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ABSTRACT
Firefighters wear personal protective equipment to protect them from the thermal and chemical 
environment in which they operate. The self-contained breathing apparatus (SCBA) provides 
isolation of the airway from the hazardous fireground. National standards limit SCBA weight, 
however, integration of additional features could result in an SCBA exceeding the current limit. 
The purpose of this study was to examine the effects of increased SCBA weight on firefighters’ 
physiological responses, work output, dynamic stability, and comfort. Completion of simulated 
firefighting activities induced a strong physiological response. Peak oxygen consumption was 
higher with the lightest SCBA than the heaviest SCBA. Few other physiological differences were 
noted as SCBA weight increased. Importantly, increased SCBA weight resulted in significantly 
more negative perceptions by the firefighters and a trend towards significance for the duration 
of work time prior to reaching volitional fatigue. These results should be considered when 
assessing changes to existing SCBA weight limits.

PRACTITIONER SUMMARY: Increased SCBA weight above existing national standards resulted in 
negative perceptions by the firefighters, but not significant physiological changes after two 
simulated bouts of firefighting activity. SCBA weight had a nearly significant impact on the time 
firefighters worked before reaching volitional fatigue, with heavier SCBA trending towards 
decreased working time.

Introduction

Firefighting operations require firefighters to perform 
high levels of physically demanding work in hazard-
ous environments. On average, 70 firefighters have 
been killed in the line of duty each year between 
1977 and 2021 (Fahy and Petrillo 2022). This number 
does not include the 343 firefighters killed on 
September 11, 2001, nor does it include those who 
have passed away from cancer resulting from occupa-
tional exposure. Cardiovascular events have consis-
tently been the leading cause of line-of-duty deaths 
in the fire service, resulting in approximately 43% of 
deaths, while burn injuries resulted in less than 4% of 
deaths. The leading cause of injuries on the fireground 
in 2021 was overexertion and strain (25%) followed 

closely by fall, jump, slip, and trip injuries (24%) 
(Campbell and Hall 2022).

Firefighters wear personal protective equipment (PPE) 
to protect themselves from the elevated ambient tem-
peratures and by-products of combustion found on the 
fireground. The self-contained breathing apparatus 
(SCBA) is a critical component of firefighting PPE that 
provides air to the wearer, effectively isolating the fire-
fighter from inhaling hazardous substances. The SCBA 
consists of a harness with straps worn over the shoulder 
and around the waist. A frame (typically metal or plas-
tic) is supported by shoulder straps and holds a com-
pressed air cylinder. A series of hoses and regulators run 
alongside the frame and through the shoulder straps to 
the wearer’s facepiece, reducing the supplied air from 
5500 psi to less than 0.1 psi (other common air cylinder 
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pressures include 4500 psi and 2216 psi). As advances in 
SCBA technology have occurred, several key safety fea-
tures have become integrated into the SCBA and are 
required by national standards in the United States 
(National Fire Protection Association 2019). Specific 
examples of these features include an End of Service 
Time Indicator (EOSTI) that alarms when the remaining 
air in the cylinder reaches one-third of the original 
capacity (older editions of the standard employed a 
one-quarter EOSTI) and the Personal Alert Safety System 
(PASS), which alarms when the user is inactive for 30 sec-
onds, indicating the need for assistance and providing 
an audible indicator of an inactive firefighter’s location. 
The Universal Emergency Breathing Safety System pro-
vides connections to allow for the sharing or transfer of 
air from another cylinder in the event of an emergency. 
There are numerous other mandatory features and 
design requirements for the SCBA to comply with 
national standards. Other safety features are available 
but not required (e.g. thermal imaging cameras, bail-out 
ropes and anchors, communication devices, tracking sys-
tems, and lighting); however, with each additional piece 
of technology or safety equipment, the weight of the 
SCBA is increased. Furthermore, the addition of 
high-power electronics in some safety devices drives the 
need for larger capacity power storage systems within 
the SCBA, which can further add to the total weight of 
the SCBA. The current SCBA weight limit within the 
2019 edition of NFPA 1981: Standard on Open-Circuit 
Self-Contained Breathing Apparatus (SCBA) for Emergency 
Services is set by 42 CFR Part 84.89 (a) which states: ‘The 
completely assembled and fully charged apparatus shall 
not weigh more than 16 kg (35 pounds)’. As fire depart-
ments consider their SCBA needs, they must weigh the 
pros and cons of options available to help protect their 
firefighters while also adding additional weight to an 
already physically demanding occupation.

Numerous studies have quantified the physiological 
and biomechanical impact of firefighting and firefight-
ing personal protective equipment on the firefighter. 
Past research has examined the thermal and cardiovas-
cular response to firefighting in settings ranging from 
treadmill walking to real-world emergency responses 
(Horn et  al. 2015; Horn et  al. 2017) and across a range 
of work cycles (Horn et  al. 2013; Hostler et  al. 2016; 
Schlader, Colburn, and Hostler 2017; Walker et  al. 
2015). In Kesler et  al. (2017), firefighters conducted 
two bouts of simulated firefighting activity with SCBA 
of various sizes and weights and monitored physiolog-
ical response and work output. Previous research by 
Bakri et  al. (2012) demonstrated that increasing the 
SCBA weight from 6.4 kg to 11.0 kg did not affect oxy-
gen consumption.

The weight and position of the firefighter’s SCBA can 
introduce disturbances in the musculoskeletal system. This 
disturbance can have an impact on static (Hur et al. 2015) 
and dynamic (Hur et  al. 2013; Punakallio 2004; Punakallio, 
Louhevaara, and Lusa-Moser 1997) balance with several 
studies examining both (Punakallio 2003; Punakallio, Lusa, 
and Luukkonen 2003, 2004). Hur et  al. (2015) reported 
that SCBA with larger weight, greater height, and greater 
magnitude of change in centre of mass had significant 
impacts on postural stability. Biomechanical modelling 
programs have been utilised to assess the maximum 
weight that would allow for the comfortable and safe 
completion of firefighting tasks and suggest that heavier 
SCBA result in larger lumbar lift and shoulder forces (Xu 
et  al. 2021a, 2021b).

The purpose of this study was to further under-
stand the impact of increasing the current weight limit 
for SCBA on the firefighter’s physiological and biome-
chanical response to simulated fireground operations. 
We hypothesised that the addition of 2.3 and 4.5 kg to 
the current maximum SCBA weight would result in 
increased physiological response and decreased work 
output, dynamic stability, and firefighters’ perceptions 
of comfort. Our work provides novel information 
related to the impact of increasing the current weight 
limit for SCBA on firefighters’ physiological and biome-
chanical responses. It also provides important data 
about their work output and perceptions of perform-
ing firefighting tasks with increased SCBA weight. 
These data are important to standard setting organisa-
tions as they consider increasing the weight limit for 
SCBA, and are equally important to firefighters, fire 
departments, equipment manufacturers, as they con-
sider future SCBA purchasing, use, and development. 
This study builds on previous work that examined a 
range of SCBA weights below the current limit.

Methods

Study participants

Ten healthy male firefighters (Age: 31.0 ± 6.4 years, 
Height: 180.0 ± 8.7 cm, Weight: 85.6 ± 13.3 kg, BMI: 26.6 ±  
5.2 kg/m2, Fire Fighting Experience: 8.2 ± 7.2 years) with 
no self-reported cardiovascular, orthopaedic, biome-
chanical, or digestive tract concerns participated in this 
study. Subjects completed a physical activity readiness 
questionnaire (PAR-Q) (Thomas, Reading, and Shephard 
1992) and core temperature capsule screening prior to 
testing and all subjects were determined to be eligible 
for physical activity and core temperature capsule inges-
tion. All subjects were provided with the opportunity to 
ask questions and signed a written informed consent 
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prior to participation. Approval for this protocol was 
obtained from the University of Illinois Institutional 
Review Board (IRB) under protocol #20927.

Study design

All participants completed four visits: one baseline visit 
and three simulated firefighting visits. The initial base-
line visit consisted of screening, informed consent, 
measures of height and weight, and a maximal tread-
mill test. The subsequent three visits involved simulated 
firefighting activities and assessment of physiological 
response and biomechanical performance. Visits were 
completed on separate days at approximately the same 
time of day with a minimum of 24 hours between each. 
Previous studies have examined the impact of test 
environment (Horn et  al. 2015) and varying sizes of 
commercially available SCBA (Kesler et  al. 2018a; Kesler 
et  al. 2018b; Kesler et  al. 2017) utilising similar 

protocols. This study aimed to examine the impact of 
SCBA weight greater than current national standards 
(National Fire Protection Association 2019), while con-
trolling the SCBA size and design.

Self-Contained breathing apparatus (SCBA)
A commercially available SCBA was purchased and 
then modified to exceed the current weight limit by 
2.3 kg (5 lbs) and 4.5 kg (10 lbs) (Table 1). On average 
this load represented 2.7 ± 0.4% and 5.4 ± 0.8% of the 
participants’ total body mass. SCBA1 was used as 
received from the manufacturer utilising a 5500 psi, 
45-minute cylinder, an integrated self-rescue belt, and 
quick-connect cylinder connection and weighed 
16 kg. For SCBA2, five 0.45 kg (1 lb) sandbags were 
added at different locations: three along the lower 
portions of the frame and one on each arm strap 
over the shoulder (Figure 1), increasing the total 
weight by 2.3 kg (5 lbs). For SCBA3, two sandbags 
(combined weight 0.9 kg (2 lbs)) were added at each 
location, increasing the total weight by 4.5 kg (10 
lbs). These positions were selected as they represent 
locations where thermal imaging cameras, communi-
cation devices, tracking systems or other additional 
features or devices might typically be integrated into 
the SCBA, increasing the weight of the breathing 
apparatus.

Table 1. SC BA utilised in the study included the maximum 
allowable weight under NFPA 1981 (16 kg), the maximal 
weight plus 2.3 kg (18.3 kg), and the maximal weight plus 
4.5 kg (20.5 kg).

SCBA Specifications

SCBA1 (NFPA 1981 
Maximum)

SCBA2 SCBA3

16 kg (35 lbs) 18.3 kg (40 lbs) 20.5 kg (45 
lbs)

Figure 1. SC BA utilised in study. Arrows indicate where additional weight was added for SCBA2 and SCBA3. One sandbag (0.45 kg 
each, 2.3 kg total) was added at each location for SCBA2 and two sandbags (0.9 kg, 4.5 kg total) were added at each location for 
SCBA3.



560 R. M. KESLER ET AL.

Baseline visit
Following the screening and informed consent pro-
cess, eligible participants completed a health history 
and physical activity inventory. Research staff demon-
strated the functional balance test and firefighting 
activities, which would be utilised in subsequent visits. 
Following the demonstrations, height and weight were 
collected. Throughout the baseline visit, participants 
wore typical exercise clothing (t-shirt, shorts, and run-
ning shoes).

Next, the participant was fit with a heart rate strap 
(Polar Electro Oy, Kempele, Finland) and portable met-
abolic monitoring system (K4b2, Cosmed s.r.l., Rome, 
Italy) and began the graded treadmill exercise test as 
described in NFPA 1582 (National Fire Protection 
Association 2022). The treadmill test started with two 
minutes of seated rest followed by three minutes of 
walking at 3 mph at 0% incline. After three minutes 
speed was increased to 4.5 mph. Alternating increases 
of incline (2%) and speed (0.5 mph) then occurred 
every one minute until volitional fatigue was reached. 
At each minute, the participant was asked to provide 
their rating of perceived exertion (RPE, (Borg 1970)). 
Baseline visits were completed at least 24 hours prior 
to any of the simulated firefighting visits.

Firefighting visits
Three firefighting visits were conducted utilising the 
various SCBA described previously (Table 1). Participants 

utilised only one of the prescribed SCBA conditions 
throughout a visit and the three SCBA conditions were 
presented in a counter-balanced order. That is, trial 
order was intentionally arranged so that on the first 
visit some participants utilised SCBA1, some utilised 
SCBA2, and some utilised SCBA3. The weights were 
adjusted for the second and third visits so that each 
firefighter utilised each weight of SCBA. This was done 
to minimise any learning or conditioning effects and 
was verified, with no statistically significant differences 
found as a result of trial order. Six to 12 hours prior to 
each visit, the participant ingested a core temperature 
monitoring capsule (VitalSense, Phillips Respironics, 
Andover, MD). Participants were coached on the 
importance of proper capsule ingestion timing with 
the goal of the capsule moving out of the stomach 
into the intestines but remaining in the body. On the 
day of each visit, the participant reported to the Illinois 
Fire Service Institute Research Lab for the firefighting 
activity visits (Figure 2).

Prior to the trial initiation, research staff verified the 
presence of the core temperature capsule and ensured 
that the capsule was actively transmitting data, and the 
participant was fit with a physiological status monitor 
(EquiVital, Phillips Respironics, Andover, MD), which 
received data from the core temperature capsule and 
recorded heart rate data. The participant was also 
instrumented with a dedicated heart rate strap (Polar 
Electro Oy, Kempele, Finland) linked to the metabolic 
monitor. Next, the participant donned a custom harness 

Figure 2. S chematic of firefighting test session. Heart rate and core temperature were recorded throughout the visit. Oxygen 
consumption was recorded throughout the firefighting activities. The Functional Balance Test was conducted pre- and 
post-firefighting activity. Perceptions of Thermal Sensation, Breathing Scale, and Rating of Perceived Exertion (RPE) were collected 
pre-, mid-, and post-firefighting activity. Visual Analog Scales (VAS) of comfort, mobility, fatigue, and subjective difficulty were 
collected at the end of the trial.
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designed to hold the portable metabolic monitor on 
the chest of the participant to avoid interference with 
the SCBA worn on the back (Figure 3A). The participant 
then donned standard firefighting personal protective 
equipment including a coat, pants, boots, Nomex hood 
(initially worn around the neck), helmet, and the pre-
scribed SCBA (Figure 3B and Figure 3C). Participants 
were all provided the same style of PPE in their correct 
size. The full ensemble, without SCBA, weighed 9.4 kg. 
The composites in the coat and pant had a Total Heat 
Loss of 270.6 W/m2 and a Thermal Protective Performance 
rating of 36.3, as provided by the manufacturer.

After donning firefighting PPE, the participant com-
pleted the FBT, (described in detail later), followed by 
three minutes of seated rest. During this rest period the 
participant provided their baseline self-reported percep-
tions of Thermal Sensation (Young 1987), Breathing 
Scale (Morgan and Raven 1985), and their Rating of 
Perceived Exertion (RPE, (Borg 1970)). After the rest 
period, the participant entered the environmental 
chamber (47 °C, ~30% relative humidity), guided by a 
member of the research team, and resumed seated rest 
throughout a three-minute setup period. During this 
time, the metabolic monitor was inserted into the front 
harness, the participant donned the silicone mask, 
pulled up the firefighting hood, and donned the helmet 
(Figure 4). Metabolic data collection began three min-
utes after entering the environmental chamber.

At the conclusion of the first round of firefighting 
activities the participant was escorted out of the envi-
ronmental chamber and allowed to rest while seated. 
This rest period represented the time it would take for 
the firefighter to have their air cylinder replaced 

between bouts of activity during a real-world response. 
The participant then removed their helmet, lowered 
their hood around their neck, removed the silicone 
mask, and was provided with water ad libitum. 
Self-reported perceptions (RPE, Breathing Scale, 
Thermal Sensation Scale) were collected. After four 
minutes and 15 seconds the participant re-entered the 
environmental chamber and returned to the seated 
rest position. In the remaining 45 seconds of the 
5-minute rest period the participant donned the sili-
cone mask, hood, and helmet. The participant then 
completed the second bout of firefighting activities. At 
the completion of activities (or volitional fatigue, 
whichever came first) the participant was escorted out 
of the chamber and metabolic data collection was ter-
minated. The helmet was removed, the hood was low-
ered around the neck, the silicone mask was removed, 
and the participant was provided with water ad libi-
tum. Post-test self-reported perceptions (RPE, Breathing 
Scale, Thermal Sensation Scale) were again collected. 
After three minutes of seated rest the participant com-
pleted the FBT followed by completing the Visual 
Analog Scale (VAS) for overall body comfort, overall 
body mobility, fatigue, and subjective difficulty in car-
rying out the activity with SCBA. Lastly, PPE was 
removed, physiological data collection was ended, and 
after a recovery period the participant was released.

Functional balance test (FBT)
Prior to, and following the completion of the firefight-
ing activities, the participant completed the FBT 
(Punakallio, Louhevaara, and Lusa-Moser 1997). The 

Figure 3.  Participants wore a custom harness to support the metabolic monitoring system under the turnout gear (A). The participant 
also wore standard firefighting personal protective equipment including a coat, pants, boots, nomex hood, helmet and SCBA (B and C).
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FBT consists of two elevated platforms (122 cm by 
122 cm × 15 cm high) with painted spaces (60 cm by 
60 cm) connected by a narrow beam (14 cm wide by 
244 cm long × 4 cm high). On a ‘GO’ cue, the partici-
pant stepped from one platform down onto the beam, 
moved across it to the other platform, turned around 
within the painted square, returned across the beam, 
and stopped in the original painted square. Following 
the initial trial, a crossbar was added at 75% of the 
participant’s height as an obstacle. The participant 
then repeated the trial while manoeuvring under the 
crossbar. Participants were instructed to complete the 
FBT as quickly as possible while avoiding errors, using 
a pace similar to that they would use on the fire-
ground. Errors were scored as stepping off from the 
platform or beam, not turning or stopping within the 
defined square, or contacting the crossbar. Time to 
complete each trial was recorded on two hand-held 
stopwatches (Z-100, TYR Sport Inc, Seal Beach, CA) and 
averaged. To assess both completion time and error 
counts in a single metric, a Performance Index (PI) is 
utilised as in Hur et  al. (2013).

Firefighting activities
Participants completed simulated firefighting activities 
representative of tasks typically completed by firefight-
ers during fire suppression operations. The simulated 
firefighting activities are described in detail by Horn 
et  al. (2015). Participants were encouraged to work at 
a pace representative of their effort on the fireground 
during real-world responses. Simulated activities 

started with two minutes of seated rest on a stool 
located in the environmental chamber (47 °C, ~30% 
humidity). The participant then completed alternating 
sessions of four activities and rests (Figure 5), which 
are representative of the intermittent work cycles on 
the fireground. Specifically, activities consisted of 1) a 
3-step stair climb (18 cm rise, 28 cm run), 2) a hose 
advance where a rigid section of hose was fixed to 
cable running from a low pulley to a sliding carriage 
on a track with a constant force spring with 10 kg 
resistance, 3) a search in which the participant moved 
around the perimeter of the room in a controlled ‘sec-
ondary search’ pattern, and 4) an overhaul task where 
a pike pole was fixed to a cable running to a high pul-
ley to the same constant force spring. For the stair 
climb activity, a single repetition was counted as tra-
versing to the top step, touching both feet to the top, 
then traversing back down to the ground. For activity 
2 and 4 a repetition was counted as moving the hose 
or the pike pole to touch a target and returning the 
tool to the starting position. For activity 3, a single 
repetition was counted as one lap around the room 
covering a total distance of 12.2 m.

Measured variables and calculations

A number of measures were collected during the 
Baseline and Firefighting activity visits. During the 
baseline visit a health history survey was collected. 
During the treadmill test, O2 consumption, heart rate, 
and RPE were collected. O2 consumption was averaged 

Figure 4.  Participants wore the silicone K4b2 metabolic monitor mask under the hood and helmet during firefighting activities.
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over 15 second epochs and the highest rate (VO2,max) 
was recorded. The highest heart rate (HRmax) and RPE 
at volitional fatigue (RPEmax) were also recorded. During 
the firefighting visits heart rate and core temperature 
were collected throughout each trial. For core tem-
perature, measures of baseline (initial) and peak (high-
est during activity) were recorded. Change in core 
temperature (ΔTco,peak) was computed as the difference 
between baseline and peak. Core temperature rate of 
rise (Tco,RoR) was computed as the change in core tem-
perature divided by the duration between the start of 
the test and the time when peak core temperature 
was reached. This variable was only computed for six 
of the ten participants. In a single trial for four differ-
ent participants, core temperature data loss occurred 
when the temperature reading was affected by 
ingested water between bouts of activity. To examine 
the effect of SCBA on core temperature before the 
data loss occurred, Tco,RoR during the first round (Tco,RoR, 

R1) was computed on all 10 participants.
O2 consumption was recorded while the participant 

was in the environmental chamber and was averaged 
over 15 second epochs and VO2,Peak reported. O2 con-
sumption rate was also reported as a percentage of 
the maximal O2 consumption rate from the baseline 
test (VO2,Peak(%max)). Repetitions of each activity (Reps) 
were recorded during each of the work periods shown 

in Figure 5, as the number of movements completed 
within the two-minutes for each activity. The time 
between when the participant entered the chamber 
until the participant completed the prescribed 40 min-
utes of activity or reached volitional fatigue was also 
recorded and is reported as Work Time. Participants 
who exited the environmental chamber without com-
pleting all the firefighting activities received a Reps 
score of ‘zero’ for the activities that were not attempted. 
Regardless of whether the participant finished all 
assigned activities or exited the chamber after reach-
ing volitional fatigue, the participant moved to the 
next phase of the study and data collection continued.

Time to completion and errors were recorded 
during the FBT pre- and post-firefighting activity, then 
summed to create a performance index (Hur et  al. 
2013). Two members of the research team inde-
pendently recorded time and errors and results were 
averaged. Errors were scaled according to their sever-
ity. Minor errors (scaled at 5 seconds per minor error) 
included the foot or hand touching the ground, the 
hand touching the platform, not turning around 
within the space, not stopping within the space, or 
contacting the crossbar (on trials where it was pres-
ent). Major errors (scaled at 10 seconds per major 
error) included knocking the crossbar down during 
applicable trials where the crossbar was present.

Figure 5. S chematic of firefighting activity timeline. Activities were completed on a 2-minute work/rest cycle.
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Three self-reported perceptions were collected 
throughout the firefighting visits. Rating of perceived 
exertion (RPE, ranging from 6-’No Exertion’ to 20- 
‘Maximal Exertion’), Breathing Scale (ranging from 
1-’My breathing is OK’ to 7-’I can’t breathe’), and 
Thermal Sensation Scale (ranging from 0-’Unbearably 
Cold’ to 8-’Unberably Hot’) were collected pre-, mid-, 
and post-firefighting activity. A visual analog scale 
ranging from −8 to +8 was utilised post-firefighting 
activity to assess overall body comfort (Uncomfortable 
to Comfortable), overall body mobility (Least Mobility 
to Highest Mobility), fatigue (perceived physical exer-
tion, Unbearably Fatigued to Not Fatigued), and sub-
jective difficulty in carrying out the activity with the 
prescribed SCBA (Restricted to Not Restricted).

Statistical analysis

All data and statistical analyses were based on the max-
imum number of participants with reliable data. For 
most variables this included all 10 participants. Tco,RoR, 
analysis included the six participants whose core tem-
perature data was not impacted by water ingestion 
throughout both bouts of all three firefighting visits. 
Analysis of the visual analog scales (Comfort, Mobility, 
Fatigue, Difficulty) was based on nine participants as 
one did not complete the scale for a single visit.

Each parameter was analysed using a repeated 
measures ANOVA (SPSS Statistics 28 IBM; Armonk, New 
York) with significance set at α = 0.05. Specifically, three 
SCBA conditions were examined (SCBA1, SCBA2, and 
SCBA3). For certain variables, a second main effect was 
tested and a 3 × 2 repeated measures ANOVA was con-
ducted. In these cases both main effects and their 
interactions were tested. For measures of HRPeak, 
HRPeak(%Max), and simulated firefighting repetitions, the 
effect of Bout (First and Second) was examined. For 
Perceptions (RPE, Breathing Scale, Thermal Sensation 
Scale), the effect of testing time (PrePost main effect) 
was examined. Post hoc pairwise analysis was con-
ducted using Tukey HSD Tests.

Results

During the baseline test, 10 firefighters completed a 
maximal treadmill test. During the maximal test, par-
ticipants obtained a maximum rate of oxygen con-
sumption (VO2max) of 38.9 ± 5.3 ml/min/kg, a maximum 
heart rate (HRmax) of 183.2 ± 12.3 bpm, and reached a 
Rating of Perceived Exertion of 18.6 ± 1.3.

Completion of firefighting activities with different 
SCBA weights

Participants were instructed to complete the assigned 
firefighting activities or notify the research staff if they 
felt light-headed, dizzy, unwell, or when they reached 
volitional fatigue. All participants participated in the 
baseline visit and completed three simulated firefight-
ing activity visits, but of the 10 participants only one 
was able to complete all the assigned firefighting 
activities during all three simulated firefighting trials. 
One participant completed all activities during two tri-
als and three completed all activities for one of the 
trials. The other five participants did not complete all 
of the activities for any of the trials.

Three participants completed all the simulated fire-
fighting activities with SCBA1, four completed all the 
activities with SCBA2, and only one completed the 
activities with SCBA3. For SCBA3, one participant 
ended the trial before beginning the second bout and 
one participant ended the trial during the first bout of 
activity. The other seven ended the trial during the 
second bout.

There was no main effect of SCBA for the number 
of repetitions completed in any of the activities for 
both bouts (Table 2). However, during the second bout 
participants completed significantly less work for all 
activities across all SCBA weights indicating a signifi-
cant main effect of Bout (stairs, p = 0.014; hose advance, 
p = 0.004; search, p = 0.002; overhaul, p < 0.001). There 
were no significant interaction effects between SCBA 
and Bout.

Table 2.  Heart rate and activity data for each bout of activity with three different SCBA weights. Heart rate data include peak 
heart rate across the activities (HRPeak) and peak heart rate as a percent of maximum heart rate (HRPeak % of HRmax). (‡) indicates 
Bout 2 is significantly different than data from Bout 1. Data are shown as mean (standard deviation).

Bout 1 Bout 2‡

SCBA1 SCBA2 SCBA3 SCBA1 SCBA2 SCBA3
SCBA 

p-value
Bout 

p-value
SCBA × Bout 

p-value

HRPeak (bpm) 177.5 (9.9) 181.8 (9.0) 173.5 (13.7) 180.8 (16.0) 174.6 (16.3) 179.1 (10.6) 0.667 0.040 0.712
HRPeak % of HRmax (%) 96.3 (6.0) 98.6 (5.7) 93.9 (3.9) 97.9 (6.5) 94.7 (8.3) 97.1 (4.7) 0.615 0.044 0.710
Stairs (reps) 22.6 (3.4) 22.1 (2.8) 21.6 (2.4) 19.2 (3.3) 17.85 (3.1) 14.8 (8.5) 0.063 0.014 0.192
Hose Advance (reps) 67.2 (19.1) 71.2 (16.6) 56.9 (25.8) 41.6 (26.0) 44.0 (18.1) 43.6 (30.7) 0.436 0.004 0.236
Search (laps) 6.4 (2.3) 5.8 (1.8) 5.5 (2.5) 2.7 (2.1) 2.4 (2.3) 1.5 (2.4) 0.051 0.002 0.821
Overhaul (reps) 70.5 (24.7) 65 (18.9) 58.3 (27.1) 14.2 (23.0) 15.8 (24.5) 7.9 (25.0) 0.065 <0.001 0.723
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Physiological responses to firefighting activities 
with different SCBA weights

A significant main effect of SCBA was detected for 
VO2peak (p = 0.046, Table 3). Participants were able to 
obtain a significantly greater VO2peak with SCBA1 than 
with SCBA3 (p = 0.042). When VO2Peak was normalised 
as the percent of VO2Max, there were near significant 
differences between SCBA (p = 0.060).

There were no significant main effects of SCBA in 
HRPeak or HRPeak(%Max) (Table 2), though there were sig-
nificant main effects of Bout for HRPeak and HRPeak(%Max) 
(p = 0.040 and p = 0.044 respectively) with participants 
having higher heart rates and a higher heart rate as 
percentage of max in the second bout of activity. 
There were no significant SCBA × Bout interactions. 
There were no significant main effects of SCBA for 
Tco,RoR (n = 6) (Table 3).

Perceptions after firefighting activities with 
different SCBA weights

No main effect for SCBA was detected for the 
self-reported RPE, Breathing Scale, or Thermal Sensation 
Scale, though there was a significant main effect of 
PrePost for all measures (p < 0.001). On average partic-
ipants reported ‘No Exertion’ to ‘Very Light Exertion’ 
levels prior to activity and increased exertion ranging 
from ‘Very Hard’ to ‘Maximal Exertion’ levels after fire-
fighting (RPE, p < 0.001, Table 4). Participants reported 
breathing harder and feeling hotter after activity 
(p < 0.001), specifically that they were breathing ‘OK’ 
and ‘Comfortable’ prior to firefighting activity and that 
they were, on average, ‘Not Getting Enough Air’ and 
between ‘Hot’ and ‘Unbearably Hot’ following activity. 
There was a significant interaction between the main 
effects for RPE (p = 0.035) though post-hoc analysis 
showed no pairwise differences.

There was a main effect of SCBA (p = 0.020) observed 
for Comfort (Table 3). Post hoc analysis revealed signif-
icant differences between SCBA1 and SCBA2 (p = 0.017). 
There was a main effect of SCBA (p = 0.005) observed 
for Body Mobility (Table 3) with significant differences 
between SCBA1 and SCBA2 (p = 0.018) and between 
SCBA1 and SCBA3 (p = 0.021) suggesting that partici-
pants felt that they had less mobility with heavier 
SCBA. There was also a main effect of SCBA (p = 0.045) 
for Fatigue (Table 3) with participants reporting feeling 
significantly more fatigued with SCBA2 relative to 
SCBA 1 (p = 0.023). There was a main effect of SCBA 
(p < 0.001) for Subjective Difficulty in Carrying out the 
Activity with SCBA (Table 3). Significant differences 
between SCBA1 and SCBA2 (p < 0.001) and between 
SCBA1 and SCBA3 (p < 0.001) were observed suggest-
ing the participants felt more restricted with 
heavier SCBA.

Changes in functional balance after firefighting 
activities with different SCBA weights

There was no main effect of SCBA for functional bal-
ance performance index (p = 0.520, Table 5). There was 

Table 3.  Peak values and post-firefighting assessment after 
completing simulated firefighting activities with three different 
SCBA weights for Work Time, peak rate of oxygen consump-
tion (VO2Peak), peak rate of oxygen consumption as a percent 
of maximal rate of oxygen consumption (VO2peak % of VO2max), 
core temperature rate of rise (Tco,RoR), and visual analog scales 
of Comfort, Mobility, Fatigue, and Subjective Difficulty (scored 
-8 to +8). Superscripts (i.e. 1,2,3) indicate significant differ-
ences from SCBA noted in superscript. Data are shown as 
mean (standard deviation).

SCBA1 SCBA2 SCBA3 p-value

Work Time 
(mins)

35.8 (3.7) 35.7 (3.6) 31.2 (7.9) 0.052

VO2peak (O2 ml/
min/kg)

31.6 (7.3)3 31.0 (6.6) 29.1 (5.8)1 0.046

VO2peak % of 
VO2max (%)

80.9 (11.4) 79.6 (10.5) 74.8 (10.1) 0.060

Tco,RoR (°C/min) 
(n = 6)

0.037 (0.016) 0.038 (0.014) 0.040 (0.013) 0.880

Body Comfort 
(n = 9)

0.39 (2.67)2 −3.69 (2.16)1 −2.28 (3.44) 0.020

Body Mobility 
(n = 9)

3.28 (2.21)2,3 −0.61 (3.11)1 −1.33 (3.24)1 0.005

Fatigue (n = 9) −0.78 (3.36)2 −3.94 (2.36)1 −2.72 (3.20) 0.045
Subjective 

Difficulty 
(n = 9)

0.72 (2.12)2,3 −3.00 (2.97)1 −3.22 (2.76)1 <0.001

Table 4.  Perceptions pre- and post- firefighting activity by SCBA. (✢) Indicates significantly different from Pre. Data are shown as 
mean (standard deviation). Post hoc analysis revealed no significant differences for interaction effects.

Pre Post✢

SCBA1 SCBA2 SCBA3 SCBA1 SCBA2 SCBA3
SCBA 

p-value
PrePost 
p-value

SCBA × PrePost 
p-value

Ratings of Perceived 
Exertion (RPE)

7.7 (0.9) 8.4 (1.6) 8.0 (1.2) 17.8 (1.9) 18.5 (1.5) 18.1 (1.3) 0.293 <0.001 0.035

Breathing Scale 1.1 (0.3) 1.1 (0.3) 1.2 (0.4) 5.1 (1.1) 5.3 (1.4) 5.2 (1.2) 0.770 <0.001 0.770
Thermal Sensations 4.0 (0.8) 4.1 (0.4) 4.3 (0.5) 7.3 (0.5) 7.3 (0.7) 7.0 (0.4) 0.142 <0.001 >0.999
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also a significant main effect of PrePost (p = 0.002) with 
trials after firefighting activities taking longer than tri-
als conducted pre-firefighting activity. There were no 
significant interaction effects between the main effects.

Discussion

The results of this study showed increases in SCBA 
weight of 2.3 and 4.5 kg had limited impact on the 
physiological response and functional balance of the 
firefighters when completing intermittent simulated 
firefighting activities, though all activities resulted in a 
large physiological response and decreased functional 
balance test performance post-activity. However, par-
ticipants reported having less mobility and increased 
subjective difficulty with increased SCBA weight. 
Participants performed less work in a second bout of 
activity, reported higher thermal sensation and 
reported they were not breathing as effectively after 
firefighting activities compared to pre-activity. 
Furthermore, firefighters’ functional balance test per-
formance was significantly worse following firefighting 
activities compared to pre-activity.

Participants completed activities in the environmen-
tal chamber until they reached volitional fatigue. 
Pairwise comparisons between SCBA1 and SCBA3 
(p = 0.101) and between SCBA2 and SCBA3 (p = 0.046) 
show the trend towards decreased Work Time with the 
heaviest SCBA, though the main effect of SCBA was 
not significant (p = 0.052). Average Work Time was 
35.9 min, 35.7 min, and 31.2 min for SCBA1, SCBA2, and 
SCBA3 respectively. Work Time ranged from 15 min to 
40 min for SCBA3. This wide range resulted in standard 
deviations twice as large as for SCBA1 and SCBA2. It is 
likely that the large range of Work Times with SCBA3 
reduced the likelihood of reaching statistical signifi-
cance. The magnitude of the difference in Work Time 
between SCBAs could be critical to fireground opera-
tions. For example, the standard 30- and 45-min SCBA 
cylinders hold 1274 and 1840 litres of compressed air 
respectively and ventilation rates during firefighting 
tasks can approach 100 L/min (Kesler et  al. 2017) sug-
gesting that the entire capacity could be consumed in 
less than 20 minutes. When the end of service time 
indicator alerts (when 33% of the air supply remains 

and firefighters should be out of the structure) actual 
working time may have only been 12-15 minutes. A 
median difference in working time, reported as the 
time to reach volitional fatigue, of more than 4 min-
utes between SCBA1/2 and SCBA3 may significantly 
affect the amount of work able to be completed by a 
company during fireground operations.

In a previous study using the same exercise proto-
col, 11 out of 30 participants were unable to com-
plete three separate trials with two bouts of simulated 
firefighting activity (Kesler et  al. 2017). In the previ-
ous study, participants used lighter SCBA (range 
9.9 kg-13.3 kg), breathed from the SCBA that they 
were wearing, and had higher maximal oxygen con-
sumption levels during the baseline test. The combi-
nation of lighter SCBA, relatively cool supplied air, 
and increased aerobic capacity may have allowed 
more participants to complete all firefighting activi-
ties relative to the current study which utilised 
heavier SCBA and required participants to breathe 
ambient air in the environmental chamber (47 °C, 
~30% humidity).

Peak O2 consumption rates in this study (average 
29.1 to 31.6 ml/min/kg) are slightly higher than those 
during similar activities in a previous study with lighter 
SCBA (average 14.6 to 28.7 ml/min/kg, Kesler et  al. 
(2017)). Peak O2 consumption rates in this study repre-
sent 55.1% to 97.7% of the participants’ maximal O2 
consumption rate. The peak O2 consumption rate was 
reduced in SCBA3 when compared to SCBA1, but not 
when normalised as a percentage of the maximal O2 
consumption rate during the treadmill test. It is possi-
ble that the reduced rate of O2 consumption contrib-
uted to the nearly significant reduction in Work Time 
with the heaviest SCBA. If decreased O2 consumption 
rates led to hypoxaemia and thus decreased oxygen-
ation of the brain, the participant may have felt dizzy 
or light-headedness and been removed from the 
chamber. Likewise, if participants were unable to pro-
vide adequate O2 to the working muscles, the partici-
pant may have perceived increase muscle strain and 
elected to end the trial sooner.

Peak heart rates (and peak heart rates as a percent 
of maximum heart rate) were higher in the second 
bout of activity than in the first bout. This aligns with 

Table 5.  Performance Index (PI) by SCBA and PrePost without and with the crossbar present. (✢) Indicates significantly different 
from Pre. Data are shown as mean (standard deviation).

Pre Post✢

SCBA1 SCBA2 SCBA3 SCBA1 SCBA2 SCBA3
SCBA 

p-value
PrePost 
p-value

SCBA × PrePost 
p-value

PI (no crossbar) 7.4 (1.7) 7.8 (1.9) 7.9 (1.6) 13.0 (5.2) 12.2 (5.7) 13.6 (4.9) 0.520 0.002 0.708
PI (with crossbar present) 10.9 (4.0) 11.1 (5.1) 11.1 (3.5) 15.5 (6.8) 16.4 (5.9) 18.1 (4.5)
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previous research (Horn et al. 2013; Hostler et al. 2016; 
Walker et al. 2015) and reinforces that adequate recov-
ery time is necessary between bouts of firefighting. 
Schlader, Colburn, and Hostler (2017) examined the 
effect of overnight rest on 20-minute bouts of activity 
and found that heart rate response was similar 
between bouts indicating that 24 hours rest is suffi-
cient rest for heart rate response, though other mea-
sures (core temperature, perceived exertion, and 
thermal sensation) were elevated post-activity on Day 
2 relative to Day 1.

It is well accepted that firefighting activity induces 
near max heart rates and this study corroborated 
that assertion. Average peak heart rate was 182 bpm 
(range 162-204 bpm), which is slightly lower than the 
average reported by Kesler et  al. (2017) for two bouts 
of activity with lighter SCBA, likely due to some par-
ticipants reaching volitional fatigue before complet-
ing the both bouts of activity. Horn et  al. (2015) also 
reported higher heart rates than the current study, 
though only a single bout of activity was completed. 
In both previous studies participants had higher max-
imal O2 consumption rates and maximal heart rates 
during baseline tests, despite similar average ages. 
Peak heart rates in this study ranged from 81% to 
110% of the maximum heart rate obtained during 
the maximal treadmill test which encompasses the 
percentages of maximal heart rates during activity in 
previous studies (94% to 99% in Kesler et  al. (2017)).

Core temperatures and rates of core temperature 
rise were not significantly impacted by the increased 
SCBA weights utilised in this study. As expected, core 
temperature was elevated during firefighting activity 
with an average rate of rise of 0.040 °C/min. Several 
studies that have examined core temperature rate of 
rise during live-fire activities have reported rates of 
0.050 °C/min over 12 min of activity (Burgess et  al. 
2012), 0.037 °C/min over 18 min (Horn et  al. 2011), 
0.040 °C/min over 18 minutes (Smith et  al. 2011), and 
0.035 °C/min over 20 minutes (Colburn et  al. 2011). In 
the study done by Kesler et  al. (2017) utilising the 
same firefighting protocol but lighter SCBA, rate of 
core temperature rise was 0.031 and 0.032 °C/min for 
SCBA weighing 9.9 kg and 13.3 kg respectively. Peak 
core temperature was significantly higher in the heavi-
est SCBA used by Kesler et al. (2017). The current study 
found no statistical differences in core temperature 
rate of rise between the various weights of SCBA used 
in this study. Importantly though, the rates of increase 
were all higher than those reported by Kesler et  al. 
(2017) suggesting that given the same environment 
and tasks, substantially heavier SCBA may increase the 
core temperature rate of rise.

Other factors may have more clinically relevant 
impact on core temperature than the SCBA weight. In 
the present study, PPE, firefighting tasks, and the envi-
ronment are all closely controlled in an attempt to 
limit their impact on variability. Further, the population 
in this study consisted of active male firefighters who 
are moderately fit and healthy. This study excluded 
female firefighters based on the representative popula-
tion size in the United States fire service. Firefighters 
have a wide range of fitness levels and those with 
lower overall fitness levels are less likely to volunteer 
given the intensity of the work performed in this study 
despite the authors’ efforts to recruit firefighters with a 
wide range of fitness levels. Changes in these descrip-
tive parameters, especially over a relatively short dura-
tion, may affect the core temperature more than the 
SCBA weight.

During the second bout of activity participants 
were consistently unable to match the amount of work 
they completed during the first bout. This was true 
across all SCBAs, though the specific SCBA did not 
impact the decrease in work completed. The number 
of repetitions of stairs and search distance in this 
study are considerably less (approximately half ) than 
those completed in a similar protocol with lighter 
SCBA and participants with higher maximal oxygen 
consumption levels (Kesler et  al. 2017). However, par-
ticipants completed more hose advance and overhaul 
repetitions in this study. It is possible that the heavier 
SCBA utilised in this study were more limiting in the 
stairs and search activities than the hose advance and 
overhaul activities. The stair climb and search activities 
require physically moving the entire body while wear-
ing the SCBA to complete the task. In the hose 
advance and overhaul activity the participant is pri-
marily stationary and utilises the upper extremities to 
advance the tool to the target.

Participants performed worse on the FBT following 
firefighting activity, a result that agrees with previous 
studies (Hur et  al. 2013; Kesler et  al. 2017; Son, Muraki, 
and Tochihara 2022). Kesler et  al. (2018b) utilised sim-
ilar firefighting activities and environmental conditions 
to those in the present study, but lighter SCBA, and 
noted average PI scores ranging from 6.8 to 7.9 when 
no crossbar was present. In that study SCBA weight 
(9.9 to 13.3 kg) did not have a significant impact on PI 
without the crossbar, however lighter SCBA resulted in 
lower PI scores when the crossbar was present. The 
present study’s average PI scores pre-firefighting activ-
ity without the crossbar (7.4 to 7.9) are comparable to 
those in Kesler et  al. (2018b), however post-activity PI 
scores without the crossbar are substantially higher in 
the present study (12.2 to 13.6 as opposed to 7.7 to 
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7.9). Despite firefighters’ similar physiological responses 
and FBT performance between SCBA in this study, it is 
possible that the higher SCBA weights used in the 
present study more negatively affected FBT perfor-
mance than lighter SCBA used in previous studies.

Measures of perceived exertion, thermal sensation, 
and breathing were more negative after firefighting 
activity, but no differences were noted between the 
various SCBA. The firefighters’ rating of perceived exer-
tion in this study is comparable to that reported in 
previous work for similar repeated bouts of firefighting 
activity, however, both thermal sensations and breath-
ing scale appear to be more negative in this study 
than Kesler et  al. (2017). Many studies have reported a 
similar change to more negative perceptual responses 
following firefighting activity (Kesler et  al. 2017; 
Schlader, Colburn, and Hostler 2017; Walker et  al. 
2005). The participants in this study had lower base-
line maximal O2 consumption rates than those in 
Kesler et  al. (2017), which may have led to participants 
perceiving more difficulty in breathing.

There were significant differences between SCBA 
conditions for firefighters’ responses to the Visual 
Analog Scales that were completed at the end of each 
trial. Interestingly, SCBA2 was significantly different 
from SCBA1 and SCBA3 for perceptive measures of 
overall Comfort and Fatigue. There was a trend towards 
decreased Work Time with SCBA3 relative to SCBA2, 
which may have contributed to the difference in per-
ceptions. There were significant differences in Mobility 
and Difficulty with SCBA1 being less negative than 
SCBA2 and SCBA3. The participants in this study were 
all firefighters and averaged 8.2 years of fire service 
experience. It is reasonable to expect that the partici-
pants regularly wear SCBA that weigh equal to or less 
than the SCBA1 utilised in this study. Thus, it is possi-
ble that the participants were able to perceive that the 
SCBA2 and SCBA3 were significantly heavier and thus 
scored them more negatively. This finding is also con-
sistent with the results of biomechanical models which 
suggested that the maximum comfortable weight for 
an SCBA was 17.7 kg which is between SCBA1 and 
SCBA2 (Xu et  al. 2021b).

While this study provides the first controlled compar-
ison of increasing SCBA weight above current standards 
on firefighters’ physiological, perceptual, and functional 
balance measures, there are important limitations. Some 
data loss occurred with six out of the 10 participants 
having accurate core temperature data for each of the 
three trials. With the already limited participant num-
bers, this data loss further limits our ability to make sta-
tistical inferences related to core temperature. Further, 
participants operated in the environmental chamber 

breathing the ambient air (47 °C, ~30% humidity), which 
is warmer and higher in humidity than the compressed 
air utilised in the SCBA. There is also no reduction in 
SCBA weight as the compressed air is consumed and 
exhaled throughout the firefighting activities. These lim-
itations were anticipated, but improvements could be 
made to further these research efforts.

Future research efforts to understand the impact of 
increased SCBA weight on firefighter performance should 
look to expand the data presented here with additional 
participants. This study was limited to 10 male firefighters. 
Inclusion of female firefighters and a broader range of 
age and fitness levels would increase the sample size and 
representation of the fire service. An increased subject 
pool could also allow for analysis of how individual fac-
tors such as fitness, strength, or BMI affect physiological 
response and performance when SCBA weight is 
increased. To further support this expanded analysis, 
increased weight could be proportional to the firefighter’s 
body mass. Additional data including measures of cogni-
tive function, decision-making ability, and agility would 
provide supplemental information about fireground 
performance.

Conclusions

The objective of this study was to examine the impact 
of SCBA weight on firefighter physiological response 
and biomechanical performance with the intent to 
inform decision makers on the impacts of adjusting 
existing limits for SCBA weight in NFPA 1981 (National 
Fire Protection Association 2019). Quantitative mea-
sures of heart rate, core temperature, and O2 con-
sumption rate showed few statistically significant 
differences between SCBA with weights that are 
increased by 2.3 kg and 4.5 kg above current limits. 
However, participants felt that the heavier SCBA 
reduced body mobility and increased the subjective 
difficulty in completing the assigned tasks. There were 
also trends towards significance for time the partici-
pant was able to work in the environmental chamber 
prior to reaching volitional fatigue. Comparison 
between the impact of SCBA used in the current study 
and the effects of lighter SCBA from previous studies 
(Kesler et  al. 2018b, Kesler et  al. 2017) suggest greater 
core temperature rate of rise and poorer performance 
on a functional balance test with the heavier SCBAs.

As these data are reviewed by firefighters, fire depart-
ments, equipment manufacturers, and standard setting 
organisations, it is important to consider the negative 
impacts on working time and the more negative per-
ceptions on mobility and difficulty in completing the 
task with heavier SCBA. The data reported here and 
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similar studies using lighter SCBA and alternate weight 
distributions should be reviewed to cover a broad range 
of SCBA weights and designs. Attention should also be 
given to biomechanical models analysing comfortable 
working weight and weight distribution.
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