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Changes in Intragastric Temperature Reflect Changes in Heat Stress
Following Tepid Fluid Ingestion But Not Ice Slurry Ingestion

Christopher J. Stevens and Ben J. Dascombe

University of Newcastle, Australia

Abstract

This study examined the effects of fluid and ice slurry ingestion on the relationship between intragastric temperature and rectal
temperature in humans during physical activity. The purpose was to identify a technique to quantify changes in heat stress in situations
when temperature probes are not feasible and when time constraints do not allow for a period long enough for an indigestible temperature
capsule to reach the lower gastrointestinal tract. Eight moderately trained male runners inserted a rectal probe and ingested a telemetric
capsule before randomized, crossover, pre-exercise ingestion of 7.5 mL-kg™-BM™ tepid fluid (22°C) or ice slurry (—1°C). Beverage
ingestion was followed by a self-paced endurance running time trial. Average intragastric temperature was significantly lower than
average rectal temperature across the run following both fluid (37.9 + 0.4°C vs. 38.4 + 0.2°C; p=0.003) and ice slurry ingestion
(37.2 £ 0.9 vs. 38.3 + 0.2; p=0.009). However, a strong relationship was observed between measurements following fluid (r=0.89) but
not ice slurry (r=0.18). The average bias + limits of agreement during the run was 0.46 + 0.50 following fluid and 1.09 + 1.68
following ice slurry ingestion, which improved to 0.06 + 0.76 and 0.65 + 1.42, respectively when analyzed as delta scores. Intragastric
temperature appears to not be a valid measure of absolute core body temperature at baseline or during exercise following either fluid or ice
slurry ingestion. However, the relative changes in intragastric temperature during endurance exercise appears to be a strong indicator of
systemic heat stress during exercise following ingestion of fluid at 22°C, but not ice slurry at —1°C.

Keywords: temperature measurement, telemetric capsule, biological monitoring, rectal temperature, running

Introduction

Research in extreme environments may be limited by the capacity to measure changes in total body heat stress. In the
laboratory, core body temperature is often measured at either the rectum or esophagus with a temperature probe that is
highly invasive, uncomfortable and sometimes considered obscene (Moran & Mendal, 2002). More importantly, however,
the use of temperature probes for such purposes may constrain research in the field and ecologically valid outcomes where
probes must be attached to more cumbersome equipment. For example, use of a temperature probe on a fire-fighter working
to control a bushfire or an astronaut in space may severely limit their work capacity. To overcome these limitations, some
researchers have substituted rectal thermometry with an indigestible telemetric sensor (capsule) and the subsequent
measurement of its surrounding temperature higher up in the gastrointestinal tract (IThsan, Landers, Brearley, & Peeling,
2010; Stevens, Dascombe, Sculley, Boyko, & Callister, 2013; Yeo, Fan, Nio, Byrne, & Lee, 2012). The telemetric capsule
is convenient, allows free movement, field-based measurements and is quick to respond to temperature changes with
physical activity (Byrne & Lim, 2007).

The telemetric capsule has been demonstrated to provide valid measurements of rectal temperature consistently across a
36 h period (Ducharme, McLellan, Moroz, Buguet, & Radomski, 2001). However, others have reported significantly lower
sensor recordings compared to rectal thermometry when ingested 3-9 h before measurement (Sparling, Snow, & Millard-
Stafford, 1993) as well as significantly higher sensor recordings compared to rectal thermometry when ingested 10 h before
measurement (Gant, Atkinson, & Williams, 2006). As such, the direction of the bias between measurements has varied across
studies. Nevertheless, Byrne and Lim (2007) reviewed the validity research and concluded that, while there was a systematic bias
>0.1°C across 11 studies, 95% limits of agreement were acceptable (within + 0.4°C) and as such, gastrointestinal temperature
appeared to be a valid core temperature measurement technique. However, the reviewers suggested a time of at least 6 h between
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ingestion and measurement so the sensor can reach the lower
intestine. This represents a methodological limitation that must
be overcome given that research on emergency personnel
requires a temperature measurement technique that can function
immediately following a callout and further, such a method
must allow for fluid ingestion.

Although the current data suggest valid telemetric sensor
measurements can be acquired from the gastrointestinal
tract, only one study investigated the effect of cold fluid
ingestion on such measurements. Recently, the ingestion of
cold fluid and ice slurry has been a popular area of research
to promote hydration, cooling and improved performance
in athletes and emergency services personnel (Pryor,
Suyama, Guyette, Reis, & Hostler, 2015; Tan & Lee,
2015). A bolus of cold water (250 mL'h'; 5-8°C) signi-
ficantly decreased the temperature of a capsule ingested
immediately prior (capsule 1) vs. a capsule ingested 11.5 h
prior (capsule 2) to the first measurement (Wilkinson,
Carter, Richmond, Blacker, & Rayson, 2008). A compar-
ison of capsule 2 and rectal temperature demonstrated an
average bias of 0.15°C across 8 x 30 min bouts of repeated
rest and fire-fighting drills. As such, the ingestion of cold
water failed to decrease the average gastrointestinal
temperature over the 8 h period. No data was reported on
the relationship between capsule 1 and rectal temperature,
which would have provided insight into the use of stomach
(intragastric) temperature for the measurement of core body
temperature. Such a core temperature measurement location
would allow avoidance of long (6-12 h) and often
impractical waiting periods between capsule ingestion and
measurement, but may be affected by the ingestion of fluid.

Intragastric temperature is approximately 37°C and takes
23.8 + 1.1 min to return to baseline following infusion of
360 mL of cold (4°C) fluid (McArthur & Feldman, 1989).
Although it is known that cold beverages have a large,
transient effect on intragastric temperature, it is currently
unclear if measurements recorded during physical activity
following ingestion represent that of core body tempera-
ture, or secondly, if a relationship exists by which changes
in core temperature can be inferred. Therefore, the aim of
the present study was to investigate the relationship
between intragastric temperature and rectal temperature
during exercise in the heat following ingestion of fluid.
Secondly, ice slurry was also investigated due to recent
interventions utilizing such a mixture on both athletes and
emergency service personnel for improved comfort and
performance (Pryor et al., 2015; Stevens et al., 2013).

Methods

Eight trained male runners (age: 27 + 9 years, height:
179 + 7 cm, body mass: 75 + 12 kg, X7 skinfolds: 58 +
27 mm, body fat %: 8.7 + 6.3) volunteered for the study.
Inclusion criteria stipulated participants must have completed
a 5 km running time trial in a time between 18-22 min in the

last six months. Subjects must have been free of any medical
condition that could result in harm. The Human Ethics
Research Committee at the University of Newcastle granted
approval for the project (UoN H-2012-0311) and participants
provided written informed consent prior to engaging in all
procedures.

Study Design

Participants performed familiarization followed by two
randomized trials involving either pre-exercise fluid (22°C)
or ice slurry ingestion (—1°C). Beverage ingestion was
followed by a running warm-up and a self-paced 5 km
running time trial on a non-motorized treadmill (Curve 3TM,
Woodway, Waukesha, USA) in an environmental chamber
(33°C, 46% relative humidity (RH)). Intragastric and rectal
temperatures were measured throughout each trial. The trials
were performed at the same time of day and were each
separated by 5-10 days to allow complete recovery between
the experiments.

Testing Procedures

An anthropometric profile was obtained from each partici-
pant consisting of height (217 stadiometer, Seca, Birmingham,
UK), body mass (DS-530 electronic scales, Wedderburn,
Sydney, Australia) and X7 skinfolds (Harpenden Calipers,
Baty International, West Sussex, UK). The participants per-
formed a standardized 10 min warm-up (4 min jog, 1 min
walk, 4 min run, 1 min walk) prior to the first trial in which
speed was recorded for repetition prior to the second trial. The
time trials commenced 2 min later from a standing start on the
command of the tester. During the time trials, the partici-
pants were blinded to all measures except for elapsed distance.
A 50 cm fan was placed 1 m in front of the participant and
provided a wind speed of 4 m's~ " to simulate the convective
cooling of outdoor conditions.

Beverages

A beverage of either tepid fluid (22°C) or ice slurry
(—1°C) with a total volume of 7.5 mL-l<g71-BM7l (563 +
90 mL) was provided in six equal boluses over a 30 min
period to ensure uniform ingestion. The beverages were
made from sports drink (Gatorade, PepsiCo, New York,
USA) and a commercial machine was used to make ice
slurry (Sorby Dream 2, SPM Drink Systems, Spilamberto,
Italy). The tepid fluid condition was designed to simulate
common drinking practice among athletes and the ice slurry
condition was designed to simulate the use of a pre-cooling
strategy (Garth & Burke, 2013; Thsan et al., 2010). During
the ingestion period, participants sat on a massage table in
an air-conditioned room (23 °C). Ingestion concluded 8 min
prior to the start of the warm-up and 20 min prior to the
start of the time trial. Participants were provided with
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25 mL of tepid water (22 °C) following the warm-up and at
the 2 km and 4 km marks of the time trial to simulate serial
drinking during physical activity. Participants were not to
use this water for body cooling and were refrained from any
additional ingestion of food or drink.

Temperature Measurements

Rectal temperature was measured continuously with a
probe inserted 10 cm beyond the anal sphincter connected
to a 4600 thermometer (Measurement Specialties, Ohio,
USA) and recorded with ThermalView software at 1 Hz
(Alpha Technics, California, USA). Intragastric tempera-
ture was also measured continuously with a Vital Sense
telemetric capsule (MiniMitter Corporation, Oregon, USA).
Capsule accuracy was checked in a water bath maintained
at 37°C and any inaccurate capsules (>0.1°C) were
eliminated. The capsule was ingested 10 min prior to the
first measurement with 25 mL of warm water (37 °C) so not
to influence baseline recordings. One-minute averages of
temperatures were recorded prior to beverage ingestion and
5 min post ingestion. Temperatures were once again measured
at the end of the warm-up phase prior to the start of the time
trial ‘0 km’. During the time trial the temperature measure-
ments were averaged across each 1 km interval and were also
recorded immediately following completion.

Intensity Measurements

Heart rate was continuously measured at 1 Hz by a
Garmin 910XT monitor (Garmin Ltd., Schaffhausen,
Switzerland) and rating of perceived exertion was measured
at the end of each kilometer using the Borg CR-10 scale
(Borg, 1982) to monitor physiological and perceptual
intensity during the 5 km running time trials.

Analysis

All results are reported as means + SD, with normality
assessed using a Kolmogorov-Smirnov test. Differences
between temperature measurements were analyzed using a
condition X time repeated measures analysis of variance
(ANOVA). Where main effects occurred, paired sample
t-tests were used to identify significant differences between
measurements. Paired sample t-tests were also used to
compare environmental temperatures, running performance
times, average heart rate and rating of perceived exertion
between trials. The level of agreement between tempera-
tures was assessed using the 95% limits of agreement
(LoA) method (Bland & Altman, 1986). The LoA are
reported as bias + (1.96*SD of the differences between
paired measurements). A systematic bias of <0.1°C and
95% LoA of less than +0.4°C were delimited as being
required for accepting that two methods agree (Byrne &
Lim, 2007). A Pearson product-moment correlation was used

to assess the relationship between temperature measurements.
Alpha (p) was set at <0.05 and analyses were performed with
SPSS software V22.0 (IBM Corporation, Somers, New York,
USA).

Results

Average intragastric temperature was significantly lower
than average rectal temperature across the run following
both fluid (37.9 + 0.4°C vs. 38.4 + 0.2°C; p=0.003) and
ice slurry ingestion (37.2 4+ 0.9 vs. 38.3 + 0.2; p=0.009).
Figure 1 shows all temperature measurements and their
delta scores across the two trials. In both trials, intragastric
temperature was significantly (p<<0.05) lower than rectal
temperature at all time points (Figure 1A and 1B). When the
difference in starting temperature was accounted for and data
were analyzed as delta scores, intragastric temperature was
significantly (p<<0.05) lower than rectal temperature immedi-
ately following the ingestion periods (Figure 1C and 1D). In
the ice slurry trial, this difference persisted throughout the
warm-up and the first kilometer of the run (Figure 1D).

Table 1 shows the bias, limits of agreement and
Pearson’s product-moment correlations for the intragastric
temperature and rectal temperature measurements. Figure 2
shows Bland-Altman plots of mean temperature responses
and the difference between the two measurements during
the run. The average LoA during the run was 0.46 +
0.50°C following fluid and 1.09 + 1.68°C following ice
slurry ingestion. When the data were analyzed as delta
scores, the average LoA was reduced to 0.06 + 0.76°C
following tepid fluid ingestion and 0.65 + 1.42°C
following ice slurry ingestion. The slope of the trend lines
suggests that the validity between the two measures
improved as body temperature increased.

All data sets were normally distributed (p>0.05). There
were no significant differences between environmental
temperatures, running performance times, mean heart rates
or ratings of perceived exertion (p>0.05). One participant was
removed from the fluid trial owing to equipment failure.

Discussion

In the present study, pre-beverage baseline intragastric
and rectal temperatures were significantly different and
demonstrated an unacceptable level of agreement. The bias
was twice that reported previously, when the temperatures
were averaged over a one-hour period with fluid ingestion
at 37°C (Ducharme et al., 2001). However, no LoA were
presented and therefore it is unclear if this bias was
consistent across the cohort. The data were also collected
differently between studies; a 1 min average, 10 min after
capsule ingestion and following a 40 min fast in the present
study, compared to a one-hour average in the previous
study (Ducharme et al., 2001). As such, greater capsule
transit time and/or data filtering may be responsible for
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Figure 1. Measurements of intragastric temperature and rectal temperature with A) tepid fluid and B) ice slurry; and their delta scores with C) tepid fluid
and D) ice slurry (values are means + SD). *denotes significant differences, p<<0.05.

improved bias in the previous study (Ducharme et al.,
2001). The baseline bias in present study is strengthened by
the consistency between both trials (see Table 1).

As baseline intragastric and rectal temperatures were
significantly different, it is not surprising that subsequent
absolute measurements were also dissimilar. When the
difference in baseline measurements was removed and the
data analyzed as delta scores, there was great improvement
observed in the bias across both trials (see Figure 1C and
1D). However, the same cannot be said for the LoA, as the
use of the delta scores meant the difference between
measurements could be positive or negative with the same

Table 1

magnitude (due to a range in starting temperatures),
increasing the variation (see Figure 2C and 2D). The delta
scores for intragastric temperature mirrored the trend of
rectal temperature across the second half of the running
time trials, after the cooling effect of the pre-exercise
beverages diminished. Such a response was observed
despite serial drinking of small volumes of fluid after the
warm-up and during the run. Therefore, it is apparent that
the capsule responds consistently to increases in core
temperature with exercise and is not simply governed by
the contents of the stomach. As such, the monitoring of
intragastric temperature with a telemetric capsule may be

Bias, limits of agreement and Pearson’s product-moment correlations for rectal temperature and intragastric temperature measurements.

Tepid fluid ingestion

Ice slurry ingestion

Bias + 95% LoA r (90% CI)
Pre-drink 0.40 + 0.50 0.63 (—0.07-0.92)
Post-drink 1.35 + 2.09 0.83 (0.34-0.96)
0 km 0.58 + 0.53 0.69 (0.03-0.93)
0-1 km 0.56 + 0.65 0.86 (0.44-0.97)
1-2 km 041 + 0.52 0.84 (0.36-0.97)
2-3 km 047 + 0.57 0.91 (0.61-0.98)
3—4 km 0.43 + 0.58 0.83 (0.36-0.97)
4-5 km 0.44 + 0.52 0.78 (0.22-0.95)
End 0.46 + 0.49 0.77 (0.19-0.95)
0-5 km 0.46 + 0.50 0.89 (0.55-0.98)

Bias + 95% LoA r (90% CI)
0.44 + 0.63 0.64 (0.03-0.91)
598 + 5.27 0.39 (—0.31-0.82)
242 + 295 0.29 (—0.42-0.77)
1.76 + 2.36 0.37 (—0.34-0.81)
1.21 £+ 2.03 0.26 (—0.44-0.76)
096 + 1.63 0.18 (—0.51-0.72)
0.76 + 1.42 0.12 (—0.55-0.69)
0.74 + 1.07 0.10 (—0.56-0.68)
0.72 + 1.06 0.03 (—0.60-0.65)
1.09 + 1.68 0.18 (—0.50-0.73)

CI = confidence interval, LoA = limits of agreement, r = Pearson’s product-moment correlation.
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Figure 2. Bland-Altman plots of mean values and the difference between rectal temperature (Tr) and intragastric temperature (Tjg) during the 5 km run with
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useful to quantify the general trend of whole body heat stress
during exercise regardless of pre-exercise beverage tempera-
ture. This is especially important when rectal thermometry is
not appropriate and the recommended 6-10 h waiting period
between capsule ingestion and measurement is not feasible
(Wilkinson et al., 2008).

Although tepid fluid had a transient effect on intragastric
temperature, ice slurry had a much larger and longer lasting
effect. Following tepid fluid ingestion, the bias returned to
baseline within the second kilometer of the run and
remained stable thereafter. As such, a strong correlation
was observed between temperature measurements across
the run (r=0.89). Therefore, changes in intragastric tempera-
ture predicted the change in rectal temperature following fluid
ingestion, allowing the magnitude of core temperature
increase during exercise to be inferred. Following ice slurry
ingestion, however, the bias consistently decreased over time
and failed to return to baseline (albeit it was very close by the
run cessation). As such, a very weak correlation was observed
between temperature measurements across the run (#=0.18).
During exercise following ice slurry ingestion, intragastric
temperature increased rapidly, which is not a typical
representation of changes in systemic heat stress. As a result,
intragastric temperature cannot be used to predict the specific
magnitude of change in core temperature following ice slurry
ingestion. We confirm that ice slurry has a lasting effect on
intragastric temperature that persists for greater than 20 min

(Sun, Houghton, Read, Grundy, & Johnson, 1988; Wilkinson
et al., 2008) and that a 10 min running warm-up is insufficient
to negate such an effect.

The temperature measurements in both trials became
more similar over time and demonstrated an increase in
heat stress (see trend lines of Figure 2). As the accuracy of
measurement improved however, the correlations became
weaker across each interval of the run in both trials (see
Table 1). This is likely a result of the individual responses
to exercise heat stress that may have been mediated by
differences in body mass (Marino, Lambert, & Noakes,
2004) and/or acclimatization (Lorenzo, Halliwill, Sawka, &
Minson, 2010). Consequently, their temperature measure-
ments became more similar earlier in the time trial,
disrupting the consistency of the relationship between the
temperature measurements. Such a finding highlights the
importance of using a cohort likely to experience a similar
response to exercise heat stress for thermoregulatory
research.

In conclusion, the present study has demonstrated that
intragastric temperature is not a valid measure of absolute
core body temperature at baseline, or during exercise
following fluid or ice slurry ingestion. However, the use of
delta scores provides a measure with acceptable bias and a
strong correlation exists between temperature measure-
ments during exercise following fluid ingestion. In contrast,
ice slurry had a large and long lasting effect on intragastric
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temperature with minimal effect on rectal temperature.
Therefore, the measurements following ice slurry ingestion
had unacceptable bias and LoA and further, a very weak
correlation was observed. Overall, the relative change in
intragastric temperature reflects changes in systemic heat
stress during exercise following ingestion of fluid at 22°C,
but not ice slurry at —1°C during a running time trial.
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