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ABSTRACT

The aim of the study is to evaluate whether exercise interventions are associated with improved
glycaemic control in children and adolescents with type 1 diabetes mellitus (TIDM), and to
examine its relationship with the characteristics of the intervention (i.e. type, intensity, length,
and duration of the sessions). Eligible criteria were randomised controlled trials of youth aged 6-
18 years with T1IDM, participating in an exercise-based intervention where glycaemic control is
measured (i.e. glycated haemoglobin [HbA1c]). Pooled effect sizes (Hedges'g) were calculated
using random-effects inverse-variance analyses. Fourteen studies enrolling 509 patients were
analysed. Effect size was expressed as Hedges’ g to correct for possible small sample bias. Overall,
HbA1c levels in the exercise group (g=-0.38 95% confidence interval [CI], —0.66 to —0.11; mean
difference [MD] = -0.62%) were reduced compared with the control group. Concurrent training (g
=-0.63 95%Cl, -1.05 to -0.21), high-intensity exercise (g=-0.43 95%Cl, -0.83 to -0.03),
interventions >24 weeks (g=-0.92 95%Cl, —-1.44 to -0.40), and sessions >60 minutes (g =-0.71
95%(Cl, -1.05 to -0.08) showed larger changes (MD =-0.66% to 1.30%). In conclusion, our study
suggests that programmes longer than 24 weeks with at least 60 min/session of high-intensity
concurrent exercise may serve as a supportive therapy to metabolic control in youth with TIDM.
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Highlights

o Exercise training has a moderate effect on the reduction of glycated haemoglobin (HbA1c) and
insulin dose per day in youths with type 1 diabetes.

o Exercise training moderately increases cardiorespiratory fitness youths with type 1 diabetes.

o Reductions in HbA1c are stronger with high-intensity and concurrent training (i.e. aerobic and
strength) interventions, and longer programmes.

1.1 i
ntroduction hypoglycaemia and ketoacidosis, and chronic compli-

Type 1 diabetes mellitus (T1DM) is a chronic inflamma-
tory autoimmune disease that destroys the insulin-pro-
ducing B-cells of the pancreas, leading to absolute
insulin deficiency (Atkinson & Eisenbarth, 2001). It
mainly affects the paediatric age group, and its inci-
dence is increasing worldwide. Poorly controlled T1DM
elevates the risk of both acute and chronic compli-
cations because of the lifetime exposure to fluctuating
blood glucose levels (McCarthy, Funk, & Grey, 2016),
resulting in approximately 7 years of lower life expect-
ancy (Soedamah-Muthu et al., 2006).

Poor glycaemic control increases the risk of
having acute complications such as episodes of

cations including microvascular events (nephropathy,
retinopathy, and neuropathy), and cardiometabolic dis-
orders (Association, 2020), causing damage to the
growth and development of children and adolescents.
The American Diabetes Association (ADA) recommends
the use of glycated haemoglobin (HbA1c) for the evalu-
ation of glycaemic control in TIDM, with a target of
<7% for all paediatric age groups, aiming at the preven-
tion of future complications (Association, 2021; DiMe-
glio et al., 2018). Time in range (within target range,
below range, above range) is also appropriate and a
useful clinical target that complements HbA1c (Batte-
lino et al., 2019).
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Physical activity and exercise are associated with
better glycaemic control in youth with TIDM (Colberg
et al, 2016). Physical activity can play a role in managing
blood glucose levels in this setting, as it positively affects
insulin sensitivity, with the additional benefit of being a
key component of health maintenance and optimal
physical/psychological development (Piercy et al,
2018). Accordingly, several international societies such
as The International Society for Paediatric and Adoles-
cent Diabetes (ISPAD) (Adolfsson et al., 2018) and the
ADA recommend that children and youth perform at
least 60 min of moderate- to high-intensity aerobic
activity daily, with vigorous muscle-strengthening and
bone-strengthening activities at least 3 days per week
(C-level evidence: supportive evidence from poorly con-
trolled or uncontrolled studies) (Association, 2020);
however, the majority of youth do not meet current
physical activity guidelines (Liese, Ma, Maahs, & Trilk,
2013), which represents a considerable challenge for
this population. This is especially relevant since physical
inactivity and prolonged periods of sitting increase
gradually with age and are linked to high HbA1c concen-
trations in youth with TIDM (Galler, Lindau, Ernert, Tha-
lemann, & Raile, 2011).

However, several studies have reported inconsistent
findings on the clinical benefits of exercise on physio-
logical and biochemical outcomes in children and ado-
lescents with TIDM. This might be because many
factors influence an individual's glycaemic response
to exercise, including the type, intensity, and duration
of the activity (Tonoli et al., 2012), the dose of insulin
and the person’s stress/anxiety levels (Association,
2019). For example, a systematic review and meta-
analysis published by Quirk et al. (Quirk, Blake, Tenny-
son, Randell, & Glazebrook, 2014) suggested that exer-
cise programmes have the potential to decrease the
risk for cardiovascular diseases and improve glycaemic
control in children and adolescents with TIDM. By con-
trast, the systematic reviews and meta-analyses of
Ostman et al. (Ostman, Jewiss, King, & Smart, 2018)
and Kennedy et al. (Kennedy et al., 2013) provided evi-
dence for no glycaemic benefits from exercise interven-
tions in youth with TIDM. The methodological
approach taken in these three meta-analyses intro-
duced a potential risk of bias because non-randomised
controlled trials were included, and we must be cau-
tious with their findings. Also, all of the above-men-
tioned meta-analyses used the traditional random-
effects model of Dersimonian and Laird, while the
recent inverse variance heterogeneity and quality
effects models of IntHout et al. (Inthout, loannidis, &
Borm, 2014) have been shown to be more robust with
respect to coverage probabilities.

There also remains uncertainty whether the effects of
different types of training (Tonoli et al., 2012) and inten-
sity have different outcomes for chronic glycaemic
control in paediatric populations with TIDM (Riddell
et al,, 2017). In view of the above, the objective of the
present study was to evaluate whether exercise inter-
ventions are associated with improved glycaemic
control in children and adolescents with TIDM, and to
examine whether this was related to the characteristics
of the intervention (i.e. type, intensity, length, and dur-
ation of the sessions).

2, Materials and methods
2.1. Protocol and registration

The study was conducted and reported according to
PRISMA guidelines and recommendations (Liberati
et al, 2009). The protocol was registered in the PROS-
PERO International Prospective Register of Systematic
Reviews (ID: CRD42020219366). The entire process
from literature selection to data extraction was per-
formed independently by two authors (AG-H & YE).
Any disagreements were resolved through consultation
with a third researcher (RR-V).

2.2. Eligibility criteria

To be eligible for inclusion in the present review, ran-
domised controlled trials (RCT) needed to meet the fol-
lowing criteria: (i) children and adolescents diagnosed
with TIDM aged 6-18 years (mean age); (ii) RCT that
included a comparison group (i.e. control group) also
diagnosed with T1DM but without a structured exercise
plan or calorie restriction; (iii) supervised exercise inter-
ventions (e.g. aerobic, strength/resistance, or a combi-
nation of both [concurrent trainingl); and (iv) primary
outcome of interest was glycaemic control estimated
using the evaluation of HbA1c, but also other secondary
outcomes such as insulin dosage per day, hypoglycae-
mic episodes and cardiorespiratory fitness estimated as
maximum oxygen consumption (VO,max or peak). In
the case of duplicate studies, the latest version was
included.

2.3. Information sources and search

The strategy was designed around the PICOS question
format - Do children and adolescents diagnosed with
T1IDM (Population), who participate in an exercise-
based programme (Intervention) compared to those
who do not (Comparator), differ in glycaemic control
(HbA1c levels, Outcome) in RCTs (Study design)?



Ovid, MEDLINE, EMBASE, Cochrane Controlled Trials
Registry, and SPORTDiscus electronic databases were
searched for studies from inception to March 10, 2021.
In addition, a grey literature search of abstracts and con-
ference proceedings from the Meeting of the Inter-
national Society for Pediatric and Adolescent Diabetes,
ADA, the European Diabetes Congress, the World Con-
gress on Diabetes, Endocrinology & Metabolism, and
the International Diabetes Federation Congress in the
last five years was also carried out. The MeSH terms
used were: [“diabetes mellitus, type 1”7 OR “type I” OR
“type 1 diabetes” OR “juvenile diabetes” OR “insulin-
dependent diabetes”] AND [“physical activity” OR “exer-
cise” OR “exercises” OR “sport” OR “sports” OR “fitness”
OR “training” OR “exercise therapy”]. Also, searches
were limited to youth aged 5-18 years and RCTs.
Cross-referencing was also used by examining the refer-
ence lists of articles that met the inclusion criteria. A
librarian was consulted to supervise the quality of the
search. The search strategy is described in detail in Sup-
plementary data 1.

2.4. Study selection and data collection process

Two authors independently extracted the following data
from the identified RCTs: characteristics of the studies
(i.e. authors name, sample size, country, duration of
intervention and publication year); characteristics of par-
ticipants, age and sex; (iv) characteristics of the exercise
intervention (i.e. frequency, duration, adherence and
type [i.e. aerobic, strength/resistance or (concurrent)]);
and (v) results from primary (HbA1c) and secondary out-
comes (insulin dosage per day, hypoglycaemic episodes,
and cardiorespiratory fitness). Missing data from the
selected studies were requested from the authors of
the original manuscripts.

2.5. Risk of bias in individual studies

Methodological quality was appraised using the Phy-
siotherapy Evidence Database (PEDro) criteria (www.
pedro.org.au) (Maher, Sherrington, Herbert, Moseley, &
Elkins, 2003). This tool is an 11-item scale designed for
rating the methodological quality of RCT. Two authors
scored each study independently, with disagreements
being resolved by consensus with a third investigator.

2.6. Synthesis of results

All analyses were carried out with the STATA software
(v16.1; StataCorp, College Station, TX, USA) and con-
ducted using the random-effects inverse-variance
model  with  the  Hartung-Knapp-Sidik-Jonkman
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adjustment. Changes in primary and secondary out-
comes for RCT were calculated by subtracting change
differences between the exercise and control groups,
using the pooled standard deviation (SD) of change in
both groups. If change scores SD were not available,
they were calculated from 95% confidence intervals
(Cl) for either change outcome or exercise training
effect differences as well as pre-SD and post-SD values
(Follmann, Elliott, Suh, & Cutler, 1992). When the data
were shown only by figures, webplotdigitizer 4.3 soft-
ware was used to extract them. Effect size was expressed
as Hedges' g to correct for possible small sample bias
(org JH http://www.cochrane handbook (2008)).
However, we also determined mean differences when-
ever parameters in all studies were expressed through
the same unit of measurement (e.g. HbA1c as percen-
tage or cardiorespiratory fitness as ml-kg-min™").

Heterogeneity across RCT was calculated using the
inconsistency index (%), derived from the Cochran Q
statistic (Higgins, Thompson, Deeks, & Bmj, 2003).
Larger values for /> suggest a larger degree of inconsis-
tency. Small-study effects and publication biases were
examined using the Doi plot and Luis Furuya-Kanamori
(LFK) index. Both test have been shown to be superior
to the traditional funnel plot and Egger's regression
intercept test (Furuya-Kanamori, Barendregt, & Doi,
2018). No asymmetry, minor asymmetry or major asym-
metry was considered with values of -1, between -1 and
-2, and >-2, respectively (Furuya-Kanamori et al., 2018).

Random-effects meta-regression analysis using the
Hartung-Knapp-Sidik-Jonkman adjustment was per-
formed to evaluate whether results were different by
duration of the interventions (months). The association
between changes in HbA1c and insulin dosage per day
was also tested.

Finally, a subgroup analysis was conducted according
to duration of the intervention (<20 weeks or >20
weeks), duration of session (<60 minutes or >60
minutes), type of exercise training (i.e. aerobic, strength,
and concurrent) and intensity of training using the cat-
egories proposed by the American College of Sports
Medicine (light, moderate, moderate-to-high, and high
intensity) (Riebe, Ehrman, Liguori, Magal, & Medicine,
2018).

3. Results
3.1. Study selection

A total of 14 RCT were included in the meta-analysis
(Campaigne, Gilliam, Spencer, Lampman, & Schork,
1984; Campaigne, Landt, & Mellies, 1985; D’hooge
et al, 2011; Gusso et al, 2017; Heyman et al., 2007;
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Huttunen et al., 1989; Landt, Campaigne, James, & Sper-
ling, 1985; Nazari, Shabani, & Dalili, 2020; Petschnig,
Wagner, Robubi, & Baron, 2020; Roberts, Jones, & Four-
nier, 2002; Salem, Aboelasrar, Elbarbary, Elhilaly, &
Refaat, 2010; Stratton, Wilson, Endres, & Goldstein,
1987; Tomar, Hamdan, & Al-Qahtani, 2014; Tunar et al.,
2012). The PRISMA flow diagram is shown in Figure 1.
Excluded studies and reasons for exclusion are provided
in Supplementary data 2.

3.2. Study characteristics

A summary of the 14 studies included in this study is
listed in Table 1. All children and adolescents were
recruited in hospitals or in diabetes clinics. The included
RCT involved a total of 509 participants (exercise groups
n =318), ranging from 14 (Campaigne et al., 1984; Landt
et al.,, 1985) to 196 (Salem et al., 2010) participants per
trial. All studies included boys and girls, with the excep-
tion of one study that included only girls (Heyman et al.,
2007), and one study only of boys (Tomar et al., 2014).
Duration of TIDM was of at least 24 weeks in all
participants.

Studies included aerobic (n=6), strength/resistance
(n=1), concurrent training (n = 6), and Pilates alone (n
=1), with an average duration of 12 weeks, ranging
from eight (Stratton et al., 1987) to 32 (Petschnig et al.,
2020) weeks. Seven RCT included the adherence to the
training programmes (>62%). Exercise intensity of the
exercise training was mainly high (Campaigne et al,
1984; Gusso et al, 2017; Heyman et al, 2007; Landt
et al,, 1985; Roberts et al., 2002; Salem et al., 2010; Strat-
ton et al,, 1987).

Regarding daily insulin doses, three studies reported
units per day (Campaigne et al, 1984; Gusso et al.,
2017; Tomar et al., 2014) and three reported units per
kilograms per day (D’hooge et al, 2011; Salem et al,,
2010; Tunar et al., 2012). For this reason, we did not cal-
culate the mean differences for this parameter.

Finally, all RCT used maximal tests on a cycle erg-
ometer (Campaigne et al., 1984; Gusso et al., 2017; Hut-
tunen et al., 1989; Landt et al, 1985) or a treadmill
(Campaigne et al.,, 1985) with spirometry to determine
oxygen consumption by VO,max or VO,peak (i.e. cardi-
orespiratory  fitness), which was reported as

mLkg™"min~".

3.3. Risk of bias within studies

All 14 studies fulfilled item 2 (proper randomisation),
item 10 (between-group analysis) and item 11 (point
estimates and variability) of the PEDro criteria. By con-
trast, given the nature of the exercise-based

interventions, blinding of patients and therapists was
not possible, so no study fulfilled items 5 and 6, and
only two studies evaluated outcomes with blinded
assessors (item 7) (D’hooge et al, 2011; Gusso et al,,
2017). Overall, the mean score was 4.8/10 (Supplemen-
tary Table 1).

3.4. Synthesis of results

Glycated haemoglobin (HbAlc). Compared with the
control group, structured exercise interventions were
associated with significant moderate reductions in
HbA1c (Hedge's g =-0.38 95% Cl, -0.66 to -0.11, p=
0.009; I*=55.41%) (Figure 2), corresponding to a mean
difference of -0.62% (Supplementary Figure 1).
Cochran’s Q statistic for statistical heterogeneity was
31.40 (p =0.005). Asymmetry suggestive of small-study
effects was observed for HbA1c (LFK index = 2.56) (Sup-
plementary Figure 2).

Subgroup analysis reveals that concurrent training
(Hedge's g=-0.63 95% Cl, -1.05 to -0.21, p=0.011; Q
=12.18; I>=50.73%; mean difference = -0.74%), high-
intensity exercise (Hedge's g=-0.43 95% Cl, —0.83 to -
0.02, p=0.037; Q=17.62; I*=54.6%; mean difference
=-0.66%), interventions >24 weeks (g =-0.92 95% Cl,
-1.44 to -0.40; Q=10.36; I>=80.7%; mean difference
=-1.30%), and sessions >60 minutes (g =-0.71 95% Cl,
-1.05 to -0.08; Q = 8.60; /2 =30.2%; mean difference = -
0.86%) led greater reductions in HbA1c (Table 2).

Meta-regression analyses revealed significant effects
of duration of the intervention (3=-0.067; p <0.001)
and sessions (3 =-0.032; p=0.012) on the effect size
estimate, but not for frequency per week (B =0.047; p
=0.762) (Supplementary Figure 3). Sensitivity analyses
indicated no modifications in the results for after remov-
ing one study at a time, ranging from -0.44 (95% Cl, -
0.71 to -0.17) to -0.31 (95% Cl, —0.58 to -0.05).

Insulin dosage per day. Exercise training resulted in
higher decreases of insulin dosage per day (Hedgés g
=-0.81 95% Cl, -1.34 to -0.28, p=0.008; I*=66.6%)
(Figure 2). Cochran’s Q statistic for statistical heterogen-
eity was 23.99 (p =0.002). No asymmetry suggestive of
small-study effects was observed (LKF index=0.35)
(Supplementary Figure 4).

In the same manner as described above, high-
intensity exercise programmes (Hedge's g=-0.65
95% Cl, -1.25 to -0.06, p=0.037; Q=1542; I’=
67.6%), mainly combined training (Hedge's g=-0.96
95% Cl, -1.88 to -0.04, p=0.045 Q=14.61; I°=
72.6%), and sessions of at least 60 minutes (Hedge's
g=-1.04 95% Cl, -1.78 to -0.29, p=0.016; Q = 16.05;
1?=68.9%) resulted in a stronger reduction in insulin
dosage (Table 2).



EUROPEAN JOURNAL OF SPORT SCIENCE . 5

Articles excluded by title (n = 626)

Full-text articles excluded (n = 18)

Inappropriate outcome (n = 1)
Inappropriate design (n=11)
Inappropriate participants (n = 4)
Inappropriate intervention (n = 2)

Records identified through database

E searching

N —

5 (n=2193)

h=

N

=

2]

=

[
) Records after duplicates removed

(n=976)

o

£

: l

-*]

3]

S

2 Records screened

(n=657)
Full-text articles assessed

& for eligibility >

;—é: (n=31)

&b

= '

Studies included in

— qualitative synthesis
) (n=13)

- -

%]

K Studies included in

2 quantitative synthesis

= (n=13)

Figure 1. PRISMA flow diagram.

Meta-regression analyses revealed no significant
effects of duration of the intervention (f =-0.023; p=
0.570), session number (B =-0.035; p=0.062), or fre-
quency per week (3=0.014; p=0.963) on the effect
size estimate (Supplementary Figure 5).

With each study deleted from the model once, nono-
verlapping 95% Cls were observed across all deletions,
ranging from -0.90 (95% Cl, -1.12 to -0.69) to -1.01
(95% Cl, -1.27 to -0.76).

Cardiorespiratory fitness. We also observed a moder-
ate increase of cardiorespiratory fitness among youth
in the exercise groups (Hedge’'s g=0.52 95% Cl, 0.00-
1.04, p=0.049; 1>=21.8%) (Figure 2) corresponding to
a mean difference of 3.94 mL-kg™"-min~" (Supplemen-
tary Figure 6). Cochran’s Q statistic for statistical hetero-
geneity was 5.12 (p=0.275). No asymmetry suggestive

of small-study effects was observed (LKF index =1.13)
(Supplementary Figure 7).

Meta-regression analyses revealed significant effects
of duration of the session (3 =0.033; p=0.037) on the
effect size estimate, but not for duration of the interven-
tion (=0.094; p=0.076) or frequency (3=0.224; p=
0.260) (Supplementary Figure 8).

Finally, with each study deleted from the model once,
nonoverlapping 95% Cls were observed across all del-
etions, ranging from 0.51 (95% Cl, 0.05-0.98) to 0.61
(95% Cl, 0.20-1.03). However, significant changes disap-
peared after deletion of the results of Gusso et al. (Gusso
et al., 2017).

Hypoglycaemic episodes. Seven studies did not report
this information. Three studies reported no hypoglycae-
mic episodes during exercise among their participants
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Table 1. Summary of included studies.

Frequency
Sample size, Intervention (sessions/ Duration Adherence

Author, year, country age (range)  Type length (weeks) week) (min) (%) Intensity Measurements

Campaigne et al., 14 5-11 AT 12 3 30 >75 > 160 beats per HbA1c; Insulin
1984, USA years old min High dosage; VO2max
(Campaigne et al., intensity
1984)

Campaigne et al., 14 12-18 AT 12 3 45 NR 80% HRmax High HbA1c; VO2max
1985, USA years old intensity
(Campaigne et al.,

1985)

D’hooge et al., 2011, 16 10-18 cT 20 2 70 63 60-75% HRmax HbA1¢; Insulin
Belgium (D’hooge years old Moderate-to- dosage; VO2max
et al., 2011) high intensity

Gusso et al.,, 2017, New 50 14-18 T 20 4 60 84.7 85% HRmax High HbA1c; Insulin
Zealand (Gusso et al., years old intensity dosage; VO2max
2017)

Heyman et al.,, 2007, 16 15-18 CcT 24 2 60 > 62 80-90% HRR High HbA1
France (Heyman years old intensity
et al., 2007)

Huttunen et al., 1989, 32 8-17 AT 16 1 45 72 150 beats per min ~ HbA1c; VO2max
USA (Huttunen et al., years old Moderate-to-

1989) high intensity

Landt et al., 1985, USA 15 14-16 AT 12 3 45 NR 80-85% HRmax HbA1¢; VO2max
(Landt et al., 1985) years old High intensity

Nazari et al., 2020, Iran 40 8-14 cT 16 3 60 NR 50-75% HRmax HbA1c
(Nazari et al., 2020) years old Light-to-

Moderate
intensity

Petschnig et al,, 2020, 21 8-12 ST 32 2 50 NR > 30% 1RM Light HbA1c
Austria (Petschnig years old intensity
et al., 2020)

Roberts et al., 2002, 24 14 years cT 12 3 45 > 90 > 160 beats per HbA1c
Australia (Roberts old min High
et al., 2002) intensity

Salem et al., 2010, 196 12-18 cT 24 3and 1 60 76.3 65-85 HRR High HbA1c; Insulin
Egypt (Salem et al., years old intensity dosage
2010)

Stratton et al., 1987, 16 14-16 AT 8 3 30-45 NR High intensity HbA1c; Insulin
USA (Stratton et al., years old dosage
1987)

Tomar et al., 2014, 24 12-16 AT 12 3 60 NR 40-60% HRmax HbA1c; Insulin
Saudi Arabia (Tomar years old Light-to- dosage
et al., 2014) Moderate

intensity

Tunar et al,, 2012, 3112-17 Pilates 12 3 40 NR NR HbA1c; Insulin

Turkey (Tunar et al., years old dosage;

2012)

AE, aerobic training; CT, concurrent training; NR, not reported; HbA1c, glycated haemoglobin; HRmax, maximum heart rate; HRR, heart rate reserve; ST, strength

training.

(Campaigne et al., 1985; Landt et al., 1985; Petschnig
et al,, 2020). Campaigne et al. (Campaigne et al., 1984)
reported that one child experienced hypoglycaemia
during an exercise session. D'hooge et al. (D’hooge
et al, 2011) reported a median number of hypoglycae-
mic levels of three in the training group. Salem et al.
(Salem et al., 2010) showed that after exercise pro-
grammes, the frequency of hypoglycaemic events was
not statistically different between the two study arms.

4, Discussion

We evaluated studies from the past 40 years investi-
gating the long-term effect of exercise on several glycae-
mic control parameters in youth with TIDM. The major

findings of this meta-analysis are that structured exercise
training has a moderate effect on the reduction of
HbA1c (%) levels and insulin dose per day, and moder-
ately increases of cardiorespiratory fitness in children
and adolescents with TIDM. Other important findings
are that these reductions are stronger with high-inten-
sity and concurrent training interventions. Finally, the
exercise programme duration (i.e. minutes of session
longer than 60 and length of the intervention longer
than 24 weeks) has a moderating role on the reduction
of HbA1c levels.

It is a well-known fact the role of exercise in the meta-
bolic control of children and adolescents with T1IDM
(Riddell et al., 2017). A previously published literature
review reported benefits of exercise on glycaemic
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Type of
Parameter and Study (year) exercise Intensity Hedge's g (95% Cl)
HbA1c
Campaigne 1985 Aerobic High 0.00 (-1.02, 1.02)
Campaigne 1984 Aerobic High -0.32 (-1.18, 0.54)
D’hooge 2011 Concurrent Moderate-to-High -0.18 (-1.10, 0.74)
Gusso 2017 Concurrent High -0.54 (-1.17, 0.09)
Heyman 2007 Concurrent High -0.09 (-1.03, 0.85)
Huttunen 1989 Aerobic Moderate-to-High : 0.17 (-0.52, 0.86)
Landt 1985 Aerobic High 0.00 (-0.98, 0.98)
Petschnig 2020 Strength Light - -1.18 (-2.08, -0.28)
Roberts 2002 Concurrent High : 0.16 (-0.62, 0.94)
Salem 2010a Concurrent High L ¥ -1.06 (-1.45, -0.67)
Salem 2010b Concurrent High ' -0.91 (-1.28, -0.54)
Stratton 1987 Aerobic High 0.04 (-0.88, 0.96)
Tomar 2014 Aerobic Light -0.22 (-1.02, 0.58)
Tunar 2012 Pilates Light 0.22 (-0.47, 0.91)
Subgroup (I-squared = 57.2%) ¢ -0.34 (-0.66, -0.02)
Insulin dosage
Campaigne 1984 Aerobic High iy -0.08 (-0.94, 0.78)
D’hooge 2011 Concurrent Moderate-to-High —lll— -2.19 (-3.39, -0.99)
Gusso 2017 Concurrent High - -0.79 (-1.44, -0.14)
Heyman 2007 Concurrent High :+ 0.23 (-0.75, 1.21)
Salem 2010a Concurrent High L 0 -1.36 (-1.75, -0.97)
Salem 2010b Concurrent High l -0.80 (-1.17, -0.43)
Stratton 1987 Aerobic High : -0.35 (-1.29, 0.59)
Tomar 2014 Aerobic Light =il -1.58 (-2.50, -0.66)
Tunar 2012 Pilates Light -0.41 (-1.12, 0.30)
Subgroup (I-squared = 66.6%) é -0.81 (-1.34, -0.28)
Peak VO2 )
Campaigne 1985 Aerobic High 0.33 (-0.51, 1.17)
Campaigne 1984 Aerobic High 0.19 (-0.48, 0.86)
Gusso 2017 Concurrent High :-.- 1.17 (0.50, 1.84)
Huttunen 1989 Aerobic Moderate-to-high 0.32 (-0.37, 1.01)
Landt 1985 Aerobic High 0.52 (-0.26, 1.30)
Subgroup (I-squared = 21.8%) 0.52 (0.00, 1.04)

NOTE: Weights are from random-effects model

1 1T 1
4 2 0 2 4

Decrease Increase

Figure 2. Forest plot showing estimates of the size of change in HbA1¢, insulin dosage, and cardiorespiratory fitness after a physical

exercise intervention.

control in youth with T1DM, but highlighted inconsis-
tencies across studies (Quirk et al, 2014). Indeed,
several meta-analyses found no improvement in glycae-
mic control in this population after exercise training
(Kennedy et al,, 2013; Ostman et al., 2018; Tonoli et al.,
2012). By contrast, our meta-analytic design, which
used strict inclusion criteria and a more robust statistical
approach (Doi, Furuya-Kanamori, Thalib, & Barendregt,
2017), reveals a significant reduction in HbA1c levels (-

0.62%), which can be considered clinically relevant for
young people with TIDM (Rosenbauer et al., 2012).
Our findings reinforce the importance of exercise in
the clinical management of diabetes to delay or
reduce the risk of microvascular complications and cardi-
ovascular disease (Maahs et al., 2014; McCarthy et al,,
2016). A 1% decrease in HbA1c reflects a 14% reduction
in the risk of acute myocardial infarction, a 37%
reduction in the risk of microvascular complications,
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Table 2. Exercise effects on HbA1lc, insulin dosage and

Table 2. Continued.

cardiorespiratory fitness according to training programme Studies  Hedge's
characteristics. (n) g 95% Cl p Q ?
Studies  Hedge's High 4 0.57 -0.17- 0.093 469 36.0
(n) g 95% Cl p Q ? intensity 1.32
Glycated haemoglobin Sevsvs;c;Es per
Type of exercise .
Aerobic 6 ~0.04 ~0.50- 0814 100 0 >3 sessions 4 0.57 —01.1372— 0.093 469 36.0
training 0.41 Durati £ th ’
Concurrent 7 -063 -1.05to 0011 1218 507 ‘;’eii'g:f the
| training -on <60 min 4 033 -027- 0180 040 0
ntensity 0.92
Light 3 -035  -211- 0481 589 66.0 :
intensity 1.41 Statistically significant differences (p < 0.05) are marked in bold.
High 9 -043 -0.83to 0037 17.62 546
intensity -0.03
D‘;:;':/’;rgon and a 21% reduction in the risk of TIDM-related deaths
<24 weeks 10 -0.18  -045- 0156 917 0 (Evans, 1998). However, the inconsistent findings
0.08 _ ;
524 weeks . 092 144t 0011 379 209 betwee.n meta-analyses could reflect the heter.ogenej\lty
-0.40 of studies used for analyses, at the level of both inclusion
SeSSIOES per criteria and study design, and also the lack of measure-
wee . . . .
<3 sessions 5 ~0.47 -1.22- 0160 11.00 63.6 ment and/or reportlng of changes in insulin dosage
0.29 and diet in included studies (Quirk et al., 2014).
>3 sessions 9 -033  -073- 0089 1841 547 . . .
0.06 In accordance with our present findings, studies on
Duration of the T1DM consistently demonstrate that exercise is associ-
session . . . . .
<60 min 8 007  —044- 0672 770 o4 Aatedwith .reduced insulin req.uwements (Chimen et al.,
0.30 2012), which may reduce patient burden (Rosenbauer
260 min 6 -0.71 ‘1_'8%? 0002 860 302 ot al, 2012). Kennedy et al. (Kennedy et al., 2013) also
Insulin dosage per day noted in their systematic review and meta-analysis
Type of exercise that a longer duration of exercise intervention
Aerobic 3 -066  -2.65- 0288 598 66.6 .
training 133 showed a trend towards a reduction in HbA1c levels.
Concurrent 5 -096 -1.88to 0.045 1461 726 Similarly, Chimen et al. (Chimen et al,, 2012) reported
traini -0.04 L . . L .
Int::;'tr;g that it is possible that the reductions in insulin
High 6 -065 -1.25to 0037 1542 676  dosage per day could mask any glycaemic improve-
D:J’:;fi';:t)(;f ~0.06 ment, as measured by HbA1c; however, our results
intervention showed no associations between both changes (Sup-
<24 weeks 6 082 ‘1_'320t3° 0045 1261 603 plementary Figure 9, B=0.184; p=0.550). Several
>24 weeks 3 078  -261- 0207 1036 80.7 RCTs included in the present study (D’hooge et al.,
1.04 2011; Salem et al., 2010; Tomar et al., 2014) suggest
Duration of the . .
session that children and adolescents might have reduced
<60 min 3 -030 -133- 0344 035 0 their insulin doses or ingested more carbohydrates
0.74 : .
>60 min 6 2104 -178t0 0016 1605 689 than usual to avoid hypoglycaemia. It has been
-0.29 suggested that HbA1c may not be a sensitive indicator
Se\fvse'ZES per of glycaemic control (Kennedy et al., 2013), and that
<3 sessions 3 -0.86  -3.68- 0320 943 788 improvement in glycaemic variability may not be
196 . . . . .
>3 sessions 6 080 143t 0022 1395 642 !reﬂectgd in this r?ara'meter. In this Il.ne,. contmgous ?r
-0.17 intermittent monitoring of glucose in interstitial fluid
Duration of the could help individuals to learn their own response to
session . . . .
<60 min 3 030 -133- 0344 035 0 different types of exercise programmes, and it might
0.74 be a more appropriate marker than HbA1c to explore
>60 min 6 -104 -1.78to 0016 1605 689 Lo .
Z0.20 the exercise-induced beneficial effect (Chetty et al,

Cardiorespiratory fitness (peak or maximum oxygen consumption)
Type of exercise

Aerobic 4 0.33 -0.27- 0.180 040 O
training 0.92
Intensity

(Continued)

2019). However it is well known that exercise improves
insulin sensitivity in trained muscles (Kristiansen, Gade,
Wojtaszewski, Kiens, & Richter, 2000), such that the
insulin needs may be lowered. Thus, the results of
investigated studies are open to debate.



Impairment in the ability to perform exercise in
people with TIDM may be related to the level of glycae-
mic control. For example, a large study of healthy and
adolescents/young adults shows that the responses to
cardiopulmonary exercise testing are impaired in indi-
viduals with TIDM independent of HbA1c compared
with control participants without T1DM (Mccarthy
et al, 2020). Likewise, Poortmans et al. (Poortmans,
Saerens, Edelman, Vertongen, & Dorchy, 1986) and Hut-
tunen et al. (Huttunen et al,, 1984) both reported that
cardiorespiratory fitness is inversely related to the level
of metabolic control, as measured by HbA1c. Consistent
with the literature (Chimen et al., 2012), the present
meta-analysis found that cardiorespiratory fitness,
assessed with indirect calorimetry, increased about
3.94 mL-kg™"min~" with exercise programmes. Several
of the analysed studies measured this parameter using
the PWC170 (Physical Work Capacity) and the “Aerobic
Power Index” submaximal test, and found positive sig-
nificant effects in the exercise groups (D’hooge et al.,
2011; Heyman et al, 2007; Roberts et al, 2002).
Because children and adolescents with TIDM may
present with early cardiovascular complications,
especially those with poor glycaemic control (Maahs
et al,, 2014), and are less fit than matched individuals
without diabetes (Wu et al., 2021) the importance of car-
diorespiratory fitness (Garcia-Hermoso, Ramirez-Vélez,
Garcid-Alonso, Alonso-Martinez, & Izquierdo, 2020) and
the important role of physical activity (Piercy et al,
2018) from early years should be emphasised. It is
unclear, however, whether the reduced work capacity
in youth with TIDM is a result of poorer oxygenation
of muscle (Ditzel & Standl, 1975) or lower muscle capil-
larisation (Kivela et al., 2006), or whether poorer meta-
bolic control is a function of lower amounts of habitual
physical activity (Robertson, Riddell, Guinhouya, Adolfs-
son, & Hanas, 2014).

Long-term exercise-induced glycaemic benefits are
based on the continuous effect of each successive
bout of exercise. To date, no studies have provided gui-
dance on the duration, type or intensity of exercise that
will confer the greatest benefit in this population. In this
respect, the published evidence indicates that exercise
programmes must be sufficiently long enough to
achieve a reduction in HbAlc (Ostman et al, 2018;
Tonoli et al,, 2012), findings confirmed by our meta-
analysis. Specifically, our results show larger reductions
on HbA1c with programmes of at least 24 weeks
(=1.30%) and sessions larger than 60 minutes
(—0.86%). Kennedy et al. (Kennedy et al., 2013) suggest
that the benefits to HbA1c are associated with pro-
grammes longer than 12-24 weeks. Since the life span
of the human red blood cell is about 127 days (Shemin
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& Rittenberg, 1946), this timeframe appears to be
reasonable to bring at least partial change in HbA1c. In
fact, a larger reduction in HbA1c was reported by Petsch-
nig et al. (Petschnig et al., 2020) using isolated super-
vised progressive resistance training with a duration of
32 weeks in 21 children with TIDM.

A better understanding of the metabolic and neuro-
endocrine responses to the various modalities of exer-
cise performed by youth with TIDM is critical for
determining appropriate nutritional and insulin man-
agement strategies (Riddell et al., 2017). Another impor-
tant finding of the present study in this respect was that
concurrent training (i.e. a combination of aerobic and
strength training) showed slightly higher reductions in
HbA1c and insulin doses per day. These results are in
accord with the position of the ISPAD Clinical Practice
Consensus Guidelines 2018 Compendium, who rec-
ommend both aerobic and strength activities for most
people living with T1IDM (Adolfsson et al, 2018).
Similar benefits on several health parameters have
been reported in obese children in response to concur-
rent training (Garcia-Hermoso, Ramirez-Vélez, Ramirez-
Campillo, Peterson, & Martinez-Vizcaino, 2018). A poss-
ible explanation for this is the combined effect of a
greater use of glucose, caused by an increased muscle
mass, and the decreased insulin resistance (Svensson &
Eriksson, 2011).

It is also unclear what is the most effective intensity of
exercise for improvement of glycaemic control in TIDM.
Our study suggests that high-intensity exercise training
favours greater reductions in HbA1c and insulin
dosage per day. This finding is consistent with that of
Chimen et al. (Chimen et al., 2012) who confirmed that
the studies reporting a glycaemic benefit involved
high-intensity exercise in contrast to the majority of
other studies that did not report a benefit and employed
a moderate exercise programme. In this respect, higher
high-intensity physical activity seems to be negatively
related to adiposity and cardiometabolic risk among
children and adolescents later in life (Garcia-Hermoso,
Ezzatvar, Ramirez-Vélez, Olloquequi, & lzquierdo, 2021).
Also, high-intensity interval training has been shown to
be more effective than continuous aerobic training in
improving cardiovascular fitness and various parameters
related to glucose metabolism in adults with T1DM
(Farinha et al, 2018). To this end, more extensive
studies clarifying the physiological and molecular basis
of exercise adaptive responses, and their possible altera-
tions in diabetes, are needed.

Overall, the frequency of hypoglycaemia experienced
by youths in the intervention groups was similar in com-
parison to the control groups (Campaigne et al.,, 1985;
Landt et al., 1985; Petschnig et al., 2020; Salem et al,,
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2010), indicating that exercise in trial settings can be
undertaken safely in children and adolescents with
T1DM. A possible explanation for this might be that
the exercise protocols were designed with a limited dur-
ation and with specific exercises and were performed
under controlled conditions. Also, some studies con-
sidered pre-exercise glucose levels of the participants
according to the ADA recommendations®. For example,
Petschnig et al. (Petschnig et al.,, 2020) required pre-
exercise glucose levels of 115-280 mg/dL. This will give
the ability to children and adolescents for learning
about their individual glucose response to exercise and
eventually establish an individual strategy to prevent
exercise-induced hypoglycaemia.

Interpretation of these results must be considered
with caution since they are subject to several limit-
ations. First, the main limitation of this review is the
low quality of included studies. Second, few RCTs con-
sidered important confounding factors such as diet or
adjustment of insulin dosage. Third, only few studies
provided information on the use of an insulin pump,
insulin injections or a continuous glucose measure-
ment system. Fourth, not all RCTs reported attendance
at exercise sessions and the adherence to achieving
intensity targets, and this is essential to know
whether individuals performed as intended and
adhered to the planned programme. Fifth, not all
studies reported key factors involved as predictors of
glycaemic control, such as age at diagnosis, disease
duration, diet, nutritional status, and others (i.e. par-
ental schooling, sexual maturation, and/or family
income). Finally, publication bias may have affected
the findings in this review as the Doi plot and the LFK
index showed asymmetry for HbA1c.

In conclusion, the present review suggests that exer-
cise interventions can have a significant effect on the
reduction of HbA1c and insulin dose per day and can
increase cardiorespiratory fitness in children and ado-
lescents with TIDM. The findings suggest that longer
interventions (i.e.>24 weeks and sessions> 60
minutes) and inclusion of concurrent and high-inten-
sity exercise (e.g. 77-95% of maximum heart rate
and > 70-84% of one-repetition maximum) might be
more effective at improving these parameters. Also,
as no episode of severe hypoglycaemia was reported
during exercise in any of the RCTs included in our
meta-analysis, our findings suggest that exercise in
trial settings can be undertaken safely in children and
adolescents with T1IDM. Our findings contribute in
several ways to our understanding on how to prescribe
exercise in terms of duration, mode, and intensity
among the paediatric population with diabetes and
provide a basis for future studies.
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