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Abstract
Exercise-induced bronchoconstriction (EIB) commonly develops after exercise in cold, dry envi-
ronments, but the effects of acute exercise in the cold on airway physiology remain incompletely
understood. Exhaled particle (PEx) analysis offers a novel, non-invasive approach to assess res-
piratory tract lining fluid (RTLF) composition and may provide mechanistic insights into airway
responses before clinically detectable changes occur. This study investigated the PEx response to
moderate-intensity exercise in sub-zero conditions among healthy atopic and non-atopic individu-
als. Eighteen participants (14 male, 29± 6 years) performed two moderate-intensity exercise tri-
als (30 and 90 min duration) in a climate chamber at−15 ◦C. PEx samples were collected using
the PExA® method, before and 30 min after exercise to assess particle mass and count across eight
size bins (0.4–5 µm) and for subsequent lipidomic analysis. Exercise induced a significant increase
in smaller PEx (0.4–0.7 µm; p< 0.01). Three lipid species were altered after 30 min exercise, and
11 after 90 min exercise. Phosphatidylethanolamine PE(16:1_18:0) was the only lipid that consis-
tently increased across both exercise durations (30 min: p= 0.023; 90 min: p= 0.044; g = 0.97).
Three specific lipid species showed differential exercise responses between atopic and non-atopic
participants, including an oxidised phosphatidylcholine species PC(16:0_9:0;O) (p= 0.006,
q= 0.59, g = 0.86). These results provide preliminary insight into airway surfactant responses to
exercise in a cold climate and contribute to the growing understanding of how the PExA® method
can be applied as a non-invasive tool for respiratory health assessment in an acute setting.

1. Background

The combination of exercise and exposure to air-
way irritants is recognised as an occupational health
risk to athletes [1–3] and the general population
exposed through work or leisure activities [4, 5].
Athletes in high-performance endurance sports, such
as running, swimming and cross-country skiing,
which demand sustained high ventilation rates, have

a high prevalence of asthma [6–9]. However, the
occurrence of respiratory symptoms, acute reduc-
tions in lung function, and airway inflammatory
responses is particularly high in settings where ath-
letes are exposed to swimming pool chemicals [10],
environmental air pollution [11], pollen [12], and
cold, dry air [12, 13] during training. These irritants
have been identified as triggers for exercise-induced
bronchoconstriction (EIB) and are likely involved in
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the initial development of lower airway dysfunction
among athletes [12, 14–16]. While lower airway
dysfunction, an operational definition encompassing
asthma, EIB and airway hyperresponsiveness [8], has
been well-recognised in winter endurance athletes,
such as cross-country skiers, for over 30 years [17–
19], its prevalence remains relatively unchanged over
time [8], and we still lack complete understand-
ing of the airway pathophysiology induced by exer-
cise in sub-zero conditions. Briefly, inhalation of
cold, dry air causes desiccation of the airway sur-
face liquid, creating a hyperosmolar environment
that leads to shrinkage of surrounding cells and
the release of inflammatory mediators such as his-
tamine, leukotrienes and prostaglandins. The result-
ing smooth muscle contraction, alongside reactive
hyperaemia-induced oedema upon rewarming, can
elicit EIB [20]. However, we have limited evidence to
map the cascade of exposures and events leading over
time to development of long-term lower airway dys-
function in a prospective manner.

Regular exercise in a cold environment involv-
ing high rates of ventilation may over time initiate a
cycle of epithelial injury and repair that contributes
to the development of airway hyperresponsiveness
[20]. A handful of cross-sectional and longitudinal
studies have used samples from bronchial biopsies
using bronchoscopy and induced sputum to char-
acterise the immune cell and inflammatory profile
of the airways following chronic exposure to cold
environments [21–24]. However, bronchoscopy is
invasive and induced sputum is highly dependent
on subject cooperation and technique, risk of con-
tamination from upper airways, and variable repro-
ducibility. Several studies have used blood and urine
biomarkers to ascertain whether exercise and/or envi-
ronmental exposures affect airway epithelial integrity
[25–30]. Nevertheless, the ability to identify, validate
and assess a larger panel of biomarkers of airway
integrity directly from the respiratory tract before and
after acute exercise bouts, using minimally invasive
methods, could ultimately lend itself to non-invasive
monitoring of airway exposure in clinical and field
settings.

The respiratory tract lining fluid (RTLF) cover-
ing the airway epithelium constitutes a central line
of defence against environmental insults. Analysis of
the composition of the RTLF can be evaluated using
a novel, non-invasive method termed PExA®, to col-
lect exhaled particles (PEx) [31]. PEx from the RTLF,
generated by opening and closing of the airways,
have been shown to reflect peripheral and small air-
way inflammation [32, 33] and be affected by envi-
ronmental triggers, such as smoking [34], allergens
[32], and occupational exposures [35]. To date, the
method has not yet been employed to assess air-
way responses to acute exercise in cold environments,

a condition known to induce hyperpnoea leading
to airway cooling and drying, that contributes to
epithelial injury [36]. Analysis of RTLF composition
via PExA® therefore offers an opportunity to explore
early perturbations to the RTLF after exercise before
clinically detectable changes in lung function occur.
Pulmonary surfactant, composed primarily of phos-
pholipids, helps to maintain alveolar stability and
optimal gas exchange [37, 38] as well as serving as a
protective barrier against mechanical stress and envi-
ronmental insults for the airway epithelium [37, 39].
Notably, alterations in airway surfactant composi-
tion have been associated with reduced lung func-
tion in asthma [40], raising the possibility that sim-
ilar changes, potentially triggered by exercise hyperp-
noea in the cold, could increase airway vulnerability
to injury.

Existing data suggest that exercise performed at
high-intensity elicits greater bronchoconstriction and
airway epithelial damage than low-intensity training
[19]. However, the majority of the training that
skiers perform is in the low-intensity domain [41–
43], with prolonged sessions >1.5 h making up a
substantial part of skiers’ total training volume [44].
Single bouts of prolonged, low-intensity exercise have
been associated with systemic immune disturbances
[45, 46], which could possibly impair the ability of
immune cells to promptly engage in epithelial repair
post-exercise.While the repeated damage-repair cycle
likely elicited by frequent endurance training in sub-
zero environments may offer an explanation as to
why cross-country skiing has been highlighted as a
risk factor for development of asthma [2], to our
knowledge no studies have investigated effects of pro-
longed endurance exercise in sub-zero conditions on
the composition of the RTLF.

The purpose of this exploratory study was to
investigate whether particles in exhaled air can be
used to monitor the effects of exercise in cold air on
the airways, and to characterise the acute impact of
hyperpnoea in subzero air on the molecular integrity
of the RTLF. A secondary aim was to investigate
whether the particle and lipid profile of PEx samples
was affected by exercise duration and participants’
atopic status.

2. Methods

2.1. Participants
Eighteen participants (♂ = 14, ♀ = 4, age:
29 ± 6 years; VO2max: 61.6 ± 8.6 ml kg−1 min−1;
mean ± SD) provided written, informed consent to
participate in the study. Participants were currently
engaged in regular endurance training but had never
competed in winter endurance sports at elite level
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(Tier 1–3 according to McKay et al [47]). Atopic sta-
tus was determined using the Allergy Questionnaire
for Athletes (AQUA©) [48]. Atopy was defined as a
questionnaire score⩾5. A detailed description of par-
ticipants’ anthropometric characteristics and training
background has been previously reported [49]. The
study was approved by the Swedish Ethical Review
Authority (2020–05205). All participants provided
full written, informed consent to participate and the
study was conducted in accordance with the 2013 ver-
sion Declaration of Helsinki, but was retrospectively
registered (ISRCTN13977758).

2.2. Study design
The study employed a 2 × 2 randomised crossover
design whereby participants performed a preliminary
test to determine V̇O2max at room temperature, fol-
lowed by two treadmill running exercise trials, of
30 and 90 min duration, separated by approximately
one week, in an environmental chamber at −15 ◦C
and ∼67% relative humidity. Two exercise durations
were selected to reflect ecologically relevant cold-air
exposure—a brief exposure that may occur during
recreational physical activity (30 min) and an expo-
sure representative of deliberate endurance training
(90 min). The exercise intensity was selected to be
achievable for participants to sustain for 90 min and
reflective of the low-to-moderate intensity domain
that constitutes themajority of winter endurance ath-
letes’ training [44]. Treadmill speed during the exer-
cise trials was 10.0 ± 1.6 km h−1. PEx were collected
at two time points, before and 30 min after exercise.
An individualised, prescribed treadmill speed for the
main exercise trials was determined by interpolation
of data from the submaximal stages of a preliminary
submaximal andmaximal exercise test to determine a
speed that would elicit approximately 60% V̇O2max
during the subsequent visits. A detailed methodol-
ogy of the pre-test and chamber exercise trials, as well
as physiological responses to exercise, lung function
results and blood biomarkers measured during the
study has been previously published elsewhere [49].

2.3. Exhaled particle collection
The composition of the RTLF can be assessed using
a novel and non-invasive method to collect and anal-
yse particles in exhaled air using a patented instru-
ment (PExA®, patent P17584SE00). The instrument
can collect and discriminate larger (0.4–5 µm) parti-
cles from the RTLF generated by opening and closing
of the small airways [35, 50], herein referred to as PEx.
The PExA® instrument can be used to obtain a parti-
cle mass and count, both in total and across different
particle size domains, while collection and storage of
the collected particles enables subsequent assessment
of airway surfactant phospholipid composition.

During PEx collection, participants performed
multiple repetitions of a specific breathing manoeu-
vre, whereby the participant exhaled to achieve resid-
ual volume, then held their breath for 5 s. This
was then followed by a steady inhalation to vital
capacity before a slow exhalation (sVC) into the
device. Inhalation of particle-free filtered room air
was achieved through a two-way non-rebreathing
valve (1420, Hans Rudolph, Shawnee, KS, USA), fol-
lowed by immediate exhalation into the device. The
breathing manoeuvre was repeated at self-regulated
intervals. Due to the limited time window for parti-
cle collection and the need to collect particles within
a similar time window for all participants, parti-
cle collection was terminated as soon as the partici-
pant reached one of the following end points: 120 ng
particle mass had been collected (sufficient particles
obtained), after 15–16 exhalations (to prevent fatigue
that could affect later tests), or after approximately
10 min (due to time constraints and to match the
post-exercise time point within- and between partic-
ipants; i.e. 30–40 min post-exercise).

The concentration of particles was measured in
eight size bins between approximately 0.4–5 µm in
diameter by optical particle counter in the PExA®
instrument (PExA AB, Gothenburg), as described
by Almstrand et al [50]. The PExA® computer soft-
ware calculates the sampled particle mass online and
displays collected mass to the participant. Particles
are collected by the inertia principle using a cascade
impactor. Particles are impacted on a thin hydrophilic
polytetrafluoroethylene membrane mounted on the
impactor collection plate. When sampling had fin-
ished, the sampling membrane was taken out of the
impactor, divided in two using a clean scalpel, and
stored in a microcentrifuge tube at−80 ◦C until later
analysis.

2.4. Lipidomics analysis of PEx samples
A detailed procedure for analysing surfactant lipids
fromPEx samples of small airways has been described
previously [51]. The lipids included in the method
were selected during a method development phase
preceding this study. Lipid panel selection was based
on screening pooled PEx samples using Waters
LipidQuanQuanpedia lipidMRMdatabase (Milford,
MA, USA). In addition to the targeted screening,
untargeted screening was conducted using lipid class
specific fragmentation scanning experiments, such as
neutral loss scanning andprecursor ion scanning. The
most abundant lipids in each class were selected for
confirmation and further validation (selectivity, pre-
cision, linearity) before inclusion into the lipid panel
used in the present study.

In brief, samples were placed in the insert of cen-
trifugal filter tubes (Millipore UFC30LG25). To the
sampling membrane 10 µl of isotope labelled lipid
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standard was added and allowed to dry with the sam-
ple for 10min (Avanti EquiSPLASH SKU:330731 and
Avanti GlcCer(d18:1(d5)/18:0) SKU:860638). Lipids
were extracted in a thermomixer using 225 µl of iso-
propanol. The eluate was recovered from the insert to
the microtube bottom by centrifugation. The extrac-
tion was then immediately repeated with methanol
for improved recovery of both the polar and the
neutral lipids. The methanol/isopropanol eluate in
the microtube was transferred into LC vials (Waters
Total Recovery vial SKU: 186002805) and stored at
−20 ◦C before analysis. Before analysis, the solvent in
the LC-vial was evaporated under a stream of nitro-
gen and the remaining lipid film was solubilised in
100 µl of solvent consisting of acetonitrile and iso-
propanol in a ratio of 2:1. The extracted lipids were
analysed with a targeted LC-MSMS method using
theWaters ACQUITYUPLC I-Class chromatography
system coupled to an electrospray ionization source
on a Waters Xevo TQ-XS triple quadrupole mass
spectrometer detector (Milford, MA, USA). Reverse
phase chromatography was used for separation of PC
lipids based on fatty acyl groups. All other lipids were
analysed using HILIC chromatography that separates
the lipid classes.

Quantification was based on the peak area of the
analyte divided by the peak area of the internal stan-
dard, the response factor. The response factor was
multiplied with themol of internal standard spiked to
the sample. One internal standard per lipid class was
used. The results of the lipid analyses were calculated
as relative amount [51]:(

mol%= 100 × species_mol

lipid_sum_mol

)
.

Type II isotope correction factorswere calculatedwith
the online correction tool LICAR for the lipid classes
PG,PE and PI, as described by Gao et al [52]. When
isomers were found as two distinct peaks then the first
peak was annotated with an ‘_A’ and the second with
a ‘_B’. For example: LPC(16:1)_A and LPC(16:1)_B
corresponds to the SN1 and SN2 position of the
16:1 fatty acyl group on the glycerol backbone.

2.5. Data analysis
The PExA® instrument provided data on total parti-
cle count and mass, as well as the distribution of par-
ticle count and mass across eight particle size bins.
These data were normalised relative to the total vol-
ume of exhaled air during the collection. Three sam-
ples encountered technical errors during collection
and were missing from analysis, one further sample
was excluded from analysis due to suspected contam-
ination. Data were analysed in GraphPad Prism (ver-
sion 10.6, GraphPad Software, Boston, MA, USA).

First, total particle count and mass were anal-
ysed using linear mixed models with fixed effects for

trial, timepoint and their interaction. Subsequently,
the proportion of particles within each particle size
domain was analysed using two models: first, with
fixed effects for trial, timepoint and particle size,
including their interactions, and subsequently, with
fixed effects for timepoint and particle size only.
Fisher’s LSD (for 2 × 2 analyses) or Bonferroni
post-hoc tests were used to follow up significant
interactions.

Lipidomics data were reported as mol% of total
sample lipid content. Lipids with <20% missing val-
ues were retained; remaining missing values were
imputed using the lowest detected mol% divided by
√2. Samples with a total collected mass of <10% of
the target (<6 ng) were excluded (n= 2). Thus, anal-
ysis of lipid compositionwas ultimately performed on
data from 66 samples.

For baseline analyses, the mean lipid mol% from
each participant’s baseline samples were calculated.
For each trial, the change inmeanmol% for each lipid
frompre to post exercise was quantified using the log2
logit difference, calculated as:

log2

( mol%
100 post

1− mol%
100 post

)
− log2

( mol%
100 pre

1− mol%
100 pre

)
.

Lipid responses to each individual exercise trial were
analysed using paired t-tests; a prerequisite was thus
that samples for both pre- and post- time points
within a trial were available (30 min: n= 14; 90 min:
n= 17). To meet the assumptions of parametric test-
ing, lipid mol% data were arcsine transformed prior
to statistical analysis, as this transformation stabilises
variance and improves normality for proportion data
bounded between 0 and 1. Results were visualised
against the log2 logit difference using volcano plots in
Prism. The log2 logit difference was chosen to quan-
tify the magnitude and direction of change from pre-
to post-exercise, offering an interpretable magnitude
of change for visualisation, as it linearises propor-
tion changes near 0 and 1 and facilitates compari-
son across trials. Differences in lipid mol% between
atopic and non-atopic individuals at baseline, and
log2logit responses to exercise, were analysed using
independent t-tests. We applied a significance thresh-
old of p < 0.05 for reporting biomarker responses
of interest. Raw p values and FDR-corrected q val-
ues (Benjamini–Hochberg, Q = 10%) are presented
in parallel, but given no q values reached the thresh-
old to be retained as true discoveries, p values were
used to best describe changes in the data, but should
be interpreted with caution. Hedge’s g effect sizes are
reported for pairwise comparisons to aid interpreta-
tion. Finally, principal component analysis (PCA)was
performed to investigate potential clustering of lipids
measured pre and post 30 and 90 min exercise, and
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to assess differences in the lipid response to exercise
based on atopic status.

3. Results

3.1. Effects of exercise on exhaled particle mass and
count
Themean (± SD) number of exhalations during sam-
ple collection was 10 ± 2, although the obtained
particle mass from each collection varied substan-
tially between samples (82± 55 ng). Due to technical
errors, particle data were not obtained at three collec-
tion time points.

Particle mass and count, normalised to the total
exhaled air volume during sample collection, are
shown in figure 1. The change in particle count from
pre- to post-exercise differed significantly between
trials (F(1, 11) = 5.56, p = 0.04). Post hoc analyses
revealed a decrease in particle mass and count post-
exercise in the 90min trial, attributable to higher par-
ticle counts at baseline in the 90 min trial compared
to both post-exercise and before the 30 min exer-
cise trial (figure 1(A)). For particle mass, there was
a main effect of trial, whereby exercise decreased par-
ticle mass (F(1, 17)= 7.96, p= 0.012).

Analysis of the response to exercise for particles
across different size domains revealed a significant
interaction between timepoint and particle size (PEx
count: F(7, 136) = 6.379, p < 0.0001; PEx mass:
F(7, 136) = 12.81, p < 0.0001). Follow-up analy-
sis of these effects indicated a greater proportional
count and mass of smaller particles (0.41–0.70 µm)
post-exercise, and a lower proportional mass of larger
(2.36–4.55 µm) particles post-exercise, as well as a
lower count of particles sized between 0.70–0.92 µm
post-exercise (figure 2).

3.2. Effects of exercise on exhaled particles assessed
using lipidomics
In total, 93 lipid species were detected and retained for
analysis. Phospholipid composition in all sampleswas
dominated by PC(16:0/16:0) which made up more
than 50% of the total lipids at all four time points
(supplementary figure 1). In general, the relative pro-
portions of the major lipids showed minimal change
across the four sample time points.

Analysis of lipid responses to individual tri-
als revealed three lipids that significantly differed
(p < 0.05) from pre- to post-exercise in the 30 min
trial (figure 3), and eleven in the 90 min trial
(figure 4). The only lipid consistently altered across
both trials was PE(16:1_18:0), which significantly
increased following exercise (30 min: p = 0.023,
q = 0.865; 90 min: p = 0.044, q = 0.38; combined
time effect, g = 0.97).

3.3. Effect of atopic status on the PEx and lipid
profile before and after exercise in a sub-zero
environment
Based on the pre-defined AQUA score cut-off, 10 par-
ticipants were classified as atopic (56%, 7 men,
3 women) and eight as non-atopic. There were no
significant differences between the mean baseline
PEx count or mass between the atopic and non-
atopic groups (supplementary figure 2). Similarly,
there were no significant differences in exhaled lipid
composition at baseline between the two groups.

Analysis of themean PEx response to exercise also
showed no significant differences between the atopic
and non-atopic groups (supplementary figures 2(C)
and (D)). In addition, no differences in the distri-
bution of PEx mass or count over the particle size
domains were found between atopic and non-atopic
participants (supplementary figure 3).

Three lipids were identified through volcano
plots as potentially different in their response to
exercise between the atopic and non-atopic groups
(figure 5(A)): PG(18:0_20:4) (p = 0.048, q = 0.92,
g = 1.01; figure 5(B)), PC(18:1_18:2) (p = 0.026,
q = 0.92, g = 0.99, figure 5(C)) and PC(16:0_9;O),
(p= 0.006, q= 0.59, g = 0.86, figure 5(D)). However,
the distribution of particle mass across particle size
binswas not affected by atopy (i.e. no significantmain
effect of atopy, nor atopy x timepoint interaction;
supplementary figure 3).

3.4. Multivariate analysis
Analysis with PCA showed no clear separation
between sample time points or trials (supplemen-
tary figure 4(a)), nor the difference in the response
to exercise between atopic and non-atopic individuals
(supplementary figure 4(b)). The lack of separation
between groups and time-points in the PCA analysis
precluded further analysis with supervised methods
such as orthoPLS-DA to avoid overfitting [53].

4. Discussion

The present study investigated exhaled particle
responses to moderate-intensity exercise in sub-zero
conditions among healthy non-atopic and atopic par-
ticipants, representing the first application of the
PExA®method in an acute exercise setting. The main
findings were that (1) a greater proportion of smaller
particles were obtained after exercise (2) a higher
number of lipids (eleven) were altered after 90 min
exercise versus 30 min exercise (three), accompanied
by a greater reduction in PEx count post-exercise
after 90 min exercise (3) there was no significant
difference in the composition of the obtained PEx
mass and count between atopic and non-atopic par-
ticipants at baseline nor in response to exercise, but
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Figure 1. PEx count (A) and mass (B) pre and post 30 and 90 min exercise in−15 ◦C. Difference between time points, ∗∗,
p< 0.01.

Figure 2. Particle count and mass within specific particle size domains pre and post 30 and 90 min exercise in−15 ◦C
(Mean+ SD). (A) Proportion of total particle count represented by particles in different size domains, across all four mea-
surement time points. Significant post-hoc differences within size domains between timepoints are shown in panel (C). (B)
Proportion of total particle mass represented by particles in different size domains, across all four timepoints. Significant post-
hoc differences within size domains between timepoints are shown in panel (D). ∗, p< 0.05; ∗∗, p< 0.01, ∗∗∗, p< 0.001, ∗∗∗∗,
p< 0.0001.
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Figure 3. Lipid responses to the 30 min trial. (A): Volcano plot displaying lipid responses to exercise and t-test significance. (B)–
(D): show the three most significant lipid responses (Mean+ SD).

(4) three lipids showed differing exercise responses
between non-atopic and atopic participants.

The consistent shift toward smaller particles (0.5–
1 µm) following exercise across both trials represents
a novel finding, suggesting that the physical prop-
erties of particle generation may have been altered
by exercise in a subzero environment. The reduc-
tion in particle count and mass after exercise likely
reflects subtle alterations in airway surfactant proper-
ties. While not causing functional impairment in this
acute setting, this observationmay providemechanis-
tic insights into the pathogenesis of EIB with repeated
exposure to exercise in cold air. While no participants
in the present study had clinically relevant changes in
FEV1 post-exercise [49], previous observations have
shown an association between decreased PEx mass
and increased asthma severity [54], suggesting that

PEx measurements may be sensitive to early pertur-
bations in respiratory tract integrity even before clin-
ically detectable lung function changes occur. The
increased ventilation of exercise in combination with
the cold, dry environment leads to cooling and drying
of the airway epithelium, which could affect mucosal
hydration and viscosity, surface tension and airway
reopening dynamics [55]. The volume of the RTLF
in the lower airways has been modelled to be under
1 ml, and thus susceptible to water loss and resul-
tant osmotic stress [56], especially during high ven-
tilation exercise in a cold, dry environment. It has
been hypothesised that shear stress on the dehydrated
airway epithelium can cause airway epithelial dam-
age, leading to inflammation, release of mediators,
increased epithelial permeability and plasma leak-
age into the airways, which over time can contribute
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Figure 4. Lipid responses to the 90 min trial. (A): Volcano plot displaying lipid responses to exercise and t-test significance, (B)–
(D): show the three most significant lipid responses (Mean+ SD).

to airway remodelling and the development of air-
way hyperresponsiveness characteristic of EIB [36].
The impact of prolonged exercise in the cold on
exhaled particle generation has not previously been
explored, butwe can speculate that dryingmay reduce
the thickness of the RTLF during exercise, poten-
tially leading to smaller particles being generated dur-
ing airway reopening, whereas cooling and drying
may also alter airway compliance and surface tension,
that could also influence the mechanics of particle
formation.

The responses of the detected lipid species to
exercise, while modest, may also offer some insight
into the RTLF response to exercise in cold air. The
phosphatidylcholine PC(16:0/16:0) (dipalmitoyl

phosphatidylcholine or DPPC) was the most abun-
dant lipid across all samples at all time points, rep-
resenting just over 50% of the total lipids, consis-
tent with previous findings using the PEx method
[33]. Only one lipid species, PE(16:1_18:0), showed
a consistent increase after exercise across both tri-
als. PE species are highly enriched in mitochon-
drial inner membranes [57], and the observed
increase in PE(16:1_18:0) may indicate enhanced
membrane biosynthesis or remodelling to support
increased metabolic demands during and after exer-
cise. In contrast, two lysophosphatidylcholine (LPC)
species decreased post-exercise. LPCs are gener-
ated from phosphatidylcholines through phospholi-
pase A2 (PLA2)-mediated hydrolysis and can impair
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Figure 5.Mean lipid responses to exercise in non-atopic and atopic participants. (A): volcano plot showing significant lipids
identified using unpaired t-tests (B)–(D). Visualisation of the mean (+ SD) exercise response for lipids that significantly differed
between atopic and non-atopic participants.

surfactant function when elevated [58]. The observed
decrease in LPC levels suggests reduced phospholi-
pase activity and/or active reacylation of LPCs back
to intact phospholipids during the recovery period,
rather than ongoing epithelial disruption. The 30min
post-exercise sampling timepoint may therefore have
captured the resolution phase following any tran-
sient perturbations during exercise. Atopic indi-
viduals showed a greater increase in an oxidised
PC species, PC(16:0_9:0;O), potentially reflecting
heightened oxidative stress, as previously reported in
inflamed tissues [51]. We previously reported that
atopic individuals experienced greater intensity of
respiratory symptoms after exercise [49], so it is pos-
sible that their airways had a greater propensity to
epithelial disruption or inflammation. As research

into lipid regulation of airway integrity is still emerg-
ing, it remains uncertain whether the responses we
observed may reflect a propensity to adapt to higher
rates of ventilation, cold exposure, or cellular stress
and the specific functional significance of the identi-
fied species in surfactant homeostasis requires further
investigation.

Despite these changes in specific species, the over-
all lipid profile remained relatively stable at all mea-
surement timepoints, and there were no significant
shifts in lipid classes post-exercise. The overall greater
number of lipid species that were altered (p < 0.05)
after 90 min exercise versus 30 min exercise may indi-
cate a dose-response relationship between exposure
of the airways to acute epithelial stress and acute
changes in RTLF composition. Taken together, the
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reported changes in particle characteristics and lipid
composition of PEx samples suggest that even a single
bout of prolonged exercise in a subzero environment
can perturb the RTLF. The overall stability of most
lipid species and classes nevertheless suggests that the
airway surfactant system is relatively robust and likely
recovers quickly after environmental stress.

To our knowledge, this study was the first time
that the PExA® method has been used to collect sam-
ples before and after exercise, and thus has value as
a proof-of-concept study. Comparisons with stud-
ies that have used other breath sampling method-
ologies can provide important context for our find-
ings. A recent proof-of-concept study using exhaled
breath condensate also reported no change in breath
biomarkers (8-isoprostane and pentraxin-3) after
moderate-intensity exercise in healthy participants
[59], with the authors suggesting that more extreme
exercise intensities or co-introduction of environ-
mental stressors would likely be needed to observe
detectable biomarker changes. Similarly, previous
findings from this project showed that prolonged (i.e.
90 min) moderate-intensity exercise did not elicit
decreased lung function (measured using dynamic
spirometry) nor substantial airway epithelial dam-
age (assessed via plasma club cell Clara protein 16,
CC16, concentrations), compared to 30 min exer-
cise at −15 ◦C [49]. These findings suggest that the
moderate-intensity exercise employed in the present
study, even in sub-zero air, does not constitute
a sufficiently potent stimulus to stress the airway
mucosa and RTLF composition in healthy individu-
als. Whether a more potent stimulus (higher inten-
sity) or susceptible population (i.e. individuals with
EIB) would elicit greater perturbations in RTLF com-
position remains a question for future research.

Several limitations should be acknowledged when
interpreting the findings from the present study. The
elevated baseline particle count before the 90 min
trial introduces complexities in interpretation of the
findings; apparent post-exercise alterations in PEx
may be attributable to this difference. The reason
for the elevated baseline could not be attributed
to trial order, number of breathing manoeuvres, or
any other known variable. However, previously the
within-subject coefficient of variation for PEx count
has been reported at 27%, but in the present study
was 76%, suggesting that day-to-day variability may
have contributed to this difference [60]. Additionally,
the shorter sampling window used in this study com-
pared to previous work (10 min was the maximum
allocated time in the study protocol for PEx collec-
tion to permit continuation to other time-sensitive
measures) and the wide range in collected sample
mass may have contributed to variation in sample
composition. The study did not utilise a seated rest

control trial, that may have highlighted any possi-
ble effects of time of day and/or other laboratory
measurements (e.g. spirometry manoeuvres) on the
PEx collection. Similarly, it was beyond the scope of
this project to separate effects of exercise and cold,
which would have required a more complex design
including room-temperature exercise trials. Given the
exploratory nature and multivariate dataset, as well
as the proportion-shape of the mol% data, the rel-
atively small sample size [61], and the lack of dis-
coveries retained after FDR-correction, we should be
aware that lipid species responses where p< 0.05 but
q > 0.05 require further investigation and replica-
tion to verify our observations. Finally, since this was
the first study to incorporate PExmeasurements after
physical activity, we highlight that no studies have
yet been performed to determine the optimal post-
exercise timepoint to detect possible alterations in the
composition of the RTLF; this remains a question for
future research.

5. Conclusion

The present study represents the first, to our knowl-
edge, application of the PExA® method to exercise
physiology research, and provides important prelim-
inary data regarding the exhaled particle response
to exercise under environmental stress. Our find-
ings demonstrate that moderate-intensity exercise
in sub-zero conditions induces subtle but mea-
surable changes in exhaled particle composition,
including a reduction in particle size and shifts in
selected lipid species, such as a proportional increase
in PE(16:1_18:0). These changes may reflect early
markers of airway surface dehydration or surfactant
remodelling, and may be used as a basis to inform
future hypotheses and follow-up studies. The overall
stability of the PEx composition nevertheless suggests
the airway surfactant is relatively robust and recov-
ers quickly after environmental stress, in agreement
with our earlier findings of minimal changes in lung
function or airway epithelial damage from the study
protocol. Thus, our data provide preliminary insight
into airway responses to exercise in a cold climate and
contribute to the growing understanding of how the
PExA® method can be applied as a non-invasive tool
for respiratory health assessment in an acute setting.

Acknowledgment

The authors thank the participants for their time,
efforts, and patience in the lab. In addition, we
acknowledge the support of Marianne Anderson for
providing training in the PExA methodology.

10



J. Breath Res. 20 (2026) 031001 H Hanstock et al

Data availability statement

The data cannot be made publicly available upon
publication because they contain sensitive personal
information. The data that support the findings of
this study are available upon reasonable request from
the authors.

Supplementary Figures available at: https://doi.
org/10.1088/1752-7163/ae7fb0/data1.

Conflict of interest

A-CO is a board member and shareholder of PExA
AB, the company that produces and sells the PExA
instrument used in the present study. PL is a share-
holder of PExAAB.All other authors have no conflicts
of interest to declare.

Funding

The study received funding from the Östersund City
Council and Mid Sweden University financial agree-
ment, Rolf and Gunilla Enström’s Foundation for
Research and Development.

Author contributions

Helen Hanstock 0000-0002-5381-736X
Conceptualization (equal), Data curation (lead),
Formal analysis (lead), Funding acquisition (lead),
Investigation (supporting), Project
administration (lead), Resources (equal),
Supervision (lead), Visualization (lead), Writing –
original draft (lead), Writing – review &
editing (equal)

Angelos Gavrielatos 0000-0003-2911-8531
Conceptualization (equal), Data
curation (supporting), Formal analysis (supporting),
Investigation (lead), Writing – original
draft (supporting), Writing – review &
editing (equal)

Iluta Ratkevica
Data curation (supporting),
Investigation (supporting), Writing – review &
editing (supporting)

Per Larsson 0000-0002-0456-8192
Formal analysis (equal), Methodology (equal),
Writing – original draft (supporting), Writing –
review & editing (equal)

Anna-Carin Olin
Conceptualization (supporting),
Methodology (equal), Project
administration (supporting), Resources (lead),
Writing – review & editing (supporting)

Nikolai Stenfors 0000-0002-1684-1301
Conceptualization (equal), Funding
acquisition (equal), Writing – review &
editing (equal)

References

[1] Bougault V, Adami P E, Sewry N, Fitch K, Carlsten C,
Villiger B, Schwellnus M and Schobersberger W 2022
Environmental factors associated with non-infective acute
respiratory illness in athletes: a systematic review by a sub-
group of the IOC consensus group on “acute respiratory
illness in the athlete” J. Sci. Med. Sport 25 466–73

[2] Eriksson L M, Irewall T, Lindberg A and Stenfors N 2018
Prevalence, age at onset, and risk factors of self-reported
asthma among Swedish adolescent elite cross-country skiers
Scand. J. Med. Sci. Sports 28 180–6

[3] Rundell K W, Smoliga J M and Bougault V 2018 Exercise-
induced bronchoconstriction and the air we breathe Located
at: Scopus Immunol. Allergy Clin. North Am. 38 183–204

[4] Päivinen M, Keskinen K, Putus T, Kujala U M, Kalliokoski
P and Tikkanen H O 2021 Asthma, allergies and respiratory
symptoms in different activity groups of swimmers exercis-
ing in swimming halls BMC Sports Sci. Med. Rehabil. 13 119

[5] Stjernbrandt A, Hedman L, Liljelind I and Wahlström
J 2022 Occupational cold exposure in relation to inci-
dent airway symptoms in northern Sweden: a prospective
population-based study Int. Arch. Occup. Environ. Health
95 1871

[6] Mountjoy M, Fitch K, Boulet L P, Bougault V, van Mechelen
W and Verhagen E 2015 Prevalence and characteristics of
asthma in the aquatic disciplines J. Allergy Clin. Immunol.
136 588–94

[7] Mäki-heikkilä R, Karjalainen J, Parkkari J, Valtonen M and
Lehtimäki L 2020 Asthma in competitive cross-country
skiers: a systematic review and meta-analysis Sports Med.
50 1963–81

[8] Price O J, Sewry N, Schwellnus M, Backer V, Reier-nilsen T,
Bougault V, Pedersen L, Chenuel B, Larsson K and Hull J H
2022 Prevalence of lower airway dysfunction in athletes: a
systematic review and meta-analysis by a subgroup of the
IOC consensus group on ‘acute respiratory illness in the
athlete’ Br. J. Sports Med. 56 213–22

[9] Helenius I J, Tikkanen H O and Haahtela T 1997
Association between type of training and risk of asthma
in elite athletes Thorax 52 157–60

[10] Bernard A 2007 Chlorination products: emerging links with
allergic diseases Curr. Med. Chem. 14 1771–82

[11] Hung A, Nelson H and Koehle M S 2022 The acute effects of
exercising in air pollution: a systematic review of random-
ized controlled trials Sports Med. 52 139–64

[12] Helenius I J, Tikkanen H O and Haahtela T 1998
Occurrence of exercise induced bronchospasm in elite run-
ners: dependence on atopy and exposure to cold air and
pollen Br. J. Sports Med. 32 125–9

[13] Strauss R H, McFadden E R, Ingram R H, Jaeger J J and
Stearns D R 1977 Enhancement of exercise-induced asthma
by cold air New Engl. J. Med. 297 743–7

11

https://doi.org/10.1088/1752-7163/ae7fb0/data1
https://doi.org/10.1088/1752-7163/ae7fb0/data1
https://orcid.org/0000-0002-5381-736X
https://orcid.org/0000-0002-5381-736X
https://orcid.org/0000-0003-2911-8531
https://orcid.org/0000-0003-2911-8531
https://orcid.org/0000-0002-0456-8192
https://orcid.org/0000-0002-0456-8192
https://orcid.org/0000-0002-1684-1301
https://orcid.org/0000-0002-1684-1301
https://doi.org/10.1016/j.jsams.2022.03.003
https://doi.org/10.1016/j.jsams.2022.03.003
https://doi.org/10.1111/sms.12879
https://doi.org/10.1111/sms.12879
https://doi.org/10.1016/j.iac.2018.01.009
https://doi.org/10.1016/j.iac.2018.01.009
https://doi.org/10.1186/s13102-021-00349-2
https://doi.org/10.1186/s13102-021-00349-2
https://doi.org/10.1007/s00420-022-01884-2
https://doi.org/10.1007/s00420-022-01884-2
https://doi.org/10.1016/j.jaci.2015.01.041
https://doi.org/10.1016/j.jaci.2015.01.041
https://doi.org/10.1007/s40279-020-01334-4
https://doi.org/10.1007/s40279-020-01334-4
https://doi.org/10.1136/bjsports-2021-104601
https://doi.org/10.1136/bjsports-2021-104601
https://doi.org/10.1136/thx.52.2.157
https://doi.org/10.1136/thx.52.2.157
https://doi.org/10.2174/092986707781058940
https://doi.org/10.2174/092986707781058940
https://doi.org/10.1007/s40279-021-01544-4
https://doi.org/10.1007/s40279-021-01544-4
https://doi.org/10.1136/bjsm.32.2.125
https://doi.org/10.1136/bjsm.32.2.125
https://doi.org/10.1056/nejm197710062971402
https://doi.org/10.1056/nejm197710062971402


J. Breath Res. 20 (2026) 031001 H Hanstock et al

[14] Bougault V, Turmel J, St-laurent J, Bertrand M and Boulet
L P 2009 Asthma, airway inflammation and epithelial
damage in swimmers and cold-air athletes Eur. Respir. J.
33 740–6

[15] Bougault V et al 2012 Airway remodeling and inflam-
mation in competitive swimmers training in indoor
chlorinated swimming pools J. Allergy Clin. Immunol.
129 351–8.e1

[16] Goossens J et al 2023 Activation of epithelial and inflamma-
tory pathways in adolescent elite athletes exposed to intense
exercise and air pollution Thorax 78 775–83

[17] Larsson K, Ohlsén P, Larsson L, Malmberg P, Rydström P O
and Ulriksen H 1993 High prevalence of asthma in cross
country skiers BMJ 307 1326–9

[18] Heir T and Oseid S 1994 Self-reported asthma and exercise-
induced asthma symptoms in high-level competitive cross-
country skiers Scand. J. Med. Sci. Sports 4 128–33

[19] Heir T and Larsen S 1995 The influence of training inten-
sity, airway infections and environmental conditions on
seasonal variations in bronchial responsiveness in cross-
country skiers Scand. J. Med. Sci. Sports 5 152–9

[20] Anderson S D and Kippelen P 2010 Stimulus and mech-
anisms of exercise-induced bronchoconstriction Breathe
7 25–33

[21] Kennedy M D, Davidson W J, Wong L E, Traves S L, Leigh R
and Eves N D 2016 Airway inflammation, cough and athlete
quality of life in elite female cross-country skiers: a longitu-
dinal study Scand. J. Med. Sci. Sports 26 835–42

[22] Karjalainen E M, Laitinen A, Sue-Chu M, Altraja A, Bjermer
L and Laitinen L A 2000 Evidence of airway inflammation
and remodeling in ski athletes with and without bronchial
hyperresponsiveness to methacholine Am. J. Respir. Crit.
Care Med. 161 2086–91

[23] Seys S F et al 2013 Effects of high altitude and cold air
exposure on airway inflammation in patients with asthma
Thorax 68 906–13

[24] Lumme A et al 2003 Airway inflammation, bronchial hyper-
responsiveness and asthma in elite ice hockey players Eur.
Respir. J. 22 113–7

[25] Stenfors N et al 2022 A breathing mask attenuates acute
airway responses to exercise in sub-zero environment in
healthy subjects Eur. J. Appl. Physiol. 122 1–12

[26] Tufvesson E, Svensson H, Ankerst J and Bjermer L 2013
Increase of club cell (Clara) protein (CC16) in plasma and
urine after exercise challenge in asthmatics and healthy con-
trols, and correlations to exhaled breath temperature and
exhaled nitric oxide Respir. Med. 107 1675–81

[27] Bolger C, Tufvesson E, Anderson S D, Devereux G, Ayres
J G, Bjermer L, Sue-Chu M and Kippelen P 2011 Effect of
inspired air conditions on exercise-induced bronchocon-
striction and urinary CC16 levels in athletes J. Appl. Physiol.
111 1059–65

[28] Eklund L M, Sköndal Å, Tufvesson E, Sjöström R,
Söderström L, Hanstock H G, Sandström T and Stenfors
N 2022 Cold air exposure at− 15 ◦C induces more airway
symptoms and epithelial stress during heavy exercise than
rest without aggravated airway constriction Eur. J. Appl.
Physiol. 122 2533–44

[29] Bekos C et al 2019 Exercise-induced bronchoconstriction,
temperature regulation and the role of heat shock proteins
in non-asthmatic recreational marathon and half-marathon
runners Sci. Rep. 9 4168

[30] Bancalari L et al 1999 Early increase in urinary leukotriene
E4 (LTE4) is dependent on allergen dose inhaled dur-
ing bronchial challenge in asthmatic subjects Allergy
54 1278–85

[31] Roe T, Silveira S, Luo Z, Osborne E L, Senthil Murugan
G, Grocott M PW, Postle A D and Dushianthan A 2024
Particles in exhaled air (PExA): clinical uses and future
implications Diagnostics 14 972

[32] Larsson P, Lärstad M, Bake B, Hammar O, Bredberg A,
Almstrand A C, Mirgorodskaya E and Olin A-C 2017

Exhaled particles as markers of small airway inflamma-
tion in subjects with asthma Clin. Physiol. Funct. Imaging
37 489–97

[33] Larsson P, Holz O, Koster G, Postle A, Olin A C and
Hohlfeld J 2023 Exhaled breath particles as a novel tool to
study lipid composition of epithelial lining fluid from the
distal lung BMC Pulm. Med. 23 423

[34] Viklund E, Bake B, Hussain-alkhateeb L, Koca Akdeva
H, Larsson P and Olin A C 2021 Current smoking alters
phospholipid- and surfactant protein A levels in small air-
way lining fluid: an explorative study on exhaled breath
PLoS One 16 e0253825

[35] Ljungkvist G et al 2022 Exploring a new method for the
assessment of metal exposure by analysis of exhaled breath
of welders Int. Arch. Occup. Environ. Health 95 1255–65

[36] Kippelen P, Anderson S D and Hallstrand T S 2018
Mechanisms and biomarkers of exercise-induced bron-
choconstriction Immunol. Allergy Clin. North Am.
38 165–82

[37] Olmeda B, Villén L, Cruz A, Orellana G and Perez-gil J
2010 Pulmonary surfactant layers accelerate O(2) diffu-
sion through the air-water interface Biochim. Biophys. Acta
1798 1281–4

[38] Pérez-gil J 2008 Structure of pulmonary surfactant mem-
branes and films: the role of proteins and lipid-protein
interactions Biochim. Biophys. Acta 1778 1676–95

[39] Milad N and Morissette M C 2021 Revisiting the role of pul-
monary surfactant in chronic inflammatory lung diseases
and environmental exposure Eur. Respir. Rev. 30 210077

[40] Wright S M et al 2000 Altered airway surfactant phospho-
lipid composition and reduced lung function in asthma J.
Appl. Physiol. 89 1283–92

[41] Solli G S, Tønnessen E and Sandbakk Ø 2017 The training
characteristics of the world’s most successful female cross-
country skier Front. Physiol. 8 1069

[42] Haugnes P, Kocbach J, Luchsinger H, Ettema G and
Sandbakk Ø 2019 The interval-based physiological and
mechanical demands of cross-country ski training Int. J.
Sports Physiol. Perform. 14 1371–7

[43] Kock H, Schürer A, Staunton C and Hanstock H G 2024
The snow must go on: how German cross-country skiers
maintained training and performance in the face of Covid-
19 lockdowns Front. Sports Act. Living 6 1499738

[44] Sandbakk Ø and Holmberg H C 2017 Physiological capac-
ity and training routines of elite cross-country skiers:
approaching the upper limits of human endurance Int. J.
Sports Physiol. Perform. 12 1003–11

[45] Peake J M, Neubauer O, Walsh N P and Simpson R J 2017
Recovery of the immune system after exercise J. Appl.
Physiol. 122 1077–87

[46] Diment B C, Fortes M B, Edwards J P, Hanstock H G, Ward
M D, Dunstall H M, Friedmann P S and Walsh N P 2015
Exercise intensity and duration effects on in vivo immunity
Med. Sci. Sports Exerc. 47 1390–8

[47] McKay A K A et al 2022 Defining training and performance
caliber: a participant classification framework Int. J. Sports
Physiol. Perform. 17 317–31

[48] Bonini M et al 2009 AQUA©: allergy questionnaire for ath-
letes. Development and ValidationMed. Sci. Sports Exerc.
41 1034–41

[49] Gavrielatos A, Ratkevica I, Stenfors N and Hanstock H G
2022 Influence of exercise duration on respiratory function
and systemic immunity among healthy, endurance-trained
participants exercising in sub-zero conditions Respir. Res.
23 1–13

[50] Almstrand A C, Ljungström E, Lausmaa J, Bake B, Sjövall
P and Olin A C 2009 Airway monitoring by collection and
mass spectrometric analysis of exhaled particles Anal. Chem.
81 662–8

[51] Kokelj S et al 2025 Changes in the pulmonary surfactant
in patients with mild to moderate COVID-19. Bhattarai A,
editor PLoS One 20 e0325153

12

https://doi.org/10.1183/09031936.00117708
https://doi.org/10.1183/09031936.00117708
https://doi.org/10.1016/j.jaci.2011.11.010
https://doi.org/10.1016/j.jaci.2011.11.010
https://doi.org/10.1136/thorax-2022-219651
https://doi.org/10.1136/thorax-2022-219651
https://doi.org/10.1136/bmj.307.6915.1326
https://doi.org/10.1136/bmj.307.6915.1326
https://doi.org/10.1111/j.1600-0838.1994.tb00415.x
https://doi.org/10.1111/j.1600-0838.1994.tb00415.x
https://doi.org/10.1111/j.1600-0838.1995.tb00029.x
https://doi.org/10.1111/j.1600-0838.1995.tb00029.x
https://doi.org/10.1183/18106838.0701.025
https://doi.org/10.1183/18106838.0701.025
https://doi.org/10.1111/sms.12527
https://doi.org/10.1111/sms.12527
https://doi.org/10.1164/ajrccm.161.6.9907025
https://doi.org/10.1164/ajrccm.161.6.9907025
https://doi.org/10.1136/thoraxjnl-2013-203280
https://doi.org/10.1136/thoraxjnl-2013-203280
https://doi.org/10.1183/09031936.03.00112403
https://doi.org/10.1183/09031936.03.00112403
https://doi.org/10.1007/s00421-022-04939-x
https://doi.org/10.1007/s00421-022-04939-x
https://doi.org/10.1016/j.rmed.2013.08.004
https://doi.org/10.1016/j.rmed.2013.08.004
https://doi.org/10.1152/japplphysiol.00113.2011
https://doi.org/10.1152/japplphysiol.00113.2011
https://doi.org/10.1007/s00421-022-05004-3
https://doi.org/10.1007/s00421-022-05004-3
https://doi.org/10.1038/s41598-019-39983-9
https://doi.org/10.1038/s41598-019-39983-9
https://doi.org/10.1034/j.1398-9995.1999.00199.x
https://doi.org/10.1034/j.1398-9995.1999.00199.x
https://doi.org/10.3390/diagnostics14100972
https://doi.org/10.3390/diagnostics14100972
https://doi.org/10.1111/cpf.12323
https://doi.org/10.1111/cpf.12323
https://doi.org/10.1186/s12890-023-02718-8
https://doi.org/10.1186/s12890-023-02718-8
https://doi.org/10.1371/journal.pone.0253825
https://doi.org/10.1371/journal.pone.0253825
https://doi.org/10.1007/s00420-022-01833-z
https://doi.org/10.1007/s00420-022-01833-z
https://doi.org/10.1016/j.iac.2018.01.008
https://doi.org/10.1016/j.iac.2018.01.008
https://doi.org/10.1016/j.bbamem.2010.03.008
https://doi.org/10.1016/j.bbamem.2010.03.008
https://doi.org/10.1016/j.bbamem.2008.05.003
https://doi.org/10.1016/j.bbamem.2008.05.003
https://doi.org/10.1183/16000617.0077-2021
https://doi.org/10.1183/16000617.0077-2021
https://doi.org/10.1152/jappl.2000.89.4.1283
https://doi.org/10.1152/jappl.2000.89.4.1283
https://doi.org/10.3389/fphys.2017.01069%20PM%20%20-%2029326603
https://doi.org/10.3389/fphys.2017.01069%20PM%20%20-%2029326603
https://doi.org/10.1123/ijspp.2018-1007
https://doi.org/10.1123/ijspp.2018-1007
https://doi.org/10.3389/fspor.2024.1499738
https://doi.org/10.3389/fspor.2024.1499738
https://doi.org/10.1123/ijspp.2016-0749
https://doi.org/10.1123/ijspp.2016-0749
https://doi.org/10.1152/japplphysiol.00622.2016
https://doi.org/10.1152/japplphysiol.00622.2016
https://doi.org/10.1249/MSS.0000000000000562
https://doi.org/10.1249/MSS.0000000000000562
https://doi.org/10.1123/ijspp.2021-0451%20PM%20%20-%2034965513%20S1%20%20-%2015%20M4%20%20-%20Citavi
https://doi.org/10.1123/ijspp.2021-0451%20PM%20%20-%2034965513%20S1%20%20-%2015%20M4%20%20-%20Citavi
https://doi.org/10.1249/MSS.0b013e318193c663
https://doi.org/10.1249/MSS.0b013e318193c663
https://doi.org/10.1186/s12931-022-02029-2
https://doi.org/10.1186/s12931-022-02029-2
https://doi.org/10.1021/ac802055k
https://doi.org/10.1021/ac802055k
https://doi.org/10.1371/journal.pone.0325153
https://doi.org/10.1371/journal.pone.0325153


J. Breath Res. 20 (2026) 031001 H Hanstock et al

[52] Gao L, Ji S, Burla B, Wenk M R, Torta F and Cazenave-
gassiot A 2021 LICAR: an application for isotopic correc-
tion of targeted lipidomic data acquired with class-based
chromatographic separations using multiple reaction moni-
toring Anal. Chem. 93 3163–71

[53] Worley B and Powers R 2016 PCA as a practical indicator of
OPLS-DA model reliability Curr. Metabolomics 4 97–103

[54] Carpaij O A et al 2019 Assessing small airways dysfunction
in asthma, asthma remission and healthy controls using
particles in exhaled air ERJ Open Res. 5 00202–2019

[55] Haut B, Nonclercq A, Buess A, Rabineau J, Rigaut C and
Sobac B 2021 Comprehensive analysis of heat and water
exchanges in the human lungs Front. Physiol. 12 649497

[56] Anderson S and Kippelen P 2023 A proposal to account for
the stimulus, the mechanism, and the mediators released
in exercise-induced bronchoconstriction Front. Allergy
4 1004170

[57] van der Veen J N, Kennelly J P, Wan S, Vance J E, Vance
D E and Jacobs R L 2017 The critical role of phosphatidyl-

choline and phosphatidylethanolamine metabolism in
health and disease Biochim. Biophys. Acta —Biomembr.
1859 1558–72

[58] Hite R D, Seeds M C, Jacinto R B, Grier B L, Waite B M and
Bass D A 2005 Lysophospholipid and fatty acid inhibition
of pulmonary surfactant: non-enzymatic models of phos-
pholipase A2 surfactant hydrolysis Biochim. Biophys. Acta
—Biomembr. 1720 14–21

[59] Sol J A and Quindry J C 2022 Application of a novel collec-
tion of exhaled breath condensate to exercise settings Int. J.
Environ. Res. Public Health 19 3948

[60] Kokelj S, Kim J L, Andersson M, Runström Eden G, Bake B
and Olin A C 2020 Intra-individual variation of particles in
exhaled air and of the contents of Surfactant protein A and
albumin PLoS One 15 e0227980

[61] Broadhurst D I and Kell D B 2006 Statistical
strategies for avoiding false discoveries in
metabolomics and related experimentsMetabolomics
2 171–96

13

https://doi.org/10.1021/acs.analchem.0c04565
https://doi.org/10.1021/acs.analchem.0c04565
https://doi.org/10.2174/2213235X04666160613122429
https://doi.org/10.2174/2213235X04666160613122429
https://doi.org/10.1183/23120541.00202-2019
https://doi.org/10.1183/23120541.00202-2019
https://doi.org/10.3389/fphys.2021.649497
https://doi.org/10.3389/fphys.2021.649497
https://doi.org/10.3389/falgy.2023.1004170
https://doi.org/10.3389/falgy.2023.1004170
https://doi.org/10.1016/j.bbamem.2017.04.006
https://doi.org/10.1016/j.bbamem.2017.04.006
https://doi.org/10.1016/j.bbamem.2005.10.014
https://doi.org/10.1016/j.bbamem.2005.10.014
https://doi.org/10.3390/ijerph19073948
https://doi.org/10.3390/ijerph19073948
https://doi.org/10.1371/journal.pone.0227980
https://doi.org/10.1371/journal.pone.0227980
https://doi.org/10.1007/s11306-006-0037-z
https://doi.org/10.1007/s11306-006-0037-z

	Exhaled particle size and phospholipid composition of the respiratory tract lining fluid following moderate-intensity exercise in sub-zero conditions
	1. Background
	2. Methods
	2.1. Participants
	2.2. Study design
	2.3. Exhaled particle collection
	2.4. Lipidomics analysis of PEx samples
	2.5. Data analysis

	3. Results
	3.1. Effects of exercise on exhaled particle mass and count
	3.2. Effects of exercise on exhaled particles assessed using lipidomics
	3.3. Effect of atopic status on the PEx and lipid profile before and after exercise in a sub-zero environment
	3.4. Multivariate analysis

	4. Discussion
	5. Conclusion
	References


