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Abstract Objective: Exercise has been accepted and generally recommended for the

management of type 1 diabetes mellitus (T1D) and for improving the overall

quality of life in affected individuals. This meta-analysis was conducted to

determine the overall effects of exercise (acute bouts of exercise and chronic

exercise [or training]) on acute and chronic glycaemic control in patients with

T1D, the effects of different types of exercise on glycaemic control and which

conditions are required to obtain these positive effects.

Methods: PubMed, ISI Web of Knowledge and SPORTDiscus� were con-

sulted to identify studies on T1D and exercise. Cohen’s d statistics were used

for calculating mean effect sizes (ES) as follows: small d = 0.3, medium d = 0.5
and large d = 0.8. Ninety-five percent confidence intervals (95% CIs) were

used to establish the significance of our findings.

Results: From a total of 937 studies, 33 that met the inclusion criteria were

selected. Nine studies were used to calculate the ES of a single bout of aerobic

exercise; 13 studies to calculate the ES of aerobic training; 2 studies to cal-

culate the ES of strength training; 4 studies to calculate the ES of combined

(aerobic and strength) training and 6 studies to calculate the ES of high-

intensity exercise (HIE) and training. ES for exercise on acute glycaemic

control were large, while they were small for chronic glycaemic control.

Aerobic exercise, resistance exercise, mixed exercise (aerobic combined with

resistance training) and HIE acutely decreased blood glucose levels. To pre-

vent late-onset hypoglycaemic episodes, the use of single bouts of sprints into

an aerobic exercise can be recommended. This meta-analysis also showed that

a regular exercise training programme has a significant effect on acute and
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chronic glycaemic control, although not all exercise forms showed significant

results. Specifically, aerobic training is a favourable tool for decreasing

chronic glycaemic control, while resistance training, mixed and HIE did not

significantly improve chronic glycaemic control. Although, this meta-analysis

showed there was a tendency for improvement in glycaemic control due to

resistance training or resistance training combined with endurance training,

there were not enough studies and/or subjects to confirm this statistically.

Conclusions: Based on this meta-analysis, we can conclude that the addition

of brief bouts of high-intensity, sprint-type exercise to aerobic exercise can

minimize the risk of sustaining a hypoglycaemic episode. We can also con-

clude that only regular aerobic training will improve the glycated haemo-

globin level of a patient with T1D.

1. Background

Exercise has been accepted and generally rec-
ommended for the management of type 1 diabetes
mellitus (T1D) and for improving the overall
quality of life in affected individuals. In addition
to increasing aerobic fitness, reducing cardiovas-
cular risk factors, and reducing bodyweight and
body fat, physical activity develops and main-
tains chronic glycaemic control by enhancing in-
sulin sensitivity and stimulating muscle glucose
uptake. The American College of Sports Medi-
cine (ACSM) has published a guideline for ex-
ercise testing and prescription in T1D.[1] This
guideline recommends that individuals with T1D
need to work out for 20–45 minutes at an intensity
of 40–60% of their maximal oxygen consumption
(
.
VO2max) for 5–7 days/week, or daily at low to
moderate intensity. The ACSM guideline also
advocates strength training as an integral part
of the training programme. Both the American
Diabetes Association and the ACSM recommend
patients with T1D to keep blood glucose levels
before, during and after exercise above 5.5mmol/L
and below 13.8–16.7mmol/L. If these criteria are
not met, it is recommended to delay exercise to
determine as to whether or not ketones are present.

Unfortunately, due to the complexity of reg-
ulating exogenous insulin in a physiological man-
ner during exercise, physical activity often results
in episodes of hypoglycaemia or hyperglycaemia
shortly following or even long after completing

exercise.[2] Due to the persistent increase of insu-
lin sensitivity and to the required repletion of
muscle glycogen stores, in which hepatic glucose
production is unable to match the peripheral
uptake of glucose by muscle, exercise could affect
blood glucose levels 24 hours following intense
prolonged exercise and, therefore, late onset of
hypoglycaemia can occur regardless of appro-
priate insulin reduction.[2,3] Besides this, previous
exercise and the occurrence of previous hypogly-
caemic episodes or poor glycaemic control can
affect the hypoglycaemic counter-regulatory mecha-
nisms, which may cause severe hypoglycaemia.[4]

Moreover, T1D athletes with higher levels of
physical activity tend to have an impaired glucose
counter-regulatory hormone response to hypo-
glycaemia.[5] On the other hand, the opposite ef-
fect can occur in patients with poor glycaemic
control. Patients with poor glycaemic control can
easily develop hyperglycaemia (with or without
ketosis) as a consequence of exercise. Even in well
controlled T1D patients with adequate insuliniza-
tion, acute high-intensity exercise (HIE) may cause
hyperglycaemia due to an increase in catechola-
mines and sympathetic nervous system activation
of hepatic glucose production, which exceeds the
rate of glucose use.[4] Since circulating endogenous
insulin levels cannot increase after exercise in
T1D patients, even slight hyperglycaemic epi-
sodes should need small doses of supplemental
insulin injection in order to prevent higher levels
of blood glucose in the post-exercise phase. Chronic
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glycaemic control, expressed as glycated haemo-
globin levels (HbA1c), represents a measurement to
identify the average plasma glucose on haemo-
globin. As red blood cells, which contain the
haemoglobin, survive up to 120 days – in which a
non-enzymatic glycation pathway is formed with
plasma glucose – it is assumed that HbA1c levels
are a good marker for average blood glucose lev-
els over the previous months. HbA1c was tradi-
tionally expressed as percentage HbA1c (to the
total amount of haemoglobin); however, re-
cently, it has also been expressed as mmol/mol
(HbA1c/total haemoglobin).

Although the current guidelines are well est-
ablished, questions remain concerning the exact
effect of training on glycaemic control in T1D.
While a large body of literature exists, full com-
parison across individual studies are largely quali-
tative and hampered by a wide range of study
characteristics, including subject population de-
mographics and exercise modalities. For example,
most existing exercise and T1D studies have fo-
cused on the effects of aerobic exercise (acute and
training) on acute and chronic glycaemic control.
In contrast, a relatively smaller subset of studies
have been published determining the effects of an
acute bout of strength exercise or strength train-
ing,[6,7] combined strength and aerobic exercise or
training[8] and high-intensity (or sprint) exercise
or training.[9-12] Therefore, many aspects con-
cerning the optimal mode and amount of exercise
per week remain unclear. Furthermore, studies
vary widely in terms of insulin or dietary advice
during exercise, or changes in

.
VO2max levels

through training. One approach to provide more
precise and quantitative comparisons across such
a large and heterogeneous body of literature is via
a meta-analysis, which tends to be more objective
and consistent than a narrative review because of
its mathematical nature.[13] Meta-analyses have
been successfully employed in a number of topics
in exercise science, including the effects of ther-
mal stress on cognition,[13] where wide hetero-
geneity existed in the degree of thermal stress and
also the type of cognitive testing. To the best of
our knowledge, this is the first meta-analysis on
the effects of exercise and training on acute or
chronic glycaemic control in T1D individuals.

Therefore, our hypothesis is that exercise will
have beneficial effects on acute and chronic gly-
caemic control. For the purpose of this article we
defined acute exercise as ‘exercise’ while chronic
exercise is defined as ‘training’. This meta-analysis
consisted of the following three primary research
areas:
1. The effect across all different forms of acute
exercise on acute glycaemic control.
2. The effects of different types of (chronic)
training (endurance, strength, combined, or high-
intensity training [HIT]) to determine whether
different types of exercise have different effects
on chronic glycaemic control.
3. The nature of exercise training (e.g. frequency,
duration) and modifying factors (e.g. dietary or
insulin advice) required to provide a threshold for
improved glycaemic control.

2. Materials and Methods

2.1 Data Sources

The overall goal of the current study was to ex-
amine whether the blood glucose values of subjects
with T1D are influenced by physical activity. Three
electronic databases were consulted: PubMed,
ISI Web of Knowledge and SPORTDiscus�. Key
terms (and synonyms searched byMeSH database)
that were included and combined were: ‘type 1
diabetes mellitus’, ‘blood glucose’, ‘humans’,
‘HbA1c’, ‘metabolic control’, ‘glycaemic control’,
‘physical activity’ and ‘exercise’.

2.2 Study Selection

Studies in this meta-analysis needed to fulfill
the following inclusion criteria: (i) subjects diag-
nosed with T1D; (ii) original data reported with
sufficient information to allow calculation for ef-
fect sizes (ES) [group means, standard deviation
(SD), or standard error of the mean (SEM),
which were recalculated to SD)]; (iii) no severe
methodological flaws; and (v) published before
the end of 2011. Inclusion or exclusion of articles
was performed by applying the above criteria on
the title, abstract and/or full text. Case studies
and reviews were excluded, although the latter’s
bibliographies were consulted. The university’s
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library, hand searches, electronic databases and
contact with the authors (by mail) were used for
the extraction of more details of the manuscripts
if necessary. Figure 1 shows the progress of the
literature screening and the reasons for inclusion
or exclusion.

2.3 Data Extraction, Synthesis and Report

Effects of exercise (i.e. single bout of exercise)
and ‘training’ (i.e. chronic exercise) were dis-
tinguished in the analyses. Differences in exercise
modes were classified into aerobic exercise, re-
sistance exercise, combined studies (both aerobic
and resistance training) and HIE. The dependent
variables were HbA1c as a key marker of chronic
glycaemic control and different values for capil-
lary glucose levels or interstitial glucose levels or
venous plasma glucose levels, as well as gluco-
suria as determinants of acute glycaemic control

(depending on the displayed value in the studies).
All glucose levels not displayed in mmol/L were
recalculated in mmol/L to be able to compare all
results. Study characteristics from the selected
articles are shown in tables I to V. Cohen’s d
statistics were used for calculating ES, weighted
by the sample size of the study. Cohen[37] defined
ESs (d) for means as small d = 0.3, medium d = 0.5
and large d = 0.8. Ninety-five percent confidence
intervals (95% CI) were used to establish the sig-
nificance of our findings. Positive effects indicate
an increase in the dependent variable, while ne-
gative effects indicate a decrease. Both fixed and
random effect models were included for calcu-
lating ESs. To display effects of exercise and
training on (acute and chronic) glycaemic control
in patients with T1D, the heterogeneity of the
studies must be taken into account. The studies
should be comparable in population, type of ex-
ercise, duration of exercise and age of subjects.

AND

Type 1 diabetes mellitus (NOT
type 2) [and MeSH terms]

(n = 37 324)

Exercise OR physical activity
[and MeSH terms]

(n = 923 351)

Combined using ‘AND’ & ‘OR’
(n = 947)

More profound screening by
reading titles, abstracts and full

texts + excluding doubles
(n = 73)

Inclusion
(n = 32)

Exclusion
(n = 41)

• No full-text/data found (n = 12)
• Studies that did not define their
   level of PA (n = 4)
• Studies that did not give precise
   values for glycaemic control or
   permit proper ES calculations
   (n = 16)
• No good representation of
   methodology (n = 2)
• Conference reports/reviews/
   brief reports (n = 6)
• Case study (n = 1)

‘Blood glucose’, ‘HbA1c’, ‘metabolic
control’, glycaemic control’

[and MeSH terms]
(n = 401 154)

OR

Fig. 1. Flow diagram illustrating selection of the included studies. ES =effect size; HbA1c= glycated haemoglobin; PA =physical activity.
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Only if these conditions were met, a data pooling
could be performed. Differences in exercise forms
were classified into acute aerobic exercise, acute
HIE, chronic aerobic training, chronic strength
training, combined (aerobic+ strength) training or
chronic HIT. HIE (acute bout) or HIT (chronic)
[also called ‘high-intensity intermittent exercise’,
‘high-intensity interval training’ or ‘sprint inter-
val training’] was defined as an exercise form in-
cluding brief bouts of high-intensity, sprint-type
exercise[38] and so have alternating periods of
short intense anaerobic exercise near 100% peak.
VO2 (

.
VO2peak) and less-intense recovery periods.

Nine studies were used to calculate the ES of a
single bout of aerobic exercise; 13 studies to cal-
culate the ES of aerobic training; 2 studies to
calculate the ES of strength training; 4 studies to
calculate the ES of combined (aerobic and
strength) training; and 6 studies to calculate the
ES of HIE and HIT.

2.4 Quality Assessment

Depending on the article, the methodological
quality was assessed using different assessment tools
of the Scottish Intercollegiate Guidelines Network
(SIGN) checklists.[39] This checklist assesses the
randomization, concealment method, blinding of
subjects and/or investigators, drop-out, intention-
to-treat analysis, eligibility criteria and follow-up.
Two papers (research letters) were excluded because
they did not provide enough methodological data
for meta-analysing their results.[40,41]

3. Results

First, a meta-analysis looked at all different
forms of exercise to provide an overall estimation
of the effect of exercise on acute and chronic
glycaemic control. Second, a separate meta-analysis
for each of the different exercise forms was com-
pleted. This included an analysis of the effect of
aerobic, resistance, mixed (aerobic + resistance)
and acute HIE and HIT. The third level of
the meta-analysis encompasses the changes in.
VO2max, number of training sessions per week,
duration of training protocol, dietary advice or
insulin advice.T
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3.1 Study Characteristics

Figure 1 shows the development of the litera-
ture screening and the reasons for inclusion or
exclusion. An initial raw screening using the listed
search terms resulted in a selection of 947 articles.
A more detailed screening of titles, abstracts and
full-text articles resulted in a selection of 73 studies.
Thirty-two studies ultimately met our inclusion
and exclusion criteria for determining the effects
of exercise on glycaemic control in T1D. Subject
characteristics from these selected studies are
shown in tables I–V. Sixteen additional studies were
excluded because insufficient data were presented
to perform a proper meta-analysis;[11,42-56] 4 studies
were excluded because they did not define the level
of physical activity;[55,57-59] 12 studies were excluded
because no full-text data were found;[60-71] and
6 conference reports, reviews or brief reports and
1 case study, were excluded.[3,4,10,72-75]

All studies were subdivided into children, ad-
olescents and adults. However, studies did not
always mention the gender of the population;
therefore, no meta-analysis could be performed
for gender.

3.2 Effects of Acute Exercise on Glycaemia/
Plasma Glucose in Patients with Type 1
Diabetes Mellitus (T1D)

Tables I and V show descriptive data of the
studies included in the present meta-analysis for
the effects of a single bout of exercise on acute
glycaemic control (venous glucose levels, plasma
venous glucose levels, interstitial glucose levels).

The results from the first and second stage
of the statistical analysis on acute glycaemic con-
trol are presented in table VI. Exercise, including
aerobic[9,14-18] and acute HIE[9-12,35-36] resulted in
an overall ES of -4.17 (95% CI -4.57, -3.76).
This indicates that the venous blood glucose val-
ues decreased significantly from performing ex-
ercise. This meta-analysis clearly shows that aerobic
exercise contributes to a larger decrease in venous
blood glucose values in adults (ES -6.0; 95% CI
-6.86, -5.14) compared with acute HIE (ES -4.35;
95% CI -4.77, -3.92). Only one study explored
the effects of an incremental exercise test on blood
glucose concentrations in pre-pubertal children,[14]T
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while no studies involving HIE in children or
adolescents were found. West et al.[18] studied
whether the ingestion of 75 g of carbohydrate
30 or 120 minutes before a 45-minute running
exercise (70% of their

.
VO2max) could assure that

blood levels stayed within acceptable ranges.
They found that venous blood glucose levels de-
creased more when carbohydrate was ingested
120 minutes before exercise (ES -10.6; 95% CI
-14.4, -6.8) compared with 30 minutes before ex-
ercise (ES -7.26; 95% CI -9.97, -4.55).

3.3 Effects of Training on Fasting Plasma
Glucose and Glycated Haemoglobin in T1D

Tables II–V show descriptive data from the
studies included in the present meta-analysis for
the effects of training on chronic glycaemic con-
trol. The results from the first and second stage of
our statistical analysis on chronic glycaemic con-
trol are presented in table VII. Exercise training
resulted in a small, although significant, decrease
in levels of HbA1c (-0.27 [-0.47; -0.08]). Most of
the individual studies on exercise training could
not show significant results on glycaemic control
(as shown in figure 2); however, since our calcu-
lations were weighted based on sample sizes and
standard deviations, we found a significant over-
all decrease in HbA1c.

Twelve studies[7,21,22,26-32,59,76] were used for
the estimation of the effect size of aerobic training
on chronic glycaemic control in a total popula-
tion of 171 T1D adults, adolescents and children.
Overall ES of performing aerobic training is small,
but significant (ES-0.23; 95% CI -0.44, -0.02).
Chronic aerobic exercise had no significant effect
(ES 0.23; 95% CI -0.28, 0.73) in a group of 30
poorly controlled T1D children (mean age 11.5
years).[22,76] When the effects of exercise training
were compared with no training in T1D,[22,24]

similar results were shown (ES 0.21; 95% CI
-0.27, 0.32).[22,24] Chronic aerobic training sig-
nificantly decreased (ES -0.66; 95% CI -0.99,
0.34)HbA1c levels in a group of 61 poorly controlled
T1D adolescents (mean age of 13.8 years).[26-29,59]

When comparing the effects of aerobic training
with a no-exercise group, a significant decrease
(ES -1.03; 95% CI -1.56, -0.49) in HbA1c levelsT
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was found.[25,26] No significant changes were ob-
served for HbA1c levels in 66 poor and good
controlled T1D adults (mean age 35.4 years)
performing an aerobic training protocol (ES 0.02;
95% CI -0.32, 0.36).

Only two studies[6,7] reported data on strength
training. Although there seems to be a trend for
significant changes with a large ES, this was not
statistically confirmed (ES -0.6; 95% CI -1.35,
0.16).

The effects of aerobic training combined
with strength training were determined in four
studies[8,25,33,34] using an adolescent population
(10–18 years). The estimation of the size of de-
crease in HbA1c in the exercise group compared
with the control T1D non-exercising group is
-1.48 (95% CI -2.07, -0.89). HbA1c levels com-
paring pre- and post-training status in T1D ado-
lescents showed a slightly decreasing effect -0.2
(95% CI -1.12, 0.73). We found no studies eval-
uating the effect of a combined exercise training
programme on glycaemic control in T1D adults
or children (<10 years). To determine the effects
of sprint training on glycaemic control, Harmer
et al.[11] performed a sprint-training study. They
concluded that HbA1c levels were not influenced
by long-term HIE training.

Fasting blood glucose levels were shown in
four studies.[7,21,29,76] Fasting blood glucose levels
decreased after an aerobic exercise programme in
T1D adults (ES -0.16; 95% CI -0.52, 0.19).

3.4 Are There Specific Thresholds to Gain
Significant Improvements in Chronic
Glycaemic Control during Exercise Training?

The meta-analytic results from the third stage
of analysis examining specific thresholds to gain
significant improvements in glycaemic control are
reported in table VIII. Chronic glycaemic control
improved when training was performed for more
than 3 months, training 1–3 times a week and
having dietary or insulin advice. HbA1c did not
change in subjects with adequate glycaemic con-
trol, while the remaining 11 studies (with poorly
controlled [>8% HbA1c] T1D subjects had a sig-
nificant decrease in HbA1c (ES -0.25; 95% CI
-0.48, -0.02) by performing aerobic exercise.

4. Discussion

The major findings of this meta-analysis show
that exercise has a significant effect on acute and
chronic glycaemic control. Prolonged steady-state

Table VI. Meta-analytic results for a single bout of acute exercise for aerobic exercise and high-intensity exercise

Test Cohen’s d 95% CI LL 95% CI UL No. of studies No. of Subjects

Overall

Venous BGL (plasma +whole blood) -4.17 -4.57 -3.76 10 147

Interstitial GL -0.94 -2.23 0.35 1 5

Aerobic exercise -4.35 -4.77 -3.92 9 140

Children

Venous BGL (plasma +whole blood) -3.64 -5.27 -2.01 1 7

Adolescents

Venous BGL (plasma +whole blood) -1.02 -1.32 -0.71 3 92

Adults

Venous BGL (plasma +whole blood) -6.00 -6.87 -5.14 5 56

Capillary GL -2.4 -3.73 -1.06 1 7

HIE

Adults

Venous BGL (plasma +whole blood) -4.53 -6.41 -2.65 1 7

Capillary GL -0.93 -2.02 0.17 1 7

Interstitial GL -0.94 -2.23 0.35 1 5

BGL =blood glucose levels; GL =glucose levels; HIE = high-intensity exercise; LL = lower limit; UL= upper limit.
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aerobic exercise has long been known to cause
an acute decrease in blood glucose levels in in-
dividuals with T1D and may decrease even long
after completion of the exercise. HIE gave a smaller
decrease in blood glucose values compared with
aerobic exercise. Aerobic training seems to be a
favourable tool for improving chronic glycaemic
control. There was a tendency for improvement
in long-term glycaemic control due to resistance
training or resistance combined with endurance
training, but there were not enough studies and/
or subjects to confirm this statistically.

4.1 Changes in Blood Glucose Values after
a Single Bout of Exercise

Glycaemia during exercise can vary inter- as
well as intra-individually given that it depends on
various factors such as exercise modality and in-
tensity,[10,77,78] nutritional status,[79] time of insulin
injection,[80] or pre-exercise glycaemia level.[81] After
performing moderate, aerobic exercise, all studies
found a decrease in blood glucose values.[9,12,14-21]

The blood glucose-lowering effect of moderate-
intensity exercise can increase the risk of devel-

oping an episode of hypoglycaemia during and
after exercising.MacDonald[2] followed 300 patients
with T1D prospectively over 2 years. Sixteen
percent developed late-onset (6–15 hours after
vigorous exercise) hypoglycaemia. As previously
described, through the persistent increase of in-
sulin sensitivity and the required repletion of
muscle glycogen stores, exercise could affect the
blood glucose values the morning after exercise and
so late onset of hypoglycaemia can occur regardless
of appropriate insulin reduction.[2] However, from
this meta-analysis, it seems that this risk can be
minimized by appropriate insulin reduction and
carbohydrate ingestion before and during exercise.
Perrone et al.[40] studied whether ingestion of a
drink containing sufficient carbohydrates (8% or
10% carbohydrate) can avoid exercise-induced
hypoglycaemia in T1D adolescents. The authors
concluded that supplementation of a carbohy-
drate drink before and during exercise was in
most cases enough to maintain the blood glucose
concentrations during moderate exercise. West
et al.[18] concluded that the ingestion of carbo-
hydrate 75 g in T1D patients 30 minutes before
exercise resulted in less hypoglycaemic episodes

Table VII. Meta-analytic results for overall exercise training (stage 1) and different types of training (second stage) on chronic glycaemic

control

Training/exercise test Cohen’s d 95% CI LL 95% CI UL No. of studies No. of subjects

Overall

Pre- to post-training -0.27 -0.47 -0.08 16 202

Aerobic training

Pre- to post-training -0.23 -0.44 -0.02 12 171

Children 0.23 -0.28 0.73 2 30

Adolescents -0.66 -0.99 -0.34 5 75

Adults 0.08 -0.32 0.36 5 66

CG vs EG training -0.23 -0.44 -0.02 12 171

Children 0.21 -0.32 0.74 2 28

Adolescents -1.03 -1.56 -0.49 2 30

Resistance training

Adults (pre- to post-training) -0.6 -1.35 0.16 2 14

Mixed

Adolescents

Pre- to post-aerobic + resistance training -0.2 -0.87 0.48 2 17

Aerobic + resistance training (CG vs EG) -0.2 -0.87 0.48 2 17

High-intensity training

Adults pre- to post-training -0.25 -1.3 0.8 1 7

CG = control group; EG = exercise group; LL = lower limit; UL =upper limit.
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during exercise and induced higher venous blood
glucose levels after exercise compared with the
ingestion of carbohydrate 75 g, 60, 90 or 120 min-
utes before exercise.

Although it was not possible to perform a
meta-analysis for the effects of HIE due to the
methodological differences in all studies (effects
on venous, plasma and capillary glucose values
before and after HIE+moderate exercise versus
moderate exercise [table VI]), we can make some
general observations. One has to be careful when
interpreting table V because of the different
protocols used. Therefore, more standardization
of protocols is needed for the evaluation of the
effects of HIE in T1D. While aerobic exercise
elicits marked falls in glycaemia, which can often
result in episodes of hypoglycaemia, this meta-
analysis revealed that there was a smaller fall of
blood glucose levels due to an acute bout of HIE
compared with an acute bout of aerobic exercise.
This reaction can be attributed to a greater in-

crease in catecholamines and growth hormone
and hence in glucose hepatic production observed
during the repeated bouts of HIE during moderate
exercise.[9,82] It is even demonstrated that glucose
production was higher in HIE +moderate versus
moderate exercise alone and that glucose utiliza-
tion was greater and occurred faster in HIE +
moderate compared with moderate exercise.[10]

This hypothesis was confirmed by the studies of
Iscoe and Riddell[36] and the studies of Bussau
et al.[12,82] who found a more pronounced catecho-
lamine response in HIE +moderate compared
with the continuous moderate-intensity exercise
trial. Harmer et al.[11] found that muscle free
glucose values increased significantly after HIE.
Most recently, Iscoe and Riddell[36] compared
moderate exercise with an HIE form with equiva-
lent mechanical load in T1D adults. They showed
that HIE provided better protection against noc-
turnal hypoglycaemia. Rabasa-Lhoret et al.[77]

observed that blood glucose levels decreased more
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Fig. 2. Overall estimates of the size of changes in glycaemic control due to aerobic exercise training in type 1 diabetes mellitus.
CI = confidence interval; ES = effect size.
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in moderate continuous and/or longer exercise
(periods ranging from 30 to 60 minutes and from
25% to 75% of

.
VO2max) modes than in intense

exercise forms. On the other hand, Iscoe and
Riddell[36] did not find any difference in inter-
stitial or plasma glucose levels during exercise
between an intermittent high-intensity and a
continuous moderate exercise in T1D patients. In
this study, the effects of two different types of
exercise with a total equivalent mechanical load
were studied: a continuous moderate exercise of

45 minutes at 55% of
.
VO2max and 45 minutes at

50% in which nine sequences of 15-second high-
intensity sprints were incorporated. The bouts of
intense exercise (100%

.
VO2peak) represented only

5% of the total duration of the high-intensity in-
termittent exercise, which could contribute to the
absence of differences in the change in blood glu-
cose levels during exercise. We could thus hy-
pothesize that the use of high-intensity bouts during
a moderate form of exercise could successfully limit
the risk of hypoglycaemia during and after exercise.

Table VIII. Meta-analytic results for specific thresholds (volume, duration, intensity; additional recommendations; baseline glycaemic control)

to gain significant improvement in glycated haemoglobin

Training protocol Cohen’s d 95% CI LL 95% CI UL No. of studies No. of subjects

Overall

<3mo of training -0.49 -0.96 0.00 3 35

=3mo of training 0.06 -0.26 0.39 6 73

>3mo of training -0.75 -1.03 -0.47 8 108

<3 ·/wk training -0.34 -0.65 -0.02 5 79

‡3 ·/wk training -0.06 -0.33 0.21 10 106

Poor baseline glycaemic control (>8% HbA1c) -0.25 -0.48 -0.02 11 151

Adequate baseline glycaemic control (<8% HbA1c) -0.02 -0.64 0.6 1 20

Increased
.
VO2max due to training programme -0.43 -1.31 0.46 1 10

No changes in
.
VO2max due to training programme -0.63 -1.39 0.13 1 14

Aerobic training

<3mo of training -0.27 -0.9 0.35 1 20

=3mo of training 0.13 -0.21 0.47 5 67

>3mo of training -0.43 -0.83 -0.16 5 71

Poor baseline glycaemic control (>8% HbA1c) -0.25 -0.48 -0.02 11 151

Adequate baseline glycaemic control (<8% HbA1c) -0.02 -0.64 0.6 1 20

<3 ·/wk training -0.63 -0.97 -0.29 5 69

‡3 ·/wk training 0.00 -0.3 0.31 7 82

Increased
.
VO2max due to training programme -0.43 -1.31 0.46 1 10

No changes in
.
VO2max due to training programme -0.63 -1.39 0.13 1 14

Dietary advice 0.65 -0.43 1.72 1 7

No dietary advice -0.66 -1.45 0.13 1 13

Resistance training

<3mo of training -0.93 -1.96 0.09 1 8

=3mo of training -0.26 -1.39 0.88 1 6

Mixed training

Insulin and dietary advice -0.6 -1.14 -0.82 1 8

No insulin and dietary advice -0.23 -1.16 0.69 1 9

<3d/wk 0.82 -0.09 1.73 1 10

=3d/wk -0.2 -0.87 0.48 2 17

HbA1c=glycated haemoglobin LL = lower limit; UL =upper limit;
.
VO2max =maximal oxygen consumption.
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4.2 Changes in Glycaemic Control due to
Training

The individual studies on aerobic training
demonstrated no significant results on glycaemic
control. However, when viewed ‘in total’, our
meta-analysis of the grouped studies successfully
demonstrated a reduction in HbA1c from aerobic
training. Aerobic exercise is well known to en-
hance insulin action 24 hours following[83] both
acute exercise and training. Therefore, it is rec-
ommended that exercise is performed frequently
in order to maintain a constant increase in insu-
lin sensitivity and thus improve HbA1c. Conse-
quently, training once a week might not be enough
to improve HbA1c levels. For example, Huttunen
et al.[22] performed an exercise intervention of 45
minutes, once per week during 12 weeks and found
that HbA1c levels were not affected by the inter-
vention programme. The duration of the training
period is also an important influencing factor for
decreasing HbA1c. HbA1c levels decreased signif-
icantly only in training studies that lasted for
more than 3 months. While HbA1c levels are in-
versely correlated with the duration (minutes) of
the exercise training, the amount (times/week) of
training per week can also influence the HbA1c

levels. Besides this, baseline glycaemic control is
also an important predictor ofHbA1c improvement
due to training. HbA1c decreases significantly more
in T1D individuals with poor glycaemic control
(>8% HbA1c) compared with individuals with
good glycaemic control (<8% HbA1c). Lehman
et al.[31] demonstrated only a slight decrease in
HbA1c in well controlled subjects who performed
exercise training. This might suggest that exercise
can be beneficial in order to maintain a good gly-
caemic control in T1D subjects. In our meta-
analysis, the ES of a decrease inHbA1c with training
appeared more marked when training was not
associated with an improvement in

.
VO2max. This

strange result might in fact be explained by the
fact that studies where

.
VO2max was not changed

probably included more poorly controlled patients.
Furthermore, a study of Baldi et al.[83] demonstrat-
ed that despite similar training volumes, subjects
with T1D with high HbA1c had lower peak
workload,

.
VO2peak, and peak cardiac output than

those with low HbA1c. Pulmonary function
measures were also lower in the high HbA1c

group during peak exercise. These data suggest
that cardiopulmonary training adaptations are
greater in patients with T1D who maintain good
glycaemic control.[83] The mechanism through
which poor glycaemic control influenced cardiac
and pulmonary responses to exercise is an inter-
esting area for further study. Several studies re-
ported a blunted sympathoadrenal response to
exercise in subjects with T1D.[16,84] The blunted
sympathoadrenal response may be more obvious
in those with poor glycaemic control.[84] The au-
tonomic dysfunction can therefore influence the
haemodynamic exercise response.

Aerobic and strength training have different
actions in the body and can therefore influence
glycaemic control through different pathways, for
example, fat mass decrease after a period of aerobic
training.[85] A prospective study of Svensson and
Eriksson[86] indicates that the change in the amount
of body fat contributes to the change in insulin
resistance over time in T1D patients. On the other
hand, strength training has enhanced insulin sen-
sitivity and improved glucose tolerance.[87] A meta-
analysis of nine randomized controlled trials
evaluated 372 subjects with type 2 diabetes.[88]

When compared with not exercising, progressive
resistance training led to a small but statistically
significant absolute reduction of 0.3% in HbA1c,
indicating that resistance training is a reasonable
option in the management of glycaemic control in
diabetic subjects.[89] This could be the result of
obtaining greater muscle mass. At rest, skeletal
muscle consumes 54.4kJ/kg (13.0 kcal/kg) per day,
which is larger than adipose tissue at 18.8 kJ/kg
(4.5 kcal/kg).[90] A greater muscle mass would thus
consume more glucose and therefore could affect
glycaemic control. Out of our meta-analysis,
strength training[6,7] seems to have a decreasing
effect on long-termHbA1c. However, this effect is
only shown in a small sample size and may, for
this reason, not be applied generally. Combined
training (a combination of strength and aerobic
training) showed, compared with a no-exercise
group, a significant improvement in chronic gly-
caemic control. A possible explanation for this is
the combined effect of a greater use of glucose,
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caused by an increased muscle mass and the de-
creased insulin resistance.[86,90] We have to men-
tion that these results are processed from only
two studies.[8,25] The study of Heyman et al.[8] did
not show a significant decrease of HbA1c levels,
while the study of Bernardini et al.[25] did show a
large, significant decrease in HbA1c. This might
depend on the type of intervention: Bernardini et
al.[25] defined his ‘combined training’ as ‘soccer,
volleyball, tennis, basketball’. Thus they did not
improve their glucose levels due to specific aero-
bic or strength training programmes, but due to
the combined effect in different sports. On the
other hand, children who were very active during
this study, were often children who were active
during their lifetime (during several precedent years).
In the study of Heyman et al.[8] children only bene-
fited from the training during 6 months. Moreover,
in a cross-sectional study, subjects with poor gly-
caemic control could be less motivated to be in-
volved in physical activity.

The relative difficulty of improving HbA1c

with exercise training (especially when patients
do not benefit from specific advice about diet and
insulin adaptations) might be partly caused by
the difficulty for the patients to manage impor-
tant and various glycaemic variations depending
on a large number of factors (e.g. time since the
last meal or insulin dose, insulin absorption, ini-
tial glycaemia, hour of the day). Therefore, it could
be difficult to adapt insulin and diet to these im-
portant day-to-day glycaemic variations, result-
ing in more hypoglycaemic episodes. In response,
T1D individuals can consumemore carbohydrate
or reduce too much of their insulin dose, which in
turn can induce slight hyperglycaemia and pre-
vent improvement in HbA1c.

4.3 Limitations of the Literature

Pooling of data on the effects of acute exercise
on glycaemia in T1D populations is difficult. A
great variability of glycaemic responses exist ac-
cording to factors such as pre-exercise glycaemia
and pre-exercise insulinaemia[91] that depend on
numerous factors such as time since the last insulin
dose or meal, insulin dose and factors modifying
insulin absorption (e.g. location of injection,

ambient temperature). There are only few studies
providing information on the use of the insulin
pump, insulin injections or a continuous glucose
measurement system. Small sample studies were
included, meaning that the power of these studies
might not be satisfactory, but those studies pres-
ent the advantage of often testing novel inter-
ventions. In analysing our cohort of studies, few
data on glycaemia or insulin regimens were pre-
sented, along with the presence of potential long-
term micro- or macrovascular complications as
well as acute diabetic complications, reflect-
ing markers such as ketonuria or glucosuria. To
enable better cross-comparison, future studies
should include a standardized set of T1D subject
characteristics.

4.4 Literature Weaknesses

Not all studies met our inclusion and exclusion
criteria. Three cross-sectional studies were ex-
cluded because not enough data were presented
to be included in this meta-analysis, or because
physical activity level was not defined.[27,55,58]

The study of Herbst et al.[55] (a study performed
in a population of 23 251 T1D subjects) con-
cluded that physically active T1D subjects have
significantly lower HbA1c levels compared with
sedentary T1D subjects. The cross-sectional study
of Ligtenberg et al.[58] found no correlations be-
tween long-term physical activity and HbA1c.
However, we have to be careful when interpreting
cross-sectional studies because some biases may
appear. For example, subjects can ‘over report’
their level of physical activity. Therefore, the level
of physical activity must be verified (e.g. in a
small sample) with more objective measurement
systems (e.g. accelerometers). In addition, posi-
tive correlations in cross-sectional studies do not
give the sense of the cause-effect relationships and
thus they cannot conclude whether this indicates
that poorly controlled patients might be less moti-
vated to practice[92] and/or physical activity may
have positive effects on glycaemic control.

Mostly, only studies where a significant differ-
ence is found are published, this implies that some
completed studies are not published and there-
fore cannot be considered in the meta-analysis.
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It should be mentioned that it is possible that a
publication bias occurred. Funnel plots (plots of
effect estimates against sample size) are effective
and relatively powerful tests for evaluating the
existence of publication bias in ameta-analysis.[93,94]

They assume that the largest studies will be near
the average, and small studies will be spread on
both sides of the average (because of their larger/
smaller sample sizes and standard errors). Var-
iation from this assumption can indicate pub-
lication bias. A symmetric inverted funnel shape
arises from a ‘well behaved’ data set, in which
publication bias is unlikely, as detected in our
funnel plot.

A major issue is that there are no data avail-
able on the exact (or minimum) amount of studies
needed to perform a meta-analysis. In this meta-
analysis some analyses were made on two or three
studies, which is probably not enough to make
uniform conclusions. Furthermore, a common
criticism of the meta-analysis technique is that it
focuses on the summary effect and ignores the
fact that the treatment effect may vary from study
to study. The goal of a meta-analysis should be to
synthesize the ESs (random model effect), and
not simply (or necessarily) to report a summary
effect (fixed model effect). If the effects are con-
sistent, then the analysis shows that the effect is
robust across the range of included studies. If there
is modest dispersion, then this dispersion should
serve to place the mean effect in context. If there
is substantial dispersion, then the focus should
shift from the summary effect to the dispersion
itself.[58] By ignoring the heterogeneity of the
studies, one also misses the point of the synthesis.
Overall, meta-analysing two to three studies might
be enough to be able to give directions for further
research.

5. Conclusion and Directions for Future
Research

Some limitations were found in the existing
literature concerning the effects of exercise on
glycaemic control in T1D. While aspects such as
micro- and macrovascular complications, insulin
advice and dietary advice are very important in
interpreting results emanating from exercise,

these aspects are not systematically displayed in
the literature. Also, little research is done concern-
ing the effects of resistance training, combined
training, or the implementation of HIT in a mod-
erate exercise training programme. Due to the few
data in these topics, we had to calculate ESs on only
two or three papers. Therefore, we have to be
careful interpreting these results.

We can conclude that exercise has an overall
beneficial lowering effect on acute and chronic
glycaemic control in T1D. Exercise can clearly
help subjects with poor glycaemic control to de-
crease their HbA1c and can help to sustain good
glycaemic control in T1D subjects. Therefore,
T1D subjects should integrate exercise into their
lifestyle and should try to exercise every second
day. To avoid excessive fluctuation in blood glu-
cose levels during and after exercising, subjects
with T1Dmight need to adjust their insulin doses.
Depending on the form of exercise, T1D subjects
should ingest some carbohydrate for preventing
hypoglycaemic episodes.
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