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The “addictive-like eating behavior” phenotype encompasses different terms or con-
cepts, including “food addiction” (FA), “eating addiction” or “compulsive eating behav-
ior” [1-3]. Although these terms may theoretically refer to different conceptualizations
of addictive-like eating, all agree on the similarities this phenotype may share with other
addictive disorders in terms of diagnostic criteria (with some core symptoms being food
craving, loss of control over eating, and maintenance of the behavior despite negative
consequences), epidemiology, risk factors, and treatment [1-3]. The main hypothesis un-
derlying the “addictive-like eating behavior” phenotype is that it may help identify, among
persons with obesity, eating disorders or persons with other eating symptoms, a specific
and distinct subpopulation of vulnerable individuals for whom specific therapeutic man-
agement strategies may be proposed [4]. Although the FA model has the potential to open
new avenues of conceptualization and management in obesity and eating disorders by
providing new options to the existing treatments [3,5], some authors questions the validity
and the specificity of the FA /addictive-like eating behavior phenotype [6,7]. To explain
the possible inconsistencies in this evidence, and to gain insight into the possible validity
and clinical utility of the addictive-like eating behavior phenotype, we argue here that we
have to take into account the heterogeneous nature of FA. Beyond the identification of this
phenotype, we hypothesize here that one key issue may be, as already demonstrated for
other addictive disorders, that different psychobiological factors or different pathways
may account for this increased vulnerability, with the identification of different clusters of
vulnerable patients [8-11]. By examining the inter-individual differences that could account
for this phenotype, and by disentangling the contribution of these different factors for a
given individual, we may then propose tailor-based interventions based on the specific
psychobiological factors involved. Before directly testing this hypothesis in interventional
studies, one preliminary step is to identify what are the psychobiological factors associated
with this “addictive-like eating behavior” phenotype in different clinical and non-clinical
populations, and to determine how these factors may cluster together to help identify these
different clusters of patients.

The aim of the special issue is to provide a modest—but hopefully constructive—
contribution to this research area, by presenting research studies and literature reviews that
will improve our understanding of the “addictive-like eating behavior” phenotype and of
its associated factors, thus paving the way for the identification of these clusters of patients.
This special issue includes eleven studies (four reviews and seven original studies). These
seven original studies investigate the factors associated with this phenotype in different
contexts: patients seeking treatment for an eating disorder, including anorexia nervosa,
bulimia nervosa or binge eating disorder [12,13], patients seeking treatment for obesity
(i.e., bariatric surgery candidates) [14], and non-clinical populations (i.e., persons not di-
rectly seeking treatment for these conditions) such as adolescents [15], female restrained
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eaters [16], and persons with weight-related disorders recruited in the general popula-
tion [17]. This special issue also present four literature reviews that focus on: neuroimaging
of sex/gender differences in obesity, in which FA is prevalent [18], involvement of the
melanocortin system in binge eating, food reward and motivation [19], association between
addictive-like eating behavior and attention-deficit/hyperactivity disorder (ADHD) [20],
and a discussion about the FA concept and its practical implications through four com-
plementary disciplines: addiction medicine, nutrition, health psychology, and behavioral
neuroscience [21].

Obesity is the most studied population in the FA research field because of their high
co-occurrence [22]. Benzerouk et al. focused on the association between binge eating,
emotion dysregulation, impulsivity, depression, and anxiety in bariatric surgery candi-
dates [14]. They confirmed that persons at risk for binge eating disorder were more prone
to report limited access to emotion regulation strategies as well as higher impulsivity. More
importantly, they demonstrated in multivariable models that emotional eating, external eat-
ing, and binge eating were independently associated with specific dimensions of emotion
regulation and impulsivity. Although treatment-seeking persons with obesity are more
frequently women, obesity is also prevalent in men. When studying the inter-individual
differences, gender/sex may be an important factor to consider. In an elegant literature re-
view, Kroll et al. shed light on the neuroimaging of sex/gender differences in persons with
obesity, with a focus on structure, function, and neurotransmission [18]. They highlighted
inter-individual differences based on gender: changes in somatosensory regions appeared
to be associated with obesity in men, while changes in reward regions were more strongly
associated with obesity in women than in men. They also found sex/gender differences in
the neural response to taste among persons with obesity. These data are consistent with the
idea that different neural mechanisms may be observed in obesity, and that the considera-
tion of gender/sex may help in designing more tailored interventions based on the specific
mechanisms involved. Future studies could investigate these interesting inter-individual
differences in persons with obesity and binge eating disorder/FA vs. persons with obesity
but without disordered eating.

To demonstrate the reliability and the relevance of the FA phenotype, one complemen-
tary area for research focusses on the biological correlates of FA in persons with obesity
or overweight. In the FA field, fewer studies have been conducted using biobehavioral or
genetic measures than subjective measures. To advance knowledge in this field, Aviram-
Friedeman compared the brain asymmetry at rest and cue-reactivity to images of rewarding
food in a Stroop Task between persons with weight-related problems and FA (group 1),
persons with weight-related problems but no FA (group 2), and persons without weight-
related problems and no FA (control group). The group with overweight/obesity and FA
displayed a specific profile that was not observed in the two other groups: a lower resting
left alpha brain asymmetry, an attenuated Stroop bias following exposure to high-calorie
food relative to nonfood image, and a lower late positive potential component in frontal
and occipital regions. Although association does not mean causation, these results point
out the possibility of neural correlates specific to FA, as well as the need to consider how
environmental stimuli may trigger or exacerbate FA. As demonstrated for addictive disor-
ders, addictive-like eating may result from a gene-environment interaction, and Micioni Di
Bonaventura et al. provide here a focused review of how alterations in the melanocortin
system may be involved in obesity, binge eating behavior, and food reward /motivation [19].
In this literature review based on preclinical and clinical studies, these authors underline
the pivotal role of the melanocortin system in controlling feeding behavior, appetite, energy
balance, motivation for highly palatable food, and stress regulation. They discuss here
how the loss of function of the melanocortin receptors (especially through the genetic
variations of the MC3R and the MC4R, that are mainly located in the mesolimbic dopamine
system) may lead to a breakdown of normal regulatory processes, thus increasing the risk
of overeating and binge eating.
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In addition to patients with obesity, patients with eating disorders are also persons
for whom the FA phenotype may be useful. Fewer studies have been conducted in clinical
persons seeking treatment for an eating disorder than in persons with obesity, especially
in samples of persons with the full spectrum of eating disorders [22]. In a large sample
of 195 adult women referred to an eating disorder treatment center for anorexia nervosa,
bulimia nervosa, or binge eating disorder, Fauconnier et al. assessed the prevalence of
FA and its associated factors [12]. In line with Granero [23], they confirmed the high
prevalence of the FA phenotype in all types of eating disorders, with prevalence rates
being respectively 61.5% for anorexia nervosa restrictive subtype, 87.9% for anorexia
nervosa binge-eating/purging subtype, 93.3% for binge eating disorder, and 97.6% for
bulimia nervosa. The main study result was the demonstration that the FA phenotype
was independently associated with three variables: the presence of recurrent episodes of
binge eating, eating disorder severity, and lower interoceptive awareness (this latter being
compatible with one aspect of the three-systems neural model of addiction proposed by
Noél et al., with the involvement of the insula in interoceptive awareness [10]). In another
study presented here, Bou Khalil et al. tested among persons seeking treatment for an
eating disorder whether FA was associated with a more severe eating disorder symptom
severity and with more frequent childhood maltreatment, with the hypothesis that FA
may mediate the relationship between childhood trauma and eating disorder severity [13].
They found that existence of FA was associated with a more severe eating disorder and
with all types of traumas. Their data were compatible with a mediational role of FA
in the relationship between childhood trauma and eating disorder severity, with largest
effects emerging for physical neglect and emotional abuse. These data strengthen the
hypothesis that the identification of a FA phenotype among eating disorder patients may
help in identifying a distinct subpopulation of vulnerable individuals for whom specific
therapeutic management strategies could be proposed, with low interoceptive awareness
and childhood trauma being two potential targets. More studies in this specific population
will be helpful to test (and eventually refine) this hypothesis, especially using interventional
studies.

One potential target for the treatment of persons with FA is emotional eating and
emotion dysregulation. Emotion dysregulation is indeed strongly associated with addictive
disorders, and it is now integrated as a core component of addictive disorders treatment.
In a large sample of 1142 persons recruited in the general population, Bourdier et al. used
correlation and mediation analyses to compare the association between anxiety, depression,
FA, emotional eating and the difficulty to rely on hunger and satiety cues between persons
with versus without obesity [17]. First, they found associations between depression, anxiety,
FA symptoms and the difficulty in relying on hunger and satiety cues across all weight
classes. They also examined the association between emotional eating and these factors
in each weight class, and they further demonstrated that emotional eating was associated
with these factors but only in persons with obesity. Emotional eating may be an important
factor to consider in persons with obesity: data were compatible with a meditational
role of negative emotional eating in the relationship between anxiety symptoms and the
difficulty in relying on internal cues to regulate food intake, as well as between depression
symptoms and the difficulty in relying on these internal cues. Emotion dysregulation is
also a core component of some psychiatric disorders, especially ADHD. ADHD symptoms
and diagnosis are associated with addictive disorders and eating disorders, but the exact
mechanisms underlying this association are currently unclear. In a literature review that
included 41 papers, El Archi et al. report that ADHD and disordered eating are significantly
associated, especially for binge eating and addictive-like eating behavior/FA. This review
supports the idea that negative affectivity and emotion dysregulation may be mediators
in the relationship between ADHD and disordered eating, providing another potential
treatment option for persons with addictive-like eating behavior. As emotion dysregulation
is prevalent in persons with psychiatric disorders, targeting emotion dysregulation may be
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especially relevant in these persons with addictive-like eating behavior and a co-occurring
psychiatric disorder.

The addictive like-eating behavior phenotype may also be useful outside the obesity
and eating disorders fields. Adolescence is an at-risk population for addictive disorders,
given the higher impulsivity and less efficient emotional regulation processes compared
to adults. In a controlled study, Rodrigue et al. examine the cognitive factors associated
with FA symptoms in adolescence [15]. They compare adolescents with versus without FA
symptoms in terms of “objective” sustained attention and executive functions (CANTAB
neuropsychological battery) and in terms of “subjective” assessment (self-reported ques-
tionnaire assessing executive functions). Interestingly, adolescents with FA symptoms had
higher subjective executive difficulties (as assessed by the self-reported questionnaires)
than adolescents without FA, but there was no difference in terms of “objective” executive
functions (as assessed by the neuropsychological tasks). When studying potential risk
factors for FA in adolescents, the authors suggest the assessment of subjective executive
difficulties (rather than only the objective ones) in addition to impulsivity, depression and
anxiety. In addition to adolescents, persons with restrained eating may also be at risk
for FA. As hypothesized by Herman & Polivy’s theory and Fairburn et al.’s cognitive-
behavioral model of bulimia nervosa, loss of control over food intake may arise from
dietary/cognitive restraint (i.e., an intentional effort to achieve weight loss through re-
duced caloric intake) [24]. In a two-fold randomized-controlled study, Weinbach et al.
assessed among female restrained eaters the impact of two different response inhibition
trainings on food consumption, food related anxiety, and implicit attitudes toward food [16].
They compared two types of responses: a food-response training, in which stop cues were
always associated with non-food images, and a balanced food-response/inhibition train-
ing, in which participants inhibited motor actions to food and non-food stimuli equally.
Contrary to the food-response group, participants in the food-response/inhibition training
group reduced their snack consumption and experienced an increase in positive attitudes
toward palatable foods. Cognitive training may be helpful in restrained eaters, and future
studies could investigate its effects on eating behavior and weight in clinical population
with FA and restrained eating.

A comprehensive understanding of the factors associated with the addictive-like
eating behavior phenotype is a preliminary step towards tailor-based treatments. In a
review published in this special issue, Constant et al. argues in favor of a multidisciplinary
dialogue between specialists in addiction medicine, clinical nutrition, health psychology,
and behavioral neuroscience to account for and manage the complexity of FA [21]. After
the presentation of each specialist’s point of view as well as a literature review in each
field, they proposed a multidisciplinary framework and practical implications derived
from this framework in order to improve FA prevention, diagnosis, and treatment in at-
risk populations. They proposed that only a multidisciplinary perspective can render the
complexity of FA and how it relates to environmental, social, and individual factors, with
FA being considered in a continuum ranging from normal to disordered eating.

Altogether, the studies gathered in this special issue support the idea that the “addictive-
like eating behavior” phenotype, especially FA, may help in identifying a specific subpopu-
lation of vulnerable individuals (i.e., persons with this phenotype differ from those without
in different psychobiological factors). Addictive-like eating behavior was indeed associated
across different populations with different psychobiological factors, including emotion dys-
regulation, higher prevalence for childhood traumas, lower emotional awareness, anxiety
and depressive symptoms, difficulties to rely on internal cues, but also EEG abnormalities
or alterations in the melanocortin system. Future challenges will be to address the questions
of the validity and of the clinical utility of addictive-like eating behavior (i.e., how these
different and specific psychobiological factors may cluster together to identify different
subsets of vulnerable patients; how results from this field of research should be integrated
into the existing models of obesity and/or eating disorders to provide treatment advances).
To achieve this aim, we argue here that we need to take into account the inter-individual
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differences in addictive-like eating behavior. Studies conducted outside the FA field have
already provided valuable insights into the inter-individual differences in addictive disor-
ders [8-11], and these theoretical models may be useful to address the complexity of the
FA puzzle and help in designing better tailor-based treatment for these persons.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest related to this article.

References

1.  Gearhardt, A.N.; Corbin, W.R.; Brownell, K.D. Development of the Yale Food Addiction Scale Version 2.0. Psychol. Addict. Behav.
2016, 30, 113-121. [CrossRef] [PubMed]

2. Hebebrand, J.; Albayrak, O.; Adan, R.; Antel, J.; Dieguez, C.; de Jong, J.; Leng, G.; Menzies, J.; Mercer, J.G.; Murphy, M.; et al.
“Eating Addiction”, Rather than “Food Addiction”, Better Captures Addictive-like Eating Behavior. Neurosci. Biobehav. Rev. 2014,
47,295-306. [CrossRef] [PubMed]

3. Cottone, P.; Moore, C.E; Sabino, V.; Koob, G.F. Compulsive Eating Behavior and Food Addiction: Emerging Pathological Constructs;
Academic Press: Cambridge, MA, USA, 2019.

4. Meule, A.; Gearhardt, A.N. Ten Years of the Yale Food Addiction Scale: A Review of Version 2.0. Curr Addict. Rep. 2019, 6,
218-228. [CrossRef]

5. Fernandez-Aranda, F; Karwautz, A.; Treasure, J. Food Addiction: A Transdiagnostic Construct of Increasing Interest. Eur. Eat.
Disord. Rev. 2018, 26, 536-540. [CrossRef]

6.  Fletcher, P.C.; Kenny, PJ. Food Addiction: A Valid Concept? Neuropsychopharmacology 2018, 43, 2506-2513. [CrossRef]

7. Ziauddeen, H.; Fletcher, P.C. Is Food Addiction a Valid and Useful Concept? Obes. Rev. 2013, 14, 19-28. [CrossRef]

8. Belin, D.; Belin-Rauscent, A.; Everitt, B.J.; Dalley, ].W. In Search of Predictive Endophenotypes in Addiction: Insights from
Preclinical Research. Genes Brain Behav. 2016, 15, 74-88.

9. Blaszczynski, A.; Nower, L. A Pathways Model of Problem and Pathological Gambling. Addiction 2002, 97, 487-499. [CrossRef]

10. Noél, X.; Brevers, D.; Bechara, A. A Neurocognitive Approach to Understanding the Neurobiology of Addiction. Curr. Opin.
Neurobiol. 2013, 23, 632-638. [CrossRef]

11.  Everitt, B.J.; Robbins, T.W. Drug Addiction: Updating Actions to Habits to Compulsions Ten Years On. Annu. Rev. Psychol. 2016,
67,23-50. [CrossRef]

12.  Fauconnier, M.; Rousselet, M.; Brunault, P; Thiabaud, E.; Lambert, S.; Rocher, B.; Challet-Bouju, G.; Grall-Bronnec, M. Food
Addiction among Female Patients Seeking Treatment for an Eating Disorder: Prevalence and Associated Factors. Nutrients 2020,
12,1897. [CrossRef] [PubMed]

13.  Bou Khalil, R;; Sleilaty, G.; Richa, S.; Seneque, M.; Iceta, S.; Rodgers, R.; Alacreu-Crespo, A.; Maimoun, L.; Lefebvre, P.; Renard, E.;
etal. The Impact of Retrospective Childhood Maltreatment on Eating Disorders as Mediated by Food Addiction: A Cross-Sectional
Study. Nutrients 2020, 12, 2969. [CrossRef]

14. Benzerouk, E; Djerada, Z.; Bertin, E.; Barriére, S.; Gierski, F.; Kaladjian, A. Contributions of Emotional Overload, Emotion
Dysregulation, and Impulsivity to Eating Patterns in Obese Patients with Binge Eating Disorder and Seeking Bariatric Surgery.
Nutrients 2020, 12, 3099. [CrossRef] [PubMed]

15.  Rodrigue, C.; Iceta, S.; Bégin, C. Food Addiction and Cognitive Functioning: What Happens in Adolescents? Nutrients 2020, 12,
3633. [CrossRef] [PubMed]

16.  Weinbach, N.; Keha, E.; Leib, H.; Kalanthroff, E. The Influence of Response Inhibition Training on Food Consumption and Implicit
Attitudes toward Food among Female Restrained Eaters. Nutrients 2020, 12, 3609. [CrossRef] [PubMed]

17.  Bourdier, L.; Fatseas, M.; Maria, A.-S.; Carre, A.; Berthoz, S. The Psycho-Affective Roots of Obesity: Results from a French Study
in the General Population. Nutrients 2020, 12, 2962. [CrossRef] [PubMed]

18. Kroll, D.S.; Feldman, D.E.; Biesecker, C.L.; McPherson, K.L.; Manza, P.; Joseph, P.V.; Volkow, N.D.; Wang, G.-J. Neuroimaging of
Sex/Gender Differences in Obesity: A Review of Structure, Function, and Neurotransmission. Nutrients 2020, 12, 1942. [CrossRef]

19. Micioni Di Bonaventura, E.; Botticelli, L.; Tomassoni, D.; Tayebati, S.K.; Micioni Di Bonaventura, M.V.; Cifani, C. The Melanocortin
System behind the Dysfunctional Eating Behaviors. Nutrients 2020, 12, 3502. [CrossRef]

20. El Archi, S.; Cortese, S.; Ballon, N.; Réveillere, C.; De Luca, A.; Barrault, S.; Brunault, P. Negative Affectivity and Emotion
Dysregulation as Mediators between ADHD and Disordered Eating: A Systematic Review. Nutrients 2020, 12, 3292. [CrossRef]

21. Constant, A.; Moirand, R.; Thibault, R.; Val-Laillet, D. Meeting of Minds around Food Addiction: Insights from Addiction
Medicine, Nutrition, Psychology, and Neurosciences. Nutrients 2020, 12, 3564. [CrossRef]

22.  Pursey, KM.; Stanwell, P; Gearhardt, A.N.; Collins, C.E.; Burrows, T.L. The Prevalence of Food Addiction as Assessed by the Yale

Food Addiction Scale: A Systematic Review. Nutrients 2014, 6, 4552-4590. [CrossRef] [PubMed]



Nutrients 2021, 13, 325

23. Granero, R.; Hilker, I.; Agtiera, Z.; Jiménez-Murcia, S.; Sauchelli, S.; Islam, M.A.; Fagundo, A.B.; Sanchez, I.; Riesco, N.; Dieguez,
C.; et al. Food Addiction in a Spanish Sample of Eating Disorders: DSM-5 Diagnostic Subtype Differentiation and Validation

Data. Eur. Eat. Disord. Rev. 2014, 22, 389-396. [CrossRef] [PubMed]

Fairburn, C.G.; Cooper, PJ.; Cooper, Z. The Clinical Features and Maintenance of Bulimia Nervosa. In Physiology, Psychology and

Treatment of the Eating Disorders; Brownell, K.D., Foreyt, ].P., Eds.; Basic Books: New York, NY, USA, 1986.

24.



8a nutrients M)

Atrticle

Food Addiction among Female Patients Seeking
Treatment for an Eating Disorder: Prevalence and
Associated Factors

Marie Fauconnier !, Morgane Rousselet 1.2 paul Brunault 345, Elsa Thiabaud 1,
Sylvain Lambert !, Bruno Rocher !, Gaélle Challet-Bouju -2 and Marie Grall-Bronnec /?*

1 Addictology and Psychiatry Department, Hopital Saint Jacques, University Hospital of Nantes,

85 rue Saint Jacques, CEDEX 1, 44 093 Nantes, France; marie.fauconnier@chu-nantes.fr (M.F.);
morgane.rousselet@chu-nantes.fr (M.R.); elsa.thiabaud@chu-nantes.fr (E.T.);
sylvain.lambert@chu-nantes.fr (S.L.); bruno.rocher@chu-nantes.fr (B.R.);
gaelle.bouju@chu-nantes.fr (G.C.-B.)
2 Inserm, SPHERE U1246 « methodsS in Patients-centered outcomes and HEalth ResEarch », Nantes University,
Tours University, 22 boulevard Benoni Goullin, 44 200 Nantes, France
Department of Psychiatry & Addiction, University Hospital of Tours, 2 boulevard Tonnellé, 37 000 Tours,
France; paul.brunault@univ-tours.fr
Inserm UMR 1253, iBrain, Tours University, 10 boulevard Tonnell¢, 37 000 Tours, France
5 Qualipsy EE 1901, Tours University, 3 rue des Tanneurs, CEDEX 1, 37041 Tours, France
*  Correspondence: marie.bronnec@chu-nantes.fr; Tel.: +33-(0)2-40-84-61-16; Fax: +33-(0)2-40-84-61-18

4

Received: 13 May 2020; Accepted: 24 June 2020; Published: 26 June 2020

Abstract: The concept of “food addiction” (FA) has aroused much focus because of evidence for
similarities between overeating and substance use disorders (SUDs). However, few studies have
explored this concept among the broad spectrum of eating disorders (ED), especially in anorexia
nervosa (AN). This study aimed to assess FA prevalence in ED female patients and to determine its
associated factors. We recruited a total of 195 adult women with EDs from an ED treatment center.
The prevalence of FA diagnosis (Yale Food Addiction Scale) in the whole ED sample was 83.6%;
AN restrictive type (AN-R), 61.5%; AN binge-eating/purging type (AN-BP), 87.9%; bulimia nervosa
(BN), 97.6%; and binge-eating disorder (BED), 93.3%. The most frequently met criteria of FA were
“clinically significant impairment or distress in relation to food”, “craving” and “persistent desire or
repeated unsuccessful attempts to cut down”. An FA diagnosis was independently associated with
three variables: presence of recurrent episodes of binge eating, ED severity, and lower interoceptive
awareness. In showing an overlap between ED and FA, this study allows for considering EDs,
and AN-R in particular, from an “addictive point of view”, and thus for designing therapeutic
management that draws from those proposed for addictive disorders.

Keywords: food addiction; eating disorder; anorexia nervosa; bulimia nervosa; binge eating disorder;
YFAS; addictive disorder; eating addiction; addictive-like eating behavior

1. Introduction

Similarities between overeating and substance use disorder (SUD) were envisaged decades ago.
In 1956, Theron Randolph mentioned for the first time the term food addiction (FA), with the hypothesis
that certain food, as psychoactive substances, produces a “common pattern of symptoms descriptively
similar to those of addictive processes” [1]. Subsequently, many studies have found similarities between
certain forms of overeating and SUDs, especially studies conducted with animal models, notably rat
models, in which the overconsumption of sweet food led to specific behavioral modifications (bingeing,
withdrawal and cross-sensitization) [2,3] and neurochemical signs were also observed in models of
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substance dependence [2—4]. In humans, neuroimaging studies, notably those conducted with obese
patients with FA, have also suggested the involvement of brain dopamine (DA) pathways and reward
circuitry, and similarities with substance dependence have been observed as well [3,5,6].

The increasing prevalence of obesity, reflecting multiple factors that include the overall easy
access to highly palatable energy-dense foods, linked with the food industry’s efforts to boost sales,
has contributed to making the concept of FA more popular. In 2009, Gearhardt et al. [7] therefore
proposed an operationalization of a measure of FA by extrapolating the diagnostic criteria for substance
dependence (Diagnostic and Statistical Manual of Mental Disorders, fourth edition Text Revised:
DSM-IV-TR) [8] to hyperpalatable foods (i.e., foods high in fat and/or sugar). These criteria included
(1) tolerance, (2) withdrawal, (3) consumption of larger amounts or over a longer period than was
intended, (4) loss of control, (5) a great deal of time spent, (6) important activities are given up or
reduced, and (7) persistent use despite damage. As in SUD, the presence of three (or more) of the
criteria, as well as a clinically significant impairment or distress, have been suggested as necessary to
characterize FA. This has led to the validation of a new evaluation tool, the Yale Food Addiction Scale
(YFAS), which is a self-administered questionnaire assessing eating behavior in the past 12 months,
with 25 questions exploring the 7 DSM-IV-TR extrapolated criteria. This tool has shown good internal
consistency (Kuder-Richardson « = 0.86), good convergence with measures of similar constructs (i.e.,
binge eating, emotional eating), good construct validity relative to dissimilar constructs (i.e., alcohol
use, impulsivity), and good incremental validity toward binge-eating behavior and has been translated
in several languages [9]. After publication of the DSM-5, a new version was developed in 2016, the
YFAS 2.0, allowing a more dimensional approach with the exploration of the 11 DSM-5 criteria of SUD
as applied to food through 35 questions [10].

The prevalence of FA, determined by the YFAS, varies greatly across samples, ranging from
0 to 25% in nonclinical samples [11,12], from 14 to 57.8% in prebariatric surgery samples [11,13],
and from 70 to 90% in samples of patients suffering from eating disorders (ED), especially bulimia
nervosa (BN) and binge eating disorder (BED) [11]. In most studies, YFAS symptoms were positively
associated with BMI scores, and elevated YFAS scores have been observed in patients suffering from
obesity [11,14]. Moreover, FA is associated with clinical characteristics that are commonly found with
other addictive disorders: depression, anxiety [11], comorbid addictive disorders [15], posttraumatic
stress disorders [14] and ADHD [16,17]. People with FA show more insecure attachment styles [18]
and higher impulsivity [17,19,20], a classical trait of addictive disorders. In ED samples, FA has been
associated with a more severe eating pathology and psychopathology, such as higher negative urgency,
higher reward dependence and higher harm avoidance [20,21].

To date, the YFAS has mainly been used in overweight or obese patients (with or without BED)
or in patients suffering from BN. The common factor among all these patients is overeating. To our
knowledge, studies examining the links between anorexia nervosa (AN), a disorder characterized by
restriction in energy intake, and FA are rare. Only two studies assessed FA prevalence in a sample of
ED patients that included AN patients [20,21]. Nevertheless, AN is considered a counterpart of BN,
and though FA and EDs of all types differ, they also show several similarities, as shown in Table 1.
The concept of FA remains widely debated, and some authors argue that eating rather than food
is addictive, underlining the behavioral dimension of this addiction. In light of these issues, we
conducted a study with a sample of patients suffering from ED, characterized by eating behavioral
symptoms ranging from those of AN (restricting: AN-R or binge-eating/purging: AN-BP types) to
those of BN and BED.
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Table 1. Discrepancies and similarities between food addiction (FA) and all types of eating disorders

(Eds): comparison of different criteria between each of the types of disorders.

AN-R AN-BP BN BED FA
Binge eating episodes X Xx Xx
Excessive f.ood X Xx Xx X
consumption
Sense of lack of
control/loss of control of X Xx Xx X
eating
Intense fear of gaining
welght/s.elf—evaluatlon Xx Xx Xx Associated
unduly influenced by feature
body shape and weight
Restriction in food intake Xx Xx Associated feature
) Restriction of energy Xx (dieting, Xx (d1.et1ng, Xx (excessive
intake/recurrent behaviors . fasting, . .
. R . fasting, . exercise, purging
that interfere with weight A excessive .
ain/inappropriate excessive exercise/purging behaviors, or
5 : exercise) - fasting)
compensatory behaviors behaviors)
Obsessions related to food Associated Associated Associated feature Associated X
feature feature feature
Distress in relation to food Associated Associated Associated feature Associated Xx
feature feature feature
Social and/or professional Associated Associated Associated feature Associated X
consequences feature feature feature

AN-R: anorexia nervosa restricting type; AN-BP: anorexia nervosa binge eating/purging type; BN: bulimia
nervosa; BED: binge-eating disorder; FA: food addiction; X: diagnostic feature; Xx: necessary diagnosis feature;
Associated feature: symptom classically associated according to the Diagnostic and Statistical Manual (DSM) and/or
the literature.

We aimed to estimate (i) the prevalence of FA among ED patients in general and according to the
type of ED. We also aimed (ii) to assess the most commonly fulfilled criteria of the YFAS among ED
in general and according to the type of ED and (iii) to determine the clinical and psychopathological
correlates of FA in ED patients in general with an explorative approach, including the assessment
of characteristics usually associated with addictive disorders and particularly with FA. It was first
hypothesized that the prevalence of FA among ED patients would be important because of the
similarities between those two disorders. Second, no clear hypothesis was made concerning the most
fulfilled YFAS criteria that would be found in ED, except that the two physical criteria (tolerance and
withdrawal) would not be very prevalent. Third, regarding the literature cited above, we hypothesize
that the presence of FA would be associated with ED severity and the binge-eating episodes, and
we also expected that FA would be associated with more comorbid addictive disorders, ADHD in
childhood and trauma history, higher impulsivity, greater reward dependence, harm avoidance, and
more insecure attachment styles.

2. Methods

2.1. Procedure and Ethics

Our Addictology and Psychiatry Department, based in the University Hospital of Nantes, France,
is especially specialized in ED management (i.e., AN, BN, and BED) and is recognized as a National
Reference Center in France. To receive treatment in our ED unit, patients must be referred to us by
a medical professional. We provide physical, psychological and social care in accordance with the
guidelines for ED management [22-24]. The care objectives of our unit are as follows: (i) to restore
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patients to a healthy weight, (ii) to alter core dysfunctional symptoms and attitudes related to ED
(excessive concerns about body shape and weight, dietary restriction, purge and binge symptoms,
etc.), and (iii) to manage all other negative features associated with ED (anxiety and depressive
symptoms, low self-esteem, etc.) Treatment is primarily conducted in an outpatient format, with
inpatient treatment provided only if necessary. Treatment is adapted to patient heterogeneity and often
differs from one patient to another, in accordance with ED treatment guidelines.

Since September 2012, an in-depth clinical assessment has been systematically carried out for all
new ED patients referred to our unit for treatment. The aforementioned assessment, which is part of
the EVALuation of behavioral ADDictions (EVALADD) cohort (NCT01248767), occurs prior to the first
medical consultation (at inclusion) and is then readministered at predefined intervals (at 6 months,
at 12 months, and then every year). This assessment aims to highlight the risk factors involved in
ED initiation and persistence. The main criteria for inclusion in the cohort were as follows: age of 15
years or older and a diagnosis of ED as defined by the DSM. Patients with cognitive impairment or
difficulties reading or writing French were not included. All patients participated in a face-to-face
semistructured interview and completed self-report questionnaires (see Section 2.3). Qualified and
experienced staff members performed these assessments. Inclusion in the EVALADD cohort is still
in progress.

The EVALADD cohort study is conducted in accordance with Good Clinical Practice Guidelines
and the Declaration of Helsinki, with approval from the local ethics committee (Groupe Nantais
d’Ethique dans le Domaine de la Santé, GNEDS, Nantes—Number 6 September 2012). All participants
provide written informed consent, including consent from parents or guardians for participants under
age 18. No compensation is given for participation.

For this specific study, we only used data collected at inclusion.

2.2. Participants

The participants were patients from the EVALADD cohort. For the present study, the specific
inclusion criteria were as follows: (i) having a current diagnosis of AN (AN-R or AN-BP), BN or BED
according to the DSM at inclusion; (ii) being included in the EVALADD cohort; and (iii) being a woman.

A total of 195 patients were included in this study. Sixty-five patients (33.3%) were diagnosed
with AN-R, 33 (16.9%) with AN-BP, 82 (42.1%) with BN and 15 (7.7%) with BED. The flow chart of
patient selection is presented in Figure 1.

Patientsincluded in EVALADD Cohort
(September 23, 2015 - October 23,2018)
(N=301)

Patients not eligible for the present study

Men (n=6)

Patients with EDNQS (n = 100)

Patientsincluded in the study

(n=195)
) )
AN-R | AN-BP BN BED
‘ {n=65) | {n=33) {n=82) [n=15)

Figure 1. Flow chart of patient selection. AN-R: anorexia nervosa restricting type; AN-BP: anorexia
nervosa binge eating/purging type; BN: bulimia nervosa; BED: binge-eating disorder; EDNOS: eating
disorders not otherwise specified; n: number of patients included or excluded at each step of the
inclusion process.
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2.3. Measures

2.3.1. Sociodemographic Characteristics

Sociodemographic data included age and gender.

2.3.2. Eating Disorder Characteristics

e Typeof ED

AN and BN diagnoses were made according to the ED sections of the fifth version of the Mini
International Neuropsychiatric Interview (MINI). It is a structured diagnostic interview that enables
rapid and systematic investigations of the main axis 1 psychiatric disorders, according to DSM-IV
criteria [25,26]. From 2017, we used an adapted version of the MINI to take into account the revised
diagnostic criteria of the DSM-5 [27]. Questions were added to diagnose BED according to DSM-IV
(and then DSM-5) criteria. Age at ED onset and disease duration were also collected.

e Severity of ED

The Morgan-Russell Outcome Assessment Schedule (MROAS) is a structured interview that
covers various clinical symptoms of ED and their repercussions on patient functioning in the past six
months [28]. The questionnaire consists of five subscales exploring food intake and nutritional status,
menstrual function, mental state, psychosexual adjustment, and socioeconomic status. Each subscale
was scored from 1 to 12, with a higher score indicating a better outcome in the corresponding field.
The average of these five scores was used as the MROAS total score, with potential results ranging
from 1 to 12.

o Characteristics of ED

The Eating Disorder Inventory-2 (EDI-2) is a 91-item self-assessment questionnaire that evaluates
the symptomatology and behavior associated with ED [29]. It examines 11 dimensions: “drive

s ”ou i

for thinness”, “bulimia”, “body dissatisfaction”, “ineffectiveness”, “perfectionism”, “interpersonal
distrust”, “interoceptive awareness”, “maturity fears”, “asceticism”, “impulse regulation” and “social
insecurity”. Answers are rated on a 6-point Likert-type scale ranging from “never” to “always”.
Each of these dimensions can be independently analyzed, and a score was calculated for each item.

The internal consistency values for the EDI-2 dimensions are between 0.44 and 0.93.
o Food addiction

The Yale Food Addiction Scale (YFAS) was designed to identify those exhibiting addictive-like
eating behavior toward certain types of foods high in fat and/or sugar [7]. The YFAS is composed of
questions based upon substance dependence criteria in the DSM. The DSM-IV criteria were used for the
initial version of the YFAS and showed good convergence with measures of similar constructs (i.e., binge
eating, emotional eating), good construct validity relative to dissimilar constructs (i.e., alcohol use,
impulsivity), and good incremental validity toward binge-eating behavior. When the fifth edition of
the DSM was published, a new version of the YFAS was developed, YFAS 2.0, to take into account
the changes made to the substance-related and addictive disorders section and to extrapolate them
to food [10]. The YFAS 2.0 version also showed good internal consistency, as well as convergent,
discriminant and incremental validity. For the present study, the French version of the initial version
of YFAS [30] was used until 31 October 2017, then replaced by the French version of YFAS 2.0 once it
was validated [31]. According to Meule and Gearhardt (2019), prevalence rates and correlates of YFAS
2.0 diagnoses are largely similar to those observed with the original YFAS [32].

11
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2.3.3. Other Clinical Characteristics

o Psychiatric comorbidities

The fifth version of the MINI (described above) was used. For the purposes of this study, mood
disorders (major depressive episode, dysthymia, (hypo)manic episodes), anxiety disorders (panic
disorder, agoraphobia, social phobia, obsessive-compulsive disorder, posttraumatic stress disorder,
generalized anxiety disorder), psychotic syndrome and SUD (alcohol, psychoactive substances)),
current or past, were considered. We also assessed the presence of behavioral addictions with the
Minnesota Impulsive Disorders Interview (MIDI) [33,34]. The MIDI is a structured interview that
enables rapid and systematic investigations of pathological gambling, hypersexuality, and compulsive
buying. In the framework of the EVALADD cohort, we adapted the MIDI to screen other behavioral
addictions (videogame, internet, exercise and work addictions). When a behavioral addiction was
screened by the MID], its diagnosis was confirmed using a specific diagnostic interview. Finally,
the Wender Utah Rating Scale-Child (WURS-C) was used to retrospectively screen for childhood
attention-deficit/hyperactivity disorder (ADHD) [35,36]. A threshold of 46/100 was defined to identify
probable childhood ADHD.

o Impulsivity

The French version [37] of the Impulsivity Behavior Scale (UPPS) [38] was used to measure
impulsivity. During the data collection, we transitioned to the UPPS-P French short version of the
scale [39], which included a fifth new dimension, “positive urgency”. To standardize the results, we
reconstructed the four available scores of the new UPPS-P (“negative urgency,” (lack of) “premeditation,”
(lack of) “perseverance” and “sensation seeking”) based on the initial UPPS for the first patients.

o Temperament

The 125-item version of the Temperament and Character Inventory (TCI-125) is a validated
self-report questionnaire. It is used to briefly evaluate 4 temperament dimensions (novelty seeking,
harm avoidance, reward dependence and persistence) and 3 character dimensions (self-directedness,
cooperativeness and self-transcendence) [40]. For the present study, only temperament dimensions
were considered.

o Attachment

The Relationship Scales Questionnaire (RS-Q) is a 30-item self-assessment questionnaire that was
developed in 1991 [41] and validated in French in 2010 [42]. It is based on the theoretical principles of
Bowlby and, more specifically, on the concept of an internal working model to examine four different
types of attachments: “secure”, “fearful”, “preoccupied” and “dismissing”. For all items, answers
were given on a 5-point Likert-type scale ranging from “not at all like me” to “just like me”. In the
French translation study, Cronbach’s alpha coefficient was moderate (x > 0.60), and the intraclass
coefficients were good (>0.75).

e History of Traumatic Events

We used a revised version of the French Life Events questionnaire (EVE) [43], which was previously
used in another study from the EVALADD cohort [44]. The revised EVE questionnaire explores 6 areas
(family, professional life, social life, marital and emotional life, health, and other traumatic events).
For this study, we focused on the history of physical abuse and sexual abuse.

2.4. Outcome Measure

The primary outcome measure was the diagnosis of FA (yes or no) according to the YFAS. When the
YFAS version 1.0 was used, FA was diagnosed when 3 or more criteria out of 7 were present during the
last 12 months and when clinically significant impairment or distress was endorsed. When the YFAS
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2.0 version was used, FA was diagnosed when 2 or more criteria out of 11 were present during the last
12 months and when clinically significant impairment or distress was endorsed.

2.5. Statistical Analysis

A descriptive statistical analysis was conducted for the entire sample. Continuous variables are
described by means and standard deviations, while categorical variables are presented as numbers
and percentages. The prevalence of FA according to YFAS 1.0 and 2.0 was computed for the whole
sample and for each ED diagnosis, as well as the frequency of each YFAS criterion for each ED
diagnosis. We divided the sample into two groups (“FA” and “No FA”) according to FA diagnosis.
Bivariate analyses were conducted to explore the associations between FA and other collected data
(sociodemographic, ED and other clinical characteristics). We focused on patients with recurrent
episodes of binge eating (at least once a week). We used chi? tests or Fisher’s tests, if necessary, to
analyze the categorical variables. For the continuous variables, we used Student’s tests for variables
with a normal distribution and Wilcoxon nonparametric tests for variables with a non-Gaussian
distribution. For both types of variables (categorical and continuous), differences were statistically
significant when the p-value was less than or equal to 0.05.

A multiple logistic regression was performed using an iterative selection procedure to identify the
variables that were significantly associated with FA, as assessed by the likelihood ratio test. Variables
were entered as candidates for the model if they were associated with the presence of FA in the bivariate
analysis with a p < 0.20 [45]. Then, nonsignificant variables were removed one at a time starting
with the least significant variable (backward procedure), to retain only the variables that provided
significant information to the model (p < 0.05) [46]. The corresponding odds ratios (OR) and associated
95% confidence intervals were estimated. Discrimination of the final logistic model, which describes
the model’s ability to differentiate between the presence and absence of FA, was assessed using the
area under the receiver operating characteristic (ROC) curve, and the goodness-of-fit of the model
was assessed using the Hosmer-Lemeshow test. The statistical analysis was carried out with TIBCO
Statistica® 13.3.0 (Statsoft, Inc. 2300 East 14th Street. Tulsa, OK 74104, USA.). The conditions of validity
were verified for all tests and the final model.

3. Results

3.1. Description of the Sample

The mean age was 23.1 (+/-7.4) years. The characteristics of the sample are shown in Tables 2 and 3.
p-values < 0.05 are in bold in Tables 2 and 3. A description of the sample according to the type of ED is
available in Supplementary Material (Table S1).
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Table 2. Description of the sample and comparison of the patients with “Food Addiction” or “No Food
Addiction” (n = 195)—Sociodemographic and Eating Disorder characteristics.

Entire Sample ‘Food “No Food
N=1 95}3 Addiction” Addiction”  p-Value Statistical Test
- (n =163) (n=32)
1 (%) or m (sd)
Sociodemographic characteristics
Age (years) 23.1(74) 23.3(7.8) 22.1(5.2) 0.903 Wilcoxon
Eating disorder characteristics
Type of ED <0.001 Chi?
AN-R 65 (33.3%) 40 (24.5%) 25 (78.1%)
AN-BP 33 (16.9%) 29 (17.8%) 4(12.5%)
BN 82 (42.1%) 80 (49.1%) 2 (6.3%)
BED 15 (7.7%) 14 (8.6%) 1(3.1%)
Recurrent episodes of 114 (58.5%) 110 (67.5%) 4(12.5%) <0.001 Chi2
binge eating (yes)
Age of disease onset 15.9 (5.0) 15.6 (5.1) 17.4 (4.0) 0.006 Wilcoxon
(years)
Disease duration (years) 7.2(7.6) 7.6 (7.9) 4.8 (5.3) 0.050 Wilcoxon
Severity of ED (MROAS ¢ 4 5 ) 63 (2.0) 69 (19) 0.111 Student’s t
total score)
Dimensions associated
with ED (EDI-2)
Ineffectiveness 13.4 (7.0) 14.0 (7.0) 10.1 (6.0) 0.004 Student’s t
Interoceptive awareness 13.6 (6.8) 14.8 (7.4) 6.5 (4.7) <0.001 Wilcoxon
Asceticism 8.5 (4.5) 8.9 (4.5) 6.6 (3.5) 0.007 Student’s t
Drive for thinness 15.3 (5.1) 16.0 (4.4) 11.6 (6.5) <0.001 Wilcoxon
Bulimia 8.2(6.7) 9.4 (6.4) 2.0 (3.4) <0.001 Wilcoxon
Body dissatisfaction 18.0 (7.2) 18.9 (7.0) 13.3 (6.4) <0.001 Student’s t
Perfectionism 7.3 (4.5) 7.7 (44) 5.0(3.7) <0.001 Student’s t
Interpersonal distrust 7.7 (4.5) 79 4.7) 6.7 (3.6) 0.165 Student’s t
Maturity fears 7.9 (5.9) 8.1(5.9) 6.8 (6.0) 0.263 Student’s t
Impulse regulation 8.4 (6.6) 9.2(6.7) 44 (3.8 <0.001 Wilcoxon
Social insecurity 9.9 (4.8) 10.3 (4.8) 7.6(4.2) 0.003 Student’s t

%: percentage; m: mean; sd: standard deviation; AN-BP: anorexia nervosa binge-eating/purging type; AN-R:
anorexia nervosa restricting type; BED: binge eating disorder; BN: bulimia nervosa; ED: eating disorder; EDI: Eating
Disorders Inventory; MROAS: Morgan—Russell Outcome Assessment Schedule; sd: standard deviation; YFAS: Yale

Food Addiction Scale.
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Table 3. Description of the sample and comparison of the patients with “Food Addiction” or “No Food
Addiction” (n = 195)—Other clinical characteristics.

Entire Sample “Food “No Food
N = 195)P Addiction” Addiction”  p-Value Statistical Test
- (n =163) (n=32)
n (%) or m (sd)
Comorbidities (current or
past)
Mood disorders (MINT) 156 (80.0%) 135 (83.8%) 21 (65.6%) 0.026 Chi2
Anxiety disorders (MINT) 141 (72.3%) 124 (76.1%) 17 (53.1%) 0.008 Chi?
Psychotic syndrome (MINI) 12 (6.2%) 10 (6.0%) 2 (5.9%) 0.981 Chi?
Addictive disorders (MINI o o o 2
and MIDI) 90 (46.2%) 79 (48.5%) 11 (34.4%) 0.144 Chi
ADHD in childhood o o o P
(WURS-C) 66 (33.8%) 63 (38.7%) 3(9.4%) 0.001 Chi
Impulsivity
UPPS-Urgency 10.5 (3.0) 10.8 (2.9) 9.3(3.1) 0.009 Student’s t
UPPS-Premeditation (lack) 7.5(2.5) 7.6 (2.6) 7.2(2.0) 0.438 Student’s t
UPPS-Perseverance (lack) 7.4(2.9) 7.6 (2.9) 6.8 (2.6) 0.140 Student’s t
UPPS-Sensation seeking 9.8 (3.2) 9.8(3.1) 10.0 (3.5) 0.803 Student’s t
Temperament Comorbidities (current or past)
TCI-Novelty seeking 40.8 (19.3) 41.9 (19.0) 35.3(19.7) 0.077 Student’s t
TCI-Harm avoidance 74.2 (20.6) 75.1(20.1) 69.4 (22.7) 0.150 Student’s t
TCI-Reward dependence 60.4 (17.5) 59.4 (17.9) 65.1 (15.1) 0.094 Student’s t
TCI-Persistence 72.6 (28.7) 72.0 (28.8) 75.6 (28.2) 0.518 Student’s t
Attachment
RSQ-Secure 2.7 (0.6) 2.7 (0.6) 2.7 (0.5) 0.896 Student’s t
RSQ-Fearful 2.9(0.6) 2.9 (0.6) 2.7 (0.6) 0.091 Student’s t
RSQ-Preoccupied 2.6(0.7) 2.6 (0.6) 2.4(0.7) 0.106 Student’s t
RSQ-Dismissing 3.3(0.8) 3.3(0.8) 3.1(0.9) 0.172 Student’s t
Life events
History of physical abuse 20 (10.3%) 20 (12.3%) 0 - -
History of sexual abuse 27 (13.8%) 24 (14.7%) 3(9.4) 0.423 Chi?

%: percentage; m: mean; sd: standard deviation; ADHD: attention-deficit/hyperactivity disorder; MIDI: Minnesota
Impulsive Disorders Interview; MINI: Mini International Neuropsychiatric Interview; RSQ: Relationship Scales
Questionnaire; sd: standard deviation; TCI: Temperament and Character Inventory; UPPS: Impulsive behavior
scale; WURS-C: Wender Utah Rating Scale-Child.

3.2. Prevalence of Food Addiction

Of the 195 patients included in the study, 163 displayed “FA” (83.6%) and 32 exhibited “No
FA” at inclusion. There was no significant difference (p = 0.067) between the prevalence of FA in the
total sample according to the version of YFAS used (1.0 or 2.0). The prevalence of FA according to
ED diagnosis was 61.5% for AN-R, 87.9% for AN-BP, 97.6% for BN and 93.3% for BED diagnoses.
FA prevalence was significantly different across ED diagnoses (p < 0.001). There was no significant
difference between the prevalence of FA according to YFAS version for AN-R (p = 0.129) and AN-BP
(p = 0.948). For BN and BED diagnoses, the number of patients was insufficient to conduct a comparison
analysis. Regarding the presence of recurrent episodes of binge eating (at least once a week), patients
(n = 114, 58.5%) with this characteristic (82 with BN diagnosis, 15 with BED diagnosis and 17 with
AN-BP diagnosis) were significantly more likely to have FA (p < 0.001).

3.3. Frequency of YFAS Criteria

Regarding the whole sample, the most prevalent criteria were (i) clinically significant impairment
or distress in relation to food (90.8%); (ii) craving (79.2%); and (iii) persistent desire or repeated

15



Nutrients 2020, 12, 1897

unsuccessful attempts to cut down (78.5%). Table 4 shows the percentage of each YFAS criterion met in
the total sample, as well as for each type of ED. “Clinically significant impairment or distress in relation
to food” was one of the most prevalent diagnostic criteria regardless of the type of ED, but each type of
ED was associated with specific criteria: “Use in physically hazardous situations” with ED associated
with under- or overweight, “craving” with ED characterized by recurrent episodes of binge eating.

Table 4. Percentage of each YFAS criterion met for ED patients and according to the type of ED.

Total Sample AN-R AN-BP BN BED
(N =195) (n = 65) (n=33) (n=82) (n=15)

Number Number Number Number Number
of patients of patients of patients of patients of patients

- Valid (%) with Valid (%) with Valid (%) with Valid (%) with Valid (%) with

YFAS Criteria N positive N positive N positive N positive N positive

YFAS YFAS YFAS YFAS YFAS

criteria criteria criteria criteria criteria

1- Loss of control 195 (6;21?’/) 65 16 (24.6%) 33 21 (63.6%) 82 76 (92.7%) 15 14 (93.3%)

2- Persistent desire or 153
repeated unsuccessful 195 65 42 (64.6%) 33 22 (66.7%) 82 75 (91.5%) 15 14 (93.3%)

attempts to cut down (78.5%)

3- Much time spent 195 (52142/) 65 18 (27.7%) 33 17 (51.5%) 82 61 (74.4%) 15 14 (93.3%)
4- Craving * 77 61 (79.2%) 23 14 (60.9%) 16 12 (75.0%) 34 33 (97.1%) 4 2 (50.0%)
5- Continued used

despite social or 77 54 (70.1%) 23 10 (43.5%) 16 10 (62.5%) 34 30 (88.2%) 4 4 (100%)
interpersonal problem *

6- Impaired daily 77 46 (59.7%) 23 8 (34.8%) 16 8 (50.0%) 34 28 (82.4%) 4 2 (50.0%)
functioning

7- Important activities 141 o o o o
given up 195 (72.3%) 65 36 (55.4%) 33 23 (69.7%) 82 69 (84.2%) 15 13 (86.7%)
8- Use in physically o o o o o
B A 77 56(72.7%) 23 17(73.9%) 16 12(750%) 34 23(67.7%) 4 4(100%)
9- Use despite 100

knowledge of adverse 195 (513%) 65 25 (38.5%) 33 16 (48.5%) 82 49 (59.8%) 15 10 (66.7%)
consequences =

10- Tolerance 195 95 (48.7%) 65 18 (27.7%) 33 17 (51.5%) 82 52 (63.4%) 15 8(53.3%)
11- Withdrawal 119 o o o o
symptoms 195 (610%) 65 19 (29.2%) 33 23 (69.7%) 82 66 (80.5%) 15 11 (73.3%)
12- Clinically 177

significant impairment 195 (90.8%) 65 52 (80.0%) 33 31(93.9%) 82 80 (97.6%) 15 14 (93.3%)

or distress

* Criteria that are present only in the second version of the YFAS (modeled on DSM-5 criteria), assessed in only 77
ED patients, 23 AN-R patients, 16 AN-BP patients, 33 BN patients, and 4 BED patients. %: percentage; AN-BP:
anorexia nervosa binge-eating/purging type; AN-R: anorexia nervosa restricting type; BED: binge-eating disorder;
BN: bulimia nervosa; ED: eating disorder; YFAS: Yale Food Addiction Scale.

3.4. Bivariate Comparison of the “FA” Group and the “No FA” Group

No differences were observed in the sociodemographic data and severity of ED, but several
significant differences were observed for ED and other clinical characteristics. Tables 2 and 3 show the
results of the comparisons of the two groups.

3.5. Factors Associated with Food Addiction

Sample sizes for BN and BED in the “no FA” group were too small. We therefore have chosen
to include the variable “recurrent episodes of binge eating” (at least once a week) instead of “type
of ED” in the multiple regression model. Among the variables selected based on the bivariate
analysis to be included as candidates in the multiple regression model, high correlations were found,
leading to the exclusion of four variables (“EDI-feeling of ineffectiveness”, “EDI-impulse regulation”,
“EDI-interpersonal distrust” and “EDI-social insecurity”) from the multivariate analysis.

Following multiple logistic regression, only three variables remained independently associated

with FA: presence of recurrent episodes of binge eating (OR = 28.2), lower MROAS total score
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(OR = 0.67) corresponding to a higher severity of ED, and higher “EDI-interoceptive awareness” score
(OR = 1.22) corresponding to a higher lack of interoceptive awareness (Table 5). The Hosmer-Lemeshow
goodness-of-fit test was non-significant (p = 0.60; Chi-squared = 6,460 and df = 8), showing that the
final model was well calibrated. The area under the ROC curve was 0.91, indicating that the model
discriminated well between patients who had FA (N = 165) and those who did not have FA (N = 32).

Table 5. Multiple logistic regression analysis (final model)—factors associated with “food addiction”

(N =195).
Variables OR Clgs9, (OR) p-Value
MROAS total score 0.67 [0.50; 0.89] <0.01
EDI-2 interoceptive awareness 1.22 [1.10; 1.34] <0.001

Recurrent episodes of binge eating (yes) 28.20 [7.00; 113.7] <0.0001

EDI: Eating Disorder Inventory; Closy,: 95% confidence interval; MROAS: Morgan-Russel Outcome Assessment
Schedule; OR: odds ratio.

4. Discussion

4.1. Main Results

The aim of this study was to estimate the prevalence of FA in a sample of ED patients. We also
aimed to assess the most commonly met criteria of the YFAS and to determine the factors associated
with the presence of FA.

First, our study confirmed the hypothesis of a strong link between an FA diagnosis according
to YFAS and an ED diagnosis, with a prevalence of 83.6% in a cohort of 195 patients suffering from
ED. These results are fully in line with previous work, with a prevalence ranging from 70 to 90% (1).
The data seem to demonstrate an overlap between FA and ED, with a gradient according to the type of
ED: prevalence of FA appeared to be important in BN (97.6%) and BED (93.3%), as other studies had
previously demonstrated [21,47-49], as well as in AN-R (61.5%) and AN-BP (87.9%). The umbrella
term ED encompasses a broad spectrum of disorders, with AN at one end and BED at the other, and
includes BN and other specified feeding and eating disorders (OSFEDs). The high FA prevalence in
BED, BN patients and, to a lesser extent, AN-BP patients is not surprising given that EDs defined by the
presence of binge eating share behavioral, clinical and neurobiological characteristics with other types
of addictive disorders [50-61]. However, conceptualizing AN-R as overlapping with FA is somewhat
more debatable. For example, Barbarich-Marsteller et al. (2011) stated that AN is not an addiction [62].
Indeed, people with AN-R seem not to be addicted to food but quite the opposite, i.e., addicted to
food deprivation, and they show real determination instead of losing control. In their recent paper,
Mallorqui-Bagué et al. (2020) concluded that patients with AN exhibited a successful down-regulation
of food craving, despite the presence of food addiction symptomatology [63]. In the present study,
we found a prevalence of FA in patients with AN-R that was far more substantial than in nonclinical
samples (0 to 25%) [11]. Our results are in line with those of Granero et al. [21] and Wolz et al. [20]
The YFAS was built to screen addictive symptoms, but it is important to note that the “object” of
addiction is not clearly specified. Despite the fact that the YFAS putatively explores eating behaviors
toward specific hyperpalatable foods high in fat and/or sugar (i.e., pizza, sweets, soda, chips, etc.), it
has been debated whether any of these foods comprise different “substances” [4]. Then, the substance
of abuse is not defined, which raises an important question in the explanation of addictive-like eating:
are the addictive properties intrinsic to some foods or associated with eating behavior? As has been
shown for rodents and humans, certain types of food, such as high sugar and high fat palatable foods,
have rewarding properties [4]. From an evolutionary point of view, these foods promote survival by
increasing the motivation to eat nutrients with a substantial energy value. In our societies, which
are characterized by easy access to highly palatable food, these specific properties could overwhelm
cognitive inhibition and homeostatic mechanisms and lead to overweight [4]. However, as explained
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by Hebebrand et al. [4], characterizing a food or nutriment as an addictive substance implies that
it has intrinsic addictive properties with the capacity to make vulnerable individuals addicted to
it. In their recent article, Fletcher and Kenny wrote that no clear consensus has yet emerged on the
validity of the concept of food addiction, and they presented arguments and counterarguments [64].
Regarding human research, Ahmed et al. concluded in their review that sugar and sweet rewards
could not only substitute for addictive drugs such as cocaine, but also could potentially be more
rewarding and attractive [65]. However, apart from caffeine, human research has found no clear
evidence that any specific food, ingredient, micronutrient or combination is addictive and thus that
some individuals would crave some foods akin to ingesting a specific substance. Hebebrand et al.
therefore proposed the term eating addiction rather than food addiction to better capture eating
addiction-related disorders [4], going beyond the substance-based view assumed in the YFAS. This
term eating addiction might partially help explain why the prevalence of FA is so high in patients with
AN-R because of their relationship with food. The notable prevalence of FA in AN-R but also in AN-BP
patients might then be linked with natural consequences of chronic food deprivation, as shown in the
Minnesota Semistarvation Experiment, which resulted in preoccupation with food and conversations
centered around food, recipes and food production among healthy volunteers submitted to severe and
prolonged dietary restriction [66]. However, these results are also in line with the clinical experience of
AN (AN-R as AN-BP) patients showing restrictive eating behaviors to combat impulses of hunger and
a loss of control over eating. The classic shift from restriction to binge eating is one argument, among
others, that supports this notion. In that way, a study using functional magnetic resonance imaging
(fMRI) in women recovered from AN-R showed an increased neural response to pleasant food stimuli
in the ventral striatum, a brain region implicated in the motivational salience of stimuli [67]. According
to the authors, these results support the idea that AN-R patients may restrict their eating in order to
control exposure to food stimuli because of a hypersensitive neural response to them. However, it
is difficult to determine whether this neural dysfunction is a stable trait characteristic preceding the
development of AN-R, supporting the theory of addiction-like eating tendencies in AN-R patients, or a
scar effect. Longitudinal studies are needed to answer that question.

Second, the analysis of each criterion revealed that the most prevalent ones in our sample were (i)
“clinically significant impairment or distress in relation to food” (90.8%); (ii) “craving” (79.2%); and (iii)
“persistent desire or repeated unsuccessful attempts to cut down” (78.5%). Previous studies have found
similar results, with the criteria “clinically significant impairment or distress in relation to food” and
“persistent desire or repeated unsuccessful attempts to cut down” being the most important criteria in
ED patients [21,47,48]. Nevertheless, “craving” has not been evaluated in previous studies because
this criterion was not present in the first version of the YFAS. The frequency of the first criterion is
not surprising given that a significant impairment or distress in relation to food is a core feature in
ED. The importance of craving is in line with the evolution in the addiction-related diagnostic criteria
according to the DSM: whereas the presence of tolerance or withdrawal symptoms was necessary to
confirm a diagnosis of Alcohol Dependence in the DSM-III [68], it was no longer the case with the
publication of the DSM-IV [8]. In the DSM-5 [27], craving appeared as a new diagnostic criterion and
has been progressively viewed as a relevant and core symptom in addiction. In our study, we observed
that “classic” symptoms such as tolerance and withdrawal were not among the three most frequent
criteria fulfilled in our sample, irrespective of the type of ED. This finding is in line with the conceptual
evolution of the definition of addictive disorders but again calls into question the relevance of the
substance-based model of FA. However, craving was the second most fulfilled criterion in AN-BP and
BN patients, suggesting once again an overlap with addictive disorders, and the fourth most fulfilled
criterion in AN-R patients, which might indicate a natural response to chronic food restriction but
might also be linked to a natural affinity for eating as mentioned previously. Regarding the frequency
of the criterion “persistent desire or repeated unsuccessful attempts to cut down”, it is in line with
previous studies conducted with both clinical and general population samples, in which this criterion
was the most frequently endorsed FA symptom [48]. It reflects a behavioral control failure typically
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observed in EDs as well as in addictive disorders. Furthermore, it is noteworthy that this criterion was
the third most frequently fulfilled in AN-R patients (64.6%), possibly due to a misunderstanding related
to their subjective feeling of eating too much. Overall, the relevance of modeling FA criteria based on
SUD criteria to better conceptualize overeating has been debated [69], and should be considered with
caution when energy intake is restricted, as in AN-R, but also in AN-BP and, to a lesser extent, in BN.
It is thus difficult to conclude firmly that these criteria can be considered symptoms of FA.

Third, the presence of FA in our sample appeared to be independently correlated with three
variables: illness severity, the presence of binge-eating episodes and a more pronounced lack of
interoceptive awareness assessed by the EDI-2. As noted in previous studies, the presence of
addiction-related symptoms is associated with a more severe eating pathology and psychopathology
among ED patients [11,20,21,47]. The association between FA and the presence of binge eating episodes
is also in line with previous research. In the study conducted by Granero et al. [21], higher dimensional
scores in the YFAS were associated with the number of binge episodes per week (and not with the
number of purging behaviors per week). More generally, several authors have highlighted that FA
represents an extreme state of overeating (with a correlation between the number of YFAS symptoms
and BMI in most of the studies [11]) and a more severe variant of BED [52,70,71], since binge eating has
been consistently correlated with YFAS scores [7,17,71,72]. Given this, a high-risk population might be
identified, and made-to-measure treatment approaches might be proposed based on the existence of
FA. Indeed, a potential therapeutic implication would be to tailor SUD interventions to individuals
exhibiting binge-eating episodes. This could involve motivational interviewing, psychoeducational
programs, cognitive behavioral therapy to cope with cravings and cognitive remediation focusing on
executive function and inhibitory control, classically proposed for SUDs. Moreover, the present findings
support the development of drug therapy targeting the reward circuitry such as mu opiate receptor
antagonists, for these patients [73]. Regarding the greater lack of interoceptive awareness found in
the patients with FA, this could constitute a bias suggesting that FA may have been overestimated,
especially in patients with AN-R. The lack of interoceptive awareness reflects one’s lack of confidence
in recognizing and accurately identifying emotions and sensations of hunger or satiety and was labeled
fundamental to AN by Bruch and Selvini-Palazzoli [74-76]. Thus, some items could have been coded
as positive by patients because of difficulties in recognizing sensations of hunger or satiety. We could
also consider that a lack of interoceptive awareness might truly predict FA. ED patients with FA
might exhibit a different profile than ED patients without FA. Therefore, a more specific treatment
program, notably based on body-oriented psychotherapy aimed at improving interoceptive skills,
could be proposed according to the presence of FA. In our sample, FA was not associated with the
expected factors that are typically correlated with FA. This might be due to the ED sample heterogeneity
and to the existence of associations between these factors and certain types of EDs, as found in the
literature [77-83], displaying comorbidity and personality traits shared between FA and ED.

According to the DSM-5 [27], there is an overlap between Substance-related and Addictive
Disorders and Feeding and Eating Disorders, given that “control” plays a major role in these two
categories of disorders. Whereas “impaired control” (which may reflect impairments in brain inhibitory
mechanisms) appears to be a key feature in SUDs, a “sense of lack of control over eating during the
(binge eating) episode” is presented in the DSM as more central in both BN and BED [27]. Thus, in BN
and BED, as noted by Hebebrand et al. [4], the focus is made by the DSM on subjective feelings of
the loss of control. The importance of FA in ED patients questions the pertinence of this distinction
between objective impaired control in the field of addictive disorders on the one hand and a subjective
sense of lack of control in the field of Feeding and Eating Disorders on the other hand. Some studies
have suggested that disturbances in the inhibitory control pathway, occurring in particular rewarding
conditions, may favor ED, in particular BED and BN [6,84,85]. Moreover, in AN patients, the literature
has also suggested the pivotal role of the reward system in the context of exposure to particular stimuli,
such as underweight stimuli for patients presenting acute AN [86], that support theories of starvation
dependence, and food stimuli for patients presenting recovered AN as previously cited [67], that
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supports a particular affinity for eating, which persists even after starvation. That being said, in
addictive disorders, subjective feelings about the “object” of addiction need to be taken into account
as much as the objective impaired control. In that sense, a study demonstrated that the subscale of
the Food Cravings Questionnaire-Trait that assesses the anticipation of positive reinforcement that
may result from eating had negatively predicted FA symptoms, contrary to the other subscales [87].
According to the authors, people with FA symptoms may want craved foods but were also aware that
the food will not make them feel better. Similarly, they experienced feelings of guilt after giving in
to cravings. According to the authors, these results illustrate the ambivalence associated with food
craving experiences, which seem to be especially important in individuals with addictive-like eating
behaviors. Then, patients with FA might experience craving for food associated with a substantial
sentiment of ambivalence and guilt. It is noteworthy that these clinical aspects are particularly observed
in AN.

In this way, an integrative treatment approach inspired on the one hand by classic ED treatment
based on nutrition rehabilitation, body-oriented psychotherapy, and cognitive therapy aimed at
reducing cognitive distortions about eating, body shape and weight and on the other hand by
traditional SUD treatment as cited above should be developed for ED patients with FA, taking into
account the presence of addictive tendencies.

4.2. Strengths and Weaknesses

The results must be viewed in the context of some limitations. First, compared with the AN and
BN groups, the BED group was small (n = 15), which could have minimized the power of the study.
Second, the cognitive distortions that usually affect ED patients, notably AN patients, could have
skewed the way they answered the questionnaires. Some items, such as “I continued to eat certain
foods even though I was no longer hungry”, “I spend a lot of time feeling sluggish or fatigued from
overeating”, “I felt so bad about overeating that I didn’t do other important things”, or “I didn’t do well
at work or school because I was eating too much”, could have been coded as positive by the patients
because of difficulties in recognizing sensations of hunger or satiety and because of particular beliefs
about eating. However, as previously stated, the YFAS does not measure objective overeating but a
particular relationship with food and eating; thus AN patients could satisfy the criteria for FA even if it
is quite difficult to determine whether this tendency stems from starvation or a natural affinity for
eating. Other limitations include the cross-sectional design of the study and the definition of the FA
concept in itself, which is still a debated topic (i.e., does the YFAS truly measure what it is designed to
measure?).

These limits are compensated by the strengths of the study. First, we want to emphasize the
sample size. Two hundred and one patients were recruited, and such a large number allowed for a good
representativeness of patients seeking treatment for ED. Moreover, ED diagnoses were established
by structured clinical interviews and were based on DSM criteria. All patients were assessed at the
beginning of the care in our specialized department. Finally, to the best of our knowledge, only a few
studies have evaluated FA in AN [20,21], and we provided original results.

4.3. Perspectives

In showing an overlap between ED and FA, this study allows consideration of ED, including
AN-R, from an addictive perspective, thus paving the way for therapeutic management that draws
from those proposed for addictive disorders. Given that patients with ED and FA exhibit a different
profile than patients with ED and no FA, tailor-made treatment might be proposed based on the
existence of FA. Because the object of addiction is not clearly defined in the YFAS, the relevance of
modeling its criteria on diagnostic criteria for SUD can be questioned, and further studies are needed to
evaluate the intrinsic nature of some food addictive properties. The term eating addiction rather than
FA might be most appropriate because it includes the behavioral component of the disorder. It would
be of interest in further studies to specifically assess eating addiction in ED samples, with a specific
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scale such as the Addiction-like Eating Behaviour Scale [88]. This could be considered a clinical entity
that needs to be better characterized.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/6/1897/s1,
Table S1: Description of the sample according to ED (1 = 195).
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Abstract: Background: The current study aimed to test whether food addiction (FA) might mediate
the relationship between the presence of a history of childhood maltreatment and eating disorder (ED)
symptom severity. Methods: Participants were 231 patients with ED presenting between May 2017 and
January 2020 to a daycare treatment facility for assessment and management with mainly the Eating
Disorder Inventory-2 (EDI-2), the Child Trauma Questionnaire (CTQ), and the Yale Food Addiction
Scale (YFAS 2.0). Results: Participants had a median age of 24 (interquartile range (IQR) 20-33) years
and manifested anorexia nervosa (61.47%), bulimia nervosa (16.88%), binge-eating disorders (9.09%),
and other types of ED (12.55%). They were grouped into those likely presenting FA (N = 154) and those
without FA (N = 77). The group with FA reported higher scores on all five CTQ subscales, as well as the
total score of the EDI-2 (p < 0.001). Using mediation analysis; significant indirect pathways between
all CTQ subscales and the EDI-2 total score emerged via FA, with the largest indirect effect emerging
for physical neglect (standardized effect = 0.208; 95% confidence interval (CI) 0.127-0.29) followed
by emotional abuse (standardized effect = 0.183; 95% CI 0.109-0.262). Conclusion: These results are
compatible with a model in which certain types of childhood maltreatment, especially physical neglect,
may induce, maintain, and/or exacerbate ED symptoms via FA which may guide future treatments.

Keywords: eating disorders; food addiction; childhood trauma; maltreatment; physical neglect
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1. Introduction

According to the World Health Organization, “childhood maltreatment is the abuse and neglect
that occurs to children under 18 years of age. It includes all types of physical and/or emotional
ill-treatment, sexual abuse, neglect, negligence, and commercial or other exploitation, which results
in actual or potential harm to the child’s health, survival, development, or dignity in the context of
a relationship of responsibility, trust, or power” [1]. On the other hand, eating disorders (EDs) are
multifactorial mental disorders affecting young individuals and are associated with a mortality rate
higher than that of the general population of the same age [2]. The relationship between a history
of childhood maltreatment and the later development of an ED is well established, as supported by
two major meta-analyses [3,4]. Abused and/or neglected children who have experienced any type of
maltreatment (i.e., emotional, sexual, and physical) are at least threefold more likely to develop a future
ED [3,4]. Furthermore, a dose—effect relationship between the number of subtypes of childhood trauma
experienced and the severity of ED clinical features has been evidenced, suggesting a consistent and
partly independent association between these traumatic events and more severe clinical and functional
characteristics of ED [5]. While childhood maltreatment may be reported by a high proportion of
patients with ED, only a minority of those previously exposed to one or more traumatic events
(9-24%) may subsequently present a comorbid post-traumatic stress disorder (PTSD) [6]. Accordingly,
beyond the simple comorbidity with PTSD, it is not yet understood how different types of childhood
maltreatment impact the clinical presentation of ED, with emotion dysregulation being consistently
considered as an important factor mediating this effect [6,7].

In addition to emotion dysregulation, PTSD, and depression as known mediators of ED
development in patients who have been exposed to childhood maltreatment, food addiction (FA) may
constitute a yet unexplored contributing mediator [6-9]. FA is characterized by poorly controlled intake
of preferred foods, which are postulated to act via similar mechanisms as both illicit and licit drugs of
abuse in the brain [10]. An increasing amount of evidence of biological and behavioral changes in
response to preferred foods (such as brain reward changes, impaired control, genetic susceptibility,
substance sensitization and cross-sensitization, and impulsivity) has been sufficiently convincing to
conceptualize FA as an addiction disorder [11]. FA has been increasingly considered as an important
psychological dimension that leads, in patients with a history of complex trauma, to ED and more
specifically binge-eating disorders (BED) and bulimia nervosa (BN) [10]. Despite being a clinical
manifestation of addiction to food, as much as 61.5% of patients with anorexia nervosa (AN) of the
restrictive type were found to suffer from FA, which translates how much the addictive behavior
related to food can be a common pathological dimension to all EDs, as well as a possible accompanying
manifestation of other forms of behavioral addiction to fasting, physical exercising, etc. [12].

Although data on the relationships between childhood maltreatment and FA are lacking to
date, evidence from clinical studies examining closely related dimensions suggests that such an
association might exist. Although not measuring childhood maltreatment per se, in a cohort study of
49,408 female nurse participants, the prevalence of FA increased with the number of lifetime PTSD
symptoms, and women with the greatest number of PTSD symptoms reported more than twice the
prevalence of FA compared to women with neither PTSD symptoms nor trauma histories. Interestingly,
however, in this study, the relationship between FA and PTSD did not differ by trauma type [13].
Furthermore, the co-occurrence of FA symptoms with emotional dysregulation symptoms has led to
the suggestion that these might share common characteristics and, potentially, risk factors [14]. In
further support of this, when compared to individuals without addictive behaviors, both women
with FA and women with substance use presented higher levels of depressive and PTSD symptoms,
as well as greater emotion dysregulation [15]. It has been proposed that childhood maltreatment
might also be associated with decreased emotional regulation, as well as a greater propensity to and
severity of addictive-like behaviors due to structural brain changes (mainly diminished hippocampus
volume) [16,17]. Taken together, converging evidence, therefore, seems to exist for an indirect
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relationship such that FA might constitute an intervening factor in the cross-link between childhood
maltreatment and ED symptom severity.

To our knowledge, no study has yet assessed this proposed indirect pathway in patients with ED.
We, therefore, hypothesized that retrospective childhood maltreatment would be indirectly related to
ED symptom severity via FA among a transdiagnostic sample of ED patients. In this cross-sectional
study design, we aim to establish a conceptual model to further the understanding of how different
types of childhood maltreatment might impact ED in order to guide future assessment strategies and
treatment development models.

2. Materials and Methods

2.1. Participants

All consecutive outpatients with all types of ED according to the DSM-5 (Diagnostic and Statistical
Manual of Mental Disorders) criteria who were assessed in an eating disorders unit in Montpellier,
France, between May 2017 and January 2020 were eligible for the study. Patients with ED are
referred to this unit for multidisciplinary assessment, diagnostic confirmation, and management.
The data utilized here are drawn from a large study approved by the Ethics Committee of CPP
Sud-Est VI of Clermont Ferrand University (CPP: AU 1313; ID-RCB: 2017-A00269-44; N° Clinical
Trial: NCT03160443). Signed informed consent was obtained from all participants (and from parents
of underage participants). All research procedures were conducted according to the Declaration of
Helsinki. Inclusion criteria were as follows: age superior to 15 years (15-70 years), speaking French,
and having an ED diagnosis according to DSM-5 criteria. Exclusion criteria were as follows: refusing to
consent (1 = 3), having a mental disability such as intellectual deficiency (1 = 4), and having a physical
comorbidity that prevented study participation (severe hypokalemia that necessitated a transfer to an
intensive care unit # = 4; very low nutritional state n = 9; other physical disorders having an important
secondary impact on cognitive functions n = 5).

2.2. Measures

The multidisciplinary clinical assessment was carried out during a full day at the outpatient
unit by experienced mental health professionals. The ED diagnosis was established on the basis of
a nonstructured clinical assessment by psychiatrists, psychologists, and nutritionists, as well as a
structured evaluation with the Mini-International Neuropsychiatric Interview (MINI, Version 5.0.0).
All investigators were trained beforehand to use the MINI. Body weight and height were collected
in a standardized way during the clinical examination. Among other psychometric and biometric
assessments, participants completed the questionnaires below.

The Eating Disorder Inventory (EDI-2) is a self-report diagnostic tool designed for use in a clinical
setting to assess the clinical dimensions of EDs. It contains 11 subscales (drive for thinness, bulimia,
body dissatisfaction, ineffectiveness, perfectionism, interpersonal distrust, interoceptive awareness,
maturity fears, asceticism, impulse regulation, social insecurity) that evaluate the symptoms of the ED,
as well as its relationship with personality traits and emotions [18,19]. The total EDI-2 score used in
this study consists of the sum of all 11 subscales scores [20]. Cronbach’s alpha coefficient for internal
consistency was 0.84 for EDI-2 total score, ranging from 0.64 (for the ascetism subscale) to 0.92 (for the
bulimic tendency subscale).

The Yale Food Addiction Scale 2.0 (YFAS 2.0) is a 35-item self-report Likert-type scale that assesses
food and eating regulation during the past 12 months. Items are scored on an eight-point scale
with frequency response options ranging from “never” to “every day.” The items assess clinical
impairment/distress according to the DSM-5 criteria for substance use disorder. For the diagnosis of
food addiction, the clinically significant impairment/distress criterion has to be met along with two
or more diagnostic criteria [21,22]. Cronbach’s alpha coefficient for internal consistency was 0.96 for
YFAS 2.0.

29



Nutrients 2020, 12, 2969

The Child Trauma Questionnaire (CTQ) is a 28-item self-report instrument for the retrospective
assessment of trauma exposure during childhood. The CTQ consists of five subscales representing
different types of trauma (physical abuse, emotional abuse, sexual abuse, physical neglect, and emotional
neglect) with multiple items according to a five-point Likert scale ranging from 1 (never true) to 5
(very often true). A higher score on a subscale indicates more severe childhood trauma [23]. Cronbach’s
alpha coefficients for internal consistency were 0.89 for the CTQ emotional abuse subscale, 0.94 for the
CTQ physical abuse subscale, 0.96 for the CTQ sexual abuse subscale, 0.93 for CTQ emotional neglect,
and 0.74 for physical neglect.

2.3. Statistical Analyses

In a first analysis, participants were divided into two groups: those with food addiction (FA(+)) and
those without food addiction (FA(-)). Quantitative variables significantly departing from normality
assumptions (as assessed by Kolmogorov-Smirnov test and quantile-quantile (Q-Q) plots) were
expressed as medians with interquartile ranges (IQR: Q1-Q3). A bivariate comparison between the
groups’ characteristics was conducted using the Mann-Whitney U test and Pearson’s chi-square
(or Fisher correction as appropriate) test. Cronbach’s alpha was computed for EDI-2 total score,
YFAS 2.0, and CTQ subscales.

In a second analysis, the distributions of CTQ subscales, EDI-2 subscales, and YFAS 2.0 were
assessed with normality tests (Kolmogorov—Smirnov test and Q-Q plots). Pearson’s correlations were
used to estimate index zero-order relationships among childhood maltreatment, FA and ED symptom
severity, and their 95% confidence intervals (95% CI) calculated using Yates transform. Mediation
analyses examining the hypothesis that food addiction underlies the relationship between childhood
maltreatment and ED were tested using the PROCESS Model 4. Bias-corrected bootstrapped confidence
intervals (CI) according to 10,000 bootstrap samples were built for the indirect effect (i.e., effect of child
trauma (CT) on ED symptoms through FA). FA was considered to exert a mediation effect between
childhood maltreatment and ED clinical symptoms when 95% CIs for indirect effects did not overlap
with zero [24].

3. Results

Overall, of the 247 participants assessed, 231 provided YFAS 2.0 data and, accordingly,
were included in the study. The majority of participants were women (n = 213; 92.2%), with a
median age of 24 (IQR 20-33) years, and the most frequent diagnosis was anorexia nervosa (AN)
(n = 142; 61.47%) followed by BN (1 = 39; 16.88%), BED (n = 21; 9.09%), and other types of ED which
were collapsed into a category, including the following DSM-5 diagnoses: (1) avoidant/restrictive food
intake disorder; (2) pica; (3) merycism; (4) other specified feeding or eating disorder; (5) unspecified
feeding or eating disorder (1 = 29; 12.55%) (Table 1).

Participants were separated into two groups: 154 (66.66%) with a food addiction (FA(+)) and
77 (33.33%) with no food addiction (FA(-)). The comparison between the FA(+) and FA(-) groups
revealed no differences in terms of age, gender, past history of depression, and current diagnosis of
AN, BED, and other types of ED. However, FA(+) presented BN (27.5% in FA(+) vs. 8.1% in FA(-);
p = 0.012) more frequently. Furthermore, actual body mass index (BMI) was higher in the group of
patients with FA (20.97 (IQR 16.9-22.1) in FA(+) vs. 17.8 (IQR 16.1-19.9) in FA(-); p = 0.005). Moreover,
actual and/or past history of PTSD was higher in the FA(+) group (15.58% in FA(+) vs. 2.59% in FA(-);
p =0.006). In addition, a current diagnosis of depression was more frequent in patients with FA (36.87%
in FA(+) vs. 14.7% in FA(-); p = 0.001) (Table 2). In the comparison between both groups, patients in
FA(+) presented a higher score on all five subscales of the CTQ. All EDI-2 subscales, as well as EDI-2
total scores, were significantly higher in FA(+) patients except for social insecurity, which was higher
in FA(-) patients (p < 0.001), and interpersonal distrust, which did not significantly differ between
groups (Table 3).
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Table 1. Sociodemographic and clinical parameters, as well as Child Trauma Questionnaire (CTQ) and
Eating Disorder Inventory (EDI-2) scores in the entire study population.

Variable Category Statistic All Participants
N 231
Age (years) Me (IQR) 24 (19-33)
Gender Male N (%) 18 (7.8%)
Female N (%) 213 (92.2%)
Diagnosis of AN N (%) 142 (61.5%)
ED Diagnosis of BN N (%) 39 (16.9%)
Diagnosis of BED N (%) 21 (9.1%)
Other diagnosis N (%) 29 (12.5%)
Current and/or past history of PTSD N (%) 33 (14.3%)
BMI (kg/m2) Current Me (IQR) 187 (16.8-21.5)
Emotional abuse Me (IQR) 9 (6-13)
Physical abuse Me (IQR) 5(5-7)
CTQ Sexual abuse Me (IQR) 5 (5-7)
Emotional neglect Me (IQR) 12 (8-16)
Physical neglect Me (IQR) 7 (5-9)
Drive for thinness Me (IQR) 22 (17-28)
Bulimia Me (IQR) 15 (5-24)
Body dissatisfaction Me (IQR) 21 (17-24)
Ineffectiveness Me (IQR) 23 (20-27)
Perfectionism Me (IQR) 18 (12-22)
EDI2 Interpersonal distrust Me (IQR) 18 (15-20)
Interoceptive awareness ~ Me (IQR) 28 (20-34)
Maturity fears Me (IQR) 19 (16-22)
Asceticism Me (IQR) 19 (13-24)
Impulse regulation Me (IQR) 20 (13-28)
Social insecurity Me (IQR) 18 (16-21)
Total score Me (IQR) 220 (188-254)

ED, eating disorder; PTSD, post-traumatic stress disorder; AN, anorexia nervosa; BN, bulimia nervosa;
BED, binge-eating disorder; BMI, body mass index; Me, median; IQR, interquartile range.

Table 2. Comparison between food addiction (FA(-) and FA(+)) groups with regard to sociodemographic
parameters, diagnosis, and BML

Variable Category Statistic FA(-) Group FA(+) Group Test  p-Value
N 77 154
Age (years) Me (IQR) 28 (19-34) 27.84 (20-32) U 0.263
Conder Male N (%) 7 (38.9%) 11 (61.1%)

Female N (%) 70 (32.9%) 143 (67.1%) Chi2  0.603
Diagnosis of AN N (%) 50 (35.2%) 92 (64. 8%) Chi2 0339
ED Diagnosis of BN N (%) 6 (15.4%) 33 (84.6%) Chi? 0.012
Diagnosis of BED N (%) 5 (23.8%) 16 (76.2%) Chi2 0352
Other diagnosis N (%) 7 (50%) 7 (50%) Chi? 0.172
Current and/or past history of PTSD N (%) 2(7.7%) 24 (92.3%) Y 0.006
BMI (kg/m?) Current Me (IQR)  17.8(16.1-19.9) 2097 (169-22.1) U 0.005

Data are presented as frequency and percentage (N (%)) or as median and interquartile range (Me (IQR)). The statistical
comparisons in Table 1 were carried out with the Mann-Whitney U test (U), the chi-square test (Chi?), or the Yates
test (Y). FA: food addiction.
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Table 3. Comparison between FA(—) and FA(+) with regard to CTQ and EDI-2 scores.

FA(-) Group FA(+) Group Test p-Value

N 77 154
Scale Subscale

Emotional abuse 7 (5-10) 10 (7-14.25) U <0.001

Physical abuse 5 (5-5) 5(5-8) U 0.005

CTQ Sexual abuse 5(5-5) 5(5-8) U 0.014
Emotional neglect 10 (7-13.75) 13 (9-17) U 0.005

Physical neglect 6 (5-8) 7 (6-10) U 0.006
Drive for thinness 18 (2-22) 25 (10-29) U <0.001
Bulimia 4(0-14) 19 (2-25) U  <0.001

Body dissatisfaction 18 (7-21) 22 (13-25) U <0.001
Ineffectiveness 21 (13-24) 25 (17-29) U <0.001

Perfectionism 15 (4-21) 20 (7-23) U 0.001

EDI-2 Interpersonal distrust 17 (11-20) 18 (13-20) U 0.357
Interoceptive awareness 21 (6-27) 32 (17-36) U <0.001

Maturity fears 17 (8-20) 19 (13-23) U <0.001

Asceticism 13 (3-18) 21 (8-26) U <0.001

Impulse regulation 13 (2-19) 25 (10-30) U <0.001

Social insecurity 20 (13-23) 18 (13-20) U 0.001

Data are presented as the median and interquartile range (Q1-Q3).

Correlation between CTQ subscales and YFAS 2.0 total score showed a small to moderate effect
size with a positive statistically significant correlation with all CTQ subscales, the largest being for
emotional abuse (r = 0.314; p < 0.001) and physical neglect (r = 0.307; p < 0.001). The YFAS 2.0 scores
and EDI-2 total score were positively and significantly correlated with a large effect size (r = 0.608;
p <0.001). The EDI-2 total score evidenced significant correlations with moderate effect sizes with all
CTQ subscales, the highest being for emotional abuse (r = 0.349; p < 0.001) (Table 4).

Table 4. Correlations among Yale Food Addiction Scale (YFAS) total score, EDI-2 total scores, and all
CTQ subscales. CI, confidence interval.

CTQ
r (95% CI); p-Value

Emotional Abuse Physical Abuse Sexual Abuse  Emotional Neglect Physical Neglect

YFAS 0.314 0.246 0.16 0.208 0.307
¥ (95% CI) (0.19-0.428) (0.12-0.365) (0.028-0.286) (0.079-0.331) (0.183-0.421)
p-Value <0.001 <0.001 0.018 0.002 <0.001
0.608
(0.519-0.684)
<0.001
EDI-2 0.349 0.199 0.25 0.227 0.161
7 (95% CI) (0.228-0.459) (0.071-0.322) (0.121-0.37) (0.098-0.348) (0.031-0.287)
p-Value <0.001 0.003 <0.001 <0.001 0.016

Findings from the mediation analyses are summarized in Table 5, and significant effects are
represented in Figure 1. A direct effect between the CTQ subscales and the EDI-2 total score (unmediated
by YFAS 2.0) was found for emotional and sexual abuse only (p = 0.002 and 0.003, respectively).
A consistent indirect mediation effect was present between all CTQ subscales and the EDI-2 total score
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via YFAS 2.0. The strongest indirect mediation effect was found in relation to the CTQ physical neglect
subscale (standardized effect = 0.208; 95% CI 0.127-0.29), followed by emotional abuse (standardized
effect = 0.183; 95% CI 0.109-0.262). Accordingly, the mediation or indirect effect of FA related to the
impact of childhood maltreatment on clinical symptoms of ED seems to be more specific to physical
neglect since, in addition to exerting the highest indirect effect among all CTQ subscales, it did not
exert any direct effect on EDI-2 total score (Figure 2).

Table 5. Analysis of total, direct, and indirect (via YFAS 2.0 mediation) effect of different CTQ subscales
on EDI-2 total score.

CTQ Subscales
Type of Effect
(Cn;
p-Value
Emotional Physical Sexual Emotional Physical
Abuse Abuse Abuse Neglect Neglect
Total effect 3.401 2.433 2.934 224 2.944
(Direct and indirect)  (2.2-4.6) (0.83-4.03)  (1.42-4.44) (1-3.49) (0.52-5.35)
<0.001 0.003 <0.001 <0.001 0.017
EDI-2
total score Direct effect 1.64 0.543 1.809 0.947 -0.873
(0.6-2.68)  (-0.77-1.85)  (0.6-3.01)  (=0.07-1.96)  (-2.89-1.14)
0.002 0.417 0.003 0.069 0.396
Indirect effect 1.761 1.89 1.125 1.303 3.817
(1-2.66) (1.04-2.88)  (0.11-228)  (0.54-2.16)  (2.26-5.53)
Standardized 0.183 0.153 0.097 0.136 0.208

indirect effect
(0.1-0.26) (0.08-0.22) (0.01-0.18)  (0.05-0.21) (0.12-0.29)

Food
addiction
{YFAS 2.0)

Emotional
/ abuse
Physical
abuse
Eating disorders’

Child Trauma Sexual clinical symptoms

Questionnaire | abuse (EDI-2 total score)

Emotional
Neglect

Physical
Neglect

Figure 1. Direct and indirect pathways between childhood maltreatment types and the EDI-2 total
score in the mediation analysis. The largest indirect effect emerged for physical neglect (standardized
effect = 0.208; 95% CI [0.127-0.29]) followed by emotional abuse (standardized effect=0.183; 95% CI
[0.109-0.262]. Arrows width is proportional to the effect size. YFAS 2.0: Yale Food Addiction Scale 2.0;
EDI-2: Eating Disorder Inventory-2.
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Total effect: 2.94
(95%CI 0.52-5.35)

Food Addiction Indirect effect; 3.82
(YFAS) (95%C1 2.26- 5.53)*

Effect size: 0.21
\(95%C! 0.21-0.29)*

Direct effect: -0.88
Physical neglect (95%Cl -2.89-1.14)
(cTQ)

Eating disorder's
clinical severity
(EDI-2)

Figure 2. Triangular scheme depicting the results of mediation analysis, with food addiction (measured
by YFAS 2.0 score) mediating the effect of physical neglect (CTQ physical neglect component) on eating
disorder severity (EDI-2 score). Total, direct, and indirect effects correspond to the beta coefficients
obtained from the mediation analysis. The effect size corresponds to the standardized indirect effect of
YFAS on EDI-2. 95% CI denotes the 95% confidence interval. YFAS: Yale Food Addiction Scale 2.0,
CTQ: Child Trauma Questionnaire, EDI-2: Eating Disorder Inventory-2; (*) confidence limits derived
by bootstrapping 10,000 samples.

4. Discussion

This study investigated the relationship among self-reported history of childhood maltreatment,
FA, and ED symptom severity in a large sample of consecutively recruited patients with ED. Patients with
FA reported more frequent histories of childhood maltreatment and presented with more severe ED
symptoms as assessed by the EDI-2. In addition, the strong correlation between YFAS and EDI-2 scores
suggested that FA and ED symptom severity may be tightly related, while childhood maltreatment
was less strongly related to FA. Emotional abuse seems to be the most important type of childhood
maltreatment affecting ED symptom severity. In addition, our findings revealed evidence of an indirect
effect between all types of childhood maltreatment and ED symptom severity via FA. The strongest
of these indirect or mediated effects was related to physical neglect followed by emotional abuse.
Moreover, a direct effect relationship between childhood maltreatment and ED symptom severity
emerged for the emotional and sexual abuse dimensions. Accordingly, our findings highlight the
specific importance of FA in mediating the impact of physical neglect of the clinical severity of patients
with any type of ED. Although cross-sectional, these findings are consistent with a model in which
retrospective childhood maltreatment, especially physical neglect, might precipitate or constitute a risk
factor for FA which may later predispose for, maintain, and/or exacerbate ED symptoms. The role of
FA as a mediating factor of in the relationship between retrospective childhood maltreatment and ED
warrants further exploration in longitudinal observational studies.

Previous work examined the relationship between trauma exposure and FA. The large
cross-sectional cohort study by Mason et al. described above revealed that the likelihood of reporting
FA increased with the number of lifetime PTSD symptoms, with the prevalence of FA in women
with the greatest number of PTSD symptoms more than twice that of women with neither PTSD
symptoms nor trauma histories [13]. Moreover, cross-sectional evidence of relationships between
childhood maltreatment and FA and between FA and binge eating was found individuals with higher
weight [25]. Further support for this relationship was provided by a comparative study in which
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individuals with FA reported greater severity of PTSD symptoms as compared to controls [17]. Finally,
Stojek et al. revealed that FA severity mediated the association between childhood maltreatment and
insulin resistance in women with type 2 diabetes [26]. These cumulative findings, together with ours,
suggest a relationship between traumatic exposure and history and FA, as well as other dimensions
of disinhibition related to food or substances. Previous work suggested that, at the neurobiological
level, both the emotional and the motivational circuits in the brain seem to be affected after exposure
to childhood maltreatment [27]. These effects may be associated with disruptions to the experience
of inner cues related to the regulation of food and eating, for example, through the effects of stress
hormones such as glucocorticoids on the cerebral cortex and limbic system, which may affect the
patient’s impulse control [27]. These disruptions and the development of maladaptive behavioral
patterns related to food may then increase risk for several types of ED especially those that include
bingeing behaviors [28,29].

Consistent with this, in our sample, BN was more prevalent in the group of patients reporting FA
as compared to the group without FA. This is further in line with findings of relatively recent studies in
which FA was found in as many as 96% of patients with BN with a tendency for FA severity to decrease
over the course of effective management of BN [30,31]. In a recent study aiming to characterizing FA
as a phenotypical construct in patients with different types of EDs and obesity via a factor analysis,
results suggested that patients with FA and BN presented with more severe ED psychopathology [32].
Moreover, other work suggested that, among women with a high BMI, the presence of a relationships
between early life adversities and FA may be underpinned by specificities in brain regions implicated in
reward and emotional regulation [33-35]. Similarly, patients with PTSD were described to be at higher
risk for FA and EDs due to the potential mediating role of emotional dysregulation [36]. In addition to
affecting the activation pattern and connectivity in brain reward circuits, acute and chronic exposure to
stress is considered to affect the hypothalamic—pituitary-adrenal axis, leading to multiple pathological
cascades that may induce the development of food craving and addiction, as well as symptoms of
depression [37-39].

The varying findings across the dimensions of childhood maltreatment in our mediation analyses
suggest that the relationship between childhood maltreatment and ED symptoms may follow a different
pathway depending on the subtype of maltreatment. Indeed, this is consistent with evidence from
studies conducted in the past few decades indicating that specific types of childhood maltreatment may
be differentially associated with particular types of disordered eating [5,8,40—43]. Thus, for example,
in a large cohort of American young adults, individuals with a history of physical abuse only displayed
a higher tendency toward fasting and skipping meals [39]. In contrast, emotional abuse seems to
be most consistently related to EDs symptoms, with evidence supporting a mediated pathway via
emotional dysregulation [42,43]. In addition, emotional abuse was found to predict higher eating,
shape and weight concerns, and poorer functioning in patients with EDs independently of the presence
of other comorbidities [5]. Consistent with this, in our study, of the five dimensions of childhood
maltreatment assessed, emotional abuse presented the strongest relationship with ED symptom severity.
Furthermore, our findings from the mediation analysis revealed that emotional abuse presented the
highest total effect of childhood maltreatment on ED symptoms with direct and indirect effects being
globally in the same range. The direct effect of emotional abuse in our mediation model predicting
ED symptom severity may also reflect the presence of other contributing factors, such as emotional
dysregulation, which was not been included here. Further research examining the role of emotional
dysregulation in these relationships is warranted.

Our most interesting finding is related to the fact that the strongest indirect effect of retrospective
childhood maltreatment on current ED symptom severity via FA emerged for physical neglect.
Moreover, physical neglect’s effect on ED symptom severity was only mediated via FA. Physical neglect
refers to the failure to provide a child with basic necessities of life such as food and clothing [44].
Brain maturation via myelination, synaptic plasticity, and the release of neurotransmitters depends
largely on the prenatal and postnatal nutritional status of children and adolescents [45]. Indeed, it was
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shown that parental neglect is an intervening factor in the association between food-approaching
appetitive traits and higher weight in children [46]. Accordingly, we can speculate that physical neglect
may lead to brain maturation difficulties that may increase risk for FA and, subsequently, an ED.

Patients with EDs and a history of childhood maltreatment may benefit from care that specifically
targets this history [47]. Furthermore, the symptom pathway leading to an ED in individuals with a
history of childhood maltreatment has been described as specific to this group. Thus, overvaluation of
weight and body shape may lead to feelings of loss of control followed by depressive symptoms and,
subsequently, overeating [48]. Tailoring of usual treatment protocols to account for these pathways
may help to improve clinical outcomes. Given the evidence found in this study for the mediating
role of FA, it would be interesting to evaluate whether, in addition to the usual treatment, therapeutic
strategies specifically targeting FA might improve overall prognosis. The presence of a history of
physical neglect should raise the clinicians’ index of suspicion for the presence of FA. In this regard,
in case FA is confirmed as a comorbid clinical entity accompanying the ED (after using screening tools
such as YFAS), the treatment of FA clinical dimensions and its overall impact on ED symptoms should
be assessed in future studies. Accordingly, known suggested treatment protocols such as combining
pharmacotherapies (opiate antagonists) and psychotherapies (such as cognitive behavioral therapy
and psychodynamic group treatments) may be successful in targeting FA clinical dimensions and,
subsequently, ED symptom severity [49,50].

The current study includes several limitations. First, all assessments (other than ED diagnosis)
were self-reported which might constitute a source of bias. Indeed, participants with more severe
clinical dimensions of ED may more easily recall incidents of childhood maltreatment. Second, the study
is cross-sectional and retrospective in its assessment of childhood maltreatment, which limits the extent
to which the directionality of relationships can be inferred from the findings. Furthermore, the lack of
a nonclinical control group of individuals without EDs limited the extent to which confounding factors
could be controlled. Finally, EDs were considered as a spectrum of disorders manifesting in different
psychopathological dimensions as reflected by the EDI-2 score. However, in the current study only a
composite score of ED symptom severity was used, and future work aiming to clarify the relationships
among childhood maltreatment, FA, and different dimensions of disordered eating would be valuable.

5. Conclusions

In conclusion, although cross-sectional, our findings support the existence of a mediated
relationship between retrospective childhood maltreatment and ED, via FA, especially in the presence
of a history of physical neglect. Patients with severe ED symptoms and a history of childhood
maltreatment should be systematically assessed for the presence of FA. Moreover, when childhood
maltreatment is documented in patients with ED, tailoring treatment plans to specifically address FA
should be considered.
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Abstract: Background: Binge eating disorder (BED) is very frequently observed in patients considered
for weight loss surgery and seems to influence their outcome critically. Literature highlights a
global emotional overload in individuals with BED, but little is known on the mechanisms involved.
The present study aimed to focus on emotion regulation, impulsivity, depression, and anxiety
in people with and without BED and fulfilling inclusion criteria for bariatric surgery. Doing so,
we sought to individualize factors related to BED. Then, we examined the contribution of depression,
anxiety, emotion regulation difficulties, and impulsivity to inappropriate eating behaviors observed
in patients with BED. Methods: A sample of 121 individuals (79.3% female, mean age: 40.82 + 9.26,
mean current body mass index (BMI): 44.92 kg/m? + 7.55) seeking bariatric surgery were recruited
at the Champagne Ardenne Specialized Center in Obesity in Reims, France from November 2017
to October 2018. They were stratified as with or without BED according to the binge eating
scale. Characteristics identified in univariate analyses as differentiating the two groups were then
included in multivariable analyses. Results: Multivariable analyses showed that limited access to
emotional regulation strategies was significantly associated with BED. Furthermore, inappropriate
eating behaviors were independently associated with age, depression severity, anxiety, emotional
dysregulation, and impulsivity in BED group. Conclusions: The present findings are indicative of an
association between emotion deficit and BED in obese patients seeking bariatric surgery. Patients
with BED could benefit from the addition of an emotion regulation intervention.

Keywords: obesity; bariatric surgery; binge eating disorder; emotion dysregulation; emotional eating;
external eating; strategies; non-acceptance; impulsivity

1. Introduction

Binge eating disorder (BED) involves frequent overeating during a discreet period of time (at least
once a week for three months), combined with a lack of control, and is associated with three or more
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of the following items: eating more rapidly than normal; eating until feeling uncomfortably full;
eating large amounts of food when not feeling physically hungry; eating alone because of feeling
embarrassed by how much one is eating; and feeling disgusted with oneself, depressed, or very guilty
afterward [1]. BED also causes significant distress [1] and is associated with various inappropriate
eating behaviors. It is more common in females (3.5%) than in males (2.0%) and in obese individuals
(5% to 30%) [2,3], especially those who are severely obese and those seeking obesity treatment: 17% at
the time of surgery [4,5]. Moreover, BED seems to influence success after weight loss surgery [6].
Accordingly, it should be of interest to assess why people suffering from this disorder engage in various
inappropriate eating behaviors in order to find a way to help them give up these harmful behaviors.

Inappropriate eating behaviors are like engaging in emotional eating or in binge eating. As a
matter of fact, emotional eating behavior, the tendency to overeat in response to negative emotions,
appears to be common in bariatric candidates (see for review [7]). Moreover, obese people with BED
who are candidates for bariatric surgery are more likely to have severe binge eating symptoms than
obese non-surgical individuals [7]. Bariatric surgery candidates also have more objective and subjective
binge eating episodes per month than non-surgical weight loss patients [8].

According to the Diagnostic and Statistical Manual of Mental Disorders, DSM-5 criteria,
binge eating and negative emotions are interconnected [1]. In their review, Dingemans et al. (2017)
pointed that (1) several authors, using experimental studies, emphasized a relationship between
emotional factors and overeating in individuals with BED; (2) these individuals were characterized by a
higher prevalence of psychiatric comorbidities, exhibited higher levels of depression and anxiety; (3) they
reported poorer mood especially prior to binge eating and can experience more negative stressors than
subjects without BED; and (4) they can also feel more negative emotions (i.e., anger and/or frustration)
related to interpersonal experiences [9]. Taken together, these results highlight a global emotional
overload in individuals with BED. This emotional overload might increase the occurrence of binge
eating. According to Polivy and Herman'’s (1993) affect regulation model of binge eating, this behavior
could be implemented to decrease emotional distress or negative affects [10].

Rather than focusing on emotions themselves in individuals with BED, other works have
focused on emotion regulation. According to Gross [11], emotion regulation refers to “shaping
which emotion one has, when one has them, and how one experiences or expresses these emotions”.
Emotion regulation is conceptualized as involving emotion regulation abilities (i.e., the awareness and
understanding of emotions, the acceptance of emotions, the ability to control impulsive behaviors
and behave in accordance with desired goals when experiencing negative emotions), and emotion
regulation strategies (i.e., use situationally appropriate emotion regulation strategies flexibly to
modulate emotional responses as desired in order to meet individual goals and situational demands).
Strategies can include adaptive ones such as reappraisal, problem-solving, and acceptance and
maladaptive ones such as avoidance, rumination, and suppression. The relative absence of any or all
of these abilities and strategies would indicate the presence of difficulties in emotion regulation, or an
emotion dysregulation [12]. Regarding eating disorders, a recent meta-analysis by Prefit et al. [13]
identified a transdiagnostic character of emotion regulation problems. Furthermore, compared to a
control group without obesity, people suffering from obesity use significantly fewer cognitive emotion
regulation strategies considered as adaptive regardless of their body mass index (BMI) [14] and they
report using more emotional suppression [15]. Data also revealed that only emotional dysregulation
significantly predicted binge eating vulnerability in a study involving 63 obese patients seeking surgical
treatment [16]. Moreover, many studies identified lack of skills and strategies required to regulate
negative affect adaptively and effectively (i.e., poorer emotional awareness and clarity, nonacceptance,
difficulties with reappraisal, and with problem-solving) as being associated with eating disorders.
Accordingly, individuals with disordered eating may have a greater vulnerability to using maladaptive
emotion regulation strategies (i.e., rumination, avoidance of emotions, and suppression) [13].

In sum, the global emotional overload and dysfunctional emotion regulation abilities and strategies
are then increasingly thought to be co-occurring risk factors in the onset and maintenance of BED
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by promoting maladaptive behaviors such as overeating and binge eating. However, according to
Dingemans et al. [9], studies investigating the use of emotion regulation strategies amongst individuals
with BED have found mixed results. Moreover, beyond emotional regulation, other researchers
have outlined the role of impulsivity in this disorder. According to Giel et al. (2017), BED is
also considered as a distinct phenotype, within the obesity spectrum, characterized by increased
impulsivity and by an increased rash-spontaneous behavior in general and specifically toward
food [17]. However, the simultaneous consideration of emotion regulation and impulsivity remains to
be deepened. Therefore, there is a major interest to understand the impact of both emotion regulation
as well as impulsivity in patients suffering from BED and seeking bariatric surgery.

Altogether, emotional overload (i.e., depression, anxiety), emotion regulation, and impulsivity
may be associated with BED and could predispose individuals to developing and/or maintaining
inappropriate eating behaviors among patients suffering from BED who are candidates for bariatric
surgery. Given this, the primary aim of our study was to examine the associations with BED of
emotional overload (depression, anxiety), emotion regulation, and impulsivity in obese people with
and without BED. We expected people suffering from obesity with BED to present more depression,
more anxiety, more emotion regulation difficulties, and more impulsivity than people suffering from
obesity without BED (WBED). The second aim of our study was to examine the contribution of
depression, anxiety, emotion regulation difficulties, and impulsivity to eating patterns observed in
patients with BED. In this population, we sought to individuate which factors were significantly
related to the assessed eating behaviors. More precisely, we expected that high levels of depression,
anxiety, emotion regulation difficulties, and impulsivity were significantly related to emotional eating,
external eating, and bulimic symptomatology. Improving our knowledge on BED is a necessary step to
then develop indications of specific therapeutic strategies before surgery and, thus, allow their access
to bariatric surgery and improve their outcomes after bariatric surgery.

2. Materials and Methods

2.1. Participants and Procedure

A sample of 121 obese candidates for bariatric surgery was recruited at the Champagne Ardenne
Specialized Center in Obesity in Reims, France from November 2017 to October 2018. Participants
were 79.3% female (n = 96), and ranged in age from 19 to 58, with a mean age of 40.82 (SD = 9.26).
Mean BMI was 44.92 kg/m? (SD = 7.55; range: 35.63-75.72).

The inclusion criteria were to be a candidate for bariatric surgery: obesity grade 2
(BMI 35.0-39.9 kg/m?) and at least one obesity-related comorbidity (e.g., hypertension, type 2 diabetes
mellitus, dyslipidemia, sleep apnea), or obesity grade 3 (BMI > 40.0 kg/m?). Obese patients had to
be French-speaking females or males between the ages of 18 and 60. Participants with present or
past drug or alcohol abuse or dependence were not included (as assessed by the Mini International
Neuropsychiatric Interview (MINI) [18,19]), as these conditions would have been able to alter the
assessments of emotion regulation and impulsivity, as well as participants having a bariatric procedure
previously or a severe comorbid disorder such as neurologic impairments. The BMI was calculated by
dividing the weight in kilograms by the square of the height in meters (BMI = weight (kg)/height (m?)) [20].

All study procedures were reviewed and approved by the local Institutional Review Board
(IRB 2016-12). The study was carried out according to the Helsinki Declaration [21] and every patient
included into the study provided written informed consent.

2.2. Measures

2.2.1. Eating Behaviors

The Binge Eating Scale (BES; [22]) is a 16-item self-administered questionnaire used to assess the
presence of binge eating behavior indicative of an eating disorder. Eight items describe behavioral
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manifestations (for example, eating fast or consuming large amounts of food) and eight items on
associated feelings and cognitions (for example, fear of not stopping eating). Each item has a
response range from 0 to 3 points (0 = no severity of the BES symptoms, 3 = serious problems on the
BES symptoms). Marcus et al. (1988) created a range of scores for the BES from 0 to 46 points: a score
of less than 17 points indicates minimal binge eating (BE) problems; a score between 18 and 26 points
indicates moderate BE problems, and a score of more than 27 points indicates severe BE problems [23].
We considered binge eating as a categorical variable (significant binge eating if BES score >18). We used
the validated French version [24]. The Cronbach’s alpha for the current study was 0.83.

The Bulimic Investigatory Test, Edinburgh (BITE; [25]) is a self-report questionnaire used to
evaluate the presence and severity of bulimic symptomatology. It is composed of 33 items divided into
two different subscales: a symptom subscale (30 items) and a severity subscale (3 items). Henderson
and Freeman (1987) considered a BITE score under 10 points as indicative of no problem with eating
behavior, a score between 10 and 20 points as indicative of abnormal eating patterns (from 15 to
20 points warns us of the presence of a possible subthreshold bulimia nervosa), and a score higher than
20 points constitutes altered eating patterns with a possible bulimia nervosa. The Cronbach’s alpha for
the current study was 0.80.

The Dutch Eating Behavior Questionnaire (DEBQ) was administered using the French version to
assess three components of eating behavior: emotional, external, and restrained eating [26,27]. Itis a
self-report measure that contains 33 items. Thirteen items assess emotional eating, 10 items assess
external eating, and 10 items assess restrained eating. Each item is rated on a 5-point Likert scale.
In the current study, Cronbach’s alpha was 0.95 for emotional eating, 0.86 for external eating, and 0.86
for restrained eating.

2.2.2. Emotion Regulation and Impulsivity

The Difficulty in Emotion Regulation Scale (DERS; [12]) is a 36-item self-report questionnaire.
It assesses six different aspects of emotional regulation including non-acceptance of emotional responses
(Non-Acceptance), difficulty engaging in goal-directed behavior (Goals), impulse control difficulties
(Impulse), lack of emotional awareness (Awareness), limited access to emotional regulation strategies
(Strategies), and lack of emotional clarity (Clarity). This scale has demonstrated good internal
consistency, construct and predictive validity, and test-retest reliability. We used the validated French
version [28]. The total score demonstrated a Cronbach’s alpha of 0.92 in the present study. It was 0.90,
0.78, 0.84, 0.66, 0.86, and 0.66 respectively for the six different subscales described above.

The UPPS-P Impulsive Behavior Scale [29] consists of 20 items that evaluate different facets of
impulsivity labeled Negative Urgency (4 items), Positive Urgency (4 items), (lack of) Premeditation
(4 items), (lack of) Perseverance (4 items), and Sensation seeking (4 items). Cronbach’s alphas in our
sample were 0.83, 0.74, 0.77, 0.79, 0.77, respectively.

2.3. Other Assessments (Depression Severity and Anxiety Levels)

Depression severity was assessed with the shortened Beck Depression Inventory (BDI). This is
a widely used self-report scale consisting of 13 items [30], which has been validated in French [31].
The total score is obtained by adding the scores of the 13 items and ranges from 0 to 39, with higher
scores indicating greater depression symptoms. The Cronbach'’s alpha for the current study was 0.83.

Anxiety severity was assessed with the Spielberger State-Trait Inventory (STAL [32]) which is
a 40-item scale, using a 4-point Likert scale for each item. This scale was used to measure both
trait anxiety (how dispositionally anxious a person is across time and situations) and state anxiety
(how anxious a person is feeling at a particular moment). The Cronbach’s alpha for the current study
was 0.93 for the trait anxiety scale and 0.73 for the state anxiety scale.
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2.4. Statistical Analysis

Statistical analyses were performed with R 3.1.4 (The R Foundation for Statistical Computing,
Vienna, Austria, http://www.r-project.org). Data summaries were presented as the mean and standard
deviation (sd) for continuous measurements and as the frequency (percentage) for categorical variables.
Categorical variables were analyzed using overall chi-squared (x?).

Cronbach’s alpha was calculated for each scale and subscale (package psych).

Univariate analyses were done for continuous variables using the non-parametric Mann-Whitney
U test. To avoid computational issues (model convergence failure due to sparse data), only covariates
with at least five cases were considered in the model. Univariate analysis was performed to screen
potential variables for inclusion in the final multivariable model.

Multivariable analyses were performed using logistic regression modeling (BED and wBED
categories as the dependent variables), and the association between the identified variables and eating
patterns in the BED group was assessed by multiple linear regression analysis while controlling
the other covariates for confounding effects. Adjusted B coefficients (fadj) were estimated for all
significant associations [33]. Among the variable selection procedures, backward elimination is
preferred as it starts with the assumed unbiased global model [34,35]. The potential prognostic
factors were established, and a multivariable model was derived by backward selection according
to Akaike’s Information Criterion. For sensitivity, all identified associated covariates in the different
model were also determined using the appropriate high-dimensional procedure as random forest
(package randomForest) and sparse partial least squares discriminant analysis (package mixomics)
and Lasso (package glmnet). The goodness-of-fit and appropriateness of the logistic regression model
were evaluated using the Nagelkerke R squared and Hosmer-Lemeshow values and by the correct
overall percentage of prediction. Multicollinearity was checked for all analyses. Variables significant
at p = 0.05 at final multivariable analysis were retained as independent predictive factors. The Wald
test was used for hypothesis testing. The stability and robustness of the model were validated using
the technique of “bootstrap” resampling.

All p-values were two-tailed, with statistical significance indicated by a value of p < 0.05.

3. Results

3.1. Group Comparisons of Study Variables in Obese Adults Seeking Bariatric Surgery (with Binge Eating
Disorder (BED) and without BED (wBED))

The stratification procedure based on the BES score (cutoff = 18) led to the identification of a group
of 27 participants with BED and a group of 94 participants without BED (WBED) and to a prevalence of
BED of 22.31%. There were no significant differences between BED and wBED groups with regard to
current body mass index (kg/m2 ; mean + SD) (45.83 + 8.21 in the BED group and 44.66 + 7.38 in the
wBED group, p = 0.513) and maximum body mass index (kg/m?; mean % SD) (48.19 + 9.65 in the BED
group and 46.87 + 7.74 in the wBED group, p = 0.806). The comparison of demographic and clinical
characteristics of the two groups is presented in Table 1.
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Table 1. Comparison of sociodemographic and clinical characteristics in obese adults seeking bariatric
surgery using univariate analyses (with binge eating disorder (BED) and without BED (WBED)).

Univariate Analysis

Variables BED (n =27) wBED (1 = 94)
r
Age 43.19 +9.80 40.14 +9.04 0.095
Female/Male 18/9 78/16 0.066
Beck Depression Inventory 10.96 + 6.22 547 +4.81 <0.001
State anxiety inventory (STAI-A) 42.33 +13.34 3241 +9.16 0.001
Trait anxiety inventory (STAI-B) 47.74 £5.95 41.26 £9.27 0.002
BITE total score 18.07 + 6.36 8.61 +4.81 <0.001
BITE Symptom subscale 14.67 + 4.25 6.88 +3.97 <0.001
BITE Severity subscale 3.41+3.75 1.72 £2.02 0.006
DEBQ total score 96.81 +16.13 78.91 + 15.38 <0.001
Emotional eating 39.56 + 12.50 26.30 + 9.64 <0.001
External eating 28.33 +5.52 23.83 + 6.18 0.001
Restrained eating 28.93 +5.42 28.79 + 8.27 0.822
DERS
Total score 93.11 +£18.92 76.27 +16.26 <0.001
Non-acceptance 14.67 + 6.48 10.32 +£4.32 <0.001
Goals 13.93 + 4.05 11.16 + 3.82 0.003
Impulse 14.26 + 4.60 10.96 + 3.65 0.001
Awareness 18.07 + 5.05 18.14 + 4.49 0.854
Strategies 19.59 +5.79 14.54 +4.34 <0.001
Clarity 12.59 + 3.52 11.15+3.25 0.097
UPPS-P
Total score 31.11 £ 6.18 27.10 + 8.31 0.005
Negative Urgency 6.22 +2.95 4.65 +2.87 0.008
Positive Urgency 6.67 £2.13 5.69 +2.62 0.077
Lack of Premeditation 6.81 +1.75 6.16 +1.92 0.082
Lack of Perseverance 6.26 +2.03 5.69 +1.83 0.165
Sensation Seeking 5.15+2.75 4.90 + 2.64 0.718

Note. Data presented as mean + sd for quantitative variables and percentages for qualitative variables. BITE: Bulimic
Investigatory Test, Edinburgh; DEBQ: Dutch Eating Behavior Questionnaire; DERS: Difficulty in Emotion Regulation
Scale; UPPS-P: UPPS Impulsive Behavior Scale.

In the univariate analysis, patients with BED showed significantly higher levels of depression,
anxiety, eating-disorder symptoms (i.e., Emotional eating, External eating, BITE Symptom score,
and BITE Severity score), emotion dysregulation, and impulsivity than patients without BED. In the
multivariable analysis, the BITE symptom subscale and limited access to emotional regulation Strategies
were significantly associated with BED with adjusted odds ratios (OR) of 1.517 (1.241-1.990), p < 0.001,
and 1.176 (1.023-1.389), p = 0.03, respectively (Tables 1 and 2).
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Table 2. Comparison of sociodemographic and clinical characteristics in obese adults seeking bariatric
surgery using multivariable analyses (with binge eating disorder (BED) and without BED (wBED)).

Multivariable Analysis

Variables BED (n =27) wBED (1 = 94)
P Adjusted OR
Age 43.19 +£9.80 40.14 +£9.04 0.314
Female/Male 18/9 78/16 0.259
Beck Depression Inventory 10.96 + 6.22 547 +4.81 0.520
State anxiety inventory
(STAL-A) 42.33 £13.34 3241 +9.16 0.987
Trait anxiety inventory
(STAL-B) 47.74 +5.95 41.26 £9.27 0.439
BITE total score 18.07 + 6.36 8.61 +4.81
1.517
BITE Symptom subscale 14.67 +4.25 6.88 + 3.97 <0.001 (1.241-1.9900)
BITE Severity subscale 3.41+375 1.72 +2.02 0.719
DEBQ total score 96.81 +£16.13 78.91 + 15.38
Emotional eating 39.56 £12.50 26.30 £ 9.64 0.076
External eating 28.33 + 5.52 23.83 +6.18 0.880
Restrained eating 28.93 + 5.42 28.79 +8.27
DERS
Total score 93.11 +18.92 76.27 +16.26
Non-acceptance 14.67 + 6.48 10.32 +4.32 0.206
Goals 13.93 + 4.05 11.16 + 3.82 0.685
Impulse 14.26 + 4.60 10.96 + 3.65 0.296
Awareness 18.07 £ 5.05 18.14 + 4.49
. 1.176
Strategies 19.59 +£5.79 14.54 +4.34 0.03 (1.023-1.389)
Clarity 12.59 + 3.52 11.15+3.25 0.662
UPPS-P
Total score 31.11 + 6.18 27.10 £ 8.31
Negative Urgency 6.22 +2.95 4.65 +2.87 0.661
Positive Urgency 6.67 +2.13 5.69 +2.62 0.833
Lack of Premeditation 6.81 +1.75 6.16 +£1.92 0.650
Lack of Perseverance 6.26 +2.03 5.69 +1.83 0.449
Sensation Seeking 515+2.75 490 +2.64

Note. Data presented as mean =+ sd for quantitative variables and percentages for qualitative variables. OR: odds ratio;
BITE: Bulimic Investigatory Test, Edinburgh; DERS: Difficulty in Emotion Regulation Scale; UPPS-P: UPPS Impulsive
Behavior Scale. In the final multivariable model using logistic regression modeling (BED and wBED categories as the
dependent variables), potential covariates were age (years), sex (female: 2, male: 1), Beck Depression Inventory score,
STAI-A score, STAI-B score, BITE subscales scores, Emotional eating score, External eating score, Non-acceptance
score, Goals score, Impulse score, Strategies score, Clarity score, Negative Urgency score, Positive Urgency score,
Lack of Premeditation score, and Lack of Perseverance score. Only significant adjusted ORs are presented.

3.2. Associations between Emotional Overload, Emotion Regulation Difficulties, Impulsivity, and Eating

Patterns in Patients with BED

Univariate analyses concerning Emotional eating and External eating are shown in Tables 3 and 4.
Multivariable analysis showed that Emotional eating was independently associated with age (fadj = —0.415
(=0.792; —0.0390), DERS Non-Acceptance subscale score (Badj = 0.883 (0.060-1.705)), and UPPS-P Lack of
premeditation subscale score (Badj = 3.750 (1.838-5.661)) (Table 3). Multivariable analysis showed that
External eating was independently associated with the anxiety trait (8adj = 0.319 (0.090-0.547)), DERS
Impulse control difficulties subscale score (fadj = 0.431 (0.115-0.746)), and UPPS-P Negative Urgency

subscale score (fadj = 0.996 (0.496-1.497)) (Table 4).
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Table 3. Multiple linear regression analysis of the association between DEBQ subscale (Emotional eating)

and sociodemographic and clinical characteristics in the BED group.

Univariate Analysis

Multivariable Analysis

Covariates
P Badj (95% CI), p
Age 0.043 —0.415 (-0.792; —0.039), p = 0.042
Female/Male 0.290
Beck Depression Inventory 0.181
State anxiety inventory (STAI-A) 0.472
Trait anxiety inventory (STAI-B) 0.751
DERS
Non-Acceptance 0.067 0.883 (0.060-1.705), p = 0.048
Goals 0.648
Impulse 0.067
Awareness 0.571
Strategies 0.810
Clarity 0.529
UPPS-P
Negative Urgency 0.404
Positive Urgency 0.881
Lack of Premeditation 0.004 3.750 (1.838-5.661), p < 0.001
Lack of Perseverance 0.157
Sensation Seeking 0.691

Note. Data are presented as p-value in univariate analysis and in adjusted regression f coefficients (fadj), 95%
confident interval (CI), and p-value in multivariable analysis (only significant f coefficients (adj), 95% confident
interval are presented). OR: Odds ratio; DERS: Difficulty in Emotion Regulation Scale; UPPS-P: UPPS Impulsive
Behavior Scale. In the final multivariable model of Emotional eating, potential covariates were age (years),
Beck Depression Inventory score, Non-acceptance score, Impulse score, Lack of Premeditation score and Lack of

Perseverance score.

Table 4. Multiple linear regression analysis of the association between DEBQ subscale (External eating)

and sociodemographic and clinical characteristics in the BED group.

Univariate Analysis

Multivariable Analysis

Covariates
4 Badj (95% CD), p
Age 0.366
Female/Male 0.666
Beck Depression Inventory 0.308
State anxiety inventory (STAI-A) 0.608
Trait anxiety inventory (STAI-B) 0.184 0.319 (0.090-0.547), p < 0.05
DERS
Non-Acceptance 0.035
Goals 0.557
Impulse 0.003 0.431 (0.115-0.746), p < 0.05
Awareness 0.624
Strategies 0.178
Clarity 0.690
uPPsS-P
Negative Urgency <0.001 0.996 (0.496-1.497), p < 0.001
Positive Urgency 0.053
Lack of Premeditation 0.175
Lack of Perseverance 0.532
Sensation Seeking 0.874

Note. Data are presented as p-value in univariate analysis and in adjusted regression f coefficients (fadj),
95% confident interval, and p-value in multivariable analysis (only significant f coefficients (fadj), 95% confident
interval are presented). OR: odds ratio; DERS: Difficulty in Emotion Regulation Scale; UPPS-P: UPPS Impulsive
Behavior Scale. In the final multivariable model of External eating, potential covariates were STAI-B score,
Non-acceptance score, Impulse score, Strategies score, Negative Urgency score, Positive Urgency score, and Lack of

Premeditation score.
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Univariate analyses concerning BITE symptoms and BITE severity are shown in Tables 5 and 6.
Multivariable analysis showed that BITE symptom score was independently associated with depression
severity score (fadj = 0.255 (0.082-0.428)), DERS Non-Acceptance subscale score (fadj = 0.299
(0.131-0.466)), and UPPS-P Lack of premeditation subscale score (Badj = 1.469 (0.851-2.087)) (Table 5).
Multivariable analysis showed that BITE Severity score was independently associated with the trait
anxiety (Badj = 0.176 (0.061-0.290)), DERS Impulse control difficulties subscale score (Badj = 0.587
(0.415-0.759)), DERS Clarity subscale score (Badj = 0.304 (0.094-0.514)), and UPPS Negative Urgency
subscale score (fadj = —0.832 (-1.083; —0.582)) (Table 6).

Table 5. Multiple linear regression analysis of the association between BITE subscale (symptom score)
and sociodemographic and clinical characteristics in the BED group.

. Univariate Analysis Multivariable Analysis
Covariates
r Badj (95% CI), p
Age 0.734
Female/Male 0.347
Beck Depression Inventory 0.085 0.255 (0.082-0.428), p < 0.01
State anxiety inventory (STAI-A) 0.015
Trait anxiety inventory (STAI-B) 0.194
DERS
Non-Acceptance 0.068 0.299 (0.131-0.466), p < 0.01
Goals 0.745
Impulse 0.085
Awareness 0.774
Strategies 0.279
Clarity 0.160
UPPS-P
Negative Urgency 0.297
Positive Urgency 0.72
Lack of Premeditation 0.003 1.469 (0.851-2.087), p < 0.001
Lack of Perseverance 0.797
Sensation Seeking 0.398

Note. Data are presented as p-value in univariate analysis and in adjusted regression f coefficients (fadj), 95%
confident interval, and p-value in multivariable analysis (only significant f coefficients (fadj), 95% confident interval
are presented). OR: odds ratio; BITE: Bulimic Investigatory Test, Edinburgh; DERS: Difficulty in Emotion Regulation
Scale; UPPS-P: UPPS Impulsive Behavior Scale. In the final multivariable model of BITE symptom subscale, potential
covariates were Beck Depression Inventory score, STAI-A score, STAI-B score, Non-acceptance score, Impulse score,
Clarity score, and Lack of Premeditation score.

Table 6. Multiple linear regression analysis of the association between BITE subscale (severity score)
and sociodemographic and clinical characteristics in the BED group.

. Univariate Analysis Multivariable Analysis
Covariates
4 Badj (95% CD), p
Age 0.561
Female/Male 0.698
Beck Depression Inventory 0.064
State anxiety inventory (STAI-A) 0.053 0.176 (0.061-0.290), p < 0.01
Trait anxiety inventory (STAI-B) 0.118
DERS
Non-Acceptance 0.146
Goals 0.443
Impulse 0.003 0.587 (0.415-0.759), p < 0.001
Awareness 0.052
Strategies 0.089
Clarity 0.034 0.304 (0.094-0.514), p <0.01
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Table 6. Cont.

X Univariate Analysis Multivariable Analysis
Covariates
P Badj (95% CI), p
UPPS-P

Negative Urgency 0.078 —0.832 (-1.083; —0.582), p < 0.001

Positive Urgency 0.93
Lack of Premeditation 0.907
Lack of Perseverance 0.806

Sensation Seeking 0.547

Note. Data are presented as p-value in univariate analysis and in adjusted regression f coefficients (fadj),
95% confident interval, and p-value in multivariable analysis (only significant f coefficients (fadj), 95% confident
interval are presented). OR: odds ratio; BITE: Bulimic Investigatory Test, Edinburgh; DERS: Difficulty in Emotion
Regulation Scale; UPPS-P: UPPS Impulsive Behavior Scale. In the final multivariable model of BITE severity
subscale, potential covariates were Beck Depression Inventory score, STAI-A score, STAI-B score, Non-acceptance
score, Impulse score, Awareness score, Strategies score, Clarity score, and Negative Urgency score.

4. Discussion

The primary aim of the present study was to examine the contributions of emotional overload
(depression and anxiety), emotion regulation, and impulsivity in female and male obese people with
and without BED and seeking bariatric surgery. Moreover, this study aimed to examine the contribution
of emotional overload (depression and anxiety), emotion regulation difficulties, and impulsivity to
eating patterns observed in patients with BED. Our two main findings, discussed below, were as
follows: (1) limited access to emotional regulation strategies and bulimic symptoms were significant
predictors of BED; (2) emotional eating, external eating, the degree of binge eating symptoms and
the severity of bingeing and purging behaviors in patients with BED were associated with specific
dimensions of emotion regulation and impulsivity as well as anxiety and depression scores. To the
best of our knowledge, our study is the first to assess these contributions in this population.

More anecdotal, in our sample, the prevalence of BED was of 22.31%, which is consistent with the
prevalence reported by the literature [36,37].

4.1. Emotional Overload, Emotion Regulation, and Impulsivity

The findings showed that emotion dysregulation (i.e., limited access to emotional regulation strategies)
was a significant predictor of BED. The DERS Strategies subscale reflects limited access to the flexible
use of adaptive emotion regulation skills to modulate (vs. eliminate) the intensity and/or temporal
features of emotional responses [12]. This finding is consistent with results reported in a review from
Dingemans et al. (2017) [9]. These authors suggest that individuals with BED are more likely to
engage in maladaptive emotional strategies (e.g., suppression, rumination) and less likely to engage
in adaptive ones (e.g., acceptance, reappraisal). Moreover, in a prospective study, Svaldi et al. (2019)
demonstrated that, in individuals with BED, rumination was a significant predictor of binge eating
and that from a clinical perspective, ruminations were correlated with the probability of a binge
episode by approximately 28% [38]. In the specific population of patients seeking bariatric surgery,
Cella et al. (2019) reported that patients suffering from BED exhibited more emotional dysregulation,
as assessed by the Eating Disorders Inventory-3 (EDI-3), than patients without BED [16]. Moreover,
Gianini et al. (2013) reported that, in treatment-seeking obese adults with BED, limited access to
emotion regulation strategies was strongly associated with emotional overeating [39].

When examining eating-related behaviors, as assessed by the BITE, only bulimic symptoms were
associated with BED, which is not surprising as binge eating is the essential feature of this disorder [1].
The severity subscale score was not associated with BED. It outlines that individuals with BED, in our
sample, as was logically expected, do not show marked or sustained dietary restriction designed to
influence body weight and shape between binge eating episodes.
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In our univariate analysis, patients with BED showed significantly higher levels of depression,
anxiety, and impulsivity than patients without BED. We expected that these dimensions would also
be significant predictors to BED in the multivariable analysis, but this was not the case. This result
underlines, in our population, the major contribution of the emotional regulation dimension to
the disorder.

4.2. Emotional Overload, Emotion Regulation Difficulties, Impulsivity, and Eating Patterns in Patients
with BED

The second aim of our study was to examine the contribution of emotional overload,
emotion regulation difficulties, and impulsivity to eating patterns observed in patients with BED.
The evaluated eating patterns were emotional eating and external eating as assessed by the DEBQ [26,27]
and the degree of binge eating symptoms and the severity of bingeing and purging behaviors (as defined
by their frequency) as assessed by the BITE [25].

Emotional eating was independently associated with age, DERS Non-acceptance subscale score,
and UPPS-P Lack of premeditation subscale score. In our study, younger-old adults exhibited more
emotional eating compared to older-old ones. This tendency to overeat in response to negative emotions
appears to be more frequent in young adults than in older adults and it may be due to an increase in the
use of emotion regulation skills with age [40]. The DERS Non-acceptance subscale is related to coping
style [11] (p. 337). Coping is generally viewed as an individual’s effort (cognitively and/or behaviorally)
to adapt to or reduce distress in response to stressful events [41]. Hence, a maladaptive coping style to
emotions in patients with BED could trigger an emotional eating pattern. However, in the present
study, we did not have the information about what stressful events or negative thoughts patients
needed to deal with and what coping styles they usually used. Another dimension contributing to
emotional eating was lack of premeditation. This dimension is defined as the tendency to act without
thinking and is viewed as presenting deficits in conscientiousness [42]. These deficits could lead
to decision-making with little regard to past outcomes or forethought for possible future outcomes.
It could also reflect a high tolerance for punishment from maladaptive behaviors (i.e., the negative
consequences of these behaviors may not be sufficient to deter individuals with high scores on this
dimension) [43].

External eating, corresponding to overeating in response to food-related cues such as the sight and
smell of attractive food, was independently associated with the anxiety trait, DERS Impulse control
difficulties subscale score, and UPPS-P Negative urgency subscale score. Interestingly, Heeren et al. (2018)
found that the trait anxiety can be conceptualized as a single and coherent network system of interacting
elements [44]. Noteworthily, they reported that the presence of intrusive thoughts and being unable
to get disappointments out of one’s mind emerged as the most central features of the trait anxiety
network. It could mean that craving induced by food cues and negative affectivity may predispose to
this eating style. These features could be linked to the “food addiction” hypothesis [45]. The difficulties
maintaining behavioral control when distressed, assessed by the DERS Impulse control difficulties
subscale, describe individuals who have very strong feelings that are hard to control [11] (p. 337).
Moreover, this subscale specifically focuses on feeling “out of control” in emotionally distressing
situations. In our sample, it is another dimension that predisposes patients with BED to eat in
response to food-related cues. Negative urgency refers to acting rashly and impulsively when in
extreme distress and involves impaired inhibitory control [46]. Patients with BED seem to use
palatable food to compensate for negative affect or use food in a comforting fashion to cope with life
distress. Taken together, negative affect and cravings induced by food cues increase the likelihood of
external eating.

The degree of binge eating symptoms was independently associated with depression score,
DERS Non-acceptance subscale score and UPPS-P Lack of premeditation subscale score. Interestingly,
two dimensions (i.e., DERS Non-acceptance subscale score and UPPS-P Lack of premeditation subscale
score) are the same that for emotional eating. Decision-making with little regard for past outcomes
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or forethought for possible future outcomes and a high tolerance for punishment from maladaptive
behaviors seem then to also contribute to the likelihood of having a severe binge eating behavior.
These results contribute to enriching our understanding of this eating behavior. Moreover, they raise the
question of the links between emotional eating and binge eating and of the underlying psychopathology of
these eating patterns. Depression severity was also associated with the binge eating behavior as expected
based on literature data [22,47].

Finally, the severity of bingeing and purging behaviors was independently associated with the
trait anxiety, DERS Impulse control difficulties subscale score, DERS Clarity subscale score, and UPPS-P
Negative urgency subscale score. Three dimensions are common with those identified as being
associated with External eating (i.e., anxiety trait, DERS Impulse subscale score, and UPPS Negative
urgency subscale score). These dimensions are then risk factors for developing a highly disordered
eating pattern and a presence of binge eating. However, unexpectedly, there was a reversed link with
negative urgency. This may be due to the behaviors assessed by this score. In fact, it provides an index
of the severity as defined by the frequency of binge eating and purging behavior. Among the purging
behaviors, is the use of fasting. Therefore, we could make the assumption that patients with BED
and with low levels of negative urgency may be more prone to using fasting to control their weight.
It could be a reason why our two populations of patients (BED vs. wBED) did not differ in current and
past BMI. The emotional clarity subscale predicted the severity of bingeing and purging behaviors.
This dimension was strongly associated with emotional overeating [39] and could be, in our patients
with BED, a risk factor of a high frequency of binge eating. However, this result is to be taken with
caution, given the low Cronbach’s alpha observed for this dimension in our population.

4.3. Limitations

This study has several limitations. The main limitation is about the power. If we use the number
of cases to estimate the a priori power, we estimate that we can study between 2 to 3 variables
(epv =27/9 = 3;27/10 = 2.7). Calculating the a posteriori power (post hoc) using the IBM SPSS sample
Power software, or using simulations, allows us to determine a power at 88% to capture the effect of the
three most influential covariates in our multivariable model. Clearly, we lack the power to study the
numerous covariates. To check the result of our main endpoint, we have therefore proposed methods
suitable for multivariable analyses on databases with a lack of power, such as penalized regression
methods like Lasso [48]. These sensitivity analyses confirm our results (Supplementary Materials
Tables S1 and S2), but do not exclude, that the other covariates are not significant partly due to
a lack of power. Further studies with more power will be needed to estimate the association of
the other covariates with our main endpoint. The same results are also confirmed by the use of
Bayesian statistical analysis performed by the BRMS package [49] (Supplementary Materials Table S3)
and, further, by selecting the covariates by bootstrapping using the rms package according to the
methodology previously described [50]. The three most important parameters retained in the model
are BITE symptom subscale (78.69%), DERS strategies (46.03%), and Emotional eating (34.92%).
A second limitation is related to its cross-sectional nature; therefore, caution is needed in inferring
causality. A third limitation is based on the assessment of BED, depression, anxiety, emotion regulation,
impulsivity, and eating behavior styles through self-reports, which are subject to possible biases such
as desirability or response bias. However, the validity of these questionnaires has been well supported
in previous studies and our reliability indices were satisfactory except for DERS Lack of emotional
clarity as mentioned earlier. Moreover, in future studies, these limitations could be overcome by
using ecological momentary assessments considering patients’ natural environment. Such tools are,
for example, validated in nutritional epidemiology and in psychiatry (e.g., depression) [51,52].

5. Conclusions

The results of the present study suggest that obese patients with BED who are seeking bariatric
surgery are characterized by a limited global access to the flexible use of adaptive emotion regulation
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skills to modulate features of emotional responses. Moreover, in this population, many dimensions
of emotion regulation are associated with different pathological eating patterns (with sometimes the
same dimension associated with varying patterns of eating), which emphasizes the pleiotropic side of
these dimensions. The same results are observed for the anxiety trait and impulsivity. Taken together,
our results lead us to believe that patients with BED could benefit from the addition of an emotion
regulation intervention, which could significantly improve their eating behaviors before surgery.
It could also improve the outcomes of bariatric surgery [53]. Further research is needed to confirm
our findings, to implement and evaluate emotion regulation interventions, and to characterize better
neural correlates of emotion regulation in patients with BED.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/10/3099/s1,
Table S1: Results of regularized-method LASSO with inference, Table S2: Results of regularized-method LASSO
with inference, Table S3: Bayesian approach: Population-Level Effects title.
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Abstract: This study aimed to examine cognitive factors associated to food addiction (FA) symptoms
in a non-clinical sample of adolescents. A group of 25 adolescents (12-18 years; Mean age = 15.2 years)
with a high level of FA symptoms (two and more) were compared to a control group without FA
symptoms (n = 25), matched on sex and age, on four Cambridge Neuropsychological Test Automated
Battery (CANTAB) neuropsychological tasks (MT: Multitasking Test; OTS: One Touch Stockings
of Cambridge; SST: Stop Signal Task; RVP: Rapid Visual Information Processing). They were also
compared on self-reported questionnaires assessing binge eating, depressive and anxiety symptoms,
impulsivity levels, as well as executive functioning difficulties. Group comparisons did not show
significant differences on neuropsychological tasks’” performances. However, effect sizes’ estimates
showed small to medium effect sizes on three scores: adolescents with a high level of FA symptoms
showed a higher probability of an error following an incorrect answer (OTS), a higher probability
of false alarm, and a poorer target sensitivity (RVP). When referring to self-reported measurements,
they reported significantly more executive functioning difficulties, more binge eating, depressive
symptoms and higher impulsivity levels. Overall, results suggested that cognitive difficulties
related to FA symptoms seem to manifest themselves more clearly when assessing daily activities
with a self-reported questionnaire, which in turn are strongly related to overeating behaviors and
psychological symptoms. Future longitudinal research is needed to examine the evolution of those
variables, their relationships, and contribution in obesity onset. More precisely, the present findings
highlighted the importance of affective difficulties related to this condition, as well as the need to take
them into account in its assessment.

Keywords: food addiction; adolescents; executive functioning; CANTAB; Yale Food Addiction Scale

1. Introduction

Many authors have studied disordered eating behaviors in individuals with overweight and
obesity through the lens of addictions. Indeed, they found similarities between addictive behaviors
and compulsive overeating, namely behavioural and neurobiological [1-4]. These similarities led to
the concept of food addiction (FA) [5]. Although there is no universal definition of FA, it is known
as an excessive and abnormal intake of highly palatable foods [2,3]. Since then, the study of FA has
multiplied, using the Yale Food Addiction Scale (YFAS), an instrument that consists in an adaptation
of the diagnostic criteria for substance dependence, to food [2,6].

In order to deepen our understanding of the development of an addictive-like pattern of eating, it is
necessary to target potential risk factors of this condition. A current hypothesis on the development of
obesity suggests that deficits in executive functioning could contribute to problematic eating behaviors,
attitudes towards food, and weight gain [7]. Similarly, deficits in executive functioning are considered
as a central component in the development of addictive behaviors [8]. Executive function is an
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umbrella term including a series of cognitive processes needed to adapt to new situations, allowing
to behave appropriately to the context and to produce future-oriented behaviors [9,10]. It includes
central functions, like inhibition, working memory, and cognitive flexibility, which underlie many
higher-order functions (e.g., reasoning, problem solving, and planning) [11,12]. Recently, a few studies
have focused on the cognitive factors that could be involved in FA, mainly executive functions.

Up until now, some authors examined the cognitive factors underlying FA in adults,
using neuropsychological tasks and questionnaires. In order to do so, they all compared groups of
individuals endorsing higher levels of FA symptoms to individuals who endorsed fewer or none.
Overall, studies conducted within adults from the general population revealed that individuals
with more FA symptoms, showed faster reaction times in response to food cues among neutral
pictures [13], as well as attentional biases to unhealthy food cues following a sad mood induction [14];
a poorer performance monitoring, and more difficulties to detect and process errors during the
task [15]. Only one study failed to find differences between groups, on a specific task assessing
inhibitory control [16]. Regarding studies in adults suffering from obesity, they essentially showed
that FA symptoms were accompanied with a poorer performance on decision-making, significant
deficits in sustained attention [17]; and more difficulties to detect and process errors, as well as more
self-reported metacognitive difficulties [18]. Nevertheless, a very recent study failed to show specific
neuropsychological impairments or difficulties in participants with FA [19]. Taken together, most of
the previous studies tend to reveal that cognitive difficulties could be associated to FA symptoms.
Thus, it is possible to think that these cognitive difficulties could represent risk factors and contribute
to the development of FA.

Adolescence is also considered as a high-risk period to develop addictive-like behaviors, regarding
the combination between less efficient emotional regulation processes and the immature impulse
control, that characterize it [20]. A range of studies aimed to assess the prevalence of FA in adolescents,
resulting in rates of 2 to 16% in the general population [21-25]; almost 17% in psychiatric inpatients
and 10 to 38% in adolescents with overweight or obesity engaged in a weight-loss program [26-28].
These rates were similar to those observed in studies with adults [29]. Since then, a growing body of
literature on the study of FA in adolescents has been observed, offering a broader understanding of
this condition. For example, FA symptoms have already been found as highly correlated with more
disrupted eating behaviors, as well as more impulsivity, depressive and anxiety symptoms in this
population [21,22,25,26,30,31].

A recent large-scale study in adolescents aged from 12 to 18 years also showed that those with
more FA symptoms also reported significantly more executive functioning difficulties on a self-reported
scale (BRIEF). More precisely, they reported significantly more difficulties on both indexes, assessing
behavioural regulation (inhibition, shifting, emotional control, monitoring) and metacognitive (working
memory, planning/organize, organization of materials, and task completion) difficulties. It indicates
that they reported more self-regulatory weakness in their everyday life, in comparison to adolescents
with lower levels of FA symptoms [31]. So far, only one study has included neuropsychological tasks
to assess executive functions in adolescents, according to FA symptoms. Hardee and her colleagues
examined the relationships between FA symptoms and cerebral activity during an inhibitory task
(Go/No-go), in a sample of adolescents [32]. Their results showed that, in participants with a higher
level of FA symptoms, a hypoactivation in some brain areas was observed during the inhibitory
phase of the task. They suggested that it could be associated to a poorer inhibitory control. However,
no significant difference was observed when they were compared on their performances at the task.
More studies are needed according to FA and cognitive functioning in adolescents, in order to identify
if cognitive mechanisms are involved in addictive-like eating.

The main aim of the present study was to examine cognitive factors associated to FA symptoms
in adolescents. More precisely, the objective was to assess sustained attention, as well as executive
functions with neuropsychological tasks, in adolescents with a significant level of FA symptoms
(two symptoms and more), and to compare them with a control group. Since very few studies
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have examined cognitive factors related to FA symptoms in adolescents, no formal hypothesis will
be proposed.

2. Materials and Methods

2.1. Participants and Procedures

Participants were 50 adolescents (38 girls and 12 boys; Mean age = 15.20; SD = 1.62), selected from
a larger non-clinical sample previously recruited to participate in a research study on eating behaviors
in adolescents, as described in Rodrigue et al. [31]. To be included, participants were required to be aged
12-18, and have previously consent to be contacted to take part in the present study. No supplementary
inclusion or exclusion criteria were added from the previous study. Within participants who accepted
to be contacted subsequently for the actual study, those who reported a significant level of FA
symptoms on the YFAS 2.0 (two criteria or more) were firstly contacted. This threshold represents the
minimum number of criteria to endorse a FA diagnosis with a mild severity. In order to confirm the
FA diagnosis, participants must additionally endorse a clinically significant impairment or distress
criterion. Considering the exploratory nature of the present study and the study sample, this criterion
was not taken into account in the recruitment of participants. Indeed, the objective of the study was
to explore the cognitive functions of adolescents from a non-clinical sample, a population in which
the early signs of FA could be observed without necessarily endorsing the diagnosis. As previously
suggested in adults’ studies, the inclusion of clinically significant impairment or distress criterion may
not represent a valid marker of psychological distress as some people may endorse most of the criteria
and not report distress [33]. Among the initial sample, a total of 25 participants reporting a significant
level of FA symptoms on the YFAS 2.0 were recruited. Throughout the manuscript, this group has
been categorized as “high FA group”. Then, a comparison group of 25 adolescents who endorsed none
of the FA symptoms was recruited in order to match the first group on sex and age (Control group).
More precisely, for each participant from the high FA group, a control participant with the same sex
and age was also recruited. Franken et al. previously used a similar procedure, in the study of the
cognitive correlates of FA, in adults [15].

All participants were invited to come to our laboratory and completed, with a member of our
research team trained in neuropsychological task administration, a demographic questionnaire as well
as four cognitive tasks from the Cambridge Neuropsychological Test Automated Battery (CANTAB) in
a quiet room without any background noises or distractions. Prior to the task completion, participants
consented themselves to take part in the study and allowed us to use their previous answers to
some of the questionnaires completed as part of the larger study, namely questionnaires assessing
food addiction symptoms as well as binge eating, anxiety and depressive symptoms, impulsivity,
and self-reported executive functioning difficulties (see Rodrigue et al.) [31]. A parental consent was
required for those younger than 14 years of age. In order not to interfere in participants’ performances,
they were not informed of their group belonging; a general description of the study’s objectives was
given to each participant. They were also asked to self-report their height and weight, to calculate
their Body Mass Index (BMI; kg/m?). Self-reported height and weight has previously been shown as
highly correlated with measured height and weight in adolescents [34,35]. According to the World
Health Organization (WHO) body mass index-for-age percentile growth charts [36], 39 participants
reported a healthy weight, seven reported being overweight, four reported suffering from obesity.
Both groups were evenly balanced according to the BMI categories. The Laval University Research
Ethics Committee approved the study. All participants received a 20$ monetary compensation for
their participation.
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2.2. Measures

2.2.1. Food Addiction

The French version of the Yale Food Addiction Scale 2.0 (YFAS 2.0) is a 35-item self-reported
questionnaire used to assess food addiction symptoms over the previous year [6,37]. The YFAS
2.0 covers FA criteria based on the DSM-5 eleven diagnostic criteria for substance use disorders [38].
Items are answered on a 7-point Likert Scale ranging from 0 (Never) to 7 (Every day). To fulfill a
criterion, participants must endorse at least one item related to the associated criterion. Two methods
have been developed to interpret answers. First, it is possible to assess the presence/absence of the
“FA diagnosis” if a participant has endorsed at least two criteria and reported functional impairment or
clinical distress. The severity of the “FA diagnosis” can be categorized as “mild” (two or three criteria),
“moderate” (four or five criteria), and “severe” (six or more criteria). The functional impairment/clinical
distress criterion was not taken into account in the recruitment of participants. In the present study,
an adapted version of the YFAS 2.0 was used to refer to age-appropriate activities, as in Rodrigue et al.
(refer to Gearhardt et al. for adaptations of the YFAS for children or YFAS-C) [22,31]. To make sure
that the YFAS 2.0 items were developmentally and culturally appropriate, minor adaptations have
been made on the scale inspired by the YFAS-C and taking into account the specific use of the French
language in the Province of Quebec. An inter-rating process was performed between two of the authors
(C.R. and C.B) for each adaptation. Cronbach’s alphas for this version of the YFAS 2.0 were 0.91 for the
initial study, and 0.79 for the present sample.

2.2.2. Binge Eating Symptoms

The French version of the Binge Eating Scale (BES) is a 16-item self-reported questionnaire
assessing symptoms related to behavioral, cognitive, and emotional manifestations of binge eating
episodes [39,40]. Participants must choose, for each item, one of the four suggested sentences that
most accurately described his or her situation. Each item has a designated weight on the total score,
in proportion with its severity (between zero and three). The total score is obtained by summing up
each item’s score, and is ranging from 0 to 46. A score of 17 or less indicates a minimal, between 18 and
26 indicated a moderate, and 27 or more indicates severe binge eating symptomatology. In the present
study, Cronbach’s alpha of the BES was 0.91.

2.2.3. Anxiety Symptoms

The French version of the Multidimensional Anxiety Scale For Children- Self Report (MASC)
is a 39-item self-reported questionnaire assessing anxiety-related emotional, cognitive, physical and
behavioural symptoms in children and adolescents from 8 to 19 years old [41,42]. Participants must
answer on a 4-point Likert scale for each item, ranging from “Rarely true about me” to “Often true
about me”. Items can be summed up in fours subscales: (1) Physical Symptoms, (2) Social Anxiety,
(3) Harm Avoidance, and (4) Separation Anxiety. Summing subscales’ scores can also produce a global
score. T-scores are created for each score and should be interpreted using the following guidelines:
<40 = low; 40-54 = Average; 55-59 = High average; 60-64 = Slightly elevated; 65-69 = Elevated;
>70 = Very elevated. In the present study, only the global score was used and showed a good internal
consistency (x = 0.91).

2.2.4. Depressive Symptoms

The French version of the Beck Depression Inventory (BDI) is a 21-item self-reported questionnaire
assessing depressive symptoms experienced during the last two weeks [43,44]. Each symptom is rated
on a 4-point Likert scale from 0 (The symptom is not associated to any suffering) to 3 (The symptom is
associated to intense suffering). The total score ranges from 0 to 63; A score from 0 to 13 indicates normal
to minimal depressive symptoms, a score from 14 to 19 indicates mild to moderate depressive symptoms,
a score from 20 to 28 indicates moderate depressive symptoms, and a score from 29 to 63 indicates severe
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depressive symptoms. The BDI has previously shown good psychometric properties for large-scale
screening of depressive symptoms in adolescents [45-47]. For the present study, Cronbach’s alpha of
the questionnaire was 0.92.

2.2.5. Impulsivity

The French version of the UPPS Impulsive Behaviour Scale for adolescents [48,49] is a 45-item
self-reported questionnaire used to assess impulsivity in adolescents aged between 12 and 19 years
old. Items are rated on a 4-point Likert scale ranging from 1 (Disagree strongly) to 4 (Agree strongly).
Items are divided in four mutually exclusive dimensions of impulsivity, namely urgency, lack of
premeditation, lack of perseverance and sensation seeking. A higher score indicates a higher level
of impulsivity. Cronbach’s alphas for the subscales were good in the actual study, ranging from
0.82 to 0.89.

2.2.6. Cognitive Functioning

Cognitive functioning was assessed using the Connect Research Suite of the Cambridge
Neuropsychological Test Automated Battery (CANTAB), a computerized test battery. The CANTAB is
a well-validated standardized cognitive battery that provides rapid, sensitive and objective measures
of multiple cognitive domains. These tasks have been validated to understand the role of specific brain
functions among a wide range of disorders. Participants completed four of the CANTAB tasks with
French voiceover instructions on an iPad Air 2, namely the Multitasking Test (MT), the One Touch
Stockings of Cambridge (OTS), the Rapid Visual Information Processing (RVP), and the Stop Signal
Task (SST), in that order. These tasks have been developed to assess two key domains, namely sustained
attention and executive functioning. For more details on the following tasks and the CANTAB battery,
see cantab.com.

2.2.7. Multitasking Test (MT)

MT is an eight-minute task of executive functioning that measures the participant’s ability to use
multiple sources of potentially conflicting information to guide behaviour, and to ignore task-irrelevant
information. During the test, an arrow can appear on both sides of the screen and point in both
directions. Before each trial, a cue is displayed at the top of the screen to indicate to the participant
whether they must push the right or the left button, considering the instruction to identify the side
or the direction of the arrow. The task includes some sections during which the rule is consistent
across trials (single task) and other sections during which the rule may randomly change from trial to
trial (multitasking). The multitasking sections require a higher cognitive demand than the single task
sections. Moreover, some of the task trials display congruent stimuli (e.g., the arrow on the left side
is pointing on the left side of the screen) and incongruent stimuli (e.g., the arrow on the left side is
pointing on the right side of the screen). The incongruent trials require a higher cognitive demand
than the congruent trials. MT includes practice blocks before each assessed block, to make sure that
the participants understood the instructions. The main outcomes of this task are response latency and
error scores, reflecting the ability to deal with multitasking as well as the interference of incongruent
task-irrelevant information on the performance at the task. This task allows calculating the cost of using
interchanged rules in opposition to consistent rules, and incongruent information in opposition to
congruent information. More precisely, the outcomes of interest in the present study were: the number
of trials for which the outcome was incorrect; the median reaction latency of response across all correct
trials; Incongruency cost (a higher incongruency cost indicates that the subject takes longer to process
conflicting information); Multitasking cost (a positive score indicates that the subject responds more
slowly during multitasking blocks and a higher score indicates a higher cost of managing multiple
sources of information).
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2.2.8. One Touch Stockings of Cambridge (OTS)

OTS is a 10-min task, based upon the Tower of Hanoi test, measuring executive functioning and
more precisely spatial planning and working memory. During the task, participants see two displays
including three-color balls and the main instruction is to work out mentally the number of moves
needed to make the lower display match the upper display. The OTS includes practice blocks to
make sure that participants understood the instructions. Trials required one to six moves to complete.
After an error, they are asked to rethink their solution and answer. Overall, there were 10 “easy” trials
for which the upper display could be matched in one to three moves; and eight “hard” trials for which
it could be matched in four to six moves. OTS outcome measures include the number of problems
solved on the first choice, mean attempts required to obtain a correct solution, median latency to first
choice (the median latency measured from the appearance of the stocking balls until the first choice
was made, across all assessed trials where the participant’s first choice was correct), median latency to
obtain a correct solution. These measures are available for all problems and/or for problems with a
specified number of moves (one to six). The probabilities of an error occurring when the previous
trial was responded correctly (Error given correct; the probability of an error occurring when the
previous trial was responded to correctly), or incorrectly (Error given incorrect; the probability of an
error occurring when the previous trial was responded to correctly), were also documented.

2.2.9. Stop Signal Task (SST)

SST is a 20-min task measuring impulse control and response inhibition. It also allows measuring
error monitoring after a response inhibition failure [50]. The first section of the test consists in a
learning phase during which the participant must select the button associated to the direction in which
the arrow points. During the second section of the test, the instruction remains the same, but when
participants hear an audio tone (beep), they must hold back or inhibit their response. The SST uses a
staircase design for the stop signal delay, meaning that the task allows adapting to the performance
of the participant. More precisely, the stop signal delay increased by 50 ms following a successful
inhibition and decreased by 50 milliseconds following a failed inhibition until the inhibition success
rate stabilizes to 50%. It is suggested that the stop signal reaction time (SSRT) represents the time
before which actions become ballistic and the participant is no longer able to cancel his action. The SST
main outcome is the SSRT (a higher score indicates a worse stop signal reaction time). According to
previous studies, performance monitoring was explored using the formula proposed by Bo, Aker,
Billieux, and Landro [51]. More precisely, it allows calculating post-error slowing (PES; tendency to
slow a response after a failure to stop), and post-success slowing (PSS; tendency to slow a response
after a successful stop trial). PES was calculated by subtracting reaction times for “Go-after-go” trials
to “Go-after-failure to stop trials”, and post success slowing (PSS) by subtracting reaction time for
“Go-after-go trials” to “Go-after-successful stop trials”.

2.2.10. Rapid Visual Information Processing (RVP)

The RVP is a seven-minute test assessing sustained attention and working memory. During the
test, digits from 2 to 9 appear in a white box in the middle of the screen, in a pseudo-random order
at the rate of 100 digits/min. The task is divided in two phases. First, participants must detect one
target sequence of digits and press the button at the centre of the screen when they see the last digit
of the sequence (e.g., 3-5-7); in the second phase, they must detect three target sequences of digits
(e.g., 3-5-7; 2-4—6; 4-6-8), and press the button at the centre when they see the last digit of one of the
sequences. RVP outcome measures include the A’, which is a metric measure representing how good
the participant is at detecting a targeted sequence. RVP outcome measures also include the median
response latency on trials where the subject responded correctly across all trials, and the probability of
a false alarm (False alarms + (False alarms + Correct rejections)).
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2.2.11. Behavior Rating Inventory of Executive Function-Self-Report Version (BRIEF-SR)

The French version of the BRIEF-SR is an 80-item self-reported questionnaire developed to assess
adolescents’ views (11-19 years old) of their own executive functions or self-regulatory strengths and
weaknesses in their everyday life [52,53]. Items are scored on a 3-point Likert scale ranging from 1
(Never) to 3 (Often), and assess the frequency of some behaviors in the last six months. Items can
be regrouped in a global score (Global Executive Composite; GEC) or in two indexes (Behavioural
Regulation Index (BRI); and Metacognition Index (MI)). The Behavioural Regulation Index (BRI)
includes subscales for Inhibition, Shift, Emotional Control and Monitoring, and the Metacognition
Index (MI) includes subscales for Working Memory, Planning/Organize, Organization of Materials and
Task Completion. T-scores are created for each subscale; a score between 60 and 64 indicates mildly
elevated difficulties and a score of 65 and higher indicates clinical significant difficulties. Cronbach’s
alphas in the larger study were 0.83 for the BRI, 0.89 for the MI., and 0.81 for the GEC. For the present
study, they were respectively of 0.80, 0.83, and 0.83.

2.3. Data Analysis

SPSS, version 24.0, was used for statistical analyses. Some of the variables of interest
were transformed using windsorized transformation (MTT Total incorrect, MTT Incongruent cost,
MTT Multitasking cost, and RVL Response latency), or using a combination of a windsorized and a
logarithmic transformation (binge eating and depressive symptoms), considering their non-normal
distributions [54]. Then, group comparisons were performed to compare both groups (high FA group
and control group), on all variables of interest (MANOVAs and ANOVAs).

A one-way multivariate analysis of variance (MANOVA) was firstly performed to compare
groups, considering the moderate correlations between the following variables: binge eating,
depressive, and anxiety symptoms, as well as on impulsivity (Urgency, lack of premeditation, lack of
perseverance), and self-reported executive functioning difficulties (Global Executive Composite),
in order to corroborate the results from our previous study [31]. Thereafter, another one-way
MANOVA was performed on all CANTAB outcomes previously described (see Measures section).
More specifically, outcomes of interest were regrouped by task in the same analysis, considering
their theoretical relationships under the same cognitive constructs. The latter were followed by
univariate analyses of variance (ANOVAs) and descriptive analyses on all variables of interest, in order
to document the severity of symptoms and difficulties in both groups. In order to quantify group
comparisons’ effect sizes, partial eta-squared values were calculated and interpreted following Cohen’s
guidelines (small > 0.01; medium > 0.06; large > 0.14) [55].

3. Results

First, according to the YFAS 2.0 results, participants from the high FA group distributed as follows,
according to the symptoms count: 10 participants reported two FA symptoms (40%), seven reported
three symptoms (28%), four reported four symptoms (16%), one reported five symptoms (4%) and
three participants reported six symptoms or more (12%). Within this group, four participants (16%)
endorsed the FA diagnosis (i.e., two FA symptoms or more and the functional impairment or clinical
distress criterion).

The initial one-way MANOVA first showed a significant difference between groups,
when clustering binge eating, depressive, and anxiety symptoms, as well as impulsivity (UPPS Urgency,
lack of premeditation, lack of perseverance), and self-reported executive functioning difficulties (BRIEF
Global Executive Composite) (F(7, 39) = 5.36, p < 0.001, Wilks” A = 0.51). Following that, One-way
ANOVAs between groups showed significant differences with a medium effect size for UPPS- Lack
of premeditation, and strong effect sizes for binge eating and depressive symptoms, UPPS- Urgency,
UPPS- Lack of perseverance, and executive functioning difficulties. A non-significant difference with a
medium effect size was found for anxiety symptoms.
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A second set of one-way MANOVAs was performed to compare both groups on each CANTAB

task separately, regrouping key scores previously presented. Results showed no significant differences
between groups on the Multitasking Test (MTT) (F(4,45) = 0.45, p = 0.77, Wilks” A = 0.96), the One
Touch Stockings of Cambridge (OTS) (F(6,39) = 1.47, p = 0.21, Wilks” A = 0.82), the Stop Signal Task
(SST) (F(3,46) = 0.25, p = 0.86, Wilks” A = 0.98), and the Rapid Visual Information Processing (RVP)
(F(3,46) = 1.26, p = 0.30, Wilks” A = 0.92). Interactions between groups and, sex, age (12-14 and
15-18), and BMI categories were tested independently, and were not statistically significant. However,
based on independent group comparisons for each task’s outcomes, it is possible to observe three
effects sizes ranging from small (OTS-Probability of error given incorrect = 0.04; RVP-Probability of
false alarm = 0.03) to medium (RVP-A’ = 0.07). Descriptive statistics and ANOVAs outcomes for each

dependent variable are shown in Tables 1 and 2.

Table 1. Group comparisons-Self-reported variables (high FA group vs. control group).

High FA Group Control Group

(=25 (n=125) Contrasts
M sD M ) F Partial
Eta-Squared
. . a 14 10.15 5.29 4.10
Binge eating symptoms (BES)™ 1 1) (026)  (070) (033) 2149 <001 032
. a 18.6 11.55 6.60 6.06
Depressive symptoms (BDI) (1200 (031)  (0.69)  (045) 2086  <0.01 032
Anxiety symptoms (MASC) 52.04 18.54 42.54 20.25 2.81 0.10 0.06
Urgency (UPPS) 30.22 6.62 23.83 6.52 11.10 <0.01 0.20
Lack of premeditation (UPPS) 24.96 541 21.16 5.04 6.17 <0.05 0.12
Lack of perseverance (UPPS) 22.57 4.99 17.83 4.40 11.92 <0.01 0.16
Sensation seeking (UPPS) 33.35 8.03 32.72 8.14 0.07 0.79 <0.01
Executive functioning
difficulties-Global Executive 54.30 8.83 46.11 10 8.76 <0.01 0.16
Composite (GEC)

Note: BES = Binge Eating Scale; BDI = Beck Depression Inventory; MASC = Multidimensional Anxiety Scale for
Children; UPPS = Urgency, Premeditation (lack of), Perseverance (lack of), Sensation Seeking — Impulsive Behavior
Scale. ® Windsorized and logarithmic transformations were applied. Transformed scores are indicated in brackets.

Table 2. Group comparisons-CANTAB neuropsychological tasks (high FA group vs. control group).

High FA Group Control Group

(1 =25) (1=25) Contrasts
M sD M sD F P Partial Eta-
Squared
Executive functioning
MTT @

Total incorrect 7.08 6.83 6.84 6.71 0.02 0.90 <0.01
Reaction latency (ms) b 550.00 83.35 565.42 83.48 0.43 0.52 <0.01
Incongruency cost ab 35.86 43.92 33.84 25.07 0.04 0.84 <0.01
Multitasking cost ab 199.04 96.43 181.49 107.21 0.37 0.55 <0.01

OTs
Problems solved on first choice 10.71 2.24 10.86 1.75 0.07 0.80 <0.01
Mean choice to correct 148 0.36 145 0.25 0.12 0.73 <0.01
Latency to first choice (ms) b 9172.50 4208.17 894432 2832.11 0.05 0.83 <0.01
Latency to correct (ms) b 9827.42  4304.16  10,478.77 3773.67 0.30 0.59 <0.01
Probability of error given correct 0.31 0.17 0.32 0.13 0.11 0.75 <0.01
Probability of error given 026 022 0.19 0.18 1.69 020 0.04

incorrect

SST
Stop Signal Reaction Time (SSRT) ~ 208.04 28.22 202.82 39.85 0.29 0.60 <0.01
Post-error slowing 18.14 92.27 34.02 73.81 0.45 0.51 <0.01
Post-success slowing 7.18 73.01 13.58 64.67 0.11 0.74 <0.01

Sustained attention

RVP
A 0.88 0.06 0.91 0.05 3.41 0.07 0.07
Response latency (ms) 2P 430.78 63.17 428.62 49.46 0.02 0.89 <0.01
Probability of false alarm 0.03 0.10 0.02 0.07 1.28 0.26 0.03

Note: ms = milliseconds. MMT = Multitasking Test; OTS = One Touch Stockings of Cambridge; SST = Stop Signal
Task; RVP = Rapid Visual Information Processing; A" = Sensitivity to target. * Windsorized transformations were
applied. ® Median score.
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Finally, it should be noted that correlation analyses showed moderate to strong significant
associations between the following self-reported variables: FA symptoms, binge eating, depressive
and anxiety symptoms, UPPS Urgency scale and the BRIEF Global Executive Composite. Correlations
between self-reported data and neuropsychological tasks” outcomes were much smaller, revealing few
significant associations. Among all CANTAB scores, only the Rapid Visual Information Processing
(RVP) outcomes, A’ (sensitivity to the target) and the probability of false alarm, were significantly and
moderately correlated with FA symptoms.

4. Discussion

Addictive-like eating behaviors are associated with many negative outcomes, namely weight
gain, obesity and related medical conditions, a poorer quality of life, as well as more psychiatric
comorbidities. Beyond this bleak picture, little is known about the risk factors that could possibly
contribute to the emergence of those eating behaviors in adulthood. Thus, the present study aimed to
investigate cognitive factors associated to FA symptoms in adolescents, in order to identify potential
cognitive risk factors in the development of FA at this developmental stage. More specifically, the aim
of this study was to compare a group of adolescents with high levels of FA symptoms (two symptoms
and more), to a control group without FA symptoms, on neuropsychological tasks assessing key
cognitive domains (sustained attention and executive functioning). To the best of our knowledge,
our study is among the first to use neuropsychological tasks in the study of FA in adolescents.

First of all, group comparisons on self-reported data showed that participants with a high level of
FA symptoms reported a significantly more severe profile on almost all self-reported assessed variables
compared to adolescents from the control group. However, our results showed no statistically significant
differences between groups, among key scores for all four tasks of the CANTAB neuropsychological.
It means that participants from both groups showed similar performances on tasks assessing sustained
attention and executive functioning. Since CANTAB cognitive tests have been highly validated as
sensitive measures to examine cognitive functions related to brain networks, it is possible to think that FA
symptoms in adolescents are not clearly accompanied with a specific pattern of cognitive difficulties that
can be captured by neuropsychological tasks in a context of neutral stimuli. These results are supported
by Hardee et al., who also noted an absence of difference on neuropsychological tasks (inhibitory
control), according to FA symptoms [32]. This pattern also seems to be observed in related conditions,
like binge-eating disorder (BED), which is mainly characterized by frequent overeating episodes in a
discrete period of time, and a feeling of lack of control over the food intake during those episodes [38].
For example, Kittel, Schmidt, and Hilbert, only found small differences between adolescents with
BED and obesity and control adolescents with obesity only, on well-validated neuropsychological
tasks assessing multiple cognitive functions (sustained attention, inhibition, cognitive flexibility and
decision-making) [56]. Our results as well as those of recently obtained from Hardee and Kittel’s
studies may indicate that compulsive overeating behaviors are not typically associated to specific
cognitive dysfunctions in this developmental stage, or that the associated cognitive difficulties cannot
be captured by standard neuropsychological tasks. It is however important to note that neuroimaging
findings from Hardee et al., revealed cerebral activity that could be associated with a poorer inhibitory
control in participant with a higher level of FA symptoms [32]. According to this result, we cannot yet
rule out the presence of cognitive difficulties or impairments in adolescents with FA symptoms.

Nevertheless, our results showed slightly poorer performances from participants within the high
FA group according to effect sizes estimates, on three specific scores. Since these differences between
groups were not statistically significant and effect sizes were small, the following hypotheses aim to
stimulate reflection about potential cognitive factors associated to FA symptoms, according to previous
findings in adults. Firstly, compared to the control group, participants from the high FA group showed
a slightly higher probability of producing an error on the OTS —assessing planning and working
memory — only when the previous trial was responded incorrectly. No difference between groups
was observed when the previous trial was responded correctly (i.e., when the participant previously
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gave the expected response). It is possible to think that, after an error, it was harder for those with
significant FA symptoms to adjust their behaviors in order to avoid the same error on the next trial.
Previous findings, from adult studies, suggested that individuals with more FA symptoms showed
more difficulties in error or performance monitoring [15,18]. Finally, both groups slightly distinguished
themselves on two of the RVP scores, used to measure sustained attention. More specifically, compared
to the control group, subjects from the high FA group showed a poorer target sensitivity with a medium
effect size, suggesting that they were a little less efficient in detecting the sequences they were asked to;
and a slightly higher probability of false alarm with a small effect size, suggesting that they tended a
little bit more often to identify the target as present, when it was absent or incomplete. These outcomes
could be associated with one’s difficulties to focus his attention on the ongoing task [57]. Accordingly,
Steward et al. suggested deficits in sustained attention, in adults with obesity and FA [17]. Thus,
FA symptoms could be associated with a poorer ability to sustain attention, as soon as in adolescence.
However, these results should be replicated in order to support these hypotheses. More precisely,
it would be interesting to reproduce this study in a clinical sample of adolescents endorsing the FA
diagnosis, as a way to examine if the same patterns can be observed, but with larger effect sizes.
Moreover, an interesting finding is the discrepancy between group comparisons on self-reported
questionnaires, and those on neuropsychological tasks. Our results showed a significant difference
between groups according to self-reported executive functioning difficulties whereas no clear distinction
was found on the neuropsychological tasks. Self-reported measures aim to assess the participant’s view
of his own self-regulatory strengths and weaknesses in his everyday life, whereas neuropsychological
tasks consist in a performance-based task designed to objectively assess cognitive functioning.
Accordingly, it is possible to think that a self-reported measure of executive functioning is a more
sensitive way to assess self-regulation or executive difficulties in adolescents with an addictive-like
pattern of eating, while neuropsychological tasks seem not to offer a convergent source of information.
Recently, Demidenko, Huntley, Martz, and Keating have argued that self-reported measures of cognitive
constructs would represent a more consistent predictor of risky behaviors in adolescents (for example
substance use), than cognitive tasks [58]. Moreover, they found that associations between risky
behaviors and self-reported measures were stronger than with cognitive tasks outcomes. The same
observation can be made from our data, as the magnitude of the associations between FA symptoms and
the self-reported measure of executive functioning was clearly larger than with the neuropsychological
tasks” outcomes. Demidenko and his collaborators proposed that even though cognitive tasks predicted
some risky behaviors, they seemed to require a greater power to detect a small effect, in opposition to
the self-reported measures [58]. Accordingly, they reconsidered the use of neuropsychological tasks
in laboratory settings as a way to infer real-world risky behaviors in adolescents. A similar pattern,
in which self-reported measures of executive functioning showed clearer differences between groups
than cognitive tasks, has been observed in a previous study in adults suffering from severe obesity [18].
It is possible to think that classical neuropsychological tasks do not allow capturing the affective
components of executive functioning or hot executive functions. The latter are considered as major
factors in the development of an addiction, involved in the weighting of pros and cons in the
decision-making process [8,59]. Although the self-reported measure does not directly activate the
affective components of executive functioning either, it includes items referring to emotional control
in everyday life, assessing the impact of executive function difficulties on the emotional expression,
as well as one’s ability to regulate or control his/her responses to emotions (e.g., “I overreact to small
problems”). Even though adolescents from the high FA group did not reported clinically significant
difficulties on the self-reported measure, it nevertheless allows to significantly discriminate participants
according to FA symptoms. The present study highlights the relationship between self-reported
executive functioning and negative affect, as depressive and anxiety symptoms, as well as with urgency.
Considering the previous statements and the absence of significant difference on neuropsychological
tasks, FA seems to be mainly characterized by a tendency to experiment more distress and negative
affects and a tendency to act on them impulsively as well as a difficulty to regulate them satisfactorily.
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Besides, those could represent vulnerability factors in the development of addictive-like eating. Still,
the subjective nature of self-reported measures naturally comes with personal biases that could be
associated with many factors hardly measurable; it could also affect study results and come with an
over or under evaluation of one’s own difficulties varying from one individual to another. Even though
self-reported measures are known to provide valid findings, their subjective nature limits the associated
conclusions. Thus, it would be interesting to measure the cognitive correlated of FA in adolescents in
a more objective way, but in a setting with better ecological validity in order to capture the affective
components of those functions in a real-life setting. We also think that a structured interview to assess
eating behaviors, psychological symptoms, and impulsivity would be a great addition, to objectively
assess those variables as well.

Our results should be considered in light of some limitations. First, the present sample was
recruited within the general population, with a limited access to adolescents with overweight and
obesity. The narrowed BMI range of the present sample has limited the inclusion of BMI categories in
the analyses, as well as in the discussion of our results. In addition, the use of a subthreshold of the
FA diagnosis in the recruitment of the high FA group could also represent a limitation to the present
findings and conclusions. Indeed, it could have contributed to the small and statistically non-significant
differences between both groups, which could have been clearer with the FA diagnosis as a threshold.
Participants’ selection for the present study could also have induced a selection bias. More precisely,
participants consented to be contacted for the present study, after completing a battery of questionnaires
on their eating behaviors and psychological condition. It is possible that, those who presented a
more severe profile, were not interested in participating in this project. A majority of the participants
came from private schools, which could also have an impact on the representativeness of the sample.
Moreover, since participants were received in time slots that were more convenient for them, we did
not control for the moment of the testing and it could have varied across participants; it is also possible
that it influenced slightly their performances, even though we asked them to pick a moment when
they felt rested and awakened. Finally, the relatively small sample size, and the cross-sectional design
also represented limitations in the interpretation of the outcomes. Even though the actual sample
size was adequate to test our hypotheses, a larger sample size could have allowed clearer results
and conclusions, especially in the examination of cognitive factors associated with FA symptoms.
In order to support the present findings, future studies in this field should also include longitudinal
study designs, in order to clarify the direction of the associations between psychological symptoms,
cognitive functioning and FA symptoms. Beyond self-reported measures and neuropsychological
tasks, neuroimaging technic would also represent an interesting addition in future studies. Finally,
considering the clear relationships between FA symptoms and variables surrounding negative affect,
it would also be interesting to examine neuropsychological substrates of FA, in a context involving a
greater affective load.

An important strength of the present study was the use of the CANTAB, a well-validated and
sensitive measure cognitive functions. The use of a computerized cognitive battery reduced the
potential sources of errors across the whole process, including testing and data entry. Moreover,
the use of an alternative measure of executive functioning (BRIEF-SR), offered an interesting look to the
participants’ perception of their own cognitive difficulties, as compared to their objective performance
on cognitive tasks. Although participants’ selection in the general population has limitations, it also
represented strength of the present study. More precisely, we accessed to a group of adolescents
with potentially emerging addictive-like eating behaviors accompanied with preclinical psychological
symptoms. The majority of this subgroup could represent an understudied category of adolescents
who seems to be in a critical period in the development of FA, during which a concerning distress is
reported without being associated with important consequences. Internalized symptoms related to FA
could also suggest a greater difficulty to detect and manage this condition before the development of
more obvious health problems (e.g., overweight and obesity, type 2 diabetes, cardiovascular problems).
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Finally, the selection of a healthy control group, according to FA symptoms, also represented strength
of the study design.

5. Conclusions

The main objective of the present study was to explore cognitive factors associated to FA symptoms
in adolescents, by comparing adolescents with a significant number of symptoms to a control group,
on multiple neuropsychological tasks. Even though our results did not show any significant differences
or impairments on the key scores of the tasks, outcomes allowed some interesting comments and
hypotheses on the potential vulnerability factors of FA in adolescents. Firstly, it highlighted the
absence of clear cognitive impairment or difficulties in adolescents with a high level of FA symptoms,
as assessed with neuropsychological tasks. Even though some subtle cognitive distinctions have been
observed and discussed, we cannot actually conclude that cognitive difficulties are implied in the
emergence of FA symptoms. Then, a prominent finding was the distinction between self-reported
questionnaires and neuropsychological tasks, in the discrimination of adolescents with and without FA
symptoms. Regarding this finding, we suggested that self-reported measures assessing depressive
symptoms (or negative affect), impulsivity, and executive functioning difficulties were more sensitive
than the computerized tasks to assess the severity of this condition. It suggests that the presence of
FA symptoms in adolescents could be accompanied with a more impaired self-reported condition,
including internalized symptoms, in a developmental period of major changes and distress. At this
stage, the propensity to experiment negative affect and difficulties in regulating them could represent a
central vulnerability factor in the development of an addictive-like pattern of eating, and should be a
focal point in the future research, the clinical assessment and treatment of this condition. More studies
are needed to clarify the neurocognitive mechanisms underlying FA in adolescents.
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Abstract: Restrained eaters display difficulties engaging in self-control in the presence of food.
Undergoing cognitive training to form associations between palatable food and response inhibition
was found to improve self-control and influence eating behaviors. The present study assessed
the impact of two such response inhibition trainings on food consumption, food-related anxiety,
and implicit attitudes toward food among female restrained eaters (Dutch Eating Behavior
Questionnaire-restrained eating subscale > 2.5). In Experiment 1, 64 restrained eaters completed
either one of two training procedures in which they were asked to classify food vs. non-food
images: a food-response training, in which stop cues were always associated with non-food images,
or a balanced food-response/inhibition training, in which participants inhibited motor actions to
food and non-food stimuli equally. The results revealed reduced snack consumption following
the food-response/inhibition training compared to the food-response training. The food-response
training was associated with increased levels of food-related anxiety. In Experiment 2, the same
training procedures were administered to 47 restrained eaters, and implicit attitudes toward palatable
foods were assessed. The results revealed an increase in positive implicit attitudes toward palatable
foods in the food-response/inhibition group but not in the food-response training group. The results
suggest that balancing response inhibition and execution across food and non-food stimuli may
reduce overeating while retaining positive attitudes toward food among female restrained eaters.

Keywords: restrained eating; response inhibition; stop-signal task; implicit associations; cognitive
training; inhibitory control

1. Introduction

Restrained eaters, or “chronic dieters”, are individuals who restrict food intake in an attempt to
promote weight loss or avoid gaining weight [1]. Restrained eaters are generally highly motivated to
restrict their food intake in order to control body weight. Paradoxically, several studies have shown that
restrained eaters consume larger amounts of food compared to unrestrained eaters [2,3]. Additionally,
severe restrained eating is a significant risk factor for eating disorders and is associated with increased
levels of depression and anxiety [4]. As such, it is important to better understand the underlying
factors that affect restrained eating and how to promote more balanced eating patterns.

Exposure to palatable high-calorie foods is one of the common risk factors for overeating among
restrained eaters (for review see [5]). Difficulty engaging in self-control while being exposed to palatable
foods may be a consequence of a failure to activate neurocognitive abilities, such as response inhibition.
Response inhibition is an executive function which allows one to pursue goal-directed behavior by
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overriding actions or thoughts based on a strong internal predisposition or external lure [6]. Indeed,
multiple studies have demonstrated an association between response inhibition and eating behaviors
(for review see [7]). Several researchers have suggested that inefficient activation of response inhibition,
especially following exposure to food stimuli, may reflect difficulties in self-control and maintain
binge eating episodes in individuals with bulimia nervosa, binge eating disorder, and obesity [8-12].
In contrast, superior response inhibition triggered following the presentation of high-calorie foods
has been demonstrated in patients with anorexia nervosa [13], a disorder characterized by dangerous
weight loss due severe dietary restraint, fear of gaining weight, and body image disturbance [14].
Specifically, over-activation of response inhibition was hypothesized to allow patients with anorexia
nervosa to endure prolonged periods of self-starvation [13,15]. Taken together, it seems that imbalanced
activation of response inhibition (i.e., inefficient/under-activation or superior/over-activation) may
underlie various disordered eating styles (i.e., overeating and restricted eating, respectively).

Restrained eating is not a psychiatric disorder as eating disorders are. However, dietary
restraint is a core feature in eating disorders such as bulimia and anorexia nervosa [14]. Thus,
studying response inhibition among healthy individuals with restrained eating may shed light on
the phenomenon, independently of comorbid psychopathologies and physical complications that
are commonly associated with eating disorders. Imbalanced activation of response inhibition was
also reported in nonclinical samples of restrained eaters [16-18]. For example, in a previous study,
we showed that restrained eaters were better at inhibiting a response following exposure to palatable
food images compared to non-food images [18]. However, when being exposed to neutral non-food
stimuli, restrained eaters’ response inhibition abilities were poorer compared to that of unrestrained
eaters [18]. This pattern suggests that a strong activation of response inhibition following exposure to
food stimuli may support restrained eaters’ goal to reduce food consumption. However, in the long run,
due to a general deficit in inhibitory resources, such restriction may lead to a paradoxical breakdown of
control over eating behaviors [3]. Again, this pattern strengthens the notion that imbalanced activation
of response inhibition abilities may be involved in disordered eating among restrained eaters. Taken
together with the evidence reviewed above, it is not surprising that studies found that training response
inhibition can directly influence eating behaviors (for reviews see [19,20]).

Computerized training procedures that train response inhibition to food usually involve associating
images of palatable foods with stopping by presenting images of food along with task cues that instruct
stopping an action. The association formed between palatable foods and stopping was shown to
reduce food consumption among healthy individuals and those with obesity [19,20]. Similar training
interventions were used with other clinical populations in which a stimulus that commonly triggers
unwanted maladaptive behavior (e.g., compulsions in obsessive-compulsive disorder) was associated
with response inhibition in order to extinguish compulsive behaviors [21]. Interestingly, associating
stop cues with palatable food images influences not only eating but also attitudes toward palatable
foods among healthy individuals and those with obesity. For example, in a series of studies, Chen and
colleagues have shown that palatable food stimuli are rated as less attractive after a training task that
associated palatable food images with stop cues [22-24].

To date, most studies have attempted to reduce food consumption and create negative attitudes
toward food among different populations by associating response inhibition with food stimuli.
However, it seems that a more therapeutic goal for restrained eaters would be to achieve greater balance
between response inhibition and response execution in the presence of food, rather than training them
to constantly stop their responses in the presence of palatable foods. In other words, self-control in the
presence of food should reflect flexibility between food consumption and restriction—an ability that
seems to be lacking in restrained eaters. Improving self-control in the presence of food in such a way
may also reduce food-related anxiety and increase positive attitudes toward food among individuals
who chronically restrict food intake.

The goal of the present study was to assess the impact of two response inhibition training
procedures on food consumption, food-related anxiety, and implicit attitudes toward palatable foods
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among female restrained eaters. In one training group, restrained eaters completed a behavioral task
in which palatable food images were always associated with response execution and non-food images
with response inhibition. That is, restrained eaters never had to inhibit their response upon seeing food
and always had to inhibit their response when seeing non-food stimuli (i.e., food-response group). In a
second training group, the task was modified so that restrained eaters had to inhibit their response to
food and non-food images in an equal proportion (i.e., food-response/inhibition group). The primary
outcome measures were snack consumption in a bogus taste test, changes in food-related anxiety
(Experiment 1) and implicit attitudes toward palatable foods in the food—valence compatibility task
(Experiment 2) following the training. We expected that snack consumption will be smaller in the
balanced food-response/inhibition training group compared to that in the food-response training group.
Additionally, we expect that the food-response/inhibition training will result in reduced food-related
anxiety and an increase in positive implicit attitudes toward high-calorie foods.

2. Experiment 1
2.1. Method

2.1.1. Participants

Sixty-eight restrained eaters participated in this experiment in return for a small monetary reward.
Because restrained eating as a means to control weight is far more common in females than in males,
only female restrained eaters were recruited for the current study. Demographics and characteristics
of the sample are shown in Table 1. All participants had normal or corrected-to-normal vision,
had no history of attention deficits or dyslexia, and were unaware of the purposes of the experiment.
All participants were recruited from an undergraduate university sample. Potential participants were
initially screened using an online survey, which included the Restrained Eating subscale of the Dutch
Eating Behavior Questionnaire (DEBQ-R) [25]. Participants who scored >2.5 were invited to the lab by
email to participate in the study. Body mass index (BMI) lower than 18.5 or greater than 35 was used
as an exclusion criterion. Four participants did not complete the bogus taste test, and therefore, their
results were not further analyzed (three refused to taste at least one of each snack and one was fasting
due to a religious holiday). The final sample included 64 female participants. The participants were
randomly assigned to either the food-response training group or the balanced food-response/inhibition
training group (Table 1).

Table 1. Characteristics of training and control groups.

Experiment 1

Food response Food response/inhibition

Factor 1 =32) (1 = 32) t p-value
Age 24.06 (2.4) [19-32] 24.13 (2.2) [19-31] £(62) = 0.11 0914
BMI 23.85 (3.3) [18.4-30.1] 24.16 (4.1) [15.2-35] £#(62) = 0.34 0.736

DEBQ-R 3.07 (2.88) [2.6-3.6] 3.08 (0.3) [2.6-3.6] £#(62) = 0.13 0.898
Experiment 2
Food response Food response/inhibition _val
(n=23) (n=24) prvatue
Age 25.04 (4.1) [20-40] 26.54 (6.6) [20-49] £(45) = 0.94 0.354
BMI 24.08 (3.7) [8.8-34.2] 25.33 (3.5) [20.3-35] £(45) = 1.18 0.243
DEBQ-R 3.81(0.5) [3.1-4.6] 3.78 (0.5) [3.1-5] (45) = -0.18 0.859

Mean, (SD), [Range] of sample characteristics. Independent t-test analyses for age, BMI (body mass index),
and DEBQ-R (Restrained Eating subscale of the Dutch Eating Behavior Questionnaire reveal no differences between
the groups.

2.1.2. Procedure

The study was approved by the ethical committee of the Hebrew University of Jerusalem and
followed the American Psychological Association (APA) ethical standards. To reduce differences in a
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priori states of hunger, participants were asked to refrain from eating or drinking anything but water 3 h
prior to the experiment. After signing an informed consent form, participants completed the following
steps (a) participants completed self-report measures, including the DEBQ-R and questions regarding
their hunger (“How hungry are you at the moment from 1—Not hungry at all to 10—Extremely
hungry”), weight, and height, and were asked to assess their current level of food-related anxiety
using a visual analog scale (VAS; “How anxious are you right now about issues related to food and
eating”). (b) Participants were randomly assigned into one of the two groups: the food-response or
the food-response/inhibition training group. Based on the training group, each group completed a
different version of the food stop-signal task (F-SST) [18] (further details below). (c) Following the task,
participants completed a bogus taste task to measure food consumption. (d) Finally, participants were
asked to answer self-report questions, identical to those asked at baseline, regarding their hunger and
current level of food-related anxiety (using a VAS).

In order to ensure that participants were unaware of the purpose of the experiment, the taste test
and the F-SST were presented as two separate studies. Participants were told that they were recruited
for a laboratory taste test but were told that they will have to wait 15 minutes after completing the
questionnaires and before the taste test. Then, they were offered to “use this time” to participate in
“a different study in our lab” (the F-SST) for additional payment. All participants agreed. Participants
received a total of ~10 USD (5 USD for the “original” taste test and another 5 USD for the “additional”
computerized task).

2.1.3. Measures

The Restrained Eating Subscale of the Dutch Eating Behavior Questionnaire (DEBQ-R) [25].
The restrained eating subscale includes 10 questions regarding one’s tendency to restrict food
consumption. Ratings are made on a five-point Likert scale. Participants completed the Hebrew
version of the questionnaire. The questionnaire was translated to Hebrew in the following way:
Two independent translators translated the questionnaire to Hebrew. Inconsistencies were then
discussed. Next, a third translator reverse-translated the questionnaire back to the English to ensure
clear understanding of all items. Cronbach’s alpha value in the original study was 0.95 [25] and in the
current study it was 0.89.

The Food Stop-Signal Task (F-SST; Figure 1). The two versions of the F-SST were administered to
associate food/no-food stimuli with either response or stopping behaviors. Each trial in the task started
with a black fixation point presented at the center of a white screen for 1000 ms. Next, participants
were shown an image of either a food or non-food item in the center of the screen (i.e., a go signal).
Participants were instructed to press the “z” key on the keyboard for food stimuli or the “?” key for
non-food stimuli as fast as possible. Forty images of food (18 sweet and 22 savory) and 40 non-food
images (household items) were selected from the “food pics” database [26]. On a random selection
of 25% of the trials, a stop signal (i.e., a blue frame that appeared for 50 ms) was presented after a
“stop-signal delay” (SSD) of 300 ms. Participants were instructed to withhold their response upon
seeing the stop signal. Each trial ended with a 500 ms inter-trial interval. The task started with
32 practice trials that included feedback on accuracy and response times (RTs). The experimental task
included 240 trials.
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Figure 1. An example of a stop-food trial in the F-SST (food stop-signal task).

In order to create two training groups, the proportion of trials in which a stop signal followed food
or non-food stimuli was manipulated. In the food-response training group, all 60 trials that included a
stop signal were trials in which the stop signal appeared after non-food images and never after food
items. That is, this task always involved executing a behavioral motor response when being exposed to
food images. In the food-response/inhibition training group, the stop signals were distributed equally
across trials, which included food and non-food images as go-signals (i.e., 30 stop signals on food trials
and 30 on non-food trials), creating a balance between response inhibition following exposure to food
and non-food items.

The bogus taste test [27] was used to measure food consumption. Three bowls of palatable snacks
containing chocolate-covered peanuts (M&Ms; 3.4 kcal each), hazelnut biscuits (Loacker; 17.4 kcal
each), and pretzel sticks (5 kcal each) were presented to each participant (all snacks were about the
same size). Note that none of these snacks were used in the F-SST task. Participants were asked to
“taste the snack from each bowl” (in a consistent order) and were asked to rate the taste of each snack
on a scale of 1 to 10. No instruction was given regarding the amount food that the participant needed
to taste (tasting at least 1 snack from each of the three bowls was mandatory in order to participate
in the study). After each participant, the bowls were collected, and the total amount of snacks eaten
was recorded.

2.2. Results

As presented in Table 1, there were no differences between the two groups of restrained eaters
in age, BMI, and DEBQ-R. Before assessing differences in food consumption between the groups,
we conducted a t-test to assess differences in hunger level between the groups before the training and
found no differences in hunger level between the food-response training group (mean = 4.47, SD = 2.23)
and the food-response/inhibition training group (mean = 3.97, SD = 1.77) (£(62) = 0.99, p = 0.324).

To ensure proper task engagement, we calculated two measures for the F-SST task: the nsRT (RT
in no-stop-signal trials) and the nsACC (accuracy in no-stop-signal trials). There were no significant
differences between the groups in both nsRT (food-response training: mean = 540, food-response/
inhibition training: mean = 527; #(62) = 0.71, p = 0.480) and nsACC (food-response training: mean = 0.96,
food-response/inhibition training: mean = 0.95; #(62) = 0.55, p = 0.585), indicating similar task
engagement in both groups, on measures that are not affected by the specific version of the task.
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Next, food consumption was calculated for each participant as the sum of snacks tasted from all
three bowls. To test our primary hypothesis, independent t-tests were carried out to assess differences
between the training groups in food consumption. As was hypothesized, the results showed reduced
food consumption in the food-response/inhibition training group compared to the food-response
training group. This was evident both in number of snacks eaten (5.53 (SE = 0.39) in the food-response
group vs. 4.34 (SE = 0.29) in the food-response/inhibition group; #(62) = 2.45, p = 0.017, Cohen’s d = 0.61;
Figure 2A) and in the total amount of kcal consumed (48.88 (SE = 4.23) in the food-response group vs.
37.34 (SE = 3.27) in the food-response/inhibition group; #(62) = 2.16, p = 0.034, Cohen’s d = 0.54).
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Figure 2. (A) Differences in snack consumption between the food-response and the food-response/
inhibition training groups. The y-axis represents the total number of snacks eaten from the three bowls.
(B) Changes in food-related anxiety as a function of training group and time. The y-axis shows the
food-related anxiety score on the visual analog scale (VAS). The x-axis represents group. Error bars
represent 1 standard error from the mean. * indicates p < 0.05.

In order to assess changes in food-related anxiety following the trainings, we conducted a two-way
mixed model (ANOVA) on food-related anxiety score on the VAS with time (pre vs. post) as a
within-subject factor and group (food-response training vs. food-response/inhibition training) as
a between-subject factor. There were no main effects for time (F(1, 62) = 0.37, p = 0.547) or group
(F(1, 62) = 2.08, p = 0.154). Importantly, the group X time interaction was significant (F(1, 62) = 5.46,
p =0.023,np? = 0.08). Planned comparisons revealed a trend toward increased food-related anxiety
from pre- to post-training in the food-response training group (#(31) = 1.91, p = 0.06, Cohen’s d = 0.56;
Figure 2B), whilst in the food-response/inhibition group, there was a reduction in food-related anxiety
from pre- to post-training, but this did not reach significance level (#(31) = 1.36, p = 0.18; Figure 2B).
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2.3. Discussion Experiment 1

In line with the a priori hypothesis, the results showed reduced food consumption in the
food-response/inhibition training group compared to that in the food-response training group.
This supports the notion that a response inhibition training aimed to balance response execution and
inhibition to food stimuli can influence actual food consumption among female restrained eaters.
In addition, differences between the training groups were observed in food-related anxiety. Specifically,
a trend showing an increase in food-related anxiety following the food-response training and reduced
food-related anxiety following the food-response/inhibition training resulted in a significant interaction
between time and training group. That said, the simple effects testing pre- and post-training changes
in each group separately did not reach a significance level. Nevertheless, the interaction between
time and group showed that food-specific response inhibition training can influence not only eating
behaviors but also the emotional response to food. This is important because previous studies have
shown that restrained eaters tend to overeat in response to negative emotions such as stress [28].
High-calorie food stimuli, such as those used in the training task, are considered threat-provoking
stimuli for restrained eaters because high-calorie foods are associated with weight gain. Thus,
the fact that the food-response/inhibition training exposed participants to palatable high-calorie
foods yet reduced food-related anxiety is clinically meaningful. While Experiment 1 implies that
a balanced food-response/inhibition training can help prevent overeating and change food-related
anxiety, it does not inform us regarding the participants’ attitudes toward food. Previous studies
have shown that following response inhibition trainings, palatable foods are often rated as less
attractive [24]. Therapeutically, encouraging negative attitudes toward food among restrained eaters
may not be ideal since these individuals already hold more negative attitudes toward food compared to
unrestrained eaters [29]. Therefore, Experiment 2 was conducted to assess whether and how a balanced
food-response/inhibition training influences restrained eaters” implicit attitudes toward food stimuli.

3. Experiment 2
3.1. Method

3.1.1. Participants

Fifty-three female restrained eaters, who did not participate in Experiment 1, participated
in this experiment in return for small monetary compensation (~5 USD). Inclusion and exclusion
criteria were identical to Experiment 1. The study was administered online. Six participants were
excluded from further analyses due to low task engagement: five due to less than 70% accuracy
in the food-valence compatibility task (FVCT; either before or after training) and one due to an
extremely high number (> 2.5 SD) of no response trials. The final sample therefore included 47 female
participants. The participants were randomly assigned to either the food-response training (1 = 23) or
the food-response/inhibition training (1 = 24) group. Demographic and clinical characteristics of the
two groups are presented in Table 1.

3.1.2. Procedure

The study was approved by the Institutional Review Board of the Hebrew University of Jerusalem
and followed APA ethical standards. Procedures in Experiment 2 were almost identical to those of
Experiment 1. In Experiment 2, the SSD in the food-stop-signal task was initially set to 300 ms and a
tracking procedure was then applied (see [30]). The only differences were that participants completed
the FVCT (Figure 3) before and after completing the F-SST in order to assess changes in their implicit
attitudes toward palatable foods, and that the taste test was not administered.
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3.1.3. Measures

The food-valence compatibility task (FVCT; Figure 3) was used to assess implicit attitudes toward
food by examining response interference caused by associating palatable food images with positive
and negative words. Each trial of the task began with a 1000 ms fixation followed by the target word
that was presented for 1000 ms or until response. In each trial, one of four clearly positive words
(i.e., excellent, wonderful, great, or pleasurable) or one of four negative words (i.e., gross, disgusting,
terrible, or horrifying) was randomly selected and presented at the upper center panel of the screen.
Under the target words, prime-pictures were presented. The prime-pictures were randomly selected
out of 10 palatable food and 10 non-food pictures. Participants were asked to categorize the words
to positive vs. negative-valence words by pressing the “Z” key (with their left hand) or the “?”
key (with their right hand), respectively. Instructions emphasized the need to respond to the target
word as quickly and as accurately as possible. Prior to the experimental block, a training block was
administered. This training block was used in order to train participants to associate a left response
with positive words and a right response with negative words. The training block was identical to the
experimental block but consisted of the word “good,” that appeared in the upper left side of the screen,
and the word “bad,” that appeared at the upper right side of the screen. The prime-pictures were not
presented in the training block, and participants received feedback for response time (RT) and accuracy.
The task therefore started with a block of 12 random training trials followed by an experimental block
of 80 trials.

4

WONDERFUL
1000 ms A

>
bo- 2 A

1000 ms
(or response)

Figure 3. An example of a positive food trial of the food—valence compatibility task (FVCT) used in
Experiment 2. Participants are asked to classify pleasant words to a “positive” category and unpleasant
words to a “negative” category.

The main dependent measure of the FVCT was the food—valence association effect, which is
calculated as RT for non-food trials minus RT for food trials. The food—valence association effect
is calculated separately for each valence condition (positive vs. negative). In the negative-valence
condition, a larger effect (non-food RT > food RT) indicates that food and negative words are associated
and thus suggests more negative attitudes toward palatable food, whilst in the positive-valence
condition, a larger effect (non-food RT > food RT) indicates that food and positive words are associated
and thus suggests more positive attitudes toward palatable foods.
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3.2. Results

As presented in Table 1, there were no differences between the two groups of restrained eaters
in age, BMI, and DEBQ-R. Mean reaction time (RT) in the FVCT was calculated for each participant.
The food-valence association effect was calculated for each participant in each valence (negative vs.
neutral) and time (pre- vs. post-training) condition.

To ensure proper task engagement, we calculated two measures for the F-SST task: the nsRT
(RT in no-stop-signal trials) and the nsACC (accuracy in no-stop-signal trials). There were no
significant differences between the groups in both nsRT (food-response training: mean = 592,
food-response/inhibition training: mean = 583; #(45) = 0.33, p = 0.740) and nsACC (food-response
training: mean = 0.93, food-response/inhibition training: mean = 0.94; t(45) = 1.40, p = 0.166), indicating
similar task engagement in both groups.

In order to validate our measurement of implicit association toward food (food—valence association
effect), we tested whether this effect at baseline (prior to practice) correlated with the DEBQ-R scores.
To that end, we subtracted the food—valence association effect for the negative valence from the
food-valence association effect for the positive valence (i.e., a more positive attitude toward food or
a less negative attitude toward food will result in a larger estimate). Results yielded a significant
correlation between this estimate and DEBQ-R scores at baseline (r(46) = -0.31, p = 0.035), indicating
that highly restrained eaters will exhibited more negative and less positive attitudes toward food.

A three-way mixed model ANOVA was carried out on the food—valence association effect, with
group (food-response vs. food-response/inhibition training) as a between-subject factor, and valence
(negative vs. positive) and time (pre-training vs. post-training) as within-subject factors (Figure 4
and Table 2). The results revealed a significant main effect for valence, (F(1, 45) = 58.57, p < 0.001,
np2 = 0.57), indicating a larger food—valence association effect for the positive compared to negative
valence condition. There was also a significant main effect for time (F(1, 45) = 5.40, p = 0.025,
np? = 0.11), indicating a larger food-valence association effect pre-training (mean effect = —7.3,
SD = 34.3) compared to post-training (mean effect = 6.0, SD = 22.9). The main effect for group was not
significant (F(1, 45) = 2.58, p = 0.116). Importantly, the three-way interaction between group, valence,
and time was significant, (F(1, 45) = 5.12, p = 0.029, np2 = 0.10). To further investigate this interaction,
planned comparisons were carried out to examine the effects of time and group for each valence
condition separately. In the positive associations condition, the results showed a significant increase in
the food-valence association effect (i.e., an increase in implicit positive attitudes toward food) pre- to
post-training in the food-response/inhibition training group (F(1,44) = 13.052, p < 0.001, np2 =0.22),
but not in the food-response training group (F(1,44) = 1.094, p = 0.301, n1p = 0.02). In the negative
association condition, there were no pre to post differences in the food—valence association effect in the
food-response/inhibition group (F(1,44) = 2.257, p = 0.14, np2 = 0.04), nor in the food-response training
group (F(1,44) =1.21, p = 0.276, np2 = 0.02) (Figure 4 and Table 2).

Table 2. Results of Experiment 2—food-valence compatibility task (FVCT).

Positive Valence Negative Valence
Fact
actor Pre-Training Post-Training Pre-Training Post-Training

Non-food Food Non-food Food Non-food Food Non-food Food
Food 646 (97) 623 (93) 645 (92) 573 (79) 614 (96) 647 (111) 560 (80) 612 (98)

response/inhibition [0.91] [0.95] [0.84] [0.96] [0.95] [0.86] [0.97] [0.87]
621 (89) 592 (76) 613 (85) 569 (78) 569 (71) 625 (84) 558 (67) 598 (86)

Food response [0.87] [0.93] [0.87] [0.95] [0.97] [0.87] [0.97] [0.89]

Note: Mean reaction time, (SD), and [accuracy] for the different conditions of Experiment 2.
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Figure 4. Differences in the food—valence association effect as a function of group, time, and valence.
The food—-valence association effect was calculated as mean response time (RT) in the non-food condition
minus that in the food conditions. On the left panel (positive-valence condition) higher scores indicate
greater positive associations whilst on the right panel (negative-valence condition) higher scores
indicate greater negative associations. Error bars represent 1 standard error from the mean. * indicates

p < 0.05.
3.3. Discussion Experiment 2

The results of Experiment 2 revealed an increase in positive implicit attitudes toward palatable
foods following the food-response/inhibition training, but not following the food-response training.
There were no differences between the training groups in negative implicit attitudes toward food.
Previous studies have shown that inhibiting motor responses while being exposed to food stimuli
leads to a food devaluation effect. Specifically, inhibited food stimuli were rated as less attractive
following such training procedures [23,24]. Our results showed that balanced response inhibition
training can increase, rather than reduce, positive implicit associations regarding food stimuli among
female restrained eaters. This is especially important considering that restrained eaters already hold
negative attitudes toward food [29]. Therefore, finding ways to increase positive attitudes toward food
among these individuals, while retaining self-control, is clinically important.

4. Discussion

The current study compared two response inhibition trainings on food consumption, food-related
anxiety (Experiment 1), and implicit attitudes toward food (Experiment 2) among female restrained
eaters. Results yielded that a food-response/inhibition training that balanced the requirement to inhibit
and respond to food and non-food stimuli reduced food consumption and increased positive implicit
attitudes toward food. On the other hand, a food-response training procedure that encouraged a
response to food stimuli and inhibition to non-food stimuli increased food-related anxiety and had no
influence on implicit attitudes toward food.

The current study contributes to the existing literature in several important ways. First, response
inhibition trainings are currently being investigated as means for influencing food consumption.
However, most studies form consistent associations between food and stopping a response [19,20].
Besides reduction of food consumption, such training procedures also elicit negative attitudes toward
food among participants [22-24]. In contrast to those studies, the present study showed that a response
inhibition training procedure that balances the requirement to stop a response to food and non-food
stimuli reduces food consumption but also improves implicit attitudes toward food. This finding is
clinically important because therapeutically, we would like to help restrained eaters achieve more
flexible eating behaviors while retaining positive attitudes toward food (i.e., not experiencing food
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as a threat). Second, previous studies have shown that restrained eaters have a general deficit in
response inhibition to non-food stimuli [16-18] and exert more inhibitory resources in order to inhibit
their response to food stimuli compared to non-restrained eaters [18,31]. It has been postulated that
in the long run, the exhaustion of inhibitory resources may subsequently lead to disinhibited eating
behaviors such as overeating [3]. These findings suggest that overeating among restrained eaters may
be the result of a lack of balance between over-activation and under-activation of inhibitory reactions
to food and non-food stimuli. The present study supports this theory by showing that self-control
over eating may be achieved by training restrained eaters to balance response inhibition and execution
between food and non-food stimuli. Our results indicate that such balancing may improve restrained
eaters’ self-control in the presence of food.

In a broader perceptive, the current study adds to the mounting evidence suggesting that response
inhibition is a modular process that can be trained and result in real-life behavioral changes. Specifically,
individuals differ in their ability to use response inhibition as was previously indicated in behavioral
and imaging studies [32-34]. Individual differences in response inhibition mean that some individuals
experience marked difficulties recruiting inhibitory resources in everyday situations. As noted earlier,
general response inhibition failures have been documented among restrained eaters, which may result
in difficulty engaging in self-control in the presence of palatable foods [16,18]. Nevertheless, as the
current study and others demonstrate, the modular nature of response inhibition allows training an
individual to stop an automatic response in the presence of specific environmental cues. Indeed,
previous studies have shown that conditioning response inhibition to activate during exposure to
specific-environmental cues such as beer, cigarettes, and chocolate in lab-based experiments can
subsequently alter how the trained individual behave when presented with these type of cues in
real-life situations [35-37].

Increasing the knowledge on how response inhibition interacts with environmental cues and how
it can be trained may have implications on various psychological disorders that are characterized
by stimulus-driven behaviors or impulse-control problems. In fact, recent studies have provided
preliminary reports that such conditioning can be beneficial in augmenting treatments for clinical
populations (e.g., [38]). For example, in a recent study, a modified version of the stop-signal task was
used to condition automatic inhibition in treatment of refractory patients with obsessive-compulsive
disorder [21]. This study demonstrated that associating disorder-specific stimuli with stopping
can not only change behaviors but also reduce unwanted intrusive negative cognitions. Similarly,
the training procedures used in the current study, not only influenced food intake but also had an
effect on food-related anxiety and attitudes toward food. Other studies have also shown that response
inhibition can result in attitudinal changes regarding food cues that were associated with stopping a
response [22-24]. Taken together, converging evidence suggest that response inhibition trainings can
act to regulate emotions, thoughts, and behaviors.

With respect to clinical implications, although restrained eating is not considered a psychiatric
disorder, it is associated with elevated levels of depression and anxiety [4]. Moreover, studies have
reported that dietary restraint is a proxy for developing eating disorders such as binge eating disorder
and bulimia nervosa (for review see [39]). Restrained eating is also associated with weight gain and
obesity [40]. Therefore, there is great importance in identifying ways to improve restrained eaters
control over eating while retaining positive attitudes toward food. Response inhibition training such
as that tested in the current study may, in the future, show promise as a means to regulate disordered
eating patterns among individuals who are at high risk for developing eating disorders. Nevertheless,
the field of cognitive training using appetitive food cues is relatively new. There are still many questions
that require answers before such training can be offered as clinical interventions. For example, it is still
not clear whether response inhibition trainings using appetitive cues have a lasting effect. Additionally,
the exact amount of training sufficient for eliciting long-term effects is yet to be determined. Lastly,

’

most response-inhibition trainings using appetitive food cues focus on changing eating behaviors.
As such, there is still much to learn regarding the impact of such trainings on emotional and attitudinal
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factors that can be clinically meaningful and influence one’s emotional experience during exposure to
various foods. In the future, it would also be interesting to assess such training procedures as potential
add-on treatments for eating disorders in which over- and under-activation of response inhibition
in the presence of food represent core clinical symptoms of the disorders such as self-starvation in
anorexia nervosa and binge eating in bulimia nervosa and binge eating disorder [8,13].

Several limitations of the current study should be addressed. Experiment 1 did not include a
baseline measurement of food consumption so that the purpose of the training would not be revealed.
However, a lack of baseline food consumption measurement makes it difficult to determine whether the
difference found in snack consumption between the training groups is because of a reduction of food
intake in the food-response/inhibition group or an increase in food intake in the food-response training
group. Future studies should include a baseline measurement of food intake or include a third control
group that does not perform any training. Nevertheless, the results showed that there were no baseline
differences between the groups in hunger level. A second limitation is that Experiment 2 was run online
using a modest sample. Our initial plan was to replicate the results on food consumption and add the
implicit attitude measures, but due to COVID-19, we could not conduct a lab-based experiment with a
taste test. Thus, future studies will need to replicate the results with a larger sample in order to affirm
the beneficial role of the food-response/inhibition task on food consumption and implicit attitudes
toward food. Finally, the DEBQ-R does not have a standardized threshold for defining high-restrained
eating. Therefore, it could be that other thresholds than that used in the current study would yield
different results. However, it is important to note that the same threshold was used in both training
groups as the study only tested high-restrained eaters.

To conclude, the current study revealed that response inhibition training that balances the
requirement to stop a response to food and non-food stimuli can reduce food consumption and improve
positive attitudes toward food among restrained eaters. This study adds to the existing knowledge
regarding how eating behaviors can be modulated using cognitive training procedures that target
neurocognitive mechanisms suggested to underlie disordered eating. Future studies should investigate
the utility of such training procedures as intervention programs with a goal to achieving long-term
effects on eating-related thoughts, emotions, and behaviors.
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Abstract: The aim of the study was to examine the extent to which obese people differ in their
emotionally driven and addictive-like eating behaviors from normal-weight and overweight
people. A total of 1142 participants were recruited from a general population, by a web-based
cross-sectional survey assessing anxiety/depression (Hospital Anxiety and Depression Scale),
emotional eating (Emotional Appetite Questionnaire), food addiction (modified Yale Food Addiction
Scale), and intuitive eating (Intuitive Eating Scale-2). The statistical design was based on analyses of
(co)variance, correlograms, and mediations. A set of Body Mass Index (BMI) group comparisons
showed that obese people reported higher levels of depression and emotional eating and that they
experienced more severe and frequent food addiction symptoms than overweight and normal-weight
people. Associations between anxiety, depression, food addiction symptoms’ count, and the difficulties
to rely on hunger and satiety cues were found across all weight classes, suggesting that addictive-like
eating may represent a unique phenotype of problematic eating behavior that is not synonymous
with high BMI or obesity. Conversely, the interrelation between anxiety/depression, emotional eating,
and the difficulties to rely on hunger and satiety cues was found only among obese participants,
and negative emotional eating mediated the association between depression and anxiety and the
difficulties to rely on hunger and satiety cues. This study emphasizes the necessity to develop more
comprehensive approaches integrating emotional dysregulation and addictive-like eating behaviors
to improve weight management and quality of life of obese people.

Keywords: obesity; food addiction; emotional eating; intuitive eating; depression; anxiety

1. Introduction

Obesity is a multifactorial disease involving an interplay between environmental, genetic,
biological, and psychological factors [1]. Among them, both homeostatic dysregulation, which results
in poor interoceptive awareness and low sensitivity to the physiological hunger and satiety signals [2—4],
and emotional dysregulation [5-7] are increasingly being discussed as possible factors involved in
non-nutritional eating. Failures in weight management may be partly explained by an incomplete
understanding of the psychological obesity risk and maintaining factors [6].
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Indeed, while a decrease or suppression of food intake in response to stress and negative mood
has been conceived as the natural, typical, distress response because of physiological changes that
mimic satiety [8], it is now acknowledged that important individual differences modulate the way
people intake food in the same conditions, with as many as 30 to 50% of people who report eating
more during stressful periods [9]. Consistently with seminal descriptions of the psychological aspects
of hyperphagia and obesity made in the 1950s by Bruch [10], Hamburger [11], and Stunkard [12],
and as conceptualized in the Emotionally Driven Eating Model [6,13,14], some individuals appear to
be susceptible to unhealthy shifts towards energy-dense and highly palatable (HP) food items when
being emotional [15-17]. Both experimental and epidemiological studies on this issue have consistently
identified overweight and obese people as being particularly prone to these shifts, and these findings
are part of the conceptual framework of the recently proposed Clinical Obesity Maintenance Model [6].

From a neurobiological perspective, it is now established that the regulation of food intake
originates from the orchestration of the activity of neural circuits involved in both somatic and affective
(or emotional) homeostatic processes. These links have been viewed as the basis for the development
of undercontrolled, nonhomeostatic, and addictive-like consumption of high-energy-dense and HP
foods [18,19]. While there exists no consensual definition of what should be considered addictive-like
eating patterns [20], the concept of food addiction (FA) has been recently identified as a potential
underlying mechanism of overeating and unsuccessful attempts to reduce calorie intake [21,22]. Suchan
eating behavior triggers the neurobiological cascade associated with the brain reward pathways, in a
similar way as the association between stress (either intrinsic or extrinsic) and drug addiction [19,23,24].

No standardized definition of emotionally driven eating behaviors exists, but the concept of
Emotional eating (EE) is generally defined as the overconsumption of food in response to negative
effects rather than in response to feelings of hunger, which places the individual at risk for overweight
and obesity [9,25]. Emotional eating has been viewed as a potential precursor of compulsive overeating
and addictive-like eating behaviors [26-28] and accumulating evidence suggests that (i) individuals
with high levels of negative affectivity are prone to use food for self-medication purposes and to adopt
addictive-like eating behaviors [27-30], and (ii) that psychological distress has differential effects on
anthropometric indices (BMI, waist circumference and weight gain) as a function of the level of EE or
FA (i.e., that emotionally driven and addictive-like eating act as mediators between low mood and
high body weight) [28,31,32]. In addition, a diagnosis of FA, as measured by the Yale Food Addiction
Scales (YFAS, mYFAS, YFAS2.0, mYFAS2.0), has been found to be positively associated with depression
and EE, and FA and EE are prevalent among high BMI populations [33-36]. However, the extent
to which these patterns of association are specific to obesity or concerns all weight classes remains
largely unexplored.

Different studies have examined emotionally driven and addictive-like eating behaviors in high
BMI populations, but the majority of them either included patients seeking bariatric surgery or they did
not clearly differentiate obese people from overweight people [33,34]. Of note, besides the prevalence
of FA, the question of whether obese and overweight people differ in the type of FA symptoms they
endorse has been overlooked. Nonetheless, we suggest that a better understanding of these issues
should help to tailor additional therapeutic options.

Accordingly, the aim of the present study was to examine, in a sample from the general population,
the extent to which obese people differ in their emotionally driven and addictive-like eating behaviors
not only from normal-weight people but also from overweight people. We expected the obese group
would present the highest levels of these behaviors and symptoms. Moreover, we expected to observe
stronger positive associations between the level of psychological distress and both the EE score and the
FA symptoms score and stronger negative associations between the level of psychological distress and
the level of sensitivity to the physiological hunger and satiety signals among the obese group than the
other two groups.
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2. Materials and Methods

2.1. Participants and Procedures

Participants were recruited from a larger web-based cross-sectional survey data-set on eating
behaviors [28]. All participants were adults and engaged freely in the study for no financial
compensation. The web survey link was sent to participants using online social media and platforms
and via institutional mailing lists. The first page of the online survey included information regarding
the purposes of the study and a note about the fundamental principles of ethical scientific research and
the French Code of Ethics of Psychologists. Information about anonymity, confidentiality, and data
protection was given. In addition, it was explained that all the provided and collected information
would only be used to meet the objectives of the research. Participants were then asked to provide their
electronic, informed consent prior to their participation in the study. The survey demanded between
25 and 30 min to complete. For the present study, we included participants with a BMI of at least
18.5 kg/m? and with no missing data for our variables of interest, reducing the initial sample size from
1349 participants to 1142 participants.

2.2. Ethical Considerations

This study was conducted in accordance with the ethical standards described in the Declaration
of Helsinki. The study was approved by the Ethics Committee of the University Savoie Mont Blanc
(CEREUS_2016_4).

2.3. Measurements

Self-reported sociodemographic information was collected (age, gender, and level of education).
Participants also provided self-reported height and weight to calculate Body Mass Index (BMI) as
weight (kg)/height (m)?. Standard categories of BMI were constituted according to the World Health
Organization: 18.5-24.9 (normal-weight), 25-29.9 (overweight), and 30 or more (obesity).

2.3.1. Anxiety and Depression

The Hospital Anxiety and Depression Scale (HAD) is a 14-item self-report questionnaire that
assesses the level of anxious and depressive symptoms during the past week [37,38]. The HAD includes
two subscales: Anxiety (7 items) and Depression (7 items). Participants were asked to rate the extent to
which they agreed with each statement on a 4-point scale rating from 0 to 3. In this study, Cronbach’s
alphas for the HAD Anxiety and Depression subscales were 0.79 and 0.75, respectively.

2.3.2. Emotional Eating

The Emotional Appetite Questionnaire (EMAQ) is a 22-item self-report questionnaire assessing
variations of food intake in response to different emotional states and situations [39,40]. The scale
contains 9 items assessing negative emotions, 5 items assessing positive emotions, 5 items assessing
negative situations, and 3 items assessing positive situations. For each item, participants were asked to
rate on a 9-point Likert-type scale whether they ate less (from 1 to 4), the same (5), or more (from 6 to 9)
food compared to usual. In the present study, we used the EMAQ global positive score (obtained
by averaging the EMAQ-positive emotions and positive situations scores) and the EMAQ global
negative score (obtained by averaging negative emotions and negative situations scores). In this sample,
Cronbach’s alphas were 0.88 for the EMAQ-Positive subscale and 0.83 for the EMAQ-Negative subscale.

2.3.3. Intuitive Eating

The Intuitive Eating Scale-2 (IES-2) is a self-report questionnaire designed to assess attitudes and
behaviors towards eating in response to physiological cues [41,42]. The IES-2 encompasses 18 items
divided into three subscales: Eating for Physical rather than Emotional Reasons (EPR: 8 items), Reliance on
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Hunger and Satiety Cues (RHSC: 4 items), and Unconditional Permission to Eat (UPE: 6 items). Items were
answered using a 5-point response format ranging from 1 (“Strongly disagree”) to 5 (“Strongly agree”).
In this sample, Cronbach’s alpha was 0.90 for the EPR subscale, 0.87 for the RHSC subscale. and 0.70
for the UPE subscale.

2.3.4. Food Addiction

The modified Yale Food Addiction Scale (1nYFAS) is a short version of the original YFAS [43,44]
designed to assess the behavioral indices of addictive-like eating [45]. This 9-item self-report
questionnaire was developed for epidemiologic studies. Seven items are based on DSM-IV-TR
symptoms of addiction: Loss of control (substance taken in larger amount and for a longer
period than intended); Cut down (persistent desire or repeated unsuccessful attempt to quit); Time
spent (much time/activity to obtain, use, recover); Impact activities (important social, occupational,
or recreational activities given up or reduced); Withdrawal (characteristic withdrawal symptoms;
substance taken to relieve withdrawal); Despite problems (use continues despite knowledge of adverse
consequences) and Tolerance (marked increase in amount; marked decrease in effect). Two additional
items (Clinical distress and Clinical impairments) are used to assess Clinical significance. This questionnaire
includes five frequency response options that range from 0 (“Never”) to 4 (“More than 4 times/week”).
The mYFAS provides two scoring options: a “Symptom Count” scoring option (i.e., a count of food
addiction symptoms, ranging from 0 to 7) and a “Diagnostic” scoring option (presence of 3 or more
symptoms in addition to the presence of Clinical significance) [45]. In addition, a severity score above
the cut-off was calculated for each item of the mYFAS. In this sample, Cronbach’s alpha for the mYFAS
was 0.73.

2.4. Statistical Analyses

Descriptive statistics were computed using means, standard deviations (SD), and ranges for
continuous variables, and using counts and percentages for categorical variables. The main effects
of BMI groups for age and gender were tested using one-way analysis of variance (ANOVAs) and
Chi-square tests (x?), respectively. Age differed significantly between the three BMI groups. As is
known to affect BMI, EE, and FA [46,47], the main effects of BMI groups and comparisons between
pairs of BMI groups for the mood and eating variables were performed using separate analyses of
covariance (ANCOVAs) with age as the covariate. Effect sizes were estimated using partial eta-squares
(npz) and Cramers’ V. Value of npz around 0.01 was associated with a small effect, value around 0.06
was associated with a medium effect, and value around 0.14 was associated with a large effect [48].
A value of Cramer’s V can be interpreted as negligible (0-0.10), weak (0.10-0.20), moderate (0.20-0.30),
relatively strong (0.40-0.60), strong (0.60-0.80), or very strong (0.80-1) [49].

To examine if the associations between the mood and eating variables vary by a group of BMI,
correlation matrix using Spearman correlation coefficients, and corresponding correlograms were
performed in each BMI group separately. A correlogram is a graphical representation of the correlations
for all pairs of variables. The color legend of the correlogram shows the correlation coefficients and
the corresponding colors [50]. The intensity of the color is proportional to the correlation coefficient
(), so strong correlations (i.e., the closest to —1 or 1) are displayed in dark boxes. No significant
correlations are displayed in white, positive correlations are displayed in blue and negative correlations
are displayed in red.

Finally, based on the finding among the obese group that the level of depression or anxiety,
negative emotional eating, and capacity to rely on internal cues to regulate food intake were interrelated,
we examined if negative emotional eating (EMAQ Negative score) mediated the association between
the level of psychological distress (HAD Depression or Anxiety score) and the reliance on internal cues
(IES-2 Reliance on Hunger and Satiety Cues score) (see Supplementary Figure S1). We followed the basic
steps for mediation analysis [51]:
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- Step 1: To show that the predictor was significantly associated with the outcome variable,
we estimated the unmediated effects of the HAD Depression and HAD Anxiety scores on the IES-2
Reliance on Hunger and Satiety Cues score (i.e., total effect);

- Step 2: To verify that the predictor was associated with the mediator, we estimated the direct
effects of the HAD Depression and HAD Anxiety scores on the EMAQ Negative score (i.e., a paths),

- Step 3: To verify that the mediator was associated with the outcome, we estimated the direct effect
of the EMAQ Negative score on the IES-2 Reliance on Hunger and Satiety Cues score (i.e., b paths);

- Step 4: To establish that the mediator affects the predictor-outcome relationship, we estimated the
direct effects (i.e., ¢ paths, adjusted for the mediator) and indirect effects (i.e., 2 X b paths) of the
HAD Depression and HAD Anxiety scores on the IES-2 Reliance on Hunger and Satiety Cues score.

We used the bootstrapping resampling technique (with a 1000 sample) and reported the estimates
(B) and their respective standard errors and confidence intervals as well as the percentage of mediation.
Analyses of variance, covariance, X? tests, and mediation models were performed using Jamovi
version 1.1, Jamovi, Sydney, Australia [52]. The correlograms were carried out using R 2.15.2, R Core
Team, Vienna, Austria [53]. An alpha of 0.05 was retained as a significant threshold for all statistical tests.

3. Results

3.1. Descriptive Statistics of the Sample

Participant characteristics and scale scores are presented in Table 1. Of the 1142 participants,
based on their BMI, 82.1% of them (1 = 938) reported being normal-weight (NW), 12.9% of them (1 = 147)
reported being overweight (OW) and 5% of them (n = 57) reported being obese (OB). Among the obese
participants, 63.2% reported moderate obesity (Class 1: BMI of 30 to 34.9), 26.3% reported severe obesity
(Class 2: BMI of 35 to 39.9), and 10.5% reported morbid obesity (Class 3: BMI of 40 or higher). The mean
ages were 22.7 years (+6.6) for normal-weight participants (75.6% women), 25.3 years (+10.1) for
overweight participants (68.7% women), and 28.6 years (+10.3) for obese participants (80.7% women).

Table 1. Descriptive statistics of the sample.

n %

Gender

Men 286 25

Women 856 85
Level of education

High School degree 26 2.3

Bachelor’s degree 760 66.8

Master’s degree 321 28.2

Doctorate degree 30 2.6
mYFAS

Diagnosis 117 10.2

M SD Min-Max

Age 234 7.5 18-68
BMI 227 3.8 18.5-57.8
HAD

Anxiety 8.0 3.8 0-19

Depression 41 3.2 0-17
EMAQ

Positive 49 0.9 1-8.6

Negative 44 1.3 1-8.8
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Table 1. Cont.

M SD Min-Max
IES-2
EPR 3.3 11 1-5
RHSC 3.3 0.9 1-5
UPE 35 1.0 1-5
mYFAS
Symptoms Count 1.6 14 0-7

M: Mean. SD: Standard Deviation. BMI: Body Mass Index. HAD: Hospital Anxiety and Depression Scale. EMAQ:
Emotional Appetite Questionnaire. IES-2: Intuitive Eating Scale 2; EPR: Eating for physical rather than emotional
reasons; RHSC: Reliance on Hunger and Satiety Cues; UPE: Unconditional Permission to Eat. mYFAS: modified
Yale Food Addiction Scale.

3.2. BMI Group Comparisons

The main effect of gender was not significant (2 (2,n=1142) = 4.3; p = 0.119). The results showed
a main effect for age (F(2,1139) = 23.0; p < 0.001; n? = 0.04), and the post-hoc tests (Bonferroni-corrected)
highlighted that obese participants were older than the overweight participants, who were themselves
older than the normal-weight participants (respectively: OB/OW mean difference = 3.25, SD = 1.2,
p < 0.05; OB/NW mean difference = 5.86, SD = 1.0, p < 0.001;, OW/NW mean difference = 2.60,
SD = 0.7, p < 0.001). In view of this result, all the remaining BMI group comparisons were adjusted
for age (ANCOVAs). Table 2 summarizes the BMI group comparisons for the mood and eating
behaviors variables.

Concerning mood measures (HAD), there was a main effect for Depression (p < 0.001) and pairwise
comparisons adjusted for age showed that scores were significantly higher among the obese group
than the overweight and normal-weight groups (OB/OW mean difference = 1.61, SD = 0.5; OB/NW
mean difference = 1.96, SD = 0.4). There was no main effect for Anxiety (p = 0.220).

The analyses indicated a main effect for positive emotional eating (EMAQ Positive: p < 0.001) and
pairwise comparisons adjusted for age showed that the obese and overweight participants reported
lower scores than the normal-weight participants did (OB/NW mean difference = 0.50, SD = 0.1;
OW/NW mean difference = 0.32, SD = 0.8). There was also a main effect for negative emotional
eating (EMAQ Negative; p < 0.001), and pairwise comparisons adjusted for age indicated that the obese
participants reported higher scores than the overweight participants, who themselves reported higher
scores than the normal-weight participants (OB/OW mean difference = 0.63, SD = 0.2; OB/NW mean
difference = 1.20, SD = 0.2; OW/NW mean difference = 0.58, SD = 0.1).

Regarding intuitive eating (IES-2), the main effect of BMI groups emerged for the Eating for
physical rather than emotional reasons subscale (EPR: p < 0.001) and the Reliance on Hunger and Satiety
Cues subscale (RHSC: p < 0.001). Pairwise comparisons adjusted for age highlighted that the obese
participants had lower scores than the overweight participants, who themselves reported lower scores
than the normal-weight participants for EPR (OB/OW mean difference = 0.36, SD = 0.16; OB/NW mean
difference = 0.83, SD = 0.1, OW/NW mean difference = 0.47, SD = 0.9). For RHSC, the obese and
overweight participants reported lower scores than the normal-weight participants (OB/NW mean
difference = 0.69, SD = 0.1, OW/NW mean difference = 0.49, SD = 0.8). There were no significant
differences between the BMI groups for the Unconditional Permission to Eat subscale (UPE: p = 0.445).
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Concerning the measure of food addiction (mYFAS), comparisons were conducted on the symptom
count and the symptom severity as well as on the symptom and diagnosis prevalence. The results
showed a main effect of BMI groups for the Symptom Count (p < 0.001) and pairwise comparisons
(adjusted for age) highlighted that obese and overweight participants reported higher scores than
normal-weight participants (OB/NW mean difference = 0.73, SD = 0.2; OW/NW mean difference = 0.33,
SD = 0.1).

Concerning symptom severity, the analyses indicated a main effect for Loss of control (p < 0.001),
Cut down (p < 0.001), Time spent (p < 0.05), Impact activities (p < 0.05), Withdrawal (p < 0.001), Tolerance
(p < 0.001), Clinical distress (p < 0.001), and Clinical impairments (p < 0.001), while the groups did not
significantly differ from each other for Despite problems (p = 0.840). The pairwise comparisons (see Table 2)
indicated that the obese participants differed significantly from the normal-weight participants for all
the symptoms’ severity except for Time Spent (p = 0.078). In addition, the obese participants differed
significantly from the overweight participants for Impact activities (OB/OW mean difference = 0.16,
SD =0.7), Withdrawal (OB/OW mean difference = 0.17, SD = 0.1), Clinical distress (OB/OW mean
difference = 0.28, SD = 0.1), and Clinical impairments (OB/OW mean difference = 0.25, SD = 0.1),
but these two groups did not differ significantly for Loss of control, Cut down, Time spent, and Tolerance
symptoms’ severity.

Regarding symptoms’ prevalence (see Figure 1), significant differences between the BMI groups
emerged for Loss of control (X% (2, n=1142) = 14.0; p <0.001; Cramers’V = 0.11), with a higher proportion
among the obese group than the normal-weight group only. The results also showed a main effect for
Impact activities (X% (2,n=1142) = 8.0; p <0.05; Cramers’V = 0.08) and Withdrawal K @2n=1142) =11.1;
p < 0.005; Cramers’V = 0.10) with a higher proportion among the obese group than among both the
overweight and normal-weight groups. In addition, the results highlighted significant differences
between the BMI groups for Cut down (x> (2, n = 1142) = 22.9; p < 0.001; Cramers’V = 0.14), and Clinical
significance (% (2,n=1142) = 41.1; p <0.001; Cramers’V = 0.19), with a higher proportion among both
the obese and overweight groups than the normal-weight group. There was no significant main effect
of BMI groups for Time spent (x* (2, n = 1142) = 5.6; p = 0.800), Despite problems (x? (2, n = 1142) = 2.7;
p = 0.259) and Tolerance (X% (2,n=1142) =5.7; p = 0.570).

70%

60%

50%

40%

30%

20%

bk

o Loss of . Impact . | Despite Clinical . .
Control | Cut Down Time Spent| » oo (Withdrawall W5 | Tolerance Significance Diagnostic

M Obese 263%* | 158%* | 281%2 | 211%* | 158%* | 66.7%? | 474%2 | 404%* | 28.1%*
M Overweight 15.6% 2 | 129%* | 27.2%:* 9.5%® 4.8%"° 67.3% | 435%2 | 272%* | 184%°
[ Normal Weight 10.8% 4.8%"° 20.3% 2 9.5%° 5.3%"® 61.0%* | 359%* | 13.6%" 7.9%"®

Figure 1. Prevalence of modified Yale Food Addiction Scale (mYFAS) symptoms and food addiction
diagnosis by BMI group. For each pair of BMI groups, the proportions are compared using a z-test. If a
pair of values is significantly different, the values have different subscript letters assigned to them.

Finally, the analyses indicated a main effect of BMI groups for the mYFAS Diagnosis prevalence
(¢ (2,n=1142) = 35.9; p < 0.001; Cramers’V = 0.18) and binary logistic regressions showed that relative
to the normal-weight group, the odds ratio of meeting the FA diagnosis was 4.56 (95% CI (2.44-8.51),

95



Nutrients 2020, 12, 2962

p < 0.001; Cramers’V = 0.16) for the obese and 2.63 (95% CI (1.62-4.25), p < 0.001; Cramers’V = 0.12) for

the overweight participants.

3.3. Correlograms

Figure 2 presents the correlograms of the correlation matrix between the variables of interest for
the obese, overweight, and normal-weight groups separately. The results showed that HAD Anxiety
and Depression scores were significantly positively correlated with the majority of mYFAS symptoms

severity among all BMI groups. However, mood and symptom severity scores were more strongly

correlated among the obese group than among the other two groups, particularly for Loss of control
(i.e., mYFAS_1) and Clinical impairments (i.e., YFAS_9), with coefficient values around 0.5 for HAD

Anxiety and 0.6 for HAD Depression
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Figure 2. Correlograms for each BMI group. (A), Correlogram for Obese group (1 = 57).

(B), Correlogram for Overweight group (n = 147). (C), Correlogram for Normal Weight group
(n = 938). Positive correlations are displayed in blue and negative correlations are displayed in red.
The darkness of the color is proportional to the correlation coefficient, such that the strong correlations
(i.e., the closest to —1 or 1) are represented in dark boxes. Nonsignificant correlations are displayed in
white. HAD Anxiety: Hospital Anxiety and Depression Scale—Anxiety subscale. HAD Depression:
Hospital Anxiety and Depression Scale—Depression subscale. EMAQ Positive: Emotional Appetite
Questionnaire Positive subscale. EMAQ Negative: Emotional Appetite Questionnaire Negative subscale.
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IES-2: Intuitive Eating Scale 2; -EPR: Eating for physical rather than emotional reasons; -RHSC:
Reliance on Hunger and Satiety Cues; -UPE: Unconditional Permission to Eat. mYFAS_1: Loss
of control; mYFAS_2: Cut down; mYFAS_3: Time spent; mYFAS_4: Impact activities; mYFAS_5:
Withdrawal; mYFAS_6: Despite problems; mYFAS_7: Tolerance; mYFAS_8: Clinical distress; mYFAS_9:
Clinical impairments.

Unlike the findings among the overweight or normal-weight groups, EMAQ Negative scores were
significantly positively correlated with the HAD Anxiety (r = 0.49) and HAD Depression scores (r = 0.42)
among the obese group. Regarding intuitive eating (IES-2), the Reliance on Hunger and Satiety Cues
(RHSC) subscale scores were significantly and negatively correlated with HAD Anxiety, HAD Depression,
and EMAQ Negative scores among all BMI groups, but the correlation values were the highest among
the obese group (IES-2 RHSC and HAD Anxiety or HAD Depression: r = —0.44; IES-2RHSC and EMAQ
Negative: r = —0.57).

3.4. Mediation Analyses

Based on these results, we tested if negative emotional eating (EMAQ Negative scores) in the obese
group mediated the observed positive association between psychological distress (HAD Anxiety and
Depression scores) and the lack of reliance on internal cues to regulate food intake (IES-2 RHSC scores).
For each mediation model, path estimates, indirect and total effect estimates, as well as the percentage
of mediation, are presented in Table 3.

For both HAD subscales, high scores were associated with low IES-2 RHSC scores (Model 1: HAD
Dep — IES-2 RHSC; Model 2: HAD Anx — IES-2 RHSC) and high EMAQ Negative scores predicted low
IES-2 RHSC scores independently from HAD scores (Model 1: EMAQ Neg — IES-2 RHSC; Model 2:
EMAQ Neg — IES-2 RHSC). Moreover, for both models, the indirect effects were significant (Model 1:
HAD Dep — EMAQ Neg — IES-2 RHSC; Model 2: HAD Anx — EMAQ Neg — IES-2 RHSC), indicating
that for both models EMAQ Negative scores did act as mediators in the association between high HAD
Depression or Anxiety scores and low IES-2 RHSC scores. The proportion of the total effect explained by
the indirect effect was 47.6% and 54.7% for Models 1 and 2, respectively.
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4. Discussion

We examined the extent to which obese people differ in their emotionally driven and addictive-like
eating behaviors not only from normal-weight but also overweight people in a sample from the French
general population. We confirmed previous findings that have been reported in high BMI population,
by showing that the two high BMI groups reported higher levels of depressed mood, eating less
intuitively but more in response to their negative emotions, and that they presented more severe
and/or frequent symptoms of addictive-like eating behaviors than normal-weight people [34,54-56].
In addition, we found an increase in FA diagnosis prevalence (as defined by the mYFAS), with the odds
for presenting the condition being more than four times higher among the obese group and more than
two times higher among the overweight group than among the normal-weight people. The prevalence
of FA diagnosis in the obese participants was comparable to the prevalence of FA diagnosis reported in
studies using the longer version of the scale (i.e., the YFAS: 15-25% [57]). In all BMI groups, the most
often endorsed symptom by the participants was «Use despite aversive emotional/physical problem>»,
with comparable high prevalence in the three groups (on average 65%). Although this symptom is
commonly reported [33,57], this high rate among the normal-weight group was unexpected as it is
much closer to the rates described in clinical samples e.g., bariatric surgery candidates, binge eating
disorder: 40-75% [58,59]) than in community samples (9-23% [47,59,60]) using the YFAS and YFAS 2.0.

Further, we found an increased frequency of the Loss of control and Inability to Cut Down symptoms
by weight classes, but with comparable prevalence between the Obese and Overweight participants.
They are both core components and characteristic behavioral features of addiction that have been
critically incriminated in the « downwardly escalating dimension » along the continuum of overeating
in C. Davis’ psychobiological model of eating behaviors [27]. Interestingly, the same pattern of
association between indicators of anxiety or depression, FA, and a lack of intuitive eating was found
across all weight classes, suggesting that addictive-like eating may represent a unique phenotype of
problematic eating behavior that is not synonymous with BMI and obesity, including a complex pattern
of interaction between psychological distress, emotion regulation and addictive process. Such findings
suggest that individuals prone to FA may turn to excessive food consumption as a coping strategy for
heightened emotional distress, similar to individuals with a substance use disorder [23].

Moreover, besides these findings, we believe the present study also adds to the field by providing
a more fine-grained distinction between Obese and Overweight people and highlighting individual
characteristics that appeared more specifically associated with the obese phenotype. Indeed, Obese
participants reported more severe depressive symptoms than the Overweight participants, which is in
line with the well-known depression-obesity association and co-occurrence [54]. Combined with the
fact that Obese individuals also reported eating even more than the Overweight participants when
facing negative emotions or situations, our study further supports the suggestion of a bidirectional link
between obesity and depression, more particularly, with the atypical depression subtype [54,61,62].
Emotional eating has been shown to be (i) exacerbated in obese women, (ii) associated with both
consumption of highly palatable food and weight gain [9,55] and (iii) it is a negative factor for
post-bariatric surgery weight management outcomes [63]. Moreover, an emerging line of evidence
points out that negative EE acts as a mediator between depression and obesity and that it may be a
marker of atypical depression [28,31,32]. Here, we found a mediation effect of negative EE on the
association between psychological distress (for both depression and anxiety) and the difficulties to
rely on hunger and satiety cues, difficulties that are, in turn, known to place the person at risk for
increased weight [56]. The present data, thus, complement these observations and suggest that obese
individuals get caught in a downward spiral and vicious circle leading to an ‘interoceptive blindness’
due to a specific interplay between their negative affect and their eating patterns. Of important note,
it seems this dynamic is not so much an issue of the perceived intensity of the negative affective states
as an issue of the obese individual’s negative emotional experience per se, because the Obese group
admittedly reported higher levels of depressed mood, but similar levels of anxiety, than the other
two groups. Our results are in line with previous studies in non-clinical [7] and clinical samples with
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obesity or eating disorders [36,64] and point out the role of emotion regulation on eating behavior
across different weight classes. While the present findings suggest higher alterations in emotional
regulation among individuals with obesity, our study also highlights the role of EE in depression and
altered interoception of satiety signals, that is a well-known crucial component for regulating food
intake. Our study adds a piece of knowledge on this topic, by showing that individuals with obesity
could be more vulnerable to such effects, and offers interesting perspectives for improving intervention
approaches aimed at reducing compulsive eating behaviors and body weight. These results also seem
to support the Emotionally Driven Eating Model [65] considering alterations in emotional regulation and
cognitive processing as a key mechanism of inappropriate eating behaviors and overeating. Further
studies should address in daily life emotion trajectories, emotional regulation strategies, satiety signals
and eating behaviors using Ecological Momentary Assessment to confirm the real time temporal
dynamics and relationships between these variables among obese patients.

Further, in addition to replicating the observed association between FA, EE and depression,
the present study is, to the best of our knowledge, the first one to statistically compare if the prevalence
and severity of FA symptoms vary across high BMI classes. Besides the finding that Obese participants
reported more severe levels of Clinical distress and Impairments than the Overweight participants,
Impact Activities and Withdrawal were found to distinguish these two groups as well. In the mYFAS,
the wording of the symptom Impact activities clearly refers to the negative emotional experience
associated with the overconsumption (i.e., « I have spent time dealing with negative feelings from overeating
certain food») and the fact that it is frequently endorsed by the obese group is consistent with their
high levels of depression. This symptom may be related to ruminative thinking, which is a cognitive
process that has been associated with the severity of eating disorders symptomatology in both clinical
and non-clinical populations [66] and may lead to EE [67]. Moreover, ruminative thinking has been
found to impair cognitive flexibility and decision making, which are processes that have been found
to be impaired in obese individuals [6,68]. Additional studies are needed to confirm our suggestion
and provide further arguments for incorporating anti-rumination therapy for people with comorbid
obesity and depression.

The prevalence of Withdrawal symptom was three times higher in the Obese group than the
Overweight group. Although the suggestion that withdrawal syndromes occur to certain food items
has been subject to heavy criticism in the early days of the FA construct, a growing line of experimental
evidence has emerged in animal and human studies, and showing notably psychological signs of
withdrawal in humans [69]. The mYFAS was based on DSM-IV-TR criteria of the SUD, so it does
not evaluate Craving, a symptom that is tightly associated with Withdrawal. Therefore, we could
not ascertain if its absence biased the results. Nonetheless, the frequency of withdrawal symptom
endorsement remains high in obese people even when items on Craving are considered using the
DMS-5 version of the scale (i.e YFAS 2.0 [47,59]). To gain knowledge on this issue, a recently developed
self-report, the Highly Processed Withdrawal Food Scales [70], might prove beneficial in future research.

Although the current study provides important information about emotionally-driven and
addictive-like eating behaviors by weight class, some limitations should be considered. First, researchers
should know that women are more prone than men to (i) show symptoms of psychological distress,
(ii) report EE, and (iii) to be affected by obesity [15,61]. Therefore, the number of women in our
sample could have influenced our results. Another limitation concerns the use of self-reports that
raises the question of the ability for introspection, the gap between the participant’s perceptions and
realities, or the social desirability bias in the areas of weight and eating behaviors. Furthermore,
although some authors highlighted the role of the nutritional and/or chemical composition of HP food
in emotionally-driven and addictive-like eating behaviors [71], the type of food consumed was not
considered in this study. Finally, personal and psychiatric risk factors for EE, FA and obesity, such as
traumatic experiences/PTSD or binge eating disorder [58,72], were not assessed in the study, and these
factors may have affected the findings.
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Despite these limitations, the present study has important clinical implications. The hypothesis
that a distinct mechanism drives excessive weight gain among obese individuals involving EE,
psychological distress, and intuitive eating points to the need for specific and integrated interventions
in this population. In view of the high level of clinically significant impairments and distress of FA
among obese participants, assessment of symptoms and/or diagnosis of food addiction should be
systematically considered in this population. A more comprehensive approach integrating emotional
dysregulation and addictive-like eating behaviors could improve weight management and quality of
life. The key role of EE in this group highlights the need to promote emotion regulation skills in the
treatment of obesity. The efficacy of such interventions should be further investigated in randomized
controlled trials.

This study confirms a complex pattern of interaction between psychological distress, emotion
regulation and addictive process. Such findings suggest that individuals prone to FA may turn to
excessive food consumption as a coping strategy to relieve negative affects, similar to individuals with
a substance use disorder. More importantly, this study showed that for the obese individuals emotional
eating plays a mediation effect between psychological distress and the difficulties to rely on hunger
and satiety cues. This emphasizes the role of emotional dysregulation in obesity risk and addiction
vulnerability with a potential significant impact on the perception of satiety signals. In summary,
this study highlighted the central role of emotional eating and negative affectivity in the maintenance of
non-homeostatic eating behaviors among obese individuals. By showing a specific pathway between
psychological distress, emotional eating, and a lack of intuitive eating in obese people, our findings
support the hypothesis of a distinct mechanism buffering weight management in this population.
It also paves the way for designing interventions that aim to reduce compulsive eating behaviors or
body weight in this population. In view of the food addiction prevalence and symptoms’ severity
among the obese people, this study suggests that therapeutic approaches of addictive disorders should
be proposed in the presence of FA. To progress in this domain, Ecological Momentary Assessments
and mobile applications could offer a paradigm shift, first in the way ecologically valid data can be
collected in daily life, and then, in turn, in the way personalized care could be offered depending on
the individual’s needs.
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Abstract: While the global prevalence of obesity has risen among both men and women over the past
40 years, obesity has consistently been more prevalent among women relative to men. Neuroimaging
studies have highlighted several potential mechanisms underlying an individual’s propensity to
become obese, including sex/gender differences. Obesity has been associated with structural,
functional, and chemical alterations throughout the brain. Whereas changes in somatosensory regions
appear to be associated with obesity in men, reward regions appear to have greater involvement
in obesity among women than men. Sex/gender differences have also been observed in the neural
response to taste among people with obesity. A more thorough understanding of these neural and
behavioral differences will allow for more tailored interventions, including diet suggestions, for the
prevention and treatment of obesity.

Keywords: obesity; sex; gender; taste; neuroimaging; MRI; PET; opioid; dopamine; serotonin

1. Introduction

The global prevalence of overweight (body mass index (BMI) > 25 kg/m?) and obesity
(BMI > 30 kg/mz) has risen from 24.6% in 1980 to over one-third of the world’s population in 2015 [1].
Although this pattern has been seen in both sexes/genders, obesity is more common in women relative
to men, independent of age, geographic region, or socioeconomic status [1]. The deleterious effects
of obesity on many of the body’s organ systems in both sexes/genders have been well documented.
Individuals with obesity are more likely to develop type 2 diabetes mellitus [2], cardiovascular
disease [3], certain types of cancer [4], musculoskeletal disorders [5], and psychiatric illness [6,7].
However, obesity can present differently in women than in men. Premenopausal women tend to have
a higher subcutaneous to visceral fat ratio due to their high levels of estrogen. This pattern of fat
distribution has been shown to protect against some metabolic complications [8]. Nevertheless, given
the wide-spread adverse effects of obesity, it is important to understand the disparate prevalence of
obesity among men and women.

Neuroimaging can elucidate aspects of brain structure, function, and chemistry that are associated
with sex/gender differences in compulsive eating behaviors in obesity. Several groups have linked the
neural mechanisms underlying obesity to those for substance use disorders (SUDs) [9-11]. In obesity,
palatable food consumption activates the mesolimbic dopaminergic pathway, begetting its rewarding
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and conditioning effects, as is the case for drug consumption in SUD. Repeated activation of this
pathway in response to palatable food intake causes neuroadaptations in downstream inhibitory
cortico-striatal circuits, leading to compulsive food intake [12]. While both sexes/genders are believed
to share this common neuroadaptation, male and female individuals exhibit unique neural signatures
in response to food cues (recently reviewed in Chao et al., 2017 [13]) and taste cues [14,15]. Women
demonstrate greater neural responses in striato-limbic and frontal-cortical regions in response to food
cues than men, perhaps underlying the elevated prevalence of obesity among women [13].

Sex/gender differences also present behaviorally in populations with obesity. Several behavioral
studies have indicated that men and women have different food preferences. Women are more likely
to prefer sweet tastes, high-calorie foods, and snack-based comfort foods, such as candy, whereas men
tend to prefer savory tastes, low-calorie foods, and meal-based comfort foods, such as pizza [16-18].
Further, men and women show different patterns when engaging in dieting efforts, with women being
more likely to report a history of dieting than men [19]. Sex/gender differences in dieting are also
linked to societal norms that impact self-perception [20,21]. Women and men perceive their desired
weight differently, and women tend to display lower self-esteem and higher levels of dieting than
men [20,21]. Diet interventions among women have further been associated with increased activation
of cortical areas involved with inhibitory control and self-regulation following food consumption,
perhaps normalizing brain function in obesity [22]. However, to our knowledge, no studies have been
done on the neural response of diet interventions among men, likely due to the lower frequency of
dieting among men [23]. As such, a better understanding of the neural underpinnings of sex/gender
behavioral differences in obesity can be used to devise more effective lifestyle interventions.

We recognize that there are many semantic ambiguities in the field of obesity and sex/gender
difference research. Here, we digress briefly to clarify some important distinctions between commonly
used terms and definitions. For the purposes of this review, as is common in the existing literature,
we focus on obesity, which is defined by BMI. However, BMI, and other common metrics used to
describe obesity, including total body fat, are not strong predictors of obesity’s metabolic comorbidities.
The ratio of subcutaneous to visceral fat, while outside of the scope of this review, is a more appropriate
indicator of these complications (reviewed in [8]). We further acknowledge that obesity is highly
comorbid but not synonymous with binge eating disorder (BED) and food addiction, and that those
conditions also exist in lean individuals [9]. In this review, we also reference sex/gender, as we recognize
that a difference exists between the concepts of biological “sex” and socio-cultural “gender” [24]. For a
more thorough discussion on the use of this term, see Chao et al. (2017), who highlight the practical
complexities of disentangling these two distinct, yet related, concepts [13].

In this paper, we review multimodal neuroimaging findings as they relate to sex/gender differences
in obesity. We describe the differences in brain structure, resting-state function, and neurotransmission
that exist between male and female individuals with obesity. We also summarize the sex/gender
differences in the neural response to taste cues. These findings are tabulated in Tables 1-4 and structural
and functional changes are further demonstrated visually in Figures 1 and 2. After integrating these
results, we discuss the evidence for the development of sex/gender-specific diet interventions for
individuals with obesity.

2. Structure

Several studies have examined gray matter volume (GMV) differences in men and women with
obesity, as outlined and illustrated in Table 1 and Figure 1, respectively. One study found a positive
association between GMV and BMI in the right orbitofrontal cortex (OFC) and nucleus accumbens
(NAcc) in both men and women; GMYV also positively correlated with central leptin levels, another
positive marker of obesity [25]. However, in women, but not men, BMI and central leptin also
positively correlated with GMYV in the left putamen, and central leptin levels negatively correlated
with GMYV in the right dorsolateral prefrontal cortex [25]. These findings suggest a link between
obesity and greater GMV in reward-associated regions that appears to be stronger among women.
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This structural difference perhaps could underlie the greater preference for immediate rewards despite
long-term negative consequences among obese versus lean women compared to that between obese
and lean men [25]. In another study among a large cohort of lean, overweight, and obese adults, both
sexes/genders demonstrated a negative correlation between total body fat and GMYV in the globus
pallidus. In men, but not women, total body fat was also negatively associated with GMV in subcortical
regions, including the thalamus, caudate nucleus, putamen, hippocampus, and NAcc [26] These
associations between obesity metrics and GMV in brain reward regions, which may be specific to each
sex/gender, might contribute to some of the behavioral manifestations associated with sex/gender
differences in obesity. Due to the cross-sectional nature of these studies, the temporal relationship
between GMV and obesity remains unknown.

caudate

globus
putamen pallidus

hippocampus

Figure 1. Gray matter volume differences in obesity by sex/gender. Red circles indicate changes among
females and blue circles indicate changes among males. Arrows indicate the direction of the correlation
between gray matter volume and obesity metrics (i.e., BMI, total body fat, serum leptin). dIPFC:
dorsolateral PFC; OFC: orbitofrontal cortex; NAcc: nucleus accumbens.

Obesity also appears to alter white matter (WM) structure and organization in a
sex/gender-dependent manner. Many measures derived from diffusion tensor imaging provide
insight into this relationship, including axial diffusivity, a measure of axonal integrity; radial diffusivity,
a negative measure of myelination; and fractional anisotropy, a measure of WM microstructural
integrity [27]. One study of individuals with obesity found that BMI negatively correlated with
axial diffusivity in the corpus callosum for both sex/genders [28]. In females only, BMI and serum
leptin levels also positively correlated with radial diffusivity and negatively correlated with fractional
anisotropy in the corpus callosum [28]. However, Dekkers et al. (2019) found that in women, but not
men, total body fat negatively associated with global mean diffusivity, a measure negatively associated
with WM integrity [26]. Together, these findings suggest a stronger relationship between obesity and
WM integrity in women than in men, though the direction remains unclear. One limitation of these
findings is that, to our knowledge, only Dekkers et al. (2019) controlled for total brain volume or
intracranial volume; recent studies have shown that when these measures are accounted for, many
regional sex/gender differences disappear [29,30].

Age may also interact with sex/gender and obesity in the brain structure. Ronan et al. (2016)
demonstrated that participants who were obese or overweight displayed a lower cerebral WM volume,
a finding typically observed in normal aging [31]. This effect was independent of sex/gender and was
age dependent, with the greatest volume loss, adding an estimated 10 years of ‘brain age’, occurring
at around age 40 [31]. A longitudinal study among women with obesity corroborated this finding
by demonstrating that women were more likely to experience atrophy of the temporal lobe as both
BMI and age increased [32]. However, not all studies on brain volume in people with obesity have
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been consistent. In one study, obesity was positively associated with frontal and temporal WM as well
as hippocampal volume among women aged 70-89 [33]. Other studies similarly found that among
women, but not men, obesity appears to be protective against GMV loss through aging, slowing down
both hippocampal volume decline and ventricular enlargement [34]. Finally, sex/gender differences in
obesity seem to only arise when participants reach a certain age. Children with obesity with a mean age
of 9.0 years (range: 9.0 + 0.9 years) displayed no significant sex/gender differences in brain structure,
although obese children exhibited lower GMV than lean children in the temporal lobe, dorsolateral
and medial prefrontal cortices, and the right anterior cingulate cortex [35]. Preclinical studies seem to
yield opposite results; at a young age, male mice were more susceptible to the negative effects of a
high-fat diet, such as decreased WM integrity and cerebral blood flow, than female mice [36]. Age,
therefore, seems to interact with sex/gender and obesity, but this relationship is not fully understood.

Limited evidence suggests that low-calorie diets can contribute to brain structure recovery in
a sex/gender-dependent manner. A longitudinal study that did not report sex/gender differences
indicated that at baseline, participants with obesity have greater WM volumes in the temporal lobes,
brainstem, and cerebellum [37]. After a 6-week low-calorie diet, these participants demonstrated that
this expansion of WM volume partially recovered [37]. Some preclinical studies, though, have shown
that low-calorie diets can affect these brain changes in a sex-specific manner. For instance, in control
mice, levels of proliferating cells and neuroblasts are significantly higher in females than in males.
However, when both sexes eat a high-fat diet, this difference disappears, suggesting that a high-fat diet
contributes to a reduction in adult hippocampal neurogenesis in females only [38]. These preclinical
results have yet to be replicated in humans. Nonetheless, low-calorie diets appear to contribute to
structural brain changes in obesity.
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3. Function

3.1. Resting State

Itis well established that sex/gender differences exist in human brain functional connectivity [39,40].
Elevated BMI, the most common marker of obesity (BMI > 30 kg/m?), has also been associated with
brain connectivity [41,42]. However, the interaction between sex/gender and obesity remains unclear.
Resting state connectivity in functional magnetic resonance imaging (fMRI) is an important but
understudied area as it pertains to sex/gender differences in obesity. Few studies by one group of
researchers [43-45] provide a preliminary understanding of the effects of sex/gender and BMI on brain
connectivity, though these results, to our knowledge, have yet to be replicated by others. These results
are illustrated in Figure 2 and outlined in Table 2.

frontal
cortex

amygdala

hippocampus

Figure 2. Resting state connectivity differences in obesity by sex/gender. Red circles indicate changes
among females and blue circles indicate changes among males. Arrows indicate the direction of the
correlation between centrality and obesity metrics (i.e., BMI, total body fat, serum leptin, Yale Food
Addiction Scale (YFAS) score). VTA: ventral tegmental area.

There are many methodological approaches to examine resting state fMRI signals, but existing
studies have focused on network centrality and slow-wave connectivity. Centrality generally assesses
the connectedness of a given brain region to many others [46]. Gupta et al. (2017) found that women
with obesity have higher centrality measures in several regions of the reward network, including
the left amygdala, right NAcc, and bilateral hippocampus, than men with obesity, while men have
higher centrality measures in the bilateral putamen [43]. Measures of food addiction also seem to
contribute to the centrality of reward regions among women; scores on the Yale Food Addiction Scale,
a standardized and widely used metric to quantify food addiction, were positively associated with the
centrality of the ventral tegmental area (VTA) among women whereas they were negatively associated
among men [45,47]. While men with obesity have lower centrality in reward regions than their female
counterparts, Gupta et al. (2017) demonstrated that men with obesity have greater centrality in the right
putamen, hippocampus, and medial orbitofrontal gyrus relative to lean men, and women with obesity
have greater centrality in the left amygdala than lean women [43]. Thus, alterations in the centrality of
the reward network tend to occur in a sex/gender-dependent manner, with female individuals showing
greater centrality than their male counterparts. However, the interaction between sex/gender and
obesity on brain network centrality has yet to be formally tested, so it remains unclear.
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Obesity also shows a correlation with slow-wave connectivity throughout the reward network
in a sex/gender-dependent manner. Another study by Gupta et al. (2018) examined two classes
of slow-wave neural signals, labelled slow-4 and slow-5, in obese and lean men and women [44].
The slow-4 signal (medium frequency) is thought to arise from the basal ganglia, while the slow-5
signal (low frequency) is thought to arise from the cortex [48]. The slow-4 signal in the right globus
pallidus and bilateral putamen was associated with BMI in females but not in males [44]. Further,
among females, higher BMI was associated with lower slow-5 connectivity between the left globus
pallidus and substantia nigra with the bilateral posterior mid cingulate cortex and frontal cortical
regions [44]. This finding is reminiscent of the aberrant cortico-striatal signaling characteristic of
obesity and substance use disorders [12,44]. Conversely, among males, greater BMI was associated
with higher left globus pallidus and substantia nigra slow-5 connectivity with the medial frontal
cortex [44]. Centrality measures have corroborated these findings; in women, higher food addiction
scores were associated with lower centrality in frontal areas and higher centrality in VTA and this
pattern is reversed in men [45]. This further suggests that neuroadaptations in reward regions appear
to play a larger role in compulsive eating in women than for men.

3.2. Taste Response

Sex/gender differences in neuroimaging taste perception in people with obesity are an
underexplored research area. This is partially due to the difficulty in firmly identifying regions
in the human brain associated with taste (recently reviewed in Kure Liu et al., 2019 [49]). It has been
established that the anterior insula/frontal operculum is the primary taste cortex [50-54]. However,
Avery et al. (2020) reported that taste quality is more accurately analyzed using a combinatorial
spatial code, in which taste perception is distributed throughout the sensory network [55]. In this
model, taste quality refers to the unique pattern of activation throughout the primary taste cortex and
regions involved in processing hedonic and aversive tastes for each individual in a population [55].
This contrasts with a topographic perspective in which activated regions are attributed to each separate
taste component [55]. The type of taste (i.e., salty, bitter, sweet, sour, or umami) has also been found to
influence brain activation differences between sexes/genders [15]. The diversity of responses to taste
prevent researchers from finding a specific and reliable way to pinpoint regions activated by taste
using neuroimaging.

Despite these existing limitations, related studies can shed light on neural taste perception in men
and women with obesity (Table 3). Specifically, sex/gender differences in anticipation of taste may
improve our understanding of underlying neural differences leading to obesity. For example, Cornier
et al. (2015) examined taste anticipation in men and women who were identified as obese prone or
obese resistant based on a history of diet and weight gain but not current BMI [56]. After undergoing
a cue reactivity fMRI task associating sucrose and artificial saliva with visual cues, males in both
populations displayed greater neuronal response to the sucrose-associated visual cue in the right
caudate nucleus relative to women [56]. The study supports that there are brain activation sex/gender
differences in anticipation of receiving sugar but not the receipt of the sugar itself, emphasizing the
importance of sex/gender differences in conditioning in obesity. Geliebter et al. (2013) presented a
related analysis of sex/gender differences in obese individuals [57]. When presented with high- instead
of low-energy dense auditory food cues, male participants with obesity portrayed brain activation in
supplementary motor areas (precentral gyrus) in a sated state. Female participants, though, showed
activation in cognitive-related regions (parahippocampal gyrus) in a fasted state [57]. The same obese
population further demonstrated that otherwise healthy men and women displayed different patterns
of functional connectivity in the amygdala and ventral striatum when responding to food cues in both
a sated and hungry state [58]. When the subjects were in a sated state, men tended to show greater
connectivity in the amygdala than women, while women displayed greater connectivity in the angular
gyrus and precentral gyrus than men [58]. However, in the fasted state, the motor/visual processing
centers and emotion/reward-related regions (supplementary motor area, precentral gyrus, precuneus,
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cuneus) in men were more highly connected, while women had greater connectivity in areas involving
response inhibition and cognitive control (i.e., inferior frontal gyrus). Atalayer et al. (2014) suggest
their results support the hypothesis that men may process hunger in relation to emotional cues, while
women relate it to cognitive processing. The combination of findings from these studies illustrate how
satiety and food anticipation may impact brain activation differently in men and women [56-58].

Preliminary evidence suggests that bariatric surgery can impact taste reward anticipation in both
sex/genders. In one study, 13 patients with obesity who had undergone a gastric bypass experienced
an expected weight loss, in addition to changes in the neural response to the expectation of tastants
from before surgery to one-month post-operative [59]. Anticipation of sweet and salty stimuli evoked
responses in reward regions, including the NAcc, caudate, VTA, OFC, and prefrontal cortex, as
measured by fMRI [59]. While this neural response decreased from baseline to 1-month post-operative
in anticipation of sucrose, it increased in anticipation of sodium chloride.

However, lean control participants, who did not have a gastric bypass and were scanned 1 month
apart also had a similar decrease in reward response to sucrose but no change in response to sodium
chloride, and so it is unclear if this change in sucrose anticipation is due to habituation or the gastric
bypass [59]. Some sex/gender differences have also been identified regarding changes in taste response
following bariatric surgery. Another group found men (1 = 35) exhibited a greater decrease in taste
and smell ability than women (1 = 120) as assessed using a subjective taste questionnaire five years
post-sleeve gastrectomy operation, especially among those with type-2 diabetes [60]. The authors
did not report sex/gender differences in starting BMI, nor what type of taste changes the subjects
underwent. Further, there were no sex/gender differences following roux-en-Y gastric bypass in taste
or taste aversion [60]. Since these are pilot results, their replication as well as clarification of what
types of taste changes occur following bariatric surgery and how they differ between sexes/genders are
still needed.
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Research in a lean population analyzing sex/gender differences in taste also contributes valuable
insight on how weight and taste interact between sexes/genders. While maintaining insignificant
differences in BMI (23.15 kg/m? average for men and 22.76 kg/m? average for women), one cohort
displayed notable sex/gender differences in the neural response to the transition from hunger to satiety
to four different taste types: Sour, bitter, sweet, and salty [15]. fMRI results indicated greater brain
activation decreases in men compared to women in the middle frontal gyrus, insula, and cerebellum
when changing from a hunger to satiety state for all four tastes [15]. The middle frontal gyrus has
been identified as an area critical to dual-task performance and decision-making [61,62]. Since women
demonstrated consistently high activation through both hunger and satiety while men experienced
a decrease in activation following satiety, Haase et al. (2011) speculated that women exhibit greater
top-down functioning regarding taste salience [15]. In other words, female brains may process taste
input more cognitively than males’ brains since they were activated even when sated. In comparison,
male brains displayed less activation after feeling full, suggesting their taste processing is built up
from a small piece of sensory information, which dissipates after it has been resolved. Compared
to women, men also displayed greater activation changes in reaction to sucrose, citric acid, and
caffeine in the inferior frontal gyrus; sucrose and NaCl within the parahippocampal gyrus, entorhinal
cortex, perirhinal cortex, and amygdala; and sucrose within the dorsal striatum (caudate, putamen)
and posterior cingulate [15]. Because these areas are involved in reward and memory processing,
these findings imply that women encode and learn about their food differently than men [63-65].
However, how these neural differences play out behaviorally in obese and overweight populations
remains unclear.

Another study examined first-year college students and found that weight gain over the first eight
months of school was associated with concurrent taste changes: For every 1% body weight increase,
male students displayed a decrease in their tasting ability for sweetness (by < 11.0%) and saltiness
(by 7.5%) [66]. This finding aligns with similar studies that observed a decrease in sweet and salty
perception accompanying weight gain in male more than in female students [67,68]. In comparison,
female students did not display this taste decrease, and instead displayed a 6.5% increase in sourness
perception ability for every 1% gain in body weight [66]. However, this correlational study cannot
conclude a causal relationship between weight gain and changes in taste perception. While the authors
suggested that taste differences between sexes/genders are due to hormonal effects, the neural findings
from Haase et al. (2011) suggest that functional differences in the limbic system also contribute to
differences in taste perception [15,66,69].

4. Neurotransmission

4.1. Serotonin Signaling

Serotonin (5-HT) is involved with regulation of appetite and has shown aberrant signaling in
animal models of obesity [70,71]. 5-HT signals through several subtypes of 5-HT receptors, including
the serotonin 1A (5-HT1A) and serotonin 2A (5-HT2A) receptors. The 5-HT1A receptor has widespread
inhibitory actions, with autoreceptor negative feedback function in some cells and postsynaptic
distribution in others (reviewed by Carhart-Harris and Nutt, 2017) [72]. The 5-HT2A receptor has
postsynaptic distribution throughout the brain, with generally excitatory action [72]. To date, no clinical
positron emission tomography (PET) or single-photon emission computerized tomography (SPECT)
studies have assessed 5-HT1A receptors in obesity; however, preclinical studies provide insight into
a relationship between 5-HT1A and food intake [73,74]. 5-HT signaling has also been associated
with sex hormones in rats [75], but clinical imaging studies have shown conflicting results, with
Jovanovic et al. (2008) and Parsey (2002) finding higher radiotracer binding to 5-HT1A in women,
and Moses-Kolko et al. (2011) finding higher binding in men [76-78]. Clinical studies of sex/gender
differences in obese individuals are needed.
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Sex/gender differences in the 5-HT2A receptor have also been investigated (Table 4). Although
positive correlations between binding of the SHT2A receptor ['®FJaltanserin and estradiol levels
have been shown in men [79] and between [8F]deuteroaltanserin binding and estradiol levels in
women [80,81], sex/gender differences have not been observed [77,82-86]. To our knowledge, no PET or
SPECT studies have compared 5-HT2A receptor binding between obese and normal-weight individuals,
though one study reported a positive correlation between BMI and 5-HT2A receptor binding [82].
Future studies considering obesity, sex/gender, and 5-HT2A receptor binding are needed.

Sex/gender differences in serotonin transporter (5-HTT) availability have shown inconsistent
results among normal-weight participants [76,87,88]. Additionally, not much is known about the
relationship between obesity and 5-HTT. While 5-HTT availability was found to be negatively correlated
with BMI [89] in one [!!C]3-amino-4-(2-dimethylaminomethyl-phenylsulfanyl)benzonitrile (DASB)
PET study, a [?°T]2beta-Carbomethoxy-3beta-(4-iodophenyl)nortropane (nor--CIT) SPECT study
did not demonstrate this [90]. This could be explained by differences between tracer and imaging
modalities; both tracers are selective for 5-HTT, but [*2I]nor-p-CIT is also selective for the dopamine
transporter in the striatum [91], whereas ['!C]DASB is selective for 5-HTT in the striatum [92]. Further,
PET and SPECT differ in spatial resolution [93]. Female monozygotic twins with higher BMIs had
higher ['?T]nor-B-CIT binding in the hypothalamus and thalamus than their leaner co-twins. This was
not observed in male twinsets, suggesting obesity may have a sex/gender-dependent association with
5-HTT availability [90]. Further, [*3BTnor-p-CIT SPECT studies of BED may elucidate how obesity
and 5-HTT availability are related: Compared to control women with obesity, women with obesity
and BED had lower 5-HTT binding [94]. In an intervention study, women with obesity and BED
showed improved midbrain 5-HTT binding during fluoxetine, a selective serotonin reuptake inhibitor
used for weight loss in individuals with obesity [95] and therapy-facilitated remission [96]. Control
women with obesity who did not receive fluoxetine did not show a change in 5-HTT binding [96].
These studies suggest that BED may be driving 5-HTT binding differences in other studies assessing
obesity, assuming that fluoxetine administration would not benefit women without BED.

4.2. Dopamine Signaling

Dopamine (DA) signaling energizes the motivation towards food and preclinical studies have
associated DA signaling dysregulation with obesity [97-99]. Clinical brain imaging studies focusing
on sex/gender differences in DA D2 and D3 receptor availability have yielded mixed results [100-103].
In obese subjects, brain imaging studies reported that binding of ['!CJraclopride, a tracer selective to D2
and D3 receptors, in the striatum was lower in participants with obesity compared to controls [104-106],
suggesting downregulation of D2/D3 receptor availability in obesity. Similar findings were observed in
overweight and obese participants (BMI > 27 kg/mz) compared to controls [107]. There are sex/gender
differences in both BMI and D2/D3 receptor availability, suggesting there may be a common underlying
phenotype driving these associations (Table 4). Women have a higher incidence of obesity, and
tend to have lower D2/D3 availability, than men on average [100], and lower D2/D3 availability has
been independently associated with high BMI [104-107]. Further, other studies, however, did not
demonstrate differences between these groups [108], including one study utilizing the D2 receptor
radiotracer N-['C]-methyl-benperidol [109]. Several of these studies either assessed female-only or
mixed-sex/gender samples and lacked the power to investigate sex/gender differences. In one study
that did take sex/gender into account, significant sex/gender differences were not observed, although
there were only 10 individuals with obesity in that sample [106]. Studies with larger sample sizes are
needed to elucidate whether DA signaling in obesity is sex/gender dependent.

In terms of weight-loss interventions, not much is known about their impact on D2/D3 receptor
availability. To our knowledge, only three studies to date have assessed gastric bypass surgery.
Each study used all-female cohorts and had different findings, with one study showing increased
['!CJraclopride binding, another showing decreased binding, and the third showing no significant
difference from baseline after the surgery-induced weight loss [110-112]. Due to the inconsistency
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in results, more research is needed on surgery-induced weight loss, as well as other interventions,
to determine whether these treatments impact the DA system. Men should also be included in
these investigations to determine whether sex/gender plays a role in weight loss-related changes in
DA signaling.

Findings of sex/gender differences in DA release are also mixed [101,103]. Ina [*2%]]iodobenzamide
SPECT study, female controls showed significant DA release in response to amphetamine, while
women with severe obesity did not show a significant change from baseline [104]. Further, BMI and DA
release in response to a caloric glucose stimulus (compared to calorie-free sucralose) were negatively
correlated [113]. These findings supported a disruption of DA signaling in individuals with high BMI.
In another study, however, DA release after glucose injection (compared to saline) did not differ between
participants with BMIs above 27 kg/m? and lean controls [107]. It is possible that the conflicting results
were due to the difference in the route of administration or that BMI alone may not predict differences
in DA release. Another study by Wang et al. (2011) comparing women with obesity to women with
obesity and binge eating disorder (BED) showed that those with BED had enhanced DA release to
a food stimulus [114]. Thus, binge eating might drive the previous findings discussed. However,
van de Giessen et al. (2014) ruled out BED from their group with obesity and still observed differences
between women with obesity and normal-weight controls, so more studies are necessary to determine
the relationship between obesity and BED with DA release [104]. These opposing findings may be
linked to the difference in displacement patterns between ['2°I] iodobenzamide and [!!C]raclopride.
However, the two radiotracers have shown similar patterns of displacement in the past (as reviewed
by [115]); [*21Jiodobenzamide the mono-iodine analog of [nC]raclopride [116]. Further, no studies
have yet assessed sex/gender differences in obesity regarding the impact of weight-loss interventions
on DA release, which highlights the need for broadened investigations into this area.

Finally, sex/gender differences in the availability and distribution of DA transporter have not
been observed [117-119], nor have these studies shown differences between individuals with obesity
and controls [118,119] in SPECT studies. However, these studies still need to be replicated, especially
because each study cited used a different tracer (Nam et al. (2018) used ['Z*I]FP-CIT, Thomsen et al.
(2013) used ['PIPE2I, and Best et al. (2005) used ['PI]BCIT) [117-119]. The pharmacokinetics and
pharmacodynamics differ between these radiotracers; [2*I]PE2I, for example, is faster and has higher
affinity for DAT than ['2T]JFP-CIT and ['2*I]BCIT [120].
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4.3. Opioid Signaling

Opioid signaling has been implicated in obesity by interacting with other neurotransmitters to
regulate feeding and satiety [124]. Sex/gender differences in molecular imaging studies of mu, kappa,
and delta opioid signaling are unclear, as very few studies have compared men to women [125-127].
Opioid signaling in obesity may be altered: In two all-female [''C] carfentanil PET studies, obesity
was associated with decreased mu-opioid receptor (MOR) availability throughout the brain (see
Table 4) [108,122,123]. Further, Tuominen et al. (2015) found a correlation between [11C] carfentanil
and [''C]raclopride binding in the ventral striatum and dorsal caudate nucleus in lean control women
but not in the ventral striatum of women with obesity [123]. This suggests alterations in the link
between MOR and D2/D3 receptors in the ventral striatum of women with obesity. In a study with all
men, MOR availability was lower in the temporal pole, amygdala, prefrontal cortex, and thalamus in
obese participants compared to controls [121]. After a restricted calorie intervention, MOR availability
among this male cohort partially recovered in the left temporal pole, ventral striatum, thalamus, and
medial frontal cortex [121]. Another PET study with a cohort of men and women, however, did not
observe an association between BMI and binding of the non-selective opioid receptor radioligand
['8F] FDPN, though sex/gender differences were not assessed [125]. Given the differences in MOR,
this negative finding may indicate a contribution of kappa and delta opioid receptors in obesity.
Interestingly, mice without delta opioid receptors were shown to have resistance to diet-induced
obesity [128]. More consistent studies of opioid signaling in people with obesity could help clarify
these discrepancies.

5. Conclusions

This review aimed to describe the neural underpinnings of sex/gender differences in obesity.
In general, obesity is associated with an abnormal structure, function, and chemistry in the brain’s
reward system [12]. This is characterized by a smaller volume in the NAcc, OFC, and globus pallidus
and downregulation of D2/D3 receptors in the striatum [25,26,104-107]. Women appear to be more
susceptible to neural adaptations associated with obesity than men [25,26,28,34,43-45,90,123]. Women
with obesity also tend to have a greater volume and centrality measures in subcortical reward regions
and lower volume and centrality measures in frontal cortical regions [25,26,28,34,43-45]. Men with
obesity, however, seem to have more effects in cortical somatosensory regions, the putamen, and
thalamus [26,43]. These findings are consistent with activation patterns in response to food cues
among men and women with obesity (reviewed by Chao et al., 2017) and suggest distinct neural
mechanisms in obesity for each sex/gender [13]. While many of the papers reviewed here interpreted
smaller volume as atrophy [31-33], it is important to acknowledge that smaller volume measures in
participants with obesity can also be indicative of neuroplasticity or genetic predisposition, particularly
in younger study subjects; this is an important limitation to consider when interpreting sex differences
in brain structure [129].

Moreover, sex/gender differences in the neural correlates of taste perception, diet, and weight-loss
treatment can provide insight for the development of new therapies. Results surrounding brain
activation in response to tastants have been mixed [15,56,57]. Men with obesity seem to have a greater
neural response to high-energy food cues while sated than their female counterparts [57]. However,
lean men have a greater decrease in neural response to tastants from the fasted to sated state than lean
women [15]. This discrepancy may be explained by an interaction between sex/gender and obesity
in the feeling of satiety, though this has not yet been studied. Further, intervention studies among
women, including those for bariatric surgery, therapy, and medication, have yielded mixed results in
terms of recovery of brain chemistry and taste response [59,60,96,110-112]. Similar studies have not
been conducted in solely male participants to our knowledge, and so the effect that these interventions
have on the male brain remains unclear.

While outside the scope of this review, several endocrine pathways contribute to sex/gender
differences in obesity and warrant further research. Preclinical, clinical, and epidemiological studies
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have demonstrated that estrogen is protective against many metabolic complications associated with
obesity (recently reviewed by [130]). As such, the estrogen concentration may in part explain sex/gender
differences in the manifestation of obesity and how these differences change with age [130]. However,
the role of hormones in modulating dimorphic brain responses is less clear. One study in rats found
that insulin and leptin impact feeding behavior in a sex-dependent manner [131]. In male, but not
female rats, central administration of insulin led to decreased food consumption. Conversely, in female,
but not male, rats, central administration of leptin led to decreased food consumption [131]. These
results are consistent with the human studies reviewed here, in which serum leptin was associated with
GMYV and WM integrity in women but not men [25,28]. Still, animal and human studies of hormonal
regulation of the brain are not always consistent. For example, rat models demonstrating the role of
sex hormones in 5HT signaling yielded different results than human models [75,76,78,81]. Thus, more
work should be done in the field of neuropsychoendocrinology as it pertains to sex/gender differences
in obesity to clarify the role of these hormonal pathways.

Though sex/gender differences are a burgeoning area of brain research, many studies lack the
power to properly describe them [24]. Many studies reviewed include a sample of only women [32,33,
94,96,110-112,122,123] or only men [121]. Samples of only women are particularly prominent in studies
of eating behavior and weight-loss interventions, which limits our understanding of the generalizability
of these treatments across sex/genders [59,60,96,110-112]. Moreover, the contribution of BED to these
findings has not been very well established. In the studies reviewed, the effect of BED diagnosis on the
brain among obese individuals has only been examined among women [94,96,122], despite there being
similar prevalence of BED in individuals with obesity of both sex/genders worldwide [132]. Sex/gender
differences in the brain have been well described among healthy adults [39,40,100-103,117-119].
Given the different patterns of men and women behaviorally in weight-loss interventions and food
intake [16-19,66], it is imperative to develop a deeper understanding of how these sex/gender differences
manifest in the brain in pathological conditions.

Author Contributions: Conceptualization, D.S.K., PM., PV.]., N.D.V,, G.-].W,; literature review, D.S.K., D.E.E,
C.L.B., K.L.M.; writing—original draft preparation, D.S.K., D.E.E,, C.L.B., K.L.M.; writing—review and editing,
DSK,D.EF,CLB,KLM.,PM,PV], ND.V, G.-J.W,; funding acquisition, N.D.V. All authors have read and
agreed to the published version of the manuscript.

Funding: This research and the APC was funded by the National Institute of Alcohol Abuse and Alcoholism,
grant number Y1AA-3009.

Acknowledgments: The figures were created using a ProTeams subscription of MindTheGraph.com.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Chooi, Y.C,; Ding, C.; Magkos, F. The epidemiology of obesity. Metabolism 2019, 92, 6-10. [CrossRef]

2. Ozcan,U;Cao,Q, Yilmaz, E.; Lee, A H.; Iwakoshi, N.N.; Ozdelen, E.; Tuncman, G.; Gérgiin, C.; Glimcher, L.H.;
Hotamisligil, G.S. Endoplasmic reticulum stress links obesity, insulin action, and type 2 diabetes. Science
2004, 306, 457-461. [CrossRef] [PubMed]

3. Mandviwala, T.; Khalid, U.; Deswal, A. Obesity and Cardiovascular Disease: A Risk Factor or a Risk Marker?
Curr. Atheroscler. Rep. 2016, 18, 21. [CrossRef]

4. Renehan, A.G; Tyson, M.; Egger, M.; Heller, R.F.; Zwahlen, M. Body-mass index and incidence of cancer:
A systematic review and meta-analysis of prospective observational studies. Lancet 2008, 371, 569-578.
[CrossRef]

5. Anandacoomarasamy, A.; Caterson, I.; Sambrook, P; Fransen, M.; March, L. The impact of obesity on the
musculoskeletal system. Int. J. Obes. 2008, 32, 211-222. [CrossRef]

6.  Tronieri, J.S.,; Wurst, C.M.; Pearl, RL.; Allison, K.C. Sex differences in obesity and mental health.
Curr. Psychiatry Rep. 2017, 19, 29. [CrossRef] [PubMed]

7. Anstey, K.J.; Cherbuin, N.; Budge, M.; Young, J. Body mass index in midlife and late-life as a risk factor for
dementia: A meta-analysis of prospective studies. Obes. Rev. 2011, 12, e426—e437. [CrossRef] [PubMed]

120



Nutrients 2020, 12, 1942

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Wajchenberg, B.L. Subcutaneous and Visceral Adipose Tissue: Their Relation to the Metabolic Syndrome.
Endocr. Rev. 2000, 21, 697-738. [CrossRef]

Lindgren, E.; Gray, K.; Miller, G.; Tyler, R.; Wiers, C.E.; Volkow, N.D.; Wang, G.J. Food addiction: A common
neurobiological mechanism with drug abuse. Front. Biosci. (Landmark Ed.) 2018, 23, 811-836.
Garcia-Garcia, I.; Horstmann, A.; Jurado, M.A.; Garolera, M.; Chaudhry, S.J.; Margulies, D.S.; Villringer, A_;
Neumann, J. Reward processing in obesity, substance addiction and non-substance addiction. Obes. Rev.
2014, 15, 853-869. [CrossRef]

Volkow, N.D.; Wang, G.J.; Tomasi, D.; Baler, R.D. Obesity and addiction: Neurobiological overlaps. Obes. Rev.
2013, 14, 2-18. [CrossRef]

Volkow, N.D.; Wang, G.-J.; Fowler, ].S.; Telang, F. Overlapping neuronal circuits in addiction and obesity:
Evidence of systems pathology. Philos. Trans. R. Soc. B Biol. Sci. 2008, 363, 3191-3200. [CrossRef]

Chao, A.M.; Loughead, J.; Bakizada, Z.M.; Hopkins, C.; Geliebter, A.; Gur, R.C.; Wadden, T.A. Sex/gender
differences in neural correlates of food stimuli: A systematic review of functional neuroimaging studies.
Obes. Rev. 2017, 18, 687-699. [CrossRef]

Martin, L.J.; Sollars, S.I. Contributory role of sex differences in the variations of gustatory function. J. Neurosci.
Res. 2017, 95, 594-603. [CrossRef]

Haase, L.; Green, E.; Murphy, C. Males and females show differential brain activation to taste when hungry
and sated in gustatory and reward areas. Appetite 2011, 57, 421-434. [CrossRef] [PubMed]

Manippa, V.; Padulo, C.; van der Laan, L.N.; Brancucci, A. Gender Differences in Food Choice: Effects of
Superior Temporal Sulcus Stimulation. Front. Hum. Neurosci. 2017, 11, 597. [CrossRef] [PubMed]

Herman, C.P; Polivy, J. Sex and Gender Differences in Eating Behavior. In Handbook of Gender Research in
Psychology; Springer: New York, NY, USA, 2009; pp. 455-469.

Wardle, J.; Haase, A.M.; Steptoe, A.; Nillapun, M.; Jonwutiwes, K.; Bellisie, F. Gender differences in food
choice: The contribution of health beliefs and dieting. Ann. Behav. Med. 2004, 27, 107-116. [CrossRef]
[PubMed]

Neumark-Sztainer, D.; Shenvood, N.E.; French, S.A; Jefsery, R.W. Weight control behaviors among adult
men and women: Cause for concern? Obes. Res. 1999, 7, 179-188. [CrossRef] [PubMed]

Davison, T.E.; McCabe, M.P. Relationships between Men’s and Women’s Body Image and Their Psychological,
Social, and Sexual Functioning. Sex. Roles, . Res. 2005, 52, 463-475. [CrossRef]

Tiggemann, M. Gender differences in the interrelationships between weight dissatisfaction, restraint,
and self-esteem. Sex. Roles . Res. 1994, 30, 319-330. [CrossRef]

Del Parigi, A.; Chen, K; Salbe, A.D.; Hill, ].O.; Wing, R.R.; Reiman, E.M.; Tataranni, P.A. Successful dieters
have increased neural activity in cortical areas involved in the control of behavior. Int. ]. Obes. 2007, 31,
440-448. [CrossRef]

Long, ].D.; Dodd, S.L.; Doumit, R.; Boswell, C.; O'Boyle, M.W.; Rogers, T. Integrative Review of Dietary
Choice Revealed by fMRI: Considerations for Obesity Prevention and Weight-Loss Education. Worldviews
Evid. Based Nurs. 2020, 17, 151-157. [CrossRef] [PubMed]

Clayton, J.A.; Tannenbaum, C. Reporting Sex, Gender, or Both in Clinical Research? JAMA 2016, 316,
1863-1864. [CrossRef] [PubMed]

Horstmann, A.; Busse, F.P.; Mathar, D.; Muller, K.; Lepsien, J.; Schlogl, H. Obesity-Related Differences
between Women and Men in Brain Structure and Goal-Directed Behavior. Front. Hum. Neurosci. 2011, 5, 58.
[CrossRef] [PubMed]

Dekkers, I.A.; Jansen, PR.; Lamb, H.J. Obesity, Brain Volume, and White Matter Microstructure at MRI:
A Cross-sectional UK Biobank Study. Radiology 2019, 291, 763-771. [CrossRef]

Basser, PJ. Inferring microstructural features and the physiological state of tissues from diffusion-weighted
images. NMR Biomed. 1995, 8, 333-344. [CrossRef]

Mueller, K.; Anwander, A.; Moller, H.E.; Horstmann, A_; Lepsien, ].; Busse, F.; Mohammadi, S.; Schroeter, M.L.;
Stumvoll, M.; Villringer, A_; et al. Sex-dependent influences of obesity on cerebral white matter investigated
by diffusion-tensor imaging. PLoS ONE 2011, 6, e18544. [CrossRef]

Kijonka, M.; Borys, D.; Psiuk-Maksymowicz, K.; Gorczewski, K.; Wojcieszek, P.; Kossowski, B.; Marchewka, A_;
Swierniak, A.; Sokol, M.; Bobek-Billewicz, B. Whole Brain and Cranial Size Adjustments in Volumetric Brain
Analyses of Sex- and Age-Related Trends. Front. Neurosci 2020, 14, 278. [CrossRef]

121



Nutrients 2020, 12, 1942

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Ritchie, S.J.; Cox, S.R.; Shen, X.; Lombardo, M.V.; Reus, L.M.; Alloza, C.; Harris, M.A.; Alderson, H.L.;
Hunter, S.; Neilson, E.; et al. Sex Differences in the Adult Human Brain: Evidence from 5216 UK Biobank
Participants. Cereb. Cortex 2018, 28, 2959-2975. [CrossRef]

Ronan, L.; Alexander-Bloch, A.F,; Wagstyl, K.; Farooqi, S.; Brayne, C.; Tyler, L.K.; Fletcher, P.C. Obesity
associated with increased brain age from midlife. Neurobiol. Aging 2016, 47, 63-70. [CrossRef] [PubMed]
Gustafson, D.; Lissner, L.; Bengtsson, C.; Bjorkelund, C.; Skoog, I. A 24-year follow-up of body mass index
and cerebral atrophy. Neurology 2004, 63, 1876-1881. [CrossRef]

Driscoll, I.; Gaussoin, S.A.; Wassertheil-Smoller, S.; Limacher, M.; Casanova, R.; Yaffe, K.; Resnick, S.M.;
Espeland, M.A. Obesity and Structural Brain Integrity in Older Women: The Women’s Health Initiative
Magnetic Resonance Imaging Study. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2016, 71, 1216-1222. [CrossRef]
Armstrong, N.M.; An, Y.; Beason-Held, L.; Doshi, J.; Erus, G.; Ferrucci, L.; Davatzikos, C.; Resnick, S.M. Sex
differences in brain aging and predictors of neurodegeneration in cognitively healthy older adults. Neurobiol.
Aging 2019, 81, 146-156. [CrossRef]

Xu, M.; Zhang, Y.; Von Deneen, K.M.; Zhu, H.Q.; Gao, ].H. Brain structural alterations in obese children with
and without Prader-Willi Syndrome. Hum. Brain Mapp. 2017, 38, 4228-4238. [CrossRef]

Jacobs, S.A.; Gart, E.; Vreeken, D.; Franx, B.A.; Wekking, L.; Verweij, V.G.; Worms, N.; Schoemaker, M.H.;
Gross, G.; Morrison, M.C.; et al. Sex-Specific Differences in Fat Storage, Development of Non-Alcoholic Fatty
Liver Disease and Brain Structure in Juvenile HFD-Induced Obese Ldlr-/-.Leiden Mice. Nutrients 2019, 11,
1861. [CrossRef]

Haltia, L.T.; Viljanen, A.; Parkkola, R.; Kemppainen, N.; Rinne, J.O.; Nuutila, P.; Kaasinen, V. Brain white
matter expansion in human obesity and the recovering effect of dieting. J. Clin. Endocrinol. Metab. 2007, 92,
3278-3284. [CrossRef]

Robison, L.S.; Albert, N.M.; Camargo, L.A.; Anderson, B.M.; Salinero, A.E.; Riccio, D.A.; Abi-Ghanem, C.;
Gannon, O.].; Zuloaga, K.L. High-Fat Diet-Induced Obesity Causes Sex-Specific Deficits in Adult Hippocampal
Neurogenesis in Mice. eNeuro 2020, 7. [CrossRef] [PubMed]

Tomasi, D.; Volkow, N.D. Gender differences in brain functional connectivity density. Hum. Brain Mapp.
2012, 33, 849-860. [CrossRef]

Gong, G.; He, Y.; Evans, A.C. Brain connectivity: Gender makes a difference. Neuroscientist 2011, 17, 575-591.
[CrossRef] [PubMed]

Garcia-Garcia, I.; Jurado, M.A.; Garolera, M.; Marques-Iturria, I.; Horstmann, A.; Segura, B.; Pueyo, R.;
Sender-Palacios, M.J.; Vernet-Vernet, M.; Villringer, A.; et al. Functional network centrality in obesity:
A resting-state and task fMRI study. Psychiatry Res. 2015, 233, 331-338. [CrossRef]

Doucet, G.E.; Rasgon, N.; McEwen, B.S.; Micali, N. Elevated Body Mass Index is Associated with Increased
Integration and Reduced Cohesion of Sensory-Driven and Internally Guided Resting-State Functional Brain
Networks. Cereb. Cortex 2018, 28, 988-997. [CrossRef]

Gupta, A.; Mayer, E.A.; Hamadani, K.; Bhatt, R.; Fling, C.; Alaverdyan, M.; Torgerson, C.; Ashe-McNalley, C.;
Van Horn, ].D.; Naliboff, B.; et al. Sex differences in the influence of body mass index on anatomical
architecture of brain networks. Int. J. Obesity. 2017, 41, 1185-1195. [CrossRef]

Gupta, A.; Mayer, E.A.; Labus, ].S.; Bhatt, R.R ; Ju, T.; Love, A.; Bal, A ; Tillisch, K.; Naliboff, B.; SanMiguel, C.P;
et al. Sex commonalities and differences in obesity-related alterations in intrinsic brain activity and
connectivity. Obesity 2017, 26, 340-350. [CrossRef] [PubMed]

Osadchiy, V.; Mayer, E.A.; Bhatt, R.; Labus, ].S.; Gao, L.; Kilpatrick, L.A.; Liu, C.; Tillisch, K.; Naliboff, B.;
Chang, L.; et al. History of early life adversity is associated with increased food addiction and sex-specific
alterations in reward network connectivity in obesity. Obes. Sci. Pract. 2019, 5, 416-436.

Rubinov, M.; Sporns, O. Complex network measures of brain connectivity: Uses and interpretations.
Neuroimage 2010, 52, 1059-1069. [CrossRef] [PubMed]

Gearhardt, A.N.; Corbin, W.R.; Brownell, K.D. Preliminary validation of the Yale Food Addiction Scale.
Appetite 2009, 52, 430-436. [CrossRef] [PubMed]

Zuo, X.N.; Di Martino, A.; Kelly, C.; Shehzad, Z.E.; Gee, D.G; Klein, D.F,; Castellanos, F.X.; Biswal, B.B.;
Milham, M.P. The oscillating brain: Complex and reliable. Neuroimage. 2010, 49, 1432-1445. [CrossRef]
[PubMed]

Kure Liu, C.; Joseph, P.V.; Feldman, D.E.; Kroll, D.S.; Burns, J.A.; Manza, P.; Volkow, N.D.; Wang, G.J. Brain
Imaging of Taste Perception in Obesity: A Review. Curr. Nutr. Rep. 2019, 8, 108-119. [CrossRef] [PubMed]

122



Nutrients 2020, 12, 1942

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Small, D.M.; Zald, D.H.; Jones-Gotman, M.; Zatorre, R.J.; Pardo, ].V.; Frey, S.; Petrides, M. Human cortical
gustatory areas: A review of functional neuroimaging data. NeuroReport 1999, 10, 7-14. [CrossRef]
O’Doherty, J.; Rolls, E.; Francis, S.; Bowtell, R.; McGlone, F. Representation of Pleasant and Aversive Taste in
the Human Brain. ]. Neurophysiol. 2001, 85, 1315-1321. [CrossRef]

De Araujo, LE.T; Rolls, E.T.; Kringelbach, M.L.; McGlone, E; Phillips, N. Taste-olfactory convergence, and
the representation of the pleasantness of flavour, in the human brain. Eur. J. Neurosci. 2003, 18, 2059-2068.
[CrossRef]

Grabenhorst, E; Rolls, E.T. Selective attention to affective value alters how the brain processes taste stimuli.
Eur. J. Neurosci. 2008, 27, 723-729. [CrossRef] [PubMed]

Small, D.M. Taste representation in the human insula. Brain Struct. Funct. 2010, 214, 551-561. [CrossRef]
[PubMed]

Avery, ].A.; Liu, A.G.; Ingeholm, J.E.; Riddell, C.D.; Gotts, S.J.; Martin, A. Taste Quality Representation in the
Human Brain. J. Neurosci. 2020, 40, 1042-1052. [CrossRef] [PubMed]

Cornier, M.A_; Shott, M.E.; Thomas, E.A.; Bechtell, J.L.; Bessesen, D.H.; Tregellas, J.R.; Frank, G.K. The effects
of energy balance, obesity-proneness and sex on the neuronal response to sweet taste. Behav. Brain Res. 2015,
278, 446-452. [CrossRef]

Geliebter, A.; Pantazatos, S.P.; McOuatt, H.; Puma, L.; Gibson, C.D.; Atalayer, D. Sex-based fMRI differences
in obese humans in response to high vs. low energy food cues. Behav. Brain Res. 2013, 243, 91-96. [CrossRef]
Atalayer, D.; Pantazatos, S.P.; Gibson, C.D.; McOuatt, H.; Puma, L.; Astbury, N.M.; Geliebter, A. Sexually
dimorphic functional connectivity in response to high vs. low energy-dense food cues in obese humans: An
fMRI study. Neuroimage 2014, 100, 405-413. [CrossRef]

Wang, J.L.; Yang, Q.; Hajnal, A.; Rogers, A.M. A pilot functional MRI study in Roux-en-Y gastric bypass
patients to study alteration in taste functions after surgery. Surg. Endosc. 2016, 30, 892-898. [CrossRef]
Makaronidis, J.M.; Batterham, R.L. Potential Mechanisms Mediating Sustained Weight Loss Following
Roux-en-Y Gastric Bypass and Sleeve Gastrectomy. Endocrinol. Metab. Clin. N. Am. 2016, 45, 539-552.
[CrossRef]

Collette, F.; Olivier, L.; Van der Linden, M.; Laureys, S.; Delfiore, G.; Luxen, A.; Salmon, E. Involvement of
both prefrontal and inferior parietal cortex in dual-task performance. Brain Res. Cogn. Brain Res. 2005, 24,
237-251. [CrossRef]

Rolls, E.T.; Grabenhorst, E. The orbitofrontal cortex and beyond: From affect to decision-making.
Prog. Neurobiol. 2008, 86, 216-244. [CrossRef] [PubMed]

Elliott, R.; Dolan, R.J.; Frith, C.D. Dissociable functions in the medial and lateral orbitofrontal cortex: Evidence
from human neuroimaging studies. Cereb. Cortex 2000, 10, 308-317. [CrossRef]

O’Doherty, ].P. Reward representations and reward-related learning in the human brain: Insights from
neuroimaging. Curr. Opin. Neurobiol. 2004, 14, 769-776. [CrossRef] [PubMed]

Volkow, N.D.; Fowler, J.S.; Wang, G.J. Role of dopamine in drug reinforcement and addiction in humans:
Results from imaging studies. Behav. Pharmacol. 2002, 13, 355-366. [CrossRef]

Noel, C.A.; Cassano, P.A.; Dando, R. College-Aged Males Experience Attenuated Sweet and Salty Taste with
Modest Weight Gain. J. Nutr. 2017, 147, 1885-1891. [CrossRef] [PubMed]

Sartor, F.; Donaldson, L.F.; Markland, D.A.; Loveday, H.; Jackson, M.].; Kubis, H.-P. Taste perception and
implicit attitude toward sweet related to body mass index and soft drink supplementation. Appetite 2011, 57,
237-246. [CrossRef]

Simchen, U.; Koebnick, C.; Hoyer, S.; Issanchou, S.; Zunft, H.J. Odour and taste sensitivity is associated with
body weight and extent of misreporting of body weight. Eur. J. Clin. Nutr. 2006, 60, 698-705. [CrossRef]
Loper, H.B.; La Sala, M.; Dotson, C.; Steinle, N. Taste perception, associated hormonal modulation, and
nutrient intake. Nutr. Rev. 2015, 73, 83-91. [CrossRef]

Halford, J.C.; Blundell, J.E. Separate systems for serotonin and leptin in appetite control. Ann. Med. 2000, 32,
222-232. [CrossRef]

Hassanain, M.; Levin, B.E. Dysregulation of hypothalamic serotonin turnover in diet-induced obese rats.
Brain Res. 2002, 929, 175-180. [CrossRef]

Carhart-Harris, R.L.; Nutt, D.]J. Serotonin and brain function: A tale of two receptors. J. Psychopharmacol.
2017, 31, 1091-1120. [CrossRef]

123



Nutrients 2020, 12, 1942

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

De Vry, J.; Schreiber, R. Effects ofselected serotonin 5-HT1 and 5-HT2 receptor agonists on feeding behavior:
Possible mechanisms of action. Neurosci. Biobehav. Rev. 2000, 24, 341-353. [CrossRef]

Dill, M.].; Shaw, J.; Cramer, J.; Sindelar, D.K. 5-HT1A receptor antagonists reduce food intake and body
weight by reducing total meals with no conditioned taste aversion. Pharmacol. Biochem. Behav. 2013, 112, 1-8.
[CrossRef] [PubMed]

Zhang, L.; Ma, W.; Barker, J.L.; Rubinow, D.R. Sex differences in expression of serotonin receptors (subtypes
1A and 2A) in rat brain: A possible role of testosterone. Neuroscience 1999, 94, 251-254. [CrossRef]
Jovanovic, H.; Lundberg, J.; Karlsson, P.; Cerin, A, Saijo, T.; Varrone, A.; Halldin, C.; Nordstrom, A.L.
Sex differences in the serotonin 1A receptor and serotonin transporter binding in the human brain measured
by PET. Neuroimage 2008, 39, 1408-1419. [CrossRef]

Moses-Kolko, E.L.; Price, J.C.; Shah, N.; Berga, S.; Sereika, S.M.; Fisher, PM.; Coleman, R.; Becker, C.;
Mason, N.S.; Loucks, T.; et al. Age, sex, and reproductive hormone effects on brain serotonin-1A and
serotonin-2A receptor binding in a healthy population. Neuropsychopharmacology 2011, 36, 2729-2740.
[CrossRef]

Parsey, R.V.; Oquendo, M.A.; Simpson, N.R.; Ogden, R.T.; Van Heertum, R.; Arango, V.; Mann, ].J. Effects of
sex, age, and aggressive traits in man on brain serotonin 5-HT1A receptor binding potential measured by
PET using [C-11]WAY-100635. Brain Res. 2002, 954, 173-182. [CrossRef]

Frokjaer, V.G.; Erritzoe, D.; Juul, A ; Nielsen, FA.; Holst, K.; Svarer, C.; Madsen, J.; Paulson, O.B.; Knudsen, G.M.
Endogenous plasma estradiol in healthy men is positively correlated with cerebral cortical serotonin 2A
receptor binding. Psychoneuroendocrinology 2010, 35, 1311-1320. [CrossRef]

Kugaya, A.; Epperson, C.N.; Zoghbi, S.; van Dyck, C.H.; Hou, Y.; Fujita, M.; Staley, ].K.; Garg, PK.;
Seibyl, J.P,; Innis, R.B. Increase in Prefrontal Cortex Serotonin2A Receptors Following Estrogen Treatment in
Postmenopausal Women. Am. J. Psychiatry 2003, 160, 1522-1524. [CrossRef]

Moses, E.L.; Drevets, W.C.; Smith, G.; Mathis, C.A.; Kalro, B.N.; Butters, M.A.; Leondires, M.P,; Greer, PJ.;
Lopresti, B.; Loucks, T.L; et al. Effects of Estradiol and Progesterone Administration on Human Serotonin
2A Receptor Binding: A PET Study. Biol. Psychiatry 2000, 48, 854-860. [CrossRef]

Adams, K.H.; Pinborg, L.H.; Svarer, C.; Hasselbalch, S.G.; Holm, S.; Haugbel, S.; Madsen, K.; Frokjeer, V.;
Martiny, L.; Paulson, O.B.; et al. A database of [(18)F]-altanserin binding to 5-HT(2A) receptors in normal
volunteers: Normative data and relationship to physiological and demographic variables. Neuroimage 2004,
21,1105-1113. [CrossRef]

Biver, F,; Lotstra, F.; Monclus, M.; Wikler, D.; Damhaut, P.; Mendlewicz, J.; Goldman, S. Sex difference in
5HT2 receptor in the living human brain. Neurosci. Lett. 1996, 204, 25-28. [CrossRef]

Frokjaer, V.G.; Erritzoe, D.; Madsen, J.; Paulson, O.B.; Knudsen, G.M. Gender and the use of hormonal
contraception in women are not associated with cerebral cortical 5-HT 2A receptor binding. Neuroscience
2009, 163, 640-645. [CrossRef]

Meyer, ].H.; Kapur, S.; Houle, S.; DaSilva, J.; Owczarek, B.; Brown, G.M.; Wilson, A.A.; Kennedy, S.H.
Prefrontal Cortex 5-HT2 Receptors in Depression: An [18F]|Setoperone PET Imaging Study. Am. J. Psychiatry
1999, 156, 1029-1034. [PubMed]

Rosier, A.; Dupont, P; Peuskens, J.; Bormans, G.; Vandenberghe, R.; Maes, M.; de Groot, T.; Schiepers, C.;
Verbruggen, A.; Mortelmans, L. Visualisation of loss of 5-HT2A receptors with age in healthy volunteers
using [18F]altanserin and positron emission tomographic imaging. Psychiatry Res. Neuroimaging 1996, 68,
11-22. [CrossRef]

Staley, ].K.; Zoghbi, S.; Tamagnan, G.; Fujita, M.; Seibyl, ].P.; Maciejewski, PX.; O’Malley, S.; Innis, R.B.
Sex differences in [123I]3-CIT SPECT measures of dopamine and serotonin transporter availability in healthy
smokers and nonsmokers. Synapse 2001, 41, 275-284. [CrossRef] [PubMed]

Van Dyck, C.H.; Malison, R.T.; Seibyl, ].P.; Laruelle, M.; Klumpp, H.; Zoghbi, S.S.; Baldwin, R.M.; Innis, R.B.
Age-related decline in central serotonin transporter availability with [123I]3-CIT SPECT. Neurobiol. Aging
2000, 21, 497-501. [CrossRef]

Erritzoe, D.; Frokjaer, V.G.; Haahr, M.T.; Kalbitzer, J.; Svarer, C.; Holst, K.K.; Hansen, D.L.; Jernigan, T.L.;
Lehel, S.; Knudsen, G.M. Cerebral serotonin transporter binding is inversely related to body mass index.
Neuroimage 2010, 52, 284-289. [CrossRef]

124



Nutrients 2020, 12, 1942

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Koskela, A.K.; Kaurijoki, S.; Pietildinen, K.H.; Karhunen, L.; Pesonen, U.; Kuikka, J.T.; Kaprio, J.; Rissanen, A.
Serotonin transporter binding and acquired obesity—An imaging study of monozygotic twin pairs.
Physiol. Behav. 2008, 93, 724-732. [CrossRef]

Laruelle, M.; Baldwin, R.M.; Malison, R.T.; Zea-Ponce, Y.; Zoghbi, S.S.; Al-Tikeriti, M.S.; Sybirska, E.H.;
Zimmermann, R.C.; Wisniewski, G.; Neumeyer, J.L. SPECT imaging of dopamine and serotonin transporters
with [123I]3-CIT: Pharmacological characterization of brain uptake in nonhuman primates. Synapse 1993, 13,
295-309. [CrossRef]

Kim, J.S.; Ichise, M.; Sangare, J.; Innis, R.B. PET Imaging of Serotonin Transporters with [1'C]DASB:
Test-Retest Reproducibility Using a Multilinear Reference Tissue Parametric Imaging Method. ]. Nucl. Med.
2006, 47, 208-214.

Rahmim, A.; Zaidi, H. PET versus SPECT: Strengths, limitations and challenges. Nucl. Med. Commun. 2008,
29,193-207. [CrossRef]

Kuikka, J.T.; Tammela, L.; Karhunen, L.; Rissanen, A.; Bergstrom, K.A.; Naukkarinen, H.; Vanninen, E.;
Karhu, J.; Lappalainen, R.; Repo-Tiihonen, E.; et al. Reduced serotonin transporter binding in binge eating
women. Psychopharmacology 2001, 155, 310-314. [CrossRef]

Wise, S.D. Clinical studies with fluoxetine in obesity. Am. ]. Clin. Nutr. 1992, 55, 1815-184S. [CrossRef]
[PubMed]

Tammela, L.L; Rissanen, A.; Kuikka, J.T.; Karhunen, L.J.; Bergstrom, K.A.; Repo-Tiihonen, E.; Naukkarinen, H.;
Vanninen, E.; Tiihonen, J.; Uusitupa, M. Treatment improves serotonin transporter binding and reduces
binge eating. Psychopharmacology 2003, 170, 89-93. [CrossRef] [PubMed]

Figlewicz, D.P; Patterson, T.A.; Johnson, L.B.; Zavosh, A.; Israel, P.A.; Szot, P. Dopamine transporter mRNA
is increased in the CNS of Zucker fatty (fa/fa) rats. Brain Res. Bull. 1998, 46, 199-202. [CrossRef]

Johnson, PM.; Kenny, P.J. Dopamine D2 receptors in addiction-like reward dysfunction and compulsive
eating in obese rats. Nat. Neurosci. 2010, 13, 635-641. [CrossRef] [PubMed]

Wang, G.J.; Volkow, N.D.; Fowler, ].S. The role of dopamine in motivation for food in humans: Implications
for obesity. Expert Opin. Ther. Targets 2002, 6, 601-609. [CrossRef]

Laakso, A.; Vilkman, H.; Bergman, J.; Haaparanta, M.; Solin, O.; Syvilahti, E.; Salokangas, R.K.; Hietala, J.
Sex differences in striatal presynaptic dopamine synthesis capacity in healthy subjects. Biol. Psychiatry 2002,
52,759-763. [CrossRef]

Munro, C.A.; McCaul, M.E.; Wong, D.E,; Oswald, L.M.; Zhou, Y.; Brasic, J.; Kuwabara, H.; Kumar, A.;
Alexander, M.; Ye, W.; et al. Sex differences in striatal dopamine release in healthy adults. Biol. Psychiatry
2006, 59, 966-974. [CrossRef]

Pohjalainen, T; Rinne, J.O.; Nagren, K.; Syvilahti, E.; Hietala, ]. Sex differences in the striatal dopamine d2
receptor binding characteristics in vivo. Am. ]. Psychiatry 1998, 155, 768-773.

Riccardi, P,; Zald, D.; Li, R.; Park, S.; Ansari, M.S.; Dawant, B.; Anderson, S.; Woodward, N.; Schmidt, D.;
Baldwin, R.; et al. Sex differences in amphetamine-induced displacement of [18 F] fallypride in striatal and
extrastriatal regions: A PET study. Am. . Psychiatry 2006, 163, 1639-1641. [CrossRef]

Van de Giessen, E.; Celik, F.; Schweitzer, D.H.; van den Brink, W.; Booij, ]. Dopamine D2/D3 receptor
availability and amphetamine-induced dopamine release in obesity. ]. Psychopharmacol. 2014, 28, 866-873.
[CrossRef] [PubMed]

Volkow, N.D.; Wang, G.J.; Telang, F.; Fowler, ].S.; Thanos, PK.; Logan, J.; Alexoff, D.; Ding, Y.S.; Wong, C.;
Ma, Y,; et al. Low dopamine striatal D2 receptors are associated with prefrontal metabolism in obese subjects:
Possible contributing factors. Neuroimage 2008, 42, 1537-1543. [CrossRef]

Wang, G.J.; Volkow, N.D.; Logan, ].; Pappas, N.R.; Wong, C.T.; Zhu, W.; Netusil, N.; Fowler, ].S. Brain dopamine
and obesity. Lancet 2001, 357, 354-357. [CrossRef]

Haltia, L.T.; Rinne, J.O.; Merisaari, H.; Maguire, R.P.; Savontaus, E.; Helin, S.; Nagren, K.; Kaasinen, V. Effects
of intravenous glucose on dopaminergic function in the human brain in vivo. Synapse 2007, 61, 748-756.
[CrossRef]

Karlsson, H.K.; Tuominen, L.; Tuulari, J.J.; Hirvonen, J.; Parkkola, R.; Helin, S.; Salminen, P.; Nuutila, P,;
Nummenmaa, L. Obesity is associated with decreased mu-opioid but unaltered dopamine D, receptor
availability in the brain. ]. Neurosci. 2015, 35, 3959-3965. [CrossRef] [PubMed]

125



Nutrients 2020, 12, 1942

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Eisenstein, S.A.; Antenor-Dorsey, ].A.; Gredysa, D.M.; Koller, ].M.; Bihun, E.C.; Ranck, S.A ; ArbelAez, AM.;
Klein, S.; Perlmutter, J.S.; Moerlein, S.M.; et al. A comparison of D2 receptor specific binding in obese
and normal-weight individuals using PET with (N-[(11)C]methyl)benperidol. Synapse 2013, 67, 748-756.
[CrossRef] [PubMed]

De Weijer, B.A.; van de Giessen, E.; Janssen, I.; Berends, EJ.; van de Laar, A.; Ackermans, M.T.; Fliers, E.;
La Fleur, S.E.; Booij, J.; Serlie, M.]. Striatal dopamine receptor binding in morbidly obese women before and
after gastric bypass surgery and its relationship with insulin sensitivity. Diabetologia 2014, 57, 1078-1080.
[CrossRef]

Dunn, J.P,; Cowan, R.L.; Volkow, N.D.; Feurer, 1.D.; Li, R.; Williams, D.B.; Kessler, R.M.; Abumrad, N.N.
Decreased dopamine type 2 receptor availability after bariatric surgery: Preliminary findings. Brain Res.
2010, 1350, 123-130. [CrossRef]

Steele, K.E.; Prokopowicz, G.P.; Schweitzer, M.A.; Magunsuon, T.H.; Lidor, A.O.; Kuwabawa, H.; Kuma, A ;
Brasic, J.; Wong, D.F. Alterations of central dopamine receptors before and after gastric bypass surgery.
Obes. Surg. 2010, 20, 369-374. [CrossRef] [PubMed]

Wang, G.J.; Tomasi, D.; Convit, A.; Logan, J.; Wong, C.T.; Shumay, E.; Fowler, ].S.; Volkow, N.D. BMI
modulates calorie-dependent dopamine changes in accumbens from glucose intake. PLoS ONE 2014, 9,
€101585. [CrossRef]

Wang, G.J.; Geliebter, A.; Volkow, N.D.; Telang, EW.; Logan, J.; Jayne, M.C.; Galanti, K.; Selig, P.A; Han, H.;
Zhu, W.; et al. Enhanced striatal dopamine release during food stimulation in binge eating disorder. Obesity
2011, 19, 1601-1608. [CrossRef] [PubMed]

Ginovart, N. Imaging the Dopamine System with In Vivo [11C]Jraclopride Displacement Studies:
Understanding the True Mechanism. Mol. Imaging Biol. 2005, 7, 45-52. [CrossRef]

Kung, H.E; Alavi, A.; Chang, W.; Kung, M.P; Keyes, J.; Velchik, M.G.; Billings, J.; Pan, S.; Noto, R.; Rausch, A.
In vivo SPECT imaging of CNS D-2 dopamine receptors: Initial studies with iodine-123-IBZM in humans.
J. Nucl. Med. 1990, 31, 573-579. [PubMed]

Best, S.E.; Sarrel, PM.; Malison, R.T.; Laruelle, M.; Zoghbi, S.S.; Baldwin, R.M.; Seibyl, J.P; Innis, R.B.;
Van Dyck, C.H. Striatal dopamine transporter availability with [123[]beta-CIT SPECT is unrelated to gender
or menstrual cycle. Psychopharmacology 2005, 183, 181-189. [CrossRef]

Nam, S.B.; Kim, K.; Kim, B.S.; Im, H.J.; Lee, S.H.; Kim, S.J.; Kim, L].; Pak, K. The Effect of Obesity on the
Availabilities of Dopamine and Serotonin Transporters. Sci. Rep. 2018, 8, 4924. [CrossRef] [PubMed]
Thomsen, G.; Ziebell, M.; Jensen, PS.; da Cuhna-Bang, S.; Knudsen, G.M.; Pinborg, L.H. No correlation
between body mass index and striatal dopamine transporter availability in healthy volunteers using SPECT
and [123I]PE2L. Obesity 2013, 21, 1803-1806. [CrossRef] [PubMed]

Ziebell, M. Evaluation of the superselective radioligand [123I]PE2I for imaging of the dopamine transporter
in SPECT. Dan. Med. Bull. 2011, 58, B4279. [PubMed]

Burghardt, PR.; Rothberg, A.E.; Dykhuis, K.E.; Burant, C.F.; Zubieta, ].K. Endogenous Opioid Mechanisms
Are Implicated in Obesity and Weight Loss in Humans. |. Clin. Endocrinol. Metab. 2015, 100, 3193-3201.
[CrossRef]

Joutsa, J.; Karlsson, H.K.; Majuri, J.; Nuutila, P.; Helin, S.; Kaasinen, V.; Nummenmaa, L. Binge eating disorder
and morbid obesity are associated with lowered mu-opioid receptor availability in the brain. Psychiatry Res.
Neuroimaging 2018, 276, 41-45. [CrossRef] [PubMed]

Tuominen, L.; Tuulari, J.; Karlsson, H.; Hirvonen, J.; Helin, S.; Salminen, P; Parkkola, R.; Hietala, J.; Nuutila, P.;
Nummenmaa, L. Aberrant mesolimbic dopamine-opiate interaction in obesity. Neurolmage 2015, 122, 80-86.
[CrossRef] [PubMed]

Gosnell, B.A.; Levine, A.S. Reward systems and food intake: Role of opioids. Int. J. Obes. 2009, 33, S54-S58.
[CrossRef]

Henriksen, G.; Spilker, M.E.; Sprenger, T., Hauser, A.; Platzer, S.; Boecker, H.; Toelle, T.R.;
Schwaiger, M.; Wester, H.]. Gender dependent rate of metabolism of the opioid receptor-PET ligand
[18F]ﬂuoroethyldiprenorphine. Nuklearmedizin 2006, 45, 197-200. [PubMed]

Vijay, A.; Wang, S.; Worhunsky, P.; Zheng, M.-Q.; Nabulsi, N.; Ropchan, J.; Krishnan-Sarin, S.; Huang, Y.;
Morris, E.D. PET imaging reveals sex differences in kappa opioid receptor availability in humans, in vivo.
Am. ]. Nucl. Med. Mol. Imaging 2016, 6, 205-214. [PubMed]

126



Nutrients 2020, 12, 1942

127.

128.

129.

130.

131.

132.

Zubieta, ].K.; Dannals, R.F; Frost, ].J. Gender and Age Influences on Human Brain Mu-Opioid Receptor
Binding Measured by PET. Am. ]. Psychiatry 1999, 156, 842-848. [CrossRef]

Czyzyk, T.A.; Romero-Pic6, A.; Pintar, J.; McKinzie, ] H.; Tschép, M.H.; Statnick, M.A.; Nogueiras, R.
Mice lacking delta-opioid receptors resist the development of diet-induced obesity. FASEB ]. 2012, 26,
3483-3492. [CrossRef]

Paus, T.; Keshavan, M.; Giedd, ].N. Why do many psychiatric disorders emerge during adolescence? Nat. Rev.
Neurosci. 2008, 9, 947-957. [CrossRef]

Tramunt, B.; Smati, S.; Grandgeorge, N.; Lenfant, F.; Arnal, J.E; Montagner, A.; Gourdy, P. Sex differences in
metabolic regulation and diabetes susceptibility. Diabetologia 2020, 63, 453—461. [CrossRef]

Clegg, D.J.; Riedy, C.A.; Smith, K.A.; Benoit, S.C.; Woods, S.C. Differential sensitivity to central leptin and
insulin in male and female rats. Diabetes 2003, 52, 682-687. [CrossRef]

Kessler, R.C.; Berglund, P.A.; Chiu, W.T.; Deitz, A.C.; Hudson, ].I; Shahly, V.; Aguilar-Gaxiola, S.; Alonso, J.;
Angermeyer, M.C.; Benjet, C.; et al. The prevalence and correlates of binge eating disorder in the World
Health Organization World Mental Health Surveys. Biol. Psychiatry 2013, 73, 904-914. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

127






SNg nutrients M)

Article
Prisoners of Addictive Cues: Biobehavioral Markers
of Overweight and Obese Adults with Food Addiction

Roni Aviram-Friedman *, Lior Kafri, Guy Baz, Uri Alyagon and Abraham Zangen *
Department of Life Sciences and the Zlotowski Center for Neuroscience, Ben-Gurion University,
Be’er Sheva 8410501, Israel; lior363@gmail.com (L.K.); guy.s.baz@gmail.com (G.B.);
uri.alyagon@gmail.com (U.A.)

* Correspondence: aviram.f.roni@gmail.com (R.A.-F.); azangen@bgu.ac.il (A.Z.);
Tel.: +972-52-6066876 or +972-8-6472646 (R.A.-F. & A.Z.)

Received: 30 September 2020; Accepted: 17 November 2020; Published: 20 November 2020

Abstract: Obesity is associated with food and eating addiction (FA), but the biobehavioral markers
of this condition are poorly understood. To characterize FA, we recruited 18 healthy controls and
overweight/obese adults with (1 = 31) and without (n = 17) FA (H-C, FAOB, NFAOB, respectively) to
assess alpha brain asymmetry at rest using electroencephalogram; event-related potentials following
exposure to high-calorie food (HCF), low-calorie food (LCF), and nonfood (NF) images in a Stroop
paradigm; reaction time reflective of the Stroop bias; and symptoms of depression and disordered
eating behavior. The FAOB group had the greatest emotional and uncontrollable eating, depressive,
and binge-eating symptoms. The FAOB group displayed lower resting left alpha brain asymmetry
than that of the NFAOB group. Differently from the other groups, the FAOB group presented
attenuated Stroop bias following exposure to HCF relative to NF images, as well as a lower late
positive potential component (LPPb; 450-495 ms) in both frontal and occipital regions. In the total
cohort, a correlation was found between the Stroop bias and the LPPb amplitude. These results point
to biobehavioral hypervigilance in response to addictive food triggers in overweight/obese adults
with FA. This resembles other addictive disorders but is absent in overweight/obesity without FA.

Keywords: food addiction; obesity; brain asymmetry; event-related potentials; food stroop; attention
bias; cue responsivity

1. Introduction

Obesity is a growing public health condition associated with significant co-morbidities, including
diabetes, heart disease, cancer, and depression [1,2]. Consequently, it carries an enormous economic
and public health burden [3]. Traditional remedies to reduce the prevalence of overweight and obesity,
such as diet and physical activity, are often successful, but most post-obese individuals fail to maintain
a healthy body weight in the long run [4]. In the past decade, the clinical construct of addiction to
food and eating (i.e., food addiction; FA) has been suggested to explain why some obese individuals
are resistant to conventional weight management regimens. The concept of addiction to food is not
under a consensus though, and it is not yet recognized in the Diagnostic and Statistical Manual of
Mental Disorders (DSM). Proponents of FA posit that there are psychophysiological commonalities
between obesity and substance or behavioral addiction [5], while opponents claim that this construct
is highly related to binge-eating disorder (BED) [6,7], and that the term “addiction” is inappropriate
since food is a legitimate necessity, not a substance individuals can abstain from [8,9]. Nevertheless,
eating behavior commonly seen in individuals with overweight and obesity may resemble symptoms
of substance or behavioral addiction, as specified in the DSM. This has led researchers to propose
FA, by extrapolating criteria for addiction diagnosis in the DSM and translating them to the food and
eating behavior domain [10]. These symptoms include frequent and excessive cravings for rewarding
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food [11], associated with an urgency to relieve stress and negative affect; hypersensitivity to external
cues signaling the rewarding food [12]; impulsivity [13] and disinhibition of eating restraint in response
to the cues [14]; recurrent overeating past the point of satiety [15], and reduced inhibitory control over
eating [16], despite being conscious to the adverse consequences of the behavior [17]. Individuals with
these symptoms may experience binge-eating episodes, but many do not satisfy the diagnostic criteria
for BED, such as eating binges that occur in a 2-h time window [18]. In fact, in a sample of obese
treatment seeking BED patients, only a subset of them met FA criteria [19,20]. Therefore, addictive-like
eating symptoms may accelerate chronic obesity rates, above and beyond the incidence of BED.

The psychobiological mechanisms of recurrent overeating in overweight and obesity are partially
characterized. A decade of research in this area has been channeled into several theories to explain
excessive overeating for reward [21]. The incentive sensitization theory, for example, posits that by
repeatedly overconsuming rewarding food, regardless of metabolic hunger, a conditioned food-reward
response is formed. The rewarding food is commonly hyperpalatable, high in calories, ultra-processed
fat, sugar, and/or salt, and it is considered to have an addictive potential [22,23]. With excessive
repetition of this behavior, the conditioned response transfers from a consummatory to an anticipatory
food reward (i.e., the reward associated with anticipating the consumption of this food) [24]. In this
way, a food cue, such as its olfactory or visual properties, is paired with an anticipatory reward in
a conditioned learning mechanism, which stems from neurobiological changes in the mesolimbic
dopaminergic system [12]. The anticipatory reward from consuming hyperpalatable food can elicit
intense cravings in response to the relevant cue [25]. These food cravings are associated attention
bias (AB), or the allocation of attentional resources to the relevant cue. Indeed, multiple studies have
confirmed the heightened allocation of attentional systems to food cues in obese, compared with lean
individuals [26-28].

Another theory that may explain recurrent overeating in obesity is the inhibitory control deficit
theory. This theory emphasizes that individuals keep overeating due to dysfunctional activity in
brain regions involved in higher-order control functions, which are under the command of inhibitory
control regions in the prefrontal cortex (PFC). According to this theory, a dysfunctional PFC activity
may accelerate repeated overconsumption of highly rewarding food, even in the absence of metabolic
hunger, due to reduced inhibitory control over eating [15].

The two neurocognitive theories described herein are in line with the approach-avoidance
motivational direction theory, according to which individuals with left-sided brain prefrontal asymmetry
(i.e., greater left, compared with right, PFC activity) are more likely to be responsive to reward, and/or
seek out experiences generating a reward [29]. Left-brain asymmetry is also associated with impaired
ability to avoid (or inhibit) behaviors generating undesirable consequences. Differently, individuals
with right-sided brain prefrontal asymmetry (i.e., greater right, compared with left, PFC activity) are
more likely to avoid experiences generating punishment or disgust, and/or keep away from those
generating a reward.

In line with the asymmetry hypothesis of obesity [30], a growing body of literature suggests that
left-brain asymmetry may be a neurocognitive characteristic of uncontrollable hedonic overeating (i.e.,
the overconsumption of highly rewarding food in the absence of hunger), and impaired inhibitory
control over food consumption [31,32]. There is evidence in females ranging from lean to obese for
the presence of left PFC asymmetry as a possible mediator of the association between AB to highly
rewarding food and a high BMI [33]. Moreover, participants with obesity and BED, compared with
obesity only, display greater left-hemispheric regional cerebral blood flow in response to rewarding
food [34]. These studies support the hypothesis that left-brain asymmetry is a neuronal mechanism
that preserves aberrant eating behavior in obesity and BED, but no study to date examined this
neurobiological feature directly in FA.

The neurocognitive features of heightened attentional sensitivity to an addictive rewarding cue,
coupled with inhibitory control deficits over the addictive behavior, and left-brain asymmetry traits,
are commonly seen in Substance Use Disorder (SUD) and behavioral addiction [35-37]. Therefore,
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there is some support for similarities between FA and other types of addiction. In an fMRI study
of participants ranging from lean to obese, a correlation between FA scores and increased reward
circuitry reactivity was found in the Anterior Cingulate Cortex (ACC), medial orbitofrontal cortex
(OFC), and amygdala during anticipation of chocolate milkshake consumption [38]. This was observed
jointly with reduced inhibitory control activation in the dorsolateral prefrontal cortex (DLPFC) and the
caudate in response to the actual consumption of the food, when comparing participants with high vs.
low FA scores. Similar neuronal alterations have been identified in classical addiction, in anticipation
and the actual intake of the substance [39-42].

Previous studies have identified reward responsiveness and AB to highly rewarding food cues in
FA. For example, reward-responsive eating mediated the relationship between elevated dopamine
signaling and FA scores [43]. Moreover, in female overweight adults with FA, AB to rewarding food was
identified in an eye-tracking paradigm following a negative mood induction, but the neurobiological
mechanisms have not been studied [44]. Therefore, no study thus far examined brain asymmetry
and neuronal correlates of AB to highly rewarding food in FA, to empirically test these aspects of
neurocognition. Moreover, no study to date examined the specific psychobiological distinction between
overweight/obesity with FA relative to overweight/obesity without FA.

To address the knowledge gap in the FA literature, we measured brain asymmetry at rest,
cue-reactivity to images of rewarding food in a Stroop Task while measuring EEG, and several
psycho-behavioral parameters, including eating behavior (emotional, uncontrollable, restraint,
and binge-eating behavior), and depressive symptoms. We compared these parameters between
overweight/obese adults with and without FA (FAOB and NFAOB, respectively), as well as lean
controls. We hypothesized that the FAOB group, compared with the other two groups, shows greater
left-brain asymmetry at rest and AB to food cues, along with heightened evoked electrophysiological
responses, in the Stroop task. We also hypothesized greater depressive, uncontrollable and emotional
eating, and binge-eating symptoms in the FAOB group, compared with the other two groups.

2. Materials and Methods

2.1. Participants

As part of a larger clinical trial aiming to test the effect of repetitive transcranial magnetic
stimulation )TMS( on FA and obesity, we recruited 66 adults (ages 18-65), 48 of whom were overweight
and obese and 18 were healthy controls (H-C) (body mass index (BMI) >= 28 and 19 < BMI <
25, respectively; see Table 1 for age and gender distribution). Participants were recruited by ads
and assessed for several demographic parameters, including BMI and age, using a short screening
questionnaire. Before recruitment, participants were also assessed for FA with the Yale Food Addiction
Scale (YFAS) [45], of which details can be found in Section 2.3. Psycho-Behavioral Questionnaires
below. To be recruited for the FAOB group, participants had to meet three or more YFAS symptoms and
score positive on the YFAS clinical distress questions. All obese or overweight participants who did not
get an FA diagnosis on the YFAS (i.e., they had either lower than three symptoms, or scored negative
on the clinical distress questions) were recruited to the non-addicted overweight and obese group
(NFAOB). The H-C comparison group had to have a healthy BMI and show no YFAS FA diagnosis.
Therefore, the study included three groups of participants: overweight and obese with FA (FAOB,
n = 31), overweight and obese without FA (NFAOB, n = 17), and healthy controls (H-C, n = 18).
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Table 1. Demographic and clinical data of the participants in the study.

Variable FAOB (M + SE) NFAOB (M =+ SE) H-C (M + SE) p Value
Age 39.05 (13.01) 37.56 (12.9) 34 (6.38) 0.34
Gender (M; F) 7;23 6; 10 9;9 0.24
Education 14.3 (0.33) 15.13 (0.52) 15.07 (0.44) 0.27
BMI 34.54 (0.76) 3429 (1.17) 22.98 (0.38) <0.0001 "#§
VAS (hunger) 481 (0.2) 5.5 (0.19) 5.06 (0.28) 0.11
YFAS-S 5.71 (0.26) 3.28 (0.54) 1.38 (0.21) <0.0001 #§
TFEQ-EE 9.42 (0.55) 7.75 (0.6) 5.56 (0.45) <0.0001 #*
TFEQ-UE 27.96 (0.81) 24.94 (1.18) 16.78 (1.06) <0.0001 #*
TFEQ-CR 13.27 (0.62) 13.72 (0.97) 1531 (1.1) 0.22
BDI 10.46 (1.34) 5.07 (1.19) 2.88(0.9) <0.0001 #*
BE 6.73 (1.19) 1.09 (0.45) 0.07 (0.05) <0.0001 #*
PANAS 17.87 (7.93) 21.73 (8.35) 17.12 (7.25) 0.21

" NFAOB vs. H-C (p < 0.05); # FAOB vs. H-C (p < 0.05); * FAOB vs. NFAOB (p < 0.05); § Controlling for
BE. FAOB: overweight and obese with food addiction. NFAOB: overweight and obese without food addiction.
H-C: healthy controls.

Potential participants were required to have no conventional weight loss attempt currently or in
the past three months. As part of the screening, all participants filled out a short medical assessment
questionnaire to ensure adherence to the inclusion/exclusion criteria of the TMS trial. Exclusion criteria
included a cognitive or functional disability diagnosed within the past year; starting or changing a
psychotropic prescription in the past three months; substance abuse, current or in the past 12 months;
known or suspected pregnancy or lactation; and practicing veganism. Participants signed an informed
consent approved by the Soroka Medical Center in Beer-Sheva, Israel.

2.2. General Procedures

The procedures’ timeline is shown in Figure Al. In the current study, we aimed to examine AB
to rewarding food cues in the absence of physiological hunger. This is based on evidence pointing
to the interaction between physiological hunger and food reward, cravings, and attention bias to
food cues [28,46-49]. We therefore asked the participants to follow preparatory guidelines before
arriving at the lab. The guidelines included a dietary menu to follow 24-h before they arrive at the
lab. Participants arrived between 9 a.m.-12 p.m. on the day of the study, following an overnight fast
(starting at 8 p.m. the night before), except for water or unsweetened hot beverages [50]. Adherence to
these guidelines was assessed with a nutritionist upon arrival to the study. At the lab, participants’
weight was measured with a Charder scale (MS4900), and they filled out several questionnaires about
their eating behavior (see Section 2.3. Psycho-Behavioral Questionnaires below). Thereafter, they
were provided with a standardized breakfast composed of bland food, totaling 640 calories, 43 g of
protein, and 27 g of fat. The purpose of the dietary preparation was to standardize hunger and control
for metabolic variations between the participants, and by providing the bland breakfast we aimed to
intensify their cravings for highly rewarding food cues [47,49,51]. Following breakfast, participants
were escorted to a room where EEG recordings and a Food Stroop task were conducted (see below).

2.3. Psycho-Behavioral Questionnaires

2.3.1. YFAS

This is a 25-item instrument asking about eating highly rewarding food, and it provides two types
of score: a symptom count (between 1-7) and a clinical significance score (either 0 or 1) that pertains to
clinical distress associated with the symptoms experienced. The symptom count is based on the seven
substance dependence criteria in the diagnostic and statistical manual of mental disorders, Fifth Edition
(DSV-V), where each criterion is measured with item questions containing frequency (i.e., ranging from
‘never’ to ‘four or more times a week, or daily’) or a dichotomous (i.e., ‘yes’ or 'no’) scoring. For each
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substance dependence criterion, item scores are added up and transformed to a dichotomous score
(i.e., ‘0" or '1"), to reflect if the criterion has been met. All criteria scores are then added up to provide
an overall symptom score between 0-7 (see Table Al for example of items and scoring of the YFAS).

The clinical significance score pertains to impairment or distress associated with the problematic
eating symptoms. This score is calculated based on two questions with five response criteria, ranging
from ‘never’ to ‘4 or more times a week, or daily’. Here too, item scores are added up and transformed to
a dichotomous score of either ‘0’ or ‘1", reflecting the final clinical significance score. Food addiction can
be ‘diagnosed” when at least three symptoms, plus the criterion of a clinically significant impairment
or distress, are met. This instrument is the most frequently used tool to assess FA in research. It has
good psychometric properties (Cronbach’s alpha: 0.84) [52], and it can reliably distinguish between
individuals showing symptoms of addictive eating and those who do not [10].

2.3.2. Three-Factor Eating Questionnaire (TFEQ)

Originally a 51-item self-report inventory designed to assess three aspects of eating behavior in
obesity [53], the TFEQ has recently been revised to a more concise 18-item instrument with improved
psychometric properties [54]. The TFEQ has three subscales: 1. CR (the conscious restriction of food
intake to control body weight or to promote weight loss); 2. UE (uncontrollable eating; the tendency to
eat more than usual due to loss of control over food intake); and 3. EE (emotional eating; overeating
during dysphoric mood states). The Cronbach’s alpha of the TFEQ is 0.79, 0.85, and 0.87 for the three
subscales, respectively [54].

2.3.3. Binge Eating (BE) Symptoms

To assess for BE symptoms, we used the Eating Disorders Examination Questionnaire with
Instructions (EDE-Q-I) [55], which is a short questionnaire that can accurately assess the frequency of
BE symptoms [56]. This instrument has shown comparable to the gold standard, the EDE interview, in
assessing BE symptom frequency [56] (see Appendix B for the specific questions used in the EDE-Q-I
to assess BE symptoms).

2.3.4. Beck Depression Inventory (BDI)

The BDI is a well-established and highly reliable (Cronbach’s alpha: 0.87) self-assessment
questionnaire of depressive symptoms [57]. It contains twenty-one questions, each having a 4-point
Likert scale, ranging from 0 (no symptoms) to 3 (severe symptoms). Scores on the BDI indicate
mild, moderate, severe, or no depression (represented by scores of 14-19, 20-28, 20-63, and 0-13,
respectively) [58].

2.3.5. Positive Affectivity Negative Affectivity Schedule (PANAS)

The PANAS is a self-rating measure of positive affect (PA; 10 items) and negative affect (NA; 10
items), that reflects transitory mood states [59]. This scale has good internal consistency reliabilities
(Cronbach’s alpha of 0.88 for the PA and 0.87 for the NA) [60]. Past research has shown the potential
influence of affective states on cognitive function in obesity [61]. Therefore, we administered the
PANAS following breakfast consumption, to control for the potential effect of affective variability on
AB in the Stroop task (see Statistics below).

2.3.6. Visual Analogue Scale (VAS)-hunger

We administered a Visual Analogue Scale of hunger and fullness (VAS-hunger) before the Food
Stroop task, to control for a possible effect of variations in hunger and/or cravings for highly rewarding
food on attention bias in the Stroop task [62] (see Statistics below). The VAS-hunger is a 7-point Likert
scale ranging from 1 (“extremely hungry”) to 7 (“extremely full”), and participants are asked to circle
what best describes the way they feel at the moment of measurement.
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2.4. The Food Stroop Task

The Stroop task is a reliable and widely used neurocognitive tool to assess AB, including in
addiction research [63]. We administered a Food Stroop task using the E-Prime software (Psychology
Software Tools, Inc., Sharpsburg, PA, USA) on a 17” computer screen, adjacent to a keyboard with four
keys denoted using stickers with different colors (red, green, yellow, and blue; color-key mapping was
counterbalanced between the participants). The Food Stroop is a version of the combi-Stroop test [64,65],
in which food images precede the Stroop stimuli, to test their influence on participants’ emotional
attention. Food images have been commonly used in appetite [66], obesity [67,68], and addiction [63]
research. The food images are considered more potent than words [69,70], since they can elicit cravings
for food in a similar manner to real food exposure, capturing attention, saliency, and reward [69].

The Food Stroop paradigm is illustrated in Figure 1. Each trial started with a fixation cross
presented for 800 ms, followed by a food or nonfood image presented for 500 ms. Thereafter,
the Stroop word was presented for a maximal duration of 2500 ms, or until the participant responded.
The inter-trial interval was randomly set between 1100-1900 ms.

+ Fixation Cross

Picture

RED/RED/SSS Stroop Word

Next Trial

Akey press,
or 2500 ms

Figure 1. The Food Stroop task experimental paradigm. A fixation cross was presented for 800 ms,
followed by a high-calorie food, low-calorie food, or nonfood picture presented for 500 ms, and by
a congruent, incongruent, or neutral Stroop word presented for 2500 ms, or until the participant
responded. The next trial randomly began 1100-1900 ms thereafter.

There were three picture categories: high-calorie food (HCF), low-calorie food (LCF), and nonfood
(NF) items, such as furniture. The pictures were retrieved from a freely accessible, previously validated,
database [71] and controlled for size, color, and shade. For vegetarian participants, we omitted pictures
containing meat and replaced them with vegetarian dishes.

The pictures were followed by either one of the three Stroop conditions, randomly presented. In the
three conditions, the meaning of the Stroop word (i.e., “RED”, “GREEN”, “YELLOW”, or “BLUE”)
was either congruent, incongruent, or neutral with respect to its color. For example, for the congruent
condition, the word “RED” was painted in red; for the incongruent condition, the words “RED” was
painted in green, yellow, or blue; and for the neutral condition, a neutral word was presented in any one
of the four colors available. The task included 24 practice trials with no pictures presented, followed by
3 blocks of 180 trials each, with a one-minute break in-between. This sums to a total of 540 trials, sixty
for each combination of picture typ, and Stroop condition [i.e., (3 picture types X 3 Stroop conditions)
x 60]. Overall, 180 pictures were presented, each shown once with each Stroop condition. Participants
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were instructed to press as quickly and accurately as possible, on the key associated with the color of
the word, while ignoring the word’s meaning.

Mean color-naming latencies (i.e., reaction time, RT) were calculated, excluding error-response
trials or ones with RT > 1200 ms. Prior to the beginning of the Stroop task, the VAS-hunger
was administered.

2.5. Electrophysiology (EEG) Procedures

EEG was recorded using a 64 electrode Wave guard cap (ANT neuro, Enschede, The Netherlands)
and a TMS compatible EEG amplifier (TMSi, Oldenzaal, The Netherlands) referenced to the Cz electrode.
Data were acquired using ASA™ version 4.7.3. Impedance was kept below 5 kOhm, and POz was
determined as the ground electrode. The recording frequency was set to 2048 Hz and digitized with a
24-bit AD converter. Off-line data processing was conducted using EEGlab 14.0.0 [72] and the Field Trip
toolbox in Matlab (version R2018a; MathWorks Inc., Natick, MA, USA) [73,74], by a trained researcher.

EEG was recorded over a 5-min resting period with lights dimmed, during which the participants
were instructed to keep their eyes closed while remaining alert [73,75]. The first 30 and the last 10 s
of the resting state EEG data were removed to prevent state transitional influence. The data were
filtered using a 1 Hz high-pass and 45-55 Hz notch FIR filters and then epoched into segments of 2 s
each. Noisy channels and epochs were detected using an automatic procedure, which was followed
by both manual review and rejection, performed by a trained researcher (mean + SD of epochs and
channels rejected in accordance: 14.65 + 6.02 and 1 + 0). The criteria for rejection were an absolute
amplitude threshold of +150 1V and an improbability threshold of 3 standard deviations above the
mean of the entropy value. An infomax Independent Components Analysis (ICA) was conducted; eye
blinks and movements were manually removed (2.3 + 0.94 components), and a second automatic and
manual scan assured no residual noisy segments were left (6.33 + 7.25 epochs removed). Next, rejected
channels were interpolated using spline interpolation; data were re-referenced to the average and
transformed to the frequency domain using a fast Fourier transform (1-100 Hz; frequency resolution
of 0.125 Hz). Finally, alpha power (8-12 HZ) was extracted for each electrode, and brain asymmetry
scores were calculated as the decibel-transformed ratio in alpha power between each left electrode and
its homologues right electrode (midline electrodes excluded), using the formula below, previously
described [75]:

Left alpha brain asymmetry = 10 X logyo(left electrode’s alpha power)
— 10logo(contralateral homologous electrode’s alpha power)

)

EEG data collected during the food Stroop task were segmented around the appearance of the
food/nonfood image (regardless of Stroop condition), starting at 500 ms before, and ending 1000 ms
after image appearance, and then baseline corrected. The data were preprocessed similarly to the
resting state EEG analysis, with a manual rejection of noisy epochs (8.19 + 9.36). Then, an ICA was
performed on all recordings (5.05 + 2.73 components rejected), with additional detection of noisy
epochs manually (17.13 + 17.9) and automatically (31.88 + 11.73), leaving an average of 161.15 +
11.31 epochs per food condition. The data were then analyzed in the time domain, as Event-Related
Potentials (ERP), in response to a food-specific stimulus.

Missing behavioral data were removed from the analysis. Table A2 details the number of
participants included in the analysis of each variable studied.

2.6. Statistics

All statistical inference tests were performed using two-tailed tests requiring an a-priory alpha
level of 5%. Participants” demographic and clinical data were analyzed using descriptive statistics
and a 1-way ANOVA, with the group as a between-subject factor. In the food Stroop task, to capture
the maximal emotional and motivational attention elicited by the food cues [63], we focused on the
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differential effect of HCF and NF images on participants’ performance in the task. Therefore, the Stroop
bias score (incongruent-congruent) was computed and analyzed using a 2-way mixed model ANOVA
(STATISTICA 13; TIBCO Soft Inc., Seattle, WA, USA) design, with image type (HCF and NF) as a
within-subjects factor and the group (FAOB, NFAOB, and H-C) as a between-subjects factor. Post-hoc
significance tests were Bonferroni corrected. When analyzing the Stroop bias, we controlled for PANAS
as well as for VAS-hunger, based on previous addiction Stroop studies [28,40,44], demonstrating the
necessity of controlling for variations between participants in hunger and transitory mood states.

All EEG data were analyzed using nonparametric permutation tests (Monte Carlo method),
implemented via the FieldTrip toolbox. This method samples the data repeatedly and randomly
(10,000 iterations) to evaluate the characteristics of the sample’s distribution under the null hypothesis,
obviating the need for prior assumptions concerning its normality.

Brain asymmetry power scores were first averaged for three regions of interest (ROI), including
frontal (F5, F3, FC5, and FC3), parietal (CP5 and CP3), and occipital (PO5, PO3, and PO?) electrodes.
This method was determined based on previous brain asymmetry research in healthy individuals [76]
and in the eating behavior domain [77], depicting these ROI and pointing to their validity in studying
brain asymmetry. Next, group differences were tested using permutation tests following the ANOVA
logic, i.e., pair-wise post-hoc contrasts were tested only if differences between the three groups were
first found significant in one of the ROI [73].

ERP components related to the processing of the food images during the food Stroop task were
defined prior to the statistical analysis and regardless of group affiliation, using Global Mean Field
Power analysis (see Figure A2) and in line with earlier literature [65,78]. We focused our investigation
on the Late Positive Potential (LPP) component for two reasons: 1. It reflects the emotional processing
of arousing affective pictures [79,80]. 2. It was the only component to show an association with the
attention bias induced by the food cues (Figure 5). Note that if not interrupted by another stimulus
(i.e., the next trial), the LPP may last a few seconds [79,80]. In contrast, in the current paradigm,
this ERP is decreased in preparation for the Stroop word; thus, we subdivided this component into
LPPa (300450 ms) and LPPb (450495 ms), to better align with differential motivational processes.
Three regions of interest (ROI) were defined to capture the anterior and posterior parts of the LPP:
frontal (electrodes: F1, Fz, F2, FC1, FCz, FC2), right posterior (P2, P4, P6, P8, PO4, PO6, POS, O2),
and left posterior (P1, P3, P5, P7, PO3, PO5, PO7, O1). Next, mean amplitude differences between HCF
and NF were computed for the LPPa and LPPb and subjected to permutation tests as described above.

3. Results

3.1. Participants’ Demographics and Clinical Data

Detailed demographic and clinical data of the three groups are shown in Table 1. The groups did
not differ in age, gender, or education level. As expected, the three groups differed in FA symptoms; this
difference stayed significant when controlling for BE symptoms. As expected, the H-C differed in BMI
from both FAOB and NFAOB groups. The three groups differed in their emotional and uncontrollable
eating symptoms (TFEQ-EE and TFEQ-UE, respectively), while the FAOB group showed the greatest
degree of symptoms. The NFAOB and H-C groups did not differ in depressive or binge-eating
symptoms (BDI and BE, respectively), but both groups differed from the FAOB group, who showed
the highest level of symptoms. Lastly, the three groups did not differ in cognitive restraint related to
food (TFEQ-CR), nor in their PANAS or VAS-hunger scores, but the FAOB group compared with the
other two groups, showed a trend for greater hunger (i.e., lower scores on the scale) on the morning of
the study.

3.2. Hemispheric Brain Asymmetry

No differences in the raw EEG power were found between the groups (see Figure A3).
Non-parametrical permutation tests based on F statistics indicated that brain alpha asymmetry
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scores differed between the three groups in the frontal (F = 3.45 (, - 49), p = 0.03) but not in the parietal
(F =2.33 (; = 49), p = 0.09) or the occipital ROI (F = 2.52 (;, - 49), p = 0.08; (Figure 2)). Post-hoc contrasts
indicated that the FAOB group showed lower left alpha brain asymmetry scores (i.e., lower left alpha
compared with the right alpha), differently from the NFAOB group, in the frontal and occipital ROI
(frontal (t = 2.36 (;, = 33), p = 0.02), parietal (t = 1.68 (;, = 33), p = 0.11), and occipital (F = 2.54 (, =33,
p = 0.01)), but neither of the overweight and obese groups statistically differed from the H-C group.
Since the alpha power is a brain frequency inversely related to local brain activity [81], the lower alpha
brain asymmetry means greater left, compared with the right, hemispheric dominance in the FAOB
group compared with the NFAOB group. Note that nonparametrical tests do not use F or ¢ tables; hence,
the sample size is detailed rather than the degrees of freedom. Considering previous research [82], we
tested for all the participants together the correlation between left alpha brain asymmetry and gender,
which was not significant (r = 0.19 p = 0.15). Therefore, we did not use gender as a covariate in our
electrophysiological analyses.
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Figure 2. Group differences in brain alpha asymmetry. (a) Topographic plots of the mean group left
alpha asymmetry power (upper row) and the group contrasts (lower row), for the FAOB, NFAOB,
and H-C groups. Note that the maps are based on subtraction of alpha power between symmetric
electrode pairs and are thus left/right mirrored. (b) Mean and SEM of left alpha asymmetry power
for each group in the frontal, parietal and occipital ROL Electrodes included in each ROI are marked
in dark blue in 2a. *p < 0.05; **p < 0.01. FAOB: overweight and obese with food addiction. NFAOB:
overweight and obese without food addiction. H-C: healthy controls. SEM: standard error of mean.
ROI: region of interest.

3.3. The Effect of Food Cues on Attention Bias and Brain Potentials

ANOVA of the Stroop attention bias in response to food cues in the Food Stroop task revealed a
significant 2-way group * image type interaction (F (2 56) = 3.46, p = 0.04) (Figure 3). This interaction
was statistically significant when controlling for VAS-hunger and PANAS scores (mean scores: 6.62
and 20.1, respectively). Post-hoc tests indicated a significant reduction of the Stroop bias following
HCF compared to the NF image, which was observed in the FAOB but not in the other two groups
(p = 0.05; Figure 3).

Nonparametrical permutation tests indicated differences between the three groups in brain
potentials in response to food cues. There was an amplitude change induced by the food cues (HCF
vs. NF), in the LPPb but not in the LPPa, in the frontal (F = 4.09 , = 52), p = 0.02) and right occipital
(F=3.78 (; = 50), p = 0.02) but not in the left occipital ROI (F = 1.40 (, - 52), p = 0.26) (Figure 4). Post-hoc
contrasts revealed that the FAOB group had a lower food cue-induced amplitude change in the LPPb
compared with the NFAOB group, in the frontal (t = 2.84 (, - 37), p = 0.0058) and right posterior
(t=2.62 (= 37), p = 0.0013) ROL Neither the FAOB nor the NFAOB groups statistically differed from
the H-C group.
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Figure 3. Attention bias following food and nonfood cues. A graphical depiction of mean and SEM of
the Stroop bias following HCF and NF images in the FAOB, NFAOB, and H-C participants. * p < 0.05.
SEM: standard error of mean. HCF: high-calorie food. NF: nonfood. FAOB: overweight and obese with
food addiction. NFAOB: overweight and obese without food addiction. H-C: healthy controls.
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Figure 4. Brain potentials in response to food cues. (a) Event related potential curves in the FAOB,
NFAOB and H-C groups, following HCF compared with NF images, in the frontal and right posterior
ROI (no group differences in the left posterior ROI, hence not shown). Curve’s shades mark SEM; TOIs
(LPPa, LPPb) are marked in gray. (b) Topographic plots of mean group amplitudes (upper row) and
group contrasts (lower row) during the LPPb. Electrodes of the different ROI are marked in dark blue
(c) Mean and SEM of the same in the frontal and right posterior ROL ** p < 0.01. FAOB: overweight
and obese with food addiction. NFAOB: overweight and obese without food addiction. H-C: healthy
controls. HCF: high-calorie food. NF: nonfood. ROI: region of interest. SEM: standard error of mean.
TOI: times of interest. LPP: late positive potential.
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Correlational analysis between the food cue-induced differences in both the Stroop bias and the
LPPb amplitude revealed a negative correlation in the frontal ROI (r (, = 51y = —=0.33, p = 0.02) and a
positive correlation in the right posterior ROI (r ,; = 51) = 0.30, p = 0.03; Figure 5). Therefore, the food
cue-induced amplitude change was linearly associated with the Stroop bias change following HCF
compared to NF images.
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Figure 5. Association between the amplitude change and the Stroop bias change following HCF
compared to NF images, for the participants altogether. (a) A topographic plot of the linear correlation
magnitude between the food-cue induced LPPb amplitude and the Stroop bias changes. (b) Scatter
plots of the same in the frontal and right posterior ROI. HCF: high-calorie food. NF: nonfood. LPP: late
positive potential. ROI: region of interest.

4. Discussion

In the current study, we aimed to investigate psychobiological indices of food addiction in
overweight and obesity. The results provide novel and unique neurobehavioral and psycho-cognitive
markers characterizing FA versus no FA in overweight and obese participants. Our hypotheses were
partially confirmed; during rest, the FAOB group showed greater left-brain asymmetry than that of the
NFAOB group. This neurobiological signature is in line with approach motivation tendencies [82],
indicating greater vulnerability to approach a motivationally salient cue relevant to the addictive
condition [83]. The greater left-brain asymmetry at rest in the FAOB group may indicate a neuro-marker
of repeatedly and compulsively approaching highly rewarding food, similarly to those observed
in substance addiction [36]. Conversely, the greater right-brain dominance in the NFAOB group
in comparison with the FAOB and (to a lesser extent) the H-C groups, may protect them from
developing FA symptoms. The lack of addictive features in the NFAOB group may be reflected in
their right frontal asymmetry. An extensive body of research points to inhibitory control deficits
in obesity, which is associated with impulsivity and a lack of delayed discounting of food-related
reward [84,85]. To overcome impulsivity toward food reward, the NFAOB may have developed
heightened compensatory mechanisms in their right brain hemisphere, which is absent in healthy
adults and the FAOB group, the latter who may be lacking the capacity to consistently control their
food intake.

Our findings are in line with past research indicating left PEC asymmetry in chronic overeaters [31],
in adults with high hedonic hunger (i.e., a drive for a food reward in the absence of hunger) [86],
and in obesity [87]. In the current study, we also found left-brain asymmetry in the occipital ROI,
and a general trend of reduced left alpha asymmetry in the whole hemisphere, possibly indicating a
widespread left hemispheric dominance in the FAOB group, extending to brain areas in the sensory
association cortex [77]. Specifically, brain responses with robust asymmetry to the left parietal and
occipital brain areas may be related to strategic and tactical aspects of goal pursuit [88], such as reward
valuation and integration [77,89], as well as hedonic valuation of food [77]. A widespread asymmetry
that includes temporal and occipital electrodes has been observed in healthy individuals [76] and in
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psychiatric patients [90], but this is the first study that shows this electrophysiological marker in food
addiction. Therefore, additional studies are needed to help uncover the significance of these findings.

In the Food Stroop task, participants viewed pictures of highly rewarding food, as well as nonfood
items, before the Stroop word assignment. We hypothesized that the FAOB participants will show
greater cue-reactivity in response to highly rewarding food cues, reflected in greater Stroop bias and
heightened ERP responses, than that of NFAOB and H-C participants. This is based on previous
literature indicating greater AB in the Food Stroop task in obese compared with lean participants [91,92].
Our results refuted previous findings; at earlier stages of cognitive processing (300-450 ms following
picture presentation), the HCF pictures elicited heightened emotional reaction similarly in all groups.
Thereafter, during the LPPb (at 450-495 ms) the FAOB group seems to have inhibited their emotional
response to the HCF cues, differently from the NFAOB group, who displayed clear electrophysiological
difference in response to HCF versus NF images. This neurobiological difference between the groups
was behaviorally reflected in their differential performance on the Stroop word assignment, which
started immediately thereafter. Indeed, in the Food Stroop task, the FAOB group showed a lower
Stroop bias following images of HCF, suggesting that the lack of electrophysiological response to HCF
images may result from an inhibitory process. The negative correlation between the neuronal response
to HCF vs. NF images and the performance during the Stroop task further implies an inhibitory process
of affective response, starting at the neuronal level and reducing attention bias on the Stroop task.
The positive correlation between the occipital response to HCF vs. NF images and the performance
during the Stroop task implies that increased sensory response to these images (without prefrontal
inhibition) may induce the increased attention bias on the Stroop task.

The LPP component is commonly found in obesity research, and it indicates selective and
motivated attention to rewarding cues [93], specifically highly rewarding food [94]. Greater LPP
component response in addicted vs. non-addicted individuals, following a visual presentation of
a cue associated with the addiction, has been shown in cannabis use and may be a neurobiological
marker of addiction [36]. High LPP has also been found in response to an acute stressor, when
cortisol levels are high [78], implying vigilant attention to a threat. In our sample, the strong
inhibition of emotional-motivational reaction to the HCF cues in the FAOB group may point to the
hypervigilance-avoidance hypothesis [95,96]. Research is pointing to an interaction between emotional
valence and executive control demands in tasks involving attention and cognitive interference [44,97].
Attentional avoidance in a state of emotional vigilance has been observed in dieters who attempt to
attentionally avoid pictures of the food they desire [64,98], and in addicted patients exposed to the
stimuli they are trying to abstain from [99]. Accordingly, the HCF images in our study may have
elicited in the FAOB group a strong affective response. At the early stages of information processing,
the FAOB group, similarly to the other two groups, showed an initial heightened emotional response
to the appetitive cues, which was thereafter extensively inhibited in the FAOB group, possibly when
experiencing hypervigilance with triggers of an emotionally-laden problematic behavior associated
with their condition.

The hypervigilance-avoidance hypothesis has been shown in adults with social phobia, who
respond faster in a Stroop paradigm with images of socially challenging situations, following an
anxiety-inducing task [100,101]. Similarly, overeating of highly rewarding food has been postulated
to function as a relief from the physical tension associated with hypervigilance [102], suggesting
an addictive cycle whereby compulsivity develops to relief from the psychophysiological tension
associated with the condition. Following this hypothesis, individuals with overweight or obesity and
FA may vigilantly detect highly rewarding food cues in their environment, propelling a negative affect
and a negative urgency to impulsively consume that food. They may try to counteract their tendency
to approach highly rewarding food (to relieve their hypervigilance) by exercising cognitive avoidance,
up to the point where they disinhibit their restraint and lose their control over eating. At the point of
disinhibition, consumption of the food may function to relieve the physical and emotional tension
associated with generalized or cue-specific hypervigilance [84]. This hypothesis is in line with the
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theoretical understanding of impulsivity and loss of control of eating seeing in FA [5]. These behaviors
and their neurobiological precursors may also be reflected in left-brain asymmetry [33].

The FAOB differed from the NFAOB (and the H-C) in both binge-eating (BE) and depressive
symptoms and in symptoms of emotional and uncontrollable eating. These results are in-line with
our hypotheses and replicate previous research comparing individuals with and without FA [103,104].
BED is related to FA [105], but research about distinctions and similarities between the two conditions
is in its infancy. FAOB has been suggested to be an extreme form of BED [6]. However, in our sample,
only 13 participants out of the 30 (i.e., 43%) in the FAOB group showed BE symptoms [106]. Moreover,
BE symptom scores were not correlated with participants” performance on the Food Stroop task, nor
with brain asymmetry scores or ERPs, and the three groups in our study differed in FA symptoms
and BMI even when controlling for binge-eating scores. These are novel and important findings,
pointing to FA as a unique clinical construct, characterized by distinct psycho-neurobiological markers,
above and beyond BE symptoms. Future studies may employ the parameters addressed in the current
study to directly compare two cohorts of overweight/obese adults: one with FA and the other with BE
symptoms/BED.

BE and FA may escalate depressive symptoms [5,104], and there is ample evidence to support the
co-occurrence of obesity and depression [2]. In our work, despite greater depressive symptoms in the
FAOB group compared with the other two groups, symptoms level did not reach clinical significance
but more of a melancholic state [107]. It is possible that the uncontrollable compulsion to eat, low
self-esteem [19], self-inefficacy in controlling one’s eating and weight [108], and the impairment in the
quality of life in overweight/obesity with FA [109], contributed to greater depressive symptoms in the
FAOB group.

The present study has strengths and limitations. This study is the first to find neurocognitive
markers and psycho-behavioral correlations in overweight/obesity with FA, using brain asymmetry
indices and ERP in a Food Stroop task. In the present study, participants” hunger and metabolism were
carefully controlled for 24 h prior to, and on the day of, the study, to reduce the chance of confounding
variables, such as metabolic hunger [47], biasing the results. Future work may regress these and other
potential confounders on the neurocognitive parameters we applied in the current study; this was not
performed here and may be a shortcoming of the present work. The present study has a limitation in
terms of sample size, particularly in the NFAOB and H-C groups. Moreover, participants’ recruitment
in the present study poses several limitations to the generalizability of our findings; we did not recruit
participants with the co-presence of obesity and SUD [110], and our study lacks a subgroup of FA
who shows lean body mass [111], limiting the conclusions to FA in overweight/ obesity. Moreover,
we used the original version of the YFAS, which is based on the DSM-1V, since participants’ recruitment
started prior to the publication of the most updated version, the YFAS version 2 [112]. Therefore,
we did not distinguish between mild, moderate, and severe FA symptoms in participants’ recruitment.
We, therefore, suggest these limitations be addressed in future FA studies. Lastly, our research setting
has possibly impacted the participants in the study. Future ecological momentary assessment studies
may help examine overweight/obesity with FA in a different, more natural setting, to avoid possible
confounding factors of conducting research in the lab.

5. Conclusions

Our study uniquely demonstrated that overweight and obese adults with FA show markers
of left-brain asymmetry at rest, relative to overweight/obese adults without FA. In addition,
the overweight/obese participants with FA show markers of a hypervigilant inhibition of emotional
reaction to food triggers that may elicit excessive cravings, evident in a lower LPPb response to HCF
images and reduced AB in a Food Stroop task. Our results are in line with psychobiological markers
of SUD and behavioral addiction, and they introduce novel understandings of overweight/obesity
with FA. Neurocognitive training and neuro-modulatory treatment, such as transcranial magnetic
stimulation (TMS), may help rebalance hemispheric symmetry in obesity with FA. Future studies may
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also address potential therapies to help individuals with FA cope better with environmental stimuli
relevant to their condition.

Author Contributions: Conceptualization, R.A.-F,, U.A., A.Z,, and LK ; Methodology, R.A.-F,, U.A., A.Z.; software,
R.A.-F. and U.A; validation, U.A.; formal analysis: R.A.-E, L.K., and U.A_; investigation, R A.F, LK. and G.B,;
resources: A.Z.; Data curation, U.A. and L.K.; writing — initial draft preparation, R.A.-F.; writing - review and
editing, U.A., LK., G.B., and A.Z,; visualization, U.A.; supervision, A.Z.; project administration, R.A.-F., L.K.
and G.B.; funding acquisition: U.A. and A.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by MAGNET program, Israel Innovation Authority, #61450.

Acknowledgments: We thank Noga Cohen at the Edmond J. Safra Brain Research Center for the Study of Learning
Disabilities at the University of Haifa, Israel, for reviewing and commenting on this paper.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

Appendix A

1. Weight 1. Breakfast
Food St
> 2, Questionnaires >> 2.EEG sctup>> oo mop>> EEGat rest >

Figure Al. Procedures’ timeline.

142



Nutrients 2020, 12, 3563

awoy Je aw 0} [qe[reae suordo 1ay0
aaey ] y3noy) uaAd spooy urerad aseypind

1000221 ‘2SN "UeIqO ¢ -0 Anrep Soom e saw) ¢—g ‘puowt ‘huow I9AU 0} 2103S 3y} 0} ALIP [[1M | ‘Djdwexs 104 “wayy
0} Ayragoe/euwm yonjy 10 S} dI0W 10 § : © sow ¢ © 9dU0 uresqo oy Aem o ﬁw R ——
J0U 21k SPOOJ UTE}IdD UdYM Jey) puly | °/
I9A0D3I ‘3SN “UTe}qo . 0 Arep soom © SR £ ypuow yuour ToAsU “Kep ayy noySnoryy
03 Ayranoe/euwm yonjy 10 ST} SIOW 10 § © s ¢ EERITG] spooy urejrad Sunes Ajpueisuod JasAw puiy | -9
I9A0D3I ‘3N “Ure}qo y Arep o & SO e ypuow yuour ToAsU -Bunjearano woxy pandie;
03 Ayranoe/auwm yonjy [ [l 10 ST} SIOW 10 § A nee © s ¢ EERITG] 10 ys133nys Sureay awn Jo o e puads | g
ymb o3 3dweype ‘noqe A1rom
Arep yiuow yuour
[nyssadonsun pajeadar 2 €0 Soom e s ¢ I9AU 1 Surygawos st pooy jo sad£y uresad uo umop
10 SaWIT) SIOW 10 § © s ¢ EERITG]
10 SIISAP JUDISISID ] Sunno 10 pooy jo sad4y ureyred Sunes JoN F
papusjur
ueyy porrad 1e8uof y Aqrep . puow puow . .
10§ pue junoure a3re e [l 10 SIWIT) SIOW 10 § oM b SOUWR €72 e sown ¢ EERTG] oau e Afreorsyd ooy 1 21oum jurod oy o1 jea  °¢
ur uaxe} duesqng
Ppapusjur
A A
uey porrad ra8uoy . 0 Trep JoaM € soWY £ puow puow - 13uny 1o8uof ou wre T YSnoy) uaAd SPooy
10§ pue junoure 1a3re[ 10 ST} AIOW 10 F e sowm F—¢ EERIG] UTE}ID SWNSUOD 0} Jurmnumuod Jpskw puyy [ °g
ur uaye} dueisqng
Ppapusjur
ueyy porrad ra8uor . 0 Aqrep JoaM € sy £ puow puow onsu pauured ueyy axow yonur unes dn pua |
10 pue junowre 1o31e| 10 SaWIT) IO IO §r : e sown ¢ © 90U0 ‘SPO0J UTE)IaD SUTed 18]S [ UM Jey) puty | ' T
ur uaye) adueisqng
T 0 i4 € z T 0 ssypuow g1 ysed ay ug
uouI) Sunoog sa11082je)) asuodsay wa)y

‘[6¥] Surrods pue swayr Gy Jo sajdwexy TV 3[qeL

143



Nutrients 2020, 12, 3563

Table A2. Number of participants included in the analysis.

FAOB NFAOB H-C Reasons for Drop-out

Incomplete recording of RT (1)

Stroop Reaction Time 30 15 16 Failed to record covariate scores (4)
EEG at rest 18 15 16 Insufficient data quality
Event Related Potentials 22 15 15 Insufficient data quality
Food Stroop—ERP correlations 22 14 15 Insufficient data quality

FAOB: overweight and obese with food addiction. NFAOB: overweight and obese without food addiction. H-C:
healthy controls. RT: reaction time. ERP: event-related potentials.
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Figure A2. Event-related components in response to food (HCF) and nonfood (NF) images. Data is
averaged for all participants together, regardless of group affiliation. (a) A butterfly plot of potential
curves that include all electrodes. (b) Global mean field potential (GMFP) computed sample-wise as
the root mean squared deviation (RMSD) from the mean amplitude of all electrodes. The different
event-related components and time windows of interest (marked gray) were defined according to
the peaks in GMFP and are in line with the literature [65,79]; from left to right: P100 (95-135 ms),
N200 (155-195 ms), P300 (240-280 ms), and the Late Positive Potential (LPP) subdivided into LPPa
(300450 ms) and LPPb (450 495). (c) Topographic plots of the mean potentials during the different
components following HCF and NF images. The frontal, right posterior, and left posterior regions
of interest (electrodes marked in dark blue) were defined to capture differences in brain potentials
induced by the food images. (d) Event-related potential curves in response to HCF and NF images.
***p < 0.001. HCF: high-calorie food. NF: nonfood.
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FAOB NFAOB H-C I
< - -

Figure A3. Topographical power maps of the raw resting state EEG activity. Topographical maps of
the average resting state power in the experimental groups. No group differences were found using a
nonparametric F test in any of the electrodes.

Appendix B

EDE-Q-I questionnaire’s questions assessing BE symptoms [55].
“13. Over the past 28 days, how many times have you eaten what other people would regard as

an unusually large amount of food (given the circumstances)?

14. On how many of these times did you have a sense of having lost control over your eating

(at the time that you were eating)?

15. Over the past 28 days, how many DAYS have such episodes of overeating occurred (i.e., you

have eaten an unusually large amount of food and have had a sense of loss of control at the time)?”
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Abstract: The dysfunction of melanocortin signaling has been associated with obesity, given the
important role in the regulation of energy homeostasis, food intake, satiety and body weight. In the
hypothalamus, the melanocortin-3 receptor (MC3R) and melanocortin-4 receptor (MC4R) contribute
to the stability of these processes, but MC3R and MC4R are also localized in the mesolimbic dopamine
system, the region that responds to the reinforcing properties of highly palatable food (HPF) and
where these two receptors seem to affect food reward and motivation. Loss of function of the MC4R,
resulting from genetic mutations, leads to overeating in humans, but to date, a clear understanding of
the underlying mechanisms and behaviors that promote overconsumption of caloric foods remains
unknown. Moreover, the MC4R demonstrated to be a crucial modulator of the stress response, factor
that is known to be strictly related to binge eating behavior. In this review, we will explore the
preclinical and clinical studies, and the controversies regarding the involvement of melanocortin
system in altered eating patterns, especially binge eating behavior, food reward and motivation.

Keywords: melanocortin system; MC3R; MC4R; eating disorders; binge eating disorder; food reward;
obesity; MC4R mutation; rs17782313; stress

1. Introduction

Nowadays, the increased consumption of food highly rich in fat, sugar and palatable components
has fueled the so called Western diet, leading to excessive and non-homeostatic feeding behavior that
impacts the quality of life [1,2]. The melanocortin system, known to be a key pathway in the regulation
of food intake, body weight and energy balance [3-6], has been proposed as a possible underlying
factor not only in obesity, in which there is evidence of a consistent relationship [7-14], but also in
several dysfunctional eating patterns [15-20] that can lead to obesity, modulating the motivation for
hedonic properties of food [21-23]. Among the altered feeding patterns, binge eating behavior is one
of the most studied, due to the overlaps that exist with obesity [24-26], and melanocortin signaling
can influence reward-related behaviors, given the presence of melanocortin receptors (MCRs) not
only in the hypothalamus, but also in reward-related brain areas such as in the mesolimbic dopamine
pathway [27,28].

Binge eating is a typical feature in eating disorders, in particular Bulimia Nervosa, binge/purging
subtype of Anorexia Nervosa and Binge Eating Disorder (BED). A binge eating episode is characterized
by an unusual consumption of a large amount of food that most people would not eat in the same
discrete period of time, connected with the inability to stop overeating, accompanied by feelings of guilt,
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shame and regret [29]. Differently from Bulimia Nervosa and Anorexia Nervosa, BED is characterized
by recurrent episodes of binge eating not followed by inappropriate compensatory behaviors, such as
vomiting, prolonged fasting, or excessive exercise for controlling weight gain [29]. BED is the most
prevalent eating disorder in adolescents and young women [24,25,30], and it is associated in some
instances with overweight or obesity [31,32]. The subgroup of obese individuals that suffers also from
BED seems to increase food-related impulsivity and reward sensitivity in comparison to obese people
without BED [33,34]. Additionally, food craving is significantly higher under negative emotional states
(including disappointment, anger, guilt, depressive symptoms) [35,36] and stress exposure [37-39] in
obese binge eaters rather than obese. Thus, binge eating is a risk factor for obesity and, at the same time,
overweight and obesity might enhance the possibility to engage binge eating behavior [40]. In light
of these interconnected aberrant feeding patterns and the involvement of the MCRs in overeating
and stress, the aim of this review is to revise the current literature on PubMed, regarding the role
of the melanocortin system as a mutual underlying factor that may increase the susceptibility to
develop aberrant eating behaviors. After a brief summary of the localization and the physiological
functions of the melanocortin system, we will describe the role of melanocortin-3 receptor (MC3R) and
melanocortin-4 receptor (MC4R) on food intake, focusing on their interaction with the brain reward
system. Subsequently, we will highlight the impact of genetic mutations of MC4R on food consumption
in humans. Finally, the melanocortin system, principally via MC4R, will be explored in stress response,
considering stress as a key factor triggering altered feeding patterns.

2. An Overview of the Melanocortin Receptors in the Control of Food Intake

Pro-opiomelanocortin (POMC) is the precursor molecule of x-melanocyte-stimulating hormone
(x-MSH), one of its proteolytic cleavage products, which has a regulatory role in feeding related
behavior and satiety; the other active peptides are 3-MSH, y-MSH, adrenocorticotropic hormone
(ACTH) and B-endorphin [3,4,9]. Localization of POMC neurons in the central nervous system (CNS)
is in the arcuate nucleus of the hypothalamus (ARC) and in the nucleus of the tractus solitarius (NTS)
of the brainstem, areas implicated in body weight loss, energy homeostasis and signaling of satiety,
showing anorexigenic effects [4]. Adjacent to POMC cells, in the hypothalamic ARC, are localized
agouti-related protein (AgRP) neurons and the neuropeptide Y (NPY) neurons producing, respectively,
the endogenous antagonist of MCRs AgRP and the orexigenic neuropeptide NPY, both able to increase
food intake [3,41,42]. In the 1990s, the first MCRs were initially cloned, and, subsequently, all five
MCRs, members of the superfamily of G protein-coupled receptors, have been identified [43—46].
MC3R and MC4R are widely expressed in CNS, and, binding the endogenous MCRs agonist, x-MSH,
are able to activate adenylate cyclase to elevate intracellular cAMP levels, generating an anorexigenic
signal [41,47], regulating the homeostasis of energy intake and feeding behavior and suppressing food
consumption [4,6,16]. Conversely, MC1R, MC2R and MC5R are primarily found in the periphery:
the MCIR especially in the melanocytes, the MC2R in the adrenal cortex and MC5R in the exocrine
glands [4,48].

The MC3R is predominantly expressed in the brain within the hypothalamus, mainly in the ARC
and less in the dorsomedial portion of the ventromedial nucleus, anteroventral preoptic area, posterior
hypothalamic area, the medial preoptic area and paraventricular nucleus (PVN) of the hypothalamus,
but there is evidence of MC3R moderately localized also in the limbic system, in ventral tegmental area
(VTA), central linear nucleus of raphe, in the lateral nucleus of the septum and in the medial habenula
nucleus of the thalamus [43,46,48,49].

In contrast with MC3R, the MC4R has a more widespread expression in the CNS; indeed,
the MC4R shows high prevalence in hypothalamic sites including PVN, the medial preoptic area,
anterior hypothalamic nucleus, ventromedial nucleus of the hypothalamus, dorsomedial nucleus of
the hypothalamus, tuberomammillary nucleus and other several hypothalamic areas, but it is also
strongly expressed in the brainstem and moderately in the cortex, hippocampus, corpus striatum,
amygdala, thalamus, spinal cord and also detected in the peripheral nervous system [27,43,48,50,51].
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In the brain, the distinct localization, more widely for MC4R than for MC3R, also reflects a different
binding with the peptides deriving from POMC cleavage: x-MSH and y-MSH have high affinity for
MC3R; meanwhile, MC4R is preferentially bound by a-MSH and less by y-MSH [44,46,50,51]. Moreover,
AgRP, endogenous antagonist of MCRs, has high affinity for both these receptors [41,42], reflecting
a differential regulation of the metabolic response and food consumption [7,42,52]. Furthermore,
in the hypothalamus, the melanocortin pathway interacts with other crucial hormones, such as
leptin and insulin, which promote the processing of POMC to the anorexigenic x-MSH, signaling a
decreased energy intake and contributing to the fed state (for details see ref. [12,53-55]). In addition,
another functional interaction of the melanocortin system in the ARC nucleus is with the orexigenic
neuropeptide Nociceptin/Orphanin FQ [56,57], which exerts an inhibitory influence on «-MSH cells [58],
and is strictly involved in stress mechanisms [59,60] and binge eating behavior [56,61-64].

Preliminary information about the functions and physiological role related to feeding of MC3R
and MC4R was provided by studies with the deletion of these MCRs in mice, which developed obesity,
increased adipose mass, hyperphagia and lack of appetite control, in particular more pronounced in
MC4R knockout (KO) mice rather than MC3R KO mice, even though mice lacking both receptors become
significantly heavier than MC4R KO [11,16,65-68]. Additionally, all the previous effects, characteristic
of severe obesity, are predominantly linked to MC4R mutations and defects in MC4R signaling in
humans, compared to the alterations of MC3R, which frequently cause only moderate obesity or limited
hyperphagia; to date, the role of MC3R remains an element that needs to be clarified [11,13,14,69-72].
Taking into account all these findings, it is interesting to explore the studies conducted so far regarding
the association of MCRs with compulsive eating, food reward and motivation, and to support the
possibility of their implication in binge eating behavior.

3. Melanocortin Receptors in Feeding
3.1. MC3R

3.1.1. MC3R: Preclinical Studies on Eating Behavior

The MC3R, compared to the MC4R subtype, exhibits a more limited distribution in the brain,
being predominantly found in the hypothalamic nuclei and limbic regions, with dense expression in
the ARC, ventromedial hypothalamus, VTA and medial habenula, structures in which it is supposed
to regulate energy homeostasis and food seeking behavior [46,50,73-75]. MC3R and MC4R KO mice
have been used to investigate the role of each receptor in regulating energy homeostasis, and many
studies revealed that MC3Rs and MC4Rs might function independently, playing a complementary but
non-redundant role in the regulation of energy balance [65,66,68,76]. Targeted deletion of the MC3R
gene in mice promotes a modest obesity syndrome and increased accumulation of fat mass that is not
related to hyperphagia, with a normal anorectic response to melanocortin agonists [65,66], suggesting
that this receptor could be mostly involved in the regulation of energy homeostasis and metabolic
processes, rather than in the control of feeding behavior. However, a study by Zhang et al. showed
that MC3Rs and MC4Rs are of approximately equal importance in preventing weight gain during
a high-fat chow diet, and that the absence of MC3Rs compromises leptin’s ability to decrease food
consumption [76], evidencing an altered anorectic response in MC3R null mice. Moreover, male MC3R
KO mice, backcrossed onto the C57BL/6] background, showed a mild hyperphagia after exposure to a
purified high-fat diet [6]. Sutton et al. demonstrated that obesity associated with MC3R deficiency is
dependent on the dietary fat, considering that, if exposed to a low-fat diet, MC3R KO mice exhibited a
modest increase in adiposity and a normal body weight, while during a high-fat diet, fat mass was
comparable to that of MC4R KO littermates [68]. Additionally, MC3R KO mice were not hyperphagic
under a low-fat diet, but showed a modest increase in food consumption under the high-fat diet, an
effect that was gender specific, being mainly observed in male mice [68]. A recent experiment in mice
with “humanized” MC3Rs further evidenced the role of the MC3R in appetite control: in this mouse
model, the murine MC3R was replaced with the Wild Type (WT) human MC3R (MC3RMWTAWT) o the
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double-mutant C17A (ThréLys) + G241A (Val81lle) human MC3R (MC3R"PMADM) [77] characterized
by a reduced receptor binding, signaling transduction and less protein expression, and associated with
a greater risk of childhood obesity in human homozygous carriers [78-80]. Mutant homozygous mice
with the double mutation (MC3RMPM/DM) had an increased adiposity and energy intake, compared
to WT human MC3R (MC3RMWT/MWT) Jittermates and were also hyperphagic [77], highlighting the
contribution of MC3R signaling to energy homeostasis, metabolism and feeding behavior.

The behavioral phenotype linked to MC3R-deficiency may be also contextual and dependent on
energy balance. In fact, MC3R-deficient mice appear to be less sensitive to the “pain” of hunger, and are
not motivated to avoid unpleasant experiences associated with nutrient scarcity [81], as described
by investigations using hypocaloric restricting feeding protocols. In this context, MC3Rs seem to be
essential for entrainment of anticipatory behavior toward feeding time [81,82]. Food anticipatory
behavior, consisting of a progressive rise of activity preceding food presentation, assessed using
running wheels and measuring home cage activity, is attenuated in MC3R KO mice, compared
to WT, under a restricting feeding protocol [73,82,83]. Moreover, the same mice did not exhibit
the increased wakefulness generally coincident with food presentation and normally observed in
non-mutant rodents [82]. Hypocaloric feeding protocols are known to promote binge-like eating
behavior in WT mice, which reduce meal frequency but increase meal size and duration, with most
of the food consumed within the first hour of presentation [21,83,84]. This behavioral phenotype is
markedly attenuated in MC3R KO mice, without compensation in the feeding cycle later or changes
in the meal structure, a finding that supports the essential role of an intact MC3R signaling in the
compulsive eating response, observed after exposure to situations of poor nutrient availability and
prolonged negative energy balance [83,84]. Additionally, the motivation to self-administer a food
reward is markedly attenuated in MC3R-deficient mice, exposed to a caloric restriction protocol,
while being normal if mice are fed in ad libitum conditions, reducing self-administration of chocolate
flavored pellets [21]. The abnormal behavioral features associated with the deletion of MC3Rs could
be partially explained by the neuroendocrine alterations found in the brain of MC3R-deficient mice,
which failed to present the increase in the potent orexigenic neuropeptides AgRP and NPY during
fasting and hypocaloric conditions [5,84,85]. Intriguingly, MC3R-deficient mice also exhibit altered
responses of the hypothalamic-pituitary-adrenal (HPA) axis during caloric restriction, showing a lack
of corticosterone serum increase in response to fasting, which instead is found in WT mice [84,85].
Furthermore, the dysregulation of fasting-induced corticosterone release was accompanied by a defect
in the upregulation of hypothalamic corticotropin-releasing hormone (CRH) mRNA in the MC3R KO
mice [85], indicating that both hypothalamic and adrenal functions are compromised by the absence of
this receptor. Considering both the dysfunctional eating behaviors and the altered activity of the HPA
axis observed in MC3R KO mice during fasting, future studies should be conducted to investigate if
deletion or antagonism of the MC3R could reduce the compulsive-like eating in a preclinical model
of binge eating, where a binge eating episode is elicited by the combination of food restriction and
stress, trying to further characterize the role of this receptor in both homeostatic and non-homeostatic
eating [86,87].

The information obtained from studies with MC3R KO mice are in accordance with the putative
role of the MC3R as an inhibitory autoreceptor on POMC neurons [49,88,89], where o- and y-MSH,
released by POMC nerve terminals within the ARC, are supposed to regulate the activity of POMC
neurons through activation of MC3R subtypes, and studies with selective MC3R agonists confirmed
this observation. Indeed, Marks et al. found that stimulation of the MC3R, by peripheral administration
of the selective MC3R agonist [D-trp8]-y-MSH, results in the inhibition of POMC neuronal activity,
which in turn leads to an increase in food intake in WT mice, while having no effect on feeding in MC3R
KO littermates [90]. The suppression of POMC neuronal activity, after injection of [D-trp8]-y-MSH,
was demonstrated to be a consequence of an increased inhibitory synaptic transmission, due to
the activation of GABAergic NPY neurons in the ARC, releasing GABA on POMC neurons [88,89].
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Considering the highly potent orexigenic activity of NPY [91], this can explain the observed increase in
food intake after stimulation of the MC3R [90], as reported in Figure 1.

Stimulation of MC3R
T Dopamine T GABAergic NPY l POMC
transmission in neuronal activity | 4@ | neuronal activity
the VTA in the ARC in the ARC

|

1 Food intake Alisetics 67
1 Motivation for ‘* blockade of MC3R

HPF

Figure 1. The potential MC3R mechanisms leading to increase food intake and motivation for highly
palatable food (HPF) in preclinical studies. |: decrease; T: increase; ARC: Arcuate nucleus of the
hypothalamus; HPF: Highly palatable food; MC3R: Melanocortin-3 receptor; NPY: neuropeptide Y;
POMC: Pro-opiomelanocortin; VTA: Ventral Tegmental Area.

However, the study by Marks et al. had the limitation of investigating the effect of the MC3R
agonist only by a peripheral administration, not clearly explaining if the results obtained were due to a
peripheral or central action. Subsequently, Lee et al., using a rat model, obtained a similar finding,
analyzing the effect of the same compound directly injected in the CNS, through intracerebroventricular
(i.c.v.) injections, resulting in an increased food intake in treated rats, confirming a central mechanism
of action [92]. Interestingly, it was examined if antagonism at MC3R would have the opposite effect,
inhibiting feeding, but a strange result was obtained, observing that the MC3R antagonist PG-932, at a
low dose, suppressed food intake, while at a higher dose significantly increased food consumption
and body weight. These effects could be explained with the possible antagonism profile of PG-932
even at MC4R, when injected at high doses in rats [92].

Taken together, these studies confirm that the MC3Rs, despite their functions are still not completely
understood, could represent important targets for the treatment of obesity and could also play a role in
the aberrant feeding patterns that characterize eating disorders.

3.1.2. MC3R: Preclinical Studies in Food Reward

The melanocortin system interacts with several nuclei of the brain and neural circuits, among
which, one of the most relevant in the control of food intake and body weight is the mesocorticolimbic
dopamine system [93], connecting the VTA with the Nac, amygdala and PFC, regions particularly
involved in reward, motivational processes and food consumption [94-96]. Dopamine has an essential
role in food intake and reward, and thus, it is supposed that the melanocortin system can also influence
feeding by modulating dopamine transmission in areas that are implicated in eating behaviors, satiety
perception and reward processes. Indeed, x-MSH may affect food intake and reward, principally
regulating dopamine neuronal activity in the VTA, which is part of the mesolimbic system that includes
dopamine cells of the VTA projecting to the NAc [97], a key region for the reinforcing properties of
highly palatable food (HPF). HPF, which consists of aliments rich in fat, sugar or both, is a potent
reward and has been demonstrated to induce dopamine transmission in the NAc in both human and
animal studies, increasing motivation to overconsume this type of food [94,95]. It is well documented
that intra-VTA injections of a-MSH stimulate dopamine release in the NAc and dopamine-related
behaviors, confirming that «-MSH increases dopamine neuronal activity in the VTA [98-101], and that
POMC and AgRP neurons send projections to the VTA [102,103]. In this brain region, there is expression
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of both MC3Rs and MC4Rs in dopamine and non-dopamine neurons, but MC3Rs are expressed at a
much higher level, compared to MC4Rs [22,46,74,104]. Conversely, the NAc shell shows a prominent
concentration of MC4Rs that are found on both D1 and D2 receptor-expressing neurons [23], suggesting
a differential action of MCRs on dopamine signaling in these brain areas. In light of the high expression
of the MC3Rs in the VTA, the role of these receptors in the hedonic aspect of food intake was evaluated
via activation of the reward circuitry. Accordingly, MC3R KO female mice, in a sucrose preference
test, showed a significant reduction in the sucrose solution intake at all concentrations used (ranged
from 1 to 2%), relative to WT littermates, and this was also accompanied by a decrease in sucrose
preference at concentration of 1% [74]. Given the critical role of an intact VTA for sucrose preference
and intake [105,106], and considering the high concentration of the MC3Rs in this region, it was
hypothesized that the defect in sucrose intake in MC3R KO female mice was due to MC3R-related
alterations in dopaminergic signaling in the VTA. Deletion of MC3Rs in mice was accompanied by
changes in dopamine levels and its metabolites, DOPAC and homovanillic acid, in the VTA, but,
interestingly, these parameters were restored in ovariectomized mice, suggesting an interaction between
the melanocortin system and estrogens in the regulation of midbrain dopamine levels [74], a factor that
could have an impact on food intake, taking into account the important relationship between ovarian
hormones and emotional eating and binge eating, in both rodents and humans [107-110].

A following study, using MC3R™Bul (MC3RT®TB) mice, the strain in which the expression
of MC3R is suppressed by insertion of a loxP-flanked transcription blocker (TB) into the genes 5
UTR [8], reported that the absence of MC3R signaling reduced self-administration of food reward
(20 mg chocolate flavored food pellet) under a progressive ratio protocol in mice subjected to caloric
restriction. The result of this study suggests that the motivation to obtain a food reward in MC3RT®/TB
mice might be related to conditions of negative energy balance and nutrient scarcity, considering that
this behavioral phenotype was not observed in mice with the same genotype, but with ad libitum
access to food [21]. Moreover, acute refeeding after fasting did not induce neuronal activity (assessed
by c-fos immunoreactivity) in the NAc of MC3R™®™B mice, the region associated with reward and
motivation for food [21], indicating the critical role performed by the MC3R in the appetitive responses
to weight loss. Rescuing the expression of the endogenous MC3Rs in the VTA partially re-established
the reduced motivation to work for food reward that characterized MC3R™/™B mice, suggesting that
MC3Rs expressed in the VTA could influence motivational responses to caloric restriction and have an
important function in the defense of body weight during situations of poor nutrient availability [21].

Pandit et al. observed that pharmacological stimulation of the MC3Rs in the VTA increases
the motivation to consume HPF, through a mechanism that involves dopaminergic transmission.
Indeed, intra-VTA injection of the selective MC3R agonist y-MSH increased response to sucrose in rats,
evaluated under a progressive ratio schedule of reinforcement, an effect demonstrated by the increased
number of active lever presses for sucrose. Conversely, when rats had free access to the sucrose pellet,
the same treatment did not enhance free intake of both sucrose pellet or chow, indicating that MC3R
stimulation selectively increases the incentive motivation for HPF and not its actual intake [22]. In the
same study, i.c.v. administration of x-MSH, a MC3R/MC4R agonist, as expected, decreased the number
of active lever presses, reducing response to sucrose, but when «-MSH was co-administrated with
the MC4R antagonist HS014, motivation for sucrose was enhanced, supporting the role of MC3Rs in
the motivation to obtain a food reward [22]. Interestingly, pretreatment with the dopamine receptors
antagonist «-flupenthixol blocked the y-MSH increased response to sucrose, and this confirms that
MC3Rs in the VTA could affect food reward in a dopamine-dependent manner [22].

The result of this study is particularly interesting because it suggests that the melancortin system
could fine tune motivation for HPF, depending on the type of MCR expression in different brain
nuclei, considering that MC3R signaling in the VTA promotes the motivation-enhancing effects of
food rewards (see Figure 1), while MC4R signaling in the NAc shell has the opposite effect, decreasing
motivation for HPF [23].
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3.2. MC4R

3.2.1. MC4R: Preclinical Studies on Food Preference and Motivation

As previously mentioned, the role of the MC4R in energy homeostasis and obesity is well
established, and many preclinical and clinical studies investigated the implication of this receptor in
preventing weight gain and regulating energy balance. However, it has been observed that MC4R
could affect feeding behaviors also modulating the brain reward circuitry, in particular by influencing
neural transmission in areas sensitive to reinforcing properties of HPF [28,111-113].

Indeed, central administration of the endogenous MCRs antagonist AgRP in rats has been
demonstrated to preferentially increase intake of a high-fat diet, over a low-fat diet, with a mechanism
involving opioid transmission, considering that Naloxone, an opioid receptor antagonist, was
found to selectively counteract the consumption of high-fat pellets [112]. Additionally, a selective
reduction in fat consumption was found in MC4R +/+ mice treated with intraperitoneally injection of
melanotan II (MTII), a MC3R and MC4R agonist, without affecting the intake in MC4R —/— littermates
and, in the same study, administration of the selective MC4R agonist (pentacyclo(p-K)-Asp-cis
Apc-(p)Phe-Arg-Trp-Lys-NH?2) had the same effect, suggesting that the MC4R is the necessary mediator
for the reduction in fat intake [114]. When administered into the Central Amygdala, a region connected
with hypothalamic areas that affect eating behavior, MTII strongly reduced the high-fat diet intake,
but only moderately the low-fat or standard diet, conversely to injections of SHU-9119 and AgRP,
antagonists of the MCRs, in the same brain area, that increased rat preference for the high-fat diet [115].

These findings were confirmed by the study of Tracy et al., in which rats, under operant and
Pavlovian conditioning paradigms, after receiving i.c.v. injections of 1 nmol AgRP, enhanced active
response to earn a peanut oil emulsion (100% fat) reinforcer, but not to obtain a sucrose (100%
carbohydrate) reinforcer and increased responses to cues predictive of fat delivery [113]. These results
extended previous evidence that melanocortins, via MC4Rs, are probably selective for the intake of
high-fat food. Accordingly, Davis et al. observed that treatment with AgRP was able to support
conditioned place preference for a high-fat diet compared to standard chow, while blocking the
acquisition of place preference for sucrose pellets [111], indicating a selective reinforcement effect of
melanocortin antagonism directed toward fat-rich food.

The ability of AgRP to modulate food intake is supposed to be mediated, at least in part, by
its influence on dopaminergic signaling in the mesocorticolimbic dopamine circuitry, and central
administration of AgRP promotes activation of c-fos immunoreactivity within tyrosine-hydroxylase
midbrain dopamine neurons, indicating that melanocortin antagonists are able to elicit neuronal
activation in these brain areas [111]. Furthermore, AgRP-treated rats increased dopamine turnover in
the medial PFC, one of the major target of dopaminergic projections from the VTA, and it is known that
dopaminergic neurons in the medial PFC respond to the positive hedonic aspect of HPF [111,116-118].
Activation of dopamine activity in the medial PFC could also be related to the AgRP ability to
promote activation of orexin-A neurons in the lateral hypothalamus [119], strictly involved in the
integration of rewarding stimuli, and orexin neurons in this area send projections to the VTA [120],
which in turn could stimulate dopamine activity in the medial PFC. Orexin-A neurons are thought to
principally regulate arousal, but also feeding and reward-related behaviors [120], and antagonism at
the orexin-1 receptor has been demonstrated to block the compulsive-like eating episode in female
rats, in a preclinical model of binge eating [121]. In light of these observations, the melanocortin
system could be able to promote consumption of high-fat foods in a mechanism involving opioid,
dopaminergic and orexin transmissions, and future investigation should be conducted to better
understand how these neurotransmitter systems interact in order to facilitate the development of
dysregulated eating behaviors.

Subsequent studies, testing MCRs agonists and antagonists, evaluated whether a direct injection
of these compounds into the VTA was able to change feeding behavior, altering the activity of the
mesolimbic dopamine system. Intra-VTA administration of MTII (a non-selective MC3R/MC4R agonist)
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dose-dependently suppressed the intake of standard chow in male rats, conversely to the MC3R/MC4R
antagonist SHU-9119, which significantly stimulated 24-h food intake. Furthermore, a prolonged
blockade of MCRs with the same MCRs antagonist, chronically injected for 5 days, increased total body
weight, food intake and caloric efficiency, confirming that stimulation or blockade of MCRs might
influence feeding behavior, by modulation of the mesolimbic dopamine transmission [122].

Taking into account this study, it was investigated if pharmacological stimulation of the MCRs in
the VTA could also affect the intake of a rewarding sugar solution, under a two-bottle choice paradigm,
a procedure in which rats had access to two identical drinking bottles, one containing normal water,
and the other one filled with 1, 2 and 10% sucrose solutions. Intra-VTA administration of MTII
dose-dependently decreased consumption of a 1 and 2% sucrose solutions, without affecting water
intake in the 24-h prolonged access paradigm, while only the highest dose of MTII (50 pmol/side)
reduced intake of the more appetizing 10% sucrose solution [123]. However, MTII treatment reduced
not only sugar consumption in the two-bottle choice test, but also baseline 24-h food intake, raising the
question of whether the effect of MCR stimulation in the mesolimbic pathway is specific or not to the
hedonic aspect of food intake over the homeostatic level [123].

Additional studies have been performed to further investigate the role of the MC4Rs in the
context of food reward, using self-administration paradigms, in order to evaluate if the melanocortin
system could selectively affect food motivation. In light of the high expression of the MC4Rs in the
NAc shell, x-MSH (0.2 nmol) and AgRP (0.1 nmol) were directly injected in this brain area, and they,
respectively, decreased and increased food self-administration of 45 mg sucrose pellets, as indicated
by the number of active lever presses and reinforcers earned in the operant conditioning chambers.
This effect was demonstrated to be dopamine-dependent, considering that pretreatment with the
dopamine receptors antagonist a-flupentixol, attenuated both active lever presses and reinforcers
earned induced by AgRP [23]. Interestingly, x-MSH and AgRP, when administered in rats with free
access to the sucrose pellets, did not influence feeding of the HPF, indicating that MC4Rs in the NAc
shell are selectively involved in the motivation to obtain food reward [23]. A recent study, always
using self-administration of sucrose pellets, under both a fixed and a progressive ratio schedule
of reinforcement, obtained a similar result, considering that stimulation of MCRs with intra-VTA
injections of MTII dose-dependently reduced sucrose self-administration on both schedules, while
blockade of melanocortin signaling in the same area, with the MCRs antagonist SHU-9119, increased
self-administration, but only under fixed ratio protocol [124].

These studies had the limit of using compounds that are not selective for MC3R or MC4R and are
not in accordance with a recent finding by Pandit et al., who reported that the selective MC3R agonist
Y-MSH increased sucrose self-administration when injected in the VTA [23]. This discrepancy can
be explained by the activation of distinct pathways, depending on the selectivity of the agonist that
activates MC3R or MC4R [124], confirming the different roles played by these MCRs in the mesolimbic
dopamine system to regulate food reward and motivation, as shown in Table 1.

Finally, from these observations, it was demonstrated that the melanocortin system is able to affect
different aspects of feeding behavior (from standard chow intake to self-administration of HPF) in
light of its ability to interact with many other brain pathways implicated in the control of appetite and
eating. Moreover, the identification of how this system is altered in aberrant eating patterns, including
binge eating behavior, would be useful for a better understanding of these disorders and the discovery
of new potential treatments.
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Table 1. Summary of studies regarding MC3R and MC4R on food reward and motivation.

Species Experiment Result Ref.
M‘(;VS,F “Ifi?evs‘ Sucrose preference test | sucrose intake and preference in female MC3R KO mice [74]
Mc3le1Bull
(MC3RTE/TB) v Food self-administration under | self-administration of a food reward in MC3RT®/TB mice 21
Vs fixed and progressive ratio protocols exposed to caloric restriction
WT mice
Rats Food self-administration under 7T operant response, but not free access to sucrose after 221
fixed and progressive ratio protocols injection of the MC3R agonist y-MSH
Rats Consumption of a high-fat vs. 1 intake of a high-fat diet vs. a low-fat diet after i.c.v. [112]
low-fat diet injection of AgRP

| fat intake in MC4R +/+, but not in MC4R —/— mice after

MC4R +/+ vs. Consumption of a three-choice diet  injections of the MC3R/MC4R agonist MTII and the MC4R [14]
MC4R —/— mice (fat, protein, carbohydrate) agonist (pentacyclo(D-K)-Asp-cis
Apc-(D)Phe-Arg-Trp-Lys-NH2)

| the high-fat diet intake after injection of MTII in the CeA;

Rats High-fat vs. low-fat diet paradigm T high-fat diet consumption after the injection MCRs [115]
antagonists SHU-9119 and AgRP

. T active response to earn a peanut oil emulsion (100% fat)

Rats fnai‘ar;faﬁgcfnzgsoiﬁphoi:;di reinforcer, but not a sucrose (100% carbohydrate) [113]
P &P & reinforcer after i.c.v. injection of AgRP

Conditioned place preference for AgRP supports conditioned Ip}gce preference for a high-fat

Rats . X diet, while blocks the acquisition of place preference for [111]
high-fat diet and sucrose pellets
sucrose pellets

N . § | intake of standard chow after intra-VTA injection of MTII;

Rats Consumption of standard chow 1 24-h food intake with SHU-9119 [122]
1 consumption of a 1 and 2% sucrose solutions with
Rats Two-bottle choice paradigm for a intra-VTA injections of MTII; 139]
sucrose solution | intake of the more appetizing 10% sucrose solution only -
at the highest dose of MTIL
L . | operant response with -MSH and
Rats 5 Food self admm}stratlf)n under T operant response with AgRP injected in the NAc shell; [23]
fixed and progressive ratio protocols . K
no influence on free consumption of sucrose pellets

| sucrose self-administration on both fixed and progressive

Rats Food self-administration under ratio schedules with intra-VTA injections of MTII; [124]

fixed and progressive ratio protocols T self-administration, only under fixed ratio protocols with

SHU-9119

l: decrease; 7: increase; AgRP: Agouti-related protein; a-MSH: a-melanocyte-stimulating hormone; y-MSH:
y-melanocyte-stimulating hormone; CeA: Central Amygdala; i.c.v.: Intracerebroventricular; KO: Knock-out; MCRs:
Melanocortin receptors; MC3R: Melanocortin-3 receptor; MC4R: Melanocortin-4 receptor; MTII: Melanotan II; NAc:
Nucleus Accumbens; VTA: Ventral Tegmental Area; WT: Wild-Type.

3.2.2. Clinical Studies on MC4R Mutations

Several human studies suggested that the dysfunction of the central melanocortin system,
well established in the etiology of obesity, may be a potential mechanism underlying the development of
altered eating patterns, due to its contribution to food seeking and consumption, appetite, hyperphagia
and body weight control.

The majority of MC4R mutations [10], principally including missense and synonymous mutations,
have demonstrated partial or complete no activity of MC4R through in vitro study [70], and this loss of
function was associated with early-onset obesity in children, manifested particularly in homozygotes
rather than heterozygotes, with a higher percentage of body fat mass, increased appetite and food
seeking behavior during meals and hyperphagia [70]. Indeed, obese individuals, carriers of different
MC4R mutations, compared with obese and normal weight participants without these variants,
were diagnosed with BED through the completion of a validated questionnaire, thus resulting in the
co-existence between obesity and BED [15,125]. In one of the first studies, despite a large number
of obese children and adolescent carriers of MC4R gene mutations, only one girl met criteria for
BED [126]. Conversely, Branson et al. found that obese individuals, carriers of MC4R gene mutations,
met diagnostic criteria for BED, completing a validated eating disorder questionnaire [127] based on the
fourth edition of Diagnostic and Statistical Manual of Mental Disorders (DMS-1V), defining BED as the
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major phenotype of MC4R genetic variants [15]. However, a significant controversy surrounded these
findings [128], considering that other studies did not find an association between MC4R mutations and
episodes of binge eating [129,130], and, in addition, no differences were detected in body mass index
(BMI) or specific phenotype between adult carriers and non-carriers of the MC4R mutations [130].
In contrast to the study of Hebebrand et al., in which there were no strong associations between
BED and MC4R mutations, Tao et al. identified BED in obese patients with specific mutations in this
receptor (T11A, F51L, T112M and M200V), without being able to explain the possible pathogenesis of
the development of this eating disorder in relation to MC4R mutations [131]. Additionally, variability
of MC4R gene was also investigated in non-obese patients with binge eating behavior, showing a
lower presence of MC4R mutation in this group in contrast to obese patients; however, the study
was performed in a very small number of individuals with binge eating behavior and this limitation,
together with the lack of a control group, might have affected the result [132].

The variants of MC4R were additionally considered for their possible association with the outcomes
of bariatric surgery: in the study of Potoczna et al., obese patients, carriers of MC4R variants that
presented an aggressive form of BED, were less responsive to weight loss after laparoscopic gastric
banding treatment [125], while Vallette et al. did not find an influence of these genetic mutations in
weight loss and body composition after the same surgical treatment [133]. A recent study evidenced that
the presence of functional variants of MC4R significantly affected the efficacy of different laparoscopic
operations in obese Swiss patients with BED, increasing the risk of reoperation due to a failure in
postoperative weight loss [134].

These observations have encouraged further investigations of a possible involvement of MC4R
mutations in different eating patterns, particularly in obese subjects, to explain and document the food
attitudes leading to weight gain, hedonic overeating and behavioral addiction to obtain food rewards.

Valette et al. discussed how mutations could influence the choice and the preference for
macronutrients: in obese adults, carriers of different functional mutations of MC4R, an increased
carbohydrate intake compared to fat intake was reported. In the same study, using interviews with
standardized questionnaires and binge eating scales, no statistical difference was found in eating
behaviors in both carriers and non-carriers of MC4R mutations [135].

To investigate the impact of the complete loss of function of MC4R signaling on the brain response
to anticipatory food reward, van der Klaauw et al. performed functional magnetic resonance imaging
(fMRI) in a small group of obese individuals with heterozygous MC4R mutations and in obese and lean
individuals without mutations in satiated state. After seeing images of HPF, surprisingly, no group
difference was found in the amygdala or orbitofrontal cortex, but a hyporesponsivity to visual food
cues was reported in the dorsal and ventral striatum in obese controls, compared to the response of
MC4R-deficient obese patients and lean controls [136]. The result of this study is particularly relevant,
knowing that dorsal striatum is a brain region involved in compulsive food seeking behavior and
BED, even in a sated state [137,138]. Indeed, the understanding of how different brain responses and
behavioral factors are involved in rewarding food cues may explain the reason for the development of
HPF overconsumption.

3.2.3. The Polymorphism rs17782313 Nearby MC4R Gene and Eating Behavior

Recently, a genomewide association study (GWAS) identified several single nucleotide
polymorphisms (SNPs) of the MC4R gene, associated with high BMI and the risk of the development
of obesity [139]. Among them, the SNP rs17782313, mapping to a locus 188kb downstream from
the coding sequence of MC4R gene region, has become increasingly relevant in relation to obesity
and aberrant eating behaviors [140]. Additionally, this SNP rs17782313 seems to affect expression
and function of the MC4R and it has been proposed, in several studies, as a factor leading to altered
eating behavior patterns, increased vulnerability to higher BMI and changes in human brain regions,
especially in women and children [141-144].
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In the study of Qi et al., high preference and intake of nutrients rich in fat, saturated fat and
partly protein, without any appetite deregulation regarding carbohydrate, were found in women
carriers of this SNP compared to the non-carrier participants [142], leading to an elevated risk of
severe obesity. Moreover, the following works have tried to clarify the possible implication of this
MC4R SNP in feeding behavior: Stutzmann et al. revealed an excessive appetite in a large cohort of
European populations, especially eating a large amount of food during meals with a higher frequency
of snacking in children and teenagers carriers of this SNP, and a greater hunger in adults carriers of
the same polymorphism [143]. Snacking is a particular dietary pattern, principally during childhood,
in which energy-dense and nutrient-poor food is consumed between meals exhibiting a recurrent
“snack episode”, which can be translated into a bad feeding style and a risk factor for altered eating
behavior and elevated BMI [145,146].

Furthermore, another study evidenced less postprandial satiation symptoms after a fully caloric
satiating meal in obese individuals, carriers of rs17782313 polymorphism, promoting to eat more
frequently and to increase the caloric intake in the subsequent meal, leading to higher BMI [147].
In addition, the presence of this genotypic variant demonstrated low satiety responsiveness scores,
and high scores for enjoyment of food in Chilean obese children compared to the non-carrier
participants [148], assessed through the Child Eating Behavior Questionnaire (CEBQ) [149] and
19-item Three-Factor Eating Questionnaire Parent (TFEQP-19) Chilean version of the TFEQ-R18 [150].
A following study, always conducted in a Chilean population, focused on obese children carriers of SNP
rs17782313 revealing, in addition to lower satiety responsiveness and elevated enjoyment of food, even
an overconsumption of snacks after a standard meal, using the Eating in the Absence of Hunger (EAH)
Test and the CEBQ [17]. Moreover, in a three-generation Chilean family of obese women, the presence
of a genetic variant of MC4R, generating an amino acid substitution Thr150]le, characterized by a
decreased activity of the MC4R, led to an elevated BMI and remarkable scores of cognitive restraint
(CR), uncontrolled eating (UE) and emotional eating (EE), measured by TFEQ-R18 [19]. These three
parameters indicate respectively: conscious lower consumption of HPF but higher intake of vegetables
and proteins in order to control BMI; the tendency to eat unhealthy food more than usual in response
to external stimuli with loss of control and hunger for extreme unstoppable appetite; and, finally,
the inability to resist stress events, negative emotions and mood states, which often cause binge eating
episodes [150-152]. These paradigms were also evaluated in Chilean adults, carriers of SNP rs17782313,
presenting higher EE scores compared with non-carriers, while only women showed UE, evidencing a
difference between women and men with this SNP [20].

Recent studies in obese, overweight and normal weight Chilean children extended the evidence
about the SNP rs17782313, investigating how this genetic variant affects the ingestive behaviors
related to reward properties of food [153]. Eating behavior scores were calculated from the EAH Test,
CEBQ, TFEQ and Food Reinforcement Value Questionnaire (RVFQ), reporting differences between
gender in eating patterns, but not in elevated BMI: in obese boys, carriers of the SNP, a significantly
lower reinforcing value of food was observed compared to the non-carriers; meanwhile, obese girls,
carriers of this polymorphism, showed lower satiety responsiveness, and UE with respect to obese
girls without the SNP. These results are in accordance with the study of Vega et al., in which Chilean
obese adults showed UE, suggesting the involvement of MC4R in dopamine pathways relating to
food reward [153]. The hypothesis of a possible link between dopamine and melanocortin pathways
has also been proposed by Yilmaz et al., underlying that this interaction could be responsible for the
results of the study, in which, through the use of several questionnaires, significant EE, food craving,
elevated BMI and depressive mood in European adult carriers of SNP rs17782313 were found [144].
Furthermore, the results of the case control comparisons with a group of female participants who had
Anorexia or Bulimia Nervosa did not find any evidence that linked the genetic variant with these
eating disorders [154].

The evidence concerning this specific polymorphism that might contribute to overweight and
altered feeding patterns is not limited to the populations mentioned above, but it has been also
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investigated and found in subjects of different nationalities and ethnic origins [147,155-162], where the
majority of these studies addressed the vulnerability of women and children to moderate and severe
obesity and aberrant eating behaviors [141,157,161,163].

Horstmann et al. suggested that the genetic variation rs17782313 could affect reward mechanisms,
showing that only women, homozygous carriers of the risk SNP, demonstrated EE and Disinhibition
of Eating (loss of control over feeding, possibly due to external stimuli) measured by TFEQ-R18 and
TFEQ-51. Moreover, through Magnetic Resonance Imaging (MRI), a sex-specific association was
found between rs17782313 and an increased gray matter volume in the right amygdala, the anterior
hippocampus, the medial orbitofrontal cortex and the left and the right PFC [141], crucial regions
known to be involved in eating behavior [164,165].

All the studies discussed in this section (summarized in Table 2) highlighted that the partial or total
loss of MC4R function, due to MC4R mutations, as well as the SNP rs17782313, are positively correlated
with altered appetite and dysfunctional eating patterns, promoting obesity and elevated BML

Table 2. MC4R variant rs17782313 and manifestation of altered eating behavioral phenotype.

Subjects with the MC4R Variant

17782313 Result Ref.
Normal weight vs. obese children Obese children present high scores of Enjoyment of Food, Emotional [17]
of both sexes Overeating, Food Responsiveness and lower Satiety Responsiveness
In both genders high scores of Emotional Eating associated with BMI were
Adult participants found, while only in women the Uncontrolled Eating scores were associated [20]

with BMIL

Only women, especially homozygous carriers of MC4R variant rs17782313,

Healthy adult volunteers demonstrated Emotional Eating and Disinhibition of Eating.

[141]

Women had significantly higher intake of energy from fat, compared to

Adult women carbohydrate. [142]
Children, teenagers and adults Children and teenagers presented snacking and eating large amounts of food [143]
during meals. Adults presented a greater hunger score
Adults betwese(t]l;l;;a;ges of 24and Overeating behaviors, Emotional Eating and Food Cravings. [144]
Overweight or obese participants Less postprandial satiation symptoms after a fully caloric meal [147]
Obese children Low Satiety Responsiveness scores and high scores for the Enjoyment of Food [148]
Obese, overweight and In obese girls were found significant lower scores of the Satiety Responsiveness [153]
normal weight children and higher scores of the Uncontrolled Eating o
Women Association with increased BMI and obesity [160,161,163]
Lean, overwglght, and Association with increased BMI and obesity [155,159]
obese children
Normal weight vs. obese adults Association with increased BMI and obesity [156,162]

Association with increased BMI and obesity and a significant higher intake of
energy from fat compared to carbohydrate.

BMI: Body Mass Index; MC4R: Melanocortin-4 receptor.

Normal weight vs. obese adults [158]

4. Melanocortin System and Stress Responses

Dieting, stress and negative affect are considered potential factors able to trigger binge eating
episodes in patients with BED or Bulimia Nervosa [37,166,167]. Indeed, dieting periods are commonly
observed in the history of binge eaters, but hunger alone appears to be non-sufficient to induce a
compulsive-like eating, if not accompanied by conditions of stress or negative affect [168,169]. Stress has
a central role in the etiology of binge eating, considering that obese individuals with BED, compared to
those without, show a higher activity of the HPA axis and cortisol/corticosterone plasma level [170-173].
Additionally, higher cortisol levels, induced by stress, are able to promote a greater consumption of
sweet foods [174], and are also positively correlated with the severity of binge eating [175].
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The melanocortin system, principally via MC4R, has been demonstrated to play a central role in
stress response and negative emotional states, including anxiety and depression [176,177], suggesting
the MC4R as a possible target to treat these psychiatric conditions. In fact, MC4Rs are expressed in the
limbic system, mainly in several nuclei of the amygdala, such as the central and basolateral nuclei,
lateral septal nucleus, hippocampus and in the entorhinal cortex [50]; thus, the distribution of the
MCH4R in the brain indicates an important involvement of this receptor in promoting negative emotional
states [176,177]. Moreover, the MC4R, contrary to MC3R, has been highly detected in the PVN of the
hypothalamus, where it is supposed to regulate the activity of the HPA axis, via arginine vasopressin
(AVP) and corticotropin releasing factor (CRF) neurons [50,176]. Initial evidence linking the MC4R and
stress-related responses comes from studies in which the administration of «-MSH and ACTH in rats
was able to increase grooming behavior [99-101,178,179], characterized by many activities directed to
the animal body surface, such as face washing, body grooming, licking, scratching and genital grooming,
and proposed as a rodent behavioral response to stress and novel environments [178,180]. The effect of
«-MSH on grooming is principally due to its agonistic activity on MC4Rs, as demonstrated by Adan et
al., who found that grooming behavior, induced by MCR agonists, was positively correlated with a
greater affinity and potency for MC4R, rather than for MC3R. On the contrary, the antagonist SHU-9119
attenuated grooming induced by both melanocortins and by exposure to a novel environment [178].
This finding is further confirmed by the fact that the MC4R agonist MTII increased grooming in WT,
but not in mutant rats deficient in MC4Rs, confirming that this behavior is principally mediated by
MC4Rs, and not by MC3R subtypes [181].

Stress has been demonstrated to have profound effects on MC4R expression and activity in the
brain. In fact, the exposure to electric foot shock stress in rats increased the expression of POMC and
MC4R mRNA in the hypothalamus and in the amygdala [182], region implicated in the modulation of
emotional- and fear-related behaviors [183] and binge eating episodes [184,185].

Furthermore, rats exposed to chronic restraint stress had increased MC4R mRNA expression in
the ARC of the hypothalamus, compared to control rats, not exposed to stress [186]. The effect of stress
on MC4R and on feeding behavior and appetite may be also dependent on the intensity and duration
of the stressor, as supported by the study of Chagra et al., in which chronic exposure to a stress induced
a significant decrease in c-fos- and MC4R-expressing cells in the ARC, indicating a shift toward more
orexigenic behaviors, differently from control and acutely stressed rats [187].

Pharmacological stimulation of the MC4R is able to promote the activity of the HPA axis,
as reported by the study of Von Frijtag et al., in which i.c.v. injection of ACTH1-24 (the N-terminal
bioactive fragment of ACTH) in rats, significantly increased plasma concentrations of ACTH and
corticosterone, an effect inhibited by pretreatment with the non-selective antagonist SHU-9119 and by
the selective MC4R antagonist [D-Arg8] ACTH4-10 [188]. The influence of the melanocortin system
on HPA axis tone and activity can be explained considering that MC4Rs are highly expressed in the
parvocellular division of the PVN [50,189], the region in which CRF neurons are also predominantly
localized and where they receive a-MSH neuronal terminals [190,191].

In fact, activation of MC4Rs by i.c.v. injections of a-MSH or MTII increases gene expression of
CRF in the PVN [189,192] and enhances corticosterone plasma levels in rats, suggesting a functional
interaction between CRF and the melanocortin system [189]. In the same study, the pretreatment
with the CRF antagonist a-helical-CRH9-41 was able to prevent MTII-induced suppression of food
intake, evidencing that the melanocortin system can alter endogenous CRF levels in order to modulate
appetite [189].

A stress procedure that has been demonstrated to promote activation of the melanocortin neurons,
and, consequently, of the HPA axis, is the acute restraint stress. Rats exposed to this stress had a
robust c-fos mRNA expression in the medial amygdala (MeA) [18,193], a brain region with high levels
of MC4Rs [50], and particularly sensitive to psychological stressors, characterized by an emotional
component, such as restraint [194,195]. Lesions of the MeA result in a blunted response of the HPA
axis to psychogenic stressors [196], conversely to pharmacological stimulation of the MC4R-expressing
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neurons in the MeA, which promotes corticosterone release [18]. Moreover, both stress-induced
anorexia and corticosterone release, in response to the acute restraint stress, can be prevented by
administration of a MC4R antagonist directly in the MeA [18,193]. The interaction between MC4Rs in
the MeA and the CRF system is probably mediated by the efferents from the MeA to the Bed Nucleus of
the Stria Terminalis (BNST), brain region enriched in CRF neurons [197], and involved in stress-induced
emotional responses and activation of the HPA axis [198,199]. The BNST has been demonstrated to
play a pivotal role in stress-induced binge eating for HPF, evoked by a combination of frustration
stress and food restriction [200,201], and injection of a non-selective CRF receptor antagonist directly
into the BNST was able to counteract this compulsive-like eating episode for HPF selectively in rats
exposed to both stress and restriction [200]. These findings support the hypothesis that MC4R can
also influence the activation of the HPA axis via extrahypothalamic sites, and thus could represent an
important factor for the development of aberrant feeding behaviors in response to stress exposure.
Consistently with this evidence, acute stress-induced release of ACTH and corticosterone, as well as
neuronal activation in the PVN and MeA, were significantly attenuated in male rats with a MC4R
mutation, producing a less functional receptor, compared to the WT littermates [202,203]. Intriguingly,
it was observed that female rats with the same mutation revealed an unexpected and exaggerated
acute stress-induced corticosterone release, contrary to mutant males, highlighting a difference in
stress reactivity between male and female rats with the MC4R loss of function [202]. The result of
this study suggests a sex-dependent responsivity in the basal HPA axis tone and acute stress-induced
corticosterone in rodents with MC4R mutation [202]. Considering the heightened stress reactivity
found in female rats with deficient MC4R activity [202], and that stress has been associated with
EE [37,38] and binge eating behavior [38,204-206], it would be interesting in the future to evaluate the
potential involvement of MC4R signaling in a female rat model of binge eating, in which the binge
eating episode is elicited by a combination of food restriction plus stress [86,87] and by using HPF,
in order to promote the aberrant feeding behavior and to increase the motivation to overconsume
food [38,87,207-209].

5. Conclusions

The pivotal role played by melanocortin system in controlling feeding behavior, appetite,
energy balance and motivation for rewarding properties of food can explain why dysfunction
of this system, in both human and rodent studies, results in a breakdown of normal regulatory
processes and in more vulnerability to the loss of control in food intake, possibly leading to altered
eating patterns, as summarized in Figure 2. Further research needs to highlight the mechanisms
driving the hyperphagia in melanocortin-associated obesity, evidencing whether the exaggerated
food consumption is accompanied by the loss of behavioral control, food seeking and/or binge eating
episodes. Recent studies concerning MC3R and MC4R revealed that melanocortin signaling can
exert functional effects in reward-related behaviors, due the hedonic properties of HPF, which is a
potent natural reinforcer, and it has been postulated that in humans, low melanocortin activity could
predispose individuals to pathological overeating, developing obesity and altered feeding behavior.
Finally, the consistent relationship between the MC4R and stress response can be considered an
additional factor linking melanocortin signaling to binge eating episodes, given the key role of stress
in the etiology of this compulsive behavior. More preclinical studies are needed to investigate the
biological mechanisms underlying dysfunctional eating patterns and clarify the possible connection
between MCRs and binge eating behavior.
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Figure 2. An overview of the altered eating patterns associated with the genetic variation of MC4R. |:
decrease; 1: increase; BMI: Body mass index; MC4R: Melanocortin-4 receptor.
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Abstract: Attention-Deficit/Hyperactivity Disorder (ADHD) is associated with disordered eating,
especially addictive-like eating behavior (i.e., binge eating, food addiction, loss of control overeating).
The exact mechanisms underlying this association are unclear. ADHD and addictive-like eating
behavior are both associated with negative affectivity and emotion dysregulation, which we
hypothesized are mediators of this relationship. The purpose of this systematic review was to
review the evidence related to this hypothesis from studies assessing the relationship between
childhood or adulthood ADHD symptomatology, negative affectivity, emotion dysregulation and
addictive-like eating behavior. The systematic review followed the Preferred Reporting Items for
Systematic reviews and Meta-Analyses (PRISMA) recommendations. The literature search was
conducted in PubMed and PsycINFO (publication date: January 2015 to August 2020; date of search:
2 September 2020). Out of 403 potentially relevant articles, 41 were retained; 38 publications reported
that ADHD and disordered eating or addictive-like eating behavior were significantly associated,
including 8 articles that suggested a mediator role of negative affectivity or emotion dysregulation.
Sixteen publications reported that the association between ADHD symptomatology and disordered
eating or addictive-like eating behavior differed according to gender, eating behavior and ADHD
symptoms (hyperactivity, impulsivity and inattention). We discuss the practical implications of these
findings and directions future research.

Keywords: food addiction; addictive-like eating; binge eating; eating disorders; loss of control
overeating; Attention-Deficit/Hyperactivity Disorder; emotion self-regulation; negative mood

Nutrients 2020, 12, 3292; d0i:10.3390/nu12113292 www.mdpi.com/journal/nutrients

177



Nutrients 2020, 12, 3292

1. Introduction

Attention-Deficit/Hyperactivity Disorder (ADHD) is a neurodevelopmental disorder characterized
by impairing levels of inattention and/or hyperactivity-impulsivity, which is thought to begin generally
in childhood (before the age of 12) and significantly interferes with social, academic, and/or occupational
functioning. Childhood ADHD prevalence is estimated to be between 5 and 7% [1-3]. Current evidence
indicates that impairing symptoms of the disorder persist in adulthood in 50 to 60% of cases [4].
The prevalence of adult ADHD is between 1.4 and 3.6% [1]. The treatment for individuals with ADHD
includes pharmacologic [5] and non-pharmacologic [6] options. It has been demonstrated that both
childhood and adult ADHD is associated with higher prevalence and risk of a large number of medical
and psychiatric comorbidities. According to Kooij and colleagues (2019), 60-80% of individuals with
ADHD show life-time comorbidities such as anxiety disorder (34%), mood disorder (22%), behavioral
disorder (15%) and substance use disorders (11%). One of the most prevalent medical comorbidities
is obesity; meta-analytic evidence indicates a 70% increased risk of obesity in adults with ADHD
compared to those without ADHD [7,8]. ADHD has also been found to be significantly associated with
eating disorders (EDs) (i.e., anorexia nervosa [AN], bulimia nervosa [BN], and binge eating disorder
[BED]) [9]. In addition, ADHD is associated more generally with addictive-like eating behavior,
even when no ED is diagnosed, notably loss of control overeating [10], binge eating (i.e., recurrent
consumption of unusually large amounts of food during a discrete period of time while experiencing
loss of control over food intake), and food addiction (FA) (i.e., addictive-like eating behaviors in relation
to specific foods high in fat and/or refined carbohydrates, including craving, loss of control overeating,
harm related to the behavior, and maintenance of the behavior despite negative consequences) [11-13].

Animportant research area related to addictive-like eating behavior focuses on the “food addiction”
phenotype. According to Gearhardt and colleagues (2009) [12], this can be measured by applying the
Diagnostic and Statistical Manual of mental disorders (DSM) criteria for substance dependence to
highly palatable foods. FA has been assessed in the general population, among individuals with obesity
or ED [14], and with impulse control disorders and psychiatric disorders, including major depressive
disorder [15], substance use disorders [16], post-traumatic stress disorder [17], and ADHD [11].
Although FA is not part of the DSM-5 [18] and remains a hotly debated topic, a growing body of
literature demonstrates that the “food addiction” phenotype shares some risk factors with other
addictive behaviors and could improve our understanding of disordered eating behavior. On the one
hand, FA shares neurobiological and clinical features with substance use disorder, such as reward
system involvement, loss of control over intake, experience of craving and high impulsivity. On the
other hand, it shares features with binging type ED, such as eating a large amount of food in a discrete
period of time, and a sense of lack of control overeating during this episode [18]. In fact, FA is
over-represented among EDs, especially the binging/overeating types (BN, BED and binging subtype
AN [19,20]), but can also be present when no ED is diagnosed. According to Maxwell, Gardiner and
Loxton (2020), FA and binge eating are associated with impulsivity, and “there seems to be a pattern
emerging regarding overconsumption of food, task effort and lack of inhibition control, specifically
that FA is associated with an inability to put the “brakes” on behavior” [21].

Different explanations have been proposed to explain the association between adult ADHD and
addictive-like eating behavior. One hypothesis is that the impulsivity dimension of ADHD symptoms
may explain the co-occurrence of ADHD and addictive-like eating behavior, such as binge eating [22].
The impulsivity associated with ADHD may increase the overall risk of sensation seeking and addictive
disorders, including both substance-use disorders and behavioral addictions [23,24]. Urgency, defined
as the tendency to commit rash or regrettable actions as a result of intense negative affect [25], has been
hypothesized to be one of the main facets of impulsivity explaining the association between ADHD
and addictive disorders [26,27]. As reported by Van Emmerik-Van Oortmerssen and colleagues (2012)
in their meta-analysis [28], 23.1% of individuals with a substance-use disorder meet DSM criteria for
ADHD. In addition, Anker, Bendiksen and Heir (2018) found that the prevalence of substance-use
disorder among the ADHD population ranged from 4% to 23.6%, depending on gender or the substance
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used [29]. Similarly, addictive disorders are over-represented among people with ADHD [30-32].
Some publications [31-33] report that inattention and hyperactivity/impulsivity are related to the
severity of addictive behavior, notably in gambling disorder and symptoms of internet addiction as
assessed by the Internet Addiction Test [34]. They also posit that emotion self-regulation may be an
important mediator in the association between ADHD and addictive disorders, highlighting the need
for a systematic review in this field.

Another hypothesis regarding the relationship between adult ADHD and disordered eating
behavior concerns the emotional self-regulation difficulties observed in both groups. Emotion
regulation refers to conscious and unconscious processes regulating emotions. “Because emotions
are multicomponential processes that unfold overtime, emotion regulation involves changes in
emotion dynamics, or the latency, rise time, magnitude, duration, and offset of responses in behavioral,
experiential, or physical domains” [35]. Five types of emotion regulation strategies have been described:
situation selection (selecting situations that avoid uncomfortable emotions), situation modification
(modifying situation features that lead to uncomfortable emotions), attentional deployment (distracting
oneself from the attention-grabbing features of an emotional situation), cognitive change (reappraising
the emotional meaning of a situation in non-emotional terms) and response modulation (modulating
the behavioral, experiential, or physical aspect of the emotional response) [36]. Disruption of these
processes leads to difficulties in generating and controlling emotions, associated with inappropriate
behavior. Emotion regulation difficulties are encountered in some disorders, including ADHD [37],
substance-use disorder [38] and disordered eating [39]. Masi and colleagues (2020) found that emotional
dysregulation was a predictor of the persistence of ADHD symptoms after 4 weeks of pharmacological
treatment. Higher levels of emotional dysregulation at the baseline assessment predicted higher levels
of overall symptoms of ADHD at follow-up [40].

The hypothesis of a mediating role of emotion dysregulation in the association between ADHD
and disordered eating is supported by the strong association found between emotion dysregulation
and ED [39]. Emotion dysregulation affects up to 70% of adults with ADHD and substantially
worsens the psychosocial outcomes of the disorder [41]. Moreover, the DSM-5 highlights emotion
dysregulation as a feature supporting the diagnosis of ADHD [18]. According to the systematic review
of ADHD-associated emotion dysregulation conducted by Beheshti, Chavanon and Christiansen
(2020), the persistence of ADHD inattention symptoms in older age correlates with impaired situation
identification, which requires attention processes, whereas hyperactive symptoms are associated more
with impaired capacity to inhibit emotional responses. Additionally, emotional lability and negative
emotional responses might play a key role in the emotion dysregulation-associated psychopathology
of adults with ADHD [42]. Emotion dysregulation has been identified as a mediator between ADHD
symptoms and several disorders such as depressive symptoms [43]. Emotion regulation difficulties
particularly concern negative affect. Negative affectivity has been shown to be higher in individuals
with ADHD and to be associated with a negative impact on ADHD experience and medication
adherence, and increased risk of suicidal ideation and behavior, or various comorbid disorders [44—46].
Individuals with ADHD also show lack of emotion regulation strategies. As hypothesized for persons
with a substance-use disorder [47], individuals who are less likely to use coping strategies to deal with
or express emotions may resort to more problematic behavior. We can hypothesize that substance-use
disorder and addictive disorders may provide immediate pleasure and/or a dissociative-like state
to individuals with ADHD, offering psychological escape from the offending reality [48], and thus
constitute a dysfunctional coping strategy to regulate negative affect.

The role of emotion dysregulation in the association between ADHD and addictive behavior
has also been investigated in gambling disorder. For example, Mestre-Bach and colleagues (2019)
found people with gambling disorder and ADHD symptomatology had greater emotion regulation
difficulties than those without ADHD. The authors found that individuals with ADHD-gambling
disorder comorbidity had higher rates of the following emotion regulation difficulties: non-acceptance
of emotional responses, difficulty pursuing goal-directed behaviors when experiencing negative
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emotions, difficulty controlling impulsive behaviors when experiencing negative emotions, limited
access to emotion regulation strategies, and lack of emotional clarity [32]. Their results are in line with
the mediating role of emotion regulation in the relationship between ADHD symptomatology and
addictive disorders in patients with gambling disorder. However, to our knowledge, no systematic
review has been conducted to assess the mediating role of emotion regulation in ADHD symptoms
and ED/addictive-like eating behavior (i.e., FA, binge eating, loss of control overeating).

To fill this gap, the aim of this study was to conduct a systematic review of studies investigating the
association between childhood/adult ADHD, negative affectivity, emotion regulation, and disordered
eating, with a specific focus on addictive-like eating behavior (i.e., binge eating, FA, loss of control
overeating). We investigated negative affectivity, a common term involving many negative emotions
such as anxiety, depression, negative urgency, stress. To this end, we first explored the characteristics of
studies conducted in this field of research. In order to investigate the association between ADHD and
disordered eating, we examined the prevalence of ADHD and disordered eating comorbidity within
different populations. Next, we assessed negative affectivity and emotion regulation in individuals
with ADHD, and finally we examined the involvement of these features in the relationship between
ADHD symptomatology and addictive-like eating behavior. Due to potential difference in these
relationships between children/adolescents and adults, we investigated both populations.

We hypothesized that: (1) individuals with disordered eating would show more ADHD symptoms;
(2) individuals with ADHD symptoms would have higher levels of disordered eating; (3) ADHD
symptoms would be associated with severity of addictive-like eating behavior; (4) the level of ADHD
symptoms would be associated with high levels of negative affectivity and emotion regulation
difficulties; (5) negative affectivity and emotion regulation difficulties may be mediators in the
relationship between ADHD symptoms and addictive-like eating behavior.

2. Materials and Methods

This systematic review included publications investigating the association between ADHD and
addictive-like eating behavior such as loss of control overeating, binge eating, and preoccupation with
food, which are the main FA symptoms, and some DSM-5 EDs (eating disorders mentioned in the
Diagnostic and Statistical Manual of Mental Disorders, Fifth edition) such as BN and BED, which show
high FA prevalence [19,20].

This review was undertaken according to the quality standards of the Preferred Reporting Items
for Systematic reviews and Meta-Analyses (PRISMA; Figure 1).

2.1. Literature Search

We conducted the literature search on 2 September 2020; the systematic literature review
methodology included analysis of the electronic databases PsycINFO and PubMed. In order to
identify all relevant publications on the association between [ADHD] and [FA symptoms and/or
disordered eating], we used the following key words: [“ADHD” OR “attention-deficit hyperactivity
disorder”] AND [“food addiction” OR “binge eating” OR “eating disorder” OR “bulimia” OR “obesity”
OR “obese” OR “overweight”]. We included studies that used these keywords in their abstract
(criterion I1, see Table 1). We focused on articles published from January 2015 to August 2020 (criterion
12) in peer-reviewed journals (criterion 13). Moreover, as we did not have funding for translation,
we only included publications written in English or French (criterion 14). Based on these inclusion
criteria, we excluded book chapters, letters to the editor and articles published before January 2015
and not written in English or French (criteria E1-E4). After removing duplicates, 403 article abstracts
were identified for “abstract screening”.
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Figure 1. Study selection flow chart.
Table 1. Inclusion and exclusion criteria.
Inclusion Criteria Exclusion Criteria
11 Key words cited in the abstract E1 Key words not cited in the title/abstract
12 Date of publication: January 2015 to June 2020  E2 Publication before January 2015
13 Journal article with peer-review E3 Book chapte.r, -letter to the Edlt.or or other
non-empirical type of publications
14 Written in English or French E4 Paper not written in English or French
15 Empirical research E5 Review and meta-analysis papers
10 Focus on the assogatlon between ADHD and E6  Focus on treatment, medical imaging, genetics
eating behavior
7 ADHD and disordered eating symptoms in the E7 Focus on the impact of parents” disordered
same individual eating or BMI on their child’s ADHD symptoms

I8 Assessment of ADHD and disordered

eating symptoms

Note: ADHD: Attention-Deficit Hyperactivity Disorder; BMI: Body Mass Index.
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Careful reading of these abstracts allowed us to select articles with an empirical approach (criterion
15), concerned directly or indirectly with ADHD and eating behavior (criterion 16) and investigating
ADHD and disordered eating symptoms in the same individual (criterion I7). These inclusion criteria
led to exclusion of review and meta-analysis articles (criterion E5), publications which did not address
ADHD and eating behavior directly or indirectly, or focused on ADHD treatment or medical imaging
(criterion E6). We also excluded all publications that investigated the impact of parents’ disordered
eating or body mass index (BMI) on their child’s ADHD symptoms (criterion E7).

The papers thus retained were then read in full and appraised. We did not use a specific tool to
appraise the quality of these studies, but they were checked for all the inclusion criteria and selection
errors. We also checked that all the studies assessed ADHD and eating behavior using a validated
instrument such as self-administered questionnaires or clinical interviews (criterion I8).

Regarding the characteristics of the populations studied, as our aim was to provide an overview
of the association between ADHD and disordered eating, we did not consider age or gender as
exclusion criteria.

2.2. Data Extraction

To investigate the characteristics of the publications, the following data were extracted: author
names, country and year of publication, source, sample characteristics (age, gender, size, recruitment
method and place), study design. We also extracted data about the prevalence of ADHD in individuals
with disordered eating and the prevalence of disordered eating in individuals with ADHD. We thus
identified the ADHD assessment tools used, the use of medication especially for individuals with
ADHD, the type of eating behavior and the tools used to assess it. Finally, we examined the main
results and conclusions about disordered eating and ADHD comorbidity. In this way, we extracted
data regarding the association between ADHD and disordered eating, especially addictive-like eating
symptoms and the involvement of negative affectivity and emotion self-regulation.

It should be noted that we use the word “symptom” to describe features of disordered eating and
ADHD assessed only through self-administered questionnaires, and “diagnosis” or “severity” when
assessment was through clinical interviews. Moreover, we use the word “eating disorder” (or ED) only
for DSM disorders such as BN, BED and AN, and the word “disordered eating” as a generic word
to include all pathological eating behaviors/symptoms such as binge eating, food addiction, loss of
control overeating, strong desire for food, preoccupation with food, bulimic symptoms ... .

3. Results

We initially identified 403 articles, of which 97 were screened and selected for full-text reading.
After full-text reading, 56 publications were excluded for the following reasons:

- No data about behavioral features of eating (1 = 38), including 30 publications which focused on
the association between ADHD and BMI [8,49-85]

- Non-representative sample, e.g., autism spectrum disorder (n = 4) [86-89]

- Previous selection errors (n = 10) [22,90-98]

- Investigations did not include ADHD-disordered eating association (n = 3) [99-101]

- Noaccess to full text (n = 1) [102]

Thus, 41 publications were included in this systematic literature review for qualitative synthesis
(see Figure 1 for the study flow chart).

3.1. Article Characteristics

3.1.1. Country of Investigation

The majority of these studies were conducted in the USA (1 = 10, 25.6% of the included publications).
Others were conducted in Sweden (1 =5, 12.8%), France, Canada (n = 4, 10.3% for each), the UK (n = 3,
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7.7%), Spain, Brazil (n = 2, 5.1% for each), Norway, Australia, Israel, Korea, Switzerland, Greece, Iran,
Germany and China (1 = 1, 2.6% for each). One study did not specify the country of recruitment.

3.1.2. Year of Publication

Included articles were published between January 2015 and August 2020. Eleven articles were
published in 2017, 10 before 2017 and 20 after 2017. See Figure 2.

12

10

Number of publications
(o)}

2015 2016 2017 2018 2019 2020

Year of publication

Figure 2. Number of publications from 2015 to 2020.
3.1.3. Study Design

Among the 41 publications, 80.5% were cross-sectional (n = 33), and 19.5% were prospective
longitudinal studies (1 = 8).

3.1.4. Age of Interest

Nineteen studies were conducted with children and/or adolescents (46.3%) and 24 with adults
(68.5%). Two studies had a mixed adolescent-adult sample (4.9%).

3.1.5. Population

Twenty-two studies were conducted with participants from the general population (53.7%),
and 46.3% (n = 19) involved clinical populations: patients with severe obesity recruited in obesity and
centers or prior to bariatric surgery (n = 8), patients with disordered eating (1 = 6), ADHD outpatients
(n =2), or patients recruited in psychiatric departments (1 = 3).

3.1.6. ADHD Assessment and Medication

ADHD was assessed through clinical interviews (including semi-structured interviews) in
21 studies (51.2%), and through self-administered questionnaires in 20 studies (48.8%).

For children and adolescents, the main assessment tool for ADHD was the Kiddie Schedule for
Affective Disorders and Schizophrenia (KSADS; 26.3% of the 19 studies conducted with children or
adolescents) and the ADHD Rating Scale (ADHD-RS; 15.8%). For adults, ADHD was mainly assessed
with DSM-IV or DSM5 semi-structured interviews using the Composite International Diagnostic
Interview (CIDI), the Diagnostisch Interview Voor ADHD bij volwassenen (DIVA 2.0), or the Structured
Clinical Interview for DSM Disorders (SCID). The main self-administered questionnaire was the Adult
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ADHD Self-Report Scale (ASRS; 41.7% of the 24 studies conducted with adults). It should be noted
that some studies used the ASRS, a screening scale, as a diagnostic tool.

Fifty-four percent of the studies with adults included a retrospective assessment of childhood
ADHD symptoms (1 = 13), included in the diagnostic tool or additionally reported mainly through the
Wender Utah Rating Scale (WURS) (1 = 3).

Despite the known influence of ADHD pharmacological treatment on eating behavior [103],
only 10 studies specified the ADHD medication status (25.6%). Three of them were conducted in
medication-naive populations, the remainder reported the rate of ADHD participants on medication.

3.1.7. Disordered Eating Assessment Tools

Among the studies of children-adolescents, 7 (36.8%) assessed eating behavior through interviews
(including semi-structured interviews), 10 (52.6%) through self-administered questionnaire, and 2
(10.5%) used both interviews and self-administered questionnaires. Various tools were used to assess
disordered eating behavior, including the following self-administered questionnaires: the Eating
Disorder Inventory-2 (EDI-2) (n = 3), the Children’s Eating Attitude Test (ChEAT), the Child Eating
Behavior Questionnaire (CEBQ), the Eating Disorder Examination Questionnaire (EDE-Q) (1 = 3 for
each), and the Child Eating Disorder Examination (ChEDE), which specifically assesses loss of control
overeating (1 = 3). None of the studies used the Yale Food Addiction Scale for Children.

For adults, 14 studies (58.3%) used professional interviews (including semi-structured interviews),
14 publications (58.3%) were based on self-administered questionnaires investigating disordered
eating, and 4 (16.7%) assessed disordered eating through both interviews and self-administered
questionnaires. The main ED diagnostic tools used during clinical interview were the Mini International
Neuropsychiatric Interview (MINI) and the SCID (1 = 3 for each). The main self-administered
questionnaires were the Binge Eating Scale (BES) to assess binge eating (1 = 5), the original (DSM-IV-TR
based) Yale Food Addiction Scale (YFAS) and the YFAS 2.0 (DSM-5 based) to assess FA (n = 2),
the EDE-Q and the EDI-2 to assess disordered eating (1 = 4 for each), and the Bulimic Investigatory
Test Edinburgh (BITE) to assess bulimic symptoms (1 = 4).

3.2. Association between ADHD and Disordered Eating
3.2.1. Prevalence of Disordered Eating in Individuals with ADHD

Children and Adolescents

Four studies focused on the association between disordered eating and addictive-like eating
behavior among children with ADHD symptoms (Table 2). They showed divergent results depending
on the type of population. Wentz and colleagues (2019) [104], who assessed children recruited in an
obesity clinic found no significant difference between individuals with and without ADHD diagnosis in
terms of loss of control overeating. However, a study conducted in the general non-clinical population
found a higher prevalence of loss of control overeating in children with than without ADHD diagnosis
(70.5% vs. 20%; p < 0.001). The odds of loss of control overeating were increased 12.68 times for
children with ADHD (95% Confidence Interval (CI): 3.11-51.64; p < 0.001) after adjusting for age, sex
and race [105]. Another study with children attending psychiatric outpatient clinics found a higher
prevalence of binge eating in individuals with ADHD than in controls (26% vs. 2%; p < 0.001) [103].
Moreover, in a longitudinal study by Bisset and colleagues (2019) [106], adolescents who screened
positive for ADHD symptoms at age 12-13 tended to have a higher risk of objective binge eating at
age 14-15 than adolescents without ADHD symptomatology (3.7% vs. 1.3%; Odds Ratio (OR) = 2.9,
95% CI: 0.9-8.6). Interestingly, this association was significant only for boys (2.9% vs. 0.3%; OR = 9.4,
95% CI: 1.7-52.8) and not for girls (6.5% vs. 2.2%; OR = 3.1, 95% CI: 0.7-14.0). The authors found no
difference in terms of BN and BED symptoms (even partial syndromes) between adolescents with and
without ADHD symptoms.
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Adults

Within adult population, eight studies assessing disordered eating prevalence among individuals
with ADHD symptomatology.

Two of these studies, with no control group, found a prevalence of 8.6% for BN [111], and 1.1%
and 13% for any ED in ADHD patient men and women respectively [29]. Four studies with a general
non-clinical population examined ED prevalence; ADHD-ED association odds ratio ranged from 1.32
(95% CI: 0.82-2.13) to 28.24 (95% CI: 6.33-126.01) [13,107-109]. These associations were particularly
strong for BN (up to OR = 28.24, 95% CI: 6.33-126.01) [107,109]. Three of these studies found that ADHD
symptoms were associated with an increased risk of ED. However, the odds ratio was significant after
adjusting for age, sex and race, but not after adjusting for age, sex, race and psychiatric comorbidities,
especially for BED (details in Table 2) [108,109]. Among psychiatric outpatients, Gorlin and colleagues
(2016) [110] found higher ED prevalence for individuals diagnosed with ADHD (9.3% vs. 3.8%,
p < 0.01), especially for the inattentive subtype (inattentive subtype: 10.3% individuals with an ED;
OR = 3.01, 95% CI: 1.30-6.34; combined subtype: 8.1%, OR = 2.17, 95% CI: 0.90—4.68).

All publications assessing addictive-like eating symptoms in individuals with ADHD symptoms
(n = 4) reported that ADHD was associated with a higher risk of addictive-like eating symptomatology:
food addiction, binge eating, uncontrolled eating, significant distress in relation to food, and made
him/herself be sick because he/she felt uncomfortably full [11,13,107,108] (details in Table 2). The FA
prevalence rate was higher in patients with ADHD symptoms or diagnosis. In a study conducted in
a non-clinical student population, FA prevalence was observed in 14.1% of the sample with ADHD
symptoms compared to only 4% of those without ADHD symptoms (OR = 2.27, 95% CI: 1.05-4.88) [13].
In a sample of patients with severe obesity, FA prevalence was higher in those with than without
ADHD diagnosis (28.6% vs. 9.1%; OR = 4.00, 95% CI: 1.29-12.40) [11]. Moreover, in a sample of adults
with severe obesity, FA was associated with a retrospective assessment of childhood ADHD (24.3% vs.
8.8% without childhood ADHD symptoms, OR: 3.32, 95% CI: 1.08-10.23, p = 0.034) [11].

3.2.2. Prevalence of ADHD in Individuals with Disordered Eating

Children and Adolescents

Three studies of overweight or obese children assessed ADHD prevalence (Table 3). One study
with a non-clinical sample by Gowey and colleagues (2017) [112] found a rate of clinical levels of
ADHD of 5% and subclinical levels of 5.91%, similar to the prevalence in the normal weight population.
However, other studies conducted in clinical populations of children with obesity found higher rates
of ADHD, ranging from 11% [113] to 18.4% [104]. Reinblatt and colleagues (2015) [105] found that the
odds of children with obesity and loss of control overeating having an ADHD diagnosis was 7.3 times
higher (95% CI: 1.88-28.17) than obese children without loss of control overeating, and 10.44 times
higher (95% CI: 2.96-36.75) than children without obesity. These results were observed for both
inattentive and hyperactivity/impulsivity ADHD subtypes.

Rojo-Moreno and colleagues (2015) [114] and Mohammadi and colleagues (2019) [115] assessed
ADHD and eating disorder in general non-clinical populations. They found higher rates of ADHD
in children with than without eating disorders ([114]: 31.4% vs. 8.4%, p < 0.05; [115]: 7.6% vs. 3.9%,
p = 0.026). Furthermore, Kim and colleagues (2018) [116] found that 21.1% of children presenting with
addictive-like eating behavior such as every-day overeating had a high risk of ADHD (see Table 4).

187



Nutrients 2020, 12, 3292

‘payewnso A[pandadsorar :

q ‘eI NS Aq pajoadxe se pooypnyd adus £3ojo3ewojdwiAs HAY :p UOHIPD Y3NO] ‘SIDPIOSIP

[eIUdW JO [enURIA [ed1)sIe)g pue d1souder( ‘AT INSA ‘AHAY T00A MITAINU] dYdsHsouer(] VAL “UOISI9A 1I0YS 310day-J[ag-a1edg Suney qHAV NPV ,SIDUU0D) S-S VYD) ‘UOISIIA
1I0Yg a1edg Suney yen) IPUdM -SANM “USIPIYD oe-[0oyds 10§ eruarydoznydg pue sIapIosi] 9ARITY 10§ I[NPAYDS :SVS-Y Fudwssassy Surag-T[op pue juswdopadq :vgmva
4SIPRAYD) I01ARYRY PIID 11DFD IopIosi Ayanderad AR joyag-uonuany :qHAY 210s Z Xapu] sSeJ Apog [INGZ Xapu] sSeJ Apog :[JNg “UoneIad( prepuels (s @z1s dnoid :N 230N

e L'9C qTSe 0T VAIA A%%%W £98 AW.MW S0tT X duer] [11]
€8 aS'L1 SSSAVYD + A-SUNM mw % T6L Am. wv ozt X furewwon 7ARY
. ATINSA ‘synpe (6T°9) (zon
X 1Zerx
e €8T 105 poydepe SAVSL 766 001 066 901 Trzeag [6]
) vamva N e . o) o
7’8l 10 SPaOIRA ENPOI (050) 0v°€ L8y 09 ver 9z x uspamg [vo1]
0TI 104D (6€°0) 97T €9 (€0 601 G8¢ X vsn [ett]
uonerndod A1saqo edrur)
0¢ 104D (8€°0) 61°C 9°€S #1eor 0ze X vsn [z11]
uonendod pesrurp uoN
(%) @as ) (s1eX)
dUd[BAIJ dUd[eAI] 1INgZ ° as) SJUIISIA[OPY
SpUAWINIISU Jrewnd, sy A1juno, uonjerndo,
dHav Impv a”Hav ! suranav 10 ING Lusu m uedA N npY ~uRIp[IYD e Aemaed
pooypryd UedA a8y

*£315990 10 JySrom1aao yyim uonendod Suoure sduaresard repiosi(q Aytanderad A ypYa-UonULANY € d[qeL

188



Nutrients 2020, 12, 3292

(Fzr-ocn

8100 gl 19 8°0C 9T ad 06S 0°0F-8'2€ 1€9 ININ S epeue) [611]
« Sfuanedino 1apI0sIp pooy
q8TET-06'T 06 g6 8 6'8¢ L a8urq Aue yyuow-g[ 3se g
Q16711 6£C g6 08 76l 1 a3u1q Aue swnayry
qO0P'8ET-66T  8I'8T 66 06 699 I Ng Swnogr]
qT9TE-€€T 1¥9 L6 8 6'Sh ¥ H4g Yuow-z 358 0
q9L'8-86'0 6T 96 8 v'se 9 agg awnagry
q091¢-€€T 879 L6 L8 6'SY 4 ad Aue yyuow-g1 ise
q€19-18°0 €T L6 a8 €1 9 aq Aue swnogry
q0T'8-89'1 1£€ €9 <8 61 8 98urq Aue yuowr-z[ 3seJ Qwﬂwv 9891 1dd X vsn [811]
qL8LTLT 99°¢ 6 L £81 91 a3u1q Aue swnayry
q86811-9L'¢ ST'1C €9 L8 499 9 Ng yuow-gy iseq
qS98'CTSLT €6'L 19 €8 cee (U8 Nd awnajI]
00T
q60CI-90'L LS°¢ S9 68 €6l 14 dgg ypuow-gy 3sed
qS6°LF1T 10°€ €9 a8 T'LT 8 ddd swnajry
q6€61-19T 1L 9 €8 90€ 0T ad Aue yyuow-g1 ise g
qST0I-10C 17 LS S 6'1C 8T ad Aue swnayr]
. . ~ . B . (81-9) , = .
9200 6¢ 9L g awmajry 981 SNa T1r'ze 1d SAvs x ey [st1]
- - r'1e 89 Supearano Aep Loz T08 mm,% 1€8°91 SAV-A X ©aI0y [or1]
. . . . . . (91-21) = d
¥9°01-£EC €09 78 08 7ie 11 as 8Ly SNA 296 Savs-> X ureds [p11]
uonendod [erauan
(%) (%)
S[eArdjuy oney dudesd g dudesd g
d uapyuo) 966 SppO  swoydwig ¥ swojdwAig " (%) (s1e2K)
@as) sjudwnsuy SJuadS3[OpY
daHav daHav Suneyq paraprosiq arewagy 28y N auav S}MpV waIpIIYD Anunoy uonendog
Suneg Sunyeg 1opuad UeIA '
sonsnels
PITIPIOSIJ UON paiapiosiq

-Bumyea paropiostp Suowre sduseAdId TOpIOSI(] A)1AT)oRIDdAL] 1I0O(T-UOTIULNY F d[qeL

189



“Ayoruy3a/eoer pue ade 10y pajsnipe sppow uorssardar d[sI30] :q (1epIosip rejodiq 10 1pIosIp darssaidap tofew
1 ‘poyIOads Jou erep :GN( ‘Payadg asTMIBIO) 10N sTopIosi(] Suneq :SONAH 2d4) aanotnsar 1y odA) SurSimd/3urBurg :Jg ‘esoaroN erxarouy NV ‘Ioprosiq Suneq a8urg (g ‘esorou
erurrnq :Ng ‘Surjes 98ulq :qg ‘I9pIosIp Sunes (I 9[edS IOPIOSI(] YA UONUSIY UMOIg :SAV VY O[edS Suney ey JOpusp SUNM O[eds 10day-11os AHAV MNPV SUSV ‘MITAIU]
srenAsdoma N feuoneuILul TN INTIA {MITAISIUT dnsouder( Teuonewdiuy aisodwo)) ;1D Oreds Suner (JHAY 24} JO UOTSIDA URAIOY ‘G- ‘UOTSIOA SWIT)AJI] PUR JUSSIJ-USIP[IYD
a3e-jooyds 10y eruarydoziydg pue SIaPIOSI(] SATRYFY 10§ ANPIYIS [ SAVS-Y “Iopiosi AyanderddAL ypys-uonuany ((HAYV Uoneiadq prepuels (1S 2zis dnoid :N 210N

Ju0D *F AqEL

- - fegas 1 Nd
- - 1 6 J8-NY 00t mew € Savva+sInm  x aouexy lretl
- - 8 € ANV
. ~ £ . (901) N -
867 ag Auy Ts6 iyt 00§ SISV X epeue) [ez1]
- - 06 - ANV
- - 0'se - dE-NV 00t Mﬂwv 891 1dSavsA x X oeis ezl
- - 0zt - N
T6€0 9€r - 991 - ad
B B . £ (58)
ot [54 ag Auy 00T Py 44 SISV X uapams [rz1l
- - LSt 8¢ A-SONAH
- - 01€ 201 d9-SONAd
- - 91 48 ANV “9)
. . - o 18NV ot B eor SUSV x wpans  [ozi]
- - UL 961 Nd
- - W4 fer4 agd
- - 91 9pe ag Auy
syuanyed
o ai
& (%) %)
7_1 & S[eArdjuy oney dudead g u dudesd g u Amhdmﬁv
~ uapyuo) 966 SppO  swoydwig swoydwAg (%)
3 (@s) spudwInsuy SJUDSIOPY
I a’av a’av Suneq paraprosiq Jreway 28y N sSImpY. Anunoy uonemdog
S 1opussy aHav PIMYD
Suneg Suneg eI
@ sonsHeIS
s PaIdpIOSIq UON pazaprosiq
S
Z

190



Nutrients 2020, 12, 3292

Adults

Three studies conducted in adults with severe obesity, recruited in obesity hospital departments,
reported the prevalence of ADHD (Table 3). Nielsen and colleagues (2017) [117] estimated that 8.3%
of bariatric surgery patients screened positive for ADHD on both the WURS (childhood ADHD
symptoms scale) and the CAARS (adult ADHD symptoms scale). Based on adult ADHD DSM-IV
criteria (including ADHD symptoms before the age of seven years), Brunault and colleagues (2019) [11]
and Nazar and colleagues (2016) [9] found prevalence rates of 26.7% and 28.3% respectively in
semi-structured diagnostic interviews. Looking only at current ADHD symptomatology, the prevalence
rates of inattention, hyperactivity, and impulsivity were 23.3%, 12.5% and 21.7%, respectively [117].
Retrospective childhood ADHD was estimated at 35.2% [11] and 17.5% [117].

Five studies assessed ADHD in clinical populations of women with ED. High ADHD prevalence
was found, especially among women with ED involving binging/purging behavior (AN-BP, EDNOS-BP,
BN): from 10.2% to 49.8% [120-124]. However, Halevy-Yosef and colleagues (2019) [122] observed no
significant difference in terms of ADHD prevalence between ED patients with BE (16.6%) and those
without BE (13.6%) (p = 0.392).

After assessing disordered eating in a general non-clinical population, Brewerton & Duncan
(2016) [118] found that the prevalence of ADHD was significantly higher in adults with lifetime or
past 12-month disordered eating (BED, BN and binge eating), except for men diagnosed with lifetime
disordered eating, and especially BED (see details Table 4). Similarly, in a sample of adults with major
depressive or bipolar disorder, Woldeyohannes and colleagues (2015) [119] found an ADHD diagnosis
rate of 20.8% among those with binge-eating behavior compared to 12.5% among those who did not
binge (p = 0.018).

3.2.3. ADHD and Disordered Eating

Children and Adolescents

Twelve studies explored the association between ADHD and addictive-like eating in children
or adolescents.

Kim and colleagues (2018) [116] found that children with overeating had higher scores on the
K-ARS (Korean version of the ADHD rating scale assessing ADHD symptom severity), increasing
with frequency of overeating. Egbert and colleagues (2018) and Halevy-Yosef and colleagues (2019)
conducted studies with individuals with clinical obesity and clinical ED respectively, and found
that ADHD scale scores (Child Behavior Checklist, CBCL and ADHD-RS respectively) were higher
in groups with dysregulated eating (56.17, Standard Deviation (SD) = 8.26 vs. 54.42, SD = 6.18,
p < 0.05) [113] or binge eating (22.92, SD = 9.78 vs. 19.86, SD = 10.48, p < 0.001) [122]. In the clinical
ED sample, further investigations found that severity of ADHD inattention symptoms was greater
among binge-eating than non-binge eating individuals and controls (Bonferroni corrected p = 0.0003),
and that severity of ADHD hyperactivity/impulsivity symptoms was greater in binge-eating and
non-binge eating individuals than in controls (Bonferroni corrected p < 0.01). Patients who reported
binging/purging behavior scored higher on both inattentive and hyperactivity/impulsivity ADHD
subscales [122]. Kurz and colleagues (2017) [125] used a laboratory test meal and found no difference
between individuals with ADHD and controls in loss of control overeating, liking for food and desire
to eat.

Two studies conducted with non-clinical samples of children found that ADHD symptoms [126]
and ADHD diagnosis [127] were related to emotional overeating. One of these studies [127] with
4-year-old children found a positive association between ADHD scale scores and eating behaviors,
especially food responsiveness and emotional overeating. Moreover, children who scored in the
medium and highest tertiles of the responsiveness scale and in the highest tertile of the emotional eating
scale scored higher on the ADHD scales. In girls, food responsiveness was significantly associated only
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with impulsivity symptoms; in boys, it was significantly associated with inattentive and hyperactivity
symptoms, while emotional overeating was significantly associated only with hyperactivity symptoms.

Some studies corroborated these results through correlation analysis. They found that ADHD
severity was positively correlated with objective overeating (r = 0.10, p < 0.05), objective binge eating
(r=0.17,p < 0.01) [113], BN symptoms (r = 0.19, p < 0.0001), emotional overeating (r = 0.31, p < 0.0001)
and emotional undereating (r = 0.28, p < 0.0001) [126], and with disordered eating as assessed on scales
including the EAT-26 (ED severity, r = 0.53, p < 0.0001), EDE-Q (disordered eating behavior, r = 0.48,
p <0.0001), EDI-2 (impulse regulation and interoceptive awareness subscales, r = 0.65, p < 0.001 and
r=0.66, p < 0.001 respectively) [122].

Four studies conducted regression analyses and found a significant association between ADHD
and disordered eating, and more specifically addictive-like eating behavior. These studies showed
that ADHD symptoms were associated with loss of control overeating and binge eating [113],
food preoccupation and oral control (i.e., self-control of eating and pressure from others to eat) [112].
Similarly, ADHD diagnosis was associated with loss of control overeating [105] and binge eating [103].
Egbert and colleagues (2018) [113] demonstrated that ADHD symptoms were positively associated
with frequency of objective binge eating and objective overeating (respectively 6% and 5% increase in
frequency of objective binge eating and objective overeating for every one-point increase in ADHD
symptoms, x2(1) = 16.61, p <0.001; x2(1) = 10.64, p < 0.01), but not subjective binge eating (x3(1) =1.30,
p =0.25).

Further investigations involving mediation analyses highlighted the mediator role of loss of
control overeating and binge eating in the relation between ADHD and BMI [103,105].

Four longitudinal studies found a positive association between ADHD symptoms during
early-childhood and addictive-like eating behavior in later childhood or adolescence [128-130].
One of these studies [128] found a significant effect of ADHD symptoms on change in eating behaviors
from early childhood (around 4 years old) to later childhood (around 7 years). They found that
ADHD symptomatology was associated with changes in food responsiveness and emotional overeating
when attention symptoms occurred, and only in emotional overeating when hyperactivity symptoms
occurred. Conversely, the effect of eating behaviors on changes in ADHD symptomatology from
early childhood to later childhood was not significant [128]. According to Sonneville and colleagues
(2015) [130], mid- and late-childhood hyperactivity/impulsivity symptoms were correlated with mid-
and late-childhood overeating and late-childhood BMI, leading to strong desire for food in early
adolescence, correlated with binge eating in mid-adolescence. These results suggest that ADHD
hyperactivity/impulsivity symptoms may lead indirectly to binge eating through overeating and desire
for food. Similarly, Zhang and colleagues (2020) [131] found that ADHD symptoms at 14 predicted
the development of binge eating (OR: 1.27, 95% CI: 1.03-1.57, p = 0.024) and purging (OR: 1.35, 95%
CI: 1.12-1.64, p = 0.0016) behaviors at 16 or 19. However, Yilmaz and colleagues (2017) [129] found
that only high inattention combined with high hyperactivity/impulsivity throughout childhood and
adolescence predicted disordered eating, such as bulimia nervosa, in late adolescence (p < 0.01).

Adults

Thirteen studies focused on the association between ADHD and disordered eating in adults.

In a study with mood disorder outpatients, Woldeyoannes and colleagues (2015) [119] found no
association between BE and childhood or adult ADHD (OR = 1.33, 95% CI: 0.40-4.49; OR = 1.05, 95% CI:
0.43-2.58 respectively). However, individuals with both BE and bipolar disorder had significantly
higher scores on the WURS (retrospective childhood ADHD scale) and the ASRS (current adult ADHD
scale; p = 0.007 and p < 0.001, respectively). Nazar (2018) [132] found no difference in binge eating
between students with and without ADHD (p = 0.07), but greater binge eating among those with
comorbid ADHD-ED (p < 0.001). In individuals with ADHD diagnosis, there was no difference between
individuals with and without ED comorbidity in terms of inattentive and hyperactivity/impulsivity
symptomatology (p = 0.53 and p = 0.75 respectively). Van der Oord and colleagues (2017) [133] assessed
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individuals with severe obesity and found that only comorbid BE was associated with an increase in
ADHD symptomatology, mainly inattentive symptoms (p < 0.01). In this population, ADHD diagnosis
was associated with bulimic symptoms, greater binge eating and higher FA scores [9,11]. Similar
results were found when childhood ADHD was retrospectively assessed [11].

Six publications involved samples of individuals with ED. They found that ADHD symptomatology
and diagnosis were associated with ED, especially binging/purging behaviors such as BN and AN
binge/purge subtype, which were related to inattentive symptoms [122-124]. However, Halevy-Yosef
and colleagues (2019) [122] found no differences in ASRS scores between ED with and without
binging/purging behavior after Bonferroni correction. ED symptoms related to ADHD symptomatology
were mostly addictive-like eating behaviors such as binge eating, purging and loss of control
overeating [120,122]. Individuals diagnosed with ED scored higher on disordered eating scales if they
also had ADHD. Ferre and colleagues (2017) [134] and Sala and colleagues (2018) [124] reported higher
scores on the EAT-40 (assessing disordered eating) and BITE-symptomatology subscale (assessing binge
eating symptomatology) among ED patients with than without comorbid ADHD symptomatology.
However, while Ferre and colleagues (2017) [134] found similar results for binge-eating severity on
the BITE-severity subscale, Sala and colleagues (2018) [124] found no significant difference between
individuals with and without ADHD diagnosis. Carlucci and colleagues (2017) reported significant
small multivariate effect of ED diagnosis on ASRS-total score (F(4992) = 2.43, p = 0.046), which was not
found for either inattentive or hyperactivity-impulsivity factors (p = 0.06 and p = 0.016 respectively) [123].
Finally, a high baseline ASRS-total score (>18) was associated with a lower rate of ED recovery at 1
year follow-up (72.1% vs. 46.7%, p = 0.001), especially for binging (75.1% vs. 48.5%, p = 0.003), purging
(74.0% vs. 47.6%, p = 0.001) and loss of control overeating (75.6% vs. 47.4%, p < 0.001) symptoms.
This association remained significative only with ASRS inattentive factor, especially for binging and
loss of control overeating. Regression analyses confirmed the predictive role of high ASRS scores on
the persistence of disordered eating (OR = 2.59, 95% CI: 1.36-4.91) [121].

Among the six studies that analyzed the correlations between ADHD symptomatology and
disordered eating, three were conducted with a student population and found positive correlations
between ADHD and bulimic symptoms (r = 0.34, p < 0.001) [135] and binge eating ([132]: r = 0.43,
p <0.001; [136]: r = 0.21, p < 0.001). Similar results were found for patients with ED [122,123] or severe
obesity [117], for both inattentive (r = 0.33-0.36, p < 0.001) and hyperactivity/impulsivity symptoms
(r =0.22-0.30, p < 0.001). However, Hanson and colleagues (2019) [136] found no correlation between
binge eating and ADHD-Inattentive symptoms for men in their student sample (r = 0.19, p > 0.05).

Five studies conducted regression analyses. Woldeyoannes and colleagues (2015) [119] showed
that correlates of BE reported by patients with mood disorder did not include symptomatology of
current ADHD or retrospectively assessed childhood ADHD (adjusted Odds Ratio (aOR) = 1.33,
95% CI: 0.40—4.49, aOR = 1.05, 95% CI: 0.43-2.58 respectively). However, the other four studies
(with students, patients with severe obesity or with ED) found a significant association between
ADHD symptoms/diagnosis and addictive-like eating behavior such as binge eating [11,132,136],
disordered eating, bulimic symptoms [134] and FA [11]. Ferre and colleagues (2017) [134] found that
patients with ED and ADHD symptoms scored higher on the EAT-40 (assessing disordered eating),
the BITE-symptomatology sub-scale (assessing binge eating symptomatology) and BITE-severity
sub-scale (assessing binge eating severity). The predictive power of ADHD symptoms on these scales
was 14%, 7% and 11% respectively.

Nielsen and colleagues (2017) and Brunault and colleagues (2019) reported that addictive-like
eating was more strongly associated with adulthood than childhood ADHD ([117]: the correlation
between ADHD symptoms and ED psychopathology scales was stronger for adulthood than childhood
ADHD symptoms; [11]: ORs for the association between ADHD symptoms and FA or binge eating
were higher for adulthood than childhood ADHD symptoms).
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3.3. Indirect Association between ADHD and Disordered Eating through Negative Affectivity and Disrupted
Emotion Self-Regulation

3.3.1. ADHD, Negative Affectivity, and Disrupted Emotion Self-Regulation

Children and Adolescents

Two studies conducted with children found that ADHD group had more adolescent with clinical
internalizing (i.e., Strengths and Difficulties Questionnaire subscale investigating emotional symptoms
and peer problems) (33.3% vs. 16.0%; OR: 2.6; 95% CI: 1.9-3.7) [106] and ADHD symptoms was
significatively correlated with depressive symptoms (r = 0.49, p < 0.0001) [126].

Adults

Among the studies included in this review, twelve focused on the comorbidity of ADHD symptoms
and negative affectivity. Many of them identified a high correlation between ADHD symptoms and
anxiety (rated from 0.28, p < 0.008 to 0.42, p < 0.001) [9,120] and depressive symptoms (rated from
0.29, p < 0.001 to 0.38, p < 0.001) [9,120,132]. Both inattention and hyperactivity/impulsivity symptoms
were correlated with anxiety (r = 0.68, p < 0.0001 and r = 0.57, p < 0.0001 respectively) and depressive
symptoms (r = 0.56-0.63, p < 0.001 and r = 0.41-0.51, p < 0.001) [117,122]. As reported by several
publications [109-111], Jacob and colleagues (2018) [108] showed that individuals who screened
positive for adult ADHD (ASRS) had a greater risk for anxiety disorder (33.6% vs. 5.1%, p < 0.001),
mood disorders such as major depressive disorder (17.1% vs. 2.1%, p < 0.001), as well as borderline
personality disorder traits (24.0% vs. 2.7% p < 0.001). Gorlin and colleagues (2016) [110] did not find
an association between ADHD diagnosis and higher anxiety and depressive disorders. However, that
study was conducted with psychiatry outpatients who may have been under medication for mood and
anxiety disorders.

ADHD symptomatology was also associated with a higher number of stressful life events (3 vs. 1.7
p <0.001) and more frequent perceived stress (85.9% vs. 59.1%, p < 0.001) [108]. In addition, ED patients
with ADHD symptoms had higher anxiety (p = 0.02) [124], higher perceived stress and lower life
satisfaction and perceived social support than those with ADHD symptoms [134]. These results indicate
high rates of negative affectivity for ADHD individuals. Both inattentive and hyperactivity-impulsivity
symptoms were shown to be correlated negatively with effortful control-regulative temperament
(inattention: r = —0.556, p < 0.001, hyperactivity: r = —0.348, p < 0.001 and impulsivity: r = —-0.476,
p < 0.001) [117], and positively with emotion regulation difficulties (r = 0.42, p < 0.001 for both
inattentive and hyperactivity/impulsivity ADHD symptoms) [135].

3.3.2. Negative Affectivity and Disrupted Emotion Self-Regulation as Mediators in the Association
between ADHD and Disordered Eating

Children and Adolescents

Tong and colleagues (2017) [126] clarified the association between ADHD symptoms and
addictive-like eating behavior by introducing a potential mediating effect of depression in this
relationship. Their data are in line with the hypothesis that ADHD is associated with bulimia and
emotional overeating through depression. Koch and colleagues (2020) [137], who investigated the
incidence of mental disorders in zero to three-year-old children, suggested that the associations
between emotional and affective disorders and ED and ADHD respectively were stronger than
the direct association between feeding and eating disorders and ADHD. Indeed, the comorbidity
between feeding and eating disorders and ADHD was OR = 15.4 (95% CI 9.6-24.7), whereas the
comorbidity between EAD (i.e., emotional and affective disorders) and feeding and eating disorders
was OR = 66.8 (95% CI 42.6-104.7) and between EAD and ADHD was OR = 150.7 (95% CI 95.1-238.7).
In a sample of overweight or obese children, Gowey and colleagues (2017) [112] found that negative
affectivity mediated the relationship between ADHD symptoms and disordered eating. They found
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significant interactions between body dissatisfaction and both inattentive and hyperactivity/impulsivity
ADHD symptoms with an effect on addictive-like eating behavior, especially food preoccupation and
oral control.

Adults

A study with adults by Jacob and colleagues (2018) [108] reported a relationship between ADHD
symptoms and possible ED, especially uncontrolled eating symptoms largely explained by anxiety
disorder (40% for possible ED, 33% for uncontrolled eating) and stressful life events (28% for possible
ED, 24% for uncontrolled eating). Another study found that the odds ratio of ADHD-ED association
was considerably attenuated after adjusting for comorbid psychiatric disorders (such as mood and
anxiety disorders), especially for BN (before adjusting for psychiatric disorders: OR: 28.24, 95% CI:
6.33-126.01; after adjusting for psychiatric disorders: OR: 5.04, 95% CI: 1.15-22.08) [109].

Similarly, Kaisari and colleagues (2018) [138] found that ADHD inattentive and
hyperactivity/impulsivity symptoms were both directly and indirectly associated with binge eating
through negative affectivity (anxiety, depression and perceived stress). Moreover, after controlling
for depressive and anxiety symptoms, there was no longer a correlation between ADHD symptoms
and BMI (inattention: r = —0.031; p = 0.350 and hyperactivity/impulsivity: r = —0.05; p = 0.307
respectively) [9].

Christian and colleagues (2020) [135] found that negative urgency and emotion self-regulation
difficulties were associated with both bulimic and ADHD symptoms, highlighting a possible shared
pathway to both ADHD and ED symptoms. Further investigations revealed an impact of negative
urgency and emotion self-regulation difficulties in the association between ADHD and ED, especially
bulimic symptoms. These results support the hypothesis that negative urgency and emotion
dysregulation mediate the association between ADHD and disordered eating.

Williamson and colleagues (2017) [139] investigated the role of emotion self-regulation and ADHD
symptoms in the weight loss of obesity patients after bariatric surgery. The interaction between
ADHD symptomatology and emotion self-regulation accounted for 13% of the weight loss variance.
The results also indicated an inverse association between ADHD symptoms and weight loss 12 months
post-surgery among patients with low scores on emotion self-regulation (36.7% of the sample).

4. Discussion

The purpose of the present study was to investigate the association between ADHD
symptomatology, disordered eating, especially addictive-like eating behavior, and emotion
self-regulation. We noted a significant association with disordered eating (especially addictive-like
eating behavior) in 38 publications, eight of them highlighting the mediator role of negative affectivity
and emotion dysregulation. This trend was qualified in 19 publications; 16 publications reported
differences depending on type of disordered eating behavior, gender or ADHD symptoms. The majority
of results thus suggest that both childhood and adulthood ADHD symptomatology is associated
with a higher risk of addictive-like eating behavior, especially binging and/or purging, loss of control
overeating, emotional overeating and binge eating, bulimic symptoms, as well as a strong desire for
food, food responsiveness and food preoccupation. Furthermore, some authors suggest that ADHD
symptoms during early childhood lead to disordered eating during later childhood or adolescence.

Several authors found that severe obesity or ED comorbidities increased the strength of the
association between ADHD and disordered eating, especially binge eating. Their results indicate
that binge eating and purging behavior play a key role in this association, particularly the BN
and AN binge/purging subtype. According to Granero and colleagues (2014) [19], this subtype
has the highest rate of FA, supporting the hypothesis of a strong association between ADHD and
FA. Other publications show that ADHD psychostimulant treatment can improve ED symptoms,
suggesting that ADHD and disordered eating share pathways [131,140,141]. According to Zhang and
colleagues (2020) [131], low grey matter volume in the orbitofrontal cortex is a mediator between ADHD
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symptoms and the development of purging, binging/purging behaviors and depression. Moreover,
dopaminergic reward pathways are implicated in both ADHD and disordered eating. In ADHD,
disruption of the dopaminergic system involves impulse control deficits, inattention and reward
sensitivity. These features increase the risk of resorting to food, and even of FA, with palatable food
seen as a natural reward [140].

Longitudinal studies demonstrate that a combination of high inattention and hyperactivity/
impulsivity symptoms in childhood lead to increasing BMI in late childhood and to ED in adolescence
through addictive-like eating behaviors. However, some publications reported that disordered eating
is particularly linked to inattentive symptoms. It is not possible in this systematic review to draw clear
conclusions about the involvement of inattentive and/or hyperactivity/impulsivity ADHD symptoms
in the association between ADHD and addictive-like eating behavior, and further investigations
are needed.

The second aim of this systematic review was to examine the mediator role of negative affectivity
and emotion self-regulation in the association between ADHD and addictive-like eating behavior.
We showed that high ADHD severity would be associated with a high risk of disrupted emotion
regulation, negative affectivity (comorbid anxiety and mood disorders, and perceived stress), which
mediate the link between ADHD symptomatology and disordered eating, especially addictive-like
eating behavior. Some studies show that ADHD symptoms are associated with high emotion
dysregulation [117,135], impacting the ability to cope with daily difficulties, and involving greater
negative affectivity and a higher risk of mood disorder comorbidity. As expected, some studies
indicated that negative affectivity and emotion dysregulation mediates the association between ADHD
and addictive-like eating behavior [108,109,112,126,135,137-139], supported by publications which
showed association between ADHD and emotional eating [126-128]. Negative affectivity and lack of
emotion regulation, commonly observed in ADHD, would trigger food intake. Results also suggest that
individuals with ADHD tend to act rashly when experiencing negative affectivity (negative urgency),
which is associated with disordered eating, such as binging [135].

The studies included in this systematic review suggest a pattern of links between ADHD
symptomatology, negative affectivity, emotion regulation, and addictive-like eating behaviors (Figure 3).
ADHD symptomatology would lead to greater difficulty coping with daily life, due to emotion
dysregulation. Due to their inability to regulate negative affectivity, people with ADHD tend to run
away from them by seeking positive sensations such as eating. Impulsivity and negative urgency would
further encourage disordered eating behaviors such as binge eating, leading to greater BMI. The urge
to eat when in a negative affectivity indicates an addictive process involving similar dopaminergic
pathways to ADHD.
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Figure 3. Model illustrating association between ADHD symptoms and disordered eating mediated by
emotion self-regulation difficulties and negative affectivity. . [9,11,103,105,112,113,116,117,
120-124,126,127,129-138]. *-===== > [135]. <= —»:[108,109,112,126,137,138].
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A better understanding of the mechanisms underlying the association between ADHD
symptomatology and disordered eating suggests new approaches to psychological interventions.
In view of the high incidence of disordered eating among people with ADHD, it seems important to
identify any maladaptive eating behavior. Interventions aimed at assessing and targeting emotion
dysregulation could be an appropriate way of preventing disordered eating behavior and FA, as well as
comorbid anxiety and depression disorders. Integrative cognitive-affective therapy (ICAT) adapted to
BN and BED targeting emotion regulation (identification of emotional states, especially negative ones,
self-monitoring of eating patterns, behaviors and emotions) has been shown to be effective in reducing
the frequency of binge eating [142]. Similarly, early detection of ADHD symptoms among people with
disordered eating would enable suitable intervention programs to be set up, particularly to treat poor
impulse control and emotion dysregulation. A number of personal characteristics that have a negative
impact on ED therapy outcome should be identified, including the presence of ADHD symptoms.
ADHD symptomology could be a predictor of the outcome of bariatric surgery in individuals with
severe obesity [139]. It is thus essential to identify inattention and hyperactivity/impulsivity symptoms
in order to provide appropriate joint interventions. For example, Cortese and colleagues (2007)
advocated a dual intervention of medication (to reduce comorbid ADHD and ED symptomatology)
and cognitive behavioral therapy (to control impulsive and maladaptive behavior, and emotion
regulation) [123,143].

This review has a number of limitations. First, it does not provide any causal link. Indeed, as far
as we know, no study investigated the effect of ADHD negative affectivity or emotion dysregulation
therapeutic interventions on addictive like eating behavior. This link could be of interest for further
studies. Moreover, this systematic review includes only qualitative and no quantitative analyses.
The variety of populations studied (individuals diagnosed with ADHD, different types of disordered
eating, severe obesity, students, etc.) and methods used to assess ADHD and disordered eating make it
difficult to draw clear conclusions. In addition, some studies were based on ADHD diagnosis criteria
of the DSM-IV-TR and others on DSM5 criteria, with a change of symptom onset from 7 to 12 years of
age, making it difficult to compare results. Another limitation involves publications which did not
provide necessary information about current medication. Indeed, medication can conceal symptoms of
disrupted emotion and eating, so there is an impact on results of investigations. Furthermore, as only
a few studies assessed food addiction directly, we included those involving addictive-like eating
symptoms and various aspects of food addiction. It should be noted that the addictive nature of food is
still under debate, notably whether features of substance addiction can be applied to food, the addictive
power of palatable food, common features such as tolerance and withdrawal, and the distinction
between food addiction and binge eating. However, people presenting with this type of pathological
eating suffer in similar ways as those with substance use disorder, including “feelings of deprivation
when the substance is withheld, a propensity to relapse during periods of abstinence, and consumption
that persists despite awareness of negative health, social, financial, or other consequences” [144].
The publications reviewed have their own limitations. According to the DSM-5, childhood ADHD
symptoms are used to diagnose adult ADHD. However, several studies involving adult ADHD did
not investigate childhood symptoms. Some studies only used self-administered questionnaires to
assess disordered eating and ADHD. This type of assessment is not as efficient as an interview with
a clinician.

Future studies should investigate in greater depth emotion regulation difficulties in comorbid
adult ADHD and addictive-like eating behavior, and the involvement of specific ADHD symptoms
such as inattention, impulsivity and hyperactivity. This could clarify which emotion regulation
strategies and ADHD symptoms should be targeted in clinical interventions. It would be interesting
to investigate specific symptoms of ED in order to identify common sub-groups. The majority of
studies of ADHD symptomatology in people with disordered eating were conducted with female
samples, although some authors noted male-female differences in the relationship between ADHD
and disordered eating. Future studies should thus investigate distinctive male characteristics in order
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to determine whether clinical interventions should be gender-specific. In addition, in order to identify
causal links between ADHD symptomatology and addictive-like eating behavior, more longitudinal
studies are needed. This would make it possible to set up early interventions with children with
ADHD and investigate the impact on ADHD symptomatology, eating behaviors and risk of obesity in
adolescence and adulthood. An important area of research would be to focus on the interplay between
dysregulation of sleep, weight gain and emotional dysregulation, as it has been suggested by some
authors [145] that alterations in sleep/arousal may be related to ADHD and weight gain/disordered
eating and sleep deprivation may exacerbate emotional dysregulation [146].

5. Conclusions

Despite its limitations, this review provides information about the co-occurrence of ADHD
symptoms and addictive-like eating behavior. It confirms the strong association between ADHD,
emotion dysregulation and binge eating/addictive-like eating behavior in both clinical (i.e., people
with ED or ADHD) and non-clinical populations. The data support the hypothesis of a mediating role
of negative affectivity and emotion self-regulation difficulties in the association between addictive-like
eating behavior and ADHD. This review paves the way for future therapeutic interventions that could
improve clinical outcomes for people with ADHD and disordered eating.
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Abstract: This review, focused on food addiction (FA), considers opinions from specialists with
different expertise in addiction medicine, nutrition, health psychology, and behavioral neurosciences.
The concept of FA is a recurring issue in the clinical description of abnormal eating. Even though
some tools have been developed to diagnose FA, such as the Yale Food Addiction Scale (YFAS)
questionnaire, the FA concept is not recognized as an eating disorder (ED) so far and is even not
mentioned in the Diagnostic and Statistical Manuel of Mental Disorders version 5 (DSM-5) or the
International Classification of Disease (ICD-11). Its triggering mechanisms and relationships with
other substance use disorders (SUD) need to be further explored. Food addiction (FA) is frequent
in the overweight or obese population, but it remains unclear whether it could articulate with
obesity-related comorbidities. As there is currently no validated therapy against FA in obese patients,
FA is often underdiagnosed and untreated, so that FA may partly explain failure of obesity treatment,
addiction transfer, and weight regain after obesity surgery. Future studies should assess whether
a dedicated management of FA is associated with better outcomes, especially after obesity surgery.
For prevention and treatment purposes, it is necessary to promote a comprehensive psychological
approach to FA. Understanding the developmental process of FA and identifying precociously some
high-risk profiles can be achieved via the exploration of the environmental, emotional, and cognitive
components of eating, as well as their relationships with emotion management, some personality
traits, and internalized weight stigma. Under the light of behavioral neurosciences and neuroimaging,
FA reveals a specific brain phenotype that is characterized by anomalies in the reward and inhibitory
control processes. These anomalies are likely to disrupt the emotional, cognitive, and attentional
spheres, but further research is needed to disentangle their complex relationship and overlap with
obesity and other forms of SUD. Prevention, diagnosis, and treatment must rely on a multidisciplinary
coherence to adapt existing strategies to FA management and to provide social and emotional support
to these patients suffering from highly stigmatized medical conditions, namely overweight and
addiction. Multi-level interventions could combine motivational interviews, cognitive behavioral
therapies, and self-help groups, while benefiting from modern exploratory and interventional tools to
target specific neurocognitive processes.

Keywords: obesity; craving; reward circuit; motivation; cognition; behavior; therapy
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1. Introduction

Even though the concept of food addiction (FA) was introduced more than sixty years ago [1],
its definition and implications are still fiercely debated [2,3]. Highly palatable foods [4,5], such as
processed foods with added sugars and fat, could be as addictive as drugs [6,7], acting via the same
neurocognitive and hedonic processes [8,9]. Therefore, through the alteration of the neurocognitive
systems involved in food intake control [10], FA could be involved in the obesity pathogenesis.
However, at this time, the concept of FA is still debated [2,3,11] and is probably entangled with
complex psychological factors and predispositions. The concept of sugar addiction is well defended in
animal models [12], but in humans, some authors rather suggest the concept of “eating addiction”, i.e.,
an addiction to the eating behavior instead of an addiction to palatable foods like sugar or saturated
fat. Nevertheless, considering the alterations of the neurocognitive systems involved in food intake
control [10], the diagnostic criteria of FA were based on the Diagnostic and Statistical Manuel of Mental
Disorders version 5 (DSM-V) criteria for substance use disorders [13]. In clinical practice, the Yale
Food Addiction Scale (YFAS) 2.0 is the only self-administered questionnaire validated to diagnose and
estimate the number of symptoms of FA [14,15].

Our first aim is to better describe the place of FA in the current nosography and establish a parallel
between FA and other ED or addictive disorders, while discussing possible transfer or continuity
between disorders. Our second aim is to illustrate, on the basis of existing data, how FA is frequent in
the general and obesity population and how it articulates with comorbidities in obese patients. We also
discuss why and how FA should be handled in the preoperative management of obesity surgery
patients. Our third aim is to highlight the relationship between FA and specific psychological features,
within a continuum ranging from normal to disordered eating. Our fourth aim is to describe the
neurocognitive and brain correlates with other substance use disorders (SUD), such as with drugs and
alcohol, to support a neurobiological picture of FA. Finally, we discuss the concept of FA in the context
of prevention, diagnostic, and treatment, with the aim to present existing or innovative strategies
in the scope of interdisciplinary and personalized medicine. Perspectives in terms of cognitive and
behavioral therapies, digital technologies, and neuromodulation interventions are also discussed.

1.1. From the Addiction Medicine Clinician Point of View: Towards a Definition of Food Addiction (FA)

Addiction remains a difficult-to-define concept. The American Society of Addiction Medicine
defined addiction as “a treatable, chronic medical disease involving complex interactions among
brain circuits, genetics, the environment, and an individual’s life experiences. People with addiction
use substances or engage in behaviors that become compulsive and often continue despite harmful
consequences” [16]. DSM-5 (Table 1) and ICD-11 give similar sets of criteria defining addiction,
while actually avoiding using the term, instead preferring “substance-related and addictive disorders”
(including “substance use disorders” (SUD) and “gambling disorder”) and “dependence”, respectively.
These criteria encompass the loss of control over consumption, increased motivation to consume,
and persistent consumption despite negative consequences, as well as tolerance or adverse effects of
acute withdrawal. In the last twenty years, there has been a growing interest in the possibility that in
some patients, food, and especially highly palatable food, could produce behavioral symptoms that
parallel those of addiction and could activate the same neural reward circuits as drugs of abuse [17].
However, this concept has been challenged, either on the addictive nature of some eating disorders
(ED) [18,19] or by debating as to whether FA is akin to a behavioral addiction versus a SUD [20].

Diagnostic criteria for SUD represent a cluster of cognitive, behavioral, and physiological
symptoms, and most of them can apply to some patients by replacing “substance” with “certain food”
(for extensive reviews, see [4,7,21]). “Taking larger amounts of the substance for longer periods than
intended” has been cited as one of the most commonly reported symptoms in overweight/obese or
eating disorder patients. It can be in the form of binges, but also snacking [22], food compulsion,
or excessive portion sizes. “Unsuccessful attempts to reduce food intake” is clinically obvious, as many
patients are unable to maintain their diet and lose weight in the long term. “Craving” is a central

208



Nutrients 2020, 12, 3564

concept in the field of addiction [23], and craving for food has been recognized for a long time [24-26].
Similarity between drug and food craving is supported by the findings of cue-reactivity research [24].
“Social/interpersonal problems related to use” is supported by the poor social functioning associated
with overweight and obesity due to weight stigmatization. Negative consequences of overeating
include obesity and its medical consequences, stigmatization, psychological distress induced by
shame, hopelessness [27]; then, many patients exhibit “continuous use despite recurrent physical
or psychological problem”. These negative consequences lead to the “failure to fulfill major role
obligation” and to “reduced activities”. Tolerance can be suspected, given that some overweight
patients increased consumption and portion size over time [21]. This was further supported by an
innovative study in which 61 overweight carbohydrate-craving women were induced into a sad mood,
then exposed, double-blind and in counterbalanced order, to taste-matched carbohydrate or protein
beverages and asked to choose the drink that made them feel better. They overwhelmingly chose
and liked the carbohydrate beverage, which was more efficient in reducing dysphoria, but the effect
decreased with repetition, suggesting tolerance, while liking increased, suggesting sensitization [28].
At last, a specific food withdrawal syndrome, as can be observed with alcohol, opioids, or nicotine,
has not clearly been demonstrated in humans. However, it should be noted that the physiological
criteria of tolerance and withdrawal are not necessary for a diagnosis of SUD, as even with a potent
substance such as alcohol, withdrawal syndrome is observed in no more than one third of patients.

Table 1. Diagnostic and Statistical Manuel of Mental Disorders version 5 (DSM-5) diagnostic criteria of
substance use disorder (SUD). A person needs to meet at least 2 of these criteria and have significant
impairment or distress from his pattern of substance use to be diagnosed with a SUD. The severity of
addiction is determined by the number of criteria met: 2-3 mild; 4-5 moderate; >6 severe.

Broader Categories SUD Criteria

Substance often taken in larger amounts or over a longer period than was intended
Craving, or a strong desire or urge to use the substance
Impaired control Persistent desire or repeated unsuccessful attempts to quit and/or control substance use
Great deal of time is spent in activities necessary to obtain or use the substance or
recover from its effects

Continued use despite having persistent or recurrent social or interpersonal problems
caused or exacerbated by the effects of the substance
Recurrent substance use resulting in a failure to fulfill major role obligations at work,
school, or home
Important social, occupational, or recreational activities are given up or reduced
because of substance use

Social impairment

Recurrent substance use in situations in which it is physically hazardous
Continued used Substance use is continued despite knowledge of having a persistent or recurrent
despite risk physical or psychological problem that is likely to have been caused or exacerbated by
the substance

Tolerance:
Need for markedly increased amounts of the substance to achieve intoxication or
desired effect

. or
Pharmgco}ogmal Markedly diminished effect with continued use of the same amount of the substance
criteria )
Withdrawal:
Withdrawal syndrome (differs by substance)
or

Substance is taken to relieve or avoid withdrawal symptoms

Gearhardt and coworkers have boosted studies on FA by releasing the Yale Food Addiction Scale
(YFAS), by transposing the DSM-1V [29], then DSM-5 (YFAS 2.0) [30] criteria for substance dependence,
then SUD, simply by replacing substance with “certain food” in the criteria. In comparison to the
first version of the YFAS, the YFAS 2.0 explores the following additional criteria, the first three issued
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from the previous DSM-IV diagnostic of abuse: continued consumption despite social or interpersonal
problems, failure to fulfill major role or obligation, use in physically hazardous situations, and craving.
YFAS 2.0 comprises 35 questions exploring the 11 criteria of DSM-5 SUD and the existence of significant
impairment or distress and uses exactly the same thresholds to assign an FA diagnosis (Table 1). Of note,
DSM-5 allows us to grade SUD as mild, moderate, and severe, according to the number of criteria, and
only severe SUD fits well with the diagnosis of dependence in DSM-IV and ICD-11. In other words,
sensitivity was increased, and it is questionable to say that a mild SUD responds to the criteria of
addiction [31]. Numerous systematic reviews have explored validation, prevalence, and correlates
of FA diagnosed by the YFAS [4,15,32-35]. Gordon et al. [4] evaluated empirical studies examining
the construct of “FA” and their conclusions supported FA as a unique construct consistent with
criteria for other SUD diagnoses. The highest scored symptom was generally “unsuccessful attempt
to cut down”; tolerance and “use despite knowledge of adverse consequences” were also frequent,
followed by “activities given up” and withdrawal symptoms [35]. In studies using YFAS 2.0, severe
FA predominated upon mild and moderate forms [35]. YFAS number of symptoms was correlated
with body mass index (BMI) in non-clinical samples; this was variable in obese or ED samples [35].
Significant positive correlations were found between FA and depression or anxiety [32,35]. FA, in obese
patients or university students, was consistently associated with self-report and other measures of
impulsivity; associations with reward sensitivity were inconsistent, depending on the questionnaires
used [34]. Atlast, FA prevalence was generally increased in patients with other chemical or behavioral
addictions as compared with non-clinical samples [36—40].

The triggering mechanism of FA has been extensively debated. Hebebrand et al. [20] have
argued that FA may be a behavioral addiction: indeed, most substances of abuse, apart from alcohol,
are agonists of specific brain receptors by mimicking endogenous ligands, and this is not applicable to
food. Moreover, eating is necessary for survival and drug use is not; eating is intrinsically rewarding
and reinforcing, and food consumption is well known to naturally activate the brain reward system.
Most other authors, however, considered FA to fit better with SUD [4,7,13,37,41,42]. Two properties of
food could participate in mediating liking, wanting, or craving: hedonic taste and metabolic shifts
following ingestion. Food contains a variety of compounds that may serve as chemical or metabolic
triggers, and all commonly suspected problem foods share nutritive properties [41]. It is highly
unlikely that all foods may be addictive, and studies have aimed at identifying the specific foods or
food attributes capable of triggering an addictive response. The evidence that sugar (sucrose) could
be an addictive substance is mainly supported by animal studies, the interpretations of which are
controversial [18,42,43], and sugar (sucrose, fructose) is not considered a direct cause of obesity [42].
In university students, symptoms of FA were in majority related to combined high-fat savory and
high-fat sweet foods, and rarely for mainly sugar-containing food [2]. Concerning fat, which has its
own metabolic, physiological, and nutritional profiles, human evidence is scarce and comes mostly
from studies on FA: individuals with FA had higher dietary fat intake compared to those without FA;
animal models suggested that fat addiction may have different mechanisms to sugar addiction [44].
Highly processed foods, with the addition of fat and/or refined carbohydrates (sugar, white flour),
have drawn the most attention. Subjects’ rating of food pictures varying in their chemical composition
showed that highly processed, energy dense foods with high glycemic load and high fat content
were most frequently associated with addiction-like eating behaviors, especially for individuals
endorsing elevated symptoms of FA [5]. Another study showed that high processed food pictures were
associated with greater loss of control, liking, pleasure, and craving, which assess the abuse liability
of substances [45]. This was confirmed using a taste test task and ad libitum consumption period in
obese women (39% had an FA diagnosis) [46]. Highly processed foods with high glycemic index cause
rapid shifts in blood glucose, insulin, and other metabolic fuel and hormones [41], and this could be
associated with their addictive potential.

The concept of FA has many implications for the addiction clinician. Given the prevalence of
FA in people with addiction, screening for FA and other eating disorders has to be performed in
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patients with other addictive disorders. FA could explain, by a mechanism of addiction transfer,
the increase in the consumption of chocolate and other sweets in recovering patients with alcohol
use disorder [47] as well as the tragic increase in alcohol use disorders after obesity surgery [48].
Denial is a well-recognized, albeit badly explained, feature of patients with SUD [49], but has not
been explored in the FA literature. Given the importance of social stigma attached both to overweight
and addiction [50], it is very likely that denial does exist, particularly in obese/overweight samples
seeking treatment. Such a behavioral feature could minimize FA prevalence. Denial is in part related
to concerns about being stigmatized or rejected or to social interactions of an accusatory or judgmental
nature [49]. There have been extensive discussions about the influence of the recognition of the FA
construct on stigmatization, either from family/relatives and society (externalized stigma) or from the
patient himself (internalized stigma) [50,51]. An FA explanation model of the lack of control in obesity
could decrease stigmatization from others [52]. Studies on the effects on self-esteem and internalized
stigmatization gave contradictory results [50,53]. Increasing self-esteem and confidence could then
constitute a therapeutic goal in obesity treatment.

In conclusion, the analogy between severe SUD and some eating-related behaviors including FA
is obvious from a clinical point of view, although more studies are needed to precisely determine the
triggering mechanisms and the possibility of preventive or therapeutic interventions.

1.2. From the Clinical Nutritionist’s Point of View: Food Addiction (FA) in the Context of Obesity Treatment

In this section, we aim to: (i) illustrate how FA is frequent in the general and obese population
and how it articulates with comorbidities in obese patients; (ii) discuss why and how FA should be
handled in the management of obese patients, especially those referred to obesity surgery.

Obesity is pandemic worldwide [54,55] and leads to well-known comorbidities [56], representing
a significant socioeconomic burden [57-59] (Figure 1). Obesity medical treatments usually fail to
achieve weight loss or maintain it in the long term [60], justifying the recourse to obesity surgery in
some instances. Obesity surgery decreases mortality, cardiovascular events, and type-2 diabetes in
comparison to conventional therapy [60-63]. Nevertheless, 20% to 30% of operated patients regain
weight because of the reoccurrence of ED, i.e., binge eating disorders, hyperphagia, snacking, craving,
food compulsion, or bulimia [64]. These symptoms could be related to FA.

As previously mentioned, highly palatable foods [4,5], such as processed foods with added
sugars and fat, could be as addictive as drugs [6,7], acting via the same neurocognitive and hedonic
processes [8,9]. Therefore, through the alteration of the neurocognitive systems involved in food intake
control [10], FA could be involved in obesity pathogenesis (Figure 1). As there is currently no validated
therapy against FA, FA is often underdiagnosed and untreated [13,19]. FA may partly explain the
failure of obesity treatment.

1.2.1. Prevalence of FA in the General and Obese Population

FA is frequent in the general and obese populations. Through meta-analysis, the mean prevalence
of FA diagnosis was found to be 16.2%, more frequent in obese/overweight patients (from 10% in
normal weight to around 25% in people with obesity), with the greatest prevalence in patients with
ED [15,32]. FA was more frequent in women than in men [35]. In the US general population, Schulte
and Gearhardt [65] reported that 15% of people may have FA, regardless of BMI. Pursey et al. [15]
found that 19.9% of overweight and obese patients had FA. Som et al. [66] found a large prevalence
(almost 40%) of FA in patients eligible for obesity surgery. The analysis of 19 studies which assessed FA
among pre- and/or post-obesity surgery patients revealed that the presence of pre-surgical FA was not
associated with pre-surgical weight or post-surgical weight outcomes; yet pre-surgical FA was related
to broad levels of psychopathology [33]. The prevalence of FA has been reported to be 16.5% [67],
17.2% [68], 25% [69], or 40% [66,70] in obese patients referred to obesity surgery. Prevalence could be
even higher in the case of ED [25,71]: 57% in patients with bulimic hyperphagia [72], 41% [72,73] and
up to 96% in patients with binge-eating disorders patients and bulimia, respectively [74]. Pursey et al.
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found that FA prevalence was higher in overweight/obese patients (24.9%) than in subjects with normal
weight (11.1%) [15], in accordance with other findings [12,13,65]. Kiyici et al. found that 32% of obese
patients with a mean BMI of 41.6 and seeking treatment for weight loss had FA [75].
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Figure 1. Food addiction as a causative or contributive factor for overweight and obesity. A personalized
and optimized psychobehavioral therapy in patients with food addiction may help in preventing
overweight and obesity, reducing their related comorbidities and related costs, and improving outcomes
of obesity surgery. Dotted lines indicate connections for which published data are lacking or insufficient.

1.2.2. Association between Food Addiction and Obesity-Related Comorbidities

It remains unclear whether FA could be associated with or even favor obesity-related comorbidities.
Kiyici et al. found that fasting plasma glucose level was lower in patients with FA, but serum
insulin levels, homeostasis model assessment of insulin resistance, hemoglobin Alc, lipid parameters,
and vascular adiposity index were comparable [75]. In obese patients with BMI >35 referred to obesity
surgery, FA was not associated with obesity-related complications, such as cardiovascular diseases
including arterial hypertension, obstructive sleep apnea syndrome (OSAS), type-2 diabetes, disabling
osteoarticular disease, or non-alcoholic steatohepatitis [66]. Overall, FA could be considered as a
potential contributing factor leading to obesity, but not to its complications, which are also driven by
metabolic, environmental, or genetic factors.

1.2.3. Rationale for a Systematic Screening of FA in Obese Patients

Given the high prevalence of FA (almost 40% of patients referred to obesity surgery), evaluating FA
should be part of the assessment of any obese patient, especially in patients referred to obesity surgery,
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as done for ED. However, there is no official recommendation about FA. Binge eating disorder and
bulimia nervosa are a contraindication to obesity surgery because they increase the risk of postoperative
complications, such as vomiting, esophagus dilation [76,77], addiction transfer [78], or weight regain.
In children, FA in relation to psychological trauma was associated with a reduced likelihood of
completing obesity surgery [79]. Only a few studies have looked at the relationship between FA
and the success of behavioral or surgical obesity therapy. Pepino et al. [70] suggested that obesity
surgery-induced weight loss induces remission of FA and improves several eating behaviors that are
associated with FA. Lent et al. [80] reported that baseline FA status was not associated with weight loss
6 months after medical intervention in 178 adult obese patients. In a small sample size of 57 overweight
or obese patients, but followed-up only for seven weeks, Burmeister et al. [81] found less weight loss in
the case of FA. In morbidly obese patients, Som et al. did not find any relationship between baseline FA
and weight loss in response to behavioral therapy [66]. Sevinger et al. [60] found that the prevalence of
FA of 58% in the preoperative period decreased significantly after obesity surgery to 7% and 14% at
6 months and 1 year, respectively.

Whereas obesity surgery could be beneficial for FA [70,82], there is an increased risk of “addiction
transfer” from FA to another one. Indeed, obese patients may be at increased risk for SUD after obesity
surgery [83]. The proportion of new substance users (alcohol, smoking, or drugs) after obesity surgery
ranged from 34.3% to 89.5% [84]. Up to 20% of obese patients are diagnosed with alcohol use disorder
after obesity surgery [85]. New-onset alcohol use disorder can represent more than 60% of alcohol
use disorder in obese patients after obesity surgery [48]. This is why it is fundamental to diagnose FA
and ED before obesity surgery. Future studies should demonstrate whether individualized cognitive
behavioral therapy dedicated to the management of FA should prevent the occurrence of addiction
transfer and optimize the postoperative outcomes after obesity surgery, especially in terms of the
prevention of postoperative ED and weight regain [76,78]. For example, a recent review was aimed at
assessing the outcomes of preoperative and post-operative psychosocial interventions for bariatric
surgery patients, revealing mixed evidence but also the importance of acting early, before significant
problematic eating behavior and weight regain occur [86].

We could also suggest studies assessing whether the YFAS 2.0 questionnaire could be integrated
into obese patient phenotyping. If relevant, this could be included in the Edmonton Obesity Staging
System (EOSS) [85,87] or French Obesity Staging System (FOSS) [88], which already integrate the
psychological dimension. Limitations for the diagnosis of ED and FA are the evaluation by patient
declaration, which could lead to potential information bias related to self-assessment objectivity or
honesty. The proportion of patients with FA could be underestimated, as it is for all declarative
information. This is why the development of complementary diagnostic strategies is required, in terms
of biological, neurological, or behavioral markers, for example.

1.2.4. Proposed Therapy for Obese Patients with FA

So far, no psychological therapy has been validated in the management of FA in obese patients.
In our opinion, this should be included in multidisciplinary programs combining empathic approaches
and social support interventions, to help patients in coping with their daily life struggles and social
stigma. In our center (Nutrition Department, CHU Rennes), all obese patients with BMI >35 are able
to lose weight by following a one-year psychobehavioral program, including six multidisciplinary
consultations (nutritionist physician, dietician, and nurse specialized in therapeutic education), in order
to manage or prevent ED. This program includes at each meeting with the patient: motivational
interview, advice for physical activity, and food education. In addition, all patients have two
psychological consultations to help them consider the importance of emotions and stress in their eating
behavior, but they are not psychotherapy sessions. All the patients expected to be eligible for obesity
surgery participate in this program for an average of one year before obesity surgery.

In conclusion, as the prevalence of FA is high in obese patients, especially in patients referred
for obesity surgery (40%), it is a relevant issue for the clinical practice of obesity care. Future studies
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should assess whether dedicated management of FA is associated with better outcomes, especially after
obesity surgery. Given the prevalence of FA in the general population, public health policies should
help in screening early and managing FA before it leads to obesity, which is a burden worldwide
(Figure 1).

1.3. From the Health Psychologist’s Point of View: Toward a More Comprehensive Psychological Approach to
Food Addiction

Contrary to the categorical approach of the medical or psychiatric practices, psychology considers that
eating behaviors can be mapped onto a continuum ranging from normal to disordered eating, prompted
by multiple environmental, contextual, and individual factors [89,90]. For instance, environments
constantly influence unhealthy food choices and overeating through food cues—sights, sounds,
and smells—associated with palatable food [91], which may undermine the self-regulatory capacity in
obesogenic environments [92]. It is recognized that problematic eating behaviors—such as binge eating
episodes, overeating, and (failed) cognitive restriction—are not limited to psychological disorders and
tend to increase over time in the general population [93].

Studies have found that 7.2% to 13% of the population currently engage in regular binge eating
episodes [94]. Another study found that their prevalence increased six-fold from 1998 (2.7%) to 2015
(13.0%) in the adult general population [95]. In addition to these binge eating episodes, eating in
response to specific emotional cues was investigated in relation to weight gain [96,97], ED [98,99],
and psychiatric and addictive disorders [100,101]. However, this behavioral response is common in
normal-weight women, as half of the female students participating in our study reported overeating in
response to anxiety in the last 28 days, and 4 in 10 in response to loneliness, sadness, and happiness [102].
These intermittent overeating episodes were used as a time-limited response to emotional states and
negatively correlated with alcohol use, which suggests two distinct and somewhat exclusive ways of
coping for negative emotions. The Three-Factor Eating Questionnaire Revised, 18-item (TFEQ-R18),
measures the cognitive and behavioral components of eating [103], which originate from obesity
research but are present in other populations. It includes three subscales: (1) Cognitive Restraint
(conscious restriction of food intake in order to control body weight or to promote weight loss) comprised
of six items (e.g., “I consciously hold back at meals in order not to gain weight”), (2) Uncontrolled
Eating (tendency to eat more than usual due to a loss of control over intake accompanied by subjective
feelings of hunger), comprised of nine items (e.g., “When I see a real delicacy, I often get so hungry
that I have to eat right away”), and (3) Emotional Eating (inability to resist emotional cues), comprised
of three items (e.g., “When I feel blue, I often overeat”). In our study, inability to resist emotional cues
outweighed other cognitive components of eating which, again, suggests that overeating is a common
tendency to cope with negative emotions. Moreover, while problematic eating behaviors were initially
approached independently, they may interact and/or co-exist in complex patterns.

In many cases, overeating may be a paradoxical consequence of attempts at caloric restriction [104,105],
and overlaps exist with emotional overeating and binge eating episodes, as studies showed a direct
relationship between binge eating disorder (BED), stress, anxiety, and anxiety proneness [106,107].
However, outside of bulimia nervosa studies, much of the theoretical and empirical binge eating
research to date has not directly addressed the role of anxiety [108]; even less has addressed the
role of other emotional states such as depression, boredom, or fatigue. Personality may also have
a structural albeit overlooked role in problematic eating. For instance, a recent study provided a
phenotypic characterization of the FA construct by conducting a clustering analysis of FA in patients
with eating disorder and obesity [109]. They found the highest FA symptoms in the “dysfunctional
clusters”, characterized by more dysfunctional personality traits, greater impulsivity, and more general
psychopathology. Conversely, the “adaptive” cluster presented with more functional personality traits
and low levels of general psychopathology, as well as the lowest levels of FA. This suggests that FA
in the adaptive cluster may be the result of different factors than in other clusters, which could have
important implications for treatment. Another study showed that emotional eating was strongly
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positively associated with neuroticism, particularly impulsiveness and depression [110]. External
eating was likewise mainly associated with the characteristics of impulsiveness (e.g., tendency to act
impulsively under strong negative and positive affective experiences, to act on the spur of the moment
without regard for the consequences, to enjoy activities that are exciting or novel, etc.) and lower
self-discipline [111]. Restrained eating was, on the other hand, related to higher conscientiousness,
extraversion and openness, and lower neuroticism. These results imply that poor self-control seen in
impulsiveness and lower self-discipline was most important for eating due to negative emotions as
well as in response to external food stimuli. Attempts to control food intake and body weight seen
in restrained eating were associated with more character strengths and ambitions and also a more
outgoing personality style with more stable emotions.

In this regard, the lack of mental stimulation could constitute a significant vulnerability factor
for excessive eating [112] and drinking [113]. Som et al. found a higher proportion of food addiction
in unemployed patients [66], and our previous work showed a greater predisposition to boredom
in patients with excessive drinking [113]. One possible explanation is that some vulnerable people
use these compulsive behaviors to cope with excessive lack of internal and/or external stimulation in
their daily lives, which may increase the risk of addiction and jeopardize their social and professional
functioning. This fits with the definition of one of the eleven diagnostic criteria of addiction in the
DSM-5: giving up important social, occupational, or recreational activities because of substance
use. Secondly, FA includes the negative feelings following compulsive eating, typically guilt and
shame, which are also commonly reported amid overeating episodes in the general population [95].
One possible explanation is that negative feelings after overeating episodes come from the social
stigma attached to weight issues [114] rather than from the overeating episode itself. This emotional
response to internalized weight stigma could explain the high proportion of FA diagnosis in obese
patients, although, in most cases, obesity is the result of poor dietary habits rather than compulsive
eating [105,115]. Accordingly, a large part of the FA syndrome, as assessed by the YFAS 2.0, could be
seen as a context-dependent pattern of problematic eating behaviors and negative feeling, existing in
various forms and intensity, in the general population as well as in patients with chronic conditions,
independently of any psychiatric disorders. Finally, tolerance and withdrawal are the only symptoms
specific to addictive processes in FA, since they are unrelated to environmental and individual factors
and therefore possibly those distinguishing FA from highly frequent problematic eating behaviors.
This would be consistent with a review on FA [4], concluding that behavioral and substance-related
aspects of FA appear to be intertwined, but the substance (highly palatable food) component may be
more salient to the diagnostic classification of this phenomenon than the behavior (eating).

From this perspective, pharmacological criteria, namely craving towards palatable food and
withdrawal symptoms, could constitute the main—if not the only—solid indicators of FA, possibly
co-existing with varying patterns of problematic eating behaviors, negative feelings, and social
disturbances. Investigating their relative contributions to FA, together with their interactions with
social environments, unhealthy eating habits, and clinical outcomes, could contribute greatly to
the understanding of FA developmental history. However, the YFAS conception study adopted
confirmatory factor analysis (CFA), a theory-based approach that can only estimate the extent to which
questionnaire data fit the theoretical single-factor structure derived from DSM-5 criteria. The main
advantage of CFA lies in its ability to help researchers to bridge the frequent gap between theory
and observation. One disadvantage of CFA is that secondary factor loadings are not part of the
output [116]. This may lead to the assumptions that (1) all items belong to the same single-factor
variable, by simply ignoring the other possible structural hypotheses, and (2) they are equally important
for characterizing FA, even though their relative contributions (loadings) to the latent variable are
quite heterogeneous in most studies. It must be noted that elevated loadings are expected in construct
validation studies since summary scores (or, in the present case, symptoms scores) are computed for
clinical or research purposes [117]. Most analyses were performed on the 11 binary diagnoses instead
of the original 7-point Likert items, which limited the total variance to be analyzed. This approach is
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clearly suboptimal in the case of a newly devised instrument, being psychometrically investigated for
the first time. Consequently, the extent to which each of these behavioral, psychological, and social
disturbances contribute to FA is still unclear. Unraveling these complex relationships warrants
data-driven approaches that establish the data’s underlying structure by addressing a wide range of
candidate hypotheses, i.e., exploratory factor analyses. This could allow for a more comprehensive
description of FA as a biopsychosocial construct lying on a continuum from normal to disordered
eating and therefore earlier identification of high-risk profiles.

1.4. From the Behavioral Neuroscientist’s Point of View: Is There a “Food Addict” Brain?

Before answering the question “is there a ‘food addict’ brain?”, it is necessary to remember how
drug addiction is described in light of its brain phenotype. As stated earlier, the DSM-5 [118] does
not recognize FA in itself, but it identifies different forms of substance-related and addictive disorders
(including gambling) that can be used as a reference framework for our discussion. In this context,
if we accept the existence of FA, then the neurobiological characteristics of substance-related and
addictive disorders should reveal common patterns between food and drug abuse. Valuable recent
review papers were aimed at describing common underlying neurobiological mechanisms contributing
to drug and FA [119,120]. One of the main pitfalls of these overviews, which is honestly highlighted
by the authors but often bypassed in general, is the fact that most human studies taken as support
were performed in obese subjects and/or patients suffering from eating disorders (ED), especially
bingeing ED-subtype patients. This bias is usually accepted because there are very few studies that
aimed at characterizing the brain phenotype/responses of human patients who have been specifically
diagnosed with FA. There is consequently a significant risk for circular reasoning: because we make
the assumption that FA should resemble drug addiction and its associated brain phenotype, then the
observation of this specific brain phenotype in obese and/or bingeing patients should be sufficient to
defend the FA hypothesis. The point is that the FA construct must be supported by precise definitions,
as well as dedicated neurobiological and neuroimaging studies. These definitions must be supported
by concrete data and not only by shortcuts based on analogies with obesity or food abuse. Even though
we must assume that substance addiction always starts with substance use, not all obese and/or
bingeing ED-subtype patients have FA, and not all “food addicts” are obese.

The diagnosis of an SUD is based on a pathological pattern of behaviors related to use of the
substance, and the DSM-5 assists this diagnosis with eleven criteria categorized under four groupings
(Table 1). It is important to mention that only one criterion, related to craving (Criterion 4), refers to a
specific brain pattern associated with this condition. Craving corresponds to an intense desire or urge
for the substance and is described as being associated with the activation of specific reward structures
in the brain.

The literature on the neurobiology of addiction provides a consensus on the fact that drugs of
abuse, as well as particular excessive behavioral patterns (e.g., gambling), exert a direct activation of
the brain reward system. On a chronic basis, they also induce profound neuronal plasticity changes in
the corticostriatal and limbic systems. Initially, drugs of abuse trigger abnormal surges of dopamine
in the nucleus accumbens, which promotes the direct striatal pathway and inhibits the indirect
striato-cortical pathway [121]. Repeated drug consumption and/or administration induce mesolimbic
sensitization [122], as well as neuroplasticity changes in the glutamatergic inputs to the striatum
and midbrain dopamine neurons. These changes enhance the brain’s reactivity to drugs and their
associated cues that gain incentive salience, i.e., incentive sensitization [123], reduce the sensitivity to
other types of reward, decrease cognitive control mechanisms, and increase the susceptibility to stress
and emotional dysregulation [121]. Eventually, there is a transition between controlled to habitual
and compulsive use or intake [124]. The precise neuropharmacological mechanisms involved in this
transition may depend on the type of drugs used, but a recurrent feature of repeated exposure to
substances of abuse is the downregulation of the dopaminergic system, especially the dopamine
type-2 receptor (D2R) in the ventral and dorsal striatum. Similar observations have been made in
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humans [125] and animal models [126], but this is not the scope of our review. Here, we are rather
interested in the very few studies that tried to describe the brain phenotype of patients who were
specifically diagnosed with FA.

As stated by Fletcher and Kenny [18], information will be lost if we begin with the assumption
that drug addiction processes explain food overconsumption and schedule our empirical endeavors
exclusively toward a survey of similarities, some of which are superficial and imprecise. In light of the
DSM-5 substance use nosology, many authors consider FA as a true addiction [13,127]. As previously
stated, the most widely used and accepted tool to measure FA to date is the Yale Food Addiction Scale
(YFAS), of which Version 2.0 has been validated in different languages in addition to English [30],
including French, Spanish, and Japanese [101,128,129]. As a consequence, we decided to gather
information on brain imaging studies that were aimed at describing anatomical and functional features

that are characteristic of patients fitting the YFAS criteria for FA (Table 2).

Table 2.

YFAS-diagnosed food addiction (FA) in the human.

Studies investigating the brain anatomical or functional specificities associated with

Articles Titles Subjects Exploration Methods Main Results References
Neural correlates of YFAS—PosiFive' subjects showed
s - . . deactivation in three clusters:
inhibitory control in 76 young subjects Go/no-go task during middle temporal gyrus/occipital [130]
youth with (8.2-17.8 yo, 44 males) BOLD fMRI ¢ temporal gyrusjoccipita :
s toms of FA. gyrus, pr.ecuneus/calcarme sulcus,
ymp and inferior frontal gyrus
Neuroanatomical . - BMI, personality
correlates of food ?Ssii?licge(n]ﬁ;pf? f questionnaires Small, additional contribution of
addiction symptoms Civilizati . . including YFASand ~ YFAS symptom score to lower right
. ivilization Diseases . R X [131]
and body mass index LIFE-Adult study) TFEQ, and brain lateral orbitofrontal cortex thickness
in the general 20-59 vo, 45% Wor}lie’n structure via over the effect of BMI
population Yo 257 high-resolution 3T MRI
Subjects with FA exhibited modest,
elevated responses in the sFG for
highly processed food images and
44 women with more robust, decreased activations
Food cue reactivity overweight or obesit for minimally processed food cues,
in FA: A functional n =g20 with ¥ YFAS, BOLD fMRI cue  whereas control subjects showed the [132]
magnetic resonance moderate-to-severe reactivity task opposite responses; Housefold -
imaging study YFAS FA items elicited greater activation than
the food cues in regions associated
with interoceptive awareness and
visuospatial attention
(e.g., INS, iFG, iPL)
Greater activation in thalamus,
hypothalamus, midbrain, putamen,
and occipital cortex (reward),
but not in prefrontal and
orbitofrontal cortices (control/
FA distinguishes an reward recelipt) in the high-YFAS
overweight hi ;/‘e\r(si;s OW};}{FAS gl}’:‘up; 1
phenotype that can 36 overweight women YFAS, 18 FDG-PET In high- . S subjects, orbito rci-mta [133]
be reversed by low ) responsiveness was inversely
calorie diet re atgd to YFAS severity ané h}mger
rating, and positive associations
were observed between regional
brain activation and lipid intake.
A 3-month low-calorie diet
abolished group differences in
brain activation
Fecal sampling, HAD
Correlation of anxiety and YFAS
tryptophan . questionnaires, Direct positive association of indole
metabolites with ()‘iift\}ié:;f;y;iu:})‘];itts functional and metabolites with BMI and indirect
connectivity of elevated BMI (29 men anatomical positive association with YFAS [134]
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reward network in
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Table 2. Cont.

Articles Titles Subjects Exploration Methods Main Results References
YAFS-positive subjects have
FAis a}ssoqated with - YFAS, Eriksen flanker reduced ERN an}d Pe waves and
impaired 34 YFAS-positive and demonstrate a higher number of
R task, and EEG [135]
performance 34 control subjects measurement errors on the flanker task,
monitoring suggesting impaired
performance monitoring
YFAS correlated with greater
activation in the aCC, OFC,
YFAS, BOLD fMRI in and amygdala in response to
! . anticipated receipt of food.
Neural correlates 49healthy adolescent response to receipt and Participants with higher (1 = 15) vs.
females ranging from anticipated receipt of § [136]

of FA

lean to obese

palatable food

lower (n = 11) YFAS showed greater

activation in the DLPFC and CAU

in response to anticipated receipt of

food, but less activation in the IOFC
in response to receipt of food

(chocolate milkshake)

aCC, anterior cingulate cortex; BMI, body mass index; BOLD, blood-oxygen-level-dependent; CAU, caudate;
DLPFC, dorsolateral prefrontal cortex; EEG, electroencephalography; ERN, error-related negativity; FA, food
addiction; FDG, F-2-fluoro-2-deoxy-glucose; fMRI, functional magnetic resonance imaging; iFG, inferior frontal
gyrus; INS, insula; iPL, inferior parietal lobe; IOFC, lateral orbitofrontal cortex; OFC, orbitofrontal cortex; Pe, error
positivity; PET, positron emission tomography; TFEQ, three-factor eating questionnaire; YFAS, Yale Food Addiction
Scale; yo, years old.

The first study of this kind was performed by Gearhardt herself in collaboration with
American colleagues from different teams investigating the neural correlates of eating behavior [136].
These authors used the well-known “milkshake paradigm” of blood-oxygen-level-dependent (BOLD)
functional magnetic resonance imaging (fMRI) in response to receipt and anticipated receipt of palatable
food (i.e., chocolate milkshake). With this paradigm, it has been well described that obese compared
to lean individuals show greater activation of the gustatory cortex and oral somatosensory regions
in response to anticipated intake and consumption of palatable foods. Obese individuals also show
increased activation in the orbitofrontal cortex and putamen in response to palatable food pictures
(i.e., reward anticipation), as well as decreased activation in the caudate nucleus in response to
consumption of milkshake vs. a tasteless solution (i.e., reward receipt) [137,138]. Gearhardt et al. [136]
demonstrated that YFAS scores correlated with greater activation in the anterior cingulate cortex,
orbitofrontal cortex, and amygdala in response to anticipated receipt of food. Subjects with higher vs.
lower YFAS showed greater activation of the dorsolateral prefrontal cortex and caudate, in response to
anticipated receipt of food, but less activation in the lateral orbitofrontal cortex in response to receipt of
food. This enhanced anticipation of the rewarding properties of food resembles the reward surfeit
theory of obesity, suggesting that individuals at risk for obesity initially show hyper-responsivity
of reward circuitry to high-calorie food cues, which would further increase intake of such foods.
The fact that some of the reward circuit responses are decreased after consumption of the palatable
food illustrates a reward deficit that may drive further intake to fulfill the need for food pleasure.
The loss of control over food intake is an important criterion for FA. This inhibitory control was
specifically investigated in youth with symptoms of FA by Hardee et al. [130] using a dedicated go/no
go task. They demonstrated that YFAS-positive subjects showed deactivation in three clusters of brain
regions including the middle temporal gyrus/occipital gyrus, precuneus/calcarine sulcus, and inferior
frontal gyrus. The inferior frontal gyrus, notably, has been regularly described as being involved in
executive and motor control, and decreased activation of this structure is usually interpreted as a
lack of inhibitory control during a go/no go task. The decreased activity in the other clusters was
perhaps related to decreased sustained attention during the task; a lack of attention, notably towards
interoceptive perceptions, might contribute to the difficulty of obese people to regulate calorie intake,
as postulated by Volkow et al. [139]. These results are somewhat corroborated by another study
demonstrating that people who meet the YFAS criteria for FA have impaired performance monitoring,

218



Nutrients 2020, 12, 3564

both on the behavioral and neural levels, consequently sharing some neurocognitive characteristics
with patients diagnosed with substance use disorder [135].

Surprisingly, Gearhardt et al. [136] found no correlation between YFAS scores and BMI, which
suggests that FA can occur in subjects within different body weight categories (as confirmed by the
prevalence data previously cited). Even though the authors showed limited differences in reward
circuitry activation between high- and low-YFAS subjects during food intake, high-YFAS individuals
exhibited patterns of neural activation associated with reduced inhibitory control, which might explain
their difficulty to resist food craving. In our opinion, two main questions arise from this work, and they
still require additional retrospective and prospective studies to provide answers. First, does a FA profile
in normal-weight individuals increase the risk to further declare obesity or other nutritional disorders,
as postulated by the reward surfeit theory? Second, since almost all imaging studies performed in
obese subjects did not include the YFAS score as a factor in their analysis, what is the probability that
the brain pattern associated with YFAS in some “undiagnosed” individuals had influenced the general
patterns observed in obese people? Considering the high prevalence of FA in obese patients, there is a
significant bias in most studies describing the brain patterns characteristic of obesity, simply because
there are many forms and behavioral phenotypes of obesity. Most studies probably characterized
brain responses in obese subjects with different clinical profiles, since YFAS was not part of their
routine checking, and a fair proportion of their obese subjects might very well have been YFAS-positive.
Consequently, this percentage of “undiagnosed” YFAS patients might have influenced and biased our
knowledge of the “obesity brain phenotype”.

Interestingly, Beyer et al. [131] showed that symptoms of FA were not associated with the major
structural brain differences correlated with BMI in the general population, but they might rather
explain additional variance towards a lower right lateral orbitofrontal cortex thickness. Whether this
anatomical specificity in the orbitofrontal cortex is responsible for the functional differences observed
in this particular structure after food reward [136] necessitates further validation. However, the criteria
for manifest FA were met by only 6% of the general population in this study [131], which does not
indicate what the effects of YFAS symptoms on brain anatomy would be in a large cohort exclusively
composed of obese subjects with higher prevalence of FA.

Using (18) F-2-fluoro-2-deoxyglusose (18FDG) positron emission tomography (TEP) instead
of BOLD fMRI, Guzzardi et al. [133] investigated in overweight women the brain responses to
high-calorie sweet food pictures and found greater activation in the thalamus, hypothalamus, midbrain,
putamen, and occipital cortex, but not in the prefrontal and orbitofrontal cortices, in high-YFAS
compared to low-YFAS subjects. Interestingly, in high-YFAS women, metabolic responsiveness in the
orbitofrontal cortex was progressively lower with increasing YFAS severity and hunger subjective
ratings. The authors’ conclusions were that inadequate activation in response to the rewarding food in
brain regions involved in inhibitory control and reward processing, in spite of greater activation in
brain areas involved in somatosensory stimuli processing, reward and memory of hedonic behavior,
distinguishes overweight women with FA from women with similar overweight but not FA [133]. It is
also very interesting to highlight that the same authors demonstrated that a 3-month low-calorie diet
was sufficient to reverse these specific brain activation patterns, which suggests that weight loss (3.8 kg
or 4.1% of initial body weight in high YFAS) can help in correcting the neurocognitive anomalies
associated with FA [133], exactly as demonstrated for the brain anomalies associated with obesity in
formerly obese women who have successfully lost weight [140]. However, restrictive diets are usually
ineffective in the long term and should not be advocated alone as obesity treatment.

The nutritional environment consequently has a major role in sustaining or correcting brain
anomalies related to FA. The regular consumption of palatable high-calorie foods profoundly modifies
many cognitive processes related to food perception, valuation, and motivation. The incentive
sensitization theory postulates an excessive amplification of the psychological “wanting” of food, but it
also highlights the particular role of external triggering cues and specific attention to these cues in
maintaining a vicious circle. Food cue reactivity was found to be modified in overweight or obese
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women with YFAS-diagnosed FA, towards modest, elevated responses in the superior frontal gyrus
for highly processed food pictures and more robust, decreased activations for minimally processed
food cues, these responses being opposite in control subjects with similar overweight or obesity [132].
Exteroceptive stimuli such as visual cues are therefore very important in triggering and maintaining
the neurocognitive patterns of food addiction. As reminded by Gearhardt et al. [136], activation in the
nucleus accumbens is associated with craving in SUD and the amygdala is commonly implicated in drug
cue reactivity and craving. Interestingly, Osadchiy et al. [134] demonstrated in healthy subjects with or
without elevated BMI that YFAS scores had positive associations with functional connectivity between
the amygdala and nucleus accumbens. In the same study, gut microbiota-derived indole metabolites
were found to have a direct positive association with BMI and an indirect positive association with
YFAS through functional connectivity of the nucleus accumbens [134], which might suggest a role
of the gut microbiota in hedonic food intake in the context of FA. Both exteroceptive (e.g., related to
food and environment) and interoceptive cues (e.g., related to the internal state and gut microbiota
metabolites) are consequently important to understand how the neurocognitive patterns of FA emerge
and establish in the long term, with the possibility to increase the risk for further psychological and
metabolic disorders.

All these data support the existence of a specific FA brain phenotype that can be detected in
normal-weight, overweight, or obese individuals and that is characterized by anomalies in the reward
and inhibitory control processes, with likely corollary consequences in the limbic/emotional and
cognitive/attentional spheres (Figure 2). Even though a recent meta-analysis of fMRI studies defends
an addiction model of obesity, characterized by reduced cognitive control and interoceptive brain
responses [141], this vision is probably restricted to part of the obesity spectrum and cannot be
generalized to all forms of obesity. Further research is needed to better phenotype the neurobehavioral
patterns of YFAS-positive subjects and disentangle their complex relationships and overlap with other
diseases including obesity and other forms of addiction. Such work is mandatory to improve medical
care because a better understanding of the patients’ specificities leads to better treatment. As reminded
by Ho et al. [142], post-obesity surgery patients are at increasing risk for developing alcohol and SUD,
which likely represents an “addiction transfer” from food to other means of fulfilling the individuals’
drives for pleasure or comfort. This risk could be especially increased if the presence of an FA profile
has not been diagnosed and treated beforehand. The YFAS 2.0 questionnaire is a useful tool to predict
continued emotional and binge eating behavior following obesity surgery [143] and might be used to
identify subpopulations of patients with higher risk for unsuccessful obesity surgery. However, as a
questionnaire, this method remains limited by the usual constraints and uncertainties of declarative
diagnostic methods, which necessitates the development of additional diagnostic tools and markers,
derived from brain imaging or biological measurements at the gut-microbiota—brain level, for example.
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Figure 2. Neurocognitive functions and brain areas that are impacted by food addiction and for
which people who meet the YFAS criteria for food addiction have different brain activity, metabolism,
or functional connectivity compared to normal subjects. Please refer to Table 2 for details on results
and imaging modalities used. Brain schematic representations were collected from Servier Medical Art
(Suresnes, France; http://www.servier.fr).

2. General Discussion and Conclusions

The aim of this review was to enlighten the current concept of FA through four different angles
and the spectrum of complementary disciplines: addiction medicine, nutrition in the context of
obesity management, health psychology, and behavioral neurosciences. In our opinion, only a
multidisciplinary perspective can render the complexity of FA and how it relates to environmental,
social, and individual factors, while being inscribed in a continuum ranging from normal to disordered
eating. This multifactorial comprehension of FA is needed to better organize prevention, diagnostic,
and treatment, through the implementation of existing but also future strategies in the scope of
personalized medicine. Even though the concept of personalized medicine sometimes appears
hackneyed nowadays, it is particularly important and relevant in the context of FA and obesity treatment,
considering the variety of individual profiles or situations, as well as the complex combination of
environmental and individual factors at their origin.

Evaluation of FA is very unusual during first-line medical management and is not even systematic
during obesity consultation. Practices are highly variable and dependent on the medical services
and clinicians in charge of these consultations. As mentioned earlier, there is still no recognized
psychological therapy validated for the management of FA in obese and/or ED patients, even though
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these patients represent high-risk profiles for FA. The role of FA in favoring body weight management
problems and related comorbidities is still unclear, but early detection and treatment of FA might
prevent the onset of further medical problems. The use of the YFAS questionnaire, when disordered
eating is suspected, should become widespread in general medicine and specialized consultations,
before referring the patient to a person with expertise in the management of ED and FA. This could be
facilitated by the existence of a short version which is easier to fill. Because questionnaire studies are
always subject to the biases and limitations of declarative methods, and denial could be present in some
patients, there is a need for objective markers for which modern neuroimaging might represent an asset.
Other biological markers might be explored—for example, at the metabolome and gut microbiota
levels [134]—since the relationship between the gut microbiota and some neurocognitive processes has
been extensively demonstrated.

Moreover, the FA construct has important treatment implications [21,51]. The standard approach
to weight loss involves maintaining a healthy diet and physical exercise and is often associated with
poor adherence and success rates. In the range of existing strategies are cognitive interventions [21],
psychobehavioral interviews, and counseling via medical staff specialized in therapeutic education and
nutrition, but also consultations with psychotherapists or psychiatrists. Addressing the psychological
impact of internalized social stigma on patients remains pivotal, as several authors raised concerns
that a diagnosis of food addiction could result in a double or additive stigma [50]. This emphasizes the
need for empathic approaches and social support interventions in patients” management programs.
For instance, the implementation of a self-help support group through a structured program could
promote mutual support between persons with FA, break isolation, and create a space for sharing
experiences [144]. Some authors also reviewed the beneficial input of online support options for
food addiction, as well as other forms of self-help groups and sessions [145,146]. The restriction,
or even the relative reduction, of some specific foods seen as addictive for a specific patient could
be an option, contrary to the current view which aims at reducing dysfunctional dieting in favor of
regular eating with flexible and moderate food consumption with no forbidden foods [51]. Such an
approach is advocated by anonymous group meetings such as Overeaters Anonymous (OA), based
directly on the 12-step program developed by Alcoholic Anonymous, which might help patients to
break social isolation and the vicious circle at the origin of some forms of overeating [147], but we still
lack perspective on the long-term success of such a strategy. Other initiatives can be applied in the
context of FA, such as acceptance and commitment therapy (ACT) [148]. A wide range of motivational
interviewing and cognitive behavioral therapies (CBT), which requires patients to critically evaluate
the thoughts, feelings, and behaviors resulting in maladaptive responses and helps them to find their
own solutions, adapted to their daily lives, can also be implemented in the context of FA and have
already demonstrated their usefulness [149]. Such results must be replicated on larger cohorts and in
the long term, and different types of CBT should be compared to provide recommendations about
matching strategies to individual profiles, depending on their personality traits and susceptibilities,
for example.

Several authors praised the use of innovative neuromodulation strategies to treat obesity, ED,
but also FA [21,150], with the aim to modulate if not normalize some brain activities and neurocognitive
processes involved in food intake control. If we put aside invasive strategies such as deep brain
stimulation (DBS), there are still several candidates in the scope of minimally invasive strategies, such as
transcranial direct current stimulation (tDCS), transcranial magnetic stimulation (TMS), and real-time
fMRI neurofeedback. All these techniques can be used to stimulate or inhibit specific brain regions.
The tDCS and TMS, via external electric or magnetic stimulation, are rather restricted to superficial
(i-e., cortical) brain areas, such as the prefrontal cortex, which plays an important role in the cognitive
control of eating. The rtfMRI can be applied to any brain area (including the deep striatal component
of the reward circuit), since this method relies on the ability of the subject to voluntarily modify his/her
brain activity on the basis of real-time feedback on this activity (e.g., via a visual gauge) combined
with explicit or implicit tasks or mindfulness techniques. This approach has already been validated,
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with promising outcomes in healthy, overweight, and obese women, with the aim to reduce hunger
and cravings [151,152].

Prevention, diagnosis, and treatment should also benefit from new developments in the scope
of information and communication digital technologies. Innovative smart devices, smartphone
applications, and online counseling platforms might provide potent tools for phenotyping individual
profiles, adjusting eating habits on a daily basis, and providing information to both patients and actors
of medical care. Preliminary data suggested the effectiveness of a mobile health app based on FA to
treat young obese people [153]. The faster disordered eating and FA are detected, the easier corrective
measures can be applied in order to prevent the onset of a vicious circle and complete loss of control
over food intake, further leading to obesity and numerous comorbidities.
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