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Abstract: Wildland firefighting represents a physically and mentally demanding endeavour fraught
with various risk factors. The primary aim of this study is to delineate occupational chemical exposure
within the firefighting work environment on the firefront and its implications for firefighters” health
status. A systematic literature review was conducted utilising diverse keyword combinations across
Scopus, Web of Science, Academic Search Complete, and ScienceDirect databases. Only English-
language journal articles, real-world monitoring reports, and studies featuring samples of firefighters
were considered for inclusion. Forty-one studies were analysed, with 26 focusing on firefighters’
occupational exposure to chemical agents during wildland firefighting and 15 addressing the health
impairments of wildland firefighting activities. Polycyclic aromatic hydrocarbons (PAHs), VOCs,
and particulates emerged as the most prevalent chemical agents in the exposure profiles of frontline
firefighters. They were shown to be the main incidents of cardiovascular disease, respiratory disease,
and work-related cancer. The rigorous demands of wildland firefighting have been demonstrated
to significantly impact firefighter health, resulting in a notable prevalence of fatalities and illnesses.
Given that an elevated number of health issues are common in this occupation, adopting advanced
assessment technologies is imperative.

Keywords: firefighters; wildland fire; chemical hazards; occupational disease; occupational health

1. Introduction

Firefighters face several occupational risks at the fire front, often challenging to identify.
Limited studies assess real-time occupational exposure of firefighters [1,2], impeding a
comprehensive understanding of the risks associated with wildfires and hindering the
development of effective mitigation measures [3-5]. Firefighting training is vital in reducing
exposure risks, yet even highly skilled firefighters face exposure due to their frontline
role. The professional structure predominantly manages wild firefighting, representing
360,000 firefighters in 2022 in the European Union (UE). Consequently, prioritising risk
mitigation and improving conditions are increasingly crucial. Demands physical and
mental during diverse emergencies and extended working hours characterise firefighters’
work. These demands and exposure to hazards like heat, dust, or carbon monoxide can
intensify psychophysiological reactions, posing risks of injuries or fatalities [6]. Between
2000 and 2021, in the USA, 1096 firefighter deaths were recorded out of a total of 2598 during
the execution of the activity, 90% of which were caused by myocardial infarction [7]. Data
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from the Centers for Disease Control and Prevention (CDC) shows that between 1994 and
2023, 499 firefighters died in wildfires [8].

Firefighters are increasingly operating in sophisticated environments that allow for
high efficiency in firefighting and fire protection [9]. The exposure risks between the
two types of fire (urban/industrial and forest) are identical. Still, the exposure concen-
tration is different since these two types of fire occur in different spatial situations. An
urban/industrial fire is caused by combustion in urban and industrial buildings without
control over time and space [10], while a forest fire is the combustion process in a forest
area, uncontrolled in time and space [11,12]. Smoke inhalation in high concentrations
during forest firefighting demonstrates the need for improved respiratory protection for
firefighters [12]. Some equipment that is not yet certified is being used by firefighters in
forest fires, which can increase the risk of exposure because the efficiency of this equipment,
the length of time it will be effective or because there is not enough knowledge about how
to use it, is not known [13].

In wildland fires, firefighters are exposed to different hazards like chemical agents, for
example, carbon monoxide (CO), benzene, particulate, polynuclear aromatic compounds,
and others [14]. The aforementioned occupational exposures demonstrate a significant cor-
relation with adverse health outcomes among firefighters, facilitating the identification of
diseases with elevated prevalence rates, notably cardiovascular, respiratory, and cancerous
conditions [14,15]. Depending on the time spent fighting and the conditions on the ground,
firefighters can be exposed to concentrations well above the exposure limits defined by
organisations such as NIOSH and OSHA [16]. The synergy and variety of the different
chemicals that can be encountered during firefighting potentiate the increase in the inci-
dence and symptomatology of firefighters. In the long term, some diseases directly related
to firefighters” exposure to these chemical agents are already known, namely cardiovascular
and respiratory diseases and cancer [15,17-23]. Carbon monoxide, polycyclic aromatic
hydrocarbons, particulates, and volatile organic compounds are the main components most
prevalent in forest fires and have the most significant impact on firefighters” health [24].

Climate change has increasingly complicated the fight against wildfires in recent years
due to factors such as the heightened intensity of fires. This difficulty in combating wildfires
has posed significant challenges to the safety and health of firefighters, making it a pressing
issue for occupational health and safety teams to develop effective strategies in this field.
Over the years, there has been a noted difficulty in innovating the production of personal
protective equipment (PPE) that offers better protection for firefighters. In addition to
chemical exposure and the severe respiratory impacts directly related to such exposure,
cardiovascular diseases are also a major health concern for firefighters, strongly associated
with exposure to environmental pollutants such as particulates and carbon monoxide (CO).
There are other direct health impacts on firefighters associated with chemical exposure
that can lead to death and the onset of debilitating diseases [25]. The present study is
a small part of a scoping review that surveys firefighters” occupational exposure at the
wildfire frontlines.

In structural fires, innovative solutions have already been presented that reduce fire-
fighters” exposure and improve firefighting techniques. Techniques for predicting fire
in structures have already been demonstrated, reducing the incidence of fire and mate-
rial/human loss [26-28]. Unlike structural fires, forest fires have not yet seen significant
developments in forest firefighting innovation that would increase firefighters” occupational
health and safety. Technological innovation, whether in terms of PPE or work equipment,
can cause some barriers in the perception of safety felt by firefighters. Despite this, few
studies have assessed the acceptance of new technologies used in emergency response [29].
Innovation in the fire service needs a good explanation of its importance in carrying out
tasks and how it can effectively solve problems and reduce occupational exposure. We
have seen that innovation does not always allow information to be translated correctly, and
there is no good understanding of the dangers to which firefighters are exposed during
firefighting [30]. Virtual reality is an effective way of transmitting knowledge and applying
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innovative equipment. This innovation has been studied in various areas of occupational
safety, particularly in the construction industry, as it optimises learning and improves safety
performance [31,32]. Virtual reality has become a tool that, in addition to transmitting
knowledge, has performed well in training sessions simulating real situations. Associated
with virtual reality is the use of drones to manage forest firefighting. Some logarithms are
already known to allow images of the fire line to be captured in real time and processed to
improve the effectiveness of forest firefighting. By inserting robots into the fire line, this
technological innovation reduces the firefighter’s exposure to the fire [33]. The development
of this new software enables not only the protection of human life but also environmental
protection [34]. In this sense, the innovation seen in the development of firefighting and
fire-prevention equipment now has a dual function, helping to map forest fires quickly and
effectively. Some agencies already use this equipment attached to helicopters to carry out
thermal assessments of the terrain to rapidly detect fire outbreaks [35-37].

The main objective of this study is to characterise the occupational chemical exposure
at the firefront of wildland fires by identifying the chemical agents, their concentration
and toxicological effects, and their respective consequences on the physiological effects
and health status of firefighters. To accomplish the specified objective, a scoping review
was conducted on the occupational exposure of firefighters at the firefront of wildfire
suppression. The findings presented in this article represent a portion of the preliminary
research outcomes.

2. Materials and Methods

The methodological Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) Statement was used to conduct the current systematic review. The
present article is part of the overall review of the protocol previously published [38] and
registered in PROSPERO with ID CRD42023456338. The present research results are focused
on chemical exposure during wildland firefighting. The research strategy was developed
based on the extension for Protocols (PRISMA-P) [39-41].

The scientific multidisciplinary databases for our search are SCOPUS, Web of Science,
Pubmed, Science Direct, and Academic Search Complete. We combined two groups of
keywords using the Boolean connectors “AND’ and ‘OR” as shown in Table 1.

Table 1. Keyword combination in the databases.

Database

Keywords

SCOPUS

TITLE-ABS-KEY (firefight* OR fireman) AND (“Forest Fire*” OR “Wildland fire*”) AND
(“Chemical hazards” OR “Chemical Agent®” OR Fatigue OR “Physiological Response” OR
“Physiological Monitoring” OR “Occupational Exposure” OR “Occupational Health” OR

“Occupational Hygiene” OR “Work Injuries” OR “Professional Diseases” OR
“Occupational Safety”)

Web of Science

TI=(Firefight* OR FIREMAN) AND TI=(“Forest Fire®” OR “Wildland fire*”) AND
ALL=((“Chemical hazards” OR “Chemical Agent®” OR Fatigue OR “Physiological
Response” OR “Physiological Monitoring” OR “Occupational Exposure” OR “Occupational
Health” OR “Occupational Hygiene” OR “Work Injuries” OR “Professional Diseases” OR
“Occupational Safety”))

Pubmed

(Firefight*[Title/ Abstract] OR FIREMAN]Title/ Abstract]) AND (“Forest
Fire*”[Title/ Abstract] OR “Wildland fire*”[Title/ Abstract]) AND (“Chemical hazards” OR
“Chemical Agent*” OR Fatigue OR “Physiological Response” OR “Physiological
Monitoring” OR “Occupational Exposure” OR “Occupational Health” OR “Occupational
Hygiene” OR “Work Injuries” OR “Professional Diseases” OR “Occupational Safety”)

Science Direct

Title, abstract, keywords: ((“Firefighters* OR Fireman”) AND (“Forest Fire*” OR “Wildland

fire”)) AND (“Chemical hazards” OR “Chemical Agent*” OR “Fatigue” OR “Physiological

Response” OR “Physiological Monitoring” OR “Occupational Exposure” OR “Occupational

Health” OR “Occupational Hygiene” OR “Work Injuries” OR “Professional Diseases” OR
“Occupational Safety”))
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Table 1. Cont.

Database

Keywords

Academic Search Complete

TI (Firefighters* OR Fireman) AND TI (Forest Fire* OR Wildland fire) AND (TX (chemical

hazard OR chemical agents*) OR TX (Fatigue OR Physiological Response OR Physiological

Monitoring OR Occupational Exposure OR Occupational Health OR Occupational Hygiene
OR Work Injuries OR Professional Diseases OR Occupational Safety))

Some filters were adopted when searching the databases before selecting the articles,
as can be seen in Table 2.

Table 2. Filters adopted.

Filter Selected

Date No Restrictions
Language English
Document Type Article

Source Type Journal

The selection of articles took place in three different phases. Initially, a search was
carried out in the various databases, including the different filters, where each article
was selected by title, keywords, and abstract. In the second phase of the research, all
the articles selected in the previous stage were methodologically analysed, confirming
compliance with the inclusion/exclusion criteria. The inclusion/exclusion criteria were
that there were no age or gender restrictions, only articles that did not include samples of
firefighters were included, articles with exclusively laboratory analyses were excluded, and
articles that assessed the occupational exposure of firefighters in the context of forest fires
or prescribed burns were accepted, as they represented occupational exposure situations
in real scenarios and fire simulation scenarios with organic material. Articles that did not
use samples of firefighters, articles about environmental pollution, articles about other
types of fires, and articles about animals or sick people were excluded. In the third and
final stage of the research, the snowballing technique was applied to ensure that as many
articles as possible were included in the review. The entire analysis was carried out by
two authors in an independent blind round, with a third author responsible for resolving
inconsistent decisions.

Quality Assessment Tool for Observational Cohort and Cross-Sectional Studies, by the
National Heart, Lung and Blood Institute (NHLBI), was applied [42] and classified articles
with “Very good”, “Good”, or “Fair” quality levels. All articles with more than 30% of
the answers as “Not reported” and less than 50% of the answers as “Yes” were classified
as fair quality. The “Good” quality was classified, with positive answers representing 50—
70% of the questionnaire. The “Very good” quality was considered whenever the articles
responded positively to the questions in more than 70% of the questionnaire. Studies rated
as “Good” or “Very good” carry more weight in contributing to this review. Conversely,
articles rated as “Fair” are excluded and will not be included in the review.

3. Results
3.1. Study Selection

A total of 4143 articles were obtained, but only 41 were included because they were
relevant to the topic and met the objectives of the current review. All the selected articles
underwent a rigorous screening process to check the eligibility criteria. Figure 1 shows the
PRISMA flowchart.
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Figure 1. PRISMA Statement flow diagram of the identification and screening processes.

3.2. Study Characteristics

The distribution of included articles throughout the years reveals a peak in this
research field in 2019. Conversely, from 2008 to the present day, there has been significant
progress in the studies within this research area, as illustrated in Figure 2.

N¢ of articles

1993 1998 2003 2008 2013 2018 2023
Year

Figure 2. Studies by year of publication.

Nevertheless, the United States is leading in advancing firefighter health and safety,
with 27 contributions [43—45]. Notably, it is renowned for being among the most advanced
countries in innovation, new methodologies, and implementing novel safety measures.
Australia is another country that has made significant strides in this scientific domain,
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with eight notable contributions which began to gain momentum in 2011. This heightened
progress may be attributed to the increasing severity of wildfires in recent years. Portugal
demonstrated a high evolution in this study theme and presented eight articles about
chemical agents and their impacts on wild firefighters” health, as illustrated in Figure 3.

i Ty
fraly 34_¥

. . 8 Portugal Greece .
t
~ L
s {

=X Belarus
ol L -

S / New
Chile ] Zealand 1
N

Articles (n)
10 15 20 25
Figure 3. Number of Studies Studies per Country.

3.3. Summary of Results

Out of the 42 articles reviewed, 27 pertain to exposure to chemical agents, while
15 address the health status of forest firefighters. Our review comprehensively characterises
all chemical agents found in forest fires, synthesising findings from previous studies.
Understanding the association between exposure to chemical agents and health outcomes
is crucial for identifying occupational illnesses. In this study, we elucidate the primary
occupational diseases and their causative factors linked to exposure to chemical agents,
as detailed in the subsequent sections. Some articles are duplicated within the dataset
due to their coverage of multiple topics of interest. Appendix A provides an extended
comprehensive summary of all results and evidence extracted from the articles incorporated
in this review.

3.3.1. Chemical Hazards

Information on the firefighter’s environment is essential to make it difficult to assess
the different occupational risks involved in wildfires, which hinders the development of
measures to mitigate them [3-5]. Firefighting training is an essential factor in decreasing
the risk of Exposure. Even with a high level of expertise, firefighters are commonly
exposed because they are at the front line during [46] and fine particulate matter (PM2.5),
while aldehydes and polycyclic aromatic hydrocarbons have also been referenced by the
authors [47]. These chemical substances have been demonstrated to exert detrimental effects
on health. They have emerged as significant concerns within the scientific community,
primarily due to their presence in the smoke emitted by fires at concentrations exceeding
established regulatory standards. It was considered evidence of exposure in all articles that
demonstrated concentrations above the recommended values and with evidence of signs
and symptoms of disease. All articles that failed to provide this evidence were considered
as not demonstrating Exposure.
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Table 3 illustrates the correlation between these chemical agents and the exposure
levels observed in studies that met the inclusion criteria.

Table 3. Chemical Agents (n = 27).

Functional Groups Chemical Article

Total VOC [48-50]

Black Carbon (BC) [51]

Organic Carbon [52]
Volatile Organic Levoglucosan (LG) [45,52,53]
Compounds (VOC) Formaldehyde [46,54]

Acrolein [46]

Benzene [46]

Polycyclic Aromatic Hydrocarbons (PAH) [50,55-58]

Nitrogen Dioxide (NO,) [48,59]
G Carbon Monoxide (CO) [11,43-48,52,54,60-66]

ases Carbon Dioxide (CO,) [46]

Fine particles [31,44,45,47,48,51-54,56,60,63-67]
Particles Respirable particles

Total particulate matter [52]

In this knowledge domain, a notable void exists, characterised by limited diversity in
assessing chemical agents during forest firefighting activities. Nonetheless, certain studies
have found challenges in revealing professional Exposure, possibly stemming from the
complexities of data collection in fires and the robustness of measurement equipment.
Furthermore, monitoring conducted in simulated scenarios may not faithfully mirror the
authentic occupational Exposure encountered by firefighters during real firefighting, which
can present a limitation in the analysis of evidence.

However, the results allow us to verify that the main strength of studies in this area
of knowledge involves the study of the composition of smoke caused by the fire and the
different concentrations emitted. These articles identified some suffocating agents that are
above reference limits.

3.3.2. Health Impairments

Exposure biomarkers are biological markers that reflect how humans interact with
their exposure environment, enabling the identification and prevention of occupational
diseases [43,45]. These markers are typically linked to Exposure to chemical agents and their
influence on physiological and psychological processes. Additionally, exposure biomarkers
can offer insights into cellular, structural, molecular, or biochemical alterations associated
with the onset of diseases [13]. Several diseases associated with firefighter professional
exposure have been identified in this review. However, it is known that identifying
occupation-related diseases in this line of work can be a challenging task due to the diversity
of exposure agents and the monitoring difficulties previously demonstrated. Identifying
a disease entails long-term tracking of the individuals, which is only sometimes feasible.
Therefore, Table 3 presents the studies in the occupational health category demonstrating
the evidence between exposure and disease development.

Identifying the present hazardous agents in the workplace and understanding their
health impacts represent the primary steps toward establishing a connection between
Exposure and the incidence of occupational diseases. Thus, in Table 4, it is possible to
analyse the relationship between firefighters” Exposure and the emergence of various
diseases highlighted in the included articles.

Respiratory diseases show the strongest correlation with Exposure to forest fire smoke.
Nevertheless, it has not been possible to conclude which pollutants may be the main contribu-
tors to respiratory diseases. Some authors consider that smoke exposure may also contribute
to the onset of cardiovascular disease. However, it was observed in the articles included in this
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review that there is still a significant challenge in establishing the relationship between the risk
factors found in forest fire fighting and their impact on the occupational health of firefighters.

Table 4. Occupational Chemical Exposure and Relationship to Health Impairments (n = 15).

Variable Article
Cancer [68-71]
Cardiovascular [70]
Respiratory [43,47,52,59,60,67,72-78]

3.4. Risk of Bias

Of all articles included in the study, 55.00% were categorised as having a high-quality
risk of bias assessment. Only 15.00% received a classification of ‘Fair” in terms of quality
rating, as seen in Figure 4. Appendix B provides a comprehensive account of the risk of
bias assessment conducted for each study included in the analysis.

Very Good 58.97%\

Good 38.46%
Fair 2.56%

Figure 4. Quality of studies.

Following a comprehensive assessment of bias risk and verification of exposure evi-
dence provided within the articles, those categorised as “Fair” quality were omitted from
this review to mitigate potential bias. However, one article was retained despite lacking a
bias risk rating, as the methodology employed rendered bias assessment inapplicable [56].
Nevertheless, these two articles presented compelling evidence of exposure, as detailed
in Tables 5 and 6. The articles in the ‘Below Threshold Limit Value (TLV)’ column present
articles that have been monitored for chemical agents but show results that do not exceed
the recommended exposure limit values.

Table 5. Chemical agent exposure.

Functional Groups Chemical Above TLV Below TLV TLV

Total VOC [48,49] OMS: 600 pug/m?
Organic Carbon 15722 [ —
Levoglucosan (LG) [52]

o g OSHA (EUA): 0.75 ppm

£ como TWA

< >

S0 Formaldehyde [46] NIOSH (EUA): 0.016 ppm

% E como TWA

Tg é Acrolein [46,54]

35 g OSHA (EUA): 1 ppm TWA

=3 Benzene [46] NIOSH (EUA): 0.1 ppm TWA
Polycyclic Aromatic ) 3
Hydrocarbons (PAH) [50,54,57] NIOSH: 0.1 mg/m
Nitrogen Dioxide (NO,) [48,59]
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Table 5. Cont.

Functional Groups

Chemical Above TLV Below TLV TLV

Gases

Carbon Dioxide (CO5) [46]

OSHA: 50 mg/m® TWA

Carbon Monoxide (CO) [43,46-48,54,60-62] [44,45,52,64-66] NIOSH: 35 ppm TWA

ACGIH: 25 ppm TWA

NIOSH REL:

5000 ppm (9000 mg/m?3) TWA,
30,000 ppm (54,000 mg/m?)
STEL

OSHA PEL: 5000 ppm

(9000 mg/m3) TWA

1989 OSHA PEL: 10,000 ppm
(18,000 mg/m?3) TWA,

30,000 ppm (54,000 mg/m?)
STEL

1993-1994 ACGIH TLV:

5000 ppm (9000 mg/m?3) TWA,
30,000 ppm (54,000 mg/m?)
STEL

Particles

Fine particles [47,48,56,60,63,67] [45,53,66] = —-——--
Respirable particles [51,52,54,63] NIOSH: 3 mg/m?
Total particulate matter [52] NIOSH: 10 mg/ m3

Table 6. Relationship between health impairment and chemical agent exposure.

Variable Smoke Exposure
Proven Relation No Evidence of a Relation
Cancer [68,69,71,79] -
Respiratory [43,47,52,59,60,67,72-77] -

In the context of chemical exposure, while certain authors have demonstrated compli-
ance below the threshold values set by the ACGIH and OSHA, it is acknowledged that this
observation may be attributed to disparities between prescribed burns and real-time fires.
The composition of fuel in each fire appears to be an additional determinant affecting the
concentration levels of various pollutants, alongside other variables such as meteorological
conditions [65]. Nonetheless, proposing a correlation among the diverse chemical agents
encountered by firefighters during firefighting serves as a method for evaluating firefighters’
occupational exposure. This approach aims to discern the potential synergistic effects of
chemical agents on firefighters” occupational hazards [44].

Regarding health impairment, it’s acknowledged that the utilisation of exposure
biomarkers can be influenced by various factors such as sampling durations, environmental
conditions at the sampling site, individual participant characteristics, or the participant’s
health status. While all the studies included in health impairment demonstrate a correlation
between exposure and health outcomes, it’s recognised that biomarker concentrations,
such as urinary levels of levoglucosan, may be influenced by exposure to additional
compounds present in wildfire smoke. This necessitates a more comprehensive evaluation
in conjunction with other biomarkers, as individual analysis may not reveal concentrations
exceeding recommended thresholds [45,53].

4. Discussion
4.1. Chemical Agents at Firefront

It is established that the composition of wildfire smoke is contingent upon the types
of vegetation and materials involved [80]. For a good characterisation of occupational
exposure, looking at the workers” health and the conditions in which that exposure occurs is
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necessary. Thus, knowing which chemicals the fire releases is essential to prevent possible
synergistic and cumulative effects on firefighters” health [81,82].

During the suppression of wildfires, firefighters are subjected to smoke levels that
exceed the recommended limits established by organisations like the National Institute
for Occupational Safety and Health (NIOSH) and the Occupational Safety and Health
Administration (OSHA) [83]. Throughout a fire season, firefighters battle multiple fires,
and the duration and intensity of their exposure are influenced by various factors, not all of
which are within their control. The potential for smoke exposure during wildfires is linked
to the concentration of chemical agents. It depends on the nature of the tasks carried out,
the terrain’s topography, and the environmental dispersion, all of which are affected by
prevailing weather conditions [54].

Several of the chemicals to which these individuals are exposed are classified as
carcinogens and have the potential to elevate the risk of heart disease. Concentration
levels exceeding the World Health Organization (WHO) guidelines were observed for CO,
PM2.5, and NO; [48,50,65,71,84]. CO is an invisible and odourless hazardous gas found in
smoke and equipment with internal combustion engines used in firefighting operations.
Chainsaws and firefighting vehicles are equipment types that notably contribute to CO ex-
posure. Additionally, the direction of the wind plays a role in influencing exposure [48,62].
Even though firefighters consistently experience occupational exposure surpassing rec-
ommended threshold values, the highest recorded peak for CO reached 499.80 ppm [48].
It was determined that firefighters exceeded the prescribed personal CO exposure limits
during 88% of their shifts [20] and that values could be exceeded quickly [65].

Simultaneously, it was discovered that firefighters encounter elevated concentrations
of these pollutants and Volatile Organic Compounds (VOCs) [59]. While this value is lower
than the study referenced earlier, it is essential to interpret it in the context of exposure
duration. Therefore, NIOSH establishes its exposure limit value at 200 ppm. On average,
a firefighter experiences exposure to roughly 150 ppm of CO over 45 min. Nevertheless,
the diffusion tube measurement yielded a CO level of 63 ppm over 1.2 h [48], where three
different methods of CO measurement were tested [60,61]. The time-weighted average of
CO was 120 ppm, close to the limit value [48].

There is a strong correlation between exposure to CO and PM2.5 [61]. Particles
are present in wildfire smoke ranging from the smallest size (0.52 um) to the largest
(21.3 pm) [52]. Exposure to PM2.5 concentration is the best predictor of respiratory symp-
toms [67], along with concentrations of Levoglucosano (LG), which are typically higher in
the range of respirable particles, with concentrations tending to increase from 26 mg/mL
to 35 mg/mL between the beginning and end of the shift [53]. Firefighters operating at the
firefront, where a combination of contaminants is present, experience the most significant
decline in forced expiratory volume at 1 s [52]. Besides CO, specific toxic, suffocating agents
emitted from fire smoke exacerbate exposure, including Acrolein, Benzene, Carbon Dioxide
(COy), and Formaldehyde, with a potentiating effect. Among these chemicals, benzene is
the most commonly found [55]. Firefighters’ exposure is statistically significant in direct fire
suppression, with 3.5, 6.0, and 63.1 ppb for acrolein, benzene, and formaldehyde, respec-
tively [49]. Nevertheless, distinctions in exposure levels between the commencement of a
wildfire intervention and a controlled prescribed fire are acknowledged. During the initial
stages of the intervention, carbon dioxide (CO;) and formaldehyde register the highest
pollutant concentrations [46].

Furthermore, there are other detectable compounds, including polycyclic aromatic
hydrocarbons (PAHs), with anthracene being one of the common ones [56]. PAHSs are
distinguished by their lipophilic nature and are classified as hazardous environmental
pollutants [85]. Wildland fires serve as a primary source of PAH release into the environ-
ment [86], the outcome of incomplete combustion of organic matter, frequently derived
from contaminated soils [85]. NIOSH recommends that the workplace exposure limit for
PAHs should be set at the lowest detectable concentration of 0.1 mg/m3, whereas OSHA
suggests a TWA of 0.2 mg/m?. Given that forest fires constitute the primary source of PAH
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release and considering that firefighters are exposed to concentrations exceeding the rec-
ommended thresholds, PAHs emerge as a predominant factor in the onset of occupational
illnesses [87].

4.2. Health Impairments
4.2.1. Respiratory Diseases

Firefighters face various substances in smoke during environmental exposure to fires,
which can elicit an immune response, resulting in respiratory symptoms and diminished
respiratory function [75]. The effects on the lungs depend on the chemical composition
of the smoke, the particle size, and the combustion temperature, which are different for
different materials [88,89].

Smoke exposure triggers an inflammatory response through granulocyte produc-
tion [47] and eosinophilic and neutrophilic inflammation in the airways at the bronchial
level during and after acute exposure to forest fires [75]. The toxic agents released during
fires produce changes in lung tissues [90]. It was found that there is a statistical relationship
between the number of years of professional exposure, age, and smoking status of the
individuals and symptoms of respiratory disease. Firefighters” occupational exposure can
lead to the onset of chronic respiratory symptoms. However, it is known that smoking
individuals may have a cumulative effect [17,91].

It is crucial to note that Personal Protective Equipment (PPE), especially hoods utilised
for respiratory protection in forest firefighting, may only sometimes be the most effective or
readily available in adequate quantities for all personnel. Furthermore, during firefighting
activities, individuals may decide to remove their PPE, impacting their exposure. It has
already been indicated that firefighters have a decreased respiratory function in forest
fires [72]. In fact, with the high respiratory exposure and diversified chemical contaminants
in the working atmosphere of a wildfire, the incidence of lung cancer and cardiovascular
diseases is high [70]. Despite this, changes in the lung function of firefighters during the
work shift are not evident and do not rule out the possibility of a cumulative effect resulting
from exposure over several days [77].

4.2.2. Cancer Diseases

Oncological diseases are one of the occupational diseases with the highest incidence
in the professional group of firefighters, such as prostate, lung, and kidney cancer [88,89].
The assessment of exposure to radionuclides emitted by smoke during a forest fire can be
used as an indicator of cancer incidence, in particular lung cancer [92].

In a wildfire, firefighters are exposed to genotoxic compounds [43]. Some authors
propose the hypothesis of adverse effects on urinary mono-hydroxyl polycyclic aromatic
hydrocarbon levels and genotoxic biomarkers of oxidative impact, including baseline
Deoxyribonucleic Acid (DNA) and oxidative DNA damage [78]. It is known that there can
be significant impacts on individuals. More significant baseline DNA damage was found
in firefighters aged 29-38 than in younger groups, and smoke exposure was related to the
damage found [93].

The human body absorbs PAHs through inhalation, ingestion, and dermal expo-
sure. Short-term exposure can manifest as eye irritation, nausea, and vomiting. However,
prolonged exposure poses health risks, including kidney and liver damage, respiratory
difficulties, and related symptoms [85]. PAHs stand as a notable factor contributing to car-
cinogenic and mutagenic diseases, with skin, lung, pancreatic, oesophagal, bladder, colon,
and breast cancers commonly associated with prolonged exposure to these compounds [86].
The European Union has been addressing the matter of occupational cancer, with findings
in 2016 indicating that 120,000 cases were attributed to exposure to carcinogens in the
workplace, resulting in the deaths of approximately 80,000 workers [94]. Conversely, some
authors highlight that the link between cancer development in non-smoking firefighters
and elevated levels of polycyclic aromatic hydrocarbons (PAH) in peripheral leukocytes
remains uncertain. Exposure to fire smoke encompasses numerous genotoxic compounds
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that may interplay and intensify their carcinogenic potential [69]. Some studies also demon-
strate a lack of correlation between engagement in forest firefighting and PAH-DNA levels,
implying that dietary factors may play a role as triggering agents [79]. Specific metabolites
associated with exposure to compounds like Bisphenol A (BPA), BP-3, triclosan, methyl-
paraben (MP), ethylparaben (EP), butylparaben (BP), and n-propylparaben (PP) can result
in substantial health consequences for individuals exposed to fire smoke [80]. Nonetheless,
it is worth noting that there are no discrepancies in biomarker outcomes concerning the
onset of respiratory symptoms during exposure [60]. Despite this, it is suggested that
4-hydroxyphenanthrenes can be applicable as biomarkers of forest fire exposure and may
be associated with symptoms [45].

It should be noted that firefighters are exposed to oxidative damage of nucleobases.
Still, this exposure may be influenced by the number of years as a firefighter due to its
cumulative effect [66]. Thus, it is essential to assess the different types of exposures they are
subjected to, the existence of other occupational activities, their lifestyle (particularly if they
smoke or have respiratory diseases, and their length of service as firefighters [3,70,93,95-97].

4.3. Proven Exposure to Chemical Exposure and Health Issues

Real-time measurement during a wildfire poses a significant challenge in deploying
monitoring equipment and innovative sampling techniques. Parameters such as ambient
temperature, CO, and oxygen levels enable the assessment of physical conditions impact-
ing firefighter safety and can serve as warning indicators when these conditions become
detrimental to the professionals” health. Telemetry sensors designed for firefighter moni-
toring, coupled with physiological variables, are already established in the field [97]. The
integration of environmental and physiological variables may serve as a pivotal method
for signalling fatigue alerts induced by exposure to the occupational setting of forest fires.

Indeed, throughout this review, it was observed that the articles predominantly concen-
trate on environmental exposure and overlap with recommended limit values by regulatory
agencies such as OSHA and NIOSH. Furthermore, they delve into the consequential im-
pacts of this exposure on firefighter health, notably linking exposure to fire smoke with
diminished lung function [75,77,90] and the onset of work-related cancer [78,92,93]. Upon
scrutinising the included studies, it became evident that the primary risk factor for work-
related cancer stemming from occupational exposure to chemical agents in forest fire smoke
lies in the mutagenicity of DNA chains, predominantly attributed to compounds like PAH.
Nevertheless, it is recognised that exposure to other substances, such as CO, may also
significantly impair lung function among firefighters. This is owing to the elevated concen-
trations to which they are exposed and the ensuing impact on individuals, particularly in
terms of diminishing oxygen concentration in the blood [18,52,65,77,98,99]. Nevertheless,
it is crucial to consider the potentially significant impact of these compounds on other
systems within the human body, especially concerning cardiovascular alterations. Over the
long term, such alterations may precipitate the onset of diseases [86].

The challenges associated with employing varied sampling techniques appear to
stem from the harsh conditions confronted by firefighters during combat tasks, rendering
equipment deployment fraught with complexities that impede error-free monitoring. Phys-
iological variables, in particular, pose heightened sensitivity, and their real-time monitoring
can prompt individuals to cease task execution, potentially heightening health risks for
both the individual and the researcher. Consequently, the need for more diversity in studies
within this domain may be attributed to the inherent difficulties in real-time physiological
monitoring during forest firefighting. Although initiatives to develop real-time health mon-
itoring systems for firefighters have commenced, these systems have yet to be universally
applied to high-risk firefighting activities, nor have they been designed with variables
that furnish comprehensive insights into firefighters” health status during task execution.
Indeed, the evaluation of firefighters” health status, and by extension, their occupational
exposure, often encompasses a limited array of variables, as evidenced by the included
studies. However, the amalgamation of these and additional variables as indicators for
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real-time assessment of firefighters’ health status remains challenging, not only due to the
exigencies of on-site assessment during fire incidents but also owing to the imperative to
devise resilient equipment capable of withstanding the adverse conditions encountered in
such scenarios [13].

It is considered necessary to include the assessment of prolonged exposure and ex-
posure through other sources of contamination, such as contamination by PPE (Personal
Protective Equipment) and motorised equipment used in firefighting. Moreover, this
exposure varies depending on the type of vegetation and fuel involved in the fire [100].
Nevertheless, it is known that the primary source of contamination for firefighters in wild-
fires is the lack of PPE that can ensure respiratory protection because it is not commonly
used [70,101,102].

4.4. Biases and Limitations

While many of the risks firefighters face are well-established, more research is needed
concerning the comprehensive assessment and detailed characterisation of occupational
exposure for firefighters operating at the firefront. Furthermore, adopting preventive and
corrective measures to mitigate occupational exposure has yet to show much progress. It is
also advisable to explore alternative approaches for the treatment of the results, such as
conducting a meta-analysis.

The primary risk associated with this review is tied to the studies” diversity. The
methodologies employed in these various studies are not easily comparable, rendering
the extraction of raw data a challenging task. This data would have been instrumental in
the authors drawing more definitive conclusions. However, several studies have found
no significant differences in chemical exposure characterisation data between different
groups of firefighters. In our study, no articles were identified that specifically addressed
chemical exposure from pollutants deposited on firefighters’ personal protective equipment
(PPE) and emissions from vehicle engines and equipment like chainsaws. Nonetheless,
this variable could represent an aggravating factor for the health of these individuals,
underscoring the need for further studies involving such assessments. It is worth noting
that conducting monitoring at the forefront is a demanding endeavour fraught with various
practical implications.

4.5. Implications for Practice

A fire is delineated by the combustion of material under elevated temperatures and in
an unregulated fashion. The distinction between a forest fire and a structural fire can be
encapsulated by the occurrence of the former within forested regions. In contrast, the latter
ensues within residential towers and is typified by combustible materials contained within
structures, including building components. Fires occurring within industrial facilities
may be compounded by the presence of combustible materials, particularly the inclusion
of chemical products [11-103]. When addressing the challenge of combating forest fires,
the complexity lies in their propagation, which typically proves challenging to forecast.
Variables such as wind patterns, ambient temperature, humidity levels, and fuel composi-
tion can amplify the fire’s intensity and determine its behaviour [104]. Additionally, it is
recognised that Personal Protective Equipment (PPE) usage varies between the two fire
types, with respiratory protection being notably limited for forest fires, despite firefighters
facing similar risks as structural fires [105]. Commonly, in forest fires, the implementation
of a particulate respirator mask represents the most effective means of respiratory protec-
tion [103,106], in contrast to urban or industrial fires, where respiratory protection typically
involves goggles and an open-circuit self-contained breathing apparatus (SCBA) [10]. Rec-
onciling environmental and health variables makes it possible to monitor the health status
of firefighters better and prevent occupational diseases since some are carcinogenic and
present a high risk of heart disease.

Firefighters often employ equipment that needs more certification for use in wildfire
conditions. This situation can heighten the risk of exposure due to potential deficiencies in



Safety 2024, 10, 60

14 of 33

protective capabilities, limited duration, and inadequate knowledge regarding their utilisa-
tion, especially in the case of respiratory protection gear. The need for more innovation
in firefighting equipment for wildfires has been compounded by the limited progress in
normative standards governing respiratory protection. Only ISO 16073-2:2019 Compati-
bility is recognised in this context. The challenge in developing more Personal Protective
Equipment (PPE) is more than just ensuring its optimal performance. It also hinges on
its practicality in wildland firefighting and the certification process by accredited entities,
which proves to be a complex undertaking [82]. Volunteer firefighters are the most affected
when it comes to lack of equipment and the use of equipment that is not validated. A few
countries worldwide ensure assistance through volunteer firefighters, including Russia,
Poland, Portugal, the United States, Germany, Japan, Canada, and Chile.

Forest firefighting has been demonstrated to be a high-exposure endeavour, attributed
not only to the inadequacy of effective Personal Protective Equipment (PPE) but also to the
amalgamation of chemical exposure experienced by firefighters, as outlined throughout this
review, along with various other factors imposing significant physical and mental strains.
As evidence, the chemical exposure encountered by firefighters constitutes a primary source
of illness and respiratory symptoms. Nevertheless, additional factors beyond chemical
exposure have garnered attention within the scientific community. Instances include
extreme heat, which has been documented to elicit psychological, psychophysiological, and
pathological effects [107,108]. Indeed, one of the indicators of fatigue in hot environments
with chemical exposure is cardiovascular load. Considering the variability in slope and
terrain stability during forest firefighting, this could be another exacerbating factor and
indicator of cardiovascular disease. About 45% of firefighters’” deaths on duty are caused
by cardiovascular diseases [109]. These figures can be justified by associating exposure
to fumes [109] with the additional effort caused by physically demanding activities and
aggravated by the increase in core temperature caused by them [110].

Fatigue stands as the primary catalyst for human error and can precipitate serious ac-
cidents. One of the variables frequently employed as an indicator of fatigue is lactate [111].
Lactate is already used to determine pathologies and the bioenergetic consumption of
muscle cells [112]. The association between elevated lactate levels and exposure to envi-
ronments with high carbon monoxide concentrations suggests that lactate can be a reliable
indicator of overload. Lactate levels tend to rise in environments lacking oxygen [113].
Therefore, lactate is considered an invasive parameter that may hinder its inclusion in
biotelemetry systems. The anaerobic threshold can be estimated using heart rate, a pa-
rameter easily measured by portable meters [114,115]. However, it is known that further
evaluation is needed to determine the agreement of the different variables [116,117]. De-
spite the challenges associated with the probabilistic assessment of capillary lactate, one
should consider the possible benefits of investing in biotelemetry sensors. Lactate is a
parameter frequently utilised in athletics to assess changes in exercise intensity, observe
various thresholds, and understand their physiological impact on heart rate and maximum
oxygen consumption [118-120]. Lactate can be a strong indicator of assessing heavy work
in an occupational context [121,122]. However, few studies on firefighters still evaluate
capillary lactate and its relationship with environmental exposure [123].

This review has underscored the heightened occupational exposure of firefighters
during forest firefighting, owing to the intricate nature of the activity and the diverse factors
influencing this exposure. Indeed, there exists a pronounced imperative for occupational
health and safety initiatives aimed at monitoring firefighter health, tailoring individual
tasks, conducting thorough analyses of workplace accidents, and preemptively identifying
occupational diseases. The United States has emerged as a leading proponent in this realm
of occupational health and safety intervention [124]. Nevertheless, in countries such as
Portugal, where the firefighting community comprises 94% of volunteer firefighters, there
is currently no recognised program capable of addressing the occupational health and
safety requirements inherent to a high-risk profession like firefighting, encompassing all
dimensions of risk associated with the activity.
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The importance of knowing firefighters’” exposure to forest fires has become increas-
ingly important for improving methodologies and occupational disease risk management.
Based on the findings outlined in this review, it is recommended that more comprehensive
analyses be conducted, facilitating the development of programs tailored to encompass
the diverse occupational hazards encountered by firefighters. This initiative aims to rede-
fine the interpretation of occupational exposure within this professional group. Certain
American guides and platforms are already recognised for serving as a reference for the
monitoring and selection of firefighters [125]. Nevertheless, there are numerous avenues
yet to be explored for the intervention of occupational health and safety services aimed at
mitigating the work-related impacts on firefighters” health. This is particularly pertinent in
the context of forest firefighting, which appears to need significant intervention efforts.

5. Conclusions

The impacts of chemical exposure on the safety and health of firefighters during wild-
fire suppression are substantial and multifaceted. Exposure to environmental pollutants
such as particulates and carbon monoxide (CO) not only exacerbates immediate respira-
tory risks but also significantly contributes to the development of cardiovascular diseases,
which have a high incidence among firefighters. Furthermore, continuous exposure to toxic
chemicals can result in severe and debilitating diseases, increasing the risk of mortality
and morbidity within the firefighter population. Years of experience and exposure time
are important factors to analyse, as they are significant contributors to the development of
symptoms and disease. The difficulty in innovating the production of personal protective
equipment (PPE) that provides adequate protection intensifies these risks, highlighting
the urgent need for improvements in this area. Occupational health and safety strategies
should, therefore, focus not only on the immediate mitigation of risks but also on the
implementation of long-term solutions that include improving PPE, continuous health
monitoring of firefighters, and developing rapid response protocols for chemical exposure
incidents. Real-time monitoring has presented significant challenges in this field of research
due to the difficulty of using equipment under wildfire conditions. This research has
identified a strong need for intervention in the innovation of new analytical methodolo-
gies and the development of new products capable of meeting these needs. The present
study recommends the implementation of technological innovation, robust occupational
health policies, and continuous awareness of the risks involved in wildfire suppression by
occupational health and safety teams.
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Appendix A

Table A1l. Summary of data on Chemical Agents (1 = 26).

Reference

Objective

Results

Evidence

[46]

Fire smoke exposure assessment

* General shift values: IA PF IP
Acrolein (ppb) 1 1 9

Benzene (ppb) 3 4 16

CO; (ppm) 391 439 450
CO(ppm) 16 28 41
Formaldehyde (ppb) 6 13 47
PR (mg/m>) 0.022 0.50 0.63

PT (15mg/m3) 139 147 NA
IRPELs (Em <1.0)* 0.1 0.1 03
IRTLVs (Em <1.0)** 0.1 02 04

Line of Fire: IA PF 1IP
Acrolein (ppb) 5 2 15
Benzene (ppb) 14 6 28

CO; (ppm) 488 465 519
CO(ppm) 74 40 69
Formaldehyde (ppb) 28 18 75
PR (mg/m°) 1.11 072 293
PT (15mg/m?®) 532 172 NA
IRPELs (Em <1.0) 04 01 04
IRTLVs (Em <1.0) 06 03 0.7

About 8% of the workers in prescribed fires exceeded the TLV
limit value for CO while in the fire line. When the fire attack is
upwind, firefighters are at low exposure to the
released components

[47]

To characterize the acute pulmonary and systemic
inflammatory effects of exposure to forest fire smoke

A[CO] = between 5 and 20 ppm

Exposure to smoke by firefighters triggers an inflammatory
response caused by an increase in sputum granulocytes.

[64]

To evaluate the relationship between exposure to CO, PM, and
Levoglucosan changes in urinary methoxy phenols.

[PM2.5] = 1054 4 415 mg/m3

[LG] =75 + 49 mg/m°®
[CO] =28 £ 1.8 ppm;
LG/PM ratio = 0.08 & 0.04
CO/PM ratio = 3.6 £ 2.2

The OSHA limit values for CO were not exceeded.
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Table Al. Cont.

Reference Objective Results Evidence
CO (ppm)

1—TWA = 7.60; Peak Value = 493.30; TLV-STEL
fulfilment = NO

2—TWA = 9.60; Peak Value = 486.60; TLV-STEL
fulfilment = NO

3—TWA = 10.70; Peak Value = 198.80; TLV-STEL
fulfilment = NO

4—TWA = 13.10; Peak Value = 386.60; TLV-STEL
fulfilment = NO

5—TWA = 14.80; Peak Value = 499.80; TLV-STEL
fulfilment = NO

6—TWA = 19.80; Peak Value = 454.40; TLV-STEL
fulfilment= NO

7—TWA = n.d; Peak Value = n.d; TLV-STEL

fulfilment = n.d

8—TWA = 11.80; Peak Value = 376.70; TLV-STEL
fulfilment = NO

9—TWA = 13.70; Peak Value = 421.00; TLV-STEL
fulfilment = NO

10—TWA = n.d; Peak Value = n.d; TLV-STEL

Analyzes data on individual exposure to CO, NO,, volatile fulfilment = n.d

[48] organic compounds (VOCs), and PM2.5 obtained during an 11—TWA = 2.60; Peak Value = 112.00; TLV-STEL

experimental fire.

fulfilment = YES

12 —TWA = 6.80; Peak Value = 248.00; TLV-STEL
fulfilment = NO

13—TWA = 5.80; Peak Value = 422.00; TLV-STEL
fulfilment= NO

14—TWA = 12.50; Peak Value = 295.00; TLV-STEL
fulfilment = NO

15—TWA = 19.30; Peak Value = 287.00; TLV-STEL
fulfilment = YES

16—TWA = 5.70; Peak Value = 323.00; TLV-STEL
fulfilment = YES

17—TWA = 1.30; Peak Value = 155.00; TLV-STEL
fulfilment = YES

18—TWA = 12.70; Peak Value = 614.00; TLV-STEL
fulfilment = NO

19—TWA = 6.10; Peak Value = 236.00; TLV-STEL
fulfilment = NO

20—TWA = 4.10; Peak Value = 286.00; TLV-STEL
fulfilment = YES
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Table Al. Cont.

Reference

Objective

Results

Evidence

NO; (ppm)
1—TWA = 0.90; Peak Value = 3.00; TLV-STEL
fulfilment = YES
2—TWA = 1.90; Peak Value = 9.00; TLV-STEL
fulfilment = YES
3—TWA = 1.80; Peak Value = 8.00; TLV-STEL
fulfilment = YES
4—TWA = 0.10; Peak Value = 33.00; TLV-STEL
fulfilment = YES
5—TWA = 0.10; Peak Value = 22.00; TLV-STEL
fulfilment = YES
6—TWA = n.d; Peak Value = n.d; TLV-STEL
fulfilment = n.d
7—TWA = 1.10; Peak Value = 10.00; TLV-STEL
fulfilment = YES
8—TWA = 0.10; Peak Value = 4.00; TLV-STEL
fulfilment= YES
9—TWA = 2.20; Peak Value = 5.00; TLV-STEL
fulfilment = YES
10—TWA = 0.02; Peak Value = 4.00; TLV-STEL
fulfilment = YES
11—TWA = 0.06; Peak Value = 16.8; TLV-STEL
fulfilment = YES
12—TWA = 0.03; Peak Value = 2.60; TLV-STEL
fulfilment = YES
13—TWA = 0.05; Peak Value = 5.90; TLV-STEL
fulfilment = YES
14—TWA = 0.02; Peak Value = 5.00; TLV-STEL
fulfilment = YES
15—TWA = 0.11; Peak Value = 9.70; TLV-STEL
fulfilment = YES
16—TWA = 0.12; Peak Value = 5.10; TLV-STEL
fulfilment = YES
17—TWA = 0.03; Peak Value = 5.70; TLV-STEL
fulfilment = YES
18—TWA = 0.09; Peak Value = 12.00; TLV-STEL
fulfilment = YES
19—TWA = 0.09; Peak Value = 3.70; TLV-STEL
fulfilment = YES
20—TWA = 0.09; Peak Value = 8.50; TLV-STEL
fulfilment = YES
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Table Al. Cont.

Reference

Objective

Results

Evidence

VOC (ppm)

1—TWA = 0.19; Peak Value = 88.00; TLV-STEL
fulfilment = n.a

2—TWA = 0.28; Peak Value = 35.00; TLV-STEL
fulfilment = n.a

3—TWA = 0.03; Peak Value = 4.00; TLV-STEL

fulfilment = n.a

4—TWA = 0.16; Peak Value = 11.00; TLV-STEL
fulfilment = n.a

5—TWA = 0.12; Peak Value = 12.00; TLV-STEL
fulfilment = n.a

6—TWA = 0.47; Peak Value = 63.00; TLV-STEL
fulfilment = n.a

7—TWA = 0.22; Peak Value = 23.00; TLV-STEL
fulfilment = n.a

8—TWA = 0.19; Peak Value = 15.00; TLV-STEL
fulfilment = n.a

9—TWA = 0.69; Peak Value = 20.00; TLV-STEL
fulfilment = n.a

10—TWA = 0.25; Peak Value = 15.00; TLV-STEL
fulfilment = n.a

11—TWA = 0.00; Peak Value = 68.00; TLV-STEL
fulfilment = n.a

12—TWA = 0.03; Peak Value = 7.0; TLV-STEL

fulfilment = n.a

13—TWA = 0.03; Peak Value = 29.00; TLV-STEL
fulfilment = n.a

14—TWA =0.02; Peak Value = 15.00; TLV-STEL
fulfilment = n.a

15—TWA = 0.03; Peak Value = 9.00; TLV-STEL
fulfilment = n.a

16—TWA = 0.86; Peak Value = 76.00; TLV-STEL
fulfilment = n.a

17—TWA = 0.01; Peak Value = 5.00; TLV-STEL
fulfilment = n.a

18—TWA = 0.17; Peak Value = 59.00; TLV-STEL
fulfilment = n.a

19—TWA = 0.04; Peak Value = 12.00; TLV-STEL
fulfilment = n.a

20—TWA = 0.06; Peak Value = 6.00; TLV-STEL
fulfilment = n.a
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Table Al. Cont.

Reference

Objective Results

Evidence

PM2.5 (um~3)
1—TWA = 773.40; Peak Value = 13,593.00; TLV-STEL
fulfilment = n.a
2—TWA = 551.00; Peak Value = 13,768.00; TLV-STEL
fulfilment = n.a
3—TWA = 917.10; Peak Value = 15,590.00; TLV-STEL
fulfilment = n.a
4—TWA = 1436.60; Peak Value = 19,953.00;
TLV-STEL fulfilment = n.a
5—TWA = 2196.40; Peak Value = 19,134.00;
TLV-STEL fulfilment = n.a
6—TWA = 2187.50; Peak Value = 16,516.00;
TLV-STEL fulfilment = n.a
7—TWA = 2052.80; Peak Value = 17,635.00;
TLV-STEL fulfilment = n.a
8—TWA = 1435.40; Peak Value = 14,469.00;
TLV-STEL fulfilment = n.a
9—TWA = 1829.30; Peak Value = 18,286.00;
TLV-STEL fulfilment = n.a
10—TWA = 618.50; Peak Value = 13,989.00;
TLV-STEL fulfilment = n.a
11—TWA = 131.90; Peak Value = 6257.00; TLV-STEL
fulfilment = n.a
12—TWA = 1201.60; Peak Value = 14,663.00;
TLV-STEL fulfilment = n.a
13—TWA = 371.50; Peak Value = 10,049.00;
TLV-STEL fulfilment = n.a
14—TWA = 943.70; Peak Value = 13,055.00;
TLV-STEL fulfilment = n.a
15—TWA = 456.40; Peak Value = 13,390.00;
TLV-STEL fulfilment = n.a
16—TWA = 120.10; Peak Value = 6934.00; TLV-STEL
fulfilment = n.a
17—TWA = 198.00; Peak Value = 8896.00; TLV-STEL
fulfilment = n.a
18—TWA = 1188.30; Peak Value = 12,929.00;
TLV-STEL fulfilment = n.a
19—TWA = 528.90; Peak Value = 17,290.00;
TLV-STEL fulfilment = n.a
20—TWA = 1072.9; Peak Value = 15,071.0; TLV-STEL
fulfilment = n.a
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Table Al. Cont.

Reference Objective Results Evidence
Burning day:
Evaluate the association between PM2.5 particles and wpm25) = 280 ng/ m? (95% CL = 140, 557 pg/m3,
[44] duration, fire size, work tasks, and meteorological variables to n=177) The values found by At}(li(z}?li;}lli(r);?ti(;ﬁ sexceed the OSHA or
identify factors that influence exposure. No-burn days:
pm2.5) = 16 pg/m3 (95% CL =10, 26 pg/m?, n = 35)
CO (ppm) RP (mg/ m?3) Formaldehyde (ppm)
Fuel reduction burns 122 >1.5 <0.192
[79] Assess the high exposure risk related to forest fire ]Szlx pirlm}elntal Eurns gg zg;g :883 The concentrations of pollutants varied significantly, making it
smoke inhalation ?’Sresirribi?ipbuli;r: 9 1 ) 2 <0 161 difficult to assess the firefighters” exposure.
Victorian wildfires 4.5 0.39 0.042
. . . TLV-TWA: CO (25 ppm); NO; (3 ppm); The authors indicate that firefighters are exposed to high CO,
[59] Characterize forest fire smoke exposure and health impacts. TLV-STEL: CO (200 ppm); NO; (5 ppm); d fons in f firefighti
Peak: CO (400 ppm); NO; (20 ppm). NO,, and VOC concentrations in forest firefighting.
Investigate the effect of occupational smoke exposure 1g[PMz5] = 650 ng/ m?; [PM,5] = 288 a 1306 ug/ m? . . .
[60] through biomarkers, 115[CO] = 3.6 ppm; A[CO] = 1.54 2 19.85 ppm Exposure to smoke induces inflammation.
e 1g[COJ = 1.06 ppm; The samples exceed the NIOSH stipulated limit
[61] CO exposure assessment of a group of US firefighters. interval of concentration = 0-14 ppm value of 200 ppm.
A[PM, 5] = 64 to 2068 g m=3
[65] Evaluation of particles, levoglucosan and CO. A[CO] =0.02 to 8.2 ppm PM and CO do not exceed the recommended limit values.
P 23 PP
A[LG] = 0.04 to 291 pg m~3
u[PM, 5] = 248 pg/m?
u[CO] =1.0 ppm
[8-Ox0-dG] I_’rgishlf; tini The authors suggest that firefighters are exposed to oxidative
[66] Smoke exposure assessment. [MD)I(XO] -0 7_8 ugl /g crea t%n%ne damage of nucleobases in forest fires, which may be
B .Po;ltr—rslﬁi ftg creatiine influenced by the number of years in the firefighter’s career.
[8-Oxo0-dG] = 70 pg/g creatinine
[MDA] = 0.95 umol/g creatinine
Evaluation of urinary levoglucosan as a biomarker of HglL.G] before the shift = 26 mg/mL
[53] Hg[LG] after shift = 35 mg/mL Levoglucosan was not associated with PM2.5.

smoke exposure.

Hg[PM25] = 248 mg/m’
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Reference Objective Results Evidence
p[PMtotal] = 0.39 mg/m3
u[PM](workers from other activities like excavation)
=0.88 mg/ m3
u[PM](workers on the fireline) = 0.35 mg/ m?
. C.har.actenze occup atlongl exposures from wildland . u[COJSwampers = 6.24 ppm About 71% of the LG found is in the respirable
[52] firefighting and evaluate their associations with changes in u[CO]JSawyers = 8.19 ppm were articulate range
lung function. u[COl]line workers = 0.67 ppm (p < 0.001) P 8¢
[LG]line fire = 1.88 ug/ m?3
[LG]mop-pop = 0.26 ug/m?> (p < 0.05).
[Organic Carbon] = 0.17 mg/ m3.
u[CO TWA] =r=0.54 (p < 0.001).
c hydroxylated PA boli ion i [CO] =134 ppm; All OH-PA bove the detection limits. Th
[45] ompare hydroxylated PAH metabolites concentration in [PMy5] = 577 pg/m? H-PAHs were above the detection limits. There were
urine samples before and after the shift. [LC] =21 g Jm? consistent, substantial increases in OH-PAHs
.LOW molecular We1ght PAHs were identified at Containment and surveillance tasks have higher
. . . a1 higher concentrations. Except for anthracene, all 2- - .
[55] Assessment of air pollutants in forest fires and wildfires. . . eoq- o concentrations than those performed on firelines,
and 3-ring PAHs were identified in at least 73% of .
the samples. particularly benzene.
Chainsaw handling was the highest overall average
CO level at 6.8 ppm during 1 min of exposure at A firefighter in environments with wind shifts or strictly
Analyze the CO exposure data to assess the exposure O . . . .
[62] of firefichters 25 ppm. The CO exposure in this task is aggravated downwind with speeds greater than 5mph is more exposed
& ' by using chainsaws for felling trees and bushes that to CO
facilitate firefighting.
Naphthalene, Retene, and Phenanthrene were the
156] Characterize and understand the exposures of polycyclic most commonly detected polycyclic aromatic Wildland firefighters engaged in fire suppression are often
aromatic hydrocarbons and PM2.5 in a forest fire. hydrocarbons. PM2.5 concentrations were highest exposed to hazardous air pollutants.
during the day.
Working days without firing:
u[PM2.5] = 35.1 pg/m?
[43] Urinary mutagenicity assessment to characterize firefighter u[CO] = 0.005 ppm No statistically significant increases between work shifts were
exposure on burning days compared to non-burning days. Working days with ﬁrin§: observed in urinary mutagenicity.
u[PM2.5] =259.4 ug/m
u[COJ] = 0.8 ppm
. . PM2.5 were the most predictive of Concentrations of persistent inflammatory markers in plasma
[67] Assessing markers of exposure to forest fires. . ’
respiratory symptoms. were related to exposure estimates.
. . . [PMy5] = 1.47 mg/m?
51] Characterize pollutant emissions in forest fires [CO] = 850 ppm 88% of shifts exceeded the imposed CO

during burning.

[BC] = 47.85 pg/m?>
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Reference

Objective

Results

Evidence

[49]

Assessment of particulate matter and VOCs during
forest firefighting.

The direct attack has statistically significant VOC
exposure of 3.5, 6.0, and 63.1 ppb for acrolein,
benzene, and formaldehyde, respectively.

The initial attack teams are the most exposed.

[71]

Assessment the exposure of firefighters in prescribed wildland
fires and their occupational exposure

The findings indicate that the prescribed thresholds
for PM2.5 were surpassed in all monitored fires,
with recorded levels reaching 6188 and 9434 pg/m?
(Fire 1), 3841 and 6240 png/m?3 (Fire 2), 4328, 3789,
and 3512 pg/m3 (Fire 3), 5452 ug/m? (Fire 4), 7778,
4056, and 3784 ng/ m? (Fire 5), 3651, 5912, and
4962 ug/ m?3 (Fire 6), and 3468 ug/ m?3 (Fire 7).
Conversely, the prescribed Time-Weighted Average
(TWA) limits for NO;, SO,, and CO were
consistently maintained within permissible bounds
and were never exceeded.

The inhalation of silica dust, contingent upon exposure
duration and intensity, can induce symptoms characteristic of
silicosis (such as coughing, fatigue, shortness of breath, and
chest pain), as well as provoke pulmonary inflammation
and carcinogenesis.

[50]

Assessment exposure from one Interagency Hotshot Crew
conducted at a wildfire incident

The mean-variance between pre- and post-shift
levoglucosan levels amounted to 1.84, 4.6, and
744 ug/mg creatinine for days 1, 2, and 3, respectively.

Post-shift creatinine-adjusted levoglucosan concentrations
exhibited an elevation in comparison to pre-shift levels, with
the most significant disparity observed on day 3.

[68]

Characterization of levels of gaseous PAH in firefighters’ air
during regular working activities at controlled forest fires and
fire stations

The observed concentrations increased significantly
during the fire event due to the rise in flame
temperature, forest fuel load, and certain alterations
noted in weather conditions during the fire event

The risk of lung cancer is estimated to exceed the values
proposed by the WHO due to high exposure to
carcinogenic agents.

To characterize polycyclic aromatic hydrocarbons (PAHs)
present in the respiratory zone and on the skin of wildland
firefighters, and evaluate their impact on urinary
1-hydroxypyrene (1-HP) levels across multiple
firefighting rotations.

The samples exceeded the Biological Exposure
Index of the American Conference of Governmental
Industrial Hygienists for 1-HP.

There is a need to control the exposure of firefighters

[80]

Assess small airway dysfunction, spirometry, health-related
quality of life (HR-QoL), and inflammatory biomarkers
between the wildland firefighters and healthy controls.

The findings indicated a significantly greater
alteration in the area under the reactance curve
between 5Hz and the resonant frequency (AX)

during pollution periods compared to non-pollution
periods among wildland firefighters, in contrast to
healthy controls (adjusted mean difference =
0.15kPa/L, 95% CI: 0.01, 0.28, p = 0.032).

Despite no observed changes in spirometry results, the authors
suggest that there are alterations in respiratory parameters
over a short period of time, as observed through biomarkers.

[58]

This study characterizes the baseline levels of OHPAHs in
Portuguese wildland firefighters. Additionally, it offers a
comprehensive evaluation of their current health status,
encompassing parameters

The total levels of XOHPAHS corrected by creatinine
ranged from 1.20 x 10~ to 78.20 umol/mol of
creatinine, which were significantly higher in smokers.

There is a relationship between exposure to PAHs and changes
in the levels of leukocytes and blood pressure. However, the
authors consider that the fact that individuals are smokers
may be an influencing factor.

* [A—Beginning of the attack; PE—Fire design; IP—Prescribed Fire; NA—Not Applicable. ** Combined exposure (Em) to the mixture of respiratory irritants acrolein, formaldehyde, and
respirable particulate, calculated as the summed ratios of each to their respective OSHA permissible exposure limits. *** Combined exposure (Em) to the mixture of respiratory irritants
acrolein, formaldehyde, and respirable particulate, calculated as the summed ratios of each to their respective 2003 threshold limit values.
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Table A2. Summary of data on Health Impairments (1 = 15).

Reference Objective

Results

Evidence

=2)

Cancer (n

To determine whether
or not wildfire fighting
is associated with
elevated levels of
PAH-DNA adduct in
peripheral leukocytes.

No changes in PAH-DNA were identified in peripheral

leukocytes.

The appearance of
cancer in firefighters
caused by these factors
is unclear since other
genotoxic substances
may interact and
increase cancer risk.

Assessing lung cancer
risk and cardiovascular
[70] disease mortality
related to smoking
exposure.

Firefighter Short Season
PM4 Daily Dose (mg)

Mean (95th PCTL) Lung cancer CVD

0.15(0.19) 1.08 (1.09) 1.16 (1.17)
0.30(0.37) 1.13(1.15) 1.19 (1.21)
0.45 (0.56) 1.18(1.21) 1.22(1.23)
0.60 (0.75) 1.22(1.26) 1.23 (1.25)
0.74 (0.93) 1.26(1.30) 1.25(1.26)
Firefighter Long Season
P M4 Daily Dose (mg)

Mean (95th PCTL) Lung cancer CVD

030 (0.37) 1.13(1.15) 1.19 (1.21)
0.60 (0.75) 1.22(1.26) 1.23(1.25)
0.89 (1.12) 1.29 (1.35) 1.26(1.28)
1.19 (1.50) 1.36 (1.43) 1.28 (1.30)
149 (1.87) 1.43(1.51) 1.30(1.32)

The results show that
firefighters have a high
risk of lung cancer and

the onset of
cardiovascular disease.

1

Cardiovascular (n

Assessing lung cancer
risk and cardiovascular
[70] disease mortality
related to smoking
exposure.

Firefighter Short Season
PM4 Daily Dose (mg)

Mean (95thPCTL) Lung cancer CVD

0.15(0.19) 1.08(1.09) 1.16(1.17)
030 (0.37) 1.13(1.15) 1.19 (1.21)
045 (0.56) 1.18 (1.21) 1.22(1.23)
0.60 (0.75) 1.22(1.26) 1.23 (1.25)
0.74 (0.93) 1.26 (1.30) 1.25 (1.26)
Firefighter Long Season
P M4 Daily Dose (mg)

Mean (95thPCTL) Lung cancer CVD

0.30(0.37) 1.13(1.15) 1.19 (1.21)
0.60 (0.75) 1.22(1.26) 1.23(1.25)
0.89 (1.12) 1.29 (1.35) 1.26(1.28)
1.19 (1.50) 1.36 (1.43) 1.28 (1.30)
149 (1.87) 1.43(1.51) 1.30 (1.32)

The results show that
firefighters have a high
risk of lung cancer and

the onset of
cardiovascular disease.
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Reference Objective Results Evidence
Cross-shift
Cough: Before the exhibition—25.7% During the
exhibition—19.6% After exposure—26.1%
Excretion: Before the exhibition—15.9% During the
exhibition—22.0% After exposure—23.7%
Sore throat: Before the exhibition—8.1% During the
exhibition—19.6% After exposure—15.9%
Tightness in the chest: Before the exhibition—4.6% In the firefiehters
During the exhibition—12.2%  After exposure—15.3% ovaluated the%‘e was a
Assessing the effects on Pain in the chest: Before the exhibition—1.4% decrea;e in lung
; During the exhibition—4.3%  After exposure—4.3% . :
[72] the respiratory health Wheesing: Before the exhibition—4.1% Durine th function, but during
of forest firefighters SezE: | Peore fe eXUbIonT=.0 7 - UUrng the the winter months,
exhibition—8.7%  After exposure—4.3% there was an
Cross-season .
Cough: Before the exhibition—11.3% During the improvement.
exhibition—NA After exposure—11.3%
Expectoration: Before the exhibition—18.9% During
the exhibition—NA  After exposure—17.3%
Chronic bronchitis: Before the exhibition—3.9%
During the exhibition—NA  After exposure—b5.8%
Wheezing: Before the exhibition—2.4% During the
exhibition—NA After exposure—0.0%
5.9% of the individuals evaluated had risk factors for It was shown that the
_ To characterize the work-related lung disease and not as volunteer individual did not use
2 respiratory function of firefighters. 8.4% of the individuals already knew personal protection
g (73] active Portuguese respiratory pathologies. 11.8% of the individuals means for the airways
= volunteer firefighters presented criteria for bronchial obstruction. most of the time, and
8 exposed to forest fire ~ Individuals aged 40 years or older had a prevalence of  the lack of these means
© smoke. 14.0% of obstructive patterns. 95.8% of the subjects did ~ was verified in some
% not use a cannula. corporations.
]
& Portable CO monitors show levels fluctuating between E " keb
To characterize the 5 and 20 ppm.65% of firefighters report having one or f.xp.osure O smoke by
. irefighters triggers an
acute pulmonary and more respiratory symptoms. After exposure, on inflammatory response
[74] systemic inflammatory  questionnaires, 16 subjects were asymptomatic, 13 had caused b al}r,1 incfease
effects of exposure to sputum production, 11 had a cough, 9 had nasal in sy atum
forest fire smoke congestion, 6 had a headache, 6 had a sore throat, 5 had pl ¢
shortness of breath, and others had other symptoms. granuiocytes.
No changes in lung
It was associated with declines in pre-shift Forced Vital f%zizzzngofzzfgt
Evaluati Capacity (FVC) of 24 mL (p < 0.01) and 24 mL in . .
valuation of lung -shift modified Tiffeneau-Pinelli index (FEV1) after shifts on fire days.
[47] function during the pre-shitt modihie . However, it is known
firefighting season (p < 0.01) in non-allergic firefighters. that there may be a
' Declines of 8ml of FVC (p<0.01) and 4mL of FEVI M T ey P8
(p < 0.01) in allergic firefighters. several days of
exposure.
Characterize forest fire Threshold Limit Value-Time-Weighted Average signiﬁger?t%; zieer(frease
[77] smoke exposure and (TLV-TWA): CO (25 ppm); NO, (3 ppm); Short-term respiratory function

health impacts.

exposure limit value (TLV-STEL): CO (200 ppm); NO,
(5 ppm); Pico: CO (400 ppm); NO, (20 ppm).

between the two
measurements.
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Reference

Objective

Results

Evidence

Investigate the effect of
occupational smoke
exposure through
biomarkers.

Evaluation of arithmetic averages of Biomarkers at 95%

before exposure:

Interleukin 1 beta (IL-1p) (pg/mL) (0.94 (0.51, 1.38));
Interleukin 8 (IL-8) (pg/mL) (0.93 (0.81, 1.06));
C-reactive protein (CRP) (ng/mL) (30.63 (19.72, 41.55));
Serum amyloid A (SAA) (ng/mL) (36.72 (21.17, 52.28));
Intercellular adhesion molecule-1 (ICAM-1) (ng/mL)

(6.33 (5.50, 7.15));

Vascular cell adhesion protein 1 (VCAM-1) (ng/mL)

(15.16 (13.00, 17.32))

Evaluation of arithmetic averages of Biomarkers at 95%

after exposure:

IL-1B (pg/mL) (0.58 (0.30, 0.86));
IL-8 (pg/mL) (1.67 (1.35,1.99));
CRP (ng/mL) (31.63 (19.29, 43.97));
SAA (ng/mL) (33.92 (22.25, 45.60));
ICAM-1 (ng/mL) (6.29 (5.56, 7.03));
VCAM-1 (ng/mL) (14.53 (12.70, 16.36))

There was no
association between
cross-shift and
biomarker results
compared to the onset
of respiratory
symptoms during
exposure.

[60]

Characterize
occupational exposures
from wildland
firefighting and
evaluate their
associations with
changes in lung
function.

AFEV1 was a decline of 0.045 L (p = 0.08).

More significant drops
in forced expiratory
volume in 1 s were

significantly associated

with exposure to higher
concentrations of LG in
the respirable range.

[52]

Assessing respiratory

and airway health and

systemic inflammation
in Firefighters after
fighting forest fires.

Respiratory symptoms such as wheezing,

coughing, chest

tightness, sneezing, and sputum were statistically
significantly higher after firefighting
(p=0.028, p=0.03, p = 0.02, p < 0.001, and p = 0.006,

respectively).

FEF25-75% predicted, and FEV1/FVC were statistically
reduced in later exposure compared to off-season

values (103 &£ 32 vs.

111 + 15, p = 0.026, and 84 + 4 vs. 88 &+ 8, p = 0.024,

respectively).

Increased neutrophils and eosinophils post-exposure
compared to the off-season (48 + 5% vs. 16 £ 4%,
p=0.035, and 3 £ 0.8% vs. 1.8 = 0.7%, p = 0.05,
respectively). IL-8 and TNF-« levels were statistically
significantly higher in the post-exposure sputum
compared to the off-season (p = 0.03 and p = 0.04,

respectively).

Measurable
eosinophilic and
neutrophilic
inflammation has been
demonstrated in the
airways at the
bronchial level after
acute exposure to forest
firefighting.
Firefighters’
Occupational exposure
induces a systemic
inflammation of the
airways that is
aggravated long-term
during their exposure.

Urinary mutagenicity
assessment to
characterize firefighter
exposure on burning
days compared to
non-burning days.

Working days without firing
u[PM2.5] = 35.1 [95% CL: 15.9, 77.3] ug/m?
u[CO] = 0.005 [95% CL: 0.002, 0.016]

pm
Working days with firing

w[PM2.5] = 259.4 [95% LC: 156.1, 431.1] pg/m3
u[CO] = 0.8 [95% LC: 0.4, 1.8] ppm
[Urinary Creatinine] = 10 and 382 mg/dL, with 92% of
samples above the lower end of the normal range

(30-300 mg/dL).

u[MDA] = 894.6 (95% CL: 748.5, 1069.0) nmole/L and
84.3 (95% CL: 74.9, 95.0) pmol MDA /mole creatinine

No statistically
significant increases
between work shifts

were observed in
urinary mutagenicity.
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Reference Objective

Results

Evidence

Determine acute
[43] pulmonary responses
among firefighters.

Working days with firering
u[IL-8] = 0.02-0.03 pg/mL
u[CRP] = 2.40-2.56 pg/mL
u[sICAM-1] = 2.39-2.59 pg/mL
u[8- isoprostane] = 3.51-3.80 pg/mL

The results show no
signs of airway
inflammation after
exposure.

Investigate the
association between
polycyclic aromatic
hydrocarbon-DNA

[76] adducts and
occupational and
dietary exposures to
polycyclic aromatic
hydrocarbons.

Times are charbroiled food in the past two weeks:

0 (weeks)—0.06 + 0.07 (fmole/pg DNA)
1-2 (weeks)—0.10 + 0.12 (fmole/pg DNA)
3-5 (weeks)—0.13 & 0.13 (fmole/pg DNA)
>5 (weeks)—0.21 £ 0.17 (fmole/pg DNA)

Weeks since last ate charbroiled food:
<lweek 0.13+0.14
>1 week 0.07 & 0.07

There was no
association between
firefighting activity and
PAH-DNA adduct level

Assessing markers of

(78] exposure to forest fires.

Service A

May
Log total exposure PM2.5: 9.96 £ 1.22
Log highest day exposure: 7.95 & 1.32
Days since the last deployment: 5.53 + 4.25
Days since last fire: 4.22 4 3.6
Dehydration score: 19.18 + 17.68
Heat stress: 14.62 4= 13.17
Noise: 24.45 4 19.04
Exhaustion: 43.93 + 28.00
Musculoskeletal strain: 26.96 + 21.14
August/September
Log total exposure PM2.5: 9.96 & 1.22
Log highest day exposure: -
Days since the last deployment: 104.13 & 15.57
Days since last fire: 69.66 4 39.54
Dehydration score: -
Heat stress: -
Noise: -
Exhaustion: -
Musculoskeletal strain: -

Service A
August/September
Log total exposure PM2. 9.96 £ 1.22
Log highest day exposure: 7.85 & 1.33
Days since the last deployment: 103.25 £ 15.35
Days since last fire: 67.64 4 39.21
Dehydration score: 20.8 £ 18.25
Heat stress: 17.4 + 15.38
Noise: 24.61 + 18.63
Exhaustion: 44.45 + 28.32
Musculoskeletal strain: 27.37 + 21.35

Service B
August/September
Log total exposure PM2: 12.23 + 0.47
Log highest day exposure: 9.13 - 1.01
Days since the last deployment: 74.74 £ 21.37
Days since last fire: 60.14 4 31.23
Dehydration score: 47.81 + 25.75
Heat stress: 50.65 & 25.88
Noise: 39.35 + 28.53
Exhaustion: 81.48 + 20.52
Musculoskeletal strain: 61.23 + 23.81

PM2.5 were the most
predictive of
respiratory symptoms.
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Appendix B

Table A3. Risk of Bias.

Criteria

Quality
Reference 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Rating

[46] Y Y NA Y N NA NA Y Y Y NA NR NA Y VG
[47] Y Y Y Y N Y Y Y Y Y Y NR Y Y VG
[64] Y Y Y Y N Y Y N Y Y Y NR N Y VG
[48] Y Y NR Y N NA NA NA Y Y NA NR NA NR G
[44] Y Y NR Y N NA NA NA Y Y NA NR NA NR G
[54] Y Y NR Y Y Y Y Y Y Y Y NR Y NR VG
[59] Y Y NR Y N NA NA NA Y Y NA NR NA NR G
[60] Y Y NR Y N Y Y Y Y Y Y NR Y Y VG
[61] N Y Y Y N NA NA NA Y Y NA NA NA NR G
[65] Y Y NR Y N Y Y Y Y Y Y NR Y Y VG
[66] N Y Y Y N NA NA NA Y Y NA NR NA NR G
[53] Y Y NR Y N Y Y Y Y Y Y NR NR Y VG
[52] Y Y Y Y Y Y Y Y Y Y Y NR Y NR VG
[45] Y Y NR Y N NA NA NA Y Y Y NA NA NR VG
[55] Y Y NR Y Y Y Y Y Y Y Y NR N NR VG
[62] Y Y NR Y N NA NA Y Y Y NA NA NA NR G
[56] Y N NA NA NA NA NA NA NA N NA NR NA NR -
[43] Y Y NR Y N Y Y Y Y Y Y NR NA Y VG
[67] Y Y NR NR Y Y Y Y Y Y Y NA NA Y VG
[51] Y Y NR Y Y NA NR NA Y Y Y NR NR NR G
[49] Y Y NR Y N NA NA NA Y Y NA NR NA NR G
[71] Y Y NR Y NR Y Y Y Y Y Y Y NR Y VG
[50] Y Y NR Y NR Y Y Y Y Y Y Y NR Y VG
[68] Y Y NR Y NR Y Y Y Y Y Y Y NR Y VG
[57] Y Y NR Y NR Y Y Y Y Y Y Y NR Y VG
[80] Y Y NR Y NR Y Y Y Y Y Y Y NR Y VG
[58] Y Y NR Y NR Y Y Y Y Y Y Y NR T VG
[69] Y Y NR Y N NA NA Y Y Y NA NR NA NR G
[70] Y N NR NR N NA NR NA Y Y NA NA NA NR F
[58] Y N NA NA N Y Y NA N Y NA NA NA NR G
[72] Y Y NR Y N Y Y Y Y Y Y NR NR NR G
[73] Y Y NR Y N N NA NA NA NA Y NR NR Y G
[74] Y Y Y Y Y NA NA NA NA Y Y NR NR Y VG
[47] Y Y Y Y N Y Y Y Y Y Y NR Y Y VG
[77] Y Y NR Y N Y Y Y NA Y Y NR NR Y G
[59] Y Y NR Y N NA NA NA Y Y NA NR NA NR G
[60] Y Y NR Y N Y Y Y Y Y Y NR Y Y VG
[52] Y Y Y Y Y Y Y Y Y Y Y NR Y NR VG
[75] Y Y NR Y N Y Y Y Y Y Y NR N Y VG
[43] Y Y NR Y N Y Y Y Y Y Y NR NA Y VG
[76] Y Y NR Y Y NA NR NA Y Y Y NR NR NR G
[78] Y NA NA NA NA NA NA NA NA NA NA NR NA NR F

Legend: Y—Yes; N—No; NA—Not Applicable; NR—Not Reported; F—Fair; G—Good; VG—Very Good.
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