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1. Introduction  

Firefighters experience elevated risk of injury, and of developing cancer and other serious diseases (Guidotti, 1993; LeMasters et al., 2006; Pukkala et al., 2014; Tsai et al., 2015). For example, a meta-analysis of 32 studies reported excess cancer risks in firefighters, relative to the general population, of 2.02 (testicular), 1.53 (myeloma), 1.51 (non-Hodgkin’s lymphoma), 1.39 (skin) and 1.28 (prostate) (LeMasters et al., 2006). In 2010 the International Agency for Research on Cancer (IARC) conducted a second meta-analysis that prompted the classification of “occupational exposure as a firefighter” as possibly carcinogenic to humans (i.e., Group 2B) (IARC, 2010a). Since the IARC classification, Daniels et al. (2014) investigated cancer rates in a pooled cohort of 29,993 US career firefighters employed between 1950-2009, and found excess cancer mortality (SMR=1.14) and incidence (SIR=1.09) mainly for digestive tract (SMR=1.26, SIR=1.17) and respiratory (SMR=1.10, SIR=1.16) cancers (Daniels et al., 2014). Investigating the causes underlying these empirical results is essential for effective reduction of firefighters’ elevated risk of chronic diseases.
Firefighters can be exposed to a variety of carcinogens during firefighting activities. Two groups of chemicals, metals (i.e., antimony, cadmium, and lead) and polycyclic aromatic hydrocarbons (PAHs), are most often studied because of their known toxicities and presence in the air during a fire (Bolstad-Johnson et al., 2000; Lönnermark and Blomqvist, 2006; Guidotti, 2015; Britz-McKibbin et al., 2016). Cadmium has been classified as a Group 1 carcinogen by IARC, and antimony trioxide and lead are classified as possibly carcinogenic to humans (IARC, 1989, 1993, 2006). Several PAHs exhibit carcinogenic activity; benzo[a]pyrene is carcinogenic to humans (Group 1), naphthalene, cyclopenta[c,d]pyrene, dibenz[a,h]anthracene and dibenzo[a,l]pyrene are probably carcinogenic (Group 2A),  benz[j]aceanthrylene, benz[a]anthracene, benzo[b]fluoranthene, benzo[j]fluoranthene, benzo[k]fluoranthene, benzo[c]phenanthrene, chrysene, dibenzo[a,h]pyrene, dibenzo[a,i]-pyrene, indeno[1,2,3-cd]pyrene and 5-methylchrysene are possibly carcinogenic (Group 2B) (IARC, 2002, 2010b). PAHs are also known to be mutagenic and teratogenic (IARC, 2010b). In 1976, sixteen PAHs were selected by the US Environmental Protection Agency as priorities for concern and control (Table S1) (Keith and Telliard, 1979). With well-defined toxic properties and presence at fires, priority PAHs and selected metals are of utmost concern when it comes to firefighters’ chemical exposures during fire suppression.
In general, occupational exposure assessments of municipal firefighters are limited (Caux et al., 2002; Edelman et al., 2003; Baxter et al., 2014). Most previous studies focused on municipal firefighters exposed during training exercises (NIOSH, 2013; Fent et al., 2014; Britz-McKibbin et al., 2016). The relevance of these studies for evaluating exposures during emergency suppression of municipal structural fires is questionable. Emergency fire suppression scenarios are known to be markedly different than training scenarios, particularly in terms of fuel and firefighter behavior. Emergency fires can involve a wide range of fuels (e.g., flooring, upholstery, paints and coatings, bedding, draperies, etc.). Although training fires sometimes include furniture, they are generally restricted with respect to acceptable fuels. In fact, the National Fire Protection Association 1403 Standard for Live Fire Training Evolutions recommends that fuels should only include wood products (National Fire Protection Agency, 2012; Fent et al., 2014). Training scenarios may also differ with respect to PPE use and suppression strategies, since the situations are well-controlled and PPE use is uniform and ubiquitous. 
In our earlier study, we employed urinary metabolite analyses to investigate firefighters’ exposure to PAHs and other organic mutagens. More specifically, we quantified PAH metabolites and mutagenic activity in urine collected before and after emergency, on-shift fire suppression. The results revealed, on average, a significant 2.9- to 5.3-fold increase in urinary PAH metabolite levels, and a 4.3-fold increase in urinary mutagenicity (p<0.0001). Moreover, the results showed that urinary PAH metabolite concentration is empirically related to air and skin PAH contamination. In fact, 54% of the variation in total urinary PAH concentrations can be accounted for by air and skin PAH levels (Keir et al., 2017). This companion paper presents detailed results on the levels and types of PAHs and metals in air and on surfaces (i.e., PPE, clothing, and skin). In addition, we present data regarding the efficacy of PPE decontamination procedures for the removal of PAHs and selected metals.
2. Materials and Methods  
This study was a collaboration between the Ottawa Fire Services (OFS), the University of Ottawa, the University of Toronto, and Health Canada. Before initiation, the study was reviewed and approved by the Research Ethics Boards of the University of Ottawa (i.e., H07-14-01B) and Health Canada (i.e., REB 2014-0035). 
Firefighters (n=28) were recruited from four fire stations selected based on their call volume, i.e., to maximize the likelihood of capturing firefighting events. A brochure was circulated to inform potential participants about the study, its rationale, and its objectives. Firefighters interested in participating were enrolled if they met the eligibility criteria: (i) non-smokers, (ii) do not live with smokers, and (iii) agreed to avoid charbroiled (i.e., barbequed) foods and exposures to open fires for the duration of their enrollment. Participants signed a consent form and completed a general questionnaire to assess their work history, health status, and lifestyle. Each volunteer subject participated in one or more study block of five consecutive 24-hour shifts.

2.1. Samples from Emergency Fire Responses
Details of sample collection and handling procedures can be found in Keir et al. (2017). Briefly, each firefighter was provided with a sample collection “toolbox” containing all sample collection gear, and an instruction manual outlining the sample collection, handling, and storage procedures. To ensure proper and uniform sample collection and handling, all participants received personalised training from a member of the research team. At the beginning of each shift, participants collected wipe samples, affixed the personal air sampler to their PPE collar, and placed the air sampling pump in the inside left pocket of their PPE coat (Figure S1). Polypropylene Tygon tubing running under the PPE coat was used to connect the sampling collection cartridge, containing the glass fiber filter and polyurethane foam (PUF), to the sampling pump. In the event of an emergency fire call, participants removed the cap of the air sampling cartridge and turned on the pump to initiate the collection of personal air. After exiting the scene of the fire, participants stopped the pump, and upon return to their fire station, removed the sample collection cartridge, placed it in a ziplock bag, and stored it in the secure -20°C freezer. All samples were stored in this freezer until collection by university research staff.  

The personal air sampler consisted of a GilAir® Plus Personal Air Sampling Pump (Levitt Safety, Ottawa, ON), operated at a 2.5 L/min flow rate, connected to a sampling cartridge consisting of a PUF (URG Corporation, Chapel Hill, NC) and a 25 mm Quartz filter (Whatman, Maidstone, UK) (Figure S1). Pumps were calibrated before and after sampling using a Gilian Gilibrator-2 Calibrator (Levitt Safety, Ottawa, ON). All PUFs were cleaned prior to use with 2 static cycles of pressurized fluid extraction at 2000 psi for 5 minutes at 75°C with a 1:1 v/v mixture of Optima grade acetone and hexane; the filters were baked at 400°C for 5 hrs. Respective field blanks were also collected on each day of sample collection. The PUFs and half of the filters were processed for PAHs analyses. The other halves of the filters were processed for metal analyses. 

Wipe samples were collected at the beginning of a shift to indicate background contamination, and immediately upon return to the station after the fire suppression event. The following wipe samples were collected: skin (i.e., forehead, neck and wrist), personal clothing worn under PPE (i.e., typically t-shirt and underwear), and PPE (i.e., jacket, pants, belt of self-contained breathing apparatus (SCBA)) (Figure S1). Firefighters wore clean, nitrile gloves during sample collection. For PAH analyses, each participant collected wipe samples in the same fashion for PPE, clothing, and skin on their right side using a 30 cm2 template and AlphaWipes® pre-wetted with 70% isopropyl alcohol (Texwipe Inc., Kernersville, NC, USA). 
Left-side samples for metal analyses were collected using Ghost Wipes® moistened with deionized water (SKC Inc., EightyFour, PA, USA). To maximize collection efficiency and consistency, firefighters received detailed wipe sample collection instructions (i.e., all corners of the square template, up and down, side to side and diagonal, and folding before inserting into collection tube). Due to time and logistical constraints, individual wipes were combined by surface type prior to metal and PAH analysis (i.e., forehead neck and wrist for skin, t-shirt and underwear for clothing, and jacket, pants, and SCBA belt for PPE). Firefighters also collected wipe field blanks by exposing a wipe to the ambient environment, and placing it into a labelled sample container. Participants also completed a fire event questionnaire containing questions about the nature of the event, fire intensity and duration of participation in suppression, distance from the fire during suppression, the level of smoke, role in fire suppression, and PPE use. 
2.2. PPE Decontamination Samples 

 
This part of the study did not analyze wipes from PPE worn at the studied fire suppression events. Instead, wipe samples were collected from 12 PPE sets used during other fire suppression events in Ottawa (i.e., pre-wash), and then sent to the OFS cleaning facility for decontamination via laundering. Details of the wash cycle can be found in the SI. Matching wipe samples were collected after cleaning (i.e., post-wash) near where the pre-wash samples were collected. Wipe procedures were identical to those used for on-shift PPE wipe sample collection (i.e., 30 cm2 template with AlphaWipes® and Ghost Wipes®), with the exclusion of a sample from the SCBA belt. Again, samples were pooled (e.g., wipes of PPE jacket and pants were pooled into single pre- and post-washing samples). 
2.3. Air Sampling at Fire Stations 

Air monitoring was conducted at three fire stations (i.e., Fire Stations 1, 2, and 3), and at an OFS administrative office (i.e., reference location). Fire Station 1 is in an urban area next to a busy urban street. Fire Station 2 is near a highway (i.e., < 300 m). Fire Station 3 is in an urban residential area. At each fire station, one sample from the vehicle bay and one within a truck cab were collected for a one hour period on three separate days (i.e., N=3). Three one-hour air samples were also collected at the reference location. We also collected field blanks at each location on each day of sample collection. We collected samples inside the vehicle bays using a modified high-volume air sampler (480 L/min). This sampler contained a polyurethane foam filter (PUF) (Supelco, Pennsylvania, PA) and a Quartz filter (101.6 mm) (Whatman, Maidstone, UK). The personal air sampling devices worn by firefighters (GilAir® Plus Personal Air Sampling Pumps) were also used to collect air samples from fire truck cabs. The PUFs and filters for each sample were cut in half and processed for PAHs and metal analyses separately.
2.4. PAHs Analyses 

Detailed information on the PAH analytical method is available from U.S. E.P.A (1994). Briefly, PUFs and filters were extracted using Accelerated Solvent Extraction (ASE 350 and ASE 200, Dionex Corporation, Sunnyvale, CA, USA). All samples were spiked with 13C-labeled standards of the 16 US EPA priority PAHs (Table S1) (Cambridge Isotope Laboratories Inc., Andover, MA, USA) prior to extraction. PAHs were separated from interfering compounds by solid-phase extraction (SPE) on SPE cartridges (i.e., 3 mL of alumina (Supelco, Bellefonte, PA) followed by 1 g of silica (Supelco, Bellefonte, PA). To remove water, Alpha wipe extracts underwent liquid-liquid hexane extraction prior to SPE. Extracts were then spiked with an internal standard, p-terphenyl-d14 (Cambridge Isotope Laboratories, Tewksbury, MA 01876), prior to analysis using an HP 6890 gas chromatograph coupled to an HP 5973 mass selective detector (MSD) (Agilent Technologies, Santa Clara, CA, USA). Concentrations of compounds of interest were calculated using isotopic dilution; extraction efficiency was determined using linear, equal-weighted standard curves. Analytical method recoveries were determined by spiking the sampling media with a standard mixture of 16 13C-labeled PAHs (Cambridge Isotope Laboratories Inc., Andover, MA, USA). The method recoveries averaged 80% (± for surface wipes and 107% for air samples
. All samples were method and field blank batch corrected; percent recoveries, method detection limit, and percent non-detect results are reported in Tables S1 and S2. 

2.5. Metal Analyses

Filters and ghost wipes were digested using a hot nitric acid solution following a modified version of US EPA method 3050B (US EPA, 1996). Samples were dissolved in 10 mL of 1:1 70% HNO3 and Milli-Q water, and heated on a graphite block (DigiPREP MS block digestion system, SCP Science, QB, Canada) for 30 minutes at 95°C. Once cooled to room temperature, 30% H2O2 was added and the samples heated at 95°C for 3 hours. Samples were then diluted to 50 mL with ultra-pure Milli-Q water. All samples were filtered to remove any particulates. In the same manner, a standard reference material (Urban Particulate Matter SRM 1648a from the National Institute of Standards and Technology (NIST, USA)), and blanks (i.e., HNO3 and Milli-Q H2O) were prepared to ensure the quality of the analysis. Total metals in the digested extracts were determined using an Agilent ICP-MS 7700 series, with a reactive gas used for removal of known interferences in a complex unknown mixture without loss of sensitivity. 

2.6. Adjusted Occupational Exposure Limits

Occupational exposure limits (OELs) are usually expressed as a time-weighted average (TWA) based on lifetime exposure during an 8-hour work shift of a 40-hour work-week. Because Ottawa firefighters do not work a typical 8-hour shift, but rather seven to eight 24-hour shifts per 28-day shift cycle, use of the TWA exposure standard may not be appropriate. 
To compensate for extended work shifts, the Brief and Scala method was applied to calculate adjusted OELs for total PAHs, antimony, cadmium, and lead (i.e., 187.5, 46.8, 9.4, 46.9 µg/m3, respectively) (Brief and Scala, 1975; OSHA, 2012; OMOL, 2016). Excursion limits (i.e., the concentration to which a worker should not be exposed for more than a total of 30 minutes during a workday, no more than four times per work day, and occurring at least one hour apart) were calculated as 3 times the 8-hour TWA for total PAHs, antimony, cadmium, and lead (i.e., 600, 1500, 30, 150 µg/m3, respectively) (ACGIH, 2016; OSHA, 2012; OMOL, 2016). TWA values for antimony, cadmium, and lead were obtained from the Ontario Ministry of Labour (OMOL, 2016). Due to the lack of PAH OEL values, what is most often used, and what was used herein, is the OEL for coal tar pitch volatiles containing detectable amounts of one or more of benz[a]anthracene, benzo[b]fluoranthene, chrysene, anthracene, benzo[a]pyrene, phenanthrene, acridine, and pyrene (OSHA, 2012).
2.7. Data Analyses

All samples were field and method blank corrected. If less than 20% of the blank-corrected values for a particular set of samples (e.g., antimony in pre-fire PPE wipes) were below the detection limit, non-detects were assigned a value equal to the detection limit divided by the square root of 2. If more than 20% of the values for a particular sample set were below the detection limit, Robust ROS (regression on order statistics), an approach presented in Helsel (2009), was used to replace non-detect entries. Values were calculated using NDExpo Version 1.0 (http://expostats.ca/site/app-local/NDExpo/) (Helsel, 2009). This method was applied for concentrations of PAHs and metals in personal air, PAHs in fire station air, and cadmium or lead in pre- and post-fire wipe samples of skin and/or PPE. Dibenz[a,h]anthracene and benzo[k]fluoranthene were not detected in over 80% of air samples collected in OFS offices and fire stations, and were thus omitted from total PAH determinations. The data were log-transformed where appropriate based on visual inspection of box- and Q−Q plots, and results of a Bartlett test for variance homogeneity. Paired (i.e., dependent) t-test was used to evaluate the effect of fire suppression (i.e., pre- versus post-exposure) on surface contamination of skin, clothing, and PPE, and the effectiveness of PPE decontamination. Analysis of variance (ANOVA) with post-hoc multiple range testing (i.e., Duncan method) was employed to examine differences in the mean concentrations of PAHs and metals in air samples from OFS fire stations and reference locations.  Data were analyzed using SAS v9.2 for Windows (SAS Institute, Cary, NC, USA). Differences were considered statistically significant when p <0.05.
3. Results & Discussion

Samples were collected between January and October 2015. Detailed information about the participants is available in Keir et al. (2017). During the study period, 29 air samples with paired wipe samples (i.e., pre- and post-fire) were collected from 16 participants across 18 separate fire suppression events, with several instances of multiple participants present at the same fire. One PPE wipe sample for PAH analyses was not collected due to compliance issues, and three PPE wipe samples for metal analyses (i.e., one pre- and two post-fire) were omitted from the analyses due to a likely participant error. All fires were structural (i.e., involved structural components of residential or commercial buildings), except for one container fire (i.e., garbage or recycling bin). 

3.1. Air Samples 
The air quality during on-shift fire suppression was investigated using personal air samplers worn by firefighters at the scene (Table 1, Figure S2). Personal air sample collection time averaged 67 minutes, but ranged from 10 to 420 minutes. The geometric mean total PAH concentration (± standard error of the geometric mean) was 253.1 (1.48) µg/m3, but ranged from 8.3 to 28,600 µg/m3 (Table 1). Total PAH concentrations during fires exceeded the adjusted OEL and excursion limit 45% and 31% of the time, respectively. The predominant PAHs in personal air samples were naphthalene, acenaphthylene, phenanthrene, fluoranthene, and fluorene (Table 1).  Naphthalene was the most abundant PAH, comprising, on average, 73% of the total. However, the concentration of naphthalene never exceeded the OEL value of 52,000 µg/m3 (OMOL (Ontario Ministry of Labour), 2016). Benzo[a]pyrene, a known human carcinogen, comprised, on average, 1.0% of total PAHs, whereas probable and possibly carcinogenic PAHs accounted for, on average, 77% (Table S3). 
It is interesting to compare the air PAH concentrations recorded herein with those presented in earlier studies. PAH concentrations in air from the present study contained less benzo[a]pyrene, but more possible and probable carcinogens (including naphthalene), compared to previously-published values for air samples collected during overhaul (i.e., activities to ensure that a fire is extinguished) (Bolstad-Johnson et al., 2000). More than half of the samples collected during the present study (i.e., from emergency fires) had higher benzo[a]pyrene concentrations in air compared with averages for training fires fueled with untreated wood and straw (Britz-McKibbin et al., 2016). Air samples collected during wildfire controlled burns had notably lower PAH concentrations than the on-shift air samples reported here (Robinson et al., 2008). Interestingly, Kirk & Logan (2015) noted higher average PAH concentrations in trainers’ personal air samples collected during live-fire training that used particleboard, relative to the personal air samples collected in this study. However, nearly a quarter of the event-specific results reported herein exceeded those averages (Fent et al., 2017). These results show that PAH concentrations in air at emergency fires can be higher than those measured at training fires. Nevertheless, it is important to note that a study by Fent et al. (2018), which looked at PAHs in personal air samples collected at training fires fueled with household furnishings (i.e., carpeting, bed, chair, TV, etc.), showed that, depending on one’s role in fire suppression, trainees experienced lower or higher personal air PAH levels compared with those presented here. More specifically, personal air PAH concentrations for trainees assigned to command/pump roles or outside vent were lower, whereas firefighters assigned to overhaul, search, and attack were drastically higher (i.e., over 200 times the median concentration for those assigned to attack). This dramatic elevation in training-fire PAH concentrations, relative to those observed in the present study, are likely due to air samples from the current study being diluted from the air sampling pump running while firefighters were on their way to and from a fire event (compared to pumps used at training fires that could be stopped  by researchers immediately following the fire suppression activity). Differences in 
PAH concentration may also have been related to the duration of exposure, assignment/role, fuel, firefighter behaviors (e.g., more personnel and assignment changes at emergency fires). Overall, comparisons with previously-published values indicate that training fire studies may over-estimate (i.e., overhaul, search and attack) or under-estimate (i.e., command/pump) the PAH exposures associated with emergency fire suppression. 
Concentrations of metals in personal air samples are also reported in Table 1. Only 10% of the air samples exceeded the adjusted OEL for lead; 7% exceeded the excursion limit. No samples exceeded the limits for antimony and cadmium. Compared to a previously reported study of air samples collected by Chicago firefighters, Ottawa firefighters experienced lower concentrations of antimony in air (i.e., 88 µg/m3 versus average of 25.2 µg/m3), but comparable lead concentrations (Fabian et al., 2014). Overhaul samples collected by Caux et al (2002) also had similar lead concentrations to those measured here (Caux et al., 2002). Bolstad-Johnson et al (2000) noted undetectable cadmium in air collected during overhaul activities; we only detected cadmium in 10% of personal air samples (Bolstad-Johnson et al., 2000). 
Overall, variability in metal concentrations in air is large (see minimum and maximum values in Table 1); some values exceeded
 the occupational exposure limits. However, occupational exposure limits reported herein must be interpreted with caution since the proportion of the shift-time spent on emergency fire suppression will be affected by fire severity and the number of fires encountered during a shift. More specifically, municipal firefighters are rarely involved in constant fire suppression during a shift; thus, reported concentrations may overestimate the hazard. Excursion limits may be a more appropriate metric for comparison as it is a metric for short term exposures. However, if the duration of the fire suppression event exceeds the 30-minute time window for an excursion limit, this metric may underestimate total exposure. To rigorously compare firefighters’ exposures within the context of occupational exposure limits, future work should carefully consider accurate recording of exposure duration. 
Collectively, these results showed that firefighters were exposed to significant amounts of airborne PAHs and selected metals during on-shift, emergency fire suppression. Since the firefighters’ occupational environment is clearly contaminated with PAHs and metals, adherence to SCBA use protocols is imperative to reduce or eliminate the risk of respiratory exposure. As noted earlier, our companion study, along with other earlier studies, revealed that dermal contact is likely a major route of firefighters’ PAH exposure (Fent et al., 2014; Britz-McKibbin et al., 2016; Keir et al., 2017). This assertion warrants further investigation.
3.2. Wipe Samples 

 
We used wipe samples to assess the deposition of PAHs and metals on surfaces (i.e., skin, PPE, clothing). Post-event levels of PAHs on skin and PPE (i.e., ng per cm2), compared to pre-event samples (i.e., collected at the beginning of a shift), increased significantly, on average by 3.3- and 5.2-fold, respectively (p<0.001, Figure 1, Table S4). Overall, PAHs on skin and PPE ranged from no increase (NI) to 190- and 153-fold increases, respectively. PAH accumulation on clothing increased by an average of 1.4-fold; the increase was not statistically significant. Although the detection frequency was low, the known human carcinogen benzo[a]pyrene was detected in all types of wipe samples (i.e., skin, PPE, and clothing). The total of probable and possible carcinogens accounted for 39%, 40%, and 33% of the total PAHs measured on skin, clothing, and PPE samples, respectively. 
PAH contamination from emergency fire suppression appears to be lower than that resulting from firefighter training.  Specifically, post-fire increases in PAHs on PPE were lower for the emergency responses presented herein, in comparison with those reported for PPE from firefighters exposed at training fires fueled by furniture (Fent et al., 2017). Differences are likely related to fuels and fire intensity. Additionally, reported PAH levels on instructors’ PPE exposed during live-fire training were also higher, ranging from 69 to 293 ng per cm2. Pre-fire samples were not collected in the aforementioned study, thus it’s possible that the higher concentrations of PAHs on PPE are confounded by pre-event contamination (Kirk and Logan, 2015). With respect to PAHs on skin, meaningful comparisons are difficult due to differences in sample collection methods and locations on skin. Nevertheless, participants in the present study generally had lower post-event concentrations compared to those summarized in previous studies at training settings (Laitinen et al., 2010; Britz-McKibbin et al., 2016). However, average post-event skin concentrations reported here are often higher than in training scenarios reported by Fent et al. (2017).To the best of our knowledge, this study is the first to collect emergency fire suppression samples from clothing worn under PPE. The results reveal that PAH accumulation on clothing is low compared with skin and PPE.
 
Post-event metal contamination on skin, clothing, and PPE was significantly higher than pre-event contamination. Average antimony on skin increased by 5.5-fold (p<0.001, NI to 106-fold), on clothing by 1.9-fold (p<0.01, NI to 19-fold), and on PPE by 1.3-fold (p<0.05, NI to 2.9-fold) (Table S4). Average lead on skin increased by 9.1-fold (p<0.001, NI to 719-fold), and on PPE by 3.5-fold (p<0.001, NI-115-fold) (Figure 1, Table S4). Post-event cadmium was always higher than pre-event sampling on skin, clothing, and PPE (e.g.,1.7-, 1.7-, 1.1-fold increases, respectively), though the differences between pre- and post-fire levels were not statistically significant. Only one other study reported PPE metal contamination (i.e., jacket, hoods, gloves), but the results were reported per g of material, thus comparisons are not possible (Fabian et al., 2014). To the best of our knowledge, this is the first study to examine post-event dermal and under-PPE clothing metal contamination in firefighters. The observed increases in metals on under-PPE clothing, which was statistically significant for antimony, suggests that these garments should be removed and laundered in a timely fashion. Moreover, standardized operating procedures should be established to ensure that all surfaces are decontaminated in order reduce exposure and internal dose. The ability of post-event surface decontamination (e.g., PPE and skin) to reduce firefighter’s exposure to metals and/or PAHs remains to be determined. 
  
Overall, the presence of the monitored chemicals on PPE, personal clothing and skin, and the significant post-event increases in surface contamination, indicate that firefighters are significantly exposed to airborne toxicants encountered during emergency fire suppression. Moreover, significant increases in dermal contamination suggest that dermal absorption is likely a significant route of firefighters’ exposures to PAHs and metals. This contention is consistent with our earlier companion study that detected a significant empirical relationship between total PAHs on skin (and air) and urinary  PAH metabolites (i.e., internal dose), but failed to detect increases in biomarkers indicative of pulmonary injury (Keir et al., 2017). Nevertheless, it is important to also note that SCBA removal can result in secondary, post-event respiratory exposures to volatile or semi-volatile compounds (e.g., some PAHs and metals) (Fent et al., 2015). Indeed, this has been previously noted, i.e., premature removal of respiratory apparatus contributed to higher PAH exposures (Caux et al., 2002). Additionally, handling of contaminated clothing and PPE may also lead to elevated exposures to the monitored chemicals. The opportunities for exposure to PAHs and metals (i.e., via contact with air and contaminated surfaces), when combined with the current measurements of dermal contaminations, and our previous measurements of internal dose (e.g., urinary levels of PAH metabolites), indicate that municipal fire service organizations should actively develop policies and procedures to minimize dermal contamination, and/or post-event contact with contaminated surfaces (e.g., proper PPE use, appropriate post-event PPE handling, and skin decontamination) (Keir et al., 2017). Current research initiatives are actively evaluating the ability of on-site PPE and/or skin decontamination to reduce undesirable exposures to toxicants encountered during emergency fire suppression, and by extension, the risk of adverse health effects. 

It is important to note that although sample collection at emergency firefighting events is important for real-world results interpretation, there are limitations to the study design employed in the present study. Unlike training fires, where samples can be collected immediately after fire suppression, samples for this study were collected after return to the fire station. Consequently, low molecular weight PAHs, which are typically more volatile, likely declined prior to sample collection. As such, the reported values are likely underestimating the amount of low molecular weight PAHs actually deposited on surfaces (i.e., ng per cm2). Furthermore, although sample collection methods employed here collected 67-72% of the contamination, 28-33% remained on the surface (see Supplementary Information and Table S7). Thus, the wipe data presented here underestimate PAH surface concentrations within a defined confidence interval.
 
3.3. Air Samples from Fire Stations
The airborne concentrations of PAHs, antimony, cadmium, and lead were measured in vehicle bays and fire truck cabs at the three fire stations investigated, as well as at an OFS office location (i.e., reference site). Vehicle bays had significantly higher PAH concentrations compared with the office location, with geometric mean (±SE) total PAH concentrations of 95.60±1.21 and 8.20±1.0 ng/m3, respectively (Figure 2, Table S5, p<0.05). In fact, vehicle bay contamination was nearly 4-fold higher than Canadian urban air (e.g., Toronto, ON, calculated annual average of 0.025 µg/m3) (Motelay-Massei et al., 2005). Benzo[a]pyrene was not present in the office air samples, but was detected in 56% of the vehicle bay samples. Probable/possible carcinogenic PAHs were also more frequently detected in the vehicle bays compared to the office location (i.e., 24.8% versus 10.3%, respectively). It should be noted that the influence of outdoor, ambient air contamination on the indoor (e.g., vehicle bay) air quality data described herein cannot be overlooked since the station garage door was opened several times during the sample collection time period. Unfortunately, operational necessity precluded the ability to collect vehicle bay samples that were not periodically disturbed by door opening and truck departure/arrival. The geometric mean concentration inside truck cabs was significantly higher (i.e., 26-fold) compared to vehicle bays (Figure 2, p<0.05), and the contributions of benzo[a]pyrene to the total measured PAHs were higher for truck cabs compared with vehicle bays (i.e., 1.5% vs 0.02%, respectively). Similarly, the contributions of probable and possible carcinogens to the total were 65.5% versus 24.8%, respectively. To the best of our knowledge, this is the first study to note elevated concentrations of PAHs and metals inside fire truck cabs.
Metal concentrations in air showed a pattern similar to that observed for PAHs. Geometric means of antimony in vehicle bay air was significantly higher compared to the office location (i.e., Figure 2, 3.4-fold, p<0.05). Observed truck cab air concentrations were significantly higher than the vehicle bay concentrations (i.e., 50.7-fold, p<0.05). Antimony in air of both office and vehicle bay locations were well below those of ambient air concentrations in Ottawa for 2015 (<9 ng/m3), and urban areas in the United States (5 to 40 ng/m3) and Europe (1 to 10 ng/m3) (Jensen and Bro-Rasmussen, 1992; National Research Council (US) Subcommittee on Zinc Cadmium, 1997; Environment and Climate Change Canada, 2015). However, compared to ambient Ottawa air monitored during the same time period as the present study, average fire truck cab concentrations of antimony were 117-fold higher (i.e., 0.45 versus 52.56 ng/m3) (Environment and Climate Change Canada, 2015). Although lead in the air from vehicle bays and office locations were not significantly different, one of the truck cabs had significantly higher lead relative to the corresponding vehicle bay (Table S4, p<0.05). Office and vehicle bay air concentrations of lead were similar to those measured in Ottawa air during that time period (i.e., average of 1.1 ng/m3); levels were higher in fire truck cabs (i.e., 13.41 ng/m3). Concentrations in cadmium in air from all sampled locations were not significantly different from each other, and were comparable to those of Ottawa ambient air (Environment and Climate Change Canada, 2015). Overall, the observed levels of PAHs and metals in air from office and fire station (i.e., vehicle bay and truck cabs) locations were well below adjusted OELs and excursion limits. Nevertheless, the consistently elevated values in fire truck cabs warrant further attention.
Although precise delineation of factors contributing to PAH and metal contamination in truck cabs would require further study, we suspect that release of contaminants from PPE and/or contaminated gear (i.e., particles and/or off-gassed volatiles) are the major sources. Contamination is a concern because full PPE is not worn in the cab, and contamination of this area could contribute to continued exposures from earlier fires. Such secondary exposures can be reduced by cab decontamination, rigorous use of vehicle exhaust extraction systems, and proper storage of contaminated gear. Future work could investigate the effectiveness of prophylactic measures to reduce transfer of combustion-derived contaminants in stations and truck cabs (e.g., gear and PPE decontamination prior to storage and/or reuse). 

4. Effectiveness of PPE Decontamination 
The current OFS protocol states that, weather permitting, soiled or contaminated PPE should be brushed and wetted using a fine mist, placed in a plastic bag, and dropped off for laundering on the way back to the station. Firefighters should be assigned an alternate set of PPE until laundering has been completed.41 The effectiveness of the current laundering procedures was investigated by analyzing PPE wipe samples before and after the OFS procedural wash cycle (Table S6). Significant post-wash decreases in PAHs, antimony, lead, and cadmium were noted (p<0.005, <0.05, <0.0001, <0.01, respectively). Sets of PPE that showed a net decrease in surface contamination revealed an average laundering removal of 61% for PAHs, 55% for antimony, 97% for lead, and 90% for cadmium (Table S6). An estimate of PPE total surface area (i.e., pants plus jacket, Figure S3) was used to calculate average total removals for the compounds investigated. Values indicate removals of 166 μg of PAHs per set of PPE, including 8 μg of the known carcinogen benzo[a]pyrene, 912 μg of antimony, 721 μg of lead, and 26 μg of cadmium. These results should be interpreted with caution since the calculations assume uniform distribution of contamination. The efficacy of the laundering process for removal of antimony, cadmium and lead is likely related to oxidation state. Oxidized metals would be more water soluble thus, likely more readily removed. This study did not investigate the oxidation state of the analyzed metals; all results are expressed as total metal concentration. Ultimately, these results underscore the utility of PPE decontamination procedures for removing selected combustion-derived contaminants; effective decontamination should reduce the likelihood of secondary exposures mediated by contact with contaminated PPE.
The results presented herein, when interpreted in the context of our companion study and other earlier studies, indicate that firefighters engaged in emergency fire suppression are exposed to combustion-derived toxicants such as PAHs, lead, antimony and cadmium. Although this result is not surprising, the significant post-event increase in dermal contamination, and the previously-reported relationship between dermal PAH contamination and internal dose, highlights the need for further investigations. Moreover, it highlights the need to evaluate procedures intended to minimize dermal contamination, and develop intervention strategies for on-scene skin decontamination. More specifically, future work should critically scrutinize strategies to reduce event-related dermal contamination (e.g., proper PPE fitting, uniform use of flash hood, etc.), and approaches for on-scene, post-event dermal decontamination (e.g., on-scene dermal wiping). Elevated air concentrations in the truck cab and vehicle bay suggests a need for protocols to minimize cross-contamination from fire events, and/or more frequent cleaning of these areas. Current PPE decontamination protocols appear to effectively remove most of the PAHs and metals acquired during fire suppression; the efficacy highlights the utility and importance of post-event laundering. Since exposures to some PAHs and metals have been empirically and mechanistically associated with increased cancer risk, remedial or prophylactic activities designed to minimize event-related firefighter exposures can be expected to concomitantly reduce occupationally-associated cancer.

Acknowledgments
This work was supported by the Ontario Ministry of Labour; NSERC CREATE-REACT (Research in Environmental, Analytical, and Chemical Toxicology); and Health Canada intramural funding.  
We would like to thank Dr. Hugo Lemieux for initiating the project, and the Ottawa Fire Services (OFS) for their participation and support. In particular, we are grateful for support from OFS senior management, the OFS Occupational Health and Safety Committee, and the Ottawa Professional Firefighters’ Association; without their involvement and support this study would not have been possible. We would also like to thank Abdulhamid Mohamud for help with sample preparations, and Linda E. Kimpe and Emmanuel Yumvihoze for PAH and metal analyses. 
Reference
s
ACGIH (American Conference of Governmental Industrial Hygienists) (2016). TLVs and BEIs Based on the Documentation of the Threshold Limit Values for Chemical Substances and Physical Agents & Biological Exposure Indices. Signature Publications.

Baxter, C. S., Hoffman, J. D., Knipp, M. J. et al. (2014). Exposure of firefighters to particulates and polycyclic aromatic hydrocarbons. J Occup Environ Hyg 11, D85–D91. https://doi.org/https://doi.org/10.1080/15459624.2014.890286.

Bolstad-Johnson, D. M., Burgess, J. L., Crutchfield, C. D. et al. (2000). Characterization of Firefighter Exposures During Fire Overhaul. Am Ind Hyg Assoc J 61, 636–641. https://doi.org/https://doi.org/10.1080/15298660008984572.

Brief, R. and Scala, R. (1975). Occupational Exposure Limits for Novel Work Schedules. Am Ind Hyg Assoc J 36, 467–469. https://doi.org/https://doi.org/10.1080/0002889758507272.

Britz-McKibbin, P., Fernando, S., Gallea, M. et al. (2016). Evaluation of Firefighter Exposure to Wood Smoke During Training Exercises at Burn Houses. Environ Sci Technol 50, 1536–1543. https://doi.org/https://doi.org/10.1021/acs.est.5b04752.

Caux, C., O’Brien, C. and Viau, C. (2002). Determination of firefighter exposure to polycyclic aromatic hydrocarbons and benzene during fire fighting using measurement of biological indicators. Appl Occup Environ Hyg 17, 379–386. https://doi.org/https://doi.org/10.1080/10473220252864987.

Daniels, R. D., Kubale, T. L., Yiin, J. H. et al. (2014). Mortality and cancer incidence in a pooled cohort of US fire fighters from San Francisco, Chicago and Philadelphia (1950-2009). Occup Environ Med 71, 388–397. https://doi.org/http://dx.doi.org/10.1136/oemed-2013-101662.

Edelman, P., Osterloh, J., Pirkle, J. et al. (2003). Biomonitoring of chemical exposure among New York City firefighters responding to the World Trade Center Fire and collapse. Environ Health Perspect 111, 1906–1911. https://doi.org/https://doi.org/10.1289/ehp.6315.

Environment and Climate Change Canada (2015). NAPS Data Products. Available at: http://maps-cartes.ec.gc.ca/rnspa-naps/data.aspx [Accessed March 23, 2018].

Fabian, T. Z., Borgerson, J. L., Gandhi, P. D. et al. (2014). Characterization of firefighter smoke exposure. Fire Technol 50, 993–1019. https://doi.org/https://doi.org/10.1007/s10694-011-0212-2.

Fent, K., Evans, D., Babik, K. et al. (2018). Airborne contaminants during controlled residential fires. J Occup Environ Hyg 15, 399–412. https://doi.org/10.1080/15459624.2018.1445260.

Fent, K. W., Alexander, B., Roberts, J. et al. (2017). Contamination of firefighter personal protective equipment and skin and the effectiveness of decontamination procedures. J Occup Environ Hyg 14, 801–814. https://doi.org/10.1080/15459624.2017.1334904.

Fent, K. W., Eisenberg, J., Snawder, J. et al. (2014). Systemic exposure to PAHs and benzene in firefighters suppressing controlled structure fires. Ann Occup Hyg 58, 830–845. https://doi.org/, https://doi.org/10.1093/annhyg/meu036.

Fent, K. W., Evans, D. E., Booher, D. et al. (2015). Volatile Organic Compounds Off-gassing from Firefighters’ Personal Protective Equipment Ensembles after Use. J Occup Environ Hyg 12, 404–414. https://doi.org/10.1080/15459624.2015.1025135.

Guidotti, T. L. (2015). Health Risks and Fair Compensation in the Fire Service. 1st ed. Switzerland: Springer International Publishing.

Guidotti, T. L. (1993). Mortality of urban firefighters in Alberta, 1927-1987. Am J Ind Med 23, 921–940. https://doi.org/https://doi.org/10.1002/ajim.4700230608.

Helsel, D. (2009). Much ado about next to nothing: incorporating nondetects in science. Ann Occup Hyg 54, 257–262. https://doi.org/https://doi.org/10.1093/annhyg/mep092.

IARC (1989). Antimony trioxide and antimony trisulfide. IARC Monogr Eval Carcinog Risks Hum, 291–305

IARC (1993). Beryllium, cadmium, mercury, and exposures in the glass manufacturing industry. IARC Monogr Eval Carcinog Risks Hum 58
IARC (2006). Inorganic and organic lead compounds. IARC Monogr Eval Carcinog Risks Hum 87, 1–529

IARC (2010a). Painting, firefighting, and shiftwork. IARC Monogr Eval Carcinog Risks Hum 98, 9–764

IARC (2010b). Some non-heterocyclic polycyclic aromatic hydrocarbons and some related exposures. IARC Monogr Eval Carcinog Risks Hum 92, 1–853

IARC (2002). Some traditional herbal medicines, some mycotoxins, naphthalene and styrene. IARC Monogr Eval Carcinog Risks Hum 82, 1–556

Jensen, A. and Bro-Rasmussen, F. (1992). Environmental Cadmium in Europe. In (101–181). https://doi.org/10.1007/978-1-4612-2890-5_3.

Keir, J. L. A., Akhtar, U. S., Matschke, D. M. J. et al. (2017). Elevated Exposures to Polycyclic Aromatic Hydrocarbons and Other Organic Mutagens in Ottawa Firefighters Participating in Emergency, On-Shift Fire Suppression. Environ Sci Technol 51, 12745–12755. https://doi.org/10.1021/acs.est.7b02850.

Keith, L. and Telliard, W. (1979). ES&T special report: priority pollutants: a perspective view. Environ Sci Technol 13, 416–423. https://doi.org/https://doi.org/10.1021/es60152a601.

Kirk, K. M. and Logan, M. B. (2015). Firefighting Instructors’ Exposures to Polycyclic Aromatic Hydrocarbons During Live Fire Training Scenarios. J Occup Environ Hyg 12, 227–234. https://doi.org/10.1080/15459624.2014.955184.

Laitinen, J., Mäkelä, M., Mikkola, J. et al. (2010). Fire fighting trainers’ exposure to carcinogenic agents in smoke diving simulators. Toxicol Lett 192, 61–65. https://doi.org/https://doi.org/10.1016/j.toxlet.2009.06.864.

LeMasters, G. K., Genaidy, A. M., Succop, P. et al. (2006). Cancer risk among firefighters: a review and meta-analysis of 32 studies. J Occup Environ Med 48, 1189–1202. https://doi.org/10.1097/01.jom.0000246229.68697.90 [doi].

Lönnermark, A. and Blomqvist, P. (2006). Emissions from an automobile fire. Chemosphere 62, 1043–1056. https://doi.org/10.1016/J.CHEMOSPHERE.2005.05.002.

Motelay-Massei, A., Harner, T., Shoeib, M. et al. (2005). Using Passive Air Samplers To Assess Urban−Rural Trends for Persistent Organic Pollutants and Polycyclic Aromatic Hydrocarbons. 2. Seasonal Trends for PAHs, PCBs, and Organochlorine Pesticides. Environ Sci Technol 39, 5763–5773. https://doi.org/10.1021/es0504183.

National Fire Protection Agency (2012). NFPA 1403, Standard on live fire training evolutions. National Fire Protection Association.

National Research Council (US) Subcommittee on Zinc Cadmium (1997). Cadmium Exposure Assessment, Transport, and Environment Fate. National Academies Press (US). Available at: https://www.ncbi.nlm.nih.gov/books/NBK233490/ [Accessed March 23, 2018].

NIOSH (2013). Health hazard evaluation report: evaluation of dermal exposure to polycyclic aromatic hydrocarbons in fire fighters. Cincinnati, OH. Available at: https://www.cdc.gov/niosh/hhe/reports/pdfs/2010-0156-3196.pdf.

Occupational Safety and Health Administration (2012). Coal Tar Pitch Volatiles (benzene soluble fraction). Available at: https://www.osha.gov/dts/chemicalsampling/data/CH_229000.html [Accessed April 10, 2018].

OMOL (Ontario Ministry of Labour) (2016). Current occupational exposure limits for Ontario workplaces required under Regulation 833. Available at: https://www.labour.gov.on.ca/english/hs/pubs/oel_table.php.

Pukkala, E., Martinsen, J., Weiderpass, E. et al. (2014). Cancer incidence among firefighters: 45 years of follow-up in five Nordic countries. Occup Environ Med 71, 398–404. https://doi.org/http://dx.doi.org/10.1136/oemed-2013-101803.

Robinson, M. S., Anthony, T. R., Littau, S. R. et al. (2008). Occupational PAH exposures during prescribed pile burns. Ann Occup Hyg 52, 497–508. https://doi.org/https://doi.org/10.1093/annhyg/men027.

Tsai, R. J., Luckhaupt, S. E., Schumacher, P. et al. (2015). Risk of cancer among firefighters in California, 1988–2007. Am J Ind Med 58, 715–729. https://doi.org/https://doi.org/10.1002/ajim.22466.

U.S. Environmental Protection Agency (1994). Method 3640A: Gel-Permeation Cleanup. Available at: https://www.epa.gov/sites/production/files/2015-12/documents/3640a.pdf.

US EPA (1996). Method 3050B Acid Digestion of Sediments, Sludges, and Soils. Available at: https://www.epa.gov/sites/production/files/2015-12/documents/3050b.pdf [Accessed February 28, 2018].


Table 1: Concentrations of PAHs and metals (i.e., cadmium, antimony, and lead) in 29 personal air samples collected during emergency fire suppression. Results are reported as geometric mean (GM) and standard error (Std Error), arithmetic mean (AM), minimum (Min) and maximum (Max), in micrograms per cubic meter (μg/m3). 
	Compound(s)
	GM
	Std Error
	AM
	Min.
	Max.

	PAHs
	
	
	
	
	

	Total PAHs
	253.11
	1.48
	2725.46
	8.27
	28604.58

	Acenaphthylene
	14.57
	1.58
	270.50
	0.09
	2839.90

	Acenaphthene
	1.84
	1.49
	20.28
	0.07
	186.85

	Anthracene
	1.46
	1.63
	50.91
	0.03
	746.85

	Benz[a]anthracene 
	0.91
	1.48
	12.59
	0.02
	236.05

	Benzo[a]pyrene 
	1.54
	1.44
	10.44
	0.03
	133.76

	Benzo[b]fluoranthene 
	1.52
	1.55
	17.00
	0.02
	218.59

	Benzo[ghi]perylene
	0.75
	1.54
	8.16
	0.02
	98.65

	Benzo[k]fluoranthene 
	0.69
	1.46
	6.66
	0.03
	79.12

	Chrysene 
	1.31
	1.63
	58.06
	0.03
	1062.72

	Dibenz[ah]anthracene 
	0.27
	1.29
	0.70
	0.02
	5.58

	Fluoranthene
	5.95
	1.53
	102.17
	0.11
	1441.33

	Fluorene
	4.02
	1.51
	66.69
	0.16
	747.16

	Indeno[1,2,3-cd]pyrene 
	1.07
	1.47
	9.34
	0.04
	146.36

	Naphthalene
	182.59
	1.48
	1675.80
	3.95
	15916.00

	Phenanthrene
	9.07
	1.64
	318.20
	0.16
	4543.59

	Pyrene
	1.97
	1.79
	97.94
	0.02
	1294.32

	
	
	
	
	
	

	Metals
	
	
	
	
	

	Antimony 
	3.41
	1.64
	25.15
	0.02
	169.78

	Cadmium
	0.04
	1.65
	0.53
	0.00022
	6.85

	Lead
	0.95
	1.71
	33.73
	0.0016
	664.81
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Figure 1 Box-plots summarizing concentrations of (A) PAHs, (B) Antimony, and (C) Lead in wipe samples collected before (FF Pre-Fire) and after (FF Post-Fire) a fire-suppression event. Box limits represent the interquartile range (i.e., 25th to 75th percentile), the diamonds represent the mean value, the solid line represents the group median, and the whiskers extend to the 5th and 95th percentiles. Circles represent outliers. * indicates a significant difference between pre and post-fire levels at p<0.05, ** at p<0.01, and *** at p<0.001. No significant differences in cadmium concentrations were observed and values are not shown. 
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Figure 2 Box-plots summarizing total PAHs (left) and antimony (right) concentrations in air samples collected from control office locations, vehicle bays, and fire truck cabs. Triplicate samples were collected at each location. The box limits represent the interquartile range (i.e., 25th to 75th percentile), the diamonds represents the mean value, the solid line represents the group median, and the whiskers extend to the 5th and 95th percentiles. Circles represent outliers. The inset shows the results of a one-way ANOVA. * indicates a significant difference between locations at p<0.05. No significant differences in air concentrations of cadmium or lead were observed and the data are not shown.
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