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Summary

Similarities and differences between obesity and addiction are a prominent topic of ongoing
research. We conducted an activation likelihood estimation meta-analysis on 87 studies in order
to map the functional magnetic resonance imaging (fMRI) response to reward in participants
with obesity, substance addiction and non-substance (or behavioural) addiction, and to identify
commonalities and differences between them. Our study confirms the existence of alterations
during reward processing in obesity, non-substance addiction and substance addiction.
Specifically, participants with obesity or with addictions differed from controls in several brain
regions including prefrontal areas, subcortical structures and sensory areas. Additionally,
participants with obesity and substance addictions exhibited similar blood-oxygen-level-
dependent fMRI hyperactivity in the amygdala and striatum when processing either general
rewarding stimuli or the problematic stimuli (food and drug-related stimuli, respectively). We
propose that these similarities may be associated with an enhanced focus on reward — especially
with regard to food or drug-related stimuli — in obesity and substance addiction. Ultimately, this
enhancement of reward processes may facilitate the presence of compulsive-like behaviour in
some individuals or under some specific circumstances. We hope that increasing knowledge
about the neurobehavioural correlates of obesity and addictions will lead to practical strategies
that target the high prevalence of these central public health challenges.

Introduction

Does obesity present similarities to addiction? The conceptualization of obesity as mere food
addiction disorder is over simplistic, and its construct validity has been questioned [1, 2].
However, neurobehavioural studies point at the existence of some parallels between obesity and
addiction [3-5], including similarities in the brain's dopaminergic system [6, 7]. In this regard,
one important parallel might be the existence of similar functional brain alterations in the
processing of reward.

Substance dependence can be defined by compulsive use of a drug at the expense of other
activities, which intensifies with repeated access [8, 9]. Likewise, people who are addicted to
non-drug entities (e.g. gambling or video games) describe similar experiences of compulsive
behaviour and interference with life functioning [10, 11]. Neuroimaging studies have provided
initial evidence that the neural response to gambling or playing video games in those individuals
resembles the response observed in addicted individuals after the administration of substances of
abuse [12]. The use of a unified approach to study substance and non-substance addictions is
particularly interesting for understanding addictive processes, given that some of the phenotypic
characteristics associated with substance abuse might be caused by the neurotoxic effects of
drugs.



With respect to obesity, growing research suggests that obesity and addiction may present some
parallels in the neural response to rewarding stimuli [3, 4]. This possibility is one of the
arguments that have led to the construction of a theoretical framework known as the food
addiction concept (e.g. [3, 13]). In recent years, seminal papers have outlined weaknesses and
inconsistencies of this model (e.g. [2]) and as a result, instead of food addiction, today the
addictive or compulsive dimensions of some types of obesity are more often referred to [5, 14].

There are different perspectives on whether obesity might be more closely associated with
substance or with non-substance addictions. Theoretical works have compared obesity with non-
substance addictions [12]. However, the observation that intermittent access to sugar can lead to
behavioural and neurochemical changes that resemble the effects of a substance of abuse might
constitute a similar biological mechanism operating in obesity and in substance abuse disorders
[8]. A major shortcoming of the existing reviews comparing obesity and addictions is that they
subjectively summarize published reports and, therefore, do not allow quantitative conclusions
about the similarities between these disorders. Neuroimaging research on functional similarities
between obesity and addictions remains scarce. To date, two studies have attempted to address
this issue. They found that participants scoring higher on questionnaires reflecting an ‘addictive’
or ‘compulsive’ pattern of eating behaviour (such as the Yale Food Addiction Scale or the Binge
Eating Scale) exhibited higher activity in the amygdala, anterior cingulate and orbitofrontal
cortex [14, 15].

An interesting approach to examine parallels between different disorders is to conduct a meta-
analysis. Meta-analyses are essential techniques to determine the convergence of results across
independently performed studies. Activation likelihood estimation (ALE) is a coordinate-based
meta-analysis technique for neuroimaging data that uses spatial coordinates and numbers of
participants from studies to model the voxel-wise convergence of functional activation in a
whole-brain approach. In its recently published version, ALE is among the state-of-the-art
methods for structural and functional neuroimaging meta-analyses [16, 17]. ALE has been
successfully used to map the neural response to primary and secondary rewards in healthy
participants [18], and to assess general brain alterations in obesity and substance addiction [19],
brain responses to alcohol [20], food and tobacco [21], and drug cues [22, 23], as well as neural
activation to food stimuli in obesity [24]. However, to date, no study has integrated data on the
processing of reward in obesity, non-substance addiction and substance addiction.

The aims of the present study were threefold: (i) to investigate the neural correlates of reward
processing in obesity; (ii) to investigate the neural correlates of reward processing in non-
substance addiction and substance addiction and (iii) to identify possible commonalities and
differences in the processing of reward between these disorders. Although obesity cannot simply
be characterized as either a substance or non-substance addiction, sometimes it presents some
similar behavioural components with both types of addiction. Thus, we hypothesized functional
similarities between obesity and addictions in brain areas implicated in reward and salience
processing as well as in behavioural control.



Methods
Study selection

We searched for studies that focused on the neural response to rewarding stimuli in obesity and
addiction using PubMed. Search terms included combinations of the following: (i) neuroimaging
terms: MRI, fMRI, brain, magnetic resonance; (ii) disorder-related terms: obesity, overweight,
BMI, body mass index, addiction, drug abuse, substance abuse and (iii) stimuli-related terms:
reward, pleasant, food, monetary reward, drug cue, cocaine, cannabis, marijuana, heroin, alcohol,
tobacco. Additional articles were collected by manual searches of the bibliographies of the
articles retrieved.

Studies had to fulfill the following inclusion criteria: (i) peer-reviewed original research articles
in English language journals; (ii) studies in humans; (iii) studies reporting contrasts as
(participants with obesity/addiction > controls) or (controls > participants with obesity/addiction)
and (iv) studies reporting group differences in Talairach or Montreal Neurological Institute
(MNI) space. Region-of-interest studies were excluded to enable a data-driven whole-brain
approach for the meta-analysis. Further exclusion criteria were the lack of a control group, the
inclusion of participants with medical or psychiatric disorders other than obesity or addictions,
and studies that examined the effect of a particular drug in non-addicted subjects or the impact of
a particular hormone. In case of studies assessing the effect of a particular treatment [25, 26], we
only entered in the meta-analysis results obtained in the baseline condition or in the placebo
condition. We included in the meta-analysis 87 papers: 16 studies assessed functional brain
alterations in obesity, 22 in non-substance addictions (Internet/gaming addiction and
pathological gambling) and 53 in substance addictions (nicotine addiction, alcohol addiction and
other substance-dependent disorders) (Fig. 1 presents a flow chart of the selection process;
consult supporting information Tables S1-S6 for an overview of the studies included).
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Figure 1. Flow chart illustrating the study selection procedure that was used for this meta-
analysis.

Note that, unlike gambling disorder, Internet gaming disorder is a new disorder not included in
the diagnostic category of behavioural addictions in the Diagnostic and Statistical Manual of
Mental Disorders, Fifth Edition (DSM-V), so far. However, emerging evidence points at
commonalities between Internet gaming disorder and other types of addiction [11]. Therefore,
we included it in our current analysis.

Activation likelihood estimation

ALE is a method for conducting meta-analyses of neuroimaging data that focuses on identifying
common regions of activation across studies (for a thorough description, see [16, 17]). This type
of meta-analysis identifies prototypical networks of activation related to the investigated
phenomena. In the current study, we were interested in the location of regions that differ in
functional activation between a group of interest (obese, non-substance-addicted and substance-



addicted participants) and a control group. Our analyses were performed using GingerALE 2.3
(www.brainmap.org).

In ALE, spatial coordinates are modelled as three-dimensional Gaussian probability distributions
rather than single points. From the probability distributions of each coordinate or focus, ALE
calculates for each voxel the probability that a given focus lies within it. The probabilities are
then combined within and across experiments to produce a whole-brain map of ALE values for
each voxel. This empirical ALE map is compared to a null hypothesis map representing the noise
distribution which is generated by combining the results of several thousand permutations of
randomly selected foci. The null hypothesis is rejected voxel by voxel based on whether the
probability of obtaining a given ALE value under the null hypothesis meets the significance
criteria. Significance tests are corrected for multiple comparisons using a false discovery rate of
.05.

We investigated reward processes in (i) overweight and obesity; (ii) non-substance addictions
(Internet/gaming addiction and pathological gambling) and (iii) substance addictions (nicotine
addiction, alcohol addiction and other substance addictions). For each disorder, we assessed two
conditions: (i) general reward processing and (ii) the processing of the problematic stimuli (e.g.
food in obesity, gaming in non-substance addictions, substance-related stimuli in substance
addictions).

In the cases where the number of studies was large enough (e.g. substance addictions), additional
analyses were performed (e.g. examination of monetary reward).

Finally, by using conjunction and subtraction analyses, we addressed commonalities and
differences between obesity, non-substance addictions and substance addictions both during the
processing of general rewarding stimuli and during the processing of the problematic stimuli.

We verified the anatomical location of clusters by using the Harvard—Oxford cortical and
subcortical atlases (http://www.fmrib.ox.ac.uk/fsl/data/atlas-descriptions.html) as well as
matching coordinates with areas indicated in the studies that contributed the coordinates.

Results
Obesity

The literature search retrieved 16 studies on the neural response to reward processing in obesity
[26-41]. These studies were published between 2007 and 2013 and represent 556 participants
(228 with overweight or obesity and 328 with normal weight) with an age range between 9.57
and 64 years. The percentage of female participants was 87.59% (Supporting Information
Table S1). With regard to the reward paradigm used, 14 studies examined food reward (nine
utilized visual stimuli, four used gustatory cues and one applied olfactory stimuli) and two
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studies employed monetary reward. All studies reported body mass index (BMI) (kg m—2) in
order to characterize participants.

During the examination of general reward processing, in the contrast obese/overweight > controls
we found differences in the putamen, postcentral gyrus, lingual gyrus, superior frontal gyrus and
amygdala. In the contrast obese/overweight < controls we obtained clusters located in the central
operculum/middle insula, lateral occipital cortex, postcentral gyrus and in the temporo-occipital
lobe (Table 1 and Fig. 2). The postcentral gyrus was found both hyper and hypoactivated in
association with obesity. In order to explain this contradictory result, we examined the
characteristics of the studies located within the boundaries of the ALE cluster. An obesity-related
enhanced activation of the postcentral gyrus was reported both in studies on visual and on
gustatory food stimuli, while an obesity-related decreased activity was reported only in papers on
visual food stimuli.

Table 1. Results of the meta-analysis. Significant differences in activation elicited during the
processing of rewarding stimuli

Cluster Size  MNI coordinates ALE value Anatomical location
(mmd) X Y A

Obese/overweight > Controls (eight contributing experiments; sample size =206; foci = 124)

1 504 -16 4 -8 0141 Left putamen/pallidum/accumbens

2 360 56 -14 32 .0132 Right postcentral gyrus

3 336 20 48 0 .0013 Right lingual gyrus

4 336 2 12 66 .0157 Superior frontal gyrus

5 216 22 4 -18 .0111 Right parahippocampal gyrus/amygdala

Obese/overweight < Controls (14 contributing experiments; sample size = 543; foci = 66)

1 664 42 2 12 .0152 Left central operculum/middle insula
2 440 -—-16 76 46 0113 Left lateral occipital cortex
3 304 56 -—-18 22 0121 Left postcentral gyrus



Non-substance addictions > Controls (18 contributing experiments; sample size =497,
foci=162)

1 1,192 52 14 26 .0223 Left inferior frontal gyrus
2 536 -10 -56 12 .0139 Left posterior cingulate cortex
3 392 14 2 -16  .0123 Right amygdala/parahippocampal gyrus
4 376  —-10 30 30 .0160 Left paracingulate cortex
5 304 —-46 28 -—10 .0144 Left temporal horn
6 288 24 O 58 .0110 Left precentral cortex
7 256 8 4 26 .0118 Right middle cingulate
8 248 26 56 12 .0128 Right superior frontal gyrus
9 240 50 26 8 .0123 Right inferior frontal gyrus
10 216 10 32 30 .0116 Right paracingulate cortex

Non-substance addictions < Controls (nine contributing experiments; sample size = 266;
foci=76)

1 280 40 -20 —16 .0106 Right hippocampus

2 264 46 -28 40 0111 Right inferior parietal gyrus
3 256 48 22 32 .0104 Left postcentral gyrus

4 208 -14 80 -12 .010 Left occipital lobe/declive

Substance addictions > Controls (43 contributing experiments; sample size =1774; foci=395)

1 994 2 -10 4 .0256 Thalamus

2 928 38 16 0 .0238 Right anterior insula

3 864 2 42 40 .0188 Left superior frontal gyrus
4 776 —-10 10 —6 0241 Left caudate/accumbens

5 640 40 38 28 .0215 Right middle frontal gyrus
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8 352 70 26 6 0173 Right superior temporal cortex

9 304 2 36 44 .0182 Superior frontal cortex
10 248 42 16 8 .0150 Right anterior insula
11 224 22 —-64 50 .0153 Right precuneus

Notes: Results corrected at FDR <.05. Minimum cluster size 200 mm?,
ALE, activation likelihood estimation; MNI, Montreal Neurological Institute.
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Figure 2. Results of the meta-analysis in overweight and obesity. Increases and decreases in
BOLD fMRI activity in participants with overweight and obesity relative to controls during the
processing of all rewarding stimuli, food stimuli and visual food stimuli (P <.05 FDR whole
brain corrected). Color bars represent ALE values.
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The clusters obtained during the examination of food reward in obesity were highly similar to the
ones obtained in general reward processing (Table 2 and Fig. 2).

Table 2. Results of the meta-analysis. Significant differences in activation elicited during the
processing of the problematic stimuli

Cluster Size MNI coordinates ALE value  Anatomical location
(mm3) X Y Z

Obese/overweight > Controls (seven contributing experiments; sample size = 168; foci=115)

1 560 -16 4 -8 0141 Left putamen/pallidum/accumbens

2 392 20 48 0 .0013 Right lingual gyrus

3 384 56 -14 32 .0132 Right postcentral gyrus

4 336 2 12 66 .0157 Superior frontal gyrus

5 280 22 4 -18  .0111 Right parahippocampal gyrus/amygdala
6 208 24 20 2 .0105 Left pallidum/thalamus

7 200 4 18 -14  .0104 Left ventromedial prefrontal cortex

Obese/overweight < Controls (11 contributing experiments; sample size =430; foci =56)

1 672 42 2 12 .0152 Left central operculum/middle insula
2 472 —-16 —76 46 .0113 Left lateral occipital cortex
3 312 56 -—-18 22 0121 Left postcentral gyrus

Non-substance addictions > Controls (10 contributing experiments; sample size =247,
foci=114)

1 984 50 14 28 .0166 Left inferior frontal gyus

2 736 -10 56 12 .0140 Left posterior cingulate cortex
3 408 —-46 28 -—-10 .0144 Left temporal horn

4 328 50 26 8 .0123 Right inferior frontal gyrus
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5 312 8 4 26 .0116 Middle cingulate cortex
6 288 14 2 -16  .0112 Right amygdala/parahippocampal gyrus
7 248 16 —48 —38 .0109 Right cerebellum

Non-substance addictions < Controls (three contributing experiments; sample size = 74;
foci=27)

Meta-analysis not performed

Substance addictions > Controls (27 contributing experiments; sample size =958; foci =239)

1 1,152 -2 -10 4 .0253 Thalamus
2 1,104 2 —44 26 .0148 Posterior cingulate cortex
3 648 20 28 54 0212 Left superior frontal gyrus
4 584 26 4 2 0174 Left putamen
6 480 -10 6 10 .0160 Left caudate
7 432 38 18 0 .0160 Right anterior insula
8 384 -10 12 —6 .0170 Left accumbens/putamen
9 352 2 30 14 0167 Anterior cingulate cortex
10 336 12 10 12 .0144 Right caudate
11 312 0 32 48 .0175 Superior frontal gyrus
12 304 24 2 -20 .0185 Right amygdala/parahippocampal gyrus
13 296 54 22 -12 .0138 Right inferior frontal gyrus
14 296 2 50 0 .0142 Anterior cingulate cortex
15 288 34 34 -14  .0142 Right lateral orbitofrontal cortex
16 264 38 —64 26 .0165 Left middle temporal gyrus
17 208 4 -16 —-16 .0124 Brainstem

Substance addictions < Controls (10 contributing experiments; sample size = 364; foci=51)
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1 600 12 —-88 8 .0130 Right intracalcarine cortex
2 254 8 22 48 011 Right superior frontal gyrus

Notes: Results corrected at FDR <.05. Minimum cluster size 200 mm3.
ALE, activation likelihood estimation; MNI, Montreal Neurological Institute.

Finally, we focused on the response to visual food stimuli in obesity. We found that participants
with overweight/obesity exhibited an enhanced blood-oxygen-level-dependent (BOLD) activity
in the superior frontal lobe and pallidum, and a decreased BOLD activity in the middle insula
and in the postcentral gyrus (Fig. 2 and Supporting Information Table S7).

Non-substance addiction

We identified 22 studies on the processing of reward in non-substance addictions. Eleven studies
compared participants with Internet/gaming addiction and control participants [42-52] and 11
studies evaluated differences between participants with pathological gambling and control
subjects [53-63]. They were published between 2003 and 2014.

Overall, these studies comprised 604 participants (302 with non-substance addiction disorders
and 302 control participants) aged between 13 and 65 years old. The percentage of female
participants was 4.5%.

Regarding the reward paradigms used, 12 studies examined the processing of primary
problematic stimuli (Internet and gaming stimuli or a gambling scenario) and 10 papers
examined the response to monetary reward.

The meta-analysis on the processing of reward (Table 1 and Fig. 3) revealed that participants
with non-substance addictions exhibited increased activation in areas including the inferior
frontal gyrus, posterior cingulate cortex, paracingulate cortex and amygdala, as well as decreased
activation in the hippocampus, inferior parietal gyrus and postcentral gyrus. Supporting
Information Table S8 presents these results for the different patient groups (Internet/gaming
addiction and pathological gambling).
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Figure 3. Results of the meta-analysis in non-substance addictions. Increases and decreases in
BOLD fMRI activity in participants with non-substance addictions relative to controls during the
processing of all rewarding stimuli and gambling or gaming-related stimuli (P <.05 FDR whole
brain corrected). Color bars represent ALE values.

We then focused on the processing of the problematic stimuli in non-substance addictions (e.g.
visualization of gaming images). Here, we obtained comparable results (Table 2 and Fig. 3).

An additional analysis on the processing of monetary reward did not yield any significant results,
possibly due to the low number of studies available.

Substance addiction

We identified 53 studies on the processing of reward in substance addictions: 10 addressed
nicotine addiction [56, 64-72], 16 evaluated alcohol dependence [61, 73-87] and 27 focused on
participants addicted to other substances [25, 88-113] (nine studies on cocaine or
psychostimulants abuse, eight on cannabis dependence, six on opioid dependence, three on
methamphetamine dependence and one on ecstasy abuse). They were published between 2001
and 2014.
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The total sample size was 2,139 participants (1,112 with substance abuse problems and 1,027
controls aged between 13 and 60 years). The proportion of women was 28.00%. Regarding the
paradigms employed, 29 studies focused on the problematic stimuli (e.g. drug images), 19
included an examination of monetary reward, six included an assessment of the response to
pleasant pictures/happy faces, two were conducted on pleasant interoceptive stimulation (soft
touch) and one focused on food reward. Finally, one study conducted a reward learning paradigm
that used a gift voucher instead of monetary reward.

The processing of general reward (Table 1 and Fig. 4) elicited a greater activation in drug-
addicted individuals in several regions including the thalamus, anterior insula, superior and
middle frontal gyri, basal ganglia (caudate/accumbens and putamen/pallidum), amygdala,
posterior cingulate cortex and anterior cingulate/paracingulate cortex. The ALE meta-analysis
also yielded clusters for the contrast substance dependence < controls in areas including the
anterior cingulate cortex, superior frontal gyrus, caudate, putamen and anterior insula. Some
brain areas, like the striatum, anterior insula and superior frontal gyrus, showed both hyper- and
hypoactivation associated with substance addictions. Studies reporting an addiction-related
hyperactivation in these areas were conducted on either drug-related stimuli or monetary reward,
and in the latter case, they were mainly associated with the outcome phase of the paradigm. By
contrast, studies reporting a blunted BOLD activity in these structures in participants with
substance addictions were conducted on either monetary reward or on other rewarding paradigms
(e.g. food reward or pleasant soft touch). Supporting Information Table S9 presents these
analyses separated by groups of interest (nicotine addiction, alcohol addiction and other
substance addictions).
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Figure 4. Results of the meta-analysis in substance addictions. Increases and decreases in BOLD
fMRI activity in participants with substance addictions relative to control participants during the
processing of all rewarding stimuli, drug-related stimuli, monetary stimuli and other rewarding
stimuli (P <.05 FDR whole brain corrected). Color bars represent ALE values.
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When examining the processing of substance-related stimuli, we observed that relative to
controls, participants with substance addictions exhibited higher BOLD activity in a widespread
set of frontal regions (e.g. superior frontal gyrus, anterior cingulate cortex, orbitofrontal cortex
and inferior frontal gyrus), in subcortical structures (e.g. putamen, caudate, amygdala and
accumbens) and in the brainstem. Participants with substance addictions exhibited lower BOLD
activity in the intracalcarine cortex and in a superior cluster within the superior frontal gyrus
(Table 2 and Fig. 4).

Monetary reward (Fig. 4 and Supporting Information Table S10) was associated with an
enhanced activation in participants with substance addictions relative to controls in several
anterior regions (e.g. the anterior cingulate cortex, medial frontal gyrus, middle and inferior
frontal gyri, anterior insula) in the parahippocampal gyrus, in posterior regions (e.g. the
precuneus, cuneus and lateral occipital cortex), and also in the putamen and pallidum. Relative to
controls, participants with substance addictions exhibited decreased BOLD activity in extended
regions within the striatum (e.g. accumbens, putamen, pallidum and caudate), in the medial
frontal gyrus and in the superior temporal gyrus. Both the lenticular nuclei (putamen and
pallidum) and the medial frontal gyrus were found hyper- and hypoactivated in participants with
substance addictions. The studies reporting an addiction-related enhanced activity in the striatum
and in the medial prefrontal cortex contained a higher percentage of female participants (ranging
from 7 to 54%) than the studies reporting an addiction-related decreased BOLD activity in the
same areas (in this last case, it ranged from 0 to 7%). Moreover, in the majority of cases, studies
reporting an addiction-related hyperactivity in the lenticular nuclei were associated with an
outcome phase of the monetary task. A sub-analysis focusing on anticipation of monetary reward
is presented in the Supporting Information Table S10.

Finally, the processing of other rewarding stimuli (e.g. positive faces, pleasant soft touch)
elicited a diminished BOLD activity in substance-dependent participants relative to controls in
the anterior insula, paracingulate gyrus, inferior parietal lobe and medial frontal gyrus (Fig. 4 and
Supporting Information Table S11).

An additional analysis on the processing of reward separated for active substance-dependent
population and for treatment-seeking population can be consulted in Supporting Information
Table S12.

Commonalities in obesity, non-substance addiction and substance addiction

The conjunction analyses for the processing of general reward showed that participants with
obesity and participants with substance addictions exhibited an overlapping cluster of increased
BOLD signal in the right amygdala (128 mm3; MNI coordinates: 22 4 —18; ALE value: .0111)
and in the left accumbens extending to the putamen and pallidum (120 mm3; MNI coordinates:
—14 6 —8; ALE value: .0123) (Fig. 5). This last result was formed by the overlap between a
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cluster obtained in obesity — with a peak of maximal ALE value located in the putamen —and a
cluster obtained in substance addictions with a peak of maximal ALE value in the caudate.
Participants with non-substance addictions also exhibited increased BOLD activation in the right
parahippocampal gyrus extending to the amygdala (MNI coordinates: 14 2 —16); however, the
cluster found here did not overlap with the ones found for obesity and substance addiction, but
was located more extending to superior layers (Fig. 5).

ALE values ALE values ALE values
012

S
A ”A

Z=-20

Non-substance Substance Overlap of ALE
addictions ddictions maps

Figure 5. Alterations in obesity and in substance addictions in the amygdala and striatum during
reward processing. The first three columns show the ALE maps (P <.05 FDR whole brain
corrected) for obesity, non-substance addictions and substance addictions in the striatum (upper
part) and the amygdala (lower part). The rightmost column represents the overlapping maps in
the striatum and in the amygdala (obesity = violet; substance addictions = cyan; non-substance
addictions = yellow).

The conjunction analyses were also performed on the processing of the problematic stimuli.
Again, obesity and substance addictions exhibited an overlapping cluster of increased BOLD
activity in the right amygdala (88 mm3; MNI coordinates: 24 4 —18; ALE value: .0110) and in
the left putamen extending to the accumbens (72 mm3; MNI coordinates: —12 8 —6; ALE value:
.0102) (Fig. 6). As in the previous analysis, non-substance addictions exhibited alterations in the
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right amygdala, but again, this cluster did not overlap with the ones found for obesity and
substance addictions.

ALE values
003

Figure 6. Overlapping cluster of BOLD fMRI signal increase for obesity and substance
addiction during the processing of the problematic stimuli. Convergent alteration between
participants with obesity and participants with substance addictions during the processing of the
problematic stimuli (food in obesity; drug-related stimuli in substance addictions) in the
amygdala and in the striatum (ALE maps: P <.05 FDR whole brain corrected).

No common areas were found when examining maps of increased BOLD activation in controls
relative to the groups of interest.

Differences between obesity, non-substance addiction and substance addiction

Despite divergent patterns of functional alterations obtained in the individual analyses for
obesity, non-substance addictions and substance addictions, the subtraction analysis directly
comparing these maps did not yield any clusters representing statistically significant differences
between the disorders. This can most likely be attributed to the low statistical power of the
subtraction analysis, due to the relatively low number of studies in each category.
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Discussion

Our study adds three findings to the current body of research. First, we confirmed the presence of
obesity-related functional alterations in a core set of brain regions in response to (ranging from
more general to more specific) rewarding stimuli, food stimuli and visual food stimuli. Second,
we characterized differences between participants with addictions and control participants in
response to general rewarding stimuli and also restricted to the processing of the addictive
stimuli. In substance addictions, we expanded this information and presented differences
associated with the processing of monetary reward and other rewarding stimuli. Third, obesity
and substance addictions exhibited a similar increased activation in the amygdala and striatum,
which was detected in response to general rewarding stimuli and, also more specifically, in
response to the problematic stimuli (food in obesity, drug stimuli in substance addictions).

Obese and overweight participants presented some functional differences to normal-weight
subjects in response to rewarding stimuli. Specifically, relative to controls, participants with
overweight or obesity exhibited higher activation in several regions including the putamen,
pallidum and amygdala/parahippocampal gyrus and superior frontal gyrus, as well as a decreased
activation in regions including the central operculum/middle insula and visual areas. Of note, the
exclusion of studies on monetary reward produced a very similar map of functional differences
between participants with overweight or obesity and controls, which may indicate either that the
aforementioned alterations were mostly driven by studies on food reward or that, in obese
participants, monetary reward yielded a similar pattern of activity than food reward. When
regarding visual food stimuli only, we found an obesity-related enhanced activation in the
superior frontal lobe and pallidum and an obesity-related decreased activation in the insula and
postcentral gyrus. These results are in coherence with a previous meta-analysis on food reward in
obesity [24].

An important consideration when interpreting these results is the definition of overweight and
obesity. BMI (kg m—2) is typically used as a surrogate for adiposity. According to the World
Health Organization, individuals with a BMI equal to or higher than 25 kg m—2 are classified as
overweight, while individuals with a BMI equal to or above 30 kg m—2 are defined as obese
[114]. The BMI has been criticized for neglecting other factors like muscular mass or insulin
resistance (e.g. [115]) and for not being associated with addictive-like eating behaviour in
obesity [15]. Nonetheless, the BMI is still conveniently used in the characterization of obesity,
and all studies included in the meta-analysis on obesity provided this measure in order to define
their groups of participants. Binge eating disorder (BED) is a condition presented together with
overweight or obesity (in the majority of individuals with this disorder) and characterized by
recurrent episodes of uncontrolled consumption of large amounts of food without compensatory
(e.g. vomiting or purgative use) weight-control behaviours. It has been suggested that individuals
with BED - specifically those with a more severe and compulsive symptomatology — may
display a clinical profile akin to individuals with substance use disorders [116]. Some caveats for
this conceptualization have been pointed out: the BMIs of some individuals with BED fall in the
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normal-weight range, while on the other hand, the majority of overweight or obese individuals
are not classified as binge eaters [2]. Despite these considerations, it has been proposed that food
addiction may reflect the end of a continuum in pathological eating in the obese population,
ranging from a ‘passive’ form of eating behaviour to a severe and compulsive subtype of BED
[116]. This end of the continuum seems to share clinical similarities with substance use disorders
[116]. Studies on the BOLD functional magnetic resonance imaging (fMRI) response to visual
food stimuli have found that participants with BED exhibited higher activity in the orbitofrontal
cortex relative to controls ([117]; reviewed in [118]). Additionally, compulsive eating scores
have been associated with the activation of mesocorticolimbic areas including the amygdala,
putamen and thalamus [14]. In general, these results in food reward processing are in coherence
to the ones found in overweight and obesity in the current study.

The ALE meta-analysis revealed functional alterations in substance and non-substance
addictions in a widespread network of brain regions. These patients exhibited enhanced BOLD
activity in areas including the inferior frontal gyrus, posterior cingulate cortex and
parahippocampal cortex/amygdala. These differences were detected for both general reward
processing and the processing of the problematic stimuli. In substance addictions, in response to
drug-related stimuli, patients also exhibited an increased BOLD activity in the ventral and dorsal
striata (caudate, putamen and accumbens) and in the brainstem. This enhanced activation in
addictive disorders is in coherence with the observation that these patients may manifest an
unusual focus on the addictive incentive stimuli [119] and may account for feelings of loss of
control towards drug consumption that are present in addiction. Similar to what we previously
describe in obesity, compulsive drug consumption may also be presented in a dimensional
continuum and addiction may represent its pathologic end. Nonetheless, also in participants with
addictive disorders, compulsive behaviours may be dynamic and flexible. As such, an individual
may exhibit a particularly prominent compulsive behaviour under determined circumstances (e.g.
stressful life events) while being able to exert impulse control under other circumstances [4].

It has been hypothesized that drugs of abuse ‘hijack’ brain reward systems such that drug-related
stimuli become overvalued while non-drug-related stimuli become undervalued [119]. In line
with this idea, the examination of other positive reinforcements yielded a somewhat different
pattern of activation than the one observed during the processing of the problematic stimuli.
Monetary reward was associated with decreased striatal activity (although an increased activity
in the putamen was also found) and increased activity in several frontal regions like the middle
and inferior frontal gyri and anterior insula. Despite being a non-drug reward, it is possible that
monetary stimuli may still be associated with drug availability. However, this association is
unlikely in the case of other rewarding stimuli such as positive faces, food stimuli or pleasant
soft touch stimulation. In response to these last types of stimuli, substance-addicted participants
exhibited a diminished BOLD activity in areas including the anterior insula and the medial
frontal gyrus in relative to controls. However, caution should be taken when interpreting the
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findings obtained in this ‘other rewarding stimuli’ category, given the low number of studies and
the high heterogeneity of the paradigms included.

Our conjunction analyses revealed a similar increased activation in the right amygdala for
obesity and substance addiction. The amygdala is a convergence zone for highly salient
information [120] and it has been widely studied for its involvement in emotional processing,
fear and anxiety (e.g. [121]). Growing evidence suggests an important role of the amygdala in
the escalation of drug use and in the development of compulsive drug seeking [122]. With regard
to eating behaviour processes, different studies in healthy participants have found activation of
the bilateral amygdala in response to salient attributes of food stimuli, such as palatability or
caloric content, and also when participants are in a food deprivation condition (reviewed in
[118]). Obesity and substance addiction disorders also exhibited an overlap in the left striatum,
specifically in the nucleus accumbens. This overlapping cluster resulted from two clusters in
obesity and in substance addictions with peaks of maximal ALE value located in the putamen
and the caudate, respectively. Putamen and caudate are part of the dorsal striatum and receive
dopaminergic inputs from the substantia nigra pars compacta [123]. The dorsal striatum has been
traditionally considered to be closely associated with movement [124], and today it is thought to
be involved in the initiation, production and sequencing of motor behaviour [125]. Additionally,
strong evidence links the dorsal striatum to food motivation [126] and it is considered to be
recruited in the development of compulsive drug-seeking behaviour [127]. The nucleus
accumbens, on the other hand, is part of the ventral striatum and is recognized as a key structure
in mediating the rewarding effects of drugs of abuse, food and sexual behaviour [128]. All
together, the similarities found between obesity and substance addictions are notably small.
Nonetheless, they are located in areas that seem to be crucial for reward and salience processing.
Although this result may be in line with the food addiction model, it has to be noted that this
overlap does not necessarily indicate the existence of common biological mechanisms in obesity
and addition. A more plausible explanation is that it may be associated with an enhanced focus
on rewarding stimuli — especially with regard to food or drug-related stimuli — in both obesity
and substance addiction. We hypothesize that in some individuals with obesity or addiction, as
well as under some specific circumstances (e.g. stressful life events), this enhanced focus on
rewarding stimuli may be associated with the presence of some compulsive-like behaviour or
with some degree of difficulties in impulse control.

Methodological issues

The present meta-analysis has some limitations that need to be acknowledged. First, a great
number of studies focus on one type of addiction but include participants with some degree of
use of other substances. We would like to indicate the need for reporting toxic habits, which is
not always done. Thus, we cannot exclude the possibility that at least some results are influenced
by the interaction between different substances or addictive behaviour. Second, studies on the
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problematic stimuli were examined together, encompassing different reward processes (e.g.
anticipatory or consummatory reward) and types of stimuli (studies on sight, smell, taste and
touch). Unfortunately, the number of studies available so far does not allow disentangling
patterns resulting from different tasks employed. It is only in the case of obesity that we could
present the results focusing on visual food stimuli. Third, studies on processing monetary reward
encompass heterogeneous experiments (e.g. monetary cue presentation, monetary incentive delay
tasks or delay discounting tasks) and processes (e.g. anticipatory reward, outcome evaluation,
outcome in the context of a decision-making task). While in the context of substance addictions a
sub-analysis for the anticipation of monetary reward could be performed, further sub-analyses
were not possible due to the small number of available studies. Thus, caution should be taken
when interpreting our results for the processing of monetary reward as a whole, given the
relatively low number of studies contributing to this contrast and the high heterogeneity among
them.

Fourth, demographic characteristics such as age and gender vary depending on the group of
interest analysed. For example, in studies on obesity, the percentage of female participants was
high, which stands in contrast with the low proportion of female participants in studies on non-
substance addictions. The current implementation of ALE takes into account the number of
subjects included in each individual study and prevents multiple foci from a single experiment to
cumulatively influence ALE values [16], which constitutes an advantage over previous versions
[129]. However, current meta-analysis methodology does not facilitate the inclusion of
additional covariates into the analysis in order to correct for their potential impact on the results.
Thus, a possible influence of confounding factors like sociodemographic variables cannot be
ruled out when interpreting our results. Fifth, obesity per se does not necessarily implicate the
presence of compulsive (addictive-like) overeating behaviour, and as such, the participants
included in the studies in obesity may not be characterized by a lack of control over ingestive
behaviour. In this sense, it is important to note that food addiction scores are not related to BMI
[15] and that, as discussed above, overeating may be better conceptualized as a continuum with
an increasing degree of compulsive eating behaviour [117]. Sixth, the studies in obesity defined
the groups based on BMI. The inclusion of other adiposity-related measures (e.g. abdominal
adiposity, leptin levels or insulin resistance) may produce differences in the results. Seventh,
following previous approaches [24], we did not exclude studies comparing the group of interest
and a control group under placebo conditions. While this maintained a high statistical power for
our analysis, we cannot rule out that the placebo effect may have differed across groups. Eighth,
the age range of the participants was broad. Of note, we additionally performed the analyses
excluding studies conducted in adolescent participants. These analyses showed the same pattern
of results than the ones obtained with the whole pool of data. Nevertheless, because the majority
of the studies included were performed by participants in young-to-middle adulthood, our results
may not directly generalize to other stages of the lifespan (e.g. in adolescence or older
adulthood).
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Finally, it should be noted that because this is a coordinate-based meta-analysis, we are not
comparing the amplitude of brain activity between different disorders, but the spatial consistency
of reported peaks of activity between different groups of studies. As such, this consistency is not
influenced by the intensity of the neural activation in response to reward, but rather by the
number of studies that have reported the existence of alterations in these areas.

Conclusion

So, in conclusion, does obesity present similarities in brain function with addictions? The current
study has addressed this question with respect to the processing of reward and has provided the
first objective integration of fMRI results on studies in obesity, substance addiction and non-
substance addiction. The results suggest the existence of some similar abnormalities between
obesity and substance addictions during the processing of food and the problematic stimuli in the
amygdala and striatum, which are brain structures implicated in reward and salience processing.
An important next step will be to specifically address the comparison between substance and
non-substance addictive behaviours and addictive-like patterns of eating behaviour in the obese
population. It is hoped that increasing knowledge about the neurobehavioural correlates of
obesity and addictions will lead to practical strategies that target the high prevalence of obesity
and addictive disorders. In line with the findings presented here, therapeutic approaches should
attempt to reduce the salient and reinforcing properties of food and addiction-related stimuli and
apply cognitive control strategies that can lead to a more efficient impulse control behaviour.
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