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Brain substrates of unhealthy versus healthy food choices:
influence of homeostatic status and body mass index
IH Harding1, ZB Andrews2, F Mata1, S Orlandea1, I Martínez-Zalacaín3, C Soriano-Mas3,4, E Stice5 and A Verdejo-Garcia1

BACKGROUND/OBJECTIVES: Unhealthy dietary choices are a major contributor to harmful weight gain and obesity. This study
interrogated the brain substrates of unhealthy versus healthy food choices in vivo, and evaluated the influence of hunger state and
body mass index (BMI) on brain activation and connectivity.
SUBJECTS/METHODS: Thirty adults (BMI: 18–38 kg m− 2) performed a food-choice task involving preference-based selection
between beverage pairs consisting of high-calorie (unhealthy) or low-calorie (healthy) options, concurrent with functional magnetic
resonance imaging (fMRI). Selected food stimuli were delivered to participants using an MRI-compatible gustometer. fMRI scans
were performed both after 10-h fasting and when sated. Brain activation and hypothalamic functional connectivity were assessed
when selecting between unhealthy–healthy beverage pairings, relative to unhealthy–unhealthy and healthy–healthy options.
Results were considered significant at cluster-based family-wise error corrected Po0.05.
RESULTS: Selecting between unhealthy and healthy foods elicited significant activation in the hypothalamus, the medial and
dorsolateral prefrontal cortices, the anterior insula and the posterior cingulate. Hunger was associated with higher activation
within the ventromedial and dorsolateral prefrontal cortices, as well as lower connectivity between the hypothalamus and both
the ventromedial prefrontal cortex and dorsal striatum. Critically, people with higher BMI showed lower activation of the
hypothalamus—regardless of hunger state—and higher activation of the ventromedial prefrontal cortex when hungry.
CONCLUSIONS: People who are overweight and obese have weaker activation of brain regions involved in energy regulation and
greater activation of reward valuation regions while making choices between unhealthy and healthy foods. These results provide
evidence for a shift towards hedonic-based, and away from energy-based, food selection in obesity.
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INTRODUCTION
The prevalence of obesity has steadily grown in the past 30 years,1

and is now one of the largest causes of preventable disease
burden and premature death in Western societies.2 Obesity is a
multifactorial condition, linked to both genetic and environmental
influences.3 Nonetheless, compelling data show that the over-
consumption of high-calorie foods over healthier alternatives is
driving the current obesity epidemic.4 Thus, understanding the
determinants of unhealthy versus healthy food choices is key to
identifying new approaches to tackle this problem.
Food choices are orchestrated by a distributed brain system

that includes the hypothalamus, the striatum, and frontal–parietal
regions.5 Animal studies show that the hypothalamus has a crucial
role in energy balance by sensing changes in metabolic state and
then adjusting feeding behaviour to maintain energy
homeostasis.6–10 Human imaging research has shown that choices
between foods with different reward values activate the
ventromedial prefrontal cortex, the posterior cingulate cortex
and the striatum.5,11,12 Importantly, the peptides that act on the
hypothalamus to regulate feeding (e.g., leptin and ghrelin) also
modulate striatal responsivity to food cues,13,14 linking homeo-
static needs with reward value.15 The dorsolateral prefrontal
cortex and posterior parietal regions provide additional input

about health aspects of food, contributing to cognitive control
over eating.16,17 The ventromedial prefrontal cortex ultimately
integrates information about food desirability and food healthi-
ness to determine preferences between unhealthy and healthy
food options.12

Functional neuroimaging studies suggest that people with
obesity have abnormal activation in brain regions that contribute
to food choice. Meta-analytic research on cue reactivity shows that
obese versus normal weight participants have higher activation in
the medial prefrontal cortex, the striatum and the parahippo-
campal gyrus when viewing food images.18,19 Heightened
activation in this set of regions reflects overvaluation of food
stimuli, which can bias decision-making towards excessive food
intake.19,20 In the only study that has examined the brain
signatures of food choice as a function of body mass index
(BMI), ventromedial prefrontal cortex activation correlated with
subjective food valuation and ‘ad libitum’ consumption of
unhealthy foods after scanning.21 However, there were no
significant differences between overweight and normal weight
individuals.21 An important limitation of the existing neuroima-
ging studies is that they have measured food motivation and
choice using visual cues and hypothetical choices, rather than
actual food choice and food delivery. A critical shortcoming of this
approach is its lack of sensitivity to measure brain regions
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involved in homeostatic control of food choice, such as the
hypothalamus.22 This is an important research gap, as influential
theories posit that the food choices of people with obesity are
primarily driven by the reward value of food, bypassing
homeostatic regulation mechanisms.23–26 Moreover, cue-
reactivity studies show different patterns of brain activation in
pre- versus postmeal states. Hyperactivation of the hippocampus
and the amygdala are specifically associated with cue reactivity
during hunger, while hyperactivation in the medial prefrontal
cortex and the striatum is linked to satiety in obese individuals
(see Kennedy and Dimitropoulos19 for a meta-analysis). However,
there are no studies about the effect of BMI on food choice as a
function of homeostatic status, that is, hunger versus satiety.
In this study, we developed a novel paradigm to interrogate the

brain substrates of food choices in vivo, using real food
administered during the scan. Brain activations and hypothalamic
functional connectivity in response to decisions between
unhealthy versus healthy food options were examined as a
function of body mass index (BMI) and homeostatic status (hunger
versus satiety). Based on combined evidence from animal models
and human imaging studies, we hypothesised that: (i) food
choices involving unhealthy versus healthy food would elicit
significant activation in the hypothalamus, striatum and ventro-
medial prefrontal and posterior cingulate cortices; (ii) people with
higher BMIs would display greater striatal and ventromedial
prefrontal cortex activation (reward valuation) and weaker
hypothalamic activation (homeostatic regulation), as well as lower
connectivity between these regions.

MATERIALS AND METHODS
Participants
Thirty adult participants (16 males; age M=24.17 years, s.d. = 5.98 years)
were recruited from the general community. The BMI range of the sample
was 18.0–37.8 kg m−2, with 16 (53.3%) of the participants being classified
as overweight or obese (BMI425 kg m− 2); no participant was considered
underweight (BMIo18 kg m−2). Exclusion criteria included (i) history of
hypertension or diabetes, (ii) diagnosed psychiatric illness, including
depression, substance use or eating disorders, (iii) magnetic resonance
imaging (MRI) contraindications and (iv) allergies to ingredients used for
the food-choice task (see below), based on self-report. The Monash
University Human Research Ethics Committee approved the study, and all
participants provided written informed consent.

Experimental design
Participants undertook the Food Choice Task in conjunction with
functional MRI (fMRI) on two occasions, 1 week apart: (i) after 10 h of
fasting (excluding water), and (ii) 45 min after a standard meal containing
306 kcal (a vegetarian alternative was also offered and contained 280 kcal).
Scan order was counterbalanced across participants.
The Food Choice Task was designed to interrogate the neural basis of

food choices using actual physiological stimuli. The task presented
pseudorandomised images of pairs of healthy (low sugar and fat) and/or
unhealthy (high sugar and fat) beverage combinations in the form
healthy–healthy (HH), unhealthy–unhealthy (UU) and unhealthy–healthy
(UH) options (Figure 1a). The beverage pair combinations were consistent
and presented to all participants in the same order. In each trial,
participants were asked to select an option based on their usual
preferences. Each image pair was displayed for a 3-s viewing-only period
followed by a 1.5-s period where participants made their selection using a
two-button response box. The chosen beverage was delivered during
the 5 s following selection (Figure 1b). The task comprised five runs,
each containing 30 choice events (10 from each condition) and lasting
6 min 32 s.
A computer-controlled MRI-compatible food delivery system (gust-

ometer), consisting of six syringe pumps each connected to a different
beverage reservoir, was used to deliver the chosen beverages to
participants during simultaneous fMRI recording (Supplementary
Figure S1 and Supplementary Information). Upon beverage selection,
3 ml of the beverage was delivered via plastic tubing to a mouthpiece
mounted on the head coil of the scanner. Task presentation and beverage

delivery were controlled using the program ‘Presentation’ (Neurobeha-
vioral Systems Inc., Albany, CA, USA; http: //www.neurobs.com).
The beverages were designed by a professional nutritionist and

prepared according to a standard operating procedure. ‘Unhealthy’
beverages included chocolate, strawberry and caramel milkshakes.
‘Healthy’ beverages included fruit-blended orange, cranberry/raspberry
and veggie juices (including fibre). The unhealthy drinks had significantly
more sugar and fat than the healthy drinks: chocolate milkshake (8.93 g of
fat and 18.99 g of sugar per 100 ml), strawberry milkshake (8.93 g of fat
and 18.93 g of sugar per 100 ml), caramel milkshake (8.93 g of fat and
18.93 g of sugar per 100 ml) versus veggie juice (o1 g of fat and 7.7 g of
sugar per 100 ml), cranberry/raspberry juice (o1 g of fat and 9.6 g of
sugar per 100 ml) and orange juice (o1 g of fat and 8.4 g of sugar per
100 ml).

MRI data acquisition
Data were acquired using a 3-Tesla Siemens Skyra MRI scanner equipped
with a 32-channel head coil at Monash Biomedical Imaging (Melbourne,
VIC, Australia). Each of the 10 functional runs (five per session) consisted of
196 gradient-echo echo-planar images comprising 34 interleaved,
contiguous axial slices (total acquisition time= 6 min 32 s; repetition
time= 2000 ms; echo time= 30 ms; flip angle = 90°; 3 mm isotropic voxels;
field of view=230× 230 mm2) covering the cerebrum. A whole-brain T1-
weighted magnetisation-prepared rapid gradient-echo structural
image was also acquired for each participant (192 sagittal slices; 1.0 mm
isotropic voxels; repetition time= 2300 ms; echo time= 2.07 ms; field of
view=256× 256 mm2).

Functional MRI data analysis: task-related activations
Analyses were undertaken using SPM12 Software (Functional Imaging
Laboratory, UCL, UK; http://www.fil.ion.ucl.ac.uk/spm/). Data preprocessing
consisted of: (i) slice timing correction, involving temporal registration of
all slices to the middle slice of each functional volume; (ii) spatial
realignment of all volumes to the first volume of the first run, to account
for movement-related displacements and rotations; (iii) spatial unwarping
to account for susceptibility-by-movement noise variance; (iv) coregistra-
tion to the T1-weighted structural image; (v) skull-stripping, segmentation
and nonlinear normalisation of the T1 and coregistered echo-planar
images to the standard anatomical space (Montreal Neurological Institute);
and (vi) spatial smoothing using a Gaussian kernel of 5 mm full-width at
half-maximum.
Task fMRI effects were quantified using hierarchical general linear

modelling. For each individual, the 3-s decision-making periods

Figure 1. (a) Example of UH, HH and UU beverage pairs. (b) Timeline
of a choice event in seconds (s). ISI, interstimulus interval. The colour
reproduction of this figure is available on the International Journal of
Obesity journal online.
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corresponding to each condition-type (UU, HH, UH), convolved with a
canonical hemodynamic response function, were coded as predictors of
the blood oxygenation level-dependent response. Six additional regressors
were included in the general linear modelling to account for residual
motion-related variance (three planes of translation; three axes of rotation).
All 10 runs were included in the general linear modelling (two runs were
excluded in two participants due to excessive movement). A high-pass
filter (128 s) was included to account for low-frequency noise in the blood
oxygenation level-dependent signal, and temporal autocorrelations were
estimated using an AR1 model. Contrasts across runs and conditions were
used to derive summary statistic maps for each effect of interest: (i) healthy
versus unhealthy food choice, regardless of hunger state [UH− (UU+HH)/2]
fasted+sated and (ii) healthy versus unhealthy food choice when fasted versus
sated (i.e., choice-by-hunger interactions; [UH− (UU+HH)/2]fasted− [UH−
(UU+HH)/2]sated).

fMRI data analysis: task-related connectivity
Task-related hypothalamic connectivity was assessed using a generalised
psychophysiological interaction analysis.27 In brief, the individual-level
general linear modellings described above were replicated (the psycho-
logical and motion-related variables), with the addition of variables coding
the time series of activity within the seed region of interest (ROI) (the
physiological variable; seed defined below), and the interaction between
the physiological variable and each psychological variable. Contrasts were
again defined to assess the connectivity change related to: (i) healthy
versus unhealthy food choice, regardless of hunger state [UHconnectivity−
(UUconnectivity + HHconnectivity)/2]fasted+sated, and (ii) choice-by-hunger
interactions.

fMRI data analysis: group-level inference
At the group level, regression models were used to infer the average
effects of the above activation and connectivity effects and their linear
relations with BMI and Food Preference (proportion of ‘unhealthy’
selections in UH trials), while covarying for average frame-wise

displacement (i.e., root mean square of the volume-to-volume movement).
Movement-related variance was thus conservatively accounted for at both
the individual and group level of assessment. Inference was undertaken
across the whole brain and within anatomical masks defined a priori using
the Automated Anatomical Labelling (AAL2) cerebral atlas (ventromedial
prefrontal cortex and insula, included labels: bilateral Frontal_Sup_Medial,
Cingulum_Ant, Frontal_Med_Orb, Insula) (Supplementary Figure S2 and
Supplementary Information), the Oxford-Imanova subcortical atlas (cau-
date, putamen, ventral striatum) and a neuroimaging meta-analytic
localisation of the hypothalamus (http://www.neurosynth.org/analyses/
terms/hypothalamus).
Statistical thresholds were corrected for multiple comparisons using

nonparametric permutation methods (SnPM version 13.1; cluster-based
family-wise error (FWE) corrected Po0.05; cluster-forming thresholds set
at Po0.001 for whole-brain analyses and Po0.01 within the cerebral
anatomical mask). Subcortical ROI analyses were undertaken using the
mean signal from within each region averaged across hemispheres (all
hemispheric effects, P40.22). Three participants were excluded from
hypothalamic assessments because of incomplete sampling of the
structure (41/3 of mask voxels not captured within the field of view),
and one because of the outlier activation (2.96 s.d. above the mean).

RESULTS
Behavioural food choice
The proportion of ‘unhealthy’ food selection in response to UH
food pairings was behaviourally matched between the fasted and
sated sessions (fasted: 57.2 ± 26.1%; sated: 51.9%±21.8%; paired
t29 = 1.39, P= 0.18) and showed relatively high consistency within
individuals between sessions (r30 = 0.64). Similarly, the proportion
of healthy versus unhealthy food choices did not differ
significantly as a function of BMI in either the fasting (r30 = 0.14,
P= 0.48) or sated session (r30 = 0.18, P= 0.35), although we found
that BMI was positively correlated with selecting more unhealthy

Figure 2. Functional activations related to healthy versus unhealthy food choice. (a) Cortical areas eliciting significantly greater functional
activations in response to HU pairings versus HH/UH pairings (whole-brain nonparametric cluster-corrected PFWEo0.05). (b) Functional
activations in the subcortical ROI (*Po0.05; #P= 0.051); error bars= s.e.m. (c) Significant linear correlation between task-related hypothalamus
activation and BMI across participants (r=− 0.40, P= 0.043). Caud, caudate; HyTh, hypothalamus; Puta, putamen; VStr, ventral striatum.
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versus healthy choices in the first run of the fasted scan (r30 = 0.36,
Po0.05). This behavioural performance matching ensured that
fMRI inferences were not confounded by behavioural effects.

Healthy versus unhealthy food choice: brain activations
Decisions between UH food pairings, relative to HH and UU
pairings, were associated with increased functional activation in
the left dorsolateral prefrontal cortex (PFC), left anterior insula,
bilateral anterior cingulate cortex, bilateral posterior cingulate

cortex, bilateral precuneus, bilateral superior and inferior parietal
lobules, and right lateral occipital cortex (whole-brain nonpara-
metric cluster-corrected PFWEo0.05; Figure 2a; and Table 1). A
significant activation decrease was also evident in the right
supramarginal gyrus in the area of the temporoparietal junction
(Table 1). No significant correlations between cortical activations
and either BMI or food preference were evident.
Subcortical ROI assessments revealed significant activation

increases in the hypothalamus (t25 = 2.37, P= 0.028; Figure 2b),
which negatively correlated with BMI (r26 =− 0.40; P= 0.043;
Figure 2c). Near-significant activation increases were also
observed in the caudate (t29 = 2.04, P= 0.051), but not in the
putamen (t29 = 1.49, P= 0.15) or ventral striatum (t29 = 1.27,
P= 0.22). BMI and food preference did not correlate with striatal
activations (all ro0.22, P40.24).

Healthy versus unhealthy food choice: the influence of hunger
Deciding between a healthy and an unhealthy food when fasted,
relative to when sated, was associated with significantly greater
activations in the right ventromedial PFC, left dorsolateral PFC, left
precuneus and bilateral intraparietal sulcus (Figure 3a and
Table 1). No significant functional effects were evident in the
opposite contrast, and hunger-related activation differences were
not evident in the hypothalamus or striatum (all P40.10).
The hunger-related effect on food choice within the right

ventromedial PFC was modulated by BMI (Figure 3b and Table 1).
As illustrated in Figure 3c, greater BMI was associated with greater
task-related ventromedial PFC activation when fasting (r30 = 0.45),
but with lesser activation in this region when sated (r30 =− 0.35).

Healthy versus unhealthy food choice: functional connectivity
Task-related connectivity between the hypothalamus and both
the ventromedial PFC (Table 1) and the caudate (t26 = 2.08,
P= 0.047) was significantly modulated by hunger state (Figure 4).
Healthy versus unhealthy food choice was associated with less
information sharing between the hypothalamus and these regions
when fasted, but not when sated. Associations between the
strength of hypothalamic connectivity and BMI did not reach
corrected-level statistical significance.

DISCUSSION
We found that choices between unhealthy and healthy foods elicit
significant activation in brain regions involved in energy regula-
tion, reward valuation and interoception, including the hypotha-
lamus, the medial prefrontal and dorsolateral prefrontal cortices,
the anterior insula, and the posterior cingulate. Choosing between
healthy and unhealthy options when hungry was associated with
higher activation of the ventromedial PFC, the dorsolateral PFC
and posterior parietal regions, as well as lower connectivity
between the hypothalamus and both the ventromedial PFC and
the dorsal striatum. Critically, people with higher body mass index
showed lower activation of the hypothalamus—regardless of
hunger state—and higher activation of the ventromedial PFC
when hungry.
The task-evoked activation in the hypothalamus, the prefrontal

cortex, the insula and anterior and posterior cingulate regions
show that selecting between unhealthy and healthy foods engage
multiple neural drivers of motivation and decision-making,
including areas involved in homeostatic regulation, valuation of
the reward and health aspects of food and self-control over
eating.5,12,17 Concurrent activation of dorsomedial and dorsolat-
eral prefrontal along with hypothalamic, insula and posterior
cingulate regions, suggest that during unhealthy versus healthy
food choices people evaluate the reward and health properties of
the different options against their current internal state.12 Our
results are generally consistent with previous studies that

Table 1. Functional activations and connectivity during healthy
versus unhealthy food choice

No. Region (BA) Size (mm3) x y z tmax

Healthy versus unhealthy food choice: average positive effect across sessionsa

1 Precuneus (7) Bi 10 928 − 6 − 64 34 6.9
Posterior cingulate

cortex (31)
2 − 42 30 6.6

2 Superior parietal
lobule (7)

R 3088 36 − 58 42 6.6

Inferior parietal
lobule (40)

52 − 58 42 6.4

3 Orbitofrontal
cortex (11)

L 7872 − 36 44 − 14 6.0

Dorsolateral
prefrontal cortex (46)

− 46 42 16 5.7

4 Inferior parietal
lobule (40)

L 4960 − 46 − 40 46 5.9

Superior parietal
lobule (7)

− 44 − 66 46 5.8

5 Anterior insula (13) L 3240 − 38 12 − 6 5.8
Frontal operculum

(47)
− 40 20 − 4 5.2

6 Lateral occipital
cortex (19)

R 976 46 − 78 12 5.7

7 Dorsal anterior
cingulate (32)

Bi 6312 − 4 32 30 5.5

Ventral anterior
cingulate (24)

− 4 36 22 4.8

Healthy versus unhealthy food-choice: average negative effect across sessionsa

1 Supramarginal
gyrus (40)

R 1376 56 − 24 30 4.7

Healthy versus unhealthy food choice: fasted4sateda

1 Intraparietal
sulcus (19)

L 2656 − 30 − 72 36 5.5

Precuneus (31) − 18 − 60 24 4.5
2 Ventromedial

prefrontal cortex (32)
R 1960 16 46 18 5.3

Ventromedial
prefrontal cortex (32)

18 36 20 5.1

3 Dorsolateral
prefrontal cortex (46)

L 872 − 38 28 24 4.9

4 Intraparietal sulcus
(19)

R 2728 34 − 60 28 4.9

Angular gyrus (39) 56 − 60 34 4.6

Healthy versus unhealthy food choice: BMIxhunger state (fasted versus sated)b

1 Ventromedial
prefrontal cortex (10)

Bi 1776 12 58 22 4.4

Ventromedial
prefrontal cortex (32)

12 44 16 3.5

Hypothalamus connectivity, healthy versus unhealthy food choice: fastedosatedb

1 Ventromedial
prefrontal cortex (10)

Bi 5120 2 50 0 4.0

Ventromedial
prefrontal cortex (32)

2 56 26 3.7

Abbreviations: BA, Brodmann area; Bi, bilateral; BMI, body mass index; FWE,
family-wise error; L, left; x, y, z, Montreal Neurological Institute coordinates
at cluster peak; no., cluster number (2 coordinates reported, 48 mm
apart); R, right; tmax, t-statistic at cluster peak. aWhole-brain nonparametric
cluster-corrected PFWEo0.05 (t 43.4, cluster size 4816 mm3). bCerebral
mask (Supplementary Figure S1) nonparametric cluster-corrected
PFWEo0.05 (t 42.5, cluster size 41768 mm3).

Food choice in obesity
IH Harding et al

451

© 2018 Macmillan Publishers Limited, part of Springer Nature. International Journal of Obesity (2018) 448 – 454



investigate hypothetical food choice, which report activations in
the medial and dorsolateral prefrontal cortices and the posterior
cingulate.12,17,21 The pattern of activations also partially overlap
with that of fMRI studies examining response to individual images
of high-calorie foods, which often observe greater activation in
regions implicated in cognitive and affective valuation, such as the
dorsolateral prefrontal cortex and the orbitofrontal cortex, and
attention, such as the anterior cingulate cortex, the superior
parietal lobule and the precuneus.18,28

Hunger-specific modulation of the ventromedial PFC, the
dorsolateral PFC and posterior parietal regions (including pre-
cuneus) agrees with the assumption that homeostatic inputs
modulate the activity of the brain regions involved in food
choice.22,23,29 Our results align with consistent findings from
neuroimaging research showing that hunger upregulates activa-
tion of the ventromedial PFC, as well as other reward valuation
and attentional regions, during passive observation of highly
palatable visual food cues.30,31 We extend these findings to the
context of active food choices, which is more representative of
real-life, real-time decisions. One potential mechanism for the
observed effect of hunger is the cross-talk between appetite
peptides and cortical activity; for example, both fasting and acute
administration of ghrelin increase ventromedial PFC activation in

response to food cues.32 The ventromedial PFC and the precuneus
play an important role in self-reflection and processing affective
conflict.33,34 Together with the dorsolateral PFC, these regions
orchestrate value-based action selection.35 Taken together, the
observed ventromedial PFC, dorsolateral PFC and precuneus
activity suggests that choices between unhealthy and healthy
foods become more salient when participants are in a hungry
state, potentially because hunger increases the reward value of
the high-calorie beverages. Interestingly, this pattern of activation
is also associated with less information sharing between the
ventromedial PFC (along with the dorsal striatum) and the
hypothalamus, suggesting that hunger prioritises the reward
valuation system at the expense of energy homeostasis.24,29

Crucially, we found that people with higher BMIs have lower
activation of the hypothalamus, which plays a crucial role in
homeostatic regulation,6–9 and higher activation of the ventro-
medial PFC during hunger, which mediates the intersection
between the reward value of food and subsequent preference-
based food choices.21 This finding suggests that overweight and
obese people exhibit disjointed activation of brain regions that
encode energy states (hypothalamus) and the reward value of
food options (ventromedial PFC) during conflicted food choices.
This is the first direct experimental evidence of a concept that has

Figure 3. Healthy versus unhealthy food choice when fasted versus sated. (a) Cortical areas eliciting significantly greater functional activations
during HU food choices when fasted relative to when sated (whole-brain nonparametric cluster-corrected PFWEo0.05). (b) Ventromedial PFC
area eliciting an interaction between hunger and BMI during HU food choices (within an a priori anatomical mask of the food-choice network,
nonparametric cluster-corrected PFWEo0.05). (c) Scatterplot of the interaction effect between hunger state and BMI in the ventromedial PFC.
The colour reproduction of this figure is available on the International Journal of Obesity journal online.

Figure 4. Task-dependent functional connectivity. Significant differences in hypothalamic functional connectivity dynamics associated with
health-related food choice [UH− (UU+HH)] as a function of hunger state in the ventromedial prefrontal cortex (vmPFC; *PFWE= 0.023) and
caudate (*P= 0.047), displayed in red; blue= seed ROI. HH, healthy–healthy pairings; UH, unhealthy–healthy food pairings; UU, unhealthy–
unhealthy pairings. The colour reproduction of this figure is available on the International Journal of Obesity journal online.
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been frequently posited in neurobiological theories of
obesity.23–26 In line with these theories, one potential mechanism
underlying the observed association between BMI and ventrome-
dial PFC activation during hunger (but not satiety) is that caloric
deprivation enhances the response of the brain reward/valuation
system to food.31 Nevertheless, it is important to note that meta-
analytic research on cue reactivity found greater differences in
activation of reward-related regions in obese versus normal
weight individuals during sated relative to hunger states,19 and
that a previous study testing hypothetical food choices did not
find significant effects of BMI on activations related to food
choice.21 The observed discrepancies may be explained by the
distinctive characteristics of our protocol and task. First, we
enforced overnight fasting (10 h), as previous evidence indicates
that activation in regions involved in food valuation increases as a
function of time since last meal,31 and we conducted the ‘sated
scan’ on a different day, with order counterbalanced. This
contrasts with previous cue-reactivity studies, which had a shorter
fasting period and pre- and postmeal scans on the same day,36,37

which may result in order effects. Second, the use of real foods
(versus hypothetical choices) is known to induce more robust
activations within ventromedial PFC and striatal regions,38 thus
increasing power to detect group differences.
Since our food choice task contains real food decisions between

widely available high-calorie, unhealthy food and healthier
alternatives, the observed misalignment between reward-sensitive
and energy-sensitive brain systems may have important implica-
tions to the unhealthy food choices made by overweight or obese
people. However, we have to note that although we expected this
relation to be confirmed by reduced functional connectivity
between the hypothalamus and the ventromedial PFC among
people with higher BMIs, we did not find significant moderating
effects of BMI in our connectivity analyses, and future studies with
larger samples are needed. In addition, we did not find significant
associations between patterns of brain activation/connectivity and
behavioural measures of food choice. It is possible that more
realistic measures of food intake, such as postscanning buffets, are
needed to detect such link.21 Moreover, the relation between
ventromedial PFC activation and behavioural measures of food
choice is moderated by impulsivity and self-control
characteristics.21,39 Therefore, it is possible that the observed
effects of BMI on brain activations are only relevant for everyday
food intake among people with heightened impulsivity. Since we
did not measure impulsivity in our sample, future studies are
needed to test directly this notion. It is also worth noting that
although we did not find correlations between BMI and
behavioural food choices in the overall percentage of unhealthy
choices, we did find a significant correlation in the first run of the
fasting scan. This finding suggests that the impact of BMI on
behavioural food choices may be particularly significant during
the state of maximal caloric deprivation, or as a factor of novelty
while initially exploring the range of food options (although we
attempted to mitigate this effect by providing samples of the
beverage options before commencement of the study).
Strengths of this study include the novel fMRI paradigm of food

choice incorporating actual food delivery, which provides high
ecological validity and has proven to be sensitive to activity within
homeostatic and interoceptive brain regions. An important
limitation is the relatively small sample size, especially when
considering inferences about obese versus normal weight people.
Moreover, our task maximised power to compare food decisions
encompassing health-related conflicts (UH) versus unconflicted
(UU or HH) evaluations, but we did not have the power to analyse
the brain signatures of individual differences in choice patterns
(i.e., when specifically selecting the unhealthy option versus the
healthy option), or to examine brain activation differences during
food consumption independently of food choice. And, although
our task used actual physiological stimuli in the context of food

choice for the first time, given the movement artefacts induced by
chewing solid food, we used caloric beverages. Nevertheless, the
beverage pairs differed on caloric and not hydration content, and
thus it is unlikely that thirst had an impact on the outcomes.
Moreover, previous studies suggest that choices between healthy
and unhealthy beverages and healthy and unhealthy solid foods
are behaviourally similar.21

In sum, we show that: choices between unhealthy and healthy
food activate a distributed brain network that includes the
hypothalamus (energy regulation) and the ventromedial PFC,
dorsolateral PFC and precuneus (subjective valuation of food);
activation in food valuation regions is upregulated by hunger; and
people with overweight and obesity show reduced activation of
the hypothalamus and increased activation of the ventromedial
PFC in response to making choices between high- and low-calorie
beverages. This study, including the novel experimental appara-
tus, motivates innovative avenues of future research, including
studies on the neural substrates of subjective food preferences
that can inform personalised nutrition approaches and biomedical
treatments for obesity.
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