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Respiratory problems are common among wildland fire-
fighters. However, there are few studies directly linking oc-
cupational exposures to respiratory effects in this population.
Our objective was to characterize wildland fire fighting occu-
pational exposures and assess their associations with cross-
shift changes in lung function. We studied 17 members of the
Alpine Interagency Hotshot Crew with environmental sampling
and pulmonary function testing during a large wildfire. We
characterized particles by examining size distribution and
mass concentration, and conducting elemental and morpho-
logical analyses. We examined associations between cross-
shift lung function change and various analytes, including lev-
oglucosan, an indicator of wood smoke from burning biomass.
The levoglucosan component of the wildfire aerosol showed
a predominantly bimodal size distribution: a coarse particle
mode with a mass median aerodynamic diameter about 12 um
and a fine particle mode with a mass median aerodynamic
diameter < 0.5 um. Levoglucosan was found mainly in the res-
pirable fraction and its concentration was higher for fire line
construction operations than for mop-up operations. Larger
cross-shift declines in forced expiratory volume in one second
were associated with exposure to higher concentrations of res-
pirable levoglucosan (p < 0.05). Paired analyses of real-time
personal air sampling measurements indicated that higher
carbon monoxide (CO) concentrations were correlated with
higher particulate concentrations when examined by mean
values, but not by individual data points. However, low CO
concentrations did not provide reliable assurance of con-
comitantly low particulate concentrations. We conclude that
inhalation of fine smoke particles is associated with acute

lung function decline in some wildland firefighters. Based on
short-term findings, it appears important to address possible
long-term respiratory health issues for wildland firefighters.
[Supplementary materials are available for this article. Go to
the publisher’s online edition of Journal of Occupational and
Environmental Hygiene for the following free supplemental
resources: a file containing additional information on histor-
ical studies of wildland fire exposures, a file containing the
daily-exposure-severity questionnaire completed by wildland
firefighter participants at the end of each day, and a file con-
taining additional details of the investigation of correlations
between carbon monoxide concentrations and other measured
exposure factors in the current study. ]

Keywords  occupational lung disease, exposure assessment, lev-
oglucosan

Address correspondence to: Jean Cox-Ganser, Division of
Respiratory Disease Studies, National Institute for Occupational
Safety and Health, 1095 Willowdale Road, MS 2800, Morgantown,
WYV 26505; e-mail: Jcoxganser@cdc.gov

INTRODUCTION

ccording to wildland fire statistics collected by the U.S.
Government, the number and intensity of fires has grown
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over the past decades with approximately 6 million acres
being destroyed in an average North American wildland fire
season.!) The year 2012 involved extremely arid conditions
(i.e., the worst drought since 1934) and 9.3 million acres
burned in wildfires (http://www.ncdc.noaa.gov/). The growing
annual extent and intensity of these fires spurs increasing
concern for the respiratory health of wildland firefighters,
including the more than 34,000 who are seasonally or per-
manently employed by the federal government. Studies exam-
ining respiratory symptoms, pulmonary function, and inflam-
matory markers in wildland firefighters have found increases in
upper and lower airways inflammation and symptoms, airways
hyper-responsiveness, and declines in lung function across a
work shift and a season.?™®

The chief inhalation hazards associated with wildland fire
fighting have been identified as carbon monoxide (CO) and
respirable particulate matter (<10 pm).5313 Pyrolysis of
organic components may increase the potency and or toxicity
of particulate by producing radical and oxygenated species.
Oxygen free radicals are highly reactive and have been im-
plicated in lung injury, including asthma.!'¥ Measurement of
levoglucosan (LG), a sugar anhydride byproduct of incomplete
combustion of cellulose, may be used to indicate relative
exposure to products of pyrolysis from burning biomass.!>

While general observational information exists on adverse
health effects and exposures associated with wildland fire
fighting, studies directly linking respiratory function and ex-
posure characteristics are lacking. Therefore, the objectives
of our current study were to characterize exposures of wild-
land firefighters during a large wildfire, explore correlations
between exposures and fire fighting activity, and examine the
effects of these exposures on cross-shift lung function changes.
Our secondary objective was to support improved selection of
sampling methods for future studies.

METHODS

Study Population

The study population consisted of members of the Alpine
Interagency Hotshot Crew (IHC) based in Rocky Mountain
National Park, Colorado, who fought the Red Eagle Fire from
August 7-10, 2006 (Table I). The Red Eagle Fire burned over
34,000 acres in Glacier National Park and on the adjoining
Blackfeet Tribal Land in Montana. IHCs are elite crews that
primarily conduct fire-line construction using hand tools dur-
ing the most dangerous phases of wildfire suppression. Fire
line construction involves clearing vegetation and exposing
bare soil by cutting, scraping, or digging to create a break in
fuel. IHCs also engage in mop-up operations, which involve
extinguishing or removing burning material along or near a fire
line after the fire has been controlled. Each crew comprises
20 members. Jobs include: “Lead workers” who oversee all
crew operations; “Sawyers” who are the chainsaw operators
who clear the way for fire line construction; “Swampers” who
shadow the Sawyers, removing the fallen debris; and “Line
workers” who construct the fire line.

592 Journal of Occupational and Environmental Hygiene

TABLE I. Characteristics of Interagency Hotshot
Crew (IHC) Study Participants

Study Participants
Variable n=17
Median age, years 26 (23,354
Median time spent as member 1(1, 124
of IHC, months
Male n,% 16, 94%
White, non-Hispanic n,% 16, 94%
Never smoker n,% 15, 88%
Former smoker n,% 2,12%
Asthma, physician-diagnosed 1, 6%
(current) n,%
Allergies (ever) n,% 9,53%

Spirometry Results?
e Median FEV % predicted
e Median FVC% predicted
e Median FEV,/FVC

104 (86, 115)*
104 (91, 1254
0.80 (0.73, 0.87)*

Ao, 90t percentiles).
BSpirometry values obtained at first pre-shift assessment.

The study protocol was approved by the NIOSH Human
Subjects Review Board and informed consent was obtained
from each research participant.

Medical Survey

Demographic and clinical variables for the crew members,
as well as baseline spirometry measurements, were obtained
during a preseason assessment conducted several months be-
fore the Red Eagle Fire; those results have been reported.®

Exhaled Breath Carbon Monoxide

Exhaled breath CO was measured twice daily—approxima-
tely one hour before the work shift began and one hour after
the shift concluded—on each participant using a breath CO
monitor according to the manufacturer’s instructions (Micro 4
Smokerlyzer, Bedfont Scientific, Medford, N.J.). The elapsed
time between the end of shift and the measurement of exhaled
breath CO was recorded for each subject. The elapsed time
provided for washout of residual inhaled CO from the lung vol-
ume. The medical monitoring location was situated at the base
camp, at a location away from cooking, parking, and portable
generator areas to avoid interference from local sources of CO.
Ambient CO concentration was measured at the base camp
where the pre-/post-shift exhaled breath measurements were
obtained.

Spirometry

Spirometry was conducted twice daily, immediately fol-
lowing exhaled breath CO measurement, on each participant.
Technicians who had completed a NIOSH-approved spirome-
try course followed American Thoracic Society (ATS)
guidelines'® using an ultrasonic flow spirometer (EasyOne
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Diagnostic Spirometry System 2001, ndd Medical Technolo-
gies, Zurich, Switzerland).

We used equations for predicted values and lower limits of
normal derived from the Third National Health and Nutrition
Examination Survey (NHANES III) data.!” We defined an
individual cross-shift forced expiratory volume in 1 sec (FEV )
decline of 10% or greater as significant;'® we also examined
declines of 5% or greater. We followed ATS procedure by
inquiring about current medications, but we did not ask par-
ticipants to abstain from using their medications, given safety
concerns.

Exposure Questionnaire

Participants were asked daily, at the shift’s conclusion,
what job duties they had performed and to rate the sever-
ity (none, mild, moderate, or severe) and duration of his
or her exposure to smoke and his or her exposure to dust
during the preceding shift. Because use of the qualitative terms
“none,” “mild,” “moderate,” and “severe” is subjective, our
instructions to the subjects were that they should base their
responses on their individual perception of the smoke and dust
conditions.

Exposure Assessment

Details on each environmental sampling method and as-
sociated instrumentation used in the assessment of exposure
are provided in Table II. For each of the four days, each crew
member agreed to wear a real-time (RT) personal breathing
zone CO monitor (Industrial Scientific Corporation, Oakdale,
Pa.) and one of the following samplers: a filter cassette with a
10-mm nylon respirable cyclone to measure respirable partic-
ulate concentration and either respirable LG concentration or
respirable crystalline silica concentration; a personal cascade
impactor to measure particle size distribution, total concentra-
tions of particulates and LG, and respirable concentrations of
particulates and LG; or a personalDataRAM (pDR) monitor
(Thermo Scientific Corporation, Franklin, Mass.) to measure
RT particulate in the size range of 0.1 to 10 pm.

The CO monitor was calibrated in the field using a certified
canister of 100 ppm CO. The personalDataRAM was factory-
calibrated annually, which provided an initial qualitative mea-
sure for use in side-by-side sampling with a filter/cyclone
combination in the field. Because personalDataR AM response
is dependent on the size distribution and refractive index of
the particles sampled, sampling response to field aerosols are
likely to be different from the response to calibration aerosols
used at the factory. Samplers were worn for the duration of the
work shift.

Arrays of the above-identified instrumentation, along with
a closed-face cassette for total particulate sampling and a filter
cassette with a 10-mm nylon respirable cyclone to collect
samples for EC/OC analysis, were positioned 1.3 m above
the ground in sampling “baskets” adjacent to the fire line and
at the base camp (located approximately five miles from burn
activity) to collect area samples for the duration of the work

Journal of Occupational and Environmental Hygiene

shift. Each basket also included an open-face cassette that was
activated for a 1-hour period during the shift to collect particles
for elemental analyses by energy dispersive x-ray analysis
(EDX) and for morphological analyses by scanning electron
microscopy (SEM). Closed-face versions of the filter cassettes
were selected for collection of the total particulate samples
to minimize unwanted collection of inertially dispersed debris
such as chainsaw cuttings; open-face versions of the filter
cassettes were selected for the shorter-term collection of a
more uniformly distributed array of particles on the filter for
microscopic examination.

Sample analyses for LG and for elemental particle composi-
tion and morphology were performed at the National Institute
for Occupational Safety and Health (NIOSH); all other analy-
ses were performed at a contract laboratory accredited by the
American Industrial Hygiene Association (AIHA®).

Statistical Methods

Descriptive statistics were calculated for demographic and
clinical variables, as well as for self-reported smoke expo-
sures over the shift immediately preceding the medical as-
sessment. Crew members’ breathing zones were sampled, and
their results were analyzed according to job (Lead worker,
Line worker, Sawyer, or Swamper) and operation (fire line
construction or mop-up).

The airborne concentration and aerodynamic size distribu-
tion of particulate mass were determined for each personal
cascade impactor sample. Composite values of mass concen-
tration as a function of particle size were calculated as averages
for each stage across all samples. The concentration of the
respirable fraction of particulate mass was calculated using
standard cascade impactor correction factors.('”) The airborne
concentration and aerodynamic size distribution of LG were
determined from the personal cascade impactor samples. LG
respirable concentrations were also determined from the res-
pirable cyclone samples.

The geometric mean (GM) concentration and geometric
standard deviation (GSD) of the concentration distribution
were calculated for each analyte. Concentration values below
the limit of detection (LOD) were treated using the maximum
likelihood estimation method, consistent with conventional
practice following a review of the data’s distribution.?” One-
way and multifactor analysis of variance techniques were used
to compare mean values of log-transformed analyte concen-
trations by job, operation, and location. Spearman correlation
coefficients were calculated to examine associations between
paired RT CO and RT particulate concentrations (for both
time-weighted average (TWA) and individual 1-min interval
values). Spearman correlations were also examined for asso-
ciations between TWA CO and the following analytes: TWA
total particulate concentrations, TWA respirable particulate
concentrations (for both impactor and cyclone samples), LG
(total and respirable), and organic carbon.

Mean cross-shift changes in FEV| (AFEV ) and in exhaled
breath CO (ACO) were investigated using paired difference
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TABLE lll. Personal Concentration Results by Job

Analyte? Job N GM GSD MIN MAX
Particulate, Total-Impactor (mg/m?) Lead 1 1.16 N/AB N/A N/A
Line 9 1.99 1.51 0.92 3.12
Sawyer 3 2.80 1.55 1.71 3.93
Swamper 3 2.27 1.28 1.78 2.93
Particulate, Respirable-Impactor (mg/m?) Lead 1 0.88 N/A N/A N/A
Line 9 0.35 1.58 0.20 0.72
Sawyer 3 0.41 1.87 0.22 0.78
Swamper 3 0.40 1.23 0.33 0.49
Particulate, Respirable-Cyclone (mg/m?) Lead 2 0.14 1.33 0.11 0.17
Line 13 0.33 2.49 0.13 2.18
Sawyer 7 0.52 1.96 0.27 2.07
Swamper 7 0.69 1.59 0.27 1.03
Particulate-Real-time (mg/m?)¢ Line 10 0.60 1.60 0.29 1.49
Sawyer 2 1.68 1.48 1.27 2.22
Swamper 1 1.40 N/A N/A N/A
Carbon monoxide (ppm) Lead 7 0.58 1.23 0.50 0.83
Line 36 0.67 1.52 0.50 2.83
Sawyer 12 8.19 1.64 4.15 16.5
Swamper 12 6.24 1.71 2.51 14.6
Levoglucosan, Total-Impactor (ug/m?) Lead 1 0.65 N/A N/A N/A
Line 8 3.04 2.41 1.43 20.4
Sawyer 3 1.31 2.70 0.61 4.02
Swamper 3 2.66 3.06 0.75 6.20
Levoglucosan, Respirable-Impactor (ug/m?) Lead 1 0.38 N/A N/A N/A
Line 8 1.48 3.66 0.22 18.8
Sawyer 3 0.50 3.48 0.22 2.12
Swamper 3 0.92 2.83 0.30 2.42
Levoglucosan, Respirable-Cyclone (j1g/m?) Lead 1 0.22 N/A N/A N/A
Line 8 1.25 4.35 0.36 21.6
Sawyer 2 0.21 1.01 0.21 0.21
Swamper 3 3.24 3.73 0.71 7.08

Note: GM = geometric mean.
GSD = geometric standard deviation.

AResults for crystalline silica were below the minimum quantifiable concentration of 0.025 mg/m? and are not tabulated.

BN/A indicates not applicable for single value.
CNo RT measurement obtained for lead worker.

Student t-tests. We used the MIXED procedure for repeated
measures with a first-order autoregressive correlation structure
(SAS software version 9.1, SAS Institute Inc., Cary, N.C.) to
examine univariate and multivariate associations between indi-
vidual AFEV| and several predictor variables, some of which
were categorized by distributional tertiles (including total par-
ticulate concentration, respirable particulate concentration as
measured by impactor, respirable particulate concentration
as measured by cyclone, total LG concentration, respirable
LG concentration as measured by impactor, and peak dust
exposure). Similar univariate and multivariate associations
were examined between exhaled breath ACO and the above-
noted predictor variables.

Respirable LG concentration, as measured by filtration
following a 10-mm respirable cyclone, and RT TWA particu-

Journal of Occupational and Environmental Hygiene

late concentration each had distinct bimodal distributions and
were categorized accordingly. Specifically, participants with
values of respirable LG concentration exceeding 1 pg/m? were
classified as having high LG exposure. Similarly, participants
with values of RT TWA particulate concentration exceeding
1 mg/m> were classified as having high RT TWA particulate
exposure. High peak RT particulate concentration (defined as
one or more peaks greater than 10 mg/m?) was also analyzed.
We additionally examined age, a history of allergies, and pre-
season FEV . Heterogeneities in the cohort were insufficient
to support analyses of relationships involving race/ethnicity,
gender, and smoking.

For individuals with more than one measurement for a
specific analyte, categorization was based on the average of the
measured values. For all analyses, we considered two-sided
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TABLE IV. Personal Concentration Results by Crew Operation

Crew Operation” N GM GSD MIN MAX
Particulate, Total-Impactor (mg/m?) Fire line construction 8 2.28 1.43 1.16 3.93
Mop-up 3 1.86 1.88 0.92 3.12
Particulate, Respirable-Impactor (mg/m?) Fire line construction 8 0.45 1.62 0.24 0.88
Mop-up 3 0.38 1.92 0.20 0.72
Particulate, Respirable-Cyclone (mg/m?) Fire line construction 14 0.49 2.59 0.11 2.18
Mop-up 8 0.51 1.96 0.17 1.14
Particulate-Real-time (mg/m?) Fire line construction 7 1.04 1.93 0.29 2.22
Mop-up 5 0.51 1.21 0.42 0.68

Carbon monoxide (ppm) Fire line construction 34 1.93 3.84 0.50 16.5
Mop-up 16 1.24 3.06 0.50 6.64

Levoglucosan, Total-Impactor (ug/m?) Fire line construction 8 3.64 2.67 0.65 204
Mop-up 2 1.13 1.79 0.75 1.70

Levoglucosan, Respirable-Impactor (xg/m?) Fire line construction 8 1.88 3.07 0.38 18.8
Mop-up 2 0.26 1.25 0.22 0.31

Levoglucosan, Respirable-Cyclone (ug/m?) Fire line construction 7 2.59 5.20 0.36 21.6
Mop-up 4 0.28 1.75 0.21 0.64

Note: GM = geometric mean; GSD = geometric standard deviation.

ADecreased sample numbers attributable to exclusion of day where crew split its time between fire line construction and mop-up.

p < 0.05 as indicating statistical significance and two-sided
p > 0.05 but p < 0.10 as indicating borderline statistical
significance.

RESULTS

f the 20 members of the Alpine IHC, 18 were on active
assignment with the crew during the time of the Red
Eagle Fire. All 18 participated in the environmental measure-

TABLE V. Area Concentration Results by Location

ment portion of the study and 17 of them (94%) participated in
the medical portion of the study (Table I). Participants had
a median age of 26 years, and were primarily Caucasian,
non-Hispanic males (94%). Approximately 12% were former
smokers and about 88% had never smoked. Nearly 53% re-
ported having allergies and one participant reported current
physician-diagnosed asthma. Median pulmonary function val-
ues obtained at the first pre-shift assessment were about 104%
of predicted.

Analyte!? Location N GM GSD MIN MAX
Particulate, Total-Impactor (mg/m?) Base camp 2 0.27 1.27 0.22 0.31
Fire line 5 0.66 1.82 0.41 1.85
Particulate Total-Cassette (mg/m?) Base camp 2 0.14 1.01 0.14 0.14
Fire line 5 0.53 2.16 0.19 1.48
Particulate, Respirable-Impactor (mg/m?) Base camp 2 0.13 1.15 0.12 0.14
Fire line 5 0.35 2.23 0.16 1.29
Particulate, Respirable-Cyclone (mg/m?) Base camp 4 0.09 1.50 0.06 0.15
Fire line 10 0.27 2.98 0.03 0.99
Particulate-Real-time (mg/m?) Base camp 2 0.38 1.10 0.35 0.41
Fire line 3 0.59 2.77 0.19 1.31
Carbon monoxide (ppm) Base camp 2 1.16 1.16 1.08 1.23
Fire line 4 2.72 1.90 1.30 6.18
Levoglucosan, Respirable-Cyclone (ug/m?) Base camp 2 0.39 1.13 0.36 0.43
Fire line 5 4.99 7.19 0.27 32.9
Organic Carbon, Respirable-Cyclone (mg/m?) Base camp 2 0.07 1.02 0.07 0.07
Fire line 5 0.24 2.27 0.07 0.71

Note: GM = geometric mean; GSD = geometric standard deviation.
AResults for elemental carbon are not tabulated because only one value from a cyclone sample taken at the fire line was at the minimum detectable concentration
(MDC) of 0.01 ug/m3, and all other values were below that concentration.

BResults for crystalline silica were below the MDC of 0.005 mg/m? and are not tabulated.
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Exposure Assessment

A total of 125 personal and 53 area air samples were col-
lected during fire line construction (two full days and one half
day) and mop-up operations (one full day and one half day).
The average duration of the work shift was 12 hr. GM and GSD
analyte concentrations from personal samplers are listed by job
and crew operation in Tables IIl and IV, respectively. However,
concentration means for the day when the crew split its time
between fire line construction and mop-up operations are not
reported in Table IV. GMs and GSD analyte concentrations
from area samplers are reported by location in Table V.

Particle Size Distribution

Results of particle size distributions assessed using data
from 13 personal impactor samples are illustrated in Figure 1.
Figure 1A shows the mass-based distribution as a function of
particle size. Wildfire smoke particles were present in all size
ranges from smaller than 0.52 um to greater than 21.3 um.
Note that airborne particle mass is mostly associated with
larger particles, while the levoglucosan component of the
wildfire smoke aerosol showed a primarily bimodal size dis-
tribution: a coarse particle mode with an MMAD greater than
15 pum and a fine particle mode with an MMAD less than
0.5 um. When examined by percent mass, nearly half the
particulate collected (44%) was found on the first stage of the
impactor (in the very coarse range with effective cutoff diam-
eter of 21.3 pum). The second largest percent mass collected
(13%) was found on the backup filter of the impactor (in the
ultrafine range with cutoff diameter < 0.52 um). Figure 1B
shows the distribution of airborne LG by particle size fractions.
The largest mass fraction was found on the first stage of the
impactor making up 27% of the total mass collected. However,
nearly two-thirds of the levoglucosan collected (71%) was
found in the respirable range.

Elemental and Morphological Analyses

The particulate profiles based on EDX and SEM techniques
created from seven filter cassette samples obtained at the
base camp and fire line revealed three distinctive types of
particles: a crystal-like particle comprising mainly titanium,
iron, and aluminum silicate (Figure 2A) (other similarly con-
figured particles also showed lead, calcium, and/or magne-
sium); a spherical, tar-like particle containing mainly carbon
(Figure 2B); and particles with an aggregate configuration
of many tar-like particles (Figure 2C). There was no ob-
served difference in the composition or type in the samples by
location.

Total and Respirable Particulate Concentrations
Assessment of personal particulate concentration using data
from 16 impactor samples and 29 cyclone samples showed that
GMs for total particulate concentration did not vary signifi-
cantly by job or crew operation. The GM for the respirable
particulate portion of the impactors for all operations was
0.39 mg/m?® (18% of total particulate). Although the only
impactor measurement of total particulate exposure to Lead
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FIGURE 1. Normalized personal cascade impactor particle size
distributions for (a) airborne particle mass and (b) airborne lev-
oglucosan. Note that airborne particle mass is mostly associated
with larger particles, while airborne levoglucosan is bimodally
distributed.

workers (who are responsible for supervision) appeared lower
than exposures to the workers who are engaged in direct
cutting, digging, and other fire line construction activities, the
respirable fraction of that Lead worker’s exposure measured
by impactor was higher (0.88 mg/m?®) than those of the Line
workers (0.35 mg/m?), Sawyers (0.41 mg/m?), and Swampers
(0.40 mg/m?), and, overall, the respirable particulate concen-
trations from the impactors did not vary significantly by job or
crew operation.

Respirable particulates as measured by cyclone, however,
were found to vary by job, ranging from a GM of 0.14 mg/m>
for Lead workers, to a GM of 0.33 mg/m3 for Line workers,
to a GM of 0.69 mg/m? for Swampers. The influence of work
type (e.g., Lead workers being involved in supervision versus
other workers being directly involved in fire line construction)
was reflected in the significantly higher respirable particulate
concentrations that were observed for Swampers compared
to Lead workers (GM = 0.14 mg/m3) (p < 0.05) and Line
workers (GM = 0.33 mg/m?) (p < 0.05). Respirable partic-
ulate concentrations were also significantly higher for Sawyers
(GM = 0.52 mg/m®) than for Lead workers (p < 0.05).
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Respirable particulate concentration as measured by cyclone
did not vary significantly by crew operation.

Area respirable particulate concentration, as assessed using
data from 14 cyclone samples, did not differ by location. The
value of one sample obtained at a sampling rate of 1.7 L/min for
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Relative Intensity
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FIGURE 2. Elemental Particle Profile and Electron Micrograph
of Particles: (a) samples obtained at base camp indicate a crystal-
like particle comprised mostly of titanium, aluminum silicate, and
iron; (b) samples obtained at the fire line revealed a spherical, tar-
like particle containing mainly carbon; and (c) and other samples
obtained at the fire line appear to have an aggregate configuration
of many tar-like particles. The gold (Au) and palladium (Pd)
peaks are from the sputter coating on the samples and are
not constituents of the particles. The active diameter of EDX
interrogation was approximately 1 um and particle composition
did not appear to vary with beam location on particle surface.
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344 min during a digging operation was below the minimum
detectable concentration (MDC) of 0.05 mg/m?, based on
an analytical LOD of 30 ug per sample. Total particulate
concentration, as measured by cassette samples, was higher
at the fire line (GM = 0.53 mg/m?) than at base camp (GM
= 0.14 mg/m?). However, this difference was only marginally
significant (p = 0.07).

Real-time Particulate Concentrations

There were 7908 1-min interval data points from 13 per-
sonal RT particulate samplers. RT particulate concentration
varied by crew operation. The TWA RT particulate concen-
tration during fire line construction (GM = 1.04 mg/m?) was
significantly higher than during mop-up operations (GM =
0.51 mg/m*) (p < 0.05). RT particulate concentration also
differed by job, being significantly higher for Sawyers (GM =
1.7 mg/m?®) than for Line workers (GM = 0.60 mg/m?) (p <
0.05). There were 2,431 1-min interval data points from five
area RT particulate samplers. RT particulate concentration did
not vary by location.

Personal particulate concentrations exceeded 1 mg/m?® 1707
times (i.e., during 21% of all measured intervals) (n = 10
participants); 5 mg/m? 211 times (2.6%) (n = 10 participants),
and 10 mg/m3 62 times ( < 1%) (n = 6 participants). Area
particulate concentrations exceeded 1 mg/m?> 434 times (25%)
(5 samples), 5 mg/m3 23 times (1.1%) (1 sample), and 10 rng/m3
6 times ( < 1%) (1 sample).

Carbon Monoxide Concentrations

There were 45,035 1-min interval data points from 67
personal CO samples. Mean values differed by job. The CO
concentrations for Swampers (GM = 6.24 parts per million
(ppm)) and Sawyers (GM = 8.19 ppm) were significantly
higher than those for Line workers (GM = 0.67 ppm) (p <
0.001) or Lead workers (GM = 0.58 ppm) (p < 0.001).
Mean CO concentrations did not differ significantly by crew
operation.

There were 3330 1-min interval data points from six area
CO samplers. Mean values did not differ significantly by
location. TWA CO values never exceeded the NIOSH recom-
mended exposure limit (REL) of 35 ppm or the Occupational
Safety and Health Administration (OSHA) permissible expo-
sure limit (PEL) of 25 ppm. Nine personal samples, including
eight Sawyers or Swampers, exceeded the NIOSH ceiling
exposure limit of 200 ppm from one to four times during
his or her shift.

Levoglucosan (LG) Concentrations

Results of LG concentration analyzed with data from 29
personal samples (15 samples by cascade impactor and 14
samples by cyclone) showed no differences by job or crew
operation for personal total LG concentration. Respirable LG
concentrations as measured by impactor differed by crew
operation, being significantly higher for fire line construction
(GM = 1.88 pg/m?) than for mop-up (0.26 ng/m?) (p < 0.05).
Values from three cyclones were below the MDC of 0.4 pg/m?
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for 8-hr samples collected at 1.7 L/min based on an analytical
LOD of 0.3 ug LG per sample.

The GM concentration of LG in the respirable particu-
late as measured by cyclones was 1.05 ug /m?. Similar to
the estimates from the respirable particulate portion of the
impactor samples, concentrations obtained from the cyclone
samples differed by crew operation; concentrations for fire line
construction (GM = 2.59 pug/m?) being significantly higher
than those for mop-up (GM = 0.28 ug/m?) (p < 0.05). Mean
LG concentrations as measured by cyclone, also differed by
job; concentrations for Swampers (GM = 3.24 pg/m?) being
significantly higher than for Sawyers (0.21 ug/m?) (p < 0.05).

Analyses of respirable LG concentrations obtained from
seven area cyclone samples showed that median respirable
LG concentration appeared much higher in samples obtained
from the fire line (GM = 4.99 pug/m3, GSD = 7.19 pug/m?)
than base camp (GM = 0.39 ug/m?, GSD = 1.13 pug/m?).
However, this difference was not statistically significant. The
value of one cyclone sample obtained from the fire line area at
a sampling rate of 1.7 L/min for 344 min was below the MDC
of 0.54 ug/m? for LG, based on an analytical LOD of 0.3 ug
per sample.

Crystalline Silica Concentrations

Analyses of concentrations of respirable crystalline silica
obtained from 15 personal and 7 area samples showed that
neither tridymite nor cristobalite was detected in any samples.
None of the area samples and only three of the 15 personal
samples (14%) were found to have quartz concentrations above
the MDC of 0.005 mg/m? for an 8-hr sample collected at 1.7
L/min based on an analytical LOD of 4 g per sample. None
of the detected values exceeded the minimum quantifiable
concentration of 0.025 mg/m? for an 8-hr sample. Thus, no
concentrations exceeded either the American Conference of
Governmental Industrial Hygienists (ACGIH®) threshold limit
value (TLV) of 0.025 mg/m3 or the NIOSH REL of 0.05 mg/m3
for crystalline silica.

Elemental Carbon/Organic Carbon Concentrations

GM concentration of organic carbon obtained from seven
area samples was 0.17 mg/m>. Although the geometric mean
concentration of respirable airborne organic carbon measure
at the fire line location (0.24 mg/m®) was greater than the
geometric mean concentration measured at the base camp
(0.07 mg/m?), the difference by location was not significant.
All but one of the seven values for elemental carbon were below
the minimal detectable concentration (MDC) of 0.01 mg/m3
for an 8-hr sample collected at 1.7 L/min based on an analytical
LOD of 6 ug elemental carbon per sample; the detectable
sample value was at the MDC.

Investigation of Correlations Between CO
Concentrations and Other Measured Exposure Factors
Paired analyses of RT personal air sampling measurements
indicated that higher TWA CO concentrations were corre-
lated with higher particulate concentrations when examined
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FIGURE 3. Correlation between paired real-time full-shift time-
weighted average concentrations of CO and particulate (0.1 to
10 um, as measured by personalDataRAM), stratified by job. Line
worker (#) (eight paired observations); Sawyer (m) (two paired
observations); and Swamper (e) (one paired observation). (color
figure available online)

by mean values. However, this was not the case when values
for each analyte were low (Figure 3). Moreover, we did not
observe a similar relationship between CO and particulate
concentrations when examined by individual data points. In
multifactor analysis, TWA CO was associated with job (p <
0.001) and crew activity (p < 0.01). Specifically, Sawyers
had the highest TWA CO (regression estimate: 9.0, 95% CI:
7.34-10.6 ppm), followed by Swampers (regression estimate:
5.90, 95% CI: 4.59-7.20 ppm), and Line workers (regression
estimate: —0.00, 95% CI:-0.66, 0.65 ppm). Digging line pro-
duced the highest mean TWA CO concentrations (regression
estimate: 6.09, 95% CI: 5.17, 7.00 ppm), followed by mop-
up (regression estimate: 4.84, 95% CI: 3.57, 6.12). Additional
information about investigated correlations is provided in the
supplemental material section.

Exposure Questionnaire Responses

A total of 68 questionnaire responses regarding the severity
of smoke exposure and the severity of dust exposure during
the preceding shift were obtained from the 17 participants
over the course of four days. Regarding smoke exposure,
day-one responses comprised two “no” smoke exposures, 14
“mild” exposures, and one “moderate” exposure; day-two
responses comprised nine “no smoke” exposures, seven “mild”
exposures, and one “moderate” exposure; day-three responses
comprised three “no” smoke exposures and 14 “mild” expo-
sures; and on day four, all 17 participants reported “no” smoke
exposure. No “severe” smoke exposures were reported for any
of the study days.

Regarding dust exposure, day-one responses comprised one
“no” dust exposure, 10 “mild” exposures, and six “moderate”
exposures; day-two responses comprised two “no” dust expo-
sures, 10 “mild” exposures, and five “moderate” exposures;
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day three responses comprised one “no” dust exposure, 12
“mild” exposures, and four “moderate” exposures; and on
day four there were two responses of “no” dust exposure,
five responses of “mild” dust exposure, and 10 responses of
“moderate” dust exposure. No “severe” dust exposures were
reported at any time.

Based on questionnaire responses, the median time spent in
smoke during the preceding shift was 25 minutes min (range 0,
10 hr) and the median time spent in dust during the preceding
shift was four hours (range 0, 10).

Medical Survey
Exhaled Breath Carbon Monoxide

The pre-shift exhaled breath CO level was 1.8 ppm and
the mean post-shift level was significantly higher at 3.2 ppm
(p < 0.001). Paired mean post-shift exhaled breath and per-
sonal TWA CO concentrations from the same shift and crew
members were moderately correlated within firefighters (r =
0.54) (p < 0.001). In univariate analysis, exhaled breath ACO
was significantly associated with TWA CO concentrations
(regression estimate: 0.31, 95% CI: 0.10, 0.50). However, this
association ceased to be significant after adjusting for job and
crew activity (p < 0.10). No other analytes were found to be
associated with exhaled breath CO.

Spirometry

A total of 67 sets of individually paired pre-shift and post-
shift spirometry tests were available for analysis. One indi-
vidual declined to participate in one post-shift session. The
mean AFEV| was a 0.045 L decline (p = 0.08). Cross-shift
spirometry results were previously reported.®

One participant experienced a 16% AFEV, decline over
the first day of testing. His FEV| returned to his baseline
value which was within the normal range on the evening
of the second day of testing, but he experienced a greater
than 9% AFEV, decline over the third day of testing. Five
other participants, two of whom were Swampers, experienced
a AFEV, decline between 5% and 10% at least once dur-
ing the observation period. One participant experienced de-
clines of this magnitude on three separate days, another on
two separate days, and three on only one day during the
study period. These six individuals ranged in age from 24
to 36 years (mean age 31), one had a history of asthma, and
most (5/6) reported a history of allergies. They reported mild
or no smoke exposure over the preceding shift on the days that
they experienced the AFEV| declines. However, as we note in
the Discussion section this subjective and qualitative descrip-
tion may underestimate the true exposure these individuals
experienced.

The mean cross-shift AFEV, was a decline of 0.05 L
(p = 0.08). However, univariate analysis by distributional
tertiles of age revealed an age-related trend in this change
(p < 0.01), with mean AFEV, values for participants ages 24
and younger, ages 25 to 29, and ages 30 and older, respectively,
being an increase of 0.02 L, a decline of 0.08 L, and a decline
of 0.10 L. Also in univariate analysis, AFEV; decline was
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TABLE VI. Cross-shift Decline in FEV; (mean es-
timate in liters followed by 95% CI) Based on Uni-
variate and Multivariate Analyses of Levoglucosan
Exposure, Job, and Crew Operation

Unadjusted decline Adjusted? decline

Variable in FEV; (L) in FEV, (L)
Levoglucosan®
e High 0.23 (0.02, 0.44)  0.25 (0.02, 0.48)
concentration
o Low 0.02 (—0.10, 0.09) 0.05 (—0.05, 0.16)
concentration
Job
e Line 0.03 (—0.04,0.11) 0.06 (—0.03, 0.15)
e Sawyer —0.03 (-0.22, 0.16) 0.03 (—0.17, 0.24)
e Swamper 0.19 (0.04, 0.34) 0.12 (—0.01, 0.30)
Crew operation
o Fire line 0.00 (—0.09, 0.09) 0.01 (—0.10,0.11)
construction
e Mop-up 0.11 (—0.02, 0.23) 0.12 (—0.02, 0.26)
e Both® 0.10(—0.02,0.21) 1.0(—=0.02,0.21)

Notes: Positive values indicate a cross-shift decline in mean FEV value; bold
values indicate significance at p < 0.05; negative estimates indicate a cross-
shift increase in mean FEV value.

4Age-adjusted estimates controlling for all other specified variables.

BAs measured by cyclone

CCrew operations during the shift involved both fire line construction and
mop-up.

associated with higher concentrations of respirable LG, as
measured by cyclone. There were 14 spirometry measurements
that had corresponding LG concentration measurements by
cyclone. Participants in the high LG exposure group had a
mean AFEV, decline of 0.23 L. compared to a mean decline
of 0.02 L in the low LG exposure group. Larger mean AFEV,
values were also observed for Swampers (0.19 L decrease)
compared to sawyers (0.03 L increase) and Line workers
(0.03 L decrease). These associations remained significant
in multifactor analyses for LG after adjusting for age, job,
and crew operation (p < 0.05). Unadjusted and adjusted re-
sults can be found in Table VI. Finally, larger mean values
of pre-shift exhaled breath CO were associated with larger
declines in FEV . Specifically, for every 1 unit increase in pre-
shift exhaled breath CO, AFEV, value increased by 0.03 L
(p < 0.05). This association remained significant in multifactor
analyses after adjusting for smoking status, job, and crew
operation. No other analytes were significantly associated with
change in FEV;.

Analyses of correlations with respirable dust are docu-
mented in the supplemental table. For total dust, the p-value
was 0.77, and there were not enough observations to examine
associations between peak dust and cross-shift lung function.
Similarly, no other predictors, including exhaled breath ACO,
TWA CO, time spent working on an IHC, or atopy, were
significantly associated with change in FEV.
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DISCUSSION

W e found evidence that larger declines in AFEV, were
significantly associated with exposure to higher con-
centrations of LG in the respirable range. Measurement of
LG could serve as a valuable exposure assessment tool for
fine and ultrafine smoke particles from biomass burning in
the presence of other confounding factors including silicates
and fossil fuel/gas engine exhaust. Additional work appears
needed to confirm whether respirable exposure to LG is a
robust indicator of acute pulmonary function changes resulting
from inhalation of wildland fire smoke.

Because there were no periods during our field study when
the crews were not fighting fires, our study is not able to
indicate which firefighters might have cross-shift declines in
the absence of smoke exposure, and whether individual fire-
fighters with greater cross-shift declines during non-exposure
periods are at greater risk for progressive declines in lung
function. Future studies could benefit from inclusion of cross-
shift information during periods when participants were un-
exposed to provide evidence of whether cross-shift FEV
declines such as those we observed were caused by fire-related
exposures.

However, evidence from worker populations chronically
exposed to other airborne occupational hazards suggests that
individuals with greater cross-shift declines during exposure
periods are at potentially greater risk for long-term declines
in lung function.®?'~2¥ In addition, we are not aware of any
studies indicating a positive correlation between exercise and
FEV,, but it would be helpful to know whether exercise causes
an increase in FEV| and whether this is an important consid-
eration or not.

TWA CO concentrations differed by job and were not
strongly correlated with total particulate, respirable particu-
late, organic carbon, and respirable LG. These findings dif-
fer from observations made by Reinhardt and Ottmar® who
gathered area samples (specifically, TWAs of respiratory ir-
ritants including CO, acrolein, formaldehyde, and PM3s) at
eight wildfires and 39 prescribed fires from 1991-1995. Those
authors observed a high correlation between pollutants, sup-
porting the use of CO as a surrogate for other pollutants.®
Although in our study higher CO readings were associated
with higher particulate concentrations, and measurement of
lower CO concentrations were associated with a wide range of
particulate concentrations. Thus, contrary to the observations
of Reinhart and Ottmar, low CO readings may not provide re-
liable assurance that concomitant particulate exposures are, in
fact, low. Nevertheless, a small, inexpensive CO monitor could
still be used instead of a bulky, expensive particle monitor to
screen for conditions of high average exposures.

When RT CO and particulate concentrations were exam-
ined as TWAs, the r-values for their correlation were high.
However, when examined on the basis of 1-min interval data,
the correlations remained statistically significant (likely due
to the large amount of data), but the r-values decreased. For
example, the highest correlation indicated that only 22% of
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the variation in minute-by-minute particulate concentration
could be explained by variation in CO concentration (r =
0.47). Furthermore, the positive correlation based on TWAs
was driven by job, specifically Sawyers and Swampers. It is
possible that exhaust from the chainsaw is contributing to the
elevated levels observed for these individuals.

We therefore conclude that although CO concentration may
serve as a surrogate for particulate concentration when exam-
ined by mean values, CO concentration may be less instructive
when predicting associations based on individual data points.
This discrepancy would need to be considered during the
design phase of protocol development when outcomes (e.g.,
peak exposures versus averages) and analytical methods are
determined.

We found significant differences in exposures by crew
operation. Specifically, concentrations of RT particulate and
respirable LG (as measured by both cyclone and impactor)
were higher with fire line construction than mop-up operations.
Note that intercomparison of RT particulate concentration
measurements alone is limited by possible task-related aerosol
differences in light-scattering response. Job task differences in
wildland firefighter exposures have been observed previously.
Reinhardt and Ottmar reported that smoke exposure was high-
est in direct attack operations (where a fire line is dug adjacent
to an active wildfire) compared with fire line construction
farther from the active fire.”)

Observed differences in organic carbon concentration were
not significant between the base camp and the fire line lo-
cations, possibly due to the small number of samples taken
(n = 7), but the general observation of higher organic car-
bon concentrations near the fire line was consistent with the
generally higher concentrations of airborne particle mass. The
loose agreements of respirable particulate and respirable LG
concentrations measured by impactor and cyclone shown in
Tables III-V are also consistent with the limited power of
small-sample-number statistics.

It is of note that the estimated cross-shift AFEV associated
with exposure to higher concentrations of LG increased in
magnitude from an unadjusted decline of 0.11 L to an adjusted
decline of 0.18 L after controlling for job and crew operation.
Specifically, job-related AFEV, declines were greatest for
Swampers (compared to Lead workers, Line workers, and
Sawyers) and operation-related declines were greater for fire
line construction (compared to mop-up). As previously noted,
Swampers were exposed to the highest concentrations of LG,
CO, RT particulate, and respirable particulate. Moreover, both
respirable particulate and LG mean concentrations were higher
for fire line construction than for mop-up. Indeed, the second
largest particle concentration percent mass collected (13%)
was found in the ultrafine range and nearly two-thirds of the LG
collected was found in the respirable range. In addition, in our
previous analysis of wood smoke aerosol®® we observed that
highly reactive -OH radical precursors were more prevalent
(per unit mass) in the ultrafine particles, possibly explaining
the mechanism for this association with greater cross-shift
declines in lung function.
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Sample collection is a challenge in wildland fire situa-
tions. Our analyses of wildfire aerosol particles by SEM and
EDX revealed three distinct types of particles—a crystal-
like particle comprised primarily of titanium, iron, and alu-
minum silicate; a spherical carbon particle, most likely tar;
and aggregates of many tar-like particles—and is supportive
of previous findings of Booze et al.'¥ and Sandberg and
Martin.?» Use of impactors, although requiring greater labor
for sampler preparation and greater cost for the analysis of
multiple substrates, does yield useful information on particle
size distribution, total concentration, and respirable concen-
tration. Use of cyclones requires evaluation of only a single
filter, but yields less information.

Confirmation of the equivalency of the impactor and cy-
clone methods for measurement of respirable concentrations
was not quantitatively possible in the current study because
it was not feasible to ask firefighters to wear more than a
CO monitor plus one other sampler at a time. Perhaps future
success in developing miniaturized samplers will overcome
this limitation by enabling the collection of paired impactor
and cyclone sample sets for job and crew activities. Area
sampling in the current study was the only situation in which
side-by-side impactor and cyclone samples were collected.
When area values of respirable particulate concentration as
measured by impactor were compared to the area values of
respirable particulate concentration simultaneously measured
by cyclone, they were not found to be significantly different
(p=0.71).

Limitations of Study

Interpretation and application of our findings involves a
number of limitations. Our study involved only one fire and
included a relatively small number of participants (n = 17) and
sampling days (n = 4), which limited the statistical power of
some of our analyses and may also restrict the generalizability
of our findings. Our study also lacked cross-shift data during
periods in which the crews were working but not fighting
a fire. Such data could have strengthened our finding that
the observed AFEV, declines were caused by exposure to
wildland fire smoke particles. Note, however, that a recent
study by Adetona et al. ®® did not find significant changes in
cross-shift lung function on burn days compared to non-burn
days.

We also recognize that use of the qualitative terms “mild,”
“moderate,” and “severe” is subjective, and responses of the
subjects to our instructions were based on their individual
perception of the smoke conditions. Given the fact that smoke
exposures perceived by the subjects as “none” or “mild” are
associated with AFEV| declines, a more quantitative measure
of self-reported smoke exposure should be found. We have
considered training options (such as visible sight distance or
smoke comparison to a printed gray-scale card) that might
provide a more common basis for subject responses, but we
have not taken that step.

The focus of our study was on health concerns related to
firefighter exposures to aerosols in the respirable size range.

602 Journal of Occupational and Environmental Hygiene

As shown in Figure 1, the mode of the airborne particle
size distribution was above the respirable size range, indi-
cating that a complete characterization of the airborne par-
ticle size distribution would require use of instrumentation
capable of providing size-fractionated samples in the range
greater than 30 wm and possibly as large as several hundred
um. Characterization of the larger particle range could be
done, but would need to be justified on the basis of con-
cerns for health effects in the head airways and conducting
airways.

CONCLUSION

D espite limitations, results from the current study inform
considerations and decision-making for improving the
protection of respiratory health. Respiratory protection is not
normally worn by wildland firefighters, but NIOSH announced
in July 2012 that in collaboration with the Safety Equip-
ment Institute, they will begin issuing certificates of approval
for respirators for use during wildland fire-fighting opera-
tions.?” Certification will be in compliance with NFPA 1984-
2011.%

We conclude that wildland firefighter smoke exposures are
characterized by a wide range of particle sizes and that in-
halation of fine smoke particles, including associated airborne
concentrations of respirable LG, is associated with acute lung
function declines in some wildland firefighters. Based on these
short-term findings, it appears important to address possible
long-term respiratory health issues for workers involved in
wildland fire fighting.
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