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Reduced pH and chloride levels in exhaled breath
condensate of patients with chronic cough
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Background: Increased hydrogen and reduced chloride ionic environments of the airways are conducive
to the stimulation of cough. However, the constituents of the local milieu of the airways of patients with
chronic cough are unknown.
Methods: The pH and chloride levels in exhaled breath condensate and capsaicin cough threshold (C5)
were measured in 50 patients with chronic cough and in 16 healthy controls. pH and chloride
measurements were repeated after capsaicin challenge in those with cough. The cause of cough was
asthma (n = 13), postnasal drip/rhinitis (n = 7), gastro-oesophageal reflux (n = 5), bronchiectasis (n = 5),
but remained unidentified in 20.
Results: Compared with controls, patients with chronic cough had lower pH (mean 7.9 v 8.3, 95% CI of
difference 20.5 to 20.2, p,0.0001), chloride levels (median 4 v 6 mmol/l, 95% CI 23.1 to 20.2,
p = 0.007), and C5 (median 3.9 v 125 mM, 95% CI 2270.0 to 217.6, p = 0.002). The pH levels were
different in the six subgroups including controls, and were reduced in all diagnostic subgroups of patients
with cough compared with controls but did not differ between them. Chloride levels were significantly
different in the six subgroups but were lower than controls in only the gastro-oesophageal reflux subgroup.
There was a weak but significant correlation between chloride levels and C5 when all participants were
analysed together, but not between pH and C5 or chloride levels. pH and chloride levels did not change
after capsaicin challenge.
Conclusions: The epithelial lining fluid of patients with chronic cough has a reduced pH and reduced
chloride levels which could contribute to the enhanced cough reflex.

C
hronic cough is a common clinical problem.1 Asthma,
postnasal drip (PND) or rhinitis, and gastro-oesopha-
geal reflux (GOR) have been recognised by many

investigators as the clinical conditions most commonly
related to chronic cough.2 However, in a significant propor-
tion of patients with chronic cough no associated clinical
conditions can be identified despite thorough investigations
and empirical treatment.3–5

Many of the clinical conditions related to chronic cough are
characterised by increased cough sensitivity to inhaled
tussive agents,1 6 although other conditions such as asthma
or bronchiectasis may not share this feature.6 An acidic
environment of the airway surface liquid may be causally
related to the cough hypersensitivity. Exposure to acidic
solutions causes action potential discharge in Ad fibres and C
fibres of airway afferent nerves in guinea pig, both of which
mediate the cough reflex.7 Inhalation of acidic solutions such
as citric acid or acetic acid causes coughing in healthy
humans or laboratory animals in vivo in a pH dependent
manner.8–10 Various features of chronic inflammation may be
present in the airways of patients with chronic cough of
different causes,3 4 11–13 and inflammation may cause a
decrease in extracellular pH.14 Endogenously reduced pH
may therefore be involved in the pathogenesis of chronic
cough or cough hypersensitivity. In addition, the tussive
properties of low pH are potentiated by the lack of chloride in
citric acid induced cough.8 Aqueous solutions without or
containing only low levels of chloride ions when inhaled as
aerosols have been found to stimulate cough. A dose-
response relationship between decreasing chloride levels
and increasing cough has been shown.15 This may be
independent of the pH of the inhaled solutions.8 Despite
these observations, it is unknown whether the local milieu of

the airways of patients with chronic cough has lowered pH or
chloride levels.
Analysis of exhaled breath condensate (EBC) has been

used as a non-invasive method for evaluating the lining fluid
of the lower respiratory tract.16 Measurement of pH in EBC
has recently been reported in several airway diseases
including asthma, chronic obstructive pulmonary disease,
bronchiectasis, and cystic fibrosis.17–19 We therefore collected
EBC from adult patients presenting with chronic cough and
healthy controls and measured their pH and chloride levels.
These results were compared with the cough sensitivity
measured by inhalation of capsaicin. The pH and chloride
levels were also compared in diagnostic subgroups of cough,
which may involve different pathophysiological features such
as different types of airway inflammation.3 4 11–13

METHODS
Subjects
Fifty consecutive patients with chronic cough of at least
8 weeks’ duration referred during a 13 month period were
studied. All were non-smokers. Diagnostic investigations
included chest radiography, pulmonary function testing,
methacholine challenge, 24 hour oesophageal pH monitor-
ing, and chest and sinus computed tomography.1

Patients with methacholine PC20 (4 mg/ml, diurnal
variation in peak expiratory flow (PEF) >20%, or an increase
in forced expiratory volume in 1 second (FEV1) of>15% after
b agonist, and a cough response to inhaled corticosteroid and
bronchodilator therapy were diagnosed as having asthma

Abbreviations: C2 and C5, concentration of capsaicin causing >2 or
>5 coughs; EBC, exhaled breath condensate; GOR, gastro-
oesophageal reflux; PND, postnasal drip
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which was responsible for the chronic cough. Cough was the
sole or predominant symptom (cough variant or cough
predominant asthma). Chronic cough due to gastro-oeso-
phageal reflux (GOR) was diagnosed by 24 hour oesophageal
pH monitoring and efficacy of a 12 week course of proton
pump inhibitor and dietary changes. Chronic cough was
attributed to postnasal drip (PND)/rhinitis when symptoms
and an objective diagnosis of PND and/or rhinitis were
present and nasal corticosteroids and/or anticholinergics
were effective against the cough. Bronchiectasis was con-
sidered when patients had productive cough and typical
findings of bronchiectasis on high resolution computed
tomography. Coughing in such patients responded to some
extent to antibiotics and/or chest physiotherapy. Some
patients had no identifiable cause(s) of cough despite
additional investigations including bronchoscopy and ther-
apeutic trials for asthma, GOR, and PND/rhinitis.
Sixteen normal volunteers, all non-smokers, were also

studied. The study was approved by the ethics committee of
our institution. All subjects gave informed consent to
participate in the study.

Collection and measurement of EBC
Subjects breathed tidally for 10 minutes, wearing a nose clip,
into the special chamber of a condenser (Ecoscreen, Jaeger,
Hoechberg, Germany) which froze the exhaled water vapour
to 220 C̊. The collected condensate was immediately stored
at 270 C̊.
pH was measured using a model 350 pH meter (Jenway,

Dunmow, UK). Before measurement, defrosted EBC samples
were de-aerated with argon (350 ml/min) for 10 minutes.17

In a preliminary measurement of EBC from 19 subjects (11
controls and eight with cough), defrosted and de-aerated
samples showed slightly but significantly higher pH than
corresponding fresh unfrozen and de-aerated samples from
the same subject. However, the pH of fresh and defrosted
samples showed a good correlation (r=0.91, p=0.0001).
Chloride was measured using an ion-specific electrode

(Bayer/Chiron model 644 Na/K/Cl Analyser, Chiron
Diagnostics, Sudbury, UK). Since the chloride levels of EBC
were much lower than those of serum or urine, we adopted a
method for sweat chloride measurement using 644 Sweat
Diluent (Bayer Diagnostics Manufacturing Ltd, Sudbury, UK)
with which the EBC samples were diluted 1:1 to bring the
sample chloride levels into the measuring range of the ion-
specific electrode. Linear regression analysis of the chloride
levels of 48 sweat samples obtained by this method and those
obtained by standard colometry showed a slope of 1.04,
intercept of 21.43, and correlation coefficient of 0.993
(p,0.0001) by in-house testing by the manufacturer. The
data obtained by the electrode were doubled because the
samples were originally diluted 1:1. When the chloride level
was below 2 mmol/l, it was arbitrarily set at 0 mmol/l for
calculation of the difference between groups.

Capsaicin challenge
As described previously,20 coughs were counted for 1 minute
after single breath inhalation of saline and capsaicin
solutions (Sigma-Aldrich, St Louis, MO, USA) of increasing
concentrations (0.98–500 mM). They were generated from a
dosimeter (PK Morgan Ltd, Gillingham, UK) set at a dosing
period of 1 second. This was continued until five or more
coughs were induced. The concentration of capsaicin causing
two or more coughs and five or more coughs were denoted C2
and C5, respectively.20

Study design
EBC collection, spirometry, and capsaicin challenge were
performed on the same day in this order. In 41 patients
EBC collection was repeated immediately after capsaicin

challenge. In seven healthy subjects and 15 with chronic
cough the pH of frozen and defrosted EBC samples was
measured before and after de-aeration with argon.

Statistical analysis
Data were expressed as mean (SD) or median (range) and
analysed using StatView 4.5 (Abacus Concepts, Berkeley, CA,
USA). Unpaired t tests or Mann-Whitney U tests were used to
compare the two groups. Multiple group comparisons were
performed using ANOVA and Fisher’s PLSD tests, Kruskal-
Wallis and Mann-Whitney U tests with Bonferroni/Dunn
correction or x2 test. The effect of the interventions on pH
and chloride levels was analysed using the paired t test or
Wilcoxon signed rank test. Pearson’s correlation test or
Spearman’s rank correlation test were used to determine
correlations. p values of ,0.05 were considered significant.

RESULTS
Characteristics of subjects
The characteristics of patients with chronic cough and
healthy controls are summarised in table 1. All patients had
a normal chest radiograph. The mean (SD) duration of
coughing was 10.3 (7.3) years. Thirteen patients were
diagnosed as having asthma, seven PND/rhinitis, five GOR,
five bronchiectasis, but 20 patients had no identifiable
causes. Age but not sex distribution, duration of cough, or
FEV1 was significantly different between the subgroups.

Cough sensitivity and pH or chloride levels in EBC of
controls and patients
The patients with chronic cough had a C2 of 1.95 (0.98–
250) mM, C5 of 3.9 (0.98–.500) mM, pH values of 7.91
(0.30), and chloride titres of 4 (,2–12) mmol/l (table 1)
which were significantly lower than the control values (pH
8.26 (0.20), chloride 6 (2–8)): mean difference of C2
243.4 mM (95% CI of difference 290.9 to 24.1), p=0.049;
mean difference of C5 2143.8 mM (95% CI 2270.0 to 217.6),
p=0.002; mean difference of pH 20.35 (95% CI 20.51 to
20.19), p,0.0001; mean difference of chloride level
21.7 mmol/l (95% CI 23.1 to 20.2), p=0.007.
C5, pH, and chloride titres in EBC were significantly

different among the six groups including the five subgroups
of patients with cough (table 1). By multiple comparison, C5
was lower in patients with PND/rhinitis, GOR, and those
without identifiable causes than controls, but not in patients
with asthma or bronchiectasis (table 1). The pH levels in EBC
were lower in all subgroups of chronic cough than in
controls. There were, however, no differences between these
subgroups although comparison of small subgroups may lack
statistical power (fig 1). Chloride levels showed a substantial
overlap between subgroups but were significantly different
between patients with GOR and controls by multiple
comparison (fig 2).
A small number of patients with asthma, PND/rhinitis,

GOR, or cough of unidentified cause were receiving medica-
tions at the time of the study (table 1). However, the results
of C2, C5, pH and chloride levels did not differ between
patients receiving treatment and those without treatment for
each subgroup (data not shown), although the number of
patients in most subgroups was too small for meaningful
statistical analysis. Neither the pH nor chloride levels in EBC
changed before and after capsaicin challenge in 41 patients
with chronic cough in whom EBC was repeatedly collected
(7.96 (0.30) v 7.98 (0.31), p=0.76 and 4 (,2–10) mmol/l v 4
(,2–8) mmol/l, p=0.19, respectively).

Correlation between data
The chloride levels in EBC showed a weak but significant
correlation with C5 when all participants were analysed
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together (n=66, r=0.30, p=0.01). However, there was no
such correlation between pH titres in EBC and C5 (r=20.11,
p=0.35) or chloride levels (r=0.10, p=0.38). C2 did not
correlate with chloride or pH titres in EBC (data not shown).
No correlation was found between pH titres, chloride levels,
and C2 or C5 when the analysis was confined to patients with
cough, controls, or any cough subgroup (data not shown).

Effect of argon de-aeration of EBC samples on pH
titres
After de-aeration of defrosted EBC samples the pH rose
significantly from 7.06 (0.32) to 8.05 (0.26), mean difference
0.99 (95% CI 0.87 to 1.12), p,0.0001. The correlation
between pH before and after de-aeration was significant
(n=22, r=0.57, p=0.005). The pH of EBC before de-
aeration was significantly lower in patients with cough
(n=15) than in controls (n=7) (6.95 (0.29) v 7.29 (0.25),
mean difference 0.35 (95% CI 0.08 to 0.61), p=0.01) as well
as those of de-aerated EBC (data not shown).

DISCUSSION
We have shown that EBC of patients with chronic persistent
cough is more acidic and has lower chloride levels than EBC
of non-coughing normal subjects. The change in pH (on
average, a halving of hydrogen ions) was not large but may
be sufficient to stimulate cough. The changes in chloride ions
were much more modest but correlated weakly but sig-
nificantly with capsaicin cough sensitivity. Because these
changes could favour the activity of airway sensory nerves
such as cough afferents, our findings indicate that they may
contribute to the enhanced cough reflex.
We studied patients referred to our cough clinic from a

wide area of southern UK, most of whom had been seen by
other colleagues and received treatment. The mean duration
of coughing in these patients was more than 10 years. Not
surprisingly, in a large proportion of patients (40%) we could
not identify a cause for the chronic cough, which contrasts
with other series.2 Irrespective of the cause of chronic cough,
the pH levels were lower than in healthy controls of a similar
order of magnitude. Even in the five patients with GOR (four
of whom were not receiving treatment), there was a similar

Table 1 Characteristics and outcomes in healthy controls and patients with chronic cough

Chronic cough p values
(ANOVA,
Kruskal-Wallis
test or x2 test)

Healthy controls Asthma PND/rhinitis GOR Bronchiectasis Unidentified cause

(n = 16) (n = 13) (n = 7) (n = 5) (n = 5) (n = 20)

Age (years) 43 (8) 44 (17) 55 (7)* 59 (5)�,` 62 (18)�,`,1 53 (12)�,|| 0.005
M/F 4/12 6/7 0/7 1/4 1/4 3/17 0.23
Duration of cough (years) – 5.4 (5.5) 11.4 (8.3) 9.8 (5.5) 10.7 (5.1) 13.0 (7.8) 0.08
Patients on medication – 3 (2 ICS, 1 ICS

+ LABA)
3 (2 NCS, 1 nasal
anticholinergic)

1 (PPI) 0 6 (2 NCS, 2 oral
antihistamine, 1 NCS
+ PPI, 1 ICS + PPI)

0.54

FEV1 (% predicted) 100 (12) 91 (16) 88 (20) 106 (18) 98 (24) 101 (20) 0.27
C2 (mM) 7.8 (0.98–500) 3.9 (0.98–250) 0.98 (0.98–15.6) 0.98 (0.98–1.95) 3.9 (0.98–125) 1.47 (0.98–31.3) 0.13
C5 (mM) 125 (1.95–.500) 31.3 (0.98–250) 3.9 (0.98–15.6)** 1.95

(0.98–15.6)��
3.9 (0.98–500) 2.93 (0.98–.500)�� 0.009

Data are expressed as mean (SD) or median (range).
*p =0.03, p = 0.01, **p =0.005, ��p=0.003 v control.
`p= 0.03, 1p =0.01, ||p =0.04 v patients with asthma.
PND=postnasal drip; GOR= gastro-oesophageal reflux; ICS = inhaled corticosteroids; NCS = nasal corticosteroids; LABA= long acting b agonists; PPI = proton
pump inhibitors; FEV1 = forced expiratory volume in 1 second; C2, C5 = lowest concentration of capsaicin that induced >2 or >5 coughs, respectively;
EBC= exhaled breath condensate.
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Figure 1 Distribution of pH titres in exhaled breath condensate (EBC) of
individual groups. There was a significant difference between the six
subgroups (p = 0.001, ANOVA). By multiple comparison, all subgroups
of chronic cough had lower pH titres than controls (p,0.0001 for
asthma, p= 0.04 for postnasal drip (PND)/rhinitis, p = 0.01 for gastro-
oesophageal reflux (GOR), p =0.02 for bronchiectasis, p = 0.002 for
those with unidentified cause) but there was no difference between the
subgroups. Horizontal bars represent means.
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Figure 2 Distribution of chloride titres in exhaled breath condensate
(EBC) of individual groups. There was a significant difference between
the six subgroups (p = 0.01, Kruskal-Wallis test). By multiple
comparison, only the chronic cough subgroup associated with gastro-
oesophageal reflux (GOR) had significantly lower chloride titres than the
control group (p =0.004), and there was no difference between the
subgroups. Horizontal bars represent medians. PND=postnasal drip.
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order of pH reduction. Although the number of patients in
the subgroups may be too small to draw a definite
conclusion, these results argue against a direct contribution
of acid from the stomach into the airway lining fluid.21 A
smaller reduction in chloride was noted only in patients with
GOR, but there was a weak but significant correlation
between the chloride levels and cough sensitivity when all
subjects were analysed together. Although these changes in
pH and chloride may be modest, the interaction between acid
and low chloride contents in the coughing mechanism might
be synergistic.8

The measurement of pH in EBC samples was performed
after de-aeration with argon, as initially described by Hunt
and colleagues.17 We found that de-aeration with argon
causes an increase in pH of 1. Although de-aeration with
argon has been used as the ‘‘gold standard’’ method for
measurement of pH in EBC,17 18 22 the exact effect of de-
aeration on the pH of EBC has not previously been
described.17 18 22 To our knowledge, our study is the first to
show a significant rise in pH immediately after argon de-
aeration. Relatively larger differences in pH were reported
than in other published studies of pH in EBC. In a cross
sectional study Hunt and colleagues found that the mean pH
of the EBC in patients with acute asthma was 5.23 compared
with a mean of 7.80 in a control group with stable asthma.17

Tate and colleagues19 found a mean pH of EBC not de-aerated
with argon of 5.88 in patients with stable cystic fibrosis
compared with 6.15 in healthy subjects and 5.32 in patients
with a cystic fibrosis exacerbation. It has been postulated that
the acidification is related to the underlying airway inflam-
mation which occurs during acute exacerbations of asthma or
cystic fibrosis.17 19 In acute asthmatic inflammation glutami-
nase activation may regulate pH.22 In cystic fibrosis chronic
acidification may also be related to reduced bicarbonate
secretion which is characteristic of the lung in this condi-
tion.19 The cause of the reduced pH in our patients with
chronic cough is unclear, but changes in the inflammatory
component of the mucosa or in the mucus content may
contribute.3 4 11–13 23 24

Reduced pH values in EBC have been associated more with
neutrophilic inflammation than with eosinophilic inflamma-
tion.18 However, the pH of our subgroups characterised by
neutrophilic inflammation (bronchiectasis and undiagnosed
cases3) did not differ significantly from that of asthmatics
characterised by eosinophilic inflammation.11–13 23 24

The EBC of our control subjects had a slightly higher pH
than was found in two previous studies which also used
argon de-aeration. In these previous studies mean pH values
of 7.65 and 7.57 were reported.17 18 This might be due to
freezing and defrosting of samples in our study, but this
process does not appear to have influenced the interpretation
of the results because the pH values of fresh unfrozen
samples and corresponding defrosted samples obtained from
a subset of subjects were highly correlated. The pH of
epithelial lining fluid has been reported to be between 6.5
and 7.5 in healthy adults or children as measured by direct
application of microelectrodes to the trachea or proximal
bronchi.25 26 The pH of EBC of healthy subjects in three
published reports17–19 as well as in our study is outside the
range of directly measured lower airway pH.25 26 Moreover, in
our analysis of seven healthy subjects the pH of pre-deaerated
EBC (mean 7.29) was closer to the reported values of
‘‘physiologic’’ pH described above25 26 than to the pH of
deaerated EBC (mean 8.17). Processing and pH measurement
of EBC may therefore require further validation, including a
comparison between the pH of EBC and that of direct
measurement of the airway surface liquid.17 The effect of
argon de-aeration needs to be studied more closely.

A decrease in the pH can cause activation of Ad fibres and
C fibres in the airways of guinea pigs and rats.7 27 This
involves the capsaicin receptor VR1, since protons can
increase the openings of the VR1 ion channel.28 VR1 is a
sensory neurone specific ion channel that is potentiated by
extracellular proton within the pH range encountered during
tissue acidosis. For example, during the relatively small
change in pH from 7.6 to 7.0 there is already potentiation of
heat activated currents in the VR1 receptor,29 indicating the
potential for reduction in pH to augment capsaicin cough
sensitivity. Low chloride stimuli are known to cause cough8 15

and to stimulate tracheal Ad and C fibres in guinea pig
airways.30 On the other hand, the lower pH and chloride
levels in the EBC in our patients could be a result—rather
than the cause—of persistent cough. Coughing may stimu-
late mucus secretion and affect epithelial ion transport,31

possibly through cholinergic mechanisms.32 This may influ-
ence the levels of pH and chloride in the epithelial lining
fluid. However, it is difficult to be sure from our results which
is the cause and which is the effect. The fact that capsaicin
induced cough did not change the pH or chloride in EBC may
not support the notion that the cough is the cause, although
capsaicin induced coughing is transient.
We did not find a significant relationship between the pH

of EBC and capsaicin cough sensitivity. In a study in healthy
subjects9 the cough response to various acids at similar pH
correlated well but they did not correlate with the cough
response to capsaicin, indicating different pathways for
capsaicin and acid induced cough.9 In a recent study in
patients with chronic cough, however, cough responses to
capsaicin and citric acid showed a positive correlation.33 The
underlying pathophysiology of chronic cough and the
mechanism(s) of reduction in airway pH as observed in this
study may not both be uniform in patients with a variety of
conditions associated with chronic cough. This may also be
the case in patients without identifiable causes of cough.
Investigations conducted in a larger number of subjects with
chronic cough of the same aetiology may reveal more clearcut
relations.
Our study has some limitations. Objective measurements

of cough using a visual analogue scale or cough recordings
were not made so the relationship between cough frequency
or severity and pH or chloride could not be ascertained. The
controls were significantly younger than the patients with
cough and this may have affected the results. However, the
effect of age on airway pH or chloride is not known.
In conclusion, EBC of patients with chronic cough has

reduced pH and chloride levels. While this may not be of
diagnostic value, these observations may be important in
explaining the pathophysiology of chronic cough or cough
hypersensitivity. Modulation of lower pH and chloride in the
local environment of the airways may be potentially
promising as a treatment for chronic cough, especially in
patients with intractable coughing requiring ‘‘non-specific’’
antitussive treatment.34 This needs to be clarified in further
studies.
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