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Abstract

Purpose: There is increasing evidence that exercise trainiag fatiitate weight manageme nt
via improvements in homeostatic appetite control, but litleknown about how exercise
training affects food reward and susceptibility to overeating.

Methods: This study examined changes in food reward and eatingvitehaaits after a
supervised 12-week exercise intervention (10.5 MJ/week)nactive individuals with
overweight/obesity (Exercisers; n=46, 16 males/30 females|=8M6 (SD 3.8) kg/n? and
age=43.2 (SD 7.5) years compared to non-exercising Controls ; (6=tfales/9 females
BMI=31.4 (SD 3.7) kg/rhand age=41.4 (SD 10.7) years). Lking and wanting scores for high
fat relative to low-fat foods was assessed with the Leeds Fiedetence Questionnaire before
and after consumption of an isoenergetic high-fat (HFAT)high-carbohydrate (HCHO)
lunch. Eating behavior traits were assessed using hltee-Factor Eating Questionnaire and
Binge Eating Scale.

Results: A week by group interaction indicated that wanting scoreedsed from baseline to
post-intervention in Exercisers onfiMapre-post -4.1, p=0.031,°=0.09, 95%CI= -7.8 to -0.4),
but there was no exercise effect on liking. There wasaalgeek by group interaction for binge
eating, which decreased in Exercisers @Nypre-post -1.5, p=0.01n°=0.11, 95%ClI=-2.7 to
-0.4). A smal reduction in disinhibition was also apparent in &sers (Mwpre-post-0.7,
p=0.02,np2=0.10, 95%CI= -1.3 to -0.1).

Conclusion: This study showed that 12 weeks of exercise training eeduanting scores for
high-fat foods and trait markers of overeating in individuaih overweigl/obesity compared
to non-exercising Controls. Further research is neededutolage the mechanisms behind

these exercise-induced changes in food reward.
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Introduction

Physical actvity is widely recommended as a strategy for weight managemehtexercise
interventions improve body composition in both men and womenn(Bdditon to potential
effects on body weight via increased energy expendituie,bécoming apparent that habitual
physical activity and exercise training improve markergpetite control, such as increased
satiety response to food and gastric emptying (2, 3). Howeverbiligrian the inter-individual
weight loss response to exercise interventions hasregerted (4). This variability suggests
that some individuals may compensate for an increase isicahyactivty (and energy
expenditure) through changes in meal size, frequencyoamt thoice, attenuating or even

reversing the effect of exercise on weight loss.

Lking and wanting components of food reward may be heightdmegalatable food
in individuals with overweight and obesity compared to indMsluaho are lean (5). Food
reward is also potentially influenced by physical activibut evidence has been inconsistent,
and as highlighted by a recent systematic review on weiginagement interventions (6)
findings to date offer imited evidence for the impact of @gerinterventions on food reward.
We have shown that an acute post-exercise increase aftodiseline and post-intervention) in
food lking and wanting (particularly of high-fat foods), wasserg in those with a smaller
than expected reduction in body weight during a 12-week exente&rvention (7)No overall
changes in food reward in individuals with obesity were folofldwing 12 weeks of moderate
continuous or high-intensity interval training (8); howewse have previously reported a trend

for a decrease in implicit wanting measured in the lurgate in response to 12 weeks of
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structured exercise training (9). How meal consumption acrenutrient composition
inluences these responses has yet to be explored.

In terms of eating behavior traits, studies have showinnwitia exercise-induced weight
loss, greater changes in restraint were associated gndtater weight loss (10). Exercise
training has also been shown to decrease disinhibitiomdmidiuals with overweight and
obesity (10). A recent systematic review suggested phwdical activity may reduce binge
eating through potential effects of physical activity tle reward system as they may share
similar brain pathways (11). Other proposed mechanisms indbdages in negative affect,
homeostatic appetite control and/or body compositon (11). Fewssthdiee assessed the
impact of exercise training on food reward and eating bebavwgether. One study found
reductions in the neuronal responses to visual food cus fusictional magnetic resonance
imaging but no changes in restraint or disinhibition follogvia 6-month exercise intervention
(12). Whether changes in eating behaviors are associatedchanges in food reward in
response to exercise remains to be elucidated.

Overeating traits and food reward states interact thithfat content of food with the
potential to enhance or undermine appetite control (13). Digimband binge eating have
both been linked to greater intake and preference for tiglefehigh- fat/sweet foods (14)
Indeed, we have previously shown that food reward was redfteeccansumption of a fixed
energy low-fat meal but not after an energy-matchedh-faig meal (15). Whether exercise
training interacts with the fat content of the diet baked interest in recent years and has
relevance for weight management (2).

Therefore, the main objective of this study was to ilgatst the effect of a supervised
12-week exercise intervention on reward for high-fat foodeatrlg behavior traits in inactive
individuals with overweight and obesity compared to non-exegcisControls. This was

examined during exposure to high-fat (HFAT) and higechydrate (HCHO) feeding
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conditons. A secondary aim was to examine relationships aciengges in eating behavior

traits, food reward and body composition.

M ethods

Participants

Men and women with overweight and obesity aged 18-55 years neeruited via poster
advertisements and email lists at the University ofdeeeUK and surrounding areas.
Participants were screened on the folowing inclusioterizi BMI between 26.0-38.0 kgfm
nonsmoker, inactive (<2 h per week of exercise over the previous 6 months), weigthle
(x2 kg for previous 3 months), not currently dieting or particigain a weight loss regime,
no history of eating disorders, not taking any medication kntwmaffect metabolsm or
appetite, and acceptance of the study foods. Participants skee ta keep lifestyle habits and
activities constant throughout the study. The study vpgsoaed by the Leeds West NHS
Research Ethics Commitee (09/H1307/7). Participants providétenwinformed consent
prior to taking part. The study was registered under atenmal standard trials approval

(ISRCTN47291569).

Study design
Forty-six participants (Exercisers; 16 males/30 ferpaleempleted a 12-week exercise
intervention in which they exercised 5 days per week usdgervision of research staff in the
Human Appetite Research Unit, University of Leeds, UK betwNovember 2011 and July
2013. Aspects of these data have been previously reported (9, 15-17).

Fiteen control participants (Controls; 6 males/9 femalesjnpleted 12 weeks of

maintaining current low activity levels between July 204@ duly 2013. The non-exercising
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Controls were not made aware of the exercise arm ofutlg; gparticipants were requested not
to change their dietary or exercise patterns for the daoratf the study.

At baseline and post-intervention, food reward and eatingvinehvariables were
assessed (described below). Food reward was measured during ad&AICHO probe days
before and after a fixed energy meal. These days wereasapdny at least one day and in a
randomized crossover order. Prior to each laboratory sessidicjppats were instructed to
maintain their usual diet, not to engage in physicaivitgctfor 24 hours, refrain from

consuming alcohol for 24 hours and fast overnight (10-12 hours).

Measurements

Anthropometrics and body composition. At baselne and post-intervention, participants
completed a measurement day. Anthropometrics and body composéiasures were taken
whilst participants were wearing tight fitting clothiremd a swim cap. Standing height without
shoes was measured to the nearest 0.1 cm using a stadiqireitester height measure,
SECA, UK). Body weight was measured using an electroniand&® and recorded to the
nearest 0.1 kg (BodPod, Life Measurement, Inc., Concord, USA). Fait faagee mass and
percentage body fat were estimated via air displacement guiggigyaphy (BodPod) folowing

the manufacturer’s instructions.

Eating behavior questionnaires. Psychometric questionnaires were completed following the
body composition measures. The Three-Factor Eating Quedt®nis a valdated 51-item
instrument that measures three dimensions of eatingvibeh cognitive control of restraint
(.e. concern over weight gain and the strategies adopted tnpthig), disinhibition of eating
(.e. tendency of an individual to overeat and to eat oppoitatigt in the obesogenic

environment), and susceptibility to hunger (i.e. extent to wisielngs of hunger are perceived



148 and how these sensations result in food intake) (18). The HBiagng Scalés a valdated 16-
149 item questionnaire that assesses the severity of baijgy (19). The questions are based upon
150 both behavioral characteristics (e.g. amount of food consummttha emotional, cognitive
151 response (e.g. guilt or shame).

152

153 Test meals. At baseline and post-intervention, participants completed éyarate probe meal
154 days in which they consumed foods that were either HFARGIHO. The ingredients of the
155 foods provided during the meal days were covertly manipulateoe t6FAT: 10.4 (SD 1.1)
156 kJ/g, 37.7% carbohydrate, 54.4% fat and 7.9% protein; or HCHO: 6.6 (SD @8)/R}A%
157 carbohydrate, 19.3% fat and 8.3% protein. Four hours after a staedakdeakfast (ad libitum
158 on baseline probe day and quantities consumed replicated omtpogntion probe day; see
159 meal details in Supplemental Table 1), the participants wc®osua fixed-energy lunch
160 composed of food items providing 3347 kJ (matched for weight across HRAHCHQ see
161 meal details in Supplemental Table 2). Foods were designbd dimilar in appearance and
162 palatability between conditions.

163

164 Foodreward. The Leeds Food Preference Questionnaire (LFPQ; 20) wasstdraidi during
165 the HFAT and HCHO meal days pre- and post-fixed-lunch ogotsan (3347 kJto assess
166 food reward behaviors (liking and wanting) in the hungry faddstates. The LFPQ computes
167 scores of implicit wanting and explicit liking for high-fft50% energy) and low-fat (<20%
168 energy) foods images matched for familiarity, sweetnesgeipyr and acceptability.

169 Prior to the procedure, screening of the images used tagkevas completed by each
170 participant to improve internal validity. If a participadid not know or recognize, or would
171 never/rarely eat a particular food item used in the stughjaaement images were chosen from

172 a database of images of similar composition.
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The LFPQ is composed of two tasks: one based on subjectivgs rérplicit lking)
and the other based on a forced-choice task (implicit wantiiglng the measure of explicit
liking, participants were presented with one food image atea in a randomized order, and
rated the extent to which they like each food (How pleasanidvitoloé to taste this food now?).
Participants made their ratings using a h@f-visual analogue csle. Implicit wanting was
assessed by asking participants to select as fast asedsstitleen successive pairs of foods
from specific categories the foothey most want to eat now’. Scores for implicit wanting
were computed from mean response times adjusted for freq2mbg¢yTo calculate lking and
wanting fat appeal bias as a measure of hedonic prefereraighffat relative to low-fat foods,
low-fat scores were subtracted from high-fat scores, ¢hp®sitive score indicates greater
explicit lking /implicit wanting towards high-fat compared to low-fat foodke TLFPQ has

been validated in a wide range of research (e.g. 22).

12-week exercise intervention

During the 12-week supervised exercise intervention (S/dagk), each exercise session was
individually prescribed to expend 2092 kJ at an intensity of 70%gefpredicted heart rate
maximum (HRhax), and to ensure compliance to the exercise prescripti@nddration and
intensity of each exercise session was recorded (PSKWOW® Polar, Finland). A selection of
aerobic exercise equipment was avaiable (i.e. treadmil, rrayele ergometer, and eliptical)
from which the participants were free to choose and chanige veiach session as long as they
met the energy expenditure requirements. The duration chetedexpend 2092 kJ at 70%
HRmaxat baseline was calculated based on the relationship Ibeheead rate, V@ and VCQ

for each individual during raincremental maximal aerobic capacity (MY test. This test
was also performed at week 6 of the intervention to accouhdmges in energy metabolism

and post-intervention to assess overal changes in a@spiatory finess with the
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intervention. Total exercise-induced energy expenditumngdthe intervention was 116.98 +
15.56 MJ, which represented >98% of the prescribed exercise-thdeergy expenditure.

VO2maxWas not measured in the Controls.

Statistical analyses

Data are presented as mean (standard deviation), urpesified otherwise. Data were
analyzed using the statistical package SPSS version 2 weee checked for outliers prior to
statistical analyses, and one of the Controls had a clsnage (baseline to post-intervention)
in both likihg and wanting that was 5 SD below the meaerefbre, this participant was
excluded from the analysis. Independent sample t-testsuwserkto evaluate differencen
participant characteristics at baselne. Repeated meagi®©VA with group (Exercisers,
Controls), week (baseline, post-intervention), conditon (HFATHBE and state (hungry,
fed) where appropriate, were used to assess changes in outcaatdesa \Where appropriate,
Greenhouse-Geisser probabilty levels were used to adjustoh-sphericity, and post hoc
analyses were performed using the Bonferroni adjustmenmdiiple comparisons. Where
missing data were present, completers and itbetneat analyses (ITT) were conducted with
the last observation carried forward method. To assess theatéises among changes in food
reward (overal mean of the 2 condiions and 2 states),geéhavior traits and body
composition Pearson’s correlations were conducted in the whole group and in Exercisers and
Controls separately.

The magnitude of the mean weight change (ExerciseSontrols) was interpreted
against a minimum clinically important diference (MQIDBf 2.5 kg (23), where a small
clinically important effect was defined between 2.5-7.5 kg (3x2)5 &agmoderate effect
between 7.5-15 kg (6x2.5 kg) and a large effect >15 kg (24). The magoitubde mean waist

circumference change was interpreted against a MCID of @¢25), where a small clinically
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10

important effect was defined between 2-6 cm, a moderatd éff#areen 6-9 cm and a large
effect >9cm (24).

Following the American Statistical Associatierpolicy statement on p-values (26), all
p-values from specified statistical models were reported) akith effect size and confidence
intervals to help determine compatibility of the data vilie interpretation of findings. We
have avoided referring to any outcome as ‘statistically significant’ on the basis of a particular
p-value. Estimated marginal mean differen¢kb,) are reported (M:x-c, Exercisers— Controls;
Mapre-postPOSt-intervention- Baseline; Mur-Hc, HFAT — HCHO; Mau-red,Fed— Hungry), as
well as effect sizes as partial eta squangs) @nd 95% confidence intervals of the mean
difference (95%CI). Because there are no benchmark vdhrepartial eta squared in the
context of repeated measures designs (27), the effect wees interpreted cautiously
alongside the mean differences within the field of humppetite.

Based on G*Power (v3.1), in order to detect an interactioniimg | or wanting
(np?=0.03 between 2 groups and 2 repeated measurenge¥@s8, based on prior data from our

research group (9)) with=0.05 and 183=0.8, a total sample size of 28 was required.

Results
Participant characteristics
Participant characteristics at baseline and post-intaoverstre described in Table 1. Baseline
characteristics of Exercisers and Controls were sinffdaf.13 for all). There were interactions
between week and group for BMI, total mass, body fat percenfagemass and waist
circumference (all p<0.004,2>0.19). The week by group interaction for fat-free mass was
weaker (p=0.22y,%=0.03).

In Exercisers, the training intervention led to reductionBMI (M apre-post -0.6 kg/m,

p<0.001,1p?=0.25, 95%Cl= -0.90 -0.3 kg/m), total mass(Mapre-post -1.8 kg, p<0.001,
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Np?=0.27, 95%Cl=-2.6 to -1.0 kg), body fat percentélybpre-post -1.9 %, p<0.0013,2=0.42,
95%Cl=-2.5 to -1.3 %), fat mag¥lapre-post -2.2 kg, p<0.0015,2=0.37, 95%CI= -3.0to -1.5
kg) and waist circumferencéMapre-post -3.7 cm, p<0.0013,°=0.57, 95%CI= -4.5 to -2.9 cm)
There were also increases in fat-free masse@vbose 0.4 kg, p=0.01yp?=0.10, 95%CI=0.1 to
0.8 kg) and VOzmax(Mapre-post 5.7 ml/kg/min, p<0.0015,2=0.43, 95%Cl= 3.7 to 7.6
mL/kg/min; not measured in Contrpls

In Controls, there were increases in BMI sf-pose0.4 kg/m, p=0.08,n,°=0.05,
95%ClI= -0.1to 0.9 kg/®), total mass (Mpre-post 1.3 kg, p=0.06y2=0.06, 95%CIl= -0.04 to
2.7 kg), body fat percentage {Me-rost 0.8 %, p=0.15y?=0.04, 95%CI= -0.3 to 1.8 %), fat
mass (Mpre-post 1.3 kg, p=0.061p°=0.06, 95%CIl= -0.1 to 2.6 kg) and waist circumference
(Mapre-post 2.1 cm, p=0.0053p°=0.12, 95%CI= 0.6 to 3.6 cm).

The 12-week intervention produced a mean group (Exercis@wsntrols) body weight
difference of -3.1 kg (95%Cl= -4.3to -1.9 kg) and waist circumferediference of -5.8cm

(95%ClI= -7.510 -4.1 cm).

[Table 1 here]

Food reward

Completers data were available in 38 Exercisers and 14 Gofwith the outlier removed).
For liking scores, Exercisers had a lower liking than Contredsall (Maex-c=-6.0 mm,

p=0.151,%=0.04, 95%Cl= -14.2t0 2.2 mm; ITT Ak-c=-7.6 mm, p=0.06y,°=0.06, 95%CI=

-15.5 to 0.2 mm). A week by group interaction was not apparent (p=Gb%5).002; ITT

p=0.87np?=0.00) and there were no changes from baseline to post-intervemtboth groups

(Mapre-posE -1.1 mm, p=0.241p2=0.03, 95%CI= -3.0 to 0.79 mm; ITT A¥ke-post -1.3 mm,



12

272 p=0.15,mp%=0.04, 95%Cl= -3.1 to 0.5 mm). Figure 1A shows only the main effe¢heof
273 intervention on liking within each group, for clarity.

274 On comparison across test meal conditions (main effectFéfTHvs. HCHO), liking
275 was greater in HFAT relative to HCHO (Mk-Hc= 1.9 mm, p=0.06;p?=0.07, 95%CI=-0.1 to
276  3.9mm ITT MaHr-Hc= 1.9 mm, p=0.05y,°=0.06, 95%CI= -0.02 to 3.7 mm). The interaction
277 effect between conditon and state (p=0.2=0.11;ITT p=0.041,°=0.07) showed minimal
278 differences in lking between HFAT and HCHO in the hyngtate (M\HF-Hc= 0.3 mm, p=0.81,
279 np?=0.001, 95%Cl= -2.2 to 2.8 mm; ITT Menc= 0.4 mm, p=0.73y?=0.002, 95%Cl= -2.1
280 to 2.9 mm), but likihg was greater in HFAT relative to HCiHGhe fed state (Mhr-Hc= 3.5
281 mm p=0.0031p?=0.17, 95%CI= 1.3 to 5.7 mm; ITT Mr.nc= 3.3 mm, p=0.003y,°=0.14,
282 95%ClI= 1.2 to 5.4 mm). There were no other apparent effects ociiatasa

283 For wanting scores, Exercisers had lower wanting thanr@®mverall(Maex-c=-11.1,
284  p=0.17,1p2=0.04, 95%CI= -27.2 to 4.9; ITT Mx.c=-15.4, p=0.067,2=0.06, 95%CI= -31.3
285 to 0.5). The week by group interaction effect (p=0.0@?=0.06; ITT p=0.0671p?=0.06), showed
286 that Exercisers redad wanting from baseline to post-interventiqiMapre-post -4.1, p=0.03,
287  Mp2=0.09, 95%Cl= -7.8 t0 -0.4; ITT Mre-post -4.4, p=0.0171p2=0.10, 95%CI= -7.7 to -1)0
288 but not Controls (Mpre-post 2.3, p=0.45np2=0.01, 95%ClI= -3.8 to 8.3; ITT Mre-post 2.3,
289 p=0.461,%=0.01, 95%CI=-3.8 to 8.4). Exercisers also had alower wanting tharolsqrost-
290 intervention (Mex-c= -14.3, p=0.07np?=0.06, 95%CIl= -30.0 to 1.4; ITT Mxc= -18.7,
291 p=0.02,7mp?>=0.09, 95%Cl= -34.4 to -3.1). Figure 1B shows only the main effect of the
292 intervention on wanting within each group, for clariy.

293 The week by state interaction effect (p=0.0%2=0.08; ITT p=0.06,1,°=0.06),
294  suggestd reductions in wanting from hungry to fed post-intervent®mn-re= -5.3, p=0.10,

295  1p2=0.05, 95%CI=-11.7 t0 1.0; ITT M-re -5.3, p=0.08,2=0.05, 95%CI=-11.3 to 0.7) and
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from baseline to post-intervention in the fed statep(Mpost -3.3, p=0.101°=0.05, 95%Cl=
-7.210 0.6; ITT Mpre-post -3.2, p=0.10np?=0.05, 95%C# -7.1 to 0.6).

The main effect of condition showed that wanting was ereiat HFAT relative to
HCHO (ManF-+c= 3.0, p=0.0312=0.09, 95%CI=0.2 to 5.8; ITT M 2.9, p=0.035,?=0.08,
95%CI= 0.3 to 5.4). The interaction effect between conditon,e stad group (p=0.08,
Np?=0.06 ITT p=0.09,m,%=0.05 suggestd lower wanting in Exercisers than Controls when
hungry in HFAT (Mex-c=-13.2, p=0.11yp?=0.05, 95%CI=-29.6 to 3.3; ITT Mx.c=-17.5,
p=0.04, np?=0.07, 95%CI= -34.1 to -0.9) and HCHO {Mc= -13.7, p=0.12,np?>=0.05,
95%Cl= -31.2 to 3.8; ITT Mex.c= -17.7, p=0.05y,2=0.07, 95%CI= -35.2 to -0.1), and when
fed in HFAT (Maex-c= -12.0, p=0.171p?=0.04, 95%Cl= -29.5 to 5.5; ITT Mx.c= -16.5,
p=0.06, np?=0.06, 95%CI= -33.7 to 0.6). Controls also had greater wanting aft&THF
compared to HCHO in the fed stateMHc= 7.3, p=0.01yp?=0.12, 95%Cl= 1.6 to 13.1; ITT
MaHF-Hc= 7.3, p=0.0097,°=0.11, 95%CI= 1.9 to 12.8). There were no other apparent effects

or interactions.

[Figure 1 here]

Eating behavior traits

Completers data were available for 46 Exercisers (45 for binge ¢ating 12 Controls, and
ITT for 14 Controls. As shown in Table 2, baseline scores fercisers and Controls were
similar (p>0.15 for all).

For restraint, there were minimal differences from baseib post-intervention across
groups (Mapre-post -0.5, p=0.3771p%=0.01, 95%Cl= -1.5 to 0.6; ITT Mre-post -0.4, p=0.38,

Np?=0.01, 95%CI=-1.4 to 0.5), between gropkex-c=-1.2, p=0.321,°=0.02, 95%ClI= -3.6
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to 1.2; ITT Mexc=-1.2, p=0.311p2=0.02, 95%CI= -3.5 to 1.1), and no apparent week by
group interaction (p=0.89?=0.00; ITT p=0.941,°=0.00).

For disinhibition, there were minimal differences betwegnups (Maex-c= -0.6,
p=0.60,1p?=0.005, 95%CIl= -2.8 to 1.6; ITT Mx.c=-0.9, p=0.400p?>=0.01, 95%ClI= -2.9 to
1.2). Theinteraction effect between week and group (p=0ng%3;0.03; ITT p=0.201,°=0.03),
suggested a decrease in disinhibition from baseline teiqestention in Exercisers (Mre-
pose= -0.7, p=0.027p?=0.10, 95%CI= -1.3 to -0.1; ITT Mre-post -0.7, p=0.01np2= 0.10,
95%Cl= -1.2 to -0.1) but not in Controls [Me-post 0.04, p=0.941,°=0.0, 95%ClI= -1.1 to
1.1; ITT Mapre-post 0.04, p=0.941,2=0.0, 95%CI=-1.0 to 1.0).

For susceptibility to hunger, Exercisers had lower scdias Controls overall (M-
c=-1.5, p=0.181152=0.03, 95%Cl= -3.7 t0 0.7; ITT Mx.c=-1.9, p=0.07p?=0.06, 95%ClI= -
4.0 to 0.1). The week by group interaction (p=01%370.02; ITT p=0.357,%=0.02) suggested
that Exercisers had lower scores than Controls postamtgov (Mex-c= -1.9, p=0.11,
np?=0.04, 95%CI=-4.2 t0 0.5; ITT Mx.c=-2.2, p=0.04np?>=0.07, 95%CIl= -4.4 to -0.01).

For binge eating score, differences between groups weimahi(Maex-c= -1.8,
p=0.46,1p2=0.01, 95%CI= -6.4 to 2.9; ITT Mx.c= -2.5, p=0.255,2=0.02, 95%CI= -6.9 to
1.8). The interaction between week and group (p=0.§=0.06; ITT p=0.061p>=0.06)
revealed a decrease in Exercisersafipose -1.5, p=0.011p°=0.11, 95%CI=-2.7 to -0.4;ITT
Mapre-Post -1.5, p=0.011p%=0.11, 95%Cl= -2.6 to -0.4), but not in Controls AtM-post 0.9,
p=0.441n52=0.01, 95%CI= -1.4t0 3.1; ITT Mre-post 0.8, p=0.461p2=0.009, 95%CI= -1.3 to

2.8).

[Table 2 here]
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Relationship between changes in food reward, eating behavior traits and body weight and
composition

As shown in Supplemental Digtal Content Tables 3-5, invthele sample and in
Controls, changes in wanting scores were weakly assbaidtie changes in binge eating, and
weakened further in Exercisers alone. In the whole saroplenges in body weight, fat mass
and, more weakly, body fat percentage, were associated \akigeshin eating behavior traits
but not with changes in food reward. These associations wesaker in the Exercisers alone

and not apparent in the Controls alone, except for disinhibitio

Discussion

This study examined the impact of a 12-week supervisedciexemtervention on state

measures of food reward and trait characteristics otptisitity to overeating in inactive

individuals with overweight and obesity compatecdhon-exercising Controls under conditio ns
of HFAT and HCHO feeding. The 12-week intervention ledintprovements in body

compositon and fitness in Exercisers, whereas there anssall increase in adiposity in
Controls. The mean group (Exercisers Controls) differences in body weight and waist
circumference were small but clinically meaningful acecgydo agreed guidelines on obesity
management (23). In Exercisers, there was a reductiomogh reward (specifically wanting)

that was accompanied by improvements in eating behavitw (ciearly for binge eating and

weakly for disinhibition), whereas no changes were appare@bntrols.

The impact of exercise training on food reward
In the current studyal2-week exercise intervention ledaemall reduction in wanting scores
for high-fat relative to low-fat foods in Exercisers comgghto Controls, but no differences in

liking were found. Differences in food reward between Esersi and Controls suggested that
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lking and wanting were generally lower in ExerciserantiControls but this effect was small
and the variability was high. The group differences weoee apparent in the ITT analyses,
where a larger sample size and power strengthened tigsisandhe changes in wanting in the
Exercisers from positve towards negative values indicaegreater wanting scores for low-
fat relative to high-fat foods after the exercise vaetion. Whie this reduction in wanting
scores for high-fat foods was accompanied by a small reductiotakke atanad libtum dinner
test meal in the HFAT conditon (~130 kcal, data not repontetle current manuscript) (28)
overal HFAT daily intake, remained unchanged after stegoise intervention. The reduction
in wanting observed in the current study may not have lz#ge enough to elicit meaningful
changes in food intake, but provides insight for a potential anestic influence of exercise
(with modest weight loss) on food reward, specifically wgntit’s also important to consider
that the design of the probe meal days 1) contained 2 fixeds,nthus if all test meals had
been ad lbitum perhaps larger effects on energy intakehenay been observed (given that a
small reduction was seen at the dinner meal); and 2)adidllow for choices between high-
fat and low-fat foods to be made, as each probe day was specificaliyedeto contain either
high-fat or low-fat foods. Therefore, future studies asspsseward for high-fat vs. low-fat (or
sweet vs. savory/non-sweet) foods in response to exerasdd shiso include a food choice
component to the assessment of food intake with ad libitum é=d$ ncluding foods varying

in fat content/taste.

Furthermore, on an individual-level, we have shown dahatcrease in food liking and
wanting (particularly of high-fat foods) in response to @@xercise led to less than expected
weight loss during a prior 12-week exercise interventi@n This suggests a role for food
reward in the compensatory eating response to exercised|nthis may be related to changes

in between-network connectivity occurring in the brain, $palty between the posterior
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cingulate cortex and a visuospatial network, with chrorerase, as these have been found to

be associated with changessusceptibility to hunger assessed by the TFEQ (29).

We have recently shown in a systematic review tbatard for high-fat/energy food
generally decreases following weight management imsores including a range of modes of
weight loss (6). The review found Ilmited avaiable evidernen exercise interventions;
therefore, this study adds to the sparse literature isnattea. Future studies could examine
characteristics of exercise interventions (e.g. fregyemtensity, type, duration, and timing)
that could potentially have a larger effect on rewardngedtehavior and food intake/choices

than the effects demonstrated in the current study.

Cross-sectional difierences in the reward value of foddisg(land wanting) have been
observed in active compared to inactive males that diffexe@Ml (30), while in individ uals
with similar BMI (healthy range), level of habitualygital activity did not appear to influe nce
food reward (31, 32). Other studies using functional magmesonance imaging have found
a reduction in the neural response to food cues with grieatels of habitual physical activity
(33) and after exercise training (12), with inconsistencegarding the role of body fat loss or
status in the responses observed. In individuals with eigimv and obesity, a 6-month
exercise training intervention was associated witkenatited neural response to food cues
despite no effect on behavioral measures of appetite, rdignguestion of whether exercise
could improve weight management through attenuated hedwmoitvation to eat (12).
Interestingly, changes in the default mode network activity (reflecting an individual’s internal
mental state) during this 6-month intervention wastigeli associated with changes in fat

mass as well as hunger (measured via TFEQ and in respoagest meal) (34).

In contrast to functional magnetic resonance imaging,LERQ methodology allows
for a quantified behavioral assessment of food reward. Ittglgs in a study conducted in

inactive individuals with overweight and obesity, 12 weeks efase training (523-1046 kJ,



418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

18

3 days/week) did not affect lking or wanting scores measurethebiFPQ (8), whereas the
12-week intervention in the current study, at a higher dosekeofise (2092 kJ, 5 days/week),
reduced the wanting scores for high-fat food relative teen@ncising Controls. The potential
effects of exercise training dose (and other parameteexenfise such as those mentioned
abovg on food reward warrant further investigation. Moreovemrdutstudie combining the
LFPQ with measures of neural activation (12) and clangefood intake would provide

convincing evidence of the potency and specificity of eseroin food reward.

The major innovative aspect of this current study i$ #hercise training affeet
wanting rather than lking for high-fat foods. However, thifiect was small and the clinical
relevance for weight management cannot be determinedting/anay be interpreted as the
anticipatory reward (i.e. motivation or desire to eat beforedmsumption) while lking is the
pleasure to eat (35). It could be hypothesized that exeafiesets wanting more than lking as
exercise has an indirect effect on dietary habits, atmerraaffects cognition and executive
function (36). This strengthening of cogri processes such as inhibitory control would be
expected to have an effect on wanting rather than lianghigh-fat food (36). On the contrary,
diet interventions may have a greater effect on likirsythey are directly manipulating food
patterns. In a recent systematic review, three digtdeyventions reduced lking; however
wanting was not measured in these studies (6). Our study deatesghat, in assessing effects
on food reward, it is necessary to measure both liking andhgaas differing responses may
be seen. We show beneficial effects of exercise ondbenit motivation to eat through
small reduction in wanting scores for high-fat relatiedow-fat foods, but not liking.Changes
in food reward did not appear to be associated with changes in vbeidgt; however,
associations between fasting leptin and food reward in resgonesgercise training have
previously been shown with or without controlling for body faj. (It remains unknown

whether the influence of chronic exercise on wantiigdue to improvements in cognitive
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processes, to a modulation of the brain reward system or éo othchanisms. A better
understanding of the neurocognitive effect of exercise itancklationship with food reward
and eating behaviors needed. It is also important to acknowledge, as shown ireFiguhat

large individual variability in the food reward responsestey and more studies should be

conducted to identify the reasons for such differences.

Exercise training and eating behaviors promoting overconsumption

Regarding the assessment of eating behavior traits, kalwegroup interaction showed that
binge eating decreased in Exercisers in response tox#neise intervention, whereas no
changes were observed in Controls. Disinhibition also shoveeoblh decrease in Exercisers,
with a weaker week by group interaction, but corroboratesadirreexercise training study
from our group that also found a reduction in disinhibition .(1fterestingly, the changes in
eating behaviors in that study were more pronounced in #esdost more weight compared
to those who lost less weight in response to the exert&®eintion (10).

Cross-sectional studies in lean individuals matched for 8iding in physical activity
levels suggest little influence of physical activiby eating behavior traits (31, 32). However
across a larger range of BMI, negative associationse weserved between time spent in
moderateto-vigorous physical activity and disinhibition and bingeingatbut these weakened
after controlling for body fat (37), and also a study by Shook eiwldfgreater disinhibition
in their lowest quintile of moderate-vigorous physical activity but not when controlling for
body weight (38). Further evidence examining the effects etise on other trait markers of
susceptibility to overeating are inconsistent, with a 6-memercise training study reporting
no effect on food cravings (12), whie another study suggetted physical activity could

modulate craving control (39). This latter study showed itigatiduals who increased total
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exercise time over a l1-year free-living period had a reduan the difficulty to resist food

cravings (39).

This could mean that the impact of chronic exercise abitul physical activity on
trait measures of susceptibility to overeating may be mfluenced by or dependent on body
weight/composition. Indeed, in the current study, changesating behaviors were associated
with changes in body weight (more strongly in the whaleug than in the Exercisers alone)
In contrast, food lking and wanting are considered as mote-d#gendent, with acute
exercise able to modulate short-term food reward responses (and0jid not appear to be
inluenced by changes in body weight. The effects of abroekercise and body

weight/composition on trait and state markers of overeatimgin to be fully understood.

Furthermore, it has been suggested that chronic exemase reduce binge eating
through a mechanistic effect on the reward system (blthe current study, correlational
analyses suggested potential associations between changesiting and changes in trait
binge eating in the whole sample; however, the uncgrtamour data do not allow for any
conclusions to be made at this time regarding the effecteoise on this relationship. Clearly
more work is needed to elucidate the impact of chronic ereron the food reward and

neurocognitive systems as well as on psychological eatingviteliaits.

Liking and wanting in response to HFAT and HCHO feeding conditions

Prior baseline analyses of the current study showedntitabnly are high-fat (and energy-
dense) foods less satiating than high-carbohydrate foods (&atiety quotient response) and
lead to an overconsumption of energy, but that consumptioheeé tfoods modulates liking
and wanting (15). In the present study, and in line with pyavious findings (15), we show

that regardless of the exercise intervention, lking \&adting scores for high-fat relative to
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low-fat foods was dependent on the composition of the foods camsuMereover, the
composition of the food consumed interacted with the hungée af the participants, showing
a greater lking and wanting scores for high-fat foods aftamsumption of high-fat foods
compared to high-carbohydrate foods (for wanting this effect mware prominent in the
Controls). However, food composition did not interact with tlveard responses to exercise
training. This emphasizes the importance of the energsitglesf the diet in determining both
homeostatic (satiety and energy intake) and food reward (ntgwanting) responses. It also
suggests that exercise-induced improvements in appetiteokcare unlikely to (on their own)
overcome the overconsumption of energy typically seem highfat foods, as the palatable

nature of energy dense foods can offset homeostatic osatatid satiety signals (13).

Limitations

Despite the present study being among the few in this tarinclude a non-exercising control
group, the relatively small number of Controls compared &ydiSers adds some additional
uncertainty (i.e. increased size of confidence intervédsjhe study outcomes. Additionally,
this study was not a randomized controlled trial, Exexisand Controls were recruited
separately. While the exercise intervention in Exersiswas supervised and closely monitored
for adherence, no free-lving exercise or food intake data weelected in the Controls to
confirm they hadn’t changed their behavior during the 12 weeks. Furthermore, the menstrual
cycle of female participants was not considered and mag impacted on the appetite
responses. However, as the study was 12 weeks in duration, tlee fEriipants should have
been in the same phase of their cycle at both baseline anhtpogntion measures days. The
interrelationships between exercise and changes in bogyostion make it difficult to tease
out specific contributors (whether direct or indirect) He thanges in appetite observed in the

current study. A future study design could attempt to comdomly weight during exercise
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training with a systematic dietary protocol or compare gefined sub-groups of weight loss

responders and non-responders to exercise with a non-exevaisel group.

Conclusions

In inactive individuals with overweight and obesity, a 12-kweeercise intervention reduced
wanting scores for high-fat foods and trait binge eatégtive to non-exercising Controlé\
reduction in trait disinhibition with exercise was apparbut to a lesser degree. The
intervention improved body compositon in the Exercisers cap#o the non-exercising
Controls. Taken together with previous work on the impact ofiqathyactivity on appetite, our
cautious interpretation is that exercise training, enegal, enhances appetite control through
an impact on homeostatic and hedonic processes occurringd aaowating episode, and has
an improved effect on more enduring eating behavior traksngting overconsumption.
Whether these trait effects are dependent upon chamdesdy weight/composition remains
to be fuly understood. Furthermore, it cannot be claimed sinett an improvement wil be
seen inall people undertaking exercise. The effects of exercise dpotiie are complex and
involve simultaneous physiological adjustments. Effects dhbeltreated cautiously, and our
modest interpretation is that exercise has the potetigenerate biological signals that cause
adaptation to the dietary environment; this wil be gremtesome individuals than in others.
Despite the degree of uncertainty in the outcomes, wé fedinportant to continue to attempt

to understand a complicated situation, and to openly debatedimgd.
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Supplemental Digital Content
Table 1. Food tems and macronutrient composition of the ad lbitum HFATHOHO

breakfast at baseline

Table 2. Food tems and macronutrient composition of the fixed energ§THind HCHO

lunches

Table 3. Pearson correlation matrix of the associations among ehamgood reward, eating

behavior traits and body composition in the whole group

Table 4. Pearson correlation matrix of the associations among ehamgood reward, eating

behavior traits and body composition in Exercisers

Table 5. Pearson correlation matrix of the associations among ehamgood reward, eating

behavior traits and body composition in Controls

Figure Captions

Fig. 1. Lking (A) and wanting (B) for high-fat relative to lowtffoods in Exercisers (n=38)
and Controls (n=14) at baseline (B) and post-intervention Fel)clarity, the overall mean of
HFAT and HCHO and pre-post lunch is presented. Indviduddesaof food reward are
represented by the points and the descriptive statisticboxplot with median. The figure
llustrates both the effect of exercise on food rewarde(difice between the 2 boxplots) and
the inter-individual variability in the changes. Repéameasures ANOVA were conducted
with post hoc Bonferroni adjustmentSExercisers baseline vs. post-intervention (completers
p=0.03, np?=0.09; ITT p=0.01, np?=0.10). 'Exercisers vs. Controls post-intervention

(completers p=0.0%p?=0.06; ITT p=0.021p?=0.09).



