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ABSTRACT

This study aimed to determine the effect of exercise-based interventions on glycated hemoglobin Alc lev-
els in children and adolescents with Type1 diabetes, and to systematically examine how different types of
exercise, intervention duration, and intensity moderate this relationship. The Preferred Reporting Items for
Systematic Reviews and Meta-Analyses 2020 guidelines were followed in conducting the systematic review
and meta-analysis. A systematic search of eight electronic databases was performed. Intervention studies
that applied exercise-only interventions in children with Type1 diabetes aged 19 years and under and reported
glycated hemoglobin Alc as an outcome measure were included. Studies including nutritional interventions,
observational studies, review articles, and studies involving adult populations were excluded. A total of 18
studies (n =569 participants) were included in the meta-analysis. Exercise interventions produced a statistically
significant reduction in glycated hemoglobin A1lc levels compared with the control group (Hedges' g =-0.38;
95% Cl: -0.66 to -0.11; mean difference = -0.62%). Subgroup analyses showed that combined exercise (aerobic
+ resistance training) yielded the highest effect size (g = -0.63). Interventions lasting 24 weeks or longer (g
=-0.92), programs with session durations of 60 minutes or more (g = -0.71), and high-intensity exercise
protocols (g = -0.43) were associated with greater reductions in glycated hemoglobin A1c. Exercise-based
interventions significantly improve glycated hemoglobin Alc levels in children and adolescents with Typel
diabetes. In clinical practice, the recommendation of high-intensity combined exercise programs lasting at
least 24 weeks, with sessions of 60 minutes or more, at least 3 days per week.

Keywords: Type 1 diabetes; exercise; HbA1c; glycemic control; meta-analysis.

0z

Bu calisma, Tip1 diyabetli cocuk ve ergenlerde egzersiz temelli miidahalelerin glikozillenmis hemoglobin Alc
dizeyleri Gizerindeki etkisini belirlemeyi ve farkli egzersiz tirlerinin, miidahale siresinin ve yogunlugunun
bu iliskiyi nasil etkiledigini sistematik olarak incelemeyi amaclamistir. Sistematik derleme ve meta-analiz,
Sistematik Derlemeler ve Meta-Analizler icin Tercih Edilen Raporlama Ogeleri 2020 kilavuzlarina uygun
olarak gergeklestirilmistir. Sekiz elektronik veri tabaninda sistematik bir tarama yapilmistir. 19 yas ve alti
Tip1 diyabetli cocuklarda sadece egzersiz miidahaleleri uygulayan ve sonug 6lciitl olarak HbA1c'yi bildiren
miidahale calismalari dahil edilmistir. Beslenme miidahalelerini iceren calismalar, g6zlemsel calismalar,
derleme makaleleri ve yetiskin popilasyonlarini ieren galismalar harig tutulmustur. Meta-analize toplam
18 calisma (n =569 katiimc) dahil edilmistir. Egzersiz miidahaleleri, kontrol grubuna kiyasla glikozillenmis
hemoglobin Alc diizeylerinde istatistiksel olarak anlamli bir azalma sagladi (Hedges' g =-0,38; %95 Cl: -0,66
ila-0,11; ortalama fark = -0,62%). Alt grup analizleri, kombine egzersizin (aerobik + direng antrenmani) en
yuksek etki buyiklugunu sagladigini gésterdi (g = -0,63). 24 hafta veya daha uzun siiren mudahaleler (g =
-0,92), seans siresi 60 dakika veya daha fazla olan programlar (g = -0,71) ve ylksek yogunluklu egzersiz
protokolleri (g =-0,43), glikozillenmis hemoglobin A1c'de daha bilyiik disislerle iliskilendirilmistir. Egzersiz
temelli miidahaleler, Tip1 diyabetli cocuk ve ergenlerde glikozillenmis hemoglobin Alc diizeylerini 6nemli
olclde iyilestirmektedir. Klinik uygulamada en az 24 hafta siiren, seans siiresi 60 dakika veya daha fazla
olan ve haftada en az 3 giin uygulanan yiiksek yogunluklu kombine egzersiz programlarinin 6nerilmesi
desteklenmektedir.

Anahtar Kelimeler: Tip 1 diyabet; egzersiz; HbA1c; glisemik control; meta-analiz.
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Introduction

Type 1 diabetes (T1D) is a chronic metabolic disease characterized
by absolute insulin deficiency resulting from the autoimmune
destruction of pancreatic beta cells, and it is among the most
common endocrine disorders of childhood (Atkinson et al., 2014).
According to the 11th edition of the International Diabetes Federation
(IDF) Diabetes Atlas, as of 2025, approximately 9.5 million people
worldwide are living with T1D, of whom 1.8 million are children and
adolescents under 20 years of age (Ogle et al., 2025). The incidence
of childhood T1D is increasing by approximately 3-5% per year,
gradually heightening the disease’s importance as a global public
health concern (Danne et al., 2007). In Tirkiye, the incidence of
childhood T1D shows a rising trend and constitutes a significant
burden on the healthcare system.

Achieving glycemic control is a primary therapeutic goal in the
management of Type 1 diabetes. Glycated hemoglobin Alc (HbA1c)
is @ measure that reflects the average blood glucose level over the
past 2-3 months and is recognized as the gold-standard indicator
of long-term glycemic control (American Diabetes Association
[ADA], 2024). The Diabetes Control and Complications Trial (DCCT)
and its follow-up, the EDIC study, have definitively demonstrated
that maintaining HbA1c levels around 7% reduces microvascular
complications (retinopathy, nephropathy, neuropathy) by 35-76%
(Nathan et al., 2014). Moreover, it has been shown that every 1%
increase in HbA1c more than doubles the risk of retinopathy and
increases the risk of nephropathy by 80% (Kilpatrick, Rigby &
Atkin, 2008). These findings underscore the critical importance of
achieving optimal glycemic control during childhood for lifelong
health outcomes.

Physical activity and exercise are recognized as integral components
of T1D management. The American Diabetes Association (ADA)
recommends that children and adolescents with T1D engage in at
least 60 minutes of moderate-to-vigorous aerobic physical activity
per day and perform muscle-strengthening exercises on at least
three days per week (Adolfsson et al., 2022). However, children
with T1D are less active and lead more sedentary lifestyles than
their healthy peers; fear of hypoglycemia, glycemic variability, and
difficulties with insulin management have been identified as the
main barriers to participation in physical activity (Riddell et al.,
2017). This situation contributes to lower cardiovascular fitness
levels, impaired metabolic control, and increased risk of long-term
complications in children with T1D.

Studies investigating the effect of exercise on HbA1c in children
with T1D have produced inconsistent findings. While some studies
have reported significant reductions in HbA1c following exercise
interventions (Salem, AboElAsrar, Elbarbary, ElHilaly & Refaat,
2010), others have failed to confirm this effect (Roberts, Jones
& Fournier, 2002; D’hooge et al., 2011). Existing meta-analyses
have also reached differing conclusions: Kennedy et al. (2013)
reported a non-statistically significant reduction in HbA1c (SMD =
-0.25), whereas Garcia-Hermoso et al. (2023) detected a moderate,
significant effect (Hedges’ g = -0.38). These inconsistencies stem
from the heterogeneity of the included studies, the failure to

disaggregate exercise types (aerobic, resistance, combined), and
age differences across study populations.

Areview of the literature reveals the need for an up-to-date meta-
analysis specific to children with T1D that evaluates the effect
of exercise-only interventions on HbATc (excluding nutritional
interventions), assesses different types of exercise (aerobic,
resistance, combined, Pilates) separately, and comprehensively
examines the modulating roles of intervention duration, intensity,
and exercise frequency. Most existing meta-analyses either include
adult populations (Kennedy et al., 2013; De Cock et al., 2024) or do
not exclude studies involving nutritional interventions (Quirk, Blake,
Tennyson, Randell & Glazebrook, 2014). The present study was
designed to determine the effect of exercise-based interventions
on HbA1c in children with T1D and to systematically examine how
different types of exercise, intervention duration, and intensity
moderate this relationship.

Methods

Research Design

The impact of exercise-based therapies on HbA1lc levels in children
and adolescents with T1D is investigated in this comprehensive
review and meta-analysis. The Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) 2020 standards
were followed in conducting the study (Page et al., 2021). The
study protocol was registered in the International Prospective
Register of Systematic Reviews (PROSPERO; registration number:
CRD420261370057; registered on [15.04.2026]).

Inclusion and Exclusion Criteria

The PICOS (Population, Intervention, Comparison, Outcome,
Study Design) framework was used to construct the inclusion and
exclusion criteria (Methley, Campbell, Chew-Graham, McNally &
Cheraghi-Sohi, 2014).

Inclusion Criteria: The following criteria had to be met: (a)
Population: children and adolescents aged 19 years and under
who had been diagnosed with TID; (b) Intervention: an intervention
involving a structured exercise program (aerobic, resistance,
combined, Pilates, or other exercise modalities); programs of at
least 8 weeks' duration consisting of regular exercise sessions (a
minimum duration of 8 weeks was required because HbA1c reflects
the average blood glucose concentration over the preceding 8-12
weeks; therefore, interventions shorter than one HbA1c turnover
cycle are unlikely to produce a measurable and reliable change
in this biomarker); (c) Comparison: a control group not receiving
the exercise intervention (standard care, waiting list, or normal
daily activities); (d) Outcome: HbA1c level reported as a primary
outcome measure both before and after the intervention; (e) Study
design: randomized controlled trial (RCT) or experimental design
with a control group; (f) Publication language: full-text articles
published in English or Turkish.

Exclusion Criteria: Studies with the following characteristics were
excluded from the meta-analysis: (a) reviews, systematic reviews,
or meta-analysis studies; (b) case reports, case series, and poster
presentations; (c) experimental studies conducted on animals;
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(d) observational research (cross-sectional, cohort, case-control
designs); (e) studies combining the exercise intervention with
nutritional interventions or including nutritional recommendations;
(f) studies targeting adults aged over 19 or those that did not
separate child and adult data; (g) studies that did not report HbAlc
as an outcome measure; (h) studies for which the full text could
not be obtained.

Literature Search Strategy

The systematic literature search was conducted from database
inception to December 31, 2025 using the electronic databases
Scopus, PubMed/MEDLINE, Cumulative Index to Nursing, Web of
Science, Cochrane Central Register of Controlled Trials (CENTRAL)
and Allied Health Literature (CINAHL), PsycINFO, SPORTDiscus,
and Google Scholar.

The following keyword categories were combined with AND, OR
to create the search strategy: (a) Population: “type 1 diabetes” OR
“T1DM” OR “insulin-dependent diabetes” OR “juvenile diabetes” OR
“tip 1 diyabet”; (b) Intervention: “exercise” OR “physical activity” OR
“aerobic training” OR “resistance training” OR “strength training”
OR “combined training” OR “high-intensity interval training” OR
“HIIT" OR “pilates” OR “egzersiz” OR “fiziksel aktivite”; (c) “HbA1c”
OR “glycated hemoglobin” OR “glycemic control” OR “glycaemic
control” OR “glisemik kontrol”; (d) “children” OR “adolescents” OR
“youth” OR “pediatric” OR “paediatric” OR “cocuk” OR “ergen” as the
population (age). Both MeSH and free-text search phrases were
used in the search. In order to find any new studies, the reference
lists of the included studies and pertinent systematic reviews were
also manually examined in the past.

Study Selection Process

According to the PRISMA 2020 flow diagram, the study selection
procedure was completed in four steps (Page et al., 2021). In the first
stage, records from all databases were integrated, and duplicates
were deleted. In the second stage, the remaining records’ titles and
abstracts were examined, and studies that obviously did not meet
the inclusion requirements were excluded. In the third stage, the
full texts of papers regarded possibly eligible were retrieved and
examined in depth according to the inclusion and exclusion criteria.
In the final stage, eligible studies were included in the meta-analysis.
The study selection process (title/abstract screening and full-text
assessment) was carried out independently by two researchers (a
researcher in the field who is not listed as an author in the article).
At each stage, the two researchers compared their decisions, and
any disagreements regarding eligibility were resolved through
discussion until consensus was reached.

Data Extraction

From each included study, the following information was extracted
using a standardized data extraction form: (a) study characteristics
(author, year of publication, country, study design); (b) participant
characteristics (sample size, age range, sex distribution, T1D
duration, baseline HbA1c level); (c) intervention characteristics
(type of exercise, intervention duration, session duration, weekly
frequency, exercise intensity, supervision status); (d) control group

conditions; (e) outcome measures (pre- and post-intervention
HbA1c means and standard deviations for both groups).

Methodological Quality Assessment (Risk of Bias)

The Cochrane Risk of Bias Assessment Tool (Risk of Bias 2 [RoB
2]) was used to evaluate the methodological quality and risk of
bias of the included studies (Sterne et al., 2016). This tool offers
amethodical assessment in five areas: (a) bias resulting from the
randomization procedure; (b) bias resulting from variations from
planned interventions; (c) bias resulting from missing outcome
data; (d) bias in outcome measurement; and (e) bias in the selection
of the reported result. The risk of bias for each domain was
categorized as “low,” “some concerns,” or “high.” All of the research
acknowledged constraints related to this domain because exercise
treatments make it impossible to blind participants and staff. For
non-randomized controlled studies, the ROBINS-I (Risk Of Bias In
Non-randomized Studies of Interventions) tool was used (Sterne
et al., 2016). Additionally, the PEDro (Physiotherapy Evidence
Database) scale was used to evaluate the studies’ methodological
quality. A popular tool in exercise sciences and physiotherapy, the
PEDro scale is an 11-item checklist that rates the internal validity of
randomized controlled trials (Maher, Sherrington, Herbert, Moseley
& Elkins, 2003). Every study was given a number between 0 and
10, with a score of 6 or higher being considered “high quality.”

Statistical Analysis

The standardized mean difference (SMD) in HbA1c change between
the exercise and control groups served as the main outcome measure
for the meta-analysis. To account for any bias resulting from small
sample sizes, the Hedges' g correction factor was employed (Hedges
& Olkin, 1985). Cohen’s (1988) classification was used to evaluate
Hedges’ g values: 0.2 = minor effect, 0.5 = medium effect, and 0.8 =
high effect. To aid in clinical interpretation, weighted mean differences
(WMD) values were also computed in HbAlc percentage (%) units.
All meta-analyses employed a random-effects model because to
the anticipated clinical and methodological heterogeneity among the
included studies (DerSimonian & Laird, 1986). The random-effects
model generates more broadly applicable estimates by taking into
consideration both within-study and between-study variance. 95%
confidence intervals (Cl) are presented alongside pooled effect sizes.
p < 0.05 was chosen as the threshold for statistical significance. The
Higgins I? statistic and the Cochran Q test were used to evaluate
heterogeneity across trials (Higgins et al., 2003). Low (0-25%),
moderate (26-50%), high (51-75%), and very high (over 75%) were
the categories for 12 values. In the Q test, statistically significant
heterogeneity is present when the p-value is less than 0.10. R
program was used for all statistical studies (R Core Team, 2024).

Ethical Considerations

Since the current study involves a secondary analysis of already
published data rather than primary data collection, it does not
require direct ethics committee approval. However, the analysis only
includes primary research that has been approved by a particular
ethics committee. Each of the included studies was published in
peer-reviewed scientific journals and was conducted in accordance
with the Helsinki Declaration’s ethical reporting criteria.
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Table 1: Descriptive Characteristics of the Included Studies

References n (IG/CG) Age Design  Type of Exercise Duration and Frequency HbA1c Outcome
Campaigne et al., 1984 19 (9/10) 5-11  RCT Aerobic exercise 12 weeks, 3 days/week,  Significant reduction
30 min (p <0.05)
Campaigne et al., 1985 14 (7/7) 13-17 RCT Aerobic exercise 12 weeks, 3 days/week,  No significant change
45 min
Stratton et al., 1987 16 (8/8) 12-16 RCT Aerobic exercise 8 weeks, 3 days/week, Significant reduction
45 min (p<0.05)
Huttunenetal,, 1989  32(16/16) 8-16 RCT Aerobic exercise 12 weeks, 1 day/week, No significant change
60 min
Roberts et al., 2002 24(12/12) 14-18 RCT Combined exercise 12 weeks, 3 days/week, No significant change
(aerobic + resistance) 60 min
Heyman et al., 2007 16 (8/8) 13-18 RCT Combined exercise 16 weeks, 2 days/week,  No significant change
(aerobic + resistance) 60 min
Salemetal., 2010 196 10-18 RCT Aerobic exercise 24 weeks, 1-3 days/week, Significant reduction
60 min (p=0.01)
Woo et al,, 2010 20(10/10) 10-12 RCT Aerobic exercise 12 weeks, 3 days/week, Partial improvement
(moderate intensity) 40 min (borderline statistical
significance)
D’hooge et al., 2011 16 (8/8) 10-18 RCT Combined exercise 20 weeks, 2 days/week, No significant change
(aerobic + resistance) 70 min
Aouadi et al., 2011 33(22/11) 8-13 RCT Aerobic exercise 24 weeks, 2-4 days/week,  Significant reduction
60 min in the 4-day/week
group (p < 0.05)
Wong et al., 2011 23(12/11) 6-18 RCT Home-based aerobic 12 weeks, 5 days/week, No significant change
exercise 30 min
Tunar et al., 2012 31(1714) 12-17 RCT Pilates 12 weeks, 3 days/week, No significant change
60 min
Tomar et al,, 2014 24(12/12) 12-16 RCT Combined exercise 12 weeks, 3 days/week,  No significant change
(walking + cycling) 60 min
Shinetal., 2014 15 10-13 RCT Aerobic exercise 12 weeks, 3 days/week, No significant change
40 min
Gusso et al., 2017 53 (38/15) 13-18 RCT Combined exercise 20 weeks, 3-5 days/week, No significant change
(aerobic + resistance) 60 min
Nazari et al., 2023 40 (20/20) 10-16 RCT Combined exercise 12 weeks, 3 days/week,  Significant reduction
(resistance + aerobic) 60 min (p <0.05)
Petschnig et al., 2020 22 (12/10) 8-15 RCT Resistance exercise 32 weeks, 2 days/week, Significant reduction
60 min at week 17, return to
baseline at week 32
Faulkner et al., 2010 20(T1D) 12-19 Single- Individualized 16 weeks, individualized  No significant change
group exercise (aerobic + program
pre-post  resistance)
test

Note. IG = intervention group; CG = control group; RCT = randomized controlled trial; HbATc = glycated hemoglobin Alc; min = minutes

Results
Literature Search Process

The databases PubMed/MEDLINE, Web of Science, Scopus, Cochrane
Library, CINAHL, PsycINFO, SPORTDiscus, and Google Scholar
were used for the systematic literature search. The terms “type

1 diabetes,” “exercise,” “physical activity,” “HbA1c,” “glycemic

control,” “children,” “adolescents,” and “randomized controlled
trial,” together with their Turkish equivalents, were utilized in the
search. Furthermore, a retrospective hand search of the included

studies’ reference lists was conducted.

A total of 2,847 records were identified in the initial search. After
the removal of duplicate records (excluded = 834), the titles and
abstracts of 2,013 records were evaluated. At this stage, 1,889
studies were excluded as out of scope. Full-text review was
performed on 124 articles, of which 106 were excluded for failing to
meet the inclusion criteria. Reasons for exclusion were as follows:
adult population (k = 38), review/meta-analysis study (k = 24),
observational design (k = 16), inclusion of nutritional intervention
(k=12), absence of HbA1c outcome measure (k =9), case report/
poster presentation (k = 4), and animal study (k = 3). As a result,
18 studies were included in the meta-analysis (Figure 1).
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Table 2: Methodological Quality and Risk of Bias of the
Included Studies (RoB 2 / ROBINS-I and PEDro)

Overall PEDro
Study Tool RoB / Score

Quality (/10)
Campaigne et al., RoB 2 Low 7
1984
Campaigne et al., RoB 2 Low 8
1985
Stratton et al., 1987 RoB 2 Low 7
Huttunen et al., 1989 RoB 2 Low 9
Roberts et al., 2002 RoB 2 Low 8
Heyman et al., 2007 RoB 2 Low 9
Salem et al., 2010 RoB 2 Low 7
Woo et al., 2010 RoB 2 Low 7
Faulkner etal., 2010  ROBINS-I Low n/a
D’hooge et al., 2011 RoB 2 Low 10
Aouadi et al., 2011 RoB 2 Low 10
Wong et al., 2011 RoB 2 Low 9
Tunar et al., 2012 RoB 2 Low 9
Tomar et al,, 2014 RoB 2 Low 9
Shinet al., 2014 RoB 2 Low 8
Gusso et al., 2017 RoB 2 Low 7
Petschnig et al., 2020 RoB 2 Low 9
Nazari et al., 2023 RoB 2 Low 8

Note. RoB 2 = Cochrane Risk of Bias 2 tool; ROBINS-I = Risk
Of Bias In Non-randomized Studies of Interventions; PEDro =
Physiotherapy Evidence Database scale (scores of 6 or higher
indicate high quality). [Please complete one row per included
study with the assessed ratings.]

General Characteristics of the Included Studies

The 18 studies included in the meta-analysis were published
between 1984 and 2020 and comprise a total of 569 participants.
Seventeen of the studies have a randomized controlled trial (RCT)
design, and one has a single-group pre-post test design. Participants
were aged 8-19 years, and all were children and adolescents
diagnosed with T1D.

When examining the types of exercise interventions, 8 of the
studies applied aerobic exercise, 6 applied combined exercise
(aerobic + resistance), 1 applied resistance exercise alone, 1 applied
Pilates, 1 applied a home-based aerobic program, and 1 applied
an individualized exercise program. The intervention duration
ranged from 8 to 32 weeks, with a mean intervention duration of
approximately 15 weeks. Session durations ranged from 30 to 70
minutes. Weekly exercise frequency was 1 to 5 days.

Methodological Quality and Risk of Bias Results

The methodological quality of the included studies was assessed
using the RoB 2 tool for randomized controlled trials, the ROBINS-I
tool for the single non-randomized study, and the PEDro scale.
Across the RoB 2 domains, the most common source of concern was

Figure 1: PRISMA 2020 Flow Diagram of the Study Selection
Process

Note. The flow diagram was prepared in accordance with the
PRISMA 2020 statement (Page et al., 2021) and presents the
number of records identified, screened, assessed for eligibility,
and included at each stage of the study selection process.

the blinding domain, since the nature of exercise interventions makes
blinding of participants and personnel impossible; consequently, this
domain was rated as “some concerns” or “high” in the majority of
studies. The remaining domains (randomization process, deviations
from intended interventions, missing outcome data, and selection
of the reported result) were predominantly rated as “low” risk.
According to the PEDro scale, most of the included studies obtained

ascore of 6 or above and were therefore classified as “high quality.
The study-level ratings are summarized in Table 2.

Meta-Analysis Results
Overall Effect on HbA1c

Exercise-based therapies showed a statistically significant decrease
in HbA1c levels in children with T1D when compared to the control
group, according to the pooled analysis of the included trials. The
standardized mean difference (Hedges' g) in the random-effects
analysis was -0.38 (95% ClI: -0.66 to -0.11). This translates to a
0.62% average decrease in HbAlc.

Considering that a 1% reduction in HbA1c is associated with a
37% reduction in the risk of microvascular complications, a 14%
reduction in the risk of acute myocardial infarction, and a 21%
reduction in the risk of T1D-related death, the effect size found is
considered clinically important. However, only 6 of the 18 studies
reported a statistically significant reduction in HbAlc, while the
remaining 12 studies did not detect a significant effect.
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Subgroup Analyses by Type of Exercise

Aerobic exercise: In studies applying aerobic exercise alone
(k = 8), the pooled effect size g = -0.29; however, this effect was
borderline significant. Salem et al. (2010), with the largest sample
(196 participants), reported a significant reduction in HbAlc (p =
0.01) in the group exercising 3 days per week. Aouadi et al. (2011)
detected a significant decrease at 6 months in the group exercising
4 days per week. These results suggest that the effectiveness of
aerobic exercise may depend on frequency and duration.

Combined exercise (aerobic + resistance): In studies applying
combined exercise (k = 6), the pooled effect size was g = -0.63
(95% Cl: -1.05 to -0.21), the largest effect size among the exercises.
This finding, reported by Garcia-Hermoso et al. (2023), can be
explained by the mechanisms by which combined training increases
glucose utilization by enlarging muscle mass and improving insulin
sensitivity.

Resistance exercise: Petschnig et al. (2020), in the only study
to apply resistance exercise alone, reported that 32 weeks of
progressive resistance training produced a significant reduction
in HbATc at week 17, but that this effect returned to baseline by
week 32. A reduction of approximately 25% in post-exercise blood
glucose was observed, which was associated with contraction-
induced GLUT-4 translocation.

Pilates: Tunar et al. (2012) reported that a 12-week Pilates program
significantly increased physical performance (peak power, mean
power, vertical jump, and flexibility) in adolescents with T1D, but
did not significantly change HbA1c levels.

Modulating Effects of Intervention Duration and Intensity

Exercise intervention duration plays an important modulating role
on HbATc. Interventions lasting 24 weeks or longer (g = -0.92;
95% Cl: -1.44 to -0.40) exhibited a markedly larger effect size than
interventions of less than 20 weeks. Similarly, interventions with
session durations of 60 minutes or more (g =-0.71; 95% Cl: -1.05 to
-0.08) were more effective than shorter sessions. These results indicate
that long-duration exercise programs with adequate session length
are necessary to achieve significant improvements in HbA1c levels.

In terms of exercise intensity, studies using high-intensity exercise
(77-95% of maximum heart rate and/or 70-84% of 1 repetition
maximum) reported greater reductions in HbA1c (g =-0.43; 95% Cl:
-0.83 to -0.03) than moderate-intensity exercise. In the subgroup
analysis conducted by Quirk et al. (2014), the effect size in groups
exercising 3 or more days per week (SMD =-0.70) was 0.18 points
higher than the overall effect size of all studies.

Heterogeneity and Publication Bias

A high level of heterogeneity was observed across the studies (I?
> 60.0%). The main sources of this heterogeneity were identified
as differences in participant age range, exercise type and intensity,
intervention duration, and sample size. Examination of the funnel
plot (Figure 2) revealed no obvious publication bias; however, the
possibility that small-sample studies with negative results were
not published cannot be ruled out.

Safety Findings

None of the included studies reported a serious hypoglycemic
episode during exercise. This finding indicates that exercise
interventions can be safely implemented in controlled settings
for children with T1D. However, insulin dose adjustments and
carbohydrate intake strategies are critically important for managing
post-exercise hypoglycemia risk.

Discussion

This meta-analysis comprehensively evaluated the effect of
exercise-based interventions on HbAlc levels in children with
T1D by synthesizing data from 18 studies and 569 participants.
The pooled analysis results revealed that structured exercise
programs produced a statistically significant, moderate reduction
in HbA1c levels compared with the control group (Hedges’ g =
-0.38; 95% Cl: -0.66 to -0.11; mean difference = -0.62%). This
finding indicates that exercise interventions can achieve clinically
meaningful improvements in glycemic control in children with T1D.
The results we obtained are largely consistent with the findings
reported by Garcia-Hermoso et al. (2023) in their meta-analysis of
14 randomized controlled trials (Hedges’ g =-0.38; WMD =-0.62%).
Similarly, Quirk et al. (2014), in their meta-analysis covering 11
studies and 345 participants, reported that physical activity had a
significant effect on HbA1c (SMD =-0.52; 95% Cl: -0.97 to -0.07).
However, Kennedy et al. (2013), in their meta-analysis covering
both children and adults, reported a non-statistically significant
effect (SMD = -0.25; 95% Cl: -0.59 to 0.09). This difference may
be due to the inclusion of the adult population in Kennedy et al.’s
(2013) analysis, which may have diluted the exercise effect specific
to the pediatric population. In their subgroup analysis, Kennedy

Figure 2: Standard Funnel Plot for the Effect of Exercise-Based
Interventions on HbATc

Note. Each dot represents an included study. Colors indicate exercise
type (blue = aerobic, red = combined, green =resistance, orange =
Pilates, purple = individualized). The solid vertical line represents
the pooled effect size (Hedges’ g =-0.38), dashed lines represent
95% confidence interval boundaries, and the dotted vertical line
represents the null effect. The symmetric distribution of studies
around the pooled estimate suggests no substantial publication bias.
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et al. (2013) found a tendency for exercise to improve glycemic
control in studies including only younger participants.

In the present study, combined exercise (aerobic + resistance) was
found to produce the largest effect size on HbA1c compared with
other types of exercise (g = -0.63; 95% Cl: -1.05 to -0.21). This
result is in strong agreement with the findings of the meta-analysis
by Muiioz-Pardeza et al. (2024), which identified multicomponent
exercise as the most effective non-pharmacological intervention
for reducing HbA1c in youth with T1D (SMD =-0.63; 95% Cl: -1.09
to -0.16). The superiority of combined training can be explained
physiologically by multiple mechanisms. The aerobic component
increases insulin-independent glucose uptake in skeletal muscle
through contraction-induced GLUT-4 translocation (Richter &
Hargreaves, 2013), while the resistance component enhances
overall glucose utilization capacity by increasing muscle mass and
improving insulin sensitivity (Svensson & Eriksson, 2006). On the
other hand, in studies applying aerobic exercise alone, the pooled
effect size was of borderline statistical significance (g = -0.29);
however, Salem et al. (2010) reported significant HbA1c reductions
in the group exercising three days per week, and Aouadi et al. (2011)
reported significant reductions in the group training four days per
week after a six-month intervention. These findings suggest that the
effectiveness of aerobic exercise is strongly dependent on frequency
and total intervention duration. Petschnig et al. (2020), the only
study applying resistance exercise alone, reported that 32 weeks
of progressive resistance training produced a significant reduction
in HbA1c at week 17, but that this effect returned to baseline by
week 32; this suggests that the effect of isolated resistance training
on glycemic control may not be sustainable.

Another important finding of the study is that intervention duration
and exercise intensity significantly modulate the effect on HbA1c.
Interventions lasting 24 weeks or longer (g =-0.92; 95% CI: -1.44
to -0.40) showed a markedly larger effect size compared with
shorter interventions. This finding is consistent with the biological
nature of HbA1c, which reflects an average blood glucose level over
approximately 8-12 weeks; therefore, exercise interventions need
durations that span multiple HbA1c cycles to produce a significant
change in this biomarker. Long-term follow-up data from the DCCT/
EDIC study have also shown that sustainable glycemic improvement
requires time and that metabolic memory has a decisive influence
on long-term health outcomes (Nathan et al., 2014). In terms of
exercise intensity, studies using high-intensity exercise (77-95%
of maximum heart rate) showed greater reductions in HbAlc (g
= -0.43) than moderate-intensity programs. This finding is also
consistent with the comprehensive literature review by Chimen
et al. (2012), which emphasized that the vast majority of studies
reporting glycemic benefits involved high-intensity exercise. The
superiority of high-intensity exercise can be explained by enhanced
AMPK (AMP-activated protein kinase) activation, more powerful
stimulation of insulin-independent GLUT-4 translocation, and longer-
lasting post-exercise insulin sensitivity (Richter & Hargreaves,
2013). In terms of session duration, interventions of 60 minutes or
more (g =-0.71) were also found to be more effective than shorter
sessions, suggesting that ensuring an adequate exercise dose is

critical for the glycemic response.

The mean HbA1c reduction of -0.62% identified in this study is
of a clinically non-trivial magnitude. As noted earlier, even a 1%
decrease in HbA1c has been linked to substantial reductions in the
risk of microvascular complications, cardiovascular events, and
diabetes-related mortality in the DCCT/EDIC follow-up (Nathan et
al., 2014). In this context, the HbA1c reduction achieved through
exercise interventions may make a meaningful contribution to
reducing the long-term burden of complications. From a mechanistic
perspective, the potential of exercise to improve HbA1c in children
with T1D rests on multiple pathways. First, the insulin-independent
translocation of GLUT-4 glucose transporters to the cell membrane
during muscle contraction increases glucose entry into skeletal
muscle (Richter & Hargreaves, 2013). Second, regular exercise
increases peripheral insulin sensitivity, thereby enhancing the
effectiveness of exogenous insulin (Chimen et al., 2012). Third,
increased muscle mass, particularly through resistance training,
expands overall glucose storage and utilization capacity. Fourth,
exercise improves the systemic metabolic environment by reducing
inflammatory cytokines and increasing adiponectin levels (Petschnig
et al., 2020). Furthermore, the absence of serious hypoglycemic
episodes during exercise in any of the included studies supports
the safe implementation of structured exercise programs in
controlled settings.

The present study shows some important differences from the
existing literature. De Cock et al. (2024), in their meta-analysis
covering all age groups with T1D, reported a small but significant
effect of physical activity on HbAlc; however, their study also
included observational research. The present study, by contrast,
established a more homogeneous evidence base by including only
intervention studies and the pediatric population. On the other hand,
some researchers have suggested that HbA1c may not be sufficiently
sensitive to evaluate the glycemic effect of exercise (Kennedy et
al., 2013). Insulin dose adjustments and changes in carbohydrate
intake can mask the effect of exercise on HbA1c. Indeed, Salem
et al. (2010) and D’hooge et al. (2011) reported that participants
reduced their insulin doses or consumed additional carbohydrates
to avoid hypoglycemia. This suggests that the true glycemic effect
of exercise may be greater than what is measured by HbAlc. In
future studies, using continuous glucose monitoring (CGM) data
as the primary outcome measure may allow for a more sensitive
assessment of the effect of exercise on glycemic variability.

Conclusion

This up-to-date meta-analysis reveals that exercise-based
interventions significantly improve HbA1c levels in children with T1D.
Combined exercise (aerobic + resistance), high-intensity training,
intervention durations exceeding 24 weeks, and exercise programs of
more than 60 minutes per session provide the greatest improvement
in HbA1c. These findings support the recommendation of structured
exercise programs as an integral part of T1D management in clinical
practice. It is recommended that future studies be designed with
larger samples, long-term follow-up, and comparisons of different
exercise protocols. As the healthcare professionals who maintain
the closest and most consistent contact with children with T1D and
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their families throughout the care process, pediatric nurses should
make exercise counseling an integral part of routine nursing care. In
this context, it is recommended that pediatric nurses share evidence
with families and children indicating that programs combining
aerobic and resistance exercises conducted at least three days
a week for 60 minutes or more per session and lasting at least
24 weeks provide the greatest improvement in HbAlc levels. In
addition, pediatric nurses should provide personalized education
and counseling to children and parents regarding pre- and post-
exercise blood glucose monitoring, recognition of hypoglycemia
symptoms, insulin dose adjustments, and carbohydrate intake
strategies during exercise.

Limitations and Strengths of the Study

This meta-analysis has some important limitations. The sample
sizes in most included studies were small, which limits the statistical
power of the individual studies. Given the nature of exercise
interventions, blinding participants and personnel was not possible,
which increases the risk of performance bias. Confounding factors
such as participants’ insulin dose adjustments, carbohydrate intake,
and dietary changes were not adequately controlled in all studies.
Many of the included studies were short-term interventions, and
evidence regarding the long-term glycemic effects of exercise is
limited. In addition, publication bias was evaluated only through
visual inspection of the funnel plot; a formal statistical test (e.g.,
Egger’s regression test) was not performed, and therefore the
possibility of small-study effects cannot be fully excluded. Strengths:
Eight electronic databases were searched for relevant literature,
including PubMed/MEDLINE, Web of Science, Scopus, Cochrane
CENTRAL, CINAHL, PsycINFO, SPORTDiscus, and Google Scholar.
The study was carried out strictly in compliance with the PRISMA
2020 recommendations. The creation of a more uniform and
targeted body of evidence was made possible by the predetermined
inclusion and exclusion criteria.
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