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Introduction: Firefighters are exposed to polycyclic aromatic hydrocarbons (PAHs) during fire suppression, but the extent of PAH penetration through turnout gear and its impact on blood cell components remains uncertain. The main objective of this study is to investigate the residual levels of PAHs on turnout gear and skin, and to assess their potential effects on blood cell components in firefighters. We hypothesize that firefighting activities lead to increased PAH exposure, which in turn may induce alterations in blood cell composition. We also hypothesize that differences in PAH exposure and corresponding blood cell changes will be observed between volunteer and career firefighters.



Methods: Forty-seven firefighters were recruited from 11 fire departments in Oklahoma. PAH levels on gear and skin were measured, and complete blood count (CBC) parameters were analyzed. Parametric and non-parametric tests were used to examine differences in PAH exposures and hematological profiles between volunteer and career firefighters and possible changes over time. Generalized estimating equation (GEE) models were performed to assess the relationships between PAHs and blood cells.



Results: Our analysis revealed significant hematological differences between volunteer and career firefighters, with volunteers exhibiting lower aerobic capacity and higher systemic inflammation. Increased levels of specific PAHs were found on volunteers' gear post-fire.



Conclusion: Our findings indicate an association between PAH exposure and changes in blood parameters, emphasizing the need for improved decontamination protocols and protective measures, particularly for volunteer firefighters.
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1 Introduction

Firefighting is a high-risk occupation that exposes firefighters to numerous potential hazards, including toxic chemicals. The risks are attributed to factors such as the inhalation of smoke encountered at fire scenes. The smoke generated during fires contains a mixture of gases and particulates, including polycyclic aromatic hydrocarbons (PAHs), which are of particular concern due to their carcinogenic properties. Extensive research has focused on firefighter exposure to PAHs, as they are prevalent in fire environments and have been associated with an increased cancer risk (1, 2). The International Agency for Research on Cancer (IARC) has classified certain PAHs as probable or possible carcinogens that are linked to cancers in humans, in particular, benzo[a]pyrene, a single analyte of PAH carcinogenic to humans (3).

As firefighters are deployed to random locations, it is challenging to monitor and control their exposure to toxic chemicals. Portable protection is therefore crucial to ensuring their health and safety. Personal protective equipment (PPE), such as turnout gear, is the primary means of protection for firefighters. However, PPE is regarded as the least efficacious measure for mitigating hazards within the framework of industrial hygiene's hierarchy of controls (4). Studies have shown the presence of protective gear (5), findings that underscore the importance of proper PPE practices. For example, when PPE cleaning is not routinely performed following a fire response, PAHs are likely to accumulate on PPE during each fire suppression and could be transferred to the skin (6). These toxic chemicals are absorbed by the skin and subsequently cause a series of immune responses (7). Previous studies have shown that PAHs induce the release of pro-inflammatory cytokines in both immune cells and skin cells (8, 9).

One possible way to assess the effects of PAH exposure on firefighter health is to examine the changes in blood cell parameters. Blood cells are vulnerable to PAH exposure due to their high lipid solubility and can reflect systemic responses to inflammation, oxidative stress, and DNA damage (10–12). As a result, the systemic effects of PAHs may manifest in changes in blood cell parameters. Hematologic parameters obtained from a complete blood count (CBC) are widely used in disease prognosis evaluation, risk stratification, and diagnosis (13–15). A CBC assesses the cell counts of the formed elements in blood, serving as the most extensively used test in clinical practice to evaluate overall health status. For instance, early changes in red blood cell (RBC) morphology may be crucial clinical markers of pathology (16). High red cell distribution width (RDW) has been significantly associated with all-cause mortality, including cancer, cardiovascular disease (CVD), and respiratory disease mortality (17). An increased level of white blood cells (WBC) may be indicative of an ongoing inflammatory response, which is associated with higher rates of cardiovascular and all-cause mortality (18). Thus, blood cells can serve as a valuable tool, as they provide insight into potential health risks from exposure to PAH and allow for early detection and preventative measures.

Existing research investigates CBC parameters in firefighters within simulated settings but does not assess PAH exposure (19). While other studies evaluate firefighters' exposure to PAHs, they often overlook assessing hematological impacts. The focus on controlled environments and/or the absence of comprehensive evaluation of PAH exposure and hematological impacts constrains the understanding of physiological responses to real firefighting situations. Research on the differences in these aspects between volunteer and career firefighters is also limited. This study aims to bridge these gaps by examining the changes in blood cell parameters and PAH levels after firefighting activities on turnout gear and skin in volunteer and career firefighters. Our objectives are to (1) quantify residual PAH levels on gear and skin, (2) assess alterations in blood cell components pre- and post-exposure, and (3) compare these changes between volunteer and career firefighters to evaluate potential health risks. By identifying specific PAH analytes and related impacts, this research seeks to contribute to improving firefighter safety protocols and health outcomes. The hypothesis driving this study is that PAH exposure during firefighting activities leads to significant hematological changes indicative of increased health risks, with potential differences between volunteer and career firefighters.



2 Material and methods


2.1 Study population

The recruitment of study participants was a joint effort involving local and regional fire departments in Oklahoma, along with the Oklahoma State University Fire Protection & Safety Engineering Technology program. In addition, we attended routine meetings with volunteer fire chiefs to introduce our research and recruit firefighters. Forty-seven firefighters (28 volunteers and 19 careers) were recruited from 11 fire departments in Oklahoma. All participants gave written informed consent after a detailed explanation was provided about the benefits and risks involved with the investigation. Institutional Review Board approval was obtained for this study. Participants who met the following inclusion criteria were eligible for participation: (1) at least 18 years of age, (2) a volunteer or career firefighter in Oklahoma, and (3) a minimum of one year of firefighting experience. Each participant completed a self-administered questionnaire at baseline, in which they were asked to provide details including demographic information, PPE practices, and firefighting-related practices.



2.2 Study design

We visited each participating fire department and conducted baseline samplings of all study participants. Prior to baseline sampling, none of the participants had engaged in firefighting activities for a period of seven consecutive days. This approach helped to establish a standardized baseline for each participant. Participants also completed a questionnaire that provided additional information about their PAH exposure. For the post-firefighting samples, we visited each fire department within 24 h of the fire, but before the gear was washed, to collect PAH and blood samples.



2.3 Sample collections and analyses

PAHs deposited on the surface of each firefighter's turnout gear and skin were collected using a 10 cm × 10 cm polyester fabric wipe (Alpha Wipes, Texwipe, Kernersville, NC) saturated with 1 ml of 99% isopropyl alcohol. We applied the wipe with even firm pressure in a consistent area on both the gear and skin. The selection of sampling sites was based on the existing literature, which highlights the neck as the primary site of dermal exposure among firefighters, as PPE hoods offer limited protection (19, 20). Additionally, the wrist of firefighters have high levels of PAH exposure (21). Gear wipes were taken from the right front sleeve and back neck area on the outside surface of the jacket (Supplementary Figure S1). Skin wipes were collected from each firefighter's right forearm and back of the neck (Supplementary Figure S2).

In addition to the wipe samples, a phlebotomist drew 3 ml of blood from each firefighter, storing the samples in EDTA-containing tubes (BD Vacutainer, Franklin Lakes, NJ) to avoid coagulation. The collected blood samples were analyzed at the University of Oklahoma Medical Center laboratory, while the collected wipe samples were analyzed on a Varian 450 Gas Chromatography (GC) equipped with a 200 Mass Spectrometry (MS) detector (Agilent Technologies, Santa Clara, CA), as described previously (22).



2.4 Laboratory and statistical analyses

For the wipe samples, we excluded a PAH analyte from the analysis if its concentration fell below the limit of detection (LOD) in more than 70% of the samples. For PAHs with concentrations below the LOD, but in less than 70% of the samples, we addressed the issue of missing data by employing regression imputation to estimate each missing value. We employed the IARC group classifications to predict missing values for PAHs detected on gear. For example, phenanthrene exhibited no missing data, while pyrene had 15% missing data. Leveraging the available data from phenanthrene, we imputed the missing values for pyrene using firefighter groups and fire departments as independent variables in pre- and post-firefighting scenarios, respectively. We applied the same approach to impute the missing values for the remaining PAHs.

We compared baseline demographic characteristics between volunteer and career firefighters using Student's t-tests or Mann-Whitney U tests for continuous variables and Pearson Chi-squared tests or Fisher's exact tests for categorical variables. For the analysis of PAHs and CBC parameters, we initially assessed the normality of the data. Based on the data's normality, we selected either parametric or non-parametric statistical methods for data analysis. To compare differences before and after firefighting, we employed paired sample t-tests or Wilcoxon signed-rank tests. For comparing intergroup differences between volunteer and career firefighters, we utilized Student's t-tests or Mann-Whitney U tests.

For the blood samples, a heatmap was created to analyze correlations between 10 PAHs on gear and 16 CBC parameters using the “pheatmap” package (version 1.0.12) in R (version 4.3.0). Spearman correlation coefficients were calculated to measure correlations. The heatmap used a color gradient (red for positive, blue for negative) to depict these correlations, with asterisks indicating statistical significance (p < 0.05). Generalized estimating equations (GEE) models, which can account for the correlation between repeated measurements made on the same subject over time, were used to estimate the association between the CBC parameters and the ∑PAHs deposited on gear or skin. ∑PAHs refers to the sum of the individual PAH concentrations measured separately on the skin or gear samples for each firefighter. Note that in the ∑PAH on skin model, none of the variables exhibited statistical significance. CBC parameters were log-transformed and GEE models were fitted for each CBC parameter with the covariates, which included age, career/volunteer firefighters, pre/post firefighting, BMI, smoking status, years served as a firefighter, and hours per month on a fire scene. Covariates were selected into the models in a forward approach, and any covariate that had a significance level of p < 0.05 was retained. Then, the final models were obtained by adding ∑PAHs to these selected models. The quasi-likelihood information criterion (QIC) was used to compare the final model with the null model, and the model with the smaller QIC was the best working model. The correlations between each type of blood cell from the CBC and each individual PAH were evaluated by the Spearman rank correlation coefficient. Statistical significance was taken at 2-sided P < 0.05. Statistical analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC).




3 Results


3.1 Demographic information

In this study, 28 of the firefighters were volunteers, 19 were career, and a majority (94.7%) of the participants were male (Table 1). The average number of years served as a firefighter was 11.6 for volunteers and 10.8 for careers (p = 0.64). All participating firefighters reported engaging in fire-related activities an average of four times per month. However, participation in non-fire-related activities varied significantly between the volunteer and career groups, with volunteers engaging in an average of 1.5 non-fire-related activities per week and career firefighters engaging in an average of eight per week (p < 0.05). Most of the volunteer firefighters did not have a typical work shift; rather, they were always on call (p < 0.05). Regarding health status, body mass index (BMI) showed notable differences between career and volunteer firefighters (p < 0.05). Among career firefighters, 36.84% were overweight and 26.32% were obese category. In contrast, among volunteer firefighters, 21.43% were overweight and a higher percentage, 64.29%, were obese category. Volunteer firefighters reported higher rates of respiratory diseases compared to career firefighters (Supplementary Table S1). Specifically, 14.29% reported asthma, 7.14% reported chronic bronchitis, 10.71% reported coughing, and 3.57% reported seasonal allergies.


TABLE 1 Demographic characteristics of career and volunteer firefighters: means and standard deviations (M ± SD) or counts and percentages [N (%)].

[image: Table 1]



3.2 PAH contamination on gear and skin of firefighters

Tables 2, 3 present the results of the quantitative analysis of PAHs on the gear and skin, respectively, of firefighters before and after firefighting activities. One post-test gear sample from a career firefighter was not available due to issues with the laboratory analytical extraction. The majority of the studied PAHs showed increased concentration on gear after firefighting, with significant increases observed in acenaphthylene, fluoranthene, fluorene, 1-methyl-naphthalene, 2-methyl-naphthalene, and pyrene. However, there were no significant differences in any PAH levels on the gear between the two groups of firefighters, volunteer and career. Regarding PAH deposition on the skin, we found a significant difference in fluorene after firefighting, while acenaphthene was significantly higher on the skin of volunteer firefighters than on career firefighters.


TABLE 2 Geometric mean concentrations of PAHs on firefighters’ gear at baseline and post-firefighting.

[image: Table 2]


TABLE 3 Geometric mean concentrations of PAHs on firefighters’ skin at baseline and post-firefighting.
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Table 4 compares the six common PAHs found on the firefighters' gear and skin. At baseline, the gear had significantly lower levels of acenaphthene, fluorene, phenanthrene, and pyrene compared to skin. 2-methyl-naphthalene was significantly higher on gear vs. skin at baseline. After firefighting, the gear continued to have lower levels of acenaphthene, fluorene, and phenanthrene vs. skin (p < 0.05). Again, 2-methyl-naphthalene was significantly higher on gear after firefighting compared to skin. There was no significant difference in pyrene levels between gear and skin after firefighting.


TABLE 4 Comparative geometric mean concentrations of 6 PAHs between firefighter gear and skin.

[image: Table 4]

Table 5 displays the PAH levels on gear and skin before and after firefighting for both career and volunteer firefighters. For total PAH on gear, there was a statistically significant difference for career firefighters, with an increase from 1.87 ng/cm2 to 4.56 ng/cm2, while the increase for volunteers from 2.80 ng/cm2 to 3.76 ng/cm2 was not statistically significant. Regarding total PAH on skin, the amount on volunteers increased slightly after firefighting, whereas career firefighters showed a decrease from 2.05 ng/cm2 to 1.45 ng/cm2 (p < 0.05).


TABLE 5 Comparison of geometric means of pre- and post-fire levels of PAHs by volunteer and career firefighters.
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3.3 CBC parameters between volunteer and career firefighters at baseline and after firefighting

Table 6 illustrates the response of CBC parameters to firefighting activities for both volunteer and career firefighters. Significant differences were observed in career firefighters for mean corpuscular volume (MCV), mean corpuscular hemoglobin concentration (MCHC), red cell distribution width (RDW), white blood cell (WBC), granulocyte (GRAN) count, and lymphocyte (LYMPH) count (p < 0.05) after firefighting compared to baseline, whereas no significant changes were observed in any CBC parameters for volunteer firefighters.


TABLE 6 Comparison of complete blood count (CBC) parameters before and after firefighting within volunteer and career firefighter groups, with mean values reported.

[image: Table 6]

Figure 1 presents the CBC parameters measured for each group at baseline and after firefighting. At baseline, there were significant differences between volunteer firefighters and career firefighters in MCHC, RDW, WBC, LYMPH count, GRAN count, mononucleosis (MONO) count, and immature granulocytes (IG) count (p < 0.05). Among these, volunteer firefighters had higher levels of all significantly different indicators except for MCHC. However, no significant group difference in CBC parameters was detected after firefighting.


[image: Figure 1]
FIGURE 1
Differences of blood cells between volunteer and career firefighters pre- and post-firefighting. MCHC, mean corpuscular hemoglobin concentration; RDW, red cell distribution width; WBC, white blood cells; GRAN, granulocytes; LYMPH, lymphocytes; MONO, monocytes; EOS, eosinophil; BASO, basophils; IG, immature granulocytes.




3.4 Associations between PAHs exposures and CBC parameters

Table 7 shows the results regarding generalized estimating equations (GEE) modeling between each CBC parameter and the ∑PAHs deposited on gear. Among all firefighters, a 10-unit (ng/cm2) increase in ∑PAHs was associated with a 0.013 (95% CI: 0.002–0.024; p = 0.0155) and 0.028 (95% CI: 0.000–0.057; p = 0.0470) increase in log(MCH) and log(RDW), respectively. A 10-unit increase in ∑PAHs was associated with a 0.096 (95% CI: 0.012–0.180; p = 0.0248) and 0.285 (95% CI: 0.109–0.462; p = 0.0015) increase in log(WBC) and log(IG), respectively. This data suggests that increased ∑PAHs deposition on firefighters’ gear was associated with alterations in hematological and immune parameters. While the changes in MCH and RDW were relatively modest, the notable increases in WBC and IG levels warrant further attention and investigation, as they might be indicative of a significant immune response or inflammation due to PAH exposure.


TABLE 7 Changes of log CBCs (95% CI) and ∑PAHs concentration on turnout gear among firefighters from generalized estimating equations (GEE)a.

[image: Table 7]

We employed heatmap to illustrate the correlations between CBC parameters and individual PAH (Figure 2). Despite the use of multiple testing corrections, our limited sample size had low statistical power to detect certain correlations. Therefore, we present the unadjusted correlation results, with a warning against potential Type I errors. Among the PAHs deposited on gear, we found that the concentration of acenaphthylene, a PAH that increased in firefighters after firefighting, was positively correlated with WBC, GRAN count, LYMPH count, MONO count, and IG count (p < 0.05). Phenanthrene was positively correlated with PLT, LYMPH count, and MONO count. Fluorene was found to be positively correlated with RBC and HCT (p < 0.05). Notably, 1-methyl-naphthalene was positively correlated with RDW (p < 0.05) while negatively correlated with MCH (p < 0.05). However, for PAHs deposited on the skin, we found a different correlation pattern with CBC parameters (Supplementary Figure S3). Acenaphthene was positively correlated with RBC, RDW, WBC, and GRAN count (p < 0.05). Phenanthrene and pyrene were positively correlated with MCHC (p < 0.05), while negatively correlated with MPV, although the latter correlation was not statistically significant.


[image: Figure 2]
FIGURE 2
Heatmap analysis of the correlation between PAHs on gear and CBC parameters. The heatmap displays the Spearman correlation coefficients ranging from −0.5 to 0.5. The red spots indicate a positive correlation, while the blue spots represent a negative correlation between PAHs and CBC parameters; the stars indicate significant correlation coefficients with p < 0.05. RBC, red blood cells; HGB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW, red cell distribution width; PLT, platelet count; MPV, mean platelet volume; WBC, white blood cells; GRAN, granulocytes; LYMPH, lymphocytes; MONO, monocytes; EOS, eosinophil; BASO, basophils; IG, immature granulocytes.





4 Discussion

We quantified residual PAH levels on gear and skin, highlighting persistent exposure despite protective measures. We assessed alterations in blood cell components pre- and post-exposure, revealing systemic inflammation. By comparing these changes between volunteer and career firefighters, we uncovered differing susceptibility levels, contributing to a better understanding of occupational health risks. Our study is among the first to identify significant differences in CBC components between volunteer and career firefighters prior to engaging in fire suppression activities. This finding is noteworthy because it suggests that even before exposure to the acute stressors and hazards associated with firefighting, these two groups may already differ in ways that could impact their health. However, the literature is scant when it comes to exploring baseline differences in CBC parameters between volunteer and career firefighters, making our study a significant contribution to this area of research. Our study also found that volunteer firefighters had higher total PAH concentrations on their skin after fire suppression compared to baseline levels. This observation is concerning, given that PAH exposure has been associated with a myriad of adverse health outcomes, including increased risks of cancer (7). These findings identify a need to enhance gear cleaning procedures and to implement rigorous decontamination protocols, especially among volunteer firefighters (22). The use of advanced protective clothing designed to minimize PAH skin absorption could also be beneficial (1). Our study thus serves as a call to action for further research and intervention strategies aimed at reducing the health risks associated with firefighting.


4.1 Impact of firefighting activities on hematological parameters and PAH exposure

MCHC is a measure of the concentration of hemoglobin in cells. A low concentration of hemoglobin within a given volume of red blood cells results in a reduced capacity to carry oxygen to the tissues and affects the cardiovascular system through oxygen supply (23). In our study, we observed a decrease in MCHC levels in both career and volunteer firefighters following firefighting activities. Notably, prior to firefighting, volunteer firefighters exhibited a significantly lower MCHC compared to career firefighters, suggesting potential pre-existing hematological differences that could have implications for their overall health for firefighting duties. Moreover, we identified a negative correlation between MCHC levels and acenaphthene concentrations in the gear wipe samples (p < 0.05). Acenaphthene, a type of PAH, albeit present in low concentrations, may still play a role in reducing MCHC levels in firefighters. This area warrants further investigation, especially considering that acenaphthene is known to follow various metabolic pathways, including oxidation to acenaphthenequinone (24). On the other hand, MCHC levels have been shown to be affected in various hematological conditions (25, 26). Understanding the specific mechanisms through which PAH affects hematological parameters like MCHC could have significant implications for firefighter health.

In our research, RDW was significantly higher in volunteer firefighters after firefighting, while there was no significant difference in career firefighters. Elevated RDW levels have been associated with various cardiovascular conditions (27) and increased risk of cancer mortality (28). A comprehensive meta-analysis has underscored RDW's potential as a prognostic marker in cancer patients, linking high RDW levels to poor outcomes (29). The concentration of 1-methyl-naphthalene on gear had a positive correlation with RDW (p < 0.05). Our wipe sample results showed that the concentration of 1-methyl-naphthalene increased after firefighting compared to the baseline for both career and volunteer firefighters. While 1-methyl-naphthalene is a derivative of naphthalene, which has been studied for its potential chronic effects (30), its specific impact on RDW levels remains unclear. The observed correlation between 1-methyl-naphthalene and RDW may also be helpful in estimating heart disease or cancer risk (14, 31, 32) and warrants further investigation. One study revealed a linear association between RDW and the risk of myocardial infarction (MI), indicating that individuals with a higher RDW were more likely to experience MI, with each 1% increase in RDW associated with a 13% elevated risk (33).

WBC is associated with infection and inflammation in the body. This association highlights the significance of regularly monitoring WBC levels as a valuable marker for overall health assessment and the early detection of potential health risks. A previous study reported a substantial increase in WBC counts, rising from 4.94 K/mm3 to 9.15 K/mm3 immediately after firefighting activities and subsequently stabilizing at 8.12 K/mm3 after 90 min, as serving as markers of systemic inflammation and physiological stress (34). In our study, we observed an increase in WBC counts among career firefighters, rising from 5.46 K/mm3 to 6.33 K/mm3, a statistically significant finding. In contrast, volunteer firefighters experienced a more modest increase, going from 8.07 K/mm3 to 8.21 K/mm3. It is noteworthy that volunteer firefighters exhibited significantly higher baseline WBC counts compared to career firefighters.

These findings collectively contribute to our understanding of the dynamic changes in leukocyte parameters between career and volunteer firefighters in their response to firefighting-related stressors. Positive correlation coefficients were observed between the concentration of acenaphthylene on gear and WBC, GRAN count, LYMPH count, and IG count in firefighters. High LYMPH and GRAN counts could indicate several issues, including infection, as elevated leukocyte counts have been associated with possible infections (35); blood cell cancer, as lymph node counts have been linked to the stage of illness and patient outcome in cancers like pancreatic ductal adenocarcinoma (36); or some type of autoimmune disease, as lymph node alterations have been observed in conditions like chronic kidney disease (37). The increase in leukocytes in firefighters after firefighting may be associated with an elevated level of 1-methyl-naphthalene. The lymphocytes have been proposed as an inflammatory biomarker potential predictor of risk and prognosis in CVD (38). Therefore, 1-methyl-naphthalene exposure may increase the risk of CVD, cancer, and other diseases in firefighters, warranting further investigation.



4.2 Hematological changes and long-term health implications in firefighters exposed to PAHs

Our results from the GEE model indicate that the elevated MCH and RDW levels could signify underlying hematological changes that may have long-term health implications for firefighters. A modest 10-unit increase in the sum of PAHs that led to these significant changes is a cause for concern, particularly given the cumulative nature of occupational hazards faced by firefighters. Even low-level chronic exposure to toxic chemicals may result in adverse health outcomes, emphasizing the need for ongoing vigilance. Earlier research has indicated that changes in erythrocyte physiology, such as alterations in MCH, could serve as early markers for systemic issues like anemia or other blood disorders. For instance, the erythrocyte zinc-protoporphyrin/heme (ZPP/H) ratio has been identified as a valid point-of-care biomarker to diagnose iron deficiency anemia (39). Additionally, erythrocyte destruction has been noted as a major factor in the early stages of anemia or inflammation (40). As mentioned earlier, elevated RDW has been identified as an independent prognostic marker for systemic inflammatory responses (41) and specific cardiovascular conditions (42). A stronger increased in sum of PAHs was associated with an elevated WBC and IG. Elevated WBC and IG levels have been associated with an increased risk for infection (43). Such elevations in WBC and IG may not only signify an ongoing inflammatory process but could also be indicative of compromised immune functioning over time.



4.3 Examining the efficacy of turnout gear in protecting firefighters from PAH exposure and identifying discrepancies in gear practices

Most PAHs on gear, including acenaphthylene, fluoranthene, fluorene, 1-methyl-naphthalene, 2-methyl-naphthalene, and pyrene, exhibited significant increases after firefighting, potentially attributable to variations in firefighters' turnout gear practices. While turnout gear is designed to serve as a critical barrier against immediate hazards, our study adds to the existing literature by revealing that it may not provide comprehensive protection against the dermal absorption of PAHs. Specifically, we found compelling evidence of significant disparities in PAH levels between firefighter gear and skin, both at baseline and following firefighting activities. Previous research has shown that PAHs most likely enter firefighters' bodies through their skin, with the neck being a primary site of exposure due to lower dermal protection (20). Moreover, dermal absorption has been identified as a significant contributor to biological levels of PAH metabolites in firefighters (44). The turnout gear, which is treated with per- and polyfluoroalkyl substances (PFAS) chemicals for water and oil resistance, undergoes a shedding process in which PFAS migrate from the outer shell to the thermal liner, the layer in direct contact with the skin (45). This migration could potentially compromise the gear's protective barrier, facilitating the absorption of PAHs through the skin. As PFAS degradation occurs, the chemicals could be absorbed through skin contact with the thermal liner, thereby creating a pathway for PAHs to penetrate as well. Also, the composition of turnout gear has also been found to affect moisture and thermal management, which could influence the protection offered to firefighters (46, 47). Therefore, while turnout gear is designed to protect firefighters, its material properties and degradation over time may inadvertently facilitate the skin absorption of PAHs. Given these findings, our results underscore the need for further research to elucidate the mechanisms leading to differential PAH absorption on gear and skin, as well as to optimize the design and material composition of turnout gear to minimize such risks.



4.4 Limitations

Our study investigating the exposure of firefighters to PAHs has provided valuable insights into the potential health risks associated with firefighting activities. However, it is important to acknowledge several limitations that should be considered when interpreting the findings. Firstly, the study design involved collecting baseline samples from firefighters who had not engaged in firefighting activities for seven consecutive days. While this approach aimed to establish a standardized baseline, it may not fully capture the day-to-day variations in PAH exposure that firefighters experience during their active duty. Additionally, the post-firefighting sampling was conducted within 24 h before the gear was washed. This timing constraint, coupled with the need to coordinate with different fire departments, resulted in multiple visits and potential variations in the post-firefighting data collection process. Secondly, the sample size in this study was relatively small. While efforts were made to recruit a diverse group of participants, the limited sample size may impact the generalizability of the results to a broader population of firefighters, especially considering the potential variations in firefighting practices and PAH exposure levels across different regions. Although PAHs are the primary combustion byproducts in fire smoke, their presence in ambient air is widespread. Our detection of PAHs was unable to disentangle the effects of other confounding factors. Thirdly, the study used self-administered questionnaires to collect information on demographic information, PPE practices, and firefighting-related practices. Self-reported data can be subject to recall bias and may not always accurately reflect participants' actual behaviors and exposures. Finally, the study primarily focused on the association between PAH exposure and CBC parameters, which provide important insights into potential health effects. However, other relevant health indicators or long-term health outcomes were not assessed, limiting the comprehensive understanding of the health implications of PAH exposure among firefighters.




5 Conclusion

This study reveals noteworthy findings regarding the impact of firefighting activities on both career and volunteer firefighters. Baseline disparities in key blood parameters between these two groups were observed even before engaging in firefighting duties. Specifically, our research identified associations between the concentration of PAHs on gear and changes in blood parameters, including MCHC, RDW, WBC, GRAN count, LYMPH count, MONO count, and IG count. Notably, volunteer firefighters exhibited more adverse baseline levels of these blood parameters compared to their career counterparts. The research highlights an increase in PAH contamination on both gear and skin among volunteer firefighters following firefighting activities, emphasizing the urgent need for enhanced decontamination procedures and improved protective gear. Moving forward, future research should focus on elucidating the mechanisms underlying PAH absorption on gear and skin. This need suggests potential limitations in the protective capabilities of firefighting gear. Overall, these findings emphasize the importance of prioritizing the health and safety of firefighters through better cleaning practices, gear design enhancements, and continued research to understand and mitigate the risks associated with firefighting activities.
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(n=5)| (n=5) (n=12) | (h=11) {n=5) | (n=5)
Acenaphthene
Acenaphthylene 00394 | 00772 | 03071 00174 | 00518 | 00010* | ND ND ND ND ND ND
Anthracene 00146 | 00152 | 01250 | 00238 | 00310 | 04131 ND ND ND ND ND ND
00460 | 0059 | 00893 | 00329 | 00783 | 00049* | ND ND ND ND ND ND
Fluorene 00570 | 00571 | 09110 | 00278 | 00770 | 00010* | 01583 | 01672 | 07885 | 02422 | 01384 | 00093
Naphthalene 02310 | 02350 | 01875 | 02834 | 01775 | 02645 | 04765 | 03068 | 05497 | 02933 | 03755 | 08501
1-Methyl Naphthalene | 05987 | 17382 | 01875 | 04276 | 06442 | 02061 ND ND ND ND ND ND

2-Methyl Naphthalene | 10225 | 03108 | 0.0625 0.2423 22021 | 00049* | 01750 | 02710 | 03125 0.2068 0.1573 0.0923
03807 | 05577 | 00605 05335 0.4003 04758 | 05347 | 08743 | 0.1860 0.9680 05344 | 00173%
Pyrene 00532 | 00635 | 02046 0.0232 00897 | 00010 | 00848 | 00669 | 03125 0.0641 0.0693 1
YPAH 28099 | 37614 | 03125 1.8718 45678 | 00137* | 17388 | 19669 | 07138 2.0540 14548 | 0.0077*
*p value < 0.05.
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Pre (n=17) Post (n=16) P value Pre (n=22) Post (n=9) P value
Red blood cells
RBC (M/mm®) 501 498 0.5398 5.08 511 05535
HGB (g/dl) 1518 1484 0.8343 1502 1470 08307
HCT (%) 45.16 4531 0.0682 4620 4591 03658
MCV (f) 9024 91.09 00436 9110 89.92 08852
MCH (pg) 3034 2983 0.1155 2961 2881 01250
MCHC (g/dl) 3363 3278 0.0079* 3252 3206 0.0827
RDW (%) 1250 1268 0.0012* 1327 1372 08750
Platelets
PLT (K/mm®) 27282 283.13 0.1924 284.36 285.56 10000
MPV (fl) 1024 1040 02156 1058 1057 06250
White blood cells
WBC (K/mm®) 5.46 633 0.0026* 8.07 821 0.6875
GRAN (#) 296 359 0.0151% 477 466 0.6875
LYMPH (#) 177 196 0.0554" 236 256 04375
MONO (#) 0.50 052 0.1396 067 071 03125
EOS (#) 017 019 0.4971 021 0.19 04375
BASO (#) 0047 0052 01729 0.054 0053 07500
1G () 0016 0017 02539 0.027 0031 0.6250
The sample sizes for the pre-tests and post-tests are not identical. This di bec: ighters only completed the pr . some only took the post-

(est, and some completed both the pre-test and post-test I total, there were 19 career firfighters and 28 volunteers who partcipated in aither or both of the tests
RBC, red blood cells; HGB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hermoglobin
concentration; RDW, red cell distribution width; PLT, platelet count; MPV, mean platelet volume; WBC, white blood cells; GRAN, granulocytes; LYMPH, lymphocytes;
MONO, monocytes; EOS, easinophil; BASO, basophils; IG, immature granulocytes.

*indicate: statistical sianificance levels 1< 0.05:
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Pre (n=17) Post (n=17) Volunteer (n=5) Career (n=12)

29% 01023 0.1015 04219 01415 0.0889 0.0001"
Fluorene 29% 02137 0.1463 00129 01627 0.1831 05495
Naphthalene 35% 03383 03538 06510 03824 03318 01766
2-Methyl-Naphthalene 29% 0.1969 0.1846 0.6112 02177 0.1804 0.5613
Phenanthrene 9% 0.8129 06177 0.1569 0.6837 0.7192 0.4362
Pyrene 62% 00696 0.0686 05791 00753 0.0667 09402
TPAH 19558 15897 00984 18493 17286 06382

*The remaining PAH analytes were not detected
sinclicate statistical significance levels 1 < 0.05.
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Acenaphthene
Fluorene
Naphthalene
2-Methyl-Naphthalene
Phenanthrene 0.4831 08129 0.0005* 0.4440 06177 0.0422*
Pyrene 0.0296 00696 0.0000* 00805 0.0686 0.7052

*p value < 0.05.
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CBC parameter B coefficient QIC

Best model Null model
Red blood cells
RBC (m/mm?) 0.0001 ~00025 00026 0.9650 35.1809 659114
HGB (g/d)) ~00002 ~00028 00029 0.9782 329605 657523
HCT (%) —0.0024 -0.0076 0.0028 0.3676 319191 65.8817
MCV (fl) 0.0015 ~0.0017 00047 0.3543 373059 656556
MCH (pg) 0.0013 00002 00024 00155" 326613 655948
MCHC (g/dl) 0.0018 —0.0008 0.0044 0.1854 37.8474 65.6103
RDW (%) 0.0028 0.0000 00057 00470 39.8970 65.6304
Platelets
PLT (K/mm’) ~00021 ~0.0064 00022 0.3457 336655 658615
MPV (1)) ~0.0009 ~0.0039 00022 0.5793 337597 655128
White blood cells
WBC (K/mm*) 0.009 00012 00180 0.0248" 363463 655134
GRAN (#) 0.0086 —0.0048 00219 0.2091 33.8052 643225
LYMPH (#) 0.0043 00247 0.6790 319100 65.4891
MONO (#) 0.0054 ~00108 00216 0.5101 431877 655725
EOS (#) 0.0085 ~00325 00496 0.6843 342188 655979
BASO (#) 0.0036 -00219 00291 0.7837 328574 647604
1G () 0.0285 00109 00462 00015 30.1371 59.1853
RBC, red blood cells; HGB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corp MCHC, mean corp n

concentration; RDW, red cell distribution width; PLT, platelet count; MPV, mean platelet volume; WBC, white blood cells; GRAN, granulocytes; LYMPH, lymphocytes;
MONO, monocytes; EOS, easinophil; BASO, basophils; IG, immature granulocytes,

Models adjusted for career/volunteer firefighters, pre/post fire, age, BMI, smoking status, years served as a firefighter, and hours per month on fire scene according to the
results of model selection. The model selection criterion was based on the lowest QIC of models.

*p value < 0.05.
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Characteristics

Age in years (M =SD)

Career
(n=19)
36371077

Volunteer
(n=28)
386141255

P value

07058

Gender, N (%) 1.0000
Male 18 (94.74) | 26 (92386)
Female 1 (5.26) 2 (7.14)
Race, N (%) 04870
American Indian or Alaska Native 1(5.26) 4(1429)
Hispanic or Latino 0 1(3.57)
White 18 (9474) | 23 (82.14)
Body Mass Index (BMI), N (%) 0.0430"
Underweight 4(2105) 1(3.57)
Healthy weight 3 (15.79) 3 (1071)
Overweight 7(3684) | 6(2143)
Obesity 5(2632) | 18(64.29)
Firefighter group, N (%)*
Rescue 15(7895) | 26(92.86) | 02044
Emergency medical services 6(3158) | 11(39.29) 07588
Industrial 0 2(7.14) 05079
Years served as a firefighter (M =SD) | 1078+9.39 | 1163895 06382
Years served at current fire department | 8.03+803 | 9.63+890 | 0.6044
(M £SD)
Non-fire-related activities (times/week) | 8.13+534 | 153104 | <0001"
(M +SD)
Fire-related activities (times/month) | 326380 | 3.96+268 | 0.0906
(M +5D)
Typical work shift, N (%) <.0001*
24h 4(2105) 1(3.57)
48-h 15 (7895) 0
On call 0 27 (96.43)
Current smoker, N (%) 03783
Yes 1(5.26) 5 (17.86)
No 18 (9474) | 23 (82.14)
Former smoker, N (%) 01340
Yes 3 (1579) 10 (35.71)
No 16 (84.21) 18 (64.29)

*Participants can choose more than one answer to this question

‘Indicate  statistical ~significance levels p<0.05. BMI

categories  include

Underweight (<18.5), Healthy Weight (18.5-24.9), Overweight (25-29.9), and

Obesity (>30).
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