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Abstract

Introduction: Although evaporative heat loss capacity is reduced in burn-injured individuals
with extensive skin grafts, the thermoregulatory strain due to a prior burn injury during exercise-
heat stress may be negligible if the burn is located underneath protective clothing with low vapor
permeability.

Purpose: To test the hypothesis that heat strain during exercise in a hot-dry environment while
wearing protective clothing would be similar with and without a simulated torso burn injury.

Methods: Ten healthy individuals (8M/2F) underwent three trials wearing: Uniform (combat
uniform, tactical vest, and replica torso armor plates), Uniform with a 20% total body surface area
(TBSA) simulated torso burn (Uniform + Burn), or shorts (and sports bra) only (Control). Exercise
consisted of treadmill walking (5.3 km-h~1; 3.7 + 0.9% grade) for 60 min at a target heat
production of 6.0 W-kg™1 in 40.0 + 0.1°C; 20.0 + 0.6% relative humidity conditions.
Measurements included rectal temperature, heart rate, rating of perceived exertion, and thermal
sensation.

Results: No differences in rectal temperature (P= 0.85), heart rate (£ = 0.99), thermal sensation
(P=0.73), or rating of perceived exertion (£= 0.13) occurred between Uniform + Burn and
Uniform trials. In the Control trial, however, core temperature, heart rate, thermal sensation, and
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rating of perceived exertion were lower compared to the Uniform and Uniform + Burn trials (P<
0.04 for all).

Conclusion: A 20% TBSA simulated torso burn injury does not further exacerbate heat strain
when wearing a combat uniform. These findings suggest that the physiological strain associated
with torso burn injuries is not different from non-injured individuals when wearing protective
clothing during an acute exercise-heat stress.
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INTRODUCTION

Following a severe burn injury, removal of damaged tissue and subsequent skin grafting
leads to the destruction and denervation of sweat glands (1-4), causing impaired/absent
sweating within grafted skin. Extensive skin grafting, therefore, greatly reduces the capacity
for whole-body evaporative heat dissipation, which exacerbates the elevation in core
temperature during physical activity (2, 5-8). This adverse effect raises the risk for a heat
illness during exercise-heat stress compared to non-injured individuals. Whether burn
injuries induce similar decrements in thermoregulatory capacity when protective clothing is
worn has not yet been determined.

In many occupations, workers are required to wear unique clothing and use equipment that
protects them from physical and/or environmental hazards, but also impose a substantial
thermoregulatory burden by restricting body heat dissipation to the external environment.
For example, to protect against projectile and fragmentation injury, military personnel
typically wear a combat uniform and body armor, which simultaneously inhibit evaporative
heat dissipation from the torso surface (9—-12). Many police officers wear similar ensembles.
Thus, compared to a minimal clothing ensemble, protective clothing with body armor
exacerbate heat strain, increases the risks of heat illness, and impairs duty performance
during prolonged periods of work and ambient heat stress (12, 13). Whether a burn injury
located on the torso underneath a protective clothing/body armor ensemble further increases
thermoregulatory strain is currently unknown, as the detrimental effects of burn injuries are
primarily identified under semi-nude conditions (i.e., only shorts, socks, and shoes were
worn) (4, 5, 14). Given the expectation that protective clothing and body armor impede
sweat evaporation, then the absence of sweat production from extensively-grafted torso skin
in a burned individual should not exaggerate the thermoregulatory strain. In other words,
evaporative heat loss from the torso is likely negligible when protective clothing and body
armor with low vapor permeability are worn, regardless of whether there is a torso burn
injury. This question is particularly pertinent given that (i) ~20-25% of burn injuries in
recent military conflicts include burns on the torso (15), and (ii) the US Army’s Standards of
Medical Fitness Army Regulation 40-501 which states, pertaining to burn injuries as an
exclusion, that “extensive burns on the torso will most significantly impair heat dissipation”
(16).
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The present study evaluated whether heat strain during exercise in a hot-dry environment,
while wearing military protective clothing (combat uniform, tactical vest, with front and
back replica armor plates), would be similar with and without a simulated torso burn injury.
Specifically, we tested the hypothesis that exercise-heat stress will lead to similar levels of
heat strain, regardless of a simulated torso burn injury, when protective clothing with low
vapor permeability is worn. This information may be important in determining whether
soldiers and police officers with healed torso burn injuries, who also must wear protective
clothing during training and operations, should or should not be excluded from service due
the potential for exacerbated heat strain.

METHODS

Ethical Approval

The Institutional Review Boards of the University of Texas Southwestern Medical Center,
Texas Health Presbyterian Hospital Dallas, and the Human Research Protections Office of
the Defense Health Agency approved the study protocol and associated informed consent,
which conformed to standards set forth in the Declaration of Helsinki. Written informed
consent was provided by all participants prior to participation in the study.

Participants

Ten participants (8 males/2 females), reported to be physically active and non-smoking as
well as free of any known cardiovascular, metabolic, or neurological disease, were recruited
for the study. Participant characteristics are presented in Table 1.

Instrumentation and Measurements

A urine sample was obtained to measure urine specific gravity (Atago Inc., Bellevue, WA)
and to confirm female participants were not pregnant (Fisher Healthcare, Pittsburg, PA).
Nude and clothed body masses were measured with a platform scale (Mettler Toledo
PBD655-BC120, Toledo, OH) and height was measured with a stadiometer (Detecto, Webb
City, MO). Total body surface area (TBSA) was calculated based on body mass (in kg) and
standing height (in meters) as (17):

0.425 0.725

TBSA = 0.202-(body mass) -(height)

Rectal temperature (T,ec) Was measured using a general-purpose thermocouple probe
inserted approximately 10 cm beyond the anal sphincter (Mon-a-therm, Mallinckrodt
Medical, St. Louis, MO). Heart rate (HR) was obtained from an electrocardiogram (ECG;
GE Medical Systems, Madison, WI). T,sc and HR were recorded at a sampling frequency of
25 Hz (Biopac MP150, Santa Barbara, CA). Systolic (SBP) and diastolic (DBP) arterial
blood pressures were measured with an automated electrosphygmomanometer (Tango+,
SunTech Medical, Raleigh, NC), and mean arterial pressure (MAP) was calculated as
((SBP/3) + (DBP - 2/3)). Thermal sensation was assessed using an 8-point scale with 0.5-
point increments (0.0 “unbearably cold” to 8.0 “unbearably hot”) (18). Ratings of perceived
exertion (RPE) were assessed using the Borg scale (6 to 20 units) (19). After calibration
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according to the manufacturefs instructions, expired gases and volumes were measured via
open-circuit spirometry and analyzed using a metabolic cart (True-One 2400, Parvo Medics
Inc., Salt Lake City, UT) to determine rates of oxygen uptake (VO,) and carbon dioxide
production (VCO5). Metabolic rate (M) was calculated by indirect calorimetry from VO,
and the respirational exchange ratio (RER):

VO, ((REI({); 0.7)BC)+(( = 6.5 ER)ef) 1000 (W)

60

M =

Where e, is the caloric equivalent per liter oxygen for oxidation of carbohydrates (21.12 (kJ-
171 0,)) and e is that of fat (19.61 (kJ- I"1 O,)). The rate of external work (WKk) was
calculated as:

Wk= body mass- 9.81 -(speed in mph / 2.237)-(%grade/100)

where 9.81 (m-s~2) is acceleration due to gravity and 2.237 is a conversion factor to convert
US Standard units to Metric units (mph to m/s). The rate of metabolic heat production was
taken as the difference between metabolic rate and external work rate.

To replicate the effect of a burn injury on impaired evaporative heat loss, absorbent material
with a vapor-impermeable exterior was placed on the torso. By trapping sweat within the
absorbent material, evaporative cooling was effectively prevented (8, 20). After estimating a
participant’s TBSA, absorbent patches were cut to 20% of TBSA and placed around the
entire trunk. The absorbent material was held in place using surgical tape and a stress test
elastic vest retainer (Surgilast, Derma Sciences, Princeton, NJ).

Experimental Protocol

Three experimental trials were completed in a randomized counterbalanced order at the
same time of day, separated by at least 48 hours, in which participants wore: a combat
uniform (both pants and shirt), tactical vest with replica torso armor plates, socks, and
running shoes (Uniform); combat uniform, tactical vest with replica torso armor plates (7.12
+ 0.16 kg total mass), socks, and running shoes with a 20% simulated burn injury imposed
on the torso (Uniform + Burn); or only shorts, socks, underwear, shoes and sports bra for
females (Control). Prior to the first trial, the subjects underwent medical screening including
a 12-lead ECG and supine blood pressure measurements. Before each trial, participants were
asked to refrain from exercise and alcohol intake for 24 hours, caffeine for 12 hours, and
anti-inflammatory drugs 36 hours. Participants were also instructed to consume a light meal
with 500 ml of water 3 hours prior to the trial. Urine specific gravity was assessed shortly
after arrival at the laboratory, with a value of <1.025 accepted as euhydrated (21).
Participants recorded their nude body mass and then dressed in athletic shorts, socks,
running shoes, and a sports bra for female participants. After instrumentation, participants
donned the combat uniform (both pants and shirt) and tactical vest with replica armor plates
in the Uniform and Uniform + Burn trials. An instrumented and clothed body mass was then
collected. Participants entered an environmental chamber, which was regulated at 40.0 £
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0.1°C and 20.0 + 0.6% relative humidity throughout experimentation. Baseline
measurements were obtained with the subjects standing on the treadmill. Exercise then
commenced at a treadmill speed of 5.3 km-h~1 and an initial incline between 2% and 4%.
Expired gases were collected for 3 min of rest and during exercise between 0-10, 25-35 and
50-60 min. In each trial, the grade of the treadmill was adjusted, as needed, to target the
desired mass-specific rate of metabolic heat production of 6.0 W-kg™L. This exercise
intensity was selected as it represents the metabolic demand associated with a military foot
patrol (22). Whole-body sweat loss was calculated as the difference in nude body mass
before and after the trial minus the water ingested during the trial, with correction for
respiratory and metabolic mass exchange (23). Due to a technical issue, one participant$
whole-body sweat loss could not be measured in a trial, and that measure was therefore
excluded from the whole-body sweat loss analysis. Arterial blood pressures were collected
at baseline and at 15-min intervals throughout exercise. Thermal sensation and RPE were
obtained every 20 min.

Data and Statistical Analyses

RESULTS

Trec and HR are represented as 2-min averages at each time point. A one-way repeated
measures analysis of variance (ANOVA) compared whole-body sweat loss, and rates of
metabolic heat production between trials. Time-dependent measures were compared using
two-way repeated-measures analysis of variance (ANOVA) with the independent factors of
time (time points: 0, 15, 30, 45, and 60 min for Ty, and HR; 20, 40, and 60 min for thermal
sensation and RPE) and condition (Control, Uniform, Uniform + Burn). A Bonferroni
correction was applied for post-hoc multiple comparisons. Statistical analyses were
performed with Prism 8 (GraphPad Prism version 8.2.0, San Diego, CA). Data are reported
as mean = standard deviation. Alpha was set at the 0.05 level.

All individuals were able to complete the 60 min of exercise in each trial. The rate of
metabolic heat production was not different between the two uniformed trials (Uniform: 6.0
+ 0.3 W-kg™L; Uniform + Burn: 6.0 + 0.3 W-kg~1; £=0.84), while the control trial was
slight lower compared to the uniformed trials (5.8 + 0.3 W-kg™1; £<0.03). The average
coefficient of variation for the rate of metabolic heat production per kg body mass (W-kg2)
between participants for the three trials was 3.1 + 1.7%.

Trec increased from baseline (Control: 36.62 + 0.4°C; Uniform: 36.65 + 0.4°C; Uniform +
Burn: 36.62 + 0.3°C; P> 0.96) during exercise (main effect of time: £< 0.001) and this
increase was significantly influenced by the clothing conditions (interactive effect: P<
0.001) (Fig. 1). By 60 min of exercise, T increased to a greater extent in the Uniform and
Uniform + Burn trials compared to Control (P < 0.002). However, the 60-min change in Tyec
was not different between the two uniformed trials (£ > 0.99).

Whole-body sweat losses were 880 + 120 g, 1144 + 165 g, and 1174 + 210 g in the Control,
Uniform, and Uniform + Burn trials, respectively. A significant effect of condition was
observed for whole-body sweat loss, with differences being evident between Control and
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Uniform (£< 0.001) and between Control and Uniform + Burn trial (< 0.001), but not
between the two uniformed trials (P> 0.99).

HR increased throughout the protocol (main effect of time: 2= 0.02) and was significantly
affected by the clothing conditions (interactive effect: £< 0.001). In the two Uniformed
trials, HR was greater compared to Control at 45 and 60 min (P <0.01), but no difference
between Uniform and Uniform + Burn trials was observed at any time (£ =0.08) (Fig. 1).
MAP responses were unaffected by the clothing ensembles (interactive effect: 2= 0.76).

RPE were higher in Uniform compared to Control at every time point (P< 0.01), and were
different between Control and Uniform + Burn at 60 min (£ < 0.03). That said, there were
no differences in RPE between Uniform and Uniform + Burn trials at any time (P> 0.13)
(Fig. 2). Thermal sensation increased over time (main effect of time: £< 0.001) but without
an interactive effect (P = 0.10). There was also a main effect of Condition for thermal
sensation (P = 0.012), with post-hoc evaluations revealing differences between Control and
both Uniform and Uniform + Burn trials (P<0.001) but not between Uniform and Uniform +
Burn trials (P = 0.20, Fig. 2).

DISCUSSION

The aim of this study was to investigate whether the detrimental effects of a burn injury
underneath a protective ensemble is similar when military protective clothing was worn
during exercise-heat stress. Compared to a seminude condition (Control), wearing a combat
uniform (Uniform) exaggerates the increase in core temperature during 60 min of exercise-
heat stress. However, when a simulated torso burn was imposed (Uniform + Burn), the
elevation in core temperature did not differ from the non-burned Uniform trial. Similarly,
elevations in HR and RPE were higher in Uniform compared to Control, but did not differ
from Uniform + Burn trials. These findings indicate that a simulated torso burn injury of
20% TBSA does not cause any additional thermoregulatory burden during exercise in the
heat, relative to solely wearing protective clothing.

During uncompensable heat stress, the magnitude of the elevation in core temperature
reflects the net difference over time between the rate of combined environmental and
metabolic heat gain (when environmental temperature is greater than skin temperature) and
the maximal rate of evaporative heat loss (24, 25); the latter of which is strongly influenced
by clothing vapor resistance. The increase in Tyec Was 0.23°C (~25%) greater in the Uniform
trial relative to the Control trial (Fig. 1). Although a very small (perhaps undetectable)
component of that T, difference may be due to a slightly lower average rate of metabolic
heat production in the Control trial, the observed core temperature difference predominately
reflects the high clothing vapor resistance, and thus the lower potential for evaporative heat
loss, of the uniform trials. This finding is consistent with previous studies involving
equivalent work duration, similar work intensities, and hot-dry conditions, thus reaffirming
that military protective clothing has detrimental thermoregulatory effects in the heat (13, 26,
27). Our key finding, however, was that when a 20% TBSA torso simulated burn injury was
imposed underneath protective clothing in the Uniform + Burn trial, the change in T, after
60 min of exercise-heat stress was not different to that observed in the Uniform trial (i.e.,
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without a simulated burn injury) (Fig. 1). Since the rate of metabolic heat production and
environmental conditions were matched between Uniform and Uniform + Burn trials, the
absence of any difference in T responses indicates that the simulated burn injury in
Uniform + Burn does not exacerbate the detrimental effect of wearing a clothing ensemble
with low vapor permeability, and thus did not further reduce the potential for evaporative
heat loss beyond the Uniform trial. This finding suggests that burn survivors with extensive
skin grafting across the torso are likely to be at no greater risk for a heat-related illness
during short periods of uncompensable heat stress if protective clothing with high vapor
resistance is worn.

Similar to the T responses, whole-body sweat losses were higher in the uniformed trials
compared to the Control trial. This finding is primarily explained by a reduction in
evaporative potential since sweat loss depends on overall heat load and the evaporative
cooling capacity (28). Importantly, the absence of difference in whole-body sweat loss
between the two uniformed trials supports our contention that evaporative potential is not
further altered by the ~20% TBSA simulated burn.

HR for the Control trial was lower than the two uniformed groups in the last half of the trial,
indicating greater cardiovascular strain in the uniform trials (Fig. 1). Further, the magnitude
of cardiovascular drift — the progressive rise in HR during prolonged exercise (29) — was
attenuated in Control compared to the uniformed trials, but was not different between
uniformed trials (Fig. 1). Greater cardiovascular drift, and the attendant rise in perceived
exercise intensity associated with prolonged exercise-heat stress, impair physical
performance (30, 31). Based on the HR responses observed herein, a burn injury covered by
a protective clothing ensemble is unlikely to exacerbate cardiovascular strain or reduce work
performance compared to a non-injured individual wearing the same ensemble.

RPE is highly associated with increases in core temperature and HR during exercise at a
constant work intensity (32, 33). RPE responses in this study were higher in the two
uniformed trials compared to the Control trial, which is consistent with previous findings
(32, 33). The subjective estimate of thermal sensation correlates well with mean skin
temperature (34). The participants in this study found the environmental conditions to be
“warm” upon entry into the environmental chamber, and thermal sensation increased
throughout exercise. Subsequent evaluation revealed a slightly higher rating of thermal
perception for both the Uniform and the Uniform + Burn trails, both relative to the Control
trial. However, an absence of a difference in thermal sensation between the Uniform and
Uniform + Burn trials suggests that the combination of a torso burn injury and the evaluated
clothing ensemble does not further increase thermal sensation over the clothing ensemble
alone.

Perspectives

The Standards of Medical Fitness for the U.S. Army and the U.S Department of Defense
exclude individuals with significant thermoregulatory dysfunction (16, 35). These standards
state that “extensive burns on the torso will most significantly impair heat dissipation” (16).
On the surface, this standard seems appropriate given that some of the highest regional sweat
rates are located on the torso, particularly along the spinal column, over the scapulae, and at
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the lower back (36). More recently, United States Department of Defense’s Medical
Standards for Appointment, Enlistment, or Induction into the Military Services have
determined that, “Prior burn injury involving 18 percent or more body surface area
(including graft sites)” does not meet the standard. These Standards formed the basis for the
present investigation. In contrast to these standards, in the present investigation core
temperature responses at a fixed rate of metabolic heat production were similar between
Uniform and Uniform + Burn trials. Thus, a 20% TBSA burn injury on the torso is unlikely
to further impair heat dissipation when protective clothing with low vapor permeability is
worn. Based on these observations, the US Army and the Department of Defense should
consider re-evaluating medical standards pertaining to burned soldiers, focusing on the
amount of non-injured skin that is available for heat dissipation(5), rather than the
anatomical location and %TBSA injured, when determining whether a soldier or recruit with
a burn injury meets their Standard (5).

Considerations

The current study was not conducted in individuals with a burn injury but rather in healthy
non-injured individuals. This trial would have been extremely difficult to perform
appropriately in burn survivors as the regional distribution of a burn injury will differ greatly
between individuals (37). Other factors, like heat acclimatization and aerobic capacity, the
latter of which is disproportionately low in burn survivors compared with age-matched
normative values (38), would further make a reasonable comparison between actual burn
survivors and non-burned control individuals difficult. Thus the within-subject design of the
current study minimizes the variability that would otherwise occur had a cross-sectional
study been performed.

The hot, low-humidity environmental conditions in this study caused the skin-air gradient to
favor dry heat gain, resulting in a higher evaporative heat loss requirement. At higher
humidity levels, maximum evaporation is further reduced, making it harder to evaluate
whether a burn injury would impact core temperature regulation. The employed
environmental conditions maximized the chances that we would see differences in core
temperature between the uniformed trials. Regardless, the interpretation of the findings are
constrained to a high heat and low humidity environment. That said, due to the level of vapor
impermeability and high thermal insulation posed by the employed uniform, we proposed
that the thermoregulatory strain between uniformed burn-injured and uniformed non-burn-
injured trials would probably be the same regardless of ambient temperature and humidity. A
different clothing ensemble, consisting of a semi-permeable garment to allow for greater
evaporative potential, would perhaps be of greater advantage to the non-burned individuals
than those with burn injuries.

The required exercise workload was selected to be similar to moderate intensity duties that a
soldier may be required to perform (39, 40). We cannot comment on whether similar results
would have been observed should a higher or lower intensity workload been performed.

In the contemporary operational environment, modular scalable armor is often used,
allowing soldiers to tailor their protection accordingly to the anticipated level of risk (12). If
the threat of a ballistic or fragmentation injury is high, armor may be reconfigured to cover a
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larger body surface area, but at the expense of thermoregulatory capacity. If the threat level
is low, armor can be scaled down to minimize the thermoregulatory penalty. In contrast to
those operational options, only one combat uniform ensemble was tested in this study. A
different armor configuration may evoked different rate of heat storage, as the surface area
of coverage would be different.

CONCLUSION

In summary, a 20% TBSA simulated torso burn injury does not exacerbate thermoregulatory
strain during exercise in a hot-dry environment while wearing a military combat uniform.
These findings demonstrate that soldiers with burn injury to the torso are at no additional
risk of heat strain compared to non-injured soldiers when both are wearing the same military
combat ensemble. In light of these findings, the US Army’s Standards of Medical Fitness
(16), stating that an extensive torso burn “will most significantly impair heat dissipation”,
may require re-evaluation.
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Figure 1—.
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The change in core temperature (/ef?) and heart rate (righf) throughout exercise at 40°C and
20% RH while wearing a military combat uniform (Uniform), a military combat uniform
with a simulated burn injury (Uniform + Burn), or shorts and shoes with females also
wearing a sports bra (Control). * difference between Control and Uniform + Burn (P <
0.05). t difference between Control and Uniform (P <0.05). Values are mean + SD for 10

participants.
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Thermal Sensation
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Rating of perceived exertion (/eff) and thermal sensation (r7ig/h?) throughout exercise at 40°C
and 20% RH while wearing a military combat uniform (Uniform), a military combat
uniform with a simulated burn injury (Uniform + Burn), or shorts and shoes with females
also wearing a sports bra (Control). * difference between Control and Uniform + Burn (P <
0.02). t difference between Control and Uniform (P <0.05). ¥ main effect differences
between Control and both Uniform and Uniform + Burn for thermal sensation. There were
no main effect differences between Uniform and Uniform + Burn for this variable. Values
are mean + SD for 10 participants.
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Table. 1

Subject characteristics

Sex Age (yr) Body mass (kg) Height (m) TBSA (m?) Body mass index (kg:-m2)

Men 315 746+6.1 1.77+01 190+017 23.7+16
Women 23+4 65.6 +11.7 1.65+0.0 1.70+0.1 23.8+4.0
Combined 30+6 725+7.6 1.75+£0.07 187+0.1 23.8+2.0

TBSA, total body surface area; Unpaired t-test was used for single comparisons between participant characteristics

*
Significantly different from females (P < 0.05). Values are means + SD.
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