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Context: The measurement of body temperature is crucial
for the initial diagnosis of exertional heat injury and for
monitoring purposes during a subsequent treatment strategy.
However, little information is available about how different
measurements of body temperature respond during and after
exertional heat stress.

Objective: To present the temporal responses of aural canal
(Tac), esophageal (Tes), and rectal (T,e) temperatures during 2
different scenarios (S1, S2) involving exertional heat stress and
a subsequent recovery period.

Design: Randomized controlled trial.

Setting: University research laboratory.

Patients or Other Participants: Twenty-four healthy volun-
teers, with 12 (5 men, 7 women) participating in S1 and 12 (7
men, 5 women) participating in S2.

Intervention(s): The participants exercised in the heat
(42°C, 30% relative humidity) until they reached a 39.5°C cut-
off criterion, which was determined by T,. in S1 and by Tgs in S2.
As such, participants attained different levels of hyperthermia
(as determined by T,.) at the end of exercise. Participants in S1
were subsequently immersed in cold water (2°C) until T
reached 37.5°C, and participants in S2 recovered in a

temperate environment (30°C, 30% relative humidity) for
60 minutes.

Main Outcome Measure(s): We measured T, Tes, and T,
throughout both scenarios.

Results: The T (S1 = 40.19 = 0.41°C, S2 = 39.50 *=
0.02°C) was higher at the end of exercise compared with both
Tac (81 =39.74 £ 0.42°C, S2 = 38.89 = 0.32°C)and T\, (S1 =
39.41 = 0.04°C, S2 = 38.74 = 0.28°C) (for both comparisons in
each scenario, P < .001). Conversely, Tes (S1 = 36.26 =
0.74°C, S2 = 37.36 = 0.34°C) and T, (S1 = 36.48 = 1.07°C,
S2 = 36.97 = 0.38°C) were lower compared with T,, (S1 =
37.54 + 0.04°C, S2 = 37.78 = 0.31°C) at the end of both
scenarios (for both comparisons in each scenario, P < .001).

Conclusions: We found that T, Tes, and T, presented
different temporal responses during and after both scenarios of
exertional heat stress and a subsequent recovery period.
Although these results may not have direct practical implications
in the field monitoring and treatment of individuals with exertional
heat injury, they do quantify the extent to which these body
temperature measurements differ in such scenarios.
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Key Points
» Aural canal, esophageal, and rectal temperatures presented different temporal responses during 2 scenarios of exertional

» Rectal temperature increased more slowly than esophageal and aural canal temperatures during exercise-induced
» Rectal temperature decreased more slowly than esophageal and aural canal temperatures after exercise-induced

» Rectal temperature is the only suitable and valid index for the monitoring of body temperature in a field setting; the use of
esophageal temperature is not practical in such situations, and aural canal temperature is often influenced by external factors.

thletic,! occupational,2 and military3 activities can

potentially increase an individual’s risk for exer-

tional heat exhaustion and exertional heat stroke.
Because individuals with either condition may demonstrate
similar physical signs and symptoms, a prompt measure-
ment of rectal temperature (T,.) is critical to establishing an
appropriate treatment strategy.!-#4 If a collapsed hyperther-
mic individual has a T, of less than 40°C and has no signs
or symptoms of central nervous system dysfunction, he or
she is considered to have exertional heat exhaustion, and
immediate treatment should consist of moving the individ-
ual to a shaded area.!.4 On the other hand, if the individual
has a T, of greater than 40°C and has signs of central
nervous system dysfunction, he or she likely has exertional

heat stroke, and cold-water immersion is the recommended
treatment.!.5 In both cases, T, should be monitored until it
reaches safe levels.

Many researchersé-14 have evaluated the differences in
commonly used measurement sites of body temperature
(eg, aural canal, esophagus, rectum). However, most of
these investigatorsé-8 have used passive whole-body cool-
ing or rewarming techniques to manipulate body temper-
ature during surgical procedures. Furthermore, few re-
searchers have examined these different measurements of
body temperature during exertional heat stress scenarios,
with most studies®-14 conducted to validate the use of T, as
an appropriate indicator of body temperature. To date, a
paucity of information exists about the temporal responses
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of aural canal temperature (T,.), esophageal temperature
(Te), and T, both during and after exertional heat stress.
Therefore, the purpose of our study was to present the
temporal responses of T,., Te, and T, during 2 scenarios
involving exertional heat stress and a subsequent recovery
period. Based on previous studies,6-7 we hypothesized that
T,. would increase at a slower rate, compared with both T
and T,., during exercise-induced hyperthermia. We also
hypothesized that T,. would decrease at a slower rate,
compared with T, and T, after exercise-induced hyper-
thermia.

METHODS

We collected data during 2 separate experiments
(scenarios 1 and 2) and compared each index of core
temperature within the particular scenario rather than
between scenarios. For scenario 1, we reproduced the
recommended recovery treatment for individuals with
exertional heat stroke and used an aggressive water-
immersion strategy.l.> For scenario 2, we used an inactive
seated recovery in a temperate climate, which is, in part,
the recommended treatment for individuals with exertional
heat exhaustion.!

Participants

Five men and 7 women volunteered for scenario 1, and 7
men and 5 women volunteered for scenario 2. All
participants were physically active, healthy, nonsmoking,
and normotensive. We defined physically active as exercising
at least 3 times per week at a medium intensity (=12 on the
Borg scale) for at least 20 minutes.!5 For both scenarios,
body adiposity and maximal oxygen consumption were
measured 5 to 7 days before the experiments. Body density
was determined by the hydrostatic weighing technique.
Calculation of the percentage of body fat was based on the
Siri equation.!6 Maximal oxygen consumption was measured
during a progressive treadmill (Desmo HP; Woodway,
Waukesha, WI) running protocol, which consisted of a 2-
minute warm-up at 0% grade, followed by 2% increments
every 2 minutes until physical exhaustion.!?” Running speed
was kept constant throughout the protocol at 7 miles per
hour for men and at 6 miles per hour for women. Expired gas
was analyzed for oxygen (error, =0.01%) and carbon dioxide
concentrations (error, =0.02%) using electrochemical gas
analyzers (AMETEK models S-3A/1 and CD 3A; Applied
Electrochemistry, Pittsburgh, PA). The data were used to
select the workload for the experimental exercise phase of
each scenario. To control for possible hormonal effects,
women were tested during the early follicular phase (3-5 days
after the onset of menstruation) of their menstrual cycles.
Characteristics of the participants from each scenario are
presented in the Table.

The study was approved by the university’s Research
Ethics Committee, and all participants provided written
informed consent.

Instrumentation

We measured T, using a thermocouple probe (Mon-a-
therm model 503-0021; Covidien-Nellcor, Boulder, CO; the
same type of thermocouple probe was used for all
measurements) that was placed in the aural canal until it

Table. Participants’ Characteristics (Mean = SD)
Maximum Oxygen
Age, Height, Mass, Consumption, Body
y cm kg mL/min Fat, %
Scenario 1
(n=12)a 24 £+ 2 170 =9 66.6 = 109 3893 =917 18 =6
Scenario 2
(n=12p 24 +5 171 =8 71.4 + 117 4007 +835 19+ 4

2 Participants consisted of 5 men and 7 women.
® Participants consisted of 7 men and 5 women.

rested against the tympanic membrane, after which it was
retracted slightly. The probe was held in position and
isolated from the external environment with cotton wool.
The T, was measured by placing a pediatric thermocouple
probe of approximately 2 mm in diameter through the
participant’s nostril. The location of the probe tip in the
esophagus was estimated to be at the level of the eighth and
ninth thoracic vertebrae.!8 We measured T, using a
pediatric thermocouple probe inserted to a minimum of
12 cm past the anal sphincter.

Temperatures were collected using a data acquisition
module (model 3497A; Agilent Technologies, Inc, Santa
Clara, CA) at a sampling rate of 15 seconds throughout
scenario 1 and for the recovery period of scenario 2. Data
were simultaneously displayed and recorded in spreadsheet
format on a personal computer (ThinkCentre M50; IBM
Corporation, Armonk, NY) with LabVIEW software
(version 7.0; National Instruments Corporation, Austin,
TX). For the exercise period of scenario 2, core temper-
atures were monitored and recorded every 5 minutes using
a handheld microprocessor thermometer (model HH21;
Omega Engineering, Inc, Stamford, CT).

Experimental Protocol

For each scenario, trials were performed at the same
time of day to avoid circadian variation in core temper-
atures. Participants were instructed to fast for at least
4 hours before experimentation, and water consumption
was permitted ad libitum during this time. All participants
were instructed to wear shorts and athletic shoes, and
female participants were also instructed to wear sports
bras. Upon arrival at the laboratory, they were instru-
mented with the 3 core temperature probes (aural canal,
esophageal, and rectal). After instrumentation, participants
remained resting in an upright, seated position at ambient
temperature conditions. After 15 minutes of seated rest,
participants entered an adjoining temperature-controlled
chamber maintained at 42°C and 30% relative humidity,
with an airflow of approximately 0.2 m/s, and they ran on a
treadmill at approximately 70% of their predetermined
maximal oxygen consumption.

Scenario 1

Participants exercised until T, reached 39.5°C. Because T,
values were similar (within the confines of approval by the
university Research Ethics Committee) to those values
associated with exertional heat stroke, participants were
immediately transferred (approximately 2 minutes) postexer-
cise into a circulated water bath (model J-315; Jacuzzi Spas
International, Chino, CA) maintained at 2°C. Before entering
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Figure 1. Esophageal, aural canal, and rectal temperatures during exertional heat stress and throughout the subsequent period of cold-
water immersion in scenario 1. Values are mean =+ standard error for 12 participants. 2 Indicates different from aural canal temperature (P
< .05). b Indicates different from rectal temperature (P < .05). The vertical dashed lines delimit each period. The horizonal dashed line

represents the mean of all 3 resting core temperatures.

the water bath, participants were fitted with Neoprene
(DuPont Performance Elastomers, Wilmington, DE) mitts
and socks to reduce discomfort. Participants were immersed
to the clavicles in a semirecumbent position and remained in
the water until T, reached approximately 37.5°C.

Scenario 2

Participants exercised until T reached 39.5°C. Because
T, values approached those values typically associated
with exertional heat exhaustion (approximately 39°C),
participants were immediately transferred (approximately
2 minutes) postexercise to an adjacent chamber, with
ambient conditions maintained at 30°C and 30% relative
humidity, and began a 60-minute inactive recovery period.

Statistical Analyses

Because total exercise time differed for each participant
during exercise for both scenarios and because the period
of cold-water immersion differed for each participant in
scenario 1, data are presented as a percentage of the total
time taken to reach the experimental withdrawal criterion
for each period. A 2-way repeated-measures analysis of
variance was used to analyze the data for both scenarios
with the repeated factors of percentage of total time (0%,
20%, 40%, 60%, 80%, and 100%) and core temperature
measurement (aural canal, esophageal, and rectal). The
dependent variables were absolute values of T, T, and
T,.. Paired-samples ¢ tests were used to perform pairwise
post hoc comparisons. The o level was set at .05 and was
adjusted during multiple comparisons to maintain the rate
of type 1 error at 5% during Bonferroni post hoc analysis.
The data are presented as means *= SDs, unless otherwise
indicated. All analyses were performed using SPSS (version
16.0 for Windows; SPSS Inc, Chicago, IL).

RESULTS

Scenario 1

Pre-exercise T, (tg = 7.0, P < .001) and T (to = 6.9, P
< .001) were greater than T,.. The average exercise time
taken to reach the experimental withdrawal criterion of
39.5°C T, was 34 = 8 minutes. During exercise, all 3
indices of core temperature increased as a function of
percentage of total exercise time (Fipo0 = 317.39, P <
.001). However, increases in core temperature during
exercise were affected by the measurement index (F5;5 =
22.59, P < .001). This was evidenced by a greater increase
in Te than in T, at 40% of total exercise time until the end
of the exercise period (z;; range, 5.3-8.3, P < .001)
(Figure 1). Furthermore, these differences became greater
as a function of percentage of total exercise time (Fy 49 =
7.74, P < .001) (Figure 2A). Additionally, T, was greater
than T, throughout the exercise period (9 range, 4.0-6.9,
P < .001) (Figure 1). However, because T.; was higher
than T, at rest (g = 6.9, P < .001), the changes from
baseline rest in T, were not different at any time compared
with T, (tg range, —2.1 to 0.3, P > .05).

The average time taken to reach the criterion of 37.5°C
T, for water-immersion withdrawal was 14 = 5 minutes.
All 3 indices of core temperature decreased as a function of
percentage of total immersion time (Fjos50 = 39.81, P <
.001). However, we found a difference between core
temperature measurements during cold-water immersion
(F5.10 = 10.19, P < .001). The T¢s was elevated compared
with both T, (tg = 4.1, P < .001) and T, (¢;0 = 3.9, P <
.001) at the end of exercise. However, it rapidly decreased
during the water immersion such that it was lower than T,
at 20% of the total water-immersion period and remained
lower until participants were taken out of the water
bath (#;¢ range, —6.9 to —3.5, P < .001). Similarly, T,
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Figure 2. Differences between esophageal and rectal temperatures as a function of percentage of total exercise time during exertional
heat stress as defined by A, an esophageal temperature of 39.5°C or B, a rectal temperature of 39.5°C. Values are mean =+ standard error
for 12 participants. 2 Indicates different from 20% of total exercise time (P < .05).

decreased at a greater rate than T, (#y range, 2.0-5.3, P <
.001); however, we found no differences between T, and
T, during the immersion period (#; range, —3.3to 1.6, P =
.05) (Figure 1).

Scenario 2

We found no differences between indices of core
temperature before exercise (¢;; range, —2.4 to 5.6, P =
.05). The average time taken to reach the experimental
withdrawal criterion of 39.5°C T, was 29 * 7 minutes. All
3 indices of core temperature increased as a function of
percentage of total exercise time (Fs 5o = 278.68, P < .001).
However, we found differences between body temperature

measurements (F,,o = 32.75, P < .001). During exercise,
Tes was higher than both T,. and T,. at 20% of total
exercise time, and this value remained higher until the end
of exercise (¢1; range, 4.6-7.8, P < .001 for T, t;; range,
4.1-9.2, P < .001 for T,.) (Figure 3). Furthermore, the
differences between T, and T,. became greater as a
function of percentage of total exercise time (Fy4q =
7.74, P < .001) (Figure 2B).

During the 60 minutes of inactive recovery after
exertional heat stress, all 3 indices of core temperature
decreased as a function of percentage of recovery time
(Fi2.132 = 72.46, P < .001). However, we found differences
among core temperature measurements during the recovery
period (Fo2, = 22.93, P < .001). Rectal temperature was
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Figure 3. Esophageal, aural canal, and rectal temperatures during exertional heat stress and throughout the subsequent inactive recovery
in scenario 2. Values are mean = standard error for 12 participants. 2 Indicates different from rectal temperature (P < .05). b Indicates
different from aural canal temperature (P < .05). The vertical dashed lines delimit each period. The horizonal dashed line represents the

mean of all 3 resting core temperatures.

lower at the end of exercise, compared with T (z;; = 3.0,
P = .012). After decreasing by approximately 0.5°C during
the initial 20% of recovery time, T, subsequently increased
over the next 20% of the total recovery time (approxi-
mately 20 minutes), becoming higher than T, and
remaining higher until the end of the recovery period (1,
range, —5.5 to 3.0, P < .001). Additionally, T,. was
elevated compared with T,. between 60% and 100% of
total recovery time (#;; range, S5.1-11.4, P < .001).
Furthermore, T,. decreased at a greater rate than T,
becoming lower at 80% of total recovery time and
remaining lower until the end of the recovery period (1,
range, 2.5-3.6, P < .05) (Figure 3).

DISCUSSION

Although researchers often have documented the differ-
ences among measurement sites of body temperature, few
investigators have focused on the temporal responses
during and after exertional heat stress. As is evident from
our data, a single measurement of body temperature does
not represent the temperature of the whole body.
Therefore, it is important to understand the possible
reasons why T,., Te, and T, respond differently during
exertional heat stress and the subsequent recovery period.
Furthermore, a short discussion about whether these
differences should be considered in the treatment of
hyperthermic individuals is warranted.

Temporal Response of Core Temperature During and
After Exertional Heat Stress

The T,. increased at a slower rate than T, resulting in a
greater difference between the two as a function of time
and, consequently, as body temperature increased. The T,
increased at a rate similar to T, during both scenarios but
was consistently lower than T. These results demonstrate

that different measurements of body temperature clearly
provide different estimates of internal temperature and a
different temporal pattern of response. These differences
were also evident throughout both recoveries. During cold-
water immersion, the slower response time of T, was
evidenced by low points of approximately 36.5°C for T,
and approximately 36.3°C for T when participants exited
the water bath with a T,. of 37.5°C (Figure 1). However,
differences during inactive recovery were mostly due to an
increasing T, (subsequent to an initial drop in tempera-
ture) at the beginning (approximately 5-25 minutes) of the
recovery period. In fact, although T. and T,. had
decreased by approximately 1.1°C 10 minutes (approxi-
mately 16% total recovery time) into recovery relative to
their values at the start of the period, T,. actually increased
by approximately 0.2°C during this period (Figure 3).

Physical and Physiologic Considerations for
Differences in Temporal Responses

To better understand the differences among various
measurements of body temperature, one must understand
the physical (eg, mass) and physiologic (eg, blood flow)
factors that may affect temperature at a given site.
Temporal differences between T,. and T,. or T can be
explained by (1) the physically larger mass of dense tissues
associated with the pelvic area that borders the rectal probe
and (2) the physiologic differences in regional blood flow
during and after exertional heat stress. First, the measure-
ment of temperature of any given body is a function of the
change in heat content, its mass, and its composition.
Because the rectum is generally assumed to be surrounded
by a greater mass and density of tissues compared with the
aural canal region and the esophagus, it follows that a
greater amount of heat is required to increase the
temperature that is measured with a rectal probe. Second,
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blood flow to the region surrounding the rectal probe (ie,
visceral blood flow) is severely reduced during heat stress!®
and more severely reduced during combined exercise and
heat stress.20 For example, visceral (splanchnic and renal)
blood flow is reduced from approximately 2.8 L/min at
rest!9 to approximately 1 L/min (a decrease of approximately
64%) during passive heat stress!® and to 0.5 L/min (a
decrease of approximately 82%) during moderate to heavy
exercise in the heat.20 Yet more than 20 L/min of mixed
blood (ie, cardiac output) may flow through the region
adjacent to the location of the esophageal probe (ie, the left
ventricle). The area surrounding the aural canal temperature
probe likely receives a relatively large blood flow relative to
its mass. Considering that heat exchange within the human
body’s compartments is mainly achieved by increased blood
flow, we were not surprised that T,. and T responded much
faster than T, in our study. Note that although T, values
were lower than T values in both scenarios, the changes
from baseline rest were similar between these indices in
scenario 1. In scenario 2, T, possibly remained lower than
T, because its measurement is influenced by external factors
(eg, air movement, sweat).13.21

During both recovery periods, the physical and physio-
logic differences between measurement sites were also
evidenced by the following: (1) T,. and T returned to
baseline values, but T,, remained elevated after approxi-
mately 60% of total immersion time during a subsequent
cold-water immersion (scenario 1) (Figure 3), and (2) the
“overshoot” in T, at the beginning of inactive recovery
(scenario 2), which was likely due to the restoration of
blood flow to the visceral areal® and possibly to postural
reorientation (from the standing to the upright, seated
position).

Implications

We believe that T, is the most reliable and valid index of
core temperature that can be practically used in emergency
situations.!4 In our study, T, increased consistently during
intense exercise in the heat and decreased consistently and
rapidly when the participant was aggressively cooled
during cold-water immersion, lending further credence to
its validity as a field measure during intense exercise in the
heat or during the treatment of exertional heat injury.
However, given the apparent disparity in the response
profiles of the respective measurement sites, could reliance
on a single measurement of body temperature lead to an
underestimation or overestimation of the thermal state of
the individual? For example, Nybo et al22 reported that
jugular venous blood temperature (an index of brain
temperature) is approximately 0.3°C to 0.4°C greater than
T, during exercise-induced hyperthermia. Considering that
T, was approximately 0.8°C greater than T, at the end of
exercise in each scenario (Figure 2), brain temperature
could be as much as 1°C greater than the temperature
measured at the rectum. Therefore, T,. probably does not
reflect brain temperature and, therefore, does not reflect
the temperature of the central nervous sytem.!

Another important implication for the observed differ-
ences in temporal responses among body temperatures lies
within the implementation of an appropriate treatment
strategy. Current guidelinesS for the immediate care of
hyperthermic individuals state that any treatment modality

should achieve a T, cooling rate of at least 0.10°C/min,
which is most effectively achieved by immersion in cold
water, the temperature of which ranges from 2°C to 10°C.
However, Taylor et al?3 recently suggested that more
temperate water temperatures (14°C and 26°C) offer
similar core cooling rates, given the small differences found
when examining T.,. Specifically, they23 observed similar
Tes cooling rates of 0.88 * 0.06°C/min at 14°C and 0.71 =
0.02°C/min at 26°C. They?3 suggested that the similarities
in esophageal cooling rates were sufficient to question the
clinical importance of using cooler water temperatures. In
contrast, Proulx et al24 reported T, cooling rates of 0.15 =
0.06°C/min during immersion in 14°C water. Therefore, 2
different recovery treatments may be put forth based on
core cooling rates obtained by 2 different indices. Taylor et
al23 argued that T.s provides a closer approximation of the
temperature perfusing the brain and, therefore, is a better
indicator of central nervous system temperature, which
they believed is the main consideration in the treatment of
hyperthermic individuals. On the other hand, T,. offers an
extremely valuable window into the stress that vulnerable
internal organs face during periods of extreme hyperther-
mia.! Therefore, which body temperature provides the best
assessment of a hyperthermic individual’s thermal status?

Ultimately, T,. is the only suitable and valid index for
the monitoring of body temperature in a field setting.1.13.25
In contrast, the use of T, is not practical in such situations,
and T, is often influenced by external factors, leading to
an underestimation of core temperature. We observed
differences in regional heat distribution, as highlighted by
the different responses of T,., T, and T,.. However, these
differences do not change the fact that T, must be
considered the only valid measurement of body tempera-
ture for the assessment and monitoring of hyperthermic
individuals in a field setting.

One situation in which consideration of these differences
is evident is the known risk of overcooling hyperthermic
individuals if they remain in cold water until they reach a
“normal” resting T,..26 In fact, investigators!.5,14.26.27 have
suggested that a heat-stressed individual does not neces-
sarily have to be cooled until T, reaches a normal baseline
value of 37.5°C because of the delayed response of this
value compared with the values of T., and T,.. Rather,
current guidelinesS suggest that hyperthermic individuals
should be removed from the water bath at a T, of
approximately 39°C to avoid a potential core temperature
after-drop. For example, in scenario 1 of our study, T,. was
approximately 38.7°C when T,. and T had returned to
the mean of all 3 resting temperatures during the period of
cold-water immersion (Figure 1).

CONCLUSIONS

We presented the temporal responses of T,, Tes, and Ty
during 2 scenarios of exertional heat stress. Differences
among body measurement sites were evident throughout
both scenarios, and these are likely due to regional
differences in physical (ie, tissue mass) or physiologic (ie,
blood flow) characteristics among body sites. However,
these differences do not undermine the importance of using
T, as the only valid measurement of body temperature for
the field assessment and monitoring of heat-related
injuries.
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