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Abstract 44 

Background: Increased portion size is an essential contributor to the current obesity 45 

epidemic. The decision of how much to eat before a meal begins (i.e. pre-meal planning), and 46 

the attention assigned to this task, plays a vital role in our portion control.  47 

Objective: We investigated whether pre-meal planning can be influenced by a shift in 48 

mindset in individuals with overweight and obesity in order to influence portion size selection 49 

and brain activity. 50 

Design: We investigated the neural underpinnings of pre-meal planning in 36 adults of 51 

different weight groups (BMI< 25kg/m2 and BMI≥ 25kg/m2) by means of functional magnetic 52 

resonance imaging. To examine the important role of attentional focus, participants were 53 

instructed to focus their mindset on either the health effects of food, expected pleasure, or 54 

their intention to stay full until dinnertime, while choosing their portion size for lunch.  55 

Results: We observed that participants of all weight groups reduced their portion size when 56 

adopting a health mindset, which was accompanied by enhanced activation of the self-control 57 

network (i.e. left prefrontal cortex). Fullness and pleasure mindsets resulted in contrasting 58 

reward responses in individuals with overweight and obesity compared to normal-weight 59 

individuals. Under the pleasure mindset, persons with overweight and obesity showed 60 

heightened activity in parts of the taste cortex (i.e. right frontal operculum), while the fullness 61 

mindset caused reduced activation in the ventral striatum, an important component of the 62 

reward system. Moreover, participants with overweight and obesity did not modify their 63 

behaviour under the pleasure mindset and selected larger portions than the normal-weight 64 

group.  65 

Conclusions: We were able to identify specific brain response patterns as participants made a 66 

final choice of a portion size. The results demonstrate that different brain responses and 67 

behaviours during pre-meal planning can inform the development of effective strategies for 68 

healthy weight management. 69 
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Introduction 70 

Mindsets determine attentional focus when making a choice and they play an 71 

important role in everyday decisions. For example, directing attentional focus to healthy 72 

thoughts, as a result of walking by a gym during shopping, can influence food choice. 73 

Interestingly, healthy choices increase when the attentional focus is directed to healthy 74 

features of food 1-4. This is related to increased activation in parts of the prefrontal cortex, 75 

particularly the dorsolateral prefrontal cortex (dlPFC) 5. The activation pattern of the dlPFC 76 

during memory and executive control tasks predict weight loss success in dieters 6, 7 and is 77 

reduced in individuals with obesity 8-10. Moreover, the dlPFC is part of the core network 78 

related to dietary self-control, which is defined as a mental process functioning to override 79 

temptations to select a goal-oriented action 8. Besides the prefrontal cortex, the core brain 80 

regions related to dietary self-control include parts of the insula, supplementary motor cortex, 81 

operculum, parietal cortices and striatal regions. This network captures the process of 82 

valuation and action needed during food choice.  83 

Although many studies have evaluated the neural representations of food choice, few 84 

studies have investigated determinants for the selection of meal size. Nonetheless, besides 85 

what we eat, daily food intake might be even more dependent on the portion size we select 11. 86 

Indeed, the rise in obesity in the U.S. since the 1950s has paralleled with increasing portion 87 

sizes 12. The crucial influence of portion size is supported by the fact that we tend to plan our 88 

meals and then consume selected portions in their entirety 13. Moreover, the energy content of 89 

selected portions is strongly influenced by the extent to which we expect the meal to deliver 90 

satiation 14. We even tend to underestimate the caloric content of high energy density foods 91 

based on lower expected satiation, which results in the selection of larger portion sizes 14-16. 92 

Hence, the decision of how much to eat before a meal begins, and the attention assigned to 93 

this task, plays a vital role in our food intake. We recently investigated in adults with normal-94 

weight the neural underpinnings of portion size selection for lunch before mealtime began, 95 
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which is referred to as pre-meal planning 17. Participants chose their portion size for lunch by 96 

adopting three different mindsets. By switching an individual’s attentional focus to health 97 

aspects (i.e., health mindset), we were able to reduce portion size selection for lunch, which 98 

was accompanied by a specific brain response pattern. This study suggests the opportunity to 99 

improve portion control by mindset manipulation. However, it is not known whether pre-meal 100 

planning can be influenced by a shift in mindset in individuals with overweight and obesity to 101 

encourage healthier portion control.  102 

Therefore, we investigated in the current study behavioural responses and neural 103 

processes during pre-meal planning in adults with BMI ≥ 25kg/m2 using functional magnetic 104 

resonance imaging (fMRI). During fMRI recording, participants were instructed to focus their 105 

mindset on either the health effects of food, expected pleasure, or their intention to stay full 106 

until dinnertime, while choosing their portion size for lunch.  107 

Materials and methods 108 

Participants 109 

Eighteen participants with overweight and obesity were recruited into the study. 110 

Fourteen controls with normal-weight were included from a recent study 17 and an additional 111 

four healthy controls were recruited to ensure that the groups did not differ in age. 112 

Participants were recruited via e-mail and board advertisements, and were screened on 113 

exclusion criteria by online questionnaires. Participants were required to fulfill the following 114 

inclusion criteria: right handed, between 18 and 35 years of age, having a body mass index 115 

(BMI) between 18 and 24 kg/m2 for the BMI < 25 kg/m2 group and a BMI between 25 and 35 116 

kg/m2 for the BMI ≥ 25 kg/m2 group. Participants were excluded if they had a non-removable 117 

metal object in their body, were pregnant, had type 2 diabetes, were taking antidepressants or 118 

had a neurological disorder (e.g., epilepsy), were vegetarian or vegan, had a food allergy, or 119 

self-reported having an eating disorder. The study was approved by the ethics committee of 120 



5 
 

the University of Tübingen. Written informed consent was obtained prior to the study.  121 

Participant characteristics are summarized in table 1. 122 

Study design 123 

The study design is described in detail in our recent publication investigating neural 124 

correlates of mindset-induced changes in pre-meal planning in adults with normal-weight 17. 125 

Participants were overnight fasted (at least 12 h) and consumed a normal breakfast between 126 

7.30 am and 8.00 am. They then abstained from eating and drinking (except water) before 127 

arriving in our lab at 10.30 am.  128 

Prior to fMRI scanning, participants were familiarized with the experimental 129 

procedure and the associated stimuli, as recently reported 17.  Hunger was rated at four time 130 

points (upon arrival, after an fMRI scanning session, after lunch, and 1h after lunch) on a 131 

visual-analogue scale from 0 to 10 (0: not hungry at all; 10: very hungry). A blood sample 132 

was taken after the fMRI scanning session to determine plasma insulin and HbA1c levels (see 133 

table 1). 134 

The fMRI scanning session started at around 11.15 am and lasted roughly 90 minutes. 135 

After the fMRI session, participants were asked to indicate the healthiness, tastiness, and 136 

expected satiation of each meal on a laptop. At around 1.00-1.15 pm all participants received 137 

spaghetti Bolognese (Barilla Bolognese neu (90kcal/100g), Barilla Spaghettoni no.7 138 

(359kcal/100g dry weight)) in the portion size that they selected during the free-choice 139 

condition in the fMRI task. Due to organizational limitations, we chose to serve a specific 140 

meal to all participants (participants were in fact told that they would receive a randomly 141 

selected meal). Participants were left alone to finish their meal and were told to take as long 142 

as they needed (typically around 15 min). After lunch, participants remained in the lab for a 143 

further hour. Over this period they completed several questionnaires. For an overview of the 144 

study procedure, refer to supplementary Figure 1. 145 

 146 



6 
 

Stimuli 147 

We selected 10 stimuli (i.e. different meals) from a database that systematically varied 148 

in portion sizes 18. We used 10 pictures per meal showing different portion sizes, starting with  149 

100 kcals and increasing portion sizes in 100 kcal steps. A portion size of 500 kcal was used 150 

for the ratings of the meals. Based on the NOVA food classification system, we predict that 151 

individual meal stimuli would be classified as either ‘processed’ or ‘ultra-processed’ (group 3 152 

and 4, respectively) 19. 153 

fMRI task 154 

The fMRI task was completed four times, starting with a free-choice (baseline) 155 

condition followed by different instructions to induce a specific mindset. For the free-choice 156 

condition (baseline), participants were instructed to select the portion size for each meal that 157 

they wanted to eat for lunch that day. Participants were informed that one meal of this 158 

baseline condition would be randomly chosen for lunch in the selected portion size.  For the 159 

other conditions, they were instructed to imagine selecting their portion sizes under certain 160 

considerations. To adopt a pleasure mindset, they were instructed to select a portion size that 161 

they would eat with pleasure, for the fullness mindset if they would plan to be full until 162 

dinner, and for the health mindset if they would consider health aspects. Except for the free-163 

choice conditions, all other conditions were pseudo-randomized to avoid order effects. We 164 

used this harmonized design to increase comparability between participants and between 165 

mindsets, and to prevent a potential carry-over effect from the mindset to the free-choice 166 

condition.  167 

For the fMRI task, we used 10 different meals in 10 different portion sizes (starting 168 

with a portion size of 100 kcal (418 kilojoules (kJ) and increasing by 100kcal (418 kJ) up to 169 

1000kcal (4184 kJ)). Each of the four task blocks consisted of 30 trials starting with the 170 

presentation of a randomly selected meal. For each meal, there were three trials in each task 171 

block. Each trial started with an initial meal size once in the lower, middle and upper range of 172 
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portion sizes. Participants were required to decide whether they wanted to increase or 173 

decrease the portion size via button press. Pressing a right button increased the portion size 174 

and pressing a left button decreased the portion, i.e. the next larger or smaller portion size was 175 

shown after presentation of an inter-stimulus fixation cross for a randomized time between 1 176 

and 2 s. At the end of each trial, when participants reached their desired portion size, the 177 

selected portion was shown for 2 s and participants had to confirm the selection by button 178 

press. They were then asked if they were satisfied with their final portion size decision 179 

(feedback). In the final analyses, we only included decision trials for which participants 180 

indicated that they were satisfied with their final portion size selection. Participants performed 181 

the task self-paced and were allowed 10.5 minutes to complete the task. Dummy trials were 182 

included in the analyses if they needed less time. Stimuli were presented visually projected on 183 

a monitor in the scanner room using Presentation (Neurobehavioural Systems, Inc., Albany, 184 

CA). The task was recently described in detail 17. 185 

fMRI data acquisition and preprocessing  186 

Whole brain fMRI data were obtained using a 3 Tesla scanner (Siemens 187 

MAGNETOM Prisma, Erlangen, Germany) equipped with a 20-channel head coil. Each task 188 

block consisted of 312 scans (repetition time: 2 s, echo time: 30 ms, voxel size 3x3x3 mm3). 189 

In addition, we obtained a high resolution T1-weighted anatomical image and a static field 190 

map to unwarp geometrically distorted functional scans. As recently described, preprocessing 191 

and statistical analyses of the fMRI data were performed in SPM12 (Wellcome Trust Centre 192 

for Neuroimaging, London, UK). The anatomical image was normalized to the Montreal 193 

Neurological Institute (MNI) template (1x1x1mm3). The functional images were normalized 194 

to a voxel size of 3 x 3 x 3 mm3 and smoothed with a three-dimensional isotropic Gaussian 195 

kernel (FWHM: 9 mm). FMRI data were high-pass filtered (0.008 Hz) and global AR (1) auto 196 

correlation correction was performed.  197 

fMRI data analysis 198 
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FMRI data were analyzed in an event-related design using the general linear model 199 

(GLM). For the first level model, responses to stimuli were modeled for each participant as 200 

events and convolved with a canonical hemodynamic response function and its time 201 

derivative. For each subject, four regressors indicating the individual trial events were 202 

analyzed using linear regression. The four regressors included the 1) pre-decisions 203 

(increase/decrease of portion size), 2) final decision of portion size, 3) feedback trials and 4) a 204 

regressor of no interest including the dummy trials and those decisions with which 205 

participants were not satisfied. To account for head motion, six realignment parameters were 206 

included as regressors to the model. Individual contrast images were computed to estimate the 207 

activation changes for the final decision of the portion size in the free choice condition 208 

compared to the three mindsets.  209 

For the second-level analyses, full-factorial models were calculated using the first-210 

level contrasts of the final decision, with the between-subject factor “body-weight” 211 

(BMI<25kg/m2 group vs. BMI≥25kg/m2 group) and a within-subject factor “condition” (free-212 

choice vs mindset). Effects were considered statistically significant using a primary threshold 213 

at peak level of p<0.001 uncorrected and a whole brain family wise error correction (FWE) of 214 

p< 0.05 at cluster level. In addition, we performed a region of interest (ROI) analyses for the 215 

dlPFC (inferior frontal gyrus), frontal operculum, and putamen, based on recent publications 216 

on food choice and dietary self-control 5, 8, 17. All ROIs were created in wfu pick atlas 20. 217 

Behavioural data analysis 218 

Self-rated hunger 219 

Using a mixed-model ANOVA (within-subject factor: time (4 time points); between-220 

subject factor “body-weight” (BMI<25 kg/m2 vs BMI≥25 kg/m2), we investigated the effect 221 

of time on reported hunger and assessed differences in participants with normal-weight and 222 

with overweight and obesity.  223 

Portion size selection 224 
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Individual energy requirements were calculated based on the Harris Benedict equation 225 

21. Portion size selections are expressed as percentages (%) of individual energy requirements 226 

[in kilojoules (kJ)]. To investigate mindset-induced portion size selection, we used a mixed-227 

model ANOVA (within-subject factor: mindset (corrected in relation to baseline/free-choice 228 

condition), between-subject factor “body-weight” (BMI<25 kg/m2 vs BMI≥25 kg/m2) and 229 

sex. 230 

Expected satiation 231 

Expected satiation was calculated as recently described 17. Bivariate correlation was 232 

used to investigate the relationship between portion size selection in the baseline condition, 233 

energy density, expected satiation, tastiness and healthiness ratings, for the weight groups 234 

separately.  235 

Correlation analyses 236 

Bivariate correlation (Pearson) and partial correlation was used to investigate 237 

relationships between hunger, brain response, and questionnaire-based assessments of trait 238 

dietary behaviours. Behavioural data were analyzed with the software package SPSS 24.0 239 

(SPSS Inc., Illinois; USA). All data are presented as mean±SEM. P-values <0.05 were 240 

considered significant. 241 

Results 242 

Effects of mindset on portion selection 243 

Compared to the free-choice condition, we observed a significant main effect of 244 

mindset (F(2,64)= 73.2, p<0.001), significant interactions between mindset and weight group 245 

(F(2,64)= 9.29, p<0.001) and a trend between mindset and sex (F(2,64)= 2.9, p= 0.06). No 3-246 

way interaction was observed (p>0.05). Moreover, we observed a main effect of weight group 247 

(F(1,32)= 7.5, p= 0.01) and sex (F(1,32)= 5.3, p= 0.027), independent of mindset. No 248 

interaction between weight group and sex was observed independent of mindset. Post-hoc 249 

analyses showed that both weight groups selected larger portion sizes in the fullness mindset 250 
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(BMI<25 kg/m2: t(17)= 6.1, p< 0.001; BMI≥25 kg/m2: t(17)= 5.4, p< 0.001) and selected 251 

smaller portions in the health mindset (BMI<25 kg/m2: t(17)= -7.1, p<0.001; BMI≥25 kg/m2: 252 

t(17)= -5.1, p<0.001). For the pleasure mindset, only participants with normal-weight showed 253 

a significant decrease compared to baseline (BMI<25 kg/m2: t(17)= -3.1, p= 0.007; BMI≥25 254 

kg/m2: t(17)= 2.00, p= 0.061) (Figure 2).  255 

In addition, participants with overweight and obesity selected larger portion sizes in 256 

the pleasure mindset (compared to free-choice condition) than participants with normal-257 

weight (t(34)= 3.68, p= 0.001) (Figure 2). Women selected larger portion sizes than men in 258 

the pleasure condition compared to the free choice condition (t(34)= 2.25, p= 0.03)   259 

(supplementary table 1). 260 

Hunger rating 261 

No significant effect was observed for hunger over time between weight groups or sex 262 

(p> 0.05).  263 

Correlations between portion size selection and hunger 264 

Portion size selection during pleasure compared to baseline correlated significantly 265 

with hunger before the start of the experiment (r= -0.431, p= 0.009). Hence, participants who 266 

reported less hunger selected larger portions for pleasure compared to the free-choice 267 

condition. This correlation was driven primarily by the BMI≥25 kg/m2 group (data not 268 

shown). No significant associations were observed for portion size selection under health and 269 

fullness mindset (p<0.01 corrected for multiple testing).  270 

Expected satiation 271 

As expected and as recently reported 17, 18, the energy density of the meals was 272 

associated with lower expected satiation, both in participants with normal-weight (r= -0.774, 273 

p= 0.009) and with overweight and obesity (r= -0.716, p= 0.02). Expected satiation was also 274 

highly correlated with the portion sizes selected in the baseline condition (BMI<25 kg/m2 r= -275 

0.867, p= 0.001; BMI≥25 kg/m2r= -0.911, p<0.001). Finally, portion size selection during 276 



11 
 

baseline was not related to tastiness nor healthiness ratings and no group differences were 277 

observed for tastiness and healthiness ratings (p> 0.05). 278 

Neuroimaging results 279 

Health mindset 280 

Compared to the free-choice condition (i.e., baseline), the health mindset induced an 281 

increase in activation in the left inferior frontal gyrus (dorsolateral prefrontal cortex (dlPFC)) 282 

and left superior frontal gyrus (dorsolateral medial prefrontal cortex (dlmPFC)), in both 283 

weight groups (Figure 3; supplementary table 2).  284 

Pleasure mindset 285 

Compared to the free-choice condition, the pleasure mindset induced increased 286 

activation in the posterior insula, posterior cingulate, temporal and inferior frontal gyrus (IFG) 287 

(supplementary Figure 1; supplementary table 2). Moreover, we observed a main effect of 288 

group. Participants with overweight and obesity showed enhanced activation in the right 289 

inferior frontal operculum (IFO) compared to participants with normal-weight.  290 

Furthermore, right inferior frontal operculum activation significantly correlated with 291 

the selected portion size during the pleasure mindset (Figure 4) (Correlation both weight 292 

groups: r= 0.408, p=0.01; BMI<25kg/m2 group: r= 0.291, p=0.2; BMI≥25kg/m2 group: r= 293 

0.538, p=0.02). 294 

Fullness mindset 295 

Compared to the free-choice condition, the fullness mindset induced an increase in the 296 

posterior insula. Furthermore, a significant interaction was observed in the putamen (ventral 297 

striatum), between group and mindset fullness vs baseline (Figure 5; supplementary table 298 

2). Post hoc analyses showed that participants with normal-weight increased activation in the 299 

ventral striatum during the fullness condition (t(17)= 2.9, p= 0.008), while participants with 300 

overweight and obesity decreased their response (t(17)= -2.6, p= 0.01). Weight groups 301 
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significantly differed in ventral striatum activation in the fullness (F(1,35)= 19.6, p<0.001) 302 

but not the baseline condition. 303 

Moreover, ventral striatum activation for fullness compared to baseline significantly 304 

correlated with Barratt Impulsiveness Scale (BIS) (r= -0.492, p= 0.002; rBMI adj= -0.435, padj= 305 

0.009).  306 

Discussion 307 

In the current study, we investigated whether mindset manipulations can modulate 308 

brain activity and encourage individuals with overweight and obesity to select healthier 309 

portion sizes. We observed that participants of all weight groups could be encouraged to 310 

reduce their portion size by adopting a health-focused mindset, which was accompanied by 311 

enhanced activation of the self-control network. We also found that the fullness and pleasure 312 

mindsets resulted in distinct behavioural and brain response patterns. Under the pleasure 313 

mindset, persons with overweight and obesity did not modify their behaviour and selected a 314 

larger portion size compared to participants of normal-weight. This was correlated with a 315 

heightened right frontal operculum response, which is part of the taste-processing region of 316 

the brain 22. Under the fullness mindset, the BMI≥25kg/m2 group showed a reduced response 317 

in the reward-processing region of the brain (i.e., ventral striatum).  318 

Changing the perspective to health aspects resulted in a reduction in portion size 319 

selection with enhanced activation of the self-control network, including parts of the 320 

dorsolateral prefrontal cortex (dlPFC) and dorsolateral medial prefrontal cortex (dlmPFC). 321 

The dlPFC is known to be important for anticipatory cognitive control, including dietary self-322 

control and food choice. The dlmPFC also plays a role in mentalization 23, assigning valence 323 

and tracking health value independent of attentional focus 1. Obesity is related to a diminished 324 

response of the left dlPFC, particularly in a food choice and dietary self-control setting 8. 325 

Nonetheless, we found that all weight groups successfully recruited the dlPFC when changing 326 

mindset. Hence, our findings are promising in showing that young adults with obesity can 327 
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enhance left dlPFC activity to influence eating behaviour. Similarly, cognitive reappraisal 328 

approaches, thinking of the health benefits and suppressing craving, showed that individuals 329 

with obesity can increase the dlPFC 24-26; however, without any long lasting effects on body 330 

weight27. Moreover, persons with obesity can learn to upregulate the dlPFC using 331 

neurofeedback training28, which results in healthier food choices 3. Recent advances in non-332 

invasive brain stimulation revealed that targeting the left dlPFC is effective in decreasing food 333 

intake and facilitating weight loss 29-31 (although to date no study has evaluated long-term 334 

effects of altering dlPFC activity on eating behaviour). Therefore, it could be that a mindset-335 

induced change in dlPFC activity forms the neural basis for short-term dieting success in the 336 

overweight population.  337 

Under the pleasure mindset, participants with normal-weight modified their choice by 338 

selecting smaller portions, which is consistent with results of a study by Cornil and Chandon 339 

32. They found that drawing attention to the orosensory aspects of eating can cause 340 

participants to select smaller food portions, apparently because orosensory pleasure peaks 341 

during the early part of a meal 32, 33.  In our study, however, while the pleasure mindset 342 

reduced portion size selection in participants with normal-weight, it failed to do so in 343 

participants with overweight and obesity. On a neural level, persons with overweight and 344 

obesity showed enhanced activation in the right inferior frontal operculum (IFO) (i.e., the pars 345 

opercularis of the inferior frontal gyrus) during the pleasure mindset. The right inferior frontal 346 

gyrus is activated whenever an important/salient cue is detected; hence, it plays an important 347 

role in the framework of attention 34, 35. Regarding its functional role in eating behaviour, it is 348 

important to recognize the role of the IFO in discriminating different taste cue properties, as 349 

part of the taste cortex 36, 37. In people with obesity, palatable food cues and tastes are found to 350 

generate particularly strong activation of the right inferior frontal operculum 9, 38. Moreover, 351 

anticipated food intake and increased food desire results in higher reactivity of the frontal 352 

operculum in obesity 39, 40. Together, this could lead to greater failure to suppress response 353 
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tendencies to salient food cues. In the current study, individuals with overweight and obesity 354 

reported feeling less hungry. In light of the above-mentioned findings, for people with 355 

overweight and obesity, shifting attentional focus to pleasure might increase the salience of 356 

food, leading to the selection of larger portion sizes, even in the relative absence of hunger.  357 

Under the fullness mindset, we identified a group specific pattern in the ventral 358 

striatum, which is a key region for processing incentive value and the anticipation of 359 

pleasurable outcomes 41. This novel finding demonstrates how it is possible to tweak the 360 

brain’s reward system simply by shifting attention to fullness. Previous studies have shown 361 

that ventral striatal activity is particularly sensitive to the anticipation of food intake, 362 

processing of food cues 42, 43, metabolic state, sensory modality and food consumption 39, 44-46. 363 

It is still under discussion, however, whether overeating is caused by greater reward 364 

sensitivity or reward deficiency in people with obesity 39, 46. Alternatively, it has been 365 

proposed that obesity is associated with reduced reward-related learning, particularly with an 366 

impairment in negative outcome learning 47, 48. This is reflected by the negative reward 367 

prediction error, encoding the negative discrepancy between expected and actual reward 49- a 368 

process that is largely driven by dopaminergic neurons in the striatum 47, 49. Accordingly, our 369 

findings could point to a shift in the reward prediction error to the initial portion size (portion 370 

size at the beginning of the experimental block) in the BMI ≥ 25 kg/m2 group. Thus, the final 371 

portion size decision under the fullness mindset might be ‘worse’ than expected (i.e. less 372 

rewarding), resulting in a decreased response in the ventral striatum particularly in persons 373 

with high impulsivity.  This is in accordance with previous behavioural studies showing that 374 

eating itself is rewarding, but fullness is not 33.  375 

A possible limitation of our study is the ‘real’ versus ‘hypothetical” setting of the 376 

study design. During the free-choice (baseline) condition, participants made a ‘real’ choice 377 

(with an actual outcome); however, the mindset-induced choices were merely hypothetical in 378 

nature. A recent study showed that people with overweight make the same hypothetical but 379 
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not real-world healthy food choices 50. Hence, the potential to improve portion control by 380 

using a health mindset might be different in real life, where other factors, such as price, also 381 

impact decision making. Moreover, and in relation to this idea, we note that a recent weight-382 

loss program incorporating a portion-control strategy failed to show sustained weight loss 51. 383 

Another potential limitation is that we did not evaluate participants on their individual 384 

strategies after each mindset induction. Although participants were guided to develop 385 

different mindsets, we cannot say with confidence that these mindsets were always adopted. 386 

Individuals may differ in this regard and this issue might be addressed in future studies.  387 

In conclusion, our study demonstrates that switching an individual’s mindset during 388 

pre-meal planning has the potential to improve portion size control. The encouraging message 389 

from this study is that people of all weights responded positively to a healthy mindset 390 

instruction. Hence, the approach can be considered in strategies for healthy weight 391 

management. Maintaining a lower weight after successfully completing a dietary intervention 392 

is, however, a very significant challenge. We postulate that individuals with obesity may 393 

adapt temporarily to a health-focused mindset during a diet but, over time, and perhaps due in 394 

part to greater impulsivity, may shift back to a pleasure-focused mindset, making them 395 

vulnerable to the selection of larger portions. This might help to explain weight cycling after a 396 

diet. Further research is necessary to evaluate strategies to induce long-lasting changes to 397 

encourage healthier food choice and portion control. 398 

Supplementary information is available at the International Journal of Obesity website. 399 
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Figure legends 612 

Figure 1. Illustration of the study procedure. 613 

Figure 2. Portion size (kJ) selected by study participants expressed in % of individual energy 614 

requirement. Values (mean±SEM) are stratified by condition. A) Plot shows significant within 615 

group mindset induced changes in portion size selection. B) Plot shows, in relation to 616 

baseline, significant group differences for the pleasure mindset.  617 

Figure 3. Health induced changes in brain activity compared to baseline in all weight groups. 618 

Shown are clusters in the in the left superior frontal gyrus and left inferior frontal gyrus with 619 

increased activity for the final decision to select a portion size while adopting the health 620 

mindset compared to baseline (p<0.001 uncorrected for display). 621 

Figure 4. Pleasure mindset induced changes in brain activity and selected portion size. 622 

Cluster shows an increase in the right inferior frontal operculum activation in the BMI ≥ 25 623 

kg/m2 group compared to the BMI < 25 kg/m2 group (PFWE<0.05,whole brain-corrected). 624 

Correlation plot shows significant relationship between the portion size under the pleasure 625 

mindset and activation of the right inferior frontal operculum (For both weight groups: r= 626 

0.408; p= 0.01). Solid regression line for BMI≥ 25kg/m2 group; dashed regression line for 627 

BMI < 25 kg/m2 group. 628 

Figure 5. Fullness mindset induced changes in brain activity compared to baseline. Image on 629 

the right shows cluster in the left ventral striatum revealing a significant interaction between 630 

group and condition (fullness mindset vs. baseline) (PFWE<0.05 small volume corrected).Bar 631 

plot, on the left, shows in participants with normal-weight a significant increase in ventral 632 

striatal activation in the fullness mindset compared to baseline, while participants with 633 

overweight and obesity show a significant decrease (*p<0.01). 634 
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