tissue oxygenation)
and mechanistic (e.g., the involvement of the endocrine and autonomic nervous systems).
Our overview here is very far from being comprehensive, and our focus is necessarily
on short-term control, where the autonomic nervous system is predominant (Figure 1,
after [92]).
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Figure 1. Autonomic nervous system regulation of heart function (after [92]). Created with BioRender.
com. Access date: 26 November 2023.

As summarized in Figure 1 (redrawn from [92]), both the sympathetic and parasym-
pathetic branches of the autonomic nervous system are involved. The former is more
involved in stress responses (often called ‘fight-or-flight’) and can release noradrenaline
(norepinephrine) to increase heart rate, whilst the latter (often called ‘rest-and-digest’)
underpins basal activity via the vagus nerve that can release acetylcholine to decrease heart
rate relative to its base rate. Multiple control steps involve baroceptors that sense pressure
and other receptors that respond to pH, hypoxia, and hypercapnia. In particular, under
most conditions, the heart necessarily and appropriately responds to acute hypoxia by
increasing heart rate (e.g., [94–98]).

3. Diagnosis of POTS

Most chronic, inflammatory diseases—as their name suggests—possess multiple com-
mon symptoms [99], while those such as long COVID characterized by subsets of multiple
symptoms can easily be subclustered (e.g., [49,100–102]). The earlier definition of POTS
comes from a very small study of 16 patients in 1993, of whom, interestingly, 7 were thought
to have had previous viral infections [6,103]. Nowadays, for instance, the Canadian Cardi-
ology Society has published a position paper describing a wider heterogenous range of
clinical syndromes and a spectrum of orthostatic intolerance; they propose that discrete
subtypes are identified over time, each with different underlying pathophysiological pheno-
types that allow for specific targeted treatment [90]. However, for present purposes, in the
case of POTS, both the high-level definition and the diagnosis are relatively straightforward,
as they follow virtually from the name: heart rate is monitored for tachycardia (an increase
in heart rate exceeding 30 beats per minute (bpm) within the initial 10 min of standing or
head-up tilt (HUT)- or a ‘final’ value exceeding 120 bpm) as the individual changes their
posture from horizontal to (more) vertical [5].

Differences can occur because the transition is commonly affected either by active
standing or a passive ‘tilt table’ test [104–107]. The latter, which is somewhat more
controlled and considered more reliable [108], commonly involves a ‘head-up tilt’ in
which an individual is strapped to a horizonal table and commonly tilted to an angle

78



J. Pers. Med. 2024, 14, 170

of 60–80◦ [106,109], and heart rate and other measurements are performed. Transcranial
doppler ultrasound may be used to detect blood flow [110]. It is recognized that such
‘provocative’ tests are of most value when individuals record similar symptoms to those
that they normally experience [111]. For all events, the conceptual recognition of POTS
is to be seen as reasonably straightforward [112,113]. It is important to recognize that the
diagnostic criteria for heart rate changes are arbitrary and based on small case series, and
that patients can have disabling OI and other symptoms of autonomic dysfunction without
meeting the traditional cutoffs; this is no different in long COVID patients presenting with
symptoms of POTS.

4. Occurrence and Comorbidities of POTS

Although we did not cover POTS (nor even autonomic dysfunction) in our earlier
review of chronic, inflammatory diseases [99], the occurrence of POTS, which is highly
heterogeneous [114], broadly mirrors the kinds of disease that we did mention there.
Table 1 lists some of them, implying elements of a common origin. Of particular interest
is the evidence for endothelial microvascular dysfunction [50], which can occur via the
microclot-mediated blockage of red cell flow to tissues.

5. Dysautonomia

Autonomic dysfunction (dysautonomia) describes any malfunction in the autonomic
nervous system, especially the vagus nerve [115,116], which is a key element in (but not
synonymous with [117]) POTS, and the occurrence of dysautonomia broadly mirrors the
diseases in which POTS is known to occur (Table 2).

Table 2. Some diseases and syndromes in which dysautonomia is known to occur.

Disease, State, or Syndrome Comments Selected Reference(s)

Familial (monogenic) Lesion in the IKBKAP gene [118]

Long COVID [57,60,62,63,67,76,119–124]

Multiple sclerosis [125,126]

Myalgic encephalomyelitis/chronic fatigue
syndrome [76,82,119,127–133]

Parkinson’s disease [134]

6. Fatigue and POTS

Like POTS, fatigue is a common accompaniment of many acute and chronic inflam-
matory diseases. It is usually based on scoring questionnaires and thus lacks a crisp
definition [135–142]. However, fatigue is generally used to cover a debilitating set of
symptoms in which attempts to carry out what would normally be considered a very mild
exertion are followed immediately by an inability to perform or to continue such exertions
and a period in which extreme rest is required. In contrast to physiological ‘tiredness’, rest
and sleep are not physically or mentally rejuvenating in fatigue. As noted in Table 1 [31–37],
fatigue is a common accompaniment of POTS and—as we shall argue—likely has a main
common cause.

7. The Role of Fibrinaloid Microclots in POTS

Although the origins of our discoveries that blood could clot into a very anomalous
form lie earlier- in observations using the electron microscope (e.g., [143–146])- it was not
until 2016 [147] that we determined using fluorescence microscopy that these anomalous
forms were in fact amyloid in nature [148–152], that they could be induced by highly
substoichiometric amounts of bacterial lipopolysaccharide [147], and that the electron
and optical microscopies were congruent [153]. Essentially all the clots visible using
fluorescence staining were those visible in the bright field [154,155]. The microclots were
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found to be particularly prevalent in diabetes [156–158] and in particular in both acute [158]
and long COVID [159–166], where they could be induced by miniscule concentrations of the
spike protein [167,168]. They were also much raised over those in controls in individuals
with ME/CFS [169,170]. Note that the generation of fibrinaloid microclots is essentially
instantaneous (on the timescale of normal clotting) (e.g., [147,167]), whereas the time
taken to develop POTS is slower. This is at least consistent with a causative role of the
earlier-appearing microclots in the generation of the later-appearing POTS.

Microclots differ from clots mostly by being considerably smaller (broadly in the range
of 1–200 μm, mostly at the lower end) (see Figure 2) and by virtue both of the adoption of an
amyloid form [148,159,161] and their entrapment of molecules such as α2-antiplasmin [163].
These and other properties [171] make them particularly resistant to fibrinolysis, so they
are removed far less quickly than would normally be the case.

Long COVID 

20μm 

Controls 
Ch0 Ch0 Ch0 Ch0 Ch0 Ch0 Ch0

A 

B 

Figure 2. Microclot size distribution as seen with imaging flow cytometry (taken from [166]). Repre-
sentative micrographs of microclots in (A) controls and (B) long COVID patients using an imaging
flow cytometer. The brightfield images are displayed in Channel 1 (Ch01) and fluorescence intensity
due to ThT binding in Channel 7 (Ch07). All images were captured using a 20x objective. The event
number is displayed in the top-left corner of each image. NB: In these pictures, the POTS status of
the individuals was not assessed.
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A straightforward consequence of these insoluble fibrinaloid microclots is that as
blood flow pushes them along, they can block up microcapillaries, thereby inhibiting the
flux of oxygen-carrying red blood cells and thus inducing tissue hypoxia. Sensing low
tissue oxygen concentrations naturally (as when exercising) may induce tachycardia, and
this would provide a very ready explanation of both POTS and the fatigue that is a common
occurrence in both ME/CFS and long COVID (see Figure 3).

Figure 3. (A) Representation of healthy blood flow in microcapillaries (B) versus in an individual
where damaged microcapillaries are (temporarily) blocked by microclots. Created with BioRender.
com (accessed on 26 November 2023).

Other mechanisms for POTS in long COVID may include:

1. Relative hypovolemia secondary to inadequate peripheral vasoconstriction. This
results in a reduction in stroke volume and cardiac output, causing the inhibition of
tissue oxygen supply and the consequent compensatory tachycardia.

2. Small fiber neuropathy (SFN) has been well described in long COVID (e.g., [63,65,68,172])
and is a recognized cause of dysautonomia in the condition. SFN in long COVID can
be driven by autoantibodies (already known to be associated with POTS and OH) or,
potentially, by ischemia of the small fibres due to microclots.

8. The Role of Microclots in Fatigue

Just as the blocking of microcapillaries by microclots gives a ready explanation for
POTS, it also gives a ready explanation for fatigue as tissues that rely on aerobic respiration
for their normal function are deprived of oxygen. Specifically, the microclots vary widely
in diameter, so they can migrate to those parts of the capillary bed where they can block the
flow of red blood cells most effectively. Consequently, the affected tissues simply cannot
perform their normal functions. While details vary for every individual, the existence
and capillary-blocking behavior of the microclots also provide a simple and mechanistic
explanation for the co-occurrence [31–33,35–37] of POTS and fatigue.

9. Relationship between Dysautonomia and Microclots

We know that molecules such as LPS (e.g., [147,149,150]) and the spike protein of
SARS-CoV-2 (e.g., [154,158,159,163–167,173]) can cause microclots, such that any damage
such molecules may cause to nerves may be indirect [174–176]. This said, it is reasonable
that any damage to the membranes of nerves might be mediated via fibrinaloid microclots.
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To this end, although the direct experiments have not been performed with fibrinaloid
microclots (nor is it easy to conduct them in vivo), it is at least worth repeating that it is well
established that amyloid forms of proteins (including those binding cations [177]) generally
can effect damage to all kinds of phospholipid membranes directly (e.g., [177–202]). A
variety of mechanisms have been proposed, such as those in Figure 4 [201].

Figure 4. Membrane disruption models (redrawn from [201]). (A) The barrel-stave model suggests
that proteins perpen-dicularly insert into the phospholipid bilayer plane, with the hydrophobic
regions of protein oligomers contacting the hydrophobic interior of the membrane. (B) The toroidal
pore model suggests that proteins insert perpendicular to the phospholipid bilayer, with the protein
hydrophilic ends remaining in contact with the lipid head layer. (C) The deter-gent-like model,
suggests that positively charged residues in the amyloidogenic protein bind to the membrane.
(D) The membrane remodeling model suggests that membrane-bound peptides self-assemble into
β-sheets that subsequently either form pores on the membrane surface (Pore formation model) or
drag lipids out of the bilayer core (Detergent-like model). Created with BioRender.com (accessed on
26 November 2023).

When the membrane in question is a nerve membrane, neurotoxicity (e.g., [198,203–209]
(leading to autonomic nervous system dysfunction) may result.
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10. Systems Overview and Conclusions

We established that fibrinaloid microclots accompany a variety of diseases in which
POTS is frequently diagnosed, with fatigue as a frequent feature, as are autoantibodies [161],
implying a similar kind of cause or at least intermediate. The microclots do seem to fulfill
this intermediary role, as they also provide a realistic set of mechanisms. This said, it should
be admitted that detailed temporal studies have not been conducted in animals (which
may not even provide a decent model), while those studies that did test, e.g., SARS-CoV-2
infection, in human volunteers directly [210] did not seek to measure microclots.

Very recently, Wüst and colleagues showed a variety of defects in the skeletal muscle
of long COVID patients, including both amyloid deposition and mitochondrial dysfunc-
tion [211]. Coupled with the evidence for lactate overproduction in both COVID-19 [212–217]
and ME/CFS [133,218–222], both of which are associated with POTS (Table 1), this provides
further evidence for a role of inadequate O2 uptake in these processes.

The system biology diagram linking these high-level elements is given in Figure 5.

Figure 5. A system approach to defining dysautonomia. (A) Various causes of disease and symptoms
resulting in vascular damage, microclots, and platelet hyperactivation (B) known to be involved in
a variety of diseases (C) and in POTS (D). Similarly, vascular damage pathologies cause POTS (E)
and other diseases (F), while POTS is found in various diseases (G). Created with BioRender.com
(accessed on 26 November 2023).

We conclude that the presence of fibrinaloid microclots can indeed significantly ac-
count for the symptoms of POTS associated with long COVID (and likely other syndromes),
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just as they can for other symptoms [159], post-exertional symptom exacerbation [160], and
the generation of autoantibodies [161].
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Abstract: Background: Functional gastrointestinal disorders (FGIDs), including functional dyspepsia
(FD) and irritable bowel syndrome (IBS), are characterized by chronic and recurrent gastrointestinal
symptoms. Clinically, FD and IBS often resemble gastrointestinal dysmotility caused by autoim-
mune autonomic neuropathy. We examined the seropositive frequency of autoantibodies against
ganglionic nicotinic acetylcholine receptors (gnAChRs) in patients presenting with FGIDs. Objective:
To elucidate the seropositivity of gnAChR antibodies and the clinical features of seropositive FD and
IBS. Materials and Methods: We measured autoantibodies against the gnAChR α3 and β4subunits
using luciferase immunoprecipitation systems. Serum samples from patients with any autonomic
symptoms were obtained from hospitals in Japan between January 2012 and August 2018 (1787 serum
samples of 1381 patients). We selected FD and IBS patients and compared the clinical characteristics
and prevalence of autonomic symptoms between those with seropositive and seronegative IBS and
FD. Results: Nine IBS and two FD cases (one comorbid case with IBS) were found. We found four
patients (36.4%) in whom gnAChR antibodies were positive in these eleven patients. Sicca symptoms
were observed in three of four cases (75%) of seropositive FGID compared with zero of seven cases
(0%) of seronegative FGID. Conclusions: We found patients with gnAChR antibodies in FD and
IBS patients. These data will be valuable for elucidating the pathophysiology of these FGIDs and
developing new treatment strategies.

Keywords: functional gastrointestinal disorders; irritable bowel syndrome; functional dyspepsia;
anti-ganglionic acetylcholine receptor; autoantibody

1. Introduction

Functional dyspepsia (FD) and irritable bowel syndrome (IBS) are the most common
functional gastrointestinal disorders (FGIDs), affecting approximately 20% of the general
population [1]. FGIDs are chronic or recurrent diseases in which abnormal bowel move-
ments involving abdominal pain, diarrhea, and constipation, as well as gastric pain and
early satiety, persist despite the absence of an organic disease on examination [2]. Similarly,
autonomic neuropathy is a condition that presents functional impairment without organic
abnormalities. We have previously performed clinical and basic studies of autoimmune
autonomic ganglionopathy (AAG), in which autoantibodies against ganglionic nicotinic
acetylcholine receptors (gnAChRs) are found in the serum of patients and play a key role in
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the pathogenesis of the disease [3,4]. Recently, the concept of autoimmune gastrointestinal
dysmotility (AGID) has been proposed as a limited form of AAG [5,6]. AGID is becoming a
broad concept that includes esophageal achalasia, diffuse esophageal spasm, gastroparesis,
and intestinal pseudo-obstruction [7]. Although FD and IBS are clinically similar to the
upper and lower gastrointestinal dysmotility in AAG or AGID, the relationship between
the pathogenicity and gnAChR antibodies in FGIDs remains unresolved. Hence, we aimed
to examine the seropositivity of gnAChR antibodies and the clinical characteristics of
seropositive patients with FD and IBS.

2. Materials and Methods

2.1. Patient Cohort and Study Design

Our institution established the detection system of gnAChR α3 and β4 antibodies by
a luciferase immunoprecipitation system (LIPS) assay in 2011, and since 2012, we have
responded to requests for assays using serum samples from patients with any autonomic
symptoms who visited a hospital in Japan [8,9]. We examined 1787 serum samples of
1381 patients with any autonomic symptoms who visited teaching and general hospitals
throughout Japan between January 2012 and August 2018 [8,9]. The serum samples were
centrifuged at 3000 rpm for 10 min and were then stored in cryovial tubes at −80 ◦C within
2 h of collection. The samples were later sent to Nagasaki Kawatana Medical Center or
Kumamoto University Hospital.

2.2. Luciferase Immunoprecipitation System (LIPS) Assay for Anti-gAChR Abs

In the present study, we detected serum gnAChRα3 and gnAChRβ4 antibodies using
the LIPS assay [9]. A National Institutes of Health group previously developed this efficient
quantitative approach for the analysis of antibodies against human autoantigens in serum
samples from patients [10,11]. We previously established and reported the use of the LIPS
to diagnose AAG on the basis of IgGs to both α3 and β4 gnAChR subunits in serum
samples from patients [9]. We measured the gnAChR antibodies at the Nagasaki Kawatana
Medical Center and Kumamoto University Hospital, as previously described.

To generate luciferase reporters for the human gnAChR subunits, α3 and β4 (named
gnAChRα3-GL and gnAChRβ4-GL, respectively) or full-length human gnAChRα3 (P32297;
Promega Corporation, Madison, WI, USA) or gnAChRβ4 (P30296; Promega Corporation)
were fused to a Gaussian luciferase (GL) mutant (GL8990). Human embryonic kidney 293F
cells (Life Technologies Corporation, Grand Island, NY, USA) were then transfected with
an expression plasmid encoding either gnAChRα3-GL or gnAChRβ4-GL using FuGENE6
(Promega Corporation). The transfected cells were solubilized 2 days later using Tris-
based saline containing 1% TritonTM X-100. To detect gnAChRα3 or gnAChRβ4 antibodies,
100 μL of the soluble fraction containing gnAChRα3-GL or gnAChRβ4-GL was incubated
with 15 μL of human serum for 1 h at 4 ◦C. The fraction was then mixed with 15 μL of
protein G-Sepharose (GE Healthcare, Little Chalfont, Buckinghamshire, UK) and 600 μL
of phosphate-buffered saline with 3% bovine serum albumin and 0.05% Tween®-20, and
the mixture was incubated for several hours at 4 ◦C. After centrifugation and two washes
with phosphate-buffered saline containing 0.05% Tween®-20, the bioluminescence activity
of the luciferase reporters in protein G-Sepharose was measured using a BioLux® GL
Assay Kit (New England Biolabs, Ipswich, MA, USA) and a Lumat LB 9507 luminometer
(Berthold Technologies GmbH & Co. KG, Bad Wildbad, Germany). The luminometer
output was measured in relative luminescence units. Using anti-gnAChRα3 and anti-
gnAChRβ4 antibody data from 73 healthy controls, cut-off values were calculated as the
means + three standard deviations from the mean, as in a previous study. To evaluate the
diagnostic accuracy of this LIPS assay, we verified the cut-off values for all data collected in
previous studies [12,13]. Cut-off values for the sensitivity and specificity, as well as receiver
operating characteristic curves, were obtained. According to these curves, we confirmed
the most accurate cut-off values and calculated their sensitivity, specificity, and positive and
negative predictive values. The area under the curve was 0.849 (95% confidence interval
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[CI]: 0.786–0.911) for the LIPS assay of the anti-gnAChRα3 antibody. For an anti-gnAChRα3
antibody cut-off value of 1.0, the sensitivity and specificity values were 46.9% (95% CI:
33.7%–60.6%) and 99.2% (95% CI: 94.8%–100.0%), respectively, whereas the positive and
negative predictive values were 95.8% and 81.8%, respectively. The area under the curve
was 0.72 (95% CI: 0.632–0.807) for the LIPS assay of the anti-gnAChRβ4 antibody. For an
anti-gnAChRβ4 antibody cut-off value of 1.0, the sensitivity and specificity values were
14.3% (95% CI: 6.9%–27.1%) and 100.0% (95% CI: 96.2%–100.0%), respectively, whereas the
positive and negative predictive values were 100.0% and 74.4%, respectively.

The antibody levels were expressed as an antibody index (AI), which was calculated as
follows: AI = (measured value in the serum sample [in relative luminescence units])/(cut-
off value [in relative luminescence units]). The normal AI value, established based on
data from healthy individuals, is <1.0. The diagnosis of FD and IBS was confirmed using
the Rome IV diagnostic guidelines [14,15]. Clinical diagnoses were performed in each
hospital. We compared the clinical data and the prevalence of autonomic symptoms
between seropositive and seronegative FD and IBS patients.

2.3. Ethical Approval

All patients provided written informed consent for the storage and use of their serum
and clinical information for research purposes. The Human Ethics Committees at the
Nagasaki Kawatana Medical Center and Kumamoto University Hospital (Japan) approved
this study (approval numbers 2011-21 and 1281, respectively).

2.4. Clinical Assessment

Specific questionnaires and consent forms were sent to the physicians who referred
us to patients, and the data were sorted and analyzed. The questionnaire consisted of six
categories with the following entries: (1) age, sex, clinical diagnosis, age at onset of disease,
antecedent infection, and mode of symptom onset; (2) autonomic manifestations described
below; (3) extra-autonomic manifestations (sensory disturbance, motor symptoms, deep
tendon reflexes, gait, and other neurological findings); (4) comorbid diseases (endocrine
disorders, tumors, and autoimmune diseases); (5) autonomic testing; (6) other laboratory
findings. Regarding the mode of symptom onset, acute onset and subacute onset were
defined as reaching peak autonomic symptoms within 3 months. Chronic onset was defined
as reaching peak autonomic symptoms after 3 months.

We determined the presence or absence of the following functions controlled by the
autonomic nervous system, as reported in our previous study: syncope or orthostatic
hypotension and orthostatic intolerance; arrhythmia; pupillary dysfunction; sicca complex;
coughing episodes; skin dryness or hypohidrosis/anhidrosis indicating heat intolerance;
upper gastrointestinal system problems; diarrhea or constipation indicating dysfunction of
the lower gastrointestinal system; dysuria or urinary retention needing catheterization for
bladder dysfunction; and sexual dysfunction [8]. We selected patients who were diagnosed
with FD or IBS from the patient cohort and divided them into gnAChR antibody-positive
and gnAChR antibody-negative groups for a comparative analysis of their clinical features.

2.5. COMPASS

Patients with FD or IBS enrolled after April 2014 completed a self-administered
questionnaire. COMPASS is a shortened version of the Composite Autonomic Symptom
Score and was designed to quantitatively assess autonomic symptoms [16]. It has six
subscale weighted scores in the following domains: orthostatic intolerance (four items;
range, 0–40), vasomotor (three items; range, 0–5), secretomotor (four items; range, 0–15),
gastrointestinal (12 items; range, 0–25), bladder (three items; range, 0–10), and pupillomotor
(five items; range, 0–5). The COMPASS assessment is weighted according to published
scoring methods to yield a total score of 0–100, with a score of 100 representing the highest,
most severe degree of autonomic symptom burden. The mean ± standard deviation score
in healthy control subjects for this questionnaire was reported as 9.67 ± 8.1 [17]. In the
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present study, 11 subjects completed the Japanese language version of the questionnaire
within 15 min. We excluded questions related to the vasomotor and pupillomotor domains
because it is occasionally difficult for Japanese people to judge color changes of the skin on
an individual basis, and it is not the custom for middle-aged and older persons to wear
sunglasses or tinted glasses in Japan. The total scores were calculated by the summation of
the individual item scores, with a possible maximum score of 90 [8,18].

3. Results

In this study, we identified two patients with FD and nine patients with IBS in
1381 patients. One of the former patients also had IBS. Among those 11 patients, 4 patients
had gnAChR antibodies. Of the four patients with gnAChR antibody-positive FGID, three
had IBS only, and one patient had coexistent FD and IBS. Single seropositivity for gnAChR
α3 antibodies was observed in two patients, while single seropositivity for gnAChR β4
antibodies was not observed. Two of the four samples were positive for both gnAChR α3
and β4 antibodies. One of these double-positive patients was particularly refractory to the
clinical manifestations of IBS.

The clinical features of the four patients in the gnAChR antibody-positive group and
the seven patients in the antibody-negative group were compared, as shown in Table 1.
Many of the items that were compared, including the usual epidemiological items and each
autonomic symptom, as well as the COMPASS total and domain-specific scores (Table 2),
showed no significant differences. Only sicca symptoms were significantly more frequent
in the antibody-positive group (75% vs. 0%, p = 0.042).

Table 1. Clinical profiles of patients with FGID in the presence or absence of gAChR Abs.

Characteristics
FGID with gAChR

Abs
(n = 4)

FGID without
gAChR Abs

(n = 7)
p Value

Age (average, years) 71.5 59.7 0.262
Sex, female (%) 3 (75.0) 5 (71.3) 0.166

Mode of onset, chronic (%) 4 (100.0) 6 (85.7) 0.788
Antecedent infection (%) 0 (0.0) 1 (14.3) 0.788

Orthostatic hypotension (%) 0 (0.0) 2 (28.6) 0.527
Orthostatic intolerance (%) 1 (25.0) 4 (57.1) 0.412

Arrhythmia (%) 0 (0.0) 1 (14.3) 0.788
Pupillary abnormality (%) 0 (0.0) 0 (0.0) 1.000

Sicca (%) 3 (75.0) 0 (0.0) 0.042
Coughing episode (%) 0 (0.0) 1 (14.3) 0.788

Anhidrosis (%) 1 (25.0) 0 (0.0) 0.788
Upper GI dysfunction (%) 4 (100.0) 7 (100.0) 1.000
Lower GI dysfunction (%) 4 (100.0) 7 (100.0) 1.000
Bladder dysfunction (%) 2 (50.0) 6 (85.7) 0.412
Sexual dysfunction (%) 0 (0.0) 0 (0.0) 1.000

p < 0.05 was considered statistically significant. Abbreviations: FGID = functional gastrointestinal disorders;
gAChR = ganglionic acetylcholine receptor; Abs = autoantibodies; GI = gastrointestinal.

Table 2. Comparison of the COMPASS of FGID patients with and without gAChR Abs.

Characteristics
FGID with gAChR

Abs
(n = 4)

FGID without
gAChR Abs

(n = 7)
p Value

COMPASS total score (average) 16.5 20.8 0.455
COMPASS orthostatic intolerance

score (average) 3.0 8.7 0.294

COMPASS secretomotor score (%) 2.6 0.4 0.114
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Table 2. Cont.

Characteristics
FGID with gAChR

Abs
(n = 4)

FGID without
gAChR Abs

(n = 7)
p Value

COMPASS gastrointestinal score 8.6 8.6 0.975
COMPASS bladder score 1.4 3.1 0.185

Abbreviations: COMPASS = Composite Autonomic Symptom Score; FGID = functional gastrointestinal disorders;
gAChR = ganglionic acetylcholine receptor; Abs = autoantibodies.

Illustrative Cases

Patient 1. An 85-year-old man had been affected by IBS for at least 5 years and
experienced abdominal pain, constipation, and abdominal bloating soon after eating. The
patient did not have orthostatic hypotension/intolerance and had objective findings of dry
mouth and upper and lower gastrointestinal dysmotility. The COMPASS also reflected
these clinical findings. The patient had only autoantibodies against gnAChRα3, and the
serum levels of the gnAChR autoantibodies were 1.017 antibody index (A.I.) (α3) and
0.641 A.I. (β4).

Patient 2. A 51-year-old woman had been affected by FD and IBS for at least 5 years
and had nausea, vomiting, and diarrhea. She visited many hospitals and received multi-
ple antiemetic prescriptions, but the nausea remained. She took anti-diarrheal medicines
year-round for chronic diarrhea that was triggered by more intense diarrhea that occurred
when she consumed high-fat meals. She also had severe left back pain after eating, which
led her previous healthcare providers to suspect chronic pancreatitis, and she underwent
endoscopic ultrasonography and other tests that did not reveal any abnormalities. An over-
active bladder had also been diagnosed, and incontinence was a rare occurrence because of
an inability to hold back urine. The patient had autoantibodies for both gnAChRα3 and β4,
and her serum levels of the gnAChR autoantibodies were 2.218 A.I. (α3) and 1.135 A.I. (β4).

Patient 3. A 75-year-old woman had been affected by IBS for several years and experi-
enced constipation, appetite loss, nausea, and vomiting. She complained of numbness in
both lower extremities and pain in her buttocks in addition to the symptoms attributed to
gastrointestinal dysmotility. Seeking further examination and treatment for these symp-
toms, she consulted a neurologist as well as a local orthopedic surgeon and a pain clinic
and was eventually diagnosed with fibromyalgia on the basis of these symptoms. The
patient consistently complained of bloating, which was exacerbated by drugs used to treat
fibromyalgia, which caused nausea, making it difficult for us to treat both the gastroin-
testinal dysmotility and fibromyalgia. The patient had autoantibodies for both gnAChRα3
and β4, and her serum levels of the gnAChR autoantibodies were 1.444 A.I. (α3) and
1.078 A.I. (β4).

Patient 4. A 75-year-old woman had been affected by IBS for at least 2 years and
experienced abdominal pain, diarrhea, constipation, and abdominal bloating soon after
eating. The patient had abdominal pain and discomfort and constipation for several
days, followed by diarrhea for several days; therefore, constipation and diarrhea appeared
alternately. During the constipation, her abdomen was tense and painful. We prescribed
various medications, including Chinese herbal medicines, for the constipation and diarrhea.
The patient sometimes had sudden diarrhea when she was away from home; hence, she
was afraid to go out. The patient had only autoantibodies against gnAChRα3, and her
serum levels for gnAChR autoantibodies were 1.214 A.I. (α3) and 0.175 A.I. (β4).

4. Discussion

This preliminary study yielded two findings. First, some of the patients diagnosed
with FGID had gnAChR antibodies, and second, the clinical symptom sicca complex was
frequently observed in gnAChR antibody-positive FGID patients. These results raise the
question of whether gnAChR antibody positivity is involved in the pathogenesis of FGID
patients or is coincidental. However, further issues remain to be explored in future research.
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Although 4 of the 11 patients with FGID in the current study were positive for gnAChR
antibodies, it was difficult to determine whether they showed a consistent trend based on
age or sex. It was also difficult to determine whether higher levels of gnAChR antibodies
or autoantibody positivity regarding both subunits were associated with the severity of
abdominal symptoms.

Gastrointestinal symptoms are common and highly prevalent. However, not all
patients presenting with gastrointestinal symptoms have a specific organic etiology. Some
cases involve FGIDs, such as FD or IBS, in which patients with these conditions suffer from
chronic and fluctuating symptoms. The pathogenesis of FGIDs has been described as a gut–
brain interaction disorder, which has been studied regarding a variety of aspects, including
movement disorders, visceral hypersensitivity, altered mucosal and immune function,
altered gut microbiota, and altered central nervous system processing [2,15]. Because the
results of the present study suggest the presence of some antibodies in FGID patients, we
must consider the possibility that the pathology is mediated by dysimmune status. Atopic
and autoimmune diseases, independent of psychological distress, were reported to be risk
factors for FGIDs, with psoriasis and rheumatoid arthritis in particular being independent
risk factors for IBS [19]. Rheumatoid arthritis was also significantly associated with IBS in
another survey of 850 pairs of Swedish twins aged 18–85 years [20]. The involvement of
neuro-immune interactions in FGID has been discussed previously [21–24], and various
basic studies have been conducted on the involvement of specific autoantibodies, showing
positive and negative results regarding their presence [25–29]. Further detailed clinical
and basic studies are needed to determine whether the gnAChR antibodies found in this
preliminary study are pathogenic autoantibodies in FGID patients.

Here, we present a relatively new disease concept, autoimmune gastrointestinal dys-
motility, a limited form of AAG, which is an autonomic disorder in which gastrointestinal
motility disorders are in the foreground of the clinical presentation [5–7]. Previous reports
have indicated that gastrointestinal dysmotility, such as constipation, diarrhea, alternat-
ing constipation–diarrhea, and ileus, as well as orthostatic hypotension and orthostatic
intolerance, occur frequently in AAG patients who test positive for gnAChR antibodies,
a known pathogenic autoantibody in AAG [7,18]. Although its name implies a local-
ized condition, this disease can present with varying degrees of symptoms from other
autonomic domains [7,18]. Another clinical feature of AAG is the presentation of extra-
autonomic manifestations, including a tendency to coexist with autoimmune diseases such
as autoimmune rheumatic diseases and autoimmune thyroid diseases [8]. Interestingly,
complications of gastrointestinal dysmotility in autoimmune rheumatic diseases, such as
Sjögren’s syndrome, have been frequently presented in practice [7,30]. Because the present
study showed a significantly increased frequency of the sicca complex in patients with
gnAChR antibody-positive FGID, we must consider the possibility that these cases were
actually autoimmune gastrointestinal dysmotility, a limited form of AAG.

In the peripheral autonomic ganglia, nAChRs (equivalent to gnAChRs) are expressed
by neurons in sympathetic, parasympathetic, and enteric ganglia. Patients with AAG
often harbor autoantibodies against gAChRs, which may disrupt synaptic transmission
in autonomic ganglia and lead to autonomic failure [31,32]. However, the pathogenicity
of the gnAChR antibodies, i.e., how the autoantibodies cause autonomic dysfunction,
is not entirely clear. More recently, autoantibodies targeting neurotransmitter receptors
and related proteins have emerged as an often severe but treatable cause of neurological
disease [33]. Autoantibodies against nAChRs in autonomic ganglia should be considered
similar to autoantibodies against neurotransmitter receptors when discussing pathogenesis,
although AAG is also often present in refractory cases. Previous animal model studies
of AAG and an in vitro study using the nAChRα3 subunit expressed in human embry-
onic kidney cells have shown that autoantibodies for the nAChR subunit cross-link and
internalize the postsynaptic nAChR, leading to its degradation, which was shown to be
the pathogenic mechanism [34–37]. Animal models of gastrointestinal hypomotility have
previously been established by the intraperitoneal injection of live nAChRα3-expressing
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xenogeneic cells [34]. Blue dye passaging, radiochemical, and immunohistochemical
evaluations demonstrated the small intestinal transit of these cells, indicating that high
concentrations of nAChRα3-IgG in serum are required for intestinal nAChRα3 depletion.
In addition, no loss of ganglion neurons was observed. Recently, we developed a novel
murine model of autoimmune dysautonomia by nAChRα3 immunization and identified
two key immunogenic peptides that could effectively prime helper T cells [38]. Physio-
logical testing confirmed the delayed intestinal transit in these active immunized mice,
and ileus occurred because of intestinal accumulation in one of the mice. It is conceivable
that gnAChR antibodies act functionally on the receptors. However, further investigation
is required to determine whether these antibodies have agonistic or antagonistic effects
on the receptor [39]. It remains unclear how gnAChR autoantibodies are involved in gas-
trointestinal dysmotility in the enteric nervous system [7]. According to the results of the
present study, it is clear that an important question to be resolved in the future is whether
some FGIDs overlap with the AGID concept [7]. AGID is a condition that can occur at each
level of the gastrointestinal tract, including the esophagus, stomach, small intestine, large
intestine, rectum, or anus, and diseases at each site include achalasia, diffuse esophageal
spasm, gastroparesis, pyloric stenosis, intestinal pseudo-obstruction, slow intestinal transit,
colonic inertia, and anal spasm [7]. Various autoantibodies have been implicated in AGID.
Moreover, in addition to gnAChR antibodies, muscle nicotinic AChR, voltage-gated potas-
sium channel complex, voltage-gated calcium channel (P/Q type and N type), and glutamic
acid decarboxylase antibodies have been previously reported [5,7,40,41]. The involvement
of these autoantibodies that target the enteric nervous system in paraneoplastic neurologic
syndromes including Lambert–Eaton syndrome, Chagas disease, and diabetes, leading
to impaired gastrointestinal motility, has also been reported [42–44]. Based on previous
reports, it is difficult to determine whether AGID is simply a limited form of AAG and a
clinically heterogeneous group [7]. The present study indicates that some cases of FGID
may be AGID. The finding that some patients with FGID have autoantibodies is important
in considering the pathogenesis of FGID and, ultimately, its treatment. These antineuronal
autoantibodies have been found to be present in AGIDs at each level of the gastrointestinal
tract, and it is possible that some FGIDs also have antibody-positive cases. Therefore, the
antineuronal autoantibodies listed here should be measured in future large studies.

This study has several limitations. It is preliminary and is an observational study with
a small sample size, albeit with expert clinical diagnosis. It is necessary to confirm in the
future whether gnAChR antibodies are present in a greater number of FGID patients in a
prospective multicenter study. Furthermore, the LIPS assay we established was used to
detect gnAChR antibodies. Recently, other new antibody assays such as flow cytometry
and cell-based assays have been reported [45,46]. In addition to conventional detection
methods such as radioimmunoprecipitation and LIPS assays, it is necessary to verify the
presence of autoantibodies using different detection systems that incorporate other new
methods. After such validation, the role of gnAChR antibodies in the pathogenesis of
patients with FGID should be clarified. This will allow us to understand the true pathogenic
role of this autoantibody and will provide an opportunity to investigate the possibility of
immunotherapy for antibody-induced autonomic dysfunction.

In summary, we reported the presence of gnAChR antibody-positive cases of FD and
IBS. These cases will be valuable in elucidating the pathophysiology of these FGIDs and
developing new treatment strategies.
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Abstract: Orthostatic intolerance is a broad term that represents a spectrum of dysautonomic dis-
orders, including postural orthostatic tachycardia syndrome (POTS) and orthostatic hypotension
(OH), as manifestations of severe autonomic failure. While the etiology of orthostatic intolerance
has not yet fully been uncovered, it has been associated with multiple underlying pathological
processes, including peripheral neuropathy, altered renin–aldosterone levels, hypovolemia, and
autoimmune processes. Studies have implicated adrenergic, cholinergic, and angiotensin II type I
autoantibodies in the pathogenesis of orthostatic intolerance. Several case series have demonstrated
that immunomodulation therapy resulted in favorable outcomes, improving autonomic symptoms in
POTS and OH. In this review, we highlight the contemporary literature detailing the association of
autoimmunity with POTS and OH.

Keywords: adrenergic antibodies; cholinergic antibodies; autonomic dysregulation; POTS; angiotensin
II type I antibodies; COVID-19

1. Introduction

Orthostatic intolerance is a broad term that represents a spectrum of dysautonomic
disorders, including postural orthostatic tachycardia syndrome (POTS) and orthostatic
hypotension (OH). The hallmark of orthostatic intolerance is the triggering of symptoms
upon standing [1,2].

OH is defined as a decrease in blood pressure of 20 mm Hg for systolic blood pressure
or 10 mm Hg for diastolic blood pressure within 3 min of standing [3]. Older age has been
associated with the development of OH [4]. POTS is defined as being in an upright posture
with a sustained increase in heart rate of 30 beats/minute within 10 min of standing or head-
up tilt in the absence of OH. The resulting standing heart rate in POTS patients is generally
120 beats/min [3]. POTS primarily affects women of childbearing age [5,6]. Patients
with POTS and OH report debilitating symptoms, including lightheadedness, tachycardia,
presyncope, nausea, headache, difficulty concentrating, and memory problems [5].

The relationship between autoimmune disease and orthostatic intolerance is well
established. Case reports of patients with autoimmune-related OH have been published.
Furthermore, 20% of POTS patients have a diagnosis of a coexisting autoimmune disease,
including but not limited to Hashimoto’s thyroiditis, celiac disease, Sjogren’s disease,
rheumatoid arthritis, and systemic lupus erythematosus [5–7].

Interest in underlying autoimmune process in POTS started decades ago. The initial
evidence of autoantibodies (AAbs) in POTS patients was reported by Vernino et al. in
2000 when AAbs targeting ganglionic receptors were identified in 7% of POTS patients
while not being found in healthy controls [8]. A study by Wallukat et al. suggested an
autoimmune mechanism, supported by isolation of AAbs targeting the beta 2-adrenergic
receptor (β2AR), the muscarinic M2 receptor (M2R), and the angiotensin II type 1 receptor
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(AT1R) [9]. In addition to ganglionic receptor AAbs, identification of beta 1 adrenergic
receptor AAbs (β1AR), β2AR AAbs, and muscarinic 3 receptor (M3R) AAbs was reported
in 2012 by Yu et al. [10]. More recently, AT1R AAbs were found [11].

The diagnosis of orthostatic intolerance is often preceded by a viral illness or vacci-
nation [12–16]. In the COVID-19 era, orthostatic intolerance was frequently encountered
post SARS-CoV-2 infection and vaccination, providing further evidence of an autoimmune
etiology [16,17]. In this article, we review the available literature correlating autoimmunity
with orthostatic intolerance syndromes. A computerized search in the PubMed, Med-
line, and Embase databases was performed to retrieve studies with data on orthostatic
intolerance and autoantibodies using the search terms orthostatic intolerance, postural or-
thostatic tachycardia syndrome, orthostatic hypotension, and autoimmunity. Subsequently,
a manual search of the reference lists from the retrieved articles was completed to identify
additional articles.

2. Pathophysiology

2.1. Pathophysiology of Orthostatic Hypotension

OH is subdivided into neurogenic and non-neurogenic OH. Neurogenic OH is as-
sociated with neurodegenerative disorders, such as multiple system atrophy and Parkin-
son’s disease; autoimmune diseases; and neuropathy-associated conditions such as dia-
betes [12,18,19]. Upon standing, there is a decrease in circulating blood volume of approx-
imately 500 mL to 1000 mL. The decreased blood volume leads to a decrease in preload,
stroke volume, and blood pressure. When baroreceptors sense decreased stretch due to
decreased intravascular volume, compensatory sympathetic activation increases heart rate
and vascular tone to mitigate the effect of the decreased circulating blood volume [20–22].
In neurogenic OH, there is a lack of increase in vascular tone upon standing due to impair-
ment of norepinephrine release [6].

Non-neurogenic OH is due to different mechanisms, including a decrease in circulating
blood volume or medication induced by diuretics and vasodilators [19]. Neurogenic and
non-neurogenic OH are differentiated by the difference in heart rate from standing and
sitting. In neurogenic OH, the change in heart rate from sitting to standing is less than
15 beats per minute [23,24]. When using heart rate to distinguish between the subtypes of
OH, it is important to exclude confounding factors, such as bradyarrhythmias, pacemaker
dependence, and atrioventricular nodal blocking agents [25].

2.2. Pathophysiology of Postural Orthostatic Tachycardia Syndrome

POTS is theorized to be the culmination of multiple underlying pathological pro-
cesses, including peripheral neuropathy/denervation, hypovolemia with altered renin–
aldosterone levels, and a hyperadrenergic state. The mechanism of peripheral denervation
is similar to that of venous pooling with lack of compensatory physiological responses
described for OH [12,26].

Regarding hypovolemia, blood volume is reduced in a majority of POTS patients.
Reduced stroke volume in the state of hypovolemia is accompanied by compensatory
tachycardia to maintain cardiac output [27]. Several studies reported improvement in
the severity of POTS symptoms with acute intravascular volume expansion utilizing
intravenous saline or desmopressin [28–30]. In addition to compensatory tachycardia,
hypovolemia activates the renin–angiotensin–aldosterone system (RAAS), enhancing renal
sodium and water retention and subsequent volume expansion. Some POTS patients with
the hypovolemic subtype have inappropriately high levels of angiotensin II with low levels
of renin and aldosterone [31].

In hyperadrenergic POTS, upon standing for 10 min there is an associated increase in
systolic blood pressure of 10 mm Hg and plasma norepinephrine levels of 600 pg/mL [32].
Hyperadrenergic POTS also has associated symptoms of palpitations, tachycardia, and
anxiety. These POTS patients are particularly sensitive to any agents that increase adrener-
gic activity at small doses that have not been shown to induce hemodynamic change in
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the general population [5,33]. Orthostatic tachycardia without hypotension is key for the
diagnosis of POTS [3].

2.2.1. Adrenergic Receptors

Adrenergic receptors are G coupled protein receptors. Adrenergic receptors are
further divided into alpha 1, alpha 2, beta 1, beta 2, and beta 3 receptors [34,35]. Alpha 1
adrenergic receptors (α1ARs) exert effects on the blood vessels, increase contractility of the
left ventricle, and promote coronary artery vasoconstriction [30]. Table 1 summarizes the
adrenergic receptor locations and their physiological effects.

Table 1. Adrenergic receptors and physiological effects.

Receptor G Protein Location Physiological Effects

α1 Gq Smooth muscles of blood vessels, heart,
urinary tract

Arterial and venous constriction, increased
ventricular contractility, urinary retention

α2 Gi Central nervous system, presynaptic
sympathetic nerves Constriction of smooth muscle

β1 Gs Heart Increased heart rate, increased
ventricular contractility

β 2 Gs Lung, genitourinary smooth muscle,
gastrointestinal tract, platelets

Increased ventricular contractility, increased
heart rate

Blood vessel dilation
Decreased platelet aggregation

β3 Gi Gs Heart, genitourinary tract, adipose tissue Decreased cardiac contractility, increase lipolysis

α1AR: alpha 1 adrenergic receptor, α2AR: alpha 2 adrenergic receptor, β1AR: beta 1 adrenergic receptor, β2AR:
beta 2 adrenergic receptor, β3AR: beta 3 adrenergic receptor.

The relationship between adrenergic receptor autoantibodies and POTS has been
investigated by several studies. The autoantibody-mediated vasodilation mechanism
of POTS is apparent when an individual stands. The augmented sympathetic activity
leads to orthostatic tachycardia and palpitations. Several studies have demonstrated
that AAbs activating β1AR contribute to orthostatic tachycardia, palpitations, and an
enhanced adrenergic response [36,37]. Li et al. was able to successfully isolate the human
monoclonal antibody that stimulates Beta 2 adrenergic receptors in a patient with orthostatic
hypotension and tachyarrhythmias. The effects observed included arteriolar vasodilation,
suggesting that the isolated monoclonal antibody has a role in potent vasodilation by
altering the normal physiological response to orthostasis [38].

Yu et al. identified autoantibodies against beta adrenergic receptors in five of six
patients with OH by use of the enzyme-linked immunosorbent assay (ELISA). These beta
adrenergic autoantibodies resulted in activation of protein kinase A, increased contractile
activity in cardiac tissue, and altered peripheral vessel contractility demonstrated by a
significant dose-dependent vasodilatory effect in animal models [10]. In a clinical study by
Li et al., ELISA was used to identify three patients with idiopathic OH and four patients
with diabetic OH with more β2AR activation than the healthy controls. The study also
demonstrated dose-dependent vasodilation in a rat cremasteric arteriolar assay [39]. In
the studies of both Yu et al. and Li et al., the activity of AAbs was blunted by use of
propranolol [10,39].

Further studies have demonstrated the presence of AAbs to alpha adrenergic receptors
in addition to beta adrenergic receptors. A subsequent study by Li et al. evaluating POTS
patients demonstrated the presence of activating β1AR AAbs in all 14 patients and of β2AR
autoantibodies in 7 of 14 patients. Evidence of α1AR receptor partial agonist AAbs was also
found in POTS patients when their sera infusion caused blunted phenylephrine response
in a rat cremaster arteriolar assay [37].

Similar results were found in a study of 17 POTS patients by Fedorowski et al. In
this study, 11 of the POTS patients had β1AR AAbs, 12 of the POTS patients had β2AR
AAbs, and 8 of the POTS patients had α1AR AAbs [36]. Gunning et al. evaluated 55 POTS
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patients for adrenergic and muscarinic antibodies. A total of 49 of 55 patients in this study
exhibited elevation of α1AR AAbs [40].

Kharrazia et al. measured receptor activity rather than directly measuring AAbs. The
receptor activity of all measured receptors—α1AR, β2AR, M2R, and opioid receptor-like
1—was found to be higher in POTS patients compared to controls. Of importance is that
the study demonstrated that severity of POTS was correlated strongly with the presence of
α1AR [41].

In contrast to most of the studies presented, a study by Hall et al. found no significant
difference in 11 antibody levels of adrenergic, muscarinic, angiotensin II, and endothelin be-
tween POTS patients and healthy controls [42]. Table 2 summarizes the available evidence
for adrenergic antibodies in patients with orthostatic intolerance.

Table 2. Adrenergic antibodies in patients with orthostatic intolerance.

Author Year
Group of

Patients Tested

Receptor-
Associated

Autoantibodies

Number of Patients with Positive
Autoantibodies/Number of Total

Patients, Number of Controls with
Positive Antibodies/Number of

Total Controls

Comments

Yu et al. [10] 2012 Idiopathic OH β1/2AR 5/6, 0/10

Li et al. [39] 2012
10 idiopathic OH
and 10 diabetic

patients with OH
β2AR 7/20, 0/10

Li et al. [37] 2014
POTS
POTS
POTS

β1AR
β2AR
α1AR

14/14, 0/10
7/14, 0/10

14/14, 0/10

Fedorowski
et al. [6] 2016

POTS
POTS
POTS

α1AR
β1AR
β2AR

8/17, 0/11
11/17, 0/11
12/17, 0/11

Gunning
et al. [40] 2019 POTS

POTS α1AR 49/55, N/A

Hall et al. [42] 2022 POTS
Control

ELISA:
AT1R
ETR
α1AR
α2AR
β1AR
β2AR
M1R
M2R
M3R
M4R
M5R

41/116, 22/81
24/116, 15/81

114/116, 81/81
31/116, 22/81
11/116, 7/81
9/116, 5/81

N/A
N/A

24/116, 23/81
28/116, 15/81

N/A

No statistically
significant

difference in
11 autoantibody

levels (adrenergic,
muscarinic,

angiotensin II, and
endothelin) was
found between

POTS patients and
healthy controls

α1AR: alpha 1 adrenergic receptor, AT1R: angiotensin receptor, β1AR: beta 1adrenergic receptor, β2AR: beta
2 adrenergic receptors ETR: endothelin receptor, M1R: muscarinic 1 receptors, M2R: muscarinic 2 receptors,
M3R:muscarinic 3 receptors; M4R: muscarinic 4 receptors; M5R muscarinic 5 receptors OH: orthostatic hypoten-
sion, POTS: postural orthostatic tachycardia syndrome.

2.2.2. Cholinergic Receptors

Cholinergic receptors are activated by acetylcholine and broadly divided into nicotinic
(nAChRs) and muscarinic receptors (mAChRs). The nAChR is found postsynaptically
in all autonomic ganglions and at the neuromuscular junction. The mAChR is further
categorized into three subtypes, M1, M2, and M3. M1 receptors (M1Rs) are involved in
central nervous system transmission. M2 receptors (M2Rs) and M3 receptors (M3Rs) affect
exocrine function, gastrointestinal motility, the cardiovascular system, and the airways.
Muscarinic receptors are present on the endothelial cells of blood vessels. Although
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these endothelial muscarinic receptors are not innervated, activation of these receptors by
circulating molecules causes vasodilation. In the heart, muscarinic receptors decrease heart
rate and slow atrioventricular conduction [2].

In a case study of a patient with OH, the initial presentation was a syncopal event.
Subsequent encounters revealed recurrent syncopal events and vital signs consistent with
OH. The neurological findings of ptosis and bilateral pupil dilation with diminished pupil-
lary reactivity prompted investigation with a paraneoplastic panel, revealing elevated titers
of AChR antibodies. This led to the diagnosis of autoimmune autonomic ganglionopathy
(AAG) [6].

In a recent study of 10 POTS patients, 5 patients had elevated M2R AAb levels while
none of the controls had elevated M2R AAb activity. The antibody demonstrated a dose-
dependent response to increased M2R activation. Furthermore, these antibodies attenuated
the response to the M2R agonist oxotremorine. These M2R AAbs may contribute to exces-
sive orthostatic tachycardia due to enhanced withdrawal of vagal tone upon standing [43].
Another study demonstrated a significant association between gastrointestinal symptoms
in patients with POTS and levels of mAChR autoantibodies. This is particularly important
as it highlights the correlation between the presence of AAbs and the clinical manifestations
of POTS [44]. Several studies reported the presence of nicotinic antibodies in patients
with orthostatic intolerance. A correlation between the seropositive patients and other
dysautonomic manifestations, such as neurogenic bladder and the sicca complex, was
demonstrated [8,45–47].

Watarai et al. provided further evidence of the autoimmune basis of POTS by examin-
ing the presence of AAbs in POTS patients and patients with neurally mediated syncope.
mAChR AAbs were found in 10 of the POTS patients. They occurred with greater frequency
in the POTS patients compared to the neurally medicated syncope patients [48].

While autoantibody presence can hint at the autoimmune etiology of orthostatic intol-
erance, the presence of AAbs is not always clinically significant. Bryarly et al. demonstrated
that very low levels and low levels of gACh could be found in the sera of POTS patients
and controls. Furthermore, there was no clinical difference between the seropositive POTS
patients and the seronegative POTS patients [49].

Table 3 summarizes the studies that investigated anticholinergic antibodies in patients
with orthostatic intolerance.

Table 3. Muscarinic receptor antibodies in patients with orthostatic intolerance.

Author Year Receptor
Patient

Population

Number of Patients
with Positive

Antibodies/Number of
Total Patients, Number

of Controls with Positive
Antibodies/Number of

Total Controls

Comments

Vernino
et al. [8]

Sandroni
et al. [39]

2000
2004

A3-AChR Ab
Ganglionic

AChR

POTS
Orthostatic
intolerance,
autonomic
neuropathy

6/67, N/A
Compared 19 seropositive

with 87 seronegative
patients

Seropositive patients are more
likely to have orthostatic
hypotension with other

cholinergic symptoms like the
sicca complex or GI symptoms

Gibbons
et al. [50] 2008 AChR

Autoimmune
autonomic

ganglionopathy
3/3, N/A

Three patients with
dysautonomia and nicotine

receptor antibody refractory to
medical treatment who

responded to
immunomodulatory therapy
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Table 3. Cont.

Author Year Receptor
Patient

Population

Number of Patients
with Positive

Antibodies/Number of
Total Patients, Number

of Controls with Positive
Antibodies/Number of

Total Controls

Comments

McKeon
et al. [45] 2009 A3-AChR Ab

Paraneoplastic
neurological

ganglionopathy

155/15,000 (1%) with
positive titers were
examined; 13 had

pan-dysautonomia, 5 had
orthostatic

hypotension only

High antibody values of 1.00
nmol/L were associated with

pan-dysautonomia

Gibbons
et al. [47] 2009 AChR

Autoimmune
autonomic

ganglionopathy
8/8, N/A

Higher antibody titers were
associated with more severe

orthostatic hypotension

Yu et al. [10] 2012 M2/M3
receptor Ab Idiopathic OH 6/6, 0/10

Serum from patients caused
dose-dependent vasodilation in

rat cremaster arteriole

Li et al. [39] 2012 M3R
10 idiopathic OH
and 10 diabetic

patients with OH
13/20, 0/10

Serum from patients caused
vasodilation in rat cremaster

arteriole. The effect was
dose-dependent and inhibited

by adding atropine

Li et al. [43] 2022 M2R POTS 5/10, 0/10

These antibodies suppressed
the function of M2R in a

dose-dependent fashion and
may contribute to excessive

orthostatic tachycardia due to
enhanced withdrawal of vagal

tone upon standing

Sunami et al.
[44] 2022 mAChR POTS N/A

Significant association between
gastrointestinal symptoms in

patients with POTS disease and
level of mAChR autoantibodies

Vernino
et al. [8]
McKeon
et al. [45]
Sandroni
et al. [46]
Gibbons
et al. [47]

2000
2009
2004
2009

nAChR OI

Found a correlation between the
seropositive patients and other
dysautonomic manifestations,

such as neurogenic bladder and
the sicca complex

Fedorowski
et al. [6] 2022 AChR OH N/A, N/A

Case study where OH was
recognized as a part of

autoimmune autonomic
neuropathy

Watari
et al. [48] 2018 AChRa3

AChRb4 POTS 8/34, 1/34
2/34, 0/34

Rodriguez
et al. [51] 2021 mAChR POTS 4/6, N/A Improvement of symptoms

after IVIG treatment

AChR: cholinergic receptor, GI: gastrointestinal, mAChr: muscarinic receptor, M2R:muscarinic 2 receptor, M3R:
muscarinic 3 receptor, nAChR: nicotinic receptor, OH: orthostatic hypotension, OI: orthostatic intolerance, POTS:
postural orthostatic tachycardia syndrome.
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2.2.3. Angiotensin II Type I Receptors

Inappropriately high levels of angiotensin II with low levels of renin and aldosterone
in POTS patients have been previously reported. Despite the high levels of angiotensin
II, the pressor response is reportedly absent as patients have normal blood pressure. It
has been postulated that the blunted pressor response is due to the persistently high
levels of angiotensin II as well as reduced activity of angiotensin converting enzyme 2
(ACE2) [31,52,53].

More recently, the role of antibodies against A1TR has emerged. AT1R is another
G-coupled protein similar to adrenergic receptors. In a pilot study by Yu et al., serum
samples from 17 patients with POTS, 6 patients with recurrent vasovagal syncope (VVS),
and 10 controls were obtained. This study demonstrated significant AT1R activity using
separated IgG from POTS serum samples as compared to VVS and healthy controls. This
AT1R activity was reduced after using losartan, an AT1R blocker. The results of this study
provided evidence for the presence of AT1R antibodies in POTS patients [11].

2.2.4. COVID-19 and POTS

The COVID-19 pandemic has generally been associated with respiratory symptoms
in the acute phase. However, there have been a variety of symptoms associated with
post-acute COVID-19 infection. Long COVID is a term that includes ongoing symptomatic
COVID-19 (4 to 12 weeks) and post-COVID-19 syndrome (>12 weeks) that are not explained
by an alternative diagnosis [54]. Case reports have described a new onset of autonomic
dysfunction symptoms with features of POTS/inappropriate sinus tachycardia in the
post-acute phase of COVID-19 infection [55,56]. The underlying cause of dysautonomia
post-COVID-19 infection is not well understood. However, a viral infection by SARS-CoV-2
triggering autoimmune response and direct neurotoxic effects has been suggested as an
underlying cause for developing post-COVID-19 POTS [57,58]. Wallukat et al. conducted
a study in which 31 patients with POTS and COVID-19 were examined. All patients had
positive autoantibodies ranging from two to seven. The autoantibodies that were most
frequently positive were β2AR, M2R, and AT1R. The presence of β2AR exerted a positive
chronotropic effect, the presence of M2AR exerted a negative chronotropic effect, and AT1R
exerted a positive chronotropic effect on their targets [9].

A retrospective case series by Blishteyn et al. evaluated patients with no history of
chronic orthostatic intolerance. They found evidence of orthostatic intolerance following
SARS-CoV-2 infection. In the study there were 15 POTS patients, 2 patients with OH,
and 3 patients with neurocardiogenic syncope. Four of the twenty patients had elevated
autoimmune/inflammatory markers. Seventeen of the patients had residual autonomic
effects that negatively impacted their lives 6 months following SARS-CoV-2 infection.
For 12 of the patients, orthostatic intolerance was severe enough to preclude a return to
work [16].

Not only does contracting SARS-CoV-2 infection confer the possibility of developing
long COVID and subsequent development of POTS, but recipients of the SARS-CoV-2
vaccine have also been shown to develop POTS at a higher rate. The proposed explanation
is that an immunological response was elicited by the administration of the vaccination,
resulting in similar symptoms to long COVID. The study compared two cohorts, one whose
members received the SARS-CoV-2 vaccine and another whose members were positive for
SARS-CoV-2 infection to evaluate the diagnosis of POTS both before and after exposure to
the vaccine or infection. It was determined that the SARS-CoV-2 vaccine was associated
with a statistically significant increase in the development of POTS; however, this increase
was less than the development of POTS following SARS-CoV-2 infection [14].

2.2.5. Antiphospholipid and Antinuclear Autoantibodies

Blitshteyn performed a retrospective review of POTS patients to evaluate comorbid
autoimmune disorders and the presence of AAbs. Autoimmune disorders were present in
20/100 patients, including Hashimoto’s thyroiditis (11/100), antiphospholipid syndrome
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(5/100), rheumatoid arthritis (4/100), celiac disease (3/100), systemic lupus erythematosus
(2/100), and Sjögren’s syndrome (2/100). Antinuclear autoantibodies (ANAs) were positive
in 25/100 POTS patients, while antiphospholipid autoantibodies (aPLs) were positive in
7/100 POTS patients. A higher prevalence of ANA AAbs and aPL AAbs were found in
patients with POTS compared to the general population. The presence of Hashimoto’s
thyroiditis, systemic lupus erythematosus, and rheumatoid arthritis was found to be
statistically significantly higher in POTS patients compared to the general population [59].

A retrospective case series by Schofield et al. identified 15 patients with antiphos-
pholipid syndrome and orthostatic intolerance. Regarding orthostatic intolerance, 8/15
had POTS, 8/15 had neurocardiogenic syncope, and 3/15 had orthostatic hypotension.
Comorbid autoimmune conditions included rheumatoid arthritis (1/15), systemic lupus
erythematosus (2/15), and celiac disease (1/15). Two of the POTS patients failed to improve
with standard treatment for antiphospholipid syndrome but subsequently responded well
to IVIG [60].

2.2.6. Treatment

In addition to orthostatic intolerance being associated with increased mortality, there is
a significant impact on quality of life that can prove devastating [12,61]. The initial approach
to managing POTS/OH is usually non-pharmacological, including avoidance of triggers
(exposure to heat and prolonged standing), graded exercise training, using waist-high
compression stockings, and liberal salt and fluid intake [27]. If the non-pharmacological
approach is proven to be inadequate, several off-label medications that have demonstrated
symptomatic improvement will be administered [12]. These medications include fludrocor-
tisone, ivabradine, beta blockers, midodrine, and pyridostigmine. These medications can
be utilized as monotherapy or more often as a combination therapy [12]. For patients with
OH, there has been success in treatment with l-threo-3,4-dihidroxyphenylserine (l-DOPS),
a synthetic catecholamine that converts to norepinephrine when ingested orally [7,62,63].
Nonetheless, one-third of POTS patients remain symptomatic despite escalation of medical
therapy [64]

The question arose whether the available knowledge pertaining to the autoimmunity
in orthostatic intolerance patients would predict a role for immune modulation therapeutics
in patients with refractory orthostatic intolerance and evidence of existing AAbs. Several
case reports and case series demonstrate that immune modulation agents have a possible
role in the treatment of orthostatic intolerance in patients who have symptoms refractory
to the commonly used pharmacological and non-pharmacological treatments.

Pitarokoili et al. reported a case study in which a female patient with Marfan’s
syndrome developed POTS 2 weeks following administration of pneumococcal vaccination.
Antibodies against adrenergic β1 and β2, muscarinic M2 and M4, and nociceptin-like
receptors were positive. She was treated with intravenous immunoglobulin (IVIG), which
resulted in improvement of orthostatic symptoms and decreased AAb activity of adrenergic
β1 and β2, muscarinic M2 and M4, and nociceptin-like receptors. Maintenance therapy
was changed to subcutaneous immunoglobulin. This patient was also able to decrease
the dose of clonidine and discontinue midodrine [65]. Another case report for a woman
with POTS and mast cell activation syndrome showed improvement in her tachycardia and
sudomotor function after 10 IVIG treatments [66].

A large retrospective study by Schofield et al. evaluated the use of IVIG in patients
with refractory autoimmune dysautonomias. After being treated with IVIG for at least
3 months, patients experienced improvement in dysautonomic symptoms. The study also
demonstrated that the presence of aPL AAbs and Sjögren AAbs correspond to a positive
response to IVIG [67]

A case series investigated the role of IVIG treatment in POTS patients. Autoimmune
testing revealed that all six patients had AAbs against α1AR, while four of six patients had
AAbs against mAChR. After 6 months of IVIG treatment, all patients reported less fatigue,
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improvement of orthostatic intolerance, and improvement of sudomotor function. Five of
six patients described improved exercise tolerance and gastrointestinal symptoms [51].

Kesterson et al. presented a case series of seven patients with POTS treated with
subcutaneous immunoglobulin or plasmapheresis. Two patients had positive nAChR
at low titers; one patient had elevated adrenergic, muscarinic, AT1R, and endothelin I
receptor antibodies; and two patients did not have any identifiable AAbs. The outcomes
showed significant improvement in orthostatic symptoms and functional abilities measured
by questionnaires preimmunotherapy, 3 months post-treatment, and 12 months post-
treatment. Reduction or discontinuation of oral POTS medications was reported among
the patients [68].

While IVIG has shown positive response with improvement of symptoms in POTS
patients, there are limited data of any benefit on OH patients in the setting of autoimmune
autonomic ganglionopathy. A case series explored three patients who did not respond to
the conventional methods of fludrocortisone, midodrine, vasopressin, and erythropoetin;
plasmapheresis alone; and IVIG alone. They were treated with combination prednisone
and mycophenolate mofetil for 6 months followed by five cycles of plasmapheresis. After
the course of treatment, OH resolved and mean antibody levels decreased. These results
indicate that patients with refractory autoimmune autonomic ganglionopathy may benefit
from a multimodal approach to therapy to treat OH [50].

To date, there has been only one randomized control trial, iSTAND, that has evaluated
the efficacy and safety of IVIG in POTS patients with moderate to severe symptoms and
evidence of autoimmunity either by the presence of AAbs or the coexistence of defined
autoimmune diseases. Thirty participants were randomized to receive either IVIG or
albumin infusions. COMPASS-31 scores were used to assess symptom response to IVIG
and albumin infusions. The iSTAND trial, while not showing a significant difference in
symptom outcomes between the IVIG and albumin groups, highlights the challenges in
determining optimal treatment strategies for POTS patients with evidence of autoimmunity.
The fact that the authors suggested that volume expansion could have been treated with
IVIG and albumin emphasizes the complexity of managing these patients and the need for
individualized approaches [69]

3. Discussion

This review highlights the contribution of AAbs in symptoms triggered by upright
position. AAbs targeting adrenergic receptors cause dose-dependent vasodilation by ac-
tivating β2AR and partial α1AR antagonism. Impaired vasoconstriction will be paired
with tachycardia and palpitations upon standing [10,37,40]. Moreover, β1AR AAbs en-
hance sympathetic response, causing excessive tachycardia and palpitations with upright
position [36,37]. M2R AAbs suppress the function of M2R, with subsequent increased
vagal tone withdrawal upon standing [43]. Furthermore, recently discovered AAbs against
AT1R may play a role in the state of hypovolemia and RAAS imbalance in a subgroup of
POTS patients [11]. In a study by Gunning et al., the detection of α1AR-AAbs in POTS
patients was coupled with significant elevation of several cytokines compared to control
subjects, shedding light on autoimmunity in POTS and the autoinflammatory state in this
disease [70].

3.1. Importance of a Reliable Methodology

In order to be able to effectively target the patients with an autoimmune component of
POTS, AAbs need to be properly identified. The studies presented in this review use various
methods for the identification of AAbs. Hall et al. provided evidence that there was no
significant difference between controls and POTS patients by using ELISA [42]. This finding
is contrary to what other studies investigating orthostatic intolerance have determined.
It was postulated by the authors that this discrepancy was due to theirs being the first
study to evaluate POTS with a control group. Several of the studies completed prior to Hall
et al. did have a control group for orthostatic hypotension and demonstrated significant
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differences in AAbs between patients with OH and the controls [10,39]. However, it should
be noted that the size of the studies was smaller, which may affect the reliability of the
studies. Future studies should include a larger quantity of participants to determine if
ELISA can reliably be used as a methodology to identify AAbs. Furthermore, it may be of
interest to identify AAbs with ELISA and a different assay to compare detection of AAbs
with different assays in syndromes of orthostatic intolerance.

3.2. Individualizing Treatment Plans

The variety of treatment options for orthostatic intolerance serve as a reminder that
treatment is not straightforward; an individualized approach is needed. This is particularly
evident with the use of IVIG, as the iSTAND trial demonstrated no significant difference in
symptoms when compared to the control group [51] In order to formulate an individualized
approach, the exact role of AAbs in orthostatic intolerance needs to be further elucidated.
Much of the available literature reports the effects of AAb stimulation on receptors; however,
little is known about the mechanism by which AAbs exert their effects.

While there is a dearth of studies explaining the mechanism of AAbs in orthostatic
intolerance, there are a few studies that provide valuable insights. Deng et al. investigated
M2R-AAbs in a rabbit model. Treatment of M2R-immunized rabbits with low-level tragus
stimulation (LLTS) was performed to stimulate the vagus nerve. LLTS treatment resulted
in blunting of postural tachycardia, increased acetylcholine secretion, and improved the
attenuated chronotropic heart rate response. This study provides insight into the mecha-
nism of M2R AAbs, showing that by increasing the production of acetylcholine, the effects
of M2R AAbs can be overcome. Further insight into the mechanism is provided with the
noted decrease in inflammatory cytokines following treatment with LLTS [71] Guo et al.
performed a similar study with alpha adrenergic receptors and beta adrenergic receptors in
a rabbit model. The results indicated that there was increased release of acetylcholine and
elevated inflammatory markers [72].

Stavrakis et al. provided evidence of the mechanism of AAb-mediated POTS by
evaluating transcutaneous vagal stimulation in a randomized control trial. The results were
decreases in β1AR and α1AR autoantibodies, improvement in cardiac autonomic function,
and a decrease in serum inflammatory cytokines. From a POTS symptom standpoint,
patients experienced less sudomotor stimulation and decreased orthostatic tachycardia [73].
Of particular importance is the noted decrease in adrenergic AAb production. These
studies illuminate the mechanism by which AAbs exert their effects and demonstrate a cost-
effective method for treatment of autoimmune-mediated POTS that can be incorporated
into an individualized treatment plan. Future studies are needed to understand how
increased parasympathetic stimulation leads to decreased AAb production.

Once identified, it is important to clinically correlate symptoms with AAbs. Bryarly
et al. demonstrated that the mere presence of very low and low levels of an antibody does
not indicate clinical significance [49]. This is important, as further costs to the patient can
be avoided if the clinician recognizes that there is no need for further immune workup
with low titers. This has implications for treatment, as in such a case the patient would
not be classified according to the autoimmune etiology of orthostatic intolerance and other
treatment options could be explored.

A universal definition of what constitutes the autoimmune etiology of POTS by titer
levels would be useful. The application of a universally agreed upon definition would
directly impact studies. The iSTAND trial evaluated patients with suspected autoimmune
etiology of POTS; however, the study failed to mention what the titer levels were for
patients. The patients who received IVIG in the study could have had low titer levels,
resulting in no difference to the control group [69].

As previously mentioned, there are several postulated mechanisms for POTS. POTS
patients have reported a delay in diagnosis, likely due to the complexities associated with
understanding the diagnosis of POTS [5]. While the focus of this review is on studies
related to autoimmune-mediated orthostatic intolerance, the presence of AAbs is not
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necessary for the diagnosis of orthostatic intolerance. If general practitioners are cognizant
of the association of orthostatic intolerance with autoimmune etiology, this may prompt
them to consider the diagnosis of POTS or obtain an early referral to a specialist, such
as a neurologist or a cardiologist, who can confirm the diagnosis and provide further
management. With evidence that many patients suffering from long COVID can develop
autoimmune-mediated orthostatic intolerance, prompt recognition is important as it can
expedite appropriate treatment [9]. By recognizing the autoimmune component of both
OH and POTS, an investigation can be quickly started to identify any possible associated
autoimmune disorder and expedite early treatment with immunomodulating therapies.

4. Conclusions

The review provides a comprehensive overview of the existing evidence linking or-
thostatic intolerance to autoimmunity. Many studies have shown increased levels of AAbs
in patients with orthostatic intolerance when compared to controls. The only randomized
control study evaluating IVIG for autoimmunity failed to show the benefit of IVIG over
standard methods of volume expansion. This highlights the complexity of managing
orthostatic intolerance and emphasizes the need for larger randomized control trials to
explore the specificity of AAbs. While the effects of AAbs on receptors are known, further
studies evaluating the mechanism could aid in the development of more treatment options.
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Abstract: Individuals with Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) often
experience autonomic symptoms. In the present study, we evaluated 193 adults seeking treatment
for ME/CFS, who were recruited from an outpatient clinic. The participants completed a head-up
tilt table test to assess two common types of orthostatic intolerance, namely, postural orthostatic
tachycardia syndrome (POTS) and orthostatic hypotension (OH). During the tilt test, 32.5% of the
participants demonstrated POTS or OH. The participants with either of these two common types of
orthostatic intolerance were found to have more problems with sleep and post-exertional malaise
as assessed by the DePaul Symptom Questionnaire; these patients also reported more physical and
health function limitations. The implications of the findings are discussed.

Keywords: Myalgic Encephalomyelitis/Chronic Fatigue Syndrome; tilt table test; orthostatic intolerance

1. Introduction

Patients with Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) often
experience autonomic symptoms, including nausea, headaches, sleep disturbance, and
cognitive problems [1]. Patients with ME/CFS also commonly demonstrate elevations in
their resting heart rate, systolic blood pressure, and mean arterial blood pressure, and often
show a lower stroke index [2]. Up to 75% of adults with ME/CFS have these symptoms,
which could be due to a malfunctioning autonomic nervous system [3].

One type of autonomic dysfunction implicated in ME/CFS is orthostatic intolerance
(OI), signifying abnormal dynamic blood pressure regulation [4]. OI is defined by an
inability to tolerate an upright position and is relieved by rest and recumbence [5]. Common
symptoms of OI include dizziness, lightheadedness, and syncope, among others. One
type of OI in patients with ME/CFS is vasovagal syncope (also called simple fainting
or neurocardiogenic or neurally mediated syncope). Two other common subtypes are
postural orthostatic tachycardia syndrome (POTS) and orthostatic hypotension (OH). POTS
is marked by a substantial increase in the heart rate when transitioning from the supine to
an upright position [6], whereas OH involves a fall in blood pressure upon standing [7].
These conditions contribute to ME/CFS symptoms broadly and are associated with a
decrease in the quality of life [8]. Schultz, Katz, Bockian, and Jason [9] found significant
correlations between youth self-reported levels of orthostatic and autonomic functioning
and physician measurement of orthostatic functioning; however, that study did not involve
a head-up tilt table test, which serves as an autonomic assessment of OI.

A head-up tilt table test can assess these two common types of OI—POTS and OH. The
head-up tilt table test is one of the major assessment tools that has been used in ME/CFS
research trials. Another stressor assessment tool that has been used to assess physiological
systems involving ME/CFS is a two-day cardiopulmonary exercise test (CPET) performed
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24 h apart [10]. In patients with ME/CFS, the CPET demonstrates an inability to reproduce
maximal or anaerobic threshold measures on the second day; values on the second CPET are
much lower than those on the first CPET. However, this test may induce severe exacerbation
of symptoms in these patients. Due to this, several researchers [11] have suggested using a
single-day CPET, but a single day does not capture the aerobic impairment. Keller, Pryor,
and Giloteaux [11] found that a single CPET resulted in the classification of 12 of 22 patients
with ME/CFS as having little or no impairment, and 8 patients as having mild/moderate
impairment. But data from the second day’s CPET indicated that aerobic energy-producing
processes failed to respond normally to exercise. As Batemen et al. [10] suggest, the CPET
should be used for disability testing only, as these tests involve a stressor that may induce
severe or long-lasting post-exertional malaise.

The present study involved a sample of ME/CFS patients from the Netherlands. We
explored the percentage of patients who had OI (using either tilt-table testing or self-reports)
so that we could determine how common OI is among patients with ME/CFS. We were
interested in exploring whether OI has a high prevalence among patients with ME/CFS,
such as post-exertional malaise, cognitive impairment, and unrefreshing sleep. If patients
with ME/CFS are selected from tertiary care settings that specialize in OI, it is more likely
that OI would be a prevalent symptom of ME/CFS, but they might occur less frequently in
non-tertiary care settings. In other words, differences could be due to where the patients
are recruited, as specialty clinics tend to attract more severely impaired patients [3]. The
present study hypothesized that patients recruited from a setting that did not specialize in
OI care might have lower rates of OI. The following study used the head-up tilt table test to
assess POTS and OH among an adult sample of patients with ME/CFS, and the outcomes
of this test were related to self-reported symptoms and overall functioning.

2. Method

2.1. Participants

The sample consisted of 193 adults with a physician report of ME/CFS and referred to
an outpatient clinic in the Netherlands (the CFS Medical Center in Amsterdam).

2.2. Tilt Table Test Procedure

The head-up tilt table test [12] served as an autonomic assessment of orthostatic
intolerance. During the test, which lasted 20 min, an appropriately sized cuff was placed
on the participant’s upper arm and the participant was instructed to remain still and silent
in the supine position for 10 min. At that time, blood pressure and pulse were measured
with a sphygmomanometer (Omron M6). After 10 min, the table was raised to a 70-degree
head-up tilt for another 10 min. The test was terminated after 10 min in the tilted position
or sooner if the participant reported complaints indicating insufficient cerebral perfusion.

The participants were labeled as positive for orthostatic intolerance (OI+) if they
demonstrated either POTS or OH during the head-up tilt table test. OI− indicated that the
patient did not have POTS or OH. POTS was defined as a heart rate increase of ≥30 bpm
that is sustained (i.e., lasting at least two consecutive minutes) within 10 min of the tilt;
OH was defined as a sustained decrease of at least 20 mmHg in systolic blood pressure or
10 mm Hg of diastolic blood pressure within 3 min of the tilt [13]. Baseline blood pressure
and pulse were defined by those collected at the ninth minute of the test, just before the tilt.

2.3. Measures
2.3.1. The DePaul Symptom Questionnaire

The DePaul Symptom Questionnaire (DSQ-1) was completed by the participants. The
DSQ-1 is a 54-item self-report that measures ME/CFS symptomology, demographics, and
medical, occupational, and social history [14]. Using a 5-point Likert scale, the DSQ-1
indexes the frequency and severity of symptoms within the past 6 months. The scale for
frequency is as follows: 0 = none of the time, 1 = a little of the time, 2 = about half of the time,
3 = most of the time, and 4 = all of the time. The scale for severity is as follows: 0 = symptom
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not present, 1 = mild, 2 = moderate, 3 = severe, 4 = very severe. The scores are converted into a
100-point scale, and the frequency and severity scores of each symptom are averaged into
one composite score of the symptom.

The DSQ-1 has shown good to excellent test–retest reliability for those with ME/CFS
and individuals within the control groups [15]. Factor analytic studies using this instru-
ment have identified cardinal symptom clusters, or core domains, of ME/CFS [16]. The
DSQ-1 has been used to differentiate ME/CFS from other chronic illnesses, like multiple
sclerosis [17]. The Shared Library of Research Electronic Data Capture (REDCap) offers
access to the DSQ-1 through the host of DePaul University.

2.3.2. The 36-Item Short-Form Health Survey (SF-36)

The participants in this study also completed the 36-item Short-Form Health Survey
(SF-36). The SF-36 is a self-report inventory that focuses on eight different domains:
Physical Functioning, Role Physical, Bodily Pain, General Health Perceptions, Vitality,
Social Functioning, Role Emotional, and Mental Health [18]. Items are rated on a five-point
Likert scale, with higher scores indicating better health, or that a patient’s functioning is
being less impacted by their health. The SF-36 is considered a reliable and valid instrument
capable of differentiating between patient and non-patient populations [19].

3. Results

3.1. Demographics

The age ranged from 18 to 68 years (M = 38.3, SD = 12.16). Most participants were
female (78.8%). A duration of illness longer than two years was reported by 67.9% of
the sample. Regarding work status, patients were categorized as either Working Part-
or Full-Time/Students (52.8%) or Disabled/Unemployed/Retired (47.2%). There were
no significant differences observed between the OI+ and OI− groups on demographic
characteristics.

3.2. Outcomes

During the tilt table test, 32.5% (n = 63) of the participants demonstrated orthostatic
intolerance (POTS or OH). Table 1 provides the differences between the OI+ and OI− groups
for the main DSQ-1 domains and symptoms. On average, OI− group had significantly
lower scores (i.e., less frequent and severe) on the Sleep and Post-Exertional Malaise
symptom domain and the following symptom items: unrefreshing sleep, difficulty falling
asleep, difficulty staying asleep, waking up early, trouble forming words, and feeling chills
or shivers. As displayed in Table 2, the OI+ group had significantly greater impairment in
the SF-36 Physical Functioning and General Health domains.

Table 1. Significant Domain and Symptom Differences.

OI−
(n = 130)
M (SD)

OI+
(n = 63)
M (SD)

p

Sleep Domain 50.83 (17.24) 43.71 (17.95) 0.01

Unrefreshed 86.29 (14.16) 79.75 (12.24) 0.01

Difficulty falling asleep 55.11 (29.39) 42.36 (27.55) 0.00

Difficulty staying asleep 53.50 (32.05) 43.06 (30.97) 0.02

Waking up early 40.46 (32.99) 32.29 (30.72) 0.07

PEM Domain 72.90 (17.19) 64.79 (19.26) 0.00

Trouble forming words 58.20 (23.78) 48.50 (22.13) 0.00

Feeling chills or shivers 31.85 (24.42) 21.53 (22.21) 0.00

119



J. Pers. Med. 2024, 14, 238

Table 2. Comparison of SF-36 domain composite scores.

OI−
(n = 130)
M (SD)

OI+
(n = 63)
M (SD)

p

Physical Functioning 43.40 (23.46) 36.11 (23.95) 0.04

Role Physical 5.81 (19.64) 3.57 (14.80) 0.42

Bodily Pain 44.81 (24.88) 41.11 (26.40) 0.34

General Health 28.53 (18.08) 20.06 (14.80) 0.00

Vitality 23.92 (15.36) 19.76 (13.18) 0.07

Role Emotional 68.22 (42.63) 66.67 (42.75) 0.81

Mental Health 61.88 (16.65) 60.00 (17.88) 0.48

4. Discussion

This study’s major finding is that, on average, patients with POTS or OH experienced
more symptoms and functional limitations than those not experiencing POTS or OH.
Interestingly, only 32.5% of the participants demonstrated OI (POTS or OH) during the tilt
table test. Although it is not surprising that those with POTS or OH have more physical
and health functional problems, we expected to find a higher percentage of individuals
with POTS or OH. It is possible that the low rate of 32.5% demonstrating POTS or OH could
be due to not including other forms of OI, such as vasovagal syncope. It is also possible that
cerebral blood flow is reduced in ME/CFS during head-up tilt testing even in the absence
of hypotension or tachycardia [20]. It is also plausible that given the high percentage of
patients with POTS or OH that were either working or in the student status, this sample
had relatively less impairment. If this is the case, we speculate that the head-up tilt test
may be more effective at detecting OI among more severely impaired patient cohorts, such
as those within tertiary care settings.

In addition to functional limitations, we found that patients with POTS or OH re-
ported elevated scores on the DSQ-1 post-exertional malaise and neurocognitive symptom
domains; this group also demonstrated higher composite scores on individual DSQ-1 items,
including unrefreshing sleep, difficulty falling asleep, difficulty staying asleep, waking up
early, trouble forming words, and feeling chills or shivers. The wide assortment of sleep,
neurocognitive, and neuroendocrine features suggests that those with POTS or OH have
symptoms that are likely contributing to their functional limitations.

Notably, among our OI+ group, only 37.7% indicated “Feeling unsteady on your feet,
like you might fall”, using the threshold score of at least moderate severity and at least
half the time. Comparable results were found for the item “Dizziness or fainting”, where
only 32.3% of those with a positive tilt test met the threshold burden of at least moderate
severity and frequency of half the time or more. These findings suggest that the majority of
individuals in our sample with positive tilt table test data did not meet the threshold for
these OI self-report items being a burden to the patients.

The findings from this study have relevance to the Institute of Medicine [21] report
that provided a new case definition for ME/CFS. In brief, the new clinical case definition
required a substantial reduction in pre-illness levels of activity, post-exertional malaise,
unrefreshing sleep, and either neurocognitive impairment and/or OI. The IOM report also
operationalized OI as having a moderate or greater frequency and severity of symptoms.
These new criteria had some similarities with prior ME/CFS case definitions and their
stipulation of symptoms [22,23], but the IOM criteria was the first time an ME/CFS case
definition required either neurocognitive impairment and/or OI [24].

Focusing on the IOM case definition, Jason et al. [24] found that 67% of patients
with ME/CFS report OI, whereas 93% report cognitive impairment. These researchers
found that by using the OI symptoms instead of neurocognitive impairment, only 2%
more participants met the IOM criteria than if the criteria had only required cognitive
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impairment. A different approach was tried by Chu et al. [25], but her team utilized a
categorical response of “yes” and “no” to measure “feeling sick, uncomfortable, or fainting
while standing.” In contrast to Jason et al.’s [24] findings, Chu et al. (2017) found that
92% of participants reported OI and 87% of participants endorsed cognitive impairment.
Chu et al.’s group operationalization of OI allowed for 13% more participants to meet the
IOM criteria than if participants were required to endorse cognitive impairment alone.
Chu and colleagues hypothesized the discrepancy in findings from Jason et al. [24] might
have been due to the researchers’ use of “less common symptoms” to represent OI (e.g.,
shortness of breath and irregular heartbeats). Additionally, Chu and colleagues did not
require minimum frequency and severity thresholds as required by the IOM.

To deal with this controversy, Gaglio et al. [26] assessed different methods of op-
erationalizing OI for the IOM criteria. With a sample of two-hundred and forty-two
participants who completed the DSQ, they examined how many participants met the IOM
criteria while endorsing different frequencies and severities of various OI symptoms. While
neurocognitive impairment occurred in 93.4% of patients with ME/CFS, OI without concur-
rent neurocognitive symptoms only allowed for an additional 1.7–4.5% of participants to
meet the IOM criteria. These results do not support the IOM’s inclusion of neurocognitive
impairment and OI as interchangeable symptoms.

Although as indicated in the introduction, OI can result in significant impairment,
it has not been found to be among the most prevalent ME/CFS symptoms [24]. Other
researchers have found similar results, such as Schondorf et al.’s [27] study where only 40%
of their ME/CFS sample had a positive tilt test (indicative of OI). In addition, Timmers
et al. [28] reported an even lower percentage of 27.8%. In addition, LaManca et al. [29] were
not able to find any significant differences in presyncope symptoms or heart rate and blood
pressure changes (indicative of OI assessment) between those with ME/CFS and controls.
These studies along with the present study indicate that OI might not be considered a core
symptom of ME/CFS.

Still, OI is a symptom of at least some patients with ME/CFS. In those patients with
OI, there appears to be either too little or too much expression of insufficient control of the
autonomic systems. In the upright position, the pressure in the circulation in the lower part
of the body increases and the response is an increase in the tension of the vessel walls. Too
little and the blood pools in the lower part and too much increases the resistance, expressed
as an increase in the diastolic blood pressure, a lower pulse pressure, and a lower stroke
volume. The increase in the heart rate is an attempt to compensate for the lower cardiac
output. In ME/CFS, there is also a complicating low blood volume, sometimes comparable
to a hypovolemic shock in which lifting of the head results in a major increase in the heart
rate. There probably is some interference and bias between symptoms and results of the
table test.

There are many other potential biological ways to identify the multiple causes of OI
symptoms, including anemia (which can be determined by routine blood tests, as low
normal hemoglobin may affect oxygen supply to the brain) [30], oxygen dissociation (in
a person with normal hemoglobin and hematocrit, the red blood cells may have a strong
affinity for holding onto the oxygen) [31], Ehlers–Danlos syndrome (where the lax blood
vessels in lower extremities allow blood to pool and blood does not reach the heart and brain
adequately upon standing) [32], vasopressin/ADH deficiency (diabetes insipidus) [33],
and low blood volume (which could be related to aldosterone levels) [34] (Jacob et al.,
1998). Ryabkova et al. [35] found similar patterns of dysautonomia involving heart rate
variability, blood pressure variability, and baroreflex failure in patients with ME/CFS and
Long COVID. After the head-up tilt test, Swai et al. [36] found that patients with POTS
have lower heart rate variability in terms of time domain measure but not in terms of
frequency domain measure. In addition, a subgroup of ME patients have autoantibodies to
adrenergic receptors in the central nervous system [37] and this is probably related to OI.
Certainly, OI is complex and multiple methods might need to be employed to adequately
assess and understand these symptoms.
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Physiological testing such as tilt table testing and exercise testing (including VO2
max) have been used to address specific questions, often in consultation with a special-
ist [38]. Tilting and exercise have been used as a provocation in ME/CFS specifically
because they provoke the disease symptoms, thus making it easier to see abnormalities in
metabolism, skeletal muscle, gene expression, neurological and cognitive measures, cardio-
vascular/autonomic reflex abnormalities, immune abnormalities, and oxidative stress and
alterations in the microbiome. Keller et al. [11] demonstrate that patients with ME/CFS
have a different response to CPET testing and the present study suggests that at least some
patients with ME/CFS exhibit OI, but not at the same percentage as other classic ME/CFS
symptoms such as post-exertional malaise and cognitive impairment.

This study had several limitations. For example, we did not assess OI symptoms
following the tilt table test; follow-up data might have allowed us to better evaluate the
effects of this stressor on the patients. In addition, the sample size for the OI+ group was
considerably smaller than that of the OI− group. Future studies would benefit from more
extensive monitoring of autonomic symptom indicators using larger cohorts of patients
with and without OI.

In conclusion, our study found evidence that those with POTS or OH have more
limitations as well as symptoms than those without POTS or OH. Even so, only about
one-third of the patients had POTS or OH based on the tilt table test. Further research
is needed to determine the relationship between positive tilt test data and self-reported
symptoms of OI, given that the Institute of Medicine [21] currently lists OI and/or cognitive
impairment as one of the defining symptoms of ME/CFS and the present study suggests
that OI might be an important feature of ME/CFS but not a core symptom that is essential to
the syndrome (i.e., post-exertional malaise, unrefreshing sleep, and cognitive impairment).
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Abstract: Orthostatic hypotension (OH) is common in Parkinson’s Disease (PD). It is intermittent,
exacerbated by stressors including meals, medications, and dehydration, and frequently is unrec-
ognized. Although intermittent, assessment is usually by a single “in clinic” BP measurement.
This study examines whether 10 home measurements are more sensitive in detecting OH than a
single “in clinic” measurement. Participants (44 people with PD and 16 controls) were instructed to
measure lying and standing BP at home. BP was measured on five consecutive days upon waking
and before bedtime. Symptoms were also assessed using the Movement Disorder Society United
Parkinson’s Disease Rating Scale and the Non-Motor Questionnaire. While a postural drop in systolic
BP (≥20 mmHg) was recorded “in clinic” in thirteen of the forty-four PD participants, a postural
drop was found in at least one of the ten home measurements in twenty-eight of the forty-four
participants. Morning hypertension and variability in lying systolic BP was more common in these
subjects than in those without a postural drop or the controls. A greater number of measurements of
lying and standing BP are more likely to reveal orthostatic hypotension, variation in systolic BP, and
hypertension than a single office measurement in people with PD.

Keywords: Parkinson’s Disease; orthostatic hypotension; hypertension; cardiovascular dysregulation;
autonomic dysfunction

1. Introduction

Orthostatic hypotension (OH) is common in Parkinson’s Disease (PD), with a preva-
lence of between 30% and 50% [1–3]. OH is important because it leads to impaired cerebral
perfusion [4], resulting in well-known symptoms [5] of light headedness, dizziness [6], loss
of consciousness, and falls [7–9], and has been linked to impaired cognition [10–17] and
mortality [18,19].

The differences between the pathophysiology of OH in PD and many other causes
of OH can be understood by first reviewing the normal physiological response to an
orthostatic challenge. Transferring from lying to standing shifts ~700 mls from the central
compartment to lower extremities (~500 mL) and pelvic regions (~200 mL) [20–22] decreases
central venous pressure, which is sensed by cardiopulmonary baroreceptors, resulting in
reduced baroreflex signaling in the brain stem, which decreases vagal nerve activity and
increases sympathetic activity and the release of noradrenaline. This, in turn, increases
peripheral resistance, heart rate, and contractility [20–22]. Thus, there are both central
and peripheral mechanisms of regulation: “central mechanisms” refer collectively to the
brainstem and cortical structures that regulate autonomic function and include the dorsal
motor nuclei of the vagus, the medullary reticular formation, the locus coeruleus [21,23]
and insular cortex [24], and “peripheral mechanisms”, referring collectively to vagal and
the pre- and postganglionic sympathetic control of end organs. It is important to note
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for later discussion that central mechanisms selectively control the perfusion of specific
vascular beds, depending on their physiological demands. When central pressures are low,
this same mechanism prioritises perfusion of the brain, heart, and kidneys over perfusion
of other vascular beds. For example, food ingestion is followed by splanchnic vasodilation
and the pooling of splanchnic blood, which activates the baroreflex mechanism to maintain
normal BP [25]. If, however, this increased cardiac response is insufficient to adequately
perfuse the brain and heart (perhaps, for example, because of coexistent hypovolaemia),
then splanchnic vasoconstriction would occur, allowing blood volume to be maintained in
essential compartments at the expense of the gut.

In the general population, common causes of OH include hypovolemia, polypharmacy,
heart failure, arrhythmias, and advanced valvular heart disease [5]. In these conditions,
both central and peripheral mechanisms are intact, in contrast with neurogenic OH, which
is characterised by the pathological impairment of peripheral autonomic mechanisms.
Neurogenic OH occurs in people with spinal cord injuries [26] and small fibre neuropathies,
including diabetes [17]. While OH in PD is considered neurogenic in origin [5], it differs
from other neurogenic OH because its pathophysiology is contributed to by the impairment
of both peripheral and central mechanisms [20]. The baroreflex gain is low [27], indicating
a dysfunctional central mechanism. PD pathology is present in the brain stem sites medi-
ating the baroreflex [21,23] and also in the insular cortex [24] (see Ref. [20] for a review).
While central control of sympathetic function is disturbed relatively early in PD [28,29],
baroreflex failure alone does not usually cause OH [27], as peripheral mechanisms must
also be present. Evidence for impaired peripheral mechanisms in OH of PD includes
a low noradrenergic response to orthostatic challenge [30–32] and cardiac sympathetic
denervation and dysfunction [33] (see [20,34] for a review).

The consequence of this broader autonomic dysregulation in PD is that the combined
effect of otherwise minor stressors, such as the vasodilating effect of levodopa, hypertensive
agents, exercise, dehydration, and food [1,25,35], cannot be defended against. For example,
consider a person who has breakfast in the morning when their BP is already low because
of relative dehydration and levodopa-induced vasodilation. Impaired central mechanisms
mean that post-breakfast splanchnic vasodilation cannot be inhibited and instead persists,
further compounding low BP. Furthermore, cerebral perfusion may be further compromised
because cerebrovascular autoregulation is also disturbed [4,36]. Thus, in PD, OH appears
intermittently and often in response to a confluence of stressors. On the other hand,
supine hypertension may occur [10] because the baroreflex and renal mechanisms are not
centrally coordinated to respond to fluid from the lower extremities returning to central
compartments overnight. There is also marked variability in systolic BP [37–39], which is
frequently elevated in the morning. Capturing these features requires frequent BP measures
with morning measurements or measurements when at least one stressor, for example,
standing, is present.

In the routine clinical care of PD, OH is usually identified by a single lying and
standing systolic BP in the clinic. Performed properly, this requires the person with PD
(PwP) to lie resting for 5 min followed by BP measured supine, immediately when standing,
and then 3 min later. This is a serious impost on time in a busy practice, and an anecdotal
poll of colleagues in private practice suggests that compromises are made and corners
are cut, even to the extent of measuring sitting rather than lying BP. Thus, an effective
alternative would be welcomed in routine care. Measurement is often prompted by a history
of symptoms consistent with OH. However, history is unreliable, with episodes of OH
frequently asymptomatic or unrecognised by the PwP [4,37,40], as well as the presence of
symptoms not correlating with the presence of OH [37]. Furthermore, as discussed above,
OH can be intermittent and thus missed by a single measurement, which also cannot
identify variability or morning supine hypertension. Twenty-four-hour blood pressure
recordings are frequently used but they do not readily identify stressor-induced drops in
BP and, as noted above, OH recognition is low in PD, so self-reporting diaries can fail. A
novel pilot study of eight subjects undergoing continuous 5-day monitoring [37] provided
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results indicating that unrecognised events and systolic variability could be detected by
prolonged recordings. Usual OH assessments are lab-based, expensive, and do not address
the issues of OH in PD: particularly BP variability and supine hypertension.

This study was directed at the question of whether more frequent measures of lying
and standing blood pressure performed at home by the PwP, including early morning
measurement, might improve the detection of OH, supine hypertension, and systolic BP
variability. PwPs were provided with a calibrated electric sphygmomanometer and were
instructed in taking and recording lying and standing BP. They then took twice daily
measurements on five consecutive days in their own home. The results were compared to
lying and standing BP measured in the clinic.

2. Materials and Methods

This study was approved and overseen by the St. Vincent’s Hospital (Melbourne)
Human Research and Ethics Committee (approval number LRR 320.21). Subjects provided
written consent according to the Declaration of Helsinki, and the study was conducted
according to the International Conference on Harmonisation: Good Clinical Practice Guide-
lines (ICH-GCP).

2.1. Subjects and Recruitment

Participants were 44 PwPs with a history of idiopathic PD and 16 people without PD
(controls: usually the spouse of the PwP). All participants were aged 60 years or more.
PwPs were required to be 6 or more years from onset of symptoms or diagnosis to increase
the likelihood that a significant proportion would have clinical OH at the time of enrollment
(27% had postural drop in the clinic plus symptoms, as shown in Table 1) and that a similar
proportion would not have OH, even on repeated measures. Cases with other potential
causes of OH including a prescription for diuretics, diabetes (requiring insulin), small fibre
neuropathy, heart failure, renal failure, or other reasons for fluid volume disturbance were
excluded. Medications that could contribute to OH were recorded but, except for diuretics
and insulin, were not a cause for exclusion. Antihypertensives were taken by 27% of the
PwPs and 47% of the controls. Medications for urinary urgency were taken by 10% of the
PwPs and 6% of the controls. Antidepressants were taken by 4% of the PwPs and 6% of the
controls. Fludrocortisone was taken by 6% of the PwPs. PwPs were recruited by reviewing
the clinic appointment diary to identify subjects who were due to attend the clinic and
contacting them by phone to assess their eligibility and willingness to participate.

Table 1. Participants’ demographics, BP, and data from clinical scales.

Parameter Control PwD

Age 69 (9) 72 (8)
MoCA 26 (3) 24 (5)

Systolic BP 128 (22) 131 (25)
Diastolic BP 74 (12) 77 (14)

Disease Duration 10 (6)
UPDRS I 11 (7)
UPDRS II 15 (12)
UPDRS III 40 (20)
UPDRS IV 6 (6)

UPDRS Total 60 (29)
MDS_H&Y 2 (1)

OHSA TOTAL 0 (3)
OHDAS TOTAL 0 (0)

PDQ 39 21 (44.5)
NMS TOTAL 12 (10)

Prior Diagnosis of OH 1/16 (6%) 12/44 (27%)
All values are the median with the interquartile range (IQR) in brackets. Abbreviations for the clinical scales are
defined in Section 2.2.
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On the day of attendance at the clinic, written consent to participate was obtained.
Participants were provided with instructions for recording lying and standing blood pres-
sure at home (see below). Lying and standing blood pressure was also measured. Clinical
scales were administered (see next section). Participants’ demographics, medications, and
data from various clinical scales were recorded and are shown in Table 1.

2.2. Clinical Scales

Clinical scales performed included the Movement Disorder Society United Parkinson’s
Disease Rating Scale (MDS-UPDRS), the Montreal Cognitive Assessment (MoCA), the Non-
Motor Questionnaire [41] (NMS-Q), the Parkinson’s Disease Questionnaire (PDQ-39), and
the Orthostatic Hypotension Questionnaire (OHQ).

2.3. Blood Pressure Recordings

Participants were provided with an Omron HEM 7121 electronic BP machine that was
calibrated by the hospital’s biomedical engineering department. Instructions for recording
BP were:

• Attach the cuff to the arm, lie horizontal for 5 min, and then record BP;
• While still wearing the cuff, stand immediately and record the BP;
• Measure twice a day (on awakening and before arising and at night before retiring);
• Only perform measurements in the presence of a carer and sit or lie on the bed

immediately if a risk of falling is perceived;
• After each reading, record the systolic and diastolic pressures on the provided chart.

To avoid bias, PwPs were not informed about the meaning of the BP parameters
they recorded.

Both the partner and PwP were asked to attend the training session and nominate
which of them would be responsible for the recordings. The carer took responsibility
approximately 50% of the time, particularly when cognition of the PwP was affected.
Subjects were shown how to perform the recordings and how to record the result on the
chart provided. They were requested to perform BP recordings until competent.

All control subjects and 84% of PwPs recorded BP on 5 consecutive days, with the
remaining 16% making recordings on 4 of the 5 days. The difference between standing and
lying systolic BP (ΔBP) was calculated: a positive number indicated standing BP > lying
BP. While ΔBP described the difference between a single pair of measurements, there were
10 measurement pairs (ΔBP) made at home over 5 days. These were described by the me-
dian, 75th percentile (the 3rd highest of 10 ΔBP), and the maximum of the 10 measurements
(notated as ΔBPmed, ΔBP75th, and ΔBPMAX, respectively). A ΔBP equal to or greater than
20 mmHg was considered “high”. Systolic readings were defined as hypertensive if they
were equal to or greater than 145 mmHg.

2.4. Statistics

As most distributions did not pass the D’Agostino and Pearson normality test and
populations were small, the null hypothesis for the two distributions was tested using the
Mann–Whitney test or the Wilcoxon matched pairs signed-rank test when the data were-
paired. Categorical comparisons were assessed using the chi-squared test (or Fisher’s exact
test if the samples were small). Cohen’s kappa statistic was used to measure concordance
between existing measures of orthostatic hypotension and those from 5 days of recording
at home. Statistical significance was set at 0.05.

3. Results

3.1. Characteristics of Morning and Evening Systolic BP Readings

The median lying systolic and diastolic BP of the PwPs and controls are shown in
Table 1. However, aggregating the readings obscures detail revealed by examining all
systolic BP readings (432 from the PwPs and 160 from the controls) (Figure 1A). As 85%
of participants contributed ten readings and the minimum from any subject was eight
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readings, all participants provided similar amounts of data, and examining every recording
(as in Figure 1A) was not biased by one individual’s data. The median systolic BP reading
was hypertensive (≥145 mmHg) in 32% of the PwPs and 25% of the controls.

 

Figure 1. (A) A plot of the morning (AM, x-axis) and evening (PM, y-axis) lying systolic BP. Vertical
and horizontal black lines indicate a reading of 145 mmHg and the dotted line indicates when
morning and evening readings are the same. Pink circles show measurements from the PwP, with
circles with a black border indicating cases where the evening reading was greater than the morning
reading. Red circles indicate the PwP whose morning systolic measurement was ≥20 mmHg higher
than the evening measurement. Grey squares show measurements from the controls, and those with
a black border are cases whose evening reading was greater than the morning reading. Teal squares
indicating cases where the evening reading was greater than the morning reading; (B) scatter plots
(error bars: median and IQR) of the ΔBP (y-axis) sorted according to each participant’s ΔBPmed,
ΔBP75th, and ΔBPMAX (each circle indicates an individual participant). The grey-shaded region
represents a ΔBP of 20 mmHg, and the horizontal dotted line indicates ΔBP of 25 mmHg. At the
base of each plot are two sets of numbers in a box: the lower number indicates the percentage of that
category where the ΔBP ≥ 20 mmHg and the upper row indicates the percentage of that category
where the ΔBP ≥ 25 mmHg. Only p-values < 0.05 (Mann–Whitney test) are shown; (C) a plot of
ΔBPMAX (y-axis) of the PwPs (red circles) and the controls (teal squares) against the difference between
the Syst BPVar (x-axis: maximum–minimum lying systolic BP). The grey shaded area represents the
region where both the ΔBPMAX < 20 and the Syst BPVar < 40 mmHg (which is~ the 75th percentile of
the controls; see (D)) are present; (D) box (median and interquartile range) and whiskers (10th and
90th percentile) representing the range of Syst BPVar (left y-axis: maximum–minimum systolic BP)
and ΔBPMAX (right y-axis) of the PwPs (pink and red boxes) and the controls (grey and teal). Only
p-values < 0.05 (Mann–Whitney test) are shown; (E) a plot of ΔBP75th (green triangles) and ΔBPMAX

(pink circles) on the y-axis against the ΔBPCLIN (x-axis). Concordance between ΔBPCLIN and the
measurements at home are symbols in the lower left grey rectangle (no OH) and the upper right
grey rectangle (OH). Symbols in the upper left quadrant show cases where the home measurement
detected OH but the clinic measurement did not, whereas symbols in the lower right quadrant show
cases where the clinic measurement found OH but the home measures did not.
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Morning and evening lying systolic BP from the same day were examined as a pair,
leading to the following observations:

• Morning systolic lying pressures are higher than their evening pair in both PwP pairs
(67%) and control pairs (75%). The difference between morning and evening sys-
tolic pressures was significant for both the PwPs (median difference = 6 mmHg,
p < 0.0001—Wilcoxon matched pairs signed-rank test) and the controls (median
difference = 4 mmHg, p < 0.01—Wilcoxon matched pairs signed-rank test);

• If the morning lying systolic BP was 20 mmHg higher than its evening pair, it was frequently
hypertensive in PwPs (78%) but not controls (38%). On the other hand, when the evening
lying systolic reading was the highest of the pair, the morning systolic was below
145 mmHg (80% of the PwPs and 98% of the controls).

3.2. Orthostatic Effects on Systolic BP

Measurements of standing and lying BP in the morning and evening for 5 days at home
were used to calculate the ΔBPmed, ΔBP75th, and ΔBPMAX as measurements for evidence of
OH (Figure 1B). Two observations are apparent. First, the proportion of subjects with a high
ΔBP (by any of the three measures) was greater in the PwPs than in the controls (15.6%,
33.3%, and 62.2% for the PwPs and 0%, 17.6%, and 35.3% for the controls, respectively).
Because of the number of controls with an elevated ΔBPMAX, the effect of a higher threshold
(for example, 25 mmHg being the 90th percentile of the controls) was also examined. The
horizontal dotted line in Figure 1B shows this number and the number of cases whose
ΔBPMAX ≥ 25 is shown as the top number in the small boxes at the base of each graph.

Second, the variability in readings from the PwPs was greater than the variability of the
controls (also apparent in Figure 1A). This variability was examined further by calculating
the difference between the maximum and minimum morning and evening lying systolic
BP (Syst BPVar), which was considerably greater in the PwPs (39.5 (IQR = 30.3)) than in
the controls (p = 0.02: unpaired t-test with Welch’s correction). Syst BPVar was plotted
against ΔBPMAX (Figure 1C), showing a modest relationship between the two measures
(with Cohen’s κ = 0.51 (discussed further below). This suggests that Syst BPVar might be
a marker of autonomic dysregulation, so it was compared in subjects with and without
hypertension (Figure 1D). The Syst BPVar was significantly larger in the PwPs when the
median morning lying systolic BP was hypertensive (p = 0.01, Mann–Whitney test); this
was not apparent in the controls. The trend for a higher orthostatic drop in hypertensive
PwPs was not significant (Figure 1D), although PwPs with a large ΔBPMAX (≥20) had a
higher systolic BP (147 (IQR = 39)) than those whose ΔBPMAX was low (125 (IQR = 34),
p <0.07 t-test).

The interrelatedness of ΔBPMAX, Syst BPVar, and systolic BP was further examined. Of
the 28 (out of 44) PwPs with an elevated ΔBPMAX, 17 had a high Syst BPVar and 10 had
hypertension. Hypertension or a high Syst BPVar without a high BPMAX was uncommon
(9%). This suggests that these three measures are largely coincident.

3.3. Measurement of ΔBP at Home Compared to the Clinic

Next, the single office-based measurement of ΔBP (ΔBPCLIN) was compared with
ΔBP75th and ΔBPMAX (Figure 1E). The BPCLIN was equal to or above 20 mmHg in 28.9%
of the PwPs, which is a little less than ΔBP75th (33.3%). ΔBP75th was also a little better
correlated with ΔBPCLIN (Pearson’s ρ = 0.66 and Cohen’s κ = 0.48) than ΔBPMAX (Pearson’s
ρ = 0.58 and Cohen’s κ = 0.34). However, ΔBP75th gave more “false negatives” (cases in
the bottom right quadrant in Figure 1E where ΔBP75th failed to detect the OH observed in
the clinic) than ΔBPMAX, whose differences with ΔBPCLIN were almost all “false positives”
(cases in the upper left quadrant in Figure 1E where ΔBPMAX detected OH which was not
observed in the clinic). It seems more plausible that one of the ten measures (ΔBPMAX)
would detect intermittent OH more accurately than either one of the seven measures
(ΔBP75th) or a single random measure in the clinic. For this reason, ΔBPMAX was compared
with scores from various clinical scales.
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3.4. Relationship between ΔBPMAX and Scores from Clinical Scales

The relationships between responses to Q1.12 of the MDS-UPDRS (light headedness
on standing) and ΔBPMAX and ΔBP75 are shown in Table 2. There was a progressive (but
not statistically significant) trend for ΔBPMAX to increase with a higher score to Q1.12.
It was significant that a little more than half of those who responded with a “0” to this
question had an elevated ΔBPMAX and 20% of those who responded with a “2” or “3” had
ΔBPMAX < 20. A higher Q1.12 score tended to be associated with a higher ΔBPMAX
(Figure 2A), even though ΔBPMAX weakly predicted any answer of “1” or more to this
question (Cohen’s κ = 0.23). As a higher total score on the NMS-Quest scales was also asso-
ciated with a higher ΔBPMAX (Figure 2A), the relationship between ΔBPMAX and responses
to NMS questions specific to autonomic dysfunction (5–9, 19, 20, and 28) was examined
(Figure 2A). An MDS-UPDRS I (total) score of 10 or more was associated with a higher
ΔBPMAX (p = 0.026, Mann–Whitney; see Figure 2B). There was a statistically insignificant
trend for a lower MoCA and higher UPDRS III score with high ΔBPMAX. No relationship
was found between ΔBPMAX and the PDQ39 or other MDS-UPDRS scores.

Table 2. The relationships between responses to Q1.12 of the MDS-UPDRS and ΔBPMAX and ΔBP75.

MDS-UPDRS Q1.12 Response 0 1 2 3

Number (%) 25 (57%) 9 (21%) 7 (16%) 3 (7%)

Median ΔBPMAX 21 (20.5) 29 (35) 35 (36) 42 (41)
Median ΔBP75th 9 (20) 19 (25) 26 (39) 19 (26)

0: Normal: No dizzy or foggy feelings. 1: Slight: Dizzy or foggy feelings occur. However, they do not cause me
trouble doing things. 2: Mild: Dizzy or foggy feelings cause me to hold on to something, but I do not need to sit
or lie back down. 3: Moderate: Dizzy or foggy feelings cause me to sit or lie down to avoid fainting or falling.

 

Figure 2. (A,B) are boxes (median and interquartile range) and whiskers (10th and 90th percentile),
representing the ΔBPMAX (y-axis) of various clinical scales in PwPs (abbreviations provided in the
Methods). The grey shaded area indicates the region where the ΔBPMAX < 20 mmHg is found. Only
p-values < 0.05 are shown from ordinary one-way ANOVA (in cases of three sets of data) or the
Mann–Whitney test (in the case of two sets of data).
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4. Discussion

The aim of this study was to assess whether more frequent measures of BP would
provide a better indication of the presence of OH in PD. It was not intended to be a study of
the incidence of OH in PD. PwPs with six or more years of disease duration were recruited
to ensure that the study cohort included PwPs with and without OH. In the context of
the aim of the study, its outcome can be assessed from a narrow perspective of whether
an orthostatic drop in systolic BP was present and from a broader perspective of whether
the dysregulation of systolic blood pressure control was present (expressed as morning
hypertension and systolic BP variability (Syst BPVar) and OH).

From a narrow perspective, multiple measurements were more likely to provide at
least one measurement ≥ 20 mmHg (n = 28) than a single clinic measurement (n = 13). There
was a significantly higher chance of having at least one elevated ΔBP in the PwPs than
in the controls (p = 0.0026, Fisher’s exact). Much of the thinking about OH is influenced
by findings in hypovolaemia and OH induced by antihypertensive agents, which also
provided the origin of a “high ΔBP” being ≥20 mmHg. In that setting, OH is expected to be
consistently present. In contrast, OH in PD is intermittent [37], possibly reflecting central
dysregulation [1,36–38] and the coincidence of different stressors, such as enteric shunting
following food, and pharmaceuticals such as levodopa, hot environments, exercise, or
hypovolaemia. While it seems logical that more frequent measurement would detect OH, it
is unclear whether the optimum number of measurements should be five in ten (ΔBPMED),
three in ten (ΔBP75th), one in ten (ΔBPMAX), or even one in twenty. The findings of Polverino
et al. [37] provide some indication that around 10 measurements may be sufficient, although
all participants in that study had established OH. In this study, only 27% were recognised
as having OH, yet 66% had at least one elevated ΔBP. Certainly, the association between
ΔBPMAX and worsening UPDRS I and NMS-Quest scores in this study suggests that OH
detected by ΔBPMAX is meaningful. Other than the study of Polverino et al. [37], we are
not aware of a similar attempt to use conventional BP measurements of lying and standing
BPs at home to assess the presence and severity of OH. The Polverino et al. study [37] used
sophisticated telemetry, which may lend greater certainty to compliance, but the technology
did not obviate the need for the PwP to interrupt their day for the length of time that is
required to carry out lying and standing BPs. Also, they measured eight subjects with
known OH and thus cannot provide an indication of the value of at-home measurements
capturing milder forms of OH.

From a broader perspective, 10 readings at home provided insights regarding morning
hypertension and increased variation in systolic pressures. However, hypertension or a
high Syst BPVar without a high ΔBPMAX was uncommon (9%) and so, while a high Syst
BPVar or hypertension in the presence of a high ΔBPMAX gives support to the finding of
cardiovascular dysregulation, either Syst BPVar or hypertension in isolation does not.

While this study gives overall support for the home measurement of ΔBP, it does
produce outstanding questions. Ten home measurements were arbitrary, as was the choice
to perform the measurements at the start and end of the day rather than after meals.
However, previous reports suggest that PwPs may not be fully aware of the presence
of OH and misinterpret other symptoms as OH [37]. And, while the response to Q12.1
broadly correlated with the median postural drop, it was possible for individual cases to
be unaware of OH, whereas others over-reported it. Early morning was chosen to capture
supine hypertension. Measuring at the start and end of the day was expected to provide
good compliance, which was excellent in this study, whereas asking subjects to measure
when symptomatic may lead to overlooked measurements or measurements in response
to irrelevant symptoms. Most participants (or their carer) had little difficulty in correctly
measuring lying and standing BP, although subjects with cognitive impairment would
not have been able to participate without a supportive carer. In summary, 10 recordings
at home were superior to a single office measure in identifying the presence of OH as
well as dysregulation in terms of a high Syst BPVar. Nevertheless, the ideal number of
measurements and their best timing throughout the day require further study.
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We have used the conventional threshold of 20 mmHg or higher for an elevated ΔBP.
Our definition was limited to a measurement immediately after standing, not
3 min later or even 10–30 min after standing. There was concern that a more complex
measurement paradigm invited poorer compliance. Justification for the protocol used here
was provided by the relationship between BPMAX and the clinical scales, but in particular,
those questions from the NMS Quest indicated autonomic dysfunction (Figure 2A). A
systolic BP ≥145 mmHg was used to define hypertension. This was chosen as closer to
the threshold that triggers concern in the real-world management of hypertension when
OH is present, even though lower pressures may invoke intervention in otherwise healthy
individuals. As morning hypertension was used as a proxy for supine hypertension,
145 mmHg may be too rigorous for some [42] but not for other [43] authorities.

Would early therapeutic intervention result in a more sensitive measure indicator of
the presence of OH? While the relationship between OH and cognitive decline has led to
recommendations of early interventions [44], it is not clear whether OH is a surrogate for
supine OH (reviewed in [43]), although findings here suggest they usually co-exist. Others
raise the possibility that OH and cognitive decline are para-phenomena [20].

In this study, people with insulin-dependent diabetes were excluded to avoid other
causes of autonomic dysfunction. Participants using diuretics were excluded because di-
uretics might exacerbate hypovolaemia, but the use of antihypertensives was not grounds
for exclusion. We acknowledge this is inconsistent, especially as the use of antihyper-
tensives was higher in the controls than in the PwPs, suggesting that antihypertensives
might have been explicitly avoided in PwPs. As diabetes and the use of diuretics and
hypertensives are nearly ubiquitous in this age group, a future study could accept their
presence because it reflects the complexity facing the management of Parkinsonian subjects
with autonomic dysregulation and other conditions. Further studies on the concurrent
management of OH and these conditions are required, especially for morning hypertension.

Limitations of This Study

Many of the limitations of this study have been addressed above. These and other
limitations are summarised here:

• Are 10 measures adequate or too few? Should measures at other times (e.g., postpran-
dial) also be included?;

• What proportion of measures should be sufficient to identify OH: 50% (ΔBPMED), 33%
(ΔBP75th), 10% (ΔBPMAX), 5%, or even less?;

• This study did not use the more stringent criteria for OH and systolic hypertension
recommended by some authorities;

• This study excluded insulin-dependent diabetes and users of diuretics but not users
of antihypertensive agents. However, because of the loss of ability to regulate vasodi-
lation in the various vascular beds, it is these cases that introduce complexity to the
management of OH in PD. Thus, future studies could examine the trade-off in treating
hypertension in the presence of OH, especially when multiple measurements, such as
those proposed here, are used;

• Although participants were trained to use the sphygmomanometers, we cannot ex-
clude the possibility that some recordings were the result of poor technique or in-
accurate recording. Poor technique might over-report hypotension and could also
under-represent large postural drops. It is notable that very few systolic BP measures
were less than 100 mmHg (Figure 1A);

• The sample size was large enough to show that at least one elevated ΔBP in 10 mea-
surements is more likely to be found in PD than the controls. Larger samples would
be required to address the dot points outlined above.

5. Conclusions

Twice daily recordings of lying and standing BP over 5 days increase the likelihood
of finding an elevated postural drop, which is consistent with OH. Moreover, it can show
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whether there is increased variation in systolic pressures and morning hypertension, which
is consistent with the dysregulated control of BP. PwPs were able to perform and record BP
measurements without complications, were compliant, and did not find it intrusive.

Further studies are required to establish whether 5 days of recording is sufficient and
whether active intervention on finding dysregulated BP control results in better outcomes
compared to waiting for symptomatic OH before intervening.
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