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Abstract: The collection of exhaled breath condensate (EBC) is a non-invasive method for obtaining
biosamples from the lower respiratory tract, an approach amenable to exercise, environmental,
and work physiology applications. The purpose of this study was to develop a cost-effective,
reproducible methodology for obtaining larger volume EBC samples. Participants (male: n = 10;
female: n = 6; 26 ± 8 yrs.) completed a 10 min EBC collection using a novel device (N-EBC). After
initial collection, a 45 min bout of cycling at 75% HRmax was performed, followed by another N-EBC
collection. In a subset of individuals (n = 5), EBC was obtained using both the novel technique and a
commercially available EBC collection device (R-EBC) in a randomized fashion. N-EBC volume—
pre- and post-exercise (2.3 ± 0.8 and 2.6 ± 0.9 mL, respectively)—and pH (7.4 ± 0.5 and 7.4 ± 0.5,
respectively) were not significantly different. When normalized for participant body height, device
comparisons indicated N-EBC volumes were larger than R-EBC at pre-exercise (+12%) and post-
exercise (+48%). Following moderate-intensity exercise, no changes in the pre- and post-trial values
of Pentraxin 3 (0.25 ± 0.04 and 0.26 ± 0.06 pg/mL, respectively) and 8-Isoprostrane (0.43 ± 0.33 and
0.36 ± 0.24 pg/mL, respectively) concentrations were observed. In a cost-efficient fashion, the N-EBC
method produced larger sample volumes, both pre- and post-exercise, facilitating more biomarker
tests to be performed.

Keywords: biosamples; exercise; exhaled breath condensate

1. Introduction

Accurate and reliable biosample collection is essential for quantifying resultant biomarker
assays. While recent innovations have overcome many of the barriers to the collection of
biosamples (i.e., blood/plasma, saliva, biopsies, etc.), no single approach solves all the
most common concerns. Among the critical barriers to collecting viable biosamples are
the concerns related to obtaining adequate volume, sample viability, expense related to
experimentation, and the invasive nature of the collection process. Based on these collective
concerns, new research efforts aim to find alternative methods for collecting biological
samples in a reliable, non-invasive, cost-effective fashion that is also applicable to clinical,
laboratory, and field research settings. Notably, acute woodsmoke exposure in wildland
firefighting has increased in capacity as of late, although the quantification of biomarker
response that occurs during chronic exposures is less documented [1]. With respect to
wildland fire settings, understanding stress at the air-lung interface is a critical next step
in quantifying the physiological and biochemical consequences of acute smoke inhalation.
Accordingly, there has been renewed interest in collecting exhaled breath condensate (EBC)
as a medium for subsequent biomarker assay in recent years.

EBC collection is a non-invasive technique for obtaining large amounts of biosamples
from the lower respiratory tract. EBC is obtained as breath is exhaled from the lungs into a
cooled collecting device, condensing the vapor emerging with the breath, and commonly
collected for 10 min time periods [2]. All nonvolatile compounds found in EBC originate
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in the airway lining fluid or are reaction products of volatiles. Fundamental to the critical
concerns in biosample collection, the non-invasive procedure for EBC collection does not
influence airway function or perturb the biochemical processes examined within resulting
samples (e.g., inflammation). Because of the rapid, non-invasive nature of EBC collection,
the technique is amenable to exercise and work physiology applications [3,4].

Among the primary reasons EBC is potentially useful to exercise and work physiology,
the sample is directly influenced by the interface between the body and the environment, as
experienced in the lungs. Accordingly, assays from EBC samples are promising for learning
more about the pathobiology of various diseases and creating biochemical fingerprints of
lung conditions in the future [3,5]. In addition, many inflammatory responses to environ-
mental stressors (i.e., the introduction of airborne pathogens, inhalation of pollutants, etc.)
are instigated by resident immune cells found in the capillary beds of the pulmonary
system [6,7]. Based on this growing interest in EBC as a biological medium, commercial
devices have proved successful in standardizing the EBC collection process [3]. Indeed,
EBC has been measured for a number of years, with multiple commercially available
devices established. Essential to this approach is the assurance that EBC samples do not
contain saliva contamination (as evidenced by the presence of salivary amylase in levels
found in human saliva), pH testing, and when sample volumes permit, the addition of
a wide range of biomarkers. However, the use of EBC has remained limited in many
experimental studies due to the cost of single-use devices and the limited sample volumes
commonly collected.

Based on this rationale, the current study was undertaken as a proof-of-concept to
develop a novel technique for collecting EBC in future investigations. The goals of the
present study were to provide a method of novel EBC collection that achieved the following:
(1) provide a more cost-effective method for obtaining viable EBC samples as compared to
commercial devices; (2) to determine whether time-equivalent sample volumes obtained
with the novel collection device were comparable to, or in excess of, those obtained with a
commercially available device.

2. Materials and Methods
2.1. Participants

Before participant recruitment and testing, study approval was obtained from the
University of Montana Institutional Review Board. Study participants (male: n = 10,
female: n = 6) were recruited from the Missoula, Montana Community, and written in-
formed consent was obtained before data collection. Each participant completed a personal
information questionnaire. Study participants had no history of chronic lung disease or
respiratory problems and were physically active. Before arrival at the lab, they confirmed
they had not developed any respiratory infections or other health-related changes between
recruitment and testing completion.

2.2. Study Design

For the overall study design, participants (male: n = 10; female: n = 6; 26 ± 8 yrs.)
completed a 10 min collection of breathing through a novel EBC collection device (N-EBC)
while seated and wearing a nose clip. Sample size calculations (α= 0.05, 80% power)
indicated n = 10 participants were needed based upon anticipated EBC sample volumes of
2.5 mL ± 1 mL [8]. In a subset of individuals (male: n = 3; female: n = 2), EBC was obtained
using both the novel technique and a commercially available EBC collection device (R-EBC)
in a randomized fashion (Figure 1). After the initial sample was obtained, participants
completed a 45 min bout of cycling at 75% of their estimated HR max (roughly equivalent
to 60% VO2 max) in between 10 min EBC collections in the study.
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of 60 rpm for one minute, the Falcon tube was oriented downward so that the EBC sample 

Figure 1. Experimental design. Exhaled breath condensate (EBC) collection (10 min) occurred
immediately before and after the bout of exercise. A subset of participants (n = 5) completed both a
10 min N-EBC collection and a 10 min R-EBC collection in a randomized fashion both before and
after the bout of exercise.

2.3. Commercial and Novel EBC Devices

For the N-EBC device, participants were asked to exhale “actively” into a 3/4′′ di-
ameter (1′′ outer diameter, 3/4′′ inner diameter, 1/8′′ wall thickness) Tygon High-Purity
tube while seated (US Plastics Corp., Lima, OH, USA). Except for the proximal and distal
ends (5′ length), the EBC collection tube was submerged in an ice bath (0◦ Celsius) to cool
the exhaled air and allow liquid collection. While wearing a nose clip, participants used a
Hans Rudolph mouthpiece (Hans Rudolph, Inc., 8900 Series, Shawnee, KS, USA) equipped
with a two-way nonrebreathing T-valve (Hans Rudolph, Inc., T-Shape Valve, Shawnee, KS,
USA). The mouthpiece was connected to the EBC collection tube via two 3′4′′ PVC 90◦

Street Elbows, and a one-way valve was placed on the distal end of the tube (Figure 2).

Int. J. Environ. Res. Public Health 2022, 19, x    3  of  10 
 

 

 

Figure 1. Experimental design. Exhaled breath condensate (EBC) collection (10 min) occurred im‐

mediately before and after the bout of exercise. A subset of participants (n = 5) completed both a 10 

min N‐EBC collection and a 10 min R‐EBC collection in a randomized fashion both before and after 

the bout of exercise. 

2.3. Commercial and Novel EBC Devices 

For the N‐EBC device, participants were asked to exhale “actively” into a 3/4” diam‐

eter (1” outer diameter, 3/4” inner diameter, 1/8” wall thickness) Tygon High‐Purity tube 

while seated (US Plastics Corp., Lima, OH, USA). Except for the proximal and distal ends 

(5′ length), the EBC collection tube was submerged in an ice bath (0° Celsius) to cool the 

exhaled air and allow  liquid collection. While wearing a nose clip, participants used a 

Hans  Rudolph  mouthpiece  (Hans  Rudolph,  Inc.,  8900  Series,  Shawnee,  KS,  USA) 

equipped with a two‐way nonrebreathing T‐valve (Hans Rudolph, Inc., T‐Shape Valve, 

Shawnee, KS, USA). The mouthpiece was connected to the EBC collection tube via two 

3′4” PVC 90° Street Elbows, and a one‐way valve was placed on the distal end of the tube 

(Figure 2). 

   

   

Figure 2. Device photos (front and side view). A Hans Rudolph mouthpiece equipped with a two‐

way nonrebreathing T‐valve. The mouthpiece is connected to the 3/4ʺ Tygon Tubing via two 3/4” 

PVC 90° Street Elbows, and a one‐way valve is placed on the distal end of the tube. 

EBC biosample collection consisted of removing the Hans Rudolph mouthpiece, se‐

curing a 50 mL Falcon tube on the tube’s distal end, grasping the tubing’s proximal end, 

and spinning the tubing in a vertical plane. After circling the tubing apparatus at a speed 

of 60 rpm for one minute, the Falcon tube was oriented downward so that the EBC sample 

Figure 2. Device photos (front and side view). A Hans Rudolph mouthpiece equipped with a
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3/4′′ PVC 90◦ Street Elbows, and a one-way valve is placed on the distal end of the tube.

EBC biosample collection consisted of removing the Hans Rudolph mouthpiece, se-
curing a 50 mL Falcon tube on the tube’s distal end, grasping the tubing’s proximal end,
and spinning the tubing in a vertical plane. After circling the tubing apparatus at a speed
of 60 rpm for one minute, the Falcon tube was oriented downward so that the EBC sample
remained in the conical tip of the tube. Using a pipette, 0.7 mL samples of EBC were placed
into 1.5 mL microcentrifuge tubes and stored until subsequent assay.

With the R-EBC device, participants repeated the 10 min seated active breathing proto-
col but instead exhaled into the RTubeTM breath condensate collection device (Respiratory
Research, Inc., Austin, TX, USA). The device consists of a mouthpiece connected by a
one-way valve into a collection tube. Per manufacturer instructions, the collection tube
was surrounded by an aluminum sleeve pre-cooled in a −80◦ Celsius freezer. Using the
plunger provided by the manufacturer, 0.7 mL samples of EBC were obtained by pipette,
transferred into 1.5 mL microcentrifuge tubes, and stored until subsequent assay.
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2.4. EBC Sample Storage, Handling, and Assay

EBC samples from both devices were placed on ice in a light-protected cooler (−20 ◦C).
Within 3 min, samples were stored at −80 ◦C until subsequent assay, except for one
microcentrifuge tube containing 1 mL of a subject’s sample used in pH testing. The pH
testing (ThermoScientific Orion Star A111, Waltham, MA, USA) was conducted directly
after sample collection per the manufacturer’s instructions to avoid alterations that may
occur when samples are left open to room air (i.e., increases in pH due to CO2 and other
dissolved gases lost into the atmosphere).

Salivary α-amylase was assayed using a kinetic enzyme assay kit (Salimetrics, LLC,
State College, PA, USA). Similarly, oxidative stress biomarkers (8-isoprostane and Myeloper-
oxidase) were assayed using enzyme-linked immunoabsorbent assay (ELISA) kits (Cayman,
Ann Arbor, MI, USA). Finally, a pro-inflammatory biomarker (Pentraxin-3) was assayed
using an ELISA kit (R&D Systems, Inc., Minneapolis, MN, USA). All kits were performed
in accordance with the manufacturer’s instructions.

2.5. Data Analysis and Statistical Testing

Data are reported as mean ± standard deviation for pre- and post-exercise time points.
The primary objective of our statistical analyses was to evaluate if there was a relative
change in each biomarker concentration following the exercise. Paired sample t-tests were
performed to observe differences between test points, and variance comparisons were
analyzed between device values. Results were classified as statistically significant when
the p-value was 0.05 or less based upon a priori criteria. All analyses were performed using
SAS Studio (SAS Institute Inc., Cary, NC, USA).

3. Results

Sixteen active individuals (male: n = 10; female: n = 6) participated in the study.
Participant characteristics are presented in Table 1. N-EBC volume pre- and post-exercise
(2.3± 0.8 and 2.6± 0.9 mL, respectively) and pH (7.4± 0.5 and 7.4± 0.5, respectively) were
not significantly different. Furthermore, no gender differences were observed for N-EBC
comparisons. When normalized for participant body height, device comparisons indicated
N-EBC volumes were larger than corresponding samples R-EBC at pre-exercise (+12%) and
post-exercise (+48%) (Table 2). Pre-exercise pH was significantly different between the N-
EBC and R-EBC trials (7.4 ± 0.5 and 6.3 ± 0.2, respectively; p < 0.01), suggesting untoward
chemical interactions with the R-EBC device (Table 2). N-EBC Salivary α-Amylase values
were below the normal range for saliva samples and comparable to R-EBC (0.08 ± 0.56 and
0.21 ± 0.35 U/mL, respectively; p = 0.61).

Table 1. Participant Characteristics.

Characteristic n = 16 Males (n = 10) Females (n = 6)

Age (y) 26 ± 8 26 ± 9 28 ± 7
Height (cm) 176 ± 10 182 ± 4 166 ± 7

Mean Exercise Trial Heart Rate (bpm) 157 ± 9 156 ± 9 158 ± 10
Mean Exercise Trial Watt Output (W) 163 ± 49 189 ± 25 121 ± 53

Data presented as mean ± SD.

Table 2. Exhaled Breath Condensate (EBC) Collection Characteristics.

Device Volume (mL) pH

Pre-Trial Post-Trial Pre-Trial Post-Trial
N-EBC (n = 16) 2.3 ± 0.8 2.6 ± 0.9 7.4 ± 0.5 7.4 ± 0.5
R-EBC (n = 5) 2.1 ± 0.7 1.8 ± 0.4 6.3 ± 0.2 * 6.2 ± 0.2 *

Data presented as mean ± SD. * Indicates statistical significance (p < 0.01).
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Following the bout of moderate-intensity exercise, no changes in pre-and post-trial
values of Pentraxin 3 (0.25 ± 0.04 and 0.26 ± 0.06 pg/mL, respectively; p = 0.44) and
8-Isoprostrane (0.43 ± 0.33 and 0.36 ± 0.24 pg/mL, respectively; p = 0.34) concentra-
tions were observed (Table 3). Myeloperoxidase was only detectable in 7 of 30 samples
(0.19 (range: 0.06–0.51) ng/mL), precluding further analysis.

Table 3. Variables of Oxidative Stress.

Marker N-EBC R-EBC

Salivary α-amylase (U·mL−1)
Pre 0.06 ± 0.06 0.02 ± 0.03
Post 0.08 ± 0.56 0.21 ± 0.35

8-Isoprostane (pg·mL−1)
Pre 0.43 ± 0.33 2.34 ± 2.77
Post 0.36 ± 0.24 1.71 ± 1.78

Pentraxin-3 (pg·mL−1)
Pre 0.25 ± 0.04 0.37 ± 0.04
Post 0.26 ± 0.06 0.38 ± 0.05

Data presented as mean± SD. N-EBC, Novel exhaled breath condensate collection device; R-EBC, RTubeTM device.

4. Discussion

The current investigation compared a novel EBC collection device to a commercially
available apparatus. The impetus for this investigation relates to our ongoing research into
the potential for acute physiological and biochemical detriment following wood smoke
exposure. In this regard, the EBC biosamples are reflective of the air–lung interface and
may hold new insights into the stresses associated with smoke inhalation. Accordingly,
EBC biosample volume and stability are central to the eventual understanding of acute
smoke inhalation. Our findings indicate that both the N-EBC and the R-EBC collected with
the RTubeTM apparatus were adequate for collecting EBC biosamples before and after a
bout of moderate-intensity cycle ergometer exercise. In this regard, one of our study goals
was to determine whether the N-EBC could provide equivalent EBC samples than RTubeTM

but at a lower cost. In this investigation, our samples were collected for a total of USD 200,
a value that would have cost more than USD 4000 for a comparable collection using the
RTubeTM device. The other aim of this investigation was to determine whether the N-EBC
would provide a larger volume biosample in a time-equivalent fashion. Findings indicate
that when normalized for participant height (a critical anatomical predictor of pulmonary
volumes and subsequent ventilatory rates at rest), N-EBC was +12% pre-exercise and
+48% post-exercise compared to R-EBC. The larger post-exercise volume was likely due to
elevations in post-exercise ventilatory rates (reflecting increases in both respiratory rate and
tidal volumes) [9]. In addition, the novel EBC collection device has a significantly larger
surface area as compared to the commercially available device, potentially increasing the
EBC capture capacity. Accordingly, the elevated ventilatory rates and device surface areas
combined to amplify between-device sample volumes in the post-exercise collection period.
Interestingly, and given that EBC is almost invariably collected in 10 min time windows,
the increased minute ventilation observed currently is likely resolved within 10 min of the
cessation of moderate exercise [10]. Based on this understanding, it is serendipitous that
the current methodology may have optimized the collection of larger sample volumes in
the post-exercise time point.

Among the most critical factors related to EBC quality control is to collect a voluminous
sample without salivary contamination. To achieve this end within a work physiology
laboratory setting, we used a commonly available Hans Rudolph mouthpiece (including a
saliva trap) attached to a PVC junction that facilitated the collection of exhaled water vapor
but prevented the passage of saliva into the EBC collection tube. To confirm the absence of
salivary contamination, EBC biosamples were assayed for the presence of salivary amylase.
As with prior EBC investigations [4,11], our data indicated all samples contained amylase
concentrations below the physiologic level of human saliva, which are typically lowest in
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pre-stress situations and exhibit peak values immediately post-stressor, a response profile
that partially resembles salivary cortisol [12].

In the current study, levels of both salivary alpha-amylase and 8-isoprostane exhibited
relatively large signal:noise ratios. This anticipated finding reflects the relatively low-stress
nature of this exercise-based study. Moreover, in both EBC and saliva, concentrations of
salivary amylase can differ dramatically within an order of magnitude, relative to the given
biological medium. When evaluating the body of literature on saliva samples, those error
values are widely variable in both physical and psychological (non-physical) trials. In
non-exercise situations, Gordis et al. (2006) found salivary alpha-amylase values were
85.49 ± 64.31 U/mL and 114.39± 83.07 U/mL, before and after a psychological stress stim-
ulus [12]. Similarly, following a 10 km running distance, Deneen and Jones (2017) found
salivary alpha-amylase in male runners increased from approximately 90 ± 20 U/mL to
160 ± 50 U/mL [13]. In contrast, when comparing between EBC or saliva, salivary amylase
concentrations differed by several orders of magnitude. Indeed, salivary amylase concen-
trations from our EBC samples were well below the levels associated with human saliva.

Similar to salivary amylase outcomes, the large signal:noise ratios for 8-isoprostanes
reflect the low-stress nature of the exercise used in this investigation. In this instance,
8-isoprostanes were measured as a representative marker for post-exercise oxidative dam-
age. Lipid markers of oxidative damage are typically proportional to the exercise in-
tensity [14]. Thus, low levels of 8-isoprostanes were anticipated, likely elevating the
signal:noise ratio for that metric. Moreover, for given sub-maximal exercise intensity, mark-
ers of lipid oxidative damage can be quite variable, a fact that appears to be true in both
human blood and EBC samples [15,16].

Another impetus for the current investigation of our novel device was to demon-
strate whether EBC biosamples could be collected in volumes that permitted the accurate
determination of pH, in addition to a panel of stress and inflammation biomarkers. To
prevent the potential for cross-contamination from the pH probe, cleaned between each
sample per manufacturer instructions, it is ideal for the pH sample to be determined from
a dedicated aliquot. In this regard, pH values collected from N-EBC samples were similar
to the physiologic ranges from prior investigations [17–20], although exhibiting minimal
differences in the post-exercise values. In contrast, pH values from R-EBC samples were
significantly lower than typical physiological values and those obtained by the N-EBC.
While it is possible that limiting sample volumes (i.e., lack of volume) could account for
artifactual pH values, this was not likely the case in the current investigation where we
examined pH using a 1 mL EBC sample volume for both devices. Accordingly, there is
a rationale to suspect that R-EBC collected in contact with the aluminum sheathing (as
necessitated by manufacturer protocols) of the R-tube may have resulted in artifactually
low values. The device manufacturer’s guidelines recommend storing aluminum sleeves in
a sealed bag to avoid moisture accumulation on the inside of the sleeve; however, the total
absence of frost in the sleeve is not always attainable and could explain discrepant findings
in pH between N-EBC and R-EBC samples. In contrast, N-EBC samples were collected in
plasticizer-free tubing, perhaps explaining why pre- and post-exercise pH values taken
from our novel device are similar to those observed in prior investigations [17–20].

Whether the current pH differences between N-EBC and R-EBC samples extend to
bioassays is currently unknown. Nonetheless, it is understood from prior investigations that
the accurate pH values from EBC samples can hold significant clinical and physiological
importance beyond exercise applications. In support, previous investigations provide
validated techniques and demonstrate physiologically relevant ranges (e.g., for healthy
and diseased participants) for determining the pH from EBC [20]. Indeed, this method
of EBC measurement is the most reproducible method for both healthy and asthmatic
subjects [17,18]. In prior investigations, the mean pH of healthy subjects is 7.7, with a
typical range of 7.4–8.8 [17]. Within post-exercise scenarios, alterations in airway pH reflect
respiratory compensation to the elevated metabolic rate related to cycle ergometry.
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In contrast, alterations in EBC pH from clinical (non-exercise) scenarios could reflect
metabolic dysregulation and pathological processes unregulated underlying inflammatory
diseases [21]. Moreover, in highly asthmatic individuals, a decrease in the pH of airways
can cause bronchoconstriction and impairs multiple aspects of airway function [22]. Col-
lectively, the current findings, combined with the existing literature, raise new insights
into the importance of collecting EBC samples in inert receptacles and using standardized
techniques to assure that accurate pH values reflect the metabolic condition of the subject
and not an experimental artifact.

A final consideration for the current investigation was to devise a novel EBC collec-
tion technique that provides adequate sample volumes for the subsequent examination
of a robust biomarker panel. For instance, a prior investigation by our research group
collected EBC before and after exercise using commercially available EBC collection ap-
paratus [23]. In this prior study, participants were exposed to low, moderate, and high
inhaled concentrations of woodsmoke (0 µg·m−3, 250 µg·m−3, and 500 µg·m−3, respec-
tively). Woodsmoke contains various air pollutants such as carbon monoxide, respirable
particulate matter, and other chemical compounds impacting large populations in the
western United States [24–26]. In this regard, the lungs are the physiologic system for the
human–environment interface. Moreover, since resident immune cells within pulmonary
capillary beds are sensitive to smoke and other pollutants [27,28], EBC collection may serve
as an essential biological media for quantifying acute physiologic stress. Acknowledging
this point, the prevalence of wildfires in the summer months increases the likelihood of
exposure to ambient wood smoke from wildfires [24–26]. Furthermore, recreational or
occupational activity, such as wildfire management activities by wildland firefighters, may
result in increased minute ventilation that could potentially exacerbate the magnitude of
woodsmoke exposure [29]. Indeed, woodsmoke exposure has been associated with lung
function decline in occupational populations such as wildland firefighters [30,31]. However,
a limited number of studies have directly evaluated the acute response apparent in exhaled
breath condensate. Chronic woodsmoke exposure is linked to adverse health effects on
cardiovascular control and oxidative stress, although acute smoke inhalation effects are not
well defined [32]. Furthermore, to better understand this response profile, a cost-efficient
and repeatable technique are advantageous to examine the multitude of complexities in
field research dynamics.

Accordingly, EBC volumes were small in our prior investigation, preventing compre-
hensive examination of a full biomarker panel [23]. Based on this rationale, current sample
volumes using our novel EBC collection device were adequate for the assay of five biomark-
ers and potentially more, as indicated in another experimental design. Indeed, based on
many commercial assay kit sample volumes (60–300 µL, including replicates), sample vol-
umes collected in the current investigation would have supplied at least seven, and as many
as thirty-six, biomarkers, depending on the assay panels chosen. Findings in this investiga-
tion did not produce significant exercise-dependent changes for the selected variables of
8-Isoprostrane, Pentraxin 3, and Myeloperoxidase. However, our primary intent was to
demonstrate proof-of-concept for successfully examining stress-related biomarkers from
a larger volume of EBC that were not saliva contaminated. Indeed, statistically insignifi-
cant findings following a relatively short duration, a moderate-intensity bout of exercise
was not necessarily expected [16,23,32]. Instead, more extreme forms of exercise and the
co-introduction of inhaled woodsmoke or other environmental stressors would have likely
resulted in pre-to-post-exercise elevations in all the biomarkers examined currently [33–35].

5. Conclusions

Findings from this investigation support our study aims to demonstrate the efficacy
of a novel EBC collection device that provides adequate sample volumes using a cost-
effective approach. In this regard, our novel EBC device costs 10-fold less than a competing
commercially available collection apparatus. Moreover, we demonstrated that our novel
EBC device was comparable to a commercially available device and produced larger sample
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volumes when normalized to participant height. In addition, the sample volumes collected
in this investigation were adequate for the subsequent assay of numerous biomarkers.
Based on prior work by our research group and others, obtaining robust sample volumes is
essential for sample viability and the subsequent collection of EBC biomarkers that reflect
challenges inherent to the study design. In this regard, we observed that the pH of EBC
samples collected from plasticizer-free tubing via our novel technique was in line with prior
investigations, while the pH from the commercially available device was not. Finally, while
our moderate-intensity, limited duration exercise challenge did not result in pre- or post-
trial differences for the variables examined, we demonstrated a proof-of-concept approach
to collect a panel of relevant biomarkers from EBC biosamples. Moreover, these samples can
be obtained from laboratory or field settings using a time-efficient non-invasive approach.
Accordingly, these findings suggest that a follow-up investigation of EBC samples using
this novel collection technique, combined with significant physiologic and environmental
challenges (e.g., exercise and woodsmoke inhalation), is warranted.
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