Sports Med (2015) 45:659-678
DOI 10.1007/s40279-014-0285-4

CrossMark

@

SYSTEMATIC REVIEW

Acute Exercise and Gastric Emptying: A Meta-Analysis
and Implications for Appetite Control

Katy M. Horner - Matthew M. Schubert -
Ben Desbrow * Nuala M. Byrne - Neil A. King

Published online: 15 November 2014
© Springer International Publishing Switzerland 2014

Abstract

Background Gastric emptying (GE) could influence
exercise-induced changes in appetite and energy intake. GE
also could contribute to changes in gastric symptoms and
the availability of nutrients during exercise, which will
subsequently affect performance.

Objective The objective of this review was to determine
the effects of acute exercise on GE using a systematic
review and meta-analysis. The most common parameters to
determine GE were selected, consisting of half-emptying
time and volume emptied. Oral-caecal transit time (OCTT)
was also examined.

Data Sources Research databases (PubMed, Scopus,
Google Scholar, EBSCOhost, SPORTDiscus) were sear-
ched through November 2013 for original studies,
abstracts, theses and dissertations that examined the influ-
ence of acute exercise on GE.

K. M. Horner and M. M. Schubert contributed equally to this work.

Electronic supplementary material The online version of this
article (doi:10.1007/s40279-014-0285-4) contains supplementary
material, which is available to authorized users.

K. M. Horner - N. A. King

School of Exercise and Nutrition Sciences and Institute

of Health and Biomedical Innovation, Queensland University
of Technology, Brisbane, QLD, Australia

K. M. Horner

Division of Weight Management and Wellness, Children’s
Hospital of Pittsburgh of UPMC, University of Pittsburgh School
of Medicine, Pittsburgh, PA, USA

M. M. Schubert - B. Desbrow

School of Allied Health Sciences and Research

Centre for Health Practice Innovation, Griffith University,
Gold Coast, QLD, Australia

Study Selection Studies were included if they evaluated
GE or OCTT during and/or after exercise and involved a
resting control trial.

Study Appraisal and Synthesis Initially, 195 studies were
identified. After evaluation of study characteristics and
quality and validity, data from 20 studies (35 trials)
involving 221 participants (157 men; 52 women; 12
unknown) were extracted for meta-analysis. Random-
effects meta-analyses were utilised for the three main
outcome variables, and effect sizes (ES) are reported as
Hedge’s g due to numerous small sample sizes.

Results Random-effects modelling revealed non-signifi-
cant and small/null main effect sizes for volume emptied
(ES = 0.195; 95 % CI —0.25 to 0.64), half-time (ES =
—0.109, 95 % CI —0.66 to 0.44) and OCTT (ES = 0.089;
95 % CI —0.64 to 0.82). All analyses exhibited significant
heterogeneity and numerous variables moderated the
results. There was a dose response of exercise intensity; at
lower intensities GE was faster, and at high exercise
intensities GE was slower. Walking was associated with
faster GE and cycling with slower GE. Greater volume of
meal/fluid ingested, higher osmolality of beverage and
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longer exercise duration were also associated with slower
GE with exercise.

The major limitation is that the majority of
studies utilised a liquid bolus administered pre-exercise to
determine GE; the relationship to post-exercise appetite
and energy intake remains unknown. Study populations
were also generally active or trained individuals. Further-
more, our review was limited to English language studies
and studies that utilised resting control conditions.
Conclusions These results suggest that exercise intensity,
mode, duration and the nature of meal/fluid ingested all
influence GE during and after acute exercise. The rela-
tionship of GE parameters with appetite regulation after
exercise remains largely unexplored. Further integrative
studies combining GE and alterations in gut hormones, as
well as in populations such as overweight and obese indi-
viduals are needed.

Limitations

Key Points

Exercise intensity, mode, duration and the nature of
meal/fluid ingested all influence variation in gastric
emptying (GE) results during and after acute
exercise.

GE could be one mechanism contributing to
exercise-induced changes in appetite, but at present
this linkage remains speculative.

1 Introduction

The influence of exercise on the digestive function of the
stomach has long been of interest, with reports of an
experiment by Roman Emperor Frederick II dating back to
the thirteenth century [1]. He was reported to have

“fed two men most excellently at dinner, one of whom
he sent forthwith to sleep, and the other to hunt; and
that same evening he caused them to be disembow-
elled in his presence, wishing to know which had
digested the better: and it was judged by the physi-
cians in favour of him who had slept.”—Coulton [1]
p- 243.

Given the current levels of obesity and the need to better
understand processes of appetite control and energy bal-
ance, research examining exercise-induced changes in
appetite and energy intake has become increasingly perti-
nent. While it is intuitive that exercise energy expenditure
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drives the motivation to eat—a view that may deter some
individuals from participating in physical activity [2]—this
relationship is complex [3-5]. King et al. [6] observed a
brief suppression of hunger and a delay in the onset of
eating following high-intensity exercise (70 % maximal
oxygen consumption [VOzmax]); an observation termed
‘exercise-induced anorexia’. Other studies have shown
similar findings [7-9], and a recent meta-analysis demon-
strated that energy intake during subsequent meals is not
increased to match the energy expended during exercise
[3]. This finding that individuals do not compensate with
increased food intake in response to acute exercise [3] has
since been confirmed through a systematic review of
energy intake responses to acute, short- and long-term
exercise [10]. However, various factors such as exercise
mode [11], intensity [12] and individual characteristics
including training status [3] or hedonic responses [13] to
exercise may moderate the relationship between exercise
and appetite.

To better understand changes in food intake with exer-
cise, underlying mechanisms have been characterised [9,
13-16], and among them alterations in gut physiology. In
particular, gastrointestinal (GI) peptides have been impli-
cated [9, 15, 16]. A recent meta-analysis indicated that
acute exercise suppresses acylated ghrelin levels by 16.5 %
and increases levels of peptide YY, glucagon-like peptide 1
and pancreatic polypeptide (by 9, 13 and 15 %, respec-
tively [16]. These peptides have a number of roles in
appetite regulation, including regulation of gastric motility;
regulation of glucose and insulin homeostasis; and control
of pancreatic, gallbladder, stomach and intestinal secre-
tions [17-23]. Although these hormonal responses to
exercise may be short-lived [16], these data suggest that
exercise can alter the release of gut peptides which could
influence gastric responses and affect appetite and energy
intake.

Given the integrative relationship between gut peptides
and gastric emptying (GE, the rate at which solids and/or
liquids empty from the stomach) in appetite control [24],
GE is an additional mechanism which could mediate
exercise-induced alterations in appetite and energy intake.
Ghrelin, an orexigenic peptide, acts to accelerate GE [25]
and a more rapid GE rate is in turn correlated with lower
postprandial ghrelin concentrations [26, 27]. In contrast,
peptide YY and glucagon-like peptide 1 act as satiety
signals and to inhibit GE [28]. In addition to hormonal
influences, mechanical or neural factors such as the relative
dominance of parasympathetic or sympathetic tone may
contribute to variable GE responses to exercise [29, 30].

GE, along with gastric accommodation (a vagally
mediated reflex that results in reduction of tone, and pro-
vides a reservoir for the meal) [31], plays a key role in the



Exercise, Gastric Emptying and Appetite

661

regulation of appetite [32]. As the stomach fills and sub-
sequently empties into the small intestine, a variety of
factors including gastric distension and intestinal exposure
of nutrients contribute to satiation and satiety [31, 32]. For
a detailed review of GE and appetite control see Janssen
et al. [32]. GE is also an important determinant of hydra-
tion status and carbohydrate stores during exercise [33, 34].
Furthermore, alterations in GE can contribute to GI upset
during exercise [35]. Several comprehensive reviews on
this subject have been published [36-39]. As a result, a
number of studies have examined the acute effects of
exercise on GE. The majority of evidence suggests that GE
is delayed during strenuous exercise [40—46] and acceler-
ated [29, 43, 47] or unchanged [48, 49] during mild to
moderate exercise. However, to the best of our knowledge,
the influence of variables which may moderate the rela-
tionship between exercise and GE have yet to be system-
atically examined. Furthermore, the majority of studies
have focused on improving performance in athletes by
manipulating the characteristics of the fluid and food. The
implications of exercise-induced alterations in GE for
appetite control and weight management have not been
widely examined.

The objectives of this review were to quantify the acute
effects of exercise on GE using meta-analysis and to dis-
cuss the relevance of findings in relation to appetite con-
trol. A systematic review of the research findings will
improve the current understanding of the acute effects of
exercise on GE and characterise any moderating factors
(including exercise characteristics and meal/fluid
properties).

2 Methods
2.1 Study Selection and Assessment Criteria

Major research databases (PubMed, Scopus, Google
Scholar, EBSCOhost, SPORTDiscus) were searched inde-
pendently by two authors (KH and MS) utilising the same
search strategy. Keyword searches were performed using
‘gastric emptying’, ‘orocecal transit time’, ‘gastric motil-
ity’, ‘mouth-to-cecum transit time’, ‘exercise’, ‘acute
exercise’ and ‘physical activity’. All review articles and
original papers had their references examined and cross-
checked. Abstracts of relevant papers were examined to see
if studies met the initial criteria of assessing GE (using one
of the following parameters: volume retained, volume
emptied, half-time and/or oral-caecal transit time [OCTT]).

Studies were then subjected to further scrutiny. Par-
ticipants were required to be non-smoking adults, with
no history of chronic disease or contraindications to

exercise. Selection criteria were not limited by study
duration, exercise intensity, exercise modality, or char-
acteristics of the test fluid/meal (i.e., fluid, solid, energy
content, carbonation). Studies without a control (resting)
condition were excluded. Studies with differing envi-
ronmental conditions or hydration status had data
extracted for rest and thermo-neutral conditions only.
Studies evaluating more than one parameter (e.g.,
simultaneous assessment of half-time and OCTT or half-
time and volume emptied) were analysed as separate
trials. Studies reporting volume retained were trans-
formed into volume emptied by subtracting the volume
retained from the initial bolus ingested.

2.2 Data Synthesis

Once a list of studies was identified and the full texts
obtained, studies were assessed independently for quality
and risk of bias using a previously developed 16-item
checklist [50]. All studies had the following information
extracted and recorded separately into a spreadsheet
(Microsoft Excel 2010, Microsoft Office): citation infor-
mation, parameter(s) used to assess GE and their asso-
ciated values (mean = standard deviation [SD],
mean = standard error of the mean [SEM], or median
and range), exercise characteristics (duration, mode and
intensity), beverage/meal characteristics (volume, energy
content, time of ingestion, carbohydrate concentration,
osmolality and form) and participant information. Studies
reporting SEM had their values converted to standard
deviation. For studies with non-parametric data reporting
median and range, the equations of Hozo and colleagues
[51] were used to estimate mean and SD. Aggregation
and calculation of final results was conducted by one
author (MS).

Exercise intensity was not consistently reported among
the studies, so the following scheme was used to classify
exercise bouts: low (<40 % VO,/maximal heart rate
(HR,,,,)). moderate (40-70 % VO;/HRp,) and high
>70 % VO, /HRpax). Information on participant fitness
was also not consistently reported, so it was decided to
classify participants as untrained, recreationally active, or
trained. If a study provided no information (qualitative
assessment or \'/Ozmax values), the exercise intervention
was examined and a subjective determination made by the
authors. For intubation studies using the double-sampling
technique that reported amount emptied at multiple time
points, the final time point only was used in analyses. This
was done to be consistent with the majority of studies that
aspirated gastric contents at a single time point at the end
of exercise. Meals were classified as liquid, solid, or mixed.
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2.3 Meta-Analysis Procedures

All extracted data were entered into software designed
specifically for meta-analyses (Comprehensive Meta-Ana-
lysis, version 2; Biostat, Englewood, NJ). The data entered
included sample sizes, mean values for the control and
exercise conditions with respective SDs, mean differences
between control and exercise trials and inter-trial correla-
tion coefficients. The inter-trial correlation coefficients
between control and exercise conditions were calculated as
previously described [52]. The median correlation coeffi-
cients were 0.63 for volume emptied, 0.511 for half-time
and 0.463 for OCTT.

Separate analyses were conducted for the following
parameters: volume emptied, OCTT and half-time. This
approach was taken due to the varying metrics for each
variable, as only variables with common metrics can be
assessed in a meta-analysis. The software calculated the
standardised difference in means to determine the effect
size (ES) and we report it as Hedge’s g for each study to
account for potential bias due to the small sample sizes in
the reviewed studies. ES was defined as <0.2 as trivial,
0.2-0.3 as small, 0.4-0.8 as moderate and >0.8 as large, as
per Cohen [53]. Random effects modelling was used
because it accounts for both within and between study
variability when estimating effects [54].

Heterogeneity was calculated as Cochrane’s Q and the I*
index. Values of 25, 50 and 75 % were used for the I ana-
lysis, and correspond to low, moderate and high heteroge-
neity, respectively [55]. For Cochrane’s Q, significant
heterogeneity is considered to exist when the Q value
exceeds the degrees of freedom (df) of the estimate [56].
Sensitivity analyses were conducted by excluding one study
at a time to examine if results were driven by any one study.

Subgroups analyses were conducted using characteris-
tics speculated or known to influence GE (determined a
priori), including exercise intensity, liquid/solid meal,
timing of energy intake and exercise mode. Meta-regres-
sions were conducted to examine covariates statistically
associated with estimated exercise effects on GE for
exercise duration, energy content and volume, percent
carbohydrate provided by the meal, and osmolality, where
applicable.

Publication bias was assessed using funnel plots. Where
there is no publication bias, studies are distributed evenly
around the mean ES because of random sampling error. The
trim-and-fill correction described by Duval and Tweedie
[57] was used to assess bias. This technique allows for the
computation and inclusion of potentially missing studies to
create symmetry about the overall mean ES.

Statistical significance was assumed as p < 0.05 in a
Z test analysis. The Z tests were utilised to examine if ES
were significantly different from zero.
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3 Results
3.1 Overview of Included Studies

The initial search identified 195 studies. After removing
duplicate studies and studies that failed to meet inclusion
criteria, 20 publications were included in the analysis
(Fig. 1). Two publications were conference proceedings
(abstracts; [58, 59]) and the remainder had been pub-
lished in peer-reviewed journals. The 20 publications
(Table 1) involved a total of 221 participants (157 men;
52 women; 12 unknown). Eight publications (12 trials)
reported half-time, eight publications (9 trials) reported
OCTT and nine publications (19 trials) reported volume
emptied (three of which were transformed from volume
retained).

3.2 Participant Characteristics and Exercise
Intervention Information

Many studies did not adequately report participant char-
acteristics. Twelve studies reported no information on
height, weight, body mass index (BMI), or body compo-
sition. The remaining eight either reported BMI or pro-
vided data that allowed it to be calculated. The median
among all studies was 22.2 kgem  (range 22-25.3).
Similarly, as discussed in the previous section (Sect. 2.2),
25 % of studies (n = 5) did not report on their participants’
fitness levels, generally using terms like ‘healthy’ or
‘active’. Seven studies provided either a direct statement
that participants were trained or values from a VOZmax test.
Seven of the remaining studies grouped their participants
into the ‘recreationally active’ category, and the final study
utilised untrained, sedentary individuals.

Eight studies measured GE using intubation tech-
niques, four using scintigraphy, three by '*C breath test
and one using ultrasonography (Table 1). Of those that
used intubation methods, two studies used a double
sampling technique [45, 58] and in the other six studies
the stomach was evacuated at a single time point [42, 43,
47, 49, 60, 61]. One study using a double sampling
technique reported half-time only [58] and the other
reported volume remaining every 10 minutes for
60 minutes [45]. Time of stomach evacuation in intu-
bation studies ranged from 15 to 120 minutes (med-
ian = 60 min). Six studies that used intubation
techniques also measured gastric secretions [42, 43, 47,
49, 60, 61]. One study did not state whether secretion
was measured [58] and one study involving intermittent
sprint exercise was unable to estimate secretions [45].
All eight studies that measured OCTT used the breath
hydrogen method [29, 62-68].



Exercise, Gastric Emptying and Appetite

663

Initial search: 195 studies identified

3| 20 review articles/textbook chapters excluded

— 50 non-relevant studies excluded on title

A 4

Abstracts examined: 125 studies

\ 4

75 studieslacked an exercise trial

15 studies excluded on parameter
-antral area
-time-to-peak enrichment

-not reported

A 4

Full-text retrieved and examined: 35 studies

9 studies had no resting control condition

4 studies conducted without thermoneutral conditions

A 4

Included in analysis: 20 studies

Fig. 1 Flow chart of study selection

Ten studies assigned exercise intensity as a percentage
of maximal heart rate or oxygen consumption (Table 1).
Two studies used percentage of maximal power output. Six
used absolute speeds for treadmill walking (3.2—6.2 km/h)
or running (13.3 km/h). One study used low-resistance/
cadence cycling (33 rpm) and the final study used incre-
mental exercise to 750 kpm/min (125 W). Duration ranged
from 15 to 180 minutes (median = 75 min). Most studies
utilised continuous exercise, although two utilised inter-
mittent bouts [29, 45].

Ten studies utilised cycling as the mode of exercise [29,
42, 45, 49, 58-60, 65, 66, 68], two utilised running [47,
69], five utilised walking [62—-64, 70, 71] and the remaining
studies compared modes of exercise (one running/walking
[43] and two running/cycling [61, 67]).

2 studies lacked sufficient information for meta-analysis

Thirteen studies provided participants with a liquid load,
four used a solid meal and three involved a mixed meal.
Energy content and volume ranged from 0-900 kcal and
40-1220 mL, respectively (medians = 248 kcal and
400 mL). Thirteen studies had participants ingest the meal
pre-exercise, four during exercise, one post-exercise and
two at all time points (liquid meals pre-/post-exercise and
carbohydrate-electrolyte  beverages (CHO-E) during
exercise).

3.3 Meta-Analysis
Individual study statistics for each meta-analysis are

available in the Electronic Supplementary Material [ESM],
Tables S1-S3.
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3.3.1 Volume Emptied

The meta-analysis revealed a trivial mean effect in favour
of accelerated emptying of a fluid bolus ingested during or
before exercise (Hedge’s g = 0.195, p = 0.392; 95 % CI
—0.25 to 0.64, n = 19; Fig. 2) with a high degree of het-
erogeneity (Cochrane’s Q = 174.46, df = 18, p < 0.001;
I? = 89.7 %). Sensitivity analyses showed that removal of
individual studies had minimal influence on the mean
effect.

Analysis of the moderator variables is displayed in
Table 2. A number of grouping factors influenced the
volume emptied during exercise. Intensity showed a dose—
response effect, such that ES decreased as intensity
increased (i.e., less volume emptied). The volume emptied
in studies in which fluid was ingested during exercise
(n = 5 trials) was significantly less than in studies in which
the fluid bolus was ingested pre-exercise (n = 14). Whe-
ther the fluid bolus was water or a caloric beverage did not
influence GE with exercise. Finally, less volume was
emptied during cycling exercise than running and walking.
Meta-regression analyses showed inverse relationships
between volume ingested and volume emptied with exer-
cise; duration of exercise and osmolality also showed

Fig. 2 Forest plot of effect size
(Hedge’s g [95 % CI]) of
studies reporting volume
emptied. CHO carbohydrate,
GE gastric emptying, I/M
intermittent exercise, VOzmax
maximal oxygen consumption

Leiper et al. 2001 (/M cycle 75 % VO2max)-
Leiper et al. 2001 (I/M cycle 66 % VO2max)-
Leiper et al. 2001 (Cycle 66 % VO2max)-
Houmard et al. 1991 (CHO-Bike)4

Houmard et al. 1991 (CHO-Run)+

Houmard et al. 1991 (H20-Bike)

Houmard et al. 1991 (H20-Run)

Neufer et al. 1989 (Run 75 % VO2max)-
Neufer et al. 1989 (Run 65 % VO2max)-
Neufer et al. 1989 (Run 57 % VO2max)-
Neufer et al. 1989 (Walk 56 % VO2max)-
Neufer et al. 1989 (Walk 41 % VO2max)-
Neufer et al. 1989 (Walk 28 % VO2max-
Mitchell et al. 1989

Neufer et al. 1986 (7.1% CHO)

Neufer et al. 1986 (5% CHO)+

Neufer et al. 1986 (H20)-

Feldman & Nixon 1982

Ransbottom & Hunt 1974+

Mean-

inverse relationships with volume emptied with exercise
(Fig. 3a—c).

Assessment of publication bias via inspection of the
funnel plot and use of the trim-and-fill correction showed
minimal publication bias and a symmetrical distribution
about the mean (ESM, Figure S1).

3.3.2 Half-Time

The meta-analysis for half-time revealed a trivial mean
effect for accelerated half-time (Hedge’s g = —0.109,
p =0.698; 95 % CI —0.66 to 0.442, n = 12; Fig. 4a).
There was significant heterogeneity among these studies
(Cochrane’s 0 = 116.232, df = 11, p < 0.001;
I* = 90.5 %). Sensitivity analyses showed that removal of
individual studies had minimal influences on the mean
effect.

Analysis of the moderator variables is shown in Table 2.
There was a significant effect of intensity grouping, such
that half-time increased with increased intensity. There was
also a significant influence of exercise mode, with walking
significantly accelerating half-time compared with running
and cycling. Meta-regression of volume and ES (Fig. 5a)
showed a positive relationship, such that the larger the

Volume emptied
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Table 2 Moderator variable analyses for volume emptied, half-time, and OCTT

Moderator variable p value® Comparison

Volume emptied (n = 19) (negative values indicate decreased volume emptied; i.e., slowed gastric emptying)
Exercise intensity <0.001 Low: 1.341 (95 % CI: 0.931 to 1.75; p < 0.001, n = 2)
Moderate: 0.596 (95 % CI: 0.149 to 1.043; p = 0.009, n = 10)
High: —0.738 (95 % CI: —1.033 to —0.433; p < 0.001, n = 7)
Exercise mode <0.001 Walking: 1.096 (95 % CI: 0.556 to 1.637; p < 0.001, n = 3)
Running: 0.529 (95 % CI: —0.106 to 1.164; p = 0.103, n = 8)
Cycling: —0.532 (95 % CI: —0.903 to —0.162; p = 0.005, n = 8)

Timing of ingestion 0.009 Pre-exercise: 0.443 (95 % CI: —0.038 to 0.924; p = 0.071, n = 14)
During exercise: —0.518 (95 % CI: —1.059 to 0.024; p = 0.061, n = 5)
Beverage 0.321 Water: 0.434 (95 % CI: —0.222 to 1.089; p = 0.195, n = 9)
Caloric: —0.026 (95 % CI: —0.655 to 0.603; p = 0.936, n = 10)
Study quality 0.001 Low: 0.664 (95 % CI: —0.126 to 1.454; p = 0.10, n = 5)

Moderate: —0.764 (95 % CI: —1.16 to —0.367; p < 0.001, n = 4)
High: 0.336 (95 % CI: —0.213 to 0.884; p = 0.231, n = 10)

Volume ingested 0.005 Slope: —0.00251 (95 % CI: —0.00427 to —0.00076)

Energy ingested 0.369 Slope: —0.00153 (95 % CI: —0.00488 to 0.00181)

% CHO ingested 0.502 Slope: —0.03079 (95 % CI: —0.12065 to 0.05908)

Exercise duration 0.0036 Slope: —0.01824 (95 % CI: —0.03053 to —0.00595)

Osmolality 0.007 Slope: —0.00464 (95 % CI: —0.00801 to —0.00126; n = 17)
Half time (n = 12) (positive values indicate increased half-time; i.e. longer half-time/slowed gastric emptying)

Exercise intensity <0.001 Low: —0.702 (95 % CI. —1.258 to —0.146; p = 0.013, n = 3)

Moderate: —0.281 (95 % CI: —0.879 to 0.316; p = 0.356, n = 6)
High: 0.817 (95 % CI: 0.285 to 1.348; p = 0.003, n = 3)
Exercise mode <0.001 Walking: —1.011 (95 % CI: —1.287 to —0.734; p < 0.001, n = 3)
Running: —0.156 (95 % CI: —0.911 to 0.598; p = 0.684, n = 1)
Cycling: 0.270 (95 % CI: —0.258 to 0.798; p = 0.316, n = 8)
Meal form <0.001 Solid: —0.368 (95 % CI: —0.934 to 0.198; p = 0.203, n = 5)
Liquid: 0.631 (95 % CI: —0.174 to 1.087; p = 0.007, n = 5)
Mixed: —1.032 (95 % CI: —1.341 to —0.723; p < 0.001, n = 2)

Timing of ingestion 0.808 Pre-exercise: —0.099 (95 % CI: —0.689 to 0.491; p = 0.741, n = 11)
Post-exercise: —0.223 (95 % CI: —1.020 to 0.575; p = 0.585, n = 1)
Study quality <0.001 Low: —0.438 (95 % CI: —0.917 to 0.041; p = 0.073, n = 17)

Moderate: —0.632 (95 % CI: —1.376 to 0.113; p = 0.096, n = 2)
High: 0.977 (95 % CI: 0.675 to 1.279; p < 0.001, n = 3)

Volume ingested (all studies) 0.0032 Slope: 0.00265 (95 % CI: 0.00089 to 0.0044)
Volume ingested (liquid-only) <0.001 Slope: 0.00577 (95 % CI: 0.0036 to 0.00794; n = 7)
Energy ingested 0.162 Slope: —0.00163 (95 % CI: —0.00395 to 0.00069)
% CHO ingested 0.403 Slope: —0.00636 (95 % CI: —0.02125 to 0.00853; n = 9)
Exercise duration 0.0839 Slope: —0.00743 (95 % CI: —0.01586 to 0.001)

OCTT (n = 9) (positive values indicate increased OCTT; i.e., longer/slowed transit time)
Exercise intensity 0.035 Low: —1.073 (95 % CI: —2.52 to 0.369; p = 0.145, n = 2)

Moderate: 0.074 (95 % CI: —0.851 to 0.999; p = 0.875, n = 3)
High: 0.755 (95 % CI: 0.319 to 1.191; p = 0.001, n = 4)
Exercise mode 0.017 Walking: —0.370 (95 % CI: —1.788 to 1.047; p = 0.609, n = 3)
Running: 1.136 (95 % CI: 0.641 to 1.631; p < 0.001, n = 1)
Cycling: 0.194 (95 % CI: —0.374 to 0.763; p = 0.503, n = 5)
Meal form 0.324 Solid: —0.288 (95 % CI: —0.752 to 0.176; p = 0.224, n = 3)
Liquid: 0.259 (95 % CI: —0.724 to 1.242; p = 0.517, n = 6)

@ Springer



670

K. M. Horner et al.

Table 2 continued

Moderator variable p value® Comparison

Timing of ingestion <0.001 Pre-exercise: —0.297 (95 % CI: —1.264 to 0.670; p = 0.547, n = 5)
Pre-, during, and post-exercise: 0.944 (95 % CI: 0.623 to 1.265; p < 0.001, n = 3)
Post-exercise: —0.479 (95 % CI: —1.242 t0 0.284; p = 0.218, n = 1)

Study quality 0.007 Low: 0.045 (95 % CI: —0.585 to 0.675; p = 0.88, n = 3)
Moderate: —0.384 (95 % CI: —1.752 to 0.985; p = 0.583, n = 4)
High: 1.047 (95 % CI: 0.677 to 1.416; p < 0.001, n = 2)

Volume ingested (all studies) 0.153 Slope: 0.00096 (95 % CI: —0.00036 to 0.00227)

Volume ingested (liquid-only) 0.227 Slope: 0.00113 (95 % CI: —0.0007 to 0.00297; n = 6)

Energy ingested 0.558 Slope: 0.00069 (95 % CI: —0.00163 to 0.00302)

% CHO ingested 0.982 Slope: 0.0044 (95 % CI: —0.03676 to 0.03764; n = 7)

Exercise duration 0.403 Slope: —0.00695 (95 % CI: —0.02324 to 0.00934)

CHO carbohydrate, OCTT orocecal transit time

4 p value indicates significance of between-group differences or of meta-regression

ingested volume, the longer the half-time (i.e., slower GE)
with exercise. The relationship was stronger when studies
providing solid food were excluded (Fig. 5b).

Assessment of publication bias via inspection of the
funnel plot and use of the trim-and-fill correction showed
minimal publication bias and a symmetrical distribution
about the mean (ESM, Figure S2).

3.3.3 OCIT

The final meta-analysis for OCTT revealed a trivial mean
effect of increased OCTT (Hedge’s g = 0.089, p = 0.811;
95 % CI —0.638 to 0.816, n = 9; Fig. 4b). Considerable
heterogeneity existed among these studies (Cochrane’s
Q = 12195, df = 8, p < 0.001; I* = 93.4 %). Sensitivity
analysis revealed that a study by Keeling and Martin [62]
unduly influenced the results. Its removal increased the ES to
moderate values and indicated prolonged OCTT (g = 0.345).

Analysis of the moderator variables is shown in Table 2.
As with the prior two analyses, intensity was a significant
moderator with increasing intensity increasing OCTT (i.e.,
slower GE). OCTT during running was significantly slower
than walking or cycling (p = 0.028). Finally, when energy
was ingested before, during and after exercise, compared
with only before exercise, OCTT was significantly slower.
None of the meta-regression analyses were significant.

Publication bias was detected for this analysis, with the
trim and fill correction suggesting one study was needed
to create symmetry around the mean. However, this study
would need a large negative ES (g = —1.3) (ESM,
Figure S3).

3.4 Study Quality

Utilising the scale developed by van Rosendal and col-
leagues [50], studies were evaluated for overall quality

@ Springer

using a 16-item checklist, by allocating a percentage
score calculated by dividing the total number of ‘yes’
items by the number of ‘non-applicable’ items and
multiplying by 100. Of the 20 studies, ten were scored
as ‘low quality’ (<40 %), six were of ‘moderate quality’
(<60 but >40 %) and four were of ‘high quality’
(=60 %) (ESM, Table S4). When quality was analysed
as a moderator variable (Table 2), it was found to be a
significant moderator for all three meta-analyses. For
volume emptied, low (g =0.664; n=35) and high
(g = 0.336; n = 10) quality studies indicated increased
volume emptied with exercise, while studies of moderate
quality did not (g = —0.764; n = 4). As for half-time,
low- (g = —0.438; n = 7) and moderate- (g = —0.632;
n = 2) quality studies tended to indicate a faster half-
time compared with high-quality studies (g = 0.977;
n = 3). Finally, for OCTT, high- (g = 1.047; n =2)
quality studies indicated delayed OCTT compared with
studies of moderate (g = —0.384; n=4) and low
quality (g = 0.045; n = 3).

4 Discussion

Changes in GE with exercise could have implications for
appetite control, postprandial glycaemia, fluid/nutrient
availability and GI symptoms. To the best of our knowl-
edge, this is the first meta-analysis of the acute effects of
exercise on GE. Collectively, it shows that there are a
number of factors that influence GE with acute exercise.
Although we observed small/null main effect sizes for GE
and OCTT responses to exercise, numerous variables
moderated the results in directions expected to attenuate
gastric emptying with exercise. These included exercise
intensity, mode and duration, and the volume and osmo-
lality of the meal/fluid ingested.
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4.1 Exercise Intensity

Exercise intensity significantly impacted on variation in
findings. GE and OCTT were slower at higher intensities

a 21
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Fig. 3 Meta-regressions of a volume ingested and effect size,
b exercise duration and effect size, and ¢ osmolality and effect size
for volume emptied. GE gastric emptying

(>70 % VO,max) compared with rest. In contrast, at lower
intensities (<40 % VOz /HRp.x), a greater volume was
emptied indicating a faster GE (Table 2). Although the
small number of low-intensity trials included in the present
analysis should be acknowledged, the findings are consis-
tent with the majority of the literature to date. Two of the
earliest documented studies suggested that mild to mod-
erate exercise accelerates GE, while strenuous exercise
inhibits emptying [40, 72]. Since then, a number of studies
have examined the effects of exercise on GE at different
intensities [29, 40-47]. Neufer and colleagues [43] com-
pared the effects of exercise intensity on GE and reported a
slower GE with exercise at >75 % VOzmaX and an
accelerated GE with both walking (at 28, 41 and 56 % of
VO,max) and running (at 57 and 65 % VO,max). Fur-
thermore, GE is delayed with high-intensity intermittent
exercise [45]. However, there is some disparity in findings
regarding moderate-intensity exercise as others have shown
GE to be unchanged [49, 68]. The results for the sub-group
analysis for moderate exercise studies assessing volume
emptied showed accelerated emptying but to a lesser
degree than the magnitude observed for low-intensity
exercise. Our findings support an inverse relationship
between graded exercise intensity and GE [73], such that at
lower intensities GE is faster, at moderate intensities the
effect is less strong and consistent, and at high exercise
intensities GE is slower.

4.2 Exercise Mode

Exercise mode also impacted on inconsistencies between
studies. GE was faster with walking compared with other
modes (cycling and running). Moore et al. [70] reported
that compared with standing, light (3.2 km/h) and moder-
ate (6.4 km/h) walking enhanced GE of a solid meal by 39
and 55 %, respectively. One explanation is that walking-
induced increases in GE could be due to the inherently
lower intensity associated with walking and a less domi-
nant sympathetic drive. Two studies have directly com-
pared running versus cycle exercise at the same intensity
(at 70 % VO,max [67] and 75 % VO,max [61]) and found
no difference in GE between cycling and running [61, 67].
Although for OCTT our findings demonstrate a slower
transit time with running, this analysis is limited by the
inclusion of only one study in the running subgroup.
Slower GE or OCTT could contribute to GI distress, which
is evident particularly in endurance running [39, 74, 75].
Overall, the present meta-analysis indicates GE is faster
with walking. Further studies directly comparing cycling,
running and walking exercise across a range of intensities
are required to better understand the relative influence of
exercise mode and exercise intensity on GE and OCTT.
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Furthermore, to the best of our knowledge, the effects of
resistance exercise, swimming and other exercise modes on
GE have yet to be reported.

4.3 Exercise Duration

The studies included in the present meta-analysis involved
a broad range of exercise durations (15-180 min) and
meta-regressions revealed an inverse relationship between
exercise duration and volume emptied. This would suggest
that as exercise duration increased, GE was slower. One
potential mechanism could be a reduction in gut blood flow
as exercise continues [36, 76]. However, as exercise
duration did not influence variation in GE half-time or
OCTT and the included studies did not cover a continuum
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Effect size (Hedge's g [95 % CI])

Increased OCTT
(Decelerated OCTT) —

<—Decreased OCTT
(Accelerated OCTT)

of exercise durations, this finding should be interpreted
with caution and the influence of exercise duration on GE
requires further study.

4.4 Meal and Beverage Properties

Meal and beverage properties such as meal volume [77],
osmolality [78], energy content [79] and carbohydrate
concentration [78, 80] are factors known to influence GE.
In the present review, meta-regressions indicated that
volume ingested and osmolality were associated with var-
iation in findings. As the volume ingested increased,
exercise had a greater effect on delaying GE (volume
emptied and half-time). This contrasts with findings from
within the same experiments which have consistently
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Fig. 5 Meta-regression of a volume ingested and effect size for half-
time and b volume ingested and effect size for studies of half-time
that were liquid-only. GE gastric emptying

demonstrated that increasing volume ingested is associated
with faster GE during exercise and rest [48, 77, 81]. One
possible explanation is the larger volumes (>600 mL)
ingested in five of the studies that were included in our
meta-analysis reporting volume emptied [42, 45, 49, 60,
61]. Faster GE has been reported to occur with increasing
volume ingested to a threshold level; at volumes ingested
above 600 mL, GE begins to slow [48, 82]. In addition,
meta-regressions explain variation in effect sizes of GE
responses to exercise compared with rest, rather than var-
iation within the same conditions. It could be speculated
that a slower GE may only be detected with exercise
compared with rest, when the meal/liquid ingested provides
a sufficient functional challenge to the gut. Indeed, under
resting conditions, variability in GE may go undetected if
the test meal does not challenge motility [83]. Similar to
volume ingested, meta-regression analysis revealed
increased osmolality was associated with a slower GE
during exercise. These findings are consistent with the
previously well documented effects of slower GE with
increased osmolality [48, 78]. Collectively, the present
findings suggest that large volumes ingested and/or

increased osmolality may increase the inhibitory effect of
exercise on GE.

4.5 Mechanisms

GE responses during exercise are likely a result of complex
interactions of neural, hormonal and mechanical influences.
Mechanisms proposed which could contribute to exercise-
induced alterations in GE include changes in contraction
frequencies, antral area [84] and gastric myoelectrical
activity [85, 86]; hormonal [45, 47, 61] and neural factors
(mainly vagal in origin) [29]; alterations in gut blood flow
[43]; and the mechanical effects of ‘bouncing of the gut’ [43,
45, 47, 87] during exercise. Splanchnic blood flow is
decreased by up to 80 % at an exercise intensity of 70 % of
VO,max [88]. Limited GI blood flow may result in a
diminished availability of oxygen and energy sources [89]
and this local hypoxia of the GI tract could in turn result in an
enhanced release of some gastroenteropancreatic hormones
and subsequently delayed GE [90]. The relative dominance
of sympathetic/parasympathetic activity is also influenced
by exercise conditions [91]. During moderate intensity
exercise, the vagal nerve appears to have a critical role in
accelerating GE [30]. In addition, more powerful and stable
gastric myoelectrical activity following moderate exercise
could contribute to a faster GE [86, 92]. Different mecha-
nisms may therefore have roles of varying relative impor-
tance depending on certain aspects of experimental
methodology such as the relative exercise intensity.

4.6 Implications for Appetite Control

The role of gastric function in appetite control has been of
interest for over a century [93]. GE plays an important role
in the regulation of gastric distension and intestinal expo-
sure of nutrients and hence control of satiation and satiety
[32]. During resting conditions, GE is associated with
appetite and energy intake [94-97]. However, despite early
reports that gastric contractions associated with hunger
were unaffected by walking but inhibited by running [98],
few exercise studies have assessed appetite or energy
intake in conjunction with GE or OCTT. Of the twenty
studies in our analysis, only five included an assessment of
hunger or fullness [58, 60, 61, 68, 71] and none reported
energy intake. In one study, GE was accelerated by 12 %
with postprandial walking but fullness and satiety were
unchanged [71]; in another, fullness ratings were assessed
at one time-point only [61], and in the other three of these
studies GE was unchanged with exercise [58, 60, 68].
Evans et al. [58] assessed liquid GE and hunger ratings
following either 30-min cycle exercise (at high intensity
and low intensity) or rest. Although the authors observed
no difference in GE between conditions, hunger in the hour
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after fluid ingestion was strongly and negatively correlated
with total stomach volume after exercise. It was concluded
that perceived hunger sensations and GI function appear
closely linked. Mitchell and Voss [77] have shown similar
findings, such that a greater volume retained in the stomach
was associated with increased fullness during exercise.
However, this study was not included in the present ana-
lysis due to a lack of a resting control condition. Therefore,
while these studies suggest a link between GE and changes
in appetite with exercise, overall, the specific relationship
between exercise-induced changes in GE and appetite is
inconclusive, mainly due to the lack of appetite and energy
intake data reported in the majority of exercise GE studies.

The evidence suggests that exercise intensity moderates
GE, leading to speculation that GE could contribute to
exercise-induced changes in appetite. We observed a sig-
nificant effect size towards delayed GE with high-intensity
exercise (>70 % VO,max) and it has previously been well
documented that exercise >70 % VOzmax causes a transient
suppression in hunger and does not automatically increase
food intake for most individuals [3, 6-9, 99, 100]. As sen-
sations of fullness and gastric distension are closely related
[101, 102], delayed GE resulting in greater or prolonged
gastric distension could be one mechanism contributing to
exercise-induced anorexia with high-intensity exercise.
Further study is required to examine whether exercise-
induced changes in GE have a role in exercise-induced
anorexia. The temporal patterns of changes in GE in relation
to appetite, gut peptides and energy intake are also important
to consider and are likely to depend on a number of factors
such as the timing of measurement and meal ingestion. As
only a few studies have examined GE rates after exercise,
relationships to post-exercise appetite are speculative.

The potential implications of alterations in GE with
exercise for health and weight loss are nevertheless worth
considering. For example, it is possible that weight loss
strategies could be enhanced by optimally timing exercise
bouts relative to meals, such that higher intensity exercise
performed in the postprandial period may extend the sati-
ating effects of a meal [99]. On the other hand, evidence of
faster GE with walking could have clinical applications for
those with problems of postprandial fullness, gastric
symptoms or other conditions such as delayed GE associ-
ated with diabetes. Such individuals could potentially
benefit from low-intensity walking following food intake.
Further study is required in this area.

4.7 Limitations, Methodological Considerations
and Future Directions

As with all meta-analyses, the quality of the results is
dependent on the existing literature and there are a number
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of limitations which should be considered. A large number
of studies had to be excluded because they lacked a control
condition or were conducted in extreme ambient condi-
tions. In addition, over 50 % of the included studies were
rated as ‘low quality’. While ideally we would have
excluded these studies to reduce bias, we felt it was
important to retain them due to the limited literature, and
the use of subgroup analysis for study quality should have
controlled for this. Furthermore, the majority of studies
used a liquid bolus of water or a sports drink administered
before or during exercise. While these studies have added
considerable knowledge to how fluid and nutrient uptake is
regulated during exercise, their relationship with GE from
an appetite perspective must be considered with caution.
Exclusion of conditions with varying temperature, although
necessary for our analysis, also limits the generalisability
of our results. For example, GE and gut blood flow have
both been reported to be attenuated during and after exer-
cise in the heat, likely due to a greater shift of blood flow to
the skin to support the body’s thermoregulation [35, 76],
and this could be related to attenuations in energy intake
after exercise in warm conditions [103].

In interpreting findings, it is important to consider the
measurement technique used. As GE is often exponential,
the ideal method should reflect the kinetic nature of GE
over time. However, six studies included in our analysis
assessed gastric contents at a single time point [42, 43, 47,
49, 60, 61], meaning possible changes in the initial emp-
tying phase and total emptying times are unknown [34]. A
number of exercise studies have used modified versions of
a double sampling technique [104], which allows serial
measurements of gastric contents, but only two fit the
inclusion criteria for the present analysis [45, 58]. Others
were excluded due to insufficient information being
reported to allow for meta-analyses (e.g., inconsistent
outcome measures, results being presented graphically, no
SD) [34, 35, 48, 105, 106]. These studies are important to
acknowledge as they contribute greatly to knowledge on
various aspects of GE responses to exercise (e.g., dehy-
dration [35]). Although future meta-analyses of emptying
curves would be ideal if sufficient information is available,
the assessment of both volume emptied and half-time in
our analyses should reduce some of the limitations of
relying on one outcome measure.

While meta-regressions showed associations between
exercise duration, volume and osmolality of the meal with
GE effect size, the magnitude of contribution of each remains
to be determined. It is also important to note that the sub-
group analyses and meta-regressions were conducted to
examine the variance between studies and should not nec-
essarily be viewed as predictors of GE. Further, it should be
acknowledged that considering mean outcomes from trials is
a limitation inherent in meta-analyses. Following both acute
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and long-term exercise, there is considerable inter-individual
variability in biological and behavioural responses [14, 107]
and there are a number of individual factors that could
influence the effects of exercise on appetite including age,
sex, training status, eating behaviour traits and body com-
position. These characteristics were not provided in suffi-
cient detail to allow sub-group analyses in the present
analysis; as such, future studies examining responses to
exercise in different populations and characterising indi-
vidual differences would be of interest.

The influence of different levels of exercise intensity
when exercise volume and energy expenditure are matched
also require further study. Although evidence from acute
exercise studies suggests energy expenditure during exer-
cise is not associated with alterations in energy intake [3],
energy expenditure was reported inconsistently in GE
studies in the present analysis and therefore the relative
influence of energy expenditure, dose and intensity of
exercise on GE could not be determined.

Macronutrient content of the meal/beverage could also
influence exercise-induced changes in GE. Vist and Mau-
ghan [78] demonstrated a slower rate of GE with greater
carbohydrate content using the double-sampling technique.
Rehrer et al. [34] similarly demonstrated drink composition
to be a strong inhibitor of GE during rest and cycling.
However, carbohydrate content did not account for varia-
tion between study findings in the present analyses. One
explanation may be the range of concentrations in the
included studies (0-68 %) or that other moderating factors
had a greater role. Costill and Saltin [48] demonstrated that
when carbohydrate concentration exceeds 8 %, GE is
slower. In contrast to carbohydrate, protein and fat content
were either not reported or did not vary between the
majority of studies in the current analysis. Under resting
conditions, GE is slower following a high-fat compared
with a low-fat meal [108]. The influence of macronutrient
composition on GE, in particular dietary fat with exercise,
requires further investigation.

Relationships between GE, gut hormones and appetite
offer potential mechanisms contributing to alterations in
energy intake with exercise. To date, no study has exam-
ined GE, gut blood flow, gut hormones, appetite percep-
tions and energy intake during or after exercise.
Interactions between a reduced gut blood flow [88], alter-
ations in appetite-related peptides [16] and increased gas-
tric distension associated with a slowed GE may, for
example, explain the transient suppression of appetite [6-9]
that has been observed at higher exercise intensities. Inte-
grative studies examining the temporal pattern of changes
in these measures with different exercise conditions would
be the capstone of the last three decades of studies on post-
exercise appetite regulation, and results (combined with
emerging neuroimaging study results) could perhaps

support or refute the theories surrounding feeding behav-
iour post-exercise.

5 Conclusion

The current evidence base suggests that there are a number of
factors which moderate exercise-induced changes in GE. GE
appears to be accelerated with an acute bout of low-intensity
exercise, unchanged or accelerated by moderate-intensity
exercise and, at intensities above 70 % VOzmax, GE is
delayed. Walking was associated with faster GE compared
with cycling and running, whereas increased exercise dura-
tion, large volumes ingested and increased osmolality were
associated with a greater effect size towards delayed GE with
exercise. Exercise-induced changes in GE may provide one
mechanistic explanation for changes in appetite observed
with exercise, and as such have implications for weight
management and health. However, few studies have inves-
tigated exercise-induced changes in GE in relation to appe-
tite and food intake and therefore at present the specific
relationship is inconclusive. Future integrative studies
combining GE, gut hormone, appetite and energy intake
measurements are required.
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