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Background: Wildland firefighters (WFFs) regularly face demanding physical 
and environmental conditions during their duties, such as high ambient 
temperatures, challenging terrains, heavy equipment and protective gear. These 
conditions can strain thermoregulatory responses, leading to increased fatigue 
and posing risks to their health and safety. This study examined the effectiveness 
of two cooling interventions during physical activity in hot environments.

Methods: Eight active male WFFs participated, comparing the effects of wearing 
a cooling vest (VEST) and personal protective equipment removal (PASSIVE) 
against a control condition (PPE). Participants walked on a treadmill at a speed of 
6  km·h−1 for approximately 75-min under hot conditions (30°C and 30% relative 
humidity). Incremental slope increases were introduced every 15  min after the 
initial 20  min of activity, with 5-min passive recovery between each increment. 
Physiological and perceptual parameters were monitored throughout the 
protocol.

Results: Significant main effects (p  <  0.05) were observed in skin temperature 
(36.3  ±  0.2, 36.2  ±  0.4 and 35.4  ±  0.6°C in PPE, PASSIVE and VEST, respectively), 
physiological strain index (5.2  ±  0.4, 5.6  ±  1.1 and 4.3  ±  1.4  in PPE, PASSIVE and 
VEST) and thermal sensation (6.6  ±  0.6, 6.4  ±  0.7 and 5.3  ±  0.7 in PPE, PASSIVE, 
and VEST). However, no significant effects of the cooling strategies were 
observed on heart rate, gastrointestinal temperature or performance.

Conclusion: Despite the observed effects on physiological responses, neither 
cooling strategy effectively mitigated thermal strain in WFFs under the experimental 
conditions tested.
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1 Introduction

Wildland firefighting entails demanding physical activity over extended periods (1). These 
challenges are exacerbated by contextual factors such as high ambient temperatures, heavy 
manual tool handling, and steep terrain, all while wearing personal protective equipment 
(PPE) (2, 3). However, the cumulative effect of these factors can lead to a non-compensable 
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heat load (3, 4), compromising physical performance and increasing 
the risk of heat-related disorders or even heatstroke (5, 6). To mitigate 
these risks, various cooling strategies have been explored, including 
personal cooling garments (7–9) and passive cooling techniques (10).

The scientific literature has extensively investigated the efficacy of 
personal cooling garments, such as water-perfused suits, air-perfused 
suits, ice vests, and phase change material vests, in mitigating heat 
strain and extending working durations in thermally demanding 
environments among various groups, including military personnel 
(11), military firefighters (12), and structural firefighters (8, 13). These 
garments have been shown to alleviate physiological and perceptual 
strain by facilitating heat transfer from the body’s core to the 
periphery, consequently attenuating the rise in central temperature 
(14). Given that a substantial body surface area is required for effective 
heat transfer, cooling garments typically focus on the torso, which 
constitutes approximately 24% of the total body surface area (15). 
Cooling vests, a subset of personal cooling garments, employ active 
cooling mechanisms to lower skin temperature through heat 
conduction (16). Extensively studied in sports contexts (17, 18), 
cooling vests have demonstrated their capacity to mitigate core 
temperature elevation and enhance performance when utilized before 
(pre-cooling) or during exercise (per-cooling), as well as expedite 
recovery post-exercise (post-cooling) (18). In occupational settings, 
employing an ice vest or a phase change material vest under firefighter 
gear (7, 19) and chemical, biological, radiological, and nuclear 
(CBRN) suits (8, 20) has been found to alleviate physiological and 
subjective strain during strenuous work in hot conditions, potentially 
extending tolerance times by 10–20%.

While PPE aims to shield first responders from diverse hazards, it 
can exacerbate metabolic and thermal responses, especially in hot 
environments (21, 22). Studies have showed that components such as 
helmets, gloves, and boots significantly impede body heat dissipation 
and heighten the thermophysiological strain on wildland firefighters 
(WFFs) (3) and structural firefighters (22). Consequently, removing 
one or more PPE components has been proposed as a heat mitigation 
strategy in occupational literature (10, 23). This passive approach 
enhances body heat dissipation by facilitating sweat evaporation and 
improving heat transfer through radiation and convection, thereby 
reducing body temperature and enhancing perceived comfort (24). 
Notably, this strategy has been observed to reduce thermal strain to 
levels comparable to active cooling during breaks in moderate 
environments (24°C) (10), making it a common choice among 
structural firefighters and WFFs (9, 25).

Despite the critical impact of heat strain on WFFs’ health and 
safety, there is a paucity of research investigating the effectiveness of 
cooling strategies, both active and passive, in mitigating the thermal 
load experienced by WFFs. This gap leaves unclear whether employing 
cooling strategies during wildland fire suppression task effectively 
mitigates the adverse effects of prolonged exposure to high 
temperatures. It is also crucial to note that while improving aerobic 
fitness and heat acclimatization have proven to be efficient strategies 
to combat heat stress over time (26, 27), they require long-term 
planning to realize benefits. Therefore, alternative measures or 
strategies may offer more immediate effectiveness. The aim of this 
study was to address this gap by examining the impact of both active 
(cooling vest) and passive cooling interventions (PPE removal) on 
WFFs’ physiological strain. We hypothesized that employing either a 
cooling vest or removing PPE would enhance heat dissipation in 

WFFs, leading to decreased core temperature and reduced 
cardiovascular strain, potentially increasing tolerance time.

2 Materials and methods

2.1 Subjects

Eight active and healthy male wildland firefighters (mean ± SD; 
age, 28.8 ± 3.2 years; height, 1.77 ± 0.06 m; body mass, 79.0 ± 17.7 kg; 
VO2max, 51.8 ± 7.8 mL·kg−1 min−1; body fat, 10.4 ± 3.6%; body surface 
area, 2.0 ± 0.2 m2), with more than 4 years of experience in wildland 
firefighting, participated voluntarily in this study. They engaged in 
physical activity 3–4 times per week (45–60 min per training session). 
None of the subjects reported using saunas or engaging in hot water 
bathing during the months preceding the study. Informed written 
consent was obtained from the volunteers before commencing the 
study. Prior to the commencement of the study, informed written 
consent was obtained from all volunteers. The study protocol adhered 
to the guidelines of the Helsinki Conference for research involving 
human subjects and was approved by the Ethics Committee of the 
University of León, Spain (025-2020, 22 July 2020).

2.2 Experimental design

Each participant completed four trials across four separate testing 
sessions in September, conducted at the end of the wildfire season. 
These trials were separated by at least 48 h (48–54 h), during which 
participants were instructed to avoid strenuous exercise, as well as 
abstain from consuming alcohol and caffeine within the preceding 
24 h. During the initial session, participants’ height, nude body mass 
and body fat were measured before undertaking a graded exercise test 
to determine their maximal aerobic power. In the subsequent three 
trials, participants completed an extended graded heat tolerance test 
under three experimental conditions following a balanced randomized 
design: (i) wearing the PPE with no option to remove any part of the 
equipment or open the personal protective clothing during the test, 
serving as the control condition; (ii) wearing a cooling vest 
(Lightweight Body Cooling Vest, Artic Heat®, Miami, Australia) 
underneath the PPE and over the underwear to avoid skin irritation 
due to prolonged contact (28) (VEST); and (iii) removing the upper 
part of the protective clothing (i.e., fire-resistant overall), gloves, neck 
protection and helmet and remaining seated in the hot environmental 
conditions (i.e., 30°C and 30% relative humidity) during the 5-min 
recovery periods (PASSIVE).

The PPE utilized by Spanish WFFs (∼6 kg) includes personal 
protective clothing (65% fire-resistant viscose, 30% Nomex, and 5% 
Kevlar, surface mass 270 g·m−2, thermal resistance 0.019 m2 K·W−1, 
evaporative resistance 3.79 m2·Pa·W−1) and other elements such as 
helmet, neck protector, gloves, goggles, and mid-calf leather boots. 
Throughout the different experimental conditions, participants wore 
the same underwear clothing (i.e., cotton T-shirt, underpants, and 
socks) under the PPE. The cooling vest (1655.0 ± 485.7 g) was 
pre-cooled overnight in a freezer at −30°C and placed on each subject 
just before the trial commenced, positioned over the cotton T-shirt 
and under the PPE. During the three experimental condition trials, 
participants carried a backpack (20 kg) simulating the water backpack 
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pump routinely used by Spanish WFFs during fire suppression (2). 
The total mass of the full ensemble was 27.6 ± 1.8, 26.9 ± 2.1, and 
29.4 ± 2.3 kg for the PPE, PASSIVE, and VEST condition, respectively.

2.3 Laboratory testing

All tests were performed on a treadmill (h/p Cosmos Pulsar, h/p 
Cosmos sports and medical GMBH, Nussdorf-Traunstein, Germany). 
Prior to each tests, participants completed a 10-min warm-up at 60% 
of maximum heart rate (HR) (8–10 km·h−1) followed by 5-min of 
stretching. The first test conducted was the graded exercise test. 
During this test, participants wore sportswear (cotton T-shirt, shorts, 
and sneakers). The test started at a speed of 6 km·h−1 was raised by 
1 km·h−1 every minute until volitional exhaustion. Throughout the 
entire test, the treadmill slope remained at 1%.

The extended graded heat tolerance tests were conducted at the 
same time of day (between 09:00 and 13:00 h) under controlled 
environmental conditions. The air temperature and relative humidity 
were maintained at 30°C and 30%, respectively, both during exercise 
and rest, simulating conditions observed during real wildland fire 
suppressions (2). The experimental protocol involved six bouts of 
walking at a speed of 6 km·h−1 with a gradual increase in slope (1, 2, 
5, 8, 10, and 13%), interspersed with passive recovery periods of 
5-min in between. The duration of each walking bout was 15-min, 
except for the first one, which lasted 20-min (Figure 1). This protocol, 
adapted from previous studies (3, 26), was designed to ensure that the 
selected speed and slope elicited an exercise intensity greater than 
70% of maximum HR. This intensity simulates the moderate to high 
work intensities typically encountered in real wildland firefighting 

scenarios (2). During the recovery periods, participants were allowed 
to drink water ad-libitum at a controlled temperature of 15°C (29). 
The volume of water consumed at the end of each rest period 
was recorded.

Standard termination criteria were applied during each trial, 
which included: (i) core body temperature > 39.0°C; (ii) completion of 
120-min of work, (iii) reaching 95% of participant’s maximum HR, or 
(iv) experiencing fatigue, nausea or self-termination (29).

2.4 Measurements

During all experiments, heart rate (HR) response and respiratory 
gas exchange were continuously monitored using a 12-lead 
electrocardiogram and a breath-by-breath system, respectively 
(Medisoft Ergocard Professional, Medisoft Group, Sorinnes, Belgium). 
The maximum oxygen consumption (VO2max) was determined as the 
highest 30-s moving average. HR and VO2 data from the final 5 min 
of each exercise stage were considered as representative measurements 
for the extended graded heat tolerance test.

Body core temperature was recorded throughout the experimental 
trials using a gastrointestinal temperature pill (Tgi) (e-Celsius® 
Performance, Bodycap, Hérouville Saint-Clair, France), which 
participants activated and swallowed at least 8 h before commencing 
the test (30). Skin temperature (Tskin) was measured using four iButton 
sensors (DS1922L-F50, Maxim Integrated, Sunnyvale, California, 
United States), attached to the left major pectoral, medial left triceps, 
left anterior thigh and left calf with surgical tape (Fixomull, BSN 
Medical, Hamburg, Germany). The mean Tskin was calculated using the 
equation proposed by Ramanathan (31). Similarly, Tgi and Tskin were 

FIGURE 1

Experimental study protocol overview.
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recorded every minute, with their values from the last 5 min of each 
exercise stage used for analysis.

The Physiological Strain Index (PSI) was calculated using Tgi and 
HR at baseline and every minute according to Tikuisis et al. (32). The 
PSI values were averaged over the final 5 min of each exercise stage for 
analysis. Capillary blood samples were collected from the earlobe after 
the completion of each exercise bout to measure blood lactate 
concentration (Lactate Scout, Senslab, Leipzig, Germany). During the 
final 30 s of each exercise stage, the Rating of Perceived Exertion (RPE) 
was assessed using the Borg scale (0–10) (33), administered 
consistently by the same researcher. Participants’ thermal sensation 
was recorded at the end of each exercise bout using a categorical scale 
(0–8) (34), with verbal anchors representing varying degrees of 
temperature sensation. Additionally, participants’ whole-body wet 
sensation was recorded at the end of each trial using a categorical scale 
(1–9) (35), with verbal anchors representing different levels of wetness.

At the beginning and end of each trial, participants, dressed only 
in underwear, and each clothing component was individually weighed 
(50 K150, COBOS, Hospitalet de Llobregat, Barcelona, Spain). This 
allowed for the calculation of total sweat production, sweat 
evaporation, and sweat residue in clothing and equipment (35, 36). 
Total sweat was adjusted for fluid intake. Finally, sweat efficiency was 
calculated as the ratio between sweat evaporation and total sweat (35, 
36). Prior to the trial, urine specific gravity (USG) was measured with 
a refractometer (Atago URICON-NE, Atago, Tokyo, Japan) to confirm 
euhydration (USG ≤ 1.020). Participants ingested a bolus of water 
equivalent to 5 mL·kg−1 of body mass 30 min before the test to 
minimize the risk of dehydration (4).

Body heat storage was calculated as (ΔTb × Δt−1) × BM × AD
−1 × cp, 

where cp represented the specific heat of body tissue (3,480 J·kg−1°C−1) 
and BM is the body mass in kg (37). Mean body temperature (Tb) in 
°C was estimated as Tb = 0.8·Tgi + 0.2·Tskin, as recommended for warm 
environments (37). The rate of change of Tb over the duration of the 
test (seconds) was calculated as ΔTb × Δt−1 in °C·s−1.

2.5 Statistical analyses

The results are presented as mean ± standard deviation (SD). 
Normality assumption was assessed using the Shapiro–Wilk’s test. The 
variables analyzed throughout trials were compared using a repeated 
measures two-way ANOVA with two within-subject factors 
(experimental condition and time). A one-way ANOVA with repeated 
measures was used to assess differences between body heat storage 
and sweat parameters. Bonferroni’s test was employed to determine 
significant differences between means when a significant F-value was 
obtained. Sphericity assumption was checked using Mauchly’s test; in 
cases of violation, the Greenhouse–Geisser adjustment was applied. 
For ordinal variables such as RPE, thermal and wet sensation, the 
Friedman test for repeated measures was employed to compare these 
variables across conditions and time. Post hoc analyses were conducted 
using the Wilcoxon signed-rank test with Bonferroni correction. 
Effect size was calculated using partial eta-squared (ηp

2) for dependent 
variables, with values of 0.01, 0.06 and 0.14 interpreted as small, 
moderate and large effect sizes, respectively (38). Additionally, the 
magnitude of differences in pairwise analysis between experimental 
conditions was expressed as a standardized mean difference using 
Cohen’s d, with values of <0.20, 0.20–0.50, 0.51–0.80, and >0.80 

categorized as trivial, small, moderate and large effects, respectively 
(39). Statistical significance was set at p < 0.05. All statistical analyses 
were performed using SPSS V.27.0 statistical software (SPSS, Inc., 
Chicago, IL, United States).

3 Results

Tolerance time was similar across all conditions (74.1 ± 14.9, 
75.0 ± 16.7, and 75.7 ± 18.7 min in PPE, PASSIVE, and VEST, 
respectively). However, only Tskin (F = 12.9, p < 0.01, ηp

2 = 0.62), PSI 
(F = 6.0, p < 0.05, ηp

2 = 0.50) RPE (χ2 = 9.3, p < 0.05, ηp
2 = 0.47) and 

thermal sensation (χ2 = 12.3, p < 0.01, ηp
2 = 0.60) were significantly 

affected by the study conditions. Lower (p < 0.05) Tskin, RPE, thermal 
and wet sensation were observed in the VEST condition (Table 1). 
Notably, significant differences (p < 0.05) in PSI were found only 
between the PASSIVE and VEST conditions. Furthermore, the 
thermophysiological response of the subjects varied with the test time 
(F = 26.9–325.3, χ2 = 77.4–101.3, p < 0.001, ηp

2 = 0.61–0.96) 
(Figures  2–4). A significant interaction (p < 0.05) was observed 
between the study condition and test time in Tskin (F = 2.8, p < 0.05, 
ηp

2 = 0.32) and PSI (F = 2.5, p < 0.05, ηp
2 = 0.30).

Finally, the body heat storage (58.4 ± 7.6, 52.7 ± 9.7, and 
45.3 ± 15.0 W·m2), fluid intake (855.0 ± 345.5, 750.0 ± 523.8, and 
738.7 ± 365.3 mL), total sweat loss (1922.7 ± 511.3, 1895.0 ± 578.5, and 
1585.0 ± 502.4 gr), sweat rate (1,317 ± 363, 1,413 ± 457, and 
1,229 ± 349 g·h−1) and evaporative efficiency (49.5 ± 4.7, 46.3 ± 13.1, 
and 46.5 ± 14.6%) were similar between PPE, PASSIVE, and 
VEST conditions.

4 Discussion

The present study aimed to assess the impact of wearing a cooling 
vest or removing the top part of the PPE ensemble during intermittent 
rest periods on the thermal strain and tolerance time of WFFs. The 
primary finding of this investigation was that while the cooling vest 
led to reductions in mean Tskin, PSI, RPE and thermal sensation 
throughout most of the test, it did not have a significant effect on 
exercise tolerance time. However, neither cooling strategy proved 
effective in reducing the thermal or cardiovascular load or enhancing 
the tolerance time of WFFs under the experimental conditions tested.

Overall, the results from all three conditions revealed a substantial 
thermoregulatory and cardiovascular strain, as evidenced by final 
values of Tgi nearing 39°C (38.9 ± 0.4, 38.8 ± 0.3, and 38.6 ± 0.6°C in 
PPE, PASSIVE and VEST condition, respectively) and average HR 
values reaching 95% of maximal individual HR (93.8 ± 4.4, 96.9 ± 2.5, 
and 94.0 ± 4.8% in PPE, PASSIVE and VEST condition, respectively). 
These findings are consistent with previous laboratory-based studies 
investigating the physiological response of individuals wearing 
personal protective equipment (PPE) in hot conditions (3, 21, 22). The 
combination of environmental conditions and the high metabolic rate 
induced by the incremental protocol led to an uncompensable heat 
strain, irrespective of the cooling intervention, resulting in similar 
metabolic rates, cardiovascular loads (Table  1) and performance 
durations (~75 min).

The cooling vest did mitigate the increase in Tgi, particularly in the 
second half of the trial. However, this effect was insufficient to counter 
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the high thermal load, as indicated by the similar rate of increase in 
Tgi across all conditions (0.025 ± 0.004, 0.023 ± 0.004 and 
0.017 ± 0.008°C·min−1 in PPE, PASSIVE and VEST condition, 
respectively). Nevertheless, the lower PSI observed in the VEST 
condition suggests a beneficial impact of the cooling vest on overall 
physiological load. This effect may be attributed to the lower Tskin 
(Figure 2) in the VEST condition (PPE vs. VEST = 0.94°C, p < 0.05; 
PASSIVE vs. VEST = 0.79°C, p < 0.05) which may have resulted in 
reduced cutaneous blood flow and cardiovascular effort (40). 
However, the lack of significant effects of the cooling vest in our study 
is consistent with the findings of Teunissen et al. (7) and Carter et al. 
(41), who also examined the impact of cooling vests on structural 
firefighters’ heat strain during exercise (per-cooling). Specifically, this 
cooling intervention had no effect on core temperature or HR when 
firefighters performed steady-state exercise in controlled laboratory 
conditions (30°C and 50% relative humidity) (7), simulated an 
intervention in an underground tunnel wearing gas-tight suits, or 
engaged in a simulated rescue activity in either a hot (170°C) or 
neutral (15–20°C) environment (41).

While many studies in the literature have reported that cooling vests 
effectively decrease heat strain and increase tolerance time (8, 19, 20, 42), 
discrepancies in study protocols, particularly in terms of the net heat load 
imposed on participants, may explain the differing results. Moreover, the 
intensity of the cooling treatment might have been insufficient to 
adequately alleviate the uncompensable heat strain (23). Previous studies 
utilizing ice vests and phase change material vests with melting points 
above 10°C have also failed to demonstrate reductions in HR and core 
temperature (43, 44), indicating the necessity of substantial cooling 
power to impact core temperature. The effectiveness of cooling vests is 
largely influenced by factors such as mass, coverage area, and cooling 
medium (7, 19). Thus, the results obtained suggest that the cooling vest 

tested might not have had sufficient cooling power to adequately mitigate 
the thermal stress imposed by the experimental conditions.

During the breaks the passive recovery had a significant effect on 
Tskin, but not on Tgi or HR, being the cooling effect dissipated over 
subsequent exercise bouts. This observation may be attributed to the 
short duration of the breaks and the challenges associated with 
donning and doffing sweat-soaked PPE (45), which can impede the 
effectiveness of passive cooling during rest periods (4, 46, 47). 
Furthermore, the lack of an effect of the passive recovery might 
be linked to the fact that this strategy was implemented in the same 
hot environment as the treadmill walking bouts (30°C and 30% 
relative humidity), which might have limited its efficacy. In contrast 
to our findings, Hostler et al. (10) found that when performed during 
20-min breaks in moderate environments (24°C), passive recovery 
strategy might reduce thermal strain to the level of active cooling in 
structural firefighters. These results suggest that for passive recovery 
to be effective, it should be conducted in thermoneutral environments 
and for a significantly longer duration than that applied in our study.

The significantly lower thermal sensation observed with the 
cooling vest compared to the other conditions may be linked to the 
lower mean Tskin achieved in the VEST condition. These findings 
support previous research indicating that thermal sensation is closely 
correlated with Tskin in warm environments (4, 7). However, it’s worth 
noting that a low thermal sensation without a concomitant reduction 
in Tgi, as observed in the VEST condition, might lead wildland 
firefighters to perceive a false sense of comfort, potentially exacerbating 
heat strain and the risk of heat-related illnesses if work continues (4).

No differences were found in total sweat loss or evaporative 
efficiency between conditions. However, the volume of sweat produced 
was lower in the VEST condition compared to PPE (~18%) and 
PASSIVE (~16%). This reduction in sweat loss might be attributed to 

TABLE 1 Physiological values (mean  ±  SD) recorded during the extended graded heat tolerance test under personal protective equipment (PPE), passive 
cooling (PASSIVE), and cooling vest (VEST) conditions.

PPE PASSIVE VEST Standardized mean differences (95% CI)

PPE vs. 
PASSIVE

PPE vs. 
VEST

PASSIVE vs. 
VEST

Oxygen consumption 

(ml·kg−1·min−1)

34.6 ± 3.0 31.8 ± 2.7 33.2 ± 4.2 0.98 (−0.10, 1.96) 0.38 (−0.63, 1.35) −0.40 (−1.36, 0.61)

Oxygen consumption (% 

VO2max)

68.2 ± 10.4 62.1 ± 6.0 64.6 ± 4.5 0.72 (−0.33, 1.69) 0.45 (−0.57, 1.42) −0.47 (−1.44, 0.55)

Heart rate (bpm) 139 ± 13 143 ± 21 131 ± 22 −0.23 (−1.20, 0.77) 0.44 (−0.57, 1.41) 0.56 (−0.47, 1.52)

Heart rate (% HRmax) 73.7 ± 5.7 75.8 ± 9.3 69.4 ± 9.7 −0.27 (−1.24, 0.73) 0.54 (−0.48, 1.51) 0.67 (−0.37, 1.64)

Blood lactate 

concentration (mmol·l−1)

3.4 ± 1.1 3.7 ± 2.2 4.1 ± 1.8 −0.17 (−1.14, 0.82) −0.47 (−1.44, 

0.55)

−0.20 (−1.17, 0.79)

Gastrointestinal 

temperature (°C)

38.1 ± 0.1 38.2 ± 0.4 38.0 ± 0.5 −0.34 (−1.31, 0.66) 0.28 (−0.72, 1.25) 0.44 (−0.57, 1.41)

Skin temperature (°C) 36.3 ± 0.2 36.2 ± 0.4 35.4 ± 0.6*† 0.32 (−0.69, 1.28) 2.01 (0.72, 3.08) 1.57 (0.38, 2.58)

Physiological strain index 5.2 ± 0.4 5.6 ± 1.1 4.3 ± 1.4† −0.48 (−1.45, 0.54) 0.87 (−0.19, 1.85) 1.03 (−0.06, 2.01)

Rating of perceived 

exertion

5.3 ± 1.1 5.2 ± 1.0 4.4 ± 0.9*† 0.09 (−0.89, 1.07) 0.90 (−0.18, 1.87) 0.84 (−0.22, 1.81)

Thermal sensation 6.6 ± 0.6 6.4 ± 0.7 5.3 ± 0.7*† 0.31 (−0.70, 1.28) 1.99 (0.71, 3.06) 1.57 (0.38, 2.59)

Wet sensation 6.0 ± 1.1 6.0 ± 1.3 4.9 ± 0.9* 0.00 (−0.98, 0.98) 1.09 (0.01, 2.08) 0.98 (−0.10, 1.96)

% VO2max, percentage of the maximal oxygen uptake; % HRmax, percentage of the maximal heart rate. The standardized mean differences were calculated using Cohen’s d and are reported along 
with the 95% confidence intervals (CI). *, differences with PPE (p < 0.05). †, differences with PASSIVE (p < 0.05).
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the visibly lower Tskin in the VEST condition (7, 11). Alternatively, the 
cooling vest might hinder sweat evaporation from the body (43) and 
fail to contribute positively to the heat balance, as evidenced by the 
approximately 3% lower evaporative efficiency in the VEST condition 
compared to the PPE condition. However, the lack of statistically 
significant differences in total sweat produced and evaporative 
efficiency across conditions suggest that evaporation may have been 
equally restricted across conditions by the WFFs’ PPE (7).

The present study had several potential limitations. One of these 
was the small sample size, which might restrict the study’s conclusions 
and limit the ability to observe the effectiveness of the cooling 
strategies examined. Future studies should consider the expected 
variability in measures of thermoregulation and include a larger 
sample size (~20 subjects) to improve the robustness of the assessment 
of the cooling strategies. Additionally, all participants were male 
WFFs, meaning the results cannot be extrapolated to female WFFs. 
The different anthropometric characteristics and thermophysiological 

response of females compared to males (48) could condition the 
impact of the examined strategies. Another limitation was the 
hydration protocol used. Participants were allowed to drink water 
ad-libitum during rest periods, which could have been a confounding 
variable in this study. However, we believe this did not substantially 
affect the results, as there were no significant differences in the amount 
of liquid consumed by WFFs under the different conditions. 
Furthermore, this strategy may be appropriate for ensuring optimal 
fluid replacement (49). Lastly, the use of the cooling vest resulted in an 
approximate 2 kg increase in weight compared to the other conditions, 
which could have increased the workload for the subjects, particularly 
in the final minutes of the test (~2%) and raised the metabolic cost of 
walking in the VEST condition, potentially limiting the effectiveness 
of this strategy. However, since this weight was distributed around the 
torso, its impact on the metabolic rate was small (50).

In summary, despite the main effects observed in Tskin, PSI, RPE 
and thermal sensation due to the study conditions, as well as the 
interaction effect between conditions and test time on Tskin and PSI, 
these did not translate into an increase in tolerance time or a reduction 
in core temperature and cardiovascular effort among WFFs. While 
these findings suggest a more pronounced effect of using cooling vests 
on WFFs’ responses, the high metabolic rate of the protocol or the 
duration and environmental conditions during recovery periods 
might have influenced the results obtained. Therefore, future studies 
should investigate whether passive cooling strategies, coordinated 
with appropriate work:recovery protocols, could prove effective. 

FIGURE 2

Gastrointestinal and mean skin temperatures alongside physiological 
strain index across trials: personal protective equipment (PPE), 
passive cooling (PASSIVE) and cooling vest (VEST) conditions. Values 
are means ± SD. †, differences between PASSIVE and VEST (p  <  0.05). 
*, differences between PPE and VEST (p  <  0.05).

FIGURE 3

Comparison of oxygen consumption (VO2) and heart rate across 
trials under personal protective equipment (PPE), passive cooling 
(PASSIVE) and cooling vest (VEST) conditions. Values are means ± 
SD.
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Additionally, although practical limitations may exist regarding the 
use of cooling vests, further research should explore their potential as 
per-cooling measures or as a post-fire intervention recovery strategy 
for WFFs facing high thermal loads.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Ethics Committee 
of the University of León. The studies were conducted in accordance 
with the local legislation and institutional requirements. The participants 
provided their written informed consent to participate in this study.

Author contributions

JG-A: Conceptualization, Data curation, Investigation, 
Methodology, Writing – original draft. JAR-M: Formal analysis, Funding 
acquisition, Methodology, Writing – review & editing. FG-H: Data 
curation, Writing – original draft. JR-M: Data curation, Investigation, 
Visualization, Writing – original draft. PC: Methodology, Writing – 
review & editing. JV-C: Conceptualization, Funding acquisition, 
Methodology, Writing – review & editing. BC-L: Conceptualization, 
Formal analysis, Methodology, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This research 
was supported by a grant for research projects in occupational risk 
prevention from the Consejería de Industria, Comercio y Empleo, 
Junta de Castilla y León (Spain) (INVESTUN/22/LE/0001). The 
authors wish to thank the European Social Fund, the Operative 
Program of Castilla y León and Junta de Castilla y León through the 
Regional Ministry of Education for supporting the predoctoral grants.

Acknowledgments

The authors wish to thank all the wildland firefighters who 
participated in this study for their commitment and dedication.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and 
do not necessarily represent those of their affiliated organizations, or 
those of the publisher, the editors and the reviewers. Any product that 
may be  evaluated in this article, or claim that may be  made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
 1. Sol JA, Ruby BC, Gaskill SE, Dumke CL, Domitrovich JW. Metabolic demand of 

hiking in wildland firefighting. Wilderness Environ Med. (2018) 29:304–14. doi: 
10.1016/j.wem.2018.03.006

 2. Rodríguez-Marroyo JA, López-Satue J, Pernía R, Carballo B, García-López J, Foster C, 
et al. Physiological work demands of Spanish wildland firefighters during wildfire 
suppression. Int Arch Occup Environ Health. (2012) 85:221–8. doi: 10.1007/s00420-011-0661-4

FIGURE 4

Perceived exertion, thermal sensation and humidity sensation across 
trials under personal protective equipment (PPE), passive cooling 
(PASSIVE) and cooling vest (VEST) conditions. Values are means ± 
SD. †, differences between PASSIVE and VEST (p  <  0.05). *, differences 
between PPE and VEST (p  <  0.05).

https://doi.org/10.3389/fpubh.2024.1408591
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1016/j.wem.2018.03.006
https://doi.org/10.1007/s00420-011-0661-4


Gutiérrez-Arroyo et al. 10.3389/fpubh.2024.1408591

Frontiers in Public Health 08 frontiersin.org

 3. Carballo-Leyenda B, Villa JG, López-Satué J, Collado PS, Rodríguez-Marroyo JA. 
Fractional contribution of wildland firefighters’ personal protective equipment on 
physiological strain. Front Physiol. (2018) 9:1–10. doi: 10.3389/fphys.2018.01139

 4. Barr D, Reilly T, Gregson W. The impact of different cooling modalities on the 
physiological responses in firefighters during strenuous work performed in high 
environmental temperatures. Eur J Appl Physiol. (2011) 111:959–67. doi: 10.1007/
s00421-010-1714-1

 5. Cheung SS, Mclellan TM, Tenaglia S. The thermophysiology of uncompensable heat 
stress physiological manipulations and individual characteristics. Sport Med. (2000) 
29:329–59. doi: 10.2165/00007256-200029050-00004

 6. Cuddy JS, Ruby BC. High work output combined with high ambient temperatures 
caused heat exhaustion in a wildland firefighter despite high fluid intake. Wilderness 
Environ Med. (2011) 22:122–5. doi: 10.1016/j.wem.2011.01.008

 7. Teunissen LPJ, Wang L-C, Chou S-N, Huang C, Jou G-T, Daanen HAM. Evaluation 
of two cooling systems under a firefighter coverall. Appl Ergon. (2014) 45:1433–8. doi: 
10.1016/j.apergo.2014.04.008

 8. Maley MJ, Minett GM, Bach AJE, Stewart KL, Stewart IB. Extending work tolerance 
time in the heat in protective ensembles with pre- and per-cooling methods. Appl Ergon. 
(2020) 85:103064. doi: 10.1016/j.apergo.2020.103064

 9. Fullagar H, Notley SR, Fransen J, Richardson A, Stadnyk A, Lu D, et al. Cooling 
strategies for firefighters: Effects on physiological, physical, and visuo-motor outcomes 
following fire-fighting tasks in the heat. J Therm Biol. (2022) 106:103236. doi: 10.1016/j.
jtherbio.2022.103236

 10. Hostler D, Reis SE, Bednez JC, Kerin S, Suyama J. Comparison of active cooling 
devices with passive cooling for rehabilitation of firefighters performing exercise in 
thermal protective clothing: A report from the fireground rehab evaluation (FIRE) trial. 
Prehospital Emerg Care. (2010) 14:300–9. doi: 10.3109/10903121003770654

 11. Constable SH, Bishop PA, Nunneley SA, Chen T. Intermittent microclimate 
cooling during rest increases work capacity and reduces heat stress. Ergonomics. (1994) 
37:277–85. doi: 10.1080/00140139408963645

 12. Hagan RD, Huey KA, Bennett BL. Cool vests work under firefighting ensemble. 
Def Tech Inf Cent. (1994)

 13. Kim J, Coca A, Williams WJ, Roberge RJ. Effects of liquid cooling garments on 
recovery and performance time in individuals performing strenuous work wearing a 
firefighter ensemble. J Occup Environ Hyg. (2011) 8:409–16. doi: 
10.1080/15459624.2011.584840

 14. Kay D, Taaffe DR, Marino FE. Whole-body pre-cooling and heat storage during 
self-paced cycling performance in warm humid conditions. J Sports Sci. (1999) 
17:937–44. doi: 10.1080/026404199365326

 15. Tikuisis P, Meunier P, Jubenville CE. Human body surface area: Measurement and 
prediction using three dimensional body scans. Eur J Appl Physiol. (2001) 85:264–71. 
doi: 10.1007/s004210100484

 16. Périard JD, Eijsvogels TMH, Daanen HAM. Exercise under heat stress: 
thermoregulation, hydration, performance implications, and mitigation strategies. 
Physiol Rev. (2021) 101:1873–979. doi: 10.1152/physrev.00038.2020

 17. Bongers CCWG, Thijssen DHJ, Veltmeijer MTW, Hopman MTE, Eijsvogels TMH. 
Precooling and percooling (cooling during exercise) both improve performance in the 
heat: A meta-analytical review. Br J Sports Med. (2015) 49:377–84. doi: 10.1136/
bjsports-2013-092928

 18. Bongers CCWG, Hopman MTE, Eijsvogels TMH. Cooling interventions for 
athletes: An overview of effectiveness, physiological mechanisms, and practical 
considerations. Temperature. (2017) 4:60–78. doi: 10.1080/23328940.2016.1277003

 19. Bennett BL, Hagan RD, Huey KA, Minson C, Cain D. Comparison of two cool 
vests on heat-strain reduction while wearing a firefighting ensemble. Eur J Appl Physiol 
Occup Physiol. (1995) 70:322–8. doi: 10.1007/BF00865029

 20. Kenny GP, Schissler AR, Stapleton J, Piamonte M, Binder K, Lynn A, et al. Ice 
cooling vest on tolerance for exercise under uncompensable heat stress. J Occup Environ 
Hyg. (2011) 8:484–91. doi: 10.1080/15459624.2011.596043

 21. Selkirk GA, McLellan TM. Physical work limits for toronto firefighters in warm 
environments. J Occup Environ Hyg. (2004) 1:199–212. doi: 10.1080/15459620490432114

 22. Lee JY, Kim S, Jang YJ, Baek YJ, Park J. Component contribution of personal 
protective equipment to the alleviation of physiological strain in firefighters during work 
and recovery. Ergonomics. (2014) 57:1068–77. doi: 10.1080/00140139.2014.907449

 23. McEntire SJ, Suyama J, Hostler D. Mitigation and prevention of exertional heat 
stress in firefighters: a review of cooling strategies for structural firefighting and 
hazardous materials responders. Prehospital Emerg Care. (2013) 17:241–60. doi: 
10.3109/10903127.2012.749965

 24. McLellan TM, Daanen HAM, Cheung SS. Encapsulated environment. Compr 
Physiol. (2013) 3:1363–91. doi: 10.1002/cphy.c130002

 25. Carballo-Leyenda B, Villa-Vicente JG, Delogu GM, Rodríguez-Marroyo JA, 
Molina-Terrén DM. Perceptions of heat stress, heat strain and mitigation practices in 
wildfire suppression across Southern Europe and Latin America. Int J Environ Res Public 
Health. (2022) 19:12288. doi: 10.3390/ijerph191912288

 26. Alhadad SB, Tan PMS, Lee JKW. Efficacy of heat mitigation strategies on core 
temperature and endurance exercise: a meta-analysis. Front Physiol. (2019) 10:71. doi: 
10.3389/fphys.2019.00071

 27. Lui B, Cuddy JS, Hailes WS, Ruby BC. Seasonal heat acclimatization in wildland 
firefighters. J Therm Biol. (2014) 45:134–40. doi: 10.1016/j.jtherbio.2014.08.009

 28. Zare M, Dehghan H, Yazdanirad S, Khoshakhlagh AH. Comparison of the impact 
of an optimized ice cooling vest and a paraffin cooling vest on physiological and 
perceptual strain. Safety Health Work. (2019) 10:219–23. doi: 10.1016/j.shaw.2019.01.004

 29. Selkirk GA, McLellan TM, Wong J. Active versus passive cooling during work in 
warm environments while wearing firefighting protective clothing. J Occup Environ Hyg. 
(2004) 1:521–31. doi: 10.1080/15459620490475216

 30. Larsen B, Snow R, Williams-Bell M, Aisbett B. Simulated firefighting task 
performance and physiology under very hot conditions. Front Physiol. (2015) 6:1–9. doi: 
10.3389/fphys.2015.00322

 31. Ramanathan NL. A new weighting system for mean surface temperature of the 
human body. J Appl Physiol. (1964) 19:531–3. doi: 10.1152/jappl.1964.19.3.531

 32. Tikuisis P, McLellan TM, Selkirk G. Perceptual versus physiological heat strain 
during exercise-heat stress. Med Sci Sports Exerc. (2002) 34:1454–61. doi: 
10.1097/00005768-200209000-00009

 33. Borg GA. Psychophysical bases of perceived exertion. Med Sci Sports Exerc. (1982) 
14:377–81.

 34. Young AJ, Sawka MN, Epstein Y, Decristofano B, Pandolf KB. Cooling different 
body surfaces during upper and lower body exercise. J Appl Physiol. (1987) 63:1218–23. 
doi: 10.1152/jappl.1987.63.3.1218

 35. Havenith G, Heus R. A test battery related to ergonomics of protective clothing. 
Appl Ergon. (2004) 35:3–20. doi: 10.1016/j.apergo.2003.11.001

 36. Kofler P, Burtscher M, Heinrich D, Bottoni G, Caven B, Bechtold T, et al. 
Performance limitation and the role of core temperature when wearing light-weight 
workwear under moderate thermal conditions. J Therm Biol. (2015) 47:83–90. doi: 
10.1016/j.jtherbio.2014.11.007

 37. Bröde P, Havenith G, Wang X, Candas V, den Hartog EA, Griefahn B, et al. Non-
evaporative effects of a wet mid layer on heat transfer through protective clothing. Eur 
J Appl Physiol. (2008) 104:341–9. doi: 10.1007/s00421-007-0629-y

 38. Lakens D. Calculating and reporting effect sizes to facilitate cumulative science: a 
practical primer for t-tests and ANOVAs. Front Psychol. (2013) 4:863. doi: 10.3389/
fpsyg.2013.00863

 39. Cohen J. Statistical power analysis for the behavioral sciences. 2nd ed. New Jersey, 
NJ:  Lawrence Erlbaum (1988).

 40. Bogerd N, Perret C, Bogerd CP, Rossi RM, Daanen HAM. The effect of pre-cooling 
intensity on cooling efficiency and exercise performance. J Sports Sci. (2010) 28:771–9. 
doi: 10.1080/02640411003716942

 41. Carter JMÃ, Rayson MP, Wilkinson DM, Richmond V, Blacker S. Strategies to 
combat heat strain during and after firefighting. J Thermal Biol. (2007) 32:109–16. doi: 
10.1016/j.jtherbio.2006.12.001

 42. Chou C, Tochihara Y, Kim T. Physiological and subjective responses to cooling 
devices on firefighting protective clothing. Eur J Appl Physiol. (2008) 104:369–74. doi: 
10.1007/s00421-007-0665-7

 43. Gao C, Kuklane K, Holmér I. Cooling vests with phase change materials: the effects 
of melting temperature on heat strain alleviation in an extremely hot environment. Eur 
J Appl Physiol. (2011) 111:1207–16. doi: 10.1007/s00421-010-1748-4

 44. House JR, Lunt HC, Taylor R, Milligan G, Lyons JA, House CM. The impact of a 
phase-change cooling vest on heat strain and the effect of different cooling pack melting 
temperatures. Eur J Appl Physiol. (2013) 113:1223–31. doi: 10.1007/s00421-012-2534-2

 45. Boorady LM, Barker J, Lee YA, Lin SH, Cho E, Ashdown SP. Exploration of 
firefighter bunker gear part 2: Assessing the needs of the female firefighter. J Text Apparel 
Technol Manag. (2013) 8:5.

 46. Kim S, Kim DH, Lee HH, Lee JY. Frequency of firefighters’ heat-related illness and 
its association with removing personal protective equipment and working hours. Ind 
Health. (2019) 57:370–80. doi: 10.2486/indhealth.2018-0063

 47. Walker A, Argus C, Driller M, Rattray B. Repeat work bouts increase thermal 
strain for Australian firefighters working in the heat. Int J Occup Environ Health. (2015) 
21:285–93. doi: 10.1179/2049396715Y.0000000006

 48. Yanovich R, Ketko I, Charkoudian N. Sex differences in human thermoregulation: 
relevance for 2020 and beyond. Physiology. (2020) 35:177–84. doi: 10.1152/
physiol.00035.2019

 49. Suppiah HT, Ng EL, Wee J, Taim BC, Huynh M, Gastin PB, et al. Hydration status 
and fluid replacement strategies of high-performance adolescent athletes: an application 
of machine learning to distinguish hydration characteristics. Nutrients. (2021) 13:4073. 
doi: 10.3390/nu13114073

 50. Dorman LE, Havenith G. The effects of protective clothing on energy consumption 
during different activities. Eur J Appl Physiol. (2009) 105:463–70. doi: 10.1007/
s00421-008-0924-2

https://doi.org/10.3389/fpubh.2024.1408591
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2018.01139
https://doi.org/10.1007/s00421-010-1714-1
https://doi.org/10.1007/s00421-010-1714-1
https://doi.org/10.2165/00007256-200029050-00004
https://doi.org/10.1016/j.wem.2011.01.008
https://doi.org/10.1016/j.apergo.2014.04.008
https://doi.org/10.1016/j.apergo.2020.103064
https://doi.org/10.1016/j.jtherbio.2022.103236
https://doi.org/10.1016/j.jtherbio.2022.103236
https://doi.org/10.3109/10903121003770654
https://doi.org/10.1080/00140139408963645
https://doi.org/10.1080/15459624.2011.584840
https://doi.org/10.1080/026404199365326
https://doi.org/10.1007/s004210100484
https://doi.org/10.1152/physrev.00038.2020
https://doi.org/10.1136/bjsports-2013-092928
https://doi.org/10.1136/bjsports-2013-092928
https://doi.org/10.1080/23328940.2016.1277003
https://doi.org/10.1007/BF00865029
https://doi.org/10.1080/15459624.2011.596043
https://doi.org/10.1080/15459620490432114
https://doi.org/10.1080/00140139.2014.907449
https://doi.org/10.3109/10903127.2012.749965
https://doi.org/10.1002/cphy.c130002
https://doi.org/10.3390/ijerph191912288
https://doi.org/10.3389/fphys.2019.00071
https://doi.org/10.1016/j.jtherbio.2014.08.009
https://doi.org/10.1016/j.shaw.2019.01.004
https://doi.org/10.1080/15459620490475216
https://doi.org/10.3389/fphys.2015.00322
https://doi.org/10.1152/jappl.1964.19.3.531
https://doi.org/10.1097/00005768-200209000-00009
https://doi.org/10.1152/jappl.1987.63.3.1218
https://doi.org/10.1016/j.apergo.2003.11.001
https://doi.org/10.1016/j.jtherbio.2014.11.007
https://doi.org/10.1007/s00421-007-0629-y
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.1080/02640411003716942
https://doi.org/10.1016/j.jtherbio.2006.12.001
https://doi.org/10.1007/s00421-007-0665-7
https://doi.org/10.1007/s00421-010-1748-4
https://doi.org/10.1007/s00421-012-2534-2
https://doi.org/10.2486/indhealth.2018-0063
https://doi.org/10.1179/2049396715Y.0000000006
https://doi.org/10.1152/physiol.00035.2019
https://doi.org/10.1152/physiol.00035.2019
https://doi.org/10.3390/nu13114073
https://doi.org/10.1007/s00421-008-0924-2
https://doi.org/10.1007/s00421-008-0924-2

	Effects of cooling vest and personal protective equipment removal on thermoregulation in wildland firefighters during progressive thermal loads
	1 Introduction
	2 Materials and methods
	2.1 Subjects
	2.2 Experimental design
	2.3 Laboratory testing
	2.4 Measurements
	2.5 Statistical analyses

	3 Results
	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions

	References

