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Abstract

Chronic cough (CC) is a common but poorly understood disease that leaves a negative impact on quality of
life. For years, clinicians were trying to find the underlying diagnosis and using the existing disease models
to describe the patients’ illness. This makes the picture of CC confusing. Most patients with CC presented
with hypersensitivity of the cough reflex, which is characterised by laryngeal paresthesia and an increased
response to the tussive stimuli or innocuous stimulus that would not trigger coughing in healthy people.
Recently, it has been proposed that CC is a unique disease characterised by vagal hypersensitivity that
projects to the central nervous system altering responsiveness. The evidence supports the hypothesis that
CCis primarily a neurological disorder, consisting of different phenotypes.
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Abstract figure legend Pattern diagram of airway reflux increasing vagal sensitivity.

Abbreviations ANR, Arnold nerve reflex; ATP, adenosine triphosphate; CC, chronic cough; CHS, cough
hypersensitivity syndrome; CNS, central nervous system; GORD, gastroesophageal reflux disease; JG,
jugular ganglia; LOS, lower oesophageal sphincter; NG, nodose ganglia; NK-1, neurokinin-1; NTS, nucleus
tractus solitarius; Pa5, paratrigeminal nucleus; RCC, refractory chronic cough; SP, substance P; TRP,
Transient Receptor Potential; UCC, unexplained chronic cough
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1. Introduction

Since John Widdicombe first characterised Ad-myelinated fibres mediated cough in the field of respiratory
physiology in the 1950s, the science of cough has been gradually gaining traction, especially over the past
two decades (Chung et al., 2013). Chronic cough (CC) in adults is generally defined as a cough lasting for at
least eight weeks. It has been realized as a public health concern with high morbidity, and heavy healthcare
and socioeconomic burden. The worldwide prevalence of the individuals reporting CC was found to be 10%
(Song et al., 2015). Here we discuss the evidence that CC represents a unique disorder characterised by
hypersensitivity of the vagus and its central projections.

Historically, CC was considered to be a symptom of other diseases and was divided into different
categories such as eosinophilic bronchitis, cough variant asthma, atopic cough, upper airway cough
syndrome, and gastroesophageal reflux disease (GORD/GERD). This classification was codified by
international guidelines orientated to investigations and targeted therapy (Irwin et al., 2018; (Lai et al.,
2018; Mukae et al., 2021). However, in a considerable proportion of patients, the cough remains
unexplained after thorough assessments or lack of efficacy of aetiology targeted treatments. The terms
unexplained chronic cough (UCC) and refractory chronic cough (RCC) were coined to characterise these
individuals (Gibson et al., 2016; Visca et al., 2020; Chung et al., 2022).

The 2021 European Respiratory Society guidelines on CC adopted the different paradigm. CC was the
disease, and the different presentations represent different phenotypes of this disease. This hypothesis
arose from the observation that most patients reported cough triggered by low levels of thermal, chemical,
or mechanical exposure, including cold air, perfumes, odours, and aerosols (Won et al., 2019). These
external stimuli suggest hypersensitivity to otherwise innocuous provocation. Many patients also exhibited
increased response to tussive stimuli (hypertussia) and laryngeal paresthesia (Sundar et al., 2021). Cough
reflex hypersensitivity was seen as the root pathophysiological mechanism of CC, and termed Cough
Hypersensitivity Syndrome (CHS) (Morice, Millgvist, et al., 2014). This concept is supported by the unique
demographic profile of CC which predominantly occurs in postmenopausal females (Chamberlain et al.,
2015). CC thus represents a disease of itself with different phenotypes depending on the type and location
of the inflammation seen. The endotype of each phenotype may be different, for example, in asthmatic
cough the eosinophilic inflammation is prominent and may increase hypersensitivity, but fundamentally CC
is a neuropathic disorder (a structural or functional change in the vagus or its upstream pathways) with the
cough hypersensitivity as its defining feature.

2. Mechanisms of CHS: vagus nerve and the brain in CC

The act of coughing involves complex neurobiological processes, including those within the peripheral
nervous system, brainstem, and higher cerebral cortex, and can be under volitional and cognitive control
(Mazzone, Farrell, 2019; Mazzone et al., 2022; Drake et al., 2023). There has been consensus that the
excessive cough reflex sensitivity to external triggers may involve the enhanced response of the primary
afferent nerves of the airways (the peripheral mechanism) coupled with abnormal associated central
processing (the central mechanism) (Farrell, Mazzone, 2019).

2.1 Peripheral cough sensitization

The first demonstration of peripheral tussive stimulation was the use of citric acid to evoke the dose
dependent cough response by Bickerman in 1954 (Bickerman, Barach, 1954). Subsequent inhalation
studies have shown women have heightened cough reflex compared to men and that patients with CC
have increased cough sensitivity (Song et al., 2014). This hypersensitivity is manifest in the whole of the
distribution of the vagus nerve as has been demonstrated by the elegant study by Peter Dicpinigaitis where
a positive Arnold nerve reflex (ANR) was elicited in 25% of adult patients with CC whereas only 2% of
normal subjects coughed with stimulation of the external auditory meatus (Dicpinigaitis et al., 2018).



Arnold’s nerve is a branch of the vagus which does not innervate any of structures commonly thought to
evoke coughing, thus, indicating a pan vagal hypersensitivity. Indeed, a presumably central, global
hypersensitivity, may occur as is exemplified by somatic trigger points in the peripheral nervous system
(Lavorini et al., 2023).

A comprehensive review of the peripheral innervation of the vagus nerve is beyond the scope of this
review (Mazzone, Farrell, 2019). Briefly, the respiratory tract is innervated by vagal afferent sensory
neurons arising from the nodose and jugular ganglia which then project centrally to the brainstem. A
number of polymodal nociceptors are present on the terminal projections of these neurons, including
Transient Receptor Potential vanilloid 1 (TRPV1), TRP vanilloid 4 (TRPV4), and TRP ankyrin 1 (TRPA1).
However, clinical trials with their antagonists have failed to relieve CC suggests a different mechanism
underlies clinical CHS (European Medicines Agency, 2016; Belvisi et al., 2017; Morice, 2017; Ludbrook et al.,
2019; Ludbrook et al., 2021).

A breakthrough in the understanding of CHS occurred with the demonstration in clinical studies of a
dramatic reduction in CC by gefapixant, a P2X3 antagonist (Sykes, Zhang, et al., 2022). The efficacy of drugs
of this class has been confirmed in other clinical studies with a variety of agents (Brister et al., 2023). The
endogenous ligand for this receptor is adenosine triphosphate (ATP). Inhalation of ATP induces cough in
man and is heightened in patients with CC (Fowles et al., 2017). It is suggested that epithelial damage
causes the release of alarmins including ATP. Gefapixant blocks cough stimulated by inhalation of ATP and
distilled water (an osmotic stimulus to ATP release), and not that evoked by capsaicin and citric acid,
suggesting that peripheral hypersensitivity is largely mediated by ATP (Morice et al., 2019).

2.2 Central cough sensitization

Brain functional magnetic resonance imaging can visualise the metabolic activity and thus map the
activation of the motor, sensory, and association networks in the central nervous system (CNS). Using this
technique, Stuart Mazzone and his colleagues have mapped the central processing of the sensation
precipitating coughing known as “urge-to-cough”. They found multiple activations within the insula cortex,
anterior midcingulate cortex, primary sensory cortex, orbitofrontal cortex, supplementary motor area, and
cerebellum (Mazzone et al., 2007; Mazzone et al., 2009). The characteristic sex difference in the
demographics of CC were shown to be associated with a greater activation of the somatosensory cortex in
females (Morice, Jakes, et al., 2014). An inhibitory role in the regulation of the cough reflex; holding cough
with a break on, was revealed by activation of the inferior frontal gyrus and supplementary motor cortex
(Mazzone et al., 2011; Leech et al., 2013). In some patients with CHS, these areas had lower levels of
activation, indicating dysfunction of a suppressive network in CC. The neural activity in the midbrain
(nucleus cuneiformis and periaqueductal gray) was increased, similar to that seen in chronic pain,
indicating a commonality of the two nociceptive pathways (Ando et al., 2016). The structural and
functional alterations in the left frontal brain regions have been implicated in the psychological and social
impact and disease duration (Namgung et al., 2022; Arinze et al., 2023).

3. The culprit of vagal hypersensitivity: the concept of airway reflux

Airway reflux is not GORD. Classical GORD, defined by the symptoms of heartburn and dyspepsia, and
associated by gastroenterologists with oesophagitis is a peptic condition. It consists predominantly of
reflux of acidic liquid, detected by oesophageal pH monitoring. In contrast, the non-acidic component of
reflux is not detected using this technique.

Non-acid oesophageal and extraoesophageal reflux, variously termed laryngopharyngeal reflux, silent
reflux and volume reflux and here referred to as “airway reflux”, has proven difficult to quantify. It consists
mainly of a non-acid gaseous mist, similar to a belch. This is a normal physiological phenomenon which
minimises excessive gas from transiting into the lower gastrointestinal tract. The physiology of



oesophageal motility leading to airway reflux is mainly dependent on transient opening of the lower
oesophageal sphincter (LOS), which may be detected by the oesophageal manometry (Sykes, Crooks, et al.,
2022). We hypothesised that known precipitants of LOS opening maybe associated with coughing bouts. A
validated questionnaire, the Hull airway reflux questionnaire (HARQ; available at https://www.issc.info)
(Morice et al., 2011; (Zhang et al., 2020), was structured based on the physiology of LOS opening and the
symptoms associated with the local deposition of airway reflux. Patients with rigorously defined CC scored
on average 40/70 (upper limit of normal < 14) in the global clinical trials of gefapixant (COUGH-1 and
COUGH-2) (Mcgarvey et al., 2022). Ninety percent of patients in an epidemiological study reported HARQ
scores above 14, suggesting airway reflux and oesophageal dysmotility maybe major factors contributing
to CHS (Van Den Berg et al., 2022).

The vagus nerve is intimately associated with the oesophagus. The vagal trunk lies on the oesophagus
with the left trunk winding anteriorly and the right posteriorly to enter the oesophageal hiatus. It gives off
branches to innervate the larynx (superior and recurrent laryngeal nerves) and the lungs (pulmonary
plexus). Generalised vagal hypersensitivity may thus give rise to afferent sensation from a wide catchment
area.

The existence of micro-aspiration in airway reflux has been successfully detected by reflux scintigraphy
(Figure 1). In this study, 70% of patients were female and 75% had CC; 96% had demonstrable airway reflux
with over half exhibiting pulmonary aspiration (Park et al., 2021). The location of the origin of vagal
hypersensitivity is unknown whether it is primarily lung, larynx, or oesophagus, or more likely a
combination is at present unclear and likely to differ in emphasis between individual patients.

Indeed, whether the primary stimulus for peripheral sensation is cellular damage, mechanical stress, or
nociceptor stimulation is unclear since all three have been shown to release ATP and thus have potential
for activating the P2X3 receptor. Although airway reflux may be a major contributor to this stimulus, it is
unlikely to be the sole mechanism. Recently, we have undertaken a retrospective review of high-resolution
manometry in 441 patients with unexplained respiratory symptoms (Sykes, Crooks, et al., 2022). Abnormal
oesophageal motility was observed in two-thirds of patients with CC, and it is possible that dysmotility
itself may be an additional direct cause of the urge to cough.

4. The clinical pharmacology of CC

When reflux was recognised as a potential cause for vagal hypersensitivity, proton pump inhibitors (PPIs)
were trialled because of their beneficial effect in GORD. However, randomised controlled trials
demonstrated no significant effect above placebo (Farugi et al., 2011; Blake, Teague, 2013; Wang et al.,
2020). Peptic symptoms were improved suggesting that acid does not play a significant role in CHS.

4.1 Centrally acting agents
4.1.1 Opiates

The first report of the beneficial effect of opiates in cough was by John Mudge in 1778 (Mudge, 1778).
However, it was not until 2007 that a randomised placebo-controlled study demonstrated significant
improvement in patients reported outcomes (Morice et al., 2007). Subsequent clinical experience has
shown that whilst a third to a half of patients responded to low-dose slow-release morphine (5mg twice
daily), the remainder had no discernible benefit. Unlike pain, there was no greater dose response above
10mg twice daily. The antitussive efficacy of opiates was further evidenced in a randomised placebo-
controlled crossover study of patients who were previous found to be morphine responders. Five to 10mg
of slow-release morphine taken twice daily reduced cough frequency by 71.8% over placebo (Al-Sheklly et
al., 2017). We suggest that those patients who respond may do so through opiate receptors within the
inhibitory cortical descending pathways.


https://www.issc.info/HullCoughHypersensitivityQuestionnaire.html

Other opiates have been used in the treatment of CC and codeine is a frequently use because its
regulatory status. However, codeine is 3-methylmorphine, and its metabolism by cytochrome P450 2D6 is
polymorphic, producing variable morphine pharmacokinetics. Recently, the differentiation between opiate
receptors mu and kappa in the antitussive efficacy has been shown in cough in CC in idiopathic pulmonary
fibrosis. The selective kappa opioid agonist and mu opioid antagonist, nalbuphine, demonstrated an over
50% placebo adjusted efficacy in 24-hour cough counts suggesting a receptor specific antitussive activity
(Molyneaux et al., 2022; Maher et al., 2023).

4.1.2 Neuromodulators

“Neuromodulators” such as gabapentin (a y-aminobutyric acid analogue), pregabalin, amitriptyline, and
baclofen (a y-aminobutyric acid type B receptor agonist) are widely prescribed, particularly in the Americas,
for the treatment of CC. There is however limited clinical trial evidence to support their use. A single
parallel group randomised controlled trial in 62 patients demonstrated a change in cough counts and
cough quality of life, but no change in cough sensitivity as demonstrated by capsaicin challenge (Ryan et al.,
2012). Whether these findings translate into meaningful long term therapeutic response is unclear.
Adverse events are common. Real-world evidence suggests a response rate of 55%, similar to that seen in
the placebo arm of P2X3 antagonist studies (Mcgarvey et al., 2023; Zhang et al., 2023).

4.1.3 Neurokinin-1 (NK-1) receptor antagonists

In the first study demonstrating vagal hypersensitivity due to angiotensin-converting enzyme inhibitor
therapy, it was hypothesised that the hypersensitivity was due to increase in the substance P (SP) through
inhibition of its metabolism (Morice et al., 1987). Recently, orvepitant, a brain-penetrant neurokinin-1 (NK-
1) antagonist, has been investigated in CC in an open-label phase 2 study (Smith et al., 2020). A 26% cough
reduction with improved quality of life was seen. A subsequent multi-centre study confirmed significant
quality of life improvement but failed to demonstrate reduction in cough counts possibly due to the
insensitivity of the cough counting methodology (Smith et al., 2019). Another NK1 antagonist, aprepitant,
also demonstrated antitussive activity (22.2% cough reduction over placebo) in patients with lung cancer in
a small randomized controlled trial (Smith et al., 2021).

These studies suggest that SP may be an important neurotransmitter in vagal hypersensitivity although
larger trials are required to define the clinical efficacy and the mechanism action.

4.2 Peripheral acting agents: P2X3 antagonists

P2X3 antagonists have demonstrated efficacy in patients with CC in large randomised controlled clinical
trials. The archetypal compound, gefapixant (formerly called AF-219/MK-7264) 45mg twice daily reduced
cough counts and improved quality of life in over two thirds of patients in COUGH-1 and COUGH-2
(Mcgarvey et al., 2022). P2X3 receptors have been demonstrated to be present on the afferent nerve
terminals of several vagally innervated organ (Marucci et al., 2019) and has been suggested the primary
action is to block binding of ATP released in the local milieu. Other P2X3 antagonist including camlipixant
(BLU-5397) (Birring et al., 2022), filapixant (BAY-1902607) (Friedrich et al., 2023), sivopixant (S-600918)
(Mcgarvey et al., 2023), and eliapixant (BAY-1817080) (Francke et al., 2023) have demonstrated a similar
efficacy, suggesting that the ATP/P2X3 axis is an important mechanism in hypersensitivity, but it does not
reveal the mechanism producing the generalized vagal hypersensitivity. Cough challenge agents such as
capsaicin mediated though nociceptors rather than this axis are also hypersensitive in CC.

5. Conclusions

CCis a common but poorly recognised disease characterised by hypersensitivity of the vagus and its CNS
projections. It has a unique demographic profile and a very characteristic clinical history, distinct from
other respiratory disease. The history points to the oesophagus as a major source of the irritation causing



this hypersensitivity and a majority of patients suffering from CC have abnormalities in oesophageal
motility. Therapeutic advances have shown that the ATP/P2X3 axis may regulate peripheral sensitivity in
approximately two thirds of patients whereas opiate response is seen in approximately a third pointing to
central modulation.
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Figure 1. Sagittal view of combined SPECT-CT demonstrating contamination of pharynx with radioactive colloid
two hours after ingestion. Modified from Figure 1 in reference (Park et al., 2021).



