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Introduction

Over the last two decades, advances have been made in 
understanding the underlying mechanisms of the cough 
reflex and the pathophysiology of excessive coughing. These 
advances in clinical or preclinical cough research came 
with the development and application of novel metrics of 
objective and subjective cough assessment (1).

A range of validated methods to measure the severity 
of cough have been used, which can be broadly classified 

into subjective and objective approaches (2). The subjective 
assessments focus on the patients’ perception of cough 
itself and the impact it has on cough-related quality of life 
(QoL) (3). However, subjective patient-reported outcomes 
(PROs) are only moderate correlated with cough counting 
(4,5). Twenty-four-hour cough counting is a semi-objective 
assessment and has been suggested as the best method 
to quantify cough (6), but due to its labour-intensive and 
time-consuming nature, it has been largely confined to the 
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research setting. Finally assessing cough reflex sensitivity, 
usually by inhalational challenge, can be used to dissect the 
pathophysiologic mechanisms of cough and evaluate the 
effect of drug intervention in clinical trials (7,8). 

These three metrics of cough, PROs, cough counting, 
and cough challenge represent different, but linked, facets 
of coughing. To help understand the assessment of these 
metrics in clinical trials and clinical practice we have 
reviewed the current “state of the art” (Figure 1).

Cough reflex sensitivity assessments

Cough sensitivity refers to the response of cough reflex to 
external noxious stimuli, including mechanical, chemical, 
and thermal stimuli (9). Patients with chronic cough 
(CC) often present with allotussia to innocuous stimuli, 
abnormal sensations or irritability in the throat (laryngeal 
paresthesia), and increased response to tussive stimuli 
(hypertussia). These characteristics led to the description of 
a distinct clinical entity named the cough hypersensitivity 
syndrome (CHS) (10,11). CHS is due to excessive activation 
of cough reflex consequent on neuronal dysregulation. This 
may occur at the peripheral airway sensory level and/or 

the dysfunction in the higher brain pathways (12-14). The 
accurate assessment of peripheral/central cough sensitivity 
is essential for driving forward advances in improving the 
understanding and management of CC. 

Objective tools

Peripheral cough sensitivity
Mechanical challenge tests
Cough can be elicited by the activation of mechanically 
sensitive vagal afferent nerves projecting to the large airways 
(some specialised Aδ fibres, commonly named cough 
receptors) and lungs [mechanoreceptors, including rapidly 
adapting receptors (RARs) and slowly adapting receptors 
(SARs)] (15). In preclinical animal studies, the invasive 
intratracheal mechanical stimulation was found to induce 
the cough reflex in anaesthetised rabbits/cats/dogs (16-20). 
For humans in clinical practice, the common area where the 
mechanical stimulation has been applied are the large airways 
level and the chest (8,9). In 2004, Lee and Eccles reported the 
first study to elicit cough in humans by the vibration of the 
airway at the trachea level with a modified men’s shaver. This 
research group also subsequently applied 70 Hz percussion 
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stimulation to the chest to induce cough. In both studies, 
patients with upper respiratory tract infection (URTI) had 
an increased cough response to the mechanical stimulation 
compared with the healthy subjects (21,22). An enhanced 
cough reflex to percussive stimulation was also observed in 
patients with idiopathic pulmonary fibrosis (IPF), which 
was the most prominent when low-frequency stimulation  
(20 Hz) was applied to the most extensive area of fibrosis, the 
posterior lung base (23). Kamimura et al. demonstrated that 
mechanical stimulation of the cervical trachea is a feasible 
cough challenge test by evaluating the following three tests 
in patients with cough: (I) tracheal compression test (TCT): 
the cervical trachea was compressed softly with the fingers 
several times; (II) tracheal stretch test (TST): the trachea 
was stretched by retroflexion of the neck; (III) tuning fork 
test (TFT): vibratory stimulation was provided by placing a 
tuning fork on the cervical trachea for 20 s (24). However, the 
cough detection rate of the tests was only 27.7%, 39.8%, and 
36.9%, respectively and no stimulus response relationship 
can be detected.
Chemical cough challenge tests
Vagal C fibres are thought to be the primary mediators 
in regulating pathological cough. They express receptors 
responsive to various chemical stimuli, including transient 
receptor potential vanilloid-1 (TRPV1), sensitive to capsaicin 
and pH (25-27), transient receptor potential ankyrin 1 
(TRPA1), sensitive to multiple irritants including allyl 
isothiocyanate (AITC) and cinnamaldehyde (28,29). TRPV4, 
sensitive to anandamide, arachidonic acid and osmotic stimuli 
such as distilled water) (30,31), transient receptor potential 
melastatin 8 (TRPM8), sensitive to the cooling compounds 
menthol, icilin, and eucalyptol (32) and purinergic receptors 
(P2X3 and P2X2/3) sensitive to adenosine triphosphate  
(ATP) (33). Since the first introduction of citric acid as a 
challenge agent in the human study (34), the controlled 
inhalation of tussive chemical stimuli has been used in 
assessing the cough reflex sensitivity for over 60 years. Thus, 
challenges and their responses may be used to probe different 
receptors/pathways subtending the cough reflex (34-38). 

The standardized methodologies of cough challenge 
tests have been described elsewhere (6,9,39). The first 
administered concentrations of tussive stimuli causing 
two (C2) and five (C5) coughs are commonly taken as the 
endpoints of patients being told “cough if you need to”. 
However, the traditional endpoints may not best reflect 
clinical relevance due to the extensive overlap between CC 
patients and healthy subjects and the poor correlation with 
24-h cough frequency (C2: r=−0.08 and C5: r=−0.03) (40,41). 

Hilton et al. measured the cough responses utilizing 
two novel endpoints with nonlinear mixed-effects 
modelling: Emax (the maximum cough numbers evoked by 
any concentration of capsaicin) and ED50 (the capsaicin 
dose needed to induce half-maximal response), which 
could discriminate health subjects from CC and imply the 
neuronal pathways controlling cough. However, maximal 
dose challenge test may not be tolerated and compared 
to C2/C5, it takes a long time (30–45 min) to reach the 
plateau at the maximum tolerated dose (42,43). Another 
alternative method can be used for the longitudinal follow-
up of patients: comparison of cough numbers elicited by 
the individualised ED50 dose between every follow-up, 
which may be more time efficient (44,45). To date, no 
methodology provides meaningful utility in clinical practice.

In antitussive drug development, challenge tests including 
capsaicin, ATP, interferon γ (IFN-γ), distilled water have 
achieved common usage in clinical trials, but there is poor 
correlation with other cough metrics (41,46-49). The highly 
specific antagonists of TRPV1, XEN-D0501, and SB-
705498, demonstrated efficacy and potency in preclinical 
and capsaicin cough challenge studies, thus showing target 
engagement but failed to show any efficacy in patients with 
refractory chronic cough (RCC) (50-52). This indicates 
individual receptors may have different roles in the complex 
pathophysiology of cough. 
Arnold nerve reflex (ANR)
ANR, also known as the ear-cough reflex, was first 
described by Arnold in 1831 and named after the German 
anatomist (53). ANR is a mechanical challenge test, which is 
evaluated by stimulating the external auditory canal of each 
ear with a cotton-tipped applicator. Coughing occurring 
within 10 s of stimulation is considered induced by the 
irritation of the external auditory canal innervated by the 
auricular branch of the vagus nerve, which was present in 
about 25% of CC adults and 3% of CC children and as 
with CC is more commonly observed in female patients. 
Most patients showed a unilateral positive reflex. For 
adults, the prevalence in CC patients demonstrated to be 
11–12-fold higher than in those healthy subjects or patients 
without CC, which meant the positive ANR would reflect 
the vagal hypersensitivity; but this increased prevalence 
was not found among children, which suggested CHS 
as an acquired condition, resulting from irritation of the 
vagus (54,55). Castro et al. reported three cases of “Oto-
tricho-tussia”, which meant “ear-hair-cough” (56). The 
urge to cough (UTC) in these patients was triggered by 
the irritation of Arnold’s branch of the vagus nerve caused 
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by the hair located on the tympanic membrane and the 
external auditory canal, which responded to the removal of 
the irritant hair. Japanese researchers recently found daily 
aural stimulation with capsaicin ointment for 2 weeks or 
6 months could enhance the cough reflex and reduce the 
incidence of aspiration pneumonia in elderly dementia 
patients, which may be explained by the capsaicin-TRPV1-
mediated ANR (57,58). These results further support the 
important role of vagal hypersensitivity in CC. Provided 
the Arnold nerve is the only cutaneous peripheral branch 
of the vagus nerve, it has been considered a window that 
transmits biofeedback from its peripheral receptors to the 
brain (59). However, in the study conducted by Mai et al. (60) 
compared with 0% of healthy subjects, 73% of CC patients 
had positive ANR or UTC, of which 87.5% were negative 
after one-month treatment. However, the incidence was 
not related to phenotype, cough duration, cough severity, 
QoL, or treatment outcomes. Thus, a positive ANR can 
indicate the common feature, CHS, in CC patients, but is 
not suitable as a routine test in a clinic. 
Laryngeal sensitivity
RCC and laryngeal hypersensitivity appear to display 
significant overlap in symptoms and aetiology (61,62). 
According to the data from the Phase 2 study of the P2X3 
receptor antagonist gefapixant (63), 95% to 96% RCC 
patients reported abnormal laryngeal symptoms, such 
as an irritation or tickle sensation in the throat, which 
is consistent with the Chinese RCC population (95.9%, 
unpublished recent data). Some local direct therapies, 
such as bilateral thyroarytenoid injections with botulinum 
toxin type A and superior laryngeal nerve block, have 
demonstrated significant improvement in RCC (64,65). 

Phua et al. measured the laryngopharyngeal sensitivity 
(LPS) by mechano-stimulation and chemo-stimulation (66). 
The threshold to mechanical stimulation was defined as 
the lowest air pressure required to trigger an involuntary 
transient adduction of the vocal folds, which was known as 
the laryngeal adductor reflex (LAR). The repeatability, and 
the coefficient of variation of this test were 0.96, and 9.7%, 
respectively, according to their priorly reported data (67).  
The chemo-sensitivity was defined as the threshold volume 
of chemical solution (0.1 N hydrochloric acid or normal 
saline) infused into the pyriform sinus to initially trigger 
a complete adduction of the vocal folds, an irrepressible 
swallow, or a cough. In healthy subjects, a strongly 
negative correlation was found between thresholds to 
mechano-stimulation and acid-stimulation; in patients with 
gastroesophageal reflux disease (GERD), a heightened 

chemo-sensitivity and a diminished mechano-sensitivity were 
presented, by which the authors speculated a compensatory 
mechanism between them and the presence of noxious acid 
stimuli might desensitize the mechanoreceptors (66).

Central cough sensitivity
Voluntary cough suppression test (CST)
Cough can be voluntarily initiated and inhibited (68). The 
CST was established by modifying the capsaicin challenge 
test and the subjects were told “try not to cough”. The 
lowest capsaicin concentrations required to induce one 
cough (CS1), two coughs (CS2), and 5 coughs (CS5) 
were recorded. Hutchings et al. reported that healthy 
subjects demonstrated their voluntary ability to suppress 
the capsaicin-evoked cough (69). In contrast the impaired 
cough suppression is observed in RCC patients (70), which 
provides evidence for dysfunction of central inhibitory 
control in cough hypersensitivity. The CS5 value was 
moderately correlated with objective cough frequency, more 
reproducible than CS1 and CS2, and better than C5 in 
discriminating RCC patients from healthy subjects with a 
sensitivity (100%) and specificity (91.3%) when 39 µmol/L 
was adopted as the threshold. Cho et al. also found that both 
patients with chronic obstructive pulmonary disease (COPD) 
associated RCC had increased cough reflex sensitivity, but 
only RCC patients lost the ability to suppress capsaicin-
evoked cough (71). This indicated different underlying 
mechanisms causing CC in COPD from those in RCC. So 
far, CST is a relatively understudied area. CST seems to be 
a better discriminator of CHS than the traditional cough 
challenge test, and is therefore a more promising indicator in 
clinical research going forward. However, both of them were 
subject to test-retest variability (72). It is necessary to study 
the difference in the voluntary ability to suppress cough 
between various aetiologies induced CC, and ascertain its 
relationship with treatment outcomes.
Brain functional magnetic resonance imaging (fMRI)
Brain fMRI affords researchers a way to peek under the hood 
of cough and into the central (brain and brainstem) sensory 
and motor networks. Upregulated brain region activity causes 
additional neural firing and thus more locally increased 
energy requirement. This in turn leads to an increase in 
haemoglobin-carrying oxygen (Hb) and changes in magnetic 
properties. Using fMRI images visualized by high T2 signals 
(73,74), Stuart Mazzone and Michael Farrell have made 
great progress in our understanding of the neuronal circuitry 
underlying cough reflex. The activation of the cortical and 
subcortical neuronal networks was found to be involved 
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in shaping the capsaicin inhalation-induced UTC in 2007 
(75,76). Sex-related differences were later found in these 
regional responses, being significantly larger in the primary 
somatosensory cortices of females (77). In this context, 
the predominance of females in CC is understandable. 
Subsequently, the supramedullary inhibition of cough was 
demonstrated in 2011 (78). These data suggest that an intact 
cough reflex requires the involvement of brainstem-mediated 
response to irritation of the airways and the active facilitation 
by cortical regions, which is further regulated by distinct 
higher order inhibitory processes. In healthy humans, the 
brain response to capsaicin inhalation showed dissociable 
patterns (79,80). A dose graduated response was found in 
the majority of brain regions, including the insula and mid-
cingulate cortex. In the brainstem, capsaicin produced 
dose-dependent activations in respiratory-related regions 
of the dorsal pons and lateral medulla. Subject ratings of 
UTC correlated with the activation in the somatosensory 
and mid-cingulate cortices. Prefrontal and parietal regions 
demonstrated all or nothing responses, which were dose-
independent. Inhibitory neural regions, including the inferior 
frontal gyrus and supplementary motor area, were activated 
exclusively at the high dose of capsaicin, which indicated 
the cough (motor) suppression engagement. The existence 
of an inhibitory circuit can also help to explain the placebo 
antitussive response (81). In CC patients, the activation of 
the midbrain during airway irritation was detected by fMRI 
but not in healthy subjects. In contrast, the activation in the 
medial prefrontal cortex was shown in healthy subjects, but 
was absent in CC. This indicates dysfunction of the cough-
suppression network in CHS (82). Interestingly, enhanced 
activity of the central inhibition network was found to 
coincide with smoking-induced sensitization of these neural 
circuits, which provided a novel target of upregulation of 
nicotinic receptors in the treatment of RCC (83). Further 
work has shown decreased grey matter volume in the left 
frontal cluster (correlated with a longer cough duration) 
and enhanced functional connectivity within the left fronto-
parietal network (correlated with a greater psychological and 
social impact of coughing) in RCC. This study provides a 
basis for the development of interventions targeting cognitive 
modulation in CC patients (84).

Some limitations such as low signal-to-noise ratios, 
experimental methods, and statistical challenges, have to 
be acknowledged, but fMRI data has enormously enhanced 
our understanding of the neurophysiology of the cough 
reflex. Thus, fMRI should be combined with multiple other 
methods to overcome its intrinsic constrain (73).

Subjective tools: questionnaires indicating hypersensitivity 
(Table 1)

Hull Airway Reflux Questionnaire (HARQ)
The HARQ is a self-administered 14-item tool to access 
the likelihood of the presence of airway reflux based on 
the common sequelae of gaseous, non-acidic reflux from 
the gastrointestinal tract (90). This airway reflux cannot be 
visualized on a radiograph, but micro-aspiration existence 
was later objectively verified by the new technique of reflux 
scintigraphy (91). Each item of HARQ is scored from 0 (no 
problem) to 5 (serious problem). Higher scores indicate 
worse cough-related symptoms. The validated HARQ was 
recommended as a diagnostic instrument (92,93), with good 
internal consistency (Cronbach’s α=0.81) and reproducibility 
(r=0.78). The normal scores for healthy subjects range from 
0 to 13, with high sensitivity (94%) and specificity (95%). 
The minimum clinically important difference (MCID) is  
16 (10). Zhang et al. established a logistic regression 
equation with HARQ items, by which the treatment success 
rate of gabapentin for RCC could reach 83.72%. When 
the total score was ≥21.5, HARQ had a moderate ability to 
predict gabapentin efficacy, with a sensitivity of 84.6% and 
specificity of 63.6% (94). 

In over 2,000 rigorously assessed RCC/unexplained 
chronic cough (UCC) patients who participated in the 
COUGH-1 and COUGH-2, the mean baseline HARQ 
score was 40, nearly three times the upper limit of normal 
(ULN). 95% of the participants had increased scores (92,95). 
Thus, HARQ describes the symptom complex in CC with 
a very high degree of accuracy. Whether it accurately 
predicts and correlates with response to treatment needs to 
be further studied. Currently, HARQ is available in nearly 
forty different languages (https://www.issc.info/HullCough
HypersensitivityQuestionnaire.html).

Cough Hypersensitivity Questionnaire (CHQ)
The first version of CHQ is a 35-item self-reported 
questionnaire assessing the presence and severity of cough 
triggers and laryngeal sensations on a Likert scale (96), with 
scores ranging from 0 to 150. The limited results showed 
its potential to distinguish CHS from healthy subjects, 
but lacked the reliability and repeatability data. The new 
CHQ consists of 23 items (including 16 cough triggers 
and 7 laryngeal sensations) on a categorical yes/no scale 
and demonstrated a good internal consistency (Cronbach’s 
α=0.90) in a pulmonary sarcoidosis study. The total score 
had a moderate corelation with cough severity (r=0.57) and 

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


Zhang et al. Progress in cough evaluation techniques5102

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2022;14(12):5097-5119 | https://dx.doi.org/10.21037/jtd-22-874

health status (r=−0.68) (87). The Korean version of CHQ 
was reported a moderate correlation with total Leicester 
Cough Questionnaire (LCQ) score (r=−0.50) and Visual 
Analogue Scale (VAS) score (r=0.40), which indicated 
the potential clinical relevance of evaluating the cough 
hypersensitivity in CC patients (97).

Newcastle Laryngeal Hypersensitivity Questionnaire 
(NLHQ)
The NLHQ is a 14-item self-administered questionnaire 
in an attempt to quantify the laryngeal paraesthesia in 
patients with laryngeal conditions (involving three domains: 
obstruction, pain/thermal, and irritation), developed and 
validated by Vertigan et al. in 2014, using a seven-point 
Likert scale (each item ranging from 1 All of the time 
to 7 None of the time) (85). NLHQ could successfully 
discriminate patients from healthy humans with high 
internal consistency (Cronbach’s α=0.9) and moderately 
correlated with LCQ (r=0.673). The low limit score of a 
normal laryngeal function was 17.1/98. In another real-

world study, NLHQ was reported to have a moderate 
correlation with cough frequency (r=−0.430) (86). NLHQ 
currently has been recommended as a useful outcome tool 
to measure the efficacy of neuromodulators and behavioural 
intervention in CC study (98). 

Chemical Sensitivity Scale for Sensory Hyperreactivity 
(CSS-SHR)
The CSS-SHR i s  a  shor t  11- i tem se l f - reported 
questionnaire to quantify the experience of SHR patients 
regarding odorous/pungent substances (88). With the 
upper limit score of the normal range of 43, a high correct 
classification rate (92%) for the diagnosis of SHR was 
demonstrated, with a sensitivity of 73%, a specificity 
of 97%, good test-retest reliability (rxy=0.87), satisfying 
internal consistency (rx=0.76–0.84). Utilizing a combination 
of positive results of CSS-SHR and capsaicin challenge test 
(induction of 10 and 35 coughs at capsaicin concentrations 
of 0.4 and 2.0 µmol/L, respectively) to define SHR, the 
prevalence of SHR was estimated to be 6.3% in a cohort 

Table 1 Summary of questionnaires reflecting cough sensitivity

Tools Items/features Validity

Reliability

ResponsivenessInternal 
consistency 

Repeatability

HARQ  
(10)

A self-administered 14-cough-related-
item questionnaire with a maximum 
score of 70 

Adopt 13 as a cut-off point, the 
sensitivity (94%) and specificity (95%) 
of the HARQ was high, with an area 
under the ROC curve of 0.99

Cronbach’s α: 
0.81

r=0.78 MCID: 16 points 
(P<0.0001)

NLHQ 
(85,86)

A 14-item self-administered 
questionnaire regarding symptoms of 
abnormal laryngeal sensation across 
three domains: obstruction, pain/
thermal, and irritation

A cut-off for normal laryngeal 
function could be considered to be 
17.1; moderately correlated with 
LCQ (r=0.673); moderately correlated 
with cough frequency in a real-world 
study (r=−0.430)

Cronbach’s α: 
around 0.9

NA No available data 
for CC

CHQ (87) A 23-item self-reported questionnaire 
assessing the presence and severity 
of cough triggers and laryngeal 
sensations on a categorical yes/no 
scale, with scores ranging from 1 to 23

Moderately correlated with cough 
counts (r=0.54), VAS (r=0.57) and 
LCQ (r=−0.68)

Cronbach’s 
α=0.90

NA NA

CSS-SHR 
(88,89)

A short 11-item self-reported 
questionnaire to quantify the 
experience of SHR patients regarding 
odorous/pungent substances

With a cut-off for the normal range of 
43, 92% of SHR could be correctly 
diagnosed, with a sensitivity of 73% 
and a specificity of 97%

R ranged 
between 0.76 

and 0.84

r=0.87 NA

HARQ, Hull Airway Reflux Questionnaire; ROC, receiver operating characteristic; MCID, minimum clinically important difference; 
NLHQ, Newcastle Laryngeal Hypersensitivity Questionnaire; LCQ, Leicester Cough Questionnaire; CC, chronic cough; CHQ, Cough 
Hypersensitivity Questionnaire; VAS, Visual Analogue Scale; CSS-SHR, Chemical Sensitivity Scale for Sensory Hyperreactivity; NA, not 
applicable.
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of 693 subjects, which were randomly selected from a 
population-based study (89). Later, CSS-SHR was further 
validated and showed high internal consistency (Cronbach’s 
α=0.78–0.83) in a large-scale population-based study (99). 
However, CSS-SHR has not been widely used currently.

UTC ratings 
The UTC sensation is characterized by a perception 
of airway irritation and the resultant cough desire, an 
important clinical feature in CHS (100). In inhalation cough 
challenge, the perceptible sensation or motor response may 
not occur at sufficiently low concentration of tussive stimuli; 
however, with concentrations increasing, the participant 
will report an UTC but 0 cough event happens, based on a 
modified Borg scale ranging from zero (no discernible urge) 
to 10 (maximal urge) (72,81). The minimum concentration 
of stimuli for perception is deemed Cu, which was proved 
to be effective and reproducible without sex difference 
and had moderate to strong linear correlations with C2/
C5 (r=0.74 and 0.57, respectively) (101). Increasing UTC 
ratings correlated with a worse QoL (r=−0.31 for total 

LCQ, −0.34 for psychological domain and −0.37 for social 
domain) in CC patients (102) and a higher cough frequency 
in healthy subjects (r=0.72) (103). Due to the combination 
with chemical challenge test, the UTC rating was limited 
into research setting. 

Assessing cough as an outcome

Objective measurement of cough frequency

The measurement of 24-hour cough frequency has become 
the primary endpoint in most clinical studies comparing the 
effect of treatment. In reality, it is a semi-objective measure 
since it is impossible to differentiate spontaneous coughing 
from voluntary coughs. Longer term cough monitoring 
has been demonstrated and direct insight for the objective 
evaluation of cough and can indicate early signs of 
exacerbations of chronic pulmonary disease (1,104-107). 
Cough may occur as a single event or in clusters described 
variously as paroxysms, bouts, peals, attacks, or cough 
epochs (Figure 2). Much debate surrounded the apparently 
simple task of deciding what is a cough. Physiologists had 

13 14 15 16 17 18 19 20 21 22 23 0 1 2 3 4 5 6 7 8 9 10 11 12
Time of day, hour

Time of day, hour

13 14 15 16 17 18 19

1 2 3 4 5 6 7

19 20 21 22 23 0 1

7 8 9 10 11 12 13

Total number of cough events: 311
Average cough events per hour: 13

Time distribution of cough events

C
ou

gh
 fr

eq
ue

nc
y

38

100

50

0

21 18
9 3 5 7

27

6
17 11

3 2 1 2

55
43

26
17

Figure 2 Cough attacks often occur in the mornings, when rising from bed, and at mealtimes, but rarely occur during the night. After meals, 
the open LES allows a gaseous mist to emerge and irritate the vagal laryngeal nerves, which gives rise to coughing. When patients first lie 
down, coughing may also worsen due to the increased postural reflux, however, the LES tightens after sleep, leading to a reduction in reflux, 
and consequent relief of the cough. The LES opens up when first rising in the morning, which increases gaseous reflux and causes a more 
intense cough. LES, lower esophageal  sphincter.
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defined cough as an inspiration followed by a forcible 
expiration suggesting that the subsequent peal of sounds 
were not coughs but expiration reflexes (ERs) (108). It 
is now generally accepted that an individual sound event 
constitutes individual cough, which divided into explosive, 
intermediate and viced phases (109). Different parameters 
were proposed to count cough, including individual cough 
sound (5), cough epochs (110), cough seconds (47,109). 
The typical cough sound waveform and different counting 
methods were illustrated with Fig. 1 & Fig. 2 in Kelsall’s 
study (109). In an unexplained CC patients study, all the 
three units demonstrated strong correlation with each other 
and had a moderate association with subjective assessments 
and QoL, whereas cough epochs were a less satisfactory 
alternative (109). In the tuberculosis (TB) treatment study, 
total time spent coughing (seconds per hour) was also 
found to be a better predictor of the disease severity and 
microbiologic treatment response than cough epochs (111).  
However, in another prospective observational study, 
which compared the nocturnal cough in healthy subjects 
and in patients with cystic fibrosis (CF) and primary 
ciliary dyskinesia, the repeatability of cough epochs/h 
was found higher than coughs/h [intraclass correlation 
coefficient (ICC) =0.75 versus 0.49] (112). Furthermore, 
in a recent double-blind randomised placebo-controlled 
trial, lesogaberan [a novel peripheral gamma-aminobutyric 
acid type B (GABAB) receptors agonist) could decrease the 
cough response to capsaicin in RCC patients, accompanied 
by the reduction in cough bouts/h, but not the coughs/h, 
when compared with placebo. The authors attributed this 
difference to the particular role that the GABAB receptors 
played in triggering cough bouts, with little influence on 
the subsequent bout duration (113). Most of the current 
studies utilized the individual explosive cough sound as the 
cough counting unit although simply averaging the number 
of coughs per hour over a given period of time is not highly 
correlated with the patient experience (5).

To date, there are no universal standardized approaches 
for counting cough. Non-automated cough counting 
(manual counting) can achieve high agreement in different 
listeners and remains the gold standard method of 
quantifying coughs (114,115). A wide variety of techniques 
have attempted at capturing the cough sound information 
from the patients (7). A meta-analysis reported by Pavesi 
et al. for the first time showed the feasibility of a fully 
computerized cough acquisition and analysis system 
combined with the following manual counting of audio and 
video displays methodology in evaluating the antitussive 

efficacy of dextromethorphan (116). However, the huge 
labour costs led to the development of modern automated 
cough frequency monitors. An ideal cough monitor should 
be robust, compact, portable, and capable of recording 
for at least 24 hours, while accurately, consistently, and 
automatically identifying all coughs and distinguishing 
them from all speech, sneezing, laughter, and background 
noise (117). Although several modern automated or semi-
automated cough monitors have been developed, as yet, 
they have been rarely introduced into routine clinical 
practice and are confined to experimental centres. Among 
them, two systems, the Leicester Cough Monitor (LCM) 
and VitaloJAKTM, have demonstrated good validity and are 
being widely used in research work. 

LCM
The LCM is an automated sound-based ambulatory cough 
monitor, consisting of a portable battery-powered digital 
recorder and a flip-collar microphone, and was developed 
and initially validated by Birring et al. in 2008 (118). 
The Leicester Cough Algorithm was used to analyse the  
6–24 hours of sampling sounds data, which was divided into 
contiguous 10 s segments and classified as possible cough 
sound or background noise. This would be further manually 
calibrated to eliminate those wrongly classified cough events, 
which took 5 min for a 24-h recording. Cough was defined as 
an individual explosive sound no matter whether it occurred 
as a single event or in a cluster. The reported sensitivity and 
specificity of LCM were 91% and 99%, respectively, for the 
classification of cough events, with a false positive rate of  
2.5 events/hour. The accuracy of manual and automated 
cough counts appeared similar. The LCM also demonstrated 
highly repeatable cough counts (ICC =0.9) over 3 months. 
Further validation also showed a highly significant 
correlation (r=0.97) and consistency (ICC =0.98) between 
manual and automated coughs/per patient/hour (119). 
Another validation work conducted on 20 subjects (8 healthy 
subjects and 12 patients with respiratory disease) reported the 
sensitivity and specificity of LCM were 82.3% and 99.9% in 
healthy volunteers, and 83.8% and 99.9% in patients (41). 
Automated cough counting appeared more repeatable than 
aurally counting in patients compared with healthy subjects 
(ICC =0.98 versus 0.85).

Currently, the LCM system can record consecutive 
data for more than 24 hours (up to 4 days) (2) and has 
been applied to measure coughs in a wide range of clinical 
studies, including the investigation of healthcare use and 
costs in CC (120), post-exercise cough in asthma and cough 
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patterns in asthma and non-asthma (121,122), CC in vocal 
cord dysfunction (VCD) (123), inhaled sodium cromoglicate 
in IPF (124), cough frequency in acute cough (125), COPD 
exacerbation (126), bronchiectasis (127) and TB (128,129), 
Physiotherapy and Speech And Language Intervention 
(PSALTI) for CC (130-132), as well as the evaluation of the 
antitussive efficacy of various neuromodulators, including 
gabapentin, pregabalin (133,134). A recent real-world 
retrospective study provided the prospects of the feasibility 
and clinical utility of LCM in the outpatient clinical setting, 
in which cough monitor was responsive to intervention 
and claimed to identify different diseases by the cough 
frequency and pattern (86). 

The VitaloJAKTM

The VitaloJAKTM is a semi-automated cough monitoring 
system, developed by the collaboration between Vitalogragh 
and clinical academics, and is currently the only system with 
the regulatory approvals necessary for use in clinical trials 
of investigational medicinal products (135). This system 
is comprised of a digital sound recording device (with a 
lapel microphone and a contact microphone attached to 
the upper sternum), a web-based portal for data transfer, 
tracking, and storage, and a digital signal processing 
algorithm to filter from a 24-hour recording and only retain 
possible cough sounds. An approx. 1.5-hour compressed 
audio is produced before a trained analyst aurally counts 
coughs (1,2). The preliminary validation study with a small 
sample size (n=20) reported the ability of VitaloJAKTM 

filtering algorithm to reduce up to 98% irrelevant noise or 
silence while preserving close to 100% of recorded cough 
sounds (136,137). A recent larger-scale evaluation, which is 
the currently most extensive testing of cough monitoring 
system further supported the sensitivity and efficiency of 
VitaloJAKTM to measure cough frequency across a range 
of diagnoses and age groups without being influenced by 
cough numbers (135).

The VitaloJAKTM has been used for recording and 
measuring coughs in a range of clinical research, including 
the antitussive efficacy evaluation of GSK2339345 (a novel 
sodium channel inhibitor) (138), GSK2798745 (he selective 
TRPV4 channel blocker) (139), lesogaberan (a novel 
peripherally acting GABAB agonist) (113), Eliapixant (also 
called BAY 1817080, a P2X3 receptor antagonist) (140) 
and Gefapixant (a P2X2/3 receptor antagonist) (33,141) in 
RCC, a phase 2a trial of Navafenterol (also called AZD8871, 
a novel bronchodilator) in COPD (142), as well as cough 
frequency measurement in IPF (143) and asthma (144).

The Hull Automatic Cough Counter (HACC)
The HACC was developed for automatically recognising 
and analysing cough and non-cough sounds (the silence 
period was omitted) (145). It was preliminarily validated by 
calculating coughs in one hour after rising in 33 smoking 
subjects, which turned out to save 97.5% of counting 
time with a sensitivity of 80%, specificity of 96%, and 
reproducibility of 100%. The 20% of false positive rate 
indicated its deficiency in classifying cough sounds and 
the ambient coughs. In the later validation study, although 
HACC was strongly correlated with the aural cough 
counting (r=0.87), it consistently missed actual cough 
by around 15% (5). Thus, in the subsequent studies, a 
hybrid HACC/LCM system was used to replace HACC. 
The mean sensitivity of the HACC/LCM system in acute 
exacerbations of COPD (AE-COPD) was lower than that 
of a single LCM in CC and only moderate correlations 
were reported between QoL and objective cough counting. 
However, daytime coughs were strongly correlated with 
nighttime coughs on every visit day, which demonstrated 
the validity of HACC/LCM as any conscious modification 
of cough would be more likely during the day than at night 
(126,146). Recently, the hybrid HACC/LCM system was also 
used to access the effect of modulator therapy in CF (147).

The Cayetano Cough Monitor (CayeCoM) 
The CayeCoM is a semi-automated cough detection system 
developed for tracking cough in TB patients (148). The 
automatically detected cough epochs in the pre-screening 
stage would be manually reviewed to eliminate false 
positives. CayeCoM has been validated for 24 h recordings, 
with an accuracy of 75.6% (4 false positives per hour) and 
specificity of 99.6% in reporting epochs (the sensitivity was 
only 51.4% when reporting individual coughs), reducing 
mutually reviewing time by 95% (149). However, in the 
following investigation of evaluating cough frequency in 
pulmonary TB in the real-life setting, using CayeCoM 
technique, 30–42% of recording files were excluded because 
of the high levels of ambient noise (150,151). Recently, this 
research group replaced the previous audio-based cough 
recording with a vibration-based method, by which the 
spoken word was intelligible and only one of 363 recordings 
was unusable (111).

The LEOSound-system 
LEOSound is a commercially available, automated lung 
sound monitor, working like a “long-term stethoscope”. 
It can continuously record the lung sounds by an ambient 
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microphone and three small bio-acoustical sensors, one 
of which was attached to the patient’s trachea and two to 
the back (152). The respiratory sounds, such as cough and 
wheezing, will be recorded, classified, and stored in the 
database automatically. The trained observers can listen 
to all the three channels and further verify the automated 
recognition. In children, the sensitivity of cough detection 
by LEOSound was 89% and the specificity was 99%, 
with a strong correlation with the subjective measure  
(r=0.85) (110). As yet, there is no available validation data 
in adults, but currently, LEOSound has been widely used 
in overnight cough recording to evaluate the relationship 
between CC and other disease entities, such as COPD  
(153-155),  CF (112),  asthma (156) and aspiration 
pneumonia in dysphagic stroke survivors (157).

Mobile device technologies
Mobile cough devices are portable, low-cost, real-time, 
and patient-friendly. Thus, in recent years, there has been 
an increased focus on the advanced techniques based on 
mobile technologies and wearable devices in the acquisition 
and automatic processing of cough sounds, especially after 
the outbreak of coronavirus disease 2019 (COVID-19), 
more studies have attempted to rapidly identify COVID-19 
by this technique (158-166). Hoyos-Barceló et al. 
proposed an efficient and power-saving smartphone-based 
cough detection system, which could classify cough in a 
noisy environment with 88.94% sensitivity and 98.64%  
specificity (167). Kvapilova et al. collected continuous 
sound with smartphones and measured cough with machine 
learning. This has been preliminarily validated and the 
final goal is to achieve a 92% sensitivity at 99% specificity 
in the real world (168). This technique was also tested to 
identify dry cough and wet cough with reported sensitivity 
and specificity values of 88% and 86% (169). Claxton 
et al. developed a smartphone-based algorithm, which 
could rapidly and accurately diagnose AE-COPD with a 
sensitivity of 82.6% and specificity of 91.0% (170). This 
technique is promising to accurately identify COPD, with 
or without the presence of infection (171). In another study, 
a smartphone-based system, TussisWatch, for the first 
time, proved its feasibility in self-detect cough episodes for 
early identification of COPD or congestive heart failure  
(CHF) (105). Using smartphone-based monitoring, 
Gabaldón-Figueira et al. found that longitudinal monitoring 
was more accurate than 24-h monitoring and the optimal 
monitoring period would depend on the baseline cough 
frequency (172). This technology was also used to collect 

the nocturnal cough of patients with physician-diagnosed 
asthma (173-175) and helped with detecting the presence of 
an asthma exacerbation as well (176). 

Subjective tools: cough-related PROs

Cough scores (Table 2)
VAS and Numeric Rating Scales (NRS)
The anchors on a linear scale make the evaluation of cough 
severity in a standardized manner. A standardized VAS is 
a 0 to 100 mm linear scale. Higher scores suggest higher 
severity (187). Due to its useability and practicality, VAS 
is one of the most widely used tools in both research and 
clinics as an endpoint for assessing cough severity in a broad 
range of disease (104,125,177,188). A good repeatability 
was reported in CC (ICC =0.604) (5) and COPD (ICC 
=0.87) (178). In a recent validation study in CC, VAS 
demonstrated moderate test-retest reliability (ICC =0.45 
to 0.51) and moderately correlated with other subjective 
tools. However, its correlation with cough frequency varied 
in different timepoints and different studies (125,127). As a 
responsive outcome, VAS reduction ≥30 mm was estimated 
as a clinically meaningful change threshold (179). In acute 
cough, the MCID for the VAS has been reported to be  
17 mm (125). The NRS (0–10 point) was also recommended 
as a cough severity assessment (93,187). A standardized 
consensus must be made when using VAS or NRS, such a 
simple outcome measure.
Cough Symptom Score (CSS) 
The CSS was proposed by Hsu et al. (189), and consists of 
two questions about the subjective recognition of cough 
frequency during the day- and night-time, which is a simple, 
short, and practical tool. Each question score ranges from 
0 to 5, and the total score ranges from 0 (no cough at all) to 
10 (most severe cough) (23). It has been adapted and widely 
used in research area in many countries after translation 
and/or amendment, such as Korea and China (180,181). 
The Korean CSS (K-CSS) correlated well with other 
subjective approaches with high repeatability (ICC =0.75) 
and significantly responded to treatment. But the internal 
consistency was low (0.0006), given the weak correlation 
between day and night time scores, which also reflected 
its effectiveness as most patients present mild nocturnal 
coughs (180). In China, a simplified Cough Symptom Score  
(sCSS) is adopted, of which each question score ranges 
from 0 to 3, and the total scores are 0 to 6. The sCSS was 
highly correlated with CSS (day: r=0.82; night: r=0.92), with 
high repeatability over 3 days (day: ICC =0.90; night: ICC 
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=0.89), and could be a good responsive outcome [effect size 
(ES): 0.52–1.16 for day and 0.71–1.09 for night, 1–2 weeks 
post-treatment] (181). 
Cough Severity Index (CSI) 
The CSI comprises 10 simplified questions statistically 
developed from a 49-item cough-specific questionnaire. 
It has been validated and turned out to be a responsive 
outcome measure with high internal consistency (0.928) and 
test-retest repeatability (r=0.83). A moderate correlation 
was found between CSI and the cough quality of life 
questionnaire (CQLQ) (r=0.60) (182). CSI has been used 
as an outcome to evaluate the treatment efficacy in several 
cough studies (65,190).
Cough Severity Diary (CSD)
The CSD is a seven-item daily diary, self-rated by patients 
along three dimensions: frequency (three items), intensity 
(two items), and disruptiveness (two items). CSD is 
measured on an 11-point scale and higher scores indicate 
greater severity (191,192). The performance properties of 
CSD were preliminarily assessed in a small sample size of 
CC or subacute patients, which demonstrated a high internal 
consistency (α=0.89 to 0.96), good reproducibility (ICC 
=0.68 to 0.94) and moderate-to-strong correlation with LCQ 
(r=−0.62) and VAS (r=0.84). CSD scores in subacute patients 
also showed significant responsiveness (192). A larger 
validation study included 253 RCC patients (183), which 
reported a high internal consistency (α=0.89), moderate test–
retest reliability (ICC =0.68) and meaningful responsiveness 
of CSD scores. The relationships between CSD with LCQ 
and VAS were the same as that in the preliminary validation 
study. A threshold of ≥1.3-point reduction on the total and 
subscale scores was appropriate to define MCID. CSD was 
later evaluated and utilised in investigating the antitussive 
efficacy of gefapixant, and was proven to be a meaningful 
endpoint (63,193,194). 
Multidimensional Cough Index (MCI) 
The MCI is an easy-to-use scale composed of nine items 
covering cough intensity, frequency, physical impact, 
psychosocial impacts, and sputum characteristics. The 
first four components were scaled with a range of 0 to 20. 
The performance of MCI has been validated and showed 
strong enough psychometric and validating properties: 
Cronbach’s α=0.819, ICC =0.779, significantly correlated 
with VASfrequency (r=0.651), VASintensity (r=0.543), and LCQ 
(r=−0.824). A Cough Index ≥4 could classify patients from 
healthy subjects, with a sensitivity of 80% and a specificity 
of 85% (184).

Cough Evaluation Test (CET) 
The CET is a newly developed, short, simple, patient-
completed 5-item test that involves the dimensions of the 
physical, social and psychological effect. Each item is scaled 
using a 1–5 points Likert scale. CET has been verified 
as a reliable, valid, and responsive tool to evaluate cough 
with a high internal consistency (Cronbach’s α=0.80) and 
repeatability (ICC =0.84). The MCID was 2. CET also 
highly correlated with VAS (r=0.70) (185).
McMaster cough severity questionnaire
The McMaster cough severity questionnaire is a newly 
developed cough symptom severity instrument for RCC 
patients and provided 43 items addressing the following 
domains: urge-to-cough sensations (subdomains: frequency 
and intensity) and cough symptom (subdomains: frequency, 
control, bout duration, intensity, and associated features/
sequelae) (186,195). This currently is a conceptual 
framework. Further studies are needed to simplify this 
questionnaire and address items and domains that are most 
important to RCC patients.

Cough-specific QoL questionnaires (Table 3)
LCQ
The LCQ comprises 19 items divided into three domains 
(physical, psychological, and social). Each item score ranges 
from 1 to 7. Higher scores indicate better QoL. In CC, 
LCQ had good internal reliability (Cronbach’s α=0.79 to 
0.89) and high repeatability (ICC for domains varying 
between 0.88 and 0.96). It was also responsive to successful 
treatment of cough (ES for domains =0.84 to 1.75) and 
strongly correlated with VAS (r=−0.72) (196). Cough 
frequency in CC patients correlated significantly with LCQ 
scores (4,5,47,109). The total LCQ score has an established 
MCID of 1.3 points, which for domains were 0.2 for 
physical, 0.2 for social 0.2, and 0.8 for psychological (197). 

LCQ has been the most widely used of all cough-related 
QoL questionnaires and was recommended by ERS cough 
guidelines [2020] (93). It was translated into a wide range 
of languages (https://www.physio-pedia.com/Leicester_
Cough_Questionnaire). It is now routinely used in assessing 
the overall efficacy of interventions in cough, including 
PSALT (131), behavioural cough suppression therapy 
(BCST) (203,204), proton pump inhibitors (PPIs) (205), 
and neuromodulators (206-209). It also experienced robust 
validation and has been introduced to studies in other 
diseases, such as acute cough (125), asthma (122), COPD 
(210,211), CF (212), IPF (23), and bronchiectasis (127).
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CQLQ 
The CQLQ was also recommended by ERS cough 
guidelines [2020] (93), consisting of 28 items with six 
domains including physical complaints, psychosocial issues, 
functional abilities, emotional well-being, extreme physical 
complaints, and personal safety fears. Each item is scored on 
a 4-point Likert-type response scale. Lower scores indicate 
better QoL (198). It’s a valid and reliable tool to assess the 
QoL in CC and acute cough (Cronbach’s α=0.92, item-to-
total correlations =−0.06 to 0.72, ICC =0.89) and responsive 
to successful treatment (199). In CC, the correlation between 
CQLQ and LCQ was moderate (r=−0.42) before treatment 
and high after treatment (r=−0.60). The concurrent validity 
of LCQ was higher but the ES was slightly lower than 
CQLQ (213,214), the mean MCID of the CQLQ was 
21.89±15.38 out of 112 points (198). CQLQ has also been 
validated in COPD and IPF (46,200,215).
Chronic Cough Impact Questionnaire (CCIQ) 
The CCIQ comprises 16 items addressing four dimensions: 
sleep/concentration, social relationship, mood, and daily 
life impact. Each item is self-evaluated on a 5-point Likert 
scale. Numeric values for responses to the CCIQ items 
are converted to 0–100 points, with 100 reflecting the 
worse health-related QoL (216). CCIQ was a valid tool for 
CC, with satisfactory internal consistency (Cronbach’s α 
for sleep/concentration was 79.98, 86.98 for relationship, 
65.41 for mood, and 69.04 for daily life impact), good 
reliability (r=0.67 to 0.88) and responsiveness to treatment 
improvement (201). 
COugh Assessment Test (COAT) 
The COAT is a short, patient-completed questionnaire 
comprising five items regarding cough frequency, 
daily activity, sleep disturbance, fatigue, and cough 
hypersensitivity. Each item scores on a 0–4 scale and 
higher scores reflect worse QoL. COAT has been validated 
in Korean population and showed good repeatability, 
reliability and validity, with clear discriminative properties 
(ICC: 0.88, item-to-total correlations =0.71 to 0.84, item-
to-item correlations =0.32 to 0.67, correlations with Korean 
LCQ =−0.71 to −0.81, MCID =2.0) (202,217).

Conclusions and prospects 

Each of the available assessment tools have strengths and 
weaknesses. Cough frequency monitors are suitable as the 
primary outcome of clinical trials and currently appear to be 
effective, however, beyond objective frequency reduction, 
subjective improvement in patient perception is also key to 

assessing treatment effect. Therefore, cough counts should 
always be complemented by the subjective assessment 
of QoL. Further exploration is needed to select the best 
combination of cough assessments for a specific clinical 
scenario. Indeed, a composite endpoint of objective and 
subjective measures may be the ideal metric to give a global 
assessment of cough. 

With the recent breakthroughs in objective cough 
detection technology, cough counting will be more accurate 
in the future and promises to be less obtrusive, labour 
intensive, and costly. These developments also open up 
the potential for diagnosis and monitoring of disease 
progression. The ongoing development of affordable 
mobile smartphone apps and wearable devices offers the 
possibility of transferring the detection technology into 
routine clinical practice.
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