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Scientific Knowledge on the Subject: 

The adverse clinical health effects of exposure to wood smoke from wild forest fires have 

been widely reported but the mechanisms underlying these adverse effects are less clear. 

 

What this study adds to the field: 

This study shows acute exposure to smoke from natural forest fires elicits inflammation 

within the lungs as well as inciting a systemic inflammatory response supporting a 

growing body of research showing that inhalation of particulate matter from a variety of 

sources initiates both a local and a systemic inflammatory response.  It provides a 

plausible mechanism for the increased cardiopulmonary morbidity and mortality that 

epidemiologic studies have associated with exposure to biomass air pollution. 

 

This article has an online data supplement, which is accessible from this issue's table of 

content online at www.atsjournals.org. 
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ABSTRACT 

 

Rationale: Epidemiological studies report an association between exposure to biomass 

smoke and cardiopulmonary morbidity. The mechanism(s) for this association are 

unclear.  

Objectives: To characterize the acute pulmonary and systemic inflammatory effects of 

exposure to forest fire smoke. 

Methods: Seasonal forest firefighters (N=52) were recruited before and/or after a day of 

firefighting.  Exposure was assessed by questionnaires and measurement of carbon 

monoxide levels (used to estimate respirable particulate matter [RPM] exposure). The 

pulmonary response was assessed by questionnaires, spirometry, and sputum induction.  

Peripheral blood cell counts and inflammatory cytokines were measured to define the 

systemic response. 

Results: Estimate RPM exposure was high (peak levels >2mg/m3) during firefighting 

activities. Respiratory symptoms were reported by 65% of firefighters. The percentage  

sputum granulocytes increased from 6.5% to 10.9% (p<0.02) following firefighting shifts 

with concurrent increases in circulating white blood cells (5.55x109 to 7.06x109 cells/L, 

p<0.0001) and band cells (0.11x109 to 0.16x109 cells/L, p<0.01). Serum IL-6, IL-8 and 

MCP-1 levels increased following firefighting (p<0.05). There were no changes in band 

cells, IL-6, and IL-8 following strenuous physical exertion without fire fighting. There 

was an association between changes in sputum macrophages containing phagocytosed 

particles and circulating band cells (p<0.05).  
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Conclusions:  Acute exposure to air pollution from forest fire smoke elicits inflammation 

within the lungs as well as a systemic inflammatory response. 

 

Abstract word count: 218 

Key words: Air pollution, Inflammation, Cytokines, Leukocytes 
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INTRODUCTION 

 

Fine particles are thought to be the best single indicator of the health impacts of 

most combustion sources. Numerous epidemiological studies have documented a 

detrimental relationship between exposure to particulate matter in urban air pollution and 

cardiopulmonary morbidity and mortality with both short-term and long-term exposure 

(1-5). Although the mechanism by which exposure to particles in urban air induces 

adverse cardiopulmonary effects remains unclear, several studies from our laboratory and 

others support a mechanism in which exposure to fine particles promotes inflammation in 

the lung (7-11) via activation of alveolar macrophages and lung epithelial cells (16-20). 

Such exposure is also associated with a systemic inflammatory response (12-15 

associated with an increased presence of several cytokines (IL-6, IL-1β) in the blood 

stream (22) as well as increased production and release of polymorphonuclear leukocytes 

(PMN) and monocytes from the bone marrow (12-15)  

In contrast to the large amount of information relating urban particulate matter to human 

health impacts, there are a limited number of studies directly evaluating the mechanisms 

of the health impacts of woodsmoke. While woodsmoke contains high concentrations of 

both particulate matter and gaseous compounds, woodsmoke particles are similar in size 

to urban combustion generated particles and within the respirable size range that is 

thought to be most damaging to human health (21). Epidemiological and toxicological 

evidence of the adverse effects of woodsmoke have recently been reviewed by Naeher et 

al (22) and support several other studies indicating increases in cardiopulmonary 

morbidity related to smoke from forest fires and biomass burning (23-27). For example, 
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health impact surveillance during severe forest fires in Southeast Asia in 1997 (where 

particles were the main pollutant) showed a 30% increase in outpatient medical 

attendance for haze-related conditions in the general population of Singapore (25).  All 

cause mortality was increase by 19% in certain highly polluted regions with the most 

prominent effect in the elderly population where deaths due to non-traumatic causes 

increased by 70% (27).  

Wildland firefighters experience greater exposure from forest fire smoke than members 

of the general public. They frequently have prolonged and direct exposure to smoke and 

elevated pulmonary ventilation rates can result in substantial doses of smoke to the 

respiratory tract. Reinhardt and colleagues (2000) showed that firefighters are exposed to 

high levels of respirable particles (PM3.5) with peak concentrations ranging from 2.3 to  

2.9 mg/m3 (28).  

Given the high smoke exposures experienced by firefighters and the 

epidemiological evidence indicating association between exposure to woodsmoke and 

adverse health (23-27),  we postulated that acute exposure to smoke from forest fires 

provokes a local inflammatory response in the lungs and stimulates a measurable 

systemic inflammatory response. To test this hypothesis, healthy seasonal firefighters 

from the British Columbia Forest Service (BCFS) were recruited before the fire season 

where relevant parameters of health (questionnaires), lung function (spirometry), lung 

inflammation (sputum induction) and systemic inflammation (blood cell counts and 

circulating cytokines) were collected. These parameters were repeated during the fire 

season immediately after a day of active duty within fire zones. Preliminary results of this 

study have previously been published in abstract form (29). 
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METHODS  

Subjects Recruitment and Sampling 

Seasonal BCFS forest firefighters were recruited during the 2004 and 2005 fire 

seasons (May to August). Healthy non-smoking firefighters 17 to 60 years of age were 

eligible for inclusion. Exclusion criteria were: a prior diagnosis of, or ongoing evaluation 

for, any chronic medical condition, regular use of prescription medications, pregnancy or 

lactation, or any upper respiratory tract symptoms consistent with infection or 

inflammation within 4 weeks prior to enrolment. The study was approved by the 

institutional ethics committee and written consent was obtained from all subjects. 

 Baseline data was collected in their training camps before firefighters were 

dispatched to fire zones. Stress control data was collected after firefighters had spent a 

work shift (~8hours) engaged in strenuous physical activity (similar to physical activity 

during fire fighting) with no exposure to forest fire smoke. Post-exposure measurements 

were made within 4 hours after completing fire fighting shifts. Both baseline (12 noon to 

5pm) and post exercise and fire fighting samples (4pm to 8pm) were collected in the 

afternoon or early evening.  Subjects completed surveys detailing work shift activities 

and smoke exposure. Sputum induction, spirometry, and blood sampling by peripheral 

venopuncture was performed. Selected participants were assigned to carry portable 

carbon monoxide (CO) monitors (Pac III; Dräger. Mississauga, Ontario, Canada) during 

their work shift. CO monitors were distributed by crew leader to study participants 

performing different firefighting tasks in an attempt to obtain representative sampling. 

The monitors recorded ambient CO levels every 5 minutes. We did not directly measure 

particulate matter due to British Columbia Forest Services regulations prohibiting our 
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access to fire zones to collect samples, and the lack of sufficiently rugged, small and 

lightweight continuous personal particulate matter sampling equipment.  Instead, we 

measured CO concentrations as a surrogate based on the recommendations of Reinhardt 

and Ottmar (34) who have previously shown that CO exposures are highly correlated 

with respirable particle exposures of firefighters. Measured CO exposures were then 

converted to estimated respirable particlulate matter concentrations based upon the 

regression equations published by Reinhardt and Ottmar (34).  

 
Sputum Induction and Spirometry 

Spirometry was performed according to American Thoracic Society criteria (30) 

using a single spirometer (EasyOne Spirometer; ndd Medical Technologies; Zurich, 

Switzerland). Induced sputum was performed using techniques previously described (31). 

Samples were stored and processed using methods described by Efthimiadis et al. (32) 

and modified by Kelly et al. (33). Sputum induction and sample preparation are described 

in detail in the online data supplement. Under a light microscope at 630x magnification 

cells were classified as granulocytes, monocytes, lymphocytes, macrophages and 

bronchial epithelial cells.  Macrophages were subdivided into those with no visible 

inclusions and those with less than, or greater than, 5% of their cytoplasm containing dust 

particles, labeled as negative, low positive, and high positive macrophages respectively as 

previously described in detail (8). Sputum cell counts were assessed by a trained 

technician blinded to the clinical details of the subjects. 

  

Peripheral Blood Analysis 



- 8 - 

 Complete blood counts were performed on whole blood samples using a Cell-Dyn 

3700 Hematology Analyzer (Abbott Diagnostics, Mississauga, ON, Canada). Band cell 

counts were manually performed by a trained technician blinded to the clinical details of 

the subject on thin blood smears that were air dried, fixed with methanol, and stained 

with Wright stain. Serum IL-6 and IL-8 concentrations were measured using commercial 

ELISA assays (R&D Systems, Minneapolis MN, USA, and, Linco Research, St. Charles, 

MO, USA respectively). 

 

Statistical Analysis 

 Data are expressed as mean values ± SEM. Differences between baseline and fire 

fighting values were evaluated using paired t-tests. Differences between multiple groups 

(baseline, exercise and fire fighting) were compared by one-way analysis of variance 

(ANOVA). The post hoc test for a multiple comparison was the Fisher’s PLSD test. 

Spearman rank correlations were performed to assess the relationship between lung and 

systemic circulation.  A p-value of p<0.05 was considered statistically significant. 
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RESULTS 

Subject Recruitment and Sampling 

 A total of 52 firefighters were enrolled in the study and underwent sampling 

either in training camps (baseline), after a day of fire fighting (exposure), or after a day of 

physical activity without smoke exposure (exercise).  Baseline and exposure samples 

were both obtained in 34 subjects (paired sampling). In 9 subjects baseline, exercise, and 

exposure samples were obtained. Basic demographic characteristics of firefighters 

enrolled in the study are show in Table 1. The majority of firefighters were young males 

of either Caucasian or First Nations descent. All subjects were free from acute or chronic 

medical comorbidities (including any history of allergies or asthma) and all were non-

smokers or ex-smokers (defined as both: 1) quit more that 6 months, 2) not more than 5 

pack years of smoking) at the time of enrollment.   

 

Smoke Exposure and Respiratory Symptoms 

 All forest fires where samples were obtained, were in remote regions away from 

major roadways. Figure 1 shows firefighters qualitative perception of smoke exposure 

during their workshift on the day of sampling. The majority report light or medium 

smoke exposure and on average less than 10% of the workshift hours were spent in 

conditions of heavy smoke. Carbon monoxide (CO) monitors carried by 17 firefighters 

during 2 separate forest fires showed workshift CO levels to fluctuate predominately 

between 5 and 20 parts per million (ppm) with a background CO level in the fire zones 

base camps of 1-5 ppm (Figure 2). The figure 2 showed the estimated respirable 

particulate matter (PM3.5) exposure of fire fighters, with peak levels of 2.8mg/m3 and 6 
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hours of >1mg/m3 levels during a workshift. Post-exposure questionnaires were 

completed by 45 firefighters.  In response to smoke exposure, 65% of firefighters 

reported one or more respiratory symptom. The most common complaints were cough 

(24.4%), sputum production (28.9%), and nasal congestion (20.0%) (Table 2). All 

reported symptoms were minor and no symptoms required acute medical intervention. 

 

Spirometry 

 Spirometry before and after firefighting was obtained in 23 subjects. FEV1 (pre- 

and post-bronchodilation with salbutamol 200ug) performed at baseline and after 

firefighting shifts were not different. The changes in FEV1 following sequential 

inhalation of escalating concentrations of saline (3%, 4%, and 5%) are shown in Figure 3. 

After inhalation of 3% hypertonic saline there was a small fractional decrease in the post-

exposure group (n=12) that was not seen in pre-smoke exposure testing but this change 

did not reach significance. After inhalation of 4% saline the difference in the fractional 

FEV1 change between the two groups diminished and then disappeared with inhalation of 

5% saline.  

 

Sputum Analysis (Lung Inflammation) 

 Of the 34 subjects with paired sputum samples obtained at baseline and after 

exposure, 23 fulfilled the criteria for adequate specimens (32) in both samples. A  

increase in the percentage of sputum granulocytes was observed following firefighting 

shifts from 6.48±1.23% of non-squamous cells at baseline to 10.87±1.36% post-exposure 

(p<0.02) (Figure 4a). The total macrophage fraction in the sputum samples did not 
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change with smoke exposure (Figure 4b) however there was a small but statistically 

significant increase in inclusion positive macrophages from 5.00±1.34% to 9.74±1.60% 

(p<0.03) (Figure 4c). The fraction of inclusion negative macrophages decreased 

following smoke exposure (from 75.65±2.31 to 65.78±2.85%, p<0.01) with a concurrent 

increase in the fraction of low positive inclusion containing macrophages (4.83±1.29 to 

9.39±1.49%, p<0.03) (Figure 3d) with no change in the percentage of high positive 

macrophages in the sputum samples (Figure 3d). Sputum lymphocyte, monocyte, and 

bronchial epithelial cells did not show a statistical significant change following smoke 

exposure (data not shown). 

 

Peripheral Blood Analysis (Systemic Inflammation) 

 Circulating total white cell counts, differentials, and band cell counts were 

compared before and after firefighting shifts. Total white blood cell counts increased  

following firefighting shifts from 5.55±017 to 7.06±0.18x109 cells/L (p<0.0001, n=34) 

(Figure 5a). Circulating polymorphonuclear leukocyte (PMN) counts also increased after 

firefighting shifts (from 3.32±0.15 to 4.15±0.15 x109 cells/L, p<0.001), as did band cell 

counts (from 0.11±0.011 to 0.16±0.015 x109 cells/L, p<0.01) (Figure 5b). Similar results 

were obtained in the unpaired analysis comparing all baseline samples to those collected 

post-exposure (data not shown). There were no statistical significant changes in any other 

peripheral blood cell indices including hemoglobin, platelet counts, and other white blood 

cell subpopulations (data not shown). Post-exposure serum IL-6 and IL-8 levels were  

elevated from baseline with IL-6 increasing from 0.82 ±0.12 to 1.89±0.43 pg/ml (p<0.02, 

n=34) (Figure 5c), and IL-8 increasing from 14.02±3.48 to 45.03±8.32 pg/ml (p<0.001, 
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n=14) (Figure 5d). There were no increase in circulating GM-CSF levels with exposure 

but a small but statistical significant increase in MCP-1 levels (179±19.9 to 260±24.1 

pg/ml, p<0.02). C-Reactive protein did not increase with smoke exposure (data not 

shown). The changes in circulating band cells with smoke exposure correlate with the 

changes in macrophages containing particulate inclusions (r2=0.28, p<0.03, figure 6a) 

and changes in circulating IL-6 correlated with changes in the fraction of granulocytes in 

the sputum (r2=0.29, p<0.05, fig 6b). 

 To determine whether the changes seen in the circulation were due to a stress 

response rather than smoke exposure, 9 subjects underwent sequential sampling at 

baseline and following shifts involving strenuous activity (similar to activities done 

during fire fighting) in the absence of smoke exposure  (exercise controls). Compared to 

baseline testing, exercise increased circulating WBC counts (5.60±0.33 to 7.23±0.33 x109 

cells/L, p<0.001) (Figure 7a) and PMN counts 3.48±0.28 to 4.89±0.37 x109cells/L, 

p<0.02). However, neither band cell counts nor IL-6 or IL-8 levels statistically 

significantly changed following strenuous exercise compared to baseline testing (Figure 

7b-d).  
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DISCUSSION 

The majority of epidemiological and biochemical studies linking air pollution to 

respiratory and cardiovascular disease have focused on urban sources (1-5). Exposure to 

urban air pollution is associated with an inflammatory response in the lung that is thought 

to be responsible for the adverse respiratory health effects while the associated systemic 

inflammatory is implicated in the adverse cardiovascular effects (35, 36). Although 

exposure to air pollution from biomass burning remains a significant problem in both 

developed countries (exposure during wildland firefighting, in communities in proximity 

to wildland fires, and from residential woodsmoke) and developing nations (exposure 

from indoor cooking and agricultural burning) (22), the mechanisms of the adverse heath 

effects of biomass smoke inhalation have not been as rigorously studied to date. Our 

study demonstrated that inhalation of smoke from forest fires by young healthy fire 

fighters induces a measurable inflammatory response in the lung characterized by an 

increase in sputum granulocytes. These changes were associated with symptoms of both 

upper and lower respiratory tract irritation. As well, we found systemic inflammation 

characterized by stimulation of the bone marrow (increased circulating band cells) and 

increased circulating cytokine levels. Such local and systemic inflammatory responses 

may contribute to the observed adverse health effects reported in epidemiological studies 

of those exposed to smoke from forest fires (22-24).     

 CO monitoring was used in this study to confirm the presence of ambient smoke 

on the day when post shift samples were collected (figure 2). CO has been previously 

shown to correlate with major constituents of biomass smoke such as acrolein, benzene, 

formaldehyde, and respirable particulate matter and is therefore a quantitative indicator of 
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smoke exposure (34, 40) and based on this previous work and our measured CO 

exposures we estimated high exposures to particulate matter during firefighting. These 

estimated exposures combustion-source respirable particles, in the 1 – 2 mg/m3 range, are 

similar to those experienced by women and children in developing countries who cook 

with biomass over open fires and more than one order of magnitude above concentrations 

of ambient fine particles found in highly polluted cites, or in communities impacted by 

forest fire smoke (22) While the effects we observed in this study may be attributed to 

exposures besides particulate matter, the increase in sputum macrophages with carbon 

inclusions confirms increased inhalation of airborne particulate matter in the exposure 

group compared to baseline sampling. The largest increase was seen in the macrophages 

with just a few particle inclusions suggesting mild to moderate exposure. Alternatively, 

the low particle load of macrophages could also be due to impaired macrophage 

phagocytic ability following exposure to airborne particulate matter as previously 

reported by Rudell and colleagues (11). 

The majority of symptoms reported by the firefighters in this study were relatively 

mild complaints related to irritation of the respiratory tract, consistent with previous  

studies showing an increase in respiratory symptoms including nasal irritation, cough, 

sputum production, and wheezing (24,41). The clinical importance of this respiratory 

irritation may be minor in our study population which was comprised of health subjects 

with no underlying respiratory conditions. However in “at risk” subjects with conditions 

such as asthma and COPD, this upper and lower respiratory tract irritation may be 

sufficient to trigger exacerbation of the lung condition. This notion is supported by the 

significant increase in outpatient visits and hospitalizations for respiratory illnesses 
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during the forest fires in Southern California in children (24) in Southeast Asia in 1997 in 

both Singapore (25) and Indonesia (26).  

 In our study we were unable to demonstrate a decline in FEV1 with exposure to 

forest fire smoke. In addition we did not detect a significant degree of airway 

hyperreactivity induced by hypertonic saline inhalation in post-exposure testing. This 

differs from the findings of other studies.  Several studies have shown a small decline in 

pulmonary function (FEV1 and forced vital capacity (FVC)) associated with exposure to 

wildfire smoke (40,41) and Betchley and co-workers have also reported a small but 

persistent post-season decrement in FEV1 and FEF25-75% 2.5 months after cessation of 

firefighting activity suggesting that the respiratory effects of forest fire smoke inhalation 

lasted long after the exposure resolved (40).  The discrepancy between our findings and 

those of previous studies may also be related to the relative low degree of accumulated 

exposure in our study.  Furthermore, a larger study would be necessary to establish 

whether acute exposure of healthy non-asthmatic (such as subject in our study) to wild 

fire smoke induces airway reactivity. 

 Analysis of induced sputum samples showed an increase in the fraction of 

granulocyte (mostly neutrophils) in sputum samples following smoke exposure. This 

suggests recruitment of granulocytes into the airway and is consistent with numerous 

previous studies in both animals (42-46) and humans (7, 9-11) that have shown increased 

granulocyte counts, most commonly neutrophilia, in BAL and induced sputum samples 

following exposure to particulate matter. We did not show an increase in the number of 

macrophages in induced sputum suggesting that the predominant inflammatory response 

in the lung with acute wood smoke exposure is neutrophilic in nature.  
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 Airspace macrophages that phagocytose airborne particles are capable of eliciting 

a local inflammatory response in the lung but also contribute to the initiation of a 

systemic inflammatory response (12,13,15). In this study we have demonstrated a 

significant increase in circulating WBC, PMN and band cell counts following firefighting 

shifts. Band cells are immature PMN produced in the bone marrow and an increase in 

band cell counts in the peripheral circulation is an indication that the marrow has been 

stimulated to increase the release of granulocytes (47). This bone marrow stimulation 

induced by forest fire smoke exposure is consistent with animal studies that showed an 

increase in circulating band cell counts following exposure to ambient air pollution 

particles (12-14). In addition, these same animal studies provided further evidence for 

stimulation of the bone marrow by demonstrating a decrease in the transit time of PMN 

and monocytes through the bone marrow after exposure to ambient particles (12-14). 

Bone marrow stimulation induced by exposure to air pollutants is also supported by the 

study of Tan and colleagues that showed an increase in circulating band cell counts in 

healthy army recruits exposed to smoke haze during the 1997 Southeast Asian forest fires 

(47). 

 To further support the notion that biomass smoke exposure induces a systemic 

inflammatory response, we showed elevated levels of circulating cytokines (IL-6, IL-8 

and MCP-1) in fire fighters following smoke exposure (figure 5). IL-6 is considered an 

important multifunctional cytokine involved in the regulation of a variety of cellular 

responses, including the induction of acute-phase protein synthesis, lymphocyte 

activation, and hematopoiesis (48). We have previously shown that IL-6 is a potent 

stimulator of the bone marrow that increases the transit of PMN and monocytes through 
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the marrow and release into the circulation (49). IL-6 also promotes the sequestration of 

PMN in the lung (50) similar to the effect of IL-8 (51). IL-6 also has been shown to play 

an important role in the pathogenesis of atherosclerosis either directly via the release of 

platelets from the marrow or indirectly by increasing acute phase proteins such as C-

Reactive protein (CRP) and fibrinogen (52, 53). CRP was not elevated following 

exposure suggesting that IL-6 alone is insufficient to increase circulating CRP following 

wood smoke exposure.  Changes in the fraction of macrophages with particle inclusions 

correlated with changes in band cells counts (figure 6a) and circulating IL-6 correlates 

with the increase in airspace granulocytes (figure 6b) following exposure. This suggests 

that lung inflammation impacts systemic inflammation. Furthermore, the similarity of 

mediators produce by macrophages exposed to particles (12,13,15,16) and increased 

circulating mediators suggests that these cells are critically important in generating the 

systemic inflammatory response induced by exposure to wood smoke. 

 It is known that vigorous exercise is associated with and increase in circulating 

WBC and PMN counts, largely due to mobilization of these cells from the intravascular 

marginated pool by catecholamines (54).   In a subgroup of 9 firefighters, we showed an 

increase in circulating WBC and PMN counts induced by strenuous exercise without 

smoke exposure equivalent to that seem following smoke exposure. Thus the increase in 

WBC and PMN counts appears to be part of a non-specific stress response and not a 

feature unique to smoke inhalation. The absence of an increase in band cell counts, IL-6 

and IL-8 in the exercise control samples suggests that the increase in band cells post 

exposure is not a stress response due to the physical exertion of fire fighting but rather a 

unique response to forest fire smoke inhalation. Collectively, the increase in peripheral 
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band cell counts as well as serum IL-6 and IL-8 levels following exposure to forest fire 

smoke provides evidence for stimulation of the bone marrow and the initiation of a 

systemic inflammatory response as a consequence of smoke inhalation. 

 In summary we have shown that healthy seasonal forest firefighters exposed to 

biomass smoke mount both a pulmonary and systemic inflammatory response. 

Examination of forest fire fighters exposed to wildfire smoke provides a unique 

opportunity to specifically assess the acute effects of biomass air pollution as well as 

furthering our understanding of the toxicity of PM air pollution in humans in general. 

These results provide a plausible mechanism for the increased cardiopulmonary 

morbidity and mortality that epidemiologic studies have associated with air pollution 

from biomass smoke inhalation. These findings also support a growing body of research 

showing that inhalation of particulate matter from a variety of sources generates a local 

inflammatory response within the lungs that subsequently initiates a systemic response, 

resulting in the adverse health consequences associated with air pollution exposure. 

These adverse health effects may be of little clinical consequence for young health 

firefighters but could trigger exacerbations of asthma and COPD, predispose to lung 

infection, or precipitate acute cardiac events in susceptible subjects exposed to wildfire 

smoke in the smoke zone (53,55). The long term consequences of smoke exposure on 

seasonal fire fighters is less studied but there is clearly a need for approaches to reduce 

exposures of firefighters to attenuate both the local (lung) and systemic effects of 

exposure to wildfire smoke.  
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FIGURES 
 
 
 
Figure 1: Smoke exposure during firefighting shifts. Smoke exposure as a percentage of 

firefighting shifts reported by 45 subjects. Fire fighters were asked to score their average 

exposure during the workshift after which samples were colleted. Values are mean±SE. 

 

 

Figure 2:  "Mean measured Carbon Monoxide (CO) exposures and Mean and 95% 

confidence intervals of estimated Respirable Particulate Matter (RPM) (PM3.5) 

exposures during firefighting shifts. 17 subjects were randomly assigned to carry CO 

monitors during firefighting shifts. CO levels were recorded by the monitors at 5 minute 

intervals. Measured CO exposures were used to estimate Respirable Particulate Matter 

exposures using the regression equation of Reinhardt and Ottmar (2004) (34).  LCL: 

Lower Confidence Limit. UCL: Upper Confidence Limit." 
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Figure 3: Change in FEV1 following inhalation of salbutamol and 3% (n=12), 4% (n=7), 

and 5% (n=3) saline. Changes in FEV1 are expressed as a percent change from pre-

salbutamol measurements. Mean values and standard error of the means (brackets) were 

calculated from paired measurements on the same subjects before (solid line) and after 

(dashed line) forest firefighting shifts. 
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Figure 4: Pre- and post-exposure induced sputum cell counts and macrophage particle 

inclusions. Cellular composition of the sputum expressed as percentage of total non-

squamous cells from 23 firefighters with paired samples both at baseline (white) and 

post-exposure (black). (a) Mean sputum granulocyte fraction. (b) Total macrophage 

counts. (c) Total inclusion positive macrophage counts. (d) Low positive inclusion 

macrophages and high positive inclusion macrophages.  Inclusion negative macrophages 

were defined as those lacking visible particulate inclusions by light microscopy at 630x 

magnification while low-positive and high-positive macrophages were defined as 

containing particulate inclusion that comprised less than or greater than 5% of their 

cytoplasm respectively. Asterisk (*) indicates significant changes in sputum indices 

(p<0.05). Brackets indicate standard error of the mean. 



- 23 - 
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Figure 5: Mean circulating white blood cell, band cell, IL-6, IL-8, GM-CSF and MCP-1 

changes induced by firefighting. Shown are mean values from firefighters with paired 

sampling before (white) and after firefighting shifts (black). (a) Peripheral WBC cell 

counts (p<0.0001, n=34). (b) Peripheral band cell counts (p<0.02, n=34). (c) Circulating 

IL-6 levels (p<0.001, n=34). (d) Circulating IL-8 levels (p<0.01, n=14) Ciculating GM-

CSF (p=0.47, n=14) and MCP-1 (p<0.04, n=14). Asterisk (*) indicates significant p-

value in comparison to baseline measurement (p<0.05). Brackets indicate standard error 

of the mean. 
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Figure 6: Correlations between the change in band cell counts and the number of 

marcrophages containing particulate inclusions (r2=0.28, p<0.03) and IL-6 and sputum 

granulocyte counts (r2=0.29, p<0.05) with firefighting. Spearman rank correlation was 

used to explore these relationships in 23 firefighters with paired sputum samples and 

blood cell counts. The dashed line represents the 95% confidence intervals.   
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Figure 7: Mean circulating white blood cell, band cell, IL-6, and IL-8 changes at 

baseline and with exercise. Shown are mean values from 9 firefighters with paired 

sampling at baseline (white) and after shifts involving strenuous activity but no smoke 

exposure (shaded) and with smoke exposure (dark shaded). (a) WBC cell counts. (b) 

Band cell counts. (c) IL-6 levels. (d) IL-8 levels. Asterisk (*) indicates a significant p-

value in comparison to baseline measurements (p<0.05). Brackets indicate standard error 

of the mean. 
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