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metabolic and cardiorespiratory fitness in children and 
adolescents with type 1 diabetes mellitus: a systematic 
review and network meta-analysis
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A b s t r a c t

Introduction: The aim of this study is to assess the effects of various exer-
cise interventions of differing types and intensities (high-intensity aerobic 
training, moderate-intensity aerobic training, low-intensity aerobic training, 
high-intensity aerobic training combined with anaerobic training, high-in-
tensity aerobic training combined with resistance training, moderate-inten-
sity aerobic training combined with resistance training, mind-body exercis-
es, and resistance training) on metabolic and cardiorespiratory function in 
children and adolescents with type 1 diabetes mellitus (T1DM).
Material and methods: Through systematic searches of databases such as 
PubMed, Embase, Cochrane, and Web of Science, randomized controlled tri-
als (RCTs) were gathered to examine the effects of eight different types and 
intensities of exercise interventions on the metabolic and cardiorespiratory 
functions of children and adolescents with T1DM.
Results: A  total of 19 RCTs involving 738 children and adolescents with 
T1DM were included. The network meta-analysis (NMA) results showed 
that high-intensity aerobic training combined with anaerobic training and 
high-intensity aerobic training significantly reduced the patients’ lipid pro-
file, including total cholesterol (TC) (MD = –1.92, 95% CI = (–2.36, –1.48)), 
low-density lipoprotein cholesterol (LDL-C) (MD = –1.18, 95% CI = (–1.94, 
–0.42)), and increased high-density lipoprotein cholesterol (HDL-C) (MD = 
1.63, 95% CI = (1.21, 2.05)). 
Conclusions: Based on NMA and surface under the cumulative ranking curve 
(SUCRA) rankings, it was concluded that high-intensity aerobic training 
combined with anaerobic training and high-intensity aerobic training can 
improve the metabolic and cardiorespiratory functions of children and ado-
lescents with T1DM, although they did not show significant effects on he-
moglobin A1c (HbA1c), blood glucose (BG), peak oxygen consumption (VO2 
peak), or triglycerides (TG).

Key words: type 1 diabetes mellitus, children, adolescents, network meta-
analysis, hemoglobin A1c.

Introduction

Type 1 diabetes mellitus (T1DM), as the most prevalent chronic endo-
crine disorder among children and adolescents, demonstrates an esca-
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lating incidence rate annually. Its pathogenesis is 
characterized by T lymphocyte-mediated destruc-
tion of pancreatic β cells, resulting in absolute loss 
of islet function [1], which presents significant 
challenges for radical cure. Affected individuals 
require lifelong dependence on exogenous insulin 
therapy. Although insulin replacement therapy can 
improve patient survival rates, long-term compli-
cations still occur and severely impact quality of 
life. Consequently, many patients adopt non-phar-
macological interventions including physical exer-
cise, dietary control, and appropriate self-manage-
ment to complement their treatment.

Exercise, as a  non-pharmacological interven-
tion, plays a  significant role in improving meta-
bolic and cardiopulmonary function in T1DM pa-
tients. Physical activity not only enhances skeletal 
muscle glucose uptake but also modulates insu-
lin sensitivity and promotes glycogen synthesis, 
thereby improving metabolic control. Additionally, 
it benefits cardiopulmonary function by reducing 
hypertension and dyslipidemia. However, children 
and adolescents with T1DM still face challenges 
during exercise, primarily due to an increased risk 
of exercise-induced hypoglycemia, which may be 
attributed to abnormal hormonal responses or 
impaired glucose counterregulatory mechanisms. 
This contributes to exercise-related fear in some 
pediatric T1DM patients. Furthermore, given the 
unique physiological characteristics of children 
and adolescents, their metabolic and cardiopul-
monary responses differ from those of adults, ne-
cessitating targeted research in this population.

Previous meta-analyses have only compared 
the effects of specific types of physical activity on 
hemoglobin A1c (HbA1c) in children and adoles-
cents with T1DM [2–4]. On one hand, these studies 
lacked analyses of lipid profiles and cardiorespira-
tory function; on the other hand, they did not thor-
oughly investigate the differences among various 
exercise intensity combinations. This study fills 
this gap by systematically comparing the effects of 
different types and intensities of exercise on chil-
dren and adolescents with T1DM. Not only does it 
focus on HbA1c control, but it also includes lipid 
profiles and cardiorespiratory function, providing 
a more comprehensive metabolic evaluation. Ad-
ditionally, this study offers meaningful insights 
for clinicians to consider which types of physical 
activity may effectively reduce blood glucose (BG) 
and lipid profiles in T1DM patients. Network me-
ta-analysis (NMA), also known as mixed treatment 
comparison or multiple treatment comparison 
meta-analysis, differs from traditional meta-anal-
ysis, which compares only two interventions. NMA 
constructs an evidence network to allow for both 
direct and indirect comparisons of multiple in-
terventions, ranks the interventions to increase 

statistical power, and explores sources of hetero-
geneity [5]. Therefore, in this study, we employed 
NMA to compare different types and intensities 
of exercise interventions, aiming to assess their 
therapeutic effects on T1DM patients and provide 
a better understanding for patients and clinicians.

Material and methods

This study strictly follows the PRISMA-NMA 
guidelines for reporting network meta-analysis 
and has been registered in PROSPERO (Registra-
tion No.: CRD42025646664). 

Search strategy

The researchers conducted a  comprehensive 
literature search from the inception of the study 
up to December 2024 across four electronic da-
tabases: PubMed, Embase, Cochrane, and Web 
of Science. Additionally, 2 articles were identified 
through manual search. The search strategy was 
structured around the PICOS framework: (P) Pop- 
ulation: children and adolescents with T1DM;  
(I) Intervention: physical activity; (C) Comparison: 
control group engaging in routine daily activi-
ties; (O) Outcomes: HbA1c, BG, total cholesterol 
(TC), triglycerides (TG), peak oxygen consump-
tion (VO

2 peak), high-density lipoprotein choles-
terol (HDL-C), low-density lipoprotein cholesterol 
(LDL-C); (S) Study design: randomized controlled 
trials (RCTs). A  detailed search strategy, using 
PubMed as an example, is provided in Supplemen-
tary Table SI.

Inclusion criteria

(1) �Diagnostic criteria: The diagnostic standards 
for T1DM are based on the 2018 position 
statement by the American Diabetes Associa-
tion [6].

(2) �Age range: Children and adolescents aged 5–19 
years diagnosed with T1DM were included.

(3) �Inclusion criteria: Only RCTs that have been 
publicly published were included.

(4) �Exercise intervention: Studies should provide 
detailed descriptions of the type, duration, and 
frequency of exercise.

(5) �Outcome measures: At least one of the follow-
ing should be included: HbA1c, BG, TC, TG, VO

2 
peak, HDL-C, LDL-C.

Exclusion criteria

(1) �Participants with other severe chronic diseases 
were excluded.

(2) �Studies involving the use of novel antidiabetic 
drugs or other interventions that may affect 
outcome measures during exercise were ex-
cluded.
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(3) �Studies that included adults were excluded.
(4) �Non-randomized controlled trials (non-RCTs) 

were excluded.
(5) �Studies with duplicate data or those that did 

not undergo ethical review were excluded.
(6) �Studies with incomplete data (e.g., lacking 

means, standard deviations, or sample sizes 
for outcome measures) were excluded.

Study selection 

The Endnote reference management software 
was used to screen and exclude studies. Two 
researchers initially screened the titles of the 
studies, excluding duplicates, non-RCTs, review 
articles, conference papers, protocols, and com-
munications. Subsequently, the researchers read 
the abstracts to determine the eligibility of the 
studies for inclusion and excluded those that did 
not meet the criteria. Finally, the researchers read 
the full texts of the remaining studies and further 
determined which studies should be included. 
Throughout this process, the researchers inde-
pendently screened the studies and compared 
the remaining ones. Studies were included if there 
was agreement, and discrepancies were resolved 
through discussion with a third researcher.

Data extraction

A seven-item standard and a pre-selected data 
extraction table were used to record the data in-
cluded in the studies, categorized under the fol-
lowing headings: (1) Authors, (2) Publication year, 
(3) Country, (4) Study duration, (5) Sample size,  
(6) Mean age, and (7) Details of the exercise in-
tervention.

Risk of bias of individual studies

Two researchers used the Cochrane tool (Re-
view Manager 5.4) to assess the risk of bias, with 
any disputed issues being discussed and resolved 
with a third researcher. The risk of bias assessment 
included seven components: random sequence 
generation, allocation concealment, blinding of 
participants and trial personnel, blinding of out-
come assessors, incomplete outcome data, selec-
tive reporting, and other biases. The assessment 
was based on the number of components that po-
tentially indicated high risk. Each component was 
assessed using the following categories: high risk 
(≥ 5), unclear (3–4), and low risk (≤ 2) [7]. For de-
tailed information, refer to Supplementary Figures 
S1 and S2.

Data analysis

The network evidence plot demonstrates that 
various interventions can be compared both di-

rectly and indirectly. The size of the nodes indi-
cates the number of trials included for each inter-
vention, and the thickness of the connecting lines 
is proportional to the number of trials [8]. Exercise 
interventions are continuous variables; therefore, 
the standardized mean difference (SMD) is used 
to evaluate the effect of the interventions [9]. The 
SUCRA method allows for the ranking of the in-
terventions, thereby identifying the most effective 
intervention [10]. Additionally, a  funnel plot was 
used to detect any significant publication bias. All 
analyses were conducted using Stata 15.1.

Results

Research and selection of literature

A total of 4,201 articles were searched from four 
electronic databases. After removing duplicates, 
2,922 articles remained. A  total of 2,476 articles 
were excluded in the next round of screening. Of 
the excluded articles, 427 were excluded due to 
full-text issues: 108 for not including the outcome 
measures of this review, 292 for not meeting the 
intervention criteria, and 27 for incomplete data. 
Ultimately, 19 articles were included in the final 
analysis (Figure 1).

Quality assessment of the included 
literature

The quality assessment of the included studies 
revealed that 11 were classified as low risk, 7 as 
moderate risk, and 1 as high risk. For detailed infor-
mation, refer to Supplementary Figures S1 and S2.

Characteristics of the included studies

A  total of 19 studies were included, compris-
ing 738 children and adolescents diagnosed with 
T1DM. The interventions in the experimental 
group included high-intensity aerobic training, 
moderate-intensity aerobic training, low-intensi-
ty aerobic training, high-intensity aerobic training 
combined with resistance training, moderate-in-
tensity aerobic training combined with resistance 
training, resistance training, high-intensity aer-
obic training combined with anaerobic training, 
and mind-body exercise. Of the studies, 12 used 
HbA1c as an outcome measure, 8 used BG, 8 used 
TC, 8 used TG, 8 used HDL-C, 7 used LDL-C, and  
5 used VO

2 peak. Seven studies were from Europe, 
six from the Americas, four from Asia, one from 
Africa, and one from Oceania. For detailed infor-
mation, refer to Table I [11–29].

NMA

The network evidence plots for each outcome 
measure are shown in Figures 2 A, 3 A, 4 A, 5 A,  
6 A, 7 A, and 8 A.
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HbA1c

All indirect and direct comparisons between 
studies were tested for consistency and inconsis-
tency, with p-values greater than 0.05 indicating 
that the consistency effect across studies is ac-
ceptable. Detailed information is provided in Sup-
plementary Table SII. The NMA results revealed 
that, compared to the control group’s daily activ-
ity, high-intensity aerobic training (MD = –1.22, 
95% CI = (–2.74, 0.31)), moderate-intensity aero-
bic training (MD = –0.95, 95% CI = (–2.03, 0.14)), 
high-intensity aerobic training combined with 
anaerobic training (MD = –0.93, 95% CI = (–2.99, 
1.12)), high-intensity aerobic training combined 
with resistance training (MD = –0.94, 95% CI = 
(–3.22, 1.33)), resistance training (MD = –0.87, 
95% CI = (–2.57, 0.82)), mind-body exercise (MD 
= 0.06, 95% CI = (–2.08, 2.20)), and low-intensi-
ty aerobic training (MD = 0.40, 95% CI = (–1.13, 
1.94)) showed no significant differences in reduc-
ing HbA1c (details are presented in Table II A). SU-
CRA probability rankings for different intensities 
of exercise interventions showed that high-inten-
sity aerobic training (SUCRA: 72.8%, as shown in 
Figure 2 B) ranked first in reducing HbA1c.

BG

All indirect and direct comparisons between 
studies were tested for consistency and inconsis-
tency, with p-values greater than 0.05 indicating 

that the consistency effect across studies is ac-
ceptable. Detailed information is provided in Sup-
plementary Table SIII. The NMA results revealed 
that, compared to the control group’s daily activity, 
resistance training (MD = –1.19, 95% CI = (–3.06, 
0.67)), high-intensity aerobic training (MD = –0.60, 
95% CI = (–1.63, 0.42)), moderate-intensity aerobic 
training (MD = –0.37, 95% CI = (–1.20, 0.46)), mod-
erate-intensity aerobic training combined with 
resistance training (MD = 0.16, 95% CI = (–1.39, 
1.71)), and low-intensity aerobic training (MD = 
0.07, 95% CI = (–0.86, 0.99)) showed no significant 
differences in reducing BG (details are presented in 
Table II B). SUCRA probability rankings for different 
intensities of exercise interventions showed that 
resistance training (SUCRA: 83.7%, as shown in 
Figure 3 B) ranked first in reducing BG.

VO2 peak

All indirect and direct comparisons between 
studies were tested for consistency and inconsis-
tency, with p-values greater than 0.05 indicating 
that the consistency effect across studies is ac-
ceptable. Detailed information is provided in Sup-
plementary Table SIV. The NMA results revealed 
that, compared to the control group’s daily activity, 
high-intensity aerobic training (MD = 0.55, 95% CI 
= (–0.21, 1.32)), moderate-intensity aerobic training 
(MD = 0.48, 95% CI = (–0.44, 1.40)), high-intensity 
aerobic training combined with resistance training 

Figure 1. Flowchart of the literature selection process

Records identified through database 
searching (n = 4201) 

Additional records identified through 
other resources (n = 2) 

Duplicates removed  
(n = 1281) 

Records screened  
(n = 2922) 

Full-text articles assessed  
for eligibility (n = 446) 

Studies included in 
qualitative synthesis (n = 19) 

Studies included in 
qualitative synthesis 

(network meta-analysis)  
(n = 19) 

Full-text articles excluded with 
reasons (n = 427) 

Not meeting outcomes included 
in this review (n = 108)

Not meeting interventions 
included in this review  

(n = 292) 
Incomplete data (n = 27)

Records excluded  
(n = 2476) 
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.
(MD = 0.39, 95% CI = (–0.60, 1.38)), and low-inten-
sity aerobic training (MD = 0.13, 95% CI = (–0.56, 
0.82)) showed no significant differences in increas-
ing VO2 Peak (details are presented in Table II C). 
SUCRA probability rankings for different intensities 
of exercise interventions showed that high-intensity 
aerobic training (SUCRA: 71.6%, as shown in Figure 
4 B) ranked first in increasing VO2 peak.

TC

All indirect and direct comparisons between 
studies were tested for consistency and inconsisten-
cy, with p-values greater than 0.05 indicating that 
the consistency effect across studies is acceptable. 
Detailed information is provided in Supplementary 
Table SV. The NMA results revealed that, compared 
to the control group’s daily activity, high-intensity 
aerobic training combined with anaerobic training 
(MD = –1.92, 95% CI = (–2.36, –1.48)) and high-in-
tensity aerobic training (MD = –0.94, 95% CI = 
(–1.67, –0.21)) were superior in reducing TC (details 
are shown in Table II D). SUCRA probability rankings 
for different intensities of exercise interventions 
showed that high-intensity aerobic training com-
bined with anaerobic training (SUCRA: 98.9%, as 
shown in Figure 5 B) ranked first in reducing TC.

TG

All indirect and direct comparisons between 
studies underwent consistency and inconsistency 
tests, with p-values greater than 0.05 indicating 
that the consistency effect across studies is ac-
ceptable. Detailed information is provided in Sup-
plementary Table SVI. The NMA results revealed 
that, compared to the control group’s daily activity, 
moderate-intensity aerobic training (MD = –1.32,  
95% CI = (–3.23, 0.59)), resistance training (MD = 
–1.18, 95% CI = (–4.51, 2.16)), high-intensity aero-
bic training combined with anaerobic training (MD 
= –0.55, 95% CI = (–3.08, 1.98)), mind-body exercise 
(MD = –0.10, 95% CI = (–2.70, 2.50)), moderate-in-
tensity aerobic training combined with resistance 
training (MD = –0.01, 95% CI = (–2.70, 2.68)), and 
high-intensity aerobic training (MD = 0.29, 95% CI 
= (–1.64, 2.23)) showed no significant differences 
in reducing TG (details are provided in Table II E). 
SUCRA probability rankings for different intensi-
ties of exercise interventions indicated that mod-
erate-intensity aerobic training (SUCRA: 76.3%, as 
shown in Figure 6 B) ranked first in reducing TG.

LDL-C

All indirect and direct comparisons between 
studies underwent consistency and inconsistency 
tests, with p-values greater than 0.05 indicating 
that the consistency effect across studies is ac-
ceptable. Detailed information is provided in Sup-
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plementary Table SVII. The NMA results revealed 
that, compared to the control group’s daily activ-
ity, high-intensity aerobic training (MD = –1.18, 
95% CI = (–1.94, –0.42)) was superior in reducing 
LDL-C (details are provided in Table II F). SUCRA 
probability rankings for different intensities of ex-
ercise interventions indicated that high-intensity 
aerobic training (SUCRA: 94.2%, as shown in Fig-
ure 7 B) ranked first in reducing LDL-C.

HDL-C

All indirect and direct comparisons between 
studies were subjected to consistency and in-
consistency tests, with p-values greater than 
0.05 indicating that the consistency effect across 
studies is acceptable. Detailed information is pre-
sented in Supplementary Table SVIII. The NMA 

results demonstrated that, compared to the con-
trol group’s daily activity, high-intensity aerobic 
training combined with anaerobic training (MD = 
1.63, 95% CI = (1.21, 2.05)) was more effective in 
increasing HDL-C (further details are presented in 
Table II G). SUCRA probability rankings for various 
exercise intensities indicated that high-intensity 
aerobic training combined with anaerobic training 
(SUCRA: 100%, as shown in Figure 8 B) was the 
most effective intervention for increasing HDL-C.

Publication bias test

To evaluate the potential for publication bias, 
funnel plots were generated for each outcome in-
dicator. The plots did not demonstrate any signifi-
cant publication bias (further details are provided 
in Figures 9 A–G).

Figure 2. A – NMA figure for HbA1c. B – SUCRA plot for HbA1c
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Figure 3. A – NMA figure for BG. B – SUCRA plot for BG
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Discussion

In this study, we compared the effectiveness 
of various types and intensities of exercise in-
terventions on the improvement of metabolic 
and cardiopulmonary functions in children and 
adolescents diagnosed with T1DM. We conduct-
ed both direct and indirect comparisons of 19 
studies, involving 738 children and adolescents 
diagnosed with T1DM, with 8 distinct types of 
exercise interventions. Our findings indicate that 
exercise did not have a  significant effect on BG 
levels and HbA1c control. However, significant 
improvements were observed in TC, LDL-C, and 
HDL-C. Specifically, we found that high-intensity 
aerobic training combined with anaerobic training 
and high-intensity aerobic training were effective 
in lowering TC, with high-intensity aerobic train-
ing combined with anaerobic training proving to 
be the most effective intervention for reducing 
TC. High-intensity aerobic training was identified 
as the most effective intervention for lowering 
LDL-C. Additionally, high-intensity aerobic training 
combined with anaerobic training emerged as the 
most effective intervention for improving HDL-C. 
Overall, we conclude that high-intensity aerobic 

training combined with anaerobic training and 
high-intensity aerobic training are the most ef-
fective interventions for improving the metabolic 
function of children with T1DM.

In this study, among the eight exercise inter-
ventions, the high-intensity aerobic training group 
showed reduced HbA1c, although it was not sta-
tistically significant. However, a systematic review 
published in 2024 indicated that multi-compo-
nent exercise could significantly reduce HbA1c [2]. 
A 2023 systematic review found that high-inten-
sity concurrent training had the most significant 
effect in reducing HbA1c [3]. An RCT published 
in 2006 [15] divided T1DM adolescents into two 
groups: one group performed aerobic training, 
and the other performed resistance training. After  
12 weeks, neither group showed significant im-
provements in HbA1c. Additionally, Kennedy et al. 
[4] reported that both aerobic training and aerobic 
training combined with resistance training did not 
significantly impact the control of HbA1c or BG. 
The results of various studies exhibit certain de-
grees of variability. Several factors may contribute 
to the observed heterogeneity: First, differences 
in the inclusion and exclusion criteria among the 
studies could lead to inconsistent outcomes. Sec-
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ond, variations in the type, intensity, and duration 
of exercise across studies may also contribute to 
the heterogeneity. Finally, HbA1c has lower sen-
sitivity than BG and reflects BG control over the 
past 2–3 months, which may not accurately rep-
resent the current metabolic status of the body 
[4]. Furthermore, increases in caloric intake and 
reductions in insulin dosage prior to exercise 
could also lead to variations in results. This study 
suggests that high-intensity aerobic training may 
reduce HbA1c due to the excessive expression 
of GLUT4 in skeletal muscle during exercise. As 
a key glucose transporter protein, GLUT4 is typi-
cally associated with enhanced glucose process-
ing and insulin action. Some researchers have 
observed increased GLUT4 expression in skele-
tal muscle during high-intensity aerobic training, 
which may improve insulin sensitivity, glucose 
processing, and glycogen storage [30]. Addition-
ally, high-intensity aerobic training can activate 
AMP-activated protein kinase, which reduces he-
patic gluconeogenesis and improves HbA1c [31]. 
However, in children and adolescents with T1DM, 
some researchers have observed that the secre-
tion of glucagon and epinephrine during exercise 
is significantly lower than that in healthy children 

and adult patients, which leads to insufficient he-
patic glycogen output [32]; in addition, compared 
with adults, children and adolescents had low 
expression of GLUT4 transporter and insufficient 
glycogen synthase activity [33]. Therefore, the lack 
of statistical significance may be related to varia-
tions in exercise interventions, follow-up duration, 
insufficient secretion of counter-regulatory hor-
mones, low efficiency of muscle glycogen metab-
olism, and baseline metabolic status. This study 
suggests that resistance training may potentially 
reduce BG in children and adolescents with T1DM, 
although the effect was not statistically signifi-
cant. In other studies [34], resistance training is 
typically combined with other forms of exercise 
interventions, making it unclear whether isolated 
resistance training has the potential to reduce BG; 
furthermore, researchers often focus on HbA1c as 
the primary outcome measure, without investi-
gating BG [35]. A previously published RCTs [29] 
found that isolated resistance training can signifi-
cantly reduce BG both before and after exercise, 
which is consistent with the findings of this study. 
This study examined the effects of different ex-
ercise types on BG levels and found, according to 
SUCRA rankings, that resistance training had the 

Figure 4. A – NMA figure for VO2 peak. B – SUCRA plot for VO2 peak
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most significant effect, followed by high-intensity 
aerobic training. This is because resistance train-
ing can increase muscle mass and improve glucose 
tolerance, as muscle tissue is the optimal area 
for utilizing residual energy substrates and insu-
lin [35]. While BG may not decrease significantly 
during exercise, it remains lower for an extended 
period afterward [36]. In contrast, although aer-
obic training can significantly reduce immediate 
BG levels, the reduction is less noticeable unless 
performed consistently over the long term.

This study suggests that high-intensity aerobic 
training is the most effective exercise modality 
for increasing VO2 peak, which is consistent with 
previous research findings [19, 20]. Additionally, 
some scholars argue that high-intensity interval 
training (HIIT) is more effective than moderate-in-
tensity continuous training (MICT) in improving 

VO2 peak [37]. This is because high-intensity aer-
obic training can increase left ventricular volume 
and myocardial contractility, thereby enhancing 
stroke volume [38]. It also promotes coronary 
angiogenesis, improving myocardial metabolism 
and oxygen supply. Furthermore, high-intensity 
aerobic training stimulates erythropoietin secre-
tion, increasing red blood cell count and enhanc-
ing oxygen transport capacity. It also facilitates 
a decrease in blood pH, causing a rightward shift 
in the oxygen dissociation curve, which releases 
more oxygen [39]. Moreover, studies have shown 
that 6 weeks of high-intensity aerobic training can 
induce mitochondrial proliferation in skeletal mus-
cles, significantly improving VO2 peak [38].

This study suggests that high-intensity aerobic 
training combined with anaerobic training is the 
most effective exercise intervention for lowering 

Figure 5. A – NMA figure for TC. B – SUCRA plot for TC
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TC and increasing HDL-C, while high-intensity aer-
obic training is the best intervention for reducing 
LDL-C, and moderate-intensity aerobic training is 
the most effective for TG. High-intensity aerobic 
training activates AMP-activated protein kinase in 
skeletal muscles, enhancing mitochondrial fatty 
acid oxidation, accelerating the clearance of free 
fatty acids, inhibiting very-low-density lipoprotein 
(VLDL-C) synthesis, and ultimately lowering TC. 
Additionally, high-intensity aerobic training can 
downregulate the activity of HMG-CoA reductase, 
reducing endogenous cholesterol synthesis [30, 
40, 41]. Anaerobic training increases muscle mass, 
which influences lipoprotein metabolism and regu-
lates lipid receptor pathways to reduce blood lipids 
[42]. Furthermore, HDL-C is responsible for reverse 
cholesterol transport [43]; the enhanced reverse 
cholesterol transport can upregulate HDL-C syn-

thesis [37, 40]. These findings confirm the syner-
gistic effect of high-intensity aerobic training com-
bined with anaerobic training in improving TC and 
HDL-C. Studies published in 2008 and 2012 sug-
gested that moderate-intensity aerobic training is 
more effective than high-intensity aerobic training 
in lowering TG [44, 45]. These findings align with 
the results of this study. Possible reasons are as 
follows: high-intensity aerobic training provides 
energy through glycogen breakdown, which leads 
to lactate accumulation and temporary insulin re-
sistance, potentially reducing the mobilization of 
TG [46]. On the other hand, moderate-intensity 
aerobic training can provide energy through fat 
oxidation, with adipose tissue releasing free fat-
ty acids into the bloodstream. Skeletal muscles 
then take up these free fatty acids, enhancing 
lipoprotein lipase activity to hydrolyze TG, which 

Figure 6. A – NMA figure for TG. B – SUCRA plot for TG
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results in a decrease in TG levels [47]. Additionally, 
moderate-intensity aerobic training can activate 
AMP-activated protein kinase, promote mitochon-
drial biogenesis, improve insulin sensitivity, and 
reduce TG synthesis [46]. High-intensity aerobic 
training lowers VLDL, promotes the transfer of TC 
to HDL-C, and increases LDL-C receptor activity, 
thereby indirectly lowering LDL-C levels [31]. This 
study suggests that high-intensity aerobic training 
is the best intervention for improving LDL-C lev-
els. In comparison, high-intensity aerobic training 
combined with anaerobic training yields slightly 
less favorable results, which may be due to the 
combination of different exercise forms and in-
creased metabolic stress, possibly suppressing 
LDL-C receptor expression or increasing VLDL se-
cretion, ultimately leading to variations in energy 
expenditure or metabolic adaptation [48]. Some 
researchers believe that both intense and mod-
erate-intensity exercise can reduce TC, TG, and 
LDL-C [41, 49]. A  systematic review published in 
2025 [50] suggested that combined exercise is 
more effective than aerobic training alone in sig-
nificantly lowering TC. Both combined exercise 
and aerobic training can reduce TG and LDL-C. The 
differences in study outcomes may be attributed 

to confounding factors such as sample size, in-
tervention duration, whether participants strictly 
controlled their diet, and personal lifestyle factors.

Beyond the aforementioned exercise regimens, 
the total daily physical activity volume (e.g., dai-
ly step count) and its quality (e.g., movement 
rhythm/step frequency) may also exert significant 
influences on metabolic and cardiopulmonary 
outcomes in children and adolescents with T1DM. 
Recent research indicates that in adults, a signifi-
cant nonlinear inverse association exists between 
daily step count and all-cause and cardiovascular 
disease mortality, where accumulating as few as 
4,000 steps per day significantly reduces all-cause 
mortality, with progressively greater mortality 
reduction observed at higher step volumes [51]. 
Although direct data for children and adolescents 
remain limited, extrapolating these findings to the 
youth population suggests that setting step-based 
activity goals (especially for sedentary individuals) 
could serve as a beneficial adjunct to structured 
exercise interventions. Furthermore, movement 
rhythm or step frequency (cadence, steps/minute) 
can function as a practical indicator for assessing 
exercise intensity. Higher cadence (e.g., during 
brisk walking or running) is strongly associated 

Figure 7. A – NMA figure for LDL-C. B – SUCRA plot for LDL-C
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with improved cardiopulmonary fitness and meta-
bolic health [52]. This perspective aligns well with 
a key finding of the present study: that high-in-
tensity aerobic training demonstrated optimal ef-
ficacy for improving the lipid profile (e.g., reducing 
LDL-C), and high-intensity training is typically ac-
companied by a higher movement cadence. This 
underscores that in T1DM management, attention 
should extend beyond the form and intensity of 
exercise (as evaluated by the various regimens in 
this study) to also encompass the total volume 
(steps) and quality (cadence/intensity) of daily 
activities [51, 52]. The SMILE guidelines from the 
International Lipid Expert Panel (ILEP) also em-
phasize the importance of combining structured 
exercise with increased daily activity volume (e.g., 
walking), improving sleep and stress management 
and focusing on exercise intensity for comprehen-

sively improving cardiovascular health [53]. Future 
research should explore the feasibility and effica-
cy of incorporating daily step count monitoring 
and cadence targets into exercise prescriptions 
for children and adolescents with T1DM, aiming 
to provide more comprehensive and individual-
ized activity recommendations.

This study is the first to quantitatively compare 
the benefits of eight exercise regimens on meta-
bolic and cardiopulmonary outcomes in children 
and adolescents with T1DM using NMA, providing 
an evidence-based basis for clinical decision-mak-
ing. This study identified high-intensity aerobic 
training combined with anaerobic training as the 
optimal regimen for improving lipid profile, and 
high-intensity aerobic training as the optimal regi-
men for improving cardiopulmonary fitness. How-
ever, exercise did not demonstrate statistically sig-

Figure 8. A – NMA figure for HDL-C. B – SUCRA plot for HDL-C
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Figure 9. Funnel plot on publication bias.  
A – HbA1c, B – BG, C – VO2 Peak, D – TC, E – TG, 
F – LDL-C, G – HDL-C
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nificant improvements in BG and HbA1c, revealing 
the presence of distinct exercise-induced physio-
logical responses in children and adolescents with 
T1DM. This finding cautions clinicians against me-
chanically applying treatment experiences from 
adults or other types of diabetes when managing 
children and adolescents with T1DM, emphasizing 
the necessity of individualized therapy. These dis-
coveries promote a shift in clinical practice from 
a “glucose-centric approach” towards a “compre-
hensive metabolic assessment”. We recommend 
incorporating VO2 peak and lipid profile alongside 
BG and HbA1c as core indicators for routine mon-
itoring. Furthermore, clinicians should integrate 
insulin dosing, carbohydrate intake, and physical 
activity for the holistic management of T1DM.

First, this study focused on the effects of ex-
ercise on T1DM-related indicators in children and 
adolescents, as their metabolic management dif-
fers from that of adults, and research on this pop-
ulation is limited. Second, the study provides a de-
tailed classification of exercise into eight types 
and intensity combinations, offering more intui-
tive recommendations for clinicians and patients. 
Lastly, we expanded the outcome indicators to in-
clude lipid profiles and VO2 peak, enabling a com-
prehensive assessment of metabolism and car-
diopulmonary function. Additionally, we applied 
the latest statistical method, NMA, to address the 
complexities of multiple intervention compari-
sons, enhance statistical power, and prioritize and 
rank interventions. However, heterogeneity is un-
avoidable due to publication bias in some studies, 
where negative results were not published. Exer-
cise intervention parameters were not standard-
ized, and significant differences existed across 
studies. Moreover, heterogeneity existed across 
outcome measures. For instance, while this sys-
tematic review included 19 studies, only 12 used 
HbA1c as an endpoint measurement. This further 
reduced the analyzable pediatric and adolescent 
sample size. Consequently, the present study ulti-
mately incorporated a limited sample cohort. Sim-
ilarly, the current findings are constrained by the 
aforementioned limitations. This underscores the 
necessity for future large-scale, multicenter clin-
ical trials employing standardized interventions. 
Future prospective studies will involve larger pop-
ulations to further explore the impact of exercise 
on metabolism and cardiopulmonary function in 
children and adolescents with T1DM.

In conclusion, high-intensity aerobic training 
combined with anaerobic training and high-in-
tensity aerobic training can improve metabolism 
and cardiopulmonary function in children and ad-
olescents with T1DM. However, the significance 
of improvements in BG, HbA1c, TG, and VO2 peak 
was insufficient, possibly due to baseline meta-

bolic conditions, exercise duration, and follow-up 
time. Although the current study found no sig-
nificant improvements in BG or HbA1c following 
exercise interventions, these results reveal unique 
exercise-physiological responses in children and 
adolescents with T1DM. This evidence suggests 
clinicians should develop exercise prescriptions 
integrating insulin dose adjustment, nutrition-
al interventions, and continuous BG monitoring, 
rather than relying on standardized exercise reg-
imens alone.
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