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Prolonged Smoldering Douglas Fir Smoke Inhalation Augments
Respiratory Resistances, Stiffens the Aorta, and Curbs Ejection
Fraction in Hypercholesterolemic Mice

Matthew J. Eden, BSA”, Jacqueline Matz, BSA”, Priya Garg, MSB, Mireia Perera Gonzalez,
BSA, Katherine McElderry”, Siyan Wang, BSB, Michael J. Gollner, PhDB, Jessica M. Oakes,
PhDA'T, Chiara Bellini, PhDA'T

ADepartment of Bioengineering, Northeastern University, MA, USA.

BDepartment of Mechanical Engineering, University of California, Berkeley, CA, USA

Abstract

While mounting evidence suggests that wildland fire smoke (WFS) inhalation may increase the
burden of cardiopulmonary disease, the occupational risk of repeated exposure during wildland
firefighting remains unknown. To address this concern, we evaluated the cardiopulmonary function
in mice following a cumulative exposure to lab-scale WFS equivalent to a mid-length wildland
firefighter (WLFF) career. Dosimetry analysis indicated that 80 exposure hours at a particulate
concentration of 22 mg/m?3 yields in mice the same cumulative deposited mass per unit of lung
surface area as 3,600 hours of wildland firefighting. To satisfy this condition, male Apoe™" mice
were whole-body exposed to either air or smoldering Douglas fir smoke (DFS) for 2 hrs/day,

5 days/week, over 8 consecutive weeks. Particulate size in DFS fell within the respirable range

for both mice and humans, with a count median diameter of 110+20 nm. Expiratory breath hold

in mice exposed to DFS significantly reduced their minute volume (DFS: 27+4; Air: 122+8
mL/min). By the end of the exposure time frame, mice in the DFS group exhibited a thicker

(DFS: 109+3; Air: 98+3 zm) and stiffer (DFS: 23+1; Air: 28+1 MPa~1) aorta with reduced
diastolic blood augmentation capacity (DFS: 53£2; Air: 63+2 kPa). Cardiac magnetic resonance
imaging further revealed larger end-systolic volume (DFS: 14.6+1.1; Air: 9.9+0.9 z1) and reduced
ejection-fraction (DFS: 64.7£1.0; Air: 75.3+0.9 %) in mice exposed to DFS. Consistent with
increased airway epithelium thickness (DFS: 10.4+0.8; Air: 7.6+£0.3 um), airway Newtonian
resistance was larger following DFS exposure (DFS: 0.23+0.03; Air: 0.20+0.03 cmH,0O-s/mL).
Furthermore, parenchyma mean linear intercept (DFS: 36.3+0.8; Air: 33.3+£0.8 ym) and tissue

Address for correspondence: Chiara Bellini, PhD, Department of Bioengineering, Northeastern University, 360 Huntington Ave.
Boston MA 02115, c.bellini@northeastern.edu, Phone: (617) 373 2550.

Authors contributed equally
T Authors contributed equally
CONTRIBUTIONS
CB and JMO conceptually developed and supervised all aspects of the project. PG and MJG designed the smoke generation apparatus
and characterized the gaseous and particulate species, assisted by SW. MJE and JM designed the exposure circuit and chamber. MJE
characterized the smoke, collected plethysmography data, and performed dosimetry modeling. KE performed daily mouse exposures.
JM measured COHb and performed endpoint biomechanical assessments of the vascular and respiratory systems. MPG acquired
endpoint cardiac MR images. MJE, JM, MPG, JMO, and CB analyzed and interpreted the data. MJE, JM, MPG, JMO, and CB drafted
the manuscript and all authors reviewed it.

COMPETING INTERESTS
Nothing to declare.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Eden et al. Page 2

thickness (DFS: 10.1£0.5; Air: 7.4£0.7 um) were larger in DFS mice compared to air controls.
Collectively, mice exposed to DFS manifested early signs of cardiopulmonary dysfunction aligned
with self-reported events in mid-career WLFFs.

Keywords

Wildland fire smoke; Particulate matter; Dosimetry; Carboxyhemoglobin; Aortic distensibility;
Airway morphometry

1. INTRODUCTION

The extent, severity, and frequency of wildland fires have worsened in recent years!

due to the warming climate, growing population, enlargement of the wildland-urban
interface, and progressive buildup of organic material and debris in regions of frequent

fire suppression.234 Historical data from the U.S. Environmental Protection Agency
indicate that approximately one-third of carbon monoxide (CO), volatile organic compounds
(VOCs), and respirable particulate matter (PM5 5) in air originates from wildland fire

smoke (WFS).> Epidemiological evidence shows that the release of PM, 5 from WFS
escalates the immediate risk of all-cause, respiratory, and cardiovascular mortality,5:7:8:9
while brief exposure to WFS increases the rate of ambulance dispatches,10:11 emergency
room visits,12:13.14.15 and hospital admissions6:17 for cardiopulmonary complications.
Complementary to these findings, rodent models of short-term exposure to lab-scale

WEFS have been instrumental in characterizing the biological responses that promote

acute cardiovascular and respiratory events, as a function of different fuel sources,
combustion conditions, PM concentrations, and inhalation patterns.18:19.20.21,22.23 Although
it is reasonable to expect that the accumulation of these insults over time may cause
permanent damage to cardiopulmonary tissues and organs, the health outcomes of prolonged
WEFS inhalation remain unclear.

This lack of information poses a particular concern for wildland firefighters (WLFFs), whom
repeatedly experience high-intensity exposures because of their proximity to the fire both
during active duties and when resting at camp. Although WLFFs inhale large amounts of
smoke as a result of increased respiratory and ventilation parameters under intense physical
activity,24 they rarely deploy respirators or other respiratory personal protective equipment
due to extreme heat and lengthy work hours. The seasonal nature of employment and the
cross-seasonal mobility of workers pose an obstacle to performing longitudinal studies in
WLFFs.25 As a result, little evidence is currently available to prospective recruits regarding
the long-term occupational risks of wildland firefighting.*:26

Decline in lung function, respiratory symptoms, airway and systemic inflammation, and
systemic arterial stiffening have been documented in WLFFs across a single work-shift
or season (cf. Naeher et al.2” and Adetona et al.26 for thorough reviews). A recent study
has further shown a cross-seasonal increase of total and LDL cholesterol levels in the
blood of WLFFs, indicative of worsening metabolic and cardiovascular health.?8 The
only investigation to date on the long-term health hazards of wildland firefighting reveals
a significant positive association between years of service and self-reported prevalence
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of hypertension and arrhythmia, with a similar trend for hypercholesterolemia.2® To
compensate for the lack of epidemiological evidence, a limited set of chronic lab-scale WFS
exposures have been performed in rodents for up to 7 months.30:31.32.33 These studies often
take advantage of dosimetry modeling34:35:36 to determine the (equivalent) concentrations of
PM that either humans or rodents need to inhale in order to experience the same deposited
PM mass per unit of lung surface area, should they endure the same amount of exposure
days.32 However, given the short lifespan of rodents, this method does not lend itself to
studies long enough to be considered chronic for humans. Furthermore, rodents and humans
age at a different pace, therefore typical exposure patterns in WLFFs cannot be easily
replicated in animal studies. Hence, there is a need to develop novel methods to establish
equivalent exposure conditions across species, such that the health effects associated with
multiple years of wildland firefighting may be inferred from periods of exposure that are
compatible with the mouse lifespan.

In an effort to investigate the cardiopulmonary outcomes of a mid-length WLFF career, we
propose here an alternative approach, whereby we determine the combination of exposure
duration and average PM concentration for our mouse exposures that yields the same
deposited PM mass (normalized to the lung surface area) as 3,600 cumulative hours of
WLFF service, while maintaining the concentration of CO below acutely toxic levels.
Collectively, our findings indicate that mice manifest signs of cardiopulmonary dysfunction
when exposed to smoldering Douglas fir smoke (DFS) for time and concentration conditions
equivalent to an average mid-career WLFF.

MATERIALS AND METHODS

Exposure system for generation of smoldering DFS

We designed a custom exposure system inspired by DIN 534363738 to produce, dilute, and
distribute smoldering DFS to mice (Fig. 1, A). We sourced branches of Douglas fir (DF)
trees from Missoula (MT), due to their prevalence in fire-prone ecosystems, availability,

and ease of storage. Following separation from the branches, needles were dried in a 75 °C
oven for 72 hours, then refrigerated until use. To generate the smoke,39 needles were evenly
distributed inside a quartz tube and combusted with a traveling ceramic heater mounted onto
a linear actuator (Fig. 1, D). Temperature (450 °C), moving speed (20 mm/min), and primary
air flow rate (3 L/min) were set to create smoldering combustion conditions.3° The extent of
dilution was chosen to reach target PM concentrations within the exposure chamber.

2.2. Chemical analysis of gases and particulates in DFS

Samples of DFS particulates were collected on quartz filters at the duct exhaust of the
furnace (Fig. 1, A). The percentages of organic and inorganic (i.e., carbon black) material
deposited on the quartz filters were determined with a thermo-gravimetric analyzer (model
Discovery TGA 55; TA Instruments, New Castle, DE) under nitrogen and air atmospheres,
respectively. VOCs trapped in the quartz filters were analyzed by heated headspace gas
chromatography-mass spectrometry (HS GC-MS; model 6890A GC and model 5973 MS;
Agilent Technologies, Palo Alto, CA).

Sci Total Environ. Author manuscript; available in PMC 2023 December 06.
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The gaseous phase of DFS was sampled at the quartz tube outlet of the furnace (Fig. 1,

A) with a heated probe. Sampling conditions were maintained at 650 torr and 100°C to
avoid gas condensation. Real-time concentrations of target gases were measured by Fourier-
transform infrared (FTIR) spectroscopy (model Nicolet iG50; Thermo Scientific, Franklin,
MA).

Additional details on the methods for the chemical profiling of gases and particulates in DFS
are reported in the Supplementary Material.

2.3. Morphometric analysis of particulates in DFS

We reconstructed the size distribution (by count) of particles in DFS by combining
measurements from an Engine Exhaust Particle Sizer (EEPS model 3090; TSI, Shoreview,
MN) and an Optical Particle Sizer (OPS model 3330; TSI, Shoreview, MN) that collectively
span a 5.6 nm to 10 zm size range, as previously described.#%:41 The mean and dispersion
of the particle size distribution were characterized by calculating the count median diameter
(CMD) and the geometric standard deviation (GSD), respectively.

We visualized the shape of the particulates in DFS using Transmission Electron Microscopy
(TEM; JEM-1010; JEOL, Tokyo, Japan). Particles were collected onto 300 mesh copper
grids covered with a pure carbon support film (Ted Pella, Inc., Redding, CA). To improve
particle adhesion, grids were dipped in a droplet of alcian blue for 5 minutes, then

rinsed with deionized water and dried prior to placement just upstream of the whole-body
exposure chamber, where smoke was delivered continuously for 30 minutes. Particles that
adhered to the grids were negatively stained with uranyl acetate to improve contrast for
image acquisition. Three non-overlapping regions from two grids were imaged at 2000x
magnification (N = 6 images total). The particle analysis tool42 in ImageJ (NIH, Bethesda,
MD) was used to isolate DFS particulates and calculate their circularity as ¢,,. = 4z4,/P,,
where A, is the particle area and A, is the particle perimeter. A circularity of ¢, = 1
describes a perfect circle, whereas ¢,,. — 0 reflects a shape with finite area but infinite

perimeter.

2.4. Animals

All experiments involving animals received approval from the Northeastern University
Institutional Animal Care and Use Committee (IACUC) and complied with National
Institute of Health (NIH) guidelines. Male Apoe™" mice on a C57BL/6 background were
purchased from The Jackson Laboratory (Bar Harbor, ME) at 8-weeks of age. Exposure
to particulate matter raises blood cholesterol levels in humans,*344 thereby providing a
substrate for the oxidative damage that often contributes to the adverse health outcomes
of environmental air pollution inhalation. Unlike wildtype mice that maintain low blood
cholesterol levels even when exposed to cigarette smoke,*> Apoe™~ mice naturally exhibit
elevated lipid and cholesterol profiles.#6:47 On account of this feature, we showed that
Apoe™" mice chronically exposed to cigarette smoke experience the same cardiovascular
and respiratory ailments of habitual smokers.*8:49 These findings motivated the use of
Apoe™" mice as a preclinical model to study the cardiopulmonary occupational risk
associated with WFS inhalation. All mice were housed in groups of up to 5 on a 12-hr
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light/dark cycle under controlled temperature and with ad /ibitum access to standard chow
and water.

2.5. Whole-body exposure chamber for the uniform delivery of DFS

Mice inhaled DFS while housed in a custom whole-body exposure chamber 3D-printed in
ABS plastic (Stratasys F170 FDM 3D Printer; Stratasys, Rehovot, Israel). We iterated on
the design of the chamber based on predictions of computational fluid dynamics simulations
(Fig. 1, C; details in Supplementary Material) to attain uniform distribution of the smoke
throughout.50 Key design features include a cylindrical base 42 cm in diameter, a dome
shaped top, a disk below the inlet to disperse the smoke, perforated floor and dividers, four
outlet pipes underneath the floor, and 8 symmetrical compartments each holding up to 5
mice, thus enabling the concurrent exposure of up to 40 mice (Fig. 1, B). Inlet and outlet
flow rates were set to 5 L/min to allow >15 air changes per hour.>! Uniformity of PM
concentration across the chamber was gravimetrically confirmed with 47-mm glass filter
cassettes (Advantec®, Dublin, CA) positioned in each compartment and sampled at a flow
rate of 5 L/min (GilAir Plus, St. Petersburg, FL).

2.6. Quantification of carboxyhemoglobin in the mouse blood

2.7.

Noting that particulate inhalation greatly contributes to WFS toxicity,1%:23.18 we aimed to
maximize the PM concentration in the smoke, while maintaining blood carboxyhemoglobin
(COHDb) levels below the ~15% threshold for CO injury in mice.52 To probe the relationship
between fuel mass, smoke PM and CO concentrations, and blood COHDb levels, DFS
generated from the combustion of either 1.5g, 2.25¢, 3.75g, or 5.75¢g needle mass was
delivered to mice (N = 5 per group) under the same dilution conditions. Mice were exposed
for two consecutive 1-hr periods, separated by a brief refueling window. PM concentration
was continuously monitored with a MicroDust Pro (Casella, Bedford, UK) calibrated

with 47-mm glass fiber filters. CO, carbon dioxide (CO,), and oxygen (O>) levels in the
chamber were concurrently recorded with an Enerac 700 (Enerac, Holbrook, NY). Blood
was collected from anesthetized mice (2% isoflurane) via submandibular bleed immediately
after the end of the second exposure period. Blood COHb levels were measured with an
ABL80 CO-OX OSM (Radiometer America, Brea, CA). Linear regression analysis was used
to estimate coefficients of proportionality and offsets between variables.

Monitoring of breathing waveforms during exposure

We recorded respiration waveforms using whole-body barometric plethysmography (N =

5 DFS, N = 5 Air), following protocols detailed elsewhere*! and summarized in the
Supplementary Material. Volume traces were calculated from pressure data®3 to extract
respiratory rate (RR), inspiration time (¢)), first and second (when present) expiration times
(¢m1,t:), braking or breath hold time (#; Fig. 2, J), and tidal volume ( 7V), with minute
volume determined as MV'= TV RR. These parameters further facilitated calculation of
representative volume curves for the two exposure groups.*!

Sci Total Environ. Author manuscript; available in PMC 2023 December 06.
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2.8. Dosimetry modeling to establish equivalent exposure conditions

Because of differences in the aging rate between humans and mice, we chose not to
incorporate episodic exposure patterns in our study. Rather, we postulated that equivalent
exposure conditions may be determined across species by matching the cumulative PM mass
that deposits within the lower respiratory tract (LRT), normalized by the combined surface
area of the tracheobronchial and respiratory zones.

We estimated the cumulative deposited mass as my,, = iy, - 1, Where n,, is the mass
deposited per hour of exposure and #; is the total number of exposure hours. We assumed
that mice experienced the same amount of deposited mass during each exposure, such that

mdep,M = éM -MV,, - dePf,M, (1)

where C,, is the average PM concentration of DFS within the exposure chamber, MV, is the
minute volume from plethysmography data, and depy s, is the deposition fraction in the LRT,
with subscript M for mouse. We considered a single work shift as the reference exposure
instance for WLFFs. Assuming the same average shift duration throughout the cumulative
exposure, we derived (see Supplementary Material) a weighted expression for the deposited
mass per shift hour as

Moy = ZEW'MVWj‘dePf,Wj'fsj’ ()
J

where C,, is the average PM concentration of WFS, MV/,/ is the minute volume pertaining
to shift segment j, depﬁM/is the deposition fraction in the LRT for shift segment /, and

f7is the duration of shift segment jexpressed as a fraction of the average shift duration,
with subscript Wfor WLFF. We partitioned a typical shift by activity level (Table 1),
whereby each segment accounts for the fraction of the shift when WLFFs exhibit heart rate
(HR) within a set range.24 We calculated corresponding ventilation parameters based on the
exponential relationship between HRand MV .54 Note, we used a representative heart rate
of 90 beats/min for the lowest activity level and incremented by 20 beats/min thereafter.

We employed a custom 1D single-path dosimetry model (see Supplementary Material)

to predict deposited mass fractions in the LRT of mice (d&pry,) and WLFFs (depﬁm/).55
Dosimetry calculations swept the range of particle sizes in DFS (Fig. 2, D) and treated
particles as non-interacting, spherical, and with the typical density of burning biomass (o,
=1.18 g/mL).55 We assumed a sinusoidal respiratory flow rate for WLFFs and leveraged
nomograms by Naranjo et al.>7 to estimate R/ and TV for each MV/ instance throughout
a shift. Note, we followed a “normal augmenters” definition for the distribution of oronasal
respiratory airflow in WLFFs.58 We further determined the breathing flow rate in mice by
taking the time derivative of the average experimental lung volume curves®® (Fig. 2, H
and J). Functional residual capacity (FRC) was set to 0.6 mL for mice3® and 3000 mL for
WLFFs.80

Sci Total Environ. Author manuscript; available in PMC 2023 December 06.
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2.9. Estimating the cumulative duration of mouse exposure

Parameters involved in the equivalent exposure analysis are listed in Table 2. We targeted

t, w= 3,600 exposure hours to represent a mid-length WLFF career that lasts from 3 to

7 years and may include between 49 and 98 shifts per year,2° with shift duration ranging
from 10.3 to 13.6 hours,61:25 at an average PM concentration of 0.51 mg/m3 throughout.2
Leveraging Equations 1 and 2, we solved for the cumulative hours that support an equivalent
exposure in mice

t — mdep,W : th.W . SAM
h,M SAW mdgp‘M’

®

where SAy, = 67.5 m? is the lung surface area in WLFFs50 and SA,,= 0.0454 m? is the lung
surface area in mice.3 As rationalized in Sections 3.1, 3.2, and 3.6, we attained the desired
ty a1 by exposing mice (N = 27) to smoldering DFS at a target concentration of 22 mg/m3
for 2 hours/day, 5 days/week, for 8 consecutive weeks. Age-matched mice (N = 27) exposed
to HEPA-filtered air acted as controls. PM and CO concentrations in the chamber were
measured during each exposure using gravimetric analysis and the Enerac 700, respectively.

2.10. Longitudinal monitoring of physiological parameters

Body mass (all animals), resting peripheral blood pressure (N = 8 DFS, N = 8 Air), and
blood COHb (N = 18-20 DFS, N = 12-16 Air) were measured once a week throughout the
study. A noninvasive tail-cuff system (CODA; Kent Scientific, Torrington, CT) facilitated
collection of pressure tracings in awake but restrained mice, with baseline acclimation to
mitigate stress-related artifacts. Blood was drawn immediately after exposure to determine
COHb levels as described in Section 2.6. At the end of the 8-week time frame, and at least
24 hours after the last exposure, mice underwent either /n7 vivo assessment of respiratory and
cardiac function, or their aorta was excised for /7 vitro mechanical testing.

2.11. Assessment of aortic function by biaxial testing

Anesthetized (2% isoflurane) mice (N = 9 DFS, N = 10 Air) were sacrificed via cervical
dislocation to harvest the abdominal aorta for mechanical characterization, according to
experimental protocols and analytical methods described elsewhere*® and summarized in
the Supplementary Material. Parameters of a microstructurally motivated four-fiber family
strain energy potential were estimated from experimental data and used to predict geometry
and tissue properties under physiological loads. The small-on-large approach allowed for
calculation of biaxial linearized stiffness about the desired working point.52 Cyclic structural
stiffness was further evaluated in terms of aortic distensibility

dvyx - ddiax
= - N 4
T (P Pu) @

sys

7

where Pand drefer to luminal pressure and diameter, respectively, with subscript dras for
diastole and sysfor systole.

Sci Total Environ. Author manuscript; available in PMC 2023 December 06.
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2.12. Visualization of aortic wall microstructure

Following functional testing, abdominal aortic samples were processed for histology,
according to the methods reported in the Supplementary Material. Aortic cross-sections
were stained with Movat’s pentachrome and Picrosirius red stains.

2.13. Assessment of cardiac function by magnetic resonance imaging

Cardiac magnetic resonance (MR) imaging was performed with a 7.0-T BioSpec MR system
(Bruker Biospin MR, Billerica, MA) under ECG and respiratory gating (SA instruments,
Stony Brook, NY). Mice (N =9 DFS, N = 8 Air) were anesthetized with isoflurane (4%
induction, 1-2% maintenance) and positioned prone on a mouse cradle. A total of 6 to

9 short-axis cine gradient-echo fast low angle shot images were acquired to encompass

the entire volume of the left ventricle. Sequence parameters were: 30° flip angle; 6 ms
repetition time; 1.85 ms echo time; 0.2 x 0.2 mm matrix spatial resolution; 4 signal
averages. Anesthetized mice were sacrificed by cervical dislocation following MR imaging.
Endocardial and epicardial regions of the left ventricle were manually delineated with the
software Segment Medviso83 (Fig. 3, H) and used to determine end-diastolic (EDV) and
end-systolic (ESV) volumes for calculation of the ejection fraction

EDV — ESV

EF% =—Fpy

100. (©)

2.14. Assessment of respiratory function by mechanical ventilation

Respiratory function was measured in anesthetized mice (N = 9 DFS, N = 9 Air) using
standard forced oscillatory techniques® at a positive end expiratory pressure Ppeep=1
cmH-0, as detailed in the Supplementary Material. Anesthetized mice were sacrificed by
exsanguination following mechanical ventilation. Respiratory system resistance (/) and
reactance (X)) were determined by taking the real and imaginary part of the lung impedance
(2), respectively. Airway (Newtonian) resistance (Ry), coefficient of tissue elastance (H),
and coefficient of tissue resistance (G) were estimated from impedance data by fitting the
constant phase model®®

Z(w) = Ry + % (6)

n

where w), is the angular frequency normalized by 1 rad/s,5 jis the imaginary unit, and

n = G/ H is the hysteresivity, which is also necessary to calculate a« = %mn_l(%).

2.15. Evaluation of airway morphometry

Upon completion of functional testing, lungs were processed for assessment of airway
morphometry (N = 4 DFS, N = 4 Air), following methods reported in the Supplementary
Material. Mean linear intercept (L), bronchi thickness, and parenchyma tissue thickness
were quantified from images of Movat’s pentrachrome-stained tissues. Measurements were
performed in three separate regions from the apical, middle, and base sections of the left
and apical lobes. As the airway thickness depends on surrounding tissues, we limited

Sci Total Environ. Author manuscript; available in PMC 2023 December 06.
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our analysis to the epithelium, calculating the average distance between two segmented
contours. Sections of parenchyma used for thickness and airspace measurements did not
include airways or blood vessels.

Statistical analysis

Unless specified, data is presented as mean + SEM. Goodness of fit was expressed in terms
of A2 for linear regressions, RKMSE (root mean square error) for nonlinear regressions of
aortic mechanics data and ;(2 (Pearson’s Chi Square Test) for the fitting of lung impedance
data. Student’s #test was used to analyze the influence of DFS exposure on ventilation
parameters, longitudinal physiological data, metrics describing the structure and function
of the aorta, left ventricular volumes and ejection fraction, and structural and functional
parameters of the respiratory system. Statistically significant difference was set to p < 0.05.

3. RESULTS

3.1. A custom system facilitates the exposure of mice to DFS

Performances of both the smoke-generating equipment and the exposure chamber
constrained the number of daily exposure hours that counted toward the desired cumulative
exposure time (i.e., #, a7 in Equation 3). Computational fluid dynamics simulations showed a
uniform normalized particle concentration in the exposure chamber (Fig. 1, C) and average
filter mass varied by <10% from the mean concentration across all compartments (Table S1).
Combined, these outcomes confirmed that mice experienced similar exposure conditions
regardless of their placement within any of the chamber compartments.

The ceramic quartz-tube furnace3? initiated smoldering combustion of dried DF needles
while it travelled along the boat (Fig. 1, D). Gaseous and particulate emissions delivered

to the exposure chamber exhibited a rapid increase at first, then stabilized for ~1 hour
before refueling was necessary (Fig. 1, E for a 3.75 g fuel load). Brief spikes in CO and
PM concentrations that occurred throughout each hour-long installment either marked the
initial combustion of DF needles as the ceramic heater moved over them or reflected minor
heterogeneity in fuel distribution along the boat.

Overall, accounting for preparation and clean-up time, we concluded that it was feasible to
simultaneously expose up to 5 mice per compartment, or 40 mice total, for 2 hours/day.

3.2. A 3.75g target fuel mass maximizes PM concentration while avoiding CO-induced
injury in mice

Preserved combustion parameters and dilution factors#? upheld a linear relationship between
the concentration of both PM (Fig. 2, A) and CO (Fig. 2, B) in the smoke and the mass of
dried DF needles loaded onto the quartz boat. COHb levels in the mouse blood were also
linearly related to fuel mass (Fig. 2, C), confirming that smoke CO concentrations up to
~200 ppm did not saturate hemoglobin in the mouse blood nor caused acute toxicity (COHb
>50% in the mouse®2). Empirical correlations between system input, aerosol properties, and
exposure biomarker (regression lines in Fig. 2, A-C) facilitated solving for the amount of
fuel that could maximize the smoke PM concentration without exceeding the threshold for
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CO-induced injury (COHb >15% in mice®2). Motivated by the confidence intervals on the
regression parameters (shaded areas in Fig. 2, A-C), we selected 3.75 g as the target fuel
mass for our long-term exposure study, expected to yield 11.3% COHb in the mouse blood
while supplying 22 mg/m3 PM and 139 ppm CO concentrations in the smoke.

3.3. Gaseous and particulate fractions in DFS contain harmful chemicals

Particulates in DFS were entirely composed of organic material that volatilized within the
inert TGA atmosphere. The absence of black carbon, which forms at high temperature under
flaming conditions,3? aligns with a modified combustion efficiency index MCE = 80.37 that
nears the threshold for pure smoldering combustion.8” Note, Jen et al. also found that black
carbon remained at background levels in smoldering Douglas fir litter smoke with a similar
MCE.8

Concentrations of VOCs in smoldering DFS particulates as resolved by GC-MS are reported
in the Supplementary Material (Table S2). Polyols and phenols similar to 2-O-Methylhexose
(C7H140g), D-Allose (CgH120¢), and m-Carbomethoxyphenol (CgHgO3) were the most
abundant and accounted for ~15% of the total volatile concentration.

Levels of target gaseous species in smoldering DFS remained relatively stable over the FTIR
acquisition window (data not shown), serving as an additional indication that our exposure
system (Fig. 1, A) was able to produce consistent emissions. Average concentrations for

the top 15 of the target gases are listed in the Supplementary Material (Table S3). As
expected, CO and CO, were the dominant gaseous effluents in smoldering DFS. Detection
of unburned hydrocarbons, including methane (CH,), butane (C4H1g), and ethane (C,Hg), as
well as alcohols such as methanol (CH30H) confirmed that incomplete combustion occurred
under smoldering conditions.

3.4. DFS particulates are within the respirable range for mice and humans

The size distribution of particulates in smoldering DFS was unimodal by count (Fig. 2, D),
with an average (= 95% confidence interval, over three runs) CMD = 110 + 20 nm and

GSD = 1.47 £ 0.03. The lognormal probability distribution function using CMD and GSD as
estimates of mean and variance well enveloped the experimental data (shaded area).

Particulates in DFS formed agglomerates with a varying number of primary units (Fig. 2,
E) and were surrounded by an oily halo, as noted previously.5® Over half of the particulates
exhibited a circular shape with circularity score greater than 0.7, though longer chains of
agglomerates with lower values of circularity were also noted (Fig. 2, F).

3.5. Mouse experience expiratory braking during DFS exposure

Pattern and frequency of breathing volumes determine the amount of inhaled mass and
influenced the deposition of particles within the respiratory system, serving as necessary
parameters for dosimetry modeling. When exposed to filtered air, mice exhibited expected
periodic volume waveforms of rhythmic inhalation and exhalation (Fig. 2, G and H).
Delivery of DFS altered the normal breathing pattern by introducing braking between two
exhalation periods (Fig. 2, | and J). The dynamics of the expiratory flow, combined with
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longer inhalation and exhalation times, reduced RRin mice exposed to smoke, compared
to air controls (Table 3). As a result, the MV/was also significantly diminished, despite no
difference in 7V/(Table 3).

3.6. An 8-week long exposure paradigm in mice recapitulates a mid-length WLFF career

The fraction of inhaled mass that deposits in the LRT of WLFFs ranges from depy = 0.321
under resting conditions to ~0.350 at the highest activity levels (Table 1). However, given
the distribution of physical effort throughout a typical shift, WLFFs experience the lowest
mass deposition rate when their HR exceeds 180 beats/min, while the largest occurs within
the 120-140 beats/min HRrange (Table 1). Based on these predictions, the average mass
deposition rate weighted by the relative duration of each shift segment equals i, » = 0.42
mg/hr. Therefore, throughout a mid-length career comprising 3,600 work hours, WLFFs
cumulatively retain m,,, , = 1.5 g PM mass, or 22.4 mg/m? when normalized by the lung
surface area.

Noting that deps s, = 0.354 for mice, the mass deposition rate in their LRT amounted

to mgep ar= 0.0126 mg/hr. As a result, ~80 hours of exposure to smoldering DFS at

an average PM concentration of C,, = 22 mg/m?3 was necessary to achieve the desired
cumulative deposited mass per unit of lung surface area. To satisfy this requirement within
the constraints of our exposure system, we set the duration of the study to 8 weeks, with
mice exposed 5 days each week and 2 hours/day (Table 2).

3.7. Emissions remain stable throughout the 8-week exposure study

Throughout the course of the 8-week exposure, temperature and relative humidity within

the exposure chamber averaged (x SD) 23.7 £ 1.1 °C and 42.8 + 11.2 %, respectively.
Smoke emissions remained close to target, with average (+ SD) PM and CO concentrations
of 22 + 6 mg/m3 and 125 + 30 ppm, respectively. Consistently, weekly measurements of
blood COHb levels exhibited little variation from the expected value, averaging at 11.1 +
0.2% in mice exposed to smoldering DFS, compared to 2.0 + 0.1% in air controls (Fig.

S1, A). Collectively, these data confirm that mice experienced similar exposure conditions
throughout the study. Furthermore, no acute lung injury due to CO inhalation should have
occurred, given that the concentration of COHb in the mouse blood remained below the 15%
threshold at all times.>2

Average body mass continued to increase in all mice over the 8 weeks of exposure (Fig.

S1, B, Supplementary Material). However, mice exposed to DFS gained weight at a slower
pace and, by the end of the study, exhibited a significantly lower body mass compared to air
controls.

3.8. Prolonged DFS exposure stiffens the aorta and reduces left ventricular ejection
fraction
Peripheral blood pressure in air control mice remained close to baseline throughout
the 8-week exposure time frame, with average systolic and diastolic values of 100 +
1 mmHg and 71 + 1 mmHg, respectively (Fig. 3, A). In contrast, exposure to DFS
was associated with a linear increase in both systolic (y= 0.55x + 101.58, R2=0.819,
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p<0.001) and diastolic (= 0.62x + 73.20, R2=0.860, p<0.001) blood pressure (Fig. 3,

A). Albeit subtle, augmented hemodynamic loads may promote or enhance changes in the
compliance of the aorta that could propagate upstream to the heart and downstream to the
microvasculature.”® To substantiate this speculation, we performed mechanical tests on the
abdominal aorta of mice exposed to either DFS or air. Consistent with our findings on

the effect of cigarette smoking,9 stress values within the expected Jn vivo range imposed
larger circumferential deformations (Fig. 3, B) but smaller axial deformations (Fig. 3, C)

in tissues from the aorta of mice in the DFS group, compared to air controls. While this
contributed to maintaining circumferential tissue stiffness within physiological limits (Table
S5, Supplementary Material), the decline in axial stretch (Fig. 3, D) reduced the elastic
energy stored within the tissue at systole (Fig.3, E), thus impairing the ability of the aorta
to augment diastolic blood flow. Furthermore, wall thickening (Fig. 3, F,L—N) enhanced the
structural stiffening of the aorta, as indicated by decreased distensibility (Fig. 3, G). That

is, although the tissue itself did not become stiffer, changes in the geometry of the aorta
reduced the relative increase in the luminal diameter between diastole and systole. As a
result, left ventricular ESV was significantly larger in mice that had been exposed to DFS
for 8 weeks, compared to air controls (Fig. 3, J). Because no difference between groups was
noted in left ventricular EDV (Fig. 3, 1), ejection fraction was also reduced in DFS-exposed
mice (Fig. 3, K). A summary of the best-fit model parameters (Table S4) and descriptors of
material, geometrical, and structural metrics (Table S5) for the abdominal aorta are reported
in the Supplementary Material. Measurements of cardiac volumes and ejection fraction are
also provided in the Supplementary Material (Table S6).

Prolonged DFS exposure increases respiratory system and airway resistances

Respiratory system resistance R,sat frequencies from 9.5 to 20.5 Hz was significantly larger
in DFS-exposed mice compared to air controls (Fig. 4, A). No difference in respiratory
reactance X,s emerged between groups at any frequency (Fig. 4, B). Prolonged exposure to
DFS was associated with significantly higher Newtonian resistance Ry, (Fig. 4, C) and no
change in the coefficient of tissue elastance H, the coefficient of tissue resistance G, and
lung tissue hysteresivity 7 (Fig. 4, D—F) from air control. Morphological assessment showed
airspace enlargement with increased L, (Fig. 4, 1-K) following DFS exposure. Thickening
of airways primarily comprised of epithelial cells (Fig. 4, G-H,L) likely prompted the
significant increase of Ry (Fig. 4, C). However, thickening of parenchyma septa (Fig. 4, M)
did not alter #and G from air control levels (Fig.4, D-F). Best-fit constant phase model
parameters are reported in the Supplementary Material (Table S7).

4. DISCUSSION

The relative contribution of wildland fire emissions to PM air pollution has increased by
10% over the past two decades,® due to longer wildfire seasons, more frequent wildfires,
and larger burned areas. The emergence of this trend triggered public health concerns,
as PM remains the best predictor of the health risks associated with smoke exposure
from most combustion sources.2” In response, a growing body of literature has been
exploring the association between an episodic rise in PM, 5 from wildland fires and
either mortality rates or health care facility traffic due to cardiovascular and respiratory
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events within a few days of exposure (e.g. physician or emergency room visits, hospital
admissions).26:27.71 Notwithstanding these efforts, limited information exists on the burden
of repeated smoke inhalation, including the occupational exposure inherent to wildland
firefighting.26:72.73 Since WLFFs experience harsher conditions compared to the general
public, key stakeholders in the community strongly advocate for research to elucidate the
long-term risks of non-accidental disease associated with wildland fire suppression.’® As

a complement to challenging epidemiological studies,28 we inferred the health hazards of
continued wildland firefighting from measurements of cardiopulmonary function in a mouse
model of cardiovascular and respiratory comorbidity46 following exposure to lab-scale
DFS.39 To establish equivalent exposure conditions, we leveraged dosimetry predictions and
matched the PM mass that mice and WLFFs cumulatively retain, normalized by the surface
area of the lungs in both species.23:1940 This approach provides a rationale for estimating,
rather than arbitrarily choosing, the number of exposure hours in our preclinical model of
smoke inhalation. Given the variability in shift and season duration, we expressed WLFF
exposure in terms of cumulative work hours, which we anticipate could be exhausted over 3
to 7 years of service. Thus, our study offers unprecedented insights on the predicted burden
of cardiopulmonary disease in the population of mid-career WLFFs.

Evidence of compromised cardiovascular function with repeated DFS inhalation

Since aortic stiffening is an independent risk factor for cardiovascular disease,’® the
significant lapse of aortic distensibility in mice exposed to DFS (Fig. 3, G) suggests that
continued service across just a few fire seasons may jeopardize the cardiovascular health

of WLFFs, as per the terms of equivalent exposure between mice and humans (Table

2). Our findings align with prior evidence of positive association between biomarkers of
oxidative stress, biomarkers of WFS exposure, and measures of systemic arterial stiffness in
WLFFs,’® but provide further evidence on the key processes that mediate the cardiovascular
outcomes of chronic WFS inhalation.

The concomitant occurrence of reduced distensibility (Fig. 3, G) and loss of energy storage
(Fig. 3, E) shows that repeated DFS inhalation may undermine the fundamental role of the
aorta as a pressure resevoir throughout the cardiac cycle. This significant deterioration of
the Windkessel function has two profound implications for cardiovascular health.”® First,

it may damage the microvasculature due to the propagation of the pulsatile pressure wave
toward peripheral tissues. Second, it heightens the risk of cardiac failure and ischaemia

by increasing left ventricular workload and myocardial blood demand. Consistent with the
latter, the volume of blood that remained in the left ventricle following cardiac systole

was larger (Fig. 3, J) and caused a ~10% reduction of the ejection fraction (Fig. 3,

K) in DFS-exposed mice. Since Martin et al. only noted a significant decrease of left
ventricular EDV in rats exposed to flaming eucalyptus smoke for one hour (0.7 mg/m?3

PM concentration),2 we presume that the effects of long-term DFS inhalation on left
ventricular function observed here may be secondary to vascular adaptations and associated
hemodynamics changes, rather than stem from repeated insults to the heart.

Pursuant to cross-sectional data showing that the odds of being diagnosed with hypertension
and arrhythmia increase with the years of service in WLFFs,29 systolic and diastolic values
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of blood pressure in DFS-exposed mice at sacrifice exceeded baseline by 6% and 9%,
respectively (Fig. 3, A). Interestingly, Martin et al. reported that blood pressure in rats

rose up to ~10-15% above baseline throughout a sole hour of exposure to smoldering

peat smoke at 4 mg/m3 PM concentration, and remained elevated by less than 10% from
baseline 3 hours post treatment.20 In light of this evidence, our observations indicate that the
transient intensification of hemodynamic loads upon WFS inhalation may lead to permanent
alterations of cardiovascular function when sustained over time.

Superimposed to the modest increase in blood pressure, wall thickening (Fig. 3, F) largely
contributed to the structural stiffening of the abdominal aorta in mice exposed to DFS

(Fig. 3, G). Visual inspection of histological images suggests that DFS inhalation may
widen the aortic wall by promoting collagen deposition in the adventitia (Fig. 3, L-N). We
likewise reported that de novo collagen synthesis under gradually increasing pressure loads
rendered the wall thicker while preserving intrinsic tissue properties in the abdominal aorta
of Apoe™ mice exposed to cigarette smoke.49 Although we further showed that chronic
cigarette smoking enhanced the vulnerability of spontaneous#647 atherosclerotic lesions

at the root of the Apoe™" mouse aorta,*® neither exposure to cigarette smoke nor DFS
promoted neointima formation in low-curvature segments such as the suprarenal abdominal
aorta. Nevertheless, given that a single, one hour-long exposure to flaming eucalyptus smoke
(0.7 mg/m3 PM concentration) or smoldering peat smoke (0.4 mg/m3 PM concentration)
sensitized rats to the cardiovascular effects of high carbohydrate?! or high fat’” oral gavages,
respectively, we anticipate that lifestyle choices may modulate both the functional and
atherosclerotic burden of prolonged WFS inhalation, which should be addressed in future
work.

Evidence of compromised respiratory health with repeated DFS inhalation

The enlargement of parenchyma airspaces (Fig. 4, K), the thickening of the airway
epithelium (Fig. 4, L), and the increase in respiratory resistances (Fig. 4, A and C)
detected in mice exposed to DFS are reminiscent of chronic obstructive pulmonary
disease. From this evidence, we infer that the respiratory health of WLFFs may decline
over a mid-length career due to the accumulation of adverse stimuli through repeated
WEFS inhalation, since spirometry parameters (e.g., forced expiratory volume in 1 second,
maximum mid-expiratory flow, and forced vital capacity) deteriorate following a single
wildland firefighting shift or season.’879.76 Consistent with this notion, epidemiological data
show that respiratory function worsens with previous firefighting activity across multiple
days and fire seasons.80.78.81,82,83.84 Nevertheless, preclinical models of lab-scale WFS
exposure as presented here remain crucial to fully characterize tissue- and organ-level
responses that support observed functional shifts.

Compared to air-exposed mice, repeated inhalation of DFS led to a significant increase in
Ry (Fig. 4, C) and R, at the higher frequencies (Fig. 4, A), with no observed differences

in either G (Fig. 4, E) or low frequency R, (Fig. 4, A). Larger values of Ry and Rs

at the higher frequencies are indicative of central airway remodeling and suggest that
mid-career WLFFs may experience difficulty breathing, perhaps in the form of enhanced
airway hyper-responsiveness.8 To substantiate the robustness of our approach, we note that
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the average Ry for air-exposed male Apoe™" mice at 16 weeks of age (Fig. 4, C) agrees
with measurements reported elsewhere for 3- and 8-month-old naive male Apoe™~ mice,
respectively.88 Akin to the larger R, of mice within our DFS group (Fig. 4, A), Tesfaigzi
et al. found elevated total pulmonary resistance in rats exposed to pine wood smoke for
up to 90 days at PM concentrations of 1 and 10 mg/m3, with the former alone attaining
a statistically significant difference from control.3% However, the authors were unable to
differentiate between changes in central versus peripheral resistances, since they did not
perform a frequency sweep for R,snor reported changes in Ry

Thickening of the bronchi due to epithelial cell hyperplasia (Fig. 4, G-H, L) is likely
responsible for the increase of Ry (Fig. 4, C) in DFS-exposed mice, as noted by others in the
context of fire smoke inhalation.87:33:88 While not explored here, the transition of epithelial
cells into a motile mesenchymal phenotype upon biofuel exposure33 may complement the
hyperplastic response.

Mice exposed to DFS further exhibited significantly larger L, and thickening of
parenchyma tissues compared to air controls (Fig. 4, K and M). However, these two
structural adaptations likely compensated each other and did not lead to measurable
differences in parenchyma function, i.e., the values of X,;and A were comparable between
the two groups (Fig. 4, B and D).

Aligned with our observations, but in guinea pigs, Ramos et al. reported a 1.05 fold
increase of L, above baseline in animals exposed to pine wood smoke for 2 months at
~0.4 mg/m3 PM,, 5 concentration, which rapidly progressed to 1.96 and 2.91 after 4 and

7 months, respectively.8” Destruction of lung parenchyma was associated with an early
increase in BALF macrophage content and higher neutrophil counts at later time points,
concomitant with enhanced MMP expression/activity and cell apoptosis, all of which play
arole in the pathogenesis of emphysema.8” Consistent with these findings, parenchyma
tissues from rats exposed to smoldering China fir sawdust for 7 months featured a 60%
larger L, compared to controls, as well as enhanced alveolar septal cell apoptosis.33 The
degree of airspace destruction observed in both of these studies33:87 was more pronounced
than noted here, likely because of the longer exposure duration. However, neither of them
addressed parenchyma tissue thickening nor associated functional changes of respiration.
Future investigations are thus encouraged to evaluate the combined structural and functional
remodeling of the parenchyma in the specific animal model of choice, as a function of fuel
source, smoke concentration, and exposure duration,33:30

4.3. Breathing patterns during DFS exposure

Volume waveforms modulate the amount of inhaled mass that deposits within the respiratory
tract3® and are therefore instrumental in establishing the parameters for equivalent exposure
between mice and WLFFs. Inhalation of DFS prompted immediate expiratory braking,
shown as the flat portion of the representative volume curve (Fig. 2, J). The occurrence

of a pause during expiration has been extensively described after administration of the
sensory irritants®® detected in DFS (Tables S2 and S3, Supplementary Material). Reflex
glottis adduction upon stimulation of trigeminal nerve endings within the nasal mucosa

may support, at least in part, these expiratory flow interruptions.899 The associated
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decline of RRand MV (Table 3) is consistent with prior observations in mice exposed

to smoldering oak and eucalyptus smoke.18 However, inhibition of respiratory movements
may only be transient, since Kim et al. noted that ventilation volumes in mice were either
preserved or elevated immediately after and 24 hours post exposure to peat, eucalyptus,
and oak smoke, under flaming or smoldering combustion.1® Nevertheless, incorporation
of expiratory braking distinguishes our approach to dosimetry modeling and improves
prediction of the mass that deposits in the respiratory system of smoke-exposed mice.

To circumvent the challenges of monitoring respiration in WLFFs while on duty, we
leveraged predictive equations recently proposed by Cruz et al. to infer the MV/based on
HR under endurance exercise.>* Because the physical demands of wildland firefighting vary
widely throughout a shift,24 our estimates ranged between 21 and 173 L/min for periods

of low and high cardiovascular strain, respectively (Table 1). Weighted by the fraction of
the shift pertaining to each activity level, these values converge to an average MV per shift
of 41 L/min, in agreement with the 22 to 60 L/min range reported in previous studies.
Mirroring MV, the fraction of deposited mass along the respiratory tract varies from a
minimum of 0.321 to a maximum of 0.350 within a shift (Table 1), further emphasizing the
influence of breathing patterns and lung volumes on the deposited PM mass dose and the
associated risk of developing adverse health effects.2>:91 Overall, accounting for within-shift
effort fluctuations as we do here refines previous attempts to parallel exposure duration
across species.32 Yet, the influence of the seasonal exposure cadence on cardiopulmonary
endpoints warrants further investigation, e.g., by replicating the alternation between fire and
off-seasons.

4.4. Physical and chemical characteristics of DFS

Alongside breathing patterns, particle size and shape influence location and breadth of
deposition within the respiratory tract.3> While our equipment only allows for measurement
of PM size by count (Fig. 2, D), we calculated a mass median aerodynamic diameter of

166 nm for smoldering DFS particulates with assumed 1.18 g/mL density.%8 This estimate
agrees with other findings for lab-scale WFS18.19.92.26 and approaches the lower end of the
0.2-15 zm range obtained from field measurements,93:94.95.96.97 \where PM, 5 accounts for
the majority of the mass.2> Note, particles in the fine and ultrafine size range can penetrate
deep into the lungs,3® from where they may either orchestrate the release of mediators

of inter-tissue communication® or translocate into systemic circulation.?® Morphological
analysis via TEM further revealed that particulates in DFS were mostly circular (Fig. 2, F)
and formed agglomerates with an assorted number of primary units (Fig. 2, E). Our findings
align with previous evidence showing that smoke particles generated from the combustion of
biofuels tend to aggregate,100:101.102 thoygh the extent to which this occurs may depend on
the combustion apparatus.®®

In addition to the physical characteristics of the PM, the chemical composition of the
gaseous and particulate fractions is regarded as a crucial modulator of the biological
response to lab-scale WFS inhalation.23:19.103.104 Amongst the gaseous species in
smoldering DFS, the recognized sensory irritants acrolein, formaldehyde, and hydrogen
cyanide reached concentrations (Table S3, Supplementary Material) known to induce
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respiratory depression in rodents,105106.107 consonant with the decreased RR of mice
exposed to DFS (Table 3). Notably, acrolein and formaldehyde levels in DFS approached
or exceeded recommended occupational exposure limits.>26:108 Repeated inhalation of
these irritants may have further contributed to the long-Ilasting shifts in cardiopulmonary
structure and function of mice exposed to DFS (Figs. 3 and 4), as suggested by previous
studies.109.110.111.112 pro|onged inhalation of benzoic acid at concentrations below those
in DFS particulates (Table S2, Supplementary Material) has also been linked to adverse
remodeling of the rat lungs.113 Finally, the particulate fraction of DFS contained chemicals
belonging to the class of polycyclic aromatic hydrocarbons (Table S2, Supplementary
Material) that were reported to elicit irritant responses in zebrafish, and thus may impose

a similar effect on the respiratory tract mucosa in mammals.193 Notwithstanding this

initial chemical analysis, future work should characterize the content of inorganic elements
and ionic components, which were related to the induction of toxicity in mice following
oropharyngeal aspiration of lab-scale WFS particulates.104

Limitations

Our work relies on the assumption that respiratory and cardiovascular responses to inhaled
WFS may depend on the PM cumulatively deposited in the lungs (per unit of surface

area) over a set period of time,114 rather than the PM dose following each exposure
instance. While this approach facilitated a preclinical exposure paradigm for predicting

the occupational cardiopulmonary risk in mid-career WLFFs, it also constrained the PM
concentration delivered to the mice at levels ~40x larger than field measurements.25
Exposure to smoke at high PM concentrations may have elicited unique biological responses
that do not pertain to lower PM levels. Supporting this notion, Martin et al. showed

that changes in cardiovascular function, baroreflex sensitivity, and inflammatory response
following acute exposure of rats to smoldering peat smoke were concentration dependent.20
The stunted growth of mice exposed to DFS (Fig. S1, B, Supplementary Material) could
indicate overt toxicity, though this effect has been observed across a wide range of
cumulative concentrations.3387 Furthermore, retention modeling (details in Supplementary
Material) confirmed that the deposited particulate volume per mass of mouse lung tissue
remained below the 1 /g threshold1® for particle overloading of alveolar macrophages
(Fig. S2, Supplementary Material).

The relationships between PM and CO concentrations in the smoke and blood COHb levels
as evinced from our data (Fig. 2, A-C) further call into question whether the inhalation

of DFS at PM concentrations far above average field measurements may have rendered
mice vulnerable to the long-lasting damages of CO intoxication. It is well known that CO
inhibits mitochondrial respiration and produces free radicals that contribute to oxidative
stress, besides triggering inflammatory effects through platelet activation (see Rose et al.116
for a review). Since feasibility considerations prompted limiting the daily exposure to 2
hours, we mitigated the risk for CO poisoning by choosing a target PM concentration that
maintained COHb levels below the 15% threshold for overt injury.>2 Corresponding CO
concentrations in DFS matched the 30—200 ppm range reportedly needed to promote cardiac
hypertrophy17 or ventricular arrhythmia and fibrosis!18 in rodents, yet well surpassed
ambient CO levels (<9 ppm) with positive association to elderly hospital admissions for
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congestive heart failure.119.120.121 Measured CO levels also exceeded the 50 ppm 8-hour
standard permissible limit enforced by the Occupational Safety and Health Administration
(OSHA).122 Nevertheless, recent data indicate that WLFFs may experience sustained
exposure to CO concentrations >100 ppm, depending on the job task.123 Therefore, while
acknowledging that inhalation of CO at high levels may have contributed, at least in part, to
the cardiopulmonary decline of exposed mice, we speculate that the relative content of CO
in DFS may still be relevant for the WLFF population. Regardless, PM/CO concentration-
dependent changes in cardiopulmonary structure and function following long-term WFS
exposure demand further evaluation.

5. CONCLUSIONS

To supplement limited epidemiological evidence on the health hazards of wildland
firefighting, we evaluated the cardiopulmonary burden in mice exposed to smoldering DFS
for a cumulative amount of hours equivalent to a mid-length WLFF career. Smoke inhalation
altered breathing patterns in mice, with periods of expiratory braking contributing to a
significant reduction in respiratory rate and minute volume. Prolonged exposure to DFS
promoted the structural stiffening of the aorta and reduced the ejection fraction of the

left ventricle. Compared to air controls, mice exposed to DFS exhibited larger respiratory
system resistance at high frequency and increased Newtonian airway resistance due to
airway epithelial thickening, with no change in parenchyma tissue properties despite notable
septa thickening. These early signs of cardiopulmonary dysfunction in mice exposed to DFS
warrant further investigation of the underlying cellular and molecular mechanisms. Future
studies should also explore the effect of dosage and exposure frequency on the occupational
burden of cardiovascular and respiratory disease due to WFS exposure. Elucidating these
aspects is essential for engineering effective personal protective equipment and reducing the
adverse health outcomes of wildland firefighting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Average particle matter mass concentration
Aortic distensibility

Aorta luminal diameter

Deposited mass fraction

Duration of a shift segment jexpressed as a fraction of the average
shift duration

Coefficient of tissue elastance
Coefficient of tissue resistance
Mean linear intercept

Mass deposited per hour of exposure
Minute volume

Aorta luminal pressure
Particulate perimeter

Positive end expiratory pressure
Respiratory rate

Airway Newtonian resistance
Respiratory system resistance
Lung surface area

Tidal volume

Expiration time

Inspiration time

Breath hold time

Total number of exposure hours
Respiratory system reactance
Lung impedance

Lung tissue hysteresivity
Particulate density

Particulate circularity

Carbon monoxide

Sci Total Environ. Author manuscript; available in PMC 2023 December 06.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Eden et al. Page 20
DF Douglas fir
DFS Douglas fir smoke
EDV End-diastolic volume
EF% Ejection fraction
FRC Functional residual capacity
FTIR Fourier-transform infrared
GC-MS Gas chromatography-mass spectrometry
LRT Lower respiratory tract
MR Magnetic resonance
PM Particulate matter
SV Stroke volume
TGA Thermo-gravimetric analyzer
URT Upper respiratory tract
VOCs \olatile organic compounds
WEFS Wildland fire smoke
WLFF Wildland firefighters
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Figure 1:
Custom apparatus for consistent generation and homogeneous delivery of smoldering DFS

to a mouse whole-body exposure chamber. A ring furnace produces DFS that is diluted

(A) and propelled to the exposure chamber (B). The design of the exposure chamber was
iteratively refined until physics-based simulations predicted a homogeneous distribution of
the smoke within each compartment (C). The ring furnace is mounted onto a linear actuator
and generates smoldering combustion as it travels over the dried Douglas fir needles at 450
°C (D). Daily exposure consists of two, 1 hour-long sessions separated by a brief refueling
period, after which PM and CO concentrations in DFS quickly stabilize (E).
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Figure 2:
Mice tolerate inhalation of respirable PM in DFS but consistently exhibit expiratory flow

interruption. Concentrations of PM (A) and CO (B) in DFS and COHb levels in the blood

of exposed mice (C) increase linearly with the mass of combusted fuel. Aerosol analysis and
health assessments presented hereafter leverage a fuel load of 3.75¢g to maximize emissions
without exceeding the threshold for CO-mediated toxicity (C). Under these conditions, the
count distribution of particle sizes in DFS is unimodal and follows a lognormal probability
function (red shaded area) (D). Processing of TEM images confirms that individual particles
and agglomerates in DFS (E) are mostly circular in shape (F). Traces of pressure signals

in a wholebody plethysmograph reveal expiratory braking in mice exposed to DFS (I) and
corroborate normal breathing in air controls (G). Note, a rise in pressure (i.e., positive slope)
is indicative of inhalation, whereas a drop in pressure (i.e., negative slope) corresponds to
exhalation. As a result, the representative volume curve under DFS exposure conditions
comprises inspiration, primary expiration, breath hold, and secondary expiration phases (J),
while inspiration and expiration alone appear in the case of air exposure (H). Black solid
lines delineate average values while grey shaded areas reflect 95% confidence intervals.
Note, the scale on the x-axis for panels (H) and (J) matches the R~ of mice exposed to
HEPA-filtered air or DFS, respectively (Table 3).
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Figure 3:
Daily inhalation of DFS over 8 weeks promotes structural stiffening of the abdominal

aorta and triggers cardiovascular dysfunction. Peripheral blood pressure increases linearly
over time in mice exposed to DFS but remains at baseline in air controls (A). When
subjected to the same stress, tissues from the aorta of DFS-exposed mice experience higher
circumferential (B) and lower axial (C) deformations compared to air controls. Solid line
predictions in panels (B) and (C) are based upon best-fit values for the coefficients of

the strain energy potential pertaining to group average data (Equation S.14, Supplementary
Material). Fitting of individual data sets facilitated additional calculation of geometrical and
mechanical metrics under physiological loads. Amongst those, prolonged inhalation of DFS
reduces axial extensibility (D) and limits the amount of elastic energy for diastolic blood
flow augmentation (E). Wall thickening (F) contributes to decreasing the distensibility of
the DFS aorta within the range of /n vivo pressures (G). Consistently, segmentation of left
ventricular volumes from cardiac MR images (H) reveals increased end-systolic volume

(J) with preserved end-diastolic volume (1), supporting a significant decline in ejection
fraction (K). Movat’s pentachrome stained cross-sections confirm thickening of the aortic
wall with DFS exposure (L). Picrosirius red stained cross-sections imaged under polarized
light further suggest preserved medial collagen (M) and adventitial collagen deposition (N)
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in the DFS group. Statistically significant difference between groups denoted as * overbar
for p<0.05.
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Figure 4:
Remodeling of the airways following 8 weeks of daily DFS inhalation increases the

Newtonian resistance. Mice exposed to DFS exhibit larger respiratory system resistance
(Rrs) than air controls when ventilated at or above 9.5 Hz and 1 cmH;0 Ppegp (A). NO
difference in reactance (X,5) emerges between the two groups at any frequency and 1
¢MH20 Ppeep (B). Solid lines superimposed to real (A) and imaginary (B) components

of impedance rely on best-fit parameters for the constant phase model in Equation 6,

as estimated from group average data. Fitting the constant phase model to individual
impedance data at 1 cmH,0 Ay, further provided within-group variability for parameters
R, H, and G, alongside the derived metric 7. Exposure to DFS augments airway
resistance (C) but preserves the coefficient of tissue elastance (D), the coefficient of

tissue resistance (E), and therefore lung tissue hysteresivity (F). Morphological analysis of
Movat’s pentachorme stained airway (G—H) and parenchyma (1-J) tissues reveals airspace
enlargement (K) as well as thickening of epithelial cell-laden airways (L) and alveolar septa
(M) following DFS exposure. Statistically significant difference between groups denoted as
* overbar for p<0.05.
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Table 1:

WLFFs are expected to experience a weighted average PM mass deposition rate per shift hour (s,,,) of 0.42

mg/hr.

HR'  fi mv/ TVv/  RRI  dep; i,
Beats/min - L/min L Breaths/min - mg/hr
<100 0.37 21.2 11 19.1 0.321 0.077
100-120  0.25 322 14 23.4 0.327 0.081
120-140  0.20 49.0 1.7 29.2 0.338 0.101
140-160  0.12 74.6 2.0 37.1 0.342  0.094
160-180 0.04 1135 24 48.2 0.350  0.049
2180 001 1728 2.7 63.5 0.349 0.018

A typical shift is partitioned into segments by heart rate (A#) and corresponding ventilation parameters (minute volume MV tidal volume 7V,
respiration rate RR). Applied weights are relative shift segment lengths expressed as fractions of the entire shift duration ( f,). Deposition fractions

(depy) as predicted from dosimetry modeling (see Supplementary Material). Index /sweeps through the activity levels. Note, all calculations

assume constant PM concentration of C = 0.51 mg/m3 throughout the shift.
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Exposure parameters that yield equivalent deposited mass per unit of surface area in the LRT of mice and

WLFFs.
WLFF
PM concentration Cw mg/m?3 0.51 A
Deposited PM mass per hour  ng,, »r  mg/hr 0.42
Cumulative exposure hours tw hrs 3600
Hours per shift 1, hrs 10.3-136 AB
Shifts per year n days 49 -98 A
Years of service years 3-7
Lung surface area SAy m2 67.5 c
Mouse
PM concentration Cu mg/m?3 22
Deposited PM mass per hour  ng,, »,  mg/hr 0.0126
Cumulative exposure hours thm hrs 80
Exposure hours per day hrs 2
Exposure days per week days 5
Weeks of exposure weeks 8
Lung surface area SAy m? 0.0454 D

A

Navarro et al. (2019);
B

Adetona et al. (2011);
C,

Yeh & Schum (1980);

DAsgharian et al. (2014).

Note, dosimetry calculations for both species sweep the range of particle sizes in DFS (Fig. 2, D). Also, the fraction of inhaled mass that deposits
in LRT of WLFFs varies during a shift depending on MV/(dep; »; Table 1), while dep;. ,, = 0.354 in mice assuming the same A7V throughout

exposure.
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Table 3:

Expiratory braking decreases breathing frequency but preserves tidal volume in mice exposed to WFS,
compared with baseline conditions when inhaling air.

RR TV MV 1 e, T s,

breaths/min mL mL/min ms ms ms ms

Air (baseline) 404 +8 0.30+£0.02 122+8 65+3 84+4 - -

DFS 83 +10* 0.34+£0.05 27+4* 107+5* 119+21 508+118 99+10

RR: respiratory rate, T'V: tidal volume, M V': minute volume, ¢,: inspiration time, ¢ expiration time, #: hold.
Subscripts 1 and 2 further differentiate between the first and second expiratory periods, if present.

Statistically significant difference between groups denoted as * for p< 0.05.
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