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ABSTRACT

MELIN, A., E. LESPAGNOL, S. TAGOUGUI, J. DEREUMETZ, P. MOREL, S. BERTHOIN, C. PARENT, A. COQUART, C.
STUCKENS, C. LEFEVRE, G. BAQUET, R. RABASA-LHORET, and E. HEYMAN. Acute Effects of Daily Life Spontaneous and Struc-
tured Physical Activity on Glycemia in Children with Type 1 Diabetes. Med. Sci. Sports Exerc., Vol. 57, No. 9, pp. 1838—1851,2025. Objectives:
In type 1 diabetes, glycemia management is rendered complex through the confounding influence of spontaneous physical activity (PA),
particularly frequent in children. We aim to understand the glycemic effects of self-reported PA and cumulative spontaneous PA in their
everyday life, controlling for carbohydrate intake and insulin. Methods: In this 7-d observational study, 45 children/adolescents (21 females,
11.7 + 3.4 yr) wore a continuous glucose monitoring system and accelerometer, completing diaries about PA, diet, and insulin. Types of PA
included (i) self-reported PA and its characteristics (duration, subjective intensity) and conditions (previous sessions, timing and pre-exercise
carbohydrate intake, insulin-on-board, glycemia), and (ii) spontaneous cumulative PA (accelerometry) adjusted for sedentary time. Linear
mixed models were used with results expressed as the estimated coefficient “e.” In cases of skewed continuous dependent outcomes contain-
ing a preponderance of zero % values, random-intercept binary logistic regressions were used with results expressed as odds ratios (OR). Re-
sults: Accumulating moderate-to-vigorous PA during the late afternoon (e = —0.32, P = 0.039) was associated with decreased concomitant time
spent >13.9 mmol-L . Time spent >10.0 mmol-L " during self-reported PA was lower when children consumed less high-glycemic-index carbo-
hydrates the previous hour (e =+0.49, P = 0.034; albeit found only in one model out of two) or were physically active before the session (tendency:
e=-11.58, P<0.07). PA conditions were not significantly associated with hypoglycemia. Risk of spending some time <3.9 mmol-L.™" during ses-
sions was higher in the case of longer PA duration (OR = 1.02, P = 0.008). Risk of nocturnal time <3.0 mmol-L~" was greater when children per-
formed longer duration structured PA (OR = 1.02, P = 0.054) or accumulated more afternoon vigorous-intensity PA (OR = 1.06, P = 0.04). Con-
clusions: Increasing spontaneous active behavior during the late afternoon could help reduce daytime spent >13.9 mmol-L™". There is a possibility
that hyperglycemia during exercise could be limited by multiplying daily PA sessions or avoiding excessive pre-exercise carbohydrate intake. How-
ever, as only sessions characteristics, especially duration, predicted time <3.9 mmol-L ™" during PA and <3.0 mmol-L ™" the following night,
simplified guidelines (not considering PA conditions) on hypoglycemic risk could be developed. Key Words: ACCELEROMETERY,
CARBOHYDRATES, EXERCISE, HYPERGLYCEMIA, HYPOGLYCEMIA, MONITORING AMBULATORY

n type 1 diabetes, being physically active can improve
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quality of life, physical fitness, body composition, lipid
profile, and cardiac function (1-4). Encouraging active
behavior from childhood is important in setting foundations
for healthier lifestyles in adult life (5). However, many children
with type 1 diabetes do not meet physical activity (PA) guide-
lines (6) and are less active than their nondiabetic peers (7).
Risks of hypoglycemia and, albeit to a lesser extent, of hyper-
glycemia represent two main barriers to PA in children with
type 1 diabetes (6).
Contrary to what happens in nondiabetic individuals, exog-
enous insulin in those with type 1 diabetes cannot be adjusted
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once administered. As a result, PA can lead to hypoglycemia due
to factors such as increased muscle glucose uptake alongside re-
duced hepatic glucose production, accelerated insulin absorption,
enhanced insulin sensitivity during recovery, and nighttime gly-
cogen store repletion. Conversely, PA may also result in hyper-
glycemia, particularly during high-intensity exercise (8,9), due
to the impact of catecholamines on hepatic glucose production
and of muscle lactate oxidation on spare blood glucose (10).

Studies have historically focused on exercise-induced hypo-
glycemia prevention (11), with limited consideration for the
hyperglycemic risk (9). Such studies typically occurred in con-
trolled laboratory settings (12—14). Laboratory conditions fail
to capture the diversity of real-life PA scenarios, including the
multiple possible variations and interaction of intensity, duration,
timing, repeated bouts of exercise as well as glucose values, trends
and possible insulin therapy adjustments, and/or snack intake.

Only a limited number of studies have examined the links be-
tween self-reported PA sessions and glycemic metrics in real-
world settings. Some of these studies focused on standardized
PA sessions, which did not fully capture the variety of daily-
life PA situations. For instance, participants were randomly
assigned to complete one of three video-guided exercises at
home, totaling at least six sessions over a 4-wk observational
period (15,16). To the best of our knowledge, only five studies
have so far explored the effects of free-living (i.e., not study-
assigned) self-reported PA sessions in adults (17-19) or adoles-
cents (20,21) with type 1 diabetes. These studies suggest that a
greater duration (17-19,21) or intensity (17) of exercise as well
as lower glucose levels or higher insulin-on-board prior to exer-
cise (17,19) may increase hypoglycemic risk during exercise
(19) and the subsequent 24-h period (17,18,21).

Besides, the impact of everyday life PA on glycemia is con-
founded by the interference of accumulated spontaneous PA
(i.e., not identified by the participant), and especially in child-
hood (e.g., getting up to go to the blackboard in class, playing
at home) (22). Eight studies (five in adults [23-27], three in
children/adolescents [28-30]), based on models including
within- and between-participant effects, explored the associa-
tion between glycemic outcomes and incrementing cumulative
PA measured with activity trackers and expressed as a contin-
uous outcome (i.e., not merely a simple comparison between
glycemic metrics averaged across days classified into two or
three categories of cumulative PA). They showed that longer
time spent in moderate and/or vigorous PA (26-28,30) or total
PA (23,27) increased hypoglycemic risk during the concomi-
tant awake (27) and subsequent nocturnal (26-28,30) period,
as well as decreased postprandial glucose levels of the first-
(29) or last- (24) bolused meal of the day. However, these stud-
ies did not consider the confounding effect of sedentary time.

Dietary carbohydrates (CHO) are a major determinant of
glycemia and one of the primary strategies offered to individ-
uals for manage glycemia around exercise. Of the 13 studies
on everyday life PA mentioned previously, only one con-
trolled analysis using accurately recorded CHO intake (i.e.,
through food diaries rather than relying on CHO subjectively
counted by the participant) (29). However, this study investi-

gated only a limited 4-h period following breakfast. However,
appetite and spontaneous energy intake are known to be influ-
enced by exercise itself and its characteristics (31).

Moreover, the risk of hyperglycemia has been only rarely consid-
ered (15,18,25,29), with (i) no available data on the association be-
tween spontaneous accumulated PA and daytime or nighttime hy-
perglycemia and (i) no information on hyperglycemia during self-
reported PA sessions. Hyperglycemia during these periods could
nonetheless have consequences on sports performance (32)
or vascular complications (33) over the short or long term.

Our study aims to explore how the characteristics (intensity,
duration) and conditions (e.g., number of previous sessions;
timing; pre-exercise CHO intake, insulin on board, glycemia)
of self-reported PA sessions in everyday life are associated
with glycemic metrics during and after exercise in children liv-
ing with type 1 diabetes. We also investigated the associations
between objectively measured cumulative (i.e., including
nonidentified spontaneous activities) moderate and/or vigor-
ous PA as well as of sedentary time with both hypo- and hy-
perglycemic risks during several clinically relevant periods
(e.g., daytime, postprandial, nighttime). In all the analyses,
confounding factors such as participant characteristics, insulin,
and food intake were considered.

METHODS
Study Design

This observational cross-sectional retrospective study (from
2016 to 2022) is part of a noninterventional educational therapeu-
tic program (Data Protection and Freedom of Information, decla-
ration 026-03-13-GC/VB). It was approved by the CERSTAPS
(France) ethics committee (No. IRB00012476-2023-26-06-258)
and was performed in accordance with the ethical standards
as laid down in the 1964 Declaration of Helsinki and its later
amendments or comparable ethical standards.

Participants

Fifty-eight children and adolescents (Fig. 1) attending the
Pediatric Unit at Lille University Hospital (France) volunteered
for this study. The inclusion criteria specified an age range of >4
and <19 yr, diagnosis of type 1 diabetes for >1 yr, and no change
in insulin delivery method (i.e., multiple daily injections (MDI)
or continuous subcutaneous insulin infusion (CSII)) over the pre-
vious 3 months. Children and their parents were orally informed
that, after anonymization, their data could be used for research
analyses and publication. Parents of children who did not rou-
tinely wear a CGM device gave their written informed consent
for the insertion of the iPro2 (Enlite, Medtronic) sensor and the
analysis of CGM data. Their children provided informed assent.

Procedures

At a first visit, we provided the equipment to be worn (ac-
celerometer, continuous glucose monitoring (CGM) sensor
for those without) and the diaries to be completed (PA, diet, in-
sulin) during the 7 subsequent free-living days.

KID RIDING THE GLUCOSE EXERCISE ROLLERCOASTER

Medicine & Science in Sports & Exercises 1839

Copyright © 2025 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.

S3IDN3IDS DISvE



n
|
O
P
Ll
&,
va)
O
N
<C
o)

N=58 participants
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2 set of analyses

Effect of ive PA or
sedentary time (accelerometry)
over several periods of the day

—

N=45 participants

N=41 participants with 312 PA sessions reported

Reason for deleting PA sessions
12 sessions > Glucose sensor malfunction during activity period
40 sessions > Exact time of PA missing

10 sessions > Insulin data missing

| N=41 participants with 250 correct PA sessions |

{ Reason for deleting 7 sessions = Taking a snack or insulin
{ injection while moving or taking active breaks at school | [

Resson f 3 " 1.} N=4— participants with soft mobility sessions and/or breaks at school sessions | «
e =31 only. One self-reported session in leisure-time deleted because lasting < 5 i 1 set of analyses

Effects of self-reported PA sessions in

N=37 with 118 self-reported sessions in clubs, leisure-time, education at school on glycemic metrics
or physical education at school

clubs, leisure-time, and physical

during the sessions

Effects of self-reported PA sessions in

N=37 with 117 self-reported sessions in clubs, leisure-time,
or physical education at school

clubs, leisure-time, and physical
education at school on glycemic metrics
during the 2-hour recovery period

5 sessions > G

Effects of self-reported PA sessions in

N=37 with 90 self-reported days including session(s) in clubs, leisure-time, and physical
clubs, leisure-time, or physical education at school

education at school on glycemic metrics
during the subsequent night

FIGURE 1—Trial profile.

CGM. For participants who did not use an intermittently
scanned CGM sensor (value every 15 min) on a day-to-day basis
(Table 1), a professional masked CGM sensor (Enlite iPro2,
Medtronic; value every 5 min) was inserted, and they were asked
to measure capillary blood glucose levels at least 4 times per day
for subsequent sensor calibration. Glycemia changes during
reported PA sessions as well as percentage times spent in hypo-
glycemia (<3.0 mmol-L ™" for level 1, <3.9 mmol-L™" for level 2),
normoglycemia (between 3.9 and 7.8 mmol-L™" [34] or 3.9
and 10.0 mmol-L™"), hyperglycemia (>10.0 mmol-L™" for
level 1,>13.9 mmol-L ™" for level 2), and glycemic variability
(coefficient of variation) (35,36) over specific time periods
(Supplemental Tables 1 and 2, Supplemental Digital Content,
http:/links.lww.com/MSS/D228) were calculated (Supple-
mental Table 2, Supplemental Digital Content, http://links.
Iww.com/MSS/D228). Only periods with at least 70% of
CGM values were kept for analyses.

PA recordings. In the 7-d diary, children were helped by
an adult to report scheduled (routinely or occasionally) and un-
scheduled PA sessions at sports clubs, in leisure time, and at
school, as well as when moving around or during active breaks
at school. They indicated the type of PA and its time, duration,
and subjective intensity (light, moderate, or vigorous).

Participants wore a uniaxial accelerometer (ActiGraph,
GT1M, epoch set at 5 s to better detect very short bouts of vig-
orous PA) on their right hip from the moment they woke up
until bedtime (times recorded in the diary). For a day to be
valid, the accelerometer had to be worn for at least 10 h per
weekday or 8 h per weekend day (37,38). Data were analyzed
using ActiLife software (version 6.13.3), excluding nonwear
periods as defined by Troiano et al. (39) (i.e., at least 60 min
of consecutive zeros, allowing for up to 2 min of nonzero
interruptions) and using thresholds for activity levels
(1012295 accelerometer counts per minute as light intensity,

22964011 counts per minute as moderate intensity, >4012
counts per minute as vigorous intensity) and sedentary time
(<100 accelerometer counts per minute) from Evenson et al.
(40). These thresholds were selected due to their validation
in children through comparison with calorimetry in studies
involving short epochs (15 s) and wide ranges of PA types
(for a review, see Herman-Hansen et al. [41]). Accelerometry
data were analyzed throughout the day as well as during
specific periods including morning, afternoon, and late afternoon
(Table 2). Moderate-to-vigorous PA (MVPA) was also ana-
lyzed during the aforementioned self-reported PA sessions.

Diet and insulin recordings. For each meal/snack, par-
ticipants (assisted by an adult) recorded the time, type, and
amount of food consumed, with the option of photographing
the snack or the meal in its container (adding a second photo
when the participant did not finish the meal) and/or of weighing
the ingredients. During a follow-up appointment after the 7-d
recordings period, participants and their parents were interviewed
by research staff to meticulously gather additional details, such as
brand names, fat content, cooking methods, and portion sizes.
When participants did not photograph their meals or weigh the in-
gredients, portion sizes were estimated using the “SUIVIMAX”
booklet containing standardized meal photographs. These detailed
food diaries, cross-checked with meal photographs when avail-
able, enabled accurate estimation of both the quantity and quality
of macronutrients consumed. Low and high glycemic index CHO
values were determined for each meal/snack.

For each snack or meal taken, participants were instructed
to record the doses and timing of rapid-acting insulin or bolus
insulin administered. The diary included dedicated sections to
log additional doses of rapid-acting insulin or bolus insulin
given throughout the day, as well as any adjustments to
long-acting insulin (though these were relatively infrequent)
or basal rate changes for MDI or CSII users, respectively.

1840  Official Journal of the American College of Sports Medicine

http://www.acsm-msse.org

Copyright © 2025 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.


http://www.acsm-msse.org

TABLE 1. Participant characteristics (n = 45).

Mean + SD (Min-Max)

Further Details

Anthropometric and demographic data

Age (yr) 11.7 + 3.4 (4.0-18.2) <10yr:n=14,>10yr. n=31
Sex (boys/girls), n 24/21
BMI (kg-m~2) 19.3 + 4.3 (14.0-35.9)

z-Score for BMI

HbA (%)
HbA+ (mmol-mol™")
Diabetes duration (yr)

04+12(-19-32)

7.7£1.0 (6.1-11.1)
61.1 + 115 (43.2-97.8)
5.7+ 3.8 (0.9-14.3)

Between +1 SD and +2 SD, overweight:
n=10,>+2 SD, obesity: n=3
<7.0:n=11,<75:n=21,>8.0: n=16

>10.0: n=7,<10.0: n=38

Insulin delivery? (CSII/MDI), n 21/24
Usual daily insulin dose (U-kg™"-d™") 1.0+ 0.4 (0.3-2.4)
CGM users in everyday life n=>5 System used: FreeStyle Libre Flash,

Gold score”

PWC 170 (W-kg™)

Weekly daytime (from the beginning to the
end of the day) CGM data

Mean sensor glucose (mmol-L™")

% time <3.0 mmol-L™

% time <3.9 mmol-L”!

% time between 3.9 and 10.0 mmol-L™"
% time >10.0 mmol-L™*

% time >13.9 mmol-L™

Coefficient of variation (%)

Weekly nighttime (from 2 h post-dinner to
breakfast the next day) CGM data
Mean sensor glucose (mmol-L™")

% time <3.0 mmol-L™!

% time <3.9 mmol-L"

% time between 3.9 and 10.0 mmol-L™*
% time >10.0 mmol-L™"

2413 (n=38)
1.9+ 0.5 (0.8-2.7) (1= 34)

9.4+18 (57-142)
2.2+ 4.1(0.0-18.0)
7.2.+7.9 (0.0-40.4)

52.3 + 14.9 (25.4-85.0)

405 +17.9 (1.4-72.2)

15.4 £ 11.5 (0.0-51.7)

35.2 + 7.0 (22.6-56.9)

9.3+2.4 (4.3-145)
4.2+ 8.7 (0.0-52.0)
102+ 13.9 (0.0-61.3)
49.0 + 195 (10.9-89.2)
40.8 + 24.3 (0.0-89.1)

Abbott Diabetes Care
Score >4: n=8

>1% of time for n=17
>4% of time for n=25
<70% of time for n= 38
>25% of time for n= 37
>5% of time for n= 36
>36% for n=18

>1% of time for n=20
>4% of time for n=25
<70% of time for n=39
>25% of time for n=32

% time >13.9 mmol-L™" 15.6 +15.2 (0.0-53.3) >5% of time for n=29
Coefficient of variation (%) 24.6 +7.6 (13.6-46.8) >36% for n=2

Objective usual PA (from 7-d accelerometery)
Total time in MVPA (min-d™") 52.9 £21.1 (24.4-102.2) At least 60 min-d~", n =12
Total time in MVPA (min per weekday) 51.5+21.3(18.9-99.4) (n=42) At least 60 min per weekday, n= 16
Total time in MVPA (min per weekend day) 48.9 + 28.7 (8.6-114.9) (n=43) At least 60 min per weekend day, n=12
Total time in light PA (min-d™") 195.6 + 74.8 (72.6-395.2)

Total time in moderate PA (min-d™")
Total time in vigorous PA (min-d™")
Total sedentary time (min-d™")
Total sedentary breaks (min-d™")

335+ 12.3 (16.7-69.2)
16.1 = 9.6 (0.4-40.5)

582.6 + 106.1 (346.2-786.4)

125.1 + 29.9 (45.6-396.2)

S3IDN3IDS DISvE

Three main barriers to PA (BAPAD-1 score,

7-point Likert scale)®

Fear of hypoglycemia

Fear of loss of diabetes control
Weather conditions

3.7+2.1 (n=40)
2.8+1.9 (n=40)
2.7+1.8 (n=38)

Score >4: n=17
Score >4: n=9
Score >4: n=7

In the column displaying “Mean + SD (min—-max),” the number of subjects is indicated for outcomes where some data are lacking. The HbAq, is the last one performed within the 3 months before

the laboratory visit. Sex was self-reported.

2 None closed-loop.

5 Gold questionnaire hypoglycemia awareness score.
¢ BAPAD-1, the questionnaire on barriers to PA is rated on a scale of 1 to 7 (1 = extremely unlikely to 7 = extremely likely).
PWC4-, physical work capacity test at 170 bpm, as an indicator of aerobic fitness.

TABLE 2. Periods of the day considered for glycemic outcomes (dependent variables) and for PA/sedentary, insulin, and diet covariates used in the 2nd set of analyses.

Periods Considered for the Glycemic
Outcomes (Dependent Variable)

Periods of the Day Considered for

Cumulative PA and Sedentary
Outcomes (Covariates)

Insulin Administration
Considered (Covariate)

Dietary Intake Considered (Covariate)

Day

Morning
Afternoon

Late afternoon
Lunch

Dinner

Dinner
Subsequent night
Subsequent night
Subsequent night

Day

Morning
Afternoon
Late afternoon
Morning
Afternoon
Late afternoon
Day

Afternoon
Late afternoon

Sum of long (or basal) and rapid-acting
insulin during the same period as
that for glycemic outcome

Rapid-acting insulin during the same
period as that for glycemic outcome

Sum of long (or basal) and rapid-acting
insulin during subsequent night

All CHO during the same period as that
for glycemic outcome

All CHO during the same period as that
for glycemic outcome

All night CHO (including sum of low and high
glycemic index CHO consumed during subsequent
night + only low glycemic index CHO from dinner)

Day, waking-up to bedtime; Subsequent night, from 2 h post-dinner to breakfast the next day; Lunch, from start of lunch to 2 h later; Dinner, from start of dinner to 2 h later; Morning, from waking
up to start of lunch; Afternoon, from 1 h post-lunch to start of dinner; Late afternoon, from 5 PM to start of dinner.
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Statistical Analyses

As this was a convenience sample retrospective analysis, we in-
cluded all available participant data without calculating an a priori
sample size. However, we found a posteriori good statistical power
(e.g., 69% for the association between the duration of self-reported
PA session and level 1 hypoglycemia during the session; 87% for
the association between vigorous PA accumulated throughout the
day on subsequent night level 2 hypoglycemia) for our significant
effects (calculated using the “powerSim” function from the “Simr”
package in R software). As expected, associations with a P value
>(.1 exhibited low statistical power and should be interpreted as in-
sufficient evidence to suggest an association.

Statistical analysis used IBM SPSS version 28.0. Linear
mixed models or binary logistic regressions with random inter-
cept were used to assess the association between free-living
PA and glycemic metrics (Supplemental Table 2, dependent
variables, Supplemental Digital Content, http://links.lww.
com/MSS/D228), consistently controlling in all the models
for food intake, insulin administration (Supplemental Tables 1
and 2, Supplemental Digital Content, http://links.lww.com/
MSS/D228) and participant characteristics: age, children/
adolescent “>10 vs <10 yr,” sex, body mass index (BMI) z-
score, diabetes duration, “MDI vs CSII” treatment method,
usual daily insulin dose (U-kg '-d "), last HbA ., training level
as reflected by average MVPA for a typical week (min-d ")
(42). In all models, a random participant intercept was included.

In the first set of analyses, we explored the associations be-
tween self-reported PA sessions and glycemic metrics during
the session, during the 2 h post-session (early recovery) and
from 2 h post-dinner to breakfast the next day (late recovery).
PA sessions included only sports (clubs, physical education at
school) and leisure-time sessions in the main analysis (Fig. 1).
Explanatory variables added in the models included PA char-
acteristics (in successive models 1) duration and subjective in-
tensity and ii) objectively measured time spent in MVPA, with
accelerometry, during the session) as well as PA conditions
(time, pre-exercise CHO intake, insulin-on-board, time elapsed
from last bolus, pre-exercise glucose, CGM delta during the
30-min pre-exercise period, number of previous sessions in
the same day; Supplemental Tables 1 and 4, Supplemental
Digital Content, http:/links.lww.com/MSS/D228).

In the second set of analyses, we explored the associations
between cumulative PA and sedentary time (accelerometry re-
corded) over different periods of the day on concomitant or
subsequent glycemic (CGM) outcomes (Table 2). Cumulative
PA characteristics included in successive models were 1)
MVPA and sedentary time (43,44), ii) number of sedentary
breaks (i.e., each interruption in sedentary time (accelerometer
counts per minute > 100)) and sedentary time, iii) time spent in
vigorous-intensity PA adjusted with light- and moderate-
intensity PA (Supplemental Table 4, Supplemental Digital
Content, http:/links.lww.com/MSS/D228). In all models,
CGM value at the start of the period considered for glycemic
outcomes was included as a covariate.

The random-intercept binary logistic regressions were used
in cases of skewed continuous dependent outcomes containing

a preponderance of zero % values. These outcomes were trans-
formed into categorical variables with two categories, that is,
one category for 0% and the other for values greater than 0%.

Results are expressed as the estimated coefficient (“e”) for
both linear mixed models and binary logistic regressions, and
for binary logistic regressions also as odds ratios (OR). For all
the linear mixed model, residuals for both fixed and random ef-
fects were checked, and the assumption of normality appeared
to be met (based on Q-Q plots). The hypothesis of no collinear-
ity was checked using Variance Inflation Factor calculations.
To account for repeated analyses, Bonferroni corrections were
applied to P values based on the number of models focused
on a same dependent outcome. After correction, P < 0.05 was
considered statistically significant, and P < 0.1 was considered
a tendency. These associations with significant P values or with
tendency are explicitly presented in the results and addressed in
the discussion only when their magnitude is deemed meaning-
ful from real-word and physiological perspectives (45).

RESULTS

Participant characteristics are summarized in Table 1 and
Supplemental Table 5 (Supplemental Digital Content, http://
links.lww.com/MSS/D228). None were using hybrid closed
loop systems. Participants averaged 52.9 +21.1 min of MVPA
per day. Only 27% of the sample met the PA guidelines (i.e., to
an average of 60 min of MVPA per day, over a week [46]). Of
the 58 children/adolescents included in the study, 17 were ex-
cluded from the first set of analyses and 13 from the second
set due to faulty glucose or accelerometers sensors and/or data
missing in the diaries or, for the first of analyses, no self-
reported PA sessions (Fig. 1). For the 40 participants who wore
the iPro2 sensor, 82% of the days and nights were calibrated
using at least four capillary glycemia per day and 15% using
three capillary glycemia per day. All the data were used. Glyce-
mic metrics obtained around self-reported PA sessions and dur-
ing the day and nighttime periods studied are displayed in Sup-
plemental Tables 6 and 7, respectively (Supplemental Digital
Content, http://links.lww.com/MSS/D228). Table 3 gives de-
tails of characteristics and conditions for the 118 self-reported
PA sessions, of which 5 were stopped due to participant-
perceived hypoglycemia (Supplemental Table 8, Supplemental
Digital Content, http://links.lww.com/MSS/D228). Magnitude
of the associations between covariates and dependent variables
that were significant or with a tendency is presented in Table 4.

First Set of Analyses on Self-Reported PA Sessions
(N =41)

Associations with self-reported PA session char-
acteristics. Duration of self-reported sessions was a predic-
tor of the probability of spending time <3.9 mmol-L™" during
exercise. However, their subjective intensity was not. Duration
and MVPA of self-reported PA sessions were predictive (with
a tendency or significantly, respectively) of time spent in level
2 hypoglycemia during the subsequent night, and this to a
greater extent for MVPA (indicated by a higher estimated
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TABLE 3. Conditions and characteristics of the 118 self-reported sessions in clubs, leisure-time, and physical education at school.

Mean + SD (Min—-Max)

Further Details

Conditions of the sessions
Pre-exercise glycemia
(CGM value at the start of
session) (mmol-L™")

CGM delta during the 30-min
pre-exercise period (mmol-L™")
Time from last bolus to start of
exercise (min)

Insulin on board? at the start
of the session (U)

High glycemic index CHO
consumed in the hour before
exercise (g)

Morning (6:00 AM to 12:00 PM) vs
afternoon (12:00 Pm to bedtime)

Number of days including more
than one session

Characteristics of the sessions
Duration of the sessions (min)

Total time in light intensity
during the sessions (min)
Total time in moderate intensity
during the sessions (min)
Total time in vigorous intensity
during the sessions (min)
Total time in MVPA during the
sessions (min)

Subjective intensity of the
sessions

10.1 £ 4.3 (2.2-24.9)

+0.2+1.9 (-4.4 t0 +6.4)

158.3 + 162.0 (0.0-1020.0)

6.6+ 13.6 (0.0-79.2)

74.5 £ 41.1 (16.0-229.0)

26.2 +17.8 (0.1-17.8)
8.5+ 7.4 (0.0-43.0)
9.5+9.9 (0.0-26.9)

17.9 £ 15.0 (0.0-82.2)

<5.5 mmol-L™" for 13 sessions (11%),
<6.6 mmol-L™" for 22 sessions (19%),
>10.0 mmol-L™" for 55 sessions (47%),
>13.9 mmol-L™" for 15 sessions (13%),
>16.6 mmol-L™" for 8 sessions (7%)

Decreasing value for 55 sessions (47%)

98 out of 118 sessions were performed in
the postprandial state (i.e., <4 h from
last meal with a bolus) (83%)

0.112 £ 0.07 (0.019-0.45)

42 out of 118 sessions were performed
after consuming some high glycemic
index CHO 1 h before (36%),
including on average 18.8 + 17.2 ¢
(min 1.5-max 79.2)
84 out of 118 sessions
were performed during the
afternoon (71%)
18 d (concerns 12 children
with a maximum of 4
sessions per day) (15%)

>20 min for 114 sessions (97%), >30 min
for 94 sessions (80%), >60 min for
55 sessions (47%), >90 min for 35
sessions (30%)

No sessions were exclusively light intensity

5 out of 110 sessions of moderate intensity
did not have any vigorous intensity (5%)
No sessions were exclusively vigorous
intensity
>10 min for 71 sessions (60%), >20 min
for 39 sessions (33%), >30 min for
19 sessions (16%), >45 min for
7 sessions (7%), >60 min for
2 sessions (2%)
0f 118 sessions, intensity was
self-reported as vigorous for
36 sessions (31%), moderate
for 60 sessions (51%), and
light for 22 sessions (19%)

 Calculated using [(3 rapid-acting insulin in the 4 h before exercise x (1 - (time between exercise and bolus insulin/4)) + (basal insulin 4 to 3 h before exercise x 0.25 + basal insulin 3 to 4 h before
exercise x 0.5 + basal insulin 3 to 2 h before exercise x 0.75 + basal insulin in the hour before exercise))/daily insulin dose in units]; for MDI users, we divided daily basal insulin by 24 h (47).

coefficient as in Table 4, lower Akaike and Bayesian Informa-
tion Criteria, and greater sensitivity; Fig. 2A).

Time spent in hyperglycemia during exercise was not signifi-
cantly associated with exercise characteristics (Supplemental Table
9, Supplemental Digital Content, http:/links.lww.com/MSS/D228).

Longer time spent in MVPA during exercise was associated
with higher glycemic variability during sessions and late recovery.

Associations with conditions of self-reported PA
sessions. Low or high pre-exercise glycemia logically respec-
tively predicted hypoglycemia or hyperglycemia (Fig. 2B) dur-
ing exercise and early recovery (Supplemental Table 9, Supple-
mental Digital Content, http://links.lww.com/MSS/D228).

Higher initial glycemia was associated with a greater de-
crease in glycemia during exercise, whereas it was associated
with a higher glycemia increase during early recovery (Fig. 3).

Starting PA a long time away from a bolus (tendency) or after
consuming high-glycemic-index CHO (significant) in the previ-
ous hour was associated with a longer time >10.0 mmol-L ™" dur-
ing exercise, but this was found only in one model out of two

(Fig. 2B). Conversely, this hyperglycemic risk during exercise
tended to be reduced if children did other PA sessions on
the same day before the one in question (Fig. 2B). Neither
pre-exercise high-glycemic-index CHO nor performing addi-
tional PA sessions was significantly associated with hypo-
glycemic risk.

Morning versus afternoon PA sessions were associated with
increased level 1 hypoglycemia risk during early recovery (ten-
dency), whereas it was significantly associated with a decrease
in the risk of level 1 hyperglycemia (significant) and an increase
in time in range (tendency; Supplemental Fig. 1, Supplemental
Digital Content, http:/links.lww.com/MSS/D228).

Second Set of Analyses on Associations with
Objectively Measured Cumulative Moderate and/or
Vigorous PA and of Sedentary Time (N = 45)

Accumulating more MVPA during the late afternoon was
concomitantly associated with less time spent in level 2
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TABLE 4. Magnitude of associations between dependent variables and covariates with significance or a tendency (1st and 2nd sets of analyses).

Magnitude of Change for the Magnitude of the Effect on the
Explanatory Variable (Covariate) Dependent Variable PValue

Interpretation of linear mixed models results

vigorous-intensity PA during late afternoon

10.0 mmol-L-* during the following night would
decrease by 14.7 percentage points

For a 30-min increase in the duration of The mean coefficient of variation during exercise P=0.002
the self-reported PA session would increase by 3 percentage points
For a 30-min increase in MVPA during The mean coefficient of variation during exercise P=0.002
the self-reported PA session would increase by 8.6 percentage points
For a 30-min increase in the duration The mean coefficient of variation during late P=0.004
of the self-reported PA session recovery would increase by 2.4 percentage points
For a 30-min increase in MVPA during The mean coefficient of variation during late P=0.03
the self-reported PA session recovery would increase by 6.2 percentage points
For a 2.78-mmol-L-" increase in The mean A of glycemia during the self-reported P=0.002
pre-exercise glycemia? PA session would decrease by 0.96 mmol-L-1
For a 2.78-mmol-L-" increase in The mean A of glycemia during early recovery of P=0.006
pre-exercise glycemia? the self-reported PA session would increase
by 0.89 mmol-L-!
For a 180-min increase in time from The mean percentage of time spent >10.0 mmol-L-1 P=0.052
last bolus to start of exercise? during the self-reported PA session would
increase by 9.2 percentage points
For a 180-min increase in time from The mean coefficient of variation during the self-reported P=0.07
last bolus to start of exercisea PA session would decrease by 3.2 percentage points
For a 15-g increase in high glycemic The mean percentage of time spent >10.0 mmol-L-1 P=0.034
index CHO consumed during the hour during the self-reported PA session would increase
before exercisea by 7.4 percentage points
wn For a 15-g increase in high glycemic The mean A of glycemia during the self-reported P=0.07
L index CHO consumed during the hour PA session would increase by 0.76 mmol-L-1
) before exercise?
Z For a 5-U increase in insulin administered The mean coefficient of variation during early recovery P=0.046
'-LJ during early recovery of self-reported would decrease by 3.7 percentage points
(@) PA session2
(Vp)] For one additional previous PA session The mean percentage of time spent >10.0 mmol-L- P=0.054
@) during the same day@ during the self-reported PA session would
—_— decrease by 11.6 percentage points
2 For one additional previous PA session The mean percentage of time spent between 3.9 P=0.04
o during the same day? and 10.0 mmol-L-* during the self-reported PA
session would increase by 15.8 percentage points
For one additional previous PA session The mean A of glycemia during the self-reported P=0.04
during the same daya PA session would decrease by 1.39 mmol-L-1
For one additional previous PA session The mean percentage of time spent between 3.9 and P=0.06
during the same day2 10.0 mmol-L-* during early recovery would increase
by 15.9 percentage points
When the period of the day changes from The mean percentage of time spent >10.0 mmol-L- P=0.034
afternoon to morning@ during early recovery would decrease by
18.4 percentage points
When the period of the day changes from The mean percentage of time spent between 3.9 P=0.07
afternoon to morning@ and 10.0 mmol-L-" during early recovery would
increase by 16.5 percentage points
Accumulating 30 additional minutes of The mean percentage time spent <3.9 mmol-L-1 P=0.03
MVPA during the morning during the morning would increase by
5.0 percentage points
For a 5-U increase in insulin administered The mean percentage of time spent >13.9 mmol-L-1 P=0.02
during the morning? during the morning would decrease by 5.5
percentage points
For a 100-g increase in total CHO intake The mean percentage of time spent >10.0 mmol-L-" P=0.08
during lunchb.c during the postprandial lunch period would
increase by 21.2 percentage points
Accumulating 15 additional minutes of The mean percentage of time spent between 3.9 P=0.01
vigorous-intensity PA during the afternoon and 7.8 mmol-L- during the afternoon
would decrease by 9.1 percentage points
Accumulating 60 additional minutes of The mean percentage of time spent >10.0 mmol-L-1 P=0.024
sedentary time during the afternoon during the afternoon would increase by 4.6
percentage points
Accumulating 60 additional minutes of The mean percentage of time spent between P=0.02
sedentary time during the afternoon 3.9 and 7.8 mmol-L-' during the afternoon
would decrease by 4.2 percentage points
Accumulating 60 additional minutes of The mean percentage of time spent between P=0.03
sedentary time during the afternoon 3.9 and 10.0 mmol-L-' during the afternoon
would decrease by 4.2 percentage points
Accumulating 60 additional minutes of The mean percentage of time spent >10.0 mmol-L-1 P=0.08
sedentary time during the afternoon during the postprandial dinner period would
increase by 4.2 percentage points
Accumulating 30 additional minutes of The mean percentage of time spent >13.9 mmol-L-1 P=0.039
MVPA during late afternoon during late afternoon would decrease by 9.6
percentage points
Accumulating 60 additional minutes of The mean percentage of time spent <3.9 mmol-L-! P=0.09
sedentary time during late afternoon during late afternoon would increase by 2.4
percentage points
Accumulating 15 additional minutes of The mean percentage of time spent between 3.9 and P=0.08

Continued next page
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TABLE 4. (Continued)

Magnitude of Change for the

Magnitude of the Effect on the

Explanatory Variable (Covariate) Dependent Variable PValue
Accumulating 60 additional minutes of The mean percentage of time spent between 3.9 P=0.01
sedentary time during late afternoon and 7.8 mmol-L-" during the following night

would decrease by 7.1 percentage points
Accumulating 60 additional minutes of The mean percentage of time spent between 3.9 P=0.045
sedentary time during late afternoon and 10.0 mmol-L- during the following night
would decrease by 6.0 percentage points
For a 5-yr increase in diabetes durationa The mean percentage of time spent between 3.9 P=0.03
and 10.0 mmol-L-" during the self-reported
PA session would decrease by 17.5
percentage points
For a 1-unit increase in BMI z-score? The mean percentage of time spent between P=0.01
3.9 and 10.0 mmol-L-" during the self-reported
PA session would increase by 12.7
percentage points
For a 5-yr increase in diabetes duration? The mean percentage of time spent >10.0 mmol-L-1 P=0.08
during the self-reported PA session would
increase by 10.2 percentage points
For a 1-unit increase in BMI z-score @ The mean percentage of time spent >10.0 mmol-L- P=0.04
during the self-reported PA session would decrease
by 7.6 percentage points

Interpretation of the results of binary
logistic regressions with random
intercepts: The magnitude of the effect
is calculated based on an initial probability
of spending time in the specific glycemic
range, arbitrarily set at 20%

For a 30-min increase in the duration of the The probability of spending some time <3.9 mmol-L-! P=0.008
self-reported PA session during exercise would increase to 34%
For a 30-min increase in the total duration The probability of spending some time <3.0 mmol-L- P=0.054
of all self-reported PA sessions throughout the following night would increase to 28%
the day
For a 30-min increase in the total sum of The probability of spending some time <3.0 mmol-L-1 P=0.04
MVPA for all self-reported PA sessions the following night would increase to 58%
throughout the day
When the period of day changes from The probability of spending some time <3.9 mmol-L- P=0.094
afternoon to morning during early recovery would increase to 47.7%
Accumulating 15 additional minutes The probability of spending some time <3.0 mmol-L-1 P=0.021
of vigorous-intensity PA during the day the following night would increase to 35%
Accumulating 15 additional minutes The probability of spending some time <3.0 mmol-L- P=0.024
of vigorous-intensity PA during the the following night would increase to 43%
afternoon
Accumulating 15 additional minutes The probability of spending some time P=0.009
of vigorous-intensity PA during late <3.0 mmol-L-" the following night
afternoon would increase to 69%
For a 100-g increase in total CHO If the initial probability of spending some time P=0.04
during the following nighte >13.9 mmol-L-1 during the following night

is arbitrarily set at 20%, this probability

would increase to 64.8%

Interpretation of the results of multinomial
logistic regression with random intercept
Accumulating 60 additional minutes of If the initial probability of spending more than P=0.018

sedentary time during the afternoon 2.16% (i.e., the median) of the time
>13.9 mmol-L-" during the afternoon
is arbitrarily set at 20%, this probability

would increase to 30%.

This table presents the magnitude of associations for covariates that were significant or showed a tendency in the manuscript. The magnitude is calculated using changes in independent variables
arbitrarily set at plausible values, determined based on real-life contexts and physiological considerations, rather than the 1-unit changes corresponding to estimated coefficients (¢) from Sup-
plemental Tables 9-12, http:/links.lww.com/MSS/D228. The latter can be very small given the scale of the variables.

For binary logistic regressions with random intercepts, the reported magnitude reflects the change in the probability of being in a specific category, derived from the initial estimated coefficients
(see Supplemental Tables 9-12, http:/links.lww.com/MSS/D228) and assuming an initial fixed probability of 20%. For multinomial logistic regressions with a cumulative logit link and random
intercept, the magnitude represents the change in the probability of being in category “3” (i.e., values above the sample median).

P values in the table correspond to the initial estimated coefficients presented in Supplemental Tables 9-12, http:/links.lww.com/MSS/D228, and have been adjusted using the Bonferroni
correction.

4 Results are based on the model including the duration and subjective intensity of self-reported PA sessions as covariates. Comparable magnitudes were observed when using MVPA of self-
reported PA sessions as the covariate (see Supplemental Table 9, http:/links.lww.com/MSS/D228).

b Results are based on the mode! including MVPA and sedentary time as covariates. Comparable magnitudes were observed when using the number of sedentary breaks (adjusted for sedentary
time) or vigorous-intensity PA (adjusted for light and moderate intensity PA) as covariates (see Supplemental Table 11, http:/links.lww.com/MSS/D228).

¢ Total CHO was not significant when included in the model with vigorous intensity PA instead of “MVPA and sedentary time” as the “PA characteristics” covariate.

?Duration of diabetes was not significant when included in the model with MVPA instead of “exercise duration and subjective intensity” as the “PA characteristics” covariate.

¢ Results are based on the model with MVPA and sedentary time throughout the day as covariates. Comparable magnitudes and significance levels were observed when PA characteristics (as
covariates) were assessed during the late afternoon. However, the association was not significant when PA characteristics were assessed during the afternoon (see Supplemental Table 11, http:/
links.lww.com/MSS/D228).
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A

Dependent outcome: Risk for time < 3-0 mmol.L" during the subsequent night-time period
Significant covariates P-value

First regression: Duration of self-reported PA sessions 1 0-054
added up throughout the day (displayed per 30 min)
Second regression: Moderate to vigorous-intensity PA of |

self-reported sessions added up throughout the day ! 0-04
(displayed per 30 min) |

Third regression: Vigorous-intensity PA accumulated ——

throughout the day (displayed per 15 min) 0-02

Fourth regression: Vigorous-intensity PA accumulated :——— 0-02
throughout the afternoon (displayed per 15 min)

Fifth regression: Vigorous-intensity PA accumulated ! 0-009

throughout the late afternoon (displayed per 15 min)
0 10 20 30

Odds ratios

(ﬁ B Dependent outcome: % time spent > 10-0 mmol.L"! during the self-reported PA sessions
U Significant covariates P-value
=z Number of previous PA sessions during the same day 0-054
LIGJ Pre-exercise glycemia (displayed per 278 mmol.L"") . 0-002
Time from last bolus to start of exercise (displayed per : .

v 180 min) 3 : 0-052
g High glycemic index CHO consumed during the hour — 0-034
(Va) before exercise (displayed per 15 grams)
< Diabetes duration (years) 0-08
(aa) ;

z-score BMI : 0-04

Coefficients

C Dependent outcome: % time spent > 13-9 mmol.L-! during the late afternoon
Significant covariates P-value
. . . . 0-039

Moderate to vigorous PA (MPVA) during the late afternoon (displayed per 30 min)
0-003

Initial late afternoon glycemia (displayed per 2:78 mmol.L") i

Coefficients

FIGURE 2—Plots of estimated coefficients or OR (and 95% CI) of explanatory covariates with significant effects in the estimated models of hyperglycemia
during PA sessions, hyperglycemia during late afternoon, and hypoglycemia during subsequent nighttime periods. All the covariates with significant effects
are displayed in panels A, B, and C. The other covariates were not significant. A, OR and confidence intervals of covariates with a significant effect on the
risk for spending time spent <3.0 mmol-L " during subsequent nighttime periods in five different binary logistic regressions with random intercept. B, Es-
timated coefficients and confidence intervals of the covariates with a significant effect on percentage of time spent >10.0 mmol-L ! during self-reported PA
sessions in the model including duration and subjective intensity as the “exercise” covariates (linear model without random effects). C, Estimated coefficients
and confidence intervals of the covariates with significant effects on percentage of time spent >13.9 mmol-L™" during late afternoon (linear mixed model).

hyperglycemia (Fig. 2C), whereas increased sedentary time We were not able to detect an association between nocturnal

during the afternoon was associated with more time in level hypo- or hyperglycemia and accumulated previous-day MVPA.

2 hyperglycemia (Supplemental Table 11, Supplemental Dig- However, a longer time in vigorous PA accumulated during the

ital Content, http://links.lww.com/MSS/D228). day, afternoon, or late afternoon was associated with an increased
Postprandial hyperglycemia was not significantly associ- probability of spending time in level 2 hypoglycemia during the

ated with previous accumulated PA or sedentary time. subsequent night (Fig. 2A).
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FIGURE 3—Delta of glycemia during self-reported PA sessions and during the 2 h of recovery after the sessions as a function of pre-exercise glycemia. A,
Delta of glycemia during exercise (mmol-L"). B, Delta of glycemia between end of exercise and 2-h recovery (mmol-L™").

Sedentary breaks in sedentary time were not significantly
associated with glycemic metrics.

Associations with Participant Characteristics in
the First and Second Sets of Analyses

A higher diabetes duration was associated with less time in
normoglycemia during self-reported PA sessions (Table 4). A
higher BMI z-score was associated with more time in
normoglycemia and less time in level 1 hyperglycemia during
self-reported PA sessions (Table 4). A higher HbA . was asso-
ciated with less time in normoglycemia and more time in hy-
perglycemia, whereas a higher usual daily insulin dose was as-
sociated with higher daytime and nighttime hypoglycemia risk.
However, these associations were present only in some of the
models. Other participant characteristics, including training

level, were not substantially associated with glycemic metrics
(Supplemental Tables 10 and 12, respectively, Supplemental
Digital Content, http://links.lww.com/MSS/D228).

DISCUSSION

Despite the challenges of capturing the spontaneous nature
of children’s PA in real-life settings, this is the first observational
study in everyday life to investigate the associations between
both cumulative PA and self-reported PA sessions and the risk
of hypoglycemia and hyperglycemia, while controlling for
CHO intake, insulin administration, and sedentary time.

Importance of Considering Pre-Exercise Glycemia
for Hypoglycemia and Hyperglycemia Risks during
Exercise and Early Recovery But Not during Late Re-
covery. Beginning exercise with higher glycemia logically
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predicted more hyperglycemia and less level 1 hypoglycemia
during exercise and early recovery. We confirmed previous re-
search (15,48) on the greater exercise-induced glucose decline
in cases of higher pre-exercise glycemia. This phenomenon is
probably related to the mass-action effect of glucose, stimulat-
ing muscle glucose uptake and use as well as inhibiting hepatic
glucose production, even when circulating insulin levels are
low (49). However, for the first time, we show that despite this
bigger drop during exercise, glycemia increased more during
early recovery in cases of higher pre-exercise glycemia. Thus,
even if the glucose drop may be more pronounced during exer-
cise for those using the strategy to increase glycemia in prepara-
tion for exercise (to avoid hypoglycemia), they can be reassured
that glycemia is likely to rise again during recovery.
Hypoglycemic risk is more associated with PA
characteristics than by pre-exercise CHO, insulin,
or active behavior strategies. Prandial status and the
timing of exercise are receiving increased attention in the liter-
ature as factors modulating the risk of hypoglycemia (50). To
our knowledge, this is the first study to account for pre-exercise
CHO intake in self-reported PA sessions conducted in everyday
life. Taking CHO during the hour before the self-reported PA
session, delaying exercise from the last insulin bolus, or multi-
plying the number of PA sessions before the one in question
was not significantly associated with hypoglycemic risk.
Regarding exercise characteristics, a longer duration of self-
reported PA sessions was associated with increased risk of time
<3.9 mmol-L " during exercise (as previously reported [50])
and tended to be associated with increased risk of time spent
<3.0 mmol-L ™" during the subsequent night. The latter was also
significantly associated with a greater amount of MVPA accu-
mulated during the self-reported PA sessions. However, we
were not able to detect a significant association between subjec-
tive intensity of self-reported PA sessions and glycemic metrics.
In previous studies (17-20), objective intensity of self-reported
PA sessions was not checked to guarantee they accurately
reflected reality. Sherr et al. (21) and Morrison et al. (only
study-assigned video exercises [16]) did not find any impact
of mean session heart rate on post-exercise glycemic metrics,
although mean heart rate does not give precise information
on the respective times in light-intensity PA or MVPA. We
found for the first time that objectively measured time in MVPA
recorded via accelerometry during the self-reported PA sessions
predicted nocturnal level 2 hypoglycemic risk with a stronger
estimated magnitude compared with just looking at the duration
of these sessions. To illustrate this, increasing the MVPA of
self-reported sessions (added up over the day) by 30 min would
increase the probability of spending some time <3.0 mmol-L ™"
from 20% (for example) to 58% during the subsequent night,
whereas a 30-min increase in duration of self-reported daytime
PA sessions would increase the nocturnal level 2 hypoglycemic
risk from 20% (for example) to 28%. It could therefore be clin-
ically pertinent to prescribe the wearing of an activity tracker
during a week in everyday life to objectively measure which
structured PA sessions are associated with longer time in MVPA.
These sessions should then require increased vigilance for

nocturnal hypoglycemia prevention (e.g., reducing basal insu-
lin and/or adding a bedtime snack). It is reassuring for children
and their parents to focus specifically on MVPA accumulated
during self-identified PA sessions and not on MVPA accu-
mulated throughout the day. The latter, which includes spon-
taneous PA (e.g., soft mobility and other PA not identified by
children) was indeed not a significant predictor of nocturnal
hypoglycemic risk in the current study.

However, for children accumulating significant levels of
vigorous-intensity PA throughout the afternoon or late afternoon,
objectively detecting this type of PA with an activity tracker
could still be relevant, considering its association with nocturnal
level 2 hypoglycemia. In our study, children accumulated be-
tween 0 and 42 min of vigorous-intensity PA during late after-
noons, with results showing that increasing by 15 min this type
of PA would increase the probability of nocturnal level 2 hy-
poglycemia from 20% to 69%. All this information could be
computed to guide insulin or CHO adaptation to minimize
nocturnal hypoglycemic risk.

Implementing pre-exercise strategies based on CHO
intake, insulin, or active behavior may conceivably have
short-term effect on hyperglycemia. We were not able
to detect significant associations between characteristics of
self-reported PA sessions and hyperglycemia. Conversely, it is
not impossible that consuming high-glycemic-index CHO in
the hour before exercise (as in Vartak et al.’s laboratory study
[51]) or exercising longer after the last meal with a bolus may in-
crease time spent in level 1 hyperglycemia during exercise. Al-
though pre-exercise CHO supplementation is a common strategy
used by patients to prevent short-term hypoglycemia, our results
did not support its effectiveness. These results suggest that careful
consideration of the balance between hypoglycemic and hyper-
glycemic risks is crucial when deciding whether to consume
pre-exercise CHO. This decision should probably be individual-
ized based on the child’s specific characteristics. For instance, in
children with obesity, increasing lipid oxidation during exercise
may be an important objective, and it has been shown that
short-term hyperglycemia during exercise might impair this
metabolic pathway (52). Similarly, avoiding hyperglycemia
could be beneficial for young athletes prior to competition
given the possible negative impact of hyperglycemia on perfor-
mance (32). Interestingly, performing an additional PA session
earlier on the same day may be helpful for these athletes, as our
results suggest that a greater number of prior PA sessions are as-
sociated with less time spent in level 1 hyperglycemia during
subsequent exercise.

In line with the latter result, accumulating more MVPA dur-
ing the late afternoon was associated with a slightly decreased
time spent in level 2 hyperglycemia during this period. For exam-
ple, increasing cumulative MVPA by 30 min during late after-
noon may decrease mean percent of time spent >13.9 mmol-L ™"
by 9.6 percentage points. Thus, children suffering from serious
hyperglycemia should be encouraged to increase spontaneous
PA such as walking or cycling to and from school. Additionally,
more sedentary time was associated with a greater risk of level
2 hyperglycemia during the afternoon.
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Morning versus afternoon exercise may modulate
hypo- and hyperglycemic risks in the short term. In
our study of children/adolescents, morning compared with af-
ternoon exercise (while controlling for time from the last
bolused meal) tended to be associated with an increased risk
oflevel 1 hypoglycemia and was significantly associated with
decreased time in level 1 hyperglycemia during early recov-
ery. This contrasts with the few studies in the literature only
on adults and which found a protective effect of morning exer-
cise on the risk of post-exercise hypoglycemia (53). The diver-
gence in the impact of time of the day between children and
adults may be due to the absence in children of an early-
morning abrupt decrease in insulin sensitivity, as usually ob-
served in adults (i.e., the dawn phenomenon caused by cortisol
and growth hormone secretion) (54). Nevertheless, the protec-
tive effect of morning exercise in adults has still to be con-
firmed because the studies carried out to date could be biased
by the use of a different prandial status for morning versus af-
ternoon exercises (50,53).

Strengths and limitations. It is important to note that
CGM devices estimate glycemia based on interstitial fluid
measurements, and their accuracy depends on the equili-
bration between blood and interstitial compartments. This
may take longer during rapid blood glucose changes, such
as those occurring during exercise (55). Nevertheless, the
literature suggests that the performance of iPro2 and Free-
style CGM devices remains adequate during exercise pe-
riods (55).

The results were obtained only from MDI and CSII users,
with few children already using a CGM sensor in everyday
life. This could limit extrapolation to the rapidly increasing
number of hybrid closed-loop therapy users in the pediatric
population. Nevertheless, accessibility to novel technologies
is restricted to a limited number of children in the world de-
pending on socioeconomic factors (56). The 7-d observation
period may not adequately reflect participants’ long-term
habits regarding PA, diet, and insulin management. Record-
ings over a more extended period could provide fuller insights
into behavior.

Our study was carried out in the everyday lives of our par-
ticipants, involving minimal interference with their usual be-
havior. In addition, we attempted to fully take into account
the main factors able to influence glycemia, including macro-
nutrient intake. PA was recorded using both objective and sub-
jective methods. This innovative methodology was designed
as part of an exploratory approach to identify putative
influencing factors that later can be validated through more
controlled studies. In such an approach, a slightly higher type
I error rate may be tolerated to ensure that no potentially cru-
cial associations for the patient are overlooked (45). With this
in mind, a moderate correction for multiple tests was used,
which led to the identification of avenues for future research
and hypotheses. Although our sample size appears reason-
able, results with P values >0.1 lacked statistical power. A
larger sample size would be required to verify whether these
associations are genuinely negligible.

CONCLUSIONS

Overall, we found that neither timing and prandial state of
structured PA nor the accumulation of MVPA bouts through-
out the day significantly predicted the risk for level 2 hypogly-
cemia. However, this risk of clinically relevant hypoglycemia
increased during the subsequent night proportionally to the du-
ration of structured PA during the day. This prompts us to sug-
gest that children who are at risk of nocturnal hypoglycemia
should be encouraged to take into account the duration of PA
as the key factor influencing this risk. This could help to lighten
the mental burden for children and their families, especially as
children tend to do more unplanned exercise at unpredictable
times (22). However, as vigorous PA accumulated during the af-
ternoon or late afternoon was also an important predictor of noc-
turnal level 2 hypoglycemia, the wearing of an activity tracker to
better detect this type of activity, particularly when spontaneous,
could still be recommended in very active children.

Concerning hyperglycemic risk, it is not impossible that the
conditions under which the PA session was performed, such as
taking high-glycemic-index CHO during the hour before PA,
or extending the time since the last meal with an insulin bolus
could have short-term negative effects on time spent
>10.0 mmol-L™" during exercise. On the contrary, the latter
would perhaps be prevented by multiplying the number of
PA sessions, a result that is difficult to achieve through con-
ventional laboratory designs. Our results also suggest that
level 2 hyperglycemia during the afternoon or late afternoon
may be prevented by increasing spontancous active behavior
while limiting sedentary time.

Lastly, our results highlight distinct associations with glyce-
mic metrics depending on how PA was assessed—whether
through spontaneous objective measurement (i.e., with activ-
ity trackers) or through self-identified/reported PA sessions.
The latter also showed specific associations based on either
their characteristics or contextual conditions. The unique
methodology employed in our study could serve as a reference
for future research among different populations, enabling the
individualization of daily-life PA guidelines to maximize
health benefits.

We would like to thank the participants in this study. Experiments
were conducted at the EURASPORT facility of Lille University. We
thank J. Lepoutre, J. Naturel, M. Lemoine, and A. Meresse (Lille Univer-
sity) for their administrative support; P. Lefranc, J. Lutun, and A.
Combes (Lille University) for their help with data protection and ethics
procedures; L. Mouflard (Lille University) for her help with data collec-
tion; C. Dewast, L. Duriez, and A. Rasa (Lille University) for their help
with data analysis; M. Dupire, C. Vanmairis, M. Dewaele (Santélys As-
sociation), L. Massot, A. Delivert, and A. Dablemont (Linde Homecare
France) for diet analyses; A. Bertrand and C. Bugli (Statistical Method-
ology and Computing Service, SMCS, UCLouvain, Belgium) for their
support with statistical analyses; L. Crohem (SCD, Lille University) for
her help with systematic review of the literature; and S. Platt (Interna-
tional Eyes) for revising the English language of this manuscript. We
thank J. Heyman (CNRS, UMR 6118, Rennes University), who created
the algorithms for analyses of glycemic excursions and variability. We
also thank |. Gueorguieva, J. Weill, M. Cartigny, and C. Lefevre (Pediatrics
Unit, Lille University Hospital), and H. Derquenne (Douai Hospital) for
helping with the recruitment of patients, as well as H. Mazoyer (Dun-
kerque Hospital) and A. Inungu, P. Barreau, and A. Gourdin (Valenci-
ennes Hospital) for their advice on clinical aspects of the study. This

KID RIDING THE GLUCOSE EXERCISE ROLLERCOASTER

Medicine & Science in Sports & Exercises 1849

Copyright © 2025 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.

S3IDN3IDS DISvE



n
|
O
P
Ll
&,
va)
O
N
<C
o)

study was partly funded by a grant from Santélys Association (Lille) and
a grant from Lille University through the “Plan d’investissement France
2030” (I-SITE ULNE, International Chair WILL “SPORT-1"). E. L. was re-
cruited as a postdoctoral researcher, thanks to a donation from Linde
Homecare France; C. P. as a Ph.D. student through a grant from
Hauts-de-France Region and from IRCM (Montreal); and A. M. as a Ph.
D. student through a grant from Lille University. Funders had no role in
study design, data collection, analysis and interpretation, or manuscript
writing. This study was conducted within the International Associated
Laboratory REGALE-1—Glycemic regulation during exercise in type 1
diabetes—involving URePSSS (Lille University) and IRCM (Montreal).
Contributors: E. H. designed the experiments. S. B. contributed to
the design of the experiments. E. L., S. T., C. P., and E. H. conducted
the experiments. E. H., A. M., C. P., A. C., G. B., and E. L. collected
and analyzed the data. J. D. contributed to statistical analyses, and

REFERENCES

1. Absil H, Baudet L, Robert A, Lysy PA. Benefits of physical activity
in children and adolescents with type 1 diabetes: a systematic review.
Diabetes Res Clin Pract. 2019;156:107810.

2. Maggio AB, Rizzoli RR, Marchand LM, Ferrari S, Beghetti M,
Farpour-Lambert NJ. Physical activity increases bone mineral density in
children with type 1 diabetes. Med Sci Sports Exerc. 2012:44(7):1206-11.

3. Tonoli C, Heyman E, Roelands B, et al. Effects of different types of
acute and chronic (training) exercise on glycaemic control in type 1 di-
abetes mellitus: a meta-analysis. Sports Med. 2012;42(12):1059-80.

4. Laaksonen DE, Atalay M, Niskanen LK, et al. Aerobic exercise and
the lipid profile in type 1 diabetic men: a randomized controlled trial.
Med Sci Sports Exerc. 2000;32(9):1541-8.

5. Thivel D, Chaput JP, Duclos M. Integrating sedentary behavior in the
theoretical model linking childhood to adulthood activity and health?
An updated framework. Physiol Behav. 2018;196:33-5.

6. Parent C, Lespagnol E, Berthoin S, et al. Barriers to physical activity
in children and adults living with type 1 diabetes: a complex link with
real-life glycemic excursions. Can J Diabetes. 2023;47(2):124-32.

7. Czenczek-Lewandowska E, Leszczak J, Baran J, et al. Levels of
physical activity in children and adolescents with type 1 diabetes in
relation to the healthy comparators and to the method of insulin ther-
apy used. Int J Environ Res Public Health. 2019;16(18):3498.

8. Potashner D, Brown RE, Li A, Riddell MC, Aronson R. Paradoxical
rise in hypoglycemia symptoms with development of hyperglycemia
during high-intensity interval training in type 1 diabetes. Diabetes
Care. 2019;42(10):2011-4.

9. Aronson R, Brown RE, Li A, Riddell MC. Optimal insulin correction
factor in post-high-intensity exercise hyperglycemia in adults with
type 1 diabetes: the FIT study. Diabetes Care. 2019;42(1):10-6.

10. Riddell MC, Gallen TW, Smart CE, et al. Exercise management in
type | diabetes: a consensus statement. Lancet Diabetes Endocrinol.
2017;5(5):377-90.

11. Kemmer FW. Prevention of hypoglycemia during exercise in type I
diabetes. Diabetes Care. 1992;15(11):1732-5.

12. Garcia-Garcia F, Kumareswaran K, Hovorka R, Hernando ME. Quan-
tifying the acute changes in glucose with exercise in type 1 diabetes: a
systematic review and meta-analysis. Sports Med. 2015;45(4):587-99.

13. Dube MC, Lavoie C, Weisnagel SJ. Glucose or intermittent high-
intensity exercise in glargine/glulisine users with TIDM. Med Sci
Sports Exerc. 2013;45(1):3-7.

14. Sills IN, Cemy FJ. Responses to continuous and intermittent exercise
in healthy and insulin-dependent diabetic children. Med Sci Sports
Exerc. 1983;15(6):450-4.

15. Riddell MC, Li Z, Gal RL, et al. Examining the acute glycemic ef-
fects of different types of structured exercise sessions in type 1 diabe-
tes in a real-world setting: the type 1 diabetes and exercise initiative
(T1DEX]I). Diabetes Care. 2023;46(4):704—13.

16. Morrison D, Vogrin S, Zaharieva DP. Assessment of glycemia risk
index and standard continuous glucose monitoring metrics in a real-
world setting of exercise in adults with type 1 diabetes: a post-hoc

P.M. contributed to data and literature interpretation. C. S. and C. L.
recruited participants. E. H. and A. M. wrote the first draft of the man-
uscript, which was reviewed and significantly revised by R. R. L. All
other authors were also involved in reviewing the manuscript. E. H. is
the guarantor of this work and, as such, had full access to all the data
in the study and takes responsibility for the integrity of the data and the
accuracy of the data analysis.

No potential conflicts of interest relevant to this article were reported.
The results of the study are presented clearly, honestly, and without fab-
rication, falsification, or inappropriate data manipulation. The results of
the present study do not constitute endorsement by the American Col-
lege of Sports Medicine.

Availability of data and material: The datasets generated analyzed
during the current study are available in the https://www.data.gouv.fr/
fr/ platform (https://doi.org/10.57745/YLKLQH).

analysis of the type 1 diabetes and exercise initiative. J Diabetes
Sci Technol. 2024;18(4):787-94.

17. Mosquera-Lopez C, Ramsey KL, Roquemen-Echeverri V, Jacobs
PG. Modeling risk of hypoglycemia during and following physical
activity in people with type 1 diabetes using explainable mixed-
effects machine learning. Comput Biol Med. 2023;155:106670.

18. Riddell MC, Li Z, Beck RW, et al. More time in glucose range during
exercise days than sedentary days in adults living with type 1 diabe-
tes. Diabetes Technol Ther. 2021;23(5):376-83.

19. Bergford S, Riddell MC, Jacobs PG, et al. The Type 1 Diabetes and
EXercise Initiative: predicting hypoglycemia risk during exercise for
participants with type 1 diabetes using repeated measures random for-
est. Diabetes Technol Ther. 2023;25(9):602—11.

20. Riddell MC, Gal RL, Bergford S, et al. The acute effects of real-world
physical activity on glycemia in adolescents with type 1 diabetes: the
Type 1 Diabetes Exercise Initiative Pediatric (T1DEXIP) study.
Diabetes Care. 2024;47(1):132-9.

21. Sherr JL, Bergford S, Gal RL, et al. Exploring factors that influence
postexercise glycemia in youth with type 1 diabetes in the real world:
the Type 1 Diabetes Exercise Initiative Pediatric (T1DEXIP) study.
Diabetes Care. 2024;47(5):849-57.

22. Quirk H, Blake H, Dee B, Glazebrook C. “You can’t just jump on a
bike and go”: a qualitative study exploring parents' perceptions of
physical activity in children with type 1 diabetes. BMC Pediatr.
2014;14:313.

23. Martyn-Nemeth P, Quinn L, Penckofer S, Park C, Hofer V, Burke L.
Fear of hypoglycemia: influence on glycemic variability and self-
management behavior in young adults with type 1 diabetes. J Diabe-
tes Complications. 2017;31(4):735-41.

24. Ozaslan B, Patek SD, Breton MD. Impact of daily physical activity as
measured by commonly available wearables on mealtime glucose con-
trol in type 1 diabetes. Diabetes Technol Ther. 2020;22(10):742-8.

25. Heintzman N, Kleinberg S. Using uncertain data from body-worn
sensors to gain insight into type 1 diabetes. J Biomed Inform. 2016;
63:259-68.

26. Gardner D, Tan HC, Lim GH, et al. Association of smartphone-based
activity tracking and nocturnal hypoglycemia in people with type 1
diabetes. J Diabetes Sci Technol. 2025;19(2):377-84.

27. Drenthen LCA, Ajie M, Bakker EA, et al. Daily unstructured physi-
cal activity affects mean glucose, occurrence of hypoglycaemia and
glucose variability in people with type 1 diabetes. Diabetes Obes
Metab. 2023;25(12):3837-40.

28. Metcalf KM, Singhvi A, Tsalikian E, et al. Effects of moderate-to-
vigorous intensity physical activity on overnight and next-day hypo-
glycemia in active adolescents with type 1 diabetes. Diabetes Care.
2014;37(5):1272-8.

29. Maahs DM, Mayer-Davis E, Bishop FK, Wang L, Mangan M,
McMurray RG. Outpatient assessment of determinants of glucose ex-
cursions in adolescents with type 1 diabetes: proof of concept. Diabe-
tes Technol Ther. 2012;14(8):658—64.

1850  Official Journal of the American College of Sports Medicine

http://www.acsm-msse.org

Copyright © 2025 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.


http://www.acsm-msse.org

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Bachmann S, Hess M, Martin-Diener E, Denhaerynck K, Zumsteg U.
Nocturnal hypoglycemia and physical activity in children with diabe-
tes: new insights by continuous glucose monitoring and acceler-
ometry. Diabetes Care. 2016;39(7):¢95-6.

Maylor BD, Zakrzewski-Fruer JK, Orton CJ, Bailey DP. Short, fre-
quent high-intensity physical activity breaks reduce appetite compared
to a continuous moderate-intensity exercise bout. Endocr Connect.
2022;12(2):¢220259.

Katz A, Shulkin A, Talbo MK, et al. Hyperglycemia-related anxiety
during competition in an elite athlete with type 1 diabetes: a case re-
port. Diabetes Metab. 2023;49(5):101476.

Giugliano D, Ceriello A, Paolisso G. Oxidative stress and diabetic
vascular complications. Diabetes Care. 1996;19(3):257-67.

Dunn TC, Ajjan RA, Bergenstal RM, Xu Y. Is it time to move be-
yond TIR to TITR? Real-world data from over 20,000 users of con-
tinuous glucose monitoring in patients with type 1 and type 2 diabe-
tes. Diabetes Technol Ther. 2024;26(3):203—10.

Battelino T, Alexander CM, Amiel SA, et al. Continuous glucose
monitoring and metrics for clinical trials: an international consensus
statement. Lancet Diabetes Endocrinol. 2023;11(1):42-57.

Danne T, Nimri R, Battelino T, et al. International consensus on use
of continuous glucose monitoring. Diabetes Care. 2017;40(12):
1631-40.

Matthews CE, Hagstromer M, Pober DM, Bowles HR. Best practices
for using physical activity monitors in population-based research.
Med Sci Sports Exerc. 2012;44(1 Suppl 1):S68-76.

Rowlands AV, Pilgrim EL, Eston RG. Patterns of habitual activity
across weekdays and weekend days in 9—11-year-old children. Prev
Med. 2008;46(4):317-24.

Troiano RP, Berrigan D, Dodd KW, Masse LC, Tilert T, McDowell
M. Physical activity in the United States measured by accelerometer.
Med Sci Sports Exerc. 2008;40(1):181-8.

Evenson KR, Catellier DJ, Gill K, Ondrak KS, McMurray RG. Cal-
ibration of two objective measures of physical activity for children. J
Sports Sci. 2008;26(14):1557-65.

Hansen BH, Anderssen SA, Andersen LB, et al. Cross-sectional asso-
ciations of reallocating time between sedentary and active behaviours
on cardiometabolic risk factors in young people: an International
Children's Accelerometry Database (ICAD) analysis. Sports Med.
2018;48(10):2401-12.

Brady R, Brown W1, Hillsdon M, Mielke GI. Patterns of accelerometer-
measured physical activity and health outcomes in adults: a systematic
review. Med Sci Sports Exerc. 2022;54(7):1155-66.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

Yates T, Edwardson CL, Henson J, Zaccardi F, Khunti K, Davies MJ.
Prospectively reallocating sedentary time: associations with cardio-
metabolic health. Med Sci Sports Exerc. 2020;52(4):844-50.
Amadid H, Johansen NB, Bjerregaard AL, et al. Physical activity di-
mensions associated with impaired glucose metabolism. Med Sci
Sports Exerc. 2017;49(11):2176-84.

Wasserstein RL, Schirm AL, Lazar NA. Moving to a world beyond
“P <0.05". Am Stat. 2019;73(Suppl 1):1-19.

Gammon C, Atkin AJ, Corder K, et al. Influence of guideline
operationalization on youth activity prevalence in the international chil-
dren’s accelerometry database. Med Sci Sports Exerc. 2022;54(7):
1114-22.

Campbell R, Abramovich A. Calculating insulin on board for ex-
tended bolus being delivered by an insulin delivery device. 2012.
Riddell MC, Zaharieva DP, Tansey M, et al. Individual glucose re-
sponses to prolonged moderate intensity aerobic exercise in adoles-
cents with type 1 diabetes: the higher they start, the harder they fall.
Pediatr Diabetes. 2019;20(1):99-106.

Yki-Jarvinen H. Acute and chronic effects of hyperglycaemia on glu-
cose metabolism. Diabetologia. 1990;33(10):579-85.

Helleputte S, Yardley JE, Scott SN, et al. Effects of postprandial ex-
ercise on blood glucose levels in adults with type 1 diabetes: a review.
Diabetologia. 2023;66(7):1179-91.

Vartak V, Chepulis L, Driller M, Paul RG. Comparing two treatment
approaches for patients with type 1 diabetes during aerobic exercise:
a randomised, crossover study. Sports Med Open. 2021;7(1):29.
Jenni S, Oetliker C, Allemann S, et al. Fuel metabolism during exer-
cise in euglycaemia and hyperglycaemia in patients with type 1 dia-
betes mellitus—a prospective single-blinded randomised crossover
trial. Diabetologia. 2008;51(8):1457-65.

Toghi-Eshghi SR, Yardley JE. Morning (fasting) vs afternoon resis-
tance exercise in individuals with type 1 diabetes: a randomized cross-
over study. J Clin Endocrinol Metab. 2019;104(11):5217-24.
Scheiner G, Boyer BA. Characteristics of basal insulin requirements
by age and gender in type-1 diabetes patients using insulin pump ther-
apy. Diabetes Res Clin Pract. 2005;69(1):14-21.

Munoz Fabra E, Diez JL, Bondia J, Laguna Sanz AJ. A comprehen-
sive review of continuous glucose monitoring accuracy during exer-
cise periods. Sensors (Basel). 2021;21(2):479.

Dos Santos TJ, Dave C, MacLeish S, Wood JR. Diabetes technol-
ogies for children and adolescents with type 1 diabetes are highly
dependent on coverage and reimbursement: results from a world-
wide survey. BMJ Open Diabetes Res Care. 2021;9(2):¢002537.

KID RIDING THE GLUCOSE EXERCISE ROLLERCOASTER

Medicine & Science in Sports & Exerciseg 1851

Copyright © 2025 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.

S3IDN3IDS DISvE



