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Abstract: Overconsumption of high-calorie or unhealthy foods commonly leads to weight gain.
Understanding people’s neural responses to high-calorie food cues might help to develop better
interventions for preventing or reducing overeating and weight gain. In this review, we conducted
a coordinate-based meta-analysis of functional magnetic resonance imaging studies of viewing
high-calorie food cues in both normal-weight people and people with obesity. Electronic databases
were searched for relevant articles, retrieving 59 eligible studies containing 2410 unique participants.
The results of an activation likelihood estimation indicate large clusters in a range of structures,
including the orbitofrontal cortex (OFC), amygdala, insula/frontal operculum, culmen, as well as the
middle occipital gyrus, lingual gyrus, and fusiform gyrus. Conjunction analysis suggested that both
normal-weight people and people with obesity activated OFC, supporting that the two groups share
common neural substrates of reward processing when viewing high-calorie food cues. The contrast
analyses did not show significant activations when comparing obesity with normal-weight. Together,
these results provide new important evidence for the neural mechanism underlying high-calorie food
cues processing, and new insights into common and distinct brain activations of viewing high-calorie
food cues between people with obesity and normal-weight people.

Keywords: high-calorie food cues; neuroimaging; normal-weight; obesity; meta-analysis

1. Introduction

The prevalence of obesity is problematic and rising in both developed and developing
nations [1]. This fact has far-reaching and costly implications, because obesity contributes
to the development of numerous diseases (e.g., diabetes, some cancers) [2–4], and it is a risk
factor for psychiatric disorders (e.g., depression, anxiety) [5]. Not surprisingly, excessive
weight has become an increasing threat to healthcare systems [6], and accounts for an
estimated 2.8 million deaths per annum worldwide [7]. These statistics have prompted a
plethora of research aimed at understanding factors that contribute to the development or
maintenance of obesity [8–12].

One contributing factor is the overconsumption of high-calorie or unhealthy foods
(e.g., chocolate cake), and underconsumption of low-calorie or healthy foods (e.g., salad),
which leads to a positive energy balance and, subsequently, weight gain [13–15]. We are
currently facing the rise of the ‘obesogenic’ environment [16] where the exposure to food
advertisements, and availability of cheap, unhealthy, and energy dense foods has dramat-
ically increased [17,18]. The constant exposure to high-calorie foods and food cues may
promote overconsumption by stimulating brain reward and motivation pathways [19,20].
In this vein, using techniques such as functional magnetic resonance imaging (f MRI), a
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growing number of research has been conducted to investigate neural responses to var-
ious forms of food stimuli [21], such as liquid tastants, food odors [22], or visual food
cues [23,24]. Moreover, recent reviews have used f MRI-based meta-analysis such as Acti-
vation Likelihood Estimation (ALE) [25,26] to evaluate the consistency of findings across
these studies [23,24,27–32]. For instance, Chen and Zeffiro meta-analyzed 39 experiments
with 995 participants and found that taste (e.g, insula), sensory integration (e.g., postcentral
gyrus), and reward processing (e.g., amygdala) regions were involved in processing sweet
food cues (one kind of high-calorie foods) [30]. With regard to visual food cues, several
f MRI-based meta-analyses have also been conducted [18,24,27,28]. For example, an ALE
meta-analysis including 12 experiments and 201 participants reported that visual food cues
were reliably associated with increased blood oxygen level dependent (BOLD) response in
the visual system proper (e.g., the occipital lobe) rather than reward-related brain network
(e.g., the orbitofrontal cortex) [28].

None of the aforementioned meta-analyses, however, have investigated which brain
regions are concurrently activated in response to viewing high-calorie food cues specifically.
Furthermore, most of these meta-analyses only included participants with normal-weight
and did not consider individuals with obesity (i.e., body mass index ≥30. A meta-analysis
pooling data across relevant f MRI studies would therefore be warranted, as it may help to
understand neural responses of viewing high-calorie food cues among people with various
weight-status categories (e.g., normal-weight, obesity) and develop better interventions for
preventing or reducing overeating and obesity.

In the present study, we conducted f MRI meta-analyses of viewing high-calorie food
cues to address four novel aspects. First and foremost, we investigated brain activations
related to high-calorie visual food cues. Second, we meta-analyzed not only studies
involving normal-weight people, but also studies involving participants with obesity.
Third, we performed conjunction and contrast analyses to assess common and distinct brain
activations between normal-weight people and people with obesity (e.g., normal-weight ∩
obesity; normal-weight versus obesity). Last but not least, we utilized a new version of
GingerALE brain map software (3.0.2) which was revised because of the implementation
errors in multiple comparisons corrections in its old version [33].

2. Methods
2.1. Study Selection and Inclusion Criteria

The current meta-analysis was performed according to the Preferred Reporting Items
for Systematic reviews and Meta Analyses guidelines (Supplementary Materials Table S1).
A protocol for this work was registered on the Open Science Framework (OSF: https:
//osf.io/mvzn8). To obtain functional imaging studies of viewing high-calorie food cues
for use in the current meta-analysis, a topic search in the databases PubMed, ISI Web of
Knowledge, PsycINFO, and ProQuest Dissertations & Theses was conducted for all papers
published before 9th August 2021. The following string was used to search for the titles,
abstracts and keywords of papers: ((neuroimaging OR “functional magnetic resonance
imaging” OR “positron-emission tomography” OR PET OR fMRI) AND (food) AND
(images OR pictures)). In this search, PubMed returned 301 results, Web of Science returned
1388 results, PsycINFO returned 262 results, and ProQuest Dissertations & Theses returned
46 results. Abstracts of articles were reviewed, and the full text of an article was read
whenever a paper’s title or abstract indicated that the study might be relevant to analyses.
In addition, to help ensure that all studies on the topic of interest were included, references
from relevant articles were reviewed, and studies that were potentially relevant were
examined from those references. Figure 1 outlines the detailed study selection procedure.

https://osf.io/mvzn8
https://osf.io/mvzn8
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Figure 1. Flow diagram illustrating the process of our review, screening, and article selections.

Studies were incorporated into this research if they (1) were in English, (2) used f MRI,
(3) used whole-brain analysis, (4) involved populations with normal-weight, overweight,
or obesity. In samples of adult participants, a group with obesity was defined as an average
body mass index (BMI) of 30 kg/m2 or above, a group with overweight as an average
BMI between 25 and 29.99 kg/m2, and a group with normal-weight as an average BMI
between 18.5 and 24.99 kg/m2. In samples of children/adolescents, obesity was defined
as a BMI percentile of 95th or above, overweight as a BMI between the 85th and 94.99th
percentile, and normal-weight as a BMI between the 5th and 84.99th percentile; if BMI
percentile was not reported, international cutoff points of BMI were used for defining
obesity and overweight [34], (5) used a viewing task (e.g., passive viewing task) in which
cues of high-calorie foods were presented; Studies employing inhibitory control task, food
choice task, or delay discounting task were excluded, (6) reported analyses for the contrast
high-calorie foods > non-foods or low-calorie foods, (7) brain coordinates were available
in Montreal Neurological Institute or Talairach space. If information crucial to our meta-
analysis was not available in an article, we requested it from the corresponding authors.
In addition, we excluded studies that explicitly indicated that all their participants are
from special population (e.g., cancer survivors) or had a known eating disorder (e.g., binge
eating disorder). Finally, when two studies used overlapping samples, we only included
the study with a larger sample size.

2.2. Activation Likelihood Estimation Analysis

Meta-analyses were conducted in GingerALE brain map software (3.0.2) (www.
brainmap.org), according to standard procedures outlined in the GingerALE user manual.
Coordinates were extracted from whole-brain results, and those reported in Talairach
space were transformed into Montreal Neurologic Institute (MNI) space using the auto-
mated transformation tool implemented in GingerALE. GingerALE algorithm minimizes
within-experiment effects—clusters are more likely to represent agreement between ex-
periments than being driven by individual research [35]. Because of this, we included all

www.brainmap.org
www.brainmap.org
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of the reported activation coordinates if a study included both the contrast high-calorie
foods > non-food and high-calorie foods > low-calorie foods, as it was unlikely that a single
study would bias the analyses (see Supplementary Materials Tables S3–S6 for the results of
analyzing high-calorie vs. neutral and high-calorie vs. low-calorie contrasts separately).
Similarly, foci obtained from contrasts in fasting and fed conditions were also merged.

As a first step, we performed an overall meta-analysis on activation foci derived
from all the included articles investigating brain activation in response to viewing high-
calorie visual food cues. We then performed two separate ALE analyses on two categories
of studies in relation to the weight status of the participants (normal-weight or obesity)
(Because only 12 independent samples included participants with overweight (for more, see
Section 3.1), we do not present a separate meta-analysis on these overweight-related studies
given the lack of statistical power). Following the guidelines of previous work [25,26,36],
the cluster determining threshold was set at a cluster-level threshold of p < 0.01 and a
voxel-level cluster forming threshold of p < 0.001 to correct for multiple comparisons.

2.3. Modulation Effect of Sex

We extracted per-voxel probabilities of activation in the meta-analysis for each of the
identified brain regions to examine potential modulating effect of sex on the results of
our analysis.

2.4. Conjunction and Contrast Analyses

To compare the results of pairwise meta-analysis (e.g., normal weight vs. obesity;
normal weight vs. overweight/obesity), we performed conjunction and contrast analyses
in GingerALE. Following the recommendations by Eickhoff et al. (2016) [36], the cluster
determining threshold was set at p < 0.01 with 10,000 permutations and a minimum cluster
size of 200 mm3.

2.5. Results Visualization

For visualization purposes, all results were projected onto an MNI-space template
brain (e.g., MNI152.nii) using MRIcroGL (https://www.nitrc.org/projects/mricrogl/).

2.6. Study Quality Assessment

A 7-item quality scale modified from Nichol et al. (2018) [37] was used to assess the
quality of the included studies (see Supplementary Materials Table S2 for study quality of
each included study).

3. Results
3.1. Included Studies and Sample Characteristics

Our search identified 59 eligible studies (total m = 59) [38–96], 68 independent samples
(total k = 68), and a total of 2410 participants (total N = 2410). A complete list of studies and
their characteristics can be seen in Table 1. Of these 59 studies, 39 independent samples
(k = 39, N = 979) included participants with normal-weight, 17 independent samples (k = 17,
N = 697) included participants with obesity, and 12 independent samples (k = 12, N = 734)
included participants with overweight.

3.2. Overall Meta-Analysis

The primary meta-analysis that pooled data across all 68 independent samples (854 foci)
revealed that high-calorie food cues activated thirteen statistically significant clusters (total
volume of activation of 33,632 mm3 and maximum ALE value of 0.0694). The results are
reported in Table 2 and graphically represented in Figure 2. We observed that viewing
high-calorie food cues consistently activated the bilateral lingual gyrus, fusiform gyrus,
orbitofrontal cortex (OFC), amygdala, insula, as well as the right middle occipital gyrus,
left culmen, and the right inferior frontal gyrus (IFG). For all of the identified clusters, the
modulation analysis revealed no effect of sex (all p values > 0.05).

https://www.nitrc.org/projects/mricrogl/
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Table 1. Details of the 59 analyzed studies.

Study N (Percent
Female)

Mean
Age Weight Status Hours

Fasted
High-Calorie

Food Cues
Control
Stimuli Task Foci p

Basso et al.,
2018 [38] 20 (50%) 26 Normal-weight At least 4 Sweet and salty

food images

Non-food
control im-

ages/Healthy
food images

Passive
viewing 16

p < 0.05,
FWE

corrected

Basu et al.,
2016 [39] 8 (100%) 23 Normal-weight At least 8 High-calorie

food images
Low-calorie
food images

Passive
viewing 7 p < 0.05,

corrected

Beaver
et al., 2006

[40]
12 (58%) 22 Normal-weight At least 2

Highly
appetizing food
images such as
chocolate, ice

cream

Non-food
control pic-

tures/Bland
food images

Passive
viewing 32

p < 0.001,
uncor-
rected

Blechert
et al., 2016

[41]
32 (50%) 22 Normal-weight At least 3

Sweet and salty
snack food

images

Fruit,
vegetables

images

Passive
viewing 25

p < 0.005,
uncor-
rected

Carnell
et al., 2017

[42]

10 (70%)/16
(50%)/10

(50%)
16 Normal-

weight/Obesity At least 5 High-calorie
food words

Non-food
words/Low-
calorie food

words

Passive
viewing 21

p <
0.000005,

uncor-
rected

Chen et al.,
2017 [43] 36 (100%) 20 Normal-weight N.A Appetizing

food images

Non-food
control
images

Viewing,
atten-
tional
task

11 p < 0.05,
corrected

Cornier
et al., 2007

[47]
25 (50%) 35 Normal-weight At least 10

High hedonic
value food

images

Neutral
hedonic food

images

Passive
viewing 7

p < 0.05,
FDR

corrected
Cornier

et al., 2009
[46]

22 (45%) 34 Normal-weight At least 10
High hedonic

value food
images

Non-food
control
images

Passive
viewing 23

p < 0.05,
FDR

corrected
Cornier

et al., 2012
[45]

12 (42%) 38 Obesity At least 10
High hedonic

value food
images

Non-food
control
images

Passive
viewing 8

p < 0.01,
FDR

corrected
Cornier

et al., 2013
[44]

25 (44%)/28
(50%) 31/30 Normal-

weight/Overweight At least 10
High hedonic

value food
images

Non-food
control
images

Passive
viewing 6/9

p < 0.05,
FDR

corrected
Davids

et al., 2010
[48]

22 (45%)/22
(32%) 14/14 Normal-

weight/Obesity At least 2
Pizza,

hamburgers,
sweets images

Non-food
control
images

Passive
viewing 13/13

p < 0.05,
FDR

corrected
Doornweerd
et al., 2018

[49]
32 (100%) 50 Overweight At least 12 High-calorie

food images

Non-food
control
images

Passive
viewing 5

p < 0.05,
FWE

corrected
English

et al., 2017
[50]

36 (50%) 9 Normal-weight At least 2 High-energy
food images

Low-energy
food images

Passive
viewing 10 p < 0.05,

corrected

Evero et al.,
2012 [51] 30 (43%) 22 Normal-weight At least 10 High-energy

food images

Non-food
control
images

Passive
viewing 1

p < 0.005,
uncor-
rected

Frank et al.,
2010 [52] 12 (50%) 27 Normal-weight Fast/fed High-calorie

food images

Non-food
control

images/Low-
calorie food

images

Viewing,
atten-
tional
task

21
p < 0.05,

FDR
corrected

Frank et al.,
2014 [53] 31 (100%) 41 Obesity 0.5 High-calorie

food images

Non-food
control

images/Low-
calorie food

images

Viewing,
atten-
tional
task

22
p < 0.001,

uncor-
rected

García-
García

et al., 2020
[54]

58 (100%) 26 Overweight At least 2 Palatable food
images

Non-food
control
images

Passive
viewing 7

p < 0.05,
FWE

corrected

Gearhardt
et al., 2020

[55]
171 (51%) 14 Overweight At least 3

High-calorie
food

commercials

Non-food
commercials/Low-
calorie food
commercials

Passive
viewing 45 p < 0.05,

corrected

Geliebter
et al., 2013

[56]
31 (45%) 35 Obesity Fast/fed High-energy

food images
Low-energy
food images

Passive
viewing 16

p < 0.005,
uncor-
rected
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Table 1. Cont.

Study N (Percent
Female)

Mean
Age Weight Status Hours

Fasted
High-Calorie

Food Cues
Control
Stimuli Task Foci p

Goldstone
et al., 2009

[57]
20 (50%) 26 Normal-weight Fast/fed High-energy

food images
Low-energy
food images

Passive
viewing 42

p < 0.05,
FDR

corrected

Heni et al.,
2014 [58] 24 (50%) 24 Overweight At least 10 High-calorie

food images
Low-calorie
food images

Passive
viewing 7

p < 0.001,
uncor-
rected

Hermann
et al., 2019

[59]
29 (90%) 48 Obesity At least 2 Sweet and salty

snack images
Low-calorie
food images

Passive
viewing 13

p < 0.05,
FDR

corrected
Horster

et al., 2020
[60]

27 (89%) 24 Normal-weight N.A
Sweet and

savoury food
images

Non-food
control
images

Passive
viewing 6

p < 0.05,
FWE

corrected
Jastreboff
et al., 2013

[62]
25 (40%) 26 Obesity 2 High-calorie

food images

Neutral-
relaxing
images

Passive
viewing 6

p < 0.01,
FWE

corrected

Jastreboff
et al., 2014

[61]

25 (60%)/15
(33%) 16 Normal-

weight/Obesity 2 High-calorie
food images

Non-food
control

images/Low-
calorie food

images

Passive
viewing 8/4

p < 0.01,
FWE

corrected

Jensen &
Kirwan,
2015 [63]

34 (85%) 19 Overweight At least 4 High-energy
food images

Low-energy
food images

Passive
viewing 7 p < 0.05,

corrected

Karra et al.,
2013 [64] 24 (0%) 23 Normal-weight Fast/fed High-calorie

food images
Low-calorie
food images

Passive
viewing 5

p < 0.001,
uncor-
rected

Killgore
et al. 2003

[66]
13 (100%) 24 Normal-weight 6 High-calorie

food images

Non-food
control
images

Passive
viewing 18

p < 0.0005,
uncor-
rected

Killgore
et al. 2005

[65]
8 (100%) 12 Normal-weight 6 High-calorie

food images

Non-food
control

images/Low-
calorie food

images

Passive
viewing 17

p < 0.005,
uncor-
rected

Kim et al.,
2012 [67] 20 (100%) 23 Normal-weight 6 High-calorie

food images

Non-food
control
images

Passive
viewing 4

p < 0.001,
uncor-
rected

Le et al.,
2021 [68] 82 (40%) 41 Overweight 4 High-calorie

food images

Non-food
control
images

Passive
viewing 18

p < 0.05,
FWE

corrected

Li et al.,
2021 [69] 118 (58%) 27 Obesity At least 12 High-calorie

food images
Low-calorie
food images

Passive
viewing 3

p < 0.05,
FWE

corrected

Luo et al.,
2013 [71] 13 (100%) 23 Obesity At least 10 High-calorie

food images

Non-food
control
images

Passive
viewing 18

p < 0.05,
FWE

corrected

Luo et al.,
2019 [70] 53 (58%) 8 Normal-weight At least 12 High-calorie

food images

Non-food
control
images

Passive
viewing 29

p < 0.05,
FWE

corrected

Malik et al.,
2011 [72] 10 (0%) 26 Normal-weight At least 8 High-calorie

food images

Non-food
control
images

Passive
viewing 27 p < 0.05,

corrected

Masterson
et al., 2016

[73]
15 (100%) 23 Normal-weight At least 6 High-calorie

food images
Low-calorie
food images

Viewing,
atten-
tional
task

9
p < 0.001,

uncor-
rected

Mengotti
et al., 2016

[74]
25 (56%) 24 Normal-weight At least 4 High-calorie

food images
Low-calorie
food images

Viewing,
atten-
tional
task

6
p < 0.001,

uncor-
rected

Merchant
et al., 2020

[75]
93 (83%) 39 Obesity At least 1

High-caloric
snack food

images

Low-calorie
food images

Passive
viewing 6

p < 0.05,
FWE

corrected
Murdaugh
et al., 2012

[76]
25(76%)/13(76%) 48/45 Normal-

weight/Obesity At least 8 Sweet foods
images

Non-food
control
images

Passive
viewing 15/11

p < 0.05,
FDR

corrected
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Table 1. Cont.

Study N (Percent
Female)

Mean
Age Weight Status Hours

Fasted
High-Calorie

Food Cues
Control
Stimuli Task Foci p

Neseliler
et al., 2017

[78]
22 (59%) 21 Normal-weight At least 4 High-calorie

food images
Low-calorie
food images

Passive
viewing 4 p < 0.05,

corrected

Murray
et al., 2014

[77]
20 (50%) 23 Normal-weight At least 2 Chocolate

images Grey images Passive
viewing 9

p < 0.05,
FWE

corrected

Nummenmaa
et al., 2012

[79]
35 (50%) 47 Obesity At least 3

Highly
appetizing food
images such as

chocolate,
pizza, steak

Low-calorie
food images

Passive
viewing 20

p < 0.05,
FDR

corrected

Passamonti
et al., 2009

[80]
21 (48%) 25 Normal-weight At least 2 High-calorie

food images
Low-calorie
food images

Passive
viewing 13

p < 0.001,
uncor-
rected

Pursey
et al., 2019

[81]
11 (100%) 24 Overweight Fast/fed High-calorie

food images
Low-calorie
food images

Passive
viewing 6

p < 0.001,
uncor-
rected

Rapuano
et al., 2016

[82]
37 (54%) 14 Overweight At least 2

High-calorie
food

commercials

Non-food
commercials

Passive
viewing 5

p < 0.05,
FWE

corrected
Rothemund
et al., 2007

[83]
13 (100%) 31 Obesity At least 1.5 High-calorie

food images

Non-food
control
images

Passive
viewing 7

p < 0.05,
FWE

corrected

Santel et al.,
2006 [84] 10 (100%) 17 Normal-weight At least 12 Sweet and salty

food images

Non-food
control
images

Passive
viewing 7

p < 0.001,
uncor-
rected

Schienle
et al., 2009

[85]

19 (100%)/17
(100%) 22/25 Normal-

weight/Obesity At least 10 High-calorie
food images

Low-calorie
food images

Passive
viewing 3/1

p < 0.05,
FWE

corrected
Simmons
et al., 2005

[86]
9 (67%) 18–45 Normal-weight N.A Sweet and salty

food images

Non-food
control
images

Passive
viewing 6

p < 0.005,
uncor-
rected

Smeets
et al., 2013

[87]
30 (100%) 22 Normal-weight 3 Fattening food

images

Non-food
control
images

Passive
viewing 25

p < 0.001,
uncor-
rected

St-Onge
et al., 2014

[88]
25 (50%) 35 Normal-weight At least 10 Unhealthy food

images
Healthy food

images
Passive
viewing 20 p < 0.05, un-

corrected

van Bloe-
mendaal

et al., 2014
[89]

48 (50%) 58 Obesity N.A High-calorie
food images

Non-food
control
images

Passive
viewing 20

p < 0.05,
FWE

corrected

van Meer
et al., 2016

[90]

27 (67%)/32
(67%) 11/44 Normal-

weight/Overweight At least 2 Unhealthy food
images

Healthy food
images

Passive
viewing 6/3 p < 0.05,

corrected

van Meer,
2017 [95]

168 (56%)/183
(52%) 13/45 Normal-

weight/Overweight At least 2 High-calorie
food images

Low-calorie
food images

Passive
viewing 11/26

p < 0.05,
FWE

corrected
Wabnegger
et al., 2018

[91]
25 (100%) 24 Normal-weight At least 10

High-caloric
sweet foods

images

Low-calorie
food images

Passive
viewing 4

p < 0.05,
FWE

corrected

Wagner
et al., 2012

[92]
30 (100%) 20 Normal-weight N.A High-calorie

food images

Non-food
control
images

Viewing,
atten-
tional
task

10
p < 0.05,

FWE
corrected

Wang et al.,
2016 [93] 24 (100%) 22 Normal-weight 4 High-energy

food images

Non-food
control

images/Low-
calorie food

images

Passive
viewing 8

p < 0.05,
FDR

corrected

Yang et al.,
2021 (un-

published
data) [96]

42 (93%) 19 Overweight 2 High-calorie
food images

Low-calorie
food images

Passive
viewing 7

p < 0.05,
FWE

corrected
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Table 1. Cont.

Study N (Percent
Female)

Mean
Age Weight Status Hours

Fasted
High-Calorie

Food Cues
Control
Stimuli Task Foci p

Yokum
et al., 2021

[94]
150 (79%) 30 Obesity 3 High-calorie

food images

Glass of
water

images/Low-
calorie food

images

Passive
viewing 36 p < 0.05,

corrected

Note: N.A = Not available; N = Sample size; FEW = Family-Wise Error; FDR = False Discovery Rate.

Table 2. Overall Activation Likelihood Estimation meta-analysis of high-calorie visual food stimuli relative to a control
condition using 68 independent samples (59 studies).

Cluster Cluster Size (mm3) Brain Region
Peak Voxel MNI

Coordinates
ALE Value

(×10−2) Z Contributing Samples

X Y Z No. %

1 4096 L Lingual Gyrus −14 −98 −4 3.65 5.28 20 29%
2 3680 L Orbitofrontal Cortex −26 34 −14 6.94 8.40 21 31%
3 3368 R Lingual Gyrus 22 −90 −8 2.88 4.43 18 26%
4 3232 R Amygdala 28 −6 −20 2.30 3.71 17 25%
5 3136 R Fusiform Gyrus 38 −76 −16 2.29 3.69 16 24%
6 3040 L Fusiform Gyrus −30 −78 −12 2.63 4.13 18 26%
7 2512 R Orbitofrontal Cortex 26 32 −14 4.35 6.01 15 22%
8 2312 L Insula −38 −6 6 6.90 8.36 16 24%
9 2184 L Amygdala −20 −6 −18 3.94 5.59 13 19%
10 2168 R Middle Occipital Gyrus 36 −84 12 4.31 5.98 11 16%
11 1376 L Culmen −32 −56 −18 3.27 4.87 7 10%
12 1352 R Insula 40 −4 4 5.46 7.09 10 15%
13 1176 R Inferior Frontal Gyrus 46 6 26 3.41 5.03 6 9%

Note: L: left, R: right. The presented clusters were significant at a p < 0.001 corrected for multiple comparisons using cluster-level
family-wise error correction at a p < 0.01 (1000 permutations).
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3.3. Brain Response to High-Calorie Visual Food Cues in People with Normal-Weight

For brain activations of viewing high-calorie food cues in participants with normal-
weight, the meta-analysis of 39 independent samples (493 foci) identified seven significant
clusters (total volume of activation of 10,680 mm3 and maximum ALE value of 0.0713) that
covered regions of the bilateral fusiform gyrus, OFC, insula, as well as the right lingual
gyrus (Table 3, Figure 3).

Table 3. Separate meta-analytic results of significant clusters in individuals with normal-weight or obesity.

Cluster
Cluster Size

(mm3)
Brain Region

Peak Voxel MNI Coordinates ALE
Value

(×10−2)

Z
Contributing

Samples

X Y Z No. %

Normal weight

1 2080 L Orbitofrontal
Cortex −24 32 −14 4.01 6.56 9 23%

2 1600 R Lingual Gyrus 20 −96 4 2.92 5.36 8 21%
3 1568 L Fusiform Gyrus −46 −68 −6 2.73 5.02 8 21%
4 1568 L Insula −38 −6 6 4.53 7.13 9 23%
5 1560 R Fusiform Gyrus 50 −60 −12 3.23 5.65 7 18%
6 1160 R Insula 40 −4 4 3.62 6.11 8 21%

7 1144 R Orbitofrontal
Cortex 28 32 −16 2.24 4.37 8 21%

Obesity

1 1680 L Orbitofrontal
Cortex −26 34 −16 2.56 5.33 6 35%

2 1344 L Lingual Gyrus −16 −100 −4 1.96 4.47 6 35%

3 1000 R Orbitofrontal
Cortex 32 28 −14 1.96 4.48 4 24%

4 928 Anterior Cingulate
Cortex 0 36 14 2.15 4.75 5 29%

Note: L: left, R: right. These presented clusters were significant at a p < 0.001 corrected for multiple comparisons using cluster-level
fami-ly-wise error correction at a p < 0.01 (1000 permutations).
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3.4. Brain Response to High-Calorie Visual Food Cues in People with Obesity

For brain activations of viewing high-calorie food cues in participants with obesity,
the meta-analysis of 17 independent samples (216 foci) identified seven significant clusters
(total volume of activation of 4952 mm3 and maximum ALE value of 0.0533) that covered
regions of the bilateral OFC, left lingual gyrus, and the anterior cingulate cortex (Table 3,
Figure 4).
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3.5. Conjunction and Contrast Analyses

To identify clusters of activation which were common to normal-weight people and
people with obesity, we carried out a conjunction analysis on the activations obtained
in the previous two separate meta-analyses. The results revealed significant activations
in the bilateral OFC, which was commonly activated in both normal-weight people and
individuals with obesity (Table 4, Figure 5).

Table 4. Conjunction and contrast analyses between samples with obesity/overweight and normal-weight.

Cluster
Cluster Size

(mm3)
Brain Region Peak Voxel MNI Coordinates ALE Value

(×10−2)/ZX Y Z

Obesity ∩ Normal-weight 1232 L Orbitofrontal Cortex −26 34 −16 2.56
544 R Orbitofrontal Cortex 30 30 −14 1.80

Obesity > Normal-weight None
Obesity < Normal-weight None

Obesity/overweight ∩
Normal-weight 1344 L Orbitofrontal Cortex −26 34 −14 3.53
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Table 4. Cont.

Cluster
Cluster Size

(mm3)
Brain Region Peak Voxel MNI Coordinates ALE Value

(×10−2)/ZX Y Z

904 L insula −38 −6 2 3.06
864 L Fusiform Gyrus −46 −68 −6 2.73
784 R Fusiform Gyrus 48 −64 −10 2.61
712 R Orbitofrontal Cortex 28 32 −14 2.15

Obesity/overweight >
Normal-weight 584 L Culmen 27 −53.8 −13.7 3.19

208 R Culmen −26 −58 −16 2.66
Obesity/overweight <

Normal-weight None

Note: L: left, R: right. The presented clusters were significant at a p < 0.01 with 10,000 permutations and a minimum cluster size of 200 mm3.
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Figure 5. Significant common clusters of viewing high-calorie food cues across samples of individuals with normal-weight
and obesity.

To identify clusters of activation which were unique to normal-weight people and
people with obesity, a contrast analysis was carried out between the activations obtained in
the previous two separate meta-analyses. The analysis revealed no significant activations.

Finally, we conducted additional analyses with overweight and obese as one group
and compared this combined group with the normal weight group (Table 4). Conjunction
analysis revealed significant activations in the bilateral OFC, fusiform gyrus, and the left
insula, which were commonly activated in both normal-weight people and individuals with
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obesity/overweight. The obesity/overweight minus normal-weight subtraction analysis
displayed 2 significant clusters located in the bilateral culmen.

4. Discussion

By meta-analyzing 59 f MRI studies and 68 independent samples, we showed a net-
work of brain regions related to viewing high-calorie food cues. Further, we presented
two separate meta-analyses to examine neural responses of viewing high-calorie food
cues in normal-weight people or people with obesity, and investigated the common and
differential neural responses between these two groups. Although some meta-analyses
have been conducted on this topic before [23,24,27,28], to the best of our knowledge, we
are the first group to examine the neural mechanisms of viewing high-calorie food cues
across groups with a different weight-status.

We found that, overall, viewing high-calorie food cues was associated with increased
activity in a network of brain regions located in the bilateral lingual gyrus, fusiform gyrus,
OFC, amygdala, insula, as well as the right middle occipital gyrus, left culmen, and the right
IFG. The conjunction analysis suggested that viewing high-calorie food cues activated the
OFC in both normal-weight people and people with obesity. Different from the conclusions
from previous reviews on the topic of food cue reactivity in obesity [97,98], but similar to
the viewpoint of a behavioral meta-analysis of food cue reactivity [11], the contrast analysis
revealed no significant activations when comparing groups with obesity to groups with
normal-weight (more on this in Section 4.2).

4.1. Core Brain Regions Activated by High-Calorie Visual Food Cues

Our overall results are similar to a previous meta-analysis focusing on the functional
neuroanatomy of high-calorie food liquid processing (e.g., sweet liquid) [30].

The amygdala and OFC are connected with each other and frequently activated in food
studies. The amygdala is thought to form the core of a neural system for fear processing [99].
However, accumulating evidence indicates that the amygdala also plays a prominent role
in mediating positive/reward stimuli processing [100]. These findings have led to the
viewpoint that the amygdala’s predominant role may be the detection of and response to
motivationally important stimuli [101]. In addition, it was proposed that the amygdala
was responsible for forming an “affective tag” to the salient stimuli [102]. Therefore,
the amygdala activations that we found in current meta-analysis are likely to reflect the
salience and emotional impacts of high-calorie food cues. The OFC receives information
from brain regions involved in sensory processing (e.g., insula, fusiform gyrus), affective
processing (e.g., amygdala), and memory (e.g., hippocampus), and plays a prominent
role in integrating, encoding, and retrieving reward value about stimulus [103]. There is
a strong and consistent activation of the OFC in reward-related tasks such as decision-
making tasks [104] or cue-reactivity tasks [105]. Further, several studies have shown that
the magnitude of activity in this region correlated with pleasantness or tastiness ratings of
food/food cues [106–108]. Therefore, the OFC activations in current study could reflect
the process of monitoring and encoding higher reward value of high-calorie food cues.
It should be noted that we did not find that “classical” reward areas such as the nucleus
accumbens, putamen, or caudate were involved in processing of high-calorie visual food
cues. This is different from a previous meta-analysis which showed that the putamen
and caudate exhibited responses to high-calorie liquids [30]. Although comparing across
meta-analyses is difficult given differences in included studies, we could speculate that
reward areas are more likely to be activated when people are eating/tasting high-calorie
foods rather than viewing high-calorie food cues.

The insula/frontal operculum has been identified as the primary taste cortex [109,110].
The activation of this taste cortex in response to high-calorie visual food cues may represent
memory retrieval of previous gustatory experiences with these palatable foods [23]. In
addition, the insula has also been highlighted as a region that plays an important role in
craving for drugs (e.g., cocaine) [111] and foods [112]. Therefore, it is also possible that
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insula activation is the result of high urges to eat in participants exposed to calorie-rich
and appetizing food pictures [27].

We also found some evidence that the culmen was activated by high-calorie food cues.
Although traditionally considered a major motor structure of the brain, there is evidence
that the culmen/cerebellum plays a broader role in homeostatic regulation [113], and shows
connections with limbic and reward systems [114]. Given that both the meta-analysis of
neural responses to sweet stimuli by Chen and Zeffiro [30] and the current meta-analysis
found that the cerebellum increases activity in response to food simulation, future studies
and theories of eating behavior may benefit from inclusion of cerebellar influences in their
hypotheses forming process.

The remiaining significant clusters found in response to high-calorie visual food cues
were located in the occipitotemporal gyrus (the bilateral lingual gyrus and fusiform gyrus,
the right middle occipital gyrus). These visual areas consistently respond to multiple drug-
related (e.g., alcohol, cocaine, marijuana, tobacco) [115] and gaming cues [116]. Drawing
parallels it is conceivable that higher reward salience of higher reward salience of high-
calorie food images modulate neural activity in these visual areas, just as drug-related cues
do, and leads to different visual processing when compared to control images.

4.2. Common and Specific Brain Activations between Normal-Weight and Obesity

From an evolutionary perspective, energy-dense foods confer a greater survival advan-
tage for primate species, including humans. From this viewpoint, researchers argued that
our species has a natural preference for high-calorie foods [117], which then could be per-
ceived as more rewarding. In light of this, the results of our conjunction analysis–increased
activity in the OFC, a reward-related brain area – are not surprising.

The null findings in the contrast analysis between groups of individuals with normal-
weight and obesity are different from the conclusions from previous reviews on the topic
of cue reactivity in obesity. Past work showed that obesity was related to an enhanced
reward/salience response towards (high-calorie) food stimuli [97,98]. It should be noted
that these reviews included studies using other stimuli than high-calorie food pictures (e.g.,
gustatory stimuli, such as chocolate milkshakes), which might lead to different conclusions
than our work. Indeed, when only included studies using food pictures, two newly pub-
lished meta-analyses found similar results to current work [118,119]. For example, Morys
and colleagues [118] meta-analyzed 13 studies that investigated group differences (obese
vs. normal-weight) in responses to food vs. non-food pictures viewing, and found little
evidence for obesity-related differences in brain responses to food cues. In addition, our
results are in line with the behavioral literature, as a meta-analysis including 45 published
reports did not find evidence for the influence of BMI on food cue reactivity [11]. Taken
together, current evidence tends to support that there are no (high-calorie) visual food cue
reactivity differences between normal-weight people and people with obesity. Intuitively,
this conclusion might contradict some findings of longitudinal studies on the topic of cue
reactivity, which found that behavioral and neural responses to food cues predict weight
gain [11,120]. However, researchers argued that food cue reactivity is not the only factor
that influences food intake and weight gain [9,12,97,118]. For instance, theories proposed
that reactions to hyper-palatable food cues might lead to increased food intake and weight
gain only in individuals with lower dietary self-regulation, though future research should
examine whether this is the case.

4.3. Limitations and Future Directions

Despite its strengths, our meta-analysis has some limitations. First and foremost, like
most f MRI meta-analyses, we incorporated only the reported significant brain activation
peaks from the included studies, which resulted in some information loss (e.g., not signif-
icant small clusters of activations) of the original fMRI data. We recommend that future
studies share their original data or unthresholded statistical maps on a data repository
such as Neurovault (e.g., https://neurovault.org), and an image-based meta-analysis of

https://neurovault.org
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the neural correlates of viewing high-calorie food cues will be possible when sufficient raw
data or statistical maps are available. Second, not all corresponding authors answered our
requests for data. In addition, some studies which would be eligible for our meta-analysis
did not report the main effects of high-calorie visual food cues on BOLD changes. As such,
we recommend that future studies report these results in their supplementary material even
if these contrasts might not be the key focus of the study. Next, obesity was operationalized
via BMI in this meta-analysis, which is a relatively coarse measure of body density and may
overlook relevant physical characteristics, such as body fat and anthropometric features.
Last but not least, we did not examine the neural effect of high-calorie visual food cues in
people who are overweight because of the relatively small number of studies. Moreover,
compared to the number of normal-weight studies, the number of studies involved people
with obesity was relatively small. Thus, more research is needed to investigate the neural
effects of viewing high-calorie food cues in people with overweight/obesity.

5. Conclusions

In conclusion, the results of our meta-analysis suggest a core neural network of
viewing high-calorie food cues, which comprise reward-related as well as visual brain
areas and brain regions related to taste processing. The conjunction analysis suggests that
groups of individuals with normal-weight and obesity share common neural substrates
of reward processing when viewing high-calorie food cues. Finally, there seem to be no
differences in neural processing of high-calorie food images between people with normal-
weight and obesity. Together, our work provides the first meta-analytic evidence for the
neural mechanism underlying high-calorie food cues processing and new insights into
common and distinct brain activations of viewing high-calorie food cues.
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