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KEY POINTS

� Regular physical activity and planned exercise sessions are important for people living
with diabetes for a variety of health and fitness reasons.

� However, the challenges aroundmanaging blood glucose concentrations mean that many
people with diabetes lead a sedentary lifestyle.

� Rapid advances in technologies are already helping many individuals with diabetes reach
their physical activity goals more safely and more easily.

� However, although these technological advances are exciting, there are limitations that
need to be addressed with further research.

� This article provides an overview of recently developed technologies designed to help pa-
tients with diabetes to be more physically active, while also trying to improve glucose con-
trol around exercise.
INTRODUCTION

Regular physical activity (PA) is important for people living with type 1 diabetes for a
variety of health and fitness reasons.1 However, because of the challenges around
managing blood glucose concentrations, many people with type 1 diabetes lead a
sedentary life.2 Advances in technologies, including continuous glucose monitoring
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(CGM), intermittent flash glucose monitoring (fGM), and automated insulin delivery
(AID) systems, are helping many individuals with type 1 diabetes reach their PA goals
more safely and more easily. The development of strategies that integrate the use of
smartphone technologies and PA monitors provides users with important data met-
rics, such as activity levels, carbohydrate counting, and glucose monitoring, to help
users make better-informed decisions. This article provides an overview of recent
technologies that help engage patients with diabetes to be more physically active,
while also trying to improve glucose control around exercise.
TYPES OF EXERCISE AND TERMINOLOGY

PA is defined as any body movement caused by the contraction of skeletal muscle
that substantially increases energy expenditure compared with rest, whereas exer-
cise is defined as a structured form of PA that is performed with the intent to main-
tain or improve health and fitness.3 These terms are used interchangeably for this
review. Numerous categories of PA exist that can tax various components of phys-
ical endurance, strength, balance, and/or flexibility. For those living with diabetes,
and in particular type 1 diabetes, the exercise type, intensity, and duration all
have major impacts on glucose homeostasis.4 Aerobic exercise (eg, walking, bicy-
cling, swimming, or jogging) involves continuous, rhythmic movements of large
muscle groups, normally lasting at least 10 minutes at a time. Resistance exercise
involves brief, repetitive muscle contractions with weights, weight machines, resis-
tance bands, or the person’s own body weight (eg, push-ups, pull-ups, leg press).
Flexibility exercises (eg, lower back or hamstring stretching) are intended to
enhance the ability to move through fuller ranges of motion with little resistance.
Many types of activities, such as yoga and Pilates, incorporate elements of both
resistance and flexibility exercise and use components of both aerobic and anaer-
obic metabolism. High-intensity interval training (HIIT) is defined as brief, intermittent
periods of vigorous aerobic/anaerobic exercise, interspersed with periods of rest or
recovery, and is frequently used to improve fitness. Under the umbrella term HIIT,
there are several protocols that have been investigated in the literature, including
aerobic interval training,5 sprint interval training,6 and constant-load low-volume
HIIT,7 all of which are likely to have differing effects on glycemia in people with
diabetes.
BENEFITS OF REGULAR PHYSICAL ACTIVITY

Regular PA can help people with type 1 diabetes achieve a variety of goals, including
increased cardiorespiratory fitness, better sleep, enhanced energy levels, improved
glycemic control, decreased insulin resistance, improved blood lipid profile, enhanced
blood pressure control, and the maintenance of a healthy body weight.1 In general,
both regular PA8–10 and/or a high level of cardiorespiratory fitness11 are associated
with reductions in the incidence of cardiovascular disease and overall mortality. In
addition to aerobic fitness, anaerobic fitness and/or muscular strength also have inde-
pendent and additive benefits for people living with diabetes,12 including those with
type 1 diabetes.13 The American Diabetes Association (ADA)1 and others4,14 recom-
mend that adults with diabetes should engage in 150 minutes or more per week of
moderate to vigorous aerobic exercise, spread over at least 3 d/wk, with no more
than 2 consecutive days without activity. Moreover, the ADA points out that less PA
may be sufficient (ie, minimum 75 min/wk) if the activities are more vigorous. They
also recommend that strength training be done 2 to 3 times per week to help maximize
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the health and fitness benefits of regular PA.1 Flexibility training and balance training
are also recommended 2 to 3 times/wk.1

TOOLS AND TECHNIQUES FOR MEASURING PHYSICAL ACTIVITY

To assist with the challenge of achieving the PA recommendations, patients may
benefit from the ability to objectively measure and record their bouts of PA. However,
many health care providers do not ask about patient PA patterns, and activity monitors
are seldom prescribed.15 PA levels are often suboptimal in people living with diabetes,
according to self-report16 and accelerometry2,17 data. Monitoring PA levels objectively
using accelerometry, along with behavior change interventions, increases activity
levels in inactive youth with type 1 diabetes.18

PA and exercise events can be measured in a variety of ways, from surveys
requiring user input (eg, International Physical Activity Questionnaire, Minnesota Lei-
sure Time Physical Activity Questionnaire)19 to automated wearable sensors that
can automatically track the movements of the user and even quantify the intensity
of effort by measuring heart rate.20 The widely used International Physical Activity
Questionnaire has been used in various research settings to gauge the PA levels of in-
dividuals living with diabetes.21,22 In smaller studies, wearable sensors, such as wrist-
worn smart watches, that combine accelerometry with photoplethysmography and
other sensors to measure heart rate, step count, energy expenditure, and other de-
scriptors of movement and sleep (quality and quantity) have also been used.23,24

Although fitness trackers and smartphone apps offer some solutions for documenting
PA levels in individuals, issues of reliability and accuracy remain.23 To date, the au-
thors know of only 2 studies that have assessed the accuracy of these devices in in-
dividuals with diabetes during exercise, with both displaying varying results in heart
rate and energy expenditure measurement accuracy.25,26 Although many wearable
sensors using photoplethysmography measure heart rate levels reasonably accurately
during exercise, these devices typically show poor accuracy in measuring energy
expenditure during activities of low to high intensity23,27,28 (Fig. 1). In general, the ac-
curacy of measuring heart rate and energy expenditure in many sensors decreases as
exercise intensity increases.23,27,29 Some newer wearables, such as the Garmin activ-
ity monitor with Garmin Move IQ, can automatically quantify the number of active mi-
nutes per week.

ACTIVITY MONITORS IN DIABETES SELF-MANAGEMENT

Overall, consumer-based wrist monitors, from manufacturers including Fitbit, Apple
Watch, and Garmin, are reasonable at estimating heart rate, daily step count, and en-
ergy expenditure for activities of light to moderate intensity. In general, these con-
sumer products are affordable, easy to use, and accessible for the general
population and could be useful for patients with diabetes to self-monitor their PA
habits. It is therefore tempting, from a technology perspective, to strive to incorporate
ways of detecting, characterizing, and integrating signals from various forms of exer-
cise so that AID systems can be adapted appropriately to limit any exercise-
associated dysglycemia. However, several challenges exist when trying to accurately
characterize a PA event for an AID system.24,30 These challenges include determining
the physiologic thresholds for movement/exercise based on heart rate and/or accel-
erometry (or some other physiologic measurement) that would trigger a change in in-
sulin delivery rate and the complicated relationship between relative exercise intensity
and the body’s insulin needs (Fig. 2). At the least, wearable sensors and smartphone
applications that document activity levels are useful for determining whether patients



Fig. 1. Accuracy of wearable technologies during exercise and rest. (A) Two-day wear study
protocol with R indicating rest periods and T indicating a transition period between 2
different types of activities. Data are shown from 2 different participants (A and B) wearing
a Polar H10 (Polar, Kempele, Finland) heart rate chest strap (reference standard) and a
Garmin vivosmart 3 (Garmin, Olathe, KS) watch and a Fitbit Charge 2 (San Francisco, CA)
watch. Note, the Garmin device was worn by the participants in 2 different modes: 1 with
the activity mode indicated (Garmin) and the other without (Garmin: no button). (A) Heart
rate data during a progressive cycling test to exhaustion; (B) The data during a progressive
treadmill running test to exhaustion. Data in (A) highlight the error observed during higher
intensity cycling exercises in which wrist movement was less pronounced during cycle
ergometer testing. (B) Treadmill results when the Garmin, Fitbit, and Polar data are closely
matched across the exercise types. ADLs, activities of daily living; HIIT-C, high-intensity inter-
val training–cycle ergometer; HIIT-T, high-intensity interval training–treadmill; Max Test-C,
maximum test–cycle ergometer; Max Test-T, maximum test–treadmill.
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are achieving their activity goals.24 Emerging evidence suggests that wearable fitness
trackers merged with smartphone technologies/apps and electronic health record
systems may facilitate behavioral goal setting and improve PA monitoring in patients
living with diabetes.31

ASSESSING PHYSICAL ACTIVITY IN PATIENTS WITH DIABETES

There is little consensus on how activity data should be described or expressed for
the purposes of prescribing, tracking, or decision support around glucose manage-
ment in diabetes. For example, some clinicians or researchers may simply prescribe
or document the number of minutes of PA performed over a week (eg, 150 min/wk
of moderate-intensity activity; 75 min/wk of vigorous-intensity activity), whereas
others may express PA metrics more objectively, such as the time spent at a given
metabolic equivalent (MET) for a given task (eg, 40 minutes jogging or cycling at
5 METS 5 200 MET-minutes).32 The latter approach may be preferred in certain sit-
uations of exercise prescription, because it considers the relative intensity (ie, a unit
of energy expenditure relative to the individual’s energy expenditure at rest) and the



Fig. 2. Insulin needs depend on the type and intensity of physical activity performed. In gen-
eral, insulin needs increase during or after intensive aerobic and anaerobic activity when
stress hormone (ie, adrenaline, noradrenaline), growth hormone, and lactate levels increase.
In contrast, insulin needs diminish with more prolonged mild to moderate-intensity aerobic
activities when stress hormone levels are less pronounced. (Courtesy of Michael C. Riddell,
PhD, North York, ON, Canada.)
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duration of the task, although this approach may be more difficult to explain to most
patients. Energy expenditure during exercise can also be expressed as kilocalories,
joules, or watts, depending on the activity sensor used, whereas relative energy
expenditure is often expressed relative to the individual’s maximal percentage of ox-
ygen consumption (ie, %VO2max) or maximal heart rate (HRmax). These various tech-
nical terms used to describe PA make it cumbersome for patients, clinicians, and
researchers to effectively communicate how much exercise is required, or being
performed, and at what level of intensity. However, it is likely that the consideration
of these terms may be necessary, because both the relative33 and absolute34 PA in-
tensity influence glucose homeostasis in people living with diabetes.
For decision support with exercise, it is important to detect when spontaneous ac-

tivity occurs, perhaps with accelerometry and/or heart rate. Another approach is to
schedule a planned exercise event into a controller, perhaps using a smartphone
application that is somehow tied to a calendar app. In any case, the relative exercise
intensity and the activity duration should be considered when it comes to basal and/
or bolus insulin adjustments. The relative intensity of aerobic exercise is typically
gauged by estimating the%VO2max or percentage HRmax. Typically, as the relative ex-
ercise intensity increases, the risk for hyperglycemia increases in a J shape, whereas
the risk for hypoglycemic increases in an inverted U shape, although the risk for dys-
glycemia depends, at least in part, on circulating insulin levels (Fig. 3). With very
intensive aerobic/anaerobic exercise, insulin needs typically increase compared
with basal conditions, whereas, with less intense exercise, insulin needs decrease
markedly. Resistance-based activities can have variable effects on glycemia in
type 1 diabetes.35

Individuals with type 1 diabetes who are in competitive events likely benefit from be-
ing able to visualize their performance and glycemia data together to better under-
stand the relationships between glucose levels and performance. Some patients
living with type 1 diabetes are very physically active and many reach the competitive



Fig. 3. Theoretic risks for exercise-related dysglycemia in type 1 diabetes. As the relative ex-
ercise intensity increases, the risk of hyperglycemia increases in a J shape, whereas the risk
for hypoglycemia increases in an inverted U shape, depending on the circulating insulin
levels.
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or even elite level (see https://en.wikipedia.org/wiki/List_of_sportspeople_with_
diabetes). Rapidly improving technologies are now enabling athletes to measure
and visualize data (eg, insulin, glucose, heart rate, power output) during training or
competition (Fig. 4) with minimal burden to the athlete. This ability facilitates commu-
nication between the athletes, their coaches, and health care providers, potentially
resulting in improved time in target and performance.
EXERCISE AND GLYCEMIC TRENDS

PA comes in several forms for individuals with diabetes, all of which may affect
glucose homeostasis. For example, leisure time PA (eg, walking, hiking, gardening,
sport, dance) and physically demanding occupations (eg. letter carrier, general
laborer, food service industry) may make glucose levels decrease and insulin dosing
needs may need to be decreased and carbohydrate snacking initiated to prevent

https://en.wikipedia.org/wiki/List_of_sportspeople_with_diabetes
https://en.wikipedia.org/wiki/List_of_sportspeople_with_diabetes


Fig. 4. Example of diabetes and physiologic performance data collection and visualization
during professional cycling races. Data visualization of interstitial glucose level (Dexcom
G6, Dexcom, San Diego, CA), cycling power output (Watts; Pioneer HD power meter, Long
Beach, CA), heart rate in beats per minute (bpm; Wahoo TICKER chest strap), and elevation
in meters (Wahoo Element cycling computer) in a 214 km professional cycling stage race.
(Data courtesy of Team Novo Nordisk.)
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hypoglycemia.36 In contrast, a stressful competitive event, such as a short cross-
country ski race, a swimming event, or a HIIT session, may cause glucose levels to in-
crease rapidly,37,38 sometimes requiring bolus insulin correction for hyperglycemia.39

Paradoxically, symptoms of hypoglycemia, rather than hyperglycemia, ensue with
intensive exercise even as glucose levels increase.40

Exercise duration,41 mode,42 relative intensity,33 absolute intensity,34 and fitness34

all affect glucose homeostasis in people living with type 1 diabetes. For example, a
more prolonged exercise session in an aerobically fit individual with type 1 diabetes
typically increases the reliance on plasma glucose as fuel, compared with a shorter
session of exercise at the same relative intensity.41 In contrast, a brief session of
very intense exercise lasting seconds to minutes tends to promote an increase in gly-
cemia in aerobically fit individuals with type 1 diabetes,43,44 even though a high rate of
plasma glucose uptake into working muscle exists.37 High-intensity interval-based or
circuit-based exercise activities tend to have variable effects in diabetes, with some
studies showing a decrease in glycemia,45 whereas others show glucose stability46

or an increase in glycemia.44,47 To date, only a few investigators have attempted to
use technologies that can distinguish between aerobic, anaerobic, and mixed forms
of exercise for the purpose of developing more sophisticated multivariable adaptive
artificial pancreas systems for PA and type 1 diabetes.30 The inability to correctly
assess the relative exercise intensity of persons with type 1 diabetes on an AID system
may limit the ability of the system to make appropriate changes to insulin delivery for a
range of exercise modalities.
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STRATEGIES FOR IMPROVED TIME IN TARGET DURING AND AFTER EXERCISE FOR
THOSE ON MULTIPLE DAILY INSULIN INJECTIONS OR OPEN-LOOP CONTINUOUS
SUBCUTANEOUS INSULIN INFUSION

Various guidelines and strategies exist to help establish and maintain glucose con-
trol during and after exercise for individuals living with diabetes.1,4 Although individ-
uals with type 2 diabetes can have some glucose control issues with different types
of exercise, including mild to moderate hypoglycemia with predominantly aerobic
exercise48 or a small increase in glycemia with intensive interval training,49 they
have less exercise dysglycemia overall compared with individuals living with type
1 diabetes. For patients with type 1 diabetes on multiple daily insulin injections
(MDI)50 or continuous subcutaneous insulin infusion (CSII),51 reduction in prandial
(bolus) insulin at the meal before prolonged aerobic exercise, by 25% to 75%
depending on the intensity and duration of the exercise, helps reduce hypoglyce-
mia risk when the activity occurs 1 to 3 hours after a meal. This strategy of reduced
bolus insulin at the meal before aerobic exercise could be incorporated into AID
systems for exercise if the controller, and perhaps user, takes into account a
planned exercise session later in the day.
For prolonged aerobic exercise before meals (or �3 hours after a meal), basal in-

sulin reductions are helpful in preventing hypoglycemia. For patients on MDI, a 20%
reduction in basal insulin before an active day (ie, the night before or morning of,
depending on when the basal insulin is administered) is an effective strategy to
reduce hypoglycemia risk.52 Even ultralong-acting insulin degludec can be reduced
by w20% to 25% the day before activity to help decrease hypoglycemia risk,
although some additional carbohydrate intake may still be required and there
may be a small increase in glucose levels at other times of the day.53 Overall,
based on limited observations, CSII may offer some improvements compared
with MDI in managing postexercise hyperglycemia,54 although postexercise hyper-
glycemia can be sufficiently managed in individuals on MDI via postexercise insulin
bolus administration.39,55 For those on CSII, reductions in basal insulin infusion rate
by 50% to 80% set 90 minutes before exercise, carried throughout the
exercise session, effectively attenuate the decrease in glucose level associated
with prolonged aerobic exercise.56 Note that not all physically active patients
with type 1 diabetes want to wear insulin pumps and CGM devices. Pump and
CGM discontinuation often occurs because the individual (often a child or adoles-
cent) finds that the devices are burdensome during periods of increased PA.57 It is
possible that adding additional sensors (eg, heart rate monitors or other
exercise wearables) during exercise may increase the burden for patients rather
than reduce it.
Overall, the use of wearable technologies, such as step counters, accelerome-

ters, and heart rate monitors, should help identify periods of increased activity
and thus the requirement for insulin dose changes and/or carbohydrate feeding.
In 1 study, automated weekly review of accelerometer, CGM, and insulin pump
data was used to identify children with type 1 diabetes who had increased risk of
nighttime hypoglycemia and preemptively adjust the nighttime basal insulin profile
according to daytime activity.58 Hypoglycemia during a PA session lasting 30 to
60 minutes can be predicted, to some degree, if the pre-exercise blood glucose
level is less than 180 mg/dL (10 mmol/L) and heart rate level during exercise is
greater than 120 beats per minute (ie, the 180/120 rule).59 More complex random
forest models may be incorporated into future AID systems or decision-support
systems for type 1 diabetes.59
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ROLE AND ACCURACY OF REAL-TIME CONTINUOUS GLUCOSE MONITORING AND
FLASH GLUCOSE MONITORING FOR EXERCISE

For physically active people with diabetes, CGMs have advantages compared with
self-monitoring of blood glucose level with a hand-held glucose meter and capillary
sample. For example, the ability to track glucose levels in real time near continuously
during prolonged aerobic exercise can be used to initiate carbohydrate feeding before
hypoglycemia occurs.60 However, exercise, in most forms, seems to significantly
deteriorate the apparent accuracy of both real-time CGM (rtCGM)61–64 and intermit-
tent flash glucose monitoring (fGM)65,66 devices, at least in part because of a signifi-
cant lag effect. The significant rtCGM lag effect with exercise (15–30 minutes) may
mean AID systems have a reduced ability to respond quickly to rapidly occurring
changes in glucose concentration associated with aerobic or anaerobic activities.
Emerging real-time intradermal CGM technologies using microneedles may help to
reduce the time delay associated with exercise and other common physiologic
stimuli.67

CLOSED-LOOP AND EXERCISE

Advances in CGM technologies, rapid-acting insulin analogues, programmable smart
pumps, and smart decision-making algorithms all contribute to the possibility that
glucose control can be enhanced with exercise in people living with type 1 diabetes.
The recent emergence of hybrid AID systems is showing that glycemic control can be
improved overall while reducing the burden on patients around self-management.68

Current AID systems automate basal insulin delivery rate using intelligent algorithms
that receive information from an interstitial glucose sensor. These systems that sus-
pend insulin delivery before hypoglycemia ensues, based on a predicted hypoglyce-
mic event (either during or after), show efficacy compared with standard sensor-
augmented pumps (SAPs) in some exercise settings.69 However, hypoglycemia can
still occur with these approaches, particularly if prandial insulin is in circulation. Proto-
types and future closed-loop systems may use other signals, such as exercise sen-
sors, and possibly infuse other hormones, such as glucagon, to help improve
glucose time in target during times of increased PA or during and after an acute exer-
cise session. The need to reduce basal insulin delivery well in advance of prolonged
aerobic exercise to get levels down in circulation by the start of exercise is a major hur-
dle for the use of AID systems. This hurdle could be overcome by patient preplanning
either manually or with the use of a smartphone-based controller that could be set
up well in advance of the activity using a calendar tool (eg, Loop-JOJO application
on iOS).
Basal insulin suspension at the onset of aerobic exercise offers limited protection

against the decrease in glucose concentration.56,70,71 It is currently unclear whether
insulin-only closed-loop AID systems will be sufficient for moderate to vigorous aero-
bic exercise, because it is difficult to decrease insulin levels in circulation rapidly if the
insulin is infused subcutaneously.72 In one insulin-only AID study by Elleri and col-
leagues,73 adolescents with type 1 diabetes still developed significant hypoglycemia
with unannounced exercise. However, compared with SAPs, single-hormone
closed-loop systems have shown improved time in target and less hypoglycemia in
a variety of exercise and post-exercise settings in which hypoglycemia is particularly
common.74–79 It is worth noting that many of these studies examined AID efficacy in
exercise settings of predominantly aerobic-based activity, in which insulin needs typi-
cally decrease. As mentioned earlier, most AID systems simply increase the glucose
target in their exercise modes to reduce insulin infusion rates. As expected, based
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on recent open-loop exercise research,56,80 setting the AID system in exercise mode
or to temp target mode well before the start of exercise seems to be more effective
than setting the system at exercise start time.
In general, closed-loop systems are reasonably safe and effective for improving

time in range and reducing hypoglycemia during unannounced exercise sessions in
young, active people with type 1 diabetes.74,81 These technologies generally rely on
setting a temporarily higher glycemic target during exercise to pull back on basal in-
sulin delivery, although this is an oversimplification because even if a higher glycemic
target is set, glucose levels during the exercise session may still decrease to less than
the set target.82 Perhaps the most challenging exercise-related task will be creating a
closed-loop system capable of adapting to all types and durations of PA for a wide
range of individuals, although considerable progress is being made.
One strategy that should improve the capacity of AID systems to cope with exer-

cise is to simultaneously measure additional physiologic variables, such as heart rate
or other signals, that could be used to gauge the relative intensity of exercise and
then use this information in a multivariable adaptive AID system.83,84 The use of
various exercise signals (accelerometer and heart rate) to gauge the onset of
increased activity and its intensity does improve estimation (prediction) of a change
in glucose in silico.85 The addition of heart rate signals alone to a glucose dynamic
model improves glucose prediction accuracy.84 Using heart rate as an input signal
should help AID systems automatically switch to an algorithm that is more conserva-
tive in insulin delivery for aerobic exercise as insulin sensitivity increases.84 Heart rate
is a reasonably accurate way to track the body’s response to activity, providing
objective personalized data that account for age and fitness level and reflect exercise
intensity regardless of the type of exercise performed.86 Of all the exercise signals,
heart rate may be the best gauge of aerobic exercise, although these data may be
better expressed as a percentage of heart rate reserve for a given individual to
help account for age-related and fitness-related differences in the heart rate to
work rate (ie, relative intensity) relationships.
The integration of other signals in addition to heart rate, such as ventilation rate,

accelerometry, near body temperature, galvanic skin response, interstitial lactate, or
interstitial ketone sensing, may help to discriminate between exercise artifacts (eg,
heart rate increases caused by stress or caffeine) and various modes and intensities
of exercise. However, with the current mode of insulin delivery (subcutaneous) and
pharmacokinetic profile, an exercise sensor, such as a detection of an increase in
heart rate, may not trigger a change in set point for the glycemic target or reduce basal
insulin delivery soon enough to prevent a decrease in glycemia during predominantly
aerobic exercise.87 In the future, implantable AID systemswith rapid insulin delivery (or
rapidly reduced insulin delivery) directly into the intraperitoneal space may improve
glucose control around exercise.
Several research groups are currently pursuing dual-hormone approaches for pro-

longed aerobic exercise. In general, dual-hormone approaches outperform SAP dur-
ing continuous aerobic and interval-type exercise in adults with type 1 diabetes.88 The
addition of glucagon delivery to a closed-loop system with automated exercise detec-
tion reduces, but does not eliminate, hypoglycemia in physically active adults with
type 1 diabetes.89 Adjusting insulin and glucagon delivery at exercise onset within a
dual-hormone closed-loop system significantly reduces hypoglycemia compared
with no adjustment during prolonged aerobic exercise and performs similarly to
SAP therapy when insulin is adjusted before exercise.90 The failure to eliminate hypo-
glycemia during aerobic exercise in dual-hormone systems may be because the insu-
lin levels in circulation do not decrease fast enough when the insulin delivery on the
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AID decreases and perhaps because the glucagon delivery is not triggered soon
enough with the current algorithms. Another approach may be to administer a small
dose of glucagon (150–200 mg) just before prolonged aerobic exercise to help elimi-
nate hypoglycemia risk.91,92 However, future studies are needed to determine whether
administration of glucagon before very intensive exercise may exaggerate hyperglyce-
mia and possibly increase ketone production.

SUMMARY AND FUTURE DIRECTIONS

The rapid developments in wearable sensors, glucose sensors, insulins, AID systems,
and other technologies are helping many people with diabetes to be more physically
active, with some patients even competing at the Olympic and/or professional level.
Activity wearables and mobile apps help to keep track of activity levels and provide
feedback on whether the individuals are achieving their activity goals. Increasingly
accurate and reliable rtCGM and fGM devices provide convenient and near-
instantaneous information on glycemia during exercise and in the recovery period to
facilitate decision making to reduce the risk of hypoglycemia or hyperglycemia. Ad-
vances in artificial pancreas systems that link CGM to the user’s insulin pump, poten-
tially with the addition of solubilized glucagon, through intelligent hormone dosing
algorithms have the potential to ease the burden of exercise management in type 1
diabetes. The integration with automated exercise detection tools in these closed-
loop systems may help to discriminate between exercise artifacts (eg, heart rate in-
creases caused by stress or caffeine) and various modes and intensities of exercise
to further reduce user input. Within elite-level sport and type 1 diabetes, data from
multiple technologies, including CGM, smart insulin pens, and power meters, are
now being combined to facilitate communication between the athletes, their coaches,
and health care professionals. These technologies are intended to improve time in gly-
cemic target range, and, ultimately, improve the health and performance of the ath-
letes. Although these technologies are exciting, there are limitations that need to be
addressed with further research. At present, optimal use of these technologies de-
pends largely on patient and family motivation, competence, and adherence to daily
diabetes care requirements.

DISCLOSURE

M.C. Riddell has received speaker’s honoraria from Medtronic Diabetes, Insulet Cor-
poration, Ascensia Diabetes, Novo Nordisk (via JDRF PEAK Program), Xeris Pharma-
ceuticals, Lilly Diabetes, and Lilly Innovation. F.Y. Fontana and S.N. Scott are
employed by Team Novo Nordisk. No other authors have any conflicts of interest to
declare.

REFERENCES

1. Colberg SR, Sigal RJ, Yardley JE, et al. Physical activity/exercise and diabetes: a
position statement of the American Diabetes Association. Diabetes Care 2016;
39(11):2065–79.

2. Matson RIB, Leary SD, Cooper AR, et al. Objective measurement of physical ac-
tivity in adults with newly diagnosed type 1 diabetes and healthy individuals.
Front Public Health 2018;6:360.

3. Howley ET. Type of activity: resistance, aerobic and leisure versus occupational
physical activity. Med Sci Sports Exerc 2001;33(6 Suppl):S364–9 [discussion:
S419–20].

http://refhub.elsevier.com/S0889-8529(19)30093-3/sref1
http://refhub.elsevier.com/S0889-8529(19)30093-3/sref1
http://refhub.elsevier.com/S0889-8529(19)30093-3/sref1
http://refhub.elsevier.com/S0889-8529(19)30093-3/sref2
http://refhub.elsevier.com/S0889-8529(19)30093-3/sref2
http://refhub.elsevier.com/S0889-8529(19)30093-3/sref2
http://refhub.elsevier.com/S0889-8529(19)30093-3/sref3
http://refhub.elsevier.com/S0889-8529(19)30093-3/sref3
http://refhub.elsevier.com/S0889-8529(19)30093-3/sref3


Riddell et al120
4. Riddell MC, Gallen IW, Smart CE, et al. Exercise management in type 1 diabetes:
a consensus statement. Lancet Diabetes Endocrinol 2017;5(5):377–90.

5. Wisløff U, Støylen A, Loennechen JP, et al. Superior cardiovascular effect of aer-
obic interval training versus moderate continuous training in heart failure patients:
a randomized study. Circulation 2007;115(24):3086–94.

6. Burgomaster KA, Hughes SC, Heigenhauser GJF, et al. Six sessions of sprint in-
terval training increases muscle oxidative potential and cycle endurance capac-
ity in humans. J Appl Physiol (1985) 2005;98(6):1985–90.

7. Little JP, Gillen JB, Percival ME, et al. Low-volume high-intensity interval training
reduces hyperglycemia and increases muscle mitochondrial capacity in patients
with type 2 diabetes. J Appl Physiol (1985) 2011;111(6):1554–60.

8. Hu G, Jousilahti P, Barengo NC, et al. Physical activity, cardiovascular risk fac-
tors, and mortality among Finnish adults with diabetes. Diabetes Care 2005;
28(4):799–805.

9. Moy CS, Songer TJ, LaPorte RE, et al. Insulin-dependent diabetes mellitus, phys-
ical activity, and death. Am J Epidemiol 1993;137(1):74–81.

10. Tikkanen-Dolenc H, Wadén J, Forsblom C, et al. Physical activity reduces risk of
premature mortality in patients with type 1 diabetes with and without kidney dis-
ease. Diabetes Care 2017;40(12):1727–32.

11. Nielsen PJ, Hafdahl AR, Conn VS, et al. Meta-analysis of the effect of exercise in-
terventions on fitness outcomes among adults with type 1 and type 2 diabetes.
Diabetes Res Clin Pract 2006;74(2):111–20.

12. Sampath Kumar A, Maiya AG, Shastry BA, et al. Exercise and insulin resistance in
type 2 diabetes mellitus: a systematic review and meta-analysis. Ann Phys Reha-
bil Med 2019;62(2):98–103.

13. Yardley JE, Hay J, Abou-Setta AM, et al. A systematic review and meta-analysis
of exercise interventions in adults with type 1 diabetes. Diabetes Res Clin Pract
2014;106(3):393–400.

14. Diabetes Canada Clinical Practice Guidelines Expert Committee, Sigal RJ,
Armstrong MJ, Bacon SL, et al. Physical activity and diabetes. Can J Diabetes
2018;42(Suppl 1):S54–63.
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