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METHOD ARTICLE
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Kaspar M.B. Jansen c, Boris R.M. Kingma d,e, Sam B. Ballakf, Kamiel Maaseg, Maarten H. Moeng,  
Jan-Willem van Dijk h, Hein A. M. Daanen i,j, and Thijs M.H. Eijsvogels a

aDepartment of Physiology, Radboud University Medical Center, Radboud Institute for Health Sciences, Nijmegen, The Netherlands; bFaculty 
of Health Sciences, Thermal Ergonomics Laboratory, The University of Sydney, Sydney, Australia; cDepartment of Design Engineering, Delft 
University of Technology, Delft, The Netherlands; dDepartment of Training and Performance Innovations, Unit Defence, Safety and Security, 
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Section for Integrative Physiology, University of Copenhagen, Copenhagen, Denmark; fSport Science & Innovation Papendal, Sportcentrum 
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of Sport and Exercise Studies, HAN University of Applied Sciences, Nijmegen, The Netherlands; iFaculty of Behavioural and Movement 
Sciences, VU University Amsterdam, Amsterdam, The Netherlands; jSizing Science, Soesterberg, The Netherlands

ABSTRACT
The environmental conditions during the Tokyo Olympic and Paralympic Games are expected to 
be challenging, which increases the risk for participating athletes to develop heat-related illnesses 
and experience performance loss. To allow safe and optimal exercise performance of Dutch elite 
athletes, the Thermo Tokyo study aimed to determine thermoregulatory responses and perfor-
mance loss among elite athletes during exercise in the heat, and to identify personal, sports- 
related, and environmental factors that contribute to the magnitude of these outcomes. For this 
purpose, Dutch Olympic and Paralympic athletes performed two personalized incremental exer-
cise tests in simulated control (15°C, relative humidity (RH) 50%) and Tokyo (32°C, RH 75%) 
conditions, during which exercise performance and (thermo)physiological parameters were 
obtained. Thereafter, athletes were invited for an additional visit to conduct anthropometric, dual- 
energy X-ray absorptiometry (DXA), and 3D scan measurements. Collected data also served as 
input for a thermophysiological computer simulation model to estimate the impact of a wider 
range of environmental conditions on thermoregulatory responses. Findings of this study can be 
used to inform elite athletes and their coaches on how heat impacts their individual (thermo) 
physiological responses and, based on these data, advise which personalized countermeasures 
(i.e. heat acclimation, cooling interventions, rehydration plan) can be taken to allow safe and 
maximal performance in the challenging environmental conditions of the Tokyo 2020 Olympic 
and Paralympic Games.
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Introduction

The Tokyo 2020 Olympic and Paralympic Games 
will be held amid Tokyo’s summer, characterized 
by hot (ambient temperature (Tambient) >30°C) and 
humid (relative humidity (RH) ±70%) environ-
mental conditions [1–3], with only little relief 
overnight [4]. As several events are scheduled at 
the hottest time of the day (midday) [3], these 
circumstances may expose athletes to the most 
challenging environmental conditions ever 
observed in the modern history of the Olympic 
and Paralympic (Summer) Games. Apart from the 

external thermoregulatory burden (i.e. solar radia-
tion, ambient temperature and humidity), exercise 
itself is the most important source of heat produc-
tion. Only 20% to 25% of the total substrate oxida-
tion during exercise is used for mechanical muscle 
activity, while the remaining 75% to 80% is dis-
sipated as heat [5,6]. The combination of environ-
mental heat stress and exercise-induced heat 
production is likely to exceed the body’s heat dis-
sipating capabilities [7,8], resulting in profound 
core temperature (Tc) elevations [7,9,10].

Progressive increases in Tc may result in exer-
tional hyperthermia placing athletes at risk of 
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developing heat-related illnesses such as heat 
exhaustion and heat stroke [11–13]. A recent 
study of athletes competing at the 2016 UCI 
Road World Championships in Qatar revealed 
that 57% of participating athletes had a history of 
heat-related symptoms and 17% a history of exer-
tional heat illness [14]. It has been demonstrated 
that performance levels are markedly impaired 
during exercise in the heat [15]. For example, the 
maximal aerobic capacity (i.e. VO2max) is com-
promised [16], whereas self-paced and constant 
workload exercise performance is attenuated in 
warmer (>30°C) versus cooler (<20°C) environ-
mental conditions [17–20]. Since small reductions 
in performance levels have enormous conse-
quences in professional sports, it is paramount to 
identify athletes who will demonstrate profound 
Tc elevations or large performance losses while 
exercising in the heat [21].

To allow safe and optimal exercise performance 
of Dutch elite athletes competing in extreme envir-
onmental conditions, such as expected during the 
Tokyo 2020 Olympic Games, we established the 
interdisciplinary Thermo Tokyo consortium con-
sisting of representatives from TeamNL (the 
umbrella organization of all Dutch sports federa-
tions), 4 Dutch universities, 6 national sports fed-
erations, and 3 TeamNL Training Centers. The 
overarching aim of the Themo Tokyo study was 
to increase our understanding of the individual 
thermoregulatory responses and performance loss 
among elite athletes during exercise in the heat 
and to identify personal, sports-related, and envir-
onmental factors that contribute to the magnitude 
of these responses. For this purpose, high- 
resolution data were collected during personalized 
exercise tests in a climate chamber and by asses-
sing detailed anthropometric measures in 
a heterogeneous group of Olympic and 
Paralympic athletes. Besides, we used data derived 
from the exercise tests and anthropometric mea-
sures for computer simulations to investigate the 
impact of various Tokyo environmental conditions 
on the thermoregulatory responses of individual 
athletes. Altogether, findings of this study were 
used to inform elite athletes and coaches on how 
heat impacts their individual (thermo)physiologi-
cal responses and, based on these data, to advise 
which countermeasures can be taken to mitigate 

the impact of exercise in the heat on Tc and 
performance outcomes. The aim of this article is 
to describe the rationale and design of the Thermo 
Tokyo study.

Methods

Participants

Olympic and Paralympic athletes were recruited 
via TeamNL infrastructure (i.e. national sports 
federations, coaches, embedded scientists). As we 
were specifically interested in the impact of acute 
heat stress on exercise performance and thermo-
regulation, only elite athletes (≥16 years) practi-
cing an outdoor sport discipline on an 
international level were eligible to participate in 
our study. Exclusion criteria were based on the use 
of the ingestible temperature capsule: I) 
a bodyweight <36.5 kg, II) an implanted electro- 
medical device, III) a history of obstructive/ 
inflammatory bowel disease or surgery, or IV) 
a scheduled magnetic resonance imaging (MRI) 
scan within 5 days of the experiment. We aimed 
to recruit as many athletes as possible, but 
a minimal sample size of n = 75 was anticipated.

Design

Study participants were invited for three study visits 
(Figure 1) between 1 October 2018 and 1 March 2020. 
Visits 1 and 2 included the performance of personalized 
incremental exercise tests in simulated control (Tambient 
15°C, RH 50%) and Tokyo (Tambient 32°C, RH 75%) 
conditions, respectively. The exercise tests were per-
formed on a cycle ergometer (Lode ergometer, Lode B. 
V., Groningen, Netherlands, or Tacx Neo Smart T2800, 
Tacx B.V., Wassenaar, Netherlands). Paralympic athletes 
with a disability that hinder them from cycling (i.e. spinal 
cord injury and/or amputated foot or leg) performed the 
exercise test on an arm ergometer (Tacx Booster T2500, 
Tacx B.V., Wassenaar, Netherlands, or Cyclus 2, RBM 
elektronik-automation, Leipzig, Germany or 
TechnoGym Top Excite+ 700i, TechnoGym, Cesena, 
Italy, depending on their sports equipment). The exercise 
test consisted of a 20 min warm-up phase, followed by 
an incremental phase until volitional exhaustion. The 
first exercise test was always conducted in the control 
condition, to determine the 20 min warm-up workload 
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corresponding to 70% of the athlete’s maximal heart rate. 
During the incremental phase, the workload obtained 
during the warm-up phase was gradually increased by 
5% every 3 min until volitional exhaustion. The second 
exercise test was performed in simulated Tokyo condi-
tions, using the exact same individualized exercise pro-
tocol that was established during the first study visit (i.e. 
changes in workload over time), allowing us to assess the 
effects of exercise in different environmental conditions 
on performance and thermoregulatory outcomes. 
Exercise tests were performed between 08:30 am and 
04:00 pm. For every participant, the exercise tests were 
separated by ≥48 h and were commenced at the same 
time of day to avoid any circadian rhythm effects 
between the control and Tokyo condition [22]. Visit 3 
was optional and included detailed assessment of anthro-
pometric measures. First, anthropometric measurements 
were conducted according to the International Society 
for the Advancement of Kinanthropometry (ISAK) stan-
dards, followed by a dual-energy X-ray absorptiometry 
(DXA) scan on a fan-beam DXA scanner (Hologic 
Discovery A, Hologic, Bedford, MA). Finally, a 3D 
scan was made using an Artec-L scanner (Artec 3D, 
Luxemburg). All anthropometric measurements were 
performed by two experienced researchers (ISAK levels 
1 and 2 accredited, respectively).

Personalised exercise test

In preparation for each exercise test, participants 
were asked to refrain from strenuous exercise 
(>24 h) and consumption of alcohol or caffeine 
(>12 h). Furthermore, all participants were 
instructed to eat the same diet and wear the 

same clothes for both exercise tests, consume 
their last meal ≥3 h preceding the measurements, 
consume 500 mL of water �2 h before arriving at 
the laboratory and register their fluid intake on 
the day of each study visit from the moment they 
woke up. To perform Tc measurements, partici-
pants were asked to ingest a gastrointestinal tem-
perature capsule 3 h prior to the exercise test on 
study visits 1 and 2. Furthermore, participants 
were told that they are not allowed to drink during 
the exercise test to avoid any interaction between 
Tc recordings and fluid intake [23].

Upon arrival at the laboratory, written informed 
consent, the fluid intake form and personal data 
were obtained (i.e. sex, age, menstrual cycle phase, 
acclimation status). Subsequently, body height 
(Road Rod Portable Stadiometer, Hopkins medical 
products, Caledonia, USA) and weight (Seca 
robusta 813 scale, Hamburg, Germany) measure-
ments were performed and measurement equip-
ment for the assessment of gastrointestinal 
temperature (Tgi), skin temperature (Tskin) and 
heart rate (HR) was instrumented.

After participants entered the climate chamber, 
the bike ergometer was fitted to the participant by 
adjusting the height, inclination and position of the 
saddle and the height and inclination of the handle-
bar. If a Tacx or Cyclus 2 device was used, the 
participant’s bike was installed before entering the 
climate chamber. The ergometer type and settings 
will be the same for both tests. Then, a 5 min seated 
rest period was applied, and baseline values were 
obtained in the last minute. Thereafter, the athlete 
was instructed to start a 20 min warm-up by cycling 

Figure 1. Flow chart of the Thermo Tokyo study design Personalized. DXA, dual-energy X-ray absorptiometry; ISAK, International 
Society for the Advancement of Kinanthropometry; MRI, magnetic resonance imaging; RH, relative humidity.

TEMPERATURE 211



at 100 W (cycle ergometer) or 30–70 W (hand cycle 
ergometer) at a pedaling speed of 80–100 revolutions 
per minute throughout the whole protocol. After 
3 min, the initial workload was gradually adjusted 
to reach 70% of the athlete’s maximal HR, obtained 
from training data or a previously performed max-
imal exercise test. After reaching a stable target HR 
(i.e. 70% HRmax), workload was kept equal. At the 
20 min mark, the incremental phase started and the 
workload was gradually increased by 5% every 3 min 
until volitional exhaustion. Verbal encouragement 
was used to motivate participants to give maximal 
effort. The test was terminated if the participant was 
unable to maintain the minimum of 80 revolutions 
per minute.

After exercise cessation, participants had a 3 min 
active cool-down at a self-selected wattage, followed 
by a 10 min seated rest period. Directly after com-
pletion of the protocol, participants left the climate 
chamber, the measurement equipment was 
removed, and post-exercise body weight was 
obtained. A complete overview of the personalized 
incremental exercise test protocol is presented in 
Figure 2.

Measurements
Gastrointestinal temperature (Tgi). We used 
a validated ingestible telemetric temperature cap-
sule system (myTemp, Nijmegen, Netherlands) 

[24,25] to continuously measure Tgi (in °C) at 
predefined 10-s intervals. The temperature capsule 
measures Tgi using a negative temperature coeffi-
cient thermistor, and temperature data is sent 
wirelessly to the associated copper-wired waist-
band, worn at waist level and placed over partici-
pant’s sports clothing.

Exercise performance. Time to exhaustion (TTE) 
was measured from the start of the warm-up until 
volitional exhaustion and was expressed in min-
utes rounded to the nearest integer. Peak power 
output (PPO) was expressed as an absolute value 
(W) and normalized value (W/kg), and was calcu-
lated using the following formula: 
PPO(W)=workload in the highest completed(W)  

+((time in the hightest incomplete step(s)/ 
step duration) 

*additional workload in the highest incom-
plete step(W))

Changes in TTE (min) and PPO (W and W/kg) 
in the Tokyo condition relative to the control 
condition were calculated using the following 
formula:

Change in exercise performance
¼ Tokyo � thermoneutralð Þ=thermoneutral
� 100%

Figure 2. Overview of the Thermo Tokyo personalized exercise test protocol. After 5 min seated rest (Baseline), athletes will start to 
exercise at 100 W (ergometer) or 30–70 W (hand ergometer). After 3 min, the initial workload will be gradually adjusted to reach 
70% of the athlete’s maximal heart rate. After 20 min, workload will gradually be increased every 3 min with 5% until volitional 
exhaustion. After exercise cessation, participants will have a 3 min cool-down at a self-selected wattage followed by 10 min seated 
rest. Gastrointestinal temperature (Tgi), skin temperature (Tsk), heart rate (HR), and exercise performance will be examined 
continuously throughout the protocol. Participant’s body mass will be measured at baseline and directly after finishing the 
experimental protocol to determine whole body sweat rate (WBSR). Perceptual outcomes will be scored at baseline, every 5 min 
during the warm-up phase and every 3 min during the incremental phase. The personalized exercise protocol (i.e. changes in 
workload over time) obtained during the control condition (Tambient 15°C, RH 50%) will subsequently be applied to the second 
exercise test in simulated Tokyo conditions (Tambient 32°C, RH 75%).
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Skin temperature (Tsk). Wireless temperature 
recorders (iButton DS1922L, Dallas 
Semiconductor Corp., USA) were attached to the 
skin at four distinct locations (i.e. neck, left hand, 
right shoulder, right shin) (Standard I.S.O. 9886, 
2004) using sweat proof Tegaderm Film 
(Tegaderm, Neuss, Germany) to determine Tsk. 
Resolution was set at 0.0625°C and data were 
continuously collected at 20-s intervals. We calcu-
lated the weighted averages according to interna-
tional standard operations (Standard I.S.O. 9886, 
2004).

Heart rate (HR). HR was measured using a Polar 
system (Polar V800, Polar Electro Oy, Kempele, 
Finland) with a chest strap (Polar chest strap H10, 
Polar Electro Oy, Kempele, Finland) using 
1-s intervals.

Whole body sweat rate (WBSR). Participant’s 
body weight was measured to the nearest 100 g 
using an electronic weighting scale (Seca robusta 
813 scale, Hamburg, Germany) at baseline and 
directly after the experimental protocol to deter-
mine WBSR. Body weight measurements were 
performed in shorts and underwear. Dehydration 
was defined as a body weight loss of >2% [26].

Perceptual outcomes. Thermal comfort, thermal 
sensation and rating of perceived exertion (RPE) 
were ranked on a 4-point [27], 7-point [27] and 
15-point scale [28], respectively. Thermal comfort 
ranged from 1 (comfortable) to 4 (very uncomfor-
table), thermal sensation from −3 (very cold) to 3 
(very hot), and RPE from 6 (very very light) to 20 
(maximal exertion). Perceptual outcomes were 
scored at baseline, every 5 min during the warm- 
up phase, every 3 min during the incremental 
phase and every 5 min during the recovery phase.

Environmental conditions. Tambient, RH, and wet 
bulb globe temperature (WBGT) were measured 
during the baseline and the recovery period via 
a portable climate monitoring device (Davis 
instruments Inc., Hayward, USA) positioned on 
table height in the center of the climate chamber, 
and the ambient vapor pressure and absolute 
humidity were calculated accordingly.

Data analysis of personalized exercise tests
After data extraction, individual data records were 
cleaned by manually removing erroneous values 
caused by measurement errors in Tgi,Tsk and HR 
responses. Thereafter, minute averages of Tgi,Tsk 
and HR were calculated using a customized 
MATLAB and Statistics Toolbox (2012b, The 
MathWorks, Inc., Natick, USA) software package. 
Missing Tgi data was linearly interpolated using 
a customized MATLAB script if gaps were 
<5 min. Gaps >5 min were visually inspected by 
two researchers and only interpolated if the inter-
polated data fitted the Tc curve. In case of discre-
pancy between the two researchers, the evaluation 
of a 3rd researcher was decisive. All case-by-case 
visual data inspections were performed by three 
dedicated and experienced researchers.

Anthropometric measurements

To study the relation between anthropometric 
characteristics and the magnitude of individual 
thermoregulatory responses and performance 
loss, we assessed detailed anthropometrics, DXA 
scans and 3D scan measurements. Outcomes of 
these anthropometric measurements were used as 
an input for computer simulations to investigate 
the impact of various Tokyo environmental con-
ditions on the thermoregulatory responses of indi-
vidual athletes.

All anthropometric measurements were per-
formed in the morning between 8:00 and 12:00. 
In preparation for the anthropometric, DXA and 
3D scan measurements, participants were asked to 
refrain from exercise (at least 14 h prior to the 
measurements). A light continental breakfast was 
allowed to improve feasibility and compliance with 
the testing procedures. Upon arrival at the labora-
tory, participants were asked to empty their blad-
der, undress to underwear (or tight-fitting 
sportswear with no metal or hard plastic parts), 
remove jewelry, and bind long hair together to 
avoid interference or inaccuracies during the 3D 
scan measurements.

Anthropometrics
Body weight and height were measured using 
a digital scale with a stadiometer (Dongshan 
Jenix, DS-103, Seoul, Korea) with an accuracy of 
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±0.1 kg and ±1 mm, respectively. Skinfolds were 
assessed to the nearest 0.1 mm using a Harpenden 
Skinfold Caliper (Baty International, West Sussex, 
UK) calibrated as recommended by the manufac-
turer. Skinfold measurements were taken on the 
right side of the body using landmarks to identify 
the skinfold sites described by Norton [29]. Eight 
skinfold sites (i.e. triceps, biceps, subscapular, iliac 
crest, supraspinal, abdominal, front thigh, and 
medial calf) were marked and measured. All skin-
fold measurements were performed in 
duplicates to determine within-day reliability. If 
the difference between the duplicate measures 
exceeded 5% for an individual skinfold, a third 
measurement was performed after all other mea-
surements were completed. The mean of double 
measurements or median of triple measurements 
will be used for further analyses.

Dual-energy X-ray absorptiometry (DXA)
A whole body DXA scan was conducted using 
a fan-beam DXA scanner (Hologic Discovery A, 
Hologic, Bedford, Massachusetts, USA) using the 
array mode. The scanner was calibrated with 
a phantom at the beginning of each test day 
according to the manufacturer’s guidelines. 
Positioning of the participants was standardized 
according to the NHANES positioning protocol 
[30]. The top of the head was positioned a few 
centimeters below the top line of the scan area. 
Consequently, the feet of tall participants (more 
than ~190 cm) was not completely scanned. Scans 
were analyzed by Apex 5.6 software (Hologic, 
Bedford, Massachusetts, USA) with the classic 
body composition analysis algorithm (i.e. without 
NHANES correction).

3D-scan measurements
A full body 3D scan was made using an Artec-L 
scanner (Artec 3D, Luxembourg) which was 
mounted on a tripod with vertical slide. 
Participants were asked to stand on a rotating 
platform (2 rpm) in a standing upright position 
(feet slightly apart, arms to the side, and head 
and eyes facing forward). The scanner was 
slowly moved downwards along the vertical 
slide to scan the rotating participant for approxi-
mately 4 min.

Analysis of 3D scan measurements
The 3D scans were automatically cleaned using 
Artec software (Artec Studio 13) and were sub-
mitted to an automated remeshing process 
(Wrap version 3) to obtain the appropriate 
quality by fitting a common body template 
(Figure 3). The resulting re-meshed models 
provided a homology between the scanned 
bodies, meaning that the models had the same 
number of vertices and that the vertices were at 
corresponding anatomical locations. The 
homology was then exploited to consistently 
measure anthropometric dimensions with 
a custom-made Python script (version 3.7, 
Python Software Foundation, Beaverton, 
Oregon, USA). The selection of anthropometric 
dimensions was based on the anthropometry 
input variables of the simulation model (Table 
1), expanded with body surface area (BSA) 
in m2. Anthropometric measures were defined 
according to the NASA Anthropometric Source 
Book [31,32] in accordance with Fiala 
et al [33].

Thermophysiological computer simulations

To assess the impact of different environmental 
conditions on thermoregulatory responses dur-
ing exercise, we used data from the exercise 
tests and anthropometric measurements to 
feed the validated Fiala-thermal-Physiology- 
and-Comfort (FPC) simulation model (version 
5.4) [34,35]. Specifically, personal characteris-
tics (Table 1), exertional heat production 
(from power output), and climatic conditions 
served as input for the simulations, while out-
put parameters were the thermoregulatory 
responses including rectal temperature (Tre). 
Below, we present the specific settings that 
were used to run our computer simulations.

Personal settings
Fitness level (VO2max in ml/kg/min) was estimated 
from the highest PPO individuals reached during 
the exercise tests in W, and body weight (BW) 
in kg, using the equation of Hawley and 
Noakes [36]:

VO2max ¼ 11:41 � PPOþ 435ð Þ=BW kgð Þ
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Acclimatization days were determined based on 
oral reports about exercise in hot conditions the 
previous month. Body height and weight were 
obtained from the anthropometry measurements 
and body fat percentage from the DXA scan. All 
other anthropometric measures were derived from 
the 3D scans as described above.

The initial thermophysiological status at the 
start of the exercise was simulated by a 10 min 
rest period at a 1.1 metabolic equivalent of task 
score (METS) in both the control and Tokyo 
environmental conditions. Subsequently, the exer-
cise test was simulated by inserting METS for each 
full minute until exhaustion. METS were 

Figure 3. Example of a processed 3D scan.
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calculated from exercise test values, using the fol-
lowing American College of Sports Medicine equa-
tions [37]:

Vo2 ml=kg=minð Þ ¼ 1:8 � workrateinkgm=minð Þ=BW kgð Þð Þ þ 7 

METS ¼ 3:5 � VO2 ml=kg=minð Þ

The FPC-model considers metabolic energy to be 
completely converted into heat, which holds true 
for locomotive activity. However, accounting for 
the external mechanical power of cycling, an aver-
age gross efficiency factor of 0.2 was applied to the 
METS values before entering them into the model.

Conditions
As a validation step, the exercise tests for the control 
and Tokyo were simulated. Tambient and RH measured 
during the exercise tests were used as input, being close 
to the set values. By lack of radiation, mean radiant 
temperature was set equal to ambient temperature. 
Only natural air flow within the climate chamber was 
present, which will be accounted for by a standard air 
flow (Vair) value of 0.2 m/s. Convective cooling by 
pedaling movements was accounted for by an adjusted 
Vair of 1.0 m/s at the legs. Standardized clothing settings 
was selected for shirt and shorts.

To evaluate the impact of different environmen-
tal conditions on temperature responses, the 
Tokyo exercise test was simulated across nine dif-
ferent environmental conditions (Table 2). 
Environmental variations were defined within rea-
listic boundaries of possible Tokyo conditions [1]. 
First, a baseline simulation at 32°C and 75% RH 
was performed. Then, simulations with 6°C higher 
and lower ambient temperature and simulations 
with 15% higher and lower RH were performed. 
Furthermore, a fully acclimatized status (10 days), 

and a condition with maximal radiation (921 W/ 
m2) was simulated. The latter is defined by the 
average maximal radiation during early afternoon 
[1]. Finally, the worst and best case scenarios were 
simulated, based on the average Tokyo ambient 
temperature and relative humidity during the hot-
test time of the day (12.00 noon to 3.00 pm) plus 
or minus two standard deviations [1]. The worst- 
case scenario also included maximal solar radia-
tion, whereas the best case did not include solar 
radiation. Wind was kept constant at 0.2 m/s (at 
the legs 1.0 m/s).

Outcome parameters
It is possible to extract many different outcome para-
meters from the FPC model, including cardiovascular, 
metabolic, thermophysiological and perceptual para-
meters. Nevertheless, Tre was chosen as the primary 
outcome parameter from simulations within the 
Thermo Tokyo study. To evaluate the effect of climatic 
conditions on simulated Tre, the rise in Tre (Tre_rise) 
was calculated from Tre at the start (Tre_start) and Tre at 
the end (Tre_end) of exercise for all conditions. Further, 
the simulations in thermoneutral and Tokyo conditions 
were used to validate the FPC-model for this specific 
population, comparing the simulated and measured Tgi 
response. Based on previous research, no significant 
differences were expected between Tre and Tgi 
responses during exercise [38].

Data management and accessibility

All data is stored in the Digital Research 
Environment “DRE” an online, open-source and 
easy-to-use cloud platform which allows users 
across the globe to merge, analyze, store, share, 

Table 1. Personalized input parameters for the Fiala-thermal-Physiology-and-Comfort (FPC) simulation model.
Simulation model 
category Input variables

Active system Acclimatization (days); VO2max (ml/kg/min)
Passive system Height (cm); Weight (kg); Age (years); Sex (unisex/M/F); Body Fat Percentage (%)
Anthropometry Cervical height (cm); Omphalion (waist) height (cm); Crotch height (cm); Knee height (cm); Head length (cm); Head width 

(cm); Menton-head top height (cm); Shoulder width (cm); Upper arm length (cm); Lower arm length (cm); Hand length 
(cm); Hand width (cm); Foot height (cm); Foot length (cm); Foot width (cm); Head circumference (cm); Neck circumference 
(cm); Chest circumference (cm); Waist circumference (cm); Buttock circumference (cm); Axillary arm circumference (cm); 
Forearm circumference (cm); Thigh circumference (cm); Calf circumference (cm)

M, male; F, female 
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archive and publish data in a safe and compliant 
way (i.e. security, ICT infrastructure, audit trail, 
GDPR compliant). Standard software packages are 
available for data handling and statistical analyses 
(e.g. SPSS, MatLab, R, Python). In line with the 
open science and FAIR principles (Findable, 
Accessible, Interoperable and Reusable), data 
from the Thermo Tokyo study are available for 
reuse upon reasonable request via the correspond-
ing author. A data catalog is presented in Table 3.

Statistical analysis

Statistical analyses were performed using SPSS 
Statistics 25 (IBM Corp, Armonk, NY) and 
R Core Team (2019). Analysis of the exercise 
tests results will be descriptive. Normally distrib-
uted data will be presented as mean (± standard 
deviation; SD), non-normally distributed data as 
median [interquartile range; Q25-Q75] and cate-
gories as frequencies with percentages. We will 
examine the differences between 1) the control 
and Tokyo condition, 2) sport disciplines (i.e. 
endurance versus strength versus skill versus 
mixed trained athletes), 3) Olympic and 
Paralympic athletes, and 4) Paralympic athletes 
with different types of injuries. Linear regression 
and multivariate regression analysis will be used to 
study the relations between personal (i.e. age, sex, 
anthropometrics), sports-related (i.e. type of 
sport), and exercise factors (i.e. power output, 
heart rate), and the magnitude of the individual 
thermoregulatory responses and performance loss. 
Detailed information about the statistical analysis 
per objective will be presented in the outcome 
papers of the Thermo Tokyo project.

Discussion

The Thermo Tokyo study aims to collect high- 
resolution data on (thermo)physiological 
responses and changes in performance levels 
among a large and heterogeneous cohort of 
Dutch Olympic and Paralympic athletes, who per-
formed personalized maximal exercise tests in 
simulated control and hot and humid environ-
mental conditions. Furthermore, detailed anthro-
pometric data were collected in a subgroup of the 
cohort. The outcomes of this study will increase 
our understanding of the individual thermoregu-
latory responses and performance loss of elite ath-
letes during exercise in the heat and will help to 
identify personal, sports-related, and environmen-
tal factors that contribute to excessive responses 
among elite athletes.

Practical implications

Current scientific knowledge on changes in per-
formance levels or thermoregulatory responses 
during exercise in the heat is primarily derived 
from lab-based studies in moderate to highly 
trained individuals [17,19,20,39]. Although these 
studies provide important insight into the magni-
tude of exercise-induced Tc rises or performance 
loss, extrapolation of such findings to elite athletes 
may be of little use due to differences in anthro-
pometrics (i.e. muscle mass, body fat%), absolute 
workload, and training status. Current informa-
tion on the thermoregulatory responses of elite 
athletes in the heat is largely available from obser-
vational field studies with small to medium-sized 
cohorts [40–43]. The setting (lab-based exercise 
tests in control and hot and humid conditions), 

Table 2. Different environmental conditions for the Fiala-thermal-Physiology-and-Comfort (FPC) simulation model.
Simulations Tambient (°C) RH (%) Vair (m/s) Rad (W/m2) Accl days

Baseline 32 75 0.2 0 0
Higher temp 38 75 0.2 0 0
Lower temp 26 75 0.2 0 0
Higher RH 32 90 0.2 0 0
Lower RH 32 60 0.2 0 0
Acclimatized 32 75 0.2 0 10
Radiation 32 75 0.2 921 0
Worst case 37.5 79 0.2 921 0
Best case 26.1 39 0.2 0 0

Tambient, ambient temperature; RH, relative humidity; Vair, air flow; Rad, radiation; W, watt; Accl days, acclimation days 
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cohort size (anticipated n > 75) and deep pheno-
typing of (thermo)physiological responses in the 
Thermo Tokyo study will, therefore, add novel 
insight on the impact of exercise in the heat on 
thermoregulatory responses and changes in exer-
cise performance among elite athletes.

Outcomes of our study will be used to 
inform athletes and coaches on how heat 
impacts their individual responses. This is 
important as previous studies indicated that 
increases in exercise-induced Tc are highly 
variable across athletes [41,44,45], making it 

crucial to determine which athletes are most 
vulnerable to exertional hyperthermia and asso-
ciated performance loss. Such information is 
essential to drive individualized approaches 
[21,46] toward heat mitigation strategies, 
including heat acclimation [21], hydration 
planning [47,48] and cooling interventions 
[49,50]. Only well-structured and individua-
lized heat mitigation strategies that do not 
unduly impact or detract athletes in their pre-
paration have the potential to allow safe and 
optimal performance in the heat [50].

Table 3. Data catalog table of the Thermo Tokyo study. Data is available for reuse upon reasonable request via the corresponding 
author.

Category Sub category Variables

General Personal info Age (years); Sex (unisex/M/F); Type of sport; Sport discipline*; Type of injury**; Regular menstrual 
cycle (yes/no); Date last menstrual period (yyyy-mm-dd); Training >25°C past 4 weeks (yes/no); 
Consecutive training days >25°C

Anthropometry Height (cm); Weight (kg); Body mass index (kg/m2); Body surface area (m2)***
Exercise test Workload & 

performance
Peak power output (W); Peak power output (W/kg); Workload (W) over time (min); Time to exhaustion 
(min); Relative change in time to exhaustion (%); Relative change in peak power output (%)

Physiological 
outcomes

Resting HR (bpm); Exercise-induced increase in HR (bpm); Peak HR (bpm); HR (bpm) over time (min); 
Resting Tgi (°C); Exercise-induced increase in Tgi (°C); Peak Tgi (°C); Tgi (°C) over time (min); Resting Tskin 

(°C); Exercise-induced increase in Tskin (°C); Peak Tskin (°C); Tskin (°C) over time (min); Total fluid intake 
on study visit day (L); Whole body sweat loss (L); Whole body sweat rate (L/h); Dehydration (%)

Perceptual 
outcomes

Resting thermal sensation (au); Peak thermal sensation (au); Thermal sensation (au) over time****; 
Resting thermal comfort (au); Peak thermal comfort (au); Thermal comfort (au) over time****; Resting 
RPE (au); Peak RPE (au); RPE (au) over time****

Environmental 
conditions

Ambient temperature (°C); Relative humidity (%); Wet bulb globe temperature (°C)

Anthropometrics 
(ISAK)

Anthropometry Height (cm); Weight (kg); Body mass index (kg/m2); Body surface area (m2)**; Arm circumference 
relaxed (cm); Arm circumference flexed and tensed (cm); Waist circumference (cm); Gluteal 
circumference (cm); Calf circumference (cm); Epicondyle humerus width (cm); Epicondyle femur width 
(cm)

Skinfolds Triceps skinfold (mm); Subscapular skinfold (mm); Biceps skinfold (mm); Iliac crest skinfold (mm); 
Supraspinal skinfold (mm); Abdominal skinfold (mm); Front thigh skinfold (mm); Medial calf skinfold 
(mm); Total skinfold (mm)

DXA scan Fat mass Fat mass L arm (g); Fat mass R arm (g); Fat mass trunk (g); Fat mass L leg (g); Fat mass R leg (g); Fat 
mass head (g); Total body fat mass (g); Total body fat percentage (%)

Lean mass Lean mass L arm (g); Lean mass R arm (g); Lean mass trunk (g); Lean mass L leg (g); Lean mass R leg 
(g); Lean mass head (g); Total body Lean mass (g)

Bone mineral 
content (BMC)

BMC L arm (g); BMC R arm (g); BMC trunk (g); BMC L leg (g); BMC R leg (g); BMC head (g); Total BMC 
(g)

3D scan Anthropometry Height (cm); Body surface area (m2); Cervical height (cm); Omphalion (waist) height (cm); Crotch 
height (cm); Knee height (cm); Head length (cm); Head breadth (cm); Menton-head top height (cm); 
Biacromial (shoulder) breadth (cm); Acromion-radiale (upper arm) length (cm); Radiale-stylion (lower 
arm) length (cm); Hand length (cm); Hand breadth (cm); Foot height (cm); Foot length (cm); Foot 
breadth (cm); Head circumference (cm); Neck circumference (cm); Chest circumference (cm); Waist 
circumference (cm); Buttock circumference (cm); Axillary arm circumference (cm); Forearm 
circumference (cm); Thigh circumference (cm); Calf circumference (cm)

au, arbitrary units; BMC, bone mineral content; bpm, beats per minute, F, female; HR, heart rate; L, left; M, male; R, right; RPE, rating of perceived 
exertion; Tgi, gastrointestinal temperature; Tskin, skin temperature; W, watt. *classification of types of sports into skill, power, mixed and endurance 
disciplines, based on the relative isometric and isotonic components of the exercise training. **in case of Paralympic athlete ***Calculated using 
the Dubois formula. ****Perceptual outcomes will be scored at baseline, every 5 min during the warm-up phase, every 3 min during the 
incremental phase and every 5 min during the recovery phase. 
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Scientific implications

Beyond the practical relevance of our study, it is 
also expected that Thermo Tokyo outcomes will 
provide novel scientific insight into the contribu-
tion of personal, sports-related, and environmental 
factors to hyperthermia and performance loss in 
elite athletes. Previous studies identified various 
subject characteristics (i.e. body mass index 
(BMI), lean body mass and surface area-to-mass 
ratio) [51–55] that influence thermoregulatory 
responses and exercise performance in the heat. 
By using a combination of anthropometric, DXA 
and 3D scan measurements, the data collected 
within the Thermo Tokyo study allow us to deter-
mine whether previously identified predictors can 
also be used in elite athletes. Furthermore, we aim 
to identify additional subject characteristics that 
contribute to exercise-induced Tc elevations or 
performance losses during exercise in the heat.

In sports and exercise science, thermoregulatory 
behavior is increasingly recognized as a factor 
influencing exercise performance in the heat [56]. 
In fact, previous studies found that higher thermal 
perception leads to decrements in exercise capacity 
[57–59]. The assessment of perceptual outcome 
measures at different time points throughout the 
exercise tests will allow us to examine if this asso-
ciation between thermal perception and exercise 
performance is also present in elite athletes. The 
gathered information may also reveal novel ave-
nues for mitigation measures to increase exercise 
performance in the heat.

Previous studies suggested that heat tolerance 
might be different across individuals with varia-
tions in aerobic capacities [60,61], which may also 
apply to our cohort due to differences in the static 
and dynamic components of Olympic training 
programs. Accordingly, thermoregulatory 
responses and the magnitude of performance loss 
during exercise in the heat may differ substantially 
across sport disciplines, although elite athletes may 
be more tolerant to profound temperature eleva-
tions than untrained or unfit individuals. 
Information on these responses may be even 
more relevant for Paralympic athletes, due to 
their potential predisposition to heightened ther-
mal strain [62]. However, evidence-based practices 
for Paralympic athletes are limited due to the 

paucity of thermoregulatory research and limited 
sharing of knowledge [62,63]. Therefore, we will 
compare our study outcomes across sport disci-
plines (i.e. endurance versus strength versus skill 
versus mixed trained athletes) and assess differ-
ences between Olympic and Paralympic athletes 
and Paralympic athletes with various impairments.

The actual environmental conditions at the time 
of the Olympic and Paralympic Games may differ 
from the standardized environmental conditions 
that we will use for our exercise tests in the climate 
chamber. As thermoregulatory responses largely 
depend on specific environmental conditions, test-
ing athletes across a large range of environmental 
conditions is recommended [21] but impractical 
for elite athletes. Therefore, we will simulate var-
ious Tokyo environmental conditions to investi-
gate their specific impact on individual 
thermoregulatory responses. This information 
will allow athletes and coaches to adjust cooling 
and pacing strategies in an anticipatory way when 
the actual environmental conditions deviate from 
the standardized lab tests. Such information is not 
only relevant to achieve safe and maximal exercise 
performance during the upcoming Tokyo Olympic 
and Paralympic Games but can also be used to 
prepare for future sports events in the heat (i.e. 
2022 FIFA World Cup (Qatar) and beyond).

Strengths & limitations

The strengths of the Thermo Tokyo project 
include the large, heterogeneous and representa-
tive cohort of Olympic and Paralympic athletes, 
the personalized exercise tests, the high- 
resolution data on (thermo)physiology, exercise 
performance and anthropometrics, and the ther-
mal physiological computer simulations. 
A possible weakness of our study is the lack of 
a randomized study design, as the first exercise 
test was always conducted in the control condi-
tion to obtain the heart rate based personalized 
exercise protocol (i.e. changes in workload over 
time) for both conditions. We prefer the 
approach over a time trial performance protocol 
as the latter may induce additional variability in 
performance and pacing levels in athletes inex-
perienced with such type of exercise (i.e. field 
hockey, sailing, beach volleyball) due to learning 
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effects [64]. We also considered adding 
a familiarization session to our protocol, allow-
ing randomization of the two other sessions. 
However, representatives of TeamNL and sports 
federations, advised against such an approach 
due to the busy training schedules of elite ath-
letes and the impracticability to expose them to 
multiple exercise tests within a short period of 
time. Therefore, we deliberately chose the cur-
rent approach that allows us to use personalized 
protocols, obtain thermoregulatory responses 
and performance outcomes by two study visits 
only. Another limitation of our study is that the 
exercise protocol does not reflect the nature of 
sport-specific activities and related (behavioral) 
thermoregulatory responses, hampering direct 
translation to a field setting. However, outcomes 
of our standardized exercise test may aid coaches 
to specifically collect field data in athletes with 
excessive responses.

Conclusion

Taken together, the Thermo Tokyo study used high- 
resolution (thermo)physiological data from indivi-
dualized maximal exercise tests in combination with 
extensive assessment of anthropometric measures 
and thermal modeling to construct a deeply pheno-
typed dataset of a large cohort of Olympic and 
Paralympic athletes exercising in simulated control 
and Tokyo conditions. Findings of this study can be 
used to inform elite athletes and coaches on how heat 
stress impacts their individual (thermo)physiological 
responses and, based on these data, to advise which 
countermeasures (i.e. heat acclimation, cooling inter-
ventions, rehydration plan) need to be taken to allow 
safe and maximal performance in the challenging 
environmental conditions of the Tokyo 2020 
Olympic and Paralympic Games.
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