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Abstract

Background The most effective way to cope with high blood sugar spikes is to engage in physical activity in temporal proxim-
ity to food intake. However, so far, it is unclear as to whether there is an optimal time for physical activity around food intake.
Objectives We aimed to identify the impact of pre- and post-meal exercise on postprandial glucose excursions in humans
with and without type 2 diabetes mellitus.

Methods We conducted a systematic review with meta-analysis, PROSPERO registration number: CRD42022324070. We
screened MEDLINE/PubMed, Cochrane/CINAHL/EMBASE, and Web of Knowledge until 1 May, 2022. We used the risk
of bias rating with the crossover extension of the Cochrane risk of bias assessment tool II. Standardized mean differences
(SMDs, Hedges’ g) with 95% confidence intervals (CIs) were calculated as pooled effect estimates of a random-effects
meta-analysis. Eligibility criteria included three-armed randomized controlled trials comparing the acute effects of pre- and
post-meal exercise to a no-exercise control in humans.

Results Eight randomized controlled trials (crossover trials, high risk of bias) with 30 interventions in 116 participants (47
diagnosed with type 2 diabetes, 69 without type 2 diabetes) were eligible. Exercise after meal ingestion (real food or meal
replacement drinks) led to a reduction in postprandial glucose excursions compared with exercise before eating (15 effect
sizes; SMD =0.47 [95% CI1 0.23, 0.70]) and an inactive control condition (15 effect sizes; SMD =0.55 [95% CI1 0.34, 0.75].
Pre-meal exercise did not lead to significantly lower postprandial glucose compared to an inactive control (15 effect sizes;
SMD = -0.13[95% CI—0.42, 0.17]). The time between meal and exercise (estimate= —0.0151; standard error=0.00473;
Z=-3.19; p=0.001; 95% CI—-0.024,—0.006) had a moderating influence on postprandial glucose excursions.
Conclusions Exercise, i.e., walking, has a greater acute beneficial impact on postprandial hyperglycemia when undertaken
as soon as possible after a meal rather than after a longer interval or before eating.

Clinical Trial Registration The review was pre-registered in the PROSPERO database (CRD42022324070). The date of
submission was 07.04.2022, with the registration on 08.05.2022.

Exercise (such as 20 min of walking) has an acute
beneficial impact on postprandial hyperglycemia when
undertaken as soon as possible after a meal.
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1 Introduction

A large part of the global population accumulates up to 16 h
of sedentary time daily and is almost permanently in the
fed state due to a frequent intake of food [1]. Because of
this postprandial state and inactive setting, macronutrients
are consistently entering the blood stream through diges-
tion from where they must be absorbed into other tissues. In
view of the limited physical activity (PA)-induced energy
expenditure, the metabolism is forced to store large amounts
of carbohydrates. Even for healthy humans, the resulting
glycemic excursions are a relevant risk factor for low-grade
inflammatory (including type 2 diabetes mellitus, non-alco-
hol fatty liver disease, and rheumatoid arthritis) [2, 3] and
cardiovascular diseases [4, 5].

For patients with well-controlled type 2 diabetes, post-
prandial hyperglycemia is considered to have the largest
detrimental impact on long-term glycemic control as indi-
cated by elevated levels of glycated hemoglobin (HbAlc)
[6]. Consequently, attenuating meal-induced blood sugar
excursions has a major impact on minimizing the risk for
these lifestyle-associated diseases and on optimizing the
blood sugar management of patients with type 2 diabetes.

The most effective way to cope with high blood sugar
spikes is to engage in PA in temporal proximity to food
intake [7]. However, so far, it is unclear as to whether there
is an optimal time for PA around food intake. In a well-
regarded letter, Dr. Chacko, a physician who has diabetes
herself, concluded from her personal experience that exer-
cise 30 min to 1 h after meal ingestion might have an optimal
effect on postprandial glucose excursions [8]. A few years
later, Chacko analyzed the available evidence on effects of
PA before a meal, early postprandial (0—29 min after a meal),
mid postprandial (30—120 min after a meal), and late post-
prandial (> 120 min after a meal) systematically and found
a superiority of PA in a time window of 30-45 min after
food intake [9]. In line with these observations, a narrative
review described a larger effect of PA after eating compared
with PA before food intake [10]. However, in contrast to the
assumptions of Chacko [9], the same research group was
able to demonstrate superiority of PA directly after eating
compared with activities before or 30 min after eating in
healthy participants [11]. Another experimental study [12]
even showed the superiority of intensive training in the
fasted state. The most recent systematic review [13] con-
cluded that, owing to a lack of suitable studies, it cannot be
clearly clarified whether activity in the fasted state or after
eating shows a better effect.

Although a beneficial effect of PA can generally be
assumed regardless of the meal-exercise timing [7], the
available evidence indicates the need for a quantitative eval-
uation of published studies by means of a meta-analysis. In

order to gauge the effect of exercise-meal timing, this study
consequently pooled the results of randomized controlled
trials comparing pre- and post-meal exercise and an inactive
control condition. Furthermore, we aimed to investigate (1)
whether the time between meal ingestion and PA influences
the effect of postprandial exercise in humans with or without
type 2 diabetes and (2) whether exercise duration, type and
intensity represent relevant moderators.

2 Methods
2.1 Study Design

A systematic review with meta-analysis was performed
adhering to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines [14].
The review was prospectively registered in the PROSPERO
database (CRD42022324070). The date of submission was
07.04.2022, with the registration on 08.05.2022.

2.2 Inclusion and Exclusion Criteria

Studies recruiting participants (over the age of 16 years)
with type 2 diabetes were eligible. To be included in the
review, the studies had to compare the effects of a pre-meal
exercise bout and an intensity-, duration-, and workload-
matched post-meal exercise bout, using a randomized con-
trolled design (crossover/parallel group; control/compara-
tor arm: no exercise). The primary outcome of interest was
interstitial or blood glucose during the postprandial phase
after meal ingestion (real food or meal replacement drinks).
Secondary outcomes included data on insulin and fat metab-
olism based on blood drawings or indirect calorimetry.

2.3 Literature Research

A systematic literature search was performed between
February and May 2022 (final search date: 1 May, 2022)
Two independent investigators (TE, JW) used standard-
ized syntaxes (see below) to screen the databases PubMed
(MEDLINE), Web of Knowledge and the Cochrane Library/
Cochrane Central Register of Controlled Trials (CENTRAL,
with EMBASE) for eligible articles. In addition, a hand
search was conducted in Google Scholar in order to reveal
potential gray literature and the reference lists of included
articles were checked (cross-referencing). No language
restrictions were applied.

Potentially relevant articles were searched adopting the
following Boolean search syntax (example for PubMed):
(“exercise”[MeSH Terms] OR “sports”’[MeSH Terms])
AND (“pre breakfast” OR “pre-breakfast” OR “pre lunch”
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OR “pre-lunch” OR “pre-dinner” OR “pre dinner” “pre
meal” OR premeal OR “pre-meal” OR fasted OR fasting
OR postabsorptive OR post-absorptive) AND (“post break-
fast” OR “post-breakfast” OR “post lunch”” OR “post-lunch”
OR “post-dinner” OR “post dinner” “post meal” OR post-
meal OR “post-meal” OR “after meal” OR fed OR post-
prandial OR post-prandial OR postdinner) AND (type 2
diabetes[MeSH Terms] OR diabet*).

Studies identified through the search strategy were
screened for between-database duplicates before abstract
screening. Subsequently, TE and JW independently screened
titles and abstracts of the identified studies to determine
whether they met the inclusion criteria. If required, full texts
were then assessed to ascertain eligibility for inclusion. Dis-
agreements between investigators were resolved by discus-
sion and, if needed, by consulting a third investigator (DG).

2.4 Data Extraction

Using a standardized extraction form (Excel spreadsheet),
we extracted the following descriptive data from the
included studies: authors and year of publication, study
design, sample size, participant characteristics, interven-
tions, measured outcomes and major findings (outcomes
not included in the meta-analysis). One researcher recorded
all the pertinent data from the included articles and the
other author independently verified the relevance, accuracy
and comprehensiveness of the extracted data. Similar to
the literature, a consensus process was used to address any
disparities and a third reviewer (DG) was asked to address
unresolved disagreement. Authors of the studies included
in this review who had not reported sufficient details in the
published manuscript were personally addressed via e-mail
for the provision of further data.

The primary outcome of the meta-analysis was blood glu-
cose during the postprandial phase after meal ingestion. If a
study assessed more than one outcome, all data (i.e., means
and standard deviations) needed to calculate the effect sizes
were extracted. Missing data (means, standard deviations)
were imputed from medians, interquartile range, figures and/
or confidence intervals using standard procedures [15]. All
studies included were screened for common effect estimators
to be included in the quantitative analysis.

2.5 Risk of Bias Assessment

Two reviewers (TE and JW) rated the risk of bias of the
included studies using the Revised Cochrane risk-of-bias
tool (RoB II) extension for randomized crossover trials. The
outcomes were graded for risk of bias in each of the follow-
ing domains: sequence generation, allocation concealment,
differences in baseline values, number of participants, period

and carryover effects, blinding (participants, personnel and
outcome assessment), incomplete outcome data, selective
outcome reporting, and other sources of bias. Each item
was rated as having a “high risk”, “low risk”, or “unclear
risk” of bias. Disagreements were discussed between the
raters. Again, if a decision could not be reached after dis-
cussion, a third reviewer (DG) was consulted. If applicable,
the outcomes’ biases were reported pooled for studies. The
risk of bias findings were displayed using a traffic light sys-
tem as traffic lights and summary plots using robvis [16],
an online tool created with the R package robvis. Publica-
tion bias was estimated using visual inspection of funnel
plots (primary outcome only) created with Jamovi 1.0.7.0
(The Jamovi project, 2021, https://www.jamovi.org; Sydney,
NSW, Australia).

2.6 Meta-analysis

Weighted and standardized mean differences (Hedges’ g)
were used for data pooling. A restricted maximum-likeli-
hood random-effects meta-analysis model for continuous
outcomes was chosen. For variance description, 95% confi-
dence intervals (CIs) were calculated and the summary esti-
mates of the data were displayed using forest plots (mean
effect sizes and 95% Cls): (1) overall (main) effects (of pre-
meal exercise compared to post-meal exercise) and (2) com-
parison of pre-meal exercise with a no-exercise control and
post-meal exercise with a no-exercise control. For all calcu-
lations, exercise group effects were calculated in comparison
to each other (pre-meal exercise vs post-meal exercise) and
compared to the comparator/control no exercise condition
as standardized mean differences. To test for overall effects,
Z-statistics at a 5% alpha error probability level were calcu-
lated for all quantitative comparisons. The moderating influ-
ence of exercise intensity, type, and duration as well as the
influence of time between meal and post-meal exercise were
analyzed in a random-effects model. Heterogeneity between
studies was assessed using /? and Tau? statistics. All analy-
ses were performed using the MAJOR package of Jamovi
(Version 1.0.7.0).

3 Results
3.1 Study Selection

The initial literature search yielded 1457 unique records.
After removing duplicates and applying inclusion and exclu-
sion criteria, eight randomized controlled trials analyzing
the acute effects of pre- and post-meal exercise on postpran-
dial glucose were included in the qualitative and quantitative
analyses. Figure 1 outlines the research procedure and the
flow of the study selection and inclusion.
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3.2 Results and Characteristics of Individual Studies

All eight included studies on acute effects were randomized
controlled trials with a crossover design and compared the
application of one or multiple exercise interventions before
and after meal ingestion against a control intervention with
an identical meal but without exercise. The results of the
individual studies (methodological aspects, participant char-
acteristics), with a focus on the descriptive summary statis-
tics for each group and an overview of secondary outcomes,
are displayed in Table 1.

Overall, the study sample comprised 116 participants,
40 of whom were female. Four studies included an overall
number of 47 patients with type 2 diabetes and assessed the
effects of various activities including 46 min of resistance
exercise [17], treadmill walking for 20 min with moderate
intensity [18], and treadmill walking for 60 min with mod-
erate [12, 19] or high intensity [12]. One study of partici-
pants with type 2 diabetes compared moderate-intensity and
vigorous-intensity exercise and reported a higher impact of
vigorous intensity exercise on interstitial glucose outcomes
[12]. The time intervals between exercise and meal inges-
tion varied between 0 and 60 min for exercise prior to meal
ingestion and between 15 and 60 min for exercise after meal
ingestion. Additionally, the time of meal ingestion (break-
fast, lunch or dinner) and the type of meal varied across
studies. Two studies on participants with type 2 diabetes
assessed the impact of exercise around dinner [17, 18]
and two around breakfast [12, 19]. In one study, breakfast
included milk and cornflakes [19] while in the other study,
a meal replacement drink was ingested [12]. Dinner was
either an Italian pasta-based meal [17] or participants were
able to choose between four different meals with matched
caloric content [18].Three studies included a total number
of 69 participants without type 2 diabetes and analyzed the
effect of moderate-intensity treadmill walking for 20 [20]
and 30 min [11, 21], the effect of bodyweight resistance
exercise for 20 min [20] and 7 min [11], and the effect of
standing upright for 30 min [11]. Two studies compared the
effect of resistance exercise and walking [11, 20] and one of
these studies reported a greater impact of walking compared
with bodyweight resistance exercise [20]. Again, the time
intervals between meal and exercise varied between stud-
ies. Although all studies on healthy participants [11, 20, 21]
applied designs in which exercise before meal ingestions
ended immediately before eating, the time interval between
meal ingestion and exercise in the postprandial state varied
between 0 and 30 min. Only one of the included studies ana-
lyzed the impact of exercise-meal timing in healthy subjects
and detected a greater impact of exercise immediately after
meal ingestion on postprandial glucose compared with the

effect of exercise 30 min after meal ingestion [11]. Two stud-
ies on healthy participants assessed the impact of exercise
around breakfast, which consisted of either a replacement
drink [11] or a normal breakfast [21], and one around lunch
(100 g of rice combined with an ad libitum amount of side
dishes) [20].

3.3 Blood and Interstitial Glucose

All included studies assessed the postprandial glycemic
response either via interstitial glucose [11, 12, 19] or blood
glucose [17, 18, 20, 21] measurements. The effect estimates
for glucose data are displayed in Figs. 2, 3, 4. Exercise after
meal ingestion led to a greater reduction in postprandial glu-
cose excursions than exercise before eating (Fig. 2; 15 effect
sizes; standardized mean difference [SMD]=0.47 [95% CI
0.23, 0.70]). On the subgroup level, this finding was con-
firmed for participants without type 2 diabetes (ten effect
sizes; SMD =0.57 [95% CI 0.30, 0.83]). The meta-analysis
on participants with type 2 diabetes did not reach statistical
significance (five effect sizes; SMD =0.24 [95% CI—0.14,
0.62]).

Overall, post-meal exercise induced decreased post-
prandial glucose levels compared with the inactive control
(Fig. 3; 15 effect sizes; SMD=0.55 [95% CI 0.34, 0.75]).
A subgroup analysis showed glucose-lowering effects for
participants with (five effect sizes; SMD =0.47 [95% CI
0.10, 0.85]) and without type 2 diabetes (ten effect sizes;
SMD =0.60 [95% CI 0.30, 0.89]). Pre-meal exercise effects
on postprandial glucose did not reach statistical significance
either overall (15 effect sizes; SMD = —0.13 [95% CI—0.42,
0.17]) or in the subgroup analyses of participants with (five
effect sizes; SMD = —0.25 [95% CI—0.89, 0.40]) and
without type 2 diabetes (seven effect sizes; SMD = —0.05
[95% CI—0.36, 0.25]) [Fig. 4 shows overall and subgroup
analyses].

Analysis of potential moderators revealed a significant
influence of the time elapsed between meal and exercise,
indicating a greater effect of activities immediately after
finishing a meal compared with activities with a delay of
up to 60 min after finishing a meal (estimate = —0.0151;
standard error=0.00473; Z= —3.19; p=0.001; 95%
CI-0.024,-0.006). Duration, type, and intensity of exer-
cise as well as the type of glucose drawing (blood and inter-
stitial) did not influence the effect on postprandial glucose
(»>0.05).

Two studies investigated the sustained effects of exer-
cise on postprandial metabolism after the second, third
[22], and fourth meal after exercise [19] and detected
a delayed beneficial effect of post-meal exercise on
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postprandial glucose after the fourth meal of a day [19].
Furthermore, Nygaard and colleagues were able to show
a beneficial effect of post-meal exercise on the ten highest
glucose values during the day [19]. One study assessed
nocturnal and morning glycemic control and fasting glu-
cose values on the next day (after exercise pre- and post-
dinner) but found no significant effects on these outcomes
[17].

3.4 Secondary Post-meal Metabolic Outcomes

Findings for secondary outcomes are indicated in Table 1.
Although most studies sampled glucose data at additional
timepoints (during the postprandial phase after the second
and third meal after exercise) or analyzed additional meas-
ures (such as maximal values or glycemic variability), only
one study [17] evaluated additional metabolic outcomes
such as measures of fat metabolism and hormones (detailed
results in Table 1). The authors reported a beneficial effect of
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&  Colberg etal. 2009 [18] 0.76 [-0.07, 1.59]
_§ Teradaet al.2016[12] HIT —— -0.24 [-1.15, 0.66]
o  Teradaet al.2016[12] Walking *—h—i -0.21[-1.17, 0.74]
S Nygaardetal. 2017 [19] ——— 0.46 [-0.35, 1.27]
S Heden et al. 2015 [17] - 0.24[-0.53, 1.01]

RE Model —— 0.24 [-0.14, 0.62]

Yoko et al. 2021 [20] Aerobic ' SESE—— 0.60 [-0.26, 1.45]
9‘5’ Yoko etal. 2021 [20] Resistance PR S— 0.35[-0.59, 1.28]
€ Yunartietal. 2021 [21] P 1.57[0.57, 2.58]
,72 Solomon etal.2020 [11] Walking - 0.77[0.05, 1.49]
g  Solomon etal.2020 [11] Walking* »—.—« 0.07 [-0.62, 0.76]
S Solomonetal.2020 [11] Resistance H— 0.61[-0.10, 1.31]
=3 . > i )
© Solomonetal.2020 [11] Resistance — 0.09 [-0.60, 0.79]
TE“ Solomon etal.2020 [11] Standing ——— 0.77 [0.05, 1.49]
5  Solomon etal.2020 [11] Standing* —— 0.51[-0.19, 1.22]
Z  Derave etal. 2007 [22] ———— 1.03-0.08. 2.15]

RE Model P 0.57[0.30, 0.83]
‘703 RE Model - 0.47[0.23, 0.70]
2 :

T T T T T |
-2 -1 0 1 2 3

Favours Pre Meal Exercise

Fig.2 Pooled effect size estimates (standardized mean differences
and confidence intervals) for postprandial glucose. Overall effects for
post-meal exercise in comparison to pre-meal exercise and effects for

post-meal exercise on blood triacylglycerol. This study, fur-
thermore, analyzed insulin data and reported lower postpran-
dial insulin secretion after post-meal exercise compared with
pre-meal exercise but comparable effects of both exercise
types on insulin clearance compared to a control intervention
[17]. These outcomes were not included in the meta-analysis
because of the small number of studies involved.

3.5 Metabolism During Exercise

Indirect calorimetry was applied by five studies which
reported respiratory exchange ratio values between 0.83 and
1.00 [11, 12, 17, 19, 22]. The energy expenditure during
exercise varied between 54 and 371 kcal [11, 12, 17]. Two
studies detected higher heart rate values during post-meal
exercise compared with pre-meal exercise [17, 19]. Two
studies reported higher respiratory exchange ratio values
[12, 22], two studies detected higher carbohydrate oxidation
values [19, 22], and one study found higher lactate values
[19] during post-meal exercise in participants without type 2
diabetes. In contrast, respiratory exchange ratio values were

Favours Post Meal Exercise

subgroups with and without type 2 diabetes mellitus are displayed.
HIT high-intensity interval, * indicates that exercise is delayed by
30 min after a meal

comparable during pre- and post-meal exercise in people
with type 2 diabetes in one study [17]. Four studies analyzed
oxygen uptake, substrate utilization, and energy expenditure
[12, 17, 19, 22]. Whereas three studies reported no differ-
ences between exercise conditions [12, 17, 19], one study
found lower oxygen uptake and fat oxidation but higher car-
bohydrate oxidation during exercise post-meal compared
with exercise prior to meal consumption. These outcomes
were not included in the meta-analysis because of the small
number of studies involved.

3.6 Risk of Bias and Publication Bias

The included studies showed a high overall risk of bias.
Detailed ratings for the risk of bias on the study/outcome
level are displayed in Fig. 5. Funnel plots for the estimation
of publication bias are shown in Fig. 6. Visual inspection
revealed a mostly symmetrical distribution of effect sizes
and an overall low risk of publication bias.
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% Colberg etal. 2009 [18] 0.13 [-0.67, 0.93]
& Teradaetal.2016[12] HIT — .y 0.28 [-0.62, 1.19]
2 Teradaet al.2016[12] Walking - 0.84 [-0.13, 1.81]
@ Nygaard etal. 2017 [19] - 0.60 [-0.22, 1.42]
& Heden et a. 2015 [17] H—— 0.59 [-0.19, 1.38]

RE Model ——E— 0.47[0.10, 0.85]

Yoko et al. 2021 [20] Aerobic p—|—+ 0.78 [-0.08, 1.65]

Yoko etal. 2021 [20] Resistance ~ +——=— 0.26 [-0.67, 1.18]
& Yunartietal. 2021 [21] ; —_— 2.42[1.26, 3.57]
% Solomon etal.2020 [11] Walking — . 0.69 [-0.02, 1.40]
& Solomonetal.2020 [11] Walking* ——m— 0.04 [-0.65, 0.74]
;.; Solomon etal.2020 [11] Reskstance — 0.88[0.16, 1.61]
& Solomon etal.2020 [11] Resstance™* ——— 0.22 [-0.47, 0.92]
2 Solomon etal.2020 [11] Standing . 0.66 [-0.05, 1.38]

Solomon etal.2020 [11] Standing* ——m—— 0.33 [-0.37, 1.03]

Derave etal. 2007 [22] —_ 0.68 [-0.40, 1.76]

RE Model L - 0.60 [ 0.30, 0.89]
T RE Model - 0.55 [ 0.34, 0.75]
= 5

T T T T T 1
-1 0 1 2 3 4

Favours No Exercise

Fig.3 Pooled effect size estimates (standardized mean differences
and confidence intervals) for postprandial glucose. Overall effects for
post-meal exercise in comparison to a no-exercise control and effects

4 Discussion

This systematic review with meta-analysis was the first to
directly compare the effects of pre-meal and post-meal exer-
cise to a no-exercise control by including only three-armed
study designs. We found evidence that exercise after meal
ingestion is feasible for lowering postprandial glucose excur-
sions in humans with and without type 2 diabetes compared
with a no exercise control. Our data, furthermore, show that
post-meal exercise is more beneficial to cope with postpran-
dial glucose excursions than pre-meal exercise. Exercise
prior to a meal ingestion showed no significant effect on
postprandial blood glucose compared to an inactive control.

Engaging in PA during the postprandial metabolic
state after meal ingestion seems to be the most successful
approach to attenuate meal-induced blood sugar excur-
sions. The optimal time point to get active is as soon as
possible in the early postprandial phase (0-29 min after
meal). Despite the limited number of effect sizes, a trend
for lower effects of mid-postprandial activity (30-120 min
after meal) was found. The study with the longest duration
between eating and activity (60 min) even showed a trend
for better effects of walking prior to meal ingestion on

Favours Post Meal Exercise

for subgroups with and without type 2 diabetes mellitus are displayed.
HIT high-intensity interval, * indicates that exercise is delayed by
30 min after a meal

postprandial hyperglycemia in patients with type 2 diabe-
tes [12]. One study, to date, has compared activities in the
late postprandial state (> 120 min after meal) and reported
beneficial effects of exercise at a time interval of upto 5 h
from eating [23], but based on the available evidence a
superior effect compared to exercise closer to eating seems
unlikely. Overall, these findings on exercise timing indi-
cate that insulin independent clearance of glucose from
the bloodstream might be most efficient immediately after
oral glucose uptake [24]. Although insulin-independent
GLUT-4 glucose transporter expression on the muscle-cell
membrane could also increase glucose uptake following
activities which induced intracellular glycogen replenish-
ment, other mechanisms such as increased enzyme linked
substrate metabolization and skeletal muscle blood flow
are more likely to affect glucose spikes just whilst they are
appearing [24]. Additionally, exercise-induced mecha-
nisms, such as excess post-exercise oxygen consumption,
replenishment of phosphagen system, and lactate process-
ing [25], could lead to larger effects in the postprandial
state with excess glucose availability. One of the included
studies reported that multiple short exercise bouts dur-
ing the postprandial state seem to be more effective than
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Fig.4 Pooled effect size estimates (standardized mean differences
and confidence intervals) for postprandial glucose. Overall effects for
pre-meal exercise in comparison to a no-exercise control and effects

a duration-matched single bout of pre-meal or post-meal
exercise in regulating hyperglycemia [21]. Comparable
results can be found in a study comparing the effect of
exercise in the fasted state to multiple exercise breaks after
meal ingestion [26]. This study could additionally con-
firm an influence of the calorie amount of a self-selected
breakfast on the postprandial glucose response and the
effect of post-meal exercise [26]. Because of the different
types and standardizations of the amount of food in the
included studies, we could not systematically analyze the
influence of factors such as caloric content, food type, or
macronutrient composition in our meta-analysis. There is
clear evidence that exercise intensity and duration have an
impact on the glucose-lowering effect of exercise in people
with type 2 diabetes [23, 27, 28]. However, duration, type,
and intensity of exercise did not influence the differences
between the effects of pre- meal and post-meal exercise
on postprandial glucose in our moderator analysis. The

Favours No exercise

for subgroups with and without type 2 diabetes mellitus are displayed.
HIT high-intensity interval

interpretation of our results must take into account the
small number of studies and the narrow range of inten-
sities, with only one study of light PA (standing) [11],
applied in different types of activity. Overall, more evi-
dence is needed concerning the interaction and influence
of the meal taken and the exercise session performed.
Some of the included studies allow further insights into
metabolic differences between pre- and post-meal exercise
based on indirect calorimetry and blood-based assessments.
Respiratory exchange ratios indicate that the energy sources
during both exercise types were a combination of fatty acids
and glucose [11, 12, 17, 19, 22]. A direct comparison of pre-
and post-meal exercise shows higher respiratory exchange
ratio [12, 22], carbohydrate oxidation [19, 22], and lactate
values [19] during post-meal exercise. In line with these
findings, an early study by Schneiter and colleagues already
detected increased carbohydrate use but decreased fat turno-
ver if exercise was applied after meal ingestion compared
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with pre-meal exercise [29]. Based on the combination of =~ whereas muscle glycogen (65%) and lipids (35%) were used
indirect calorimetry and labeled glucose (BC) glucose), this during exercise in the fasted state [29]. These results sug-
group further showed that exogenous glucose was the main  gest that beneficial effects of post-meal exercise might be
source of energy during exercise in the postprandial state
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induced by a shift in substrate utilization and the insulin-
independent use of the glucose directly after ingestion.

Contrary to the ongoing trend towards exercise in the fasted
state and the assumption that this approach might lead to lower
blood insulin and beneficial changes in lipid metabolism [30],
the postprandial glucose values obtained in this meta-analy-
sis point towards the opposite direction. One of the included
studies analyzed glycemic response and additional metabolic
outcomes and reported a larger favorable effect of post-meal
exercise on insulin secretion and blood triacylglycerol levels
[17]. Contrary to these findings, a study of the effects of pre-
meal exercise compared to multiple post-meal exercise bouts
reported favorable effects on postprandial lipoprotein metabo-
lism only for pre-meal exercise [31]. To explain the discrepan-
cies between research on fasted exercise [30] and our data on
pre- and post-meal exercise, differences in study design and
especially in dietary stimuli have to be considered. A number
of studies included in the review by Hansen et al. [30] included
a standardized meal only in the study arm with postprandial
exercise. Consequently, these studies compared the metabolic
response to exercise in the fasted state over a standardized time-
frame (during which the participants continued fasting) with
the response to exercise after meal ingestion over an identical
amount of time in the postprandial state. Using this approach,
the caloric intake and therefore the metabolic stimulus during
trial arms are not comparable. Consequently, further studies are
needed to evaluate the effects of exercise before and after meal
ingestion on insulin and fat metabolism.

As only eight studies with 15 effect sizes were available
to be analyzed following our rigorous inclusion and exclu-
sion criteria, the number of included studies was quite small.
Moreover, the studies included showed a high individual risk
of bias. Conversely, publication bias seemed to be low. Based

Standardized Mean Difference

on the small number of studies, the descriptive data, the funnel
plot, and the rating, we found no clear indicators for problems
relating to heterogeneity, sample size, or publication bias. Con-
sequently, we performed no sensitivity analysis. On the sub-
group level, our main finding concerning the direct comparison
between pre-meal and post-meal exercise was only confirmed
for healthy participants. The meta-analysis on participants
with type 2 diabetes included only five effect sizes out of four
studies and showed a significant effect of post-meal exercise
compared with a no-exercise control (and no effect of pre-meal
exercise compared to a control) but only a tendency to benefi-
cial effects of post-meal exercise compared to pre-meal exer-
cise. Although the lack of statistical significance could at least
partially be explained by the small number of studies and the
long delay of up to 60 min between meal ingestion and exercise
(meal exercise timing) in two of the five included trials [12],
there are some metabolic factors that need to be considered
as possible alternative explanations. Aside from lower insulin
sensitivity in various tissues including skeletal muscle cells and
higher pancreatic insulin release, type 2 diabetes is also linked
to mitochondrial dysfunction and decreased oxidative enzyme
capacity, which could lead to a lower rate of glucose turnover
during exercise even with comparable relative intensity [32].
Another explanation for the less pronounced effects compared
with healthy participants could be that most of the included
participants with type 2 diabetes were receiving oral medica-
tion such as metformin, which is reported to inhibit complex I
of the mitochondrial electron transport chain [33] and blunt the
exercise-related upregulation of AMP-activated protein kinase.
Earlier studies reported evidence that these interactions might
constrain exercise effects [34, 35]. Furthermore, patients with
diabetes are likely to be unaccustomed to physical exercise
and therefore could have experienced a higher release of stress
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hormones including norepinephrine and epinephrine [18, 36].
One experimental trial reported that such a sympathoadrenal
reaction is even higher after postprandial exercise compared
with exercise in the fasted state [37]. As catecholamines have
a glucose-raising effect, they could limit the glucose-lowering
effect of exercise in patients with diabetes overall and lead to a
lesser advantage of post-meal activities. So far, only one study
has compared the effects of pre- and post-meal exercise in
patients with type 1 diabetes and reported a greater beneficial
impact of post-meal exercise on glucose excursions [38].

Regarding the practical relevance of our results, in addition to
the acute effects, the medium- and long-term effects of exercise
on metabolism must also be considered. Three of the included
studies [17, 19, 22] investigated sustained effects of a single bout
of exercise. Only one detected an acute influence on postpran-
dial glucose after the fourth meal following post-meal exercise
[19]. No effects on other subsequent meals [22] or on nocturnal
and morning glycemic control and fasting glucose values on the
next day (after exercise around dinner) [17] were found. These
data indicate that activities such as walking for 20 min should
be either undertaken after all meals or at least after meals in a
sedentary setting such as office jobs or in the evening.

A study of post-meal activity over a period of 2 weeks
indicates that the effect on postprandial hyperglycemia in
patients with type 2 diabetes is repeatable and has the high-
est impact on evening meals [39]. In line with the assump-
tion that postprandial hyperglycemia has the largest detri-
mental impact on elevated levels of HbAlc [6], long-term
studies with timeframes that range from 8 [40] to 12 weeks
[41] confirmed better effects for regular post-meal com-
pared with pre-meal training on HbAlc. In contrast, one
study reported beneficial effects of both exercise before and
after meal ingestion on various metabolic outcomes includ-
ing HbAlc but was not able to confirm a superior effect
of post-meal exercise with moderate intensity which was
completed in the mid-postprandial phase 1-2 h after the
meal [42]. Another study was not able to show beneficial
effects on glycemic variables when regular postprandial
PA was performed at only light-intensity over a timeframe
of 12 weeks [43]. Overall, this research indicates that regular
postprandial exercise with moderate intensity shortly after
meal consumption is likely to induce beneficial long-term
effects. However, based on the contradictory results, future
studies are necessary to further analyze the impact of exer-
cise prerequisites such as intensity and timing.

5 Conclusions

Exercise (such as 20 min of walking) has an acute benefi-
cial impact on postprandial hyperglycemia when undertaken
as soon as possible after a meal. Longer intervals between

eating and exercising weaken the effect on glucose levels.
Exercise prior to a meal does not blunt postprandial hyper-
glycemia. This effect seems especially relevant in sedentary
settings during working hours or in the evening in which
macronutrients are provided consistently through digestion
and the metabolism would be otherwise forced to store large
amounts of carbohydrates. Our data suggest that post-meal
exercise minimizes glycemic excursions in healthy humans
and patients with type 2 diabetes. Although the extrapola-
tion of the long-term effects based on our data is speculative,
earlier studies already suggest that decreased postprandial
glycemic load lowers the risk for low-grade inflammation
diseases (including type 2 diabetes, non-alcohol fatty liver
disease, and rheumatoid arthritis) [2, 3] and cardiovascular
diseases [4, 5]. Furthermore, the acute lowering effect of
post-meal exercise on the meal-induced hyperglycemia in
people with type 2 diabetes might improve long-term gly-
cemic control and reduce the likelihood of further health
consequences [18]. In summary, our evidence confirms that
the optimal time for PA around food intake is right after the
meal. Consequently, the saying should be rephrased to “After
dinner walk a while, after supper walk again”.
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