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Diurnal variation and adaptation of the cough
response to citric acid in normal subjects

JC POUNSFORD, KB SAUNDERS

From the Department ofMedicine 1, St George's Hospital Medical School, London

ABSTRACT The lowest concentrations of citric acid were measured that caused coughing in 10
normal subjects who inhaled successively higher concentrations. Two subjects did not cough at
any concentration. In the remaining eight the threshold concentration was significantly higher
when measured in the afternoon than it was in the morning (p < 0.05). The expected diurnal
variation in peak expiratory flow rate (PEFR) was found (significant in the whole group-p <
0.05); but PEFR did not change significantly when measured before and immediately after
coughing caused by citric acid inhalations. In a second group of 10 normal subjects two series of
citric acid inhalations were given, separated by one hour. The total number of coughs was
significantly lower on the second run (p < 0.05). Thus diurnal variation and adaptation of the
cough response must be taken into account when antitussive drugs are tested.

Cough can be induced in man by inhalation of nebu-
lised citric acid.' Two methods are commonly used;
the one most frequently described requires inhala-
tion of varying concentrations of stimulant for a
predetermined period, during which the subject
attempts to breathe normally.2 The concentration at
which coughing occurs (the cough threshold) and
the number of coughs (the cough response) are
recorded. Another method depends on a single
breath technique, in which the subject exhales to a
known lung volume and then inhales rapidly to total
lung capacity (TLC).3 Both methods have been
reported to give reproducible results. We have
modified the second technique, and attempted to
answer the following questions: Are there differ-
ences in the cough response to citric acid that
depend on the time of day when it is measured? If
so, in what sense is it related to the diurnal variation
in airways resistance in man4? Does the cough reflex
show adaptation and is the test repeatable after one
hour? Can dose-response curves (in terms of
number of coughs) be constructed? These questions
have not been answered previously and all are
relevant to trials of antitussive agents.
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Methods

GROUP 1
Ten healthy volunteers aged 19-40 years took part
in the first group of experiments. None had had an
upper respiratory tract infection in the previous
eight weeks and none had a history of atopy. They
all gave their informed consent to the study, which
was approved by the ethical committee of our hos-
pital. Each subject was given four challenges of citric
acid, two between 9 am and mid-day and two be-
tween 2 and 5 pm. Each challenge was done on a
separate day, but the exact time of the experiment
was not more precisely controlled. The order in
which the experiments were conducted was random-
ised. The citric acid was dissolved in distilled water
to a 20% solution, which was further diluted to the
required concentration with normal saline.

After arriving at our laboratory the subjects
rested for 15 minutes. They then put on a nose clip
and we measured their peak expiratory flow rate
(PEFR) with a Wright's peak flow meter. The best
of two results was taken as a baseline PEFR. The
subjects then breathed normally while sitting in
front of a stop clock. After five minutes they were
asked to exhale to residual volume (RV). As they
approached RV they connected themselves to a T
mouthpiece, through one limb of which flowed citric
acid nebulised by a Wright' s nebuliser at 10 1 min- I .
To the other was attached a rotary spirometer
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Pounsford, Saunders
Cough thresholds in group I subjects

Subject No Threshold citric acid concentrations (%)o)
Morning Afternoon

1 2.5, 2.5 2.0, 2.0
2 3.5, 1.5 5.0, 5.0
3 3.5, 3.0 3.0, 7.0
4 2.5, 2.0 7.0, 3.0
5 3.0, 3.0 3.0, 3.5
6 3.0, 3.0 5.0, 3.0
7 2.5, 3.0 5.0, 3.0
8 3.5,1.5 10.0, 4.5

B

Fig 1 Recording showing calculation ofcough index: (A)
four coughs with a latency (T) offive seconds and a cough
index of 0.8 and (B) five coughs with a latency of1.3
seconds and a cough index of3.8.

(Wright's respirometer) that was open to the air.
When they reached residual volume they immedi-
ately inhaled to total lung capacity (TLC) in five
seconds while observing the stop clock. The volume
of inhaled aerosol was therefore about 5/60 x 10 1,

or 833 ml.
After each inhalation we checked the volume of

air inhaled, repeated the measurement of PEFR,
waited two minutes, and then gave the citric acid at
an increased concentration. The citric acid was

started at a concentration of 0.5% and increased in
0.5% increments to 5%, then in 1% increments to
10%, and finally in 2.5% increments to 17.5%. The
first concentration at which coughing occurred (the
cough threshold) was noted.

GROUP 2
We selected another 10 healthy volunteers aged
20-38 years, and adapted the technique so that we
could measure the time from the start of inhalation
to the first cough (the latency of the response) as

well as the number of coughs. We divided the
number of coughs by the latency and called the
result the "cough index" for that inhalation. The
cough detector was a mercury strain gauge loosely
attached around the subject's neck and connected to
a Medelec fibreoptic recorder (fig 1).
The citric acid was started at a concentration of

0.5% but increased in this protocol by doubling con-

centrations to a total of 16%, four minutes being

allowed between each inhalation. The cough
threshold was again noted. The experiment was
repeated one hour later to determine whether the
cough response had altered. The whole study (that
is, two series of citric acid inhalations separated by a

one hour interval) was repeated on another day at
the same time of day to see whether the results were
reproducible.

Results

GROUP 1

Two of the 10 subjects did not cough at any citric
acid concentration on any of the four days.
Threshold values for the remaining eight are shown
in the table. There was agreement within 2% for the
two morning results, but variability was greater in
the afternoon.
We took for further analysis the means of the two

morning and two afternoon thresholds, and the
means of the two morning and the two afternoon
baseline PEFRs. Of these eight subjects, seven had a

higher threshold and six a higher PEFR in the after-
noon (fig 2). The overall mean morning threshold
(2.84% citric acid (1 SD 0.33%)) was significantly
less than the overall mean afternoon threshold
(4.44% (1.54%); p < 0.05, paired t test). The over-
all mean morning baseline PEFR (507 (87) 1 min- ')
was significantly less than the overall mean after-
noon baseline PEFR (530 (89) 1 min-'; p < 0.05,
paired t test).
The mean value of all cough thresholds obtained

on day 1 was 4.13% (1.46%); on day 2, 3.43%
(2.73%); on day 3, 3.44% (1.74%); and on day 4,
3.18% (1.06%). Although there was a trend for the
mean thresholds to decrease as the experiments pro-
ceeded this decrease was not significant at the 5%
level (analysis of variance).
We noted baseline PEFR (before any citric acid

was given), subthreshold PEFR (just before the inha-
lation of citric acid that caused coughing), and post-
threshold PEFR (after the first bout of induced
coughing). No significant differences were found
(mean values 518 (87), 514 (76), and 513 (80)
1 min-').
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Diurnal variation and adaptation of the cough response to citric acid in normal subjects

650-

600-

9550-

0
I-

>- 500-

4

0 450

4
w
a.

20

0'

MORNING AFTERNOON

l1

MORNING AFTERNOON

GROUP 2
We took for further analysis cumulated sums of the
coughs obtained in each citric acid run from 0 to
16% for each subject, two runs on each of two days,
and the similarly cumulated sums of the "cough
indices."
On day 1 the number of coughs and the total of

"cough indices" were significantly less on the second
run, one hour after the first (p < 0.01 and < 0.05
respectively, Wilcoxon' s signed rank test). On day 2
the same result was obtained (p < 0.01 for both
criteria). Individual results for day 1 are shown in
figure 3.
Among 20 comparisons the threshold increased in
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nine and was unchanged in 11 after the one hour
interval. This trend to increase was not significant,
either by paired t test or by Wilcoxon's signed rank
test.

Discussion

The cough reflex is stimulated by sensitisation of
rapidly adapting receptors located in the larynx and
bronchial tree.56 These receptors ramify between
individual epithelial cells and afferent nerve signals
travel in myelinated nerve fibres in the vagus nerve

to the cough centre of the brainstem. The receptors
are of two types: those sensitised by touch, which

Fig 3 Cumulated coughs and cough indices
on day I in 10 subjects showing adaptation of
the response after one hour (p < 0.01
(coughs) and p < 0.05 (cough index),
Wilcoxon signed rank test) without drug
intervention.
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Fig 2 Mean cough thresholds and baseline peak
expiratory flow rate measurements in eight
subjects in the morning and afternoon (p < 0. 05,
paired t test).
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are found in the trachea and at the divisions of
major airways5; and "irritant receptors," which are
sensitised by inhaled irritants and bronchoconstric-
tion' and are located in smaller airways down to
terminal bronchioles. Citric acid probably stimulates
these irritant receptors, but this cannot be shown
conclusively in man. Rapidly adapting receptors are
also found in the larynx,8 and it might be stimulation
of these by citric acid that induces cough in man.
To maintain a reproducible stimulus to the air-

ways we administered citric acid aerosol using a
single breath technique. The alternative method, in
which a subject attempts to breathe normally while
inhaling citric acid, has the disadvantage that any
irritation or coughing induced would stimulate an
altered pattern of inhalation and deposition of the
aerosol would be changed. Furthermore, the deep
inhalation which occurs before coughing would
cause stimulation and recruitment of irritant recep-
tors. These might modify the response to such an
extent that no other inhalation of citric acid would
be directly comparable unless the pattern of cough-
ing and the alteration in lung volumes induced were
identical. Unlike Empey,3 we asked our subjects to
inhale from RV to TLC over five seconds rather
than inhale as rapidly as possible. This was because
of the effect of rapid inhalation on smooth muscle
receptors and because rapid inhalation has been
reported to cause bronchodilatation,9 which is
reduced by a slower inhalation.

In the first study we showed that cough threshold
was systematically and significantly higher in the
afternoon. Consequently it is important that studies
of antitussive drugs in an individual should be done
at the same time of day. We did not in this study
have a reliable method of counting coughs, and
based our conclusion on cough threshold alone. In
the second study we recorded and counted the
coughs, hoping to construct a dose-response curve,
and for the same reason we used logarithmic dosage
increments. Plausible dose-response curves were
obtained in only three of 10 subjects. We therefore
abandoned the dose-response approach, and took
the total number of coughs. This was sufficient to
show that the cough response to citric acid is
diminished when repeated an hour later, even with-
out any pharmacological intervention.
The switch to logarithmic dose increments

increases the interval between successive doses
around the normal threshold, and makes determina-
tion of the threshold necessarily less precise. We
suspect that this accounts for the finding that,
despite a diminution in cough response, the
threshold showed only a non-significant trend to
increase.
We had gone to some pains, as described above,

Pounsford, Saunders

to control the inhaled volume of nebulised citric
acid. Some subjects nevertheless coughed during the
inhalation, before reaching TLC, and therefore got a
smaller dose. We tried to compensate for this by
weighting positively the number of coughs recorded
during short inhalations. This was done by dividing
the number of coughs by the latency of the response.
The resulting "cough index" gave the same result as
we obtained by using the total number of coughs.
We wished to know whether the citric acid inhala-
tions themselves changed airways resistance. The
PEFR measurements we used were sufficiently sen-
sitive to detect the expected normal diurnal varia-
tion4 in the calibre of airways, but showed no effect
of citric acid in concentrations just sufficient to cause
coughing and no effect of the coughing itself.
Airways resistance measurements by plethysmogra-
phy might have shown a significant change, but we
conclude that any effect of citric acid on airways
resistance must be, at the most, small.
We showed adaptation of the response over the

course of one hour. It is entirely possible that adap-
tation occurs over a shorter period, even during the
course of a single series of citric acid inhalations.
This would not affect our conclusions since we used
a standard procedure in every case. Over a longer
time scale threshold tended to decrease, though not
significantly, over the four days of the group 1 exper-
iments. Again, this would not disturb our demon-
stration of diurnal variation, since morning and
afternoon experiments were performed in random-
ised order over that time period.
The adaptation of the response to citric acid

shown in our second set of experiments could occur
at receptor or brainstem level. None of our subjects
was able to suppress a desire to cough but they fre-
quently reported a minor sense of irritation in the
throat at concentrations below the cough threshold.
The irritant receptors are rapidly adapting ones and
increased concentrations of acid produced more
coughs, which implied that the receptors had
returned to their resting potentials before additional
stimulant was given. The change that occurred after
one hour is unlikely to be an entirely local effect and
some central adaptation is probable. A tenable
explanation for adaptation at local level is an
increase in mucus production stimulated by the pre-
sence of an irritant on the bronchial mucosa, as
shown by Phipps and Richardson.'0
We have shown an appreciable difference be-

tween the cough thresholds obtained in the morning
and in the afternoon. The lower threshold in the
morning is unlikely to be due to the mechanical
effect of any excess bronchial mucus in the morning,
particularly in normal subjects, none of whom
reported throat clearing or morning coughing as a
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Diurnal variation and adaptation of the cough response to citric acid in normal subjects

regular habit. Food and other ingested materials
could alter the sensitivity of pharyngeal cough
receptors, although these have not been reliably
confirmed to exist in man and our subjects were not
instructed to fast before the study. The highest
cough thresholds were obtained late in the after-
noon and were not related to a meal. Normal non-
smokers frequently cough when they walk into a
smoke filled room but tolerance to the irritating
atmosphere develops rapidly. It is perhaps not sur-
prising that the cough response should alter during
the day given the variety of atmospheric pollutants
to which we are exposed.
We conclude, firstly, that tests of cough response

provoked by nebulised inhaled citric acid should be
performed at the same time of day in individual sub-
jects and, secondly, that in assessments of antitus-
sive agents conclusions should not be based on com-
parisons of citric acid provocation before and after
drug or placebo but on provocations after drug and
placebo given on different days.

We would like to thank the South West Thames
Regional Health Authority, which funded JCP with
a locally organised research grant, and Boehringer-
Ingelheim Ltd for additional financial support.
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