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Muscular exercise in a cold environment requires both
the warming and the humidification of large amounts of
inspired air, resulting in a loss of heat and water from the
respiratory tract. While these losses are known to induce
airway obstruction in subjects with bronchial hyperre-
sponsiveness, their effects are not well defined in normal
nonatopic subjects. According to some authors, normal sub-
jects do not develop measurable obstruction in response to
airway cooling [1–3], whereas other authors claim that
they respond by developing measurable obstruction when
the stimulus is sufficiently great [4, 5]. Under these condi-
tions, the origin and mechanisms involved in the develop-
ment of bronchial obstruction are still under debate [6–8].

Endogenous NO is produced in the lung by a family
of NO synthases [9–11]. This NO is thought to be an im-
portant modulator of vascular tone and airway function in
normal airways. Therefore, NO may be involved in several
physiological mechanisms during airway cooling. Thus, in
normal pulmonary circulation, NO mediates the vasodil-
ation response to physical and chemical factors [9]. More-
over, NO mediates the nonadrenergic, noncholinergic neural
inhibitory responses which represent the only neural bron-
chodilator mechanism in human airways [12, 13]. In addi-
tion, NO may contribute to acute inflammation and host
defence in the lung [14]. 

NO may be detected in the air exhaled by humans and
the amount of NO exhaled over time (V 'NO) may be meas-

ured accurately and continuously [15–18]. Although the
NO detected at the mouth is the difference between what
is produced in the respiratory system and what is trans-
formed or eliminated continuously by other endogenous
pathways, V 'NO is generally assumed to reflect the NO pro-
duced by cells within the respiratory tract. Therefore, if
endogenous NO-production takes a part in the mechanisms
involved during airway cooling, a change in exhaled [NO]
may be expected during inhalation of cold air. The aim of
the present study was: 1) to confirm that extensive airway
cooling can induce detectable airway obstruction in nonat-
opic subjects, 2) to determine whether this cooling in-
duces changes in the V 'NO response, and 3) to determine
whether a relationship may be established between both of
these observations.

Methods

Subjects

Eight well-trained male subjects, engaged in various en-
durance activities (cross-country skiing, triathlon or run-
ning) for >8 h·week-1, were studied. These subjects were
selected because they were able to produce a high ventila-
tory response during exercise and, would therefore, need
to warm up a large amount of air when they exercised in
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cold air. Their characteristics were as follows: mean age
31±2 yrs; mean height 182±2 cm and mean weight 75.8±
3.5 kg. None of the subjects was a smoker, or had any
present or prior history of respiratory disease, including
rhinitis. The experiments were approved by the local hu-
man ethics committee, and all subjects gave their inform-
ed consent for their participation in this study.

On the first visit to the laboratory, all subjects under-
went electrocardiographic (ECG) and basic spirometric ex-
aminations in order to ensure that the basic spirometric
values were normal. Then, a preliminary maximal exercise
test was performed on a cycle ergometer to familiarize each
subject with the equipment and protocol.

Experimental procedure

Each subject returned to the laboratory between 7 and 15
days after completing the pretest. All subjects were asked
to avoid any physical activity the day before each test.
Tests were performed in a climatic chamber in which the
temperature and the air velocity were monitored. Each
participant performed two exercise tests, at random, at a
temperate ambient temperature (22±1°C) and at a cold am-
bient temperature (-10±1°C). The air velocity was 10 m·s-1

during both tests. In the warm environment, subjects were
dressed in shorts, shirts and sport shoes. At -10°C, they
were dressed in warm trousers, anoraks, caps, gloves and
sport shoes. The two tests were carried out 1 week apart.
Before each test, subjects were weighed naked, and elec-
trodes were placed on their chests to measure cardiac fre-
quency (fC). Then, three maximal expiratory flow–volume
curves (MEFV) were carried out at three-minute intervals,
using a spirometer (Brainware, Toulon, France) that was cal-
ibrated before each study using a three-litre syringe (Hans
Rudolph, Kansas City, USA). The peak expiratory flow,
forced expiratory volume in one second (FEV1), and forc-
ed expiratory flow at 25 (FEF25), 50 (FEF50) and 75%
(FEF75) of forced vital capacity were determined from
the best value of each of the three manoeuvres. FEF75 and
FEF25 are the expiratory flows when 75 and 25% of ex-
haled volume remains in the lung, respectively. Then, the
subjects entered the climatic chamber, sat on a stationary
bicycle (Monark, Varberg, Sweden) and began to breath
into a mouthpiece attached to a unidirectional T valve. Their
nostrils were obstructed with nose clips. Five minutes lat-
er, resting measurements were started, and control values
were recorded for 5 min. Following this, the subjects
began to pedal. The exercise intensity was increased by 30
W every 3 min until the subjects were unable to continue,
even with encouragement. During the test, ECG and tidal
volume, respiratory rate, respiratory exchange ratio, oxy-
gen consumption (V 'O2) and carbon dioxide production
(V 'CO2) were determined continuously with the standard
open-circuit method, using an automated computerized an-
alysis system (Brainware). Expiratory flow (V 'E) was mea-
sured with a pneumotachograph (Hans Rudolph) connected
to the expiratory part of the unidirectional valve and a dif-
ferential pressure transducer. Before each test, the zircon-
ium oxide O2 cell (Servomex, Crowborough, UK) and
infrared CO2 analysers (Servomex) were calibrated by using
gases of known concentrations. Calibration of the pneu-
motachograph was carried out using the three-litre sy-
ringe. At the end of the exercise, a capillary blood sample

was taken for measurement of plasma lactate concentra-
tion. The subjects were considered to have reached their peak
V 'O2 (V 'O2,peak) when three of the four following criteria
were met: 1) no further increase in V 'O2 with increasing
work load, 2) respiratory exchange ratio >1, 3) fC >90% of
the maximum predicted value, and 4) plasma lactate value
>9 mM. For the last step, if the subject could not complete
the three-minute period, the value was considered to be
representative if this last step was maintained for >1 min.
The value of V 'O2 determined during this step was consid-
ered as the V 'O2,peak. At the end of the test, the subjects
continued to pedal for 2 min at 50% of the power reached
at exhaustion, and then rested for 3 min while sitting on
the bicycle. After this, the subjects left the climatic cham-
ber and again carried out three MEFV measurements within
5 min, at 22°C. Then, the subjects sat on a chair and
breathed into the T-valve again, and resting measurements
were again performed for 10 min at 22°C.

Inspired air. The circuit used in the present study has been
described previously [15]. Because ambient air contains
a variable [NO], throughout the experiments, all subjects
breathed synthetic air free of NO, delivered through a
Teflon tube from a pressurized gas cylinder containing 21%
O2 balanced in 79% nitrogen (certified, Air Liquide, Lyon,
France). Because Teflon and polyethylene are materials that
do not generate or bind NO, the purified air mixture was
held 1 h beforehand in a 2,000-L-capacity polyethylene bag
hanging inside the climatic chamber. The bag was connect-
ed via a polyethylene tube to the inspiratory side of the T-
valve. The internal surface of the T-valve was coated with
Teflon. The stability of these materials was checked be-
forehand, to ensure that the circuit did not interfere with
NO measurement. This stability was found to last for >24
h. The [NO] and [O2] in the bag were checked just before
the experiment to ensure that the inspired [NO] was <3
parts per billion (ppb) and that the [O2] was exactly 21%.

Expired air. The expiratory part of the circuit was connect-
ed to the standard open circuit used and to the NO analy-
ser set up outside the climatic chamber. During exposure
at -10°C, the expiratory part of the circuit, which was in-
side the climatic chamber (50 cm), was protected with in-
sulating material. Tidal volume, respiratory rate, respiratory
exchange ratio, V 'O2 and V 'CO2 were determined continu-
ously, and their values calculated by averaging the samples
every 30 s. All measurements were corrected for ambient
temperature, barometric pressure and water vapour, and
expressed BTPS units for V 'E and in the volume of gas at
standard temperature and pressure that contains no water va-
pour units (STPD) for V 'O2 and V 'CO2. The V 'O2 value meas-
ured during the last step was considered to be V 'O2,peak.

For NO analysis, samples of exhaled air were drawn
continuously from the expiratory part of the T-valve, at a
flow rate of 400 mL·min-1. Water vapour was removed up-
stream from the analyser, by warming the sample. The [NO]
was measured using a NO chemiluminescence analyser (mo-
del Topaze 2020, Cosma, Igny, France). The detection limit
for [NO] was 1 ppb. Calibration was carried out before each
experiment using a gas mixture of 883 ppb NO (certified
calibration, Air Liquide). Moreover, the linearity of the
measurement system for low concentrations was checked
weekly, using 50 and then 100 mL of the same certified
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calibration NO gas, injected into a Teflon bag filled with 3
L nitrogen, using the three-litre calibration syringe. For
calibration, only Teflon-coated tubes were used. The NO
signal, which became stable after 10 s, was recorded con-
tinuously throughout the test, using a MacLab data-acqui-
sition system, and was calculated by averaging the samples
every 30 s. The [NO] was expressed in ppb. The V 'NO out-
put molar rate was calculated by multiplying [NO] and V 'E,
after correcting for atmospheric pressure and temperature.

Statistical analysis

All data are expressed as means±SEM. The variations in
[NO] and V 'NO were analysed by a repeated-measurement
two-way analysis of variance (ANOVA), the two factors
being the exercise intensity and the ambient temperature.
When the ANOVA variance ratio (F) value was signifi-
cant, the student's t-test for paired observations was used
to determine whether significant differences occurred be-
tween values obtained at rest and during exercise for each
environment, and between values obtained at 22 and -10°C
at rest and for each exercise intensity. The accepted level
of significance for all statistical tests was set at 5%.

Results

The spirometric values obtained before and after exer-
cise at 22°C and at -10°C are given in table 1. Control val-
ues are the mean of the two best values obtained before
exercise. Slight but significant decreases in FEV1 (5%) and
FEF75 (10%) were observed after exercise at -10°C as
compared to values obtained before exercise.

The total exercise duration was slightly shorter at -10°C
than at 22°C being 29±1 min and 30±1 min, respectively
(p<0.05). The greatest exercise intensity achieved by all
subjects was 270 W and thus the parameters obtained at
22°C and at -10°C were compared up to 270 W. The mean
values for V 'O2 (fig. 1a), V 'CO2, V 'E, (fig. 1b), and fC (fig.
1c) were similar at rest and up to 270 W in both environ-
ments. At exhaustion, V 'O2,peak and the different parame-
ters did not differ significantly in either environment, with
the exception of V 'E, which was slightly lower at -10 than
at 22°C (table 2).

Exhaled NO concentration

Figure 2a illustrates the changes in [NO] values ob-
tained at rest and during exercise, at 22 and -10°C. Com-
pared with resting values, [NO] declined significantly in
both environments with increasing exercise intensity. This
decrease became significant at >60 W at 22°C and at >120
W at -10°C. Moreover, the [NO] values measured at rest
and at 30, 90, 120 and 150 W, were significantly lower at
-10°C than at 22°C. The mean [NO] obtained at exhaus-
tion (table 2), during the recovery and post-exercise did
not differ significantly in either environment.

Table 1.  –  Pulmonary function before and after exercise
at 22 and -10°C

Before exercise After exercise
22°C -10°C

FVC  L
PEF  L·s-1

FEV1  L
FEF75  L·s-1

FEF50  L·s-1

FEF25  L·s-1

6.87±0.40
12.92±0.59
5.49±0.35
9.68±0.73
6.27±0.60
3.13±0.39

6.80±0.38
13.28±0.64
5.58±0.90
9.61±0.71
6.72±0.68
3.23±0.39

6.48±0.34
12.39±0.53#

5.17±0.34*#

8.76±0.71*
5.64±0.49#

3.07±0.35

FVC: forced vital capacity; PEF: peak expiratory flow; FEV1:
forced expiratory volume in one second; FEF75, FEF50, FEF25:
forced expiratory flow when 75, 50 and 25% of the FVC remain
in the lung respectively. *: p<0.05 before exercise versus after
exercise; #: p<0.05: after exercise at -10°C versus after exercise
at 22°C.
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Fig. 1.  –  Mean values±SEM for a) ventilation (V 'E), b) oxygen consump-
tion (V 'O2) and c) cardiac frequency (fC) at rest and during submaximal
exercise in eight trained males, at ambient temperatures of 22°C (❍) and
-10°C (❏). No significant differences were observed at       -10°C versus
22°C.
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Exhaled NO output

Figure 2b illustrates the changes in V 'NO values ob-
tained at rest and during exercise, at 22 and -10°C. At rest,
V 'NO was significantly lower at -10°C than at 22°C. Com-
pared to resting values, V 'NO increased significantly in both
environments with increasing exercise intensity. This in-

crease became significant at >30 W in both environments.
V 'NO was significantly lower at -10°C than at 22°C at ð180
W. The mean V 'NO value obtained at exhaustion (table 2),
during recovery and postexercise did not differ signifi-
cantly in either environment

Discussion

We have observed that well-trained athletes performing
incremental exhausting muscular exercise at -10°C devel-
op a measurable bronchial obstruction. They exhale less
NO at -10 than at 22°C, at rest and up to approximately
50% V 'O2,peak. Thereafter, and during recovery, the V 'NO
response becomes similar at -10 and 22°C. Moreover, 15
min after exercise, they exhale the same amount of NO, at
a temperate ambient temperature, whether exercise is per-
formed at -10 or at 22°C. These data show that, in addition
to airway obstruction, airway cooling induces a decrease
in the NO response. This decrease does not persist when
the cold stimulus becomes too long or too severe. The
functional meaning and possible consequences of this de-
crease remain to be explained.

The presence of bronchial obstruction observed after ex-
ercise at -10°C was assessed according to whether or not
there were a significant decrease in FEV1 and FEF75 which
are assumed to indicate an obstruction in the upper part of
the respiratory tract. This decrease is the consequence of a
severe cold stimulus, since exposure to -10°C lasted more
than 30 min and hyperventilation reached values up to 130
L·min-1. These results are in agreement with previous ex-
periments in which nonatopic subjects responded to ex-
tensive airway cooling by developing airway obstruction
[4, 5]. Airway cooling has been proposed as the key stim-
ulus initiating events that lead to a bronchospasm [6] act-
ing on thermosensitive receptors, and a parasympathetic
reflex response, or directly on smooth muscle. However,
according to other authors, evaporative water loss and chan-
ges in osmotic environment lead to bronchospasm. They
hypothesize that changes in airway tonicity may trigger
mediator-release from osmosensitive cells causing inflam-
mation and smooth-muscle constriction [8].

During exercise, [NO] decreased and V 'NO increased at
both -10 and at 22°C. The mechanism that causes a rise in
V 'NO during exercise is not clear. The close relationship
observed between V 'NO and variables related to metabo-
lism magnitude strongly suggests that the origin of ex-
haled NO is linked to structures that are dependent on
functions that become involved progressively as metabo-
lism increases [15, 17, 18]. Thus, both haemodynamic
alteration and hyperventilation have been suggested as be-
ing important stimuli for NO-production during exercise
[15, 18, 19]. Moreover, it has been suggested recently that
exercise does not necessarily increase V 'NO but only shifts
the elimination of a proportion of the V 'NO from the blood
to the airways, less NO diffusing into the blood and more
being removed by ventilation [20]. In our study, the identi-
cal V 'O2 values measured at -10 and 22°C at rest and dur-
ing exercise shows an identical metabolic involvement. In
addition, the similar V 'E and fC values obtained at rest and
at ð270 W suggest similar ventilatory and haemodynamic
alterations. It appears that no thermoregulatory mecha-
nisms other than those involved in airway cooling were
triggered. Consequently, the decrease in V 'NO observed at

Table 2.  –  Cardiorespiratory variables and [NO] and NO
production (V 'NO) values at rest and at exhaustion

Temperature
22°C -10°C

Rest
V 'O2  L·min-1

RER (V 'CO2/V 'O2)
V 'E  L·min-1

fC  beats·min-1

Exhaustion
V 'O2,peak  L·min-1

V 'O2,peak  mL·kg-1·min-1

RER (V 'CO2/V 'O2)
V 'E  L·min-1

fC  beats·min-1

Maximum power  W
[NO]  ppb
V 'NO  nmol·min-1

0.39±0.02
0.83±0.01
12.5±1.18

72±4

4.63±0.32
61.59±4.2
1.02±0.01

140.5±12.9
186±3
322±22

8.77±1.01
41.52±5.83

0.39±0.10
0.87±0.02

13.04±2.45
70±3

4.49±0.32
59.65±4.1

1.04±0.01
129.7±13.8*

182±2
318±20

9.99±1.95
44.99±11.11

V 'O2: oxygen consumption; RER: respiratory exchange ratio;
V 'CO2: carbon dioxide production; V 'E: minute ventilation; fC:
cardiac frequency; V 'O2,peak: peak V 'O2; ppb: parts per billion. *:
p<0.05 for -10°C versus 22°C.
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-10°C as compared with that at 22°C may be reasonably
considered to be related to the effect of airway cooling.
Since V 'NO is generally assumed to reflect the NO produc-
ed by cells within the respiratory tract it may be assumed
that the decrease in V 'NO response is related to physiologi-
cal or pathophysiological mechanisms that may be in-
volved in the bronchial obstruction observed after airway
cooling. During inspiration of cold air, heat is transferred
from the walls of the tracheobronchial airways to the air
by conduction and convection. In addition, water evapo-
rates from the airway lining fluid to saturate the air. Ac-
cording to some authors, the epithelium is provided with
both heat and water by increased flow and vasodilation
[7]. This vasodilation is thought to be a possible factor in
bronchial obstruction, since it may induce a decrease in
bronchial diameter. NO-release has been shown to medi-
ate the vasodilation response to physical and chemical fac-
tors in vascular smooth muscles [9]. If this vasodilation
occurs, the decreased V 'NO response observed in our study
does not support the hypothesis of vasodilation mediated
by NO. According to other authors, vasoconstriction rather
than vasodilation, occurs in the bronchial vascular bed dur-
ing cooling of the airway, as in the skin vascular bed [6].
This hypothesis was recently supported by LE MERRE et al.
[21], who observed that the breathing of cold dry air may
cause vasoconstriction in human central airways. Such an
effect may imply reduced release and/or activity of the
endogenous NO. It may explain the decrease in V 'NO ob-
served in this study, from the onset of exercise. In fact, the
occurrence of a biphasic response to increasing levels of
thermal stress has been suggested by LE MERRE et al. [21],
cold-air breathing causing an initial vasoconstriction fol-
lowed by vasodilation as the thermal stress is prolonged.
The biphasic V 'NO response observed at -10°C in our study
is consistent with such a hypothesis. However, it has been
suggested that the bronchial obstruction observed after
cooling may result from excessive bronchial vasodilation
resulting from rapid airway warming [22]. If such a phe-
nomenon does occur, this vasodilation does not find ex-
pression in an increase in the V 'NO response, since 15 min
after exercise at -10°C, the V 'NO response is similar to that
measured before exercise.

There is evidence that the NO delivered through bron-
chial circulation relaxes proximal airways [11]. In addi-
tion, NO is thought to be the principal mediator of neural
bronchodilator (inhibitory nonadrenergic noncholinergic)
response in the airways [9, 12, 13]. It has been observed
recently that an infusion of a competitive inhibitor of NO
synthase reduces the expired [NO] and results in an en-
hanced bronchoconstrictor response to acute allergic bron-
chial constriction [23]. Consequently, it cannot be excluded
that the impaired NO-production observed at -10°C may
have contributed to the development of a bronchial con-
striction due to airway cooling.

In addition to its effects on vasodilation and bronchial
dilation, NO is involved in the host-defence reaction [14,
11]. In the upper respiratory tract, NO appears to be im-
portant in maintaining ciliary function [24]. Moreover, it
may have a role in sterilizing the mucosa, reducing the
susceptibility to respiratory-tract infection [14, 25]. Some
reports have suggested that airway cooling causes increased
vulnerability to upper respiratory infections [26]. A de-
crease in NO-production in the lung might play a role in
this increased vulnerability to infection.

In conclusion, this study confirms that hyperventilation
in a cold environment can cause airway obstruction pro-
vided that the stimulus is sufficiently great. Moreover, air-
way cooling induces first a decrease in the exhaled NO
response, followed by a normalization in exhaled [NO]
output values. This response may be involved in the effect
of cold air on the vasomotor tone of the bronchial muscu-
lature. However, since decreased endogenous NO produc-
tion may favour the appearance of bronchial constriction,
it cannot be excluded that this impairment may favour the
occurrence of airway obstruction during airway cooling.
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