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Abstract
Aims  Aerobic exercise is well recognised as an effective treatment for people with type 2 diabetes but the optimal amount 
of aerobic exercise to improve glycaemic control remains to be determined. Thus, the aim of this meta-analysis and meta-
regression was to assess the impact of volume and intensity of aerobic exercise on glycaemic control.
Methods  Medline, Cochrane, Embase, and Web of Science databases were searched up until 15 December 2020 for the 
terms “aerobic exercise AND glycaemic control”, “type 2 diabetes AND exercise”, and “exercise AND glycaemic control 
AND Type 2 diabetes AND randomised control trial”. We included (i) randomised control trials of ≥ 12 weeks, (ii) trials 
where participants had type 2 diabetes and were aged 18 or over, and (iii) the trial reported HbA1c concentrations pre- and 
post-intervention. Two reviewers selected studies and extracted data. Data are reported as standardised mean difference 
(SMD) and publication bias was assessed using funnel plots.
Results  A total of 5364 original titles were identified. Sixteen studies were included in the meta-analysis. Aerobic exercise 
reduced HbA1c versus control (SMD = 0.56 (95% CI 0.3–0.82), p < 0.001). There were also significant reductions in BMI 
(SMD = 0.76 (95% CI 0.25–1.27), p < 0.05). There was no dose–response relationship between improvement in HbA1c and 
the intensity and volume of the intervention (p > 0.05).
Conclusions  Twelve-week or longer aerobic exercise programmes improve glycaemic control and BMI in adults with type 
2 diabetes. Longer or more intense interventions appear to confer no additional benefit on HbA1c.
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Introduction

Rationale

Diabetes is a burden on global health systems with over 
422 million cases worldwide, of which around 90% are type 
2 [1–3]. It is predicted that due to the ageing population 
by 2038 there will be 20% more cases than in 2000, and 
this increase is expected to augment the economic burden 
by ~ 45% [4]. In the UK, diabetes will pose a major clini-
cal and financial challenge to the National Health Service 
(NHS) with the annual cost of health care for diabetes treat-
ment predicted to rise to £2.2 billion per annum by 2040, 
and this will contribute to around 17% of the NHS annual 
budget [4, 5].

In healthy individuals, beta cells are stimulated to release 
insulin to mediate uptake of glucose, amino acids, and fatty 
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acids into tissue [6]. In type 2 diabetes, the development of 
insulin resistance ultimately promotes a reduction in insu-
lin production and the failure of pancreatic beta cells [7]. 
A large majority of people suffering from type 2 diabetes 
are obese, with central visceral adiposity [8] and there is 
an inverse linear relationship between body mass index 
(BMI) and the age at which type 2 diabetes is diagnosed 
[9]. Beyond the age of 30, the human pancreas is unable 
to keep renewing beta cells and therefore loss of beta cells, 
such as due to glucolipotoxicity, explains why there is an 
increased risk of type 2 diabetes with age [6]. Whilst people 
with type 2 diabetes are treated pharmacologically with met-
formin, sulfonylureas and ultimately, insulin, nutritional [10] 
and aerobic exercise interventions [11] have proven highly 
effective at reducing hyperglycaemia. Aerobic exercise inter-
ventions are uniquely efficacious as they promote glucose 
uptake through a non-insulin-dependent mechanism that is 
intact in people with type 2 diabetes [11].

When at rest, the body requires insulin-dependent mecha-
nisms to control glucose homeostasis [12]. Insulin signal-
ling requires the activation of phosphatidylinositol 3-kinase 
(PI3K), phosphorylation of the insulin receptor, and the 
insulin receptor substrate-1/2 [13]. In type 2 diabetes, insu-
lin resistance and the failure of PI3K-mediated glucose 
transporter type 4 (GLUT-4) translocation result in chronic 
hyperglycaemia [14]. Aerobic exercise does not require PI3K 
to prompt GLUT-4 translocation and thus, insulin resistant 
tissue will still take up glucose during exercise [15]. There 
have been a number of signalling pathways implicated in this 
process, including adenosine monophosphate-activated pro-
tein kinase (AMPK), calcium (Ca2+) /calmodulin-dependent 
protein kinases, and protein kinase C [13] that are reviewed 
elsewhere [16]. AMPK activity has been proposed as the 
central instigator of exercise-mediated glucose uptake [13] 
and thus, the most effective exercise regimens seem to be the 
ones that promote greatest increase in AMPK [17].

Chronic aerobic exercise training has been proven to 
improve body composition by increasing energy expendi-
ture and reducing visceral fat [18]. Regular aerobic train-
ing increases both the expression and activity of proteins 
involved in insulin signalling pathways, therefore, improving 
tissue insulin sensitivity for up to 72 h post-exercise [11]. 
The elevated plasma glucose and lipid levels in type 2 diabe-
tes can also be lowered through oxidation in regular aerobic 
exercise [19]. This helps to alleviate the glucotoxicity and 
lipotoxicity experienced by pancreatic beta cells, reduc-
ing inflammation and oxidative stress on tissues [19]. This 
allows damaged beta cells to recover and protects functional 
islets, preventing the worsening of endocrine function [19].

There are three key steps which allow aerobic exercise 
to increase glucose uptake by up to 50%, these are delivery, 
transport across the membrane, and oxidation causing intra-
cellular influx [15]. Delivery of glucose to active muscle 

cells is increased due to a rise in blood flow and this is asso-
ciated with an increase in capillary recruitment which sub-
sequently increases the surface area for influx of glucose and 
oxygen [15]. Oxygen consumption is coupled to blood flow 
and this ensures sufficient glucose reaches active muscle tis-
sue [15]. All of these factors induced during aerobic exercise 
allow glucose to be up taken into muscle cells, reducing the 
concentration of plasma glucose and therefore helping to 
reduce hyperglycaemia [12]. This therefore means aerobic 
exercise can be used as a non-pharmacological method to 
regulate glucose homeostasis in those with type 2 diabetes.

The optimal amount of aerobic exercise to improve gly-
caemic control in adults with type 2 diabetes remains incom-
pletely understood. This meta-analysis and meta-regression 
investigated the association between volume and intensity 
of aerobic exercise on glycaemic control in adults with type 
2 diabetes. The focus is specifically on aerobic exercise as 
aerobic and resistance exercise both utilise different mecha-
nisms to improve glycaemic control, and there are also 
variations in the definitions of amount of exercise between 
the two. Resistance exercise increases muscle mass which 
increases GLUT-4 abundance without altering the muscle’s 
intrinsic pathways [11], and therefore the two mechanisms 
are somewhat distinct. Resistance exercise also typically 
uses progressive overload [20] so this means the intensity 
and volume would change over the duration of the interven-
tion, making the amount of exercise difficult to compare 
between studies.

Objectives

The benefits of aerobic exercise for type 2 diabetes are 
well documented, however, the volume and intensity of 
aerobic exercise required to improve glycaemic control 
are less well quantified. The aim of this systematic review 
and meta-analysis was to determine the impact of volume 
and intensity of aerobic exercise on glycaemic control 
in ≥ 12-week training studies in people with type 2 diabe-
tes. Therefore, the effect of aerobic exercise training on the 
following outcomes was analysed—HbA1c, fasting blood 
glucose, BMI, triglycerides, cholesterol (total, high-density 
lipoprotein (HDL), and low-density lipoprotein cholesterol 
(LDL)), and the effect of intensity/volume of aerobic exer-
cise training on HbA1c.

Methods

Eligibility criteria

This systematic review and meta-analysis were con-
ducted in accordance with Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses (PRISMA) 
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guidelines [21]. EW and KR independently conducted 
the eligibility assessment in an unblinded and standard-
ised manner. Where there was disagreement, CG acted 
as the final adjudicator. Once each database search was 
completed and manuscripts were sourced, all studies 
were downloaded into a single reference list with dupli-
cates removed. Titles and abstracts were then screened 
for eligibility and full texts were only retrieved for stud-
ies with HbA1c and a supervised exercise intervention 
of ≥ 12 weeks. All studies retrieved as full texts were 
then assessed using the complete eligibility criteria with 
first and second authors confirming inclusion and exclu-
sion. For four of these studies [22–25], the authors were 
contacted for supplemental data, of which zero replied. 
These four studies were therefore subsequently excluded 
[22–25].

Information sources

A systematic literature search was conducted using the 
following databases: MEDLINE (accessed by PubMed), 
Cochrane Central Register of Controlled Trials, Embase, 
and Web of Science. The literature search was completed 
until 15 December 2020. The search was performed 
within all fields and terms were “exercise AND glycaemic 
control”, “type 2 Diabetes AND exercise”, and “exercise 
AND glycaemic control AND “type 2 diabetes AND ran-
domised control trial”.

Study selection

Studies that met the following criteria were included in 
this meta-analysis: (1) published as a full-text manuscript; 
(2) not a review; (3) participants had type 2 diabetes 
(age ≥ 18 years); (4) studies were required to employ an 
intervention design and include an aerobic exercise train-
ing period of ≥ 12 weeks. Additionally, descriptive data 
(e.g. sample size, mean, and standard deviation) reporting 
was required. Where this was not possible, details were 
requested from the authors. All studies included in these 
analyses obtained informed consent from individuals 
prior to participation. The primary aim was to investigate 
whether HbA1c was affected by the intensity/volume of 
aerobic exercise training and therefore we only included 
studies that measured HbA1c. Where an investigation 
took multiple measures (fasting blood glucose, total cho-
lesterol, triglycerides, high-density lipoprotein [HDL], 
and low-density lipoprotein [LDL]), we included them 
as separate data sets. Full-text articles and supplemental 
data were assessed for methodological quality using the 
PEDro (Physiotherapy Evidence Database) scale [26]. To 

determine whether there was any publication bias, funnel 
plots for each outcome variable were constructed [27].

Outcomes

The data from each article were extracted for the change 
in variables pre- and post-exercise intervention includ-
ing: HbA1c, fasting blood glucose, total cholesterol, 
HDL cholesterol, LDL cholesterol, triglycerides, and 
BMI. Changes in HbA1c, the gold-standard measure of 
glycaemic control [28], rely on the turnover of red blood 
cells, which glucose binds to irreversibly [6]. The half-
life of red blood cells is 12 weeks so only interventions 
of ≥ 12 weeks were included which measure HbA1c [29]. 
Aerobic exercise interventions included walking (n = 5), 
running (n = 6), and other (interval training, cycling) 
(n = 5), in intensities ranging from 30 to 80% of maximal 
exercise capacity. The intensity of the exercise stimulus 
progressed throughout some interventions and thus, the 
average intensity across the duration of each programme 
ranges from 50 to 75%. Details of the studies included are 
described in Table 1. Missing change in standard devia-
tion values was predicted using the following formula 
(where the correlation coefficient (Corr) was calculated 
from studies where the change in standard deviation was 
included) [30]:

Means and standard deviation (SD) values not reported 
in text but present in figures within articles were determined 
using computer software (Image J, Maryland, USA, Imagej.
net) [31]. Data were imported into a spreadsheet, which was 
specifically designed for meta-analyses (The jamovi project 
(2021), jamovi (Version 1.6) [Computer Software] retrieved 
from https://​www.​jamovi.​org). Figures were prepared in 
jamovi and GIMP (GIMP 2.8.4, retrieved from https://​www.​
gimp.​org).

Data quality assessment and statistical analysis

Heterogeneity, any variability within the studies, was quanti-
fied with the I2 statistic [32]. An I2 value of 25% may be inter-
preted as low, 50% as moderate and 75% as high between-
study heterogeneity. A maximum likelihood (estimator: Tau2) 
random-effect meta-analysis approach was carried out on the 
aerobic exercise protocols, using the below equation:

Corr =
SD2

baseline
+ SD2

final
− SDchange

(

2 × SDbaseline × SDfinal

)

SDchange =

√

SD2
baseline

+ SD2
final

−

(

2 × Corr × SDbaseline × SDfinal

)

https://www.jamovi.org
https://www.gimp.org
https://www.gimp.org
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 where �
i
 = population effect size, �

i
 = an error term by 

which ES
i
 differs from �

i
 , �� = describes the central ten-

dency, �
i
 = an error term which the population effect size of 

the i th study differs from �
i
 . [33]

Data extracted from each study included: study sample 
size, intervention/control group descriptions, study design, 
analysis method, and outcome data. Outliers were excluded 
if they had a studentised residual larger than the 100 × 
(1–0.05/(2 K))th percentile of a standard normal distribu-
tion where K is the number of studies [34]. Methodologi-
cal quality was assessed using the modified 0–10 PEDro 
scale [35]. The primary outcome variables were defined 
as HbA1c pre- and post-intervention. Standardised mean 
differences (SMD) were calculated. Funnel plots were per-
formed to assess publication bias with standard error plot 
against the standardised mean difference.

ES
i
= �

i
+ ∈

i
= �� + �

i
+ ∈

i

Random effects meta-regressions (continuous covari-
ates) were conducted to explore the association of vol-
ume (time per week and total hours per intervention) 
and intensity (% maximal exercise capacity) of aerobic 
exercise with changes in HbA1c concentrations. Meta-
regression analyses were carried out in R (The R foun-
dation (2021), R (version 4.1.0) [computer software] 
retrieved from https://​cran.r-​proje​ct.​org), using the SMD 
estimates of HbA1c and the two exercise programme vari-
ables- intensity and volume. The equation below was used 
to model the meta-regression:

where θ = the intercept, β = regression weight, x = con-
tinuous variable, ∈

k
 = sampling error, �

k
 = between-study 

heterogeneity [36].

�∧
k
= � + �x

k
+ ∈

k
+�

k

Fig. 1   PRISMA flow diagram of studies included in the systematic review

https://cran.r-project.org
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Scatter bubble plots were constructed graphically to 
display proportional weights of different trials.

Results

Study selection

After the initial database search, 5364 records were 
identified (Fig. 1). Once duplicates were removed, 3775 
titles and abstracts were screened for inclusion resulting 
in 190 studies being retrieved as full text and assessed for 
eligibility. Of those, 170 were excluded and 20 articles 
remained, and due to missing details 16 studies were used 
in the final quantitative synthesis. To assess publication 
bias, funnel plots for aerobic exercise were computed and 
the trim and fill method was utilised to determine the 
number of studies required to balance the funnel plot [37].

Description of the included trials

Trial setting and participants

The aerobic exercise programme settings included university 
health or research departments, community-based exercise 
facilities, and large public hospitals. The number of partici-
pants in each clinical trial ranged from n = 19 to n = 251 [38, 
39]. One trial included only female participants [38] and one 
trial included only male participants [40]. All trials were car-
ried out on adults and the age of participants ranged from 30 
to 75 years. Baseline HbA1c (%) ranged from an average of 
6.7% (50 mmol/mol) [41] to 8.8% (73 mmol/mol) [40] for 
all trials included. The average intensity of the exercise pro-
grammes (as % total exercise capacity) ranged from 50 [42] 
to 75% [43, 44]. The programme volume varied between 20 
and 144 h in total and between 90 and 195 min per week. 
The interventions ranged from 50 min 2 × per week for 
12 weeks [45] to 60 min 2 × per week for 72 weeks [43].

Interventions

A description of the exercise programmes included is given 
in Table 1. The duration of interventions ranged from 12 to 
72 weeks, with a median of 12 weeks. The studies mainly 
included aerobic exercise in the form of cycling, jogging, 
and walking. Seventy-five per cent of studies included had 
three exercise sessions per week, two interventions had only 
two sessions per week [43, 45] and two interventions had 
up to five sessions per week [42, 46]. Each exercise session 
lasted between 20 min and 1 h, with most sessions lasting 
between 30 min and 1 h. All interventions were supervised 
(Figs. 2, 3, 4, 5).

Synthesis of results

Of the 16 studies included, all were RCTs. Where a study 
had multiple conditions, they were treated separately.

Glycaemic control

HbA1c reflects a cumulative history of an individual’s 
blood glucose levels during the previous 2–3 months [6]. 
This meta-analysis investigated the effect of regular super-
vised aerobic exercise on change in HbA1c, as the gold-
standard marker of glycaemic control [28]. All 16 trials 
provided data on HbA1c. The individual mean difference of 
pre–post-changes in HbA1c in control and aerobic groups, 
respectively, ranged from − 1.2 to 1.1% (median = − 0.09%) 
and − 1.3 to 0.1% (median = − 0.51%). Standardised mean 
difference (SMD) of within-group change in HbA1c between 
control and aerobic groups in each of the trials ranged from 
− 0.39 to 2.18. A maximum likelihood random effects model 
estimates the difference of within-group change in HbA1c 
between control and aerobic groups to be 0.56 (95% CI 
0.3–0.82, p < 0.001), favouring aerobic exercise over control 
for reducing HbA1c concentration. There was considerable 
heterogeneity in this meta-analysis (I2 = 61.05%, p < 0.001).

Fasting blood glucose concentrations help to examine the 
change in glucose concentration between the start and end 
of the exercise programme [47]. Although this may not be 
representative of the average long-term change in glycaemic 
control like HbA1c, it was used in this meta-analysis as a 
secondary line of evidence to support the changes indicated 
by HbA1c [47]. Eight trials recorded fasting blood glucose 
concentrations and one trial was determined and excluded, 
as previously described, due to being a large outlier in the 
data set [34, 48]. Therefore, seven trials were included 
in this meta-analysis. The individual SMD of pre–post-
changes in fasting blood glucose in control and aerobic 
groups, respectively, ranged from − 1.35 to 0.6 mmol/L 
(median = 0.5 mmol/L) and − 1.53 mmol/L to 0.15 mmol/L 
(median = − 0.99  mmol/L). The SMD of within-group 
change in fasting blood glucose between control and aero-
bic groups in each of the trials ranged from − 0.21 to 1.77. 
A maximum likelihood random effects model estimates the 
difference of within-group change in fasting blood glucose 
between control and aerobic groups to be 0.76 (95% CI 
0.23–1.3, p < 0.05). There was considerable heterogeneity 
in this meta-analysis (I2 = 76.67%, p < 0.001).

Anthropometric measures—BMI

Thirteen trials recorded the change in BMI after 
the exercise programme. The individual mean dif-
ference of pre–post-changes in BMI in control and 
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aerobic groups, respectively, ranged from − 0.7 to 0.4 kg/
m2 (median = − 0.1 kg/m2) and − 2.2 kg/m2 to 0.2 kg/m2 
(median = − 0.8 kg/m2). The SMD of within-group change 
in BMI between control and aerobic groups in each of the 
trials ranged from − 0.53 to 2.97. A maximum likelihood 
random effects model estimates the difference of within-
group change in BMI between control and aerobic groups 
to be 0.76 (95% CI 0.25–1.27, p < 0.05), and therefore the 
exercise programmes significantly reduced BMI. There 
was considerable heterogeneity in this meta-analysis 
(I2 = 86.35%, p < 0.001).

Lipid profiles—triglycerides

Increased concentrations of triglycerides result in lipo-
toxicity, exacerbate hyperglycaemia, and help to cause 
the diabetic dyslipidaemia associated with increased car-
diovascular disease risk [49]. This meta-analysis there-
fore analysed the effect supervised aerobic exercise pro-
grammes have on triglyceride concentrations in those with 

type 2 diabetes to investigate how significantly exercise 
can be used as a treatment. Eight trials recorded triglyc-
eride concentrations and one trial was calculated but ulti-
mately excluded, as previously described, due to being a 
large outlier [34, 43]. This meta-analysis was therefore car-
ried out on seven trials. The individual mean difference of 
pre–post-changes in triglyceride concentration in control 
and aerobic groups, respectively, ranged from − 0.58 to 
0.20 mmol/L (median = − 0.05 mmol/L) and − 0.48 mmol/L 
to 0.00 mmol/L (median = − 0.16 mmol/L). SMD of within-
group change in triglycerides between control and aerobic 
groups in each of the trials ranged from − 0.33 to 0.84. A 
maximum likelihood random effects model estimates the 
difference of within-group change in triglycerides between 
control and aerobic groups to be 0.15 (95% CI − 0.08 to 
0.38) with p > 0.05. Thus, the exercise programmes did not 
significantly reduce triglyceride concentrations. There was 
no heterogeneity in the meta-analysis (I2 = 0%, p > 0.05).

Total cholesterol

Total cholesterol is a summation of the concentration of 
high-density lipoprotein (HDL) and low-density lipo-
protein (LDL) [50]. It plays a role in increasing the risk 
of cardiovascular disease in those with type 2 diabetes 
[50]. This meta-analysis analysed whether the total cho-
lesterol concentration changed after a period of super-
vised aerobic exercise as this may be a beneficial way 
to decrease the risk of cardiovascular disease in these 
individuals. Eleven trials reported total cholesterol con-
centration and three trials were determined and excluded, 
as previously described, due to being large outliers [34, 
43, 48, 51]. This meta-analysis was therefore carried 
out on eight trials. The individual SMD of pre–post-
changes in total cholesterol concentration in control 
and aerobic groups, respectively, ranged from − 0.35 to 
0.33 mmol/L (median = 0.05 mmol/L) and − 0.70 mmol/L 
to 0.16  mmol/L (median = − 0.11  mmol/L). SMD of 
within-group change in total cholesterol between control 
and aerobic groups in each of the trials ranged from -0.39 
to 0.95. A maximum likelihood random effects model 
estimates the difference of within-group change in total 
cholesterol between control and aerobic groups to be 0.09 
(95% CI − 0.13 to 0.31, p > 0.05), and therefore the exer-
cise programmes did not significantly reduce total cho-
lesterol (Fig. 6a). There was no substantial heterogeneity 
in this meta-analysis (I2 = 0%, p > 0.05).

High‑density lipoprotein

This meta-analysis investigated whether a period of super-
vised aerobic exercise had beneficial effects on increasing 
HDL and reducing the risk of cardiovascular disease. Ten 

Fig. 2   Meta-analysis of HbA1c a Forest plot comparing the effects of 
exercise on HbA1c concentrations (SMD). b Funnel plot of studies 
evaluating the effect of exercise on HbA1c with standardised mean 
difference plot against standard error which accounts for the sample 
size in the studies
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trials recorded high-density lipoprotein (HDL) concentra-
tions and one trial was determined and excluded, as previ-
ously described, due to being a large outlier [34, 52]. The 
individual SMD of pre–post-changes in HDL concentra-
tion in control and aerobic groups, respectively, ranged 
from − 0.06 to 0.20 mmol/L (median = 0.02 mmol/L) and 
− 0.15 mmol/L to 0.50 mmol/L (median = 0.07 mmol/L). 
The SMD of within-group change in HDL between con-
trol and aerobic groups in each of the trials ranged from 
-0.38 to 0.47. A maximum likelihood random effects 
model estimates the difference of within-group change 

in HDL between control and aerobic groups to be − 0.05 
(95% CI − 0.25 to 0.16) with p > 0.05, and therefore the 
exercise programmes did not impact upon HDL (Fig. 6b). 
There was considerable heterogeneity in this meta-analy-
sis (I2 = 83.08%, p < 0.001).

Low‑density lipoprotein

We measured low-density lipoprotein (LDL) as it is 
significantly associated with the pathogenesis of type 
2 diabetes. This meta-analysis investigated whether a 

Fig. 3   Meta-analysis of fasting 
blood glucose a Forest plot 
comparing the effects of exer-
cise on fasting blood glucose 
concentrations (SMD). b Funnel 
plot of studies evaluating the 
effect of exercise on fasting 
blood glucose with standardised 
mean difference plot against 
standard error which accounts 
for the sample size in the studies
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programme of aerobic exercise reduces the increased 
concentrations of LDL in type 2 diabetes. Nine tri-
als recorded low-density lipoprotein concentra-
tions. The individual SMD of pre–post-changes in 
LDL concentration in control and aerobic groups, 
respectively, ranged from − 0.83 to 0.09  mmol/L 
(median = − 0.06  mmol/L) and − 1.3  mmol/L to 
0.35  mmol/L (median = − 0.125  mmol/L). SMD of 
within-group change in LDL between control and aero-
bic groups in each of the trials ranged from − 2.01 to 
1.93. A maximum likelihood random effects model 

estimates the difference of within-group change in LDL 
between control and aerobic groups to be 0.12 (95% CI 
− 0.55 to 0.79) with p > 0.05, and therefore the aerobic 
exercise programmes did not significantly change LDL 
(Fig. 6c). There was considerable heterogeneity in this 
meta-analysis (I2 = 88.31%, p < 0.001).

Meta‑regression

Meta-regression analyses were carried out to explore the 
association of volume and intensity of aerobic exercise 

Fig. 4   Meta-analysis of BMI 
a Forest plot comparing the 
effects of exercise on BMI 
(SMD). b Funnel plot of studies 
evaluating the effect of exercise 
on BMI with standardised mean 
difference plot against standard 
error which accounts for the 
sample size in the studies
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with changes in HbA1c concentrations. All these analy-
ses were weighted by the inverse of the variance of each 
observation and scatter bubble plots were constructed to 
graphically display proportional weights of different trials. 
Intensity (% maximal exercise capacity), volume (minutes 
per week), total volume (hours per intervention), and vol-
ume × intensity (minutes per week × % maximal exercise 
capacity) were all not significantly associated with changes 
in HbA1c (p = 0.96, 0.116, 0.853 and 0.602, respectively) 
and had moderate heterogeneity (I2 = 60.92%, 58.63%, 
61.94% and 60.93%).

Discussion

Glycaemic control

HbA1c significantly decreased in those with type 2 diabetes 
after ≥ 12 weeks supervised aerobic exercise. This meta-
analysis shows that 87.5% of exercise interventions reduced 
HbA1c. The overall HbA1c SMD of the aerobic exercise 
interventions was 0.56 (95% CI 0.3–0.82), which indicates 
that the exercise programme is around 0.5 times more effec-
tive in decreasing HbA1c concentrations than the control 

Fig. 5   Meta-analysis of triglyc-
eride concentrations a Forest 
plot comparing the effects of 
exercise on triglyceride concen-
trations (SMD). b Funnel plot 
of studies evaluating the effect 
of exercise on triglyceride con-
centrations with standardised 
mean difference plot against 
standard error which accounts 
for the sample size in the studies
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Fig. 6   Meta-analysis of total 
cholesterol, HDL, and LDL 
concentrations. a Forest plot 
comparing the effects of 
exercise on total cholesterol 
concentrations (SMD). b Forest 
plot comparing the effects of 
exercise on HDL concentrations 
(SMD). c Forest plot comparing 
the effects of exercise on LDL 
concentrations (SMD)
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group [53]. Aerobic exercise programmes of ≥ 12 weeks 
help regulate glycaemic control and are therefore likely to 
be beneficial in treating the disease and helping to reduce 
the risk of comorbidities. The improvement in HbA1c could 
be mediated through two pathways. Aerobic exercise does 
not require PI3K to prompt GLUT-4 translocation and thus, 
insulin resistant tissue will still take up glucose during exer-
cise [15]. This helps to lower the high blood glucose con-
centrations associated with the disease, and evidence for this 
is provided by the reductions in HbA1c seen in this meta-
analysis. Adiposity is strongly linked to insulin resistance, 
and therefore weight loss induced by the aerobic exercise 
programme (indicated through a reduction in BMI) may also 

increase insulin sensitivity. This allows insulin to work more 
effectively in providing glycaemic control and could be an 
additional explanation for the reduction in HbA1c (Fig. 7).

Fasting blood glucose also significantly reduced after an 
aerobic exercise programme of ≥ 12 weeks. Indeed, 75% of 
studies included in the meta-analysis showed a decrease in 
fasting blood glucose. Fasting blood glucose reflects the 
momentary glycaemic state pre- and post-exercise pro-
gramme and this demonstrates blood glucose concentra-
tions reduced after the exercise programme [47]. However, 
it is an acute measurement parameter and is therefore only 
indicative of glucose concentrations at the exact point of 
measurement, rather than an average change throughout 

Fig. 7   Meta-regression of a intensity, b volume (minutes per week), 
c volume (Total hours of intervention), and d volume (minutes per 
week) × intensity on HbA1c. Bubble plots showing the association 

of a intensity, b volume (minutes per week), c volume (Total hours 
of intervention), and d volume (minutes per week) × intensity on 
HbA1c concentrations after a programme of exercise
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like HbA1c [47]. Measurement of HbA1c is recommended 
by the American Diabetes Association as the standard of 
care for monitoring diabetes due to its direct correlation 
with average plasma glucose concentrations [6]. The 75% 
of studies which showed a positive decrease in blood glu-
cose concentrations help to support the evidence provided 
by HbA1c, that exercise programmes have a beneficial 
effect on helping to reduce blood glucose concentra-
tions and improve glycaemic control in those with type 2 
diabetes.

HbA1c and BMI association

The BMI of participants significantly decreased by 
an average of  0.6  kg/m2 after the exercise programme 
of ≥ 12 weeks. People with type 2 diabetes typically have a 
higher BMI, including increased visceral adiposity [54]. The 
average BMI of participants at the beginning of the trials 
included in this meta-analysis was 30.1 kg/m2 and 80% of 
studies included showed a significant decrease in BMI post-
exercise programme by 2.1% on average. The overall BMI 
SMD of the aerobic exercise interventions was 0.76 (95% 
CI 0.25–1.27), which suggests that the exercise programmes 
significantly decreased BMI by a magnitude of 0.76 times 
more than the no exercise control group. In those with type 
2 diabetes, even small reductions (around 5%) in body mass 
have been proven to have significant impacts on improv-
ing glycaemic control [55]. For example, 0.1% reductions 
in HbA1c have been found with each 1 kg of body mass 
lost in patients with the disease [56]. It is difficult to deter-
mine whether exercise or weight loss has the biggest impact 
on glycaemic control as both factors are interrelated and as 
shown by this meta-analysis, exercise both reduces BMI and 
improves glycaemic control.

Improvements in BMI have also been associated with 
reducing the risk of mortality from comorbidities such as 
cardiovascular disease [55]. Weight loss has been asso-
ciated with a 25% reduction in mortality risk in those 
with type 2 diabetes and a 28% reduction in the risk of 
mortality from cardiovascular disease after a 12-year pro-
spective analysis study on 4970 overweight individuals 
with the disease was carried out [57]. This meta-analysis 
therefore provides further evidence that aerobic exercise 
programmes of ≥ 12 weeks, which have beneficial impacts 
on weight loss, may also reduce the risk of comorbidi-
ties associated with the disease. Weight loss by increased 
energy output has been shown to improve lipid profiles, 
including total cholesterol, HDL, LDL, and triglycerides, 
in overweight individuals at high risk of CVD, such as 
those with type 2 diabetes [58]. Evidence for significant 
improvements in cholesterol concentrations has been 
found when approximately 7% weight loss is maintained 
[58].

Lipid profiles

Out of all the lipid profiles analysed, none changed sig-
nificantly. This suggests that exercise programmes of this 
length don’t have a beneficial impact on triglyceride, total 
cholesterol, HDL and LDL concentrations. This could be 
due to the variation in programme length, and volume, 
frequency, and intensity of exercise prescribed to partici-
pants within the trials included within the meta-analysis. 
It could also have been impacted by participants taking 
certain medications. LDL concentrations are reduced by 
statins and evidence shows that LDL concentrations are no 
more improved with statins and exercise than with statins 
alone [59]. This could contribute to the non-significant 
results observed. Mitigating the impact of statin use on the 
analysis is challenging as excluding trials where any par-
ticipants take statins would significantly reduce the sample 
size of trials included.

From the analysis, HDL and LDL show a large amount 
of heterogeneity (I2 = 83.08% and 88.31%, respectively), 
suggesting that the variation within trials, for example sta-
tin use, might impact the significance seen in these results 
[60]. Total cholesterol and triglyceride concentrations 
show low heterogeneity (I2 = 0%) which implies that all 
studies included had a very similar effect on these two out-
comes. Evidence has found that total energy expenditure 
and intensity are key factors in determining the impact 
an exercise programme has on lipid profiles [61]. Longer 
programmes at high intensity have proven to reduce total 
cholesterol and increase HDL cholesterol concentrations 
[62] and evidence for this is seen within some of the trials 
included within this meta-analysis. For example, Yavari 
et al. [51] carried out a protocol for 52 weeks, with 3 ses-
sions per week at an average intensity of 67.5%. The SMD 
for this trial was 1.72 providing evidence that this longer 
and higher intensity programme reduced total cholesterol 
concentrations when compared with the control group. 
Moderate intensity exercise but at a higher volume (time 
per week) has also proven to reduce triglyceride concentra-
tions and increase HDL concentrations as lipids account 
for the majority of oxidative metabolism at sustained 
low–moderate intensity [63]. Evidence suggests the most 
significant improvements are seen in high-volume and 
high-intensity programmes [64].

There is also some evidence that weight loss of approxi-
mately 7% has to be sustained before cholesterol concen-
trations significantly change [58]. The meta-analysis on 
BMI (Fig. 4) shows that the average reduction in BMI 
of participants carrying out the exercise interventions is 
2.1%. As exercise and weight loss are interrelated, the 
weight loss, as a result of these interventions, might be 
insufficient for beneficial changes to occur in lipid concen-
trations. This suggests that some of the aerobic exercise 
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interventions included might lack the intensity, volume, 
and weight loss required to provide beneficial changes in 
lipid profiles and therefore contribute to the non-signifi-
cant results.

Association of HbA1c with intensity and volume

The intensity of the aerobic exercise programmes included 
in this meta-analysis varied from an average of 50–75% of 
maximal exercise capacity. The programme volume varied 
between 20 and 144 h in total and between 90 and 195 min 
per week. The interventions ranged from 50 min 2 × per 
week for 12 weeks [45] to 60 min 2 × per week for 72 weeks 
[43]. A number of measures included in the meta-analyses 
demonstrate substantial statistical heterogeneity and this 
is likely due to differences within the protocols of each 
trial, including differences in intensity, volume, and type 
of exercise.

A meta-regression was carried out on HbA1c using 
intensity and volume as moderators to investigate the het-
erogeneity found and the effects these variables could have 
on glycaemic control. When used as separate moderators, 
intensity, volume (mins per week) and total volume (total 
hours of intervention) all had non-significant associations 
with HbA1c concentrations (p = 0.96, 0.116, 0.853, respec-
tively). However, all three variables also have moderate 
heterogeneity within the results (I2 = 60.92%, 58.63%, and 
61.94%). This could be due to variations within the studies, 
including medication use and differences in aerobic exer-
cise programmes. Confidence in the significance could be 
improved by having a bigger sample size available to use 
within the meta-regression.

For the effects of aerobic exercise programmes to be bet-
ter investigated within the meta-regression, trials need to 
investigate a bigger range of intensities. The trials included 
only range in intensity from 50 to 75% with a big propor-
tion of exercise programmes ranging between intensities of 
60–70%, this is therefore unlikely to give the true association 
of intensity with HbA1c. A meta-analysis investigating the 
difference between high-intensity interval training (HIIT) 
and moderate intensity interval training (MIIT) found that 
HIIT at 85–95% max HR showed a 0.37% greater reduc-
tion in HbA1c than MIIT [65]. Further supporting the idea 
that potentially, the range of exercise intensity used in this 
meta-regression was not great enough to show an associa-
tion. The median length of trials included was also 12 weeks 
and therefore future longer-term studies may strengthen the 
conclusions which can be made regarding optimal exercise 
volume. A meta-regression was carried out combining vol-
ume and intensity as a moderator to investigate the associa-
tion with HbA1c. The results of this meta-regression were 
also not significant, likely due to the reasons stated above.

Limitations

Whilst the literature assessment was comprehensive, it 
is possible that studies may have been missed from the 
analysis. There was significant heterogeneity in a number 
of measures included. Whilst random effects modelling 
was chosen to mitigate this effect, this remains a limita-
tion. Whilst some interventions included have achieved 
statistical significance for a range of outcomes, the change 
in the outcome required to have a beneficial impact on 
patients and to be considered clinically relevant remains 
to be fully determined. This therefore provides a limitation 
in the analysis of the results.

The range of intensities used in the trials included in 
the meta-regression was limited to between 50 and 75%. 
Although this forms a limitation, it is likely that the inter-
ventions have not used lower intensities as the time per 
week required to exercise becomes unfeasibly long for type 
2 diabetes patients to complete. It is also likely that the 
average intensity was limited to 75% as type 2 diabetes 
patients are sedentary individuals and therefore anything 
higher than 75% would be extremely challenging. The non-
significant results from this meta-regression nonetheless 
provide interesting findings that longer and higher inten-
sity exercise programmes may not confer additional ben-
efits to glycaemic control in people with type 2 diabetes.

Conclusion

Although there is substantial evidence indicating the 
benefits of aerobic exercise as a treatment for those with 
type 2 diabetes, there is still insufficient evidence on the 
exact intensity, volume, and duration of exercise required 
to provide optimal glycaemic control. This systematic 
review and meta-analysis provide evidence that short-term 
interventions begin to show improvements in glycaemic 
control, but long-term interventions might be required to 
provide beneficial changes in lipid profiles and therefore 
further research needs to be carried out into longer-term 
interventions. This meta-regression shows that higher 
volume or more intense exercise interventions might not 
confer additional benefits to glycaemic control in people 
with type 2 diabetes. However, further research needs to 
be carried out on a wider range of interventions to reach 
more confident conclusions.
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