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ABSTRACT: The aim of this study was to determine the frequency of cough and the
citric acid cough threshold during hypobaric hypoxia under controlled environmental
conditions.

Subjects were studied during Operation Everest 3. Eight subjects ascended to a
simulated altitude of 8,848 m over 31 days in a hypobaric chamber. Frequency of
nocturnal cough was measured using voice-activated tape recorders, and cough
threshold by inhalation of increasing concentrations of citric acid aerosol. Spirometry
was performed before and after each test. Subjects recorded symptoms of acute
mountain sickness and arterial oxygen saturation daily. Air temperature and
humidity were controlled during the operation.

Cough frequency increased with increasing altitude, from a median of 0 coughs
(range 0—4) at sea level to 15 coughs (range 3—32) at a simulated altitude of 8,000 m.
Cough threshold was unchanged on arrival at 5,000 m compared to sea level (geo-
metric mean difference (Gmp) 1.0, 95% confidence intervals (CI) 0.5-2.1, p=0.5), but fell
on arrival at 8,000 m compared to sea level (cmp 3.3, 95% CI 1.1-10.3, p=0.043). There
was no relationship between cough threshold and symptoms of acute mountain sickness,
oxygen saturation or forced expiratory volume in one second. Temperature and
humidity in the chamber were controlled between 18-24°C and 30-60%, respectively.

These results confirm an increase in cough frequency and cough receptor sensitivity
associated with hypobaric hypoxia, and refute the hypothesis that high altitude cough
is due to the inhalation of cold, dry air. The small sample size makes further
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conclusions difficult, and the cause of altitude-related cough remains unclear.
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Numerous anecdotal reports exist of paroxysmal cough
in climbers and travellers to high altitude [1-3] which may
be severe enough to cause rib fractures [2, 3]. The cause of
this cough is not known, but has been attributed to the
inspiration of cold, dry air, acute mountain sickness (AMS),
high altitude pulmonary oedema (HAPO), bronchocon-
striction or respiratory tract infection [4, 5].

In the first systematic study of cough at high altitude [6],
an increase in cough frequency and cough receptor sen-
sitivity was reported in a group of subjects ascending to
Mount Everest Base Camp in Nepal at an altitude of 5,300
m. However, because of the nature of the study, subjects at
Base Camp were unavoidably exposed to cold, dry air,
which has been shown to cause cough [7]. The aim of this
study was therefore to measure cough frequency and
cough receptor sensitivity in a group of subjects making a
simulated ascent of Mount Everest (8,848 m) in a hypo-
baric chamber in which the temperature and humidity were
controlled within normal sea level limits, and also to study
the effects of extreme hypobaric hypoxia on cough.

Methods

Subjects

Eight subjects and one reserve were initially selected
from healthy volunteers after physical and psychological

assessment. All subjects had previous mountaineering
exposure to high altitude. Subject demographics are shown
in table 1. None of the subjects had a history of atopy,
asthma, exercise-induced bronchoconstriction or cough.
Two subjects were occasional smokers, smoking <20 cig-
arettes-week . None were taking regular medication.

Ascent profile

To minimize the time spent confined in the hypobaric
chamber, after baseline tests at sea level, the subjects and
reserve ascended by helicopter to the Vallot Observatory
on Mont Blanc at 4,350 m for a 6-day period of accli-
matization, spending the first night en route at the Cos-
miques Hut (3,613 m). During the period at the Vallot one
subject developed evidence of HAPO and was therefore
withdrawn from the study being replaced by the reserve.
These eight subjects then returned to Marseille where they
spent a night before re-entering the chamber which was
immediately depressurized to an altitude of 4,500 m. Over
the next 31 days the subjects ascended to the barometric
equivalent of the summit of Mount Everest (altitude 8,848
m, barometric pressure 33.6 kPa (253 mmHg)). The ascent
profile is illustrated in figure 1. A period of recovery at
5,000 m was included prior to exposure to altitudes of
8,000 m and above, as would normally be adopted during
a real mountaineering ascent to such altitudes.
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Table 1. — Subject demographics and previous altitude
exposure

Sub- Age Height Weight Smoker Maximum Previous
ject yrs m kg cigaretges previous  altitude

No. day” altitude m  illness

1 23 1.80 65 2 4807 No
Mild

2 37 1.83 75.5 No 8760  (insomnia)
Mild

3 25 1.90 81 No >6000 (headaches)
Mild

4 25 1.89 82 No >6000 (nausea)
Mild

5 26 176 725 No >6000 (nausea)
Mild

6 25 1.77 70 4 4100  (headaches)

7 25 1.72 66 No 5200 No
Mild

8 26 1.76 78 No 4100  (headaches)

Nocturnal cough frequency

Nocturnal cough frequency (NCF) was measured using
portable voice-activated tape recorders (Panasonic RQ-
L317, Panasonic, Bracknell, UK). Microphones were plac-
ed adjacent to the subjects head each night. The threshold
for voice activation was adjusted to an appropriate sen-
sitivity to be activated by coughing but not by extraneous
noise. Subjects recorded the start and finishing times of
recording on the tape. All recordings were stopped at 07:30
h if not otherwise indicated on the tape. Cough recording
was performed at sea level, 5,000 m, 7,000 m, recovery at
5,000 m and nights at 7,000 m after having spent the day at
8,000 m. Tapes were replayed the next day by one of two
observers and the total number of coughs noted, Coughs
were easily distinguished from other noise. The number of
coughs on the first technically satisfactory recording was
taken as the cough frequency for each subject at that
altitude. All tapes recorded at 7,000 m were assessed
independently by both observers and good agreement in
the recorded frequency of cough was observed between
them (k=0.84) [8].

9,000
8,000
< 7,000
% 6,000 -
=2
= 5,000
@ 4,000
«©
23,000 -
“ 2,000 -
1,000 -

Citric acid cough challenge

Solutions of increasing concentrations of citric acid were
inhaled via an ultrasonic nebulizer (Sonix 2000; Clement
Clarke International, Harlow, UK) during a slow vital
capacity inspiration over 5 s as previously described [6].
Citric acid was chosen as it is less likely to cause bron-
choconstriction than other tussive agents such as capsai-
cin and is well tolerated. Beginning with a 0.3125 g-L™!
solution of citric acid in 0.9% saline, each solution was
inhaled three times until the maximum concentration of
160 g-L™' or the cough threshold was reached. The cough
threshold was defined as the lowest concentration which
provoked a cough providing that a cough was also pro-
voked at the next concentration. Cough challenge was
performed at sea level, 5,000 m, recovery at 5,000 m and at
8,000 m.

The pattern of deposition of an aerosol within the air-
ways changes with different inspiratory flow rates [9], and
variations in the inspiratory flow rate alter the citric acid
cough threshold (CACT) [10]. To maintain a reproducible
stimulus to the airways a citric acid aerosol was admi-
nistered using a single-breath technique from residual vol-
ume (RV) to total lung capacity (TLC) over 5 s [11]. This
technique has been reported to give a reproducible result
for the CACT [12].

Before and after each cough challenge forced expiratory
volume in one second (FEV1), forced vital capacity (FVC)
and peak expiratory flow (PEF) were recorded using a
Micromedical Microloop turbine spirometer (Micromedi-
cal Ltd., Rochester, UK). The accuracy of this device is
unaffected by low barometric pressures. Each day arterial
oxygen saturation (S2,0,) was recorded using a Hewlett
Packard pulse oximeter (Hewlett Packard, Boulogne,
France). The standardized Lake Louise Scoring System
[13] was recorded to assess the severity of AMS. This
assigned a score from 0 (no symptoms) to 3 (severe and
incapacitating) to the following symptoms: headache; gas-
trointestinal symptoms (anorexia, nausea and vomiting);
weakness or fatigue; vertigo or dizziness; and the quality of
sleep from the preceding night.

The study was approved by the ethics committee of the
University of Marseille. All subjects gave their written
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Fig. 1. — Operation Everest-3 ascent profile. SL: sea level, undertaken 10-16 March; PA: pre-acclimatization at Vallot, from 25-31 March; HA1 to HAS:
high altitude, starting 1 April; Re: recovery before final assault; RSL: return to sea level on 2 May. A: night.
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informed consent. The hypobaric chamber was located at
COMEX Industries (Marseille, France). Temperature and
relative humidity in the chamber varied during the day and
with changes in the chamber pressure, but were maintained
between 18 and 24°C and 30-60%, respectively. Two
technicians monitored the environmental conditions at all
times. The chamber was equipped with supplementary
oxygen in all areas and three backup oxygenation systems.
Any subject could be removed from the chamber within
minutes.

Completeness of the data

Subject 1 developed a severe migraine-like headache
which was associated with focal neurological signs on day
26 at an altitude of 8,000 m and the data at this altitude are
therefore not available. NCF data are not available from
subject 8 at 7,000 m, from subjects 6 and 7 at 8,000 m,
owing to technical problems with the tape recorders.
Subjects 2 and 8 did not collect NCF on return to sea level
after 31 days in the chamber. Thus, NCF recordings were
made on eight subjects at sea level, 5,000 m, and return to
5,000 m, on seven subjects at 7,000 m; on five subjects at
8,000 m; and on six subjects on return to sea level. CACT
was not available for subject 8 on return to 5,000 m, and
CACT was therefore measured on eight subjects at sea
level and 5,000 m, and on seven subjects at return to 5,000
m and 8,000 m.

Statistical analysis

NCF was normalized by logarithmic transformation, and
the effect of altitude on NCF was determined by analysis of
variance. Fisher’s pairwise comparisons were used to give
the 95% confidence intervals (CI) for the difference
between the mean NCFs at different altitudes. The values
are expressed as the geometric mean differences (Gmp) and
represent the ratio between the geometric means.

The distribution of cough threshold values was posi-
tively skewed, and was normalized by logarithmic trans-
formation of the data. Cough thresholds for the subjects at
each altitude are described by the mean of the logarithm of
the cough threshold (the geometric mean). Differences
between groups studied at different locations or times are
given as the gMD and 95% CI. Cough thresholds for each
individual were compared using paired t-tests, without
correction for multiple comparisons.

The relationship between change in cough threshold
from sea level and AMS score, Sa,0, and lung function
(prior to the CACT) were compared using a general linear
model [8]. The model allows multiple factors to be ana-
lysed to explain the observed change in cough threshold at
altitude. Terms for subject number, altitude, AMS score,
oxygen saturation and lung function were included in the
model. Terms were fitted to the model by backwards step-
wise regression. Data was analysed using Minitab Release
10 (Clecom Ltd., Birmingham, UK). Statistical signifi-
cance was assumed at p<0.05.

Table 2. — Nocturnal cough frequency
Subject Altitude m
No. Sea 5,000 7,000 Returnto 8,000 Return to
level 5,000 sea level

1 2 0 12 7 — 0

2 0 2 18 4 3 -

3 2 9 10 3 12 0

4 0 10 32 3 32 0

5 3 2 18 2 9 0

6 0 13 11 2 0

7 0 8 8 2 - 1

8 0 1 - 0 27 -
Median 0 5 12 2.5 12 0

Results

Nocturnal cough frequency

Analysis of variance showed that NCF (table 2) incr-
eased from sea level (median number of coughs 0, range
0-3) as the subjects ascended (p<0.0005). At 5,000 m (me-
dian number of coughs 5, range 0—13) the NCF was be-
tween 1.7 and 10 times (95% CI) the sea level value, and
at 7,000 m (median number of coughs 12, range 8-32) the
NCF was between 6 and 39 times the sea level value. On
return to 5,000 m NCF fell in comparison with 7,000 m
(median number of coughs at 5,000 m 2.5, range 0-7).
Ascent to 8,000 m, with nights spent at 7,000 m, resulted
in a further rise in NCF in comparison with the return to
5,000 m (median NCF at 8,000 m 12 coughs, range 3—
32), but was not significantly different from NCF at 7,000
m (95% CI 0.3-2.5 times the 7,000 m NCF). NCF fell
with the return to sea level (median 0, range 0-1).

Citric acid cough challenge

The CACT (fig. 2) was unchanged at both 5,000 m
(omp) 1.0, 95% CI 0.5-2.1, p=0.5) and the return to 5,000
m in comparison with sea level (Gmp 0.8, 95% CI1 0.3-2.1,
p=0.35) and there was no difference between the first stay
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Fig. 2. — Log (citric acid cough threshold) against altitude. The figure
shows the log of the individual citric acid cough thresholds at each
altitude, including sea level for the eight subjects. The geometric means
are represented by the solid horizontal bars.
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at 5,000 m and return to 5,000 m (6mp 0.8, 95% CI 0.5—
1.5, p=0.261). The cough threshold was, however,
reduced at 8,000 m in comparison with both sea level
(6MD 0.3, 95% CI 0.1-0.95, p=0.043) and arrival at 5,000
m (eMp 0.35, 95% CI 0.15-0.8, p=0.047). CACT, and
prechallenge spirometric values, AMS score and oxygen
saturation are given in table 3.

AMS score increased with altitude, and at 8,000 m all
subjects had scores of =3. $2,0, fell to a mean of 86% at
5,000 m and 68% at 8,000 m. At 8,000 m PEF increased
by a mean of 27%, FVC fell by 6.8% and FEV1 was
unchanged. These changes in spirometry are in keeping
with previous reports [14]. Citric acid challenge did not
produce a significant fall in FEV1 in comparison with
prechallenge values. There was no statistically significant
relationship between CACT and the AMS score or Sa,0,.

Discussion

The authors have previously [6] demonstrated a sig-
nificant increase in the frequency of nocturnal cough and a
decrease in the CACT in a group of 42 subjects ascending

Table 3. — Citric acid cough threshold, and prechallenge
spirometric values, acute mountain sickness (AMS) score
and arterial oxygen saturation (Sa,0,)

Alti- Subject Cough FVC FEV1 PEF AMS 8a,0,
tude No. threshold L L L score %
m log [g-L'l]
0 1 0.0 51 42 104 O 99
2 1.2 50 3.8 82 0 99
3 0.0 6.0 49 89 0 98
4 0.3 64 50 120 O 98
5 0.6 6.0 5.0 87 0 99
7 -0.6 50 44 130 O 98
8 0.0 48 42 90 0 98
9 0.0 41 3.1 8.8 - 98
5,000 1 0.6 54 46 122 0 84
2 0.3 49 40 112 3 86
3 0.0 59 54 103 O 87
4 0.6 65 51 145 0 84
5 -0.3 59 51 107 1 85
7 -0.6 48 44 140 1 84
8 -0.3 50 44 115 0 82
9 0.0 36 29 93 0 86
Return 1 0.3 54 47 116 0 88
to 5,000 2 0.0 47 39 103 1 86
3 0.0 58 53 103 0 86
4 0.6 58 51 110 2 88
5 -0.6 59 52 109 1 92
7 -0.9 - - - 0 88
8 0.3 48 44 126 O 87
9 - - - - 0 88
8,000 1 - - - - - -
2 -0.6 44 36 115 1 80
3 -0.3 57 54 121 6 70
4 -0.3 56 47 147 6 67
5 -1.5 56 50 119 7 69
7 -0.6 49 44 152 7 57
8 0.0 43 41 124 6 66
9 0.0 41 33 8.9 10 66

FVC: forced vital capacity; FEV1: forced expiratory volume in
one second; PEF: peak expiratory flow.

to Everest Base Camp at 5,300 m in the Nepalese
Himalaya. The changes in NCF were most obvious in a
subgroup of three climbers ascending to 7,000 m or above.
The present study has confirmed those findings and
extended them in a larger group to the extreme altitudes
above 7,000 m, with climatic conditions which were con-
trolled throughout the duration of the study. This study,
therefore, refutes the hypothesis that high altitude cough is
due to changes in inspired air temperature or humidity.

Despite the present findings, drying of the respiratory
mucosa, which is known to precipitate cough [15, 16], may
still have occurred, not through the inhalation of cold, dry
air, but because the increase in ventilation at altitude in
response to hypoxia requires larger volumes of air to be
warmed and humidified than at sea level. Unfortunately,
the only studies measuring respiratory water loss at altitude
have been confined to exercise [17—19] while the mea-
surements made in this study were at rest. In addition,
ANDERSEN et al. [20] have demonstrated that nasal breath-
ing at sea level was able to satisfactorily condition air
inspired at 23°C and with a relative humidity of 9% even at
high minute volumes (up to 107 L-min™"). It is not known
how altitude effects the ability of the upper respiratory tract
to condition inspired air.

Cough may be the sole symptom of asthma. Although
bronchoconstriction has been demonstrated after hyperp-
noea with cold air [21], it is dissociated from the cough
reflex, being abolished by pretreatment with [3,-agonists,
which had no effect on cough [22]. Likewise bronchodi-
lator therapy does not alter the CACT in nonasthmatic
subjects [23]. In the present study, the change in cough
threshold was not associated with changes in FEV1 or PEF
and these findings do not support a role for bronchocon-
striction in cough at high altitude.

Most subjects ascending to high altitude almost certainly
develop a degree of subclinical interstitial pulmonary oed-
ema [24, 25]. While it is generally considered that pul-
monary oedema causes cough, and one of the recognized
symptoms of HAPO is cough [26, 27], there are, to the
authors’ knowledge, no controlled studies demonstrating a
clear relationship between pulmonary oedema and cough.
In addition, the major known anatomical sites which sti-
mulate cough are located above the segmental airways
(division 4) [28]. However, there is growing evidence that
inflammatory processes [29, 30] and alterations in vascular
permeability occur throughout the body upon exposure to
high altitude [31, 32], often without any symptoms. If
subclinical pulmonary oedema is a result of an overall
increase in vascular permeability, changes around rapidly
acting pulmonary receptors might produce a change in the
cough threshold. The fall in FVC with altitude supports the
suggestion that mild pulmonary oedema occurred in these
subjects.

There was no relationship between AMS score or hy-
poxia (as indicated by oxygen saturation) and change in
CACT. This does not exclude a relationship between
cough and AMS, as it may simply mean that the numbers
were too small to detect changes, particularly at the low
AMS scores seen in the study.

One of the changes seen during acclimatization to high
altitude is an increase in the hypercapnic ventilatory
response (HCVR) [33]. BANNER [34] has demonstrated a
relationship between HCVR and cough threshold to hy-
potonic saline, with those subjects with the greatest HCVR
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having the lowest cough threshold, suggesting that there
may a role for the "cough centre" in the changes seen in
cough threshold at high altitude. This is supported from
observational data from high altitude [35].

The increase in cough seen in this study may be owing
to changes at any point in the cough reflex arc. At sea level
the commonest precipitants of cough are upper respiratory
tract infections, environmental irritants, and in particular
cigarette smoke [36]. The subjects in the study demon-
strated no evidence of respiratory tract infection. Although
three subjects were occasional smokers before entry into
the chamber, smoking during the duration of the study was
not permitted. Air quality at high altitudes in the mountains
is generally of a considerably higher quality than at sea
level and is relatively free of allergens. It is unlikely
therefore that inhaled irritants are responsible for high
altitude cough.

The logistics of a hypobaric chamber study limit the
sample size, and restricted the ability to answer the ques-
tions posed in this study. Using data from a previous study
[6], it was estimated that nine subjects would be needed to
demonstrate a significant fall in the cough threshold with a
study power of 80% [37]. It was only possible to ac-
commodate eight subjects in the chamber, and a number of
data points were missed owing to either subject illness or
logistical problems. This means that a change in the cough
threshold at lower altitudes may have been missed, and
limits the ability to explore relationships between cough
and lung function.

The other difference from the authors’ previous study is
that the change in CACT only becomes significant at 8,000
m, whereas previously a change was demonstrable after
acclimatization to 5,000 m. Airway deposition of inhaled
particles changes with air density [38], and it is possible
that the increase in the cough threshold seen at 8,000 m is
due to changes in the amount of citric acid delivered to the
cough receptors. In contrast, NCF varies strikingly with
altitude, increasing on ascent to 7,000 m, decreasing on
descent to 5,000 m, and then increasing again on return to
7,000 m and above. This suggests the possibility of a direct
relationship between cough and altitude, independent of
any tests using a tussive stimulus.

In summary, an increase in cough frequency and cough
receptor sensitivity was demonstrated on simulated ascent
to 8,000 m, despite controlled inspired air temperature and
humidity. This study refutes the hypothesis that high alti-
tude cough is simply due to the prolonged inhalation of
cold, dry air. The small sample size makes further con-
clusions difficult, and the cause of altitude-related cough
remains unclear.
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