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a b s t r a c t

Background: Recommendations have been proposed for minimum aerobic fitness among firefighters but
it is unclear if those criteria relate to performance on the fireground. Less fit individuals fatigue more
quickly than fit individuals when working at comparable intensity and may have gait changes, increasing
risk of falls. We evaluated the effect of fatigue during a live burn evolution on gait parameters and
functional balance comparing them to aerobic fitness levels.
Methods: A total of 24 firefighters had gait and balance tested before and after a live burn evolution. Data
were stratified by aerobic fitness of greater/less than 14 metabolic equivalents (METs).
Results: Analysis of gait cycles measurements before and after the live burn evolution revealed that
single leg stance, cycle, and swing time decreased (p < 0.05) but there were no differences in the other
measures. There were no differences in time to complete the functional balance test, or errors committed
before or after a live burn evolution. When firefighters were sorted by fitness level of 14 METs, there were
no differences for errors or time before or after the live burn evolution. Balance data were analyzed using
a linear regression. Individuals with lower fitness levels required more time to complete the test.
Conclusion: A 14-MET criterion failed to distinguish gait or balance characteristics in this group. How-
ever, less fit firefighters did require more time to complete the balance test (p ¼ 0.003). Aerobic fitness
alone does not predict gait changes among firefighters following a live burn evolution but does appear to
influence functional balance.
� 2016, Occupational Safety and Health Research Institute. Published by Elsevier. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Firefighting involves various duties that include responding to
structure fires, motor vehicle accidents, search and rescue, floods,
and hazardous materials response. This requires responding to
novel environments with unknown hazards that can contribute to
slips and falls. In addition, as part of their safety protocols, fire-
fighters are required to wear thermal protective clothing (TPC) that
includes heavy pants, coat, fire boots, gloves, helmet, and a self-
contained breathing apparatus (SCBA). This ensemble can weigh
up to 24 kg and can alter balance while walking [1,2].

On-duty injuries to firefighters are common,with 27,015 nonfatal
injuries occurring during fireground operations in 2014 [3]. Injuries
that occur while working at a fireground are frequently caused by
falls, slips, and jumps, which account for approximately 28.7% of all

injuries [3]. In volunteer firefighter departments, 25% of fireground
injuries are caused by slips, trips, jumps, or falls and may include
causes like tripping over stationary obstacles or slipping on uneven
or slippery surfaces [4]. Falls account for 17.8% of nonfatal injuries in
government firefighters, with an additional 5.6% of injuries caused
by a slip, trip, or loss of balance [5].

Intrinsic and extrinsic factors may affect the balance of fire-
fighters and increase fall risk at emergency incidents but it is not
known which factors have a more significant effect [2]. Intrinsic
factors include experience, strength, and balance, whereas extrinsic
factors may include heat, walking surface, or equipment worn by
firefighters. Wearing TPC is known to affect gait speed and step
length in addition to contributing to decreased performance on
gait assessed with standard tests [1]. Postural and functional bal-
ance are negatively affected by wearing TPC, especially the SCBA,
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and these deficits are greater in firefighters who are older [6].
Decreased postural balance due to decreased visual and somato-
sensory input may increase the risk of falls on the fireground [6]. In
addition to the weight alterations from wearing TPC, SCBA, and
carrying any additional gear, fire boots themselves can have dele-
terious effects on balance [7,8].

Little is known about the effect of physical fitness on gait pat-
terns in healthy younger adults [9]. Muscle fatigue negatively affects
gait patterns by increasing gait cycle variability, which has been
linked to increased risk of falls [10]. Less fit individuals show signs of
fatigue more quickly whenworking at the same intensity compared
with more fit individuals. Therefore, less fit individuals may have
more gait cycle changes increasing risk of falls. Various recom-
mendations have been proposed for minimum aerobic fitness based
onmaximal oxygen consumption (VO2max) among firefighters but it
is not clear if those criteria are related to performance on the fire-
ground. It has been reported that the most strenuous fireground
activities required sustained effort of 12 metabolic equivalents
(METs) and therefore, a peak aerobic capacity of 14 METs is required
to be able to successfully meet these demands [11]. Studies have
reported that aspects of fitness such as aerobic capacity and
strength training are more likely to predict performance on certain
tests used to ascertain firefighter job readiness [12,13]. These tests
include activities such as a hose pull, stair climb, simulated victim
drag, but to our knowledge, there are no studies examining the
effect of aerobic fitness on gait or functional balance among fire-
fighters after participating in a live burn evolution.We hypothesized
that firefighters with higher levels of fitness would have fewer
changes in gait and balance after a live burn evolution.

2. Materials and methods

The University of Pittsburgh’s Institutional Review Board (Pitts-
burgh, PA, USA) approved the procedures in this study. All fire-
fighters (study participants) provided written, informed consent
prior to participating. Study participants included male and female
local volunteers and career firefighters certified to a level that
allowed them to participate in live fire training.

All participants underwent a physical examination by a study
physician before participation. Participants were free of chronic
health conditions including cardiovascular and pulmonary disease,
metabolic disease, or orthopedic injury. Participants completed a
Bruce protocol treadmill test using open circuit spirometry (Parvo
Medics TrueOne 2400; Parvo Medics, Sandy, UT, USA) to determine
individual VO2max. Electrocardiogram was recorded at rest and
during the VO2max test and reviewed by a study physician to ensure
there were no cardiac abnormalities.

Gait measurements were videotaped (50 frames/s) on the day of
the live burn evolution. The camerawas positioned perpendicular to
the walking lane to allow multiple steps to be analyzed. Gait was
analyzed using Dartfish Connect 6.0 software (Dartfish USA,
Alpharetta, GA, USA). A single technician analyzed gait speed, single
anddouble stance time, step frequency, stride length, and cycle time.

Participants also completed a functional balance test developed
for firefighters and used previously by our group [12,14]. A practice
test was administered in the laboratory wearing gym clothes and
tennis shoes. Participants start the test by standing on a platform at
ground level with marked placement for their feet. Participants
were required to walk across a 4.4-cm thick beam 9.5 cmwide and
2.45 m long. The participants initially walked forward, then turned
in the middle 0.50 m of the beam and continued walking backward
and stepping off the end of the beam onto another platform. They
would repeat this process to end on the initial starting platform.
Participants were to complete this balance task as quickly as they
could without making errors. Errors were defined as stepping off

the beam, touching the ground, failing to turn in the designated
area, or not stepping on the designated platform area. The time to
complete the test was measured with a digital stopwatch and the
amount of errors were recorded by a single observer.

Participants reported to the Allegheny County Fire Academy
and participated in a live burn training evolution. All data were
collected in the morning over 4 consecutive days. Participants used
their department-issued protective clothing and breathing appa-
ratus. Participants were instructed to eat a normal breakfast and to
avoid alcohol, caffeine, and exercise 12 hours prior to the training.
All participants were given an indigestible pill (HQ Inc., Palmetto,
FL, USA) to monitor core temperature and asked to take it 8 hours
prior to arrival.

Participants provided a urine sample to assess euhydration
(urine specific gravity � 1.025). Participants who were not euhy-
drated were instructed to drink water and were rechecked for hy-
dration status and began participation after euhydration was
achieved. Each participant’s protective ensemble was inspected by
Allegheny County Fire Academy (Allison Park, PA, USA) instructors
to ensure it met the required standards for use in a live fire training
exercise. Participants donned their protective clothing and SCBA
before completing the balance and gait tests. The full protective
ensemble included boots, heavy pants, heavy coat, helmet, gloves,
flame-resistant hood, and SCBA.

The scenario required the participant to enter a concrete block
building and advance a 4.4-cm charged hose line up an interior
stairwell to the second floor of the structure. Participants partici-
pated in repeated fire suppression and ventilation of room and
contents as part of the training exercise and worked in pairs for
approximately 20 minutes. Participants then cleared themselves
and equipment including fire hose from the training building.
Immediately after participating in the live fire exercise, each
participant repeated the gait and functional balance test procedures.

2.1. Statistical analyses

Gait and functional balance data before and after the live burn
evolution were compared with paired t test for the entire cohort.
Participants were then stratified by maximal METs measured dur-
ing their VO2max assessment. A two-way analysis of variance was
performed with the conditions before and after the live burn evo-
lution and greater/lesser than 14 METs aerobic capacity. A regres-
sion analysis was also performed and conditioned on fitness. Data
were considered significant if p � 0.05. All analyses were per-
formed using Prism 5 for Mac OS X (version 5.0f) (GraphPad Soft-
ware, La Jolla, CA, USA).

3. Results

A total of 24 participants participated. Morphometric measure-
ments were obtained and are presented in Table 1. Full gait infor-
mationwas collected from 20 participants but video quality was not
sufficient to accurately determine heel strike or toe off in the
remaining six participants. Data for the functional balance testing
were available for all 24 participants. For analysis of participants

Table 1
Morphometrics of the cohort

Criterion Male/Female Age
(y)

Height
(cm)

BMI
(kg/m2)

VO2max

(mL/kg/min)

< 14 METs 10/2 26.9 � 7.5 176.6 � 10.3 29.2 � 6.0 41.7 � 6.4

> 14 METs 11/1 29.1 � 4.4 176.5 � 7.8 26.9 � 2.9 52.4 � 3.7*

* p < 0.001 when compared with the “less than 14 METs” group.
BMI, body mass index; MET, metabolic equivalent; VO2max, maximal oxygen
consumption.
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where data could be analyzed there are similarities in the gait cycle
findings that were independent of fitness levels. Analysis of gait
before and after the live burn evolution revealed that single leg
stance time, cycle time, and swing time decreased (p < 0.05) but
there were no differences in the other measures of the gait cycle
(Fig. 1).

The live burn evolution lasted 25.1 � 6.1 minutes each interval
with participants extinguishing and ventilating multiple wood-
fueled room fires. Pre- and postvalues for heart rate and core
temperature are reported in Table 2 and are consistent with

previous studies using a live burn evolution protocol conducted by
our group [15,16].

The functional balance test outcomes included the time to
complete the test and the number of errors that occurred during
the test. Overall, there were no difference in time to complete the
test, or errors committed during the test performed before the live
burn evolution in TPC and after evolution conditions (Fig. 2).
Similarly, when participants were sorted by fitness level of 14METs,
there were no differences for errors or time between testing con-
ditions (Fig. 3). However, when balance data were analyzed using a

Fig. 1. Spatiotemporal gait variables measured before and after the live burn evolution interval. Whiskers on the plots indicate the 10th and 90th percentiles. Black circles represent
outliers beyond the 10th percentile and 90th percentile.
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linear regression of fitness, individuals with lower fitness levels
required more time to complete the test before and after the live
burn evolution (Fig. 4).

4. Discussion

This is one of the few studies to describe the association of
protective firefighting gear, physical exertion, and aerobic fitness on
changes in the gait cycle and functional balance. Few gait variables
were altered by the exertional heat stress associated with partici-
pation in a single live burn evolution when firefighters were
wearing full TPC despite substantial rise in heart rate and core body
temperature. Fitness levels of the participants did not affect the
results of the functional balance test when participants were
separated into two groups by ability to perform 14 METs or greater
of work. However, a linear regression analysis indicated that higher
fitness levels allow firefighters to complete the test in less time.
Participants were allowed to self-select their speed during the
functional balance test. It is unknown if falls would increase if
participants were required to complete the testing more quickly
and we have previously reported that firefighters employ a slowing

Table 2
Change in heart rate (HR) and core temperature (Tc) and final values after the fire
suppression interval

HR change preepost
fire suppression

HR after
fire suppression

Tc change
preepost

fire suppression

Tc after
fire suppression

72 � 21 bpm 177 � 17 bpm 1.04 � 0.6�C 38.3 � 0.7�C

bpm, beats per minute.

Fig. 2. Number of errors committed (A) and time required (B) to complete the func-
tional balance test before and after the live burn evolution. Whiskers on the plots
indicate the 10th percentile and 90th percentile.

Fig. 3. Number of errors committed (A) and time required (B) to complete the func-
tional balance test before and after the live burn evolution stratified by aerobic fitness
above or below 14 metabolic equivalents (METs). Data are shown as mean � standard
deviation.

Fig. 4. Regression lines fitted to the errors committed (A) and time required to com-
plete (bottom panel) stratified by aerobic fitness before (square symbols) and after
(triangle symbols) the live burn evolution interval. For errors committed, r2 ¼ 0.04
(before the test) and 0.09 (after the test). For time, r2 ¼ 0.30 (before the test) and 0.45
(after the test). METs, metabolic equivalents.
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strategy on the test when the gear configuration becomes heavier
and more complex [12]. Less physically fit firefighters may have a
higher risk of falls in conditions that dictate the need to work at a
faster pace than they would normally select for gait.

Analysis of live burn evolution gait data (before and after the
test) revealed that single leg stance time, cycle time, and swing
time decreased after firefighting activities but there were no dif-
ferences in the other measures of the gait cycle. Identifying changes
in these gait measures is novel and may indicate that firefighters
are altering their gait with a slightly shortened stride andmay be an
unconscious attempt to compensate for their fatigue. Another
possibility is that participants were aware they were being filmed
and may have altered their gait while on camera to disguise
markers of fatigue. It is possible that other unmeasured aspects of
gait such as foot clearance, hip, knee, ankle, and foot joint kine-
matics, or forces produced by heel strike or toe off may reveal
adaptive changes associated with fatigue, which could increase risk
of slips, trips, and falls.

Other investigations have examined the relationship between
wearing protective firefighting equipment and balance in an effort
to decrease slips and falls with mixed results. A laboratory study of
participants walking in the heat while wearing TPC and SCBA re-
ported that the gait spatiotemporal variables such as step length
and frequency were not different when comparing the rested
and fatigued conditions [17]. Other investigations have reported
changes in the gait cycle when participants wore TPC of different
types compared with baseline conditions [1,18]. One of these
studies found that wearing TPC caused the participants to have
slower gait and shorter step length, and shorter single leg stance
[1]. The wide discrepancy in effects of gear on gait variables may be
attributed to a variety of factors including the use of treadmills to
control gait speed, the use of obstacles positioned during testing, or
possibly an unappreciated factor such as firefighter experience,
body mass index, or the type and style of TPC.

In addition to altering the timing of the gait cycle, wearing TPC
and SCBA increases postural sway, especially when visual input is
eliminated. Functional balance is impaired by wearing personal
protective equipment with SCBA as the single most detrimental
piece of equipment [6]. Wearing SCBA has been associated with
increased fall risk on the fireground [19]. Increased errors in func-
tional gait tests have been reported when participants were
fatigued after activity in TPC but this was not seen with the study
conditions used in the present report [1].

A previous study of firefighters conducted in our laboratory used
the balance test from the present study to examine the effect of
wearing different combinations of TPC and SCBA versus regular
clothing [12]. Generally, participants in that study decreased gait
speed and had more errors on the balance test when wearing TPC
and SCBA. The exception was the group that reported regular
participation in strength training and aerobic exercise; they
maintained gait speed and number of errors across testing condi-
tions. The present study found that participants with higher fitness
levels required less time to complete the balance test using linear
regression, but did not find a significant difference in time or errors
when comparing pre- with postwork conditions.

Minimum aerobic fitness recommendations have been made for
the fire service personnel ranging from 10 METs to 14 METs and
should be incorporated into firefighter screening and rescreening
programs, given the high rates of obesity and the prominence of
cardiac death within the fire service [20]. However, there is little
evidence that aerobic fitness alone predicts performance on
occupation-specific tasks. Persons who have increased fitness
levels will experience fatigue less quickly than those who have
lower levels of fitness. Fatigue has been noted to impair gait char-
acteristics such as step width and hip and trunk range of motion;

gait alterations can increase fall risk [12,17,21]. The regression
analysis results in the present report indicate that firefighters with
lower fitness levels may have decreased functional balance when
compared with their more fit colleagues. However, simple strati-
fication by the 14-MET criterion did not reveal differences in
functional balance. It is possible that using a lower criterion would
have revealed differences but there were not enough low-fit fire-
fighters in the study to perform additional stratifications. These
results support decreased risk of falls in firefighters who adhere to
recommended standards for cardiovascular fitness.

This study was limited by the lack of low fitness levels among
participants. Of 24 participants, only four had aerobic capacity
measured under 12 METs, indicating a relatively high level of aer-
obic fitness when compared with the fire service reports overall.
We did not measure muscular strength and do not have data
regarding aerobic or strength training programs that the partici-
pants participated in outside of the study. A wider sample of aer-
obic fitness levels in firefighters that are approved for active duty
may provide more insight into fitness, balance, and risk of falls.

In conclusion, differences were seen in gait when comparing
data before and after the live burn evolution among experienced
firefighters who were accustomed to wearing fire protective gear,
indicating that some combination of TPC and fatigue affects gait. A
14-MET fitness criterion failed to distinguish gait or balance char-
acteristics in this group of firefighters although there is an associ-
ation with aerobic capacity and time to complete the functional
balance test. Using this standard, aerobic fitness alone does not
predict performance with regard to gait and balance among fire-
fighters following a live burn evolution but does appear to influ-
ence functional balance when self-selection of gait speed is
compatible with surrounding conditions.
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