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Abstract

Aims/hypothesis The aim of this study was to investigate
whether small doses of intense exercise before each main meal
(‘exercise snacks’) would result in better blood glucose con-
trol than a single bout of prolonged, continuous, moderate-
intensity exercise in individuals with insulin resistance.
Methods Nine individuals completed three exercise interven-
tions in randomised order. Measures were recorded across
3 days with exercise performed on the middle day, as either:
(1) traditional continuous exercise (CONT), comprising
30 min moderate-intensity (60% of maximal heart rate
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[HRax]) incline walking before dinner; (2) exercise snacking
(ES), consisting of 6x1 min intense (90% HR,,,x) incline
walking intervals 30 min before each meal; or (3) composite
exercise snacking (CES), encompassing 6x1 min intervals
alternating between walking and resistance-based exercise,
30 min before meals. Meal timing and composition were
controlled within participants for exercise interventions.
Results ES attenuated mean 3 h postprandial glucose concen-
tration following breakfast (by 1.4+1.5 mmol/l, p=0.02) but
not lunch (0.4£1.0 mmol/l, p=0.22), and was more effective
than CONT following dinner (0.7+1.5 mmol/l below CONT;
p=0.04). ES also reduced 24 h mean glucose concentration by
0.74£0.6 mmol/l (p=0.01) and this reduction persisted for the
subsequent 24 h (lower by 0.6+0.4 mmol/l vs CONT, relative
to their baselines; p=0.01). CES was just as effective as ES
(p>0.05 for all glycaemic variables) at improving glycaemic
control.

Conclusions/interpretation Dosing exercise as brief, intense
‘exercise snacks’ before main meals is a time-efficient and
effective approach to improve glycaemic control in individ-
uals with insulin resistance.

Keywords Continuous glucose monitoring - High-intensity
interval exercise - Postprandial glucose - Type 2 diabetes

Abbreviations

CVD Cardiovascular disease

CES Composite exercise snacking

CGM  Continuous blood glucose monitoring
CONT Traditional continuous exercise

ES Exercise snacking protocol
HIT High-intensity interval training
HR Heart rate

HR,,.,« Maximal heart rate
PPG Postprandial glucose
RER Respiratory exchange ratio

@ Springer


http://dx.doi.org/10.1007/s00125-014-3244-6

Diabetologia

RPE Rating of perceived exertion
VOomax Maximal oxygen consumption
Introduction

The prevalence of type 2 diabetes and insulin resistance is
increasing worldwide [1]. Lifestyle interventions (exercise
and diet modification) are proven cost-effective methods to
prevent the development of type 2 diabetes [2, 3]. However,
fewer than 10% of American and 20% of British adults meet
the current exercise recommendations [4, 5], with a ‘lack of
time’ ostensibly a major barrier to regular exercise participa-
tion, regardless of sex, age, socioeconomic status and fitness
level [6]. Therefore, innovations in exercise prescription that
can be incorporated into daily living and induce clinically
beneficial health outcomes represent a valuable strategy to
reduce the economic burden associated with an inactive
lifestyle.

With regard to glycaemic control, peak glucose concentra-
tions typically occur approximately 60-90 min after a meal
and, in individuals with insulin resistance, are sustained for
several hours [7]. Glycaemic excursions, such as those fol-
lowing meals, correlate with HbA . levels and play a delete-
rious role in inducing oxidative stress and inflammation
[8-10]. HbA,. levels are also directly associated with in-
creased cardiovascular disease (CVD) risk and all-cause mor-
tality [8]. As such, improved postprandial glucose control in
individuals with insulin resistance may prevent the further
development of type 2 diabetes and associated complications
[11, 12].

Both resistance- and endurance-based exercise increase
whole-body glucose uptake [13, 14], an effect that can persist
for up to 48 h [15, 16]. The benefits for glycaemic control are
most powerful soon after the exercise session, and decay over
several hours depending on the intensity of the exercise bout.
In this regard, short-term high-intensity interval training (HIT)
has been demonstrated to be a time-efficient stimulus to
improve blood glucose control in patients with type 2 diabetes
[17, 18]. HIT stresses multiple physiological systems by alter-
nating brief, intense exercise with low-intensity recovery pe-
riods of similar or greater duration. The high-intensity work
bouts vary in duration from 6 s to 4 min and are typically
performed at an exercise intensity eliciting at least 90% of
maximum heart rate (HR,,,,). HIT has been shown in both
healthy and clinical populations to reduce risk factors for
chronic disease [19]. It is also worth noting that physiological
markers of training adaptation, along with health outcomes,
are often superior after HIT compared with the improvements
obtained with high-volume traditional endurance exercise
[20, 21].
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The aim of the present study was to investigate whether
three small doses of intense exercise before meals (‘exercise
snacking”) would result in better postprandial blood glucose
control than a single bout of (energy-matched) prolonged,
continuous, moderate-intensity exercise in individuals with
insulin resistance. We further examined whether the type of
exercise was an important feature of the exercise snacking
approach (time-matched). Given the potent nature of HIT to
stimulate glucose uptake, and the time course of this response,
we hypothesised that the high-intensity ‘exercise snacks’ be-
fore meals would reduce postprandial glucose excursions and
underpin improved 24 h glycaemic control.

Methods
Characteristics and preliminary testing of participants

Following advertisement, 16 volunteers who met the inclusion
criteria (age 1855 years, not medicated for blood glucose or
high blood pressure) completed an OGTT after dietary control
and an overnight fast (10—12 h). Based on the results of this
initial OGTT, seven male and two female participants with
insulin resistance (impaired fasting glucose and/or impaired
glucose tolerance according to the criteria of the American
Diabetes Association) or who were found to have type 2
diabetes (n=2) were recruited into the study. The baseline
characteristics of the participants are shown in Table 1. The
study protocol was approved by the University of Otago
Ethics Committee and participants provided their written,
informed consent before entering the study. All participants
undertook maximal incremental exercise testing with 12-lead
electrocardiography on a treadmill and showed no evidence of
inducible ischaemia, as assessed by a cardiologist. Maximal
oxygen consumption (VOymay), respiratory exchange ratio
(RER: VCO,/V0,) and heart rate (HR) were measured using
online gas analysis (Quark b® and Quark C12x systems,
Cosmed Cardio Pulmonary Exercise Testing; Cosmed, Rome,
Italy), from which the workloads required to elicit 60% and
90% HR,,.x were determined for the exercise trials. All par-
ticipants attained an RER>1.1 and stopped exercise due to
volitional exhaustion.

Overview of experimental design

The study was a within-participants, crossover design with
allocation to three different exercise interventions in random
order (Fig. 1). Female participants completed the trials in the
early follicular phase of their menstrual cycle (across three
separate cycles), whereas male participants had a minimum of
7 days between trials. Each intervention lasted a total of 5 days,
with data being collected across the middle 3 days (‘baseline
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Table 1 Baseline characteristics of participants

Age (y) BMI (kg/m®) Body fat (%) VOpmax (ml kg ' min™!) OGTT (mmol/l)

Mean arterial pressure (mm Hg) No. of steps per day

Fasting glucose 2 h glucose

48+6 36+8 34+10 3249

6.3+1.0

9.1+£2.6 1009 6,365+3,240

Data are means + SD of seven male and two female participants

day’, ‘exercise day’ and ‘day following exercise’) (Fig. 2).
The participants visited the study centre for standardised
measures and procedures but otherwise undertook their
normal activities associated with daily living.

Exercise interventions and dietary control

Traditional continuous exercise (CONT) Participants com-
pleted one 30 min bout of treadmill walking at a moderate
intensity (60% HR,,,x) 30 min before their evening meal
(dinner) in accordance with current physical activity guide-
lines [22]. Every 5 min, HR (Polar S810i; Polar Electro,
Kempele, Finland) was measured, a rating of perceived exer-
tion (RPE, using the BORG 6-20 scale [23]) was made (Fig. 3)
and the work rate was adjusted accordingly.

Exercise snacking (ES) Six 1 min work bouts, consisting of
walking at 90% HR,,x with 1 min recovery (slow walk)
between each, were completed 30 min before breakfast, lunch
and dinner. The total energy cost for CONT and ES were
matched (based on metabolic calculations in VO9max test).
The exercise was undertaken on an incline treadmill, with
HR and RPE measured at the end of each interval (Fig. 3).

Composite exercise snacking (CES) Six 1 min work bouts
alternating between walking and resistance-based exercise
were performed, with 1 min recovery between each bout,
30 min before breakfast, lunch and dinner. The total number
of 1 min work bouts balanced the ES regime. The resistance-

Exercise trials

Traditional
exercise (CONT)

Pre screening

2. Exercise stress Exercise snacking

1. OGTT H testwith 12-lead K—
ECG
Composite
exercise snacking
(CES)

Fig. 1 Flow diagram of the study design. The study consisted of two
phases of pre screening before three exercise trials were completed in a
randomised order. Exercise trials included monitoring of physiological
variables across one baseline day, one exercise day and for 1 day following
exercise

based exercise bouts were undertaken using resistance bands
(as many reps as possible within 60 s), and walking was at
90% HR,,.x On an incline treadmill, with HR and RPE mea-
sured at the end of each interval (Fig. 3). The resistance-band
exercises worked the musculature of the arms, back and core.
All exercise sessions included a 5 min warm-up period and a
3 min cool-down period at a self-selected intensity on a
treadmill.

Diet The timing of the three meals was identical between the
three exercise trials. For their first trial, participants consumed
their habitual diet under free-living conditions while complet-
ing a 5-day dietary log. The diet was then replicated for the
second and third trials, so that timing, composition and quan-
tity of all food and drink consumed were matched between the
three trials. Subsequent dietary analysis (Kai-culator
Enhanced 2010 Food Composition Database v0.43; Dunedin,
New Zealand) for the main days of interest is shown in Table 2.
Physical activity levels for the three trials were monitored
using pedometers and activity logs.

Physiological measures

Continuous blood glucose monitoring Blood glucose (extra-
cellular fluid) was recorded using continuous blood glucose
monitoring (CGM) (iPro2; Medtronic, Northridge, CA,
USA). Capillary glucose samples were obtained from partic-
ipants three or four times each day to calibrate the CGM.
Mean glucose, variation of glucose (SD) and area under the

o Meal
24:00 n Blood sample
. “r CGM
22:00 ES/CES Exercise ‘snacks’
20:00 60 ® L] CONT Traditional exercise
=
S 1800 ° i o © °
S -30 + ES/CES/
< 16:00 CONT
S
o 14:00 o o: ol o o o
£ 12:.00 -30 +-ES/CES
£
10:00
08:00 ° i of © o o
-30 +ES/CES
06:00 45 - m [ ]
1 2 3 4 5
e —
Baseline day Exercise day Day following
Day

Fig. 2 The experimental design of each 3 day trial
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Fig. 3 Typical HR response (bpm) and RPE for one participant during
CONT, evening ES and CES. Note that HR is shown using lines, and
RPE using symbols

glucose curve were calculated for each 24 h period (baseline
day, exercise day and day following exercise) using CGM
data. Mean and AUC of postprandial glucose (PPG) were
determined from the CGM data for the first 3 h after each
meal (3 h PPG). The accuracy of the CGM devices was
validated using capillary vs interstitial CGM samples and
plasma vs interstitial CGM samples (see electronic supplementary
material [ESM] Methods).

Blood analyses Venous blood (6 ml EDTA) was collected
from participants when fasting (exercise day and day follow-
ing exercise) and 1 h after dinner (baseline, exercise day and
day following exercise; Fig. 2) for analysis of plasma insulin
(Roche Diagnostics, Basel, Switzerland) and glucose concen-
trations using commercially available kits (Roche, Indianapolis
IN, USA).

Statistical analyses

Data were first modelled using the Kolmogorov—Smirnov and
Shapiro—Wilk normality tests to confirm normality.

Table 2 Total daily macronutrient intake for the participants’ first exper-
imental trial

Intake Baseline day ~ Exercise day ~ Day following
exercise

Energy (kJ) 11,167+3,089 11,974+3,243 12,178+2,978

Carbohydrate (g) 327486 334484 361+115

Carbohydrate (% EI)* 51+13 47+12 50+16

Fat (g) 10242 10636 113444

Fat (% EI)* 34+14 33+11 34+13

Protein (g) 96+30 116+39 107+47

Protein (% EI)* 15+£5 16£6 15+7

Data are shown as group mean + SD, n=9
Percentage of daily energy intake (EI)
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Glycaemic effects of the exercise interventions were tested
using repeated-measures ANOVA with one factor (condition,
e.g. for insulin sensitivity) or two factors (condition % time,
e.g. for PPG), for ES vs CONT to test the effect of energy-
matched exercise patterns, and for ES vs CES to test the effect
of time-matched exercise profiles. Bonferroni-controlled
planned simple contrast testing was used to isolate differences
following significant ANOVAs (p<0.05), for glucose concen-
trations across the 3 days (baseline day vs exercise day and
day following exercise). Differences reported in relation to
time (e.g. compared with baseline) are always following a
significant interaction effect, and 95% Cls are shown for
effects of particular interest.

Results
ES vs CONT

3 h PPG Compared with the baseline day, ES lowered the 3 h
mean PPG following breakfast (by 1.0£0.9 mmol/l [mean +
SD]) and dinner (by 0.54+0.8 mmol/l) but not following lunch
(=0.040.7 mmol/l). The interaction between meal and exer-
cise was quadratic-by-time (p=0.05), with the highest PPG
concentration, and reduction with exercise, observed in the
morning and evening, and the lowest after lunch. In contrast,
CONT had no effect on 3 h mean PPG at any time point
(bearing in mind that CONT also served as a control condition
for breakfast PPG and lunch PPG on the exercise day).

On the exercise day, the 3 h PPG concentration was
1.4+1.5 mmol/l (p=0.02) and 0.7+1.5 mmol/l (p=0.04)
lower with ES than with CONT after breakfast and dinner,
respectively, but was not significantly lower after lunch
(Fig. 4, 0.4+1.0 mmol/l, p=0.22). On this day, ES induced a
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Time from meal (h) O = Meal
Breakfast Lunch Dinner
Energy (kJ) 1,983 3,033 3,832
CHO (g) 78 71 100
PRO (g) 19 29 52
Fat (g) 10 37 34

Fig. 4 The blood glucose responses for participants across the 3 h
following breakfast, lunch and dinner for the CONT, ES and CES
regimes. The macronutrient content of each meal is shown below the
graph. CHO, carbohydrate; PRO, protein. Note that CONT was
performed before dinner only. Data are means for n=9. *p<0.05 for ES
vs CONT on exercise day
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17% reduction in 3 h post-breakfast AUC, when compared
with CONT (Fig. 5a, CONT 1,307+337 mmol/1x3 h vs ES
1,090+£178 mmol/1x3 h, p=0.04), and a 13% reduction after
dinner (Fig. 5¢c, CONT 1,285+208 mmol/Ix3 hvs ES 1,116+
197 mmol/1x3 h, p=0.04). Following lunch there was no
difference in the 3 h PPG AUC on exercise day between the
ES and CONT regimes (Fig. 5b, p=0.46).

24 h Glycaemic control Compared with baseline, the mean
24 h glucose concentration was 0.6+0.4 mmol/l lower with
ES than with CONT (Fig. 6a, p=0.01, 95% CI 0.3, 0.9). The
mean glucose concentration was 0.7+0.6 mmol/l lower with
ES than with CONT on the exercise day (until 06:00 hours on
the following morning; Fig. 6b, p=0.01). Compared with
baseline, the mean 24 h glucose concentration throughout the
day following exercise remained 0.6+£0.4 mmol/l lower with ES
(Fig. 7, p=0.01). However, the mean glucose concentration on
the day following exercise was not significantly lower for ES
compared with CONT (p=0.20).

Compared with baseline, there was no difference in
glycaemic variability on the exercise day between ES and
CONT (Table 3, p=0.38); this was also the case on the day
following exercise (ES —10+44%, CONT +2+13%, p=0.55,
95% CI —45, 25). However, glycaemic variability was 35+
46% lower (p=0.05) for ES than CONT on the exercise day,
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Fig. 5 The 3 h PPG AUC for breakfast (a), lunch (b) and dinner (c) on
the exercise day for CONT, ES and CES trials. Data are means + SD,
n=9. *p<0.05 for ES vs CONT for breakfast and dinner PPG AUC
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Fig. 6 (a) Change in glucose concentration throughout the exercise day
relative to baseline, for CONT, ES and CES. Note that CONT is not
performed until just before dinner. Data are means for n=9. 7p<0.05 for
ES vs CONT compared with baseline day (i.e. interaction effect). (b)
Mean glucose concentrations of participants (n=9) throughout the exer-
cise day (06:00 hours to 24:00 hours) for CONT, ES and CES trials.
Dotted grey line, baseline control day; light-grey bars, time-distributed
exercise (ES and CES); dark-grey bar, CONT. Exercise was completed
30 min before each main meal. *p<0.05 for ES vs CONT on exercise day
(i.e. main effect)

but not on the day following exercise (ES lower by 32+53%,
p=0.09).

Compared with baseline, the mean glucose AUC (06:00—
06:00 hours the following morning) was lower for ES than
CONT, by 609+496 mmol/1x24 h (p=0.01, 95% CI 283,
935). The mean glucose AUC was lower with ES, compared
with CONT, by 765+910 mmol/1x24 h (p=0.03, 95%
CI 201, 1,329).

N

o

Blood glucose
A from baseline (mmol/l)
o

Morning Midday

Time of day

Evening

Fig. 7 The changes in glucose concentration throughout the day follow-
ing exercise, compared with baseline, for CONT, ES and CES. Data are
means for n=9. 'p<0.05 for ES vs CONT compared with baseline day
(i.e. interaction effect)
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Table 3 Blood glucose concentration of nine participants across baseline
day, the exercise day and the day following exercise

Exercise regime  Blood glucose concentration (mmol/l)

Baseline day Exercise day Day following exercise

CONT 637£0.87  674x1.17  6.48+1.03
ES 6.55+1.13  6.04+0.84*" 6.07+0.73
CES 6.63=1.11 595087  6.28+091

Data are shown as mean + variation (SD within-participants)
*p<0.05 for ES vs CONT on exercise day (i.e. main effect)

p<0.05 for ES vs CONT compared with baseline day (i.e. interaction
effect)

Insulin sensitivity Compared with baseline, the fasting plasma
insulin concentration of the participants was similar on the
morning following ES and CONT (ES lower by 4.5+6.0 uU/
ml, p=0.26, 95% CI —11, 20). In response to the same evening
meal, plasma glucose and insulin concentrations and the plas-
ma glucose : insulin ratio were similar between ES and CONT
(p>0.11).

Walking (ES) vs walking and resistance (CES) exercise
snacking

The two forms of exercise snacking were equally effective in
reducing the mean 3 h PPG and the 3 h PPG AUC following
breakfast, lunch and dinner (Figs 4 and 5). ES and CES were
also equally effective in reducing mean 24 h glucose concen-
tration on the exercise day and the day following exercise
(Figs 5 and 6, no interaction: all p>0.56). CES was no
different from ES in reducing either glycaemic variability or
24 h glucose concentration on the exercise day (Table 3).
Compared with baseline, fasting and postprandial plasma
insulin concentrations were similar between CES and ES
(p>0.09).

Discussion

The novel finding of the present study was that dosing brief
bouts of intense exercise immediately before breakfast, lunch
and dinner (‘exercise snacking’) reduced postprandial and
subsequent 24 h glucose concentrations in an insulin-
resistant population when compared with a single 30 min bout
of moderate, continuous exercise undertaken before the eve-
ning meal. Moreover, these benefits persisted for the 24 h
following the exercise intervention. In contrast, a bout of
continuous exercise failed to lower postprandial glucose after
dinner or to improve glycaemic control the day following
exercise. Previous studies that have employed HIT have re-
ported similar or superior improvements in a multitude of
markers of fitness when compared with traditional exercise

@ Springer

prescription (e.g. continuous moderate-intensity exercise), de-
spite a substantially lower training time for HIT [24-26].
Superior improvement in insulin sensitivity may result from
more intense training regimes [27, 28].

Here we further demonstrate the potency of intense work
bouts and show that the timing of exercise is also an important
factor for optimal glycaemic control. Specifically, we report
that brief, intense exercise before meals is an effective means
to reduce postprandial hyperglycaemia. These findings are of
clinical relevance because ambulatory postprandial and/or
nocturnal glucose excursions, the so-called ‘hyperglycaemic
spikes’, are an early and often undetected feature of the
insulin-resistant state [29]. Indeed, these hyperglycaemic
spikes may be more predictive for the onset of CVD compli-
cations than elevated fasting plasma glucose [30] and are
strongly associated with HbA . levels both in individuals with
insulin resistance and patients with diabetes [31]. Whether or
not the findings from the present ‘acute’ intervention might be
effective in improving glycaemic control over a longer period
remains to be verified. Karstoft et al [32] have reported that
4 months of intense interval walking (five training sessions
per week, each lasting 60 min, comprising bouts of 3 min of
fast walking [above 70% of each individual’s peak rate of
energy expenditure] and 3 min of slow walking [below 70%
of energy expenditure]) resulted in lower mean and maximum
CGM glucose concentrations compared with low-intensity,
energy-matched continuous walking (55% of individual peak
rate of energy expenditure). Some classic measures of
glycaemic control were unaffected in either group (e.g. fasting
glucose, OGGT and HbA,.), possibly because post-
intervention variables were measured 2—8 days after the last
training bout. In that study [32], individuals who undertook
the intense walking protocol displayed greater reductions in
body mass, fat mass and abdominal visceral adiposity, accom-
panied by substantial improvements in ¥O,may compared with
those who performed continuous walking. These differences
were apparent despite the overall energy expenditure being
matched between the training groups, and no evidence of
differences in dietary intake within or between any of the
groups being observed. The findings of better glycaemic
control in the interval-walking group may therefore have
reflected both training-induced improvements in whole-body
fitness (i.e. VOomax) and improved body composition.

There has been recent interest in ‘accumulating physical
activity’ as brief, repetitive bouts of exercise (as opposed to a
single, prolonged, continuous exercise session) to prevent
cardiometabolic disease. For example, the deleterious meta-
bolic and cardiovascular consequences of sedentary behaviour
have been highlighted [33] and incorporated within some
activity guidelines, and it has been questioned whether current
guidelines can overcome the consequences of prolonged
periods of inactivity that are a typical feature of traditional
exercise prescription [33]. Having more breaks in otherwise
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sedentary time is beneficial for waist circumference, plasma
triacylglycerol and 2 h plasma glucose [34]. Exercise
snacking, whether before meals or not, is also conducive to
disrupting sedentary time, and may be important in this
regard. Public health recommendations typically state that
adults should perform at least 150 min of moderate-intensity
exercise per week (or 30 min per day, on most days) to obtain
health benefits [22]. Such activity should be accumulated in
bouts of 10 min or more and may be particularly important for
glycaemic control if performed around meal times. For exam-
ple, in a recent study by DiPietro et al [35], three 15 min post-
meal walks were more effective than one 45 min sustained
walk in the morning or afternoon for lowering 3 h PPG after
dinner, compared with a control day. The results from the
current study, along with previous work, clearly demonstrate
that low-volume, high-intensity training is a time-effective
alternative to CONT for improving glycaemic control [36].
As noted, 30 min of moderate-intensity exercise did not
improve glycaemic control in the present study, whereas dis-
tributing the same volume of exercise as three brief pre-meal
HIT ‘exercise snacks’ resulted in a 12% reduction in PPG, an
effect that was sustained for the subsequent ~18 h following
the last exercise snack. Previous research investigating exer-
cise after breakfast has shown reduced postprandial
hyperglycaemia. Larsen et al [14] found that cycling for
45 min at moderate intensity (53% VOZmaX) led to reductions
0f ~50% in 4 h PPG and 36% in insulin AUC, compared with
a control day. Similar findings were made by Takaishi et al
[37] using a 6 min moderate-intensity (60% HR range) stair-
walking intervention. In those studies, moderate exercise was
performed in a postprandial state after breakfast, and while the
PPG was lowered after breakfast, the subsequent midday and
evening meal PPG were unaffected. Gillen et al [ 17] examined
24 h glucose concentration in seven patients with type 2
diabetes in response to an acute HIT session of ten 1 min
cycling work bouts at 90% HR,,,.«, performed 90 min after
breakfast. Substantial improvements in PPG and exposure to
hyperglycaemia were seen across 24 h, but mean 24 h glucose
was not significantly different from the control day. Taken
collectively, the results of the current study, along with previ-
ous findings [17, 18, 28], support the benefit of using higher
exercise intensities for improving glycaemic control in indi-
viduals with impaired glucose tolerance, type 2 diabetes and
the metabolic syndrome. However the protocol of ‘exercise
snacking” employed in the present investigation provides
support for the use of brief, intense exercise bouts for improv-
ing postprandial glycaemic control in individuals with insulin
resistance.

Currently, no research has directly compared the impact of
pre- vs postprandial exercise on glycaemic control. Gillen et al
[38] reported similar improvements in body composition and
oxidative capacity in 16 women who were assigned to either
fasted or fed HIT three times per week, for 6 weeks. Despite

improvements in body composition, insulin sensitivity was
not improved significantly in either group. In the above-
mentioned studies [14, 17, 37], if the exercise was intense,
postprandial exercise was effective in reducing the PPG from
the previous meal [14, 37] or all meals that day but not in
reducing 24 h glucose [17]. Pre-meal exercise was chosen for
the present study to prime glucose uptake before the peak
postprandial period [7, 15] and to avoid gastrointestinal dis-
comfort. Performing the exercise snacks 30 min before meals
improved 24 h glycaemic control by reducing the mean PPG
following breakfast and dinner but not lunch. Given the time
course of the increased glucose uptake with HIT we believe
our findings, along with those of others [14, 17], show that the
timing of exercise is important for optimally attenuating
postprandial hyperglycaemia.

Walking-based (ES) and combined-exercise (CES) snacks
improved glycaemic control similarly (Fig. 6). The aim of the
CES was to maximise the muscle mass involved and incorporate
resistance training, thereby helping meet comprehensive exercise
guidelines for health. Previous research has shown that a com-
bination of aerobic-based and resistance-based exercise is supe-
rior to either alone [26, 39, 40]. Participants in the current study
completed as many reps of the resistance-band exercise as they
could during each of the 1 min work bouts in the CES protocol.
Although the HR was lower for CES (10+5 bpm below ES), the
participants’ perceived exertion was significantly higher (‘very
hard’ vs ‘hard’, Fig. 3), which indicates that this composite form
of interval exercise still involved a substantial psychophysical
demand. Since glucose concentration was reduced throughout
the exercise day, without a change in insulin concentration, we
speculate that the ES may have improved glycaemic control by
virtue of increased contraction-mediated uptake of glucose.
However, it is likely that the following day’s lower glucose
concentration may be mediated by improved insulin sensitivity.

It should also be acknowledged that exercise causes an
acutely elevated (but overall lowered) risk of cardiovascular
events. Despite the high-intensity nature of interval exercise
regimes, no studies to date have reported a fatal cardiovascular
incident with HIT in high-risk populations. After 129,456 h of
moderate-intensity exercise and 46,364 h of high-intensity
exercise in 4,846 patients with coronary heart failure, Rognmo
et al [41] observed one fatal and two non-fatal cardiac arrests,
respectively, and concluded that the risk of a cardiovascular
event following HIT was low.

In conclusion, we found exercise snacking to be a novel
and effective approach to improve glycaemic control in indi-
viduals with insulin resistance. Brief, intense interval exercise
bouts undertaken immediately before breakfast, lunch and
dinner had a greater impact on postprandial and subsequent
24 h glucose concentrations than did a single bout of moder-
ate, continuous exercise undertaken before an evening meal.
The practical implications of our findings are that, for individ-
uals who are insulin resistant and who experience marked
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postprandial hyperglycaemic excursions, both the timing and
the intensity of exercise should be considered for optimising
glucose control.
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