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ABSTRACT
Heat strain impairs performance across a broad spectrum of sport disciplines. The impeding 
effects of hyperthermia and dehydration are often ascribed to compromised cardiovascular and 
muscular functioning, but expert performance also depends on appropriately tuned sensory, 
motor and cognitive processes. Considering that hyperthermia has implications for central ner-
vous system (CNS) function and fatigue, it is highly relevant to analyze how heat stress forecasted 
for the upcoming Olympics may influence athletes. This paper proposes and demonstrates the 
use of a framework combining expected weather conditions with a heat strain and motor- 
cognitive model to analyze the impact of heat and associated factors on discipline- and scenario- 
specific performances during the Tokyo 2021 games. We pinpoint that hyperthermia-induced 
central fatigue may affect prolonged performances and analyze how hyperthermia may impair 
complex motor-cognitive performance, especially when accompanied by either moderate dehy-
dration or exposure to severe solar radiation. Interestingly, several short explosive performances 
may benefit from faster cross-bridge contraction velocities at higher muscle temperatures in sport 
disciplines with little or no negative heat-effect on CNS fatigue or motor-cognitive performance. In 
the analyses of scenarios and Olympic sport disciplines, we consider thermal impacts on “motor- 
cognitive factors” such as decision-making, maximal and fine motor-activation as well as the 
influence on central fatigue and pacing. From this platform, we also provide perspectives on how 
athletes and coaches can identify risks for their event and potentially mitigate negative motor- 
cognitive effects for and optimize performance in the environmental settings projected.
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Introduction

The climatic conditions for the upcoming Tokyo 
Olympic Games (Tokyo 2021) are expected to set 
the scene for one of the hottest summer games in 
the modern era with particular heat problems 
related to the hot humid conditions expected for 
many of the venues [1–4]. With climate changes 
and a rise in the mean global temperature expected 
to continue toward the end of the 21st century 
[5,6], future Summer Olympics and other major 
sport events are likely facing frequent and escalat-
ing environmental heat-load scenarios. All sports 
ranging from endurance to strength- and cogni-
tively-dominated disciplines are susceptible to the 
detrimental effects of heat stress related to elevated 
environmental air temperature [7,8], high

humidity [9,10], and solar radiation [11–13]; 
although via quite different mechanisms. These 
may include hyperthermia-induced impacts on 
the central nervous systems (CNS fatigue or func-
tion) or peripheral (cardiovascular and muscular) 
effects and operate both independently as well as 
in interaction [7,8,14–18]. While heat-related car-
diovascular strain and the resultant limitation to 
oxygen delivery will impair performance in several 
endurance disciplines, short-lasting disciplines 
(e.g., sprint and precision disciplines) are unlikely 
to be affected by compromised aerobic energy 
turnover [7,15–24]. However, these disciplines 
may be affected by hyperthermia in combination 
with hydration and solar radiation effects on CNS 
function and central fatigue [11–13,22,25–27] with

CONTACT Jacob Feder Piil jpp@nexs.ku.dk

TEMPERATURE                                                                                                                                            
2021, VOL. 8, NO. 3, 262–283 
https://doi.org/10.1080/23328940.2021.1957367

© 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc- 
nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built 
upon in any way.

performance in the Summer Olympics

http://orcid.org/0000-0001-8583-1150
http://orcid.org/0000-0001-5961-0215
http://orcid.org/0000-0003-0201-066X
http://orcid.org/0000-0002-9316-1529
http://orcid.org/0000-0001-5460-8167
http://orcid.org/0000-0002-9823-3915
http://orcid.org/0000-0002-9090-1958
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/23328940.2021.1957367&domain=pdf&date_stamp=2021-08-20


the potential negative effects depending on the 
interaction between the exposure scenario 
(indoor/outdoor environmental settings; duration 
and timing of the event) and the combined effects 
on the physiological and motor-cognitive para-
meters of importance for performance in the 
given sport.

For endurance sports, it is well established 
that environmental heat stress may impede the 
aerobic exercise capacity [19] as the cardiovas-
cular load provoked by thermal stress may even-
tually limit arterial oxygen delivery to the 
exercising muscles [7,8,18,23–25]. In contrast, 
short duration activities may benefit from ele-
vated environmental temperatures, as CNS drive 
does not seem to be impaired during short max-
imal efforts (e.g. repeated short maximal volun-
tary contractions [MVCs] [8] or sprints [28,29]), 
as muscle function (i.e. faster muscle cross- 
bridge cycling) is facilitated by elevated muscle 
temperatures [7]. However, central fatigue 
(inadequate neural drive of motoneurons to 
secure optimal muscle activation) may be an 
issue during prolonged efforts [8,19,30,31] and 
repeated sprints [28,29,32]. Furthermore, during 
long-lasting events, dehydration and exposure to 
high levels of solar radiation (including effects 
from ultra-violet [UV]-radiation exposure [33] 
and the thermal load from the entire spectrum 
of visible and non-visible light) may also become 
a problem for athletes. Furthermore, dehydration 
have shown to hamper exercise performance 
[20,26,27,34–37], due to impeded thermoregula-
tion [8,22,25,37–42] and lowering of cerebral 
blood flow [25,43,44] and solar radiation (≥ 
800 W/m2) have been shown to negatively affect 
exercise performance [11–13].

In addition to the central and peripheral fac-
tors affecting hyperthermia related fatigue, it is 
also important to consider the effect of heat- 
strain on central nervous processes underlying 
perception, decision-making and motor output 
[45]. We use the terms motor-cognitive and 
cognitively-dominated performance as the vast 
majority of actions in all aspects of life and 
particularly in sports, involve both motor out-
puts orchestrated by the CNS as well as cogni-
tive processing. The impact of hyperthermia on 
motor-cognitive performance seems to be

determined by both the complexity of the task 
and the rise in internal (deep body core) tem-
perature. Neither high environmental tempera-
tures per se nor minor to moderate elevations 
in deep body core temperature (~1°C above 
resting levels), hamper cognitive tasks perfor-
mance [46–56]. However, if individuals develop 
severe hyperthermia (i.e. more than 2°C 
increase above rest), complex task performance 
deteriorate [47–50,52,56–60]. Importantly, per-
formance is particularly affected when tasks 
involve alternating and/or complex motor- 
cognitive elements, whereas more stereotypical 
simple tasks are less affected [61]. Furthermore, 
modest levels of dehydration can aggravate the 
influence of hyperthermia on complex motor- 
cognitive performances [62–70], and also sim-
ple motor tasks are negatively affected when 
dehydration is superimposed on hyperthermia 
[66,70–72]. Another important factor to con-
sider is solar radiation, as we recently provided 
evidence suggesting that high levels of simu-
lated sunlight (from ~800 to ~1000 W/m2 – 
especially directed toward the head) have 
a negative impact on the performance of 
a complex motor-cognitive task [73]. In addi-
tion, Otani and colleagues recently provided 
evidence that solar radiation effected endurance 
capacity [13] and self-regulated exercise inten-
sity [12]. When combined with direct exposure 
of the head to strong (simulated) sunlight mod-
est hyperthermia (~1°C above baseline core 
temperature) induces a significant impairment 
in motor-cognitive performance, otherwise not 
observed with similar radiative heat loads 
applied to the lower body [73].

Taken together, environmental heat stress, 
hyperthermia and derived factors such as dehy-
dration may therefore not only impact sport 
performance, due to aggravated cardiovascular 
strain, peripheral or central fatigue (see pro-
posed integrative fatigue model in ref #56), but 
also influence sports performance via effects on 
fine sensorimotor control and cognitively domi-
nated functions. To provide a framework for 
evaluating this impact and identify sports of 
particular relevance (vulnerable to heat stress 
related impacts on motor-cognitive perfor-
mance), we evaluate how the environmental
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conditions expected for the upcoming Olympic 
games may influence the different sport disci-
plines depending on exposure (duration and 
integrated environmental and exercise-induced 
heat stress) and complexity of the sport. To this 
aim, we propose a model/framework that can 
be used to translate laboratory motor-cognitive 
findings (described above) into heat effects on 
sports performance in ecological settings. This 
involved a rough categorization of all sport 
disciplined based on their complexity via eva-
luation of 3 main parameters: 1) predictability 
of the sport (ranging from simple and closed 
tasks to open tasks where appropriate motor- 
activation continuously alternates depending on 
the sensory environment in the specific situa-
tion), 2) the demands for decision-making (e.g., 
tactical aspects), and 3) the technical difficulty 
of movements. The three parameters are inde-
pendently scored from low [1] to high [4] and 
combined into one score (i.e. each discipline 
receive an accumulated score ranging from 3 
to 12 points), signifying the overall task com-
plexity and divided into the following subcate-
gories: simple [total score ≤6], moderate [scores 
from 7 to 9] and complex [scores from 10 to 
12] (see methods section for detailed descrip-
tion). To determine the integrated (exercise and 
environmental) heat stress, we utilized the 
Predicted Heat Strain (PHS) model in combina-
tion with the estimate heat stress of Tokyo in 
all individual sports included in the Summer 
Olympics. Combining the complexity categori-
zation with the PHS model (allow risk assess-
ment of athletes becoming dehydrated, 
developing high levels of hyperthermia or mod-
erate hyperthermia or in combination with 
exposure to solar radiation), we evaluate the 
integrated heat stress risk for impairment in 
motor-cognitive performances for the sports 
included in the Tokyo Summer Olympics 
games 2021. Several of the issues are indeed 
also relevant for future and the current para- 
Olympics (as high heat exposure also will be 
relevant for this event [74]), however, since 
the PHS model and evidence for motor- 
cognitive effects have only been investigated in 
able-bodied participant we have confined the 
analyses to this group of athletes.

Methods

Methodological approach

As outlined in the introduction, we use categoriza-
tion of sports complexity in combination with risk 
assessment for developing hyperthermia, risk of 
developing dehydration and level of solar radiation 
exposure in each of the sports in Tokyo 2021, 
given the forecasted scenarios (projected climatic 
scenarios).

Assessing the integrated environmental and 
exercise induced heat strain

We used a modified version of the Predictive Heat 
Strain model (PHS [75]; – described below) to 
evaluate the integrated heat strain (considering 
the combined metabolic and environmental heat 
load) as well as estimating the risk of developing 
dehydration (estimating sweat rates and consider-
ing the duration and ability to hydrate during 
a given competition) for each sport [or range of 
disciplines]. The environmental input parameters 
(air temperature, wind speed, humidity and solar 
radiation) for the upcoming 2021 Tokyo Olympic 
Games were average hourly meteorological para-
meters, based on the two week period (24th July to 
9th August) from 19 years of historical data 
extracted from Gerrett et al. [1]. For full method 
see Gerrett et al. [1] and data summarized in 
Table 1 (see below). To calculate the mean radiant 
temperature, we used the solar radiation values 
per hour of day for outdoor events (full sun expo-
sure), while no solar radiation was assumed for 
indoor events (or scenarios with full shadow). 
Subsequently, mean radiant temperature was 
determined from the calculated black globe tem-
perature (Tglobe) using the Liljegren and collea-
gues method [76] and substituting the calculated 
Tglobe for mean radiant temperature as recom-
mended by Ramsey and Bernard [77]. For all 
other environmental parameters (air temperature, 
air velocity and humidity), the mean value for 
that hour of day was used. For outdoor events 
the air velocity at 10 m was corrected to 2 m air 
velocity using the equation: vair,2m = 0.67 * vair,10m 
assuming that the ground surface is neither heated 
by radiation or cooled in an urban environment 
[76]. Furthermore, the PHS model simulation
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used the following input parameters: person 
(standing), body mass 75 kg, height 1.80 m, meta-
bolic heat production between 100–1200 W 
(based on Table 2 categorization, estimates of 
sports with low/medium/high metabolic heat pro-
duction), assuming that athletes were fully heat 
acclimated, allowed to freely ingest fluid (i.e., 
maintain hydration), dressed in clothing with 
low insulation (0.4 Clo units; This CLO value 
was kept constant for the analyses illustrating the 
importance of exercise duration and timing of the 
event (Figure 2), as well as the difference between 
indoor and outdoor setting (Figure 3). For unique 
disciplines where special sport clothing is required 
(e.g., protective helmets and clothing or safety- 
west in sailing) the value may be higher and con-
sidered in the qualitative consideration for the 
sport), static moister permeability index of 0.38, 
fraction covered by reflective clothing equal to 
0.54, emissivity of reflective clothing set to 0.97.

With the specified assumption the simulations 
to predict hyperthermia (core/rectal temperature 
responses) and levels of dehydration for different

scenarios and durations were run with a modified 
version of the PHS model (PHS, ISO7933 [78]) 
that allows metabolic heat production to exceed 
400 W/m2 as relevant for most of the sports of 
interest.

The potential motor-cognitive impact, as dis-
cussed in the introduction, is dependent on the 
extent of hyperthermia the athlete may develop, as 
well as the presence and strength of any exacerbating 
factors, such as dehydration or superimposed radia-
tion [i.e., direct sunlight exposure [61,66,70];]. 
Precise thresholds have not been established, but 
based on the available evidence [i.e., how motor- 
cognitive performance are negatively affected 
[61,66,73]], together with the work of Morrison 
and colleagues [79], showing that gradual increase 
in core temperature have an inverse relationship 
with voluntary activation and psychological strain]. 
Based on the aforementioned, we believe it is reason-
able to expect a graded transition from values (dehy-
dration level, solar radiation exposure of the head 
and level of hyperthermia) with no impact on motor- 
cognitive function to values for each parameter that

Table 1. Meteorological input parameters for the predicted heat strain model (outdoor assuming maximal radiation and indoor no 
radiation or wind).

Time of day 
(h)

Air temperature 
(°C) Mean radiant temperature (°C) Solar radiation (W/m2)

Air velocity at 10 m 
(m/s) Relative humidity (%)

1:00 26.7 23.4 0 2.7 78.5
2:00 26.5 23.2 0 2.6 79.2
3:00 26.4 23.1 0 2.5 79.9
4:00 26.2 23 0 2.4 80.5
5:00 26.1 24.1 14 2.4 80.7
6:00 26.4 33.4 122 2.4 79.8
7:00 27.0 49.1 328 2.4 76.8
8:00 27.8 64.2 553 2.5 73.3
9:00 28.8 73.8 711 2.5 69.4
10:00 29.7 82.4 853 2.8 65.8
11:00 30.4 88 942 3.2 63.5
12:00 30.9 89.3 953 3.5 61.8
13:00 31.2 89.1 942 3.6 60.3
14:00 31.3 87.3 900 3.8 59.9
15:00 31.0 81.9 797 4.0 61.2
16:00 30.6 71.4 614 4.0 62.9
17:00 30.1 59 422 3.9 65.2
18:00 29.4 44.6 225 3.9 67.6
19:00 28.7 31.3 67 3.6 70.7
20:00 28.1 25.1 3 3.5 72.9
21:00 27.8 24.4 0 3.3 74.6
22:00 27.5 24.2 0 3.1 75.7
23:00 27.2 23.9 0 3.0 76.7
24:00 27.0 23.7 0 2.9 77.6

All the above date in Table 1 were extracted from the Gerrett et al. 2019 paper [1] and are based on two weeks (between 24th July and 9th august) 
of hourly average. 
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Table 2. Metabolic heat production, environmental conditions, event duration and motor-cognitive complexity for each sport.

Sports Environment

Metabolic heat production Duration

Motor- 
cognitive 

complexity

References
Low 

(<500 W)

Medium 
(500– 

1000 W)
High 

(>1000 W)

Short 
(0– 

60 sec)

Medium 
(1– 

15 min)
Long 

(>15 min)

Simple 
Moderate 

High 
(See 

appendix 1)

Aquatics Water
Short (50–100 m) X X Simple [120,121]
Medium (200–800 m) X X Simple
Long (10 km) X X Simple
Artistic swimming X X Moderate
Diving X X Simple
Water polo X X High
Archery Outdoor X X Moderate [120]
Athletics Outdoor
Short (100–400 m) X X Simple [122,123]
Medium (800–5000 m, 

steeplechase)
X X Simple

Long (10 K, marathon and race 
walk)

X X Simple [124]

Jump/speed (high, long and 
triple jump, pole vault, 
javelin)

X X Simple [120]

Power (discus, shot put) X X Simple [120]
Others (decathlon) X X X X X X Simple
Badminton Indoor X X High [125]
Baseball/Softball Outdoor X X Moderate [120]
Basketball Indoor X X High [126]
Breakdance Indoor X X Moderate [120]
Canoe and Kayak (flatwater) Outdoor X X Simple [127]
Canoe (river slalom) Outdoor X X Moderate [127]
Cycling Outdoor
BMX X X Moderate [128]
Road X X Simple [129]
Mountain bike X X Moderate [130]
Track Indoor X X Simple [131]
Equestrian Outdoor X X Simple [120]
Fencing (Épée, Foil, Saber) Indoor X X High [120]
Football Outdoor X X High [132]
Golf Outdoor X X Moderate [133]
Gymnastics Indoor X X X Simple [120]
Handball Indoor X X High [134]
Hockey (field) Outdoor X X High [120,135]
Martial arts (Boxing, Judo, 

Karate, Wrestling)
Indoor X X High [120,136– 

138]
Modern Pentathlon Indoor/ 

Outdoor/ 
water

X X X X X X Simple [120]

Rowing Outdoor X X Simple [139]
Rugby Outdoor X X High [140]
Sailing (Laser, Finn, Skiff, Dighy, 

Nacra)
Outdoor X X Moderate [141]

Shooting (pistol, rifle, trap, 
skeet)

Indoor/ 
outdoor

X X Simple [120]

Skateboard (street/park) Outdoor X X Moderate [120]
Sports Climbing (bouldering, 

lead & speed)
Indoor X X X Simple [120]

Surfing/windsurfing Outdoor X X Moderate [120]
Table tennis Indoor X X High [120]
Tennis Outdoor X High [142]
Trampoline Indoor X X Moderate [1]
Triathlon Outdoor X X Moderate [124,129]

(Continued )
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will provoke high/maximal negative effects. For the 
estimation of the integrated motor-cognitive impact 
level (MCIL; that subsequently is considered in com-
bination with the complexity of the activity – i.e., the 
discipline’s vulnerability to MCIL) the following 
graded function was assumed:

MotorCognitiveImpactLevel

¼ Trectal � 38ð Þ þ
Qsolar

800

� �

Where Trectal
�Cð Þ is body rectal temperature and 

Qsolar (W/m2) is direct solar radiation (see 
Figure 1).

The motor-cognitive impact level (MCIL) can 
be interpreted as follows:

● Low MCIL ≤ 0.5
○ full shade conditions and Trectal � 38:5�C 

[46–56].
○ With increasing solar radiation low cogni-

tive impact can appear at lower Trectal
● Moderate 0.5 < MCIL < 1.5
○ graded impact between low and high cog-

nitive impact level.
○ full shade conditions starting from 

Trectal > 38:5°C [47–50,52,56–59,61,80]
○ with increasing solar radiation moderate 

cognitive impact can occur at Trectal �

38:5�C [12,13,73]
● High MCIL � 1.5
○ full shade conditions and Trectal � 39:5�C 

Table 2. (Continued). 

Sports Environment

Metabolic heat production Duration

Motor- 
cognitive 

complexity

References
Low 

(<500 W)

Medium 
(500– 

1000 W)
High 

(>1000 W)

Short 
(0– 

60 sec)

Medium 
(1– 

15 min)
Long 

(>15 min)

Simple 
Moderate 

High 
(See 

appendix 1)

Volleyball (indoor/beach) Indoor/ 
outdoor

X X High [120]

Weightlifting Indoor X X Simple [120]

Figure 1. Relation between rectal core temperature, solar radiation and the risk categories for motor-cognitive impact (MCIL). X-axis 
rectal temperature (°C) and Y-axis solar radiation level (W/m2). Green i.e. low risk (MCIL≤0.5), Yellow for moderate risk (0.5< MCIL 
<1.5) and red for high risk (MCIL >1.5) for impact on motor-cognitive performance.
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[47–50,52,56–59,61,80]
○ with increasing solar radiation levels high 

cognitive impact can occur at Trectal � 39:5�C
○ for high solar radiation Qsolar � 800 W/ 

m2, the Trectal � 38:5�C [73]

The above model is based on numerous observa-
tions, where baseline conditions are compared 
with moderate hyperthermia (references # 47, 55, 
61) or baseline is compared to acute exposure to 
radiation (but with a normal core temperature; ref

Figure 2. Motor-cognitive Impact Level with varying levels of metabolic heat production across the day for event with a) duration of 
15 min. panel b) 30 min. exposure, panel c) 45 min. exposure and panel d) 120 min. exposure. X-axis time of day, Y-axis (right) is 
metabolic heat production in watts and Y-axis (left) motor-cognitive impact level. Green (no impact), Yellow (moderate impact) and 
red (high impact) on motor-cognitive performance.

Figure 3. Motor-cognitive Impact Level of metabolic heat production vs. Time of day – Maximum radiative exposure and Full shade. 
Panel a) maximal solar radiation [120 min exposure] and panel b) full shade condition. X-axis time of day, Y-axis (right) is metabolic 
heat production in watts and Y-axis (left) motor-cognitive impact level. Green (no impact), Yellow (moderate impact) and red (high 
impact) on motor-cognitive performance.
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#73), where we observe no impairment in motor- 
cognitive [green level]. Whereas, severe hyperther-
mia per se [47,55,61] or moderate hyperthermia 
(core temperature in the range 38–38.5°C) in com-
bination with exposure to high levels of solar 
radiation [73] provoke a marked effect on motor- 
cognitive performances [red level in Figure 1]. 
Clear thresholds have not been experimentally 
established and the transition from one level to 
the next is most likely graded. We therefore indi-
cate the likelihood of motor-cognitive impact (pre-
sented in Figure 2) as graded change in color over 
a range of activity levels, times of day, and activity 
durations. This part of the analysis is intended as 
an overview that allows the athletes and sports 
coaches to estimate risk for their sport/activity, 
and it may depend on timing of the event. This 
can be done by drawing a line vertical (intensity) 
and horizontal (time of day) will indicate the 
magnitude of impact (green, yellow, and red) on 
motor-cognitive performance and CNS fatigue.

Combining PHS-predictions with motor-cognitive 
complexity

The PHS-simulations serve to predict the poten-
tial risk for motor-cognitive impairments, but 
the impact on performance will also depend on 
the complexity of the motor-cognitive tasks of 
the given discipline, i.e. the sport/task vulner-
ability to heat stress impacts. Therefore, all 
sports were evaluated on the following four 
parameters: 1) the environment (indoor/out-
door – time of day), 2) the mean metabolic 
heat production for the above-specified “repre-
sentative athlete” 3) the duration of the compe-
tition (single match or series of competitions 
where relevant), and DL i.e. 4) the complexity 
categorization of the sport/discipline (see Table 
2 and description below).

Categorization of sports “motor-cognitive” 
complexity

Under the umbrella term “motor-cognitive com-
plexity”, we attempt to provide an overarching 
metric that encompasses the demands for sensory 
acuity, motor precision and movement difficulty, 
as well as the extent of decision-making. The

overall evaluation is based on categorical scores 
on these parameters, adapted with the purpose of 
providing the readers and practitioners with an 
easy-to-interpret metric that can aid in pinpoint-
ing which disciplines may be particularly affected 
by heat stress during the 2021 Summer Olympics. 
The scoring parameters chosen for our categoriza-
tion system were selected to encompass the com-
plex processes entailing sensory processing and 
predictions, cognitive involvement, and motor 
execution. We chose these categories since they 
outline the factors that may render performance 
of a given sport susceptible to the impeding effects 
of hyperthermia, dehydration, and solar exposure. 
It is important to note that despite the below 
introduced parametrization of the various 
Olympic discipline, we fully acknowledge that 
these parameters are not independent. As an 
example, a street skater that early in the spin 
trick makes a precise (implicit) prediction of 
where and how she/he will land, enables an earlier 
preparation leading to improved execution of the 
landing, which frees attentional and mental 
resources to decide how to approach the next 
obstacle [81].

An archetypal discipline with a vulnerable com-
bined sensory-cognitive-motor profile is a sport 
that calls for early, precise sensory predictions 
based on high spatial and temporal acuity in the 
sensory processing, quickly choosing between sev-
eral possible actions and finally carrying out move-
ments with complex kinematic patterns with high 
velocity and accuracy. Moreover, disciplines that 
involved rapid changes in involved sensory, cog-
nitive and motor components would be more sus-
ceptible to performance decrements than one that 
call for uniform thinking and moving.

Predictability of sensory inputs and events

The first parameter termed Predictability of inputs 
and events spans from 1) Completely predictable, 
closed motor skills that are carried out without 
paying attention to external influence, 2) Highly 
Predictable closed motor skills that may be 
impacted by extrinsic factors, 3) Partly unpredict-
able open motor skills that are at least in part 
subject to feedback control and finally 4) open 
motor skills that to a large extent rely on 
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sensorimotor reactions to a rapidly changing and 
largely unpredictable sensory environment. 
Specifically, a 100 m dash (score 1) can be carried 
out in a similar manner regardless of the direction 
of the wind, whereas an archer (score 2) needs to 
attend to changes in wind direction and velocity. 
During a cycling (road) race the athlete needs to 
continuously adjust her/his pace to match the ter-
rain and accommodate the actions of teammates 
and opponents (score 3), whereas the strain on 
acute, fast and accurate sensory predictions and 
reactions is less than that of a tennis player 
(score 4). Obtaining a good position to return 
a serve is contingent on early and fast computation 
of the likelihood for the serve to end up high or 
low in the for- or backhand but also for last (milli) 
second adjustments to account for the unexpected 
spin of the ball [82].

Decision-making

The second parameter describes the need for deci-
sion-making in the broadest interpretation of the 
term including continuous ad hoc decisions in 
interceptive sports but also major tactical changes. 
The 4 categories of the Decision-making para-
meter spans from disciplines with 1) no need for 
pre hoc tactics and no demand for decision- 
making over 2) Few tactical deviations with 
minor impact may occur and 3) Updating of tac-
tics during competition without significant time 
distress to 4) continuous high demands on updat-
ing tactics and/or fast decision making.

Lifting a weight in the context of a competition 
is carried out with feedforward control and only 
affected by gravity and internal force. The athlete 
can visualize the lift from start to end and if the 
coordination and power suffice, the lift will be 
successful. The tactical, cognitive, and decision- 
making components in the execution of a lift are 
marginal at best (score 1). A marathon runner may 
change the pre-race plan if a rival chose to break 
away from the group (score 2). A golf player has 
ample time between two holes to decide whether 
to attempt a high risk, high gain shot or playing it 
safe. The original plan may have been to aim for 
a par but the boogie on the previous hole may call 
for a riskier option to stay in run for the medals 
(score 3). The captain of a 49er (Sailing) follows

a pre-race strategy but encounters emergent deci-
sion including both the starting position and the 
continued decisions on trajectories based on inter-
actions between environmental constraints and 
interaction with competing boats (score 3; see ref 
[83]). A football player is faced with a multitude of 
decisions during a game. E.g. should the ball be 
passed (if so where to?) or should the player 
attempt a goal on his/her own (which type of 
kick and which in side/corner of the goal to direct 
the shot?). These decisions are often made, within 
a fraction of second, as an opponent is closing in 
or the window of opportunity may be closing and 
they are based on the position of the ball, oppo-
nents, teammates but also the weight distribution 
and perceived balance of the player (score 4).

Movement skills and their difficulty

Even the simplest movements can be difficult if the 
need for precision is high. Reversely, relatively 
complex kinetic patterns such as human gait can 
be considered easy, as they are commonly used in 
everyday life and mastered early in life. Therefore, 
we have reserved the lowest scoring category for 
disciplines where the movement is uniform, and 
the kinematic patterns of experts and novices are 
somewhat comparable. The four categories distin-
guish between 1) disciplines solely involving 
rhythmic movement patterns such as walking or 
running, 2) some non-basic technical element 
such as swimming and 3) disciplines contingent 
on high spatial precision and small errors without 
significant time constraints as well as disciplines 
combining sequences of movements that in isola-
tion have simple kinetic patterns. Finally, 4) move-
ments characterized by either complex kinematics 
sequences and/or shifting between different effec-
tors and kinetic demands.

As examples: running and biking comprises 
basic mainly rhythmic movement (score 1), 
whereas swimming, and rowing have higher tech-
nical demands imposed on the uniform rhythmic 
movements and steeplechase adds a simple tech-
nical element on top of the basic movement pat-
tern (score 2). Performance in the Olympic 
shooting disciplines depends on motor precision 
and consistency with little room for errors 
(score 3). Although long jumping is a technical
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athletic discipline, each of the movement in the 
sequence are relatively simple (score 3) whereas 
e.g. pole vault or skating disciplines involves rota-
tion around multiple axes, inter-segment coordi-
nation and different kinematic patterns 
exemplified by the difference between stabilizing 
the skateboard and body during a slide versus high 
velocity rotation during spins (score 4).

All authors independently evaluated each sport, 
and the average overall categorization is presented 
in Table 1. For simplicity this presented as group-
ing of sports into 3-sub groups (based on the 
summarized score of predictability, decision- 
making and movement-difficulty) with low repre-
senting a score below 6, moderate [for scores 7–9] 
and high complexity [10–12]) as this grouping was 
considered relevant for the MCIL risk assessment – 
i.e. if tasks are likely to have low, moderate or high 
vulnerability to heat stress impacts on motor- 
cognitive performance for a given MCIL (see 
Appendix 1 for overview of individual sport 
scores). In addition, in Appendix 1 mean and 
range the scores given by the seven authors are 
displayed (see numbers between brackets) and 
interclass correlation coefficient (ICC) for the 
average motor-cognitive complexity score were 
calculated in accordance with Koo and Li [84] to 
0.92 indicating a high level of agreement.

Results

Importance of duration, intensity and event 
timing (time of day) for outdoor disciplines

Figure 2 illustrates how the risk for motor- 
cognitive impairments are influenced by duration 
of the discipline (competition time), with high risk 
(“red alert”) for short events only relevant for 
intense disciplines (high endogenous heat produc-
tion) scheduled for midday, but with the risk of 
heat-impact increasing and spreading across 
the day as discipline duration increases from 15 
to 45 min, but no further increase in MCIL-risk by 
prolonging the duration to 2 hours (assuming 
similar hydration levels). The figure also illustrates 
the importance of event timing with high impact 
in the middle of the day where the environmental 
conditions both via impact on overall heat-balance 
(risk of hyperthermia for given metabolic heat

production) and via the separate impact/risk 
related to sunlight exposure (radiation) is high. 
As discussed later the risk-levels should be consid-
ered in combination with the sport complexity and 
athlete’s ability to prevent dehydration or mitigate 
direct exposure of the head (see Table 3 and 
Figure 3 for illustration of radiation/shading 
effects).

Figure 3 illustrates the effect of open sun expo-
sure (panel a; assuming solar radiation as outlined 
in Table 1; i.e. no shading) versus shaded outdoor 
or indoor conditions (assuming full shade, but no 
air conditioning or other artificial cooling; panel 
b) for the longest calculated exposure duration 
(120 min). Comparing panel a) and b) illustrates 
that with full shade (even during hours with peak 
air temperature; midday) high risk for impair-
ments in motor-cognitive performance (red area) 
will only be relevant in sports with very high 
metabolic heat production.

From general risk to impact on specific sport 
disciplines

Based on the general MCIL assessment (presented 
in Figures 2 and 3), combined with the risk for 
dehydration levels exceeding 2% and the pre-
viously described complexity categorization 
(Table 2 and Appendix 1) we outline the level of 
risks for each sport and sub-disciplines in Table 3 
(see below).

As summarized in the last column of Table 3, 
there are a range of sports were no (or very low/ 
limited) impact is expected; either because the heat 
exposure is low (indoor or short duration events) 
and the athlete’s risk for hyperthermia in Tokyo 
2021 will not be different from competitions in 
cooler conditions or sport disciplines where 
hyperthermia has little (or no) detrimental influ-
ence on performance. The latter include sprinting 
disciplines and sports involving short-explosive 
effort, as they benefit from faster contraction velo-
cities related to higher muscle temperatures with-
out suffering from motor-cognitive impacts (as 
negative effects related to motor-cognitive factors 
or CNS fatigue are mainly seen during prolonged 
efforts).

Amongst the sports at the other range of the 
risk scale (i.e., potential high influence from
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Table 3. Overview of the potential motor-cognitive impacts across all Olympic disciplines with specific analyses/evaluations of risk 
“directly” related to hyperthermia, risk for developing dehydration (BW-loss exceeding 2%) and exposure to solar radiation. With 
consideration for each factor and evaluation of the integrated scenario and combined risk effect on motor-cognitive performance 
and/or central fatigue.

Sports

Exposure and risk-levels during competition and potential impact on athletic performance

Hyperthermia 
(Low/Moderate/High)

Dehydration 
(Low/Moderate/High)

Solar radiation 
(None/Moderate/High)

Potential motor- 
cognitive performance 

impact and/or influence 
on CNS-fatigue

Aquatics Low Low None expected No heat-related issues 
expected

Archery Low Low Moderate 
(considering short duration 
of single match and 
preventable with shading 
of head)

Low impact 
(for competition with 
consecutive matches: 
potential impact with 
prolonged sun exposure 
and influence on fine 
motor coordination/ 
performance)

Athletics Low 
(for technical and sprint/ 
short duration disciplines) 
High 
(endurance e.g. marathon/ 
race-walk)

Low 
(for the technical and short- 
duration disciplines) 
High 
(in the prolonged 
disciplines)

High 
(for disciplines during day- 
time and with prolonged 
exposure – preventable/ 
low after sun-set)

Sprint/technical disciplines 
(benefit from higher 
muscle temperature and 
no CNS impairment 
expected) 
Central fatigue and 
ability to maintain pace 
may play large role for the 
endurance disciplines

Badminton Moderate Moderate 
(high sweat rates; however 
preventable with adequate 
intake during breaks + 
rehydration between 
matches)

None expected With combined 
hyperthermia and 
dehydration potential 
large effects on technical 
performances (complex- 
motor tasks) and tactical 
(decision making) 
aspects – preventable 
with hydration and 
intermittent cooling

Baseball/softball Low Low Moderate 
(preventable with shading 
of head)

Potential impact on the 
skills relying on complex 
motor performance for 
matches with prolonged 
sun exposure – 
preventable with shading 
in breaks + head during 
play

Basketball Moderate Moderate 
(high sweat rates; however 
preventable with adequate 
intake during breaks + 
rehydration between 
matches)

None expected Potential impact on 
technical performance 
(complex-motor tasks e.g. 
shoot accuracy etc.) and 
tactical (decision making). 
Preventable – but 
potentially high in case of 
combined dehydration 
and hyperthermia.

Breakdance Low Low None expected No heat-related issues 
expected

Canoe and Kayak 
(flatwater)

Low to Moderate Low Moderate 
(considering short duration 
and preventable with 
shading of head)

Low impact 
(potential impact with 
prolonged sun exposure 
and influence on complex 
motor performances and/ 
or decision making)
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Table 3. (Continued). 

Sports

Exposure and risk-levels during competition and potential impact on athletic performance

Hyperthermia 
(Low/Moderate/High)

Dehydration 
(Low/Moderate/High)

Solar radiation 
(None/Moderate/High)

Potential motor- 
cognitive performance 

impact and/or influence 
on CNS-fatigue

Canoe (River slalom) Low to Moderate Low Moderate 
(considering short duration 
and preventable with 
shading of head)

Low impact 
(potential impact with 
prolonged sun exposure 
and influence on complex 
motor performances and/ 
or decision making)

Cycling Low 
(for track/indoor sprint 
disciplines) 
High 
(for outdoor/road race)

Low 
(for track/indoor sprint 
disciplines) 
High 
(for outdoor/road race)

High 
(during day-time and with 
prolonged exposure – 
preventable/low after sun- 
set)

Central fatigue and 
ability to maintain pace. 
Negative impact on 
tactical performance e.g. 
decision making

Equestrian Low Low None expected 
(if competition is held 
under roof) 
Moderate 
(considering short duration 
and preventable with 
shading of head)

No expected influence

Fencing Low Low None expected No expected influence
Football Moderate to High Moderate 

(dependent of adequate 
intake during and the 
duration of the match + 
recovery between matches)

High 
(prolonged exposure – with 
no possibility to protect 
head)

Central fatigue and 
ability to maintain pace + 
technical performances 
(complex-motor tasks e.g. 
dribbling, passing etc.) and 
tactical performance 
(decision-making) aspects 
characterizing the sport.

Golf Low Moderate 
(dependent of adequate 
intake during and the 
duration of the match + 
recovery between matches)

High 
(long exposure – 
preventable with shading of 
head)

Potential impact on 
technical performance 
(complex-motor tasks e.g. 
driving distance and 
accuracy). Preventable – 
but potentially high in 
case of combined 
dehydration and high 
levels of solar radiation.

Gymnastics Low Low None expected No expected influence
Handball Moderate Moderate 

(dependent of adequate 
intake in breaks + recovery 
between matches)

None expected Potential effects on 
technical performance 
(complex-motor tasks) and 
tactical (decision making). 
Preventable – but 
potentially high in case of 
combined dehydration 
and hyperthermia.

Hockey (field) Moderate to High Moderate 
(dependent of adequate 
intake during and the 
duration of the match + 
recovery between matches)

High 
(prolonged exposure – with 
no possibility to protect 
head)

Central fatigue and 
ability to maintain pace + 
technical performances 
(complex-motor tasks e.g. 
shoot and passing 
accuracy) and tactical 
performances (decision- 
making) aspects 
characterizing the sport.

Martial arts (Boxing, 
Judo, Karate, Wrestling)

Low to moderate Moderate 
(dependent on weight cut 
before competition and 
adequate intake after 
weight cut + recovery 
between matches)

None expected No expected influence
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Table 3. (Continued). 

Sports

Exposure and risk-levels during competition and potential impact on athletic performance

Hyperthermia 
(Low/Moderate/High)

Dehydration 
(Low/Moderate/High)

Solar radiation 
(None/Moderate/High)

Potential motor- 
cognitive performance 

impact and/or influence 
on CNS-fatigue

Modern  
Pentathlon

Low to moderate Moderate 
(dependent of adequate 
intake in breaks + recovery 
between disciplines)

Moderate 
(duration short and 
preventable with shading 
of head)

Potential central fatigue 
and technical 
performance (shooting 
i.e. fine motor 
coordination) if prolonged 
exposure to solar 
radiation.

Rowing Moderate to High Low Moderate 
(duration short and 
preventable with shading 
of head)

Central fatigue and 
ability to maintain pace 
and tactical (i.e. decision- 
making, pacing strategy or 
other aspects 
characterizing the sport).

Rugby Moderate to High Moderate 
(dependent of adequate 
intake during and the 
duration of the match + 
recovery between matches)

High 
(prolonged exposure – 
preventable with shading 
of the head if applicable)

Central fatigue � ability 
to maintain pace and 
technical performances 
(complex-motor tasks e.g. 
throwing) and tactical 
(decision making, attack/ 
defending strategies) 
aspects characterizing the 
sport.

Sailing (Laser, Finn, Skiff, 
Dighy, Nacra)

Moderate Moderate 
(dependent of adequate 
intake between event and 
duration)

High 
(prolonged exposure – 
preventable with shading of 
the head if applicable)

Central fatigue � ability 
to maintain pace + 
technical performances 
(complex-motor tasks) and 
tactical (decision making) 
aspects characterizing the 
sport.

Shooting (pistol, rifle, 
trap, skeet)

Low Low Moderate 
(if outdoor – duration short 
and preventable with 
shading of head)

Low impact may be 
expected on fine motor 
coordination (e.g. 
precision – if prolonged 
exposure)

Skateboard (street/park) Low Low Moderate 
(duration short and 
preventable with shading of 
head)

Low impact on technical 
performances (complex- 
motor tasks e.g. tricks, flips 
etc.) if prolonged exposure

Sports Climbing  
(bouldering, lead & 
speed)

Low Low None expected No expected influence

Surfing/windsurfing Moderate Moderate 
(dependent of adequate 
intake between event and 
duration of event)

Moderate 
(short duration exposure + 
cooling when entering 
water)

Low impact on technical 
performances in 
disciplines depending on 
(complex-motor tasks e.g. 
jumps, turns etc.) if 
prolonged exposure

Table tennis Low Low None expected No expected influence
Tennis Moderate to high Moderate 

(dependent of adequate 
intake between event and 
match duration)

Moderate to High 
(preventable with shading 
of head and dependent on 
duration of match)

Central fatigue � ability 
to maintain pace and 
technical performances 
(i.e. complex-motor tasks 
such as precision) and 
tactical (decision making) 
aspects characterizing the 
sport.

Trampoline Low Low None expected No influence expected
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elevated heat stress) are the prolonged outdoor 
ball-games, e.g., field hockey and football where 
the “complexity” is high as performance rely on 
both tactical decision-making and continuous 
adjustment of the motor-activation to varying 
situations. In those sports, the long duration and 
elevated metabolic heat production markedly 
increase the susceptibility for developing 
hyperthermia and the exposure to solar radiation 
or hazard for developing dehydration adds addi-
tional risk.

In the middle range risk category (moderate/ 
potential effects expected, but partly preventable) 
are sports where the athletes either have a lower 
metabolic rate (e.g., golf) or better potential to seek 
shadow and hydrate during breaks (e.g. tennis and 
beach volleyball) or where the task complexity is

considered to be lower (sports dominated by 
closed skills).

Discussion

The framework and associated analyses presented 
in this paper allow for short and long-term projec-
tions of the environmental settings to be combined 
with physiological considerations relevant for 
impact on motor-cognitive performance and how 
this may influence various sport disciplines in 
specific events such as the Summer Olympic 
Games. The “general model” should of cause be 
interpreted and used as a conservative “rough risk- 
level assessment” that integrates the intensity, 
duration, and scheduling (time of day) with the 
forecasted environmental settings (for Tokyo 2021

Table 3. (Continued). 

Sports

Exposure and risk-levels during competition and potential impact on athletic performance

Hyperthermia 
(Low/Moderate/High)

Dehydration 
(Low/Moderate/High)

Solar radiation 
(None/Moderate/High)

Potential motor- 
cognitive performance 

impact and/or influence 
on CNS-fatigue

Triathlon High Moderate to High 
(Prolonged duration � 
difficult to maintain proper 
hydration + high sweat 
rates)

Moderate to High 
(preventable with shading 
of head)

Central fatigue and 
ability to maintain pace 
may play large role for the 
endurance disciplines)

Volleyball (Indoor/beach) Low (indoor) 
Moderate (beach)

Moderate 
(dependent of adequate 
intake in breaks + recovery 
between matches)

Moderate to High in 
outdoor/beach 
(preventable with shading 
of head)

Indoor: No expected 
influence 
Beach: central fatigue � 
ability to maintain pace 
and technical 
performances (i.e. 
complex-motor tasks, 
precision etc.) and tactical 
(decision making, 
communication) aspects 
characterizing the sport.

Weightlifting Low Moderate 
(dependent on weight cut 
before competition and 
adequate intake after 
weight cut)

None expected No expected influence

The columns with risk assessment (overall classification into low, moderate or high categories) for developing hyperthermia (core temperature 
exceeding 38.5°C) and dehydration levels exceeds 2% BW-loss are based on 1) PHS model estimates that include an overall consideration of 
discipline (with heat production, duration and expected environmental settings [extracted from table 1 and 2] as input parameters for the 
modified model – see method section for details) and 2) consideration for pre or per-cooling and hydration opportunities (number of breaks and 
access to water/shadow/cooling) – both considering a single competition and potential influence from inadequate rehydration between events (or 
in weight class event from self-imposed dehydration. The analogous risk assessment for influence from solar radiation is based on the overall 
exposure (considering duration of the discipline or total competition and exposure time – whether the venue is indoor or outdoor – with indoor 
assumed to be shadowed and open outdoor as outlined in table 2) and specific risk of exposure of the head (i.e. if possible to protect the head or 
entire body against sun radiation (e.g. seek shelter during breaks). The last (right) column is a short summary of potential (integrated effects of 
risks) impact on motor-cognitive performance and/or influence on central fatigue compared to “normal” settings (with low environmental heat) 
and considering the complexity of the sport (see method section for description). 
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or any future events with expected heat stress). 
The event organizers may use such information 
for planning purposes, while participants and coa-
ches may identify the risk and importance of spe-
cific parameters for their competition. The general 
risk assessment should be combined with specific 
considerations for the sport and in the combined 
evaluation (Table 3), we therefore provide quanti-
tative and detailed considerations for the different 
sports and their vulnerability to the four main risk 
factors – i.e., risk of developing severe hyperther-
mia, being exposed to high levels of radiation or 
moderate levels of hypohydration and the com-
plexity of the given sport. As illustrated in 
Figure 2, motor-cognitive impairments are likely 
to be negligible in short-duration sports, however, 
the intensity, setting and scheduling of the events 
are important in sports lasting longer than 30 min. 
From this perspective, it is interesting that the 
women’s football finale is pre-scheduled to be 
played around midday (Friday the 6th August at 
11am [85]), when temperatures are at their hottest 
[1]. As outlined in Table 3, football is a highly 
vulnerable sport, due to the high-level decision- 
making requirements, elevated metabolic rate 
rates, prolonged playing time, exposure to solar 
radiation, and risk of dehydration. Indeed, the 
average dehydration-level in football players is 
~2% following matches in both moderate and 
severe heat stress scenarios [86]. Moreover, 
women maybe at greater risk for developing 
hyperthermia [87,88] or forced to lower the pace 
to maintain heat balance as there is some evidence 
suggest that women have a lower evaporative heat 
loss capacity [89,90], particularly at high exercise 
intensities, which further increases their risk for 
motor-cognitive impairments and brings into 
question the logic behind scheduling the event 
for this time.

For indoor sports (e.g., basketball and handball) 
or outdoor sports (e.g., tennis and beach volley-
ball) with better access to resources (such as water 
and shaded rest areas) and/or have regular breaks 
in play, the risk for impairments may be reduced – 
especially if athletes adopt appropriate mitigation 
measures (see discussion below). Endurance sports 
with low complexity scores (closed tasks or fewer 
changes in the motor activation pattern) such as 
distance running, rowing, time trial cycling etc.

(see Table 1 and Appendix 1) are heat resilient 
toward effects on motor-cognitive performance, 
but they may still be affected by the development 
of fatigue. Athletes exposed to heat and sun for 
prolonged periods are at high risk for becoming 
hyperthermic and/or developing dehydration 
[22,24,26,27,42], with associated effects on central 
fatigue in addition to the effects on cardiovascular 
factors relevant for performance in these sports 
[7,8,31,91,92].

In strength disciplines and short-term power 
dominated sports (e.g., sprinting, jumping, throw-
ing, weightlifting, and gymnastics), performance 
may benefit from faster cross-bridge cycle rates 
or other chemical processes positively affected by 
the Q10-effect, associated with an elevated muscle 
temperature (see ref [7] for detailed discussion). 
Furthermore, these sports will most likely not suf-
fer from negative effects on fine motor coordina-
tion or maximal activation (CNS fatigue) as they 
are less complex (mainly closed motor tasks) and 
of short duration where adequate motor activation 
in contrast to prolonged/sustained efforts seems to 
be preserved [8]. Likewise, indoor sports (such as 
aquatics, track cycling etc.) where the thermal 
conditions may be controlled will be much less 
likely to experience heat stress and associated 
decrements in motor-cognitive performance. 
Participants in indoor sports (where the athletes 
have high metabolic rates for prolonged periods, 
such as badminton and the prolonged track 
cycling disciplines) may experience heat stress 
regardless of the outdoor environment, but the 
lack of solar radiation and typically better oppor-
tunity to avoid very adverse environmental condi-
tions, put participants in these sports at lower risk.

Mitigation strategies

Based on the risk assessment, it seems very important 
that coaches and athletes have the knowledge about 
efficient mitigation strategies [93–96] “on-hand”, 
especially during midday where solar radiation, air 
temperature, humidity and risk for dehydration are 
highest [1]. For comprehensive overview of availabil-
ity, feasibility and the effectiveness of mitigation 
methods, we refer to Morris and colleagues [96], but 
here we highlight potential methods/solutions target-
ing the specific factors of relevance against 
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deterioration in motor-cognitive performance. 
Specifically, we introduce mitigations methods that 
provide the most efficient protection against severe 
hyperthermia, direct solar radiation on the head and 
dehydration.

One mitigations method athletes and coaches 
should consider when preparing for the Olympics 
is heat acclimation/acclimatization. Heat acclima-
tion/acclimatization has been repeatedly shown to 
mitigate and/or postpone the negative effects of 
heat stress on physical performance [97–103], 
albeit heat acclimation may take longer due to 
the environmental conditions in Tokyo (e.g., high 
humidity) [95] as well as being limited due to 
evaporative heat loss [104] compared to dry heat 
[105]. In addition, it is worth noticing that high 
humidity may increase amounts of dripping sweat 
(e.g., increases the likelihood of dehydration). 
Furthermore, hydration may need careful consid-
eration, as humid heat seems to hampers exercise 
performance compared to dry heat with similar 
water intake [9]. In relation to motor-cognitive 
performance, there is some discrepancy between 
findings. For instance, some studies have shown 
a protective effect of heat acclimation on aspects of 
cognition [106,107], whereas we (Piil and collea-
gues 2019) and others [108,109] have shown that if 
participants reach their maximal tolerable core 
temperature, fine motor coordination and cogni-
tively-dominated performance may be compro-
mised. However, as is evident from that paper, 
participants could exercise for ~30% longer, before 
reaching max levels of core temperature post-heat 
acclimation [109], which indeed underlines the 
importance of being heat acclimated/acclimatized 
before coming to the Olympics. Furthermore, suf-
ficient heat acclimation/acclimatization can be 
achieved within one to two weeks [97].

Athletes and coaches also need to consider 
hydration and re-hydrations strategies. 
Thermoregulatory sweating is associated with loss 
of both water and electrolytes [29]) and as dehydra-
tion may aggravate cardiovascular stress 
[22,24,26,27,42] and impair motor-cognitive perfor-
mance [66,68,70–72,110] it is extremely important 
to limit these homeostatic disturbances. This is in 
general of importance, but particularly for athletes 
competing within a weight-category (i.e. for athletes 
that may needs to cut excess weight – due to

dehydration strategies) or if multiple matches/com-
petitions are scheduled within one day.

Other potential mitigation strategies that can 
be utilized during the Olympics includes pre- 
cooling (e.g. cold-water submersion, water dos-
ing, cold fluid ingestion, ice vests etc [93,111– 
114].) and per-cooling (e.g. ice slurry ingestion, 
increase/facilitate airflow [fan], ice vests and 
shading as examples [93,111,115–118]). In parti-
cular, precooling can be highly beneficial for 
events lasting less than an hour, as the lowered 
starting core temperature may blunt or delay the 
rise in core temperature at the start of exercise 
and benefit the athletic performance [119]. For 
events lasting longer than 1 h, the effect of pre-
cooling will likely wear off and therefore methods 
for per-cooling can be prioritized to mitigate heat 
strain [119]. Clothing optimization (more breath-
able, less evaporative resistance, wearing a cap 
[may not be applicable/feasible in all scenarios, 
depending on in-game rules]) can help mitigate 
thermal strain. Furthermore, the possibility of 
shading also seems to be of importance based 
on our model (see Figure 3), as it shows that 
removing solar radiation from the equation sub-
stantially reduces the heat stress, especially dur-
ing midday.

Conclusion

Based on the analyses of risk scenarios presented 
in this paper, it seems evident that several sport 
performances in the upcoming 
Olympics games will be affected by heat-related 
impacts on motor-cognitive performances such 
as decision-making, maximal motor-activation 
or precision. Especially, sports characterized as 
“complex” and with the competitors exercising 
with an intensity and duration that makes them 
susceptible for developing hyperthermia and this 
will be highly relevant for outdoor events sched-
uled midday where superimposed solar radiation 
both elevates the overall heat stress and direct 
exposure of the head further elevates the motor- 
cognitive impact level. The present work should 
highlight and create awareness on the interaction 
between sport complexity, heat exposure and the 
subsequent impact on identified physiological 
factors of importance (heat homeostasis and

Summer 
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hydration). The proposed framework is not 
intended for calculation of a specific (individual) 
score that may predict the precise impact and 
future studies or field observations from specific 
sport events and refinement of the ability to test 
impact in ecological setting, may indeed improve 
knowledge on the importance environmental 
heat stress and motor-cognitive performances.

However, based on the available knowledge 
appropriate mitigations strategies such as precool-
ing, per cooling (for sports with frequent breaks) or 
at least avoiding overheating during the preparation 
phase seems relevant. Also, maintenance of hydra-
tion and protection of the head against direct sun-
light seems to be of great importance for the sports 
characterized as complex and therefore high-heat 
vulnerable. In contrast, athletes competing in short 
explosive or less complex sports should not worry 
and may in fact benefit from elevated body (muscle) 
temperatures providing muscular benefits (e.g. on 
contraction velocities and anaerobic metabolic pro-
cesses) without negative effects on CNS function.
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