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Abstract

Objectives: The purposewas to directly assess in-competition
thermoregulatory responses in recreational runners during
a city marathon conducted in cool, ambient conditions using a
two-pill ingestion strategy.

Methods: Thirty-two recreational runners (age: 38.7 ± 10.2
years, mass: 73.9 ± 11.0 kg, height: 177 ± 8 cm) were invited to
participate in this study. Core temperaturewas continuously
assessed using telemetric ingestible pills. Each runner swal-
lowed two pills: the first pill (Pill 1) 11 h:47min ± 1 h:01min
pre-race (before overnight sleep) and the second (Pill 2)
2 h:35min ± 0 h:54min pre-race (on wakening).
Results: Pre-race core temperature for Pill 1 was signifi-
cantly different from Pill 2, with values of 37.4 ± 0.4 °C and
37.1 ± 0.6 °C, respectively (p=0.006). The mean core temper-
ature during the race was higher for Pill 1 compared to Pill 2
(38.5 ± 0.5 °C and 37.8 ± 1.0 °C, respectively; p<0.001). Peak
core temperature was higher for Pill 1 compared to Pill 2
(39.1 ± 0.5 °C and 38.8 ± 0.5 °C, respectively; p=0.03). Post-race
core temperature was higher for Pill 1 compared to Pill 2
(38.8 ± 0.7 °C and 38.1 ± 1.3 °C, respectively; p=0.02).
Conclusions: The timing of pill ingestion significantly
impacted core temperature and hence timing of pill
ingestion should be standardised (5 h:30 min–7 h prior to
measurement). Despite the relatively cool ambient condi-
tions during the race, a significant number of runners
achieved a high core body temperature (≥39 °C), which was
not accompanied by any signs of heat illness.
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Introduction

Climate change is increasing the frequency and intensity of
extreme heatwaves [1] which is causing a subsequent rise
in the heat-related deaths worldwide; a trend expected to
continue [2]. To maintain homeostasis, humans thermo-
regulate through autonomic and behavioural mechanisms
[3]. Under heavy heat loads resulting from exogenous and
endogenous heat, the thermoregulatory ability of the
human body may be saturated and result in a spectrum of
heat-related illnesses. Heat stroke is the most severe
presentation which can be life-threatening. In the context
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of exercise this is known as exertional heat stroke [4], with
an increased risk when body temperature rises to >40.5 °C
[5]. The incidence of exertional heat stroke in endurance
running events increases from about 1 in 10,000 runners
in cool weather to 2 in 1,000 runners in hot weather [6].
Sudden death occurs in 0.6–1.9 per 100,000 runners [7].

While recreational and competitive long-distance
runners are at higher risk of heat illness [8–10] due to their
elevated metabolic rate and frequent exposure to hot envi-
ronments [6], high core temperatures have been observed in
numerous events including Ironman triathlon [11, 12].
Additionally, the risk of suffering exertional heat illness is
not confined to exercise in high temperature (i.e., >30 °C), as
high core temperatures have also been reported in
temperate conditions (13 °C–16 °C) during competitive
cycling (National Series Road Race) [13].

Major international sporting events such as the summer
Olympic Games and the FIFA World Cup are held during the
hottest months of the year, threatening the health of athletes,
especially those not acclimatised to exercising in the heat [14].
Core temperature monitoring of athletes during training and
competition in the heat, has become a mainstay in the safe-
guarding of athletes. The monitoring of core temperature has
been traditionally conducted using either tympanic, gastro-
intestinal, or rectal thermometrywith this assessment limited
to post-event data evaluation. Recent developments in tele-
metric ingestible pills is now allowing for real-time moni-
toring of core temperature, alongside a variety of other
important performance related parameters [15]. These ad-
vances in technology would permit the athletes’ technical
team to follow the athlete’s data in real-time from anywhere
with internet access [15], allowing for an early detection of
heat stroke symptoms and accelerate a cooling intervention if
needed. In order to obtain accurate core temperature, it is
crucial to ensure that other factors such as fluid intake, do not
affect themeasurement obtained by the pill (i.e., cooling down
the ingestible pill within the stomach). Previous research has
supported the ingestion of telemetric pills the night prior to
morning competitions, with this ingestion timing offering the
best possibility to avoid any external factors [15, 16]. In
contrast, other studies stipulate pill ingestion 3–6 h before the
race [17–20]. To the best of our knowledge, no study has
examined two different pill ingestion strategies before a
marathon race in cool ambient conditions.

This is of crucial importance considering the physiology
of intestinal passage of the pill: the gastrointestinal tract,
comprising the stomach, small intestine, and large intestine,
move ingestedmaterial via peristalsis [21]. After ingestion, the
telemetric pill travels down the esophagus into the stomach,
where it may remain for 30min to several hours, with stom-
ach acidic and churning affecting initial temperature data
transmitted by the pill. The pill then enters the small intestine,
starting in the duodenumandmixingwith bile and pancreatic

juices [22]. Moving through the jejunum and ileum, tempera-
ture readings stabilize, reflecting a more accurate core tem-
perature due to a reduced influence from ingested materials.
Upon reaching the large intestine via the ileocecal valve, the
pill’s transit slows as water is absorbed and faces form.
Finally, the pill reaches the rectum and is expelled within 12–
72 h post-ingestion. Transit time can be influenced by factors
such as food presence, fluid intake, gastrointestinal motility,
and hormonal and neural regulation [23]. These factors cause
a great inter-individual variability and an additional difficulty
to standardize pill ingestion timings. Ideally, an individual
assessment of the gastrointestinal transit time would be
needed to personalize pill ingestion timing, as previously
suggested usingmagnet tracking systems [24]. However,when
testing athletes during a race this would not be possible, so a
general approach should be taken.

Therefore, the purpose of this study was to assess ther-
moregulatory responses in amateur marathon runners
during a city marathon conducted in cool, ambient condi-
tions using two pill ingestion strategies. The results of this
study are expected to inform researchers and practitioners
on the best practice for future core temperature monitoring
in individuals at risk of exertional heat illness The summary
of this article is presented in Figure 1.

Materials and methods

Participants

Forty-four (36 males and 8 females) non-elite distance
runners (age: 38.7 ± 10.2 years, mass: 73.9 ± 11.0 kg, height:
177 ± 8 cm, BMI: 23.4 ± 2.6 kg/m2) were recruited to partici-
pate in this study. Individuals with a history of muscle
disorder, cardiac, or kidney disease or those taking medica-
tions during the 2-week period before the competition were
excluded from the study. Participants were informed of any
potential risks associated with the experimental before
providing written informed consent. The procedures fol-
lowed theHelsinki declaration of 1975, as revised in 2000, and
favourable opinion was received from the University of
Brighton Research Ethics Committee.

Experimental protocol

This study investigated in-race monitoring of core tempera-
ture during the Brighton marathon (10 April 2022, Brighton,
UK), held in cool, ambient conditions. Mean dry temperature
and relative humidity during the event ranged from 0 to 12 °C
and 42–64%, respectively (Figure 2). The race start time was
9:45 am.

The day before the race, participants visited our
testing area near the marathon finishing line and height
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and body mass were recorded (Seca model 220, Seca,
Hamburg, Germany). Body mass was again recorded on
race completion. Each participant received two e-Celsius
ingestible capsules (BodyCap®, Caen, France) for the
measurement of core temperature and were instructed
to swallow one before going to bed and the second as soon

as they woke up. The race day during the warm-up, ath-
letes arrived at the technical tent and were instrumented
with a gateway (the device needed to receive and store
core temperature data), which was placed in either a
pocket or on the wrist with the use of a wrist band, ac-
cording to the runners’ preference. After the race and as

Figure 1: Graphical representation of this study. Key points: (1) Pre- and post-race core temperatures were higher for Pill 1 than Pill 2 (+0.4 and +0.7 °C,
respectively, on average). (2) Mean and peak core temperatures during the race were higher for Pill 1 compared to Pill 2 (+0.7 and +0.3 °C respectively, on
average), highlighting the importance of controlling the timing of ingestion to potentially identify early signs of heat-related illness. (3) A 5 h:30 min–7 h
pre-race ingestion time is recommended. Despite cool conditions, a number of runners reached a core temperature of≥39 °Cwithout signs of heat illness.
Figure created with BioRender.
[Correction added after online publication, 20 November 2024: the original caption “Graphical representation of this article. Figure created with
BioRender.” was updated as seen above.]
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soon as runners finished, they had their post-race weight
measured and gave the Gateway back to the researchers.
This swallowable pill passes through the gastrointestinal
tract without affecting bodily functions, typically within
12–72 h. Additionally, this pill has the Food and Drug
Administration (FDA) approval. No specific instructions
were given regarding pace, hydration, or fuel ingestion
strategies.

Measures

Core temperature

Two ingestible telemetric pills (precision 0.1 °C; recording
every 30 s) were provided to each runner the day before the
race, which were labelled as Pill 1 and Pill 2. Participants
were instructed to swallow the two telemetric pills at
different times prior to the race: the first (Pill 1) was ingested
the evening preceding competition (11 h:47 min ± 1 h:01 min
[range=10 h:26 min–15 h:35 min]), and the second (Pill 2)
ingested the morning of the event (2 h:35 min ± 0 h:54 min
[range=1 h:36 min–5 h:30 min] before the competition),
encouraging transit through the stomach into the gastroin-
testinal tract, while minimising pill-loss through defaecation
[25]. A gateway is used to capture the radio wave emitted by
the pill and store the data transmitted by the telemetric pill
[26]. Data access is provided via a wired connection (USB) to
PC software for archiving. The assessment of pills affected by

fluids after ingestion was performed visually, when a sud-
den drop in core temperature was observed. Configured to
start recording core temperature at 9:45 am, and official
times were used to filter the data so the core temperature
during competition was accurately determined. The vari-
ables of interest were: pre-and post-race core temperature,
peak core temperature, mean core temperature (during the
race) and time to peak core temperature.

Statistical analysis

Results are presented as mean ± standard deviation.
Following the checking of normality assumption using
Shapiro–Wilk and Levene’s test for homogeneity of vari-
ance, data were analysed using a paired sample t-test,
whereas changes in core temperature from pre to post race,
as well as the change in core temperature over time and
distance during the race was analysed using a factorial
repeated measures ANOVA (pill number × time; 2 × 2). A
Pearson’s correlation coefficient was used to test the sta-
tistical relationship between different variables, such as
core temperature during the race, core temperature post-
race and race time. The magnitude of the difference was
assessed by Hedges’ g (g), and was considered small
(0.2<g≤0.5), moderate (0.5<g≤0.8), or large (g>0.8). Data
were analysed with Jamovi (Version 2.0.0.0), RStudio
(v2022.07.155) and the tidyverse [27]. Statistical significance
was set at p<0.05 for all analyses.

Figure 2: Ambient temperature and relative humidity during the 2022 Brighton marathon (weather temperature circles in the left Y-axis, humidity
triangles in the right Y-axis). Data extracted from time and date (https://www.timeanddate.com).
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Results

The body mass of participants decreased 1.9 ± 2.0 % after
the marathon race (pre-race body mass: 73.9 ± 11.0 kg, post-
race body mass: 72.5 ± 10.5 kg, p<0.001). All participants
completed the race asymptomatic of heat illness in a time
of 4 h:05min ± 45min (range=2:33–6:01 h:min) at an average
pace of 5:56 ± 1:11 min km⁻1. Core temperature from both the
Pill 1 and Pill 2 was obtained from 32 runners (26 males and 6

females, age: 39.1 ± 10.5 years, bodymass: 72.7± 10.3 kg, height:
176.6 cm, BMI: 23.2 ± 2.3 kg/m2). Twelve runners (27 % loss)
were removed from the original dataset of 44 runners as they
only retained Pill 2; only runners that retained both pills were
included in the final analysis. These 12 runners passed the first
pill 9 h:57min ± 1 h:33min (range=7 h:02min–12 h:29min)
after taking the pill. All 44 runners retained Pill 2 and this
was ingested 2 h:35min ± 0 h:54min (range=1:36–5:30 h:min)
before the race.

Figure 3: Core temperature and time to peak core temperature during the race as assessed through the two telemetric pills. A: Pre and post race core
temperature; B: Mean core temperature; C: Peak core temperature; D: Time to peak core temperature; obtained from runners (n=32) competing in the
2022 BrightonMarathon. Data shown is mean ± standard deviation alongside individual data. *p<0.05 pre-vs. post-race, #p<0.05 post-race Pill 1 vs. Pill 2,
†p<0.05 Pill 1 vs. Pill 2. TCore; core temperature.
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Pre-race core temperature for Pill 1 was 37.4 ± 0.4 °C and
for Pill 2 was 37.1 ± 0.6 °C with significant differences be-
tween pills (p=0.006) (Figure 3A). Pre-race core temperature
was lower than post-race core temperature for both pills
(F(1–31)=64.82, p<0.05, g=1.9), as well as being higher for Pill 1
compared to Pill 2 for pre and post-race (F(1–31)=9.48, p<0.05,
g=0.4), there was no interaction of core temperature across
Time and Pill (F(1–31)=2.78, p>0.05) (Figure 3A). The peak
core temperature was higher for Pill 1 (39.1 ± 0.5
[range=38.0–40.4] °C) compared to Pill 2 (38.8 ± 0.5
[range=37.2–39.9] °C, t(31)=2.28, p=0.03, g=0.6) (Figure 3C).
Sixteen of the 32 runners who had core temperature
measured using both pills, achieved a peak core tempera-
ture ≥39 °C and the remaining 16 runners achieved core
temperature ≥38 °C. At the end of the race, core temperature
was 38.8 ± 0.7 °C and 38.1 ± 1.3 °C for the Pill 1 and Pill 2,
respectively (Figure 3A). The time atwhich runners achieved
their peak core temperature was 129 ± 84 min for Pill 1 and
99 ± 67 min for Pill 2, with no differences between the two
pills (t(31)=1.89, p=0.07, g=0.4) (Figure 3D). The mean core
temperature during the race was higher for Pill 1 (38.5 ± 0.5
[range=37.5–39.7] °C) compared to Pill 2 (37.8 ± 1.0
[range=35.8–39.5] °C, t(31)=3.85, p<0.001, g=0.8) (Figure 3B). Core
temperature before the 35th km for Pill 1 was 38.5 ± 0.5 °C and
for the Pill 2 was 37.8 ± 0.9 °C, with significant differences
between twopills (t(31)=2.97, p=0.001, g=0.9). CoreTemperature
after the 35th km of the race for the Pill 1 was 38.6 ± 0.6 °C
and for Pill 2was 37.9± 1.3 °C,with nodifferences between the
two pills (t(31)=2.63, p=0.07, g=0.7). Core temperaturemeasured

by both pills significantly increased after the 35th km of
the race (Figures 4 and 5). Individual core temperature
responses during the race illustrating the impact of fluid
intake on core temperature assessment in all runners is
depicted in Figure 6. Of the 44 runners that ingested both
pills, only 32 runners were included in this study as 12
runners only retained Pill 2. Among these 32 runners, Pill 2
core temperature responseswere affected by fluid intake in
21 runners (given visual observations of sudden drops
in core temperature evolution), while responses in 11
runners were not affected. The Pill 2 ingestion time of
these 21 and 11 runners was 2 h:49 min ± 1 h:00 min
(range=1 h:00 min–4 h:44 min) and 2 h:27 min ± 0 h:38 min
(range=1 h:22 min–3 h:20 min) respectively, with signifi-
cant differences between 21 and 11 runners (p<0.001, g=0.4).

Regarding core temperature during the race, the
Pearson’s correlation coefficient demonstrated no significant
associations between core temperature during marathon
and running speed for Pill 1 (r=−0.022, p=0.90) and Pill 2
(r=−0.056, p=0.76). Similarly, no relationship was observed
between the core temperature post-race and running speed
for Pill 1 (r=0.030; p=0.87) and Pill 2 (r=0.080, p=0.67).

Pre-race (baseline) core temperature measured by Pill 1
(male: 37.3 ± 0.3 °C, female: 37.7 ± 0.3 °C, p=0.028, g=1.2) and
Pill 2 (male: 37.1 ± 0.6 °C, female: 37.5 ± 0.2 °C, p=0.003, g=0.7)
were significantly higher in female runners compared to
males. During themarathon, the core temperature of female
runners were significantly higher than males as assessed by
Pill 2 (male: 37.7 ± 1.1 °C, female: 38.4 ± 0.5 °C, p=0.025, g=0.7)

Figure 4: Core temperature recorded by two ingestible pills (Pill 1 in red; Pill 2 in blue) every 15 min during the 2022 Brighton Marathon. Data shown is
mean ± standard deviation.
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Figure 5: Core temperature recorded by two ingestible capsules (Pill 1 in red, Pill 2 in blue) every 5 km during the 2022 BrightonMarathon. Data shown is
mean ± standard deviation.

Figure 6: Individual core temperature responses during the race illustrating the impact of fluid intake on core temperature assessment in all runners (Pill
1 in red, Pill 2 in blue).
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but not by Pill 1 (male: 38.6 ± 0.5 °C, female: 38.5 ± 0.3 °C,
p=0.89, g=0.2). There were no other sex differences in core
temperature assessment between pills either in terms of
peak core temperature (Pill 1 male: 39.1 ± 0.5 °C, female:
39.3 ± 0.6 °C, p=0.57, g=0.4; Pill 2 male: 38.8 ± 0.5 °C, female:
38.9 ± 0.6 °C, p=0.83, g=0.2), end of race temperature (Pill 1
male: 38.7 ± 0.7 °C, female: 38.9 ± 0.7 °C, p=0.68, g=0.3; Pill 2
male: 38.1 ± 1.4 °C, female: 38.5 ± 0.5 °C, p=0.24, g=0.3), and
time to peak core temperature (Pill 1 male: 135 ± 88 min,
female: 101 ± 52 min, p=0.24, g=0.4; Pill 2 male:
101.7 ± 71.8 min, female: 89.5 ± 43.9 min, p=0.60, g=0.2).

Discussion

The aim of this study was to evaluate the thermoregulatory
responses of amateur marathon runners during a city
marathon held in cool ambient conditions, using two pill
ingestion strategies. To our knowledge, the current study is
the first to demonstrate the critical importance of the pill
ingestion timing for accurately monitoring of core temper-
ature during prolonged exercise, thereby avoiding under-
estimation of accurate core temperature data. We found
core temperature readings were significantly lower post-
race when the pill was ingested on mean average 2 h:30 min
prior to the race, as opposed to 12-h prior to the race
(Figure 3A). The ingestion of the pill approximately
2 h:30 min prior to the race also resulted in lower core
temperatures (Figure 3B), reduced peak (Figure 3C) and
(non-significantly p=0.07) shorter time to peak (Figure 3D)
core temperature when compared to the pill ingested the
night before to the race. In the current study, the results
showed significant differences between the two pill inges-
tion strategies in the peak core temperature before the race,
post-race, and during the race, with Pill 1 leading to higher
core temperature before the race than Pill 2. These results
reflect the great importance of the timing of the pill ingestion
prior to a competition. Pill location in the intestinal tractmay
influence temperature measurements and the measured
response during body heating or cooling [19]. If the pill is
located in the stomach or upper intestinal tract, it may be
influenced by ingestion of saliva, food, or liquids [19].

In the study by Notley et al. [28], it is discussed how
different compartments of the intestinal system exhibit
varying temperatures due to differences in blood perfusion.
Areas with higher perfusion show greater temperature
changes in response to external factors such as workload
or running speed. This suggests that the location of the
pill within the intestinal tract can significantly affect the
temperature readings. A pill located deeper in the intestinal
tract might be less influenced by rapid changes, as

fluctuations in blood perfusion and conductive heat transfer
reach deeper tissues more slowly. This could provide more
stable temperature measurements, making it a potentially
better location for accurate core temperature assessments
[28]. These insights highlight the importance of considering
pill placement depth within the intestinal tract to enhance
the reliability of temperature measurements, especially
during carrying physical exertions.

Our data reported pre-race core temperature readings
(Pill 1 was 37.4 ± 0.4 °C and for the Pill 2 was 37.1 ± 0.6 °C)
similar to previous studies conducted by Byrne et al. [29] and
Olcina et al. [17] prior to half-marathon race and Ironman
triathlon in hot environments (26.5 °C and 24.7 °C, respec-
tively). Our data suggest that pre-race core temperature is
not lower in cool ambient conditions (0–12 °C) compared to
hot environments.

An important finding of this study was that the
maximum core temperature recorded during this study was
39.1 ± 0.5 °C. Despite the relatively cool ambient conditions,
half of the participants (n=16) achieved a core temperature
in excess of 39 °C and all runners (n=32) achieved a peak core
temperature of at least 38 °C. This is in line with previous
studies using other exercisemodalities such as Ross et al. [13]
who measured core temperature during cycling in cool
environmental temperatures (13–16 °C) and most partici-
pants also reached relatively high peak core temperatures in
excess of 39 °C, suggesting that amateur runners reach high
core temperatures even when exercising in cool ambient
conditions. This study also showed similar maximum core
temperatures to those reported in numerous studies during
official competitions in hot environments, including tem-
peratures of 39.2 ± 0.4 °C in elite cyclists [30], 39.6 ± 0.6 °C in
elite race-walkers and marathon runners [25], 38.1 °C in
Ironman triathletes [12], 39.5 °C in football players [31], and
38.7 °C in tennis players [32].

The highest core temperature recorded in this studywas
40.4 °C which is similar to elite athletes competing in hot
conditions. For example, 85 % of individuals participating in
UCI Road World Championships (34 of 40 cyclists) reached a
peak core temperature of at least 39°, while 25 % (10 of 40
cyclists) reached 40 °C or more [30]. Similarly, Byrne et al.
[29] showed that 18 heat-acclimatised male soldiers partici-
pating in a 21 km running race reached a peak core tem-
perature of at least 39 °C, with 56 % reaching 40 °C or more
and 11 % reaching a minimum of 41 °C.

In our study, at the end of the race, core temperature
was 38.8 ± 0.7 °C and 38.1 ± 1.3 °C for the Pill 1 and Pill 2,
respectively. Our findings are in line with previous studies;
for example, during the 2019World Athletics Championships
in Doha post-race core temperature was 39.6 ± 0.6 °C [25],
while Byrne et al. [29] reported a core temperature at the
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end of the half-marathon race of 39.9 ± 0.8 °C. On the other
hand, Stearns et al. [12] observed at the end of the race
core temperatures of 38.3 ± 0.6 °C in the fastest athletes,
while the slowest remained in normothermia with a core
temperature of 37.3 °C ± when competing in the Kona
Ironman. In our study, the finishing time of runners did
not influence core temperature. The conflicting results
from our study compared to the study of Stearns et al. [12]
may be due to the different subjects’ characteristics and
different pills ingestion strategies. For example, in the
study of Stearns et al. [12] the subjects were elite triathletes
participating in the Ironman World Championship, who
likely attained a greater metabolic heat production and
were more acclimatised to the heat, while in our study
the participants were all recreational runners.

Our findings for the time at which athletes achieved
their peak core temperature was at 129 ± 83.4 min for Pill 1
and 99.4 ± 67 min for Pill 2 with a statistical trend of p=0.07.
This is of crucial importance as the differing time to peak
temperature could hinder an effective early diagnosis of
exertional heat stroke. In the study of Byrne et al. [29] during
the half-marathon race, the time at which runners achieved
their peak core temperature was 86 ± 36 min. In the study of
Olcina et al. [17] the core temperature of Ironman triathletes
remained high (hyperthermic state) for at least 60 min after
the Ironman World Championship (38.7 ± 0.4 °C), which
represents a somewhat surprising and novel finding. After
cessation of exercise, the rate at which body produces heat
decreases while the mechanisms used to dissipate heat
remain in operation until the core temperature returns to its
normal level. The effectiveness of the thermoregulatory
system in regulating body temperature is influenced by
the acclimatization state of the individual [33]. The possible
explanations for these discrepancies could be related to
different athletic events, subjects’ characteristics and timing
of the pill ingestion. In the study of Byrne et al. [29] the
subjects were heat-acclimatised male soldiers participating
in half-marathon race and ingested the pill 8–10 h before
the race. In addition, in the study of Olcina et al. [17] the
participants were highly trained triathletes participating
in Ironman triathlon and the time pill ingestion was 3 h
before the race.

The data in the Figure 5 suggest that the rate of increase
in the core temperature per km was higher during the first
10 km and at the end of the race (after 35th km). This finding
alerts us to the observation that core temperature increases
significantly towards the end of the marathon even in
cool ambient conditions. This occurrence proves that core
temperature monitoring during a marathon is of crucial
importance, even in cool ambient conditions but when
other factors interfere (i.e. solar radiation).

In our study the body mass decreased a mean average
of 1.9 ± 2.0 % after the marathon race, similar to the study of
Del Coso et al. [34] that found body mass reduction by
2.2 ± 1.2 % after the marathon race. Some research claims
that a loss in body mass during marathon events (avoiding
hot ambient conditions) contributes to an athletes’ success,
especially for those who lose substantially more than 3–4 %
body mass weight during competition [17]. A limitation in
our study is that pre-race body mass was measured the day
before the race (morning and evening) and not the morning
of the race.

In this study, we observed a significant relationship
between core temperature during the marathon and core
temperature post-race for Pill 1, but not for Pill 2, reflecting
the greater variability in the temperature monitoring by
Pill 2. Previous studies have suggested that an ingestion time
6–12 h before competition would render the body tempera-
ture unaffected by subsequent fluid ingestion [18, 35, 36].
Likewise, in our study, there is no correlation between
core temperature during marathon and running speed and
between core temperature post-race and running speed for
both the two pills. Numerous studies in the literature
examined the impact of high core temperature on perfor-
mance in distance runners and reported that faster runners
experience greater decreases in performance than slower
runners. Faster runners perform the same task at a higher
metabolic intensity than slower runners, and therefore hot
environmental conditions may affect their performance to a
greater extent [37, 38]. In the study of Stearns et al. [12] the
slowest triathletes remained in normothermia compared to
the fastest. These studies illustrate how exercise intensity is
a major driver of core temperature, which suggest that if
our study would have included faster runners, core
temperatures could have been even higher. Another expla-
nation for the different physiological responses to heat is
the acclimation status of the runners. Almost all runners
participating in this study lived and trained in the city of
Brighton (and surrounding areas) and may have been
acclimatised to cool ambient conditions.

Although there were very unequal numbers of male
(n=26) and female (n=6) subjects in the present study and
the study was almost certainly underpowered for sex
comparisons, the results are intriguing as they revealed
significantly higher core temperature responses in the
female runners (both pills) at baseline (Pill 1 male:
37.3 ± 0.3 °C, female: 37.7 ± 0.3 °C, p=0.028, g=1.2; and Pill 2
male: 37.1 ± 0.6 °C, female: 37.5 ± 0.2 °C, p=0.003, g=0.7) and
during themarathon for Pill 2 (i.e., male: 37.7 ± 1.1 °C, female:
38.4 ± 0.5 °C, p=0.025, g=0.7). While some studies reported no
sex differences in body temperature during exercise [39],
others demonstrated a lower sweat capacity in females than
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in males for a given amount of metabolic heat generation
[40]. As a result, heat dissipation was decreased but only at
very high exercise workloads [40]. Notably, our sex differ-
ences in core temperature at baseline and during exercise
may reflect the higher intensity of running in the female
runners as evidenced by their faster marathon finishing
time than the male runners (males: 4 h:19 min ± 51 min,
females: 3 h:52 min ± 39 min), and therefore the higher
metabolism being the major driver of the core temperature
in the female runners. Sex-related differences in thermo-
regulation and thermal balance during whole-body cold
exposure primarily stem from anthropometric and body
composition characteristics [41], as males and females have
similar shivering sensitivity [42]. For example, when
comparing males and females with the same total body
mass, their surface areas are comparable. However, females
generally have a higher proportion of body fat, which
improved their insulation capabilities. In cases where males
and females have equivalent subcutaneous fat thickness,
females typically have a larger surface area but smaller total
body mass than males. This results in increased convective
heat transfer and greater total heat loss during rest in cold
conditions. Therefore, unless shivering thermogenesis
adequately compensates, females may experience a faster
decline in core temperature than males, especially in severe
cold, due to their reduced capacity for thermogenic response
[43].

In hot environments the thicker subcutaneous fat
layer in women can slow down heat loss, making it more
challenging to dissipate heat efficiently. This can result in
a higher risk of hyperthermia during prolonged exercise
in the heat. Conversely, men, with relatively thinner
subcutaneous fat layers, might dissipate heat more effec-
tively in hot conditions but may be more susceptible to heat
loss in cold environments [44]. These differences highlight
the complex interactions between body composition,
environmental conditions, thermoregulatory responses
and sex. Therefore, it is crucial to analyze sex-based varia-
tions in thermoregulation during exercise.

In the present study, 12 runners were removed from
the original dataset of 44 runners as they only retained
Pill 2 (only runners who retained both pills were included
in the final analysis). The pill 1 of these 12 runners was
evacuated before the race. Pill retention time in these 12
runners was less than the pill retention time of the 32
runners who retained Pill 1 until the start of the race
(i.e., 11 h:47min ± 1 h:01min [range=10 h:26min–
15 h:35min]). In contrast, all 44 runners retained Pill 2 until
the end of the race and was ingested 2:35 ± 0:54 h:min
(range=1:36–5:30 h:min) before the race. However, this close
proximity to the start of the racemeant that Pill 2was retained

in the stomach, allowing fluid intake to impact on the mea-
surement of core temperature (Figures 4 and 5). Individual
core temperature responses during the race demonstrate this
impact of fluid intake on core temperature in 21 of the 32
runners using Pill 2 (Figure 6). Collectively and considering
the results obtained in the present study together with the
findings of previous literature, we suggest the best timing of
pill ingestion being between 5 h:30min to 7 h before the race.
This timing is in agreement with the study by Ruddock et al.
[19] that recommended a pill ingestion time of 6 h prior to the
intestinal temperature measurement to account for sensor
gastric emptying and expulsion time. This ingestion time has
been reported to be sufficient to allow the telemetry pill to
pass into the gastrointestinal tract and produce valid intesti-
nal temperature measurement [45]. This pill ingestion time is
also supported by Notley et al. [20] and Lee et al. [18] that
recommended abstinence from food and fluid consumption
during data collection to avoid the associated artifacts, which
can persist for about 6 h.

On the other hand, there are other studies that use a
pill ingestion time of 6–12 h before measurement [18, 29, 30].
For example, Wilkinson et al. [16] reported that ingesting
the pill before overnight sleep (for morning competitions)
and allowing for at least 10 h before core temperature
measurement appears to offer the best possibility of the pill
being unaffected by subsequent fluid ingestion. Similarly,
Gant et al. [46] reported that the ingestion period of 10 h
seems to have enabled sufficient progress of the sensor
through the gastrointestinal tract. More recently, O’Brien
et al. [36] suggested that their measurements were more
stable because they had waited at least 12 h after pill inges-
tion to begin data collection. Batchelder et al. [47] suggested
that to reduce the effect of drinking water on the tempera-
ture readings, participants should aim to ingest the pill
between 7 and 8 h prior to the event. The conflicting
pill ingestion times may be due to the different subject
characteristics, pill characteristics, exercise and environ-
mental conditions. For example, Wilkinson et al. [16] studied
firefighters, O’Brien et al. [36] studies soldiers, Batchelder
et al. [47] studied ice hockey players, while Gant et al. [46]
studied football players.

In conclusion, we show that the timing of pill ingestion
can significantly impact core temperature determination
and hence timing of pill ingestion should be standardised.
Specifically, our results suggested that pills should be
ingested 5 h:30 min to 7 h prior to the race in order not to be
affected by fluid intake and passed. Despite the relatively
cool ambient conditions, a significant number of runners
achieved a high body core temperature (16 of the 32 runners
achieved a peak core temperature ≥39 °C and the remaining
16 runners achieved core temperature ≥38 °C). This finding
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suggests that exercise intensity is a major driver of core
temperature during a marathon in recreational,
non-acclimatised, runners. This high body temperature was
not accompanied by any signs and symptoms of heat illness.

Limitations

A major limitation of the present study was the lack of
dietary and exercise training control prior to marathon.
An additional limitation was that pre-race body mass
measured the day before the race (morning and evening)
and not the day of the race. Another limitation in the present
study was the very unequal numbers of male (n=26) and
female (n=6) subjects that limits the interpretation of the sex
differences in core temperature data during the marathon.
Drinking strategies were not registered either, which also
biased the results. Moreover, in this study, we did not
collect other variables related to exercise-induced heat
stress, such as heart rate or other biomarkers (e.g., IL-6),
which should be further explored in future studies.

Our results suggest that the pills should be ingested
5 h:30 min–7 h prior to the race to avoid being affected by
fluid intake and to ensure they pass through the digestive
system.However, amajor limitation is that this timingwould
require athletes to wake up in the middle of the night to
ingest the pill. A potential alternative for morning races
and athletes with sleeping issues is to introduce the pill via
rectum before the race. We have recently used this strategy
during a World Triathlon competition with athletes unable
to ingest the pill orally and this has been observed to be a
feasible and good alternative.

Finally, while telemetric pills provide significant
benefits for health monitoring, it is essential to address their
sustainability concerns. Telemetric pills are made of plastic
and electronics and are single-use, which means they are
disposed of in the toilet and water, posing a negative
impact on the environment. By emphasizing reusable
designs, eco-friendly materials, and improved disposal
methods, the environmental impact of these devices can
be mitigated. Balancing technological innovation with
environmental responsibility is crucial for sustainable
healthcare solutions.

Future directions

The fact that even in cool ambient conditions >50 % non-
collapsed runners achieved core temperature higher than
39 °C suggests the need for other measures in combination
with core temperature to assess the risk of exertional heat

stroke during competition. In particular, combining core
and skin temperature responses that are associated with
collapse and/or withdrawal from competition with biome-
chanical parameters that can help identifying disturbances
in gait, could help in early identification by medical staff
of possible aggravated hyperthermia situations.
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