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Summary

This systematic review examined the impact of exercise training interventions on

energy intake (EI) and appetite control in adults with overweight/obesity (≥18 years

including older adults). Articles were searched up to October 2019. Changes in EI,

fasting appetite sensations, and eating behavior traits were examined with random

effects meta-analysis, and other outcomes were synthesized qualitatively. Forty-eight

articles were included (median [range] BMI = 30.6 [27.0–38.4] kg/m2). Study quality

was rated as poor, fair, and good in 39, seven, and two studies, respectively. Daily EI

was assessed objectively (N = 4), by self-report (N = 22), with a combination of the

two (N = 4) or calculated from doubly labeled water (N = 1). In studies rated fair/

good, no significant changes in pre-post daily EI were found and a small but negligible

(SMD < 0.20) postintervention difference when compared with no-exercise control
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groups was observed (five study arms; MD = 102 [1, 203] kcal). There were negligi-

ble-to-small pre-post increases in fasting hunger and dietary restraint, decrease in dis-

inhibition, and some positive changes in satiety and food reward/preferences. Within

the limitations imposed by the quality of the included studies, exercise training

(median duration of 12 weeks) leads to a small increase in fasting hunger and a small

change in average EI only in studies rated fair/good. Exercise training may also reduce

the susceptibility to overconsumption (PROSPERO: CRD42019157823).
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1 | INTRODUCTION

It is widely accepted that physical activity is an important component

of health and obesity management.1,2 Evidence demonstrates that the

degree of success of weight loss and weight loss maintenance in

people living with obesity is related to the amount of physical activity

performed measured by minutes spent or energy expended.3,4

Short-term controlled trials with supervised regular exercise can show

clear (but modest) effects on average loss of body weight and adipose

tissue.5 However, weight loss (or fat loss) cannot be guaranteed, and

the average fat loss in these trials usually masks a wide individual

range of values with some participants losing, for example, three times

the average, others maintaining weight, and a certain proportion even

gaining weight.6–8 Even in some studies that show a positive effect of

exercise intervention on weight loss, the degree of weight loss actu-

ally observed is often less than the weight loss theoretically expected

based on the amount of energy expended.9 All of these outcomes

depend on a number of factors, including the complex effects of exer-

cise on physiology.10

However, the most salient factor determining weight change is

that exercise, while obviously raising energy expenditure, also

exerts an action on energy intake. The idea that energy expenditure

influences appetite control was postulated more than 50 years ago

by Edholm et al.,11,12 who argued that “the differences between

the intakes of food must originate in the differences in energy

expenditure.”11,p. 297 In the last 10 years, it has been well docu-

mented that energy expenditure is a major driver of energy

intake.13,14 Although the major energy demand is generated by

resting metabolic rate (RMR),15,16 activity energy expenditure also

exerts a positive but weaker effect,17 and daily physical activity is

associated with daily food intake.18 These observations draw atten-

tion to the fact that exercise has an effect on both sides of the

energy balance equation: energy expenditure and energy intake.

Indeed, in their review, Thomas et al.9 conclude that “the small

magnitude of weight loss observed from the majority of evaluated

exercise interventions is primarily due to low doses of prescribed

exercise energy expenditures compounded by a concomitant

increase in caloric intake.” The ultimate effect of exercise on body

fat will depend therefore on the balance between these two forces,

and their capacity to generate a negative energy balance. In turn,

this outcome will be influenced by a complex interaction between

many factors (physiological and environmental). This account pro-

vides a background for considering the potential effects of exercise

on appetite control and ultimately on body fat. However, it is rec-

ognized that a relationship between a habitual daily level of activity

(as part of a permanent active lifestyle in lean active people) and

daily energy intake cannot be directly compared with the effects of

an imposed exercise regime in inactive individuals with obesity.19

This review is not concerned with the general relationship between

energy expenditure and energy intake (see Blundell et al.20 for

review) but is restricted to an examination of the effects of deliber-

ate and imposed (i.e., prescribed) exercise regimes of fixed durations

on energy intake in people with overweight or obesity. Research

suggests that effects observed may be increases, decreases, or no

effect21—depending on a complex set of prevailing circumstances.

In their systematic review, Donnelly et al.21 found that among

36 exercise intervention studies (not limited to people with over-

weight or obesity) ranging between 3 and 44 weeks for non-

randomized and 12 and 72 weeks for randomized trials, 92% of

nonrandomized and 75% of randomized trials reported no effect of

exercise training on energy intake.

In the context of the European Association for the Study of

Obesity Physical Activity Working Group, the primary aim of this sys-

tematic review was to examine the impact of exercise training inter-

ventions on energy intake and appetite control (appetite sensations,

eating behavior traits, and food reward) in individuals with overweight

or obesity. A secondary aim was to examine the effects of different

training modalities (aerobic training, high-intensity interval training

[HIIT], resistance training, combination of aerobic and resistance train-

ing) on energy intake and appetite control.

2 | METHODS

This systematic review follows the Preferred Reporting Items for

Systematic Reviews and Meta-Analysis (PRISMA) guidelines and

is registered in the PROSPERO database (registration number

CRD42019157823).
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2.1 | Search strategy

Four electronic databases (PubMed, Web of Science, Cochrane

Library, and EMBASE) were searched for original articles published up

to October 11, 2019 using the strategy “obesity AND physical activity

AND age AND energy intake AND appetite control.” Previous sys-

tematic reviews were screened to identify relevant subject headings

and key words to include within each subject category. The specific

key words used for the search are listed in Table S1. Limits were set

to include articles published in English. Reference lists from the

resulting reviews and articles were also screened to identify additional

articles.

2.2 | Study selection, inclusion, and exclusion

Articles were included if they involved adults (≥18 years including

older adults) with overweight (BMI ≥ 25 kg/m2) or obesity

(BMI ≥ 30 kg/m2) participating in physical activity interventions, that

is, exercise training. Studies focusing on the primary prevention of

weight gain/obesity were not included. The presence of the following

obesity comorbidities was not an exclusion criterion: type 2 diabetes,

hypertension, dyslipidemia, metabolic syndrome, liver disease

(NAFLD/NASH), and osteoarthritis. Those with the following com-

orbidities were excluded: cardiovascular disease (coronary artery dis-

ease, stroke, heart failure), cancers, rheumatoid arthritis, inflammatory

bowel disease, kidney failure, neuropathy, severe orthopedic disorders

(with important mobility limitations), intellectual deficiency, psychiat-

ric conditions, fibromyalgia, asthma, and sleep disorders. No minimum

intervention length criterion was applied. Exercise training programs

included sessions with one or more types of exercise (aerobic and/or

resistance and/or HIIT). Exercise sessions could be supervised, par-

tially supervised, or nonsupervised. Only exercise training interven-

tions were included as the combination with other interventions

(e.g., diet and cognitive behavioral therapy) may influence energy

intake and/or appetite control. Additionally, only exercise training

interventions where diet was free to vary were included in the energy

intake analysis. Comparators included no-exercise controls. Abstracts

and full texts were assessed for eligibility independently by two

authors (KB and JB) with uncertainty regarding eligibility discussed

among authors.

2.3 | Data extraction and synthesis

Data were extracted by two authors (KB and JB) using standardized

forms. The characteristics of each included article included reference,

study design, number of participants included in intervention and con-

trol groups, population characteristics (age, BMI, % female, com-

orbidities for intervention and control groups), description of

intervention (program duration, number of sessions/week, type of

training, supervision/delivery), comparison, setting (laboratory or free-

living), outcomes, and duration of follow-up.

The findings pertaining to energy intake, appetite sensations, eat-

ing behavior traits, or food reward of each included article are

reported. In addition, the study author's conclusion was extracted,

and the current authors' assessment of conclusion is provided for

each included article.

Effects on energy intake were examined using random effects

meta-analysis (Comprehensive Meta-Analysis version 3, New Jersey,

USA). A combined analysis on test meal energy intake and daily

energy intake was performed with standardized mean difference

(SMD), whereas another analysis specifically for daily energy intake

was performed with mean difference (MD). Effect sizes are reported

alongside their 95% confidence intervals and p values. Effect sizes

were considered large, medium, small, and negligible when SMD was

>0.8, between 0.5 and 0.8, between 0.2 and 0.5, and <0.2, respec-

tively.22 Heterogeneity was assessed using the I-squared statistic (I2),

with values interpreted as low (<25%), moderate (25%–75%), and high

(>75%).23 Publication bias was assessed with visual inspection of the

funnel plot, Egger's regression test, and Duval and Tweedie's trim-

and-fill method. Sensitivity analysis with the one-study-removed pro-

cedure was also performed. Medians (IQR) were converted into means

(SD) using the Excel spreadsheet from Wan et al.24 One study25

reported geometric mean as opposed to arithmetic mean. Energy

intakes reported in joules were converted into kilocalories.

Confidence intervals were converted into SD using the Cochrane

handbook formula.26 Data from figures were extracted in duplicate

using an online tool (WebPlotDigitizer; https://automeris.io/

WebPlotDigitizer/). When SD of change was not provided in addition

to SD baseline and postintervention26 or raw data not available, a pre-

post correlation coefficient of 0.6 was used as a conservative estimate

based on the calculated coefficients (range 0.49–0.86). The authors

were contacted if required data were not reported in the articles. In

the studies reporting data for both test meal and daily energy

intake7,27,28 or from subgroups in addition to the original groups,29,30

or from cross-over studies,31,32 sample size was halved to avoid

“double counting” of participants in the overall analyses (full sample

sizes were used for the daily energy intake analysis when test meal

data were omitted). Some studies in the systematic review were not

included in the meta-analysis due to inclusion of the same data in a

later study and/or in a larger sample size. Two approaches were used:

one for pre-post changes in energy intake in the exercise groups only

and another for the comparison of postintervention energy intake in

the exercise compared with control groups. There were not enough

studies to perform subgroup analyses on exercise mode, but explor-

atory subgroup moderation analyses were performed, when ≥5 effect

sizes were available per subgroup, to examine the effects of sex, exer-

cise dose/intensity, and energy intake methods. A restricted maximum

likelihood random-effects meta-regression was performed to assess

whether intervention duration influenced effects on energy intake.

Effects on fasting hunger and fullness, restraint, disinhibition/uncon-

trolled eating, and susceptibility to hunger scores are reported via

meta-analysis on pre-post changes in exercise groups only as not

enough data were available for comparisons with no-exercise control

groups. Other appetite-related outcomes, such as food reward, are
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reported as a qualitative synthesis, as assessment methods and study

designs varied quite markedly between studies.

2.4 | Quality assessment

To assess study quality, we used the tool developed by the National

Heart, Lung, and Blood Institute (USA) that has been previously used

for defining guidelines for the management of obesity.33 The original

assessment forms for controlled trials and single-group intervention

studies were used, and an adapted form was used for cross-over trials

based on the one for controlled trials. Four assessment items repre-

sented fatal flaws if answered “No/Not reported/Can't determine”:
for controlled/cross-over trials (i) randomization (#1), (ii) dropout rate

<20% (#7), (iii) valid/reliable outcome measures (#11), (iv) intent-to-

treat analysis (#14); and for single-group interventions (i) eligibility

criteria pre-specified (#2), (ii) sufficient sample size (#5), (iii) valid/reli-

able outcome measures (#7), (iv) drop-out rate <20% or intent-to-treat

analysis (#9). A global rating was determined based on the number of

fatal flaws: good quality (0 fatal flaws), fair quality (1 fatal flaw), or

poor quality (≥2 fatal flaws). Quality assessment was conducted inde-

pendently by two reviewers (KB and JB). Any disagreement between

the reviewers was resolved through discussion (with a third author

where necessary).

3 | RESULTS

Figure 1 illustrates the systematic review flow diagram. The database

search yielded 4561 articles, 3280 of which were eliminated based on

titles and abstracts alone. The full text was retrieved from 155 articles

and 48 satisfied the inclusion criteria.

3.1 | Study characteristics

The characteristics of the included studies are presented in Table 1.

The studies were published between 1982 and 2020. The studies

included randomized (n = 25) or nonrandomized (n = 5) trials, single-

group intervention studies (n = 15), and cross-over trials (n = 3).

Twenty studies included a no-exercise control group, six compared

different exercise modalities (e.g., aerobic, resistance, combined aero-

bic and resistance, and/or HIIT), eight compared different exercise

doses/intensities, four compared different exercise timing conditions

(relative to a meal or diurnal timing), two compared different races

(White vs. African American), and four compared noncompensators/

responders versus compensators/non-responders in terms of changes

in body weight in response to exercise training. The median (range)

total sample size of the included studies was 53 (3–439). The median

(range) age was 37 (20–62) years. Forty-six studies reported BMI at

baseline, with the median (range) being 30.6 (27.0–38.4) kg/m2. Males

and females were included in 26 studies,6,7,16,29–31,34–53 males only in

eight studies,27,28,32,54–58 and females only in 14 studies25,59–71; the

overall median percentage of females was 67% (0%–100%). Five stud-

ies included subjects with comorbidities: three with prediabetes,42–44

one with metabolic syndrome,57 and one with dyslipidemia.34

Interventions are described in detail in Table 1. Duration of exer-

cise training ranged from 2 to 72 weeks, with a median duration of

12 weeks, on median 5 (2–7) days/week. Endurance/aerobic training

was performed in 43 studies,6,7,16,25,27–30,34–41,44–51,53–71 resistance

training in five studies,34,42,43,52,55 a combination of aerobic and resis-

tance training in one study,34 and high-intensity interval training/

intermittent exercise in five studies.31,32,44,48,58 Exercise duration was

prescribed in minutes or energy expenditure (kcal), or relative to maxi-

mal aerobic capacity (VO2max) or heart rate (%HRmax, %HRreserve, or

ventilatory threshold [HRVT]). The median (range) exercise

F IGURE 1 PRISMA flow-chart
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prescription was 45 (30–111) min or 500 (233–600) kcal per session

at 70% (40%–75%) VO2max, 70% (60%–78%) HRmax, or 60% (55%–

75%) HRreserve. Exercise sessions were fully supervised in 32 studies,

partially supervised in six studies, not supervised in eight studies, and

not reported in two studies.

Settings included free-living (21 studies), laboratory (17 studies),

or a combination of the two (10 studies). Energy intake was reported

in 43 studies (as daily energy intake [38 studies; 31 included in

meta-analysis], single test meal intake [four studies; three included in

meta-analysis], preload-test meal paradigm [two studies]), and appe-

tite ratings in 19 studies (10 and nine included in meta-analysis on

fasting hunger and fullness, respectively). Three studies used the

satiety quotient to assess the strength of satiety, which is calculated

by dividing the change in hunger ratings before and after the test meal

by the amount of consumed energy at the test meal (mm/kcal).72

Eating behavior traits were reported in nine studies (eight, eight, and

six included in meta-analysis on restraint, disinhibition/uncontrolled

eating, and susceptibility to hunger measured by the Three-Factor

Eating Questionnaire/Eating Inventory,73,74 respectively) and food

reward in seven studies. In the 31 studies assessing daily energy

intake included in the meta-analysis, four measured it in the

laboratory objectively, 22 used self-reported measures, four used a

combination of objective and self-reported measures and one study

calculated it from doubly labeled water.

Except for one study which had a 6-month no-contact

follow-up,43 all studies assessed outcomes immediately after the

intervention.

3.2 | Study quality

Overall, study quality was rated as poor, fair, and good in 39 (81%),

seven (15%), and two (4%) studies, respectively (Table S2). The main

quality issues pertained to not properly reporting randomization or

blinding methods, drop-out rate >20% or did not report it, not using

valid and reliable assessment of outcome measures (e.g., for energy

intake), not performing ITT analyses, or not having a sample size justi-

fication. Forty of the 48 studies reported a high level of adherence.

3.3 | Study findings

The findings of the included studies are presented in Table S3.

3.3.1 | Energy intake

Exercise versus control groups

In 14 studies reporting daily energy intake that included a non-

exercising control group, a meta-analysis was performed to compare

postintervention daily energy intake between exercise and control

groups. Meta-analysis of 25 study arms (exercise N = 691 and control

N = 425) showed no postintervention difference between exerciseT
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and control groups (MD = −13 [−83, 58] kcal; p = 0.721). Heteroge-

neity was low (I2 = 6%, Q = 25, p = 0.383). Sensitivity analysis with

the one-study-removed procedure did not show any impact of a sin-

gle study on the overall effect. The difference increased when only

fair/good quality studies (three of 14 studies; Figure 2) were included

in the analysis (N = 5 study arms, exercise N = 258, control N = 161;

MD = 102 [1, 203] kcal, p = 0.048), and heterogeneity was very low

(I2 = 0%, Q = 3, p = 0.576). However, the effect size was negligible

(SMD = 0.178 [−0.020, 0.377]). Visual inspection of the funnel plot

(Figure S1) suggested little evidence of publication bias. The trim-and-

fill method suggested four missing studies to the right (adjusted

MD = 23 [−58, 104] kcal) but no presence of publication bias with

Egger's regression (p = 0.492).

Exercise groups only

Meta-analysis of 31 studies (52 study arms) demonstrated a signifi-

cant decrease in mean daily energy intake after exercise training

(N = 1759; MD = −57 [−104, −11] kcal, p = 0.016). The effect size

was negligible (SMD = −0.09 [−0.17, −0.004]). Heterogeneity among

studies was high (I2 = 80%, Q = 259, p < 0.001). Sensitivity analysis

with the one-study-removed procedure did not show any impact of a

single study on the overall effect. Considering the large number of

poorly rated studies, the analysis was also run in only the six fair/good

quality studies (nine study arms; Figure 3) and showed that the effect

was nullified (N = 337; MD = 67 [−30, 164] kcal, p = 0.176), with a

negligible effect size (SMD = 0.185 [−0.067, 0.437]) and high hetero-

geneity (I2 = 79%, Q = 39, p < 0.001). As shown in Table S4, there was

no effect of sex or exercise dose/intensity. There was an effect of

energy intake method, with self-reported energy intake and doubly

labeled water (i.e., calculated energy intake) reporting opposite effects

(i.e., reduction of 111 kcal vs. increase of 106 kcal, respectively,

although the latter only included two arms of the same study). Meta-

regression showed no relationship between intervention duration and

changes in daily energy intake (β = −0.567 [−3.039, 1.905], p = 0.653)

and was not impacted when the data from Damour et al.,31 with dif-

ferences in means of −667 and −1020 kcal, were removed (β =

−1.053; p = 0.392). Visual inspection of the funnel plot (Figure S2)

suggested some publication bias, with the trim-and-fill method

suggesting two missing studies to the right (adjusted MD =

−51 [−98, 4] kcal) and a significant Egger's regression (intercept =

−1.247 [−2.308, −0.187], p = 0.022).

A separate meta-analysis was performed for daily and test meal

energy intake combined (58 study arms), showing a negligible effect

toward a reduction in energy intake after exercise training (N = 1770,

SMD = −0.092 [−0.171, −0.013], p = 0.022). Heterogeneity among

studies was moderate (I2 = 64%, Q = 159, p < 0.001). Sensitivity anal-

ysis with the one-study-removed procedure did not show any impact

of a single study on the overall effect. As shown in Figure S3, when

only the fair/good studies were considered (13 study arms), the effect

was nullified (N = 338; SMD = 0.114 [−0.082, 0.310], p = 0.253).

Moderator analyses (Table S5) revealed no effect of sex, exercise

dose/intensity, nor energy intake type (daily vs. single test meal). An

effect of energy intake method was observed, with self-reported

energy intake and doubly labeled water (i.e., calculated energy intake)

reporting opposite effects (i.e., reduction vs. increase, respectively),

although the latter only included two arms of the same study. Visual

inspection of the funnel plot (Figure S4) suggested unlikely presence

of publication bias, with the trim-and-fill method suggesting one miss-

ing study to the right (adjusted SMD = −0.087 [−0.166, 0.008]) and

Egger's test suggesting no evidence of publication bias (p = 0.256).

F IGURE 2 Forest plot of differences in postintervention daily energy intake between exercise and no-exercise control groups, grouped by
study quality (N = 25 study arms)
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3.3.2 | Appetite ratings

Meta-analysis of 10 studies showed that fasting hunger increased by

8 (4, 11) mm in response to exercise training (19 study arms,

N = 375; p < 0.001; Figure 4). The effect size was small

(SMD = 0.327 [0.183, 0.471]). Heterogeneity was moderate

(I2 = 64%, Q = 49, p < 0.001). The effect did not differ by sex

(p = 0.409) and was not influenced by intervention duration (range

2–24 weeks; β = 0.482 [−0.101, 1.065], p = 0.105). The one-study-

removed procedure did not show any impact of a single study on the

overall effect. The effect persisted in studies rated as fair/good (three

studies, five study arms, N = 79; MD = 5 [2, 9] mm, p = 0.005). The

funnel plot (Figure S5) suggested potential evidence of publication

bias, with the trim-and-fill method suggesting four missing studies to

the right (adjusted MD = 10 [6, 13] mm), but Egger's test was nonsig-

nificant (p = 0.283). Of the 13 studies reporting changes in postpran-

dial or daily hunger, eight found no changes and four found increases

(see Table S3).

Meta-analysis of nine studies showed that fasting fullness did not

change in response to exercise training (17 study arms, N = 268;

MD = 1 [−3, 5] mm, p = 0.641; Figure S6). Heterogeneity was high

(I2 = 80%, Q = 82, p < 0.001). The effect did not differ by sex

(p = 0.219) and was not influenced by intervention duration (range

2 to 24 weeks; β = −0.137 [−0.763, 0.489], p = 0.668). The one-

study-removed procedure did not show any impact of a single

study on the overall effect. The lack of effect persisted in studies

rated as fair/good (three studies, five study arms, N = 79; MD = 2 [−8,

11] mm; p = 0.736). The funnel plot (Figure S7) suggested little evi-

dence of publication bias; however, the trim-and-fill method

suggested three missing studies to the right (adjusted MD = 4 [−1,

8] mm), but Egger's test was nonsignificant (p = 0.797). Of the 11

studies reporting postprandial or daily fullness, seven found no

changes whereas two reported increases or decreases (see Table S3).

3.3.3 | Eating behavior traits and food reward

Meta-analysis of eight studies showed that restraint did not change in

response to exercise training (13 study arms, N = 375; SMD = 0.074

[−0.109, 0.256], p = 0.430). Heterogeneity was moderate (I2 = 71%,

Q = 42, p < 0.001). The one-study-removed procedure showed that

the overall effect was influenced by one outlier (moderate-dose arm

of Rosenkilde et al.28). Without that study arm included, there was a

significant but negligible increase in restraint (N = 357; SMD = 0.154

[0.020, 0.288], p = 0.025; Figure 5). Heterogeneity was moderate

F IGURE 3 Forest plot of changes in daily energy intake from baseline to after exercise training in individuals with overweight or obesity,

grouped by study quality (N = 52 study arms)
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(I2 = 45%, Q = 20, p = 0.046). The effect strengthened slightly in stud-

ies rated as fair/good (three studies, five study arms, N = 147;

SMD = 0.190 [0.044, 0.336], p = 0.011). The funnel plot (Figure S8)

suggested little evidence of publication bias, with the trim-and-fill

method suggesting two missing studies to the right (adjusted

SMD = 0.206 [0.070, 0.341]), but Egger's test was nonsignificant

(p = 0.533).

Meta-analysis of eight studies showed a small but significant

decrease in disinhibition/uncontrolled eating in response to exercise

training (13 study arms, N = 374; SMD = −0.251 [−0.344, −0.159],

p < 0.001; Figure 6). Heterogeneity was very low (I2 = 0%, Q = 10,

p = 0.617). The one-study-removed procedure did not show any

impact of a single study on the overall effect. The effect persisted in

studies rated as fair/good (three studies, six study arms, N = 165;

SMD = −0.240 [−0.379, −0.102], p = 0.001). The funnel plot

(Figure S9) suggested some presence of publication bias, with the

trim-and-fill method suggesting six missing studies to the left

(adjusted SMD = −0.337 [−0.429, −0.245]) and Egger's test

approaching significance (p = 0.084).

Meta-analysis of six studies showed no changes in susceptibility

to hunger in response to exercise training (11 study arms, N = 339;

SMD = −0.014 [−0.142, 0.114], p = 0.831; Figure S10).

F IGURE 4 Forest plot of changes in fasting hunger showing an overall small increase after exercise training in individuals with overweight or
obesity (N = 19 study arms)

F IGURE 5 Forest plot of changes in dietary restraint showing an overall significant but negligible increase after exercise training in individuals
with overweight or obesity (N = 12 study arms)

28 of 34 BEAULIEU ET AL.



Heterogeneity was moderate (I2 = 38%, Q = 16, p = 0.100). The one-

study-removed procedure did not show any impact of a single study

on the overall effect. The lack of effect persisted in studies rated as

fair/good (three studies, six study arms, N = 165; SMD = 0.062

[−0.158, 0.282], p = 0.580). The funnel plot (Figure S11) suggested no

publication bias, with the trim-and-fill method suggesting no missing

studies and Egger's test being nonsignificant (p = 0.449).

Regarding food reward, three of four studies reporting food liking

found no changes in response to the exercise interventions,35,48,69

whereas Martin et al.7 found a decrease in preference for high-fat/

high-carbohydrate foods in the high-dose exercise group compared

with the moderate-dose exercise group. In five studies reporting

either implicit wanting (Leeds Food Preference Questionnaire), neuro-

nal activation to food cues (fMRI), or relative food reinforcement, four

found a decrease in response to exercise interventions,35,41,53,69

although the effect was nullified when controlling for desire to eat in

one of the studies,41 whereas another found no changes.48 In three

studies assessing the food reward response to acute exercise

before and after training, one found decrease in liking for savory

food after aerobic exercise,69 another found a tendency for an

increase in liking for high-fat savory foods after MIIT but a decrease

after HIIT,32 whereas one found no changes in the neuronal response

to food cues with acute exercise postintervention.53 For more details,

see Table S3.

4 | DISCUSSION

The outcomes of this systematic review with meta-analysis suggest

that the imposition of an exercise training regime in people with

overweight or obesity does not—on the average—induce any

substantial change in food intake or appetite during the period of

training. Contrary to what is often believed—namely, that performing

exercise will drive up energy intake to nullify the increase in energy

expenditure—the meta-analyses limited to fair/good quality studies

actually showed no significant change in energy intake pre-post train-

ing (67 kcal) and a small (102 kcal) but negligible (in terms of effect

size) postintervention difference compared with no-exercise control

groups. It is important to note that these findings need to be inter-

preted within the limitations imposed by self-reported food intake

measures and the limited number of studies rated as fair or good

quality (�20%). Some differences in effects (increases vs. decreases)

were noted in the subgroup analyses by daily energy intake method

(Table S4); however, these, as well as the overall effects observed,

fall within the precision limits of these assessment methods

(e.g., coefficient of variation of 5% for doubly labeled water75 and

23% for self-reported energy intake76) and thus need to be inter-

preted cautiously. Changes in energy intake were not influenced by

the sex of the participants or the dose/intensity of the exercise inter-

vention. The lack of a major impact of exercise training on average

energy intake observed is in line the systematic review not specific

to individuals with overweight or obesity by Donnelly et al.21 Fur-

thermore, effects small in magnitude were observed for an increase

in fasting hunger and a decrease in disinhibition, as well as a negligi-

ble increase in dietary restraint. Because these data demonstrate that

on average, a planned and deliberate exercise intervention does not

stimulate appetite to any meaningful degree nor compromise energy

balance, it would be expected that an exercise intervention should

lead to some degree of weight and fat loss. This was demonstrated

in our sister overview of systematic reviews and meta-analyses on

changes in body composition by Bellicha et al.,77 which observed an

overall reduction in body weight ranging from −0.8 to −3.5 kg and

fat mass ranging from −1.3 to −2.6 kg after aerobic exercise training

in individuals with overweight or obesity.

It should be considered that the absence of any noticeable pre-

post effect of exercise training on energy intake in the majority of

F IGURE 6 Forest plot of changes in disinhibition/uncontrolled eating showing an overall small decrease after an exercise intervention in
individuals with overweight or obesity (N = 13 study arms)
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studies or to the negligible increase compared with controls in the

higher rated studies could be due to a number of factors—mechanistic

and methodological. First, any effect on the mechanisms of appetite

control would invoke the dual action on appetite control described

earlier by King et al.47 This dual action comprises an increase in early

day hunger but accompanied by an increase in the strength of epi-

sodic satiety signaling. A simultaneous and equal effect on these two

processes would leave net energy intake unaltered. Indeed, this model

of appetite control is supported by the current review with the small

increase in fasting hunger observed. Furthermore, in the small number

of studies assessing energy compensation in response to a preload—a

paradigm to assess the strength of satiety—an improvement was

shown after exercise training,50,58 as well as in studies assessing the

satiety response to food via the satiety quotient.38,47

Another mechanism by which exercise could affect eating behav-

ior is by exerting “spill-over effects” to influence food choices and

food intake, as also suggested by some studies included in this

review.35,41,43,45,64 This is supported by the synthesis of the eating

behavior traits, which found a small decrease in dietary disinhibition/

uncontrolled eating after exercise training, as well as an increase,

albeit of negligible magnitude, in dietary restraint. A small number of

studies in the current review also suggest that exercise could also

improve food reward/preferences7,35,41,53,69; this has recently been

reviewed extensively elsewhere by Beaulieu et al.78 Therefore, exer-

cise training could lead to a reduction in the susceptibility to

overconsumption.

Interestingly, in the included studies that had energy-reduced

diet or combined diet and exercise groups, any changes in energy

intake with exercise-only interventions were minimal compared with

the dietary interventions. The current literature suggests that per-

forming exercise when diet is free to vary has relatively small effects

on overall eating behavior in individuals with overweight or obesity.

However, as stated above and in prior work,19,79 it appears that reg-

ular exercise enhances the sensitivity of the appetite control system.

Exercise could also reduce compensatory effects seen with dietary

energy restriction alone.80–82 It is likely that dietary energy restric-

tion would be necessary alongside exercise training for a maximal

impact on energy intake and eating behaviors, but this is beyond

the scope of the current review. Moreover, dietary recommenda-

tions are likely to vary depending on individual goals—weight loss,

weight maintenance, management of comorbidities, and so forth.

Further research is required to find the optimal combination of exer-

cise and dietary prescriptions for obesity management. In addition,

we want to note that energy flux is an important variable, with a

high energy flux generating better control of food behavior

(e.g., Hägele et al.83).

A number of methodological comments are in order. First, for the

measures of food intake, most studies relied on diary recordings or

some form of self-report. There is ample evidence84,85 that such mea-

sures are prone to misreporting and cannot be regarded as truly repre-

sentative of actual food consumed.86 This is particularly important

when the differences between two conditions (before vs. after; exer-

cise vs. no-exercise control, for example) are likely to be small. This,

however, is unlikely to be the reason for the failure to detect any

effect of exercise training since when the analysis was repeated using

only the ‘good’ and ‘fair’ quality studies, negligible effects were

observed. Indeed, we rechecked the included papers in the energy

intake meta-analysis for those that included changes in body composi-

tion and objectively measured energy expenditure and identified five

studies (10 study arms)7,30,41,67,69 in which to calculate changes in

energy intake using an energy balance equation.9 The median (range)

pre-post change in calculated daily energy intake obtained was

70 kcal (−381 to 174). While the range was quite large, the median

was surprisingly similar to the overall result of the pre-post change in

energy intake from the meta-analysis of fair/good studies (nine study

arms) of 67 kcal (95% CI −30, 164). Thus, this supplementary analysis

supports our main findings. Second, there was also a very large range

in duration of the interventions included (from 2 to 72 weeks); how-

ever, meta-regression found no influence of the intervention duration

on the effects observed. Third, there were not enough studies/sub-

groups included to determine whether exercise mode (aerobic, resis-

tance, HIIT) differently affected food intake, as most studies included

used aerobic exercise protocols. Thus, more studies are required to

examine the influence of different exercise training modalities on

energy intake and appetite control. Other parameters of interest

that were included in the current studies but require more research

include exercise dose and intensity, exercise timing (morning

vs. evening30,59,61 or in relation to meals31), and compensation status

with regards to predicted and actual weight loss (compensators/non-

responders vs. noncompensators/responders).6,7,37,47,66 Fourth, at

the time of peer-review, the search had been over a year old and

three new studies were identified.87–89 The findings are briefly

reported here.

In their secondary analysis of a 12-week aerobic exercise

intervention of either six sessions per week, two sessions per week,

or no-exercise control, Flack et al. found no significant changes in the

reinforcing value of healthy and unhealthy snack foods (i.e., food

reward).87 Mason et al. found no changes in eating behavior traits

relating to binge eating, uncontrolled eating, emotional eating, and

restrained eating after 12 months of aerobic exercise training in post-

menopausal women.88 And Paravidino et al. showed that during

2 weeks of moderate-intensity, vigorous-intensity, or no-exercise

control in Brazilian Naval Academy cadets with overweight, changes

in self-reported energy intake were not different among groups nor

were there any changes in appetite sensations taken before and after

an ad libitum cafeteria breakfast.89

A final issue concerns the methodology of meta-analyses.

Although in these statistical processes the effects of studies on mean

outcomes are standardized to account for the variance in the range of

individual scores, the fundamental measure remains the average of the

group of participants. As certain statisticians have pointed out, “the
average is an abstraction, reality is variation.”90 The average is only

one measure of the outcome of a period of exercise training. Accord-

ingly, it has invariably been observed that, following an imposed

period of exercise, individual variability is very large.6–8 Participants

may react in quite different ways to the physiological and
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psychological demands of exercise. Consequently, although our ana-

lyses show no change in the “average of averages” (meta-analysis),

this cannot be regarded as a prediction of the likely outcome for every

individual. People will still show widely divergent responses to exer-

cise even though the mean does not change. The interpretation of the

outcomes of systematic reviews and meta-analyses has to be made

with prudence. However, what can be deduced from the current

review is that there is no pronounced overall effect of exercise inter-

ventions on energy intake or appetite, but some negligible-to-small

effects were observed. In turn, this is positive news for anticipating a

beneficial effect of exercise training on negative energy balance and

fat loss.

Finally, the effect of a deliberately imposed exercise regime in

inactive individuals with overweight or obesity should be considered

in the context of an energy balance framework for appetite control. A

growing body of evidence indicates that energy expenditure can be

regarded as a driver of energy intake (e.g., Blundell et al.91 and Lam

and Ravussin92). However, physical activity energy expenditure, as a

lifestyle component of total daily energy expenditure, reflects a higher

level of bodily activity and energy expenditure distributed across the

day through a variety of behaviors. This situation exerts a mild tonic

effect on appetite and is usually associated with leanness.79 This can

be contrasted with the introduction of daily sessions of exercise in a

sedentary/inactive person with obesity, which represents a severe jolt

to physiology; this was the focus of the present analyses. To achieve

weight loss (i.e., negative energy balance), energy expenditure needs

to be greater than energy intake; therefore, any small increase in

energy intake would be required to be less than the prescribed exer-

cise energy expenditure. Furthermore, while this review focused

solely on the intake side of energy balance, it is important to consider

that exercise training may affect other components of energy expen-

diture such as RMR and nonexercise physical activity to influence

energy balance.5,9

The outcome of this review has demonstrated that, subject to the

reservations noted above, people with overweight or obesity may

undertake exercise training without fear that there will be an inevita-

ble large increase in appetite and energy intake and as shown in our

sister review,77 with the expectation that the exercise sessions will

result in a negative energy balance which, in turn, will lead to some

loss of adipose tissue.
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