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Abstract

We aimed to compare exercise modalities and evaluate dose–response relationships with 

glycemic control including continuous aerobic exercise (CAE), resistance training (RT), combined 

exercise (CE), mind–body exercise (MBE), and high-intensity interval training (HIIT) in older adults 

with type 2 diabetes mellitus (T2DM). Three databases were searched for randomized controlled trials 

of exercise interventions in older adults with T2DM reporting glycated hemoglobin (HbA1c). 

Pairwise, Bayesian network, and dose–response meta-analyses were conducted. Compared with 

control, HIIT demonstrated the largest estimated reduction (MD = −0.95%; 95% CrI −1.45, −0.49), 

followed by CE (MD = −0.59%; 95% CrI −0.93, −0.25), CAE (MD = −0.46%; 95% CrI −0.69, −0.24), 

MBE (MD = −0.42%; 95% CrI −0.76, −0.10), and RT (MD = −0.29%; 95% CrI −0.51, −0.08). Dose–

response network meta-analyses suggested a non-linear association between overall exercise dose and 

HbA1c reduction, with maximal estimated benefits at approximately 704 METs-min/week with the 95% 

CrI excluding zero between 241 and 920 METs-min/week. HIIT demonstrated the steepest estimated 

dose–response relationship, but with wider credible intervals. Other exercise modalities showed more 

gradual dose–response patterns across their estimated effective ranges. Our findings suggest that 

exercise prescription for older adults with T2DM should be individualized according to exercise 

modality, dose, and health status.

Keywords: Exercise modality, Dose–response, HbA1c, Older adults, Type 2 diabetes mellitus
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1. Introduction

Type 2 diabetes mellitus (T2DM) is a major global health challenge, with approximately one 

in four people with T2DM being aged 65 years or older [1]. Age-related declines in insulin sensitivity, 

progressive β-cell dysfunction, and increases in adiposity collectively exacerbate glucose 

dysregulation [2, 3]. Although the spectrum of diabetes-related complications is similar across age 

groups, T2DM in later life frequently coexists with cardiometabolic comorbidities and geriatric 

conditions, including functional decline, cognitive impairment, depression, and adverse changes in 

body composition [4, 5]. Consequently, older adults with T2DM require tailored management 

strategies.

Optimal glycemic control is a primary goal in T2DM management [6, 7]. Glycated 

hemoglobin (HbA1c) reflects cumulative glycemic exposure [8], and reductions in HbA1c are 

associated with lower risks of microvascular complications and, to a lesser extent, macrovascular 

outcomes [9]. Among non-pharmacological strategies, physical activity is a cornerstone of T2DM 

care because it directly targets insulin resistance and impaired glucose metabolism [10]. Exercise 

enhances glucose uptake, improves insulin action, and supports skeletal muscle mass and functional 

capacity [11]. These benefits are particularly relevant for older adults, who face compounded 

challenges of age-related insulin resistance and loss of muscle mass [12]. Therefore, structured 

exercise is strongly recommended for this population [10]. However, exercise interventions vary 

considerably in their intensity, structure, and physiological demands, which may influence adherence, 

feasibility, and exercise tolerance in later life, and in turn, their effectiveness for improving glycemic 

control. Despite these potential differences, comparative evidence regarding the effects of exercise 

modality and dose on HbA1c in older adults remains limited.

Several meta-analyses have evaluated the effects of different exercise modalities and doses on 

glycemic control [13-15], but most have focused on general adult populations. This distinction is 

clinically important because older adults with T2DM frequently present with multimorbidity, frailty, 
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sarcopenia, and reduced physical capacity [5, 12, 16], which can constrain exercise tolerance and alter 

physiological responses to training. These age-related vulnerabilities affect the safety, feasibility, and 

effectiveness of standard exercise prescriptions [4], thereby limiting the applicability of findings 

derived from younger or general adult populations to older adults with T2DM.

To inform exercise prescription in older adults with T2DM, evidence is needed on which 

exercise modalities are most effective and what exercise doses are required to improve HbA1c. 

However, trials vary widely in intervention design, and direct head-to-head comparisons across 

modalities are limited, making it difficult to distinguish between the roles of exercise modality and 

dose using pairwise evidence alone.

In this study, we conducted pairwise, network, and dose–response network meta-analysis 

(NMA), using a Bayesian framework, of randomized controlled trials (RCTs) to compare the effects 

of different exercise modalities and doses on HbA1c in older adults with T2DM. This approach 

enables simultaneous comparisons across multiple exercise modalities and dose levels, even when 

direct head-to-head trials are limited [17]. 

2. Methods

2.1. Protocol and registration

This meta-analysis was conducted in accordance with the PRISMA extension for Network 

Meta-Analyses (PRISMA-NMA) guidelines [18] and registered in the PROSPERO database 

(CRD420251229689). 

2.2. Search strategy

A systematic search of PubMed, Embase, and the Cochrane Library was conducted from 

inception to November 30, 2025, without language restrictions. Search terms combined Medical 

Subject Headings and free-text terms including “exercise,” “physical activity,” “type 2 diabetes,” and 
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“glycemic control.” Detailed search strategies for each database are provided in Table S1. Reference 

lists of relevant systematic reviews were manually screened for additional eligible studies. 

Title/abstract and full-text screening were independently performed by two investigators (YMP and 

YHS), with discrepancies resolved through discussion or third-reviewer adjudication (YY). 

2.3. Eligibility criteria

Studies were included if they met the following criteria: (i) RCTs involving older adults (aged 

≥60 years or mean age ≥65 years) with clinically diagnosed T2DM; (ii) structured exercise 

intervention programs compared with either a minimal-intervention control (usual care, sham exercise, 

education, or no intervention) or a different eligible exercise modality (head-to-head exercise trials); 

(iii) intervention duration of at least 4 weeks [19]; and (iv) HbA1c reported as an outcome. Exercise 

interventions were categorized as continuous aerobic exercise (CAE), resistance training (RT), 

combined exercise (CE), high-intensity interval training (HIIT), or mind–body exercise (MBE) 

(Table S2). Both exercise-versus-control and head-to-head exercise trials were included in the NMA. 

Exercise-versus-control trials informed comparisons with control, whereas head-to-head trials 

comparing different exercise modalities contributed direct comparisons between exercise modalities 

within the network meta-analysis.

Studies were excluded if they involved participants with severe comorbid conditions 

unrelated to T2DM, such as active cancer or recent major surgery, that could substantially limit 

exercise participation or independently influence glycemic outcomes, used crossover designs, did not 

include at least one eligible exercise intervention arm, or were non–peer-reviewed publications.

2.4. Data extraction

Data extraction was systematically conducted across four domains. First, study characteristics 

were extracted, including the first author, year of publication, and the country in which the RCT was 

conducted. Second, participant demographics were recorded, comprising the sample size, mean age, 

number of female participants, mean body mass index (BMI), and duration since T2DM diagnosis. 
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Third, baseline and follow-up HbA1c measures were extracted. For each outcome, the mean change 

from baseline and the corresponding standard deviation (SD) were extracted, along with additional 

data required to calculate the effect sizes of interest in accordance with the Cochrane Handbook for 

Systematic Reviews of Interventions [20]. Detailed calculation methods are provided in Table S3. 

Fourth, intervention details were extracted according to the FITT principle (frequency, intensity, time, 

and type (modality)), along with the total intervention duration.

2.5. Data coding

Exercise intensity was expressed in metabolic equivalents of task (METs), with 

corresponding METs values coded based on the 2024 Update of the Compendium of Physical 

Activities for Older Adults [21]. METs-based quantification provides a common metric for 

characterizing exercise intensity and dose across studies, supporting the interpretability of dose–

response analyses [22]. When specific values were unavailable, the general adult Compendium of 

Physical Activities was used [23].

Exercise frequency was expressed as the total number of weekly sessions. For exercise 

duration, only the main intervention duration as described in the study protocol was extracted. When 

duration was not reported, it was estimated from the intervention schedule or exercise structure. When 

exercise time progressively increased over several weeks, the average duration across the intervention 

period was calculated and used for analysis.

Exercise interventions were defined by the intersection of exercise modality and prescribed 

dose, expressed in METs-min/week, to facilitate dose–response NMA. Interventions were then 

categorized according to their specific modality and dose. For enhanced network connectivity, 

approximate values were assigned to exercise doses as 0 (Control group), 250, 500, 750 or 1,000 

METs-min/week [24-26]. 

2.6. Study quality and reporting
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Study quality and reporting were assessed using the Tool for the Assessment of Study Quality 

and Reporting in Exercise (TESTEX) [27], which was developed specifically for exercise-based 

research and captures exercise-specific methodological and reporting features, including intervention 

adherence and activity monitoring. Two reviewers (YMP and YHS) independently scored TESTEX 

for each study, and disagreements were resolved by consensus or, when necessary, consultation with a 

third reviewer (YY). Inter-rater reliability for TESTEX scoring was quantified using the intraclass 

correlation coefficient (ICC).

2.7. Risk of bias

Risk of bias for randomized trials was assessed separately using the Cochrane RoB 2 tool [28]. 

Two reviewers (YMP and YHS) independently evaluated each study, and disagreements were 

resolved by consensus or, when necessary, consultation with a third reviewer (YY).

2.8. Statistical analysis

Pairwise meta-analyses were conducted using random-effects models (DerSimonian–Laird 

method), with effect sizes expressed as mean differences (MDs) in HbA1c, and their 95% confidence 

intervals (CIs) [29]. For multi-arm trials, shared control groups were split equally across pairwise 

comparisons following Cochrane Handbook recommendations to avoid double-counting. Statistical 

heterogeneity was quantified using the I² statistic [30]. Small-study effects were evaluated using 

Egger’s regression test [31] and Begg’s rank test [32], complemented by visual inspection of 

comparison-adjusted funnel plots. All analyses were conducted using R version 4.5.1. Throughout, 

findings from the Bayesian network and dose–response models are described in terms of posterior 

estimates and the position of their 95% CrIs relative to the null value.

2.8.1. Network meta-analysis

A Bayesian random‐effects NMA was performed using the JAGS-based package “BUGSnet” 

[33, 34]. The analysis utilized a Bayesian Markov chain Monte Carlo framework with three parallel 
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chains initialized at overdispersed starting values to enhance convergence assessment. Each chain was 

run for 50,000 iterations, with the initial 10,000 iterations discarded as burn-in to minimize the 

influence of starting values on posterior estimates. Non-informative prior distributions were specified 

using the default settings in BUGSnet. Sensitivity analyses comparing fixed-effects and random-

effects models were conducted to assess the robustness of findings. Model consistency was evaluated 

using node-splitting, and model fit was assessed using the Deviance Information Criterion and 

residual deviance [35]. The transitivity assumption was examined by comparing baseline 

characteristics and exercise FITT parameters across treatment comparisons [36]. Treatment rankings 

were summarized using rankograms and surface under the cumulative ranking curve (SUCRA) values 

[37]. Treatment effects were reported as posterior means with 95% credible intervals (CrIs).

2.8.2. Dose–response analysis

A random-effects Bayesian model-based NMA was used to examine the dose–response 

relationship between exercise and HbA1c [38]. Transitivity, consistency [39], and network 

connectivity [40] were assessed. Exercise effects were estimated as changes from baseline to post-

intervention, summarized as MDs with 95% CrIs.

Observed effects across exercise modalities were visualized to explore potential dose–

response patterns, and candidate dose–response functions (linear, quadratic, restricted cubic spline, 

and Emax) were evaluated and compared by the DIC, with the lowest-DIC model selected [41]. For 

the overall physical-activity curve, a restricted cubic spline with three knots at the 10th, 50th, and 90th 

percentiles of the dose distribution was considered. For modality-specific curves, sparse dose data 

restricted the candidate models to lower-order functions, with the spline limited to a single knot. 

Where models showed essentially identical fit, the quadratic function was preferred because it yields 

an interpretable curve with an identifiable nadir.

Model coefficients were used to estimate the minimum effective dose, defined as the lowest 

dose at which the 95% CrI excluded zero, and to rank exercise modalities by their probability of 

achieving the greatest HbA1c reductions. Network estimates summarized modality effects averaged 
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across the doses observed within each modality, whereas the dose–response model estimated effects 

at any given dose. Dose-optimal estimates could therefore differ in magnitude from the corresponding 

network estimates.

In addition to credible intervals, 95% posterior prediction intervals were calculated for each 

modality-specific dose–response curve. Whereas the credible interval reflects uncertainty in the 

average effect, the prediction interval additionally incorporates between-study heterogeneity and 

therefore characterizes the range of effects that might be expected in a future study, supporting 

interpretation of real-world variability. All dose–response analyses were conducted using the 

MBNMAdose package, and dose–response curves were visualized using the ggplot2 package. 

Potential effect modification of the dose–response relationship by baseline HbA1c, baseline BMI, and 

control group type was additionally examined. 

2.8.3. Additional analyses

Additional secondary analyses were conducted to explore potential sources of heterogeneity 

and effect modification. Random-effects meta-regression models were used to examine whether 

changes in HbA1c varied according to study-level characteristics including baseline age, BMI, HbA1c, 

intervention duration, exercise session duration, exercise frequency, METs, and sex. Subgroup 

analyses were further performed by baseline HbA1c levels (median), BMI categories (<25.0 kg/m² vs 

≥25.0 kg/m²), age groups (median), proportion of women participants (<50% vs. ≥50%), control 

group type (active vs. non-active), intervention duration (≤12 vs. >12 weeks), exercise session 

duration (<45 vs. ≥45 min/session), and exercise intensity (<3.0, 3.0–5.9, and ≥6.0 METs) to assess 

the consistency across clinically relevant strata. These analyses were exploratory and conducted to 

assess the robustness of the primary findings. Additional sensitivity analyses were also performed 

using assumed pre-post correlations of r = 0.5 and r = 0.9 for change-score SD calculations to 

evaluate the robustness of the findings to the assumed correlation coefficient.
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3. Results

3.1. Study selection

The literature search identified 6010 records from PubMed, EMBASE, the Cochrane Library, 

and manual screening. After removal of 3311 duplicates, 2699 records were screened by title and 

abstract, of which 2300 were excluded. Full-text review was performed for 399 articles; 358 were 

excluded for not meeting prespecified age criteria, not reporting relevant glycemic outcomes, not 

meeting exercise-modality definitions, not being RCTs, comparing the same exercise modality 

without a control group, or representing overlapping study populations. A total of 41 reports 

describing 42 independent RCTs met the inclusion criteria and were included in the NMA (Figure 1). 

One report randomized men and women separately, each with its own control group, and was 

therefore considered as two independent trials. One head-to-head exercise trial without a non-exercise 

control contributed only to the network meta-analysis.

3.2. Study characteristics

Baseline characteristics are presented in Table S4. The 41 studies enrolled 2652 participants, 

of whom 1238 (46.7%) were women. Across studies, mean age ranged from 61.0 to 73.3 years. 

Baseline BMI ranged from 22.6 to 35.7 kg/m², and mean baseline HbA1c was 7.46 ± 0.79% (58.0 ± 

8.6 mmol/mol). The average duration of diabetes diagnosis was 10.2 ± 3.3 years. The mean dropout 

rate was comparable between exercise (15.5%) and control (16.8%) arms, corresponding to an overall 

retention rate of approximately 84.0%.

RT was the most frequently evaluated modality (N = 16 exercise arms), followed by CAE (N 

= 15), CE (N = 7), MBE (N = 6) and HIIT (N = 4). Among the trials contributing to the exercise-

versus-control analyses, five trials contributed two exercise arms each; the 41 trials yielded 46 

exercise-versus-control comparisons. Exercise prescriptions varied across studies, with a mean 

session duration of 40 minutes, weekly frequencies ranging from 1 to 7 sessions, and a mean 

intervention duration of 18.7 weeks. Control conditions were predominantly non-active, with most 
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trials using usual care or no structured exercise (N = 32), and education-only controls (N = 3). Active 

control conditions consisted of sham exercise (N = 6).

3.3. Study quality and reporting

Across the 41 included RCTs, the mean (SD) TESTEX score was 11.0 ± 2.1 (range, 7–15). A 

total of 27 studies (65.9%) were rated as moderate quality (9–12 points), 11 (26.8%) as high quality 

(13–15 points), and 3 (7.3%) as low quality (5–8 points); none were classified as poor (1–4 points) 

(Table S5).

Despite generally favorable overall scores, allocation concealment was not reported or 

performed in 29 studies (70.7%), and assessor blinding was absent in 22 (53.7%). More than half of 

the trials (61.0%) did not achieve the full score for outcome completion and adherence. Intention-to-

treat analysis was not conducted in 32 studies (78.0%), and physical activity monitoring in control 

groups was missing in 32 studies (78.0%). Overall study quality was moderate to high, although 

several domains were suboptimal.

3.4. Risk of bias

Overall, 35 studies were judged as having some concerns, 3 as high risk, and 3 as low risk (Figure 

S1). The most common concerns were related to selection of the reported result (35 studies), the 

randomization process (27 studies), and deviations from intended interventions (25 studies). High-risk 

judgments were observed for deviations from intended interventions and missing outcome data (2 

studies each). Measurement of the outcome was judged as low risk across all studies.

3.5. Comparative effectiveness of exercise modalities on HbA1c

Across the evidence network, all exercise modalities were associated with reductions in 

HbA1c compared with control (Figure S2). HIIT was associated with the largest estimated reduction 

(MD = −0.95% (−10.4 mmol/mol); 95% CrI −1.45 to −0.49), followed by CE (MD = −0.59% (−6.5 

mmol/mol); 95% CrI −0.93 to −0.25), CAE (MD = −0.46% (−5.0 mmol/mol); 95% CrI −0.69 to 

−0.24), MBE (MD = −0.42% (−4.6 mmol/mol); 95% CrI −0.76 to −0.10), and RT (MD = −0.29% 
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(−3.2 mmol/mol); 95% CrI −0.51 to −0.08) (Figure 2). Pairwise meta-analyses were broadly 

directionally consistent with the network estimates, although differences in effect magnitude and 

uncertainty were observed, particularly for HIIT (Figure S3). Network-derived mean differences with 

95% CrIs for all pairwise modality comparisons are summarized in the league table (Table 1). 

SUCRA ranking probabilities were consistent with these estimates, ranking HIIT highest (96.9%), 

followed by CE (71.3%), CAE (53.8%), MBE (49.2%), RT (28.7%), and control (0.2%) (Figure S4). 

Sensitivity analyses using alternative assumed pre-post correlations (r = 0.5 and r = 0.9) showed 

broadly similar estimated treatment effects and ranking probabilities compared with the primary 

analysis (r = 0.7) (Figures S5–S8).

The random-effects consistency model demonstrated better fit than the fixed-effect model, 

with a lower DIC (179.23 vs 231.48) and residual deviance (104.79 vs 184.44) and was therefore 

selected for the primary analyses (Figure S9). The random-effects inconsistency model did not 

further improve model fit over the random-effects consistency model (DIC = 182.13; residual 

deviance = 108.12), indicating little evidence of global inconsistency (Figure S10). Per-arm residual 

deviances were low, with no study arm exceeding 2. Although the comparison-adjusted funnel plot 

and network-level Egger’s test suggested potential small-study effects (p = 0.013), pairwise sensitivity 

analyses showed no evidence of publication bias based on Egger’s test (p = 0.973) or Begg's test (p = 

0.801) (Figure S11).

Baseline characteristics across treatment comparisons were broadly similar for HbA1c, BMI, 

age, and sex, and Kruskal–Wallis tests detected no significant imbalance (all p > 0.12), supporting the 

transitivity assumption, although the small number of comparisons per node limits the power of these 

tests (Table S6). Node-splitting showed no evidence of direct–indirect disagreement for comparisons 

with identifiable indirect evidence. For two combined-exercise contrasts, the indirect estimates were 

numerically unstable, with 95% CrIs spanning several orders of magnitude; the corresponding p-

values are therefore not interpretable and were not taken as evidence of inconsistency (Table S7).

3.6. Dose–response NMA of exercise modalities on HbA1c
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Among the candidate dose–response functions, the restricted cubic spline provided the best fit 

for the overall curve, whereas the quadratic and spline models performed equally well for the 

modality-specific curves (Table S9a). We detected a non-linear dose–response relationship between 

overall exercise dose and HbA1c (Figure 3). The 95% CrI excluded zero across doses from 

approximately 241 to 920 METs-min/week, with the greatest estimated reduction (the nadir of the 

dose–response curve) at 704 METs-min/week (MD = −0.60%, −6.6 mmol/mol; with the 

corresponding 95% prediction interval shown in Figure 3). Potential effect modification of the dose–

response relationship by baseline HbA1c, baseline BMI, and control group type was additionally 

examined, with baseline HbA1c suggesting a potential effect modifier (Table S8). 

Modality-specific analyses demonstrated distinct effective dose ranges (Figure 4). For HIIT, 

reductions in HbA1c were estimated between 452 and 750 METs-min/week, with the largest 

estimated reduction of −1.67% (approximately −18.3 mmol/mol) at 750 METs-min/week, although 

wider CrIs indicated greater uncertainty around the estimate.

For CE, reductions in HbA1c were estimated between 520 and 750 METs-min/week, with the 

largest estimated reduction of −0.89% (approximately −9.7 mmol/mol) at 750 METs-min/week. CAE 

showed a broad estimated effective dose range up to approximately 874 METs-min/week, with the 

largest estimated reduction of −0.50% (approximately −5.5 mmol/mol) at 553 METs-min/week. MBE 

showed reductions between approximately 339 and 724 METs-min/week, with the largest estimated 

reduction of −0.50% (approximately −5.5 mmol/mol) at 501 METs-min/week. RT demonstrated 

reductions between approximately 362 and 750 METs-min/week, with the largest estimated reduction 

of −0.42% (approximately −4.6 mmol/mol) at 750 METs-min/week. CrIs widened at the upper end of 

the dose range, where fewer trials contributed data, so estimates in these sparsely informed regions 

should be interpreted with caution. The dose–response pattern varied across modalities. HIIT showed 

the steepest estimated dose–response gradient, although this was informed by only three trials over a 

narrow dose range and should be interpreted with caution. CE showed a gradual reduction in HbA1c 

with increasing dose. CAE exhibited a shallow non-linear relationship, with the largest estimated 
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reduction occurring at intermediate doses. MBE demonstrated a relatively stable dose–response 

relationship, with similar estimated HbA1c reductions across its estimated effective dose range. RT 

showed a modest reduction in HbA1c across its estimated effective dose range, although the 

magnitude of reduction was smaller than that observed for the other exercise modalities. When 

between-study heterogeneity was incorporated through prediction intervals, only CE and HIIT 

remained below zero when their 95% prediction intervals were considered (Table S9b). 

3.7. Univariable meta-regression and subgroup analyses

Higher baseline HbA1c was associated with greater reductions in meta-regression analyses (β 

= −0.42; 95% CI −0.71 to −0.15) (Figure S12). In subgroup analyses, significant between-subgroup 

differences (Cochran's Q) were observed according to baseline HbA1c levels (Q = 12.4, p < 0.001) 

and baseline BMI categories (Q = 6.87, p = 0.009) (Table S10). No other study-level characteristics 

demonstrated significant effect modification. 

4. Discussion

4.1. Summary of evidence

In our NMA of 41 RCTs in older adults with T2DM, all exercise modalities were associated 

with reduced HbA1c compared with minimal-intervention control conditions, although the effect sizes 

differed across interventions. SUCRA rankings for HbA1c reductions were ordered as HIIT, CE, CAE, 

MBE, and RT. Dose–response analyses identified modality-specific dose–response patterns, with 

HbA1c reductions achieved at exercise volumes that may extend below those reported in general adult 

populations.

4.2. Interpretation

Our findings are broadly consistent with recent NMAs suggesting HIIT may be associated 

with larger reductions in HbA1c than other exercise modalities [13, 15]. This is plausible, as HIIT 
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improves cardiorespiratory fitness and insulin sensitivity, key determinants of glycemic regulation in 

T2DM [42]. Given that age-related declines in VO₂max are strongly associated with worsening 

glycemic control, the pronounced VO₂max response to HIIT may be particularly relevant for older 

adults [43]. However, the extent to which these physiological advantages translate into sustained 

benefits may vary across older individuals, as tolerance and adherence to higher intensity may differ 

due to age-related changes in physical capacity [44, 45]. 

Beyond intensity, our findings also suggest that exercise composition may play an important 

role in glycemic responses among older adults. Interventions integrating multiple exercise elements, 

including certain HIIT protocols [46, 47], may be associated with greater glycemic improvements. CE 

combines aerobic and resistance components to engage large muscle groups and improve 

cardiorespiratory fitness and muscular strength, key determinants of glycemic regulation [48-50], both 

of which commonly decline with aging. This aligns with previous evidence indicating that multi-

component exercise may be associated with comparable or greater HbA1c reductions relative to 

single-modality approaches [51-53]. However, because much of the available previous evidence is 

derived from mixed-age populations that include older adults [51-53], additional studies focused 

specifically on older adults are warranted.

Our analysis also suggests that both CAE and MBE are effective modalities to reduce HbA1c, 

with similar benefits that ranked below HIIT and CE but above RT. The favorable performance of 

CAE is broadly consistent with previous evidence identifying aerobic exercise as one of the higher-

ranked exercise modalities for improving glycemic control in patients with T2DM [13, 15, 52, 54]. 

One possible explanation is that aerobic exercise improves insulin sensitivity, mitochondrial function, 

and cardiorespiratory fitness, adaptations that may contribute to improved glycemic regulation in 

older adults with T2DM [55, 56]. The comparable effectiveness of MBE is also noteworthy in 

contrast to general adult guidelines [22, 57], as it has received less emphasis in current exercise 

recommendations for glycemic management. However, a recent NMA in adults with T2DM and 

obesity similarly ranked MBE interventions, including Tai Chi, yoga, Baduanjin, and Pilates, among 
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the most effective strategies for improving glycemic outcomes [58]. Physiologically, MBE has been 

associated with reductions in chronic stress and improvements in autonomic regulation, both linked to 

glycemic control [59], and may improve postural control and neuromuscular efficiency despite lower 

intensity. Of note, these adaptations are particularly important for frail or mobility-limited older 

individuals [60, 61].

Although RT ranked below the other exercise modalities for HbA1c reduction, resistance-

based exercise remains an important component of exercise management for older adults with T2DM. 

Because skeletal muscle is the primary site of insulin-mediated glucose disposal [62], preserving 

muscle mass and strength may support glucose uptake and insulin sensitivity [55]. This is especially 

important in older adults with T2DM, who are particularly susceptible to age-related losses in muscle 

mass and strength that may further compromise glycemic regulation and physical function [4, 63]. 

Nevertheless, careful progression should be integrated into RT prescription for this population, as age-

related anabolic resistance, reduced recovery capacity, and musculoskeletal comorbidities may 

influence training adaptations and exercise tolerance [64, 65]. Hence, resistance-based exercise may 

be beneficial when prescribed at lower training loads with progressive increases as tolerated in older 

adults with T2DM. 

Dose–response analyses identified an age-specific pattern differing from general adult 

populations. While recent meta-analyses in general adult samples have reported optimal HbA1c 

reductions at relatively high physical activity doses (840–1100 METs-min/week) [13], our findings 

indicate that in older adults, meaningful reductions in HbA1c can be achieved at lower doses. 

Specifically, estimated HbA1c reductions with 95% CrIs excluding zero were apparent from 241 

METs-min/week, with the largest estimated reduction occurring at 704 METs-min/week. These lower 

thresholds may improve feasibility and adherence in older adults, for whom higher exercise volumes 

may be less practical or sustainable. 

Baseline glycemic status appeared to modify intervention effects. Meta-regression analyses 
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indicated that participants with higher baseline HbA1c tended to show larger reductions following 

exercise interventions. This pattern is consistent with prior studies in T2DM [14, 66, 67] and may 

reflect a general clinical principle that poorer glycemic control leaves greater metabolic “room for 

improvement.” As HbA1c approaches the normal range, further reductions may be attenuated by 

counter-regulatory mechanisms and concerns related to hypoglycemia [9, 68, 69]. Accordingly, 

because our analysis focused on exercise-induced changes in HbA1c among T2DM patients, the 

observed association may reflect differences in response magnitude across baseline glycemic levels 

rather than true differences in exercise effectiveness.

Baseline BMI also appeared to modify the glycemic response to exercise, with larger HbA1c 

reductions observed among participants with BMI ≥25 kg/m². T2DM is characterized by the 

combined effects of insulin resistance and β-cell dysfunction, although their relative contributions 

vary among individuals [70, 71]. Because higher BMI is generally associated with greater insulin 

resistance [72, 73], it may be possible that insulin resistance contributed more substantially to 

hyperglycemia in this subgroup. As exercise improves insulin sensitivity [74, 75], individuals with 

higher BMI may therefore have experienced larger reductions in HbA1c.

4.3. Implications

Our dose–response findings correspond to approximately 60–230 minutes per week of 

moderate-intensity exercise or 30–115 minutes/week of vigorous-intensity exercise, assuming 4 and 8 

METs, respectively. This suggests that HbA1c reductions may be achieved across exercise volumes 

that extend below, but also overlap with, current physical activity guidelines [22]. Importantly, these 

lower volumes may improve feasibility and adherence while still achieving clinically meaningful 

HbA1c reductions (~0.6%), comparable to pharmacological interventions in practice [76].

While exercise intensity remains a key component of HbA1c improvement, exercise 

composition, aerobic features, and functional relevance may also be important considerations in older 

adults with T2DM. Interventions incorporating aerobic, resistance, functional, or balance-oriented 
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elements—delivered through CE, multicomponent HIIT [46, 47], CAE, or even MBE—may provide 

additional benefits for cardiorespiratory fitness, strength, mobility, and long-term adherence. RT 

should also be considered to preserve muscle mass and strength. Accordingly, it is important to tailor 

exercise prescription in older adults according to functional capacity, exercise tolerance, and personal 

preferences while achieving sustainable glycemic control.

These results reinforce a broader principle in older-adult diabetes care. Glycemic targets 

should be interpreted within the context of age-related vulnerability. Recent discussions in diabetes 

management emphasize that glucose-lowering therapy should be individualized within the broader 

context of patient safety and functional well-being, particularly in older or frail individuals [77]. 

Similarly, exercise prescriptions for older adults should also balance glycemic benefits with safety, 

functional preservation, and long-term feasibility [77], while considering baseline glycemic status as 

part of overall clinical judgment. Within this framework, glycemic benefits may be greatest when 

combined with improvements in strength, balance, and daily functioning rather than perceived 

through HbA1c reduction alone.

4.4. Limitations and strengths

Several limitations should be considered. First, no trials evaluated exercise doses above 1000 

METs-min/week, limiting the precision of estimates at the upper end of the dose–response curve. This 

likely reflects feasibility and safety constraints in older populations. Second, METs-based dose 

quantification posed methodological challenges. Some trials lacked sufficient detail to estimate 

METs-min/week, requiring assumptions that may have introduced measurement error and 

heterogeneity. Moreover, RT intensity is typically defined by load (%1RM) and volume (sets × 

repetitions), which are not well captured by METs-based metrics [78]. This limitation may have 

affected the precision of the estimated RT dose–response relationship. Third, only three HIIT trials 

included direct control comparisons, contributing to greater uncertainty and some inconsistency 

between pairwise and network estimates. Although HIIT ranked highest, wider CrIs indicate this 

finding should be interpreted cautiously.
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These limitations are balanced by several strengths. By restricting inclusion to older adults 

with T2DM, this study addresses an important gap, as prior meta-analyses including broader age 

ranges may dilute age-specific effects and affect transitivity assumptions [13, 15]. In addition, 

integrating pairwise meta-analysis, NMA, dose–response modeling, and meta-regression provides a 

comprehensive framework for informing exercise prescription in this population. Finally, sensitivity 

analyses using alternative pre-post correlation coefficients (r = 0.5 and r = 0.9) showed consistent 

directions of effect and identical treatment rankings, despite some variation in effect magnitude, 

supporting the robustness of the overall findings.

5. Conclusion

In this dose–response NMA of RCTs in older adults with T2DM, all exercise modalities were 

associated with reductions in HbA1c compared with minimal-intervention control. HIIT showed the 

largest estimated reduction, although the estimates were accompanied by greater uncertainty, followed 

by CE, while CAE and MBE demonstrated similar intermediate effects. RT produced smaller but 

clinically meaningful reductions. Dose–response analyses identified estimated effective dose ranges 

across exercise modalities, with glycemic benefits achieved at moderate weekly exercise doses that 

were broadly consistent with current physical activity recommendations. Overall, these findings 

support consideration of exercise modality and dose in glycemic control and should be considered 

alongside feasibility, safety, and physical function when prescribing exercise in older adults with 

T2DM.
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Figures

Figure 1. PRISMA flow diagram of the search process for studies

This PRISMA flow diagram shows the number of records identified, screened, excluded, and included at each stage of the literature search 
and study selection process for the network meta-analysis.
Abbreviations: RCT, randomized controlled trial.
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Figure 2. Network forest plot

The figure shows mean differences in HbA1c and 95% credible intervals for each exercise modality compared with the control group. A 
mean difference less than 0 indicates a reduction in HbA1c in favor of the exercise intervention.
Abbreviations: MD, mean difference; CrI, credible interval; CAE, continuous aerobic exercise; CE, combined exercise; HIIT, high-intensity 
interval training; MBE, mind–body exercise; RT, resistance training.



32

Figure 3. Dose–response association between overall physical exercise dose and HbA1c 
reduction

Dose–response relationship between overall physical exercise and changes in HbA1c levels in patients with type 2 diabetes mellitus. The 
dashed black lines represent the 95% credible interval, and the light blue shaded area represents the 95% prediction interval. The dark blue 
shaded area indicates the estimated effective physical exercise dose range (95% CrI excluding 0), the yellow shaded area represents the 
WHO physical activity recommendation range, the orange vertical lines indicate the estimated effective physical exercise dose range, and 
the red vertical dashed line indicates the dose associated with the greatest estimated HbA1c reduction.
Abbreviations: METs, metabolic equivalents of task; PA, physical activity; HbA1c, glycated hemoglobin.
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Figure 4. Dose–response association between dose of different exercise modality (weekly) and HbA1c levels in patients with type 2 
diabetes mellitus
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Dose–response relationships between weekly doses of different exercise modalities and changes in HbA1c levels in patients with type 2 diabetes mellitus. The grey shaded areas represent the 95% credible intervals. 
The black vertical dashed lines indicate the estimated effective dose range based on 95% credible intervals excluding zero, and the red dots indicate the optimal dose for each exercise modality. K indicates the 
number of studies included in each modality-specific analysis. 
Abbreviations: METs, metabolic equivalents of task; CAE, continuous aerobic exercise; CE, combined exercise; HIIT, high-intensity interval training; MBE, mind–body exercise; RT, resistance training.
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Tables

Table 1. League table of network comparisons of the effects of exercise modalities on HbA1c
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Values represent mean differences (MDs) with 95% credible intervals (CrIs) for HbA1c following exercise interventions, derived from the network meta-analysis. Each cell compares the row-defining intervention 
with the column-defining intervention (MD = row − column); thus, a negative MD indicates a greater reduction in HbA1c with the row-defining intervention. For clarity, only the upper triangle of the league table 
is displayed, and the diagonal is omitted. Interventions are ordered according to their surface under the cumulative ranking curve (SUCRA) values. Cell shading reflects the magnitude and direction of the MD (blue 
indicating more favorable effects and red indicating less favorable effects relative to the comparator).
Abbreviations: CAE, continuous aerobic exercise; CE, combined exercise; HIIT, high-intensity interval training; MBE, mind–body exercise; RT, resistance training.
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Optimal Dose and Exercise Modality to Improve HbA1c in Older Adults with Type 2 Diabetes Mellitus: A Systematic Review with 

Pairwise, Network, and Dose–Response Meta-Analyses

Highlights:

• Optimal exercise dose and modality for HbA1c reduction in older adults with type 2 diabetes mellitus (T2DM) were examined

• All five exercise modalities significantly reduced HbA1c

• High-intensity interval training showed the greatest HbA1c reduction, followed by combined exercise, continuous aerobic exercise, 

mind-body exercise, and resistance training

• Meaningful HbA1c reductions were achieved at lower exercise volumes (241−920 METs-min/week) than previously reported 
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• Greater benefits were observed in individuals with higher baseline HbA1c and BMI
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