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A B S T R A C T   

Rationale: Chronic cough is a common problem, substantially affecting quality of life. Effective treatments and 
diagnostic clinical tools for refractory chronic cough are lacking which remains a diagnosis of exclusion. 
Objectives: To investigate capsaicin evoked cough responses in healthy volunteers and refractory chronic cough 
patients and assess the discriminatory ability of novel endpoints. 
Methods: Dose-response capsaicin cough challenges were performed, and receiver operating characteristic curves 
constructed to evaluate the discriminatory value of novel endpoints; Emax (maximum number of coughs evoked 
by any capsaicin concentration) and ED50 (capsaicin concentration evoking at least half of Emax). 
Measurements and main results: Ninety-three healthy volunteers (median age 39yrs(IQR; 29–52), 47 females) and 
51 refractory chronic cough patients (59yrs(53–67), 31 females) were studied. Emax was significantly higher in 
the patient group compared to healthy volunteers (p < 0.001) and ED50 was significantly lower (p = 0.001). 
Both parameters were influenced by gender; females had a higher Emax (p = 0.009) and more sensitive ED50 (p 
< 0.001) but there were no correlations with other patient demographics. There was a significant relationship 
between Emax and cough frequency in the patient group (p < 0.001). Emax effectively discriminated between 
the groups (AUC = 0.83, 95% CI; 0.75–0.90, p < 0.001) independently of ED50 which was less favourable (AUC 
= 0.66, 95% CI; 0.57–0.76, p = 0.002). Emax and ED50 were shown to be repeatable, and the dose-response 
method well tolerated. 
Conclusion: Novel capsaicin dose-response endpoints effectively discriminate between healthy controls and re-
fractory chronic cough patients, which may better represent pathophysiological mechanisms and show promise 
for development as a tool to identify patients with cough hyper-excitability. 
Clinical trial registration: www.isrctn.com; ISRCTN23684347.   

1. Introduction 

Chronic cough is a significant clinical problem with worldwide 
prevalence in adults estimated at 10% [1]. Refractory chronic cough 
(RCC) is defined as coughing that lasts for >8 weeks, which is resistant 
to treatment of identified comorbidities or lacks identifiable comorbid-
ities [2]. Patients suffering with RCC experience uncontrollable cough-
ing episodes in response to innocuous stimuli, which severely impacts 
physical, psychological and social aspects of quality of life [3]. The 
underlying pathological process is thought to involve hyper-excitability 
of the cough reflex in the peripheral and/or central nervous systems [4, 
5]. Effective therapies for RCC are lacking with no new treatments 

approved for cough in over 60 years. Furthermore, no clinically recog-
nised standard tool exists to help positively identify patients with RCC, 
which remains a diagnosis of exclusion. 

Cough challenge is an established, safe technique used in clinical and 
pre-clinical research to study the cough reflex [6]. Capsaicin, the pun-
gent extract of red chilli peppers, provokes coughing safely in a 
dose-dependent manner [7,8] by activating transient receptor potential 
vanilloid type-1 (TRPV1) channels expressed by C-fibre afferent airway 
nerves [9,10]. Standard challenge methodology recommends single 
inhalation of doubling concentrations of capsaicin through a 
dosimeter-controlled nebuliser at 1-min intervals until concentrations 
inducing at least 2 coughs (C2) and 5 coughs (C5) within 15 s of inha-
lation are reached [11]. C2 and C5 can be measured easily and quickly 
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and are reproducible in the short and long term [12]. However, studies 
assessing their ability to effectively discriminate RCC patients from 
healthy individuals have only included small numbers of RCC patients 
(max n = 18), and are therefore unlikely to represent the variability in 
capsaicin responses in this condition [13]. Furthermore C5 only corre-
lates moderately with the high objective cough frequencies observed in 
patients with chronic cough [14]. This suggests that C2/C5 may not fully 
represent the pathophysiological mechanisms involved in chronic cough 
and may be of limited use in the identification of patients with cough 
reflex hyper-excitability. In a proof of concept study, our group 
demonstrated that extending the cough challenge beyond C5 in a 
dose-response manner may better discriminate healthy volunteers from 
RCC patients [15]. Non-linear mixed effects modelling of capsaicin 
dose-response curves revealed two novel parameters; Emax, defined as 
the maximum number of coughs evoked by any concentration of 
capsaicin, and ED50, defined as the capsaicin concentration inducing 
half the maximum cough response. Both endpoints were shown to 
discriminate health from patients with chronic cough. Emax also 
strongly predicted objective 24-h cough frequency suggesting it reflects 
pathophysiological mechanisms driving spontaneous coughing. 

This study aims to extend and validate previous findings in larger 
groups of healthy controls and RCC patients and investigate the plau-
sibility of developing this challenge method as a clinically useful diag-
nostic tool for identifying cough reflex hyper-excitability thus aiding in 
the identification of RCC. Some of the data has been prior reported in 
abstracts [16,17] and subgroup data from 47 healthy controls published 
previously [18,19]. 

2. Materials and methods 

2.1. Participants 

Healthy volunteers recruited via hospital staff advertisements and 
volunteer databases were aged ≥18 years with normal spirometry (FEV1 
and FVC %predicted of ≥80%) and no history of medical conditions 
thought to affect cough reflex sensitivity including respiratory disease, 
chronic pain, chronic headaches, irritable bowel syndrome, psychiatric 
disorders, cerebrovascular disease and diabetes mellitus. Patients with 
RCC of >8 weeks were recruited from the cough clinic (Manchester, UK) 
and had completed investigations and treatment trials for underlying 
causes of cough according to ACCP guidelines [2]. Any participants with 
recent upper respiratory tract infection (<4 weeks), those who were 
pregnant or breastfeeding and those taking medications known to 
modulate cough (ACE inhibitors, gabapentin/pregabalin, opiates) were 
excluded. Current smokers and ex-smokers with >20 pack years history 
or <6 months abstinence were also excluded. The study was approved 
by a research ethics committee (13/NW/0400) and all participants 
provided written informed consent. 

2.2. Protocol and procedures 

Participants attended two visits. During visit 1, medical history, 
concomitant medications, height, weight and spirometry were recorded, 
and a cough quality of life questionnaire (CQLQ) completed by the RCC 
patients. An ambulatory cough monitor (VitaloJAK™, Vitalograph, UK) 
was fitted for 24 h [20] and a 100 mm cough severity visual analogue 
scale (VAS) completed when the recording ended. At visit 2, which took 
place within 2 weeks, a dose-response capsaicin cough challenge was 
performed using a dosimeter and nebuliser with inspiratory flow regu-
lation, as described previously [15,18] and in the data supplement. Four 
inhalations of doubling concentrations of capsaicin solution (0.48–1000 
μmol/L) were administered, 30 s apart. The number of coughs evoked 
within 15s of inhalation was recorded. The challenge ended at the 
maximum tolerated concentration, or inhalation of all concentrations. 
At the end of the study, tolerability of the challenge was assessed by 
questionnaire. A subgroup attended for a second capsaicin challenge 
within 2 weeks to evaluate repeatability. 

2.3. Endpoints 

Endpoints derived from the cough challenge were Emax and ED50, 
which were calculated from individual data and traditional endpoints, 
C2 and C5, were also estimated for exploratory analysis (see online data 
supplement figure E1). 

2.4. Statistical analysis 

Non-parametric data were presented as median and interquartile 
range (IQR) and groups compared using Mann-Whitney U tests. A Chi- 
square test compared differences in gender. Repeatability of Emax and 
ED50 was assessed by intraclass correlation coefficients (ICC) and mean 
differences with 95% limits of agreement. Correlations of variables were 
analysed using Spearman’s rank correlation coefficients. 

Receiver operator characteristic (ROC) curves were plotted and the 
area under the curve (AUC) calculated to assess the discriminative 
ability of Emax and ED50. Youden’s index was used to estimate optimal 
cutpoints, sensitivity and specificity. Bootstrapping was applied to test 
the robustness of the estimates. Logistic regression analysis was used to 
assess the combined discriminatory ability of Emax with ED50. All an-
alyses were performed in SPSS, Version 23 (IBM Corp., Armonk, N⋅Y., 
USA) except the Youden Index calculation (OptimalCutpoints R package, 
Version 3.6.3, 2020; R Foundation for Statistical Computing, Vienna, 
Austria) [21]. Statistical significance was set at <0.05. 

Abbreviations 

ACCP American College of Chest Physicians 
ACE Angiotensin-converting enzyme 
ATP Adenosine triphosphate 
AUC Area under the curve 
BMI Body mass index 
CC Chronic cough 
C2 Concentration of capsaicin inducing at least 2 coughs 
C5 Concentration of capsaicin inducing at least 5 coughs 
CI Confidence interval 
CQLQ Cough quality of life questionnaire 
ED50 Concentration of capsaicin evoking half of the maximum 

response 

Emax Maximum number of coughs evoked by any concentration 
FEV1 Forced expiratory volume in 1 s 
FVC Forced vital capacity 
HV Healthy volunteer(s) 
ICC Intraclass correlation coefficient 
ICH-GCP The International Conference on Harmonisation Good 

Clinical Practice 
IQR Interquartile range 
PGE2 Prostaglandin E2 
RCC Refractory chronic cough 
ROC Receiver operating characteristic 
SD Standard deviation 
TRPV1 Transient receptor potential vanilloid type 1 
VAS Visual analogue scale  
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3. Results 

3.1. Participants 

Ninety-three healthy volunteers and 51 refractory chronic cough 
patients completed the study between August 2013 and November 2018; 
see Fig. 1 for exclusions and withdrawals. Reasons for screen failure 
included current smoking, spirometry, irritable bowel syndrome, ACE 
inhibitors, tricyclic antidepressants and opiates. The two groups were 
well matched for gender and all had a minimal smoking history, how-
ever the healthy volunteers were younger with a slightly lower body 
mass index (BMI) and higher %predicted FEV1 compared with the RCC 
patients (Table 1). Median (IQR) cough duration in the RCC group was 
12 [6–20] years. 

3.2. Measures of cough 

Patients with RCC coughed significantly more than healthy volun-
teers during the day, overnight and over 24 h (p < 0.001) and rated their 
cough as considerably more severe on a VAS (Table 2). There was a 
highly significant difference in the maximum cough responses evoked by 
capsaicin (Emax) with the patient group coughing more than double the 
amount of the healthy volunteers; median (IQR) 27 (21–37) coughs 
versus 13 [9–19]. ED50 was also significantly reduced in the RCC pa-
tients by 1 doubling concentration, suggesting greater sensitisation in 
this group (p = 0.001) (Fig. 2). 

3.3. Repeatability of Emax and ED50 

Intraclass correlation coefficient calculations for Emax (n = 17) and 
logED50 (n = 16) were highly significant at 0.90 (95% CI; 0.75–0.96, p 
< 0.001) and 0.91 (95% CI; 0.78–0.97, p < 0.001) respectively sug-
gesting excellent repeatability over 2 weeks. One ED50 value could not 
be determined due to an Emax of 1. The mean difference in Emax within 
2 weeks across 4 inhalations of capsaicin was +4.1 (95% limits of 
agreement +13.9 to − 5.7) coughs i.e. mean of approximately 1 cough 
per inhalation. 

Predictors of Emax and ED50 

In the pooled data (HV and RCC), Emax was weakly correlated with 
age (r = 0.25, p = 0.002) and FVC (r = − 0.17, p = 0.045). However, 
there were no significant statistical correlations between ED50 and age, 
BMI, smoking or lung function. Both parameters were significantly 
influenced by gender with females demonstrating a higher Emax (me-
dian (IQR) 19.0(13.0–27.5) coughs vs 14.0(8.8–22.0) coughs, p =

0.009) and lower ED50 than males (median (IQR) 15.6(7.8–31.3)μmol/ 
L vs. 31.3(15.6–125.0)μmol/L, p < 0.001). A regression analysis showed 
that Emax was only significantly predicted by gender (p = 0.02) and 
participant group (p < 0.001), suggesting the correlations with age and 
lung function were confounded by the small differences between the 
groups (p = 0.93 and p = 0.15 respectively). 

Emax and ED50 both correlated significantly with all cough mea-
surements (Table 3), with the strongest relationships observed between 
Emax and objective cough frequency. However, the scatter plot revealed 
that the relationship between Emax and cough frequency was driven by 
the RCC group (Fig. 3). When the correlations were performed within 

Fig. 1. CONSORT diagram displaying the numbers of participants that were screened, enrolled and completed the study.  

Table 1 
Comparison of healthy volunteers (HV) and refractory chronic cough (RCC) 
patients. All data quoted as median and interquartile range (IQR) and compared 
using the Mann Whitney U test apart from *Chi-Square.   

HV RCC p-value 

Participants (n) 93 51  
Age (Years) 39 (29–52) 59 (53–67) <0.001 
Gender (M:F)* 46:47 20:31 0.24 
BMI (kg/m2) 25.0 (22.1–28.0) 26.9 (24.0–29.8) 0.03 
Smoking History (Pack 

Years) 
0.0 (0.0–0.0) 0.0 (0.0–0.0) 0.39 

FEV1 (%Predicted) 103.0 (95.5–115.0) 100.0 
(86.0–108.0) 

0.02 

FVC (%Predicted) 107.0 
(100.0–120.5) 

104.0 
(93.0–118.0) 

0.10  

Table 2 
Measures of cough compared by participant group. Data quoted as median and 
interquartile range (IQR) and compared using the Mann Whitney U Test. Cough 
frequency data collected in 79HV and 49RCC. Cough challenge data was 
available for all participants. HV: healthy volunteer; RCC; refractory chronic 
cough. c/h = coughs per hour.  

Measurement HV RCC p-value 

Cough Frequency (c/h) 24 h 0.3 (0.1–1.2) 17.7 
(12.3–32.0) 

<0.001 

Day 0.4 (0.1–1.4) 26.6 
(13.7–43.5) 

<0.001 

Night 0.0 (0.0–0.1) 3.0 (0.3–8.0) <0.001 
Cough Severity VAS 

(mm) 
Day 3.0 (1.0–9.0) 50.0 

(26.0–61.0) 
<0.001 

Night 1.0 (0.0–3.0) 21.5 (4.8–49.8) <0.001 
Emax (coughs) 13.0 (9.0–19.0) 27.0 

(21.0–37.0) 
<0.001 

ED50 (μmol/L) 31.3 
(15.6–125.0) 

15.6 (3.9–31.3) 0.001  
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each group, daytime and 24 h cough frequency still correlated signifi-
cantly with Emax in the RCC patients (day; r = 0.57, p < 0.001, night; r 
= 0.18, p = 0.23, 24 h; r = 0.54, p < 0.001) but there was no relationship 
between Emax and cough frequency in the healthy volunteers (day; r =
0.11, p = 0.34, night; r = 0.15, p = 0.19, 24 h; r = 0.12, p = 0.31). 

Total and individual domain scores from the CQLQ (for RCC patients 
only) were typical of this patient group (Table 4) [22]. Interestingly, 
ED50 correlated significantly with the total score and three of the six 
domains but there were no significant relationships between Emax and 
the CQLQ. 

Discriminatory value of emax and ED50 

ROC curve analysis revealed that Emax was good at distinguishing 
patients with RCC from healthy volunteers (AUC = 0.83, 95% CI; 
0.75–0.90, p < 0.001) whereas ED50 was less effective (AUC = 0.66, 
95% CI; 0.57–0.75, p = 0.002) (Fig. 4). The empirical optimal cutpoint 
for Emax, derived from Youden index analysis, was 20 coughs (boot-
strapped 95% CI; 19–23, 1000 replications) with a sensitivity of 80% 
and specificity of 78%. The empirical optimal threshold for ED50 was 
3.9 μmol/L. Sensitivity and specificity for this threshold were 28% and 
94% respectively and bootstrapped confidence intervals were very wide 
(95%CI; 3.9–62.5, p = 0.01) suggesting limited discriminatory value. 

We also explored the combined ability of Emax and logED50 to 
discriminate between RCC patients and healthy volunteers. This was 
done by performing a logistic regression analysis, which showed Emax 

Fig. 2. Maximum cough response (Emax) to capsaicin (a) and LogED50 concentration (b) compared by group. Error bars represent median and IQR. HV: healthy 
volunteers, RCC: refractory chronic cough. 

Table 3 
Spearman’s rank correlation coefficient values for Emax and LogED50 when 
correlated with patient characteristics and measures of cough for all study 
participants. Cough frequency values were log transformed and 0.01 was added 
to cough counts of zero.  

Parameter Emax LogED50 

Age r ¼ 0.25 r = − 0.11 
p ¼ 0.002 p = 0.21 

BMI r = 0.10 r = − 0.09 
p = 0.23 p = 0.28 

Smoking History r = − 0.09 r = − 0.02 
p = 0.28 p = 0.78 

FEV1 %Predicted r = − 0.15 r = 0.05 
p = 0.07 p = 0.54 

FVC %Predicted r ¼ -0.17 r = 0.03 
p ¼ 0.05 p = 0.74 

Cough Severity 
VAS (Day) 

r ¼ 0.45 r ¼ -0.29 
p < 0.001 p ¼ 0.002 

Cough Severity 
VAS (Night) 

r ¼ 0.28 r ¼ -0.20 
p ¼ 0.002 p ¼ 0.03 

Log 24 h Cough Frequency r ¼ 0.59 r ¼ -0.20 
p < 0.001 p ¼ 0.03 

Log Day Cough Frequency r ¼ 0.59 r ¼ -0.19 
p < 0.001 p ¼ 0.04 

Log Night Cough Frequency r ¼ 0.46 r ¼ -0.22 
p < 0.001 p ¼ 0.02  

Fig. 3. Correlation between Emax and log10 cough frequency over 24 h. 
Regression lines represent Spearman’s rank correlation for each subject group; 
healthy volunteers (HV); r = 0.12, p = 0.31, refractory chronic cough (RCC); r 
= 0.54, p < 0.001. c/h = coughs per hour. 0.01 was added to zero cough rates. 

Table 4 
Spearman’s rank correlation coefficient values for Emax and LogED50 when 
correlated with total and domain CQLQ scores (refractory chronic cough pa-
tients only; scores quoted as median, IQR).  

CQLQ Score Emax LogED50 

Total 63.0 (56.0–69.0) r = 0.11 r ¼ -0.38 
p = 0.49 p ¼ 0.01 

Physical Complaints 20.0 (18.0–22.0) r = − 0.01 r = − 0.22 
p = 0.96 p = 0.17 

Psychosocial Issues 15.0 (12.0–17.0) r = 0.01 r = − 0.26 
p = 0.93 p = 0.10 

Functional Abilities 10.0 (8.0–13.0) r = 0.06 r = − 0.26 
p = 0.68 p = 0.10 

Emotional Well-being 5.0 (4.0–7.0) r = 0.17 r ¼ -0.40 
p = 0.28 p ¼ 0.01 

Extreme Physical Complaints 8.0 (7.0–10.0) r = 0.25 r ¼ -0.32 
p = 0.10 p ¼ 0.04 

Personal Safety Fears 6.0 (4.0–7.0) r = 0.19 r ¼ -0.37 
p = 0.24 p ¼ 0.02  
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(p < 0.001) and logED50 (p = 0.001) both independently predicted 
participant group (RCC versus healthy volunteers). The probabilities 
generated by the logistic regression were used for the ROC curve anal-
ysis. Combining Emax and logED50 further increased the AUC of the 
ROC curve (AUC = 0.85, 95%CI 0.77–0.92), p < 0.001) and a cutpoint of 
0.43, from the logistic regression model, would provide a sensitivity of 
70% and specificity of 91%. 

Dose-response capsaicin challenge is tolerable 

One hundred and twenty-nine participants (89.6%) completed a 
questionnaire at the end of the cough challenge to assess the tolerability 
of the challenge method. Overall, the extent of unpleasantness was rated 
as low; median (IQR) VAS scores 29.0 mm (14.0–48.8) and 25.5 mm 
(16.0–51.0) for healthy volunteers and RCC patients respectively, with 
no significant difference between the groups (p = 0.95). The most 
frequently reported (by 2 or more participants) side effects are listed in 
Table E1; the most common were burning sensation in the throat (n =
104) and coughing (n = 78). 

When asked if they would repeat the test in the future, 123 (95%) 
participants stated ‘Yes’ with the remainder responding with either 
‘Maybe’ or ‘Unsure’. No participants stated that they would not be 
willing to repeat the challenge. 

Exploratory analysis of C2 and C5 endpoints 

There were significant differences between the groups for estimated 
C2 and C5 (p = 0.004 and p < 0.001 respectively; Table E2) with greater 
sensitivity in the RCC patients particularly for C5 which was three 
doubling concentrations lower. However, there was large variability in 
the data, overlap between the groups (Figure E2) and a significant 
ceiling effect with 38 healthy volunteers and 8 RCC patients not 
achieving a measurable C5 by this method. ROC curve analysis of logC5 
produced an AUC of 0.78 (95%CI 0.68–0.87, p < 0.001), with an 
optimal cutpoint of 1.04 (11.1 μmol/L) and 60% sensitivity and 88% 
specificity. 

Discussion 

For the first time, this study has demonstrated the ability of novel 
parameters, reflecting the relationship between capsaicin concentration 
and cough responses, to distinguish between patients with refractory 
chronic cough and healthy individuals. We found statistically significant 
differences, both in Emax and ED50, between the groups. Emax had the 
greater discriminatory value, correlated better with objectively 

measured spontaneous cough frequency and perceived cough severity, 
but paradoxically did not correlate with CQLQ in refractory chronic 
cough patients. Furthermore, we have provided evidence that these 
endpoints are repeatable, and the challenge method well tolerated. 
These data therefore suggest that these novel endpoints characterising 
cough responses to capsaicin show promise for development into a 
useful test for identifying patients with heightened cough reflex 
responses. 

RCC is a diagnosis of exclusion, thus patients typically undergo many 
treatment trials and investigations, often seeing numerous healthcare 
professionals before a diagnosis of RCC is achieved, adding to patient 
burden [23]. This is partly due to a failure to recognise that chronic 
coughing may be refractory/unexplained but is additionally confounded 
by the lack of tools available to positively identify such patients. The 
need for instruments to help to recognise RCC at an earlier stage is more 
pressing given significant recent progress in the development of new 
therapies for this condition, the first of which has recently reported 
positive findings in phase 3 trials [24]. These novel neuromodulators 
seek to address the neuronal hyper-excitability underpinning RCC and 
therefore a test capable of identifying patients with a hyper-excitable 
cough reflex could be of value in efficiently identifying and treating 
RCC patients. 

Investigation of cough responses to inhaled irritants is a well- 
established technique for studying the mechanisms underlying cough 
and can also be used for confirming target engagement during drug 
development [25,26]. However, a limitation in the clinical application 
of this tool is that evoked cough responses have lacked the ability to 
discriminate patients with chronic cough from healthy volunteers. Pre-
vious work has sought to improve the variability of evoked cough re-
sponses through controlling inspiratory flow and to standardise 
methodology across studies, although optimal challenge agents, proto-
col and endpoints remain unclear [11,27]. Our previous proof of concept 
study [15] suggested capsaicin dose-response curves are best charac-
terised by a pharmacodynamic model and the Emax and ED50 endpoints 
might better discriminate chronic cough patients from healthy controls 
than standard cough challenge endpoints. The identification of a 
discriminatory parameter(s) could be of great value in the characteri-
sation and diagnosis of patients with chronic cough. 

A number of previous studies have shown that patients with chronic 
cough have increased cough responses to inhaled capsaicin compared 
with healthy volunteers [6,28]. However, data suggesting the recom-
mended endpoints (C2/C5) have useful discriminatory ability are very 
limited. Previous studies reporting good discrimination between pa-
tients with cough and healthy volunteers have only included small 
sample sizes [13]. To assess the discriminatory value of our novel 

Fig. 4. Receiver operator characteristic (ROC) curves to distinguish patients with RCC from healthy volunteers. a) ROC curve for Emax with good discrimination; 
AUC = 0.83, 95% CI; 0.75–0.90, p < 0.001. b) ROC curve for ED50; AUC = 0.66, 95% CI; 0.57–0.76, p = 0.002. Data missing in b) for 4 individuals where ED50 
could not be determined. 
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parameters, Emax and ED50 in this study, we recruited healthy volun-
teers and RCC patients in larger numbers and carried out ROC curve 
analysis which is a well-established technique in evaluating diagnostic 
ability of continuous scale biomarkers [29]. The AUC for Emax was 0.83 
which is considered excellent discrimination [29,30] with ED50 per-
forming less well with an AUC of 0.66. Nonetheless, it is difficult to 
discount the importance and potential value of ED50 given that it 
significantly differed between the groups, it was repeatable, related to 
cough frequency and interestingly correlated with components of the 
cough quality of life questionnaire when Emax did not. In addition, 
when ROC curve analysis was repeated with Emax and ED50 combined, 
the discriminatory ability increased further (AUC = 0.85). This suggests 
that Emax and ED50 have independent discriminatory value and 
therefore may represent distinct cough mechanisms. 

It is now widely accepted that RCC results from hyper-excitability of 
neuronal pathways, either peripherally at airway afferent nerve termi-
nals and/or through processes in the central nervous system [4,5]. We 
propose that the ED50 measured in this study could reflect neuronal 
hypersensitivity i.e. the thresholds at which coughing bouts are trig-
gered. Interestingly this seems to relate to certain aspects of quality of 
life, highlighted by the correlations with CQLQ domains in RCC; the 
lower the threshold for cough triggering, the greater the impacts on 
emotional well-being, personal safety fears and extreme physical com-
plaints. Whereas Emax is a measure of neuronal hyper-responsiveness 
and therefore determines the number of coughs and length of cough-
ing bouts once cough threshold is reached and coughing is triggered. The 
stronger relationship between Emax and spontaneous cough frequency 
in the chronic cough group supports this notion. If Emax and ED50 are 
indeed surrogates for distinct processes, then the ability to measure and 
capture the whole dose-response curve is important and provides greater 
mechanistic information than measuring the C5 alone. Of note, we also 
found that Emax and ED50 were independent of all characteristics apart 
from gender, which is beneficial in the context of developing a diag-
nostic tool as allowances do not need to be made for other confounding 
factors. 

The only recent study to explore cough responses as a discriminatory 
tool by Cho et al., in 2019 [31], tested a standard C5 and a cough sup-
pression test (C5 threshold during voluntary cough suppression) to 
differentiate healthy controls from refractory chronic cough patients. 
Although this study found both endpoints to be effective at discrimi-
nating between the groups, it was limited by a low sample size (30 RCC 
patients and 23 healthy controls) and included very few male partici-
pants. The cough suppression test AUC of 0.97 and cutpoint sensitivity of 
100% suggest an almost perfect test which is unusual and probably re-
flects the small sample size; biomarker diagnostic development requires 
sampling of large numbers and a broad spectrum of cases to fully reflect 
varying degrees of severity. 

We also performed some exploratory analyses of C2 and C5 and 
although there were significant differences between the groups for C5, 
the AUC value for logC5 was inferior to that of Emax and Emax/ED50 
combined. It is important to emphasise that the derivation of C2 and C5 
from this study data may differ from standard cough challenge meth-
odology. Repeated inhalations may impact the cough response at each 
concentration and thus the estimated location of C2 and C5. A propor-
tion of participants in this study did not achieve a measurable C5 which 
may be attributable to the methodological differences. C5 could offer 
some insights related to cough reflex sensitivity but to elucidate this 
fully, a study designed to directly compare the two challenge method-
ologies would need to be carried out. 

There were limitations to note in this study. Firstly, although we 
have shown this challenge methodology to be tolerable, the repeated 
inhalations could still be time-consuming in a clinical setting. Future 
work will explore the possibility of identifying a single discriminatory 
concentration at an optimal point of the dose-response curve and 
pharmacodynamic modelling could be used to predict whether a 
reduction in the number of inhalations could also be feasible. Secondly, 

capsaicin was the only challenge agent used in this study which spe-
cifically activates TRPV1 receptors on airway afferents [9,10]. 
Numerous other agents for example citric acid, ATP, PGE2, 
hyper-osmolar and hypo-osmolar solutions, are known to evoke cough 
by activation of different airway receptors [6,32,33]. Dose-response 
challenge using other agents could be useful in studying potentially 
discriminatory mechanisms underlying cough in different respiratory 
diseases, not just chronic cough. The final limitation was the method 
used to derive ED50; by locating the concentration of capsaicin evoking 
at least half of Emax, which only estimates ED50 to the nearest doubling 
concentration. Although ED50 is best calculated using pharmacody-
namic mathematical modelling [15,18], this is complex and technical, 
and for a clinically applicable test a compromise between the practi-
calities of carrying out the test and accuracy must be achieved. Up-
coming pharmacodynamic modelling of these data will be important for 
identification of additional novel endpoints, optimisation of the chal-
lenge methodology and powering of larger multicentre replication 
studies to strengthen these findings and aid the development of a 
diagnostic tool. The patients in this study were attending a tertiary 
specialist cough clinic and were therefore well characterised as having 
refractory chronic cough following thorough investigation and treat-
ment, where indicated, for other conditions associated with chronic 
cough for example asthma, reflux or nasal disease. It will be important in 
future studies to apply this novel cough challenge methodology to other 
multi-centre, larger populations to encompass different types of patients 
with chronic cough and collect more detailed information about any 
associated conditions. 

In conclusion, this study has shown that dose-response capsaicin 
cough challenge methods and novel parameters are repeatable, well 
tolerated and have good discriminatory value. They therefore show 
promise as a potential tool to assist in the positive identification of pa-
tients with cough hyper-excitability and those potentially suitable for 
treatment with novel therapies addressing these mechanisms. 
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