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A B S T R A C T   

Objectives: This study aimed to examine the impact of extreme heat exposure frequency on inflammation and 
well-being in UK Fire Service personnel. 
Methods: 136 Fire personnel and 14 controls (CON) were recruited [92 Firefighters (FF), 44 Breathing Apparatus 
Instructors (BAI)]. BAI were split into low (LBAI; ≤15 exposures per month) and high (HBAI; ≥20 exposures per 
month) categories. Measures of inflammation, mood and fatigue were collected at 0, 3 and 6 month times points. 
These variables were analysed for differences between groups and association with frequency of exposure. 
Results: HBAI exhibited raised IL-1β, IL-6, IL-10, IgE and lower IgM (p < 0.05). In addition, IL-1β, IL-6, IL-10 and 
IgM were associated with monthly exposure number, with exposures accounting for 15.4% of the variance in IL- 
6, 11.8% of IL-1β and 25.2% of IL-10. No differences in mood or fatigue were reported (p > 0.05). 
Conclusion: High exposure firefighting consistently causes systemic inflammation without perceptual recognition 
of potential health risks.   

1. Introduction 

The acute health consequences of firefighting have been much 
interrogated over recent decades, with strong evidence to indicate an 
association between firefighting and cardiovascular events (Fahy et al., 
2015), post-traumatic stress disorder (Haslam and Mallon, 2003) and 
musculoskeletal injuries (Orr et al., 2019). However, the long-term 
implications of the occupational role and the extent of immune 
changes after operational exposures are less well documented. In recent 
years, Breathing Apparatus Instructors (BAI) have been highlighted as a 
unique population amongst the firefighting profession, with BAI 
completing a significantly greater monthly exposure number (~13) 
compared to firefighters (FF) (~1) (Watkins et al., 2018). Understanding 
the consequences of this exposure frequency is important to ensure BAI 
can work effectively in their roles, as individuals who are fit and healthy 
are less likely to take time off sick (Kyröläinen et al., 2008) and are more 
likely to work safely and efficiently (Siddall et al., 2016). 

Fire exposures present a physiological challenge, with physically 
demanding tasks, encapsulating personal protective equipment (PPE) 

and extreme heat environments. It is well established that the combi-
nation of these elements results in acute increases in heart rate, core 
temperature and inflammatory biomarkers (Smith et al., 2005; Pet-
ruzzello et al., 2009; Cheung et al., 2010; Wright-Beatty et al., 2014). 
Elevated levels of inflammation have been reported across a range of 
firefighting activities, including search and rescue tasks (Walker et al., 
2015) and instructing scenarios (Watt et al., 2016; Watkins et al., 
2019b). Whilst inflammation following exercise is a normal appropriate 
response, BAI have been reported to exhibit elevated markers of 
inflammation at rest (Watkins et al., 2019a, 2020). 

Elevated biomarkers in BAI noted at rest include IL-6, interleukin-1β 
(IL-1β) and C-Reactive Protein (CRP). A small sample of BAI (n = 11) 
displayed IL-6 levels of 2.18 ± 2.39 pg mL− 1 and IL-1β values of 20.52 
± 18.19 pg mL− 1, which were significantly greater than a control 
group’s values (IL-6: 0.28 ± 0.37 pg mL− 1 and IL-1β 1.37 ± 2.06 pg 
mL− 1) (Watkins et al., 2019a). A larger snapshot of BAI (n = 53) in-
flammatory levels also documented increased IL-6 (2.98 ± 3.56 pg 
mL− 1), IL-1β (11.56 ± 19.48 pg mL− 1) and CRP (1.98 ± 1.74 mg.L− 1) at 
rest compared to FF (Watkins et al., 2020). IL-6, IL-1β and CRP are all 
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involved in the inflammatory response, with resting elevated levels 
indicating systemic inflammation in BAI. Increased levels of these three 
biomarkers are also related to an increased risk of atherosclerosis and 
cardiac events. Resting levels of IL-6 greater than 2.28 pg mL− 1 increase 
the relative risk of a cardiac event by 2.3 times compared to levels below 
1.04 pg mL− 1 (Ridker et al., 2000), whilst the American Heart Associ-
ation and Centres for Disease Control and Prevention classify <1 mg.L− 1 

of CRP as low risk, 1–3 mg.L− 1 as average risk and >3 mg.L− 1 as high 
risk for cardiovascular disease (Ridker, 2003). Typical healthy values for 
IL-1β are 0.14–1.00 pg mL− 1 (Di Iorio et al., 2003) and whilst the 
cytokine has not yet been established as a predictor of cardiovascular 
events with set classifications of risk, gene polymorphisms causing 
increased IL1-β are associated with higher risk of coronary artery disease 
and cardiovascular events (Tsimikas et al., 2014), and IL1-β is being 
targeted for atheroprotective interventions (Ridker, 2016). 

It has been proposed that repeated experiences of high physiological 
strain, such as that experienced during fire exposures, with limited re-
covery time between episodes, may lead to gradual increases in systemic 
inflammation (Smith, 2000, 2003). This theory is based on the sugges-
tion that whilst regular exercise can reduce inflammation, having min-
imal recovery time does not enable inflammatory levels to return to 
normal (or be reduced) before a subsequent stimulus occurs (Smith, 
2000, 2003). Cytokines such as IL-1β and IL-6 can communicate with the 
central nervous system via directly crossing the blood-brain barrier or by 
activation of afferent neurons (Banks, 2005). Elevated levels of these 
cytokines can stimulate “recuperation” or “sickness” behaviours, which 
are a group of responses including weight loss, depression, fatigue and 
sleep disturbances (Dantzer et al., 2008). Elevated IL-1β and IL-6 in BAI 
have previously been reported to be associated with an increased like-
lihood of experiencing symptoms of ill health (IL-6 Odds Ratio = 5.63, 
IL-1β Odds Ratio = 3.67). These symptoms included fatigue, sleep dis-
turbances, heavy sweating, headaches and colds. IL-6 and IL-1β levels 
were also related to the number of exposures that had been completed in 
the previous month, with 19% and 25%, respectively, of variance in 
these markers explained by exposure numbers (Watkins et al., 2020). 
Whilst this evidence begins to indicate a relationship between the 
symptoms of ill health described by BAI, systemic inflammation and fire 
exposure number, the singular snapshot nature of the data from one 
blood sample limits the conclusions that can be drawn. Further assess-
ment of the inflammatory status of Fire and Rescue Service personnel is 
required in relation to exposures and well-being over a greater duration 
of time. Moreover, previous detailing of ill health symptoms were 
limited, with additional information required on the frequency of 
symptoms and expansion on the meaning of fatigue to individuals. 
Consequently, specific fatigue and mood related questionnaires are 
required to more thoroughly capture the well-being of personnel. 

Immunological changes in BAI also require closer investigation. 
Based on biomarkers previously measured in BAI (IL-6, immunoglobulin 
G (IgG)) it was postulated that humoral immunity may be upregulated 
(Watkins et al., 2020). An up-regulation of humoral immunity is 
commonly associated with a suppression of cellular immunity, 
increasing the risk of viral or bacterial infections (Buyukyazi et al., 2004; 
Zhao et al., 2012; Kakanis et al., 2014). However, modulation of alter-
native isotypes in the context of severe and prolonged heat exposure are 
poorly understood. Furthermore, it is critical to investigate the immu-
nomodulatory effect of severe heat exposure on the balance of proin-
flammatory and anti-inflammatory cytokines such as interferon gamma 
(IFNγ), IL-4 and IL-10 (Glimcher and Murphy, 2000; Kidd, 2003; Smith, 
2003). A larger array of cytokines and immunoglobulins than have 
previously been measured therefore need to be investigated to further 
understand the extent of immune changes in BAI. 

This study aims to monitor and quantify the number of heat expo-
sures that BAI and FF undertake in a typical 6-month period and 
investigate the immunological and psychological responses to these 
workloads. It was hypothesised that BAI with high exposure numbers 
would exhibit elevated inflammation across the duration of the study, 

with cytokine ratios indicative of increased humoral immunity. 
Furthermore, it was hypothesised that high exposure BAI would expe-
rience increased severity of psychological distress and ill health 
compared to individuals with lower exposure levels. 

2. Method 

2.1. Participants 

One hundred and thirty-six UK Fire and Rescue Service personnel 
were recruited from the following services: East Sussex, Essex, Hamp-
shire, Kent, Staffordshire, West Midlands and the Fire Service College. 
Of the 136 participants, 44 were BAI (43 males and 1 female) and 92 
were operational FF (79 males and 13 females). An additional 14 non- 
heat exposed control participants (10 males and 4 females) were 
recruited from the University of Brighton. The control group were not 
exposed to temperatures >25 ◦C for the 6 month period. The University 
of Brighton’s ethics committee approved the study. Informed written 
consent was acquired from all participants before initial data collection. 
For analysis the BAI group was split into low (LBAI) and high (HBAI) 
exposure groups, based on those exposed to ≥20 exposures per month 
(HBAI) or ≤15 exposures per month (LBAI). This monthly exposure cut 
off point was selected based on the median (15) and mean (18) monthly 
exposure number reported by BAI. No BAI completed 16–19 exposures 
per month. Participant demographics are in Table 1. 

2.2. Experimental design 

Experimenters visited training centres and fire stations to collect data 
on three occasions (0, 3 and 6-month time points). Control samples were 
collected at the Welkin Laboratories of the University of Brighton. At the 
first visit (0 months) background information and purpose of the study 
was verbally presented, individuals were then given time to ask ques-
tions and the option to volunteer. 

For those who chose to volunteer, anthropometric data and blood 
pressure were attained. At all three time points participants completed a 
working history form, a health questionnaire, an abbreviated Profile of 
Mood States questionnaire (POMS) (Grove and Prapavessis, 1992) and 
the Multidimensional Fatigue Inventory (MFI) (Smets et al., 1995). 

2.2.1. Participant details and working history 
At each time point, participants were asked if in the previous month 

they had suffered from symptoms of ill health, as identified by Watkins 
et al. (2018), (fatigue, broken sleep, heavy sweating, heart palpitations, 

Table 1 
Demographics of participants recruited.   

FF HBAI LBAI CON 

n @ 0 months 92 21 23 14 
n @ 3 months 62 17 16 14 
n @ 6 months 56 16 18 14 
Age (yrs) 39 ± 8 43 ± 10 50 ± 11 37 ± 10 
Height (m) 1.78 ± 0.1 1.80 ±

0.08 
1.78 ± 0.09 1.77 ±

0.06 
Weight (kg) 85.5 ±

14.0 
86.6 ± 7.6 91.8 ± 15.1 72.3 ± 9.0 

BMI (kg/m2) 26.9 ± 3.4 27.2 ± 2.0 28.31 ±
15.1 

23.0 ± 2.1 

SBP (mmHg) 132 ± 13 132 ± 18 137 ± 23 124 ± 12 
DBP (mmHg) 84 ± 9 87 ± 10 85 ± 18 74 ± 9 
Service time (yrs) 15 ± 10 15 ± 6 20 ± 9 n/a 
Time in current role 

(yrs) 
11 2 3 n/a 

Data presented as the mean ± SD. FF = Firefighters, HBAI = High Exposure 
Breathing Apparatus Instructor, LBAI = Low Exposure Breathing Apparatus 
Instructor, CON = Control, BMI = Body Mass Index, SBP = Systolic Blood 
Pressure, DBP = Diastolic Blood Pressure. 
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mood swings, coughing, and breathing problems) or any other illnesses. 
The frequency of each symptom was identified using the following op-
tions, ‘none’, ‘once’, ‘2–3 times’, ‘once a week’, ‘2–3 times a week’, and 
‘continuously’. The total number of symptoms reported at least “once” at 
each time point (0, 3 & 6 months) were calculated for each participant, 
the maximum score possible being 11. To reflect frequency, reporting 
illness symptoms were scored accordingly: ‘None’ = 0, ‘Once’ = 1, ‘2–3 
times’ = 2, ‘Once a week’ = 3, ‘2–3 times a week’ = 4, ‘Continuously’ =
5. The sum of symptom scores were then calculated. 

Participants were also asked to provide a brief work history, 
including details of their time in the Fire and Rescue Service and in their 
current role. Participants reported how many fire exposures (in either a 
training or operational capacity) they had completed in the previous 
week and in the last month; the 6 months total was then calculated from 
these responses. FF reported all fire exposures attended, even if they 
personally did not perform a fire suppression role, for example if their 
role was BA entry board control, as individuals will still be performing 
tasks in PPE and smoke exposure can still be experienced by those 
external to the building. Participants were asked to report if BA was 
worn for each exposure. BAI were asked to report each individual 
training exercise as an exposure for example, a training day encom-
passing a morning and afternoon training fire would count as two 
exposures. 

2.2.2. Abbreviated Profile of Mood States questionnaire (POMS) 
Participants completed the abbreviated version of POMS (Grove and 

Prapavessis, 1992) at all time points. Abbreviated POMS is a 40-item 
questionnaire that has 7 sub-scales; Tension (TEN; 6 items, 0–24), 
Anger (ANG; 6 items, 0–24), Fatigue (FAT; 5 items, 0–20), Depression 
(DEP; 6 items, 0–24), Esteem-related Affect (ESTEEM; 6 items, 0–24), 
Vigour (VIG; 5 items, 0–20, higher score the better) and Confusion 
(CON; 5 items, 0–20). Total mood disturbance (TMD) was calculated 
using the following calculation (A constant of 100 was added to the 
calculation to avoid any negative TMD scores): [TEN + DEP + ANG +
FAT + CON] – [VIG + ESTEEM] + 100. 

2.2.3. Multidimensional Fatigue Inventory (MFI) 
Participants completed the MFI at all time points. The MFI is a 

validated subjective self-report likert scale questionnaire that aims to 
measure and assess aspects of fatigue (Smets et al., 1995). The ques-
tionnaire encompasses five capacities of fatigue: General Fatigue (GEN), 
Physical Fatigue (PHYS), Mental Fatigue (MENTAL), Reduced Activity 
(RA) and Reduced Motivation (RM). The questionnaire consists of 
20-items which can be rated on a scale of 1–5; ‘1’ signifying ‘yes, that is 
true’ and ‘5’ signifying ‘no, that is not true’, all of which fall into one of 
the five different capacities. 

2.2.4. Venous blood collection 
A 20 mL venous blood sample was taken at rest from the anti-cubital 

fossa by a trained phlebotomist, at all three time points. All samples 
were collected at the same time of day and before any heat exposure. 
Samples were centrifuged at 4500 rpm for a period of 10 min at 4 ◦C for 
plasma separation. Plasma was stored in a − 86 ◦C freezer for later an-
alyses. Blood plasma was analysed for IL-6, IL-1β, IL-10, IL-4, IFN-γ, 
CRP, IgG, IgA, IgE and IgM using ELISA kits (R & D Systems, Minne-
apolis, US and Thermo Fisher Scientific, Massachusetts, US). Intra-assay 
coefficient of variation was 4.1% for IL-1β, 4.9% for IL-6 and 4.7% for IL- 
10, 3.4% for IL-4, 5.0% for CRP, 5.7% for IFN-γ, 3.2% for IgG, 3.9% for 
IgM, 4.1% for IgA and 3.0% for IgE. 

Ratios between IFN-γ and IL-4 and IL-10, and IL-1β and IL-10 were 
also assessed to indicate T helper 1/2 balance. All biomarker data were 
classified as above or below healthy reference values, excluding IL-6 and 
CRP, which were classified by future cardiac event risk classification. 
Values used for classification can be seen in Table 2. 

2.3. Statistical analysis 

Data was analysed using IBM SPSS Statistics v25, with a statistical 
significance accepted at p ≤ 0.05. Blood samples were removed from 
analysis if health questionnaires revealed exercise or exposures 
completed within 12 h prior or ingestion of anti-inflammatory medica-
tion. Demographic characteristics of participants are presented as means 
± SD, and non-parametric data are presented as median ± IQR. Normal 
distribution of the data was analysed before analysis, using skewness 
and kurtosis and inferentially through a Kolmogorov Smirnov test. To 
test for differences between FF, HBAI, LBAI and CON for all variables at 
all time points, a Kruskal-Wallis test was conducted. Bonferroni cor-
rected Mann – Whitney U follow up tests were conducted to detect 
where differences occurred. To test for differences between 0, 3 and 6 
months within groups; a Friedman Test was conducted. Where there 
were any significant differences, a Wilcoxon-Signed rank test was used 
post-hoc to see where those differences occurred. 

Due to the non-parametric nature of the biomarker data, average 6 
month biomarkers were log transformed for linear regression analysis. 
The association between log biomarkers and average monthly fire ex-
posures were assessed using linear regression analysis (model 1). The 
model was then adjusted for age, BMI, systolic blood pressure and dia-
stolic blood pressure (model 2). Regression analysis was also conducted 
to identify the association between fire exposures and psychological 
factors and fire exposures and symptoms of ill health, the same adjusted 
models were followed. 

3. RESULTS 

3.1. Fire exposures 

HBAI reported significantly more exposures than FF or LBAI, while 
LBAI also reported more than FF. Both BAI groups also experienced 
longer exposure durations, shown in Table 3. 

3.2. Perceptual scales & illness symptoms 

Neither MFI nor POMS identified differences between groups for any 

Table 2 
Biomarker classifications according to reference values.  

Biomarker Limit (≥) Reference 

CRP (mg.L− 1) 3.00# Ridker, (2003) 
IL-6 (pg.mL− 1) 2.28# Ridker et al., (2000) 
IL-1β (pg.mL− 1) 2.00 (Di Iorio et al., 2003; Hennø et al., 2017) 
IgG (g.L− 1) 16.00 Fuggle, (2017) 
IgM (g.L− 1) 2.59 Fuggle, (2017) 
IgA (g.L− 1) 4.00 Fuggle, (2017) 
IgE (ng.mL− 1) 513.60 Martins et al., (2014) 
IL-10 (pg.mL− 1) 16.70 Kleiner et al., (2013) 
IL-4 (pg.mL− 1) 2.00 Hennø et al., (2017) 
IFN-γ (pg.mL− 1) 121.00 Hennø et al., (2017) 

High-risk classification for cardiovascular event denoted by # 

Table 3 
Exposure number and duration.   

FF (n = 92) HBAI (n = 21) LBAI (n = 23) 

Reported number of fire 
exposures per month 

5 ± 2 (Range 
0–8) 

27 ± 4 ‡ $ 

(Range 20–33) 
8 ± 4 ‡ (Range 
2–15) 

Exposures wearing BA (%) 43 ± 39 100 ± 0 100 ± 0 
Duration of exposure (min) 45 ± 20 60 ± 15 ‡ 60 ± 25 ‡

Average time wearing BA 
(min) 

20 ± 11 45 ± 12 ‡ 45 ± 15 ‡

Data presented as the mean ± SD. FF = Firefighters, HBAI = High Exposure 
Breathing Apparatus Instructor, LBAI = Low Exposure Breathing Apparatus 
Instructor. ‡ denotes different from FF. $ denotes different from LBAI. 
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sub-scale or over time points (p > 0.05) (Table 4). The data suggests that 
there were consistent perceptual feelings, which were not different be-
tween groups. 

No differences were found in the total number of symptoms reported 
between time points for each group (p > 0.05), suggesting that symptom 
numbers reported were consistent over the 6 months. Analysis of the 
average score across the 6 months showed a difference between HBAI 
and CON (6 ± 3 vs. 3 ± 2; p = 0.006). There were no changes in sum of 
symptom scores over time for each of the groups (p < 0.05) (Table 4). 
Comparison between groups 6 months averages showed that HBAI and 
FF reported greater sum symptom scores than CON (p = 0.001 and p =
0.013, respectively). 

3.3. Blood measures 

Each of the groups displayed some variations in biomarkers over 
time, for the CON group there were variations in five of the variables 
(CRP, IL-6, IL-4, IL-10 and IgM), for FF and LBAI six of the variables 
displayed variations (FF: IL-6, IL-10, IL-4, IgG, IgE and IgM; LBAI: IL-10, 
IL-6 IgG, IgM, IgE and IgA) p < 0.05. In contrast, HBAI demonstrated 
little variation, with only CRP and IgE varying between time points. 
Overall fluctuations between months did not cause the median values to 
change between being above or below healthy reference values in all but 
two cases. IL-6 levels were below upper reference values at 6 months 
only for LBAI and at 3 and 6 months for FF. 

Excluding IgA (p = 0.846), IL-4 (p = 0.423) and IFN-γ (p = 0.054) 
the 6-month average of all variables displayed a significant difference 
between groups (p < 0.05). CRP and IgG displayed an effect of group (p 
= 0.019 and p = 0.023, respectively), however follow up tests did not 
reveal significant differences. HBAI exhibited greater levels of IL-6, IL- 
1β, IgE, IL-10, and reduced levels of IgM, in comparison to CON and FF 
(p < 0.05). LBAI also exhibited biomarker values greater than CON for 
IL-6, IgE, IL-10 (p < 0.05). There were no differences noted between FF 
and CON for any biomarkers (p > 0.05). There was no difference be-
tween groups for IFN-γ/IL-4 (p = 0.545). Alternatively, IFN-γ/IL-10 data 
indicated group differences (p < 0.001), with the ratio being lower in 
both HBAI and LBAI compared to both CON (p < 0.001 and p = 0.001, 
respectively) and FF (p < 0.001 and p = 0.007, respectively). There was 
no difference between FF and CON (p = 0.368). Analysis of IL-1β/IL10 
also revealed group differences (p = 0.016), with the ratio being lower 
in HBAI than both FF (p = 0.004) and CON (p = 0.039). No other dif-
ferences between groups for IL-1β/IL10 were present (p > 0.05) 

(Table 5). It is also important to note the greater incidence of individuals 
presenting with values consistently outside of the normal range in the 
HBAI group, as also indicated on Table 5. 

3.4. Regression analysis 

3.4.1. Biomarker association with exposure number 
Average monthly fire exposure number was significantly associated 

with levels of IL-6 (p < 0.001), IL-1β (p < 0.001), IL-10 (p < 0.001) and 
IgM (p = 0.002). After adjustment for age, BMI, systolic blood pressure 
and diastolic blood pressure associations remained between monthly 
exposure number and IL-6, IL-1β, IL-10 and IgM. Adjusted models sug-
gest monthly fire exposure number accounts for 15.4% of the variance in 
IL-6 values, 11.8% of the variance of IL-1β and 25.2% of IL-10. See 
Table 6 for full regression analysis results. 

3.4.2. Biomarker association with psychological factors 
Regression analysis was also conducted to identify associations be-

tween 6-month average psychological factors (the five fatigue scales and 
TMD) and biomarker levels (Model 1). Significant associations were 
present only for CRP (R2 = 0.119, p = 0.029), with Reduced Motivation 
identified as a predictor variable (β = 0.060, 95% CI: 0.019, 0.102, p =
0.005). This association was still present when adjusted for age, BMI, 
systolic blood pressure and diastolic blood pressure (Model 2) (R2 =

0.223, p = 0.002: β = 0.046, 95% CI: 0.005, 0.087, p = 0.027). 

3.4.3. Exposure number association with symptoms 
Exposure number was associated with the 6-month average total 

symptom score (R2 = 0.035: β = 0.149, 95% CI: 0.007, 0.291, p =
0.040), with confounding factors of age, BMI, systolic and diastolic 
blood pressures not substantially altering the predictor variables 

Table 4 
6-month average results from the Multidimensional Fatigue Inventory (MFI), 
Abbreviated Profile of Mood States Questionnaire (POMS) and Illness 
Symptoms.   

FF HBAI LBAI CON 

MFI 
General Fatigue 9 ± 4 11 ± 3 10 ± 5 8 ± 3 
Physical Fatigue 7 ± 3 8 ± 3 8 ± 4 7 ± 3 
Mental Fatigue 9 ± 5 7 ± 4 9 ± 4 9 ± 6 
Reduced Activity 6 ± 4 7 ± 2 6 ± 5 5 ± 3 
Reduced Motivation 7 ± 3 9 ± 3 9 ± 3 7 ± 4 
POMS 
Tension 2 ± 3 2 ± 4 2 ± 4 2 ± 2 
Anger 1 ± 4 1 ± 2 1 ± 3 1 ± 3 
Fatigue 4 ± 5 5 ± 7 5 ± 5 4 ± 4 
Depression 1 ± 3 1 ± 4 2 ± 3 2 ± 3 
Esteem 18 ± 4 19 ± 2 17 ± 4 15 ± 5 
Vigour 10 ± 5 11 ± 4 10 ± 5 11 ± 3 
Confusion 2 ± 3 2 ± 4 2 ± 5 1 ± 3 
TMD 84 ± 19 85 ± 26 85 ± 21 87 ± 16 
Illness Symptoms 8 ± 8† 14 ± 14† 8 ± 9 5 ± 5 

Data presented as the median ± IQR. TMD = Total Mood Disturbance, FF =
Firefighters, HBAI = High Exposure Breathing Apparatus Instructor, LBAI = Low 
Exposure Breathing Apparatus Instructor, CON = Control. ‡ denotes different 
from FF, † denotes different from CON. 

Table 5 
Average 6 months biomarker data.   

CON (n =
12) 

FF (n = 69) LBAI (n = 23) HBAI (n = 21) 

CRP (mg. 
L− 1) 

0.43 ± 0.20 
(0, 0%) 

0.47 ± 0.66 
(3, 4%) 

0.53 ± 0.94 (2, 
9%) 

0.73 ± 1.69 (3, 
14%) 

IL-6 (pg. 
mL− 1) 

1.22 ± 0.69 
(1, 8%) 

1.85 ± 2.08 
(27, 39%) 

3.86 ± 4.97†

(14, 61%) 
3.60 ± 26.18†‡

(15, 71%) 
IL-1β (pg. 

mL− 1) 
1.68 ± 1.56 
(1, 8%) 

2.87 ± 3.87 
(39, 57%) 

4.86 ± 9.93 
(18, 78%) 

8.92 ± 32.78†‡

(17, 81%) 
IgG (g. 

L− 1) 
7.38 ± 4.09 
(0, 0%) 

8.43 ± 3.57 
(0, 0%) 

10.00 ± 3.00 
(0, 0%) 

10.03 ± 4.31 (0, 
0%) 

IgM (g. 
L− 1) 

1.82 ± 1.70 
(0, 0%) 

1.18 ± 0.65 
(0, 0%) 

1.04 ± 0.33 (0, 
0%) 

0.99 ± 0.26† (0, 
0%) 

IgA (g. 
L− 1) 

1.27 ± 0.87 
(0, 0%) 

1.09 ± 0.82 
(2, 3%) 

1.06 ± 1.16 (1, 
4%) 

1.17 ± 0.85 (0, 
0%) 

IgE (ng. 
mL− 1) 

39.99 ±
19.31 (0, 
0%) 

58.17 ±
64.46 (0, 0%) 

89.29 ±
102.86† (0, 
0%) 

94.18 ± 153.20†
(0, 0%) 

IL-10 (pg. 
mL− 1) 

8.88 ±
12.92 (3, 
25%) 

24.90 ±
48.21 (42, 
61%) 

54.80 ± 46.10†

(22, 96%) 
125.85 ±
452.93†‡ (21, 
100%) 

IL-4 (pg. 
mL− 1) 

1.21 ± 1.57 
(4, 33%) 

1.28 ± 1.27 
(20, 29%) 

1.26 ± 1.22 (6, 
26%) 

1.28 ± 1.82 (10, 
48%) 

IFN-γ (pg. 
mL− 1) 

78.02 ±
2.92 (0, 0%) 

76.50 ± 7.82 
(4, 6%) 

74.22 ± 4.48 
(0, 0%) 

75.09 ± 16.27 
(4, 19%) 

IFN-γ/IL- 
4 

63.98 ±
56.95 

61.92 ±
47.88 

66.07 ± 62.12 44.97 ± 73.39 

IFN-γ/IL- 
10 

9.70 ±
14.12 

3.39 ± 11.10 1.30 ± 1.42†‡ 0.60 ± 0.87†‡

IL-1β/IL- 
10 

0.15 ± 0.81 0.15 ± 0.26 0.10 ± 0.14 0.04 ± 0.15†‡

Data presented as median ± IQR (number above the biomarker classification 
limits, percentage above the biomarker classification limits). Biomarker classi-
fication limits used are shown in Table 2. FF = Firefighters, HBAI = High 
Exposure Breathing Apparatus Instructor, LBAI = Low Exposure Breathing 
Apparatus Instructor, CON = Control. † different from CON, ‡ different from FF, $ 

different from LBAI. 
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contribution (R2 = 0.046: β = 0.155, 95% CI: 0.008, 0.301, p = 0.039). 

4. Discussion 

This study aimed to investigate the immunological and psychological 
consequences of BAI and FF workloads over a typical 6-month period. 
BAI completed a significantly greater number of fire exposures in com-
parison to FF. Despite this, psychological factors, as measured by the 
POMS and MFI, were not different between personnel groups and 
demonstrated small fluctuations over time. However, HBAI reported the 
greatest prevalence of ill health symptoms. Blood sample analysis also 
highlighted that BAI exhibited elevated biomarker levels in comparison 
to FF and/or CON, with HBAI elevations persisting across the 6 months 
period. In addition, regression analysis revealed IL-6, IL-1β, IL-10 and 
IgM levels were associated with exposure number. 

4.1. Psychological factors 

The consistent fatigue levels in BAI reported in this study are similar 
to those noted by Watt et al., (2016) whereby fatigue reported on a 
variation of the MFI were not altered in BAI across a 4-week training 
instruction course. Scores on the MFI subscale recorded by FF (6–9) and 
BAI (7–11) are similar, if slightly elevated, in relation to those reported 
by a healthy population from America (7–8), and lower than that of a 
chronically ill population (9–13) (Lin et al., 2009). Values were also 
lower than those reported by cancer patients both pre (9–12) and post 
(10–13) radiotherapy (Purcell et al., 2010). A change of 1–2 points on a 
subscale, with the exact value dependent on scale, have been identified 
as the minimal clinically important difference to note changes in MFI, 
although this was determined specifically within patients undergoing 
radiotherapy and therefore is not necessarily applicable to an alternate 
population (Purcell et al., 2010). Whilst not statistically significant, 
average 6-month values of general fatigue and reduced motivation are 2 
or more points greater in HBAI compared to FF and CON. 

The use of POMS amongst high-stress occupations is limited and 
there exists a large variation between different POMS questionnaires, so 
comparison between datasets should be performed with caution (Per-
roni et al., 2009). Abbreviated POMS, TMD values recorded in this study 
are greater than that reported by rested military personnel (75.8 ± 3.4), 
but not dissimilar to values recorded mid military training (85.0 ± 2.9) 
(Fry et al., 1994). Values are also in the region of those reported by 
endurance athletes (94 ± 10) (Robson-Ansley et al., 2009). It can 
therefore be suggested that POMS scores reported by Fire and Rescue 
Service personnel are comparable to those reported in other 
populations. 

It is interesting to consider that both FF and BAI had similar POMS 
scores to the CON group, despite the very different occupations. POMS is 

not specific to firefighting tasks and is therefore sensitive to everyday 
life stresses. It could be postulated that the similarity between CON and 
FF may be a consequence of CON also experiencing mood disturbances 
from either their work or lifestyle. 

Low psychological moods such as depression and fatigue have pre-
viously been associated with elevated markers of inflammation (Brydon 
et al., 2009; Howren et al., 2009). However, literature is conflicting as to 
the causal direction in linkage between inflammation and depression 
(Howren et al., 2009; Das, 2016; Huang et al., 2019). The lack of dif-
ferences detected in these groups of participants indicates that any 
biomarker elevations are likely not caused by altered mood states. 

4.2. Illness symptoms 

Illness symptom data demonstrate that symptoms experienced are 
consistent over a 6-month period and it can therefore be suggested that 
these issues are chronic in nature. HBAI and FF report an increased 
number of symptoms in comparison to CON. This is similar to the 
increased cluster of symptoms reported previously by BAI (Watkins 
et al., 2018, 2019a, 2020). The data collected in this study also provides 
further details than previous research by enabling an understanding of 
symptom frequency to be gained. HBAI displayed consistently increased 
frequency of symptom expression compared to CON. FF symptom fre-
quency varied in comparison to other groups, which may reflect the 
altering sample size as a result of non-attendance. Joint/back pain and 
disturbed sleep were the most commonly reported symptoms by FF, 
supporting previous reports of increased prevalence of these issues in the 
occupation (Kim et al., 2013; Lusa et al., 2015; Negm et al., 2017). 

4.3. Inflammation 

Normal variation in inflammatory biomarker levels occurred across 
the 6-month period for LBAI, FF and CON (Togo et al., 2009; Zhou et al., 
2010), however consistently high levels were demonstrated by HBAI. 
Average 6-month values for IL-6 (3.60 ± 26.18 pg mL− 1), IL-1β (8.92 ±
32.78 pg mL− 1) and IL-10 (125.85 ± 452.93 pg mL− 1) were notably 
increased in HBAI in comparison to CON and FF. LBAI was also 
increased in comparison to CON in both IL-6 and IL-10, but not in 
comparison to FF. Previous research by Watkins et al. (2020), reported 
similar findings from a singular snapshot of inflammatory status (n =
110), with IL-6 (1.66 ± 2.26 pg mL− 1) and IL-1β (2.50 ± 9.99 pg mL− 1) 
being elevated in BAI in comparison to FF, in addition to increases in 
CRP (1.62 ± 2.40 pg mL− 1). Research studies with smaller sample sizes 
further corroborate these findings, with increased levels of IL-6 reported 
as 17.0 ± 5.7 pg mL− 1 (Watt et al., 2016) and 2.18 ± 2.39 pg. mL-1 
(Watkins et al., 2020), and elevated IL-1β of 20.52 ± 18.19 pg mL− 1 

(Watkins et al., 2020) in comparison to FF and CON groups. The 

Table 6 
Regression analysis statistical results demonstrating the association between average monthly fire exposures over a 6-month period and average 6-month biomarker 
values (model 1) and the adjusted model (model 2).   

MODEL 1 MODEL 2 (adjusted) 

R2 Model P value β β 
95% CI 

Predictor P value R2 Model P value β β 
95% CI 

Predictor P value 

CRP 0.033 0.052 0.007 0.00, 0.015 0.052 0.183* <0.001 0.006 − 0.002, 0.013 0.128 
IL-6 0.127*# <0.001 0.020 0.010, 0.030 <0.001 0.154*# 0.002 0.020 0.010, 0.029 <0.001 
IL-1β 0.106*# <0.001 0.027 0.012, 0.041 <0.001 0.118*# 0.016 0.028 0.013, 0.042 <0.001 
IgG 0.017 0.159 0.002 − 0.001, 0.005 0.159 0.199 0.482 0.002 − 0.001, 0.005 0.186 
IgM 0.078*# 0.002 − 0.005 − 0.09, − 0.002 0.002 0.093# 0.054 − 0.005 − 0.009, − 0.002 0.004 
IgA 0.042 0.656 0.001 − 0.004, 0.005 0.656 0.183 0.581 0.001 − 0.004, 0.005 0.834 
IgE 0.011 0.265 0.004 − 0.003, 0.011 0.265 0.076 0.116 0.004 − 0.003, 0.011 0.247 
IL-10 0.249*# <0.001 0.042 0.028, 0.055 <0.001 0.252*# <0.001 0.042 0.28, 0.055 <0.001 
IL-4 0.023 0.112 0.008 − 0.002, 0.018 0.112 0.065 0.209 0.009 − 0.001, 0.019 0.090 
IFN-γ 0.003 0.534 0.001 − 0.001, 0.002 0.534 0.047 0.0382 0.001 − 0.01, 0.003 0.852 

Adjustments made for BMI, age, systolic and diastolic blood pressure. * denotes a significant model (p < 0.05). # denotes average monthly fire exposure as a significant 
predictor to the model (p < 0.05). 
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variation in absolute levels between studies may be a consequence of the 
differing Fire and Rescue Services recruited and therefore the variation 
in working practices. The current study deliberately recruited some BAI 
with high exposure volumes. BAI in this study completed on average 15 
± 15 fires a month, with HBAI completing 27 ± 45 and FF completing 5 
± 2. In comparison, Watkins et al. (2020), cohort reported BAI 
completed 5 ± 8 exposures and FF 1 ± 1. Arguably, the use of a 6-month 
study design, instead of a singular collection time point as used by 
Watkins et al. (2020), indicates that this study provides a more valid 
reflection of the inflammatory status of Fire and Rescue Service 
personnel, whilst offering an assessment of personnel from a range of 
geographical locations across the UK. Overall, increases in levels of 
biomarkers suggest that BAI persistently experience systemic 
inflammation. 

Furthermore, this study identifies that the systemic inflammation 
may be related to the frequency of fire exposures experienced. Regres-
sion analysis suggests that 11–25% of the variation in IL-6, IL-1β and IL- 
10 is a consequence of monthly exposure number. This is similar to the 
19–25% variance in IL-6 and IL-1β explained by exposure number re-
ported by Watkins et al. (2020). Data collected in this study was 
controlled for additional contributory factors, such as systolic and dia-
stolic blood pressure, and further analysis was conducted to assess the 
prediction capacity of psychological variables. Psychological factors 
contributed only to CRP in the case of Reduced Motivation. Conse-
quently, this study builds on the work of Watkins et al. (2020), by giving 
further consideration to other possible factors that were theorised to be 
associated with inflammation. From the factors so far investigated, in 
Fire and Rescue Service personnel the leading cause of chronic systemic 
inflammation is fire exposure number. 

Systemic inflammation may be associated with “sickness behav-
iours” and symptoms of ill health commonly exhibited with over-
training, such as: fatigue, sleep disturbances, headaches and flu-like 
illnesses (Konsman et al., 2002; Gomez-Merino et al., 2003; Booth et al., 
2006). The likelihood of reporting these symptoms of ill health has also 
previously been documented to be associated with elevated IL-6, IL-1β 
and CRP in Fire and Rescue Service personnel (Watkins et al., 2020). The 
findings of this study also indicate increased reports of symptoms of ill 
health amongst BAI, with exposure number being associated with the 
average total number of symptoms reported. This is the first study to 
indicate that these symptoms are consistent over time in BAI. Cytokines 
may stimulate these responses due to their ability to travel into the brain 
and affect central nervous system function (Johnson, 2002; Dantzer 
et al., 2008). It is of interest to note that there were no significant dif-
ferences in TMD reported in the POMS questionnaire between groups, 
despite TMD being an indicator of depressed mood and associated with 
increased cytokine levels (Wright et al., 2005; Dantzer et al., 2008; Irwin 
et al., 2019). However, elevated cytokine levels do not predetermine 
depression (Cho et al., 2019), although Walker et al. (2016), proposes 
that increased cytokine levels may increase the risk of Fire and Rescue 
Service personnel experiencing depression in the future. Limiting 
exposure numbers therefore may minimise the level of systemic 
inflammation and the expression of ill health symptoms in BAI. 

Systemic inflammation may also increase the risk of future cardio-
vascular events, due to the association of inflammation with athero-
sclerosis. Atherosclerosis is the formation of plaques in blood vessels 
that result in luminal narrowing or precipitating thrombi that obstruct 
blood flow (Bentzon et al., 2014). Thrombus blood flow obstruction can 
cause myocardial infarction. IL-6 and IL-1β are associated with 
increased cell adhesion molecules, platelet reactivity and procoagulant 
activity, which can contribute to atherosclerosis development (Lind-
mark et al., 2001; Schuett et al., 2009). BAI in this study have a median 
IL-6 in the upper quartile of the general population, being greater than 
2.28 pg mL− 1, at this level the relative risk of a cardiac event is 2.3 times 
those in the first quartile below 1.04 pg mL− 1 (Ridker et al., 2000). CRP 
is also known to have strong associations with cardiovascular disease 
with clear classifications of risk. Whilst only trends indicated differences 

between group medians in this study, it may be of importance to 
consider the percentage of participants exhibiting CRP levels in the 
high-risk category (>3 mg.L− 1) (Ridker, 2003): 0% CON, 4% FF, 14% 
HBAI. The cumulative assessment of these three biomarkers indicates 
that, as suggested by other studies (Kim, 2018) BAI may be at an 
increased risk of a cardiovascular event because of systemic 
inflammation. 

4.4. Systemic inflammation and immunomodulation 

The ratio of IFN-γ with IL-4 (IFN-γ/IL-4) and IL-10 (IFN-γ/IL-10) 
provides an indicator of pro-versus anti-inflammatory balance. IL-10 is a 
key anti-inflammatory cytokine once classified as a Th2 cytokine but is 
now known to be produced mainly by regulatory T cells (Tregs). Tregs 
suppress inflammatory responses and lymphocyte proliferation, to pre-
vent immunopathology (Vignali et al., 2008). While limiting excessive 
inflammation, IL-10 can also impair infection clearance and increase 
mortality (Lehmann et al., 1995; Gogos et al., 2000; Chuang et al., 
2014). The observed increase of IL-10 and the decreased IFN-γ/IL-10 
and IL-1β/IL-10 ratios, both especially significant in the HBAI group, are 
particularly interesting as it may suggest that high exposure to fire and 
inhaled particles induces a state of immunosuppression, which would 
make this group more susceptible to infections and illness (Huaux, 
2018). 

Furthermore, this study assessed humoral immunity via the mea-
surement of IgE, IgA, IgM and IgG antibodies. HBAI exhibited increased 
IgE and reduced IgM in comparison to the CON group. Previous research 
has identified elevated IgG in BAI (16.49 ± 8.65 g.L− 1) (Watkins et al., 
2020), however this was not reported in this study (10.03 ± 4.15 g.L− 1). 
While differences in total serum IgG and IgM may be due to cohort 
variations, it is relevant to note that IgE increases are also promoted by 
anti-inflammatory cytokines (Jabara et al., 1990). IgE is considered as 
the allergic response antibody, playing a dominant role in the pathology 
of allergies. An increased IL-4 release from T Helper 2 cells can induce 
secretion of IgE from B cells (Amarasekera, 2011). Although, IgE 
response does not occur in all individuals; some people have a genetic 
predisposition to develop IgE in response to otherwise harmless aller-
gens (i.e. atopy) (Navinés-Ferrer et al., 2016). Exposure to polycyclic 
aromatic hydrocarbons (PAHs) via diesel exhaust fumes have been re-
ported to increase the prevalence of IgE in blood (Mastrangelo et al., 
2003a). Although, values reported in this study are substantially lower 
than those reported in dockyard workers (191.1–363.6 ng mL− 1) 
(Mastrangelo et al., 2003a) and coke-oven workers (429.12 ng mL− 1) 
(Wu et al., 2003). Dockyard workers may present a greater IgE expres-
sion than FF and BAI as a consequence of increased respiratory intake of 
PAHs, as FF and BAI commonly wear BA to protect from smoke inha-
lation. However, dermal absorption of PAHs has also been noted to in-
crease IgE and therefore may be the cause of the moderate increase 
noted in the firefighting occupation (Mastrangelo et al., 2003b). Whilst 
only HBAI exhibited increased IgE in comparison to the CON group, 
there was no association with exposure numbers. It can be postulated 
that it is not necessarily the exposure number that is relevant here, but 
the cumulative exposure to PAHs which may vary in accordance to BA 
usage, decontamination practices, dirty equipment/PPE storage and 
fuels burnt. 

IgM is the first class of antibody produced during an infection and 
therefore acts as an early defence mechanism against mucosal and sys-
temic pathogens (Boes, 2000). The antibody has been reported to be 
crucial in the control of gram-negative bacteria, with IgM treatment 
used to attenuate endotoxin activity in sepsis patients, although re-
ported outcomes are heterogenous in nature (Wand et al., 2016; 
Kakoullis et al., 2018). IgM facilitates the clearance of pathogens, with a 
key function in the promotion of apoptotic cell engulfment (Ehrenstein 
and Notley, 2010). Consequently, reduced levels of IgM as demonstrated 
in HBAI, is a further driver for the increase in severity of, and suscep-
tibility to, infection (Ehrenstein and Notley, 2010). 

A. Richardson et al.                                                                                                                                                                                                                            



Journal of Thermal Biology 111 (2023) 103399

7

4.5. Limitations 

Due to shift patterns and constant variation in call outs, it was 
impossible to control for prior exposure timing, hence using three time 
points across a long time frame. Similarly, it would be impossible to 
control exposure volumes due to the nature of the role. While some 
participants may have experienced more or less exposures than a normal 
period, the groups normal exposure fell within expected values and 
analysis conducted accounted for levels of exposure over the 6-month 
period. Exposures were self-reported due to the variation of staffing 
preventing call log verification. Out of the 11 illness symptoms, ‘broken 
sleep’ reoccurred the most frequently. Although it is difficult to argue, it 
may be a concern that some symptoms such as broken sleep and heavy 
sweating, were reported by the participants as a reflection of their 
normal duties, as opposed to a symptom of ill health when not on duty. 
For example, FF often experience periods of disturbed sleep which may 
be a consequence of their shift patterns, emergency calls and psycho-
logical well-being (Åkerstedt and Kecklund, 2017; Smith et al., 2019). 
Both FF and BAI may experience heavy sweating as a physiological 
response to excessive exercising in the heat. Whilst questionnaires were 
explained in full before completion and researchers were available to 
answer questions, reports of ill health may be overestimated as a 
consequence of lack of clarity. 

5. Conclusion 

Greater exposure to live fires appears to cause systemic inflammation 
without perceptual recognition of these potential health risks. From this 
data and work elsewhere (Watkins et al., 2020), high exposure Fire In-
structors demonstrate a concerning level of consistent inflammation and 
possible immunosuppression, meaning greater risk of infection and 
illness. At present most services allow unlimited exposure to fires, this 
work demonstrates that Fire Services need to ensure training fire 
workloads are safely and effectively managed and that exposure limits, 
particularly for Fire Instructors, are applied. Based on these findings and 
the associated body of work in this area, it is suggested that 10–15 ex-
posures per month is a reasonable maximum workload, with a greater 
number of exposures per month elevating the likelihood of systemic 
inflammation. This work also demonstrates that measures of 
self-reported fatigue or mood may not reflect underlying health issues. 
Therefore, whilst these subjective reports can be helpful to gain an 
insight into the health and well-being of firefighters, they should not be 
solely relied upon as a decision-making tool regarding workload. 
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