
KEY POINTS

•	 The integration of accurate, real-time wearable sensors represents a unique opportunity to protect the health of athletes during training and 
competition, as demonstrated in pilot implementations during the Tokyo 2020 Olympics and 2022 Adidas Road to Records.

•	 These advancements represent a significant progression in the use of wearable technologies in exercise physiology, in which initial endeavours 
date back to the early 1900s.

•	 The monitoring of meteorological conditions, prioritizing wet bulb globe temperature (WBGT) in situ at the athletes’ specific location during 
competition, offers precise information to protect athletes from exertional heat illnesses.

•	 Despite the undoubted benefits of real-time wearables, there are well-founded concerns relating to insufficient validity testing, data privacy and 
information overload.

•	 The rise of biometrics has relevance for broadcasting, as well as sports performance professionals.

•	 Remote monitoring technology frameworks developed in sport have the potential to be applied in public health settings and used by first 
responders and the military.
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INTRODUCTION HISTORICAL CONTEXT
Wearable technology is experiencing exponential growth in the realms 
of sport, physical activity and health. In sports, global positioning 
system (GPS) devices, smartwatches and biosensors are helping to 
guide the way athletes, sports prosumers and longevity lifestylers eat, 
sleep, train and perform. For the wider population, activity trackers, 
stress monitors and virtual reality wearables help to refine our daily 
routines and motivate us to lead more physically active lifestyles. Whilst 
in health, remote sensor technologies represent a new frontier for 
preventive healthcare and real-time monitoring of people with illnesses 
such as diabetes and those recovering from surgery, accidents or injury. 
Smartwatches and smart bands can continuously monitor vital signs 
such as heart rate (HR), blood pressure (BP) and blood oxygen levels, 
supporting individualised Telemedicine, thereby increasing healthcare 
access. Yet, despite the increased attention that such microelectronics 
technology has received in the past decade and its apparent newness, 
the notion of ‘wearable’ technology is not a new phenomenon in the 
field of exercise physiology.

The inception of the Douglas Bag in the early 20th century enabled 
pioneers of our field to conduct experiments outside of laboratories. 
Photographic evidence demonstrated attempts to collect respiratory 
gases during both outdoor boxing and running (Hill et al., 1924). In the 
decades that followed, wearable technologies of the time contributed to 
step-changes in our understanding of physiology. Scientists began to 
use portable technologies to collect measurements in novel locations 
or with previously inaccessible populations. For example, Pugh (1958) 

used semi-portable Douglas bags during an early Everest expedition. 
In 1978, the company Polar (2023) filed its first wireless HR monitor 
patent. By the 1990s and early 2000s, researchers were taking early 
iterations of wearable oxygen analysers to the highlands of Ethiopia 
and Kenya, as awareness of the East Africa running phenomenon 
began (Longman 2016). Fast forward into the 21st century and 
wearable technologies appear commonplace for both elite and 
amateur sportspeople and continue to rewrite our understanding of 
human physiology. Data collected from ingestible temperature pills has 
quashed conventional wisdom and the Critical Core Temperature theory 
(Racinais et al., 2019). Whilst in team sports, players now routinely train 
and compete with GPS/accelerometer devices to monitor locomotor 
activity, enabling granular assessment of both training and competition 
demands (Aughey, 2011). 

We postulate that the next major development within wearables and 
exercise physiology is the transition away from singular sensors and the 
integration of multiple sensor technologies into a single suite, with live 
data transmission. As set out in the International Olympic Committee 
(IOC) consensus on sporting events in the heat (Racinais et al., 2023), the 
use of technology to monitor athletes’ physiological and biomechanical 
performance indicators in real time during competition is needed for the 
prevention of injury and illness. For example, such technology can enable 
medical teams to make prompt and crucial decisions around athletes 
continuing to compete or withdrawing from an event.

To characterize these recent developments, in this Sports Science 
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Exchange (SSE) article, we describe and review two high profile 
sporting events where innovations in wearable technologies were 
trialled: the Tokyo 2020 Summer Olympic Games (Tokyo 2020, Japan), 
and the 2022 Adidas Road to Records event (Germany). These two 
major sporting events demonstrated academic and industry partners 
coming together to implement real-time wearable solutions to protect 
the health of athletes competing in hot and humid environments and 
to better understand how these metrics can be used moving forward. 

TOKYO 2020
This project followed discussions by members of the Adverse Weather 
Impact Expert Working Group of the IOC, which was created to 
proactively protect the health of athletes during Tokyo 2020, given the 
anticipated extreme environmental conditions (Hosokawa et al., 2021; 
Muniz-Pardos et al., 2021a). The IOC Group initiated this project to 
build on the success of data collection at the Doha 2019 World Athletics 
Championships, where core body temperature (T

CORE
) and the impact of 

different cooling strategies were assessed during the championships 
using live-transmitting technology and thermal cameras (Racinais 
et al., 2022). The current approach developed this, combining T

CORE
 

and skin temperature responses that may be associated with collapse 
and/or withdrawal from competition with biomechanical parameters 
that can identify disturbances in gait and body sway. Collectively, 
this data may help medical staff in the early identification of possible 
aggravated hyperthermia situations (Buller et al., 2022). This approach 
was enabled by the development of a smartwatch application and 
ecosystem designed to collect, process and transmit physiological, 
biomechanical, bioenergetic and environmental data using cloud-
based services (Muniz-Pardos et al., 2018). Athlete support teams and 
relevant stakeholders can view the data in real time, anywhere with 
internet or mobile access (Duking et al., 2018; Muniz-Pardos et al., 
2019). This technology has the potential to help in the management of 
athletes during a medical emergency to instantly orient the diagnosis 
and accelerate delivery of care.

TOKYO 2020 METHODS
A cross-sectional observational and descriptive approach was used. 
The methods previously described in detail (Muniz-Pardos et al., 
2018; 2021b) enabled biomechanical, physiological and bioenergetic 
monitoring, across identified Olympic sports at risk of exertional 
heat stroke. In the weeks prior to Tokyo 2020, athletes were invited 
to participate via their National Olympic Committee team physicians. 
No athletes/coaches were recruited during the Games, in line with 
the agreed IOC approval process. Unfortunately, various Covid-19 
restrictions prevented more widespread monitoring at the Games 
(Pigozzi et al., 2021), not least due to limited accreditation of the 
research group (n=2 researchers). Therefore, whilst some discussions 
and feasibility work were conducted across windsurfing, sailing, 
equestrian and open water swimming, for this article we focus on data 
collection (from two athletes) participating in specific Olympic events 
(10,000 m, marathon and 20 km race walk). 

Both athletes agreed to have T
CORE

 measured as the primary outcome, 
achieved by swallowing a temperature pill 6 hours prior to their event. 
There were a range of other optional metrics, as detailed below. Athletes 
could personalize the smartwatch data display, as well as select 
real-time transmission or offline recording for their data. Real-time 
monitoring was achieved by a small wrist worn ‘gateway’ bracelet that, 
alongside a smartwatch and bespoke ‘Sub2’ application, transmitted 
data via the cellular network to the research team (Figure 1). Cellular 
connectivity in Japan was achieved using e-SIMs and the smartwatch 
set in roaming (Guppy et al., 2023). 

In addition to T
CORE

, athletes consented to at least one of the following 
measurements during training and/or competition.

Heart Rate. Telemetric chest strap or via inbuilt smartwatch. Chest 
strap monitors were encouraged over the wrist sensor for greater 
accuracy during exercise (Fudge et al., 2007).

Skin Temperature. Temperature pills were adapted by the 
manufacturer to enable skin temperature measurement, by “flattening” 
the pill electronics to ensure the thermistor always contacted the skin. 
The sensor was affixed using a standard HR strap. 

Stride and Foot Mechanics Sensor. A foot-worn inertial sensor was 
placed on the laces of each shoe. The sensor measures contact time 
(s) and strike angle (deg) of each foot, cadence (steps/min), and foot 
mechanics variability. The above-mentioned variables were chosen to 
explore the variability of ground contact time as a potential indicator of 
a heat stroke or injury, as well as the change of contact time during the 
race as a marker of fatigue. Given that cadence and footstrike angles 
reflect runners’ commitment, performance strategies (i.e., acceleration, 
deceleration, steady-state pace, etc.) and techniques (i.e., forefoot 
strikes, midfoot strikes, etc.) respectively, this data and the variability 
within, may indicate fatigue, injury or heat stroke (Girard et al., 2016).

Figure 1: Representation of current integrated sensor suite and network 
infrastructure. Adapted from Muniz-Pardos et al. (2021b) with permission.
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Figure 2: Screenshot of the athlete’s metrics in the men’s 10,000 m Olympic final at Tokyo 2020.

we applied (www.extrema-global.com) integrates 
real-time data transmission including ambient 
conditions from downscaled modelled data via 
an Application Programming Interface connection 
in pre-designated areas (e.g. Sapporo, where 
marathon and race-walking events occurred). See 
Table 1 for ambient conditions during three Olympic 
events at Tokyo 2020. 

TOKYO 2020 RESULTS
10,000 m Men’s Olympic Final (Tokyo, 
Japan). A 10,000 m Olympic finalist volunteered 
to use the technology during the race, but opted 
not to wear the chest HR monitor, skin temperature 
sensor or the foot sensors. Therefore, a proprietary 
“physilog” watch-based running algorithm was 
used to collect spatial-temporal variables including 
ground contact time, cadence and running vertical 
oscillation, via a running biomechanics database 
integrated into the watch. This negated the need 
for foot sensors. The watch HR monitor revealed a 

high average HR (186 bpm) and a very high HR
MAX

 (200 bpm) that may 
reflect a measurement artifact from the wrist-based sensor (Table 1). 
Average T

CORE
 was high (39.5°C) with a maximum of 40.2°C reflecting 

the high intensity effort and characteristic of a 10,000 m final run 
during hot and humid conditions (Figure 2).

Men’s Marathon Olympic Final (Sapporo, Japan). The same 
athlete volunteered to use the same metrics (chest strap HR, T

CORE
 and 

ambient conditions) during the Olympic marathon, held in Sapporo 8 
days later. Note the lower average HR (162 bpm) and lower HR

MAX 
(190 

bpm) achieved by this athlete during the marathon, run during similar 
ambient conditions as those experienced during the 10,000 m final a 
few days earlier (Table 1). This, and different bioenergetic demands of 
the events, may also explain the approximately 1.4°C lower average 
and maximum T

CORE
 in this athlete during the marathon versus the 

10,000 m final (Table 1).

Men’s 20 km Race Walk Olympic Final (Sapporo, Japan). The 
second athlete was a race walker who volunteered to use the same 
metrics during the Olympic final (Table 1). Note the substantially higher 
average (178 vs. 168 bpm) and maximum (211 vs. 178 bpm) HR using 
the smartwatch device versus HR strap, respectively. This difference 
of ~10 bpm for average HR and ~33 bpm for HR

MAX
, most likely 

reflects measurement error from the smartwatch sensor. This athlete 
used a two-temperature pill strategy having taken one temperature pill 
in the morning and the other in the early afternoon before the (late) 
afternoon race (16:30 on August 5th, 2021). The similar high average 
(39.2 vs 39.2°C) and maximum (39.6 vs 39.8°C) T

CORE
 measurements 

between pills, suggests both had passed the stomach and were 
unaffected by fluid ingestion. The high T

CORE
 was comparable to the 

10,000 m data and substantially higher than the marathon (+0.6-
1.0°C). This is likely a reflection of the hotter conditions during the 
race walk (WBGT 7-9°C higher during the race walk vs. 10,000 m 
and marathon; Table 1).

ENVIRONMENTAL CONDITIONS
For monitoring ambient conditions, Wet Bulb Globe Temperature 
(WBGT) remains the ubiquitous approach. Most portable devices do not 
measure all components of WBGT, for example, no aspirated ambient air 
temperature. However, the ‘Kestrel’ portable WBGT monitor is considered 
a reasonable compromise and acceptable for use in field monitoring 
studies (Cooper et al., 2017; Falconer Hall et al., 2020). Nevertheless, 
the environmental conditions that an athlete experiences can vary 
considerably across large competition locations (e.g. 42 km marathon 
route). Therefore, duplicate approaches for assessing environmental 
conditions across venues were explored. Ambient temperature was 
monitored and recorded using Kestrel devices at all Olympic venues 
where the project took place. Kestrel devices were linked by Bluetooth 
to the real-time system via a bespoke cellular wireless transmitter. The 
application provided live data air and land surface temperatures, and 
relative humidity (Buller et al., 2022). Using static weather stations to 
gauge air temperature and relative humidity may not fully account for the 
spatial variations of these metrics, given the network’s limited coverage. 
A unique development briefly described elsewhere (Muniz-Pardos et al., 
2018) enables tracking of the actual heat experience of the individual (i.e., 
the SCOUTS model) (Tonekaboni et al., 2018). The SCOUTS model was 
designed to minimize heat stress in individuals and urban communities 
by using “Mobile Crowdsensing”, which allows the model to gather data 
at finer spatial-temporal granularities compared to traditional methods. 
Furthermore, a complimentary innovation involves downscaling satellite 
weather forecast data at the athlete’s location using advanced machine 
learning algorithms. This is especially pertinent in regions where weather 
station networks are absent. This approach can be applied to any global 
location and provide ambient conditions for each athlete. Importantly, 
there are endless possibilities to scale up such monitoring, for example 
to include more parameters such as the forecast of upcoming ambient 
conditions, UV index and air quality indices. The technological solution 
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TOKYO 2020 DISCUSSION
Despite challenges presented by Covid-19 restrictions, we demonstrated 
that the integrative solution described here and elsewhere (Duking et 
al., 2018; Muniz-Pardos et al., 2018) can monitor health, performance 
and environmental data during the largest of sporting events. During 
the specific competitions, data were viewed on a live dashboard (Figure 
2) by the research team in a remote location, demonstrating the ability 
to provide instantaneous feedback to stakeholders such as the athlete/
coach/scientist/doctor/broadcasters. This successful implementation 
demonstrates a clear pathway to routine monitoring during competitions 
that occur in extreme weather as is being explored by the IOC (Racinais 
et al., 2023).

The need for individualized, multi-sensor monitoring approaches is 
clearly demonstrated by the data collected during the 10,000 m final. 
Here, the athlete displayed a peak T

CORE
 of 40.2°C. Such extreme 

hyperthermic responses would have been considered highly dangerous 
in the recent past (Nybo & Gonzalez-Alonso, 2015) and the athlete would 

not be permitted to continue during many laboratory assessments. 
However, with the advent of telemetry pills, the exceptional tolerance of, 
and large inter-individual variation between elite athletes, is becoming 
better understood (Racinais et al., 2019). Therefore, for live or predictive 
monitoring of heat illness, combinations of T

CORE
, skin temperature, HR 

and gait patterning are likely required to cater for individual responses, 
whilst protecting health.

Following Tokyo 2020, and as the Covid-19 restrictions were relaxed, 
this technology infrastructure was developed to serve as a “hub” to 
aggregate a larger range of data feeds. The overarching aims remained 
the same; to protect the health of athletes, help characterize and 
understand performance at an individual level, to learn how these 
applications can be used for other applications, such as healthcare 
in the community, protecting first responders/military personnel and, 
to enhance the broadcast of sporting events by relaying interesting 
performance biometrics to spectators. 

ADIDAS ROAD TO RECORDS
The Adidas Road To Records is a day of elite racing organized by Adidas, 
the sportswear manufacturer, held at Adidas HQ (Herzogenaurach, 
Bavaria) with the express aim of breaking records in the 5 km, 10 km 
and half marathon. Our team was invited to provide real-time monitoring 
of the performance of elite athletes in these events. 

A major area of recent development in wearable technology is in 
measuring individual running biomechanics (Falbriard et al., 2018; 
Moran et al., 2015; Muniz-Pardos et al., 2019) in both athletic (Bushnell 
& Hunter, 2007) and clinical populations (Mariani et al., 2013), with the 
development of algorithms and computational power. The understanding 
and measurement of foot mechanics is crucial in endurance athletes, 
as optimizing factors such as foot strike patterns (Barnes & Kilding, 
2015), lower ground reaction forces (Clark et al., 2017), shorter ground 
contact times (Nummela et al., 2007), greater stride angles (Santos-
Concejero et al., 2014), lower cadence and longer strides (Tartaruga et 
al., 2012), can lead to improved running kinematics, and consequently, 
a reduced energy cost of running. These relationships are evidenced 
by the recent surge in world record performances using advanced 
footwear technology (Langley & Langley, 2023). 

Historically, the assessment of running biomechanics is performed 
in the laboratory with intrinsic limitations, such as bouncy treadmills 
altering the biomechanical and bioenergetic response of athletes 
(Gidley et al., 2020). As such, monitoring of athlete’s performances 
during “real” events has been limited. However, portable sensors now 
support accurate assessments of running biomechanics in the field 
(Horsley et al., 2021). An interesting development within biomechanical 
metrics is the potential to detect gait perturbations, which may occur 
alongside the development of heat illness (Buller et al., 2022). Such 
patterns may have a role to play either individually or as part of a larger 
sensor suite to aid early detection of heat illness and protect athlete’s 
health. A major aim of this event was therefore to assess the feasibility 
of monitoring, in real time, multiple metrics of running mechanics of 
elite athletes taking part in the 5 km, 10 km and half marathon events.

	

Table 1: Heart rate (device and strap), core body temperature and ambient 
conditions (measured = Kestrel, and derived = extrema) at Tokyo 2020.

Metric 10,000 m 20 km
Race walk

Marathon

Heart rate device (bpm)

Average 186 178 162

Maximum 200 211 190

Heart rate strap (bpm)

Average n/a 168 n/a

Maximum n/a 178 n/a

Core body temperature (C°)

Average 39.5 39.2 / 39.2a 38.6

Maximum 40.2 39.6 / 39.8a 38.8

Ambient conditions (measured)

Temperature (C°)

Start 28.3 32.2 27.3

End 26.1 34.5 27.7

Relative humidity (%)

Start 77.3 99.0 73.5

End 79.1 63.2 78.7

Wind speed (m/s)

Start 0 0 0.4

End 0 1.0 0.5

WBGT (C°)

Start 26.1 33.7 25.2

End 26.1 32.8 25.9

Ambient conditions (derived)

Temperature (C°)

Start 27 28 24

End 28 26 26

Relative humidity (%)

Start 70 65 81

End 69 80 76
aAthlete used a two-pill strategy
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ADIDAS ROAD TO RECORDS METHODS
Twenty-six elite athletes taking part in the Road to Records event 
agreed to wear multiple sensors during their events (5 km; n=10, 10 
km; n=7 and 21.1 km; n=9). Data were transmitted live to the research 
team workstations and to the adidas live stream. Participants wore an 
inertial sensor in the shoelaces of one shoe as directed by Adidas. The 
sensor was equipped with a 9-axis IMU sensor (3-axis accelerometer, 
gyroscope and magnetometer) with a sampling frequency of up to 
200 Hz and dynamic range of ± 16 g for high-intensity acceleration 
measurements. The sensor measured flight time, cadence and stride 
length for both the left and right leg, alongside a HR monitor. Satellite-
based GPS data were used to visualize athletes’ position on the track 
and displayed on the live broadcast. These data were collated utilizing 
the same ecosystem previously detailed.

Due to the explorative nature of these data as well as the relatively 
small sample of elite athletes, no statistical analysis was conducted on 
this dataset. Quantitative data are presented as individual responses. 
All data handling was conducted within R (Rstudio, PBC, Boston, MA) 
utilising the tidyverse packages (Wickham et al., 2019) to visualize 
data and remove outliers (defined as >1.96 standard deviations from 
calculated mean).

ADIDAS ROAD TO RECORDS RESULTS 
The mean performances of athletes during the Road to Records events 
are shown in Table 2. Cadence, flight time and stride length data are 
summarized in Table 3. Further, individual responses can be found in 
Guppy et al. (2023). Briefly, female runners displayed slower cadence 
values (in both feet), during the 5, 10 and 21.1 km races, compared 
with males. Females also displayed longer flight times compared to 
males across the 5 and 10 km events. However, flight times were 
similar between sexes during the 21.1 km event. Females displayed a 
shorter stride length across the 5 and 21.1 km events. However, in the 

10 km, females showed a shorter stride length in the right but not left 
foot compared to males.

ADIDAS ROAD TO RECORDS DISCUSSION
We deliberately do not report large quantities of data to avoid over 
interpreting outcomes from a small sample of athletes. Our reporting 
is intended to allow researchers, support staff and athletes to assess 
the utility of incorporating this methodical approach. Nevertheless, we 
observed some intriguing patterns in our biomechanical data, both 
across short to long endurance events and between sexes. 

The technology infrastructure worked well during this event, 
transmitting information to the research team location. Data were also 
shared in a user-friendly format with the host broadcaster, enabling 
Adidas management, coaches and online viewers to track athletes and 
gain insights into biometric data as athletes attempted to break the 
course records. As shown in Figure 3, athletes’ individual data may 
be captured and viewed live or post-race, second by second, enabling 
detailed performance monitoring such as HR responses.

Table 3: Running biomechanics data for male and female elite athletes in 5, 10 and 21.1 km races.

Table 2: Mean (±SD) of performance times for male and female elite athletes in 
5, 10, and 21.1 km races.

Event Time (mins:s)
Female 5 km (n=5) 15:30 ±00:17

Male 5 km (n=5) 13:16 ±0:19

Female 10 km (n=4) 32:02 ±0:49
Male 10 km (n=3) 28:12 ±0:49

Female  21.1 km (n=5) 67:43 ±0:19
Male 21.1 km (n=4) 59:49 ±0:20

All Athletes Females Males

Range (Right foot) Range (Left foot) Right foot Left foot Right foot Left foot

Cadence 
(Strides/s)

5 km 1.42±0.05 - 1.64±0.04 1.43±0.09 - 1.64±0.05 1.54±0.11 1.54±0.10 1.56±0.09 1.57±0.10

10 km 1.52±0.06 - 1.65±0.06 1.54±0.18 - 1.64±0.07 1.58±0.10 1.58±0.08 1.62±0.07 1.62±0.07

21.1 km 1.45±0.03 - 1.55±0.06 1.46±0.03 - 1.53±0.08 1.50±0.09 1.51±0.11 1.52±0.10 1.52±0.07

Flight    
time (s)

5 km 0.60±0.05 - 0.70±0.05 0.59±0.02 - 0.70±0.04 0.65±0.06 0.65±0.06 0.64±0.05 0.64±0.04

10 km 1.42±0.05 - 1.64±0.04 1.42±0.05 - 1.64±0.04 0.66±0.12 0.66±0.10 0.62±0.05 0.62±0.05

21.1 km 1.42±0.05 - 1.64±0.04 1.42±0.05 - 1.64±0.04 0.66±0.04 0.67±0.04 0.66±0.03 0.66±0.04

Stride 
length (m)

5 km 2.65±0.46 - 4.22±0.32 2.50±0.30 - 3.92±0.28 3.26±0.52 3.22±0.63 3.89±0.36 3.78±0.36

10 km 2.76±0.77 - 3.86±0.40 2.97±0.80 - 4.21±0.35 3.44±0.46 3.64±0.61 3.50±0.49 3.57±0.66

21.1 km 2.55±0.16 - 4.24±0.21 3.23±0.35 - 4.30±0.51 2.95±0.42 3.54±0.34 4.06±0.34 3.93±0.49
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With these exciting developments come challenges. Despite the small 
sample size, eleven performance variables generated between 1000 (5 
km) and 5000 (21 km) data points per athlete. Considerable technical 
infrastructure is required for the appropriate utilization of this large 
amount of data. Technical skills amongst athlete support teams, and 
any potential future users of these approaches, need to be considered 
to ensure that the data are not simply collected but also utilized. We 
advocate data science training for future practitioners working in elite 
sport to fully utilize this technology for performance analytics.

FUTURE RECOMMENDATIONS AND DIRECTIONS
As set out in the IOC consensus on sporting events in the heat (Racinais 
et al., 2023), the use of technology to monitor athlete’s physiological 
and biomechanical performance indicators in real time during a race 
is needed to develop effective injury and illness prevention strategies. 
These pilot studies show that athletes tolerate this technology, and a 
wide variety of variables can be monitored, allowing for new guardrails 
for athlete safety to be incorporated in the future. 

Following Tokyo 2020, and after further pilot studies in Benasque 
(Aragon, Spain) and Singapore, the software application was 
redesigned to enable remote activation of data collection and to allow a 
greater number of athletes being tested at the same time (> 60). This 
avoids instances of athletes failing to activate, or in error deactivate, 
data streaming. This researcher- or support staff-controlled approach, 
is recommended to minimize interference by the athlete and supports 
an overarching philosophy of trying to achieve ‘invisible’ monitoring. 
The most pressing short-term application of these data are to provide 
useful information for supervising physicians who will be able to access 
live video feeds alongside the performance and biometrics of individual 
athletes. This helps to inform them of any clinical assessments around 
heat illnesses, that may be required. Such approaches have recently 
been discussed in the context of non-invasive T

CORE
 measurement 

(Dolson et al., 2022) and are undoubtedly warranted given the ongoing 
rise in global temperatures.

SENSOR TECHNOLOGY AND INTEGRATION
A variety of (individual) wearable sensors worn on, close to, or even 
in the body that can monitor, analyse, transmit and/or receive data 
from other devices and/or cloud services are already in use or being 
developed (Ascaso & Huerva, 2016; Fuss et al., 2018; Lo Presti et al., 
2017; Muniz-Pardos et al., 2018, 2019). At the individual sensor level, 
it is evident that trends of miniaturization will continue, as will increased 
user comfort, battery life and water resistance. This may include the 
wider use of smart garments and/or implanted sensors to address 
some of these issues.

The sensors presented in this paper are not novel when used in 
isolation. However, the integration within a real-time monitoring 
ecosystem is unique in competitive sport. It is evident that sensor suites 
of the future should be sensor agnostic, providing flexibility to display 
metrics of interest to various stakeholders and across different sports. 
For practitioners, it is not feasible to work with multiple applications 
for extracting or visualizing performance data. To facilitate this, 
consideration should be given to data integration within new sensors, 
such as Application Programming Interfaces (APIs) to minimize 
unnecessary data processing and maximize time for data interpretation.

A pertinent example of a relevant technology that can be integrated 
within the sensor suite we have trialled is the non-invasive, in situ, 
monitoring of sweating rate and sweat electrolyte losses. Through a 
skin-interfaced wearable microfluidic device, real-time personalized 
fluid-electrolyte intake recommendations could be provided (Baker 
et al., 2020). Another example are the ubiquitous microtechnologies 
already widely adopted in team sports. These devices incorporate 
Global Navigation Satellite Systems, accelerometery and gyroscopes 
enabling player’s locomotor activity to be recorded and reported live 
during training and competition (James et al., 2021a). For example, 
during match-play in rugby union (Hausler et al., 2016), as well as 
within a variety of other contexts, this technology has been in place 
for more than two decades and undergone extensive reliability and 
validity testing (Crang et al., 2021; Willmott et al., 2019). Similarly, local 
positioning systems are widely used by indoor sports, having shown to 
be valid systems to measure locomotion and positioning (Pino-Ortega et 
al., 2020). These provide team coaches and support staff with relevant 
locomotor metrics such as high-speed running distances, number of 
accelerations and decelerations and contacts for interpretation either 
alone, or in conjunction with tactical (e.g. team’s running outputs 
with/without ball possession) or contextual (e.g. opponent ranking or 
environmental conditions) (James et al., 2021b). Smart mouthguards 
containing built-in inertial measurement unit (IMU) sensors are another 
intriguing development for player safety, as concussion management 
becomes more sophisticated. Such devices help to monitor head 
kinematics and head impacts to estimate the degree of brain 
deformation, with validity and feasibility evidence emerging (Liu et al., 
2020).

We believe one of the most powerful future applications of wearables 
will be the use of machine learning to integrate different data streams 
to develop algorithms that predict risk profiles for performance and 

Figure 3: Heart rate (bpm) response to 5 km event during the 2022 Adidas Road 
to Records event. F: female participants; M: male participants. Reprinted from 
Guppy et al. (2013) with permission.
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health. A recent review demonstrates how multiple sensor technologies 
supports an algorithm to predict TCORE and to make decisions on 
athlete’s welfare (Dolson et al. 2022). A combination of biomechanics 
metrics (e.g. contact time, strike angle, acceleration/deceleration, foot 
mechanics and body sway (Ma et al., 2016)) may in time integrate 
with physiological data (e.g. T

CORE
, HR, sweat) and live environmental 

data, to provide a more robust interpretation than any singular sensor 
technology (Buller et al., 2022; Dolson et al., 2022). Such an approach 
would help address the considerable individual variability that is evident 
in heat tolerance across elite athletes (Racinais et al., 2019), reinforced 
by observations from the Tokyo 2020 10,000 m final (T

CORE
 40.2°C). 

REGULATORY FRAMEWORK
As a result of the developments in wearables, sporting rules and 
regulations may need to be altered to facilitate their use. Some International 
Federations support using wearables, thereby encouraging companies 
to develop these tools which can support high-performance athletes. 
For example, Technical Rule 6.4.4 of the World Athletics Federations 
(2022) allows “Heart rate or speed distance monitors or stride sensors 
or similar devices carried or worn personally by athletes during an event, 
provided that such device cannot be used to communicate with any 
other person”. However, Union Cycliste Internationale (UCI) regulations 
on “Onboard Technology” (Chapter 3: Equipment) state “Devices which 
capture other physiological data, including any metabolic values such as 
but not limited to glucose or lactate are not authorized in competition”. 
Therefore, a re-evaluation of regulations will be required to support the 
use of wearables for key purposes of; (i) ensuring athlete safety, (ii) 
optimizing athletic performance through comprehensive monitoring of 
training and competition and (iii) maximizing the spectator experience. 

BROADCASTING APPLICATIONS
Another key aspect of the developments we describe is the public 
engagement with these data and ability to gain insights into the 
performance of athletes. There is a drive amongst fans to better 
understand elite performance and the large amount of data generated in 
elite sport has started to make its way into the psyche of the spectator. 
A good example of this is the inclusion of strokes gained in golf (Broadie, 
2012) which has influenced the strategic decisions being made by 
golfers of all levels. Sports such as squash and mountain biking have 
begun displaying live HR data during broadcasts, whilst strain meters 
provide an indication of the forces experienced by Formula 1 drivers. 
The evolution of the sporting event is going to include information 
availability to not only athletes, coaches and medical staff, but also to 
the spectator. This is well illustrated in the Tour de France’s partnership 
with Amaury Sports Organisation to connect fans to the heart of the 
action during both the Tour de France and the Tour de Femmes (Shei 
et al., 2022).

Making biometric data accessible to the public or other teams also 
brings new issues to be considered. Notably, performance/physiological 
data of athletes must be appropriately filtered and encrypted so that 
these cannot be used by other teams for competitive advantage. 
Additionally, sensors/technology used during competition, if providing 
a competitive advantage, must be accessible to all for fairness and 

equity during competition. There are also issues of ownership and use 
of intellectual property to be determined. These and other issues of 
ethics and fairness have been discussed in a recent editorial (Muniz-
Pardos et al., 2021a).

MEASUREMENT ACCURACY
There are well-founded concerns regarding the lack of scientific peer-
reviewed papers concerning measurement accuracy of wearables 
across a number of scenarios coupled with exaggerated marketing 
claims by various manufacturers (Shei et al., 2022). Sensor 
technologies need to be established as safe, reliable and valid through 
high-quality independent research. This means that manufacturers and 
developers should substantiate marketing claims with independent 
scientific evidence so that global standards can be fully developed (Ash 
et al., 2021). Specific frameworks for these purposes within sports 
sciences are now emerging (Robertson et al., 2024). One challenge 
is that the algorithms that are used to determine these variables are 
the intellectual property of the companies developing the technologies. 
Establishing the robustness of the science in creating them will become 
a key aspect of this validation process. We therefore suggest that 
wearable devices that collect biological data for sport performance 
undergo rigorous evaluation ensuring that these devices have received 
a standard certification of veracity (Fury et al., 2021; Ponce-Bordon et 
al., 2022) or guiding reference (Ash et al., 2021) prior to acceptance 
of use in elite sporting competition. This quality control process and 
resulting “kitemark” of quality would undoubtedly be highly sought after 
for those individuals using them for general health monitoring.

INFORMATION OVERLOAD
The integration of multi-source data into a single dashboard presents 
considerable challenges around data interpretation and prioritization. 
To avoid ‘drowning in data’ it is recommended that users undertake 
data collection with clearly identified questions to answer. For example, 
whether the overarching aim is to support performance analysis of the 
event, interpret physiological responses (e.g. assess a training effect/
effect of intervention) or to support health monitoring. The development 
of the technology infrastructure we describe involved microelectronics 
engineers, data engineers, software engineers and telecommunications 
specialists, while sport scientists, coaches or medics may ultimately 
be the ones interpreting and acting upon data. It is evident therefore 
that future development of wearables will continue to require a multi-
disciplinary approach for effective implementation (Seckin et al., 2023).

GENERAL CONCLUSIONS
This focus on technology and implementation during major sporting 
competitions is intended to encourage further real-time monitoring 
innovations encompassing a wider spectrum of data. As well as helping 
to understand sporting performance, we highlight the potential as a 
preventative and recuperative telemedicine tool to inform the health of 
athletes during competition and potentially the wider population in the 
future. The lessons from monitoring of athletes can transcend sport 
and therefore provide a framework for remote monitoring of other 
populations, such as clinical patients in health-care settings or at home 
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with chronic health issues such as diabetes, hypertension or heightened 
risk of falls. The use of wearable technologies transmitting numerous 
types of data in real time will undoubtedly become the norm at major 
sporting events as international sporting federations seek to make their 
sport more interactive and broadcast friendly. This technology has the 
capacity to revolutionize sport and exercise science and provides an 
excellent platform to understand the impact of wearable sensors on 
performance, wellness, health, longevity and disease.
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