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ABSTRACT

Exposure to a cold climate is associated with an increased morbidity and mortality, but the
specific mechanisms are largely unknown. People with cardiopulmonary disease and winter
endurance athletes are particularly vulnerable. This study aimed to map multiple domains of
airway responses to exercise in subzero temperature in healthy individuals.

Thirty-one healthy subjects underwent whole-body exposures for 50 minutes on two occa-
sions in an environmental chamber with intermittent moderate-intensity exercise in +10 °C and
-10 °C. Lung function, plasma/urine CC16 , and symptoms were investigated before and after
exposures.

Compared to baseline, exercise in -10 °C decreased FEV; (p=0.002), FEV,/FVC (p<0.001), and
increased R20Hz (p=0.016), with no differences between exposures. Reactance increased after
+10 °C (p=0.005), which differed (p=0.042) from a blunted response after exercise in -10 °C.
Plasma CC16 increased significantly within exposures, without differences between exposures.
Exercise in -10 °C elicited more intense symptoms from the upper airways, compared to +10 °C.
Symptoms from the lower airways were few and mild.

Short-duration moderate-intensity exercise in -10 °C induces mild symptoms from the lower
airways, no lung function decrements or enhanced leakage of biomarkers of airway epithelial
injury, and no peripheral bronchodilatation, compared to exercise in +10 °C.
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Prolonged and repeated exposure to subzero tem-
peratures may induce airway inflammation, broncho-
constriction and bronchial hyperreactivity [6]. In
particular, cross-country skiers and other winter endur-
ance athletes who are repeatedly exposed to cold, dry
air have a high prevalence of respiratory symptoms,
bronchial hyperreactivity and asthma [6]. Nevertheless,
the pathogenesis of these airway effects is not fully

Introduction

Cold air is associated with increased morbidity and
mortality, but the specific mechanisms are still largely
unknown [1]. Particularly vulnerable are the elderly
and people with cardiopulmonary disease [2,3].
A Finnish population-based study showed that cold-
exposure caused respiratory symptoms in 29% of the

population [4]. Similarly, in a study on cold-exposure
of Finnish children, almost half of the participants
reported respiratory symptoms [5]. To understand
the effects of a cold climate in sensitive populations,
such as people with cardiopulmonary disease, we
must first understand the effects on healthy indivi-
duals. Experimental exposure of human subjects to
cold air provides one approach to further investigate
the epidemiological relationships we have seen in pre-
vious studies of cold-related mortality in the
population.

understood. Even at rest and during low-intensity exer-
cise, cooling of the facial skin may trigger respiratory
symptoms [7]. As exercise intensity increases, inhalation
of increasing volumes of cold, dry air leads to heat and
moisture loss from the airway mucosa, and dehydration
of the airways [8]. These cooling and osmotic stressors
are thought to trigger release of inflammatory media-
tors and exercise-induced bronchoconstriction [9]; the
severity of which may be determined by minute venti-
lation and/or air humidity [10]. Cold exposure triggers
smooth muscle contraction in the distal airways, while
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plasma exudation from leaking capillaries can affect the
contractile properties of the smooth muscle so that
they become hyperresponsive [11]. Exposure to —23°C
has also been shown to increase concentrations of
neutrophil granulocytes and macrophages in bronch-
oalveolar lavage fluid in healthy individuals [12], which
is indicative of an inflammatory process.

In healthy individuals, experimental exposure to cold
air may induce bronchial obstruction [13-16], although
not all studies have detected this effect [17,18].
Experimental exposure to subzero temperatures has
been shown to induce bronchial obstruction in patients
with asthma [19]. Cold air has also been shown to
induce and aggravate bronchial hyperreactivity in indi-
viduals with asthma [20]. Exposure of asthmatic indivi-
duals to —5°C increases sputum neutrophil counts [21].

Club cell protein 16 (CC16) is a protein secreted from
club cells in the bronchioles and is thought to protect
against oxidative stress and inflammation [22,23]. When
the airway epithelium is subjected to stress, there is an
increased leakage of CC16 into the bloodstream and
urine. CC16 can therefore be used as a marker of
damage to airway epithelial integrity [22]. Increased
levels of CC16 have been seen after exercise [24],
eucapnic hyperventilation [25] and exposure to cold,
dry air [26].

While repeated exercise in a cold climate has been
shown to cause local signs of airway inflammation [27--
27-29], the systemic immune effects are more uncertain
[30]. Generally, short-duration, moderate-intensity exer-
cise at room temperature has not been shown to nega-
tively affect systemic immune function [31,32]. Some
studies suggest that exercise in cold temperatures
lead to increased stress hormone responses that may
in turn interfere with normal immune function [33],
although this hypothesis is not well supported by avail-
able evidence. While we may expect to see the activa-
tion of local inflammatory pathways associated with
airway inflammation in response to continuous exercise
in cold air, potentially associated systemic immune
effects also seem worthy of further investigation.

It is therefore unclear whether the peripheral airways
and the airway epithelium, and even systemic immunity
are affected by exercise in subzero temperatures in
healthy individuals. Deeper knowledge about the phy-
siological responses in healthy human airways can help
us to better understand the mechanisms behind the
cold-induced morbidity and mortality in the population.

The purpose of this study was to map multiple
domains of airway responses to physical exercise in
subzero temperature, as well as to compare the
responses to the same exercise in a milder temperature.
Our primary hypothesis was that moderate-intensity

exercise for 35 minutes in —10°C induces more bronch-
oconstriction than in +10°C. Secondary aims were to
investigate the effects of exercise in —10°C on airway
resistance and reactance, biochemical signs of epithelial
injury, systemic cellular responses and symptoms.

Materials and methods
Study design and subjects

This study was a crossover experimental exposure
study. In randomised order, the study subjects were
exposed to +10°C or —10°C while exercising in an envir-
onmental chamber. Each study subject was exposed on
two separate occasions, at least one week apart. The
environmental chamber is located at the Swedish
Winter Sports Research Centre, Mid Sweden University,
Ostersund, and has been described elsewhere [34]. The
study was carried out during April-June 2017, and the
mean (range) outdoor temperature during the expo-
sures was 8.3 (0.2-19.5) °C. The study was conducted
in accordance with the Declaration of Helsinki and
approved by the Ethical Review Board in Umea (2016—-
203-31 M). Written informed consent was obtained
from all study subjects.

Thirty-one volunteers were recruited through local
advertising. The subjects were 18-65 years of age,
healthy, never-smokers, and without allergy or
asthma. One subject used oral contraceptives and
one used selective serotonin reuptake inhibitors.
Before the pre-test and exposures, subjects were
asked to refrain from caffeine the same day, avoid
strenuous exercise for 24 hours prior to the tests,
and to avoid any exhausting means of transportation
to the lab. No anti-inflammatory medication during
the study period was allowed. Subjects had to be
free from lower airway infections for at least 4 weeks
prior to their pre-test and exposures. The subjects
were told to wear appropriate clothing, and to bring
a bag with extra clothing for the exposures. Subject
characteristics and baseline lung function are pre-
sented in Table 1.

n, number; kg/mz, kilograms/square metres; VO,max,
maximum rate of oxygen consumption; mL, millilitres;
FEV,, forced expiratory volume in 1 s; FVC, forced vital
capacity; R5Hz and R20Hz, resistance at 5 and 20 Hertz.

Pre-test

Each subject performed an integrated submaximal and
maximal endurance test on a motorised treadmill
(Rodby Innovation, Vange, Sweden) to determine their
maximum rate of oxygen consumption (VO,max), as



Table 1. Subject characteristics and baseline data. Lung func-
tion measurements in % of predicted. Data are presented as
mean (SD) unless noted otherwise.

Characteristic Overall Females Males

n =31 n=16 n=15
Age, years mean (range)  40.4 (18-65) 37.9 (18-51)  43.1 (22-65)
Height, centimetres 174.5 (10.8) 166.7 (6.1) 182.8 (8.0)
Weight, kilograms 71.7 (12.7) 64.0 (5.8) 80.0 (11.8)
Body mass index, kg/m2 234 (1.9 23.0 (1.8) 23.8 (2.0)
VO,max, mL/kg/min 49.1 (6.8) 46.5 (5.4) 51.8 (7.4)
FEV, 104 (10) 100 (11) 108 (8)
FVC 104 (9) 101 (10) 106 (7)
R5Hz 99 (29) 102 (33) 95 (25)
R20Hz 113 (25) 116 (27) 109 (24)

well as oxygen consumption at four fixed submaximal
speeds. Oxygen consumption was measured using
AMIS 2001 model C (Innovision AS, Odense, Denmark).
These data were used to interpolate the speed that
would achieve 70% of the participant’s VO,max during
the experimental trials.

Exposures

Each exposure was 50 minutes (min). Subjects con-
ducted a predefined protocol according to Figure 1.
The warm-up was at a brisk walking speed; 5.2 kilo-
meters/hour (km/h) for women and 6.4 km/h for men.
The running intervals were performed at a speed to
elicit 70% of VO,max at 4% inclination. Each running
protocol included 2 X 1.5 min running at higher speed
(~78% VO,max) followed by a 1.5 min recovery period
at decreased speed (~62% VO,max), which was then
repeated for 15 min. The running protocol was
designed to simulate a range of real-world continuous
exercise outdoors in undulating terrain such as skiing,
running and cycling. Heart rate was continuously mon-
itored (model s610, Polar Electro Oy, Kempele, Finland).

During the +10°C exposures, the chamber mean (SD)
temperature was 10.2 (0.1) °C; mean (SD) relative
humidity was 22.3 (4.5) %, and mean absolute humidity
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was 2.0 (0.4) g/m3. During the —10°C exposures, the
chamber mean (SD) temperature was —10.7 (0.3) °C,
mean (SD) relative humidity was 54.2 (7.2) %, and
mean absolute humidity was 1.3 (0.2) g/m3. Absolute
humidity (AbsH, grams/cubic metres) was calculated
based on the formula

AbsH:6'112*’h*2‘1674*e% where rh (%) is relative

T+273.15
humidity; and T (°C) is temperature [34].

Study variables

Lung function: Before each exposure and immediately
after exiting the chamber, participants performed
impulse oscillometry (I0S) [35]. Before and after each
exposure, dynamic spirometry was performed immedi-
ately after 10S (Jaeger Vyntus 10S, CareFusion,
Germany) according to the ATS/European Respiratory
Society guidelines [36].

Biochemical and cellular markers

Blood and urine samples were taken before and 60 min
after each exposure. The blood samples were analysed
for CC16, cell counts and creatinine. The urine was
analysed for CC16 and corrected for creatinine. To elim-
inate the postrenal excretion of CC16 from the prostate,
the first portion of each male urine sample was dis-
carded [37]. CC16 was analysed with Human Clara Cell
Protein ELISA kits (Biovendor, Modrice, Czech Repubilic).
Mean intra-assay coefficients of variation were <5% for
all plates.

Symptoms

Two symptom questionnaires were used. One question-
naire had previously been used in experimental expo-
sure studies on air pollutants [38]. The other
questionnaire was based on interviews during cold-
exposure and simultaneous intermittent easy-
moderate exercise for 1 h [34]. The symptoms inquired

Questionnaires
v \4 v
o
D WU R1 R2

Pre exposure x 5 min 15 min 15 min

Questionnaires Upon exit 1 h post
Blood sample Spirometry > exposure
Urine sample 108 Blood sample

Spirometry
10S

Urine sample

| Questionnaires |

Figure 1. Protocol of exposures.
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for in the questionnaires are presented in Table 5. For
both the questionnaires, the Borg CR10-scale [39] was
used to rate the intensity of the symptoms from 0 to 11,
where 0 represented “no symptoms” and 11 repre-
sented “maximal symptoms”. Questionnaire responses
were collected at five time points: (1) outside the cham-
ber immediately before exposure, (2) after warm-up, (3)
after the first running interval, (4) after the second run-
ning interval, (5) immediately after exiting the chamber.
Symptoms within exposures were compared using the
scores from before the exposure and after the second
running interval. To compare differences in symptom
intensity between the exposures, the Borg CR10-scores
from each of the five time points were added together
to form a single summed score for each exposure.

Statistics

A sample size calculation was conducted using AFEV1
as the primary outcome variable. We assumed a mean
of FEV,; = 4.58 L, standard deviation (SD) = 0.40, and
that exercise in —10°C would decrease FEV; by 6%
compared to +10°C [14,16]. We assumed equal variance
and a correlation of 0.3 between exposures. With an
alpha of 0.05 and a power of 0.80, 20 study subjects
were needed.

Analyses were conducted using R  [40].
Measurements with a judged normal distribution are
presented as mean (SD), and paired t-tests were used

for comparison within (post vs. pre) each exposure and
between exposures (difference within +10°C vs. differ-
ence within —10°C). Measurements that were treated as
non-normally distributed are presented as median
(interquartile range, IQR) and analysed using Wilcoxon
signed-rank test. A p-value <0.05 was considered statis-
tically significant.

Results

A description and comparison of lung function
responses within and between exposures are presented
in Table 2. Even though physical exercise in —10°C
significantly decreased FEV,; (p = 0.002; 95% ClI 0.03--
0.11 L), the decrease was not larger than that observed
in +10°C. Also, the decrease in FEV,/FVC after physical
exercise was of similar magnitude in both environ-
ments. R20Hz increased after physical exercise in —10°
C. Exercise in +10°C increased reactance, indicated by
a post-exercise decrease in X5Hz.

Exercise induced an increase in plasma CC16 of simi-
lar magnitude in both environments. No significant
increases in urinary CC16 were seen following either
exposure (Table 3).

No differences in systemic cellular markers were
observed between exposures. In both environments,
moderate-intensity exercise induced an increase in leu-
kocytes and neutrophils, while the concentration of
lymphocytes decreased. After exercise in +10°C

Table 2. Comparison of lung function changes within and between exposures. Data presented as mean (SD). Significant p-values in

bold.
+10°C —10°C
Measurement Pre Post Percentage P-value' Pre Post Percentage P-value' P-value®
change® change®

FEV, 4,078 4.054 —-0.60 0.077 4.055 3.987 -1.67 0.002 0.066
(L (0.913) (0.910) (1.85) (0.892) (0.892) (2.79)
FVC 5.075 5111 0.82 0.061 5.141 5.135 —0.06 0.739 0.114
(L) (1.181) (1.171) (1.92) (1.150) (1.145) (2.02)
FEV,/FVC 79.500 78410 -1.38 0.002 79.070 77.790 -1.61 <0.001 0.599
(%) (4.502) (4.794) (2.23) (4.719) (4.931) (2.08)
R 5 Hz 0313 0.313 0.79 0.953 0.319 0331 419 0.117 0.243
kPa/(L/s) (0.096) (0.088) (10.39) (0.100) (0.107) (10.08)
R 20 Hz 0.301 0.307 2.29 0.418 0.305 0.317 4.26 0.016 0.355
kPa/(L/s) (0.075) (0.079) (12.65) (0.082) (0.085) (7.97)
X5 Hz —0.072 —0.062 18.67 0.005 —0.067 —0.067 5.12 0.884 0.042
kPa/(L/s) (0.030) (0.032) (52.51) (0.030) (0.037) (35.43)
Z5Hz 0.304 0.302 0.03 0.712 0.305 0316 345 0.070 0.137
kPa/(L/s) (0.089) (0.084) (9.77) (0.087) (0.094) (8.24)
Fres 9.882 9.636 -1.76 0.179 9.791 9.932 1.01 0.645 0.388
Hz (3.112) (2.668) (7.66) (2.369) (3.122) (12.60)
Ax 0.202 0.181 —7.33 0.181 0.204 0.216 -1.58 0.595 0.363

(0.233) (0.169) (22.68) (0.159) (0.243) (28.67)

'Comparison of pre vs. post exposure
2Relative change ((post-pre)/pre *100)

3Comparison between exposures (difference within +10°C vs. difference within —10°C)

“FEV,, forced expiratory volume in 1 s (litres); FVC, forced vital capacity (litres); FEV,/FVC, ratio of FEV; to FVC; R5Hz, resistance at 5 Hertz (kiloPascal/(litres/
second)), R20Hz, resistance at 20 Hertz (kiloPascal/(litres/second)); X5Hz, reactance at 5 Hertz (kiloPascal/(litres/second)); Z5Hz, respiratory impedance at
5 Hertz (kiloPascal/(litres/second)); Fres, resonance frequency Hertz; Ax, reactance area
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Table 3. A description and comparison of CC16 in blood and urine within and between exposures. Data presented as median (IQR).

Significant p-values in bold.

+10°C —10°C
Measurement Pre Post P-value' Pre Post P-value' P-value?
P-CC16 5.69 7.18 <0.001 6.61 7.14 0.005 0.903
(ng/mL) (4.85-8.01) (5.28-8.76) (4.81-7.91) (5.64-8.78)
U-ccie/ 0.39 0.43 0.399 0.38 0.47 0.069 0.189
creatinine (0.16-0.67) (0.20-0.81) (0.13-0.84) (0.22-0.99)
(ng/pmol
creatinine)

Comparison of pre vs. post exposure

2Comparison between exposures (difference within +10°C vs. difference within —10°C)
P-CC16 (ng/mL), plasma CC16 (nanograms/millilitres); U-CC16, urinary CC16; ng/umol, nanograms/micromol

eosinophils decreased, while in
increased (Table 4).

Physical exercise induced a wide range of significant
increases in symptoms in both environments, as com-
pared to baseline. Symptoms included dizziness, physi-
cal fatigue, breathlessness, nasal irritation, rhinitis,
irritation in mouth or pharynx, throat irritation, cold
face and feeling warm. Significant increases limited to
exercise in —10°C were cough (p = 0.014), eye irritation
(p = 0.004), cold extremities (p < 0.001) and physical
discomfort (p < 0.001).

Exercise in —10°C induced greater summed symptom
scores for eye irritation, nasal irritation, rhinitis, cold
face, cold extremities and physical discomfort, com-
pared to +10°C (Table 5). Exercise in +10°C gave higher
summed symptom scores for physical fatigue, breath-
lessness and feeling warm, compared to —10°C.

—10°C basophils

Discussion

Our study shows that moderate-intensity exercise in
—10°C induces (1) few and mild symptoms from the

lower airways, (2) no lung function decrements or
enhanced leakage of biochemical markers of airway
epithelial injury, compared to +10°C, and (3) no periph-
eral bronchodilatation, which significantly increased
after exercise in +10°C.

We found that physical exercise in —10°C induces
an acute, mostly proximal, airway obstruction in
healthy individuals, measured by FEV,, FEV,/FVC
and R20Hz. Although in FEV, the responses were
small with a 1.7% decrease and below the clinical
threshold of 100 millilitres. Our sample size calcula-
tion was based on previous studies [14,16] and an
assumption of a 6% decrease in FEV; in —10°C, com-
pared to +10°C. Thus, our sample size was probably
too small to detect diminutive differences between
the exposures. However, our findings are in agree-
ment with previous research. Kennedy and
Faulhaber [16] detected a reduction in FEV; in phy-
sically active females after intense exercise at differ-
ent temperatures from 0°C to —20° (40% relative
humidity in all environments), but the reductions
were not significant when comparing the

Table 4. Comparison of systemic cellular markers within and between exposures. Data presented as mean (SD). Significant p-values

in bold.

+10°C -10°C
Measurement Pre Post P-value' Pre Post P-value' P-value?
Haemoglobin 140.6 140.2 0.559 140.4 140.8 0.564 0.439
(g/L) (11.9) (12.2) (12.0) (11.7)
Thrombocytes 273.0 269.2 0.196 269.1 268.3 0.775 0.176
(x1 09/L) (60.3) (59.8) (60.2) (65.4)
Leukocytes 6.7 8.1 <0.001 6.7 7.8 <0.001 0.400
(x10%/L) (1.5) 22 (1.6) (2.3)
Neutgrophils 38 54 <0.001 36 5.0 <0.001 0.532
(x10°/L) (1.3) (2.0) (1.3) (1.9)
Lymphocytes 213 1.99 0.043 2.26 2.01 0.001 0.164
(x10°/L) (0.50) (0.50) (0.53) (0.55)
Monocytes 0.57 0.59 0.340 0.57 0.58 0.689 0.687
(x1 09/L) (0.16) (0.17) (0.16) (0.18)
Eosinophils 0.14 0.12 0.003 0.14 0.12 0.024 0.481
(x10%/L) (0.09) (0.08) (0.09) (0.08)
Basophils 0.050 0.052 0.405 0.046 0.053 0.011 0.196
(x1 09/L) (0.019) (0.024) (0.021) (0.028)

'Comparison of pre vs. post exposure

2Comparison between exposures (difference within +10°C vs. difference within —10°C)

2g/L, grams/litres.
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Table 5. Comparison of symptom intensity between the expo-
sures. Data presented as median (IQR). Significant p-values in
bold.

Symptom +10°C -10°C P-value
Headache 0 (0-1.6) 0 (0-0.8) 0.532
Dizziness 0 (0-1) 0 (0-0.5) 0.858
Nausea 0 (0-0) 0 (0-0) 0.586
Physical fatigue 6 (3-9) 6 (1.6-8) 0.032
Breathlessness 5(2.8-8.2) 35(1.8-6.8) 0.009
Chest tightness 0 (0-0) 0 (0-0) 0.670
Cough 0 (0-1) 0 (0-1.4) 0.432
Eye irritation 0.5 (0-3) 2 (0-6.8) 0.011
Unpleasant odour 0 (0-0) 0 (0-0) 1.000
Nasal irritation 0.5 (0-4.8) 3.5 (1-7.8) 0.001
Rhinitis 8 (5.2-10.5) 12 (9.2-16) <0.001
Unpleasant taste 0 (0-0) 0 (0-0) 0.311

Irritation in the mouth or pharynx 5.5 (1.8-8) 5 (0.5-9.5)  0.829

Throat irritation 1.5 (0-4.5) 1.5 (0-4) 0.454
Cold face 1 (0-1.5) 7 (4-9.2)  <0.001
Cold extremities 0.5 (0-1.5) 10 (7-12.2) <0.001
Physical discomfort 0(0-1.8) 6.5(4.1-9.4) <0.001
Feeling warm 13 (9-17) 7.5(3.2-10.2) <0.001

temperatures. Another study of 12 healthy indivi-
duals, who performed moderate-intensity treadmill

exercise in +20°C and -11°C, could not either
demonstrate any significant differences in FEV,
between temperatures [41]. On the contrary,

Therminarias et al. [14] showed that exhaustive exer-
cise in well-trained males in +22°C and -10°C
induced a greater decrease in FEV; in the subzero
environment. A possible explanation for the discre-
pancy between our findings and previous observa-
tions could be the exercise intensity. A high minute
ventilation is one of the main factors in triggering
respiratory symptoms in cold air, and elevated levels
of ventilation can lead to bronchoconstriction [7].
Taken together, moderate-intensity exercise in —10°
C does not appear to induce significant airway
obstruction in healthy individuals as compared to
similar exercise in warmer conditions.

Inclusion of impulse oscillometry measurements
allowed us to identify a significant increase in reactance
after exercise in +10°C, indicating a peripheral bronch-
odilation. This was significant also when compared to
—10°C. Reactance (X) is determined by the elastic prop-
erties of the peripheral lung and the inertia of the air to
flow through the airways. X at 5 Hz (X5Hz) is a measure-
ment of reactance at a low frequency and can be used
to detect changes in the peripheral lung. Circulating
adrenaline levels increase during physical activity [42],
leading to  bronchodilation by binding to
2-adrenoreceptors in the airways [43]. Our finding
suggests that cold air inhibits this physiological
response to physical exercise.

This study showed an increase of CC16 plasma levels
after moderate exercise, with no difference between

the warmer and the cold environment. To our knowl-
edge, this is the first study that has measured CC16
after exercise in a subzero temperature. Epithelial stress
increases the permeability over the bronchoalveolar-
blood barrier, resulting in elevated levels of CC16 in
serum [44]. CC16 is thought to play a role as
a protective mediator in the airway inflammatory
response [22]. It has been suggested that this response
after physical exercise is physiological, and not patho-
genic, since no difference in plasma CC16 was seen
after an exercise challenge test in mild asthmatics and
healthy controls [45]. A probable explanation for the
increased leakage of CC16 into plasma is the
elevated minute ventilation, dehydrating the airway
epithelium [45]. Neither the colder nor the drier air in
the —10°C environment appeared to induce more
epithelial stress than exercise in +10°C; this is in line
with our spirometric findings.

Differential cell counts were included in this study
to account for systemic signs of inflammation follow-
ing exercise and cold exposure. A previous exposure-
study has shown that cold air causes local inflamma-
tion of the airways [12], but it is not known whether
this may translate to a difference in exercise-induced
systemic immune responses following exercise in
cold air. In the present study, as expected, leuko-
cytes and neutrophils significantly increased after
moderate-intensity exercise in both environments.
This immune response to physical exercise is well
known and is probably caused by an increase in
plasma catecholamines [33]. Most studies that have
set out to investigate immunological effects of cold
environments have used temperatures above 0°C
[33], which are well above those experienced by
winter athletes and the general population in the
Nordic countries and similar climatic regions during
winter. Our results suggest that exercise-induced
increases in circulating leukocytes are not altered
by exposure to —10°C compared to +10°C. Had we
chosen a larger temperature range between the
warm and the cold environments, we may have
seen more pronounced differences between condi-
tions, as cold-induced immunological effects could
also occur at +10°C [33]. Moreover, future studies
designed with the specific purpose of investigating
immune responses to exercise in subzero air may
wish to incorporate further measures of functional
immunity; however, this was not the main purpose
of the present study.

The wide range of symptoms, and the increase in
symptom-intensity, induced by exercise in —-10°C,
indicates that our experimental whole-body exposure
set-up mimics real-world exposure to cold



environments. Moderate-intensity exercise for 35 min-
utes in —10°C induced few and mild symptoms from
the lower respiratory tract, such as breathlessness
and cough. The absence of lower airway symptoms
in —10°C corresponds well with the absence of
a pronounced airway obstruction and the absence
of severe epithelial stress. This is also in agreement
with previous research, showing that individual pre-
disposition and a high minute ventilation are the two
main factors in triggering cold-induced respiratory
symptoms [7].

Strengths of this study are the comprehensive range of
sensitive measurements, use of whole-body exposure to
different temperatures in an environmental chamber with
a stable milieu, and exposures that simulate real-world
environmental conditions.

The choice of exposing the subjects to +10°C and —10°
C had several reasons. Firstly, the exposures should simu-
late common circumpolar conditions, although occurring
temporarily. In the circumpolar regions, +10°C occurs
during spring and autumn, and several circumpolar cities,
such as Murmansk and Vorkuta (Russia), Fairbanks (USA),
Tromsoe (Norway), Kiruna (Sweden) and Rovaniemi
(Finland), have mean temperatures around +10°C during
summer [46]. Secondly, in order to function as a neutral
reference, the “control exposure” should not put exces-
sive strain on the study subjects. Hence, +10°C has been
shown to be optimal for preventing thermoregulatory
stress, and close to an “optimal” temperature for endur-
ance exercise performance [47]. Most experimental expo-
sure studies evaluating lung function responses to
subzero air have used +20°C as control exposure [48].
Pekkarinen et al. did not detect any lung function impair-
ments in healthy males exposed to room temperature
and 0°C [17]. We believed that neither room temperature
nor +10°C as control exposures would induce significant
lung function decrements. However, +10°C is a rather low
temperature when considering the conditions in which
humans have evolved. Thus, we cannot totally exclude
that reactions to cold air might already have started at
+10°C, making the difference between “warm” and “cold”
exposures less pronounced. Also, relative and absolute
humidity differed clearly between the two environments,
the air being drier in the cold environment. This makes it
difficult to separate whether the etiologic stressor to the
responses observed in the present study is cold air, dry air
or a combination of both. Low air humidity has an impact
on both obstruction and leakage of epithelial injury mar-
kers in the airways [10,26].

Experimental whole-body exposure studies simulating
real-world exposures incorporate multiple stressors, such
as exercise, hyperventilation, inhalation of cold air and
hypothermia. Isolating the stressor and outcome does
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not take into account the complexity of environmental
exposures or the extensive responses that may occur.
Mapping multiple domains of responses run the risk of
providing us with more questions than answers, instead
of evidence for safe versus hazardous thresholds for phy-
sical exercise in subzero temperatures. Nevertheless, we
suggest that short-duration moderate-intensity exercise
in —10°C does not induce any acute harm to the lower
airways of healthy subjects compared to similar exercise
in +10°C, except a lack of bronchodilatation. This novel
finding needs to be confirmed in future studies. Before we
have developed a deeper knowledge of the meaning of
bronchodilatation in this setting, we cannot completely
rule out that moderate-intensity exercise in subzero tem-
peratures can be harmful to the airways of vulnerable
individuals, or when performed on a regular basis over
a season or over many years. The nature of responses
occurring among subjects with pre-existing respiratory
disease remains to be clarified.
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