What do thermal indices lack to help predict heat-

» Additional supplemental
material is published online
only. To view, please visit the
journal online (https://doi.
org/10.1136/bjsports-2025-
110822).

"Department of Movement,
Human and Health Sciences,
Universita degli Studi di Roma
Foro Italico, Roma, ltaly
“Environmental Stress Unit,
CREPS Montpellier-Font Romeu,
Montpellier, France

*Health and Science
Department, World Athletics,
Monaco

“Laboratoire Motricité
Humaine Expertise Sport Santé
(LAMHESS), Université Cote
d'Azur, Nice, France

3JK Biostatistics AB, Stockholm,
Sweden

SPhysiology and Pharmacology
Department "V. Erspamer”,
University of Rome La Sapienza,
Rome, Lazio, Italy

"Faculty of Environment and
Natural Resources, University
Freiburg, Freiburg, Germany
EDemocritus University of
Thrace, Komotini, Greece
*Department of Biology, Hong
Kong Baptist University, Hong
Kong, Hong Kong

"Centre for Exercise Science
and Medicine (CESAME), Hong
Kong Baptist University, Hong
Kong, Hong Kong

Correspondence to
Dr Stéphane Bermon;
stephane.bermon@
worldathletics.org

Accepted 25 January 2026
Published Online First
17 February 2026

| '.) Check for updates

© Author(s) (or their
employer(s)) 2026. No
commercial re-use. See rights
and permissions. Published by
BMJ Group.

To cite: Bandiera D,
Garrandes F, Kowalski J,
et al. Br J Sports Med
2026;60:534-542.

related risk in elite Athletics

David Bandiera @ ,"? Frédéric Garrandes,>*

Paolo Emilio Adami

Yannis P Pitsiladis @ ,"'° Antonio Tessitore

ABSTRACT

Objectives This study aimed to characterise the
frequency of exertional heat stroke (EHS), did-not-finish
(DNF) and medical encounter (MED) outcomes in elite
Athletics competitions, and to evaluate their association
with environmental, individual and race-related variables.
Particular attention was given to the wet bulb globe
temperature (WBGT), a thermal index widely used by
international federations to estimate athlete heat strain.
Methods Data were collected from 4938 athletes of
both sexes participating in 80 World Athletics races held
between 2019 and 2024 in five disciplines: long distance
track events, marathon, racewalking, cross-country and
trail-running. Spearman rank coefficient correlations,
Pearson x” tests and negative binomial (NB) regressions
were used to explore associations between outcomes
(EHS, DNF, MED) and environmental, individual and
race-related variables. The predictive ability of these
variables was assessed using leave-one-out cross-
validation to identify the best-performing univariable and
multivariable models.

Results EHS frequency was 8/1000 on average

and 16/1000 when the WBGT was above 28.0°C,
independent of sex (p=0.297) or discipline (p=0.980).
DNF and MED were higher in marathon, racewalking
and trail-running than shorter disciplines (p<0.001).
Among variables, the mean radiant temperature showed
the strongest univariable association with EHS (R2=0.11,
p<0.001), while WBGT association was weaker
(R2=0.04, p=0.018). Predictive accuracy was limited,
with the best model having an error of 0.5+0.7 EHS per
race.

Conclusion The risk of EHS is particularly high during
elite endurance events in Athletics. While EHS was
greater with higher WBGT and radiant temperatures,
neither provided sufficient predictive accuracy for
heat-related risk in elite endurance athletes. Future
models should consider other factors such as heat
acclimatisation and recent illness to enhance predictive
ability.

INTRODUCTION

Climate change and the globalisation of sport have
increased the number of competitions held in hot
environments.! Outdoor Athletics (track and field)
is particularly exposed to environmental heat
stress, as most international events take place in
the Northern Hemisphere during summer.” This
context demands specific preparation from athletes,
such as heat acclimatisation, hydration, cooling
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Exertional heat stroke (EHS) is a leading cause
of collapse and a life-threatening situation for
athletes competing in the heat.

= To anticipate the risk of EHS and implement
mitigation strategies, international federations
rely on environmental thermal indices.

WHAT THIS STUDY ADDS

= EHS occurs in 8/1000 athlete exposures and up
to 16/1000 in hot conditions (wet bulb globe
temperature (WBGT) 28-29.9°C), with no
differences by sex or endurance discipline.

= Although a few models showed marginally
improved prediction of EHS compared with
WBGT, overall predictive ability remains poor.

= Higher WBGT risk thresholds currently used
by World Athletics are associated with an
increased risk of EHS.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= WBGT flag categories must be considered when
adapting the medical plan and the number of
cold-water immersion baths to be provided.

= Future studies should investigate whether
athlete acclimation/acclimatisation and health
status prior to the race improve EHS risk

prediction.

strategies’ and tailored logistical planning from
organisers.*’

Exertional heat illness (EHI), and especially exer-
tional heat stroke (EHS), represents a major health
risk for athletes competing in hot conditions.® EHS
is life-threatening if not managed promptly and
effectively.” The magnitude of EHI in Athletics is
substantial: across seven international champion-
ships between 2009 and 2018, 24.7% (n=132) of
all recorded illnesses (n=534) were heat-related,
with the majority occurring in marathon (47.0%,
n=62) and race walking (34.8%, n=46) events.>

The factors leading to EHI are multifactorial and
not yet fully understood. However, EHI in athletes
primarily results from the combination of elevated
metabolic heat production, strong motivation-
driven performances and hot environmental condi-
tions.® * In addition, the absence of an adequate
heat acclimatisation period or the presence of an
infectious illness in the days preceding competi-
tion may further increase the risk of heat-related
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illness.'® More broadly, heat stress can also lead to other adverse
outcomes in Athletics, such as failure to finish the race (DNF) or
medical encounters (MED), the latter referring to any admission
to medical facilities regardless of cause.'

Anticipating heat stress risk is crucial for accurately estimating
the medical needs during elite competitions (eg, number of
medical staff, cold-water immersion facilities, emergency shut-
tles). To support this, organisers rely on thermal indices, which
are quantitative indicators representing the impact of the thermal
environment on individuals."" The most widely used index is
the wet bulb globe temperature (WBGT),'? adopted by several
international federations including World Athletics, the Inter-
national Cycling Union and World Triathlon.” A coloured-flag
system is used to further facilitate WBGT interpretation, classi-
fying the level of heat stress risk. However, WBGT, as a climatic
index, does not consider athletes’ metabolic heat production,
potentially underestimating heat stress in humid or low-airflow
conditions.’* ¥ In an 8-year analysis of medical events at the
Gothenburg half-marathon, WBGT showed a weaker relation
(R*=0.56, p=0.033) with the number of collapses compared
with the universal thermal climate index (UTCI, R*=0.64,
p=0.017) and physiologically equivalent temperature (PET,
R*=0.71, p=0.008), suggesting that thermal indices consid-
ering metabolic heat production (ie, UTCI and PET) were more
performant.'® However, a 30-year retrospective analysis of the
temperate Twin Cities marathon (mean WBGT=7.4°C) revealed
a significant quadratic association (p=0.006) between WBGT
and medical stress (defined as the sum of DNF and MED), while
the association with the PET was not significant (p=0.71)."”

Since the ability of environmental, individual and race-related
variables to accurately predict the risk of medical outcomes in
elite athletes remains unclear, this study analysed data from
World Athletics competitions to identify the factors associated
with EHS, DNF and MED in elite athletes.

METHODS

Competitions

Fourteen Athletics competitions held between 2019 and 2024
were included in the analysis, encompassing World Athletics
World Championships and the Olympic Games (table 1). In
each competition, 2 to 12 races were analysed, representing a
total of 80 races equally distributed between sexes. A median of
53 athletes (IQR: 39-83) started each race, resulting in a total
of 4938 athlete exposures. An athlete exposure was defined as
one athlete participating in one race during the competitions
included in the analysis.'®

Data collection and estimation
The variables retrieved from World Athletics competitions are
listed in table 2. For each competition except for Tokyo 2020,
the World Athletics’ medical team recorded the number of EHS,
DNF and MED. Outcomes at the Olympic Games of Tokyo were
obtained from the study of Sugawara et al.' EHS was diagnosed
when athletes presented central nervous system dysfunction in
conjunction with a rectal temperature =40°C, DNF referred to
athletes who DNF the race, and MED to medical encounters,
corresponding to admission to medical facilities for any reason.
For environmental variables, air temperature, relative humidity
and wind speed were collected with a Kestrel 5400 portable envi-
ronmental device at Doha 2019 (Nielsen-Kellerman Company,
Boothwyn, USA), with a meteorological station at Antalya 2024
and Gdynia 2020 (Seiko, Ginza, Japan) and with a mobile
meteorological station at the other competitions sites (Kunak

Technologies SL, Orkoien, Spain). The mean value between the
start and the end of the race was extracted. When the wind was
not measured on the field of play (Doha 2019, Gdynia 2020, Riga
2023, Antalya 2024, Paris 2024 marathon), it was extracted from
the nearest meteorological station (wind at 10 m) and estimated
to a value at 1.8 m with the wind profile power law.?’ Absolute
humidity and dew point (ie, air temperature at which relative
humidity reaches 100%) were calculated from air temperature
and relative humidity on R statistical software (V.4.4.2)*' with
the package “humidity”** and “weathermetrics”.*> The impact
of solar radiation was assessed by calculating the mean radiant
temperature (MRT) using the RayMan Model.**

For thermal indices, WBGT was measured using a Kunak
meteorological station equipped with a 15cm black globe, in
accordance with established guidelines.'* Exclusions included
Doha 2019 and Antalya 2024, where a Kestrel 5400 was used,
and Gdynia 2020, where WBGT was not measured. The heat
index, a widely used public health indicator® reflecting the
perceived temperature by combining air temperature and
relative humidity, was calculated in its extended version from
on-site measurements.”® Additionally, more advanced thermal
indices that account for human thermoregulatory responses
and clothing insulation, such as the UTCL?* the PET*® and its
modified version (mPET),”” were computed using the RayMan
Model.?* Although originally developed for the general popula-
tion, these advanced indices account for heat exchanges between
the human body and the environment (including heat production
and dissipation through conduction, convection, radiation and
evaporation). This comprehensive approach may provide a more
accurate representation of athletes’ thermal strain compared
with indices based solely on environmental variables® (descrip-
tion of thermal indices in online supplemental material SM1).

For individual and race-related data such as the sex and
average age of athletes, distance, winner race time, last finisher
race time, average velocity and number of starters, details were
obtained from the race sheets on the official website of World
Athletics.>® For model prediction, the nominal variable “sex” was
one for female and 0 for male’s races. The variable “slope” was 0
if the average racecourse slope gradient was <1% and 1 if =1%.
“Run” was 1 for running disciplines and 0 for race walking disci-
plines. The spring delay was calculated as the number of days
between the 20th of March or 23rd of September (competition
held in the Northern and Southern hemispheres, respectively)
and the date of the competition, to estimate natural acclimatisa-
tion status of athletes. If this number was negative, the first day
of spring from the previous year was then used for the calcula-
tion. This variable was created to estimate the level of natural
acclimatisation of the athletes, considering that competitions
taking place in early spring (low delay spring value) could be
more conducive to EHI than competitions during summer (high
delay spring value) because athletes would not benefit from
natural acclimatisation adaptations.

WBGT, sex and discipline influence

The influence of WBGT coloured-flag levels from World Athletics
classification, sex and disciplines on EHS, DNF and MED was
investigated with a Pearson’s y* test for count data (x?).>' The
assumptions for the Pearson > test were met, with no expected
cell count <1 and fewer than 20% of expected cell counts below
5. As recommended by the consensus on epidemiological studies
in Athletics,'® the number of outcomes was expressed for 1000
athletes’ exposure and the races were grouped under 5 Athletics
disciplines: in stadium long distance (5000 m and 10 000 m) and
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Table 1 Eighty races were investigated from 14 different World Athletics competitions
N  Type Location Dates Races WBGT (°C)
1 World Championships Doha, Qatar 27 September 2019 Marathon 20.9 (m), 28.5 (f)
to Racewalk 20km 27.9 (m), 28.2 (f)
6 October 2019 Racewalk 50 km 27.9 (m, f)
2 World Half Marathon Championships Gdynia, Poland 17 October 2020 Half-marathon -
3 Olympic Games Sapporo, Japan 23 August 2021 Marathon 25.6 (m), 27.6 (f)
to Racewalk 20km 29.4 (m, )
8 August 2021 Racewalk 50km 28.5 (m)
4 World Race Walking Team Championships Muscat, Oman 4 March 2022 Racewalk 10km junior 27.5 (m), 25.6 (f)
to Racewalk 20km 24.5 (m), 24.8 (f)
5 March 2022 Racewalk 35km 24.7 (m), 25.0 (f)
6  World Championships Eugene, Oregon, US 15 July 2022 Marathon (f) 11.9 (f)
to Racewalk 20 km 24.0 (m), 22.6 (f)
24 July 2022 Racewalk 35km 13.0 (m), 14.0 (f)
5000 m heat 25.2 (m), 27.7 (f)
5000 m final 27.0 (m), 21.8 (f)
10000m 19.6 (m, )
7 World Mountain and Trail Running Championships  Chiang Mai, Thailand 4 November 2022 Long trail 78km 20.6 (m, f)
to Short trail 38km 24.8 (m), 25.1 (f)
6 November 2022 Classic up down 11km 26.6 (m), 26.9 (f)
Classic up down junior 6 km 24.3 (m), 25.2 (f)
8  World Cross Country Championships Bathurst, Australia 18 February 2023 10km 21.7 (m), 24.0 ()
Junior 8km or 6km 27.9 (m), 28.9 (f)
9  World Mountain and Trail Running Championships  Innsbruck, Austria 6 June 2023 Long trail 87 km 14.5 (m, )
to Short trail 44km 19.2 (m, f)
10 June 2023 Mountain classic 14km 23.4(m), 21.7 (f)
Mountain classic junior 7km ~ 23.7 (m, f)
10 World Championships Budapest, Hungary 19 September 2023 Marathon 25.8 (m), 26.0 (f)
to Racewalk 20km 20.5 (m), 25.1 (f)
27 September 2023 Racewalk 35km 25.9 (m), 26.1 (f)
5000 m heat 25.3 (m), 26.6 (f)
5000 m final 25.8 (m), 24.9 (f)
10000m 28.0 (m), 23.0 ()
11 World Road Running Championships Riga, Latvia 1 October 2023 Half-marathon 15.6 (m, f)
12 World Cross Country Championships Belgrade, Serbia 30 March 2024 10km 27.4 (m), 28.1 (f)
8km or 6km junior 27.7 (m), 27.4 (f)
13 World Race Walking Team Championships Antalya, Tirkiye 21 April 2024 Racewalk 10km junior 15.9 (m), 21.0 (f)
Racewalk 20km 25.1 (m), 23.7 (f)
14 Olympic Games Paris, France 26 July 2024 Marathon 21.3(m), 22.6 (f)
to Racewalk 20 km 22.2 (m), 26.5 (f)
11 August 2024 5000 m final 27.1 (m), 22.5 (f)
10000m 21.2 (m), 21.9 ()

WBGT is indicated with (m) corresponding to the male race and (f) corresponding to the female race.

WBGT, Wet Bulb Globe Temperature.

out of stadium racewalking (from 10 to 50 km), marathon (full
and half), cross-country (from 6 to 10km) and trail running
(from 6 to 87km). All statistics were performed on R statistical
software (V.4.4.2)*! and statistical significance was defined as
p<0.0S.

Association and prediction

First, as the data were not normally distributed, associations
between variables retrieved from Athletics World Champion-
ships (table 2) and the outcomes (ie, EHS, DNF and MED) were
assessed using Spearman’s rank correlation coefficient (r).

Second, negative binomial (NB) regressions were performed
as the outcomes consisted of over-dispersed count data, thereby
violating the assumptions of Poisson regression (variance larger
than the mean, figure 1).

Thirdly, to assess the predictive ability of each variable, a leave-
one-out cross-validation (LOOCYV) was applied to the NB regres-
sions. In this approach, the model (ie, NB regression between the
variable and the outcome) is trained on all data points except

one, which is used for testing. The process is repeated for each
data point, and absolute errors are averaged across all iterations,
giving a mean absolute error (LOOCV MAE) and a standard
deviation of the absolute error. This method provides an unbi-
ased estimate of model performance on new data, especially in
datasets with limited sample size (n=80).

Finally, multivariable NB models were run using the same
LOOCV framework to assess whether combining variables
improved predictive performance. Prior to model building,
pairwise associations between continuous predictors (ie, vari-
ables in table 2, all non-parametric) were assessed using Spear-
man’s rank correlations. Variables showing “strong” or “very
strong” correlations (1’520.6)32 were considered redundant and
were not entered simultaneously into the same model. Within
each correlated group, the variable with the lowest LOOCV
MAE in univariable analyses was retained for multivariable
modelling. All retained predictors were entered simultaneously
into the multivariable NB models (no stepwise selection). Of
note, the linearity assumption underlying NB regression was
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Table 2  Environmental, individual and race-related variables retrieved from 80 World Athletics races

Variable Unity Type Collected/estimated
Environmental Air temperature °C Continuous Collected
Relative humidity % Continuous Collected
Wind m/s Continuous Collected/estimated
Absolute humidity g/m’ Continuous Collected
Dew point °C Continuous Collected
Mean radiant temperature °C Continuous Estimated
Wet bulb globe temperature °C Continuous Collected
Universal thermal climate index °C Continuous Estimated
Physiologically equivalent temperature °C Continuous Estimated
Modified physiologically equivalent temperature °C Continuous Estimated
Heat index °C Continuous Collected
Individual Sex (female/male) Nominal Collected
Age Continuous Collected
Race-related Distance km Continuous Collected
Winner race time min Continuous Collected
Last finisher race time min Continuous Collected
Average velocity m/s Continuous Collected
Number of starters Discrete Collected
Spring delay Discrete Collected
Run (yes/no) Nominal Collected
Slope (yes/no) Nominal Collected
Outcome Exertional heat stroke Discrete Collected
Did not finish Discrete Collected
Medical encounters Discrete Collected

Some variables were directly collected on the field of play, while others were estimated with validated methods. The association between these variables and three different
outcomes was investigated: the number of athletes diagnosed with exertional heat stroke, those who did not finish and medical encounters, corresponding to athletes admitted

to medical facilities regardless of cause.

not formally assessed and therefore represents a methodolog-
ical limitation.

Patient and public involvement
No patient or public involvement was needed for this research.

Equity, diversity and inclusion statement

All athletes registered for the World Athletics championships
were included, with no exclusion based on sex, ethnicity, socio-
economic status or marginalisation. The author team comprised
9 men, including 1 junior and 4 experienced researchers, 1
biostatistician, 1 biometeorologist and 2 medical doctors. Five

different nationalities are represented within the research team
(France, Sweden, Italy, Germany, Greece).

RESULTS

WBGT, sex and discipline influence

Across all events, 41 EHS, 484 DNF and 466 MED were

recorded. This corresponds to a frequency of 8/1000 athletes’

exposure for EHS, 98/1000 for DNF and 94/1000 for MED.
However, these frequencies varied with environmental condi-

tions as higher WBGT level was associated with higher risk of

EHS (p=0.003), DNF and MED (both p<0.001, table 3). When

WBGT was <21°C (white flag), the EHS frequency was 2/1000

50

Race count

o

o

EHS

Figure 1

“

.

i \n

. N |, il 1 |
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N “||‘|||I|I||I ulh I
0 10 20

40 60 30 )

DNF MED

Histograms showing the number of athletes diagnosed with exertional heat stroke (EHS), those who did not finish (DNF) and medical

encounters (MED), corresponding to athletes admitted to medical facilities regardless of cause. 80 World Athletics races are depicted, and the data for
the three outcomes are overdispersed since the variances are larger than the means.
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Table 3  Association between wet bulb globe temperature levels (white, green, orange, red, black), sex (female, male) and discipline (marathon,
racewalking, trail, xcountry, long) on the number of athletes diagnosed with exertional heat stroke, those who did not finish and medical encounters,

corresponding to athletes admitted to medical facilities regardless of cause

Group Athletes with outcome Athletes without outcome Frequency/1000  RR Df 7 P value
EHS WBGT Black >30°C - - - 3 13.8 0.003
Red 28-29.9°C 8 493 16 10.5
Orange 25-27.9°C 20 1558 13 8.3
Green 21-24.9°C 1" 131 8 5.5
White <21°C 2 1310 2
Sex Female 22 2229 10 1.4 1 1.1 0.297
Male 19 2668 7
Discipline Marathon 10 1093 9 1.2 4 0.4 0.980
Racewalking 9 1267 7 0.9
Trail 13 1439 9 1.2
xcountry 6 700 9 1.1
Long 3 398 8
DNF WBGT Black =30°C - - - 3 57.9 <0.001
Red 28-29.9°C 72 429 144 1.1
Orange 25-27.9°C 164 1414 104 0.8
Green 21-24.9°C 69 1253 52 0.4
White <21°C 172 1140 131
Sex Female 236 2015 105 1.1 1 2.2 0.140
Male 248 2439 92
Discipline Marathon 174 929 158 53 4 90.7 <0.001
Racewalking 120 1156 94 3.1
Trail 148 1304 102 34
xcountry 30 676 43 1.4
Long 12 389 30
MED WBGT Black =30°C - - - 3 34.5 <0.001
Red 28-29.9°C 80 421 160 1.7
Orange 25-27.9°C 163 1415 103 1.1
Green 21-24.9°C 92 1230 70 0.7
White <21°C 124 1188 95
Sex Female 255 1996 113 1.4 1 173 <0.001
Male 211 2476 79
Discipline Marathon 166 937 151 20.1 4 103.1 <0.001
Racewalking 104 1172 82 10.9
Trail 161 1291 1 14.8
xcountry 32 674 45 6.1
Long 3 398 8

Df, degree(s) of freedom; DNF, did not finish; EHS, exertional heat stroke; MED, medical encounters; RR, rate ratio; WBGT, Wet Bulb Globe Temperature; %2, Chi 2 test.

while between 28.0-29.9°C (red flag), it rose to 16/1000. No
races were conducted with WBGT =30°C (black flag) (figure 2).

There was no significant association between sex and EHS
(p=0.297) or DNF (p=0.140), whereas female had 1.4 more risk
of MED than male (p<0.001, table 3). Also, there was no signifi-
cant association between the discipline and EHS (p=0.98), while
the association was significant for DNF and MED (p<0.001,
table 3).

Association and prediction

Among all the variables, PET showed the strongest correlation
with EHS (r=0.42, p<0.001), followed by MRT (r=0.41,
p<0.001) and UTCI (r,=0.34, p=0.002), whereas the correla-
tion with WBGT was lower (r=0.21, p=0.061). MRT yielded
the strongest NB regression (R2=0.11, p<0.001) and was the
best predictor (lowest prediction error of 0.60+0.69 EHS cases
per race) followed by PET and UTCI (table 4). WBGT showed a
slightly higher error of 0.71+0.69 (table 4, figure 2).

A longer distance was associated with higher number of DNF
and MED (respectively 7 =0.72and r,=0.69, both p<0.001), as
well as both a longer last finisher race time (r,=0.69, 7 =0.72,
both p<0.001) and winner race time (both  =0.67, p<0.001,
table 4). Age was the best predictor for both DNF (error of
4.39+6.70) and MED (4.01+4.25, table 4). Association results
of each variable listed in table 2 can be found in online supple-
mental materials for EHS (SM2), DNF (SM3) and MED (SM4).

Regarding multivariable association, the best models predicting
outcomes were composed of the following variables:

» log(EHS)=—-9.13+0.17*dew point+0.50*slope+0.76*run
+0.11*MRT.

» log(DNF)=-3.35+0.02%number of starters+0.08*absolute
humidity+0.08*age.

» log(MED)= —2.84+0.43%sex+0.03*number of
ers+0.11%*dew point+0.02*age+0.16*run.

Those models led to predictive errors of 0.54+0.71 case per
race for EHS, 3.89+6.12 for DNF and 3.56+4.10 for MED.

start-
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Figure 2 Association between exertional heat stroke (EHS) count and the Wet Bulb Globe Temperature (WBGT, left) or Mean Radiant Temperature
(MRT, right). Among the variables retrieved, MRT demonstrates the strongest association, explaining 11% of EHS variability, while WBGT explains 4%.

Red line: negative binomial regression, R2: McFadden’s R2.

DISCUSSION

EHS frequency in elite athletes

The first key finding of this study is the high frequency of EHS
among elite athletes averaging 8 cases per 1000 exposures,
which increases to 16 per 1000 in hot environmental conditions
(WBGT 28-29.9°C) (table 3). In comparison, EHS rates in mass-
participation marathons under cooler conditions (ambient air
temperature 5-20°C) are considerably lower, ranging from 0.4
to 1.3 per 1000 exposures.*** Even in competitions known for
their high rates of heat illness, such as the Falmouth Road Race,

the reported EHS frequency is 2.1 per 1000, peaking at 6.6 per
1000 during the 2003 heat wave.*® " Although fewer studies
are available due to the lack of proper EHS diagnosis,® the risk
of EHS also appears to be generally lower in other sports and in
the military. For example, American football shows a frequency
of 4.2 per 1000 exposures, which is higher than tennis, foot-
ball (soccer) or field hockey but still below that observed in
elite Athletics in our study.*® While in the military, the reported
average EHS frequency in the US Army is approximately 0.3 per
1000 person-years.®*” These comparisons highlight the uniquely

Table 4 Univariable association between variables retrieved from Athletics races and the number of athletes diagnosed with exertional heat

stroke, those who did not finish the race and medical encounters

Correlation Negative binomial regression
Variable Rank Coefficient P value Coefficient P value R? MAE LOOCV MAE LOOCV SDAE
EHS PET 1 0.42 <0.001 0.09 <0.001 0.10 0.61 0.63 0.65
MRT 2 0.41 <0.001 0.09 <0.001 0.11 0.58 0.60 0.69
utcl 3 0.34 0.002 0.15 <0.001 0.09 0.63 0.65 0.64
mPET 4 0.24 0.030 0.05 0.013 0.03 0.70 0.72 0.73
WBGT 5 0.21 0.061 0.15 0.018 0.04 0.69 0.71 0.69
Age 6 0.17 0.130 0.01 0.893 0.00 0.72 0.74 0.69
DNF Distance 1 0.72 <0.001 0.05 <0.001 0.14 4.08 447 9.42
Last finisher race time 2 0.69 <0.001 0.00 <0.001 0.06 4.90 5.83 13.66
Winner race time 3 0.67 <0.001 0.01 <0.001 0.08 5.15 6.65 17.39
Age 4 0.61 <0.001 0.15 <0.001 0.08 4.25 439 6.70
Number of starters 5 0.55 <0.001 0.02 <0.001 0.07 4.95 5.19 7.30
Average velocity 6 -0.31 0.006 -0.37 0.001 0.02 5.33 5.51 7.57
WBGT 13 0.08 0.474 —-0.05 0.136 0.01 5.67 5.84 7.68
MED Last finisher race time 1 0.72 <0.001 0.00 <0.001 0.04 4.98 5.97 11.12
Distance 2 0.69 <0.001 0.04 <0.001 0.07 4.34 4.70 7.70
Winner race time 3 0.67 <0.001 0.01 <0.001 0.04 5.31 6.90 20.18
Number of starters 4 0.66 <0.001 0.02 <0.001 0.05 4.81 5.15 7.19
Age 5 0.61 <0.001 0.10 <0.001 0.03 3.92 4.01 4.25
Average velocity 6 -0.50 <0.001 —-0.46 <0.001 0.03 4.03 414 4.82
WBGT 17 0.04 0.707 0.01 0.880 0.00 4.90 5.02 474

Spearman rank correlation coefficients and negative binomial regression were performed, and the predictive ability of variables was investigated with a leave-one-out cross-
validation (LOOCV). In the table, variables are ranked according to the strength of their Spearman rank correlation coefficients, and their association with WBGT are always

included.

DNF, did not finish; EHS, exertional heat stroke; LOOCV MAE, MAE from LOOCV; LOOCV SDAE, standard deviation of absolute error from LOOCV; MAE, Mean Absolute Error;
MED, medical encounters; mPET, modified physiologically equivalent temperature; MRT, mean radiant temperature; PET, physiologically equivalent temperature; R2, McFadden’s

R UTCI, universal thermal climate index; WBGT, Wet Bulb Globe Temperature;
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high EHS risk associated with elite-level Athletics competitions.
This specificity must be carefully considered by local organising
committees when planning events, ensuring the deployment
of adequate medical resources and prehospital care systems to
effectively manage EHS.*’

Sex and discipline influence

The frequency of EHS does not differ significantly between male
and female athletes (p=0.297, table 3), a finding consistent with
previous research on EHI in elite athletes across various disci-
plines, including track and field,? cycling*® and beach volleyball.*!
While sex differences in EHI risk have been reported among
amateur runners,” *** this disparity may be less pronounced
in elite populations. It is likely that comparable levels of intense
physical exertion associated with high metabolic heat produc-
tion and a similarly strong performance-driven motivation in
both sexes contribute to the equal EHS risk observed during elite
competitions.* ** Promoting heat preparedness through educa-
tional materials regardless of sex is therefore crucial.*®

On the other hand, sex was associated with MED, with female
athletes more frequently seeking medical attention (RR=1.4,
table 3) despite similar rates of EHS and DNF. Available data on
medical care utilisation among male and female athletes remain
limited and inconclusive.*” Additionally, in this study, MED
outcomes do not differentiate the underlying causes (eg, injury
vs illness), which limits the interpretability of these findings.

No significant difference was observed between disciplines
for EHS frequency (p=0.980, table 3). This finding reinforces
the notion that long-duration events such as the marathon or
race walking are not the only disciplines at risk of EHS in elite
Athletics.** ** Consequently, shorter but more intense disciplines
such as 10000 m and 5000 m should receive the same medical
attention for heat stroke risk as longer endurance events.

In contrast, race discipline is significantly associated with
both DNF and MED frequencies (p<0.001, table 3). Disciplines
involving longer distances such as the marathon, racewalking
and trail races are linked to higher rates of DNF and MED,
consistent with the positive correlations observed between
these outcomes and race distances (table 4, p<0.001). Longer
events place greater physiological and cognitive demands on
athletes, increasing the risk of withdrawal or medical complica-
tions.*” Additionally, elite athletes running longer distances are
more likely to voluntarily withdraw when they are no longer in
contention for podium positions, thereby avoiding unnecessary
physiological stress and optimising recovery for future events.>’

EHS association and prediction

The WBGT flag system is informative, as higher severity flags
correspond to increased EHS frequency (p=0.003, figure 2).
However, there is considerable variability within each level,
resulting in a weak overall association between WBGT and EHS
(R2=0.04, p=0.018). When used alone, WBGT yielded a mean
absolute error on new data (LOOCV MAE) of 0.7+0.7 EHS
cases per race, which is higher than the mean number of EHS per
race (0.5%1.0), limiting its utility for predicting EHS frequency.
Among recreational runners, the relationship between WBGT
and EHS remains inconsistent; some studies report moderate to
strong coefficients of determination (R2=0.41-0.91),1¢ 37424551
while others find no significant association.” Therefore, the reli-
ability of WBGT appears to be case-dependent, and its use should
ideally be supported by prior association analyses with heat-
related outcomes before being relied on for decision-making.

MRT emerged as the strongest univariable predictor of EHS
(R2=0.11; LOOCV MAE: 0.6=0.7, table 4), emphasising the
influence of solar radiation over air temperature, humidity or
wind.’> PET and UTCI outperformed WBGT (R2=0.10, 0.09
vs 0.04, respectively), which is consistent with previous findings
in recreational settings.'® However, all thermal indices demon-
strated limited predictive ability, likely due to their design for
the general population who typically exhibit lower metabolic
heat production and wear clothing that differs from that of
athletes.” *® The best multivariable model reached a LOOCV
MAE of 0.5+0.7EHS cases, which remains insufficient for
accurate prediction given the race average cases of 0.5=1.0. All
together, these results indicate that currently retrieved environ-
mental, individual and race-related variables (table 2) are not
sufficient to predict EHS frequency. It is suggested that including
factors such as athletes’ acclimation/acclimatisation status or
recent illness history may improve prediction ability.® 1**! Such
information could be collected using two simple questions
addressed to the endurance athletes in the days preceding the
race:

» Q1: Have you specifically trained in a natural or artificial
hot environment (=30°C) for at least 5 days in the 30 days
prior to your competition? (Yes/No).

» Q2: Have you experienced symptoms of illness such as
fever, diarrhoea or vomiting within the 10 days prior to your
competition? (Yes/No).

The responses to these questions would provide an estimate
of the athletes’ acclimation/acclimatisation status and general
health condition before the event. A higher proportion of accli-
mated athletes and a lower proportion of those reporting recent
illness could indicate a reduced overall risk of EHS within the
race.

DNF and MED association and prediction
In contrast, individual and race-related variables allow for a more
measured prediction of DNF and MED outcomes. Specifically,
multivariable models achieve LOOCV MAEs of 3.9+6.1 DNF
and 3.6=4.1 MED, both lower than their corresponding mean
race frequency of 6.1+9.4and 5.8%6.7, respectively. Indeed, it
has been well identified that age has a direct impact on DNF and
MED in elite athletes.*” A higher incidence of injuries has been
reported among older athletes (>30 years) during competition.
The increased injury risk in this population may be explained
by the cumulative training load and microtrauma sustained over
multiple seasons, as well as age-related tissue degeneration.”
These findings therefore support the potential utility of such
models for tailoring medical logistics and resource allocation
during elite competitions.

Strengths and limitations
A strength of our study is that most environmental variables
were measured directly in the field of competition rather than
estimated from nearby stations (table 2), improving ecological
accuracy and capturing microclimate variations that can signifi-
cantly affect athletes’ responses. The measuring system was
consistently placed in direct sunlight as close as possible to the
athletes: between the track and the stands for stadium sessions
and at the finish line for other events. It was installed several
days before races and was therefore stabilised to ambient condi-
tions before the first measurement was recorded.

A limitation is that the study focused on the most severe form
of EHI, namely EHS. Thus, milder and more frequent conditions
such as heat exhaustion or heat-related performance decrements
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were not considered and still have important implications for
athletes’ performance and safety. On the other hand, EHS assess-
ments were conducted by medical professionals, ensuring high
validity and reliability in the diagnosis.

Also, the dataset does not encompass the full range of possible
climatic conditions. Consequently, certain environmental vari-
ables (eg, air temperature, relative humidity, MRT or wind speed)
may have been overrepresented or underrepresented, potentially
influencing their apparent association with EHS, MED or DNF.

Clinical implications

The uniquely high risk of EHS in elite Athletics competitions
highlights the importance that event organisers must place
on providing adequate medical and pre-hospital care on site.
A dedicated area, referred to as a heat deck, allowing one or
multiple cold-water immersion for the treatment of EHS, should
be included in the medical tent. It is fundamental to staff this
area with physicians trained in the diagnosis and treatment of
EHS and equipped with the necessary material (ie, rectal ther-
mometer with flexible long probe, rigid or inflatable bathtub,
water, ice, mesh, stretcher).” Our findings indicate that no vari-
able provides substantially better prediction of EHS than the
WBGT, which therefore remains the most practical reference
tool for decision-making. In this specific context of elite endur-
ance competition and with a limited number of participants at
the World Championships (15 to 170 starters), we recommend
adjusting the capacity of the heat deck to WBGT flag categories
and expected EHS cases (figure 2): preparation for 2 EHS cases
under a white flag, 3 under a green flag, 5 under an orange flag
and 6 under a red flag, while events under a black flag should
be cancelled. It is important to note that these recommenda-
tions are specific to elite endurance competitions and cannot be
directly applied to mass-participation events, where thousands
of amateur athletes are involved and the EHS frequency differs.

CONCLUSION

Medical outcomes from 80 elite thletics races representing
4938 race entries were analysed. EHS occurs with notably high
frequency (8/1000 on average and 16/1000 in hot conditions),
regardless of sex or discipline. Dropouts and MED are more
common in marathon, racewalking and trail running as compared
with shorter events. Although higher WBGT flag levels are asso-
ciated with increased EHS frequency, WBGT has limited predic-
tive value, and no other variable performs substantially better.
Overall, the environmental and personal variables considered in
this study contribute only slightly to predicting EHS, suggesting
that most of the variance is likely underpinned by other personal
variables (eg, acclimatisation, underlying illness, inflammatory
status, previous episodes), some of which have yet to be discov-
ered, representing an important area of future study.
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