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COMPREHENSIVE REVIEW

Heat-related issues and practical applications for Paralympic athletes at Tokyo 2020
Katy E. Griggsa, Ben T. Stephensonb,c, Michael J. Priced, and Victoria L. Goosey-Tolfreyc

aDepartment of Engineering, School of Science and Technology, Nottingham Trent University, Nottingham, UK; bLoughborough Performance
Centre, English Institute of Sport, Loughborough University, Loughborough, UK; cPeter Harrison Centre for Disability Sport, School of Sport,
Exercise and Health Sciences, Loughborough University, Loughborough, UK; dSchool of Life Sciences, Centre for Sport, Exercise and Life
Sciences, Coventry University, Coventry, UK

ABSTRACT
International sporting competitions, including the Paralympic Games, are increasingly being held in hot
and/or humid environmental conditions. Thus, a greater emphasis is being placed on preparing athletes
for the potentially challenging environmental conditions of the host cities, such as the upcoming Games
in Tokyo in 2020. However, evidence-based practices are limited for the impairment groups that are
eligible to compete in Paralympic sport. This review aims to provide an overview of heat-related issues
for Paralympic athletes alongside current recommendations to reduce thermal strain and technological
advancements in the lead up to the Tokyo 2020 Paralympic Games. When competing in challenging
environmental conditions, a number of factors may contribute to an athlete’s predisposition to
heightened thermal strain. These include the characteristics of the sport itself (type, intensity, duration,
modality, and environmental conditions), the complexity and severity of the impairment and classifica-
tion of the athlete. For heat vulnerable Paralympic athletes, strategies such as the implementation of
cooling methods and heat acclimation can be used to combat the increase in heat strain. At an
organizational level, regulations and specific heat policies should be considered for several Paralympic
sports. Both the utilization of individual strategies and specific heat health policies should be employed
to ensure that Paralympics athletes’ health and sporting performance are not negatively affected during
the competition in the heat at the Tokyo 2020 Paralympic Games.
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Introduction

Since the beginning of the Paralympic movement in
1948, the Paralympic Games has experienced rapid
growth and is now considered one of the largestmulti-
sport events in the world. From humble beginnings in
1948 to 4,328 athletes from 159 nations competing at
the Games in Rio De Janeiro in 2016 [1], Paralympic
athletes have a prominent worldwide stage to display
their sporting prowess. Such growth can be partly
explained by the evolution of both bespoke equipment
[2] and evidence-based sport science and medicine
support [3], enabling advancements in elite competi-
tive performance of Paralympic sports.

In recent years a greater emphasis has been
placed on preparing athletes, both Olympic and
Paralympic, for the potential challenging environ-
mental conditions of the host cities, such as Rio de
Janeiro in 2016 and the upcoming Games in Tokyo
in 2020. Despite previous Games being held in
Athens, Beijing, and Rio, the impending Games in
Tokyo could be one of the most thermally

demanding for both athletes and spectators alike
[4,5]. Competing nations are dedicating time and
resources to employ techniques which either adapt
training to cope with the conditions and/or develop
strategies that can be utilized during the competi-
tion to reduce the risk of heat-related illnesses and
a decrement in sporting performance. To highlight
the expected environmental conditions for Tokyo
2020, Figure 1 shows hourly temperature and rela-
tive humidity for Tokyo during the dates corre-
sponding to the Paralympic Games period in
2020, based on meteorological data collected from
1990 to 2018 from the Japan Meteorological Agency
[5]. The figure clearly shows the potential environ-
mental challenge athletes may face. Of note, the
ambient temperature peaks at 13:00 h at 29.7 ±
3.4°C, while the relative humidity peaks at 05:00
at 78 ± 9%, decreasing to 59 ± 13% at the hottest
part of the day before rising again [5].

For many Paralympic athletes, their impairment
affects both training and performance capabilities.
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The burden of thermally stressful environmental
conditions will likely only exacerbate any decrement
in training and competition capability and function-
ality. This review aims to encompass a number of
topic areas within the broader scope of heat-related
issues for Paralympic athletes, in order to provide an
overview of heat-related issues for Paralympic ath-
letes, alongside current recommendations in the lead
up to the Tokyo 2020 Paralympic Games.

Heat-related issues for Olympic athletes

It is well recognized that exercising in hot and or/
humid ambient conditions increases physiological
and psychological strain causing a decrement in
sporting performance compared to performing
exercise in cooler conditions [6–8]. The dimin-
ished performance is associated with cardiovascu-
lar, neuromuscular, perceptual and metabolic
alterations [9] resulting in an increase in core
temperature, premature fatigue and the potential
for heat-related illnesses. In hot and humid envir-
onments, heat gain will be increased due to the
environmental heat load, while heat loss will be
impaired as a result of a reduced temperature and
vapor pressure gradient between the skin and
environment. Thus, the need for strategies that
prevent excessive heat storage is paramount from
both a health and performance perspective.

Paralympic games

The Tokyo Paralympic Games will be held from
25 August to 6 September 2020 with an expected
4,400 athletes competing across 22 sports [10].
Paralympic sports either develop as an adaptation
to an able-bodied (AB) equivalent sport (i.e.
wheelchair basketball) or are designed to accom-
modate a particular impairment type (i.e. goalball
for athletes with a visual impairment). Athletes
with a range of physical and intellectual impair-
ments are eligible to compete at the Paralympic
Games categorized into 10 impairment types
according to the International Paralympic
Committee (IPC): impaired muscle power,
impaired passive range of movement, limb defi-
ciency, leg length difference, short stature, hyper-
tonia, ataxia, athetosis, vision impairment and
intellectual impairment [11]. For the purposes of
this review and to align with the terms used by
research conducted in this area, athletes will be
grouped according to the following six disability
groups, which encompass all 10 of the impairment
types listed above; spinal cord-related disability,
cerebral palsy, amputee, visual impairment, les
autres (others) and intellectual impairment.

To obtain fair competition between athletes with
varying levels of impairment, Paralympic sports
utilize classification systems [11]. The premise of
these systems is that classification should only cover

Figure 1. Hourly temperature and relative humidity for Tokyo during the dates corresponding to the Paralympic Games period in
2020, based on meteorological data collected from 1990 to 2018 [5]. Copyright permission has been granted from the authors of [5]
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the effect of the impairment on the individual’s
sporting performance. In team sports, an athlete’s
classification can play an important role in deter-
mining the individual’s role within the team [12].
However, athletes are classified according to their
functional ability obtained from a range of func-
tional tests and observational assessment during
the sporting performance, rather than their physiol-
ogy. Hence, athletes within the same class may be
similar in relation to their functionally, yet as
a result of their impairment, their physiological
responses while competing in their sport, such as
temperature regulation, may greatly differ [13].

Paralympic athletes at greatest
thermoregulatory risk

Paralympic sport is growing rapidly, creating new
challenges for athletes, coaches, governing bodies,
practitioners, and researchers. One of these challenges
is how to best prepare athletes for international com-
petitions with limited evidence-based practices avail-
able for the different impairment groups. Restrictions
within national high-performance systems to share

training practice data and the small heterogeneous
group of elite Paralympic athletes inhibit the distribu-
tion of scientific evidence and practice [14]. As
a consequence, anecdotal evidence and case study
work are heavily relied upon in addition to the appli-
cation of AB guidance. For some instances, AB gui-
dance may be sufficient, yet considerations regarding
the athlete’s impairment and the athlete–equipment
interface (where applicable) are vital.

In Paralympic sports, a number of factors may
contribute to an athlete’s predisposition to heightened
thermal strain when competing in challenging envir-
onmental conditions. These include not only the char-
acteristics of the sport itself (type, intensity, duration,
modality, and environmental conditions), fitness, and
physical attributes of the athlete (e.g. body composi-
tion) but also the complexity of the impairment and
classification of the athlete. Figure 2 depicts the inter-
action of these factors to illustrate the most at risk
Paralympic athletes when competing in the heat, cate-
gorized by sport. The following sections provide detail
on each of the impairment groups (spinal cord injury,
cerebral palsy, amputation, visual impairment, and
multiple sclerosis (within les autres category) that are
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Figure 2. Graphical representation of Paralympic athletes’ risk of thermal strain stratified by sport. The grey shaded dots represent
indoor sports, while the white dots represent outdoor sports. The figure is subjectively determined through the combination of the
demands of the environment and/or the sport (type, intensity, duration, modality) and the commonality of athletes within the sport
that have impairments that affect their ability to thermoregulate effectively, e.g. athletes with a spinal cord injury.
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eligible to compete in the most at-risk sports to heat
stress or illness. For clarification, Table 1 depicts the
sports that each of these impairment groups is eligible
to compete in.

Protective clothing may also increase thermal
strain, especially for athletes competing in sports
such as equestrian, wheelchair fencing, and shooting.
The additional weight of the clothing increases meta-
bolic heat production, and the additional clothing
layer increases insulation, impairing heat loss from
the skin surface to the environment. The resulting
reduction in convective and evaporative heat loss for
athletes wearing protective clothing while competing
has implications for both sports of a moderate inten-
sity and relatively static sports but of a longer dura-
tion. Hence, in addition to the potential difficulties
faced by the different impairment groups mentioned
below, Paralympic athletes competing in these sports
with the additional burden of protective clothing
should ensure appropriate strategies (see section
current recommendations) are in place to avoid
any heat-related issues.

Spinal cord injury

Out of the six impairment groups, spinal cord injury
(SCI) is the most comprehensively researched in

relation to athletic performance [14]. Athletes with
an SCI are eligible to compete in a number of sports
including wheelchair rugby, archery, triathlon,
wheelchair tennis and athletics (See Table 1). An
SCI may occur through either application of extreme
traumatic forces or via degenerative and congenital
disorders. Individuals with an SCI experience vary-
ing degrees of sensory, motor and functional loss
depending on the level of their injury. Injury to the
cervical region of the spinal cord is referred to as
tetraplegia leading to impaired function of the arms,
trunk, legs and pelvic organs. Injury to the thoracic,
lumbar and sacral segments of the spinal cord,
referred to as paraplegia affects the function of the
trunk and pelvic organs below the lesion level and
the legs. Spinal cord injuries are further classified as
being neurologically complete or incomplete in rela-
tion to the motor or sensory function [15,16].

Individuals with an SCI have a reduced afferent
input to the thermoregulatory center [17–19] and
a loss of both sweating capacity and vasomotor
control (efferent response) below the lesion level
[17,20,21]. The magnitude of the thermoregulatory
impairment is proportional to the level and comple-
teness of the lesion. Due to the higher lesion level,
individuals with tetraplegia possess a smaller area of
sensate skin, a lesser amount of afferent input

Table 1. Summary of the 22 Paralympic summer sports, the at-risk impairment groups are eligible to compete in. Note: Multiple
sclerosis has not been listed as an impairment group as the health condition is only a small proportion of the les autres impairment
group.

Impairment type

Sport Tetraplegic Paraplegic Cerebral palsy Amputee Visual Impairment

Archery * * * *
Athletics * * * * *
Badminton * * * *
Boccia * * * *
Canoe * * *
Cycling * * * * *
Equestrian * * * * *
Football *
Goalball *
Judo *
Powerlifting * * *
Rowing * * * * *
Shooting * * * *
Sitting volleyball * * *
Swimming * * * * *
Table tennis * * * *
Taekwondo * *
Triathlon * * * * *
Wheelchair basketball * * *
Wheelchair fencing * * * *
Wheelchair rugby * * * *
Wheelchair tennis * * * *
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regarding their thermal state, and a reduced efferent
response compared to individuals with paraplegia
[21,22]. Depending on the level of the SCI, varying
degrees of disruption to the sympathetic and para-
sympathetic nervous system are apparent. Below the
level of the lesion, the lack of sympathetic vasocon-
striction and muscle pump inactivity results in
a limited ability to redistribute blood [23] with
apparent consequences for convective heat loss. In
a sporting context, as a result of muscular paralysis
below the lesion level and the use of upper body
exercise, the amount of heat produced by athletes
with an SCI is likely determined by the amount of
remaining active musculature.

Previous literature has consistently shown that
athletes with an SCI demonstrate greater thermal
strain compared to the AB during both rest [22,24]
and exercise [25,26] in hot ambient conditions. In
these conditions, athletes with tetraplegia experi-
ence a greater thermal strain compared to athletes
with paraplegia during exercise [26]. Therefore, it
may be surprising that out of all the sports that
athletes with an SCI are eligible to compete in,
only wheelchair tennis has a heat health policy
specifically for wheelchair-bound athletes [27,28].
Despite the growing research in this population
group, little has been translated into policy and
practice. Thus, the current review sows the seeds
for further discussion and research that may chal-
lenge or help guide practical and competitive sche-
duling recommendations.

Unlike the other impairment groups, wheelchair
rugby players with tetraplegia demonstrate heigh-
tened thermal strain even when competing indoors
(19–21°C), despite a lack of external heat load [29].
These players with tetraplegia tend to occupy
defensive roles on the court due to their classifica-
tion as low point players, hence cover less distance
and achieve lower mean speeds than high point
players [12,29]. However, as a consequence of
a loss of vasomotor control and the lack of any
sweating response [17,20–22], owing to the fact
that the sympathetic innervation to eccrine sweat
glands exits the spinal cord at T1-L2, these players
can often reach high core temperatures (>39.5°C)
during a match [29]. Additionally, the continual
increase in core temperature post exercise [30] for
a prolonged duration compared to the AB and the
common occurrence of multiple matches in

one day is likely to exacerbate the situation. It is
clear that the heightened thermal strain for these
athletes has implications for not only performance
and decision-making abilities but also an increased
risk of heat-related illnesses for both athletes com-
peting in indoor and outdoor sports.

Unlike AB athletes when exercising in the heat, an
increase in fluid intake is not physiologically required
due to the limited sweating response of athletes with
an SCI. Instead, the advice is to consume fluid little
and often to not only ensure hydration, avoid exces-
sive weight gain and gastrointestinal discomfort, but
also to reduce the risk of urinary tract infections [31].
Athletes with an SCI must also be aware of triggering
autonomic dysreflexia as a result of bladder distension
through excessive over drinking, though this condi-
tion can be caused by a number of other stimuli.
Autonomic dysreflexia is an acute condition of exces-
sive, uncontrolled sympathetic output resulting in
extreme hypertension with potential fatal conse-
quences [32]. Prompt action must be undertaken to
remove the cause and emptying of catheters is encour-
aged prior to exercise to prevent the occurrence.
While the condition is reported to be fairly common,
prevalence is highest in athletes with lesions above T6
[32]. It is also relatively common for athletes to pur-
posefully dehydrate during long haul travel to avoid
the inconvenience of visiting the toilet without assis-
tance [31]. Therefore, an appropriate fluid strategy
while traveling requires some planning and educa-
tional advice to prevent athletes from arriving at
competitions in a dehydrated state.

Cerebral palsy

Cerebral palsy (CP) is a postural and movement
disorder caused by central brain injury which results
in altered neuromuscular physiology and dimin-
ished exercise capacity [33]. Cerebral palsy presents
three main impairment profiles: hemiplegia where
one side of the body is affected; diplegia where two
limbs are affected (typically the lower limbs) and
quadriplegia where all four limbs are affected [34].
Based on their functional capabilities assessed dur-
ing the respective classification processes, athletes
with CP may compete in wheelchair or ambulant
sport classes, such as triathlon, road cycling, ath-
letics, archery, and equestrian (Table 1).
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Due to the presence of athetosis, hypertonia
or ataxia, athletes with CP typically display an impair-
ment in muscular coordination and thus movement
efficiency. This impairment results in a greater meta-
bolic cost of movement for a set intensity, relative to
AB individuals [35]. Consequently, it has been shown
that metabolic heat production for a given external
workload is significantly greater in those with CP [36].
Maltais et al. [36] proposed that the etiology of this
greater thermal strain relates to the elevatedmetabolic
cost of absolute workloads. The lower efficiency of
movement and higher energy cost is likely to result
in an earlier onset of fatigue, exacerbated by an addi-
tional environmental heat load.

Another potential consequence of athletes’ high
muscular tone is an impairment in venous return.
Due to a diminished efficiency of muscle pumps,
redistribution of venous blood from the periphery
to the central circulation can be negatively
impacted. This increases the relative intensity of
exercise as heart rate increases to compensate for
a lower stroke volume [37]. Moreover, there is
potential that athletes with CP may employ med-
ical techniques to ameliorate their muscle spasti-
city and limited range of motion. Specifically, it is
common for children with CP to be treated with
botulinum toxin A (Botox®) injections in the lower
limbs to manage spasticity and improve range of
motion [38]. Botulinum toxin A is also used to
treat hyperhidrosis as it blocks the release of acet-
ylcholine reducing sweat production at the site
[39]. Although the prevalence of botulinum toxin
A use in athletic populations to manage spasticity
is currently unknown, the potential effect on local
sweat production may result in a lower evaporative
heat loss capacity and a diminished local adaptive
potential during heat acclimation.

Athletes with CP not only display physiological
differences to AB athletes that may increase their
thermal strain but also cognitive differences.
Although research is lacking, Runciman et al.
[33] and Maltais et al. [36] demonstrated that
there may be potential differences in pace aware-
ness and/or perception of effort in athletes with
CP. When competing in the heat, AB athletes
typically progressively down-regulate their inten-
sity of effort to redistribute work in a manner that
allows them to complete the required task in the
context of the accumulating heat strain [40]. This

not only relates to physiological adjustments but
also behavioral alterations to account for the cog-
nitive interpretation of the environment, thermal
state, and/or perceived effort [41,42]. If athletes
with CP are unable to effectively process the afore-
mentioned factors, they may increase the risk of
heat-related illnesses and/or performance impair-
ment as a consequence of maintaining an inap-
propriate workload for the environmental context.
In support of this, anecdotal observations have
shown elite CP athletes falling over in the closing
stages of 100–400 m running races.

Amputation

Athletes with an amputation, especially of a lower
limb, are of a particular concern when competing in
sports in the heat, such as triathlon and cycling (road
race), due to the intensity of these sports and the
duration of exposure to the ambient environment.
The potential for heightened heat strain in these
athletes is mainly due to a combination of reduced
surface area for convective and evaporative heat loss
[43], particularly in athletes with a bilateral amputa-
tion, gait asymmetries elevating heat production and
the disturbance of all thermal transfer mechanisms
due to the prosthetic socket barrier [44].

Athletes with an amputation have a reduction in
heat dissipation, as a result of a loss of limb and the
covering of the residual limb with a prosthetic. Thus,
a smaller body surface area is available for heat loss
leading to a potential increase in heat storage during
exercise. Skin grafts on the amputated limb could also
further impair heat dissipation due to the absence of
sweat gland responsiveness and a potential permanent
impairment of cutaneous vasodilator capacity on
grafted skin [43]. The magnitude of the effect on
heat dissipation will likely depend on the amount of
body surface area covered by the grafted skin.

Previous research has demonstrated that when
walking at similar speeds, individuals with an ampu-
tation expend more energy than an individual with
no amputation [45], and the more proximal the
amputation, the larger the effort needed to walk
[46]. For instance, transtibial amputees have been
shown to expend between 9% and 33% more energy
[47,48] and transfemoral amputees between 37% and
100% more energy compared to non-amputee indi-
viduals [49]. The mass of the prosthesis does not
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appear to significantly increase energy expended
[50], yet metabolic cost can be reduced by improve-
ments in both gait and physical fitness [45]. These
findings suggest that during walking metabolic heat
production may be greater in these individuals com-
pared to the AB, coupled with a reduction in heat
loss, these athletes may be at a greater risk of heat-
related illnesses. However, due to the lack of thermo-
regulation research for this population group this
speculation cannot currently be confirmed or
extended to other modalities.

Although prosthetic technological development, in
particular sport-specific prosthetics, has grown
rapidly with the rise of Paralympic sport, issues with
sweat accumulation, comfort, and skin breakdowns
are still commonplace. To ensure a good prosthetic fit,
close-fitting is required, consequently limiting venti-
lation at the socket–limb interface. Without adequate
ventilation and low moisture permeability of the
socket, a build-up of sweat and high residual limb
skin temperature will occur. These effects have severe
consequences, such as skin irritation, bacterial infec-
tion and a reduction in prosthetic use and activity. An
increase in skin temperature of the amputated limb at
rest is a clear sign of tissue stress andwith the presence
of slight moisture is likely to cause friction blisters
[51]. In addition to these health-related concerns,
individuals frequently report feelings of thermal dis-
comfort inside the prosthesis regardless of the level of
amputation or type of prosthesis [44]. The localized
thermal discomfort could potentially affect their over-
all feelings of thermal comfort. For athletes, this could
result in a decreased use of the prosthetic that will
negatively impact on the quality of their training. It is
also important to note that to accommodate both
daily and sporting activities, athletes will have access
to multiple prosthetics; therefore, the issues men-
tioned above would need to be addressed in all the
prosthetics used by the athlete, i.e. both daily and
sporting use.

Development of the material properties used in
the prosthetic liner has been well studied, but less so
for in vivo studies [52]. Despite the technological
advancements in liner materials and the suggestion
that increasing the thermal conductivity of interface
components could improve heat transfer as well as
integrated cooling systems [53], there does not
seem to be a current solution to the problem [54].
A better understanding of the microclimate of the

prosthetic-limb interface, although difficult to mea-
sure, is greatly warranted during exercise to help
solve the problem of sweat accumulation within the
prosthetic socket and liner.

Visual impairment

Visually impaired athletes eligible to compete in
Paralympic sports have damage to either one or
more components of the visual system, resulting in
an impairment in the interaction of the individual
with the surrounding environment. Similar to ath-
letes with an amputation, visually impaired athletes
are eligible to compete in a number of endurance
sports, which also expose athletes to the challenging
environmental conditions for a prolonged period.
These athletes may be physiologically similar to AB
athletes, but as a consequence of their impairment,
additional considerations are needed when training
for and competing in the heat.

Adopting an appropriate pacing strategy when
competing in the heat is essential in the sports of
triathlon, road race cycling and the marathon, all
sports for which visually impaired athletes are
eligible (Table 1). Athletes with a visual impair-
ment are unable to rely on visual feedback and
cues to adapt their pacing. Therefore, if an
adjusted pacing strategy has not been set in accor-
dance with the ambient conditions and the athlete
is not using visual cues to potentially downregulate
their effort, these athletes could face heightened
thermal strain as a result of inappropriate pacing
for the conditions. For visually impaired athletes
that compete with a guide (depending on their
classification and sport), this may be less of an
issue, as the guide’s role is to read the environment
and provide verbal and tactile cues to the athlete.

Ensuring sufficient hydration to replace sweat and
respiratory water losses is key for athletes, especially
when training for competition in the heat. Self-
monitoring hydration is commonly conducted
through checking urine color and volume, to prevent
dehydration and hence reduce the amount of ther-
moregulatory strain. However, for athletes with
a visual impairment, this is extremely difficult.
Thus, these athletes are likely to require assistance
or another method for assessing hydration status.
A number of visually impaired athletes also suffer
from albinism and are therefore prone to sunburn
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when exposed to ambient conditions of high radiant
load, due to the lack of skin pigmentation [55].
Sunburn has a direct local effect on sweat gland
responsiveness and capacity limiting the thermore-
gulatory effector response, but also heightening ther-
mal sensation [56]. Hence, reducing time in the sun
and ensuring sun cream is applied frequently is
crucial for these athletes. Current research is how-
ever inconclusive regarding the effect of sun cream
on sweat production and evaporation [57–59].

Les autres – multiple sclerosis

Athletes with multiple sclerosis (MS) form a small
proportion of the les autres impairment group.
Multiple sclerosis (MS) is a degenerative neurolo-
gical disorder that disrupts axonal myelin in the
central nervous systemmostly affecting young indi-
viduals from 20 to 40 years old. In general, altera-
tions in saltatory conduction, slowed conduction
velocity, and a tendency to conduction block are
as a result of the demyelination. Multiple sclerosis
may also cause an impaired neural control of auto-
nomic functions involving impaired sensory and
effector responses, altered neural integration within
the central nervous system or a combination of all
these factors [60]. Symptoms vary between indivi-
duals but often include deficits related to coordi-
nated movement, such as muscle weakness, spasms,
and fatigue. MS lesions within thermoregulatory
centers of the central nervous system, particularly
the hypothalamus, likely result in impaired thermo-
regulatory function due to the alteration in neural
conduction [61].

During exercise and/or during exposure to hot
environments individuals with MS can experience
heat intolerance, resulting in a rapid onset of fati-
gue and slowed or blocked conduction of demye-
linated nerves [62,63]. The degree to which heat
sensitivity limits physical function in these indivi-
duals is likely to be related to the severity of the
condition. For example, the greater the degree of
demyelination the less heat exposure is needed to
cause blocked conduction [60]. A core tempera-
ture increase as little as 0.5°C can exacerbate MS
symptoms transiently in 60–80% of MS patients
(heat sensitivity), highlighting the need for this
population group to reduce exercise-induced
hyperthermia [64–66]. However, the effects of

their heat sensitivity are temporary, transient and
reversible by either providing cooling or removing
the environmental stressor. For a thorough review
of the impact of temperature sensitivity on sensory
and cognitive function in individuals with MS,
readers are directed to [67].

The ability of individuals with MS to dissipate
heat is also likely impaired with significantly reduced
sweat rates, as a function of core temperature,
observed during whole body passive heating [68].
Allen et al. [68] suggested that this reduction in
sweat rate may be due to either neural-induced
changes in eccrine sweat glands or impairments in
neural control of sudomotor pathways. Nonetheless,
changes in skin blood flow appear to be similar to AB
individuals suggesting reflex control of the cuta-
neous vasculature is preserved in individuals with
MS [68]. However, it is unclear if a similar finding
would be observed during greater heat stress.

Nevertheless, there are a lack of studies involving
athletes with MS and exercise representative of high-
performance Paralympic sport. A greater under-
standing of athletes with MS during exercise in the
heat is needed to determine appropriate strategies to
prevent the worsening of their symptoms. Similar to
the other impairment groups, athletes with MS have
varying degrees of functionality and mobility, thus
for appropriate and individualized strategies case
study work may be more appropriate.

Summary of paralympic athletes at greatest
thermoregulatory risk

The aforementioned sections have demonstrated
how thermoregulation and sporting performance
of Paralympic athletes with various impairments
may be compromised when competing in the heat.
In summary, in relation to heat exchange, both
convective and evaporative heat loss and metabolic
heat production will be affected as a result of the
Paralympic athlete’s disability, highlighted in
Figure 3. The metabolic heat production of
Paralympic athletes is likely to be altered because
of their impairment, for instance being lower in
athletes with an SCI, while greater in athletes with
CP and athletes with an amputation, compared to
the AB. In relation to heat loss, convective and
evaporative heat loss are likely to be impaired due
to a smaller body surface area of active muscle
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mass, reductions in vasomotor and sweating con-
trol and alterations in pacing strategy. Thus, the
disability groups mentioned in the sections above
are likely to store a greater amount of heat leading
to an increase in thermal strain, as a result of
a reduction in convective and evaporative heat
loss and, for some groups, also an increase in
metabolic heat production (Figure 3).

Current recommendations

Sporting performance can be broken down into four
key components: athlete, physical capacity, equip-
ment, and the competition environment (Figure 4).
In Paralympic sports, although an athlete’s physical
capacity, body composition, and overall health can be
improved through training, the athlete’s impairment
is likely to play a major role in the extent of this
improvement. Hence, specific guidance for impair-
ment groups, where appropriate, needs to be consid-
ered when utilizing strategies to aid performance in
the heat. Another area of focus to improve perfor-
mance outcomes is the interaction between the athlete
and their equipment with the need to optimize con-
figuration and maintenance of the equipment.
Figure 4 depicts the key components that result in

a performance outcome and strategies that could be
utilized and implemented by Paralympic athletes to
improve sporting performance at the Tokyo 2020
Paralympic Games. In addition to the strategies high-
lighted in Figure 4, at an organizational level specific
heat policies should be introduced to ensure athlete
safety enforced by sports governing bodies. With the
growing number of competitions, including
Paralympic Games, being hosted by countries that
experience hot and humid conditions, regulations
and a change in heat-health policy need to be con-
sidered for a number of Paralympic sports.

To combat the increase in heat strain for heat-
vulnerable Paralympic athletes strategies such as the
implementation of coolingmethods and heat acclima-
tion can be utilized. There is presently no record of the
number of Paralympic athletes, or athletes with
a disability competing at international competitions,
utilizing specific interventions to prepare themselves
for the heat, while some insight of these numbers are
available for the AB population. For example, at the
International Association of Athletics Federations
(IAAF) World Championships held in 2015 in
Beijing despite the expected hot/humid conditions,
out of the 307 athletes surveyed only 15% heat accli-
matized prior to the Championships, 52% had a pre-

Figure 3. Heat exchange between the environment and the human body in an outdoor environment. In normal conditions, heat
balance will increase due to an increase in metabolic heat production (M) and radiation in both shortwave (Sin and Sup) and
longwave (Lin and Lup) radiation. A human usually loses heat through convection (C), evaporation (E), respiration (resp) and emitted
longwave radiation (Lemit). The grey boxes highlight the heat exchange pathways (convective and evaporative heat loss and
metabolic heat production) affected as a result of the Paralympic athlete’s disability, discussed in the review.
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cooling strategy and 96% had a fluid consumption
strategy [69]. These values are perhaps even more
surprising given that 48% of the athletes had pre-
viously experienced exertional heat illness symptoms.
Despite less than 2% of the athletes experiencing
exertional heat illness symptoms during the
Championships, the authors did suggest that
a greater awareness of adequate preparation for com-
peting in the heat should be disseminated to optimize
athlete health and sporting performance. A greater
understanding of whether a similar situation is pre-
sent in Paralympic and IPC competitions is clearly
warranted, especially when some athletes are poten-
tially likely to experience a greater amount of thermal
strain than AB athletes.

Cooling strategies and fluid practices

Despite the considerable interest in the application
of cooling strategies for the AB athlete, compara-
tively little is known concerning the Paralympic
athlete. The majority of cooling methods used in
the AB athletic population are either applied to the
skin (i.e. ice vest [70,71], water immersion [72,73],
iced towels/packs [74,75], via an ingested cooling
medium (i.e. ice slurry [76–78], cold water inges-
tion [79,80]) or a combination of methods [81–

84]. Cooling is applied either before, during
(including rest periods),and/or post exercise and
is largely determined by sporting demands, sport-
ing regulations, logistics, environmental condi-
tions, temperature of the coolant, anatomical
location, and surface area of cooling. Pre-cooling
aims to reduce core temperature and improve heat
storage capacity, cooling provided during exercise
intends to attenuate the rise in core temperature,
while cooling provided post exercise aims to accel-
erate recovery. Previous research in the AB litera-
ture has shown cooling provided both before and
during exercise is effective at improving sporting
performance in both moderate and hot ambient
conditions [85], while meta-analysis data shows
the use of mixed method pre-cooling to have
a substantial positive influence on performance
[86]. Additionally, reducing an individual’s ther-
mal sensation by utilizing specific cooling strate-
gies (i.e. menthol), without a decrease in core
temperature, has also been shown to improve
sporting performance [87,88].

In Paralympic sport, although small in number,
the majority of studies on cooling strategies has
been for athletes with an SCI using water sprays
[89,90], cooling garments [90–97], extremity cool-
ing [98,99], cold water immersion [100], ice

Figure 4. Four key components of sporting performance in Paralympic sport; athlete, physical capacity, equipment, and the
competition environment. To implement strategies that improve in-competition performance one must consider the physiological
consequences of an athlete’s impairment on their physical capacity and the interface between the athlete and equipment.
Strategies/interventions that could be utilized and implemented by Paralympic athletes to improve sporting performance at the
Tokyo 2020 Paralympic Games are highlighted in the grey-shaded box. This figure is adapted from [14].
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slurries [100] and mixed method cooling [100].
A previous review of the literature [101] stated
that wearing an ice vest during intermittent exer-
cise reduced thermal strain and enhanced perfor-
mance for athletes with an SCI, while a
combination of pre-cooling and cooling during
exercise is likely to increase the effectiveness of
the strategy. However, due to the paucity of
research, it is difficult to determine the optimal
cooling strategy for this population group, and
future studies should ensure strategies are studied
under constraints of the actual competition and
that outcomes can be transformed into meaningful
practice. The fit of future cooling garments is also
important, especially for wheelchair athletes.
Commercially available garments are made for
AB individuals and not for seated use or with
abdominal binding both of which affect the con-
tact with the skin. Wheelchair athletes, in particu-
lar wheelchair rugby players with tetraplegia,
commonly use water sprays to cool themselves
during breaks in play. To investigate the effective-
ness of this strategy Griggs et al. [90] examined
elite wheelchair rugby players with tetraplegia
undertaking a simulated wheelchair rugby match
with either no cooling, cooling using water sprays
during rest periods or a combination of pre-
cooling using an ice vest and water sprays during
rest periods. Both cooling trials attenuated the
increase in core temperature during the simulated
match, with the effect greatest in the combined
cooling trial, while the combination trial also low-
ered mean skin temperature. Hence, the combined
cooling trial lowered thermal strain to a greater
degree, though there was no improvement in per-
formance. In the ambient conditions expected in
Tokyo 2020, the addition of a fan directed onto the
athlete is likely to lower thermal strain further by
increasing both convective and evaporative heat
loss. It should also be noted that due to the reduc-
tion in afferent sensation, athletes with an SCI are
unable to perceive their thermal state, therefore
relying on thermal perceptions to determine ther-
mal strain is not appropriate.

Where possible, similar to AB athletes,
Paralympic athletes should determine their sweat
rate when competing in the heat to enable an
individualized fluid strategy to be put in place to
replace fluid losses. Fluid practices must be

practiced prior to competition, in particular when
combined with external cooling strategies, as ath-
letes may reduce ab libitum fluid intake [95] if
they perceive themselves to be cooler. The inges-
tion of fluid can also act as a cooling strategy with
the ingestion of cold water or ice slurries becom-
ing popular in recent years in the athletic AB
population. However, a recent study has shown
that the use of ice slurries during exercise may
actually hinder net heat loss via a larger reduction
in the whole body sweating compared to the
amount of internal heat lost to the ingested ice
slurry [102].

Yet in athletes with an SCI, evaporative heat
loss is already reduced because of their impair-
ment; thus, the effect of ice slurries as a pre-
cooling or during exercise tool requires more
investigation. The volume of ice ingested would
need to be carefully considered for this popula-
tion group as large volumes of fluid ingestion,
leading to frequent voiding, can cause gastroin-
testinal discomfort, be logistically difficult for
athletes using catheters and could increase the
risk of autonomic dysreflexia [31]. Therefore,
further investigation into whether this internal
method would be beneficial and practical for
athletes with an SCI is greatly needed.

Cooling studies have also been undertaken in
individuals with heat sensitive MS, albeit not in
athletes. Studies have typically provided cooling
through the use of cooling garments [103–105],
lower limb water immersion [106], extremity cool-
ing [107] and cold water ingestion [108].
Regardless of the cooling strategy chosen, cooling
typically reduced core temperature and improved
functional capacity and physical performance.
Nevertheless, Chaseling et al. [108] observed no
differences in core or skin temperature when
patients with MS cycled until volitional exhaustion
in 30°C and 30% RH while ingesting cold water
(1.5°C) or neutral temperature water (37°C).
Despite this, time to exhaustion was increased
when ingesting cold water, suggesting that this
simple cooling strategy could enhance exercise
tolerance for this population group, yet the effect
this cooling method has on MS symptoms is not
known. It is also important to note that during
heat stress, individuals with MS have reported
a reduced skin thermosensitivity to cold [109].
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Thus, similar to individuals with an SCI, the per-
ceptual benefit of a cooling aid could be hindered,
i.e. individuals may be unable to perceive the “true
coldness” of the aid, and this must be accounted
for when developing cooling strategies for athletes
with MS and an SCI [109].

Choosing the correct cooling strategy for an
individual or team of athletes will largely depend
on the needs and impairment of the athlete and
the sport itself, such as environmental conditions,
access to freezers or baths, logistics, cost and
unclothed body surface area to cool for external
cooling. Cooling provided before competition
should be provided as close to the start as possi-
ble and avoid cooling active body parts. For
example, cooling the hands before competition
for wheelchair athletes or cooling the lower
limbs of a runner would be inappropriate. Thus,
fully understanding the sporting demands, the
competition environment, the athlete and their
equipment (see Figure 4) will enable coaches
and practitioners to target appropriate cooling
strategies.

Heat acclimation

Heat acclimation (HA) has been extensively
researched in the AB population due to its appli-
cation in military, occupational and athletic set-
tings and has been described as the most
important intervention one can adopt to reduce
physiological strain, optimize performance in the
heat and improve heat tolerance [110]. Commonly
reported adaptations include: lower core and skin
temperature; submaximal heart rate; carbohydrate
metabolism; sweat electrolyte content; perceived
exertion and thermal strain; and increased sweat
rate and plasma volume expansion with a resultant
improved performance in the heat [8,111–113].

To induce the aforementioned adaptations,
HA typically consists of 5–16 days of daily or
alternate days heat exposure, with individual
exposures of 1–2 h in temperatures equal to or
greater than 35.0°C [114]. A significant propor-
tion of HA adaptations occurs within the first
week of chronic heat exposure [115] though
longer durations enable full adaptation of several
parameters such as sweat rate and sudomotor
threshold [116]. These parameters are

particularly meaningful for the preparation of
athletes competing in endurance events
[114,116,117]. Regardless of long or short dura-
tion HA, heat exposures must be of sufficient
thermal strain to increase core temperature, skin
temperature and sweat rate above a set thresh-
old, which appear to be the main drivers for
adaptation in AB athletes [116,118,119].

Commonly, HA protocols have consisted of
exercise at a fixed external workload over the accli-
mation period [111,120–124]. However, it has been
speculated that this approach results in diminishing
adaptations during the intervention as the relative
thermal strain imposed gradually lessens [116,125].
Consequently, isothermic approaches have been
employed, which maintain a set thermal strain,
commonly a core temperature of ~38.5°C over the
acclimation period, while the external workload
gradually increases concurrently to thermoregula-
tory adaptation to invoke continued adaptations.

However, the application of isothermic HA for
athletes, especially pre-competition, has been ques-
tioned [126–128], due to the impact excessive exercis-
ing heat stress may have on athletes’ fatigue and hence
the “quality” of training [118]. Therefore, the efficacy
of passive HA has been studied, such as the use of hot
water immersion [126–128] and sauna exposure
[129,130]. Thesemethods have been employed imme-
diately after exercise in temperate environments, thus
invoking HA while allowing athletes the opportunity
to train without impacting planned exercise intensity.
Furthermore, exercise prior to passive heat exposure
results in elevated core temperature, skin temperature
and sweat rate before the commencement of passive
HA, thus reducing the required heat exposure dura-
tion. Passive HA has been shown to induce positive
physiological adaptations [127–130] with some evi-
dence of improved endurance performance [128,129].
Nonetheless, it is unclear whether the adaptations
from the sole use of passive HA are similar to that of
active HA.

The effectiveness of HA has been comprehen-
sively studied in AB athletes [111,113,121,123,
125,126,128,130]; however, to date, only the study
of Castle et al. [131] has investigated its use for
Paralympic athletes. A small group of target shoo-
ters with tetraplegia (n = 2) or paraplegia (n = 3)
undertook a 7-day consecutive HA intervention
consisting of 20-min moderate intensity,
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isothermic arm crank ergometry, and 40-min rest
in 33.4°C and 64.8% RH. HA resulted in a decrease
in resting and exercising aural temperature,
a decrease in the rating of perceived effort (RPE)
and thermal sensation and a small increase in
plasma volume. This was the first evidence of
beneficial adaptations in Paralympic athletes
[131]. Nonetheless, due to the lack of change in
exercising heart rate or whole body sweat rate, as
a consequence of athletes’ impairments, the
responses were deemed only partial acclimation.
More recently, Trbovich et al. [132] found no
beneficial adaptations in a larger group of indivi-
duals with an SCI (tetraplegia and paraplegia)
undergoing the same protocol of Castle et al.
[131], albeit in recreationally active individuals.
Similarly, Gass and Gass [133] utilized a 5-day
passive HA protocol and demonstrated no change
in thermoregulatory parameters in individuals
with paraplegia, yet improvements were evident
in an AB group. Thus, the study of Castle et al.
[131] provides the only evidence that Paralympic
athletes are capable of displaying partial HA,
although this is the only work to date in highly
trained athletes with a physical impairment.

Heat regulations and policy

The most commonly used index of environmental
heat stress in sports settings is the wet bulb globe
temperature (WBGT). This empirical index is largely
recommended by international sport organizations
and federations, such as the International Olympic
Committee and International Tennis Federation
[134,135], and general guidance has been stipulated
by the American College of Sports Medicine
(ACSM) regarding safe exercising WBGT ranges
[136]. Recent evidence has shown that based on
historical geographical data, the ambient conditions
of the Tokyo 2020 Olympic Games will be held amid
extremely high WBGT levels [4], initiating consid-
erations to bemade regarding venues and scheduling
of events.

Various sporting governing bodies use WBGT
ranges and limits to implement additional breaks
and suspension of play. While WBGT has
undoubtedly greatly mitigated the risk of
hyperthermia in numerous environments, similar
to all direct indices, WBGT has its limitations

and has faced some criticism for its use in sport
due to its frequent underestimation of heat stress
[137]. Despite the index not taking into account
metabolic heat production and variability in
clothing, and thus cannot predict heat dissipation,
the index can be used as a rough screening index
[138,139], especially with the addition of correc-
tion factors to account for specific clothing
garments.

Regardless of any criticism of WBGT, having
a form of heat stress index is better than having
none at all. To the authors’ knowledge, wheelchair
tennis is the only Paralympic sport to have its own
heat health policy, which is based on WBGT
[27,28]. Even though many impairment groups
are at a potential-heightened risk of heat-related
issues compared to AB athletes, specific policies
have not been implemented to reflect this. Such
safeguarding of Paralympic athletes at an increased
risk of thermal strain during competition requires
urgent attention.

Of note, a recent retrospective audit of illness
surveillance reports [140] from the 2015 Para
athletic World Championships observed that
there was, in fact, a low rate of heat-related
illnesses despite WBGT levels regularly exceed-
ing the ACSM and IAAF guidelines for cancela-
tion of events. The authors of the audit
suggested that the countermeasures put in place
by the IAAF andthe preparation of the athletes
for this particular event were sufficient to pre-
vent a high incidence of heat-related illnesses.
Countermeasures included scheduling of
events to be held at night, increased shade
covering, increased provision of ice and cold
fluids, increased additional schedule breaks and
increased surveillance and education by team
medical staff. However, it should be noted that
athletes who reported to their own team physi-
cians were not included in the survey and
whether a similar outcome would be apparent
across Paralympic sports with various counter-
measures in place remains to be seen.

Future technological advancements

Technology plays an important role in improving
sport performance in Paralympic sport, for
instance, the development of sport-specific and
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individualized wheelchairs [141] and prosthetics
[142]. An understanding of the requirements of
the athlete to effectively match the technology of
the equipment, plus the interface of the athlete
and equipment (Figure 4), is key for advance-
ments in sporting performance in Paralympic
sport [2]. An ongoing challenge is to decide
whether the improvements in equipment signify
“performance enhancement” or are “essential for
performance.”

An increasing number of portable and non-
invasive wearable technology (devices and clothing)
have been developed predominately to monitor and
predict real-time work-related heat strain [143].
A number of these wearables could be implemented
within sport settings to help prepare athletes,
enabling a greater understanding of how the athlete
will cope when competing in the heat. However, it
must be noted that the majority of the devices do
still require validation in sport-specific environ-
ments. Examples of wearables currently available
are the Astroskin vest (Carre Technologies Inc.,
Montreal, Quebec., Canada), the Questemp II ear
sensor (3M, St. Paul, Minnesota., USA) and the
BioNomadix hip worn logger (BIOPAC Systems
Inc., Goleta, California., USA). For a review of
wearable technologies for monitoring heat strain,
the reader is directed to [143]. The use of wearable
technology could increase the understanding of
how a Paralympic athlete with a particular impair-
ment responds to training and simulated races/
match play in various environmental conditions.
This greater understanding of the physiological
responses of the athlete would enable coaches and
support staff to individualize strategies to combat
an increase in heat strain.

Of utmost importance when using a wearable
physiological monitor worn as a clothing garment
is whether the benefit of wearing the monitor is
offset by any potential increase in heat strain and
hence decrease in evaporative heat loss by wearing
an additional clothing layer [144]. While these
devices could be used during training, due to reg-
ulations of individual sports and difficulty incor-
porating such garments into athletic clothing they
are unlikely to be used in the imminent future in
actual competition. Practically, intra-individual

factors (i.e. hydration status) need to be consid-
ered for any user, but additionally for Paralympic
athletes, further personalization and adaptation of
algorithms used by the wearable may be required
to account for physiological, biomechanical, and
anatomical differences to AB individuals. For
example, to ensure validity, an algorithm used in
a wearable may need to take into account a lack of
sympathetic innervation to the heart for athletes
with tetraplegia or the change in gait for athletes
with a leg amputation. While consideration must
also be given to the financial cost of such garments
and whether monitoring various physiological
markers during training is of greater benefit to
the athlete than readily available traditional
methods.

Practical recommendations

This review has presented an overview of heat-
related issues for Paralympic athletes, plus current
recommendations and future technological
advancements to reduce thermal strain. To aid
support staff and practitioners working with
Paralympic athletes competing in Tokyo 2020,
Table 2 provides a list of practical recommenda-
tions to ensure that athletes’ health and sporting
performance are not negatively affected by the
potential environmental challenges.

Conclusions

The Tokyo 2020 Paralympic Games may present an
environmental challenge for many Paralympic ath-
letes due to the expected high heat and humidity.
The combination of the complexity of an athlete’s
impairment and the make-up of the sport in which
they compete will largely contribute to an athlete’s
predisposition to heightened thermal strain during
the competition in the heat. Despite the paucity of
thermoregulatory research in Paralympic athletes
and limited sharing of knowledge, to combat the
increase in heat strain, the implementation of cool-
ing methods and heat acclimation should be recom-
mended alongside the introduction of specific heat
policies for sports. Finally, practical recommenda-
tions should be employed to ensure that Paralympic
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athletes’ health and sporting performance are not
negatively affected during the competition in the
heat at the Tokyo 2020 Paralympics.
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