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A B S T R A C T

Glycemic variability is a more sensitive assessment of glycemic health as opposed to traditional clinical mea-
surements. It considers all blood glucose concentrations over a given period to better account for glucose oscil-
lations that occur and provides clinicians with insight into how individuals regulate and/or maintain their
glycemic health. The advancement of continuous glucose monitoring (CGM) allows for the measurement of free-
living glucose concentrations while providing a more reliable assessment of treatment of dysregulated glycemic.
CGM coupled with management of lifestyle behavioral factors, such as reduced sedentary behavior and increased
physical activity and regular exercise, potentially offers a previously untapped method for promoting improved
glycemic health through greater regulation of glucose concentrations. The aim of this review is to critically
evaluate the evidence regarding the measurement of glycemic variability and summarize the current under-
standing of the relationship between glycemic variability, sedentary behavior, physical activity, the influence of a
single exercise session or repeated exercise sessions, and exercise training. This review considers information
pertaining to the strengths and limitations for measuring glycemic variability and provides insight into future
study designs aimed at evaluating the relationship between sedentary behavior and physical activity with, as well
as the influence of exercise on, glycemic variability as a primary outcome.
Introduction

Glycemic variability accounts for glucose fluctuations and is consid-
ered a sensitive measure of glycemic health and has become a readily
available assessment tool due to advancements in continuous glucose
monitor (CGM) technology.1,2 Glycemic variability has been shown to be
greater in overweight or obese adults compared to normal-weight adults,
as well as in type 1 and type 2 diabetics compared to adults without
diabetes.3 Decreased sedentary time and increased physical activity or
exercise of any intensity are beneficial for better glycemic health.4,5 A
single exercise session or repeated exercise sessions over a short duration
(< 1week) reduce glycemic variability in healthy and metabolically
compromised adults, while studies in type 2 diabetic adults have noted
improvements in glycemic variability following exercise training,
including aerobic, resistance, and high-intensity interval training
(HIIT).6 Therefore, the aim of this review is to highlight the importance
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of glycemic variability, evaluate the relationship of glycemic variability
with sedentary behavior and physical activity, and evaluate how a single
exercise session or repeated exercise sessions and exercise training in-
fluence glycemic variability.

Importance of glycemic variability

Evaluation of glycemic control has historically involved evaluation of
hemoglobin A1c (HbA1c) levels, which accounts for the average volume of
glucose bound to the hemoglobin of circulating red blood cells during a 3-
month period.7 Type 1 and type 2 diabetic patients typically have HbA1c
measured every 3-month to determine whether glycemic control targets
are obtained and/or maintained.8 Impaired glycemic control assessed by
HbA1c is a strong predictor for diabetes onset and diabetic
complications.9–11 Thus, glycemic control assessed as HbA1c is a useful
tool for a point-of-care opportunity between healthcare providers and
patients in optimizing glycemic management to deter the progression of
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Abbreviations

%CV Percentage coefficient of variation
AUC Area under the curve
CGM Continuous glucose monitor
CINAHL Cumulative Index of Nursing and Allied Health Literature
CMI/CMIE Continuous moderate-intensity exercise
CONGA Continuous overlapping net glycemic action
HbA1c Hemoglobin A1c
HIIEfast Fasted state high-intensity interval exercise
HIIEfed Post-breakfast high-intensity interval exercise
HIIE High-intensity interval exercise
HIIT High-intensity interval training

LW Light-intensity walking
LV-HIIE Low volume high-intensity interval exercise
MAGE Mean amplitude of glycemic excursion
mg/dL Milligrams per deciliter
MICEfast Fasted state moderate-intensity continuous exercise
MICEfed Post-breakfast moderate-intensity continuous exercise
MODD Mean of daily difference
OGTT Oral glucose tolerance test
REHIIT Reduced-exercise high-intensity interval training
SD Standard deviation
SIT Uninterrupted sitting
SRA Simple resistance activities
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diabetic complications.
However, using HbA1c as a sole measure of glycemic health to assess

glycemic control has limitations, as the cut-point of HbA1c from the
diagnostic perspective is still controversial.12 Additionally, the HbA1c
test is considered an indirect measure of average glycemia as HbA1c
variability often results from variations in red blood cell numbers
brought on by cell turnover, anemia, blood transfusions, and preg-
nancy.13,14 Additionally, HbA1c differences exist regarding ethnicity/r-
ace, sex, and age. For example, greater HbA1c values are observed in
African Americans compared to Caucasians, males compared to females,
and increases with age in all groups.15 These factors can potentially lead
to misclassification in specific populations.

HbA1c measurement is traditionally accompanied with self-
monitoring of blood glucose concentrations in addition to traditional
clinical examinations of glycemic health in a fasting and/or glucose-
challenged state.7 Mean glucose concentration utilizing CGM technology
is strongly correlated with HbA1c.16 However, the relationship between
CGM-assessed glucose concentrations and HbA1c can vary within an
individual, due to individual-level non-modifiable factors (i.e., age) and
modifiable factors (i.e., body weight status).17 CGM technology allows
for further insight into daily fluctuations and day-to-day glucose con-
centration variability. This is especially true as a strong relationship
between CGM-assessed 24-h mean glucose concentration and HbA1c are
not often reflected on an individual level.17 Therefore, clinical use of
CGM in conjunction with HbA1c evaluation allows for a greater under-
standing of individual-level glycemic control. With the advent of new
CGM technology from established companies, specifically Dexcom (San
Diego, CA), Abbott Laboratories (Chicago, IL), Medtronic (Minneapolis,
MN), and Senseonics Holdings (Germantown, MD), CGM accuracy and
affordability is evolving rapidly while allowing for evaluation of
free-living glucose concentrations and glycemic variability.

Methods

The present brief review sought to summarize recent literature on the
specified topic and provide future directions for use and implementation
by better understanding the importance of glycemic variability, rela-
tionship with sedentary behavior and physical activity, and the influence
of exercise. To address the study purpose, a search of electronic databases
PubMed, Google Scholar, Web of Science, BioMed Central, Cumulative
Index of Nursing and Allied Health Literature (CINAHL), and SCOPUS
was completed up to December 2020. A secondary search strategy
included scanning bibliographies of retrieved publications. The initial
manuscript selection was based on title and abstract. Glycemic variability
is commonly referred to as glycemic excursions and glucose or glycemic
control, and therefore, these terms were included as search terms. Only
studies using CGM to assess glycemic variability were included, specif-
ically, studies utilizing CGM devices previously tested for accuracy
against blood glucose concentrations were included in this analysis.
184
Studies examining the relationship between sedentary behavior and ex-
ercise on glycemic variability regardless of study design were included.
Sedentary behavior, defined as any waking behavior � 1.5 metabolic
equivalents, and time spent sedentary was included as search terms.
Physical activity variables measured subjectively by questionnaires or
objectively utilizing accelerometry and/or pedometers were included in
this analysis. How a single exercise session or repeated exercise sessions
and exercise training affects glycemic variability were also examined
only if exercise training was monitored.

Determining glycemic variability

Glycemic variability measurements range in sensitivity and specificity,
with each having its own considerations depending on the method of
calculation, number of readings necessary, and respective clinical impli-
cations.18 These considerations include establishing intra- and inter-day
glycemic variability utilizing CGM technology.19 Glycemic variability
measurements include the standard deviation (SD) of the mean for glucose
concentration and the percent coefficient of variation (%CV). Further
comprehensive analyses, which allow for a more sensitive measurement of
glycemic variability, have been adopted, including the mean amplitude of
glycemic excursions (MAGE), continuous overlapping net glycemic action
over an n-h period (CONGA-n), and the mean of daily differences (MODD)
which is the average of the difference between blood glucose values
measured at the same time on consecutive days. In the following section,
the most frequently used measurements of glycemic variability are dis-
cussed with strengths and limitations listed (Table 1).

The SD of mean glucose concentration and %CV were the initial
primary procedures utilized.20 Statistically, SD and %CV are often
thought of as the best variation measure, because these measures are
based on all measurements.21 Additionally, %CV is potentially more in-
clusive and sensitive when compared to SD alone, as %CV incorporates
both the mean and SD of the distribution.20

One of the initial avenues for determining intra-day glycemic vari-
ability is MAGE,22 which is calculated by taking the arithmetic mean of
the blood glucose increases or decreases (from blood glucose nadirs to
peaks or vice versa) when both ascending and descending segments
exceed the value of 1 SD of the mean blood glucose for the same 24-h
period.23 MAGE does not account for time spent in euglycemia or pe-
riods of low-level hypo- or hyper-glycemia.24 This calculation does create
ambiguity as to where or when each glycemic excursion occurs and
potentially limits the ability to measure the magnitude of individual
glycemic excursions.25 However, MAGE provides insight into the extent
that glycemic excursions occur, specifically accounting for postprandial
hyperglycemia and fasted-state hypoglycemia.

Consideration for time-dependent glycemic variability utilizing the
continuous nature of CGM is determined with other measurements.
CONGA-n was formulated to account for each observation after the base
measurement and the n-h of observations after the base measurement,



Table 1
Frequently used measurements of glycemic variability.

Glycemic variability
measurement

Calculation definition Strengths Limitations Author (publication date)

Standard deviation (SD) SD of all glucose concentrations in a
distribution.

Simple, classical statistical method. Does not account for skewed
distributions or outliers.

Rodbard D (2009)25;
Hirsch IB & Brownlee M
(2005)2; Rodbard D
(2018)18

Percent coefficient of
variation (%CV)

(SD�mean) � 100
SD and mean value of all glucose
concentrations in a distribution.

Simple, classical statistical method.
Incorporates both the SD and mean
value of a distribution.

Does not account for skewed
distributions or outliers.

Rodbard D (2009)25;
Hirsch IB & Brownlee M
(2005)2; Rodbard D
(2018)18

Mean amplitude of
glycemic excursions
(MAGE)

Average amplitude of upstrokes or
downstrokes with a magnitude > 1 SD above
the mean value for all glucose concentrations.

Account for physiological
fluctuations due to events
throughout the day.
e.g. meals, exercise

Less efficient to calculate than
SD, while providing similar
outcomes.

Service FJ et al. (1970)22;
Service FJ & Nelson
RL (1980)23; Service et al.
(1987)24

Continuous overlapping
net glycemic action
over n-h (CONGA-n)

The SD of the difference between 2 glucose
concentrations obtained exactly n h apart.

Potential to address a variety of
clinical questions.
CONGA-1 to CONGA-4 valid and
reliable when accounting for
corresponding times between
different activities.

Validity and reliability decrease
once time frame > 4 h in a
controlled setting.

McDonnell CM et al.
(2005)26; Nathan DM et al.
(2008)27; Kuenen JC et al.
(2011)28

Mean of daily
differences (MODD)

Mean of absolute differences between glucose
values obtained at the same time of day on 2
consecutive days under standardized
conditions.
Mean of absolute differences in glucose values
over > 2 days between any value and the
value exactly 24 h later.

Describes between-day variability.
Ability to permit use of data from >

2 unstructured days.

Originally defined for 2
consecutive days assuming
similar meals, activities, and
therapy on both days.

Service FJ & Nelson RL
(1980)23; Service et al.
(1987)24

Table 1 provides frequently used measurements of glycemic variability, which includes the calculation definition of each glycemic variability measurement with further
consideration for strengths and limitations of each glycemic variability measurement.
SD¼ standard deviation; %CV¼ percentage coefficient of variation; MAGE¼mean amplitude of glycemic excursions; CONGA-n¼ continuous overlapping net glycemic
action over n-h; MODD ¼ mean of daily differences.
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where n equals the defined hour time-point between observations.26 The
difference between the base observation and the observation n-h is
calculated with CONGA-n defined as the SD of the differences.26 CON-
GA-n is calculated from 1-h up to 24-h; but is mostly utilized for 1-h to 4-h
intervals to better account for time between various daily activities.26-28

For example, CONGA-1 was initially created as a measurement of gly-
cemic variability to account for glycemic excursions throughout a 24-h
period, while CONGA-2 accounts for the time between snacks, and
CONGA-4 as the variability observed between standard meals.26 CON-
GA-n continues as a more promising measure of intra-day glycemic
variability than SD or %CV and provides more flexibility in the evalua-
tion of intra-day glycemic variability.26

In addition to intra-day glycemic variability, CGM allows for the
analysis of inter-day glycemic variability. The MODD measure of inter-
day glycemic variability is designed as a meticulous protocol occurring
over 2 consecutive days during in-house clinical testing.23,24 MODD is
traditionally calculated as the mean of the absolute value of the differ-
ence between glucose concentrations measured at the same time in-
tervals over a 24-h period on 2 consecutive days23,24 and is calculated
continuously over an extended free-living period (> 2 days).23,24 This use
of standardized conditions procedure is strongly correlated with MODD
over the initial 2 consecutive day period.25

With the advancement and incorporation of CGM technology, the
ability to design and implement more sensitive and time-specific mea-
sures of glycemic variability are viable and improves the ability to
delineate glycemic health. In addition to the SD and %CV of measured
glucose concentrations over an extended period, the ability to measure
inter- and intra-day variabilities are further advanced by incorporating
MAGE, CONGA-n, and MODD results.

Results

Relationship of glycemic variability with sedentary behavior and physical
activity

Sedentary time and physical inactivity are independently associated
185
with elevated fasting glucose concentrations, impaired glucose meta-
bolism, and glucose tolerance in non-diabetic and diabetic adults.4,5,29–34

Adults diagnosed with type 2 diabetes have increased sedentary time,
which is shown to predict significant increases in time spent in hyper-
glycemia.35 These findings highlight the relationship between sedentary
time and physical activity time with glucose concentrations and glucose
tolerance. However, few studies have examined the relationship between
sedentary behavior and/or physical activity with glycemic variability
(Table 2).

Using a repeated-measures prospective study design, Martyn-Nemeth
et al.36 evaluated young adults (18–35 years of age) diagnosed with type
1 diabetes and found no relationship between total physical activity
minutes and the SD of the 24-h mean glucose concentration.36 Paing
et al.37 examined the associations between objectively measured seden-
tary time with 24-h glycemic control in adult type 2 diabetics and found
that increased sedentary time was positively associated with poor
CGM-assessed glycemic control expressed as hours per day spent in hy-
perglycemia (> 7.8 mmol/L; 140 mg/dl).37 Subsequently, spending more
time sedentary reduced time spent in euglycemia. However, breaks in
sedentary time were positively associated with time spent in euglycemia.
Therefore, decreasing sedentary time and breaking up time spent
sedentary positively impacts glycemic variability, independent of in-
creases in physical activity.36,37

More recently, secondary data analyses performed by Paing et al.38

and McMillan et al.39 further support these findings as sedentary time
was negatively associated with time-in-range,38 with time-in-range
defined as any glucose concentration between 70 and 180 mg/dL.7

Breaks in sedentary time were positively associated with time-in-range
and sedentary time was positively correlated with the SD of mean
glucose concentration.38,39 Gude et al.40 utilized a cross-sectional design
to analyze a subsample of non-diabetic and diabetic adults (12% diag-
nosed type 1 and 2 diabetics) who were participants in the A Estrada
Glycation and Inflammation Study and completed the International
Physical Activity Questionnaire and had valid CGM monitoring data.40

No relationship was found between physical activity status with glycemic
variability measures including the SD of 24-h glucose concentration,



Table 2
Relationship between sedentary behavior and physical activity with gly-
cemic variability.

Author
(publication
date)

Study design
Number of
participants

Primary
findings

Conclusion Strengths
and
limitations

Non-diabetic
Gude F et al.
(2017)40

Cross-
sectional;
n ¼ 622

No relationship
found between
physical
activity status
with any
glycemic
variability
indices in non-
diabetic adults.

Physical
activity status
may not
relate to
glycemic
variability
indices in
non-diabetic
adults.

Strengths:
Large
diverse
sample of
adults
Limitations:
Cross-
sectional
design;
subjective
assessment
of physical
activity
status

Type 1 diabetes
Martyn-
Nemeth P
et al.
(2017)36

Prospective
repeated-
measures
design;
n ¼ 35

Total physical
activity minutes
did not relate to
glycemic
variability
assessed as the
SD of the 24-h
mean glucose
concentration.

Increases in
total physical
activity
performed
throughout
the day may
not relate to
lower
glycemic
variability in
type 1
diabetic
adults.

Strengths:
Actigraphy-
assessed
physical
activity
Limitations:
Small
sample size;
physical
activity was
not a
primary
outcome of
this study

Type 2 diabetes
Paing AC
et al.
(2018)37

Cross-
sectional;
n ¼ 37

Sedentary time
negatively and
breaks in
sedentary time
positively
associated with
time spent in
euglycemia.

Decreasing
sedentary
time,
breaking up
sedentary
time, or a
combination
of these
sedentary
behaviors
potentially
influence
time spent in
euglycemia in
type 2
diabetic
adults.

Strengths:
Actigraphy-
assessed
sedentary
time
Limitations:
Cross-
sectional
design;
small
sample size

Paing AC
et al.
(2020)38

Longitudinal;
n ¼ 37

Increased
sedentary time
positively
associated with
higher glucose
concentrations
and time spent
in-range.

Reducing
sedentary
time and
promoting
breaks in
sedentary
time could
improve
glucose
regulation in
type 2
diabetes
adults.

Strengths:
Actigraphy-
assessed
sedentary
time
Limitations:
Cross-
sectional
design;
small
sample size

McMillan KA
et al.
(2020)39

Longitudinal;
n ¼ 37

No association
between total
sedentary time
and mean
glucose
Sedentary bout
duration was
positively
associated with

Sedentary
bout duration
but not
sedentary
time was
associated
with mean
glucose and

Strengths:
Actigraphy-
assessed
sedentary
time;
individual
level
analysis
Limitations:

Table 2 (continued )

Author
(publication
date)

Study design
Number of
participants

Primary
findings

Conclusion Strengths
and
limitations

mean glucose
and glucose SD

glucose
variability.

Cross-
sectional
design;
small
sample size

Table 2 presents studies that provided information regarding the association
between sedentary time and physical activity with glycemic control and glycemic
variability in non-diabetic, as well as type 1 and type 2 diabetic adults.
The table includes: 1) author information; 2) study design; 3) findings related to
the association between sedentary time and physical activity with glycemic
control and glycemic variability; 4) conclusions derived from the findings be-
tween the relationship between sedentary time and physical activity with gly-
cemic control and glycemic variability; 5) strength and limitations of each study.
SD ¼ standard deviation; mg/dL ¼ milligrams per deciliter.
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MAGE, and CONGA-1 in the non-diabetic adults. No findings were re-
ported for the diabetic population.40

These studies suggest the potential importance of sedentary behavior
and physical activity with glycemic control and variability assessed by
CGM in a variety of populations. Further, they provide insight into how
CGM is incorporated as a measure of glycemic control and variability in
addition to traditional clinical measures. However, when examining
CGM-assessed glycemic variability, further consideration for other life-
style factors, including free-living dietary patterns or structured physical
activity, such as exercise, could provide information on how to further
improve glycemic variability outside of decreasing time spent sedentary
and increasing physical activity.
Influence of single or repeated exercise sessions on glycemic variability

Exercise is known to beneficially influence insulin resistance and
glucose tolerance and is commonly utilized as a treatment for both non-
insulin and insulin-dependent type 2 diabetes.41,42 Even a single exercise
session beneficially impacts glucose homeostasis, whole-body glucose
disposal, and skeletal muscle glucose uptake.43–46 The effects on glucose
uptake and insulin sensitivity persist for several hours after exercise
completion.47–49

Previous studies examining the influence of a single exercise or
repeated exercise sessions on CGM-assessed glycemic control and vari-
ability in non-diabetic, normal weight, and overweight or obese adults
report comparable and consistent results (Table 3).50–52 Figueira et al.52

found that a single session of moderate-intensity aerobic exercise or
eccentric resistance exercise provided similar decreases in glycemic
variability when compared to the pre-exercise control period.52 Little
et al.50 found that the postprandial glycemic response decreased
following 1 session of high-intensity interval exercise (HIIE) when
compared to continuous moderate-intensity exercise and control condi-
tions.50 Parker et al.51 observed that the 24-h average glucose concen-
tration and hyperglycemic response decreased following either
low-volume HIIE or continuous moderate-intensity exercise in over-
weight or obese normoglycemic adults.51 In these studies glycemic
variability and glycemic control were measured in a variety of ways
including 24-h mean glucose concentration, SD and %CV of the 24-h
mean glucose concentration, and postprandial glycemic excursions.
These studies highlight that a single exercise session or repeated single
exercise sessions, regardless of exercise modality or duration, provide
beneficial and lasting effects on 24-h glycemic control and variability in
adults having normal weight, overweight, or obesity.

Improving glycemic control and variability with exercise in in-
dividuals who rely on lifestyle self-management techniques to control
glucose levels, such as adults diagnosed with type 1 diabetes, has pro-
found implications. Previous research under free-living or clinic-based



Table 3
Influence of a single bout of exercise or repeated bouts of exercise on glycemic variability.

Author
(publication
date)

Study design Primary findings Conclusion Strengths and limitations

Non-diabetic
Figueira FR
et al.
(2019)52

Randomized crossover trial design;
n ¼ 15
2 experimental sessions; aerobic cycle
ergometry; eccentric resistance
exercise

Glucose variance and glucose %CV
and SD were lower post-exercise
compared to pre-exercise.

Acute aerobic and eccentric exercise
promotes comparable reductions in
glycemic variability.

Strengths:
Controlled laboratory setting
Limitations:
Small sample size; exercise was of
moderate to high intensity over an
extended period

Little JP et al.
(2014)50

Randomized counterbalance trial
design; n ¼ 10
Two 3-day experimental exercise
testing periods; continuous moderate-
intensity (CMI) exercise; high-
intensity interval exercise (HIIE)

Absolute PPG spike following
standardized meals were significantly
lower following HIIT exercise
compared to no-exercise.

A single session of HIIE exercise
improved overall postprandial
glycemia in overweight or obese
adults.

Strengths:
Controlled laboratory setting.
Limitations:
Small sample size; inclusion of adults
with impaired fating glucose

Parker L et al.
(2017)51

Randomized clinical trial; n ¼ 27
4-day experimental design; low
volume high-intensity interval
exercise (LV-HIIE); continuous
moderate-intensity exercise (CMIE)

LV-HIIE resulted in lower mean
glucose and peak glucose
concentration, area under the curve,
and time spent hyperglycemic
compared to pre-exercise control.

LV-HIIE improves glycemic control
similarly to CMIE in overweight and
obese adults.

Strengths:
Controlled laboratory setting
Limitations:
Small sample size; participants were
not blinded to real-time CGM readings

Type 1 diabetes
van Dijk JW
et al.
(2016)54

Observational during Nijegen Four
Day Marches; n ¼ 10
40–50 km walked per day over 4 days

CONGA-1 and CONGA-2 measures of
glycemic variability were greater
during walking event compared to
habitual physical activity.

Prolonged continuous walking
compared to habitual physical activity
increased glycemic variability in type
1 diabetics.

Strengths:
Examined a prolonged exposure to
increase in physical activity
Limitations:
Small sample size; non-standard
exercise modality

Manohar C
et al.
(2012)53

Center-based clinical trial; n ¼ 24
Increase daily energy expenditure 3-
fold from measured basal metabolic
rate over 3 monitored days

No change in %CV was noted in type
1 diabetic adults following meals
with physical activity.
Post-meal glycemic excursions were
observed to be lower type 1 diabetics
following meals with physical
activity.

Performing low-intensity physical
activity after meals, such as taking a
short walk, potentially benefit type 1
diabetics by lowering postprandial
glucose excursions.

Strengths:
Age- and sex-matched healthy
controls and type 1 diabetics;
controlled laboratory setting
Limitations:
Small sample size; type 1 diabetics
received insulin boluses prior to their
meals

Type 2 diabetes
Farabi SS et al.
(2015)58

Center-based randomized clinical
cross-over trial; n ¼ 37
Two 3-day experimental trials both in
morning; sedentary for 30 min; 30-
min exercise session

Daytime CONGA-1 significantly
decreased following exercise
compared to sedentary trial.

A single bout of early morning
moderate-intensity exercise reduced
daytime glycemic variability in type 2
diabetic and/or impaired glucose
tolerant obese adults.

Strengths:
Controlled laboratory setting
Limitations:
Inclusion of adults with impaired
glucose tolerance in the same group

van Dijk JW
et al.
(2013)57

Randomized crossover trial; total
n ¼ 60; non-insulin treated n ¼ 37;
insulin treated ¼ 23
Two 3-day intervention periods
separated by a week; sedentary
protocol; 45–60 min of continuous
cycling

24-h mean glucose concertation, time
spent hyperglycemic, and CONGA-1,
CONGA-2, and CONGA-4 measures of
glycemic variability were all lower
following a single bout of exercise.

A single bout of moderate-intensity
exercise reduces hyperglycemia and
glycemic variability throughout the
subsequent day following exercise.

Strengths:
Use of CGM; inclusion of insulin and
non-insulin treated type 2 diabetics
Limitations:
Only inclusion of males

Praet SF et al.
(2006)55

Intervention-based clinical trial;
n ¼ 11
Resistance exercise and aerobic
exercise

Time spent hyperglycemic was
significantly lower during the
subsequent 24 h following exercise.

A single bout of exercise reduces the
prevalence of hyperglycemia in
insulin-treated, type 2 diabetic male
adults.

Strengths:
Implementation of resistance and
aerobic exercise
Limitations:
Small sample size; large inter-subject
variability

Figueria FR
et al.
(2013)56

Randomized crossover design
performed 7 days apart; n ¼ 14
Aerobic exercise; aerobic plus
resistance exercise

Changes in glycemic variability were
noted in the aerobic plus resistance
training group only.

Conventional analyses of glycemic
variability may lack sensitivity to
account for minor oscillations in
glucose concentrations observed using
non-conventional analyses.

Strengths:
Implementation of resistance and
aerobic exercise; use of conventional
and non-conventional methods
Limitations:
Small sample size; no resistance
exercise only group

Haxhi J et al.
(2016)60

Randomized crossover trial
performed 7 days apart; n ¼ 9
Control; 40-min split exercise (20-
min pre-lunch, 20-min post-lunch);
40-min continuous exercise
immediately post-lunch

Split exercise resulted in less time
spent in hyperglycemia after lunch
compared to continuous exercise.
Continuous exercise reduced
hyperglycemic time after breakfast
consumed the morning after the
exercise session.

Splitting an exercise session into 2
bouts, pre- and post-lunch, affects the
glycemic response to lunch, while a
single-continuous isoenergetic session
exerts its effect later in the 24-h
period.

Strengths:
Implementation of a randomized
crossover design; Evaluation of
multiple measures of free-living
glycemia.
Limitations:
Small sample size.

Myette-Cȏt�e �E
et al.
(2016)59

Randomized crossover design; n ¼ 10
Morning-evening doses of metformin
(no exercise); morning-evening doses
of metformin with exercise; evening
dose of metformin with exercise;

Morning-evening doses of metformin
with exercise increased the average 2-
h postprandial incremental AUC
following standardize meals but did

The addition of a bout of exercise to
metformin led to an increase in
postprandial glucose levels without
affecting mean glucose
concentrations.

Strengths:
Implementation of a randomized
crossover design; Evaluation of
metformin dosing with addition of
exercise.

(continued on next page)
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Table 3 (continued )

Author
(publication
date)

Study design Primary findings Conclusion Strengths and limitations

morning dose of metformin with
exercise

not affect daily mean or fasting
glucose concentration.

Limitations:
Small sample size; No exercise only
group.

Terada T et al.
(2016)61

Randomized, controlled, crossover
design; n ¼ 10
Fasted state high-intensity interval
exercise (HIIEfast); post-breakfast
HIIE (HIIEfed); fasted state moderate-
intensity continuous exercise
(MICEfast); post-breakfast MICE
(MICEfed); no exercise control

Compared to the control condition,
HIIEfast lowered 24-h mean glucose,
fasting, overall postprandial glycemic
increment, glycemic variability, and
time spent in hyperglycemia.

HIIE is effective in lowering
nocturnal/fasting glycemia.
Exercise performed in the fasted state
reduces postprandial glycemic
increments.

Strengths:
Implementation of a randomized
crossover design; Evaluation of
multiple modalities of exercise and
comparing fasted versus fed state.
Continual monitoring past the
exercise or control condition.
Limitations:
Small sample size.

Dempsey PC
et al.
(2016)62

Randomized cross-over trial; n ¼ 24
8-h conditions on 3 separate days
with 6–14 day washout period
Uninterrupted sitting (control; SIT);
sitting plus 3-min bouts of light-
intensity walking (LW) every 30 min;
sitting plus 3-min bouts of simple
resistance activities (SRA) every
30 min

Compared with SIT, both activity-
break conditions (LW and SRA)
significantly attenuated incremental
AUCs for glucose concentrations.

Interrupting prolonged sitting with
brief bouts of LW or SRA attenuates
acute postprandial glucose
concentration responses in adults with
type 2 diabetes mellitus.

Strengths:
Implementation of a randomized
crossover design; Evaluation of
multiple modalities of exercise that
are easily incorporated into everyday
life.
Limitations:
Small sample size; no continuous
exercise implementation to compare
to breaks in sedentary time with
exercise.

Dempsey PC
et al.
(2017)63

Randomized cross-over trial; n ¼ 24
8-h conditions on 3 separate days
with 6–14 day washout period
Uninterrupted sitting (control; SIT);
sitting plus 3-min bouts of light-
intensity walking (LW) every 30 min;
sitting plus 3-min bouts of simple
resistance activities (SRA) every
30 min

Compared with SIT, both LW and SRA
reduced 22-h glucose and nocturnal
mean glucose concentrations.

Interrupting prolonged sitting time
with either LW or SRA reduced 22-h
hyperglycaemia.

Strengths:
Implementation of a randomized
crossover design; Evaluation of
multiple modalities of exercise that
are easily incorporated into everyday
life.
Limitations:
Small sample size; no continuous
exercise implementation to compare
to breaks in sedentary time with
exercise.

Metcalfe RS
et al.
(2018)64

Randomized, four-trial crossover
study; n ¼ 11
No exercise (Con); 30 min of
continuous exercise (MICT); 10 � 1
min ~90% HRmax of high-intensity
interval training (HIIT); 2 � 20 s
maximal exertion sprinting reduced-
exertion HIIT (REHIIT)

Compared to CON, mean 24-h
glucose concentration was lower
following REHIIT, but not HIIT.
Observed a lower glycaemic response
to dinner AUC following both REHIIT
and MICT but not HIIT.

REHIIT may offer a genuinely time-
efficient exercise option for improving
24-h glycaemia in men with type 2
diabetes and warrants further study.

Strengths:
Implementation of a randomized
crossover design; Evaluation of
multiple modalities of exercise.
Limitations:
Small sample size.

Table 3 presents studies that provided information regarding the influence of a single bout of exercise or following repeated bouts of exercise on glycemic control and
glycemic variability in non-diabetic, as well as type 1 and type 2 diabetic adults. The table includes: 1) author information; 2) study design; 3) findings related to the
alterations in glycemic control and glycemic variability; 4) conclusions derived from the findings on changes in glycemic control and glycemic variability; 5) strength
and limitations of each study.
SD ¼ standard deviation; %CV ¼ percentage coefficient of variation; CMI ¼ continuous moderate-intensity exercise; HIIE ¼ high-intensity interval exercise; LV-
HIIE ¼ low volume high-intensity interval exercise; CMIE ¼ continuous moderate-intensity exercise; CGM ¼ continuous glucose monitor; CONGA-1 ¼ continuous
overlapping net glycemic action over 1-h; CONGA-2 ¼ continuous overlapping net glycemic action over 2-h; CONGA-4 ¼ continuous overlapping net glycemic action
over 4-h; HIIEfast ¼ fasted state high-intensity interval exercise; HIIEfed ¼ post-breakfast high-intensity interval exercise; MICEfast ¼ fasted state moderate-intensity
continuous exercise; MICEfed ¼ post-breakfast moderate-intensity continuous exercise; SIT ¼ uninterrupted sitting; LW ¼ light-intensity walking; SRA ¼ simple
resistance activities; REHIIT ¼ reduced-exercise high-intensity interval training; AUC ¼ area under the curve.
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conditions has found that increasing structured physical activity or ex-
ercise has differential effects on glycemic control and variability in type 1
diabetic adults.53,54 Mixed findings are not uncommon, as 1 study noted
differential changes in free-living glycemic control or glycemic vari-
ability following repeated exercise sessions,53,54 while clinic-based ex-
ercise influenced glycemic control and variability in type 1 diabetic
adults. van Dijk et al.54 observed that glycemic variability increased
during a 4-day walking event compared to a habitual physical activity
group in type 1 diabetic adults. However, insulin dosage decreased and
total energy intake, specifically calories composed of carbohydrates,
increased during the 4-day walking event when compared to the habitual
physical activity group.54 Yet, under controlled clinic-based assessment,
Manohar et al.,53 found that intermittent sessions of low-volume and
low-intensity walking decreased the post-meal glucose area under the
glucose tolerance curve and glycemic response compared to inactive
188
healthy control and type 1 diabetic adults.53 Additionally, the free-living
assessment provides more pertinent information than clinic-based
assessment, as adults diagnosed with type 1 diabetes rely on lifestyle
management techniques compared to non-diabetic and
non-insulin-treated type 2 diabetic adults to control blood glucose
concentrations.

Evidence obtained from adults diagnosed with impaired glucose
tolerance and type 2 diabetes in the presence and absence of pharma-
ceutical treatments using insulin-sensitizing drugs or exogenous insulin,
supports improvements in glycemic control and variability regardless of
exercise modality.55–64 Farabi et al.58 examined adults with impaired
glucose tolerance or type 2 diabetes and found that a single 30-min
session of moderate-intensity exercise significantly decreased diurnal
CONGA-1. In addition, differentially decreased glucose tolerance
changes from pre-to post-exercise in non-diabetic adults were also
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described.58 van Dijk et al.57 noted decreased CONGA-1, CONGA-2, and
CONGA-4 following a single 45–60 min session of moderate-intensity
aerobic exercise in non-insulin and insulin-treated type 2 diabetic
adults.57 Praet et al.55 observed decreases in hyperglycemic responses
following a single session of low-weight/high-volume upper- and
lower-body and abdominal resistance exercise in insulin-treated type 2
diabetic adults.55 However, despite comparable decreases in glucose
concentrations following either a single 40-min session of continuous
moderate-intensity aerobic exercise or combined aerobic plus
whole-body resistance exercise, Figueira et al.56 found no changes in
24-h glucose variance or %CV in type 2 diabetic adults.56 Findings from
these studies differ based on glycemic control and variability evaluation
method used, and suggest that only intra-day, but not inter-day, glycemic
variability changes following a single exercise session or repeated exer-
cise sessions. Moreover, studies extending the exercise recovery time into
the subsequent day found no persistent changes in glycemic control or
glycemic variability beyond the initial 24-h period.55,56 Additionally,
incorporating breaks in sedentary time with short periods of walking or
simple resistance activities, or altering the time of feeding when exer-
cising, such as fasted versus postprandial exercise, or the use of short
duration reduced-exertion HIIE are effective strategies for improving
glycemic response to standard meals, and in a controlled or “free-living”
environments.59–64 When attempting to improve glycemic profiles
through targeted exercise prescription, these studies highlight the
importance of a single exercise session or repeated exercise sessions,
regardless of exercise modality and lasting for at least 24-h post-exercise,
to improve glycemic responses and glycemic variability in type 2 diabetic
adults.

Influence of exercise training on glycemic variability

In the previous section, a single exercise session or repeated exercise
sessions were shown to improve the glycemic profile, the glycemic
response, and glycemic variability that occur throughout the day. Addi-
tional long-term adaptations and enduring improvements in glucose
Table 4
Influence of exercise training on glycemic variability.

Author
(publication
date)

Study design Primary findings

Type 2 diabetes
Mikus CR et al.
(2012)70

Clinical controlled trial; n ¼ 13
7-day moderate-intensity
continuous aerobic exercise training
program

Glucose concentrations and numb
glucose excursions decreased over
final 3 days following the 7-day ex
training compared to 3 days of ha
activity.

Kartstoft K
et al.
(2013)71

Randomized clinical trial performed
over 4 months (16 weeks); total
n ¼ 32; control group n ¼ 8;
continuous-walking group n ¼ 12;
interval-walking group n ¼ 12
Habitual daily activity; continuous-
walking; interval-walking group

24-h mean, and minimum glucose
concentrations increased in the co
group, while 24-h mean, and max
glucose concentrations decreased
interval-walking group only.

Francois ME
et al.
(2017)72

Proof-of-concept, double-blind,
randomized clinical trial; n ¼ 53
3 days per week for 12 weeks of
high-intensity interval training
(HIIT); resistance and aerobic-based
exercised

There was a significant decrease in
glycemic control (HbA1c), as well a
mean glucose concentration, SD o
24-h mean glucose concentration,
MAGE.

Table 4 presents studies that provided information regarding the influence of exercise t
table includes: 1) author information; 2) study design; 3) findings related to the alterat
findings on changes in glycemic control and glycemic variability; 5) strength and lim
PPG ¼ postprandial glucose; OGTT ¼ oral glucose tolerance test; HIIT ¼ high-int
MAGE ¼ mean amplitude of glycemic excursions.
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metabolism occur due to regular/habitual/chronic exercise participa-
tion. Exercise training-induced improvements in glycemic control are
primarily explained by increases in glucose disposal and insulin sensi-
tivity.65 Yet, these physical activity and exercise adaptations are revers-
ible, and the effects of detraining begin within 5–10 days after cessation
of exercise.49 Therefore, general involvement and, more importantly,
continued regular exercise participation are necessary to impact
long-term glycemic health.

Epidemiological studies show that regular exercise participation re-
duces the risk of developing non-insulin-dependent diabetes.66–68 More
than 35 years ago Holloszy et al.69 published data showing that a decline
in glucose tolerance and insulin sensitivity is prevented by performing
regular exercise. Further, prolonged and frequent exercise participation
has been shown to normalize glucose tolerance by decreasing insulin
resistance in individuals having impaired glucose tolerance.69 However,
to date, few published studies have evaluated changes in glycemic vari-
ability following exercise training as opposed to general exercise
participation. Because limited published findings are available, exercise
training interventions of a week or greater are included in this section
(Table 4).

Despite the limited number of exercise training studies, the evidence
remains consistent with previous literature observing the influence of a
single exercise session or repeated exercise sessions in non-diabetic and
type 1 and type 2 diabetic adults on glycemic variability. Mikus et al.70

found that 7 days of moderate-intensity aerobic exercise training
(~60 min per exercise session) positively influenced glycemic control
and variability in adult type 2 diabetics. Presently, an absence of evi-
dence exists in the literature regarding the impact of regular exercise on
glycemic variability.70 Additionally, studies incorporating extended (> 1
week) exercise programs found alterations in glycemic control and
variability were exercise intensity-dependent rather than due to exercise
participation. These studies found that HIIE and interval walking, as
opposed to low-intensity continuous exercise are more beneficial for
glycemic control and variability in type 2 diabetic adults.71,72 Karstoft
et al.71 found that CGM-assessed glycemic control worsened in a
Conclusion Strengths and limitations

er of
the
ercise
bitual

7 days of aerobic exercise training
reduces postprandial glucose and
glycemic control in free-living
individuals with type 2 diabetes.

Strengths:
Controlled exercise setting
Limitations:
Small sample size; volume of
exercise performed was above
recommended guidelines

ntrol
imum
in the

Continuous-walking exercise may offset
the deleterious effects of no exercise,
while interval-walking exercise may
superiorly improve measures of glucose
concentrations in type 2 diabetic adults.

Strengths:
Extended exercise intervention;
inclusion of a control group;
applicable to a free-living
condition for exercise and
glucose control
Limitations:
Small sample size; limited to
type 2diabetic adults

s 24-h
f the
and

Twelve weeks of low-volume HIIT
improved glycemic control and glycemic
variability.

Strengths:
Standardized 12-week HIIT
exercise program
Limitations:
Older sample limited to type 2
diabetic adults; unable to
account for participant
characteristics differences

raining on glycemic control and glycemic variability in type 2 diabetic adults. The
ions in glycemic control and glycemic variability; 4) conclusions derived from the
itations of each study.
ensity interval training; HbA1c ¼ hemoglobin A1c; SD ¼ standard deviation;



J.R. Sparks et al. Sports Medicine and Health Science 3 (2021) 183–193
non-exercise control group, improved following 4 months of 60 min per
day of interval walking, and did not change following 4months of 60 min
per day of continuous walking.71 Further, Francois et al.72 found that 12
weeks of prescribed HIIE decreased glycemic variability measured as SD
of 24-h mean glucose concentration and MAGE compared to pre-exercise
training values in type 2 diabetic adults.72

These findings provide evidence that high-intensity or interval exer-
cise improves glycemic control and variability in type 2 diabetic adults.
The literature also supports using supervised aerobic and resistance ex-
ercise, or free-living walking interventions of varying modalities to
improve glycemic control and variability in adults with type 2 diabetes.
This literature also supports that implementing regular physical activity
and exercise in type 1 diabetics, overweight or obese, and otherwise
healthy adults improves metabolic health in addition to traditional
treatment of metabolically compromised individuals.

Discussion

General discussion

Findings from studies highlighting the importance of the relation-
ships that exist between sedentary behavior and physical activity with
glycemic control and variability assessed by CGM in a variety of pop-
ulations were consistent. Decreasing sedentary behavior and increasing
physical activity improve glycemic control and variability. Further, the
discussed studies provide insight into how CGM is incorporated as a
measure of glycemic control and variability in addition to traditional
clinical measures. However, when examining CGM-assessed glycemic
variability, further consideration for other lifestyle factors, including
free-living dietary patterns or structured physical activity, such as exer-
cise, could provide information on how to further improve glycemic
variability outside of decreasing time spent sedentary and increasing
physical activity. This was exemplified when examining the influence of
a single bout or repeated bouts of exercise on glycemic control and
Figure Panel 1. Figure Panel 1. Mechanistic Considerations for Glycemic Variability
the 1A) Relationship between Sedentary Behavior and Physical Activity with Glycemi
and 1C) Influence of Chronic Exercise Training on Glycemic Variability.
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variability. When attempting to improve glycemic profiles through tar-
geted exercise prescription, these studies highlight the importance of a
single exercise session or repeated exercise sessions, regardless of exer-
cise modality and lasting for at least 24-h post-exercise, to improve gly-
cemic responses and glycemic variability in type 2 diabetic adults. When
examining the influence of chronic exercise training on glycemic control
and variability, the presented studies provided evidence that high-
intensity or interval exercise improves glycemic control and variability
in type 2 diabetic adults. The literature also supports using supervised
aerobic and resistance exercise, or free-living walking interventions of
varying modalities to improve glycemic control and variability in adults
with type 2 diabetes. This literature also supports that implementing
regular physical activity and exercise in type 1 diabetics, overweight or
obese, and otherwise healthy adults improves metabolic health in addi-
tion to traditional treatment of metabolically compromised individuals.

Mechanistic considerations for the relationship between sedentary behavior
and physical activity, the influence of an acute bout or repeated bouts of
exercise, and adaptation to chronic exercise training on glycemic variability

As highlighted in Figure Panel 1, there are several mechanistic con-
siderations that influence glycemic variability that remain to be
addressed. When seeking to understand the relationship between
sedentary behavior and physical activity with glycemic variability
(Fig. 1A) there are specific considerations to be drawn. The maintenance
of lower levels of sedentary behaviors and higher levels of physical ac-
tivity improve pancreatic β-cell function and insulin sensitivity,73 while
also promoting systemic and central insulin sensitivity and glucose up-
take.74 These physiological adaptations that occur over time allow for
enhanced glycemic control by increasing time spent in-range
(70–180 mg/dL)75 and decreasing the prevalence of extreme peaks and
nadirs in glucose concentrations throughout the day thereby decreasing
glycemic variability.

Unlike Fig. 1A highlighting the mechanistic considerations for the
relationship between sedentary behavior and physical activity with
. Figure Panel 1 includes 3 figures to discuss the mechanistic considerations for
c Variability, 1B) Influence of an Acute Bout of Exercise on Glycemic Variability,
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glycemic variability, the influence of an acute bout of exercise on gly-
cemic variability is primarily driven by systemic skeletal muscle glucose
uptake necessary for fueling skeletal muscle contraction during exercise
(Fig. 1B).76 However, despite this initial enhanced insulin sensitivity
allowing for increased glucose uptake, the benefits of an acute bout of
exercise may be abolished by central mechanisms aimed at the mainte-
nance of glucose concentrations, via decreased insulin secretion and
increased glucagon secretion from the pancreas and increased gluco-
neogenesis and glycogenesis in the liver.77 As such, without the main-
tenance of an exercise routine, the subsequent 48–72 h may either return
to normal or have exacerbated glycemic responses in a free-living con-
dition and potentially maintain or increase glycemic variability
compared to pre-exercise.

Similar to Fig. 1A highlighting the mechanistic considerations for the
relationship between sedentary behavior and physical activity with gly-
cemic variability and building upon mechanistic considerations made in
Fig. 1B describing the influence of an acute bout of exercise, the influence
of chronic exercise on glycemic variability is driven by physiological
adaptations to both central and systemic mechanisms which regulate
glycemic control (Fig. 1C).77 As with the maintenance of higher levels of
physical activity, there are noted improvements in pancreatic β-cell
function and insulin sensitivity.78,79 In addition to these mechanistic
considerations, the continual engagement in exercise specifically targets
increases in skeletal muscle mass contributing to increased skeletal
muscle glucose uptake,80 and decreased adipocyte depots embedded
within adipose tissue and reducing insulin resistance and thereby
increasing insulin sensitivity.81 Unlike an acute bout of exercise, the
continual engagement in exercise elicits chronic physiological adapta-
tions in the liver to enhance glucose metabolism and decreases insulin
clearance which reduces the prevalence of peaks and nadirs in glucose
concentrations.82 Collectively, these mechanistic adaptations allow for
enhanced regulation of glucose concentrations and limiting glycemic
excursions thereby decreasing glycemic variability, which may be
maintained for an extended period post-exercise.

Understanding the similar findings between studies, evaluation methods, and
modalities of exercise: Implications for future research studies

Understanding the relationship between sedentary behavior and
physical activity, the influence of a single bout or repeated bouts of ex-
ercise, and the adaption to chronic exercise training on glycemic vari-
ability remains complex. On the surface, the overarching findings suggest
that decreasing sedentary behavior and increasing physical activity, as
well as engaging in structured physical activity, known as exercise,
positively influences glycemic variability regardless of the basic princi-
ples of exercise prescription, including frequency, intensity, time, and
type.83 However, recently published secondary data analyses have pro-
vided evidence that individual-level differences exist when evaluating
the relationship between sedentary behavior and physical activity with
CGM-assessed glucose concentration and glycemic variability.84 Simi-
larly, past research has identified that there exists the colloquially
identified “responders” and “non-responders” to exercise based on
modifiable and non-modifiable factors, such as genetic, physiological,
and environmental contributors.85–87

The future of precision medicine to target glycemic control and
variability warrants individual-level prescription based on these factors.
To effectively improve this measure of glycemic health, clinicians need to
understand those who are most at-risk for impaired glycemic health (i.e.,
increased glycemic variability) and whether a specific type of interven-
tion that needs to be implemented. In April and May 2021, The National
Institutes of Health (NIH) released Notices of Special Interest on the
development and testing of multilevel physical activity interventions to
improve health and well-being in a variety of populations that include
novel assessments of cardiometabolic health (NOT-OD-21-087; NOT-OD-
21-120). Therefore, based on these considerations and evidence provided
in the present review, researchers need to better understand how to
incorporate sensitive measurement techniques, such as glycemic
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variability assessment using CGM, in conjunction with appropriate ap-
proaches to enhance physical activity.

Conclusion

Although physical activity and exercise are important treatment
strategies to improve glycemic variability, the impact of exercise training
on free-living glycemic control and variability remains largely unex-
plored in most populations. The introduction and advancement of CGM
technology have enabled researchers and practitioners to assess how
lifestyle factors impact glycemic health in a free-living environment.
Current literature has demonstrated that relationships exist between
glycemic control and variability with sedentary time and physical ac-
tivity. Furthermore, a single exercise session or repeated exercise ses-
sions, and exercise training do beneficially impact glycemic control and
variability immediately following exercise, especially in adults diagnosed
with type 2 diabetes. Future research studies should consider individual-
level factors, as well as the modality of physical activity and exercise in
the therapeutic treatment aimed to improve glycemic variability across
all populations. The future of precision medicine to prevent the onset of
impaired glycemic health requires an appropriate prescription. As such,
attention should be placed on the individual, as well as the group of
participants as a whole to effectively target reducing disease risk.
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