International Journal of Sport Nutrition and Exercise Metabolism, 2023, 33, 121-132
https://doi.org/10.1123/ijsnem.2022-0139
© 2023 Human Kinetics, Inc.

3
Human Kinetics @

METHODOLOGY REVIEW

The Use of Continuous Glucose Monitors in Sport: Possible
Applications and Considerations

Amy-Lee M. Bowler,' Jamie Whitfield,” Lachlan Marshall,? Vernon G. Coffey,'*

Louise M. Burke,? and Gregory R. Cox'
"Faculty of Health Sciences and Medicine, Bond University, Robina, QLD, Australia; 2Mary MacKillop Institute of Health Research,
Australian Catholic University, Melbourne, VIC, Australia; 3Centre for Data Analytics, Bond Business School, Bond University, Robina, QLD, Australia

This review discusses the potential value of tracking interstitial glucose with continuous glucose monitors (CGMs) in athletes,
highlighting possible applications and important considerations in the collection and interpretation of interstitial glucose data. CGMs
are sensors that provide real time, longitudinal tracking of interstitial glucose with a range of commercial monitors currently available.
Recent advancements in CGM technology have led to the development of athlete-specific devices targeting glucose monitoring in
sport. Although largely untested, the capacity of CGMs to capture the duration, magnitude, and frequency of interstitial glucose
fluctuations every 1-15 min may present a unique opportunity to monitor fueling adequacy around competitive events and training
sessions, with applications for applied research and sports nutrition practice. Indeed, manufacturers of athlete-specific devices market
these products as a “fueling gauge,” enabling athletes to “push their limits longer and get bigger gains.” However, as glucose
homeostasis is a complex phenomenon, extensive research is required to ascertain whether systemic glucose availability (estimated by
CGM-derived interstitial glucose) has any meaning in relation to the intended purposes in sport. Whether CGMs will provide reliable
and accurate information and enhance sports nutrition knowledge and practice is currently untested. Caveats around the use of CGMs
include technical issues (dislodging of sensors during periods of surveillance, loss of data due to synchronization issues), practical
issues (potential bans on their use in some sporting scenarios, expense), and challenges to the underpinning principles of data

interpretation, which highlight the role of sports nutrition professionals to provide context and interpretation.

Keywords: continuous glucose monitor, interstitial glucose, carbohydrate availability, low energy availability

The performance of sport and other physical activities, particu-
larly those involving prolonged submaximal or intermittent high-
intensity exercise, is impaired by low carbohydrate (CHO) availabil-
ity (Karelis et al., 2010), which is defined as an insufficient glycogen
concentration and inadequate blood glucose (BG) supply in compar-
ison with the fuel needs of an exercise session (Burke, Hawley, et al.,
2018; Impey et al., 2018). Targets for CHO intake, to optimize
performance and support health and well-being, in the everyday diet
and during competition are a prominent feature of sports nutrition
guidelines (Thomas, Erdman, et al., 2016). The evolution of these
guidelines has included the concept of specificity to the athlete and to
the exercise scenario (personalization) and differences in intake
between and within days according to the fuel requirements and
goals of each session of exercise (periodization; Burke, Hawley, et al.,
2018; Impey et al., 2018). More recently, sports nutrition guidelines
have incorporated recommendations relating to energy availability
(EA), matching energy intake (EI) according to the energy demands
of exercise to ensure that body metabolism and function are opti-
mized (Mountjoy et al., 2018). Fluctuations in energy and CHO
availability may be undertaken deliberately or inadvertently and may
be advantageous or deleterious, according to the scenario and the
athlete’s goals. Tools and biomarkers that monitor energy and CHO
status are of benefit to athletes, coaches, and sports nutrition
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professionals. Continuous glucose monitors (CGMs), which monitor
interstitial glucose concentrations in real time, are a recent addition to
the athlete’s toolbox.

Although CGMs were initially designed to assist in the clinical
management of both insulin-dependent and noninsulin-dependent
diabetes, there is now interest in the application of real-time glucose
monitoring to athletic populations (Petrovski et al., 2004). Several case
studies have incorporated the use of CGMs to report interstitial glucose
responses to exercise in an effort to characterize CHO availability of
athletes when participating in endurance and ultra-endurance events
(Doering et al., 2019; Francois et al., 2018; Ishihara et al., 2020;
Sengoku et al., 2015). However, manufacturers of CGM devices have
either identified or created a wider interest among athletes to maintain
optimal glucose levels during training (Abbott Laboratories, 2020) and
now market these products as a tool to enable athletes to “push their
limits longer and get bigger gains” (Supersapiens INC, 2021). Whether
this is a justified need, creating value to the athlete, or simply
represents clever marketing of existing technology to an audience
that is receptive to real-time data requires interrogation.

The primary aim of this paper is to explore the use of CGMs
among athletic populations, highlighting possible applications and
important considerations in the collection and interpretation of
interstitial glucose data to optimize health, well-being, and perfor-
mance. This article will provide an overview of currently available
CGM devices, the potential applications of their use within sport-
focused scenarios, and expected challenges associated with the use
and interpretation of CGM data among athletes. Although the
initial focus of CGM use has been the manipulation of CHO intake
to meet CHO availability goals around exercise, we will also
consider its potential for monitoring EA status.
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CGM Technology

CGMs are medical devices that provide the user and their health
care professional with a continuous measurement of interstitial
glucose across 24-hr periods (DeSalvo & Buckingham, 2013).
CGM technology enables the user and practitioner to view
interstitial glucose responses to dietary intake, including CHO
ingestion and physical activity. The devices also allow observa-
tion of nocturnal interstitial glucose with (near) real-time infor-
mation, allowing undesirable changes to be appropriately
managed via adjustments to dietary intake, prescribed medica-
tions, and/or insulin (Forde et al., 2019; Klonoff, 2005). Such
devices may be used in the management of diabetes mellitus,
providing an opportunity to monitor and respond to glucose
fluctuations on an ambulatory basis (Monsod et al., 2002).

Traditionally, BG data have been collected either via self-
monitoring of capillary BG using a glycemic reader or through
venous blood samples analyzed for BG concentration in the labora-
tory or hospital ward (Rydén et al., 2013). These point-in-time
assessments are typically used to reflect on BG data retrospectively,
making it difficult for individuals with diabetes and athletes to adjust
daily dietary intake in response to glucose fluctuations. In contrast,
CGM devices capture time series data that are representative of recent
food intake and exercise, providing an opportunity to adjust insulin
dosing and dietary intake in (near) real time. CGM technology
provides an alternative method of collecting an estimate of BG levels
and has been shown to provide glucose estimates that are comparable
with self-monitoring BG values using venous sampling in normo-
glycemic individuals (Akintola et al., 2015). Unlike the aforemen-
tioned techniques, CGMs report accumulated averages of interstitial
glucose every 1-15 min, providing the user with near real-time
interstitial glucose data (Mauras et al., 2013). However, as CGM
devices measure interstitial glucose rather than BG concentrations, a
notable 5-10 min delay exists between actual BG and reported CGM
glucose readings (Schmelzeisen-Redeker et al., 2015).

Currently available CGMs require the user to insert an indwell-
ing sensor into the subcutaneous tissue (e.g., abdominal wall, upper
buttocks, or back of the upper arm) to indirectly measure BG via the
interstitial fluid (Danne et al., 2017; Klonoff, 2005; Vaddiraju et al.,

‘ Glucose sensor ‘

Interstitial fluid ‘

Blood vessel

2010).The most common CGMs utilize a glucose oxidase-soaked
electrode that is inserted into the subcutaneous tissue of the user
and ultimately catalyzes the glucose oxidase reaction, producing an
electrical current that is equivalent to the concentration of glucose
in the interstitial fluid (Figure 1). Interstitial glucose concentration
is used to estimate BG concentrations through algorithmic estima-
tions that are proprietary to the manufacturers of each device
(Acciaroli et al., 2018; Hoss & Budiman, 2017). CGMs can last
anywhere from 3 to 14 days depending on the type of sensor used.
To effectively convert the electrical current generated by the
glucose oxidase reaction into a useful glucose value, CGM technology
requires either factory calibration in the laboratory during manufacture
or user-facilitated calibration of the sensor in vivo via BG testing using
a glucometer (Hoss & Budiman, 2017). Typically, sensors that rely
upon user-facilitated calibration require glucose readings from a
glucometer between one to four times per day (Rodbard, 2016).
‘When inserted into the subcutaneous tissue, the sensor delivers
glucose information via wireless technology from a reusable
transmitter and/or a disposable sensor to a data receiver or smart-
phone application. Depending on the manufacturer, glucose data
may either synchronize automatically or require manual swiping of
the receiver (smartphone) over the sensor to avoid data loss. The
accompanying smartphone applications, developed by the CGM
manufacturer or a third party, enable the user to view a glucose
snapshot, 24-hr periods of continuous glucose data, daily glucose
patterns, and hypoglycemic episodes either in real time or retro-
spectively. Although most smartphone applications also allow the
user to record daily CHO intake and exercise events, the ability to
further analyze these data alongside interstitial glucose remains
limited. At the completion of the collection period, data can be
downloaded for analysis directly from the mobile application or via
computer-based software. Specifications of popular CGMs cur-
rently approved for use within Australia are outlined in Table 1.

Methods of Assessing CGM Data

CGMs produce a large volume of data within very short time frames,
presenting users and practitioners with the challenge of reviewing
and interpreting relevant glucose readings (Rodbard, 2016). To
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GOx ’ (oxidized) (oxidized) g
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N Enzyme (reduced) (reduced)
Figure 1 — The monitoring principle of continuous glucose monitors. Note. GOx = glucose oxidase.
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Specifications of Commercially Available CGM Systems

Table 1

TGA

Price
(AUD) approved

Y—I mforupto $92.50

Waterproof
30 min

Smart device
capability

requirement Data storage

Calibration

Body
lifetime position

Sample Sensor

Accuracy Indications
for use rate

(MARD)

Model

Y

Back of upper Not required 8 hr Y—Freestyle
LibreLink app

arm

14 days

NIDDM or 15 min

IDDM

11.4% [28]

Abbott Freestyle Libre

Y

Y—I mforupto $92.20

30 min

Y—Freestyle

hr

8

Not required

Back of upper

arm

14 days

NIDDM or 15 min

IDDM

9.3%
[29]

Not

Abbott Freestyle Libre

LibreLink app

N

$163

Y—1 m for up to

30 min

Y—Supersa-
piens app

8 hr or constant

Back of upper Not required
data via

14 days

Abbott Libre Sense Athletes 1 min

Glucose Sport
Biosensor

available

Bluetooth
30 days

Y

$110

Y—Water resis-
tant 2.4 m for

24 hr

Y—Dexcom
G5 Mobile
System

12 hourly

7 days Abdomen or
upper

5 min

NIDDM or
IDDM

9.0%
[30]

Dexcom G5

buttocks

Y

$110

Y—Water resis-
tant 2.4 m for

24 hr

Y—Dexcom
G6 app

30 days

Not required

10 days  Abdomen or
upper

5 min

NIDDM or
IDDM

9.0%

[31]

Dexcom G6

buttocks

Y

$75°

Y—2.5 m for up

Y—Guardian
to 30 min

Connect app

Nil—

12 hourly

IDDM or Nil 6 days Abdomen or
upper

9.6%
(32]

Medtronic Guardian

Sensor 3

Retrospective

buttocks

NIDDM

no; NIDDM = noninsulin dependent diabetes

yes; N=

application; TGA = therapeutic goods administration; Y

= continuous glucose monitoring; App =

mean absolute relative difference; CGM

Note. MARD

insulin dependent diabetes mellitus.

“Requires additional hardware.

mellitus; IDDM
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reduce this burden, it is important that straightforward and clinically
useful estimates of glycemic variability are established.

Several indices of glycemic variability have been proposed to
assist in the interpretation of CGM data (Table 2); these include SD,
interquartile range, mean of daily differences (MODD), and mean
amplitude of glucose excursion (MAGE; Ceriello et al., 2008; Hill
etal., 2011, Kilpatrick et al., 2006, Service et al., 1987). MAGE is a
useful parameter for quantitating major fluctuations in glucose that
occur within a 24-hr period (Service et al., 1987) and is comple-
mented by MODD, which calculates the mean of differences
between glucose values on consecutive days at the same time.
Higher MODD values represent larger differences in day-to-day
whole-body glycemia and have been associated with complications
in individuals with diabetes, including increased oxidative stress,
endothelial dysfunction, and cardiovascular events (Ceriello et al.,
2008; Kilpatrick et al., 2006).

Within-day (MAGE) and day-to-day (MODD) measures of
glycemic variability need to be interpreted against the background
of the accuracy and performance of the device itself. The mean
absolute relative difference (MARD) averages the absolute error
that exists between the values produced by the CGM and the
reference values provided by the gold standard measurement
system (e.g., Yellow Springs Instrument), with a lower mean
absolute relative difference value implying better agreement
between the two measurement systems (Danne et al., 2017).
However, it is unclear whether current methods that convert
the large data sets that CGMs provide into single, easily inter-
preted metrics are optimal, and more sophisticated analytical
methods required to provide meaningful insight enhance the
practical utility of CGM data for athletes.

Use of CGMs in Diabetes Management

The use of CGMs in the management of diabetes mellitus has been
reviewed extensively elsewhere (Maiorino et al., 2020) and, there-
fore, will not be a major focus of this review. Briefly, however,
assessment of glycemic control either through self-monitoring of
capillary glucose or continuous measurement of interstitial glucose
is important for the management of diabetes mellitus (American
Diabetes Association, 2020). Unlike traditional methods of glucose
monitoring, CGMs are a consumer-facing tool that may identify
unsolicited episodes of hyperglycemia and hypoglycemia in real
time, providing an opportunity for people living with diabetes to
promptly respond to undesirable changes in glucose by adjusting
dietary intake and/or insulin dosing accordingly (Mauras et al.,
2013). Furthermore, this information may allow health professionals
to adjust medication doses, prescribed exercise regimes, and dietary
intake accordingly. As a result of more frequent, accurate, and
reliable tracking of glucose enabled by CGMs, users have
reported substantial decreases in 24-hr glycemic variability,
subsequently resulting in an overall reduction in hypoglycemic
episodes and glycated hemoglobin (Pickup et al., 2011). In
particular, the frequent monitoring of interstitial glucose (every
1-15 min for 6-14 days) via CGMs has enabled an increase in the
accuracy of insulin doses that are prescribed to those with
diabetes mellitus (Vashist, 2013).

Use and Application of CGMs in Sport

Although the application of monitoring glucose via CGMs has been
largely untested in sport, existing CGM technology has been applied
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Table 2 Measures of Glycemic Variability (Hill et al., 2011)

Measure of glycemic

variability Description Formulae Variables
MAGE Describes major fluctuations in MAGE = Z% if A>v A =blood glucose changes from peak to
whole-body glycemia nadir
% =number of valid observations
v=1 SD of mean glucose for a 24-hr
b G period
MODD Describes between-day variability in  MODD = Zw k=number of observations with an
glucose =t observation 24 hr ago
G = glucose measured
t=time (in minutes)
MARD Assesses the accuracy of the CGM  MARD = mean (abs <%)) x 100 abs = absolute

CGM = continuous glucose monitor
BG =blood glucose

Note. MAGE = mean amplitude of glycemic excursion; MODD = mean of daily differences; MARD = mean absolute relative difference.

Table 3 Applications Developed to Facilitate CGM Use in Athletic Populations

Data
Mobile Indications Intended storage,
application for use outcome Affiliated CGM  Features hr Approved use
Supersapiens  Athletes Fueling for Abbott Libre Instant glucose readings via 8 Ireland, Italy, France,
https://www. exercise Sense Glucose Bluetooth technology, logging of Germany
supersapiens. Sport Biosensor “events” (e.g., meal and activity
com times) via mobile application
Veri Healthy Metabolic Abbott Freestyle Logging of “events” (e.g., meal 8 EU, United Kingdom,
https://www. individuals health Libre and activity times) via mobile United States, Switzerland,
veri.co application Iceland, Norway
Levels Healthy Metabolic Abbott Freestyle Logging of “events” (e.g., meal 8 United States
https://www. individuals health Libre and activity times) via mobile
levelshealth. application
com
Ultrahuman  Healthy indi- Fueling for Abbott Freestyle 2 Logging of “events” (e.g., meal 8 India
https:// viduals, exercise, meta- and activity times) via mobile
ultrahuman.  athletes bolic health application
com

Note. CGM = continuous glucose monitor.

to sports nutrition with the advent of athlete-specific devices, such as
the Abbott Libre Sense Glucose Sport Biosensor (Abbott Diabetes
Care Inc.). Furthermore, advances in the development of software
platforms offer interpretations suited to sports and health nutrition
goals, most specifically using glucose as a proxy for the adequacy of
fueling during exercise or a marker of metabolic health (Table 3).
Companies claim that real-time glucose tracking can help to opti-
mize training and recovery, providing a minute-by-minute energy
management system to ensure you will “never bonk again”
(Supersapiens INC, 2021). Given the current hype around the
potential use of CGMs in sport and the recent increase in accessi-
bilility of these devices to athletes, it is important to explore possible
applications of CGMs in sport while maintaining a conservative
approach to the practical utility of these devices until an approrpiate
evidence base is established. To date, a small number of studies have
investigated athletes’ glucose responses to CHO intake during
endurance activities using CGM-derived glucose data with the
hope of providing athletes, coaches, and sports nutrition profes-
sionals with insight into optimizing fueling strategies. Indeed, as a
reduction in fasting BG has been observed after 5-6 days of
exposure to low EA (LEA; Koehler et al., 2016; Loucks, 2006;

Loucks & Thuma, 2003), an additional use of CGMs may be to
provide a biomarker for fluctuations in metabolic homeostasis
associated with energy imbalances. However, due to the complexi-
ties of the interactions between CHO ingestion and exercise, CHO
availability, EA, and systemic glucose, further research is required to
determine the utility of CGM technology as a tool to assess fueling
strategies and EA among athletes (Figure 2).

CGM and Exercise Fuel Targets

Almost a century ago, reductions in BG were reported in associa-
tion with impaired performance in marathon runners (Levine et al.,
1924). Subsequently, it was shown that strategies involving CHO
intake during a race could prevent hypoglycemia and its associated
clinical symptoms and improve race outcomes (Gordon et al.,
1925). Although BG has historically been used as a proxy for
CHO availability and utilization in sport as a fuel for the contract-
ing muscle or a precursor for muscle glycogen synthesis, it is noted
that circulating concentrations fail to illustrate the dynamic changes
in rates of BG appearance from the liver or gastrointestinal tract and
subsequent uptake into tissues (Doering et al., 2019). Nevertheless,

IJSNEM Vol. 33, No. 2, 2023

Unauthenticated | Downloaded 04/01/23 04:27 AM UTC


https://www.supersapiens.com
https://www.supersapiens.com
https://www.supersapiens.com
https://www.veri.co
https://www.veri.co
https://www.levelshealth.com
https://www.levelshealth.com
https://www.levelshealth.com
https://ultrahuman.com
https://ultrahuman.com
https://ultrahuman.com

High Carbohydrate (CHO) Availability
CHO intake matches the timing and/or amount of the fuel needs

of exercise
Scenarios
= Daily CHO intake matches total exercise fuel needs
= CHO loading

« Pre-exercise CHO meal/snack
= CHO intake during exercise
« Timely post-exercise CHO intake
Benefits
= Enhanced daily training quality and rapid recovery
= Support for optimal competition performance S
= Support for exercise-associated perturbations in various body
systems (i.e., immune function, bone metabolism, iron
metabolism)
Anticipated blood glucose response
= Maintenance of normoglycemia

High Carbohydrate (CHO) Availability
CHO intake matches the timing and/or amount of the fuel needs

of exercise
Scenarios
« Daily CHO intake matches total exercise fuel needs
= CHO loading T

« Pre-exercise CHO meal/snack
= CHO intake during exercise
« Timely post-exercise CHO intake
Benefits
= Enhanced daily training quality and rapid recovery
= Support for optimal competition performance
= Support for exercise-associated perturbations in various body
systems (i.e., immune function, bone metabolism, iron
metabolism)
Anticipated blood glucose response
= Maintenance of normoglycemia
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Low CHO Availability
CHO intake withheld from session, or less than the fuel needs of
exercise

Scenarios
= Low CHO diet (< 50g.day*)
« Fasted training
= “Sleep low”/Twice per day training, with CHO restriction
between sessions
» Restricted CHO intake in the recovery window
Benefits
= May amplify adaptations to training stimulus
Disadvantages
—_ = Impairs quality/performance of high-intensity exercise
= May contribute to low energy availability
= May contribute to perturbations in various body systems (i.e.,

. immune function, bone metabolism, iron metabolism)

Anticipated blood glucose response
» Maintenance of normoglycemia, with lower average glucose
levels

Low Energy Availability
< 30 kcal.kg FFM1.d* Qor < 25 kcal.kg FFM.d! &
Scenarios
= Inadequate El
= Eating Disorder/Disordered Eating
= Body mass/fat loss program
= Poor nutritional knowledge or capacity to consume
sufficient food to meet high energy needs
= Excessive EEE
= Intensified training period or competition schedule
= Overtraining or pathological exercise habits
Benefits
= Desirable change in body mass/fat mass
Disadvantages
= Impairment of physiological function
= Compromised training outcomes and increased injury/illness
risk
= Impaired competition performance
Anticipated blood glucose response
= Increase in hypoglycemic episodes, ? average glucose levels

Figure2 — Scenarios and considerations around CHO availability and energy availability in athletes. CHO = carbohydrate; EI = energy intake; EEE =

exercise energy expenditure; FFM = fat free mass.

it has been assumed that higher or sustained BG concentrations
during exercise reflect the success of within-session CHO intake in
preventing hypoglycemia, providing an ongoing substrate for
muscle contraction to spare or replace dwindling muscle glycogen
supplies, and supporting liver glycogen storage (Karelis et al.,
2010; Rollo et al., 2020).

Classical laboratory protocols for investigating fuel availabil-
ity and utilization during exercise monitor BG concentrations via
the serial sampling of venous or capillary blood, which often
requires a brief pause in exercise to allow sample collection. In
contrast, CGM potentially offers the capability to obtain informa-
tion on interstitial glucose during continuous laboratory and field-
based exercise, including real-life sporting competitions. In the
instance that monitoring interstitial glucose via CGMs provides
insight into fuel availability, researchers may undertake more
sophisticated investigations of high-performance athletes in real-
world events and with real-world nutrition strategies. CGM devices
may allow practitioners, coaches, and athletes to gain feedback on
individual training and nutrition practices and make adjustments in
response to undesirable interstitial glucose changes during both
training and competition. Indeed, it is this utility as a “personal
nutrition coach” that dominates the marketing of the sports-specific
devices and platforms, with companies suggesting that athletes can
hone their choice of the timing, amount, and type of CHO sources

consumed during exercise toward an optimal fueling pattern
(Supersapiens INC, 2021). For example, CGMs may be of use
in detecting and preventing perturbations to glucose concentrations
at the onset of exercise following the intake of pre-session CHO
(e.g., reactive hypoglycemia; Jeukendrup & Killer, 2010). In
addition, the intake of CHO in the recovery period after or between
events might be manipulated to support sustained glycemia com-
mensurate with maximal glycogen resynthesis (Burke et al., 2017).
It is important to note that, despite the enthusiastic marketing and
athlete testimonials about the use of CGMs for these purposes,
there is a lack of evidence that CGMs can identify optimal fueling
practices or improve athlete fueling practices.

Because of the recent advent of CGM use by athletes, there are
few published studies and case histories of its use (summarized in
Table 4). The most popular study theme has been monitoring of
athlete glucose profiles during single-day (Ishihara et al., 2020;
Sengoku et al., 2015) and multi-day (Francois et al., 2018) ultra-
endurance events. During a single-day 165-km ultra-trail race,
athletes who consumed less CHO throughout the race tended to
have lower glucose levels and took longer to complete the race
(Ishihara et al., 2020). Training status has also been observed to
influence glucose variability as a recreational marathon runner
exhibited greater fluctuations in glucose concentration when com-
pared with an elite runner who maintained normal glucose levels
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Table 4 Studies of Glucose Using Continuous Glucose Monitors in Various Endurance Sporting Events

Publication

Subjects

Glucose monitor

Response measured Comments

Ishihara et al.
(2020)

Doering et al.
(2019)

Francois
et al. (2018)

Thomas,
Pretty, et al.
(2016)

Sengoku
et al. (2015)

Trained long-
distance run-
ners

(four males +
three females)

Trained
cyclists
(six males +
one female)

Trained
adventure
racers

(six males +
two females)

Trained
cyclists
(seven

males + three
females)

Well-trained/
trained ultra-
marathon run-
ners

(two males)

Freestyle Libre FGM inserted for
approximately 48 hr (24 hr prior to and
for the duration of the 165 km 2019
Ultra-Trail Mt Fuji race)

Medtronic iPro2 CGM with Enlite Sen-
sor inserted for a total of 9 days

Medtronic iPro2 CGM with Enlite Sen-
sor inserted for the duration of the

326 km 2012 GodZone adventure race (5
days)

2 x Medtronic iPro2 and 1 x Medtronic
guardian CGM inserted per athlete for 6
days

Medtronic MiniMed CGM inserted for
approximately 45 hr (35 hr prior to and
for the duration of the 100 km Tsuru-
numa ultramarathon race)

Glucose profile and CHO
intake during ultramarathon
race

All participants (except one) within nor-
moglycemic range (3.4-13.3 mmol-L ™)
during the race with CHO supplying ~78%
of total energy intake. CHO intakes ranged
from 0.27 to 1.14 g-kg™"-hr™' during the
race. Runners who consumed less than
0.8 g-kg "-hr™' of CHO tended to have
slower running speed associated with
lower interstitial glucose levels

Glucose and muscle glyco-
gen response to repeated
CHO loading

(10 g-kg™'-day™" for 4 days
each)

No difference in postexercise glucose
concentration between cycling trials

(4.1 £0.6 mmol-L ™). Interstitial glucose
AUC significantly higher during CHO
Load 1 (390.2 +28.9 mmol-L™"-hr™!) than
Load 2 (376.8 +31.1 mmol-.L™"-hr™")

No significant difference in mean glucose
during the race. Variability in 24 hr
interstitial glucose significantly higher
during the race compared with prerace
(0.5+0.1 mmol-L™" vs.

0.7 £0.3 mmol-L™", p =.02). Minimum
interstitial glucose during the race was
significantly lower than prerace

(4.1 0.3 mmol-L™! vs.

3.7+0.2 mmol-L™", p =.05). Three CGMs
dislodged during the race. Although no
dietary intakes were recorded, it was
anticipated that competitors did not meet
their energy (and CHO) requirements
throughout the race

Glucose profile during 5-day
adventure race

Glucose profile during 6
days free living

Four of the participants recorded glucose
levels >6.0 mmol-L™" for ~70% of the total
time, whereas six participants had glucose
levels of 4.0-6.0 mmol-L™" for 85% of the
time. CHO supplied ~45% to 65% of total
energy intake. Individual tolerance of
CHO intake may influence glucose
variability

The elite ultramarathon runner maintained
a normal glucose level (~5.3—

8.0 mmol-L™") despite consuming less
CHO (249 g) than the other runner
throughout the race. The recreational
runner had greater glucose variability
throughout the race (~3.4 to 7.6 mmol-L™")
and experienced a rapid decline in glucose
(hypoglycemia) toward the end of the race
despite a higher CHO intake (366 g)

Glucose profile and CHO
intake during 100 km ultra-
marathon race

Note. AUC = area under the curve; CGM = continuous glucose monitor; FGM = flash glucose monitoring; CHO =carbohydrate.

throughout the race despite consuming less CHO (Sengoku et al.,

2015).

CGMs have also been used to quantify glucose responses to

repeated CHO loading interventions in trained cyclists (Doering
et al., 2019). Although no difference was apparent in glucose
concentrations between cycling trials, glucose area under the curve
was higher among cyclists during the first CHO loading intervention
(390.2 +28.9 mmol-L™"-hr ") compared with the subsequent inter-
vention (376.8 +31.1 mmol-L™"-hr ™). Despite this difference, mus-
cle glycogen supercompensation was similar between trials. These
findings suggest that the observed change in glucose response
measured via a CGM was not reflective of differences in glycogen

restoration per se and, thus, did not provide a direct indication of
substrate storage or availability (Doering et al., 2019). A final study
investigated the accuracy (previously described as mean absolute
relative difference) and performance metrics of CGM devices in
athletes. Although CGM-measured interstitial glucose was within
~10% of BG in athletes (Thomas et al., 2015), it is important to
consider whether CGMs are sufficiently sensitive to reflect subtle
changes in fueling status and exercise that have meaningful im-
plications on athlete health and performance. In addition, as indi-
vidual athletes respond differently to the ingestion of CHO (Thomas
etal., 2016), caution should be used when interpreting CGM-derived
glucose data as a gauge for fueling adequacy during exercise.
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LEA and Existing Screening Tools

LEA refers to a state of energy deficiency resulting from a
mismatch between dietary EI and exercise energy expenditure,
leading to a reduction in the available energy to support primary
physiological systems, with its numerical calculation expressed
relative to an athlete’s fat-free (metabolically active) mass (FFM;
Logue et al., 2020). LEA is the key exposure variable underpinning
the syndromes commonly known as relative energy deficiency in
sport (Mountjoy et al., 2018) and the female athlete and male
athlete triad (De Souza et al., 2022). Periodic exposure to energy
deficits within and between days is an inherent part of life and may
be experienced during activities known to enhance sports perfor-
mance (e.g., body composition manipulation or intensified train-
ing). However, the severity and duration of exposure to LEA can be
associated with disturbances to normal physiological functioning,
often resulting in an increased risk of illness and injury, and a
decrease in well-being, training adaptation, and sporting perfor-
mance (De Souza et al., 2022). These syndromes can have sub-
stantial long-term repercussions for an athlete with the potential to
prematurely end their sporting career and cause chronic health
problems, such as premature osteoporosis (Mountjoy et al., 2018).

Because of the substantial impact of relative energy deficiency in
sport or the triad on an athlete’s health and career, there is interest in
early detection and prevention of problematic LEA (Bowler et al.,
2022). Screening tools include the LEA in females questionnaire
(Melin et al., 2014) and its male counterpart (Lundy et al., 2022),
which might be followed up with assessments of metabolic health
(e.g., resting metabolic rate), reproductive health, bone mineral den-
sity, and other health issues (Logue et al., 2020). Meanwhile, calcula-
tions of EA can be made by gathering information on the individual’s
EI, exercise energy expenditure, and FFM (Burke, Lundy, et al., 2018).
However, considerable time, resources, and financial investment are
required to assess an athlete’s EA status from health checks (Mountjoy
et al., 2018), and limitations of EA estimates include a high level of
burden on the athletes and the health professional, disconnect between
the period of assessment and the time course of the development of
health problems, and substantial errors in calculations (Heikura et al.,
2021). Therefore, to promote early identification and management of
athletes with LEA, new approaches or innovative use of existing
technologies are required (Dipla et al., 2021).

CGM and LEA

It is understood that acute reductions in BG occur as a result of
imbalances between EI and total energy expenditure and, thus, may
be an important early warning sign that LEA is disturbing meta-
bolic homeostasis (Koehler et al., 2016; Loucks, 2006; Loucks &
Thuma, 2003). The effect of an acute (2 days), severe energy deficit
(EI 270 kcal/day; total daily energy expenditure ~4,000 kcal/day)
on interstitial glucose responses using CGMs has been investigated
in 23 healthy military personnel (Smith et al., 2016). Interstitial
glucose concentrations were lower (4.1+0.8 mmolL™' vs.
5.0 = 1.2 mmol-L™") and mean percentage of time in hypoglycemia
(<3.9 mmol-L™") higher (38.7% +25.0% vs. 13.6% + 13.7%) dur-
ing severe energy deficit compared with energy balance, indicating
perturbations to interstitial glucose control following a period of
restricted EI coupled with increased exercise energy expenditure
(Smith et al., 2016).

Prolonged severe energy deficits result in the activation of
gluconeogenic pathways that utilize lipids and amino acids to
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generate a glucose supply and maintain circulating BG levels in
the absence of exogenous CHO intake (Gelfand & Sherwin, 1983).
As gluconeogenesis consists of a series of complex reactions,
production of glucose may be significantly slower than when
obtained from dietary intake (Cahill, 2006). It is also possible
that the absolute or relative reductions in dietary CHO intake
associated with LEA decrease exogenous substrate availability
with downstream effects on glucose metabolism. Although day-
time BG fluctuates in response to training and food and fluid intake,
nocturnal BG may provide greater insight to underlying changes in
glucose metabolism. Athletes with Type 1 diabetes have previously
been reported to have an increased incidence of CGM-measured
hypoglycemic episodes overnight (Iscoe et al., 2008). Tracking
interstitial glucose continuously may provide insight into an ath-
letes’ ability to match EI to total energy expenditure, which largely
varies in response to changes in daily training. However, as glucose
homeostasis is a complex phenomenon, extensive research is
required to ascertain the true value of utilizing CGM devices to
interpret EA status in athletes.

A recent pilot study undertaken by members of this writing team
characterized interstitial glucose responses in elite endurance athletes
using CGMs during acute exposure to LEA (ACU HREC; no. 2020-
238HC). Elite race walkers (n=10) participated in a 3-week
research-embedded training camp, during which CGM data were
successfully collected (n=7). Dietary standardization was under-
taken in the final 2 weeks of the training block, including 6 days with
adequate EI (baseline; n=7, EA ~40 kcalkg FFM '-day™") fol-
lowed by a 9-day intervention as either a continuation of high
EA (HEA; n=4, EA 432+23 kcalkg FFM '.day ',CHO
8.5+0.6 gkg'day ') or LEA (n=3, EA 157%1.0 kcalkg
FEM'.day ™', CHO 4.8 +0.2 g-kg '-day ™). Throughout the dietary
intervention, participants also undertook standardized training pro-
tocols specific to the dietary intervention (HEA, 115.3 £7.8 km “on
legs training,” 12.8 +2.7 hr; LEA, 114.4+11.3 km, 10.0+ 1.2 hr).
Abbott Freestyle Libre 2 CGM devices were worn by participants
to capture interstitial glucose data throughout the standardized
period. Mean nocturnal (00:00-07:00 hr) interstitial glucose con-
centration (Figure 3a) and total interstitial glucose area under the
curve (Figure 3b) were not different between groups across the
dietary intervention period. Nocturnal interstitial glucose variability
(previously described as MAGE), although lower, was not signifi-
cantly different across the 9-day intervention period in the LEA
group (12+0.9 mmolL™") compared with the HEA group
(1.9+0.5 mmol-L™"; Figure 3c). Consistent with previously pub-
lished work (Smith et al., 2016), subjects in the LEA intervention
experienced a nonstatistical trend toward an increase in hypoglyce-
mic episodes, suggesting a shift in interstitial glucose control during
an acute period of LEA (Figure 4). As this study was a proof of
concept, the small number of participants and subsequent data set
limit any firm conclusions on the influence of acute periods of LEA
on glucose control.

Although further work with larger samples sizes and more
robust data collection seems warranted, we note practical problems
with chronic use of CGM sensors in real-life scenarios. Indeed, we
experienced issues with synchronization, accidental removal of
CGM sensors, and displacement of the sensor due to heavy sweat
losses during exercise in this study, which resulted in the loss of
glucose data across each 24-hr period and challenges to statistical
analysis and interpretation. Despite these limitations, initial find-
ings suggest that further research should be undertaken to deter-
mine the influence of altered EA on BG responses in athletic
populations and whether this can be used to distinguish acute
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Figure 3 — Nocturnal glucose control in athletes during dietary
harmonization (control) or intervention in athletes allocated to either
HEA (n=3) or LEA diets (n=4). (a) Mean nocturnal interstitial blood
glucose, (b) tAUC, and (c) MAGE. Reported as mean = SD. tAUC =
total area under the curve; MAGE =mean amplitude of glycemic
excursion; HEA = high energy availability; LEA = low energy availability.

changes due to reduced CHO and EI from more systematic changes
indicative of disturbed metabolic function.

Potential Limitations With
CGM Use in Sport

There are several theoretical, technical, and practical caveats that
need to be taken into account with the introduction of CGM
technology into the sports nutrition world. First and foremost,
theoretical caveats relate to the as yet untested hypothesis that
glucose data derived from CGMs can provide information on the
success of various sports nutrition strategies implemented to opti-
mize performance outcomes. In the case of the application of CGMs
to guide fueling practices, there is currently no evidence that CGM-
derived data can identify glucose values that denote optimal CHO

availability or differentiate optimal and suboptimal CHO intake
practices. Indeed, as previously noted, rather than measuring BG,
CGM devices measure interstitial glucose concentrations, which lag
behind BG values and are unable to identify rates of appearance and
disappearance of blood-borne substrates. Despite some preliminary
evidence that interstitial glucose decreases in response to severe
energy restriction, more work is needed to investigate the utility of
interstitial glucose values derived from CGMs as an early marker of
disturbed metabolic function secondary to LEA.

Furthermore, it is important to understand and validate the
algorithms or logic behind the interpretative data provided by present
mobile applications for athletes and to distinguish scenarios in which
experts in sports nutrition/exercise metabolism can filter information
and provide wholistic or sophisticated feedback to athletes and
coaches. Further research is warranted to understand the reliability
and validity of CGM-derived data before we can be certain that this
information is meaningful to athletes who are likely susceptible to
marketing hype or simplistic interpretations. For example, it is likely
that athletes would attribute postexercise hyperglycemia as a
response to a particular strategy of CHO intake rather than viewing
it as a normal and transient uncoupling of hepatic glucose output and
muscle glucose uptake or an increased hepatic escape of any
postexercise CHO feeding (Burke et al., 1993).

Technical limitations in research and free-living environments
include CGM sensor durability, software design, usability, and
influences of external environmental variables, such as the immer-
sion of the CGM in water, extreme climatic conditions, high sweat
rates, and direct physical contact with others. The adhesive film on
the sensors will likely deteriorate when immersed in water for
extended periods of time, which increases the likelihood of dis-
lodging the sensor in water-based athletes (i.e., swimmers, triath-
letes, kayakers, rowers). Furthermore, the ambient temperature and
humidity level reduce sensor durability as higher rates of sweating
present challenges for securing the CGM, which prevents trans-
mission of data from the sensor to the CGM receiver (Englert et al.,
2014). Indeed, studies have reported the dislodging of CGM
devices during endurance events, resulting in the subsequent
loss of glucose data (Francois et al., 2018).

Team sport or combat sport athletes involved in contact
activities or those required to wear uniforms or protective garments
should also be aware of the fragility of the adhesive nature of
CGMs. Interstitial glucose data may also be lost, as experienced in
our pilot study, as a result of protocols that require frequent
synchronization of the CGM with a corresponding mobile appli-
cation or receiver. Often, the sleeping habits of athletes may exceed
the 8 hr syncing window inherent to some devices, resulting in loss
of data that fall outside of this period. However, newer commercial
devices have been developed to alleviate this issue: for example,
the Abbott Libre Sense Glucose Sport Biosensor (Abbott Diabetes
Care Inc.) connects continuously to the Supersapiens (Supersapiens
INC, 2021) mobile application via Bluetooth technology, collecting
glucose data every minute. Despite these recent advancements, loss
of data regardless of the cause still represents a barrier to successful
utilization and interpretation of CGM-derived data within sports
contexts.

There is some wariness that unfiltered access to continuous
interstitial glucose data may trigger problems in athletes who are at
risk of disordered eating/eating disorders, although obsessive
attention to monitoring interstitial glucose alongside daily food
and fluid intake might be expected even in athletes who are free of
psychological stress around their dietary intake. Currently avail-
able CGMs provide interstitial glucose as often as every minute or
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Figure 4 — Median time spent in normoglycemic (normo; 3.9-7.0 mmol-L™") and hypoglycemic (hypo; <3.9 mmol-L™") ranges during sleep for
athletes allocated to (a) HEA and (b) LEA. HEA = high energy availability; LEA = low energy availability.

when the user swipes their phone, creating an endless stream of
information for the user to interpret. Although intended to direct
users to optimize fueling, continuous access to interstitial glucose
values may lead to “glucorexia” whereby athletes become over-
sensitive to small, nonphysiological swings in interstitial glucose
values.

Finally, there is a range of practical issues that may limit the
use of CGMs in sport. The expense of monitors and subscriptions
to their supporting mobile applications needs to be considered.
Furthermore, the availability of CGMs is dependent not only on
the commercial viability of the market but also on approval of
devices by the appropriate regulatory bodies that vary between
countries. For example, at the time of the preparation of this
review, approval for use of the most targeted sports-related CGM
device had not been granted by the Therapeutic Goods Adminis-
tration in Australia or the Food and Drug Administration in the
United States, limiting the use of devices to athletes in European
countries.

Current policies applied within international and national
sporting organizations also present a challenge to the use of
CGMs in elite-level sports. For example, the no needles policy
of the Australian Institute of Sport limits the use of injection
equipment within its jurisdiction to individuals with documented
medical conditions who have received approval from a relevant
body (Australian Institute of Sport, 2018). Currently, there is
uncertainty among some sporting communities as to whether
CGMs should be exempt from the no needles policy or not. In
environments where there is a lack of clarity, sport governing
bodies should be consulted before using CGMs with athletes. In
addition, in 2021, the international governing federation of cycling
(Union Cycliste Internationale) introduced a ban on the use of
physiological monitoring of glucose and lactate data within sanc-
tioned races, limiting the use of CGMs to a training tool (Union
Cycliste Internationale, 2021). According to the Union Cycliste
Internationale innovations manager, the apparent rationale for this
decision was to avoid a further evolution of road cycling to a
formulaic event underpinned by real-time use of technical infor-
mation: “The fans don’t want to see Formula One in bike racing,
they want surprises, they want unpredictability, and I think that’s an
important part of it” and “We feel that putting such powerful
information into the hands of younger riders is taking away a skill

...—deciding when you need to eat and learning about your
body” (Arthurs-Brennan, 2021). This decision presumably does
not pertain to Team Novo Nordisk, the pro cycling team composed
of athletes with Type 1 diabetes.

Future Directions

The recent increase in the number of athletes using CGMs in
training and competition environments provides impetus for sports
nutrition researchers to investigate the efficacy of CGM use by
athletic populations. To better understand the relevance of glucose
data derived from CGM devices in sport, this information should be
coupled with existing technologies that collect and analyze detailed
dietary intake (i.e., macronutrient breakdown and timing) and
training load data (i.e., mileage, duration, and energy expended)
as well as metrics of performance and internal (i.e., perceived
effort, heart rate) and external (i.e., work output) load. This
approach would provide athletes, coaches, and sports nutrition
professionals with greater insights in interpreting whether glucose
data can help identify optimal fueling strategies. Similar ap-
proaches to monitoring glucose during periods of changes in
EA, whether intentional or associated with changes in daily life
events, should be undertaken in combination with observation of
health and performance metrics to determine the utility of changes
in glucose as a marker of problematic LEA. Although much of
this may be happening in individual athletic practice due to
the emerging commercial availability of sports-focused CGM
technology, there is a need for systematic investigation of these
issues using robust research methodology.

CGMs have been validated against the gold standard (venous
BQG) as a tool to reflect whole-body glycemia in healthy individuals
and those with diabetes (Thomas et al., 2015). More specifically,
CGMs are validated with specific lodgment sites—namely the rear
of the upper arm, lower abdomen, or back. As such, individuals are
limited as to where the devices can be placed. The nuances of
regional interstitial glucose availability have not yet been reported to
the best of our knowledge and require further investigation given the
heavy reliance on specific muscle groups within individual sports.

Despite rapid advancements in this area, there are few scien-
tific projects, other than case studies, that have investigated the
use of CGM technology in athletic populations. We strongly
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recommend that these different approaches—individual experi-
mentation, case studies, and systematic investigations—occur in
parallel and with coordination to determine the validity and
usability of CGM devices in athletes. Only then will practitioners
be better informed to determine whether CGMs represent an
important tool that generates meaningful data for optimizing athlete
health, well-being, and performance.
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