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Abstract

Inhalation of smoke is shown to be associated with adverse respiratory outcomes in firefighters.
Due to invasiveness of procedures to obtain airways lining fluid, the immediate responses of the
target organ (i.e. lung) are secondarily assessed through biomarkers in blood and urine. The
objective of this study was to identify changes in metabolic profile of exhaled breath condensate
(EBC) and lung function of firefighters exposed to wildfires smoke. A total of 29 subjects were
studied over 16 events; 14 of these subjects provided cross-shift EBC samples. The predominant
types of non-exchangeable hydrogen in EBC were saturated oxygenated hydrogen, aliphatic alkyl
and allylic. Non-exchangeable allylic and oxygenated hydrogen concentrations decreased in
post-exposure EBC samples. Longer exposures were correlated with increased abundance of
oxidized carbon in ketones, acids and esters. Post-exposure lung function declines (forced
expiratory volume in 1 s (FEV): 0.08 1, forced vital capacity (FVC): 0.07 1, FEV,/FVC: 0.03 1, peak
expiratory flow (PEF): 0.39 I s~ !) indicated airways inflammation. They were related to exposure
intensity (FEV; and FVC) and exposure duration (PEF). This study showed that EBC
characterization of non-exchangeable hydrogen types by NMR may provide insights on EBC
molecular compositions in response to smoke inhalation and facilitate targeted analysis to identify

specific biomarkers.

1. Introduction

Wildland firefighters work to suppress thousands of
wildfires each year within the United States [1]. Dur-
ing these events, firefighters are regularly exposed
to biomass smoke containing hundreds of poten-
tially health hazardous air pollutants including gas
and particle-phase air contaminants such as ben-
zene, carbon dioxide, carbon monoxide, formalde-
hyde, polycyclic aromatic hydrocarbons, and particu-
late matter [2,3]. Conversely, during wildfire events,
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firefighters rarely utilize respiratory protection.
Rather, a towel or bandana over firefighter’s mouth
is often the only form of personal protection util-
ized [3—6]. Smoke inhalation is considered the most
important risk factor for acute and chronic disease
development [7]. Acute health studies monitor-
ing lung function across the work shift and season
have been conducted. Among these studies, wild-
land firefighters are observed having respiratory
health declines as a result of exposure to occupational
biomass smoke. Gaughan et al reported cross-shift
declines in lung function associated with elevated
levels of levoglucosan, a trace marker of vegetation
combustion (biomass smoke) utilized as a marker
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of exposure [8]. Further, this effect was observed to
last throughout the duration of the season. In par-
ticular, cross-season declines in lung function and
increases in airway responsiveness post-season were
observed among California wildland firefighters [9].
Over a career, these occupational exposures to wild-
fire smoke are estimated to increase the risk of devel-
oping cancer. A recent study estimated that wildland
firefighters’ exposure to respirable wildfire smoke
may result in a 8%—43% increased risk for lung can-
cer that increases with career length [10]. This has
similarly been observed among structural firefight-
ers, where the relationship between lung cancer and
cumulative exposure is nearly linear [11].

In firefighters, lung inflammation has been sec-
ondarily assessed by eosinophils and cytokines in
sputum and blood (systemic inflammation), respect-
ively [12—15]. These studies defined the significance
of smoke inhalation for firefighters, but limits the
comprehension of the physiological responses of the
lung and more important, the dose-response rela-
tionship between exposure (smoke and its compon-
ents) and airways inflammation. Exhaled breath con-
densate (EBC) has been used in several studies to
investigate the role of ambient particulate pollution
on asthmatic patients including children [16, 17].
It is non-invasive method where sufficient quant-
ities can be collected within 5-10 min of normal
tidal breathing. EBC, collected by cooling the exhaled
breath, is a highly concentrated aqueous mixture of
many exo- and endogenous chemical species. Analysis
of EBC non-exchangeable hydrogen types by NMR
spectrometry allows for the characterization of chem-
ical groups abundance that is representative of the
molecular composition. It can be used to identify the
most important compound groups for subsequent
target analysis of specific biomarkers. These biomark-
ers are released into the airway lining fluid (ALF) and
enter EBC through gas/aqueous partitioning or aero-
solization. Biomarkers obtained from EBC are asso-
ciated with lung impairment and have been used to
differentiate pathological conditions, detect genetic
modifications, and uniquely identify environmental
stimuli [16-28]. Distinctive NMR spectral finger-
prints of EBC were observed for patients with air-
ways diseases [ 16, 19, 20, 22]. Recently, EBC has been
used to assess the effect of occupational exposures in
industrial facilities [29-31]. In firefighters, changes
in respiratory and systemic biomarkers of inflamma-
tion and oxidative stress increased exhaled CO, oxid-
ative stress and pro-inflammatory biomarkers but
decreased exhaled NO [32-34].

In this study, we determined changes in the meta-
bolic profile and non-exchangeable hydrogen func-
tion types of EBC and lung function following smoke
inhalation of firefighters in prescribed fires (Ry). Ry
events are intentionally ignited fires that are managed
at low-intensity flaming for land management pur-
poses. Firefighters in R, events spend a large amount
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of time within smoke plumes to actively manage the
fire front and fire-line progression. As a result, they
are exposed to elevated levels of PM, 5 (particulate
matter with aerodynamic diameter less than 2.5 ym),
along with other biomass smoke constituents, that
are equal or at higher concentrations than those
experienced during natural wildfire events [35]. EBC
analysis involved the detection of non-exchangeable
hydrogen types by NMR spectroscopy that was indic-
ative of the molecular composition. The NMR spec-
tral fingerprint can be used to detect changes and
identify the most important compound types for fur-
ther analysis.

2. Materials and methods

2.1. Study participants

Wildland firefighters were recruited from The Nature
Conservancy R, fire crews. They performed activities
such as ignition, holding, mop-up, monitoring and
patrol during Ry fires. They were required to com-
plete the firefighter type 2 or the prescribed fire crew
member training that includes physical fitness testing
(either moderate (3.2 km hike with 11.5 kg pack in
30 min) or rigorous (4.8 km hike with 20.5-pound
pack in 45 min)). They were involved in multiple
R fires in central Alabama. The exposure character-
ization during the Ry fires are described in Nelson
et al (2020) [36]. Table 1 shows the characteristics of
Ry events and the type of respiratory measurements.
The R plots were located in properties within (or
adjacent) to Cahaba River National Wildlife Refuge
(#1, 3-8, 11 and 13), Camp Tukabatchee (#2, 9, 14
and 16) and Roberta Case Pine Hills Preserve (#10,
12 and 15) in central Alabama. All subjects received
verbal and written information prior to enrollment
and provided informed consent. A baseline question-
naire and lung function measurements were obtained
from all study participants. A subset of them also
provided EBC samples. Lung function measurements
and EBC collection took place within 15 min prior
to and after the completion of fire activities [36].
The study protocol was approved by the Institutional
Review Board of the University of Alabama at Birm-
ingham.

2.2. EBC collection and ' H-NMR analysis

EBC was collected using an RTube™ sampling device
(Respiratory Research, Inc. Austin, TX, USA) [37,
38]. Firefighters breathed tidally through a mouth-
piece (using a nose clip) into a two-way non-
rebreathing valve for 10-15 min, yielding approx-
imately 1 ml of EBC. EBC tubes were sealed with
caps to reduce losses of volatile species, wrap in
aluminum foil to eliminate photochemical losses
and stored in a cooler until laboratory processing
after the completion of the field sampling. In the
lab, EBC samples were immediately (between 1-2 h
from the completion of field sampling) processed
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Table 1. Biomass type, burnt area and duration of Ry fire, number of participants and respiratory type measurements.

Burnt area Respiratory type
Ry Biomass load description (km?) Duration (h) Fire crew measurement
1 0.40 6.5 6
2 0.24 4.0 6
3 Longleaf/loblolly pine; pine 0.22 33 6
4 0.55 8.0 6 .
needles, hardwoods; Spirometry and EBC
5 . 1.60 6.0 10
6 underbrush/litter 0.46 70 5
7 0.65 8.0 6
8 0.24 6.5 6
9 Mixed pasture/grass and 0.64 5.0 4
longleaf pine; head fire
10 Longleaf/loblolly pine; 0.36 5.5 6
pine needles, hardwoods;
underbrush/litter
11 0.56 6.5 6
12 Grass 0.48 6.2 6
13 Long leaf pine plantation 2.66 5.0 8
14 Longleaf/loblolly pine; 0.30 5.0 Spi
pine needles, hardwoods; pirometry
underbrush/litter
15 Grass 0.52 6.8 6
16 Longleaf/loblolly pine; 0.46 6.0 8

pine needles, hardwoods;
underbrush/litter; sand
acer plane; some old struc-
tures within burn unit

in a cold room, divided in aliquots of 500 ul and
stored at —80 °C until further analysis. For the
NMR analysis, EBC samples were rapidly thawed on
ice in the cold room and transferred into 5.0-mm
Norell NMR probe with 100 ul of a buffer solu-
tion of disodium phosphate/monosodium phosphate
(0.2 M Na,HPO,/0.2 M NaH,PO,, pH 7.4) con-
taining 30 mg of 3-(trimethylsilyl)propionic acid-d4
sodium salt (TSP-dy) (as the internal standard, set at
Oy of 0.0 ppm) and 100 pl of sodium azide (NaN3)
(1% w/w). The solvent system was selected to main-
tain the same experimental conditions for all EBC
samples, minimize changes in the chemical shift due
to pH and facilitate compatibility with previous stud-
ies on the composition of non-exchangeable hydro-
gen types [39, 40]. All samples were analyzed on a
600.17 MHz Bruker Advance III NMR spectrometer
(Bruker BioSpin GmbH, Rheinstetten, Germany)
equipped with a proton-optimized triple resonance
‘inverse’ 5 mm cryogenic probe (CP TCI600S3 H-
C/N-D-05 Z fitted with an actively shielded single axis
z-gradient) at 298 K. A gradient water suppression
pulse sequence with 1D excitation sculpting using 180
water-selective pulses (90° high power pulse dura-
tion of 7 s, 180° high power pulse duration of 2 ms,
180° shaped pulse duration of 2 ms, gradient dura-
tion of 1 ms, recovery delay after gradient of 200 us,
relaxation delay 1 s and total acquisition time 1.70 s)
in 1024 scans into 32 000 data points over a spectral

width of 16.02 ppm (9615 Hz) was applied. The res-
ultant 'H-NMR spectra were processed with a 0.3 Hz
exponential line broadening factor, and phase and
baseline corrected using Advanced Chemistry Devel-
opment NMR Spectrum Processor software (version
12.01; ACDLabs, Toronto, Canada). The 'H-NMR
spectra were integrated into six regions representing
different types of non-exchangeable hydrogen as fol-
lows: (i) alkyl [H-C] 6y: 0.70-1.80 ppm; (ii) allylic
[H-C-C=] by: 1.80-3.20 ppm; (iii) saturated oxy-
genated [H-C-O] dy: 3.20—4.70 ppm; (iv) vinylic [H-
C = (] and acetalic [O-CH-O] dy: 5.00-6.50 ppm;
(v) aryl [H-Ar] dy: 6.50-9.00 ppm; and (vi) carbonyl
[H-C = O] 6g: 9.00-12.00 ppm [39, 40]. The reson-
ances assigned to water, acetate and propanodiol were
excluded due to impurities in EBC R-Tubes. The same
methodological approach has been used to charac-
terize the chemical content of exposures in order to
facilitate direct comparison of personal exposures to
EBC [36]. Non-exchangeable hydrogen types concen-
trations are presented in mol per ml of EBC. Normal-
ization of non-volatile metabolites concentrations to
breath urea has been previously suggested to account
for the effect of dilution [41]. Breath urea may vary
from 390 ng ml™! to 4.19 mg ml™! using sensit-
ive liquid chromatography techniques [42]. The limit
of detection using authenticated standards by 'H-
NMR spectroscopy was 120 pg ml~!, thus, urea may
not be adequately identified in all samples. Urea’s
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resonance (dy: 5.78 ppm) was included in vinylic
and acetalic region. No significant differences were
observed

2.3. Lung function

Pre- and post-exposure forced expiratory volume in
1 s (FEVy), forced vital capacity (FVC) and peak
expiratory flow (PEF) were measured with a handheld
electronic spirometer that meets American Thoracic
Society (ATS) requirements (Micro, UK) [15, 43,
44]. The measurements were executed with the sub-
ject standing and breathing through the mouthpiece
using a nose clip. Lung function measurements were
measured at body temperature and pressure saturated
through the digital volume transduced in the spiro-
meter. The performance of spirometers was assessed
by biological calibration of spirometric maneuvers
by the same investigator. Field personnel’s FEV; and
FVC was within 10% and PEF within 15% of the mean
value. Height and age were used to calculate predicted
values for FEV, FVC and PEF [43].

2.4. Statistical analysis

The mean and standard deviation (SD) of lung func-
tion parameters (FEVy, FVC, %FEV1/FVC, PEF) and
EBC non-exchangeable organic hydrogen type con-
centrations were reported. Taking into account that
Ry fire crews were small in size (4-10 firefighters),
sample size was estimated for a repeated events of
correlated observations based on preliminary spiro-
metry and EBC measurements [45]. To obtain suffi-
cient power (power: 80%, R = 0.95) to detect a 15%
decline in cross-shift lung function effects, a min-
imum of five events for FEV; (n = 6 subjects), FVC
(n = 7 subjects), PEF (n = 5 subjects) was required.
However, measurements were irregularly obtained
due to sporadic occurrence of the Ry fires due to
weather variability and crew availability resulting in
the collection of 99 paired pre- and post-lung func-
tion measurements from 29 firefighters over 16 Ry
fires and 51 paired pre- and post-EBC samples from
14 firefighters over 8 R, fires (3 samples per firefighter
and 6 samples per Ry fire). The intermittent field
monitoring frequency allowed for the collection of
samples from a larger number of individuals in mul-
tiple Ry fires to better describe the variation of expos-
ures and resultant health outcomes in real conditions.
As a result, individual observations were nested into
groups by Ry fire. To determine the association of
post-exposure measurements to pre-exposure meas-
urements for each R fire a fixed-effects linear regres-
sion model for both lung function and EBC non-
exchangeable hydrogen types [46,47]. A dummy vari-
able for each Ry fire was used to assess effect associ-
ated with each event. For this analysis, the statistical
significance of the independent variables is presen-
ted (p-value < 0.01) to assess the effect of change of
pre-exposure measurements and/or Ry fire on post-
exposure measurements.

] Nelson et al

3. Results

3.1. R, fires and participants

Table 1 shows R, fires characteristics, the num-
ber of firefighters and type of collected respirat-
ory assessments. The majority of Ry plots were
composed of longleaf pine (Pinus palustris) growth
and low-growing blueberries, huckleberries, various
bluestems, Indian grass and other herbaceous plants.
The R fires started in the morning (between 8:00 and
10:00 a.m.) and completed within 8 h (from 3.5 to 8
h). More crew members were engaged for larger plots;
however, there was an association between the Ry plot
size and duration of the event for R, crews with less
than six members (rate of 0.07 km? h™1).

Table 2 shows the demographic information and
respiratory health (mean (standard deviation (SD) in
parentheses) percent baseline to predicted lung func-
tion) of the firefighters. Lung function was meas-
ured in 29 participants and 14 of them provided pre-
and post-exposure EBC samples. Most of them were
non-smokers. About half of participants (14 for lung
function and 7 for EBC samples) reported an annual
visit to primary healthcare. Four participants (two
for EBC samples) reported upper respiratory symp-
toms over the past 12 months. Only two of the parti-
cipants have been previously diagnosed with chronic
respiratory disease such as asthma and bronchitis.
Pre-exposure lung function measurements were com-
parable to those computed based on anthropometric
measurements with no differences between smokers
and non-smokers, or those with and without self-
reported respiratory symptoms or previously dia-
gnosed diseases.

3.2. EBC non-exchangeable hydrogen functional
types and lung function

Figure 1 shows characteristic 'H-NMR spectra
of pre- and post-exposure EBC including the
boundaries of the six non-exchangeable hydro-
gen types. Table 3 shows the mean (standard devi-
ation in parentheses) of pre- and post-exposure
non-exchangeable hydrogen types (in molH/L) and
lung function parameters. The mean (SD) of non-
exchangeable hydrogen types and lung function
for each Ry fire are presented in tables S1 and S2
in supplemental information (available online at
stacks.iop.org/JBR/14/046010/mmedia).

For both pre- and post-EBC samples, non-
exchangeable oxygenated hydrogen associated with
alcohols, esters and ethers was the predominant
type followed by alkyl and allylic hydrogen, typic-
ally present in aliphatic chains. Trace quantities of
acetalic, vinylic and carbonyl hydrogen were detec-
ted. On average, post-exposure alkyl hydrogen con-
centrations were somewhat higher than pre-exposure
levels (2.4 (2.1) molH/L vs. 2.6 (0.3) molH/L). Post-
exposure allylic (0.8 (0.9) molH/L vs. 0.7 (0.5) mol-
H/L) and oxygenated hydrogen (3.7 (3.0) molH/L vs.
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Table 2. Firefighter characteristics. Demographic and physiological data, and respiratory function.
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Lung function EBC
Number of firefighters 29 14
Age, yrs 26.8 (7.0) 26.5 (8.0)
Female, n [%)] 10 [32] 6 [41]
Height, m 1.8 (0.1) 1.7 (0.1)
Weight, kg 77.1 (17.2) 75.5 (15.5)
Non-smoker, 1 [%)] 21 [72] 12 [86]
Doctor’s visit, n [%] 14 [45] 7 [47]
Chronic health conditions, n [%)] 2 [5] 2 [13]
Self-reported respiratory symptoms past 12 months, n (%] 4 [13] 2 [13]
Lung function
Y%predicted FEV, mean (SD) 96.5 (12.6) -
Y%predicted FVC, mean (SD) 101.2 (13.0) -
%predicted PEF, mean (SD) 87.3(19.9) -

SD: Standard deviation

Table 3. The mean (standard deviation in parentheses) of pre- and post-exposure non-exchangeable hydrogen types and lung function

parameters.

Post-exposure Pre-exposure Ry fire
EBC non-exchangeable hydrogen (mol/L)
Alkyl [H-C]? 2.6 (3.0) 2.4 (2.1) a
Allylic [H-C-C=] 0.7 (0.5) 0.8 (0.9)
Oxygenated [H-C-O]* 2.8(1.3) 3.7 (3.0) a
Acetalic 4 Vinylic [O-CH-O] +[H-C=]* 0.2 (0.2) 0.1 (0.1) a
Aryl [H-Ar]? 0.2 (0.2) 0.2 (0.2) a
Carbonyl [H-C-O] 0.2 (0.3) 0.2 (0.2)
Lung function
FEV, 3.92 (0.79) 4.00 (0.75)
FVC? 4.94 (0.98) 5.01 (0.93) a
FEV,/FVC? 79.9 (8.0) 80.2 (7.9) a
PEF® 7.86 (1.96) 8.25 (1.96)a a

Data presented as mean (SD).
3Significant association (p < 0.01) £

Figure 1. Representative 800 MHz 'H-NMR of pre- and post-exposure EBC in a R fire (#3).
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2.8 (1.3) molH/L) were lower than those measured
pre-exposure. Post-exposure alkyl, oxygenated, acet-
alic + vinylic and aryl hydrogen concentrations were
associated with the Ry fires (p < 0.01).

Figure 2 depicts the post-pre (A) differences
on the relative (to the total aliphatic concentration)
abundance of non-oxidized (in the form of H-C-O)
and oxidized (in the form of H-C(=0)-OH) carbon
for each paired EBC sample. The oxidized carbon
was computed as the difference between allylic and
aryl carbon abundance. The concentrations of alkyl,
allylic, oxygenated and aryl carbon were calculated
as the ratio of the corresponding non-exchangeable
organic hydrogen to the H/C molar ratio (2 for alkyl
and allylic hydrogen, 1.1 for oxygenated hydrogen and
0.4 for aryl factions) [48]. Two regimes were iden-
tified reflecting a strong proportional dependence
between non-oxidized and oxidized fractions. The
first regime (oxidation regime: upper left quadrant in
figure 2(a)) was characterized by an increase of oxid-
ized/aliphatic and decrease of non-oxidized/aliphatic
ratio values post-exposure. As a result, the mean
oxidized carbon concentration increased by 25%
(0.4 molC1~! t0 0.7 molC1~ 1) and non-oxidized car-
bon concentration decreased by approximately 48%
(from 2.8 molC 17! to 2.3 molC17!) (figure 2(b)). On
the other hand, the abundance of the oxidized carbon
for the second regime declined to 0.3 molC 1! (from
0.9 molC 17!,—64%) while the abundance of non-
oxidized carbon increased by 121% (2.7 molC 1! to
4.0 molC171).

The mean post-exposure FEV; (4.00 (0.75) vs.
3.92 (0.79)), FEVC (5.01 (0.93) vs. 4.94 (0.98)),
%FEV/FVC (80.2 (7.9) vs. 79.9 (8.0)) was reduced
following exposure to smoke for the majority of Ry
events. Post-exposure FVC and %FEV1/FVC were
associated with Ry fires (p < 0.01). Post-exposure PEF
measurements also declined compared to those meas-
ured pre-exposure reduced and associated with pre-
exposure measurements for each firefighter and Ry
fire (p < 0.01).

3.3. EBC composition, lung function and Ry
characteristics

Because of size of the R, plots and the number of crew
members (more firefighters were deployed for larger
Ry plots) aiming to complete the event within 6-7 h,
two ratios were constructed to describe the exposure
conditions based on R fire characteristics. The area-
to-duration (km? h™') was computed to determine
the intensity of Ry fire conditions, with increasing
ratio values being suggestive of a rapidly moving Ry
fire event due to favorable topography, meteorolo-
gical conditions or fire type/load (i.e. grass). Under
these conditions, smoke exposures may be reduced
due to effective smoke dispersion and dilution. The
duration-to-firefighters (h/person) ratio was used as
an indicator of exposure magnitude related to either
exposure levels or the number of firefighters exposed.

6
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Increasing duration-to-firefighter ratio values were
indicative of longer exposures periods for each fire-
fighter.

Figure 3 shows the mean (SD) absolute post-pre
(A) difference of FEV; and FVC and the area/dur-
ation ratio for each Ry fire. The mean (SD) relative
post-pre difference (A) (normalized to pre-exposure
PEF measurement) and duration/firefighter ratio is
shown in figure 4. With the exception of Ry#13, higher
absolute AFEV; and AFVC values were computed for
increasing area/duration ratio. The PEF relative dif-
ference (A(PEF)/PEF,.) also increased as the dura-
tion/firefighter increased (figure 4). The Ry fire #13
was the largest plot with high challenging topography
(steep hills) requiring the deployment of more crew
members. The event lasted for 5 h due to rapidly
changing wind conditions facilitating intense and fast
moving fire front. Figure 5 shows the mean (SD)
absolute post-pre (A) difference of non-oxidized and
oxidized carbon concentration and the duration/fire-
fighter ratio for each Ry fire. The absolute difference
of the oxidized fraction was associated with changes
of the duration/firefighter ratio. No association was
observed for the non-oxidized fraction.

4. Discussion

The composition of non-exchangeable hydrogen
types of EBC of firefighters exposed to smoke was
determined for the first time. Previous studies have
examined specific EBC biomarkers following smoke
exposure in real or simulated conditions [32-34]. We
found that post-exposure EBC spectral profile was
characterized by elevated non-exchangeable aliphatic
saturated hydrogen and lower aliphatic unsaturated
and oxygenated hydrogen concentrations as com-
pared to that observed prior to exposure. This indic-
ated that smoke inhalation may trigger changes in
EBC composition and the abundance of aliphatic
and oxygenated chemical species such as long-chains
eicosanoids and small molecules such as alcohols, sat-
urated acids and esters. These may include degrada-
tion of glucose in alveolar epithelial can be degraded
to pyruvate and lactate under hypoxic conditions; a
process that would be consistent with the increase
of the alkyl non-exchangeable hydrogen and decline
of oxygenated hydrogen [49]. Methanol, formate and
acetoin, associated with physiological responses to
fight inflammation in alveolar and bronchial cells
caused by inhaled contaminants, could also trigger
changes in EBC non-exchangeable hydrogen com-
position [50]. Other molecular pathways include
the increase in the abundance of small fatty (sat-
urated) acids due to their migration to the inflam-
mation foci, acetone, acetate and succinate form-
ation (indicators of inflammation in the ALF [24,
51, 52]. As a result, both unoxidized (e.g. meth-
anol, propanol, acetoin) and oxidized (e.g. carboxylic
acids, acetone) may be related to inflammation
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Figure 2. (a) Post-pre differences on the oxidized (HCC=O) and non-oxidized (H-C-O) ratios and (b) pre- and post-exposure
carbon concentrations of the non-oxidized and oxidized fractions for each regime.

and can trigger changes in the relative abundance
of non-exchangeable hydrogen functional types in
EBC.

The type and the intensity of biological and
physiological responses to smoke inhalation, and
therefore EBC composition, may be dependent on
both individual and smoke composition [53]. The
comparison of the relative abundance of the non-
oxidized to oxidized fraction (by carbon) showed two
distinct regimes. For a subset of cases (i.e. oxida-
tion regime), the difference between post-exposure
and pre-exposure EBC composition was indicative
of pathways leading to the formation of oxidized
species, such as aldehydes, ketones and acids (spe-
cies with H/R-C=0 or C(O)=0O groups). For the

remaining cases (i.e. reduction regime), molecular
responses led to increased abundance of non-oxidized
species such as alcohols. The trends of oxidized
carbon and the exposure duration indicator (dur-
ation/firefighter ratio) indicated that longer smoke
exposures may induce molecular responses associated
with the increased abundance of oxidized species in
EBC.

Changes in the lung function due to smoke inhal-
ation were also assessed. We found that post-exposure
declined (for PEF and to a lesser extend for FEV;
and FVC) as compared to pre-exposure measure-
ments indicating the acute effect of smoke inhalation.
This was consistent with the reduced lung function in
forest firefighters and hot-spot wildland fire crews [].
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Figure 3. Distribution of absolute post-pre FEV1 and FVC difference (A(FEV;) and A(FVC)), and area/duration ratio for Ry
fires #1-16. The square (or triangle) is the mean and the error bars are the SD.

Figure 4. Distribution of the relative post-pre PEF difference (A(PEF)/PEF,.), and duration/firefighter ratio for Ry fires #1-16.
The square is the mean and the error bars are the SD.
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Figure 5. Distribution of absolute post-pre EBC non-oxidized and oxidized concentration difference (A (non-oxidized) and
A(oxidized)), and area/duration ratio for Ry fires #1-8. The square is the mean and the error bars are the SD.

Adetona et al [54] also found a reduction of 24 ml in
pre-exposure FVC and 24 ml in pre-exposure FEV,
(p < 0.01) in firefighters following smoke inhalation
in prescribed burns. FEV, and FVC are indicators of
airflow limitation caused by bronchoconstriction and
airway inflammation. PEF is an indicator of ventilat-
ory impairment and is used as an indicator of airway
caliber [55]. Previous studies have shown PEF and
FEV, changes are poorly related during mild bron-
choconstriction induced by different stimuli [56—58].
However, a reduction in airway caliber would result
in a greater increase in airway resistance and con-
sequently greater airflow limitation [58, 59]. Several
previous studies have shown that airflow limitation
can be present with normal PEF variability [60-63].

Lung function is reduced due to obstruction in the
lungs, primarily caused by smoke-induced inflamma-
tion which may resolve over time [64]. In firefighters,
airflow limitation may be caused by smoke-induced
inflammation while changes in airway caliber may
also be associated with longer exposures at low levels.
Post-pre lung function declines were associated with
Ry fires indicating a possible relationship between
exposure conditions and lung function. The trends
of FEV; and FVC and area/duration ratio suggested a
possible association with exposure magnitude. On the
other hand, the trends of PEF with the duration/fire-
fighter ratio indicated that duration of exposure may
be critical.

The vast majority of firefighters were healthy and
non-smokers but it is possible smokers and those

with pre-existing conditions may be more suscept-
ible to smoke inhalation. Smoking is known to cause
effects on EBC biomarkers and lung function. Con-
sidering the magnitude of smoke inhalation during
Ry fires, it is less likely that smoking confounded
post-exposure measurements. However, this factor
was considered in interpreting our results. Nonethe-
less, the participants were representative of career and
volunteer firefighter cohorts. Furthermore, exposure
conditions in Ry fires have been previously shown to
be comparable to wildfires [35].

In conclusion, our study has provided initial
evidence of using EBC to evaluate the respiratory
responses to smoke inhalation in firefighters. To date,
there were only measurements of specific biomark-
ers in EBC. The potential use of EBC functional con-
tent lies with its ease of collection in field conditions
and over time and the inherent ability of NMR spec-
trometry to uniquely chemically characterize samples
with limited preparation in a reproducible and robust
way.
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