EXPERT OPINION ON PHARMACOTHERAPY, 2018 T. I & F .
VOL. 19, NO. 7, 687-711 e aylor & Francis

https://doi.org/10.1080/14656566.2018.1462795 Taylor & Francis Group

REVIEW 8 OPEN ACCESS W

An update and systematic review on drug therapies for the treatment of refractory
chronic cough

Nicole M. Ryan ®2, Anne E. Vertigan®< and Surinder S. Birring®

2Clinical Toxicology Research Group, School of Medicine and Public Health, The University of Newcastle, Calvary Mater Hospital, Newcastle, Australia;
bCentre for Asthma and Respiratory Diseases, School of Medicine and Public Health, Hunter Medical Research Institute, The University of Newcastle,
Newcastle, Australia; “Department of Speech Pathology, John Hunter Hospital, Hunter New England Health, Newcastle, Australia; “Division of Asthma,
Allergy & Lung Biology, School of Transplantation, Immunology, Infection & Inflammation Sciences, Faculty of Life Sciences & Medicine, King's
College London, London, UK

ABSTRACT ARTICLE HISTORY
Introduction: Chronic Cough (CC) is common and often associated with significant comorbidity and Received 19 September 2017
decreased quality of life. In up to 50% of cases, the cough is refractory despite extensive investigation ~ Accepted 5 April 2018

and treatment trials. It is likely that the key abnormality in refractory CC is dysfunctional, hypersensitive KEYWORDS

sensory nerves, similar to conditions such as laryngeal hypersensitivity and neuropathic pain. Antitussives; cough
Areas covered: The aim of this systematic review is to assess drug therapies for refractory CC. The hypersensitivity syndrome;
authors review the current management of CC and provide discussion of the similarities between ion channel receptor
neuropathic pain and refractory CC. They review repurposed and new pharmacological treatments. antagonists;

Several meta-analyses were performed to compare the efficacy of treatments where possible. neuromodulating drugs;

Expert opinion: Repurposed pain medications such as gabapentin and pregabalin reduce the frequency ~ "efractory chronic cough

of cough and improve quality of life. Along with speech pathology, they are important and alternate
treatments for refractory CC. However, more treatments are needed and the P2X3 ion channel receptor
antagonists show the most promise. With a better understanding of neuronal activation and sensitisation
and their signal processing in the brain, improved animal models of cough, and the use of validated
cough measurement tools, more effective treatments will develop.

1. Introduction accepted guideline is termed refractory chronic cough, idiopathic
chronic cough, or unexplained cough [2,3,5]. Cough reflex hyper-
sensitivity (CRS) is a key feature of refractory CC involving both
peripheral and central sensitization of the cough reflex [6,7]. The
term sensory neuropathic cough is now often recognized in
cough guidelines. It has overlap with laryngeal hypersensitivity
and cough hypersensitivity [7,8] syndromes and is a component
of refractory CC [9]. Early systematic evaluation and treatment
guidelines for CC by Irwin and colleagues (1977) were based on
the anatomic locations of the receptors and afferent pathways
involved in the cough reflex [10]. Using such an approach, Irwin
and colleagues reported that the cause of CC could be deter-
mined in 100% of patients and that subsequent cause-specific
treatment was almost always successful. A stepwise diagnostic
approach, termed the anatomic-diagnostic protocol (ADP), was
recommended by the American College of Chest Physicians
(ACCP) in 1998 [5]. The ADP involves a targeted patient history
and physical examination to investigate the possible cause/s of
their cough. This information is then used to initiate a stepwise

Chronic cough (CC) is common and is associated with decreased
quality of life [1]. Common causes of CC are asthma, gastroeso-
phageal reflux disease (GERD), and upper airway disorders such
as postnasal drip syndrome and rhinosinusitis. Cough has been
reported to be refractory to guideline-based treatment in
approximately 42% of cases [2]. Current guideline-approved
treatment options such as gabapentin and speech pathology
treatment (SPT) [3] improve cough in many patients but they
do not work for all patients and gabapentin and other centrally
acting drugs can have undesirable side effects. New and
improved treatments are therefore needed. The understanding
of the pathophysiology of cough reflex and its connections in the
brain has improved and led to the identification of targets for
antitussive drug development. There have been numerous
phase | and Il clinical trials of treatments for refractory CC and
some results have been very promising. We reviewed the clinical
effectiveness of current and developing drug therapies for refrac-

tory CC. treatment management program until resolution of the cough
symptoms.
1.1. The management of CC Modifications to the ADP sought to simplify the assessment

and management of CC [11,12]. Yu et al. [13] evaluated a
sequential three-step empirical therapy for CC with an overall
success rate of 88%. However, subsequent studies showed

The classification of cough is given in Table 1. ‘Chronic cough’ is
defined as a cough of more than 8 weeks’ duration. [4] CC that
persists despite assessment and treatment according to an
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Article highlights

o Refractory chronic cough is common and difficult to treat.

e Increased understanding of the similarities in refractory chronic
cough and neuropathic pain have resulted in more treatments
being available but they do not work for everyone.

e Gabapentin and speech pathology have recently been incorporated
into treatment guidelines for refractory chronic cough.

¢ Novel treatments that target peripheral and central neural receptors
are being tested for refractory chronic cough with the P2X3 receptor
anatgonists showing the most promise.

¢ Functional brain imaging, phenotypic cough animal models, and the
use of appropriate cough measurement tools will facilitate the devel-
opment of novel antitussive drugs.

This box summarizes key points contained in the article.

Table 1. Classification of cough.

Clinical cough

descriptor Definition
Acute Cough that lasts for <3 weeks.
Subacute Cough that lasts 3 to 8 weeks.
Chronic Cough that lasts >8 weeks

Chronic refractory ~ Cough that does not respond to usual medical
treatment such as the ADP.
Cough with no underlying cause even after a thorough

systematic review.

Chronic idiopathic

Specific A known underlying disease causing the cough.
Sensory A chronic cough disorder that is thought to have a
neuropathic neurogenic cause.’
cough

ADP: anatomical diagnostic protocol.

*Sometimes referred to as a cough caused by ‘laryngeal sensory neuropathy,’

Symptoms include: Allotussia, cough triggered in response to a nontussive
stimulus, e.g. talking; Hypertussia, increased cough sensitivity in response to
a known tussigen, e.g. smoke; Laryngeal paresthesia, abnormal throat sensa-
tion, e.g. ‘tickle’.

[Adapted from [51] with permission of Taylor & Francis].

that an anatomic diagnostic or empirical approach failed to
identify the cause of cough in approximately 40% of cases [2].

The management approaches to CC have been system-
atized in clinical practice guidelines published in several
countries. The ACCP guidelines [14] evaluate each compo-
nent of the ADP and provide a set of user-friendly guides
for clinical practice on the major causes of cough and
treatment recommendations. The European Respiratory
Society guidelines [15] suggest two pathways, one using
an empirical approach or recommended investigations that
can be used in parallel. The British Thoracic Society guide-
lines [16] cover not only CC but also acute cough and the
organization of cough clinics. The Australian Cough
Guidelines Summary (CICADA) is a clinical guideline for the
assessment and management of persistent cough in chil-
dren and adults. The guideline was developed by a multi-
disciplinary expert committee (including Allied Health,
Otolaryngology, Respiratory and Immunology and
Psychology) and is unique as it recognizes conditions such
as obstructive sleep apnea and paradoxical vocal fold move-
ment (PVFM)/vocal cord dysfunction as causes of specific
cough [17].

1.2. Cough hypersensitivity syndrome

CC has been labeled as a cough hypersensitivity syndrome
(CHS) [18,19] with neuroinflammatory mechanisms likely to be
the underlying mechanisms. The concept evolved from clinical
observations of patients who had no apparent clinical cause for
their cough (unexplained/idiopathic cough) or remained refrac-
tory to usual cough treatments (refractory CC) and from analo-
gies with chronic neuropathic pain [20].

Functional changes in TRPV1, TRPA1, and P2X3 nerve channels
and the development of peripheral and central sensitization are
thought to turn cough from being a defensive reflex into a cough
hypersensitivity syndrome [21]. Distinct higher brain circuitry for
facilitating and suppressing the cough reflex has been visualized
by functional magnetic resonance imaging (fMRI) [22]. CHS is
associated with hypersensitivity of the larynx and upper airway
and is often diagnosed by clinical history [23] and sometimes
through quantitative sensory testing such as with hypertonic
saline challenge, transnasal laryngoscopy with odor provocation,
and cough reflex sensitivity testing with capsaicin [7,8]. Although
some features of refractory CC are encompassed by the term CHS,
many patients localize symptoms to the larynx [9,24] and there-
fore laryngeal hypersensitivity syndrome maybe a better descrip-
tion. CHS is known to overlap with other laryngeal hypersensitivity
syndromes including PVFM [7] and muscle tension dysphonia. [8]
PVFM has been identified in around 56% of subjects with CC. [7]
PVFM and refractory CC exhibit overlap in symptomatology, such
as cough and dysphonia, and overlap in disease associations,
namely asthma, GERD, and rhinosinusitis. Patients with refractory
CC or with combined refractory CC and PVFM have marked CRS
[7]. The term laryngeal hypersensitivity is often used interchange-
ably with sensory neuropathic cough [25,26] (Table 1).

1.3. Receptors common to CC and chronic pain

TRP channels are expressed in almost every tissue and cell type
and play an important role in the regulation of various cell
functions. They are able to sense temperature, noxious stimuli,
pain, stretch, and osmolarity, and are involved in various diseases
through an increased level of channel expression [27]. TRP ion
channels are present in the airways, primary airway sensory
neurons, smooth muscle, and epithelial cells [21]. In cough,
inflammation in the lungs or esophagus increases the afferent
nerve excitation [28] that leads to a referred sensation of irrita-
tion in the throat and a reduced cough threshold. The reduced
cough threshold in refractory CC is associated with increased
expression of TRPV1 receptors on airway nerves [29]. Several
highly selective TRPV1 antagonists have advanced into clinical
development for the treatment of pain. [30,31] One of these
TRPV1 antagonists, SB-705498 has been recently trialed in the
treatment of refractory CC [32].

Peptide substance P and its tachykinin receptor, neurokinin-
1 (NK1), have also been the focus of considerable research for
their role in a variety of both central and peripheral diseases
[33]. NK1 receptor antagonists appear able to block behavioral
responses to noxious and other stressful sensory pain stimuli at
a level detectable in animal tests but fail to provide the level of
sensory blockade required to produce clinical analgesia in



humans [34]. A variety of reasons have been proposed for the
presumed mismatch between the preclinical effects of NK1
receptor antagonists in animal models and their effects in
humans including using animal species with different pain
pathways to humans and differences in pharmacokinetic para-
meters [35,36]. Preclinical studies have shown that NK1 recep-
tor antagonists block the neurogenic inflammatory response
produced by administration of capsaicin [37,38] and electrical
stimulation of the trigeminal ganglion [39]. Most of the interest
surrounding the use of NK1 receptor antagonists in cough has
been restricted to their involvement in the cough response in
asthma [40]. CP-99,994 was found to inhibit capsaicin-induced
cough in the guinea pig when administered both subcuta-
neously and into the ventricles of the brain, suggesting that
the compound exerts its effects both centrally and peripherally.
While a similar result did not occur in human trials [41] a much
more recent trial reported a positive effect on refractory CC
patients with the centrally active NK1 antagonist Orvepitant.
[42] P2X and P2Y receptors are purinergic cell surface ion
channels gated by extracellular ATP [43]. Cellular distress
caused by injury or infection often leads to the release of high
concentrations of ATP, inducing hypersensitization of nerves
and causing chronic or debilitating symptoms, such as CC.
P2X3, P2X2/3, P2X4, and P2X7 receptors have received a lot of
recent attention as potential targets to treat a variety of condi-
tions that include chronic pain and arthritis [44]. Clinically the
P2X7 receptor antagonists CE-224535 and AZD9056 have not
demonstrated efficacy in rheumatoid arthritis and it is unknown
whether they may be useful in pain indications [45,46]. P2X3
receptor expression changes in animal pain models of P2X3
knock-out mice have shown the development of reduced
mechanical allodynia [47] and neuronal P2X3 receptor activa-
tion predisposing afferent neurons to inflammatory hyperalge-
sia [48]. The antitussive actions of the P2X3 antagonist AF-219
occurs in the absence of any effect on capsaicin-induced cough
[49], which is consistent with preclinical cough studies in guinea
pigs showing that ATP and capsaicin have independent
mechanisms of action [50].

N-methyl-D-aspartate (NMDA) receptors are involved in acid-
evoked reflexes such as the cough reflex [51]. Ketamine is a
commonly used analgesia in pain and has both acute and pro-
longed effects on chronic neuropathic pain syndromes and
symptoms of allodynia and hyperalgesia. Allodynia and hyper-
algesia are akin to the clinical characteristics of allotussia and
hypertussia found in refractory CC. Unfortunately, NMDA antago-
nists have variable outcomes in their treatment of neuropathic
pain [52] but maybe worth investigating further in refractory CC.
In a guinea pig study by Canning and Mori [53], a predominant
role for NMDA receptor activation during cough and a modula-
tory role for non-NMDA receptors was found. A synergistic inhi-
bition of evoked coughing was observed when both NMDA (AP-
5) and non-NMDA receptor antagonists (CNQX) were adminis-
tered simultaneously.

Of the nine subtypes of Nav channels, Nav1.7, Nav1.8, and
Nav1.9 are primarily expressed by sensory neuron C-fibers and
A-fibers including those from the nodose and jugular ganglia [54].
In response to inflammatory mediators these channels are upre-
gulated increasing cough sensitivity. Unfortunately, inhibition of
these Nav channel blockers may anesthetize the airways to any
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stimuli potentially blocking necessary defensive coughing. Nav1.7
target anesthetics such as lidocaine have been found to be mini-
mally effective at blocking cough. A lot of recent interest has been
generated in Nav 1.8 as a target for both inflammatory and
neuropathic pain with a few inhibitors being used in preclinical
target validation [55-57]. Whether targeting Nav1.8 or Nav1.9 are
effective at blocking unhelpful cough remains to be investigated.

1.3.1. Further similarities between CC and chronic pain
The overall prevalence of CC is 9.6% [58] which is similar to the
prevalence of neuropathic pain in Australia (8.5%) [59] and in
Europe (7-8%) [60]. There are, however, wide regional variations
ranging from a high of 18.1% in Oceania down to 2.3% in Africa
for CC [58]. Chronic neuropathic pain has been found to be more
frequent in women [61], and this is consistent with refractory CC
[62,63]. The basic neurobiological mechanisms and pathologies
of refractory CC and chronic pain show substantial homologies.
Chronic pain may result from disorders of the peripheral nervous
system or they may arise from the central nervous system (brain
and spinal cord) [64]. ‘Chronic pain’ and ‘chronic cough’ serve as
umbrella terms encompassing a wide variety of clinical features
such as hyperalgesia/hypertussivity and allodynia/allotussivity,
features that can be broken down further into the modality
affected.

A key feature of refractory CC is an increased cough reflex
sensitivity involving both peripheral and central sensitization of
the cough reflex [2,6]. Peripheral sensitization can occur in sensi-
tized areas like the larynx, esophagus, pharynx, and bronchi
mediated by the vagus nerve. Inflammatory mediators such as
histamine and prostaglandins sensitize cough afferent nerve end-
ings increasing the excitation of afferent nerves [28] and decreas-
ing the threshold for cough. Patients with CC have a fivefold
elevation of TRPV1-containing nerves [28] and exposure to low-
level tussive stimuli such as smoke results in a hypersensitive
cough reflex termed hypertussia [65]. In refractory CC, there is a
significant increase in cough reflex sensitivity to capsaicin [7] that
explains why hypertussia is common in refractory CC. This is
common to hyperalgesia in neuropathic pain where there is pain
triggered by low-level exposure to a known painful stimulus [20].

Central sensitization is a state where increased excitability is
triggered within the spinal cord by peripheral noxious inputs.
When neurons in the dorsal horn spinal cord are subject to
central sensitization, they exhibit some or all the following:
development of or increases in spontaneous activity, a reduction
in the threshold for activation by peripheral stimuli, increased
responses to suprathreshold stimulation, and an enlargement of
their receptive fields [66]. After peripheral nerve injury, damaged
and nondamaged electrophysiological changes particular to
central sensitization correlate with the development in human
experimental subjects after a noxious conditioning input of allo-
dynia (particularly dynamic tactile or brush-evoked allodynia),
the temporal summation of repeated low-intensity stimuli from
an innocuous sensation to pain, with ‘after-pain’ on cessation of
the stimulus, and widespread secondary hyperalgesia [66]. These
changes can be elicited in human volunteers by noxious stimula-
tion of the skin as with topical or intradermal capsaicin or
repeated heat stimuli [67], and in the gastrointestinal tract by
exposure to low pH solutions [68]. Similar clinical features such as
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an abnormal laryngeal sensation or throat tickle (laryngeal par-
esthesia), increased cough sensitivity in response to a known
tussigen (hypertussia), and cough triggered in response to non-
tussive triggers such as cold air or talking on the phone (allotus-
sia) are seen in refractory CC [65]. The involvement of peripheral
sensitization in central sensitization indicates that these are not
mutually exclusive phenomenon. This may make it difficult to
fully dissect the specific central and peripheral contributions of
underlying symptoms for both chronic pain and cough [20].

Pharmacological management remains the most important
therapeutic option for chronic neuropathic pain even though the
results are often unsatisfactory. There is a similar unmet need in
refractory CC. Understanding the role of receptors and mechan-
isms involved in neuropathic pain and neuropathic cough is
important for understanding the mechanism of drug therapy
for cough and how drugs designed for the treatment of pain
can be repurposed for cough. Pharmacological fMRI is an ideal
noninvasive tool that can be used to determine the effects of
drugs on brain activation. An fMRI study in humans by lannetti
et al. [69] demonstrated the complex effects of the neuromodu-
lating drug gabapentin on brain activation. The most pro-
nounced effect was a reduction in stimulus-induced brain
deactivation following central sensitization. In cough, Mazzone
et al. [22] investigated the neural control of cough and cough
suppression in healthy humans with capsaicin-evoked cough
using fMRI. These studies have confirmed the existence of dis-
tinct higher brain circuitry for facilitating and suppressing the
cough reflex and provide novel insights into the supramedullary
control of cough in humans. This technology could be further
utilized in refractory CC medication trials.

1.4. Cough measurement tools

New and repurposed drugs for CC should be evaluated using
valid cough measurements including a combination of sub-
jective and objective measures. There has been considerable
progress in the development of tools that assess cough in
humans (Table 2).

The most widely used tests include the visual analog scale
(VAS) for cough [70,71] because it is simple and practical, the
Leicester Cough Questionnaire (LCQ) [1] and Cough Quality of
Life Questionnaire (CQLQ) [72] are all well validated for asses-
sing the impact of cough on health status [73]. The Cough
Severity Index (CSI) is a validated a severity index for CC

Table 2. A comprehensive list of cough assessment tools (derived from [73]).

Subjective Assessments for e Visual analog scales (VAS)

Cough o Leicester cough questionnaire (LCQ)

» Cough-specific quality of life question-

naire (CQLQ)
Cough Severity Score (CSS)
Cough Severity Index (CSI)
Cough Severity diary (CSD)
Health-related quality of life (HRQOL)

Objective Cough Sensitivity e (apsaicin challenge
Assessments ¢ Citric acid challenge
e Fog (Saline) challenge
o Tartaric acid challenge
Objective Cough Frequency o Leicester Cough Monitor (LCM)
Assessments e VitaloJak™ cough monitor

related to the upper airway [74]. Cough reflex sensitivity (chal-
lenge) tests measure the sensitivity of the cough reflex and are
better used to determine the mechanism of action of therapy,
rather than efficacy. The Leicester Cough Monitor (LCM) [75]
and VitaloJak [76] are ambulatory cough monitors that consist
of a microphone and recording device to determine cough
frequency. They do not correlate strongly with subjective
measures of cough as they do not measure the intensity or
impact of cough [73].

Cough reflex sensitivity challenge tests are also used in animal
models of cough. These tests often require the animal to be
anesthetized. However, anesthesia is known to modulate
cough, especially C-fiber-dependent cough [77-79]. In addition,
once threshold levels of stimulation are attained with acid chal-
lenge, the coughing evoked in anesthetized animals becomes
stimulus intensity-independent. Changes in threshold sensitivity
or on the number of doses evoking repetitive coughing events
may be a more appropriate analysis rather than the cumulative
number of coughs over a complete challenge [53]. A similar
approach has been employed in studying cough evoked by
mechanical stimulation of the airway mucosa in allergic
dogs [80].

While objective cough counts for human clinical trials offer a
better measure of treatment effectiveness this has never been
assessed in guinea pig cough models, which rely solely on reflex
cough tests. Even in patients the development of devices for
accurate objective cough monitoring has been challenging [81].
Stratifying patient groups for disease phenotype is also impor-
tant. Most cough animal studies use healthy animals to test
antitussives in cough challenge tests or do not generate appro-
priate disease states and treat cohorts with homogeneity [82].
Further, rats and mice do not cough and guinea pigs while being
the preferred cough animal model have features driving cough
that may not be critical in humans [54]. Few attempts have been
made to generate models displaying the features of CHS [83] or
the urge to cough [84], which likely drives behavioral coughing.
When specific efforts are made disease-specific neuropheno-
types can be encapsulated in animal models and have shown
consistent outcomes with human phenotypes [82].

2. Systematic review of drug therapies for refractory
cc

2.1. Methods

We searched MEDLINE, EMBASE, and Google Scholar from 2005
to May 2017 and included clinical studies of drug therapies for
the treatment of CC primarily focusing on Phase Il and Phase IlI
studies. The following keywords were used: ‘refractory chronic
cough’, ‘idiopathic chronic cough’, and ‘unexplained chronic
cough’, AND ‘clinical trials’, ‘cough medications’, or ‘cough
treatment’. The reference lists of identified articles were
searched to find additional relevant publications. Only articles
published in English in adult patients with refractory CC were
considered. The definition of refractory CC was dry, persistent
cough, greater than 8 weeks duration that had not responded
to guideline-directed management and treatments. Only stu-
dies in which patients receiving a pharmacological treatment in
a cohort study or randomized controlled trial (RCT) and had an



Table 3. Publications included in the systematic review.
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Citation

Publication type

Study design

Trialed drug (active) therapy

Bastian et al., 2006 [26]

Jeyakumar et al., 2006 [86]°
Norris & Schweinfurth, 2010 [87]

Lee & Woo, 2005 [25]

Mintz & Lee, 2006 [101]
Ryan et al., 2012 [89]°

Halum et al., 2009 [102]
Vertigan et al., 2016 [90]

Morice et al., 2007 [88]

Dion et al., 2017 [112]

Young et al., 2010 [117]

Khalid, S et al., 2014 [32]°

Abdulgawi et al., 2015 [91]°

Smith et al.,, 2017 [92]*

Smith et al., 2017 [42] VOLCANO-1
Study

Yousaf et al., 2010 [93]°

Hodgson et al., 2016 [94]°

Birring et al., 2017 [125)°

Full peer-reviewed

Full peer-reviewed
Full peer-reviewed

Full peer-reviewed

Letter peer-reviewed
Full peer-reviewed

Full peer-reviewed
Full peer-reviewed

Full peer-reviewed

Letter peer-reviewed
Conference Abstract
Full peer-reviewed
Full peer-reviewed

Conference Abstract

Conference Abstract
Full peer-reviewed

Full peer-reviewed

Full peer-reviewed

Prospective cohort, consecutive
patients

Randomized controlled trial.

Retrospective case series

Case series

Case series

Randomized, double blind, placebo-controlled
parallel trial

Retrospective chart review

Randomized, double blind, placebo-controlled
parallel trial

Randomized double blind placebo-controlled
crossover trial

Prospective case series on consecutive
patients

Randomized, double blind, placebo-controlled
parallel trial.

Randomized, double blind, placebo-controlled
crossover trial.

Randomized, double blind, placebo-controlled
two-period, crossover (phase Il) study

Multicenter, randomized placebo-controlled
parallel trial (Phase Ilb study)

Pilot, open-label Phase lla study.

Randomized, double blind, placebo-controlled
parallel trial

Randomized, double blind, placebo-controlled
parallel trial

Multicenter, double blind, randomized
placebo-controlled, 2-period crossover trial
(Phase lla study).

Amitriptyline 10 mg daily for 21 days

Amitriptyline 10 mg daily

Amitriptyline 25 mg/day to maximum
dose of 100 mg/day.

Patients with no response or
intolerable side effects prescribed
gabapentin (median dose 300 mg/tid)
for 2 months.

Gabapentin 100-900 mg daily for
4 weeks. Nonresponders stop at
4 weeks, responders continue dose for
3 months.

Gabapentin 100 mg bid to 1600 mg
daily dose for 3 months to 1 year.

Gabapentin maximum daily dose of
1800 mg for 10 weeks.

Pregabalin 75-150 mg bid for 4 weeks

Pregabalin 300 mg + Speech Pathology
for 14 weeks.

Morphine sulfate 5 mg bid for 4 weeks.
An open-label extension of 10 mg bid
in a subgroup of patients for 3 months.

Tramadol 50 mg every 8 h as needed.

Ketamine low dose single infusion
TRPV1 antagonist SB-705498 600 mg.
P2X3 Antagonist AF-219 600 mg bid.

P2X3 Antagonist MK-7264 (formerly AF-
219) 7.5 mg, 20 mg, or 50 mg BID for
12 weeks.

NK1 Antagonist Orvepitant 30 mg once
daily for 4 weeks.

Erythromycin 250 mg daily for 12 weeks.

Azithromycin 500 mg/day for 3 days
followed by 250 mg tid/week for
8 weeks.

PA101 Cromolyn sodium 40 mg tid for
2 weeks.

*These randomized controlled trials were included in the meta-analyses.

assessment of cough with an outcome measure were reviewed
(Table 3). Comparable trials were included in the meta-analyses
and underwent methodologic assessment with a Cochrane risk
bias tool [85].

2.1.1. Statistical analysis

Where possible we performed meta-analyses on placebo-con-
trolled randomized trials that measured the effectiveness of a
pharmacological treatment on refractory CC patients using
RevMan 5 software [Review Manager (RevMan) Version 5.3.
Copenhagen: The Nordic Cochrane Centre, the Cochrane
Collaboration, 2014].

We compared centrally acting antitussives/neuromodulator
RCTs that had a placebo comparator and used a similar cough
outcome measurement. This analysis included the the Jeyakumar
et al. (Amitriptyline) study [86], the Morice et al. (morphine
sulfate) study [88], the Ryan et al. (Gabapentin) study [89], and
the Vertigan et al. (Pregabalin + Speech Pathology) study [90]. As
the Jeyakumar et al. study used a different measure of cough
QOL to the other studies, we converted continuous outcome

data into Standardized Mean Difference (SMDs) and presented
these with 95% Cls. The Inverse-Variance method was used to
calculate the pooled estimate.

We also compared the placebo RCT P2X3 receptor antago-
nist trials that had used the same cough outcome measure,
that is, cough frequency with an automated cough monitor in
coughs/h from Abdulgawi et al. (AF-219) study [91] and the
Smith et al. (MK-7264) study [92].

Finally, the placebo RCT macrolide antibiotic trials that had
also measured cough frequency by automated cough monitor
in coughs/h from the Yousaf et al. (Erythromycin) [93] study
and the Hodgson et al. (Azithromycin) [94] study were com-
pared. Continuous data was converted into mean differences
(MDs) and presented with 95% Cl in the meta-analysis. The
Inverse-Variance method was used to calculate the pooled
estimate.

For the dichotomous data (Y/N for a response to the active
medication compared to a Y/N response to the placebo treat-
ment), we calculated effect sizes as risk ratios (RR) with 95% Cls. For
the Pregabalin + SPT trial, we contacted the authors to request the
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required information. Heterogeneity across the studies’ results was
examined and quantified with /> which describes the percentage
of total variation across studies that is due to heterogeneity rather
than due to chance [95]. A value of 0% indicates no observed
heterogeneity, and larger values show increasing heterogeneity.
For comparisons that had high heterogeneity (° > 75% and
p <0.01), we used a random effects model for the pooled estimate.
We presented the meta-analysis outcomes in Forest Plots using
RevMan V5.3 for each comparison.

2.2. Results

We identified 156 studies from which 84 articles were
excluded after applying the exclusion criteria to the Title or
Abstract. A further 53 articles were excluded after full text
screen leaving 19 articles for systematic review (Figure 1)
[96] and (Table 3).

The study quality of the nine full publication placebo-RCTs
was high in five studies (Figure 2). There was significant risk
of bias identified in two studies [86,91]. Randomization and
concealment of allocation were determined to be of high risk
in the Jeyakumar et al. [86] study, specifically patients were
randomized by chart numbers (not computer-generated ran-
domization) and there was a predictable allocation sequence
(patients with even chart numbers were placed on amitripty-
line, odd numbers were placed on codeine/guaifenesin).
Blinding of the intervention and incomplete data were deter-
mined to be of high risk in the Abdulgawi et al. [91] study.
This was due to the notable taste disturbances of AF-219 that
led to 25% of patients withdrawing before the end of the
trial.

The type of study, drug dose and duration, primary efficacy
outcome, primary results, adverse effects of trialed drugs, and
any methodological weaknesses are summarized in Table 4 for
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£ 5§ 8 = & &
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g 5 5 § 5 8
E £ 2 2 5 =z @
2§ 55§ 8 5
= <
¢ I = @ £ & 3B
AF-219 (P2X3 Antagonist), Abdulqawi 2015 | @) | @ (@ | 2 | @ | @ | 2
Anmitriptyline, Jeyakumar 2006 . . ? ? . . .
Azithromycin, Hodgson 2016 . . . . . . .
Erythromycin, Yousaf 2010 . . ' . . . .
Gabapentin, Ryan 2012 . . . . . . .
Morphine sulfate, Morice 2007 . . . . . . .
PA101 for CRC, Biing 2017 | @ | @ @ | ® | @ | ® | &
PREGAB+SPT, Vertigan 2016 | @ | @ | @ | @ | 2 (@ | 2
SB-705498 (TRPV1 Antagonist), Khalid 2014 | 2 | @ | @ | @ |2 | @ | @

Figure 2. Quality assessment (Cochrane risk of bias tool) for included RCTs.

Green circle with plus sign indicates low risk of bias, yellow circle with question mark
indicates unclear risk of bias, red circle with minus sign indicates high risk of bias. RevMan
Version 5.3. Copenhagen: The Nordic Cochrane Centre, the Cochrane Collaboration, 2014.
Full color available online.

centrally acting/neuromodulating antitussives, Table 5 for ion
channel receptor antagonists, and Table 6 for other

MEDLINE, Embase
January 1997 to May 1997
120 Citation(s)

Google Scholar
January 1997 to May 1997
64 Citation(s)

Ny

156 Non-Duplicate

Citations Screened

Exclusion Criteria: Non-English, Non Clinical, Paediatric, No Pharmacology, Review Article s .
After Title/Abstract Screen

84 Articles Excluded

72 Articles Retrieved

Exclusion
Criteria Applied

2 Articles Excluded

During Data Extraction

51 Articles Excluded
After Full Text Screen

19 Articles Included in Systematic Review

Figure 1. PRISMA flow diagram explaining the screening process of citations and number of articles included in the systematic review.
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medications. Additional study details that were considered
unique and/or important are included in the text.

2.2.1. Centrally acting medications for refractory CC
Centrally acting neuromodulators act on enhanced neural
sensitization — a key component of refractory CC. The suppres-
sion of cough with opiates have long been advocated [97,98];
however, there are few quality trial data to support this
recommendation. A recent placebo-controlled crossover trial
that used objective and subjective cough measures suggested
an antitussive effect similar to that of placebo in COPD
patients [99].

Each of the centrally acting neuromodulators (amitriptyline,
gabapentin, pregabalin, morphine, and tramadol) that we
reviewed had positive effects on cough-specific quality of life
and/or cough severity in patients with refractory CC or CC
associated with a neuropathic disease.

2.2.1.1. Amitriptyline. Amitriptyline is a tricyclic antidepres-
sant and inhibitor of serotonin reuptake that has been suc-
cessfully used in the treatment of sensory and laryngeal
neuropathic cough [26]. Jeyakumar et al. [86] investigated
amitriptyline in the treatment of refractory CC resulting from
postviral vagal neuropathy. Primary outcomes were patient
self-report percent reduction in cough frequency and severity,
and CQLQ. Improved CQLQ scores were associated with ami-
triptyline (calculated” mean (SD) change in score from base-
line was 24.5 (5.0) compared to mean (SD) change in score
from baseline of 2.9 (3.8) for placebo [meta-analysis, Figure 3

Experimental Control

(a)]. Thirteen from 15 (87%) patients in the amitriptyline group
had >50% cough improvement compared to one from 13 (8%)
patients in the codeine/guaifenesin group [meta-analysis,
Figure 4], number needed to treat (NNT) = 1.3. Combined
NNT for 15 studies assessing amitriptyline (25-150 mg/day)
for neuropathic pain is 3.6 (95% Cl 3.0-4.4) [52]. There were no
adverse effects of amitriptyline reported for this study
(Table 4) but there was high risk of bias (Figure 2).

2.2.1.2. Gabapentin. Gabapentin acts by blocking a sub-
set of central voltage-gated calcium channels and has
recently been recommended as a treatment option for
refractory CC by the CHEST Guideline and Expert Panel
Report [3]. The effectiveness of gabapentin treatment for
refractory CC was investigated in a placebo-controlled ran-
domized trial by Ryan et al. [89] (Table 4). The primary
efficacy outcome was cough quality of life measured by
the LCQ. The change in LCQ score from baseline was mean
(SD) 2.5 (3.1) for gabapentin and 1.1 (4.1) for placebo,
p = 0.004 [meta-analysis Figure 3(a,b)].

Significantly more participants in the gabapentin group
who had remained in the study at week 8 had a clinical
improvement in LCQ score of greater than 1.3 (the smallest
change in score regarded as clinically meaningful [100]) than
did those in the placebo group (20 [76.9%] of 26 vs. 12
[46.2%)] of 27; p = 0.038) [meta analysis, Figure 4]. This
corresponds to a NNT of 3.6. The combined NNT for 14
RCTs of gabapentin (900-3600 mg/day) for neuropathic
pain is 6.3 (95% Cl 5.0-8.3) [52].

Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Amitriptyline, Jeyakumar 2006 ~ 24.53 4.99 15 292 375 13 18.2% 4.70[3.18, 6.23] -
Gabapentin, Ryan 2012 25 31 32 1.1 441 30 27.8% 0.38[-0.12, 0.89] ™=

Morphine sulfate, Morice 2007 32 26 27 12 26 27 27.4% 0.76 [0.20, 1.31] =

PREGAB+SPT, Vertigan 2016 6.6 45 20 33 23 20 26.6% 0.91[0.25, 1.56] —

Total (95% Cl) 94 90 100.0% 1.41[0.37, 2.46] .

Heterogeneity: Tau? = 0.96; Chi? = 28.02, df = 3 (P < 0.00001); I = 89% 4 2 5 2 i

Test for overall effect: Z = 2.65 (P = 0.008)

Experimental Control

Mean Difference

Favours [placebo] Favours [CNS Drug]

Mean Difference Risk of Bias

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI ABCDETFG
Amitriptyline, Jeyakumar 2006 ~ 24.53 4.99 15 292 3.75 13 Not estimable

PREGAB+SPT, Vertigan 2016 66 4.5 20 33 23 20 19.9% 3.30[1.09, 5.51] I —

Gabapentin, Ryan 2012 25 31 32 1.1 441 30 29.5% 1.40[-0.42,3.22] T

Morphine sulfate, Morice 2007 32 26 27 12 26 27 50.7% 2.00[0.61, 3.39] ——

Total (95% CI) 79 77 100.0% 2.08 [1.09, 3.07] <@

Heterogeneity: Chiz = 1.72, df = 2 (P = 0.42); 12 = 0% 4 2 5 —t

Test for overall effect: Z=4.13 (P < 0.0001)

Risk of bias legend

(A) Random sequence generation (selection bias)

B) Allocation concealment (selection bias)

C) Blinding of participants and personnel (performance bias)
D) Blinding of outcome assessment (detection bias)

E) Incomplete outcome data (attrition bias)

F) Selective reporting (reporting bias)
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Figure 3. (a) Forest plot of a meta-analysis on CNS/neuromodulating medication vs. placebo medication on cough QOL. As the Jeyakumar et al study used a
different cough QOL measurement (the CQLQ) compared to the LCQ the standardised mean difference (SMDs) were calculated. (b) Forest plot of a meta-analysis on
CNS/neuromodulating medication vs. placebo medication on cough QOL. The study under high risk of selection bias (Jeyakumar et al.) was removed in a sensitivity
analysis. The remaining three studies all used the same cough QOL measurement (LCQ) so the mean differences (MDs) were calculated.

The green squares and black horizontal lines represent the SMD or MD and 95% Cl for each study. The larger the green square the more weight that study contributes to the overall pooled
estimate (black diamond). Risk of bias summary has also been included for each study (top right). RevMan Version 5.3. Copenhagen: The Nordic Cochrane Centre, the Cochrane

Collaboration, 2014. Full color available online.



An important aspect of this study was the defining of
patients with central sensitization of the cough reflex. This
was done on the basis of CRS (defined in patients for whom
a concentration of <134.8 pM/L of capsaicin stimulated five or
more coughs [C5]) and a history of specific cough character-
istics. These included cough triggered by laryngeal paresthesia
(throat irritation/sensation), nontussive triggers such as talking
on the phone or air conditioning (allotussia), and tussive
triggers such as smoke and fumes (hypertussia).

Ten from 32 (31%) patients assigned gabapentin had one or
more adverse effects compared with three from 30 (10%)
assigned placebo (p = 0.059). Adverse effects were managed
by temporarily reducing the dose (in six [19%] in the gabapen-
tin group versus three [10%] in the placebo group), or by
withdrawing patients from the study (one [3%] vs. one [3%]).
At the primary outcome meassurement of 8 weeks participants
with central sensitization (n = 39) had an enhanced response to
gabapentin, Baseline LCQ Mean (SD) 13.5 (8.6), Week 8 LCQ
Mean (SD) 17.1 (10.6) compared to those without central sensi-
tization (n = 23) Baseline, LCQ Mean (SD) 13.9 (9.5), Week 8 LCQ
Mean (SD) 15.3 (8.7), p = 0.001.

After withdrawal of the gabapentin, there was reduced effec-
tiveness further supporting its antitussive effect. Peripheral
cough reflex sensitivity to capsaicin did not change significantly,
suggesting that gabapentin did not act by reducing peripheral
sensitization. The treatment effect had not reached a plateau by
8 weeks justifying longer-term treatment for some individuals.

Neuromodulator  Placebo Drug
Study or Subgroup Events Total Events Total Weight M-H
Amitriptyline, Jeyakumar 2006 14 15 3 13 23.6%
Gabapentin, Ryan 2012 20 27 12 26  36.2%
PREGAB+SPT, Vertigan 2016 15 17 15 18  40.3%
Total (95% ClI) 59 57 100.0%
Total events 49 30

Heterogeneity: Tau? = 0.32; Chi? = 12.31, df = 2 (P = 0.002); I* = 84%
Test for overall effect: Z=1.41 (P = 0.16)

Risk of bias legend

(A) Random sequence generation (selection bias)

(B) Allocation concealment (selection bias)

(C) Blinding of participants and personnel (performance bias)
(D) Blinding of outcome assessment (detection bias)

(E) Incomplete outcome data (attrition bias)

(F) Selective reporting (reporting bias)
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This has been shown in case studies before [25,101]; however,
further placebo-RCTs would need to be conducted to confirm
how long a patient with refractory CC needs to remain on
gabapentin for cough resolution.

2.2.1.3. Pregabalin. Pregabalin has a similar structure to
gabapentin. It acts on central nervous system calcium channels,
leading to decreased release of neurotransmitters such as gluta-
mate, noradrenaline, and substance P. Halum et al. [102] showed
that pregabalin was effective in the treatment of a small number
of patients with laryngeal sensory neuropathy. In 2016, Vertigan
et al. [90] compared a combination treatment of pregabalin
(PREG) and SPT to a matching placebo medication (PLAC) and
SPT for patients with refractory CC (Table 3). The change in LCQ
score from baseline for the PREG + SPT group was mean (SD) 6.6
(4.5) compared to the change in LCQ score from baseline for the
PLAC + SPT group, mean (SD) 3.3 (2.3), p = 0.024 [meta-analysis,
Figure 3(a,b)]. Importantly there was a sustained effect from the
treatment after cessation of the pregabalin. Fifteen from 17
(88%) patients that completed treatment in the PREG + SPT
group had a minimally important change (MIC) in their LCQ of
greater than 1.3, and 15/18 (83%) patients that completed treat-
ment in the PLAC + SPT group had an MIC in their LCQ of greater
than 1.3, NNT = 20 [meta-analysis, Figure 4]. This large NNT
would be attributable to the SPT component used in both
groups. It would be expected that there would be a much smaller
NNT if the placebo group did not include the SPT component.

Risk Ratio

, Random, 95% CI

4.04[1.49, 11.01]
1.60 [1.00, 2.57]
1.06 [0.81, 1.39]

Risk Ratio
M-H, Random, 95% CI

Risk of Bias

1.69 [0.82, 3.49]
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. . )
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(G) Other bias
Neuromodulator  Placebo Drug Risk Ratio Risk Ratio Risk of Bias

Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI ABCDETFG
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Total events 34 15
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Test for overall effect: Z = 3.37 (P = 0.0007)

Risk of bias legend

(A) Random sequence generation (selection bias)

B) Allocation concealment (selection bias)

C) Blinding of participants and personnel (performance bias)
D) Blinding of outcome assessment (detection bias)
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F) Selective reporting (reporting bias)
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Figure 4. (a) Forest plot comparing responders to non-responders for the CNS/neuromodulating medications of amitriptyline, gabapentin and pregabalin placebo-
controlled randomised trials. (b) Forest plot comparing responders to non-responders for gabapentin and amitriptyline placebo-controlled randomised trials only.

The blue squares and black horizontal lines represent the Risk Ratio and 95% Cl for each study. The larger the blue square the more weight that study contributes to the overall pooled
estimate (black diamond). Summary risk of bias has also been included for each study. RevMan Version 5.3. Copenhagen: The Nordic Cochrane Centre, the Cochrane Collaboration, 2014.

Full color available online.
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Pregabalin in neuropathic pain has a combined NNT of 7.7 [52].
Capsaicin cough sensitivity also improved for both treatment
groups but was not statistically significant between groups.

Uniquely, the effects on voice and laryngeal symptoms by
the intervention were also investigated. Laryngeal hypersensi-
tivity (LHQ) scores were found to improve with treatment in
both groups but the change in LHQ score was significantly
higher with the PREG + SPT group (p = 0.02) and this effect
was maintained at follow-up (4 weeks after cessation of treat-
ment). Notably, laryngeal hypersensitivity outcomes were simi-
lar to the self-reported cough outcomes implying laryngeal
hypersensitivity may be relevant in the concept of central
mechanisms in CHS and refractory CC. The proposed central
action of pregabalin was further supported by no change on
phonation between the two treatment groups. SPT targets
vocal function suggesting that the combined treatment of
PREG + SPT target specific elements in the treatment of
cough.

Adverse effects of the treatment were high, 75% of partici-
pants reported an AE. Blurred vision, cognitive changes, dizzi-
ness, and weight gain were significantly greater in the
PREG + SPT group while sleep disturbance and headache
were significantly greater for the PLAC + SPT group. The
incidence of AEs for this study was much higher than the
gabapentin study (31%) [89]. The risk/benefit of pregabalin
versus gabapentin for the treatment of refractory CC needs
to be carefully considered. The magnitude of change in LCQ
and cough severity in the pregabalin study was greater than
the gabapentin study; however, adverse effects were higher.
Pregabalin has greater abuse potential compared to gabapen-
tin most likely due to its more rapid absorption and faster
onset of action [103].

This combination treatment study further supports the
effect of SPT on refractory CC [104].

2.2.1.4. Morphine. In a placebo-controlled randomized
crossover study, Morice et al. [88] investigated the treatment
of refractory CC with the opiate morphine sulfate compared to
placebo. Cough was reported to be productive in 16 of 27
(59.2%) patients. Adverse effects were elicited at each visit by
enquiring about the known side effects of opiate therapy from
a symptom checklist.

Similar to the Gabapentin study [89], there was no signifi-
cant difference between morphine and placebo for the citric
acid cough challenge test supporting its central mechanism.

The study demonstrated a favorable benefit of morphine,
mean (SD) change in LCQ score from baseline of 3.2 (2.6) over
placebo, mean (SD) change in LCQ score from baseline of 1.2
(2.6), p = 0.02 [meta-analysis, Figure 3(a,b)]. The distribution of
response seemed to segregate into responders and nonre-
sponders (shown graphically by the author [88]). Response to
treatment occurred rapidly, with maximum benefit being
achieved by Day 5 in those who responded. The patients
who had a subtherapeutic response requested an increase in
dose to 10 mg twice daily in an extension phase of the study.
This brought about a further amelioration of cough scores,
suggesting that the optimum dose of morphine in the sup-
pression of CC lies between 5 and 10 mg twice daily. However,

with dose escalation, the incidence of drowsiness also

doubled.

2.2.1.5. Tramadol. Tramadol is a centrally acting analgesic
structurally related to codeine and morphine. Tramadol has
two enantiomers, both of which contribute to analgesic activ-
ity via different mechanisms. Tramadol has been associated
with serotonin syndrome when taken with serotonergic med-
ications in case reports [105-107] although in a large recent
study this was found to be very unlikely even in overdose
[108]. There have been significant adverse effects such as
seizures reported suggesting that the decision to prescribe
tramadol should be carefully considered [108,109]. A recent
Cochrane Systematic review found that there is only modest
information to support tramadol use in neuropathic pain
[110]. Interestingly, in a trial by Sindrup et al. [111], there
was a significant therapeutic effect of tramadol on paresthesia,
allodynia, and touch-evoked pain - similar characteristics to
those described in neuropathic CC.

To date, there are no RCTs on the use of tramadol for
neurogenic or refractory CC. However, due to tramadol’s
effects on neuropathic pain it may be considered a developing
therapy for refractory CC. Dion et al. [112] investigated the
treatment of neurogenic cough with tramadol at a tertiary
care laryngology practice (Table 3). The LCQ and the CSI [74]
(which quantifies patients’ upper airway cough symptoms)
were the primary outcomes. The LCQ scoring system differed
to the usual LCQ score as the investigators did not calculate
the domain scores. There was a change in LCQ score from
baseline to posttreatment for tramadol (improved from 74 to
103, p = 0.005). Subsequent long-term placebo-controlled
trials could further elucidate the duration, effectiveness, and
safety of tramadol treatment for neurogenic cough.

2.2.1.6. Meta-analysis of CNS/neuromodulator drugs for
refractory CC. Figure 3(a) shows the results from a meta-
analysis on the centrally acting antitussives/neuromodulators
versus placebo medication that had a continuous outcome
measurement of cough QOL. As three of the studies used
the LCQ and the Jeyakumar et al. [86] study used a CQLQ,
the data was converted to SMDs for comparison. There was
high heterogeneity (> = 89%, p < 0.00001) between the
studies so a random effects model was used for the pooled
analysis. There is an overall significant pooled effect from the
CNS/neuromodulating treatment (SMD 1.41, 95% Cl 0.37 to
2.46, p = 0.008) (Figure 3(a)).

In a sensitivity analysis, we removed the study under high
risk of selection bias (Jeyakumar et al. [86]) and the effect for
the remaining three studies was increased (MD 2.08, 95% Cl
1.09 to 3.07, p < 0.0001) (Figure 3(b)).

Figure 4(a) shows the results from a meta-analysis on the
centrally acting/neuromodulators that had a dichotomous
outcome of treatment response. There was moderately to
high heterogeneity (> = 84%, p = 0.002) between the studies
so a random effects model was used for the pooled analysis.
There is an overall nonsignificant pooled effect from the active
treatment (RR 1.69, 95% Cl 0.82 to 3.49, p = 0.16). This is likely
due to the positive effect on refractory CC by the SPT +



placebo treatment where response rates where very similar
(83%) compared to the Pregabalin + SPT response rate of 88%.

If we remove the Vertigan et al. [90] study from the meta-
analysis due to the effect of speech pathology on cough out-
comes, there is now a significant pooled-effect from the
remaining neuromodulators, gabapentin and amitriptyline
(RR 2.11, 95% Cl 1.37 to 3.26, p = 0.0007) (Figure 4(b)). There
is less effect from the gabapentin treatment but there is more
risk of bias for the amitriptyline study.

If the RR for these two studies is converted to NNT, amitripty-
line has a NNT of 1.3, and for gabapentin, NNT is 3.6. Most meta-
analyses of effective analgesic treatments generally report a NNT
of 2-4. If we compare commonly used analgesics such as ami-
triptyline and gabapentin for neuropathic pain, the combined
NNT to achieve more than 50% pain relief are NNT = 3.6 for
tricyclics and NNT = 6.3 for gabapentin [52]. Our analyses also
suggest that amitriptyline and gabapentin are also good candi-
dates for treating neuropathic/refractory CC.

2.2.2. Receptor antagonist treatments for pain and
refractory CC

Transient receptor potential (TRP) ion channels and acid sensing
ion channels (ASICs) are important in pain and cough. From the
TRP superfamily, the main triggers in the airways are the TRPV and
the TRPA ion channels, expressed on the C-fibers of sensory nerves
[27,113-115]. Nociceptive sensory neurons also take part in pro-
tective reflexes, including the cough and sneeze reflexes, and
release inflammatory neuropeptides in the periphery upon stimu-
lation by different environmental stimuli [113]. The TRPA1 recep-
tor antagonist GRC17536 has shown a statistically significant and
clinical response in a Phase lla clinical trial for the treatment of
diabetic peripheral neuropathy [116]; however, an unpublished
placebo-controlled study of GRC17536 in CC did not reduce 24 h
cough frequency, cough VAS, or citric acid cough reflex sensitiv-

ity [21].

2.2.2.1. The NMDA receptor antagonist ketamine. Only a
few ion channels expressed in the primary sensory nerves are
known to be directly gated by acid and lead to sensory
activation. These include TRPV1 and ASICs. Acid can modulate
cough pathways triggering or sensitizing cough. NMDA recep-
tors are involved in acid-evoked reflexes such as the cough
reflex [51].

In a recent study assessing the effects of low dose ketamine
on refractory CC, ketamine was found to have no significant
effect on capsaicin cough reflex sensitivity or 24 h objective
cough counts in patients with cough or in healthy control sub-
jects [117] (Table 5). Change in 24 h cough frequency for cough
patients was baseline, median (IQR) 13.0 (16.8) to post-ketamine
median (IQR) 13.5 (14.9), p = 0.52 coughs/h compared to placebo
baseline, median (IQR) of 4.7 (2.8) to post-placebo saline median
(IQR) of 4.4 (2.4), p = 0.44 coughs/h. This implies that not all
NMDA receptor antagonists are equivalent in their antitussive
effects; perhaps as a consequence of the involvement of receptor
subtypes or that the cough outcomes used in some studies may
not be specific measures of central effects.

NMDA receptors are present in both central and peripheral
tissues. In the gabapentin [89] and morphine [88], RCTs reviewed
earlier there was also no change in cough reflex sensitivity
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assessed with capsaicin suggesting a central mechanism of
action. Conversely in a guinea pig study [118], memantine was
found to significantly inhibit capsaicin-induced cough suggest-
ing that the memantine site of action was peripheral. Further,
capsaicin cough reflex sensitivity and objective cough frequency
outcomes significantly decreased in both the pregabalin with
SPT and the placebo with SPT groups from the Vertigan et al. [90]
study suggesting that speech pathology has an effect on the
peripheral component of refractory cough.

2.2.2.2. The TRPV1 receptor antagonist SB-705498. Khalid
et al. [32] assessed the antitussive effects of the TRPV1 receptor
antagonist SB-705498 in patients with refractory CC (Table 5).
Patients who did not cough at least five times [C5] after capsaicin
inhalation up to a concentration of 250 pumol/L were also
excluded; this is an extra cough criterion not used by other
studies. Co-primary outcomes were assessed by the capsaicin
cough reflex sensitivity test (C5) before dose, 2 h after dose, and
24 h after dose and with 24-h cough frequency using the
VitaloJAK® cough recorder before and after dose. Data for the
two primary endpoints were analyzed using a mixed-effects
model with a power to detect a 1-sided 2.5% difference between
SB-705498 and placebo. A significant improvement in C5 values
with SB-705498 treatment was reported at 2 h (p = 0.005) and
borderline significant at 24 h (p = 0.026) when compared to
placebo treatment. Patients coughing on placebo were
accounted for in the analysis by imputing the next concentration
of capsaicin with no change in significance. Twenty-four hour
objective cough frequency was not improved GEM (SD) 24.2
(12.9) compared with placebo 23.9 (10.5). Ten nonserious AEs
were reported for placebo and seven were reported for
SB-705498 treatment. There were no significant changes in tym-
panic temperature — an important finding as clinical studies on
TRPV1 blockade in pain have shown effects on core body tem-
perature [116]. This study highlights the importance of using
both objective and subjective cough measures when testing
the antitussive effects of medicines.

2.2.2.3. The P2X3 receptor antagonist AF-219. Abdulgawi
et al. [91] investigated the efficacy of AF-219 on 24 patients with
refractory CC (six [25%] patients had a productive cough)
(Table 5). Patients taking ACE inhibitors, opioids, neuromodula-
tors or any other treatment that might modulate cough were
excluded. On the basis of new safety data for AF-219, the proto-
col was amended once during recruitment. Safety was assessed
through monitoring adverse events, physical examinations, vital
signs, ECGs, blood and urine analysis, and urinary-tract ultra-
sound scans. Primary analysis included all randomized patients
who took at least one dose of the study drug (intent to treat [ITT]
analysis). Only observed data were included (no imputation for
missing data). A per-protocol population analysis was also com-
pleted for end-of-treatment cough assessment for both study
periods and for those that did not deviate from the protocol in a
way that could have affected efficacy results.

The primary efficacy outcome measure was daytime cough
frequency at baseline and after 2 weeks of treatment using the
VitaloJAK® 24 h ambulatory cough recorder.

Daytime cough frequency fell from a mean (SD) of 37 (32)
coughs/h to 11 (8) coughs/h after AF-219 treatment versus 65
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Antagonist Control
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Figure 5. Forest plot of the P2X3 receptor antagonist AF-219/MK-7264 compared to placebo medication.

The green squares and black horizontal lines represent the SMDs and 95% CI for each study. The larger the green square the more weight that study contributes to the overall pooled
estimate (black diamond). Risk of bias assessment not included as the Smith et al [92] study is a published Abstract only. Full color available online.

(163) coughs/h to 44 (51) coughs/h after placebo, p = 0.0003
(Table 5) Mean (SD) change in coughs/h were calculated by
the author (NMR) for meta-analysis, Figure 5. Patients with the
highest cough frequency had the greatest improvements.
When receiving AF-219, 11 of 22 patients selected the three
most improved ratings (‘a very great deal better’, ‘a great deal
better’, or ‘a good deal better’) compared with 1 of 22 patients
during placebo treatment in the ITT population. Interestingly,
for the 14 patients assessed in the same way in the per-
protocol population, 8 of 14 (57%) fell into the top three
categories while 6 of 14 (43%) patients said that their cough
was ‘a little better’, the ‘same’, ‘a little worse’, ‘a good deal
worse’, or ‘a very great deal worse’.

This study and some of the authors were industry spon-
sored. Declarations of interests were noted for study design,
medical monitoring, trial oversight, trial monitoring, data man-
agement, analysis, and reporting of the study. The authors
concluded that AF-219 was associated with improvements in
both objective and subjective measures of cough suggesting
that P2X3 antagonists may have a role in mediation of neuro-
nal hypersensitivity and the treatment of refractory CC.

In a more recent Phase llb clinical trial, Smith et al. [92]
further investigated the role of MK-7264 (formerly AF-219) in
the treatment of patients with refractory CC. This was a larger
clinical trial to further evaluate safety, efficacy, and the ther-
apeutic dose range of MK-7264. Primary outcome was mean
change in Awake Cough Frequency (coughs/h) posttreatment
versus baseline using the VitaloJAK®. MK-7264 at a dose of
50 mg significantly reduced the Awake Cough Frequency out-
come Mean log, (SD) -0.80 (0.11) compared to placebo Mean
logqo (SD) -0.40 (0.11), p = 0.0027 (Table 5) [meta-analysis,
Figure 5]. At this stage only a published abstract is available
for review hence details of the statistical methods and full
results were not available. Dysgeusia was reported to be the
most common adverse effect with 81% of patients on the
50 mg BID active dose reporting AEs relating to taste.

2.2.2.4. The NK1 receptor antagonist Orvepitant. The
VOLCANO-1 study by Smith et al. [42] assessed the efficacy
and safety of the centrally active NK1 antagonist Orvepitant
in patients with refractory CC. The primary efficacy outcome
measurement was objectively measured daytime cough fre-
quency (coughs/h) using the VitaloJAK® after 4 weeks of
treatment. There was a statistically significant improvement
in daytime cough frequency at Week-4: mean reduction of
18.9 coughs/h [95% Cl 28.3 to 9.6), p < 0.001, a decrease of
26% from baseline. At the 8-week follow-up, the reduction
in daytime cough frequency was sustained (20.4 coughs/h

[95% Cl 37.5 to 3.2], p = 0.02), a decrease of 28% from
baseline cough frequency suggesting a ‘normalizing’ effect
on the hypersensitized cough reflex. Orvepitant was safe
and well-tolerated suggesting that it may be a promising
antitussive for both peripheral and central CRS in refractory
CC. However, as this is a published abstract, results on
peripheral cough measurements were not given. These
results would also need to be confirmed through placebo-
controlled randomized studies.

2.2.2.5. Meta-analysis of P2X3 receptor antagonist AF-219/
MK-7264 for refractory CC. Figure 5 shows the results from
a meta-analysis comparing the continuous outcome mea-
sure of cough frequency (coughs/h) for P2X3 receptor
antagonist AF-219/MK7264 compared to placebo. Data
from the Smith et al. MK7264 study is in a log10 scale so
the data were converted to SMDs for comparison. There was
very high heterogeneity (/> = 98%, p < 0.00001) between the
studies, so a random effects model was used for the pooled
analysis. The overall pooled effect of the P2X3 antagonist on
cough frequency was nonsignificant, SMD [95% CI] 1.84
[-1.64 to 5.32], p = 0.30. This is likely due to the extreme
differences in the data for these two studies. The mean and
SD from the Smith et al. study (although confirmed with
study author) is highly different to that from the Abdulgawi
et al. study. Further confirmation of this result will not be
possible until full publication and disclosure by the sponsor
occurs.

2.2.3. Other medication treatments for refractory CC
2.2.3.1. Macrolide antibiotics for refractory CC. Jatakanon
et al. [119] found that patients with refractory CC have
induced sputum neutrophilia and raised concentration of
mediators associated with neutrophilic airway inflammation,
including interleukin 8 (IL-8), tumor necrosis factor alpha and
prostaglandin E, (PGE,). Yousaf et al. [120] suggested that
there might be a causal link between neutrophilic airway
inflammation and cough when noting a significant, indepen-
dent association between the induced sputum neutrophil
count and 24 h cough frequency. Long-term low-dose macro-
lides have been shown to reduce induced sputum neutrophil
count in neutrophilic inflammation of the airways [121,122].

2.2.4. Erythromycin

In a randomized double-blind placebo controlled trial,
Yousaf et al. [93] tested the hypothesis that erythromycin
given for 12 weeks would reduce neutrophilic airway inflam-
mation and 24 h cough frequency in patients with
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Figure 6. Forest plot of macrolide antibiotics erythromycin and azithromycin compared to placebo medication.

The green squares and black horizontal lines represent the Risk Ratio and 95% Cl for each study. The larger the green square the more weight that study contributes to the overall pooled
estimate (black diamond). Summary risk of bias has also been included for each study. Full color available online.

unexplained CC. Importantly, this study used a wide range
of objective and subjective measures of cough severity to
determine treatment effect. Low-dose erythromycin treat-
ment for 12 weeks was found to reduce the induced sputum
neutrophil count but not cough frequency or cough severity
in patients with refractory CC (Table 6). An important and
unexpected finding of this study was the large reduction in
24 h cough frequency and improvement in LCQ seen with
the placebo treatment. The authors make an important
point that this result supports suggestions that traditional
uncontrolled treatment trials evaluating patients with CC
may be flawed, particularly if 24 h cough frequency is used
to assess treatment response.

2.2.5. Azithromycin

Hodgson et al. [94] also sought to explore potential effects
of the macrolide azithromycin on cough symptoms in
patients with refractory CC (Table 6). This study compared
250 mg of azithromycin or matching placebo 3 times a
week for 8 weeks. The LCQ was the primary outcome mea-
sure with cough VAS and exhaled nitric oxide measured as
secondary outcomes. There was a clinically important
improvement in LCQ score with azithromycin mean change
[95% CI] 2.4 [0.5 to 4.2] but not with placebo, mean change
[95% CI] 0.7 [-0.6 to 1.9]. However, the between-group
difference was not statistically significant (p = 0.12). Eleven
of the 21 (52%) subjects in the azithromycin group had a
clinically significant improvement in their LCQ score. In
patients with CC and a concurrent diagnosis of asthma,
there was a large and significant improvement in LCQ
score (mean change [95% CI] 6.19 [4.06 to 8.32]) when
treated with azithromycin. The results did not support the
routine use of low-dose macrolides in patients with refrac-
tory CC, but for CC in association with asthma the results
suggested that further investigation was warranted. There
were no objective measures of cough frequency or cough
severity used in this study.

2.2.5.1. Meta-analysis of macrolide antibiotic drugs for
refractory CC. As the erythromycin study [93] assessed LCQ
as a secondary outcome, a meta-analysis on the two macrolide
antibiotics could be performed (Figure 6). It can be seen that
there is a small effect from azithromycin over placebo

treatment on LCQ in refractory CC patients, MD [95% CI] 1.70
[-0.66 to 4.06]. There was no effect of erythromycin over
placebo on LCQ in patients with refractory CC, MD [95% Cl]
0 [-2.72 to 2.72], therefore the overall pooled estimate of effect
was not significant, MD [95% CI] of 0.97 [-0.81 to 2.75],
p = 0.29. Both studies were assessed to have a very low risk
of bias (Figure 2).

2.2.5.2. PA101 cromolyn sodium formulation for refractory
CC. PA101 is a novel formulation of cromolyn sodium deliv-
ered via a high-efficiency eFlow nebulizer (PARI, Germany) that
achieves significantly higher lung deposition compared to
previous formulations. Cromolyn blocks calcium ion influx
into mast cells preventing the degranulation of mast cells in
the lungs. Inhaled sodium cromoglicate has been shown to
inhibit both allergen-induced early and late asthmatic
responses and exercise-induced asthma [123,124]. Birring
et al. [125] very recently assessed the efficacy and safety of
inhaled PA101 in a randomized placebo-controlled trial in
patients with idiopathic pulmonary fibrosis (IPF) and CC and
a parallel study of similar design in patients with refractory CC.
The primary efficacy endpoint was change from baseline to
posttreatment daytime cough frequency using the LCM.
Twenty-four participants with IPF were randomly assigned to
treatment groups. In patients with IPF, PA101 reduced day-
time cough frequency by 31.1% at day 14 compared with
placebo. Daytime cough frequency with PA101 treatment fell
from a mean (SD) of 55 (55) coughs/h at baseline to 39 (29)
coughs/h at day 14 versus 51 (37) coughs/h at baseline to 52
(40) cough/h following placebo treatment (ratio of least-
squares [LS] means 0.67, 95% Cl 0.48 to 0.94, p = 0.024).

Twenty-eight participants with refractory CC were enrolled
during the same period and 27 received study treatment. By
contrast, no treatment benefit for PA101 was observed in the
refractory CC cohort; mean reduction in daytime cough fre-
quency was 25.9% with PA101 and 19.7% with placebo (6.2%
greater mean reduction for PA101 when adjusted for placebo);
ratio of LS means 1.27, 0.78 to 2.06, p = 0.31 (Table 6).

PA101 was well tolerated in both cohorts. The incidence of
adverse effects was similar between PA101 and placebo treat-
ments, mild in severity, and no severe adverse effects were
reported. Four patients in the refractory CC cohort discontin-
ued the study due to AE's: two patients during placebo
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treatment (headache, cough, and oropharyngeal pain; dizzi-
ness), and two patients during PA101 treatment (angioedema
and sinus tachycardia; pharyngeal hypoesthesia, cough, and
dyspnea) [125]. The results of this study suggest that the
mechanism of cough in IPF might be disease specific as it
responds to PA101 treatment while refractory CC without IPF
does not respond to PA101 treatment.

2.3. Expert opinion

CC is common and refractory CC is very difficult to treat, as
effective antitussives to control cough are currently limited.
The similarity between mechanisms in pain and cough led to
trials of neuromodulators such as amitriptyline, gabapentin
and pregabalin that demonstrated an antitussive effect. The
importance of central mechanisms regulating cough has been
reported in fMRI studies. Gabapentin and Speech Pathology
Treatment are effective therapies that are now incorporated
into the treatment guidelines for unexplained or refractory CC
but novel and other antitussive treatments are still needed.
Drugs that target peripheral neuronal sensory receptors have
recently been investigated; the P2X3 receptor antagonists
show most promise. Further understanding of the mechan-
isms of cough is required to develop new treatments and this
could be enhanced through the development of appropriate
and specific disease state animal models.

The primary available therapies for refractory CC include
gabapentin, speech pathology, and morphine. However, the
current options do not always work and some have undesirable
side effects. The goal is to develop effective cough treatments
that reduce but not completely suppress cough and avoid CNS
side effects such as sedation. We need a better understanding of
cough mechanisms, for example, what is the relative importance
of peripheral sensitization, central sensitization, and inhibitory
pathways? It is also important to establish whether there are
disease-specific differences or phenotypes of cough, as this will
dictate the development of therapies.

A key challenge for cough research is a need for better
understanding of the cough neural pathways. This is difficult
to study in vivo and therefore better animal cough models
that reflect human cough are needed.

During the next 5 years, clinical trials in CC are planned
with medications that target P2X3, NK1, TRPV4, TRPMS8, and
ALPHA7-Nicotinic receptors. Current research into central
cough inhibition pathways with fMRI imaging techniques
have highlighted areas in the brain for central sensitization
and therapies that target this are worth investigating.
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