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Abstract

Background: Obesity is a multifactorial disorder influenced by hormonal, dietary,
behavioral, emotional, attentional, and cognitive control factors that interfere with the
balance between energy intake and expenditure. The association of obesity with
cognitive decline, brain functional and structural damage, and early neurodegenerative
processes has been observed. Objective: This systematic review aimed to identify

activated cortical areas in obese individuals and investigate the role of cognitive
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impairment in interfering with eating behavior. The most frequently used neuroimaging
and brain mapping methods to evaluate these processes were also identified. Methods:
We searched for studies published between 2006 and 2021 in the indexed databases
PUBMED, LILACS, and SCIELO. Observational studies that compared obese individuals
(body mass index > 30 kg/m2) and nonobese individuals were selected. The National
Heart, Lung, and Blood Institute (NIH) Quality Assessment of Observational Cohort and
Cross-sectional Studies was used for methodological quality analysis. Results: The
literature search returned 22,484 relevant titles. After applying the eligibility criteria, 154
articles were selected, and of these, 11 were analyzed in this review. In the analysis, the
groups studied showed differences in reaction time, accuracy, or inactivated brain areas
during tests or stimulation with food images. Conclusion: Structural changes compatible
with impairments in long-term cognitive performance were identified, as well as structural
and functional changes that may help understanding the compulsive eating behavior
present in obese individuals.

Keywords: obesity; electroencephalogram; cognition; functional magnetic resonance

imaging.

Resumo

Introducd@o: A obesidade é considerada uma desordem multifatorial influenciada por
fatores hormonais, dietéticos, comportamentais, emocionais, atencionais e controle
cognitivo que interferem no equilibrio ingestdo e gasto energético. A influéncia da
obesidade no declinio cognitivo e prejuizos a fungfes e estruturas cerebrais além de
sua associacdo com processos neurodegenerativos precoces tem sido observada.
Objetivo: Esta revisdo buscou identificar as areas corticais mais ativadas em individuos
obesos, investigar a existéncia de comprometimento cognitivo e a possivel interferéncia
no comportamento alimentar. Além disso, buscou-se identificar os métodos de
neuroimagem mais utilizados para avaliacdo desses processos. Methods: Buscou-se
estudos publicados 2006 e 2021. Foram pesquisadas as bases de dados indexadas
PUBMED, LILACS e SCIELO. Foram selecionados estudos observacionais que
comparassem individuos obesos (IMC > 30 kg/m?2) e ndo obesos. Foi utilizado o Quality
Assessment of Observational Cohort and Cross-Sectional Studies da National Heart,
Lung and Blood Institute (NIH) para andlise de qualidade metodolégica. Resultados:
Foram reportados 22.484 titulos. Apds a aplicacao dos critérios de elegibilidade, foram
selecionados 154 artigos. Desses, onze foram incluidos para analise nesta reviséo.
Nesta andlise, diferencas foram encontradas quanto ao tempo de rea¢ao, acuracia ou
areas cerebrais inativadas durante os testes cognitivos ou estimulos com figuras de

comida entre os grupos estudados. Conclusdo: Mudangas estruturais compativeis com
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prejuizos na performance cognitiva a longo prazo foram identificadas, assim como
alteracbes estruturais e funcionais que podem auxiliar o entendimento de
comportamento alimentar compulsivo presente em individuos obesos.

Palavras-chave: obesidade; eletroencefalograma; cogni¢do; ressonancia magnética

funcional

Introduction

Obesity has become the subject of numerous studies globally due to its high
prevalence in the world population [1], making this disease an epidemic. Data from the
World Health Organization (WHO) point to obesity as one of the world’s biggest public
health problems. In 2016, 1.9 hillion adults were overweight and 650 million were obese
[2]. According to the WHO, obesity is defined as the excessive accumulation of body fat
and is measured by the body mass index (BMI). BMI is obtained by dividing an
individual’'s mass by the square of height and is expressed in kg/m? [3]. Using the BMI,
obesity can be classified as class | (BMI 30-34.9 kg/m?), class Il (BMI 35-39.9 kg/m?),
and class 1ll (BMI = 40 kg/m?) [4]. A multifactorial disorder, obesity is influenced by
hormonal, dietary, behavioral, emotional, attentional, and cognitive control factors that
interfere with the balance of energy intake and expenditure [5]. It is associated with
several comorbidities, such as type 2 diabetes mellitus, cardiovascular diseases,
metabolic syndrome, and some forms of cancer, and increases the risk of premature
mortality [6-8].

In recent years, studies [9,10] on obesity have sought to elucidate the interactions
between homeostatic control and the neural networks involved in controlling food intake
[11], such as behavior, cognitive factors, social habits, and hedonic appetite control
[12,13]. Neuroimaging and brain mapping methods have been widely used to assess the
neurofunctional changes in obese individuals, such as the cortical processes involved in
dietary control and weight gain [1,11,14]. Several authors have reported limbic and
prefrontal neural network dysfunction in obesity, suggesting that eating behavior can be
influenced by the relationship between reward circuits and cognition [15].

Obesity increases the risk of cognitive decline, impairment of brain function, and
structural damage [16], independent of its association with early neurodegenerative
processes [17]. Neuroimaging has revealed that structural changes related to high BMI
are primarily reductions in gray matter volume in the temporal, frontal, and occipital lobes
[18]. Recent evidence has demonstrated5 greater reductions in volume in cognitive brain
regions, such as the hippocampus, prefrontal cortex, and anterior cingulate cortex, in

obese individuals. Therefore, this systematic review aimed to evaluate the
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methodological quality of studies that investigated the changes in cortical activity and
cognitive function in obese individuals and the possible interference of these changes

with eating behavior.

To carry out this systematic review, we followed the guidelines and search

principles of the PRISMA recommendation [19].
Search strategy

The literature search was performed from May 2019 to October 2022. Studies
published between 2006 and 2021 were searched in the indexed databases PUBMED,
LILACS, and SCIELO. The keywords used in the search process were “obesity” in

LT ” o«

association with the terms “brain mapping,” “neuroimaging,” “electroencephalography,”
“magnetoencephalography,” “functional magnetic resonance imaging,” “positron
emission  tomography,”  “single-photon  emission = computed tomography,”
“pharmacogenetic functional magnetic resonance imaging fMRI and functional near-
infrared spectroscopy,” and “diffusion tensor imaging”; as well as their association with

the term “obese,” in all search fields (table I).

Table | - Search strategies for indexed bases

SEARCH STRINGS INDEXED DATABASES TOTAL
Pubmed  Scielo Lilacs
"Obesity” AND "brainmapging” 701 0 0 701
"Obese”AND "brainmapping™ 340 0 0 340
"Obesity” AND "electroencephalography™ 1420 0 0 1420
"Obese” AND “eledroencephalography” 675 0 0 675
"Obesity” AND "neurcimaging” 207G 9 4 089
"Obese™ AND "neurcimaging” 2591 3 2 2506
"Obesity” AND "magnetoencephalography” 169 0 0 169
"Obese™ AND "magnetoencephalography™ 118 0 0 118
"Obesity” AND "functional magnetic resonance 1912 1 11 1924
imaging™
"Obese™ AND "functional magnetic rezonance 1111 2 a 1121
imaging™
"Obesity” AND "positron emission tomography” 2164 1 2 2167
"Obese” AND "positron emission tomography” 2042 1 2 2545
"Obesity” AND "single photon emission computed &819 0 3 822
tomography”
"Obese™ AND “single photon emission computed 473 0 0 473
tomography”
"Obesity” AND "difUsion tensor imaging” 1038 0 0 1038
"Obese” AND "diffusion tensor imaging” 431 0 0 431
"Obesity” AND "pharmacogenetic M1 and fundional 1 0 0 1
nearinfrared specmscopy”
"Obese” AND "pharmacogenetic M| and fundicnal 1 0 0 1

nearinfrared specroscopy
TOTAL 22435 17 32 22484
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Eligibility criteria

The eligibility criteria used to include the studies in this review comprised cross-
sectional studies in adults (aged 18 to 60 years), which compared obese (BMI > 30
kg/m2) and nonobese individuals. Data collected in obese individuals were independently
considered from data in overweight individuals without associated eating disorders.
Studies published in Portuguese, English, Spanish, Italian, and French were included.
Manuscripts covering benign and malignant neoplasms, sleep disorders, drug
intervention, genetic analyzes exclusively, neuropsychiatric disorders, intervention
studies with weight loss, and Prader—Willi syndrome were excluded. Studies with only

the abstracts accessible were excluded.

Selection of studies

The initial search returned a total of 22,484 published studies. Of these, 639
reports were identified as potentially relevant based on their abstracts, with 173 duplicate
reports excluded. In the next stage, the 466 abstracts selected were analyzed by
applying the eligibility criteria. Of these, 310 articles did not meet the inclusion criteria for
the following reasons: use of animal models (n = 12), children and adolescents
participants (n = 17), participants with BMI less than 30 kg/m? (n = 72), elderly
participants over 60 years old (n = 6), obesity associated with other pathologies such as
neuropsychiatric illnesses and binge eating (n = 96), and studies that did not compare
groups, evaluated interventions for weight loss as an outcome, or did not present
neuroimaging or cognitive function assessments (n = 107). Finally, 154 studies with full
texts were analyzed. Of these, 11 studies were selected to assess methodological quality

and included in this review. Two reviewers assessed all internships independently.

Data extraction and quality assessment

The authors’ names, year of publication, country, sample size, the cognitive tests
used, the neuroimaging methods, and the associations between cognitive function and
behavior were extracted from the selected studies.

The methodological quality assessment was performed using the National
Heart’s Quality Assessment of Observational Cohort and Cross-sectional Studies, Lung
and Blood Institute (NIH). This scale was developed by a group of researchers from the
National Heart, Lung, and Blood Institute and the Research Triangle Institute

International to assess the quality of methods, concepts, and other tools [20]. The scale
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assesses 14 items to evaluate the clarity of objectives, the definition of the population,
selection criteria, clarification of the sample’s statistical power, use of regression
methods, and blinding of the evaluators. Each item was answered with “YES,” “NO,” or
“NO DETERMINED / NOT REPORTED / DOES NOT APPLY.” Reviewers rated the
quality of the studies as “Good,” “Fair,” or “Poor” [21]. The studies evaluated with “YES”
to more than 50% of the items were classified as “Good.” These studies had the lowest
risk of bias and the results were considered valid. The studies with “YES” between 25%
and 50% of the items evaluated were classified as “Fair.” These studies were susceptible
to some biases that were insufficient to invalidate their results. The “Fair” quality category
is likely to be broad; thus, studies with this rating varied in strengths and weaknesses.
The studies with “YES” below 25% of the items evaluated were classified as “Poor.” This
rating indicated a significant risk of bias.

The methodological quality of each study was independently assessed by two
evaluators. Disagreements were subsequently discussed item by item to reach a

consensus between the evaluators.

A total of 22,484 citations were reported, with 11 studies selected for qualitative
analysis after application of the eligibility criteria. All selected studies were cross-
sectional, with a total population of 508 participants and 198 obese individuals from

Germany, Finland, the United States, Spain, South Africa, and the Netherlands (table II).
Table Il - Included articles description and methodological quality assessment (ver PDF)

Of the studies, five showed “Fair” quality according to the Quality Assessment of
Observational Cohort and Cross-sectional Studies. The main biases identified were
sample size, statistical power, and blinding of the evaluators. Six studies were classified
to have “Good” quality (Table Il). Four studies used functional magnetic resonance
imaging (fMRI) as an imaging method [22-25], three used MRI associated with diffusion
tensor imaging (DTI) [26-28], and one used positron emission tomography (PET) [29].
Two studies used electroencephalography (EEG) [30,31] and one used
magnetoencephalography (MEG) [32]. All selected studies investigated brain areas
activated during a task that assessed cognitive function through executive function
[25,26,27,28,29], reaction time and accuracy [22,24,25-28,30,31], and memory

[25,28,29,32]. Tuulari et al. [22] used imagery and cognitive control over food images.
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The studies analyzed found differences in reaction time, accuracy, or inactivated
brain areas (frontal cortex, mainly supplemental and prefrontal motor area, insula, and
putamen) during tests or stimuli with food images between the groups studied. However,
four of the included studies did not find any statistically significant differences in the
cognitive tests [23,28,29,30].

Discussion

This systematic review evaluates the methodological quality of studies that
investigated cognitive function in obese individuals and its possible interference with
eating behavior. Neuroimaging and brain mapping methods allowed the identification of
the cortical areas that were more activated when obese individuals were subjected to
stimuli of pleasurable foods. These data show the cortical regions involved in control and
eating behavior. After identifying the most activated cortical areas in the target
population, an association between high BMI and reduced cognitive performance was
observed when evaluating executive function, memory, and attention.

The included studies in this review assessed cognitive performance using several
tests. Although the tests varied in their specific objectives, these evaluated cognitive
functions involved in decision-making processes, including executive function
[23,24,25,27-31], processing speed [25,26,27,28], memory [25,27,28,29,32], and
attention [22-26,30].The tests showed worsening of cognitive function in obese
individuals in seven of the included studies [22,24,25-27,31,32]. Reductions in cognitive
performance observed in obese people are related to changes in brain functions
responsible for the inhibitory control of appetite [32]. Other studies [25] investigated other
changes in neural networks related to obesity using magnetic resonance. They found an
increase in the functional connectivity of external networks (salience network), mainly in
the putamen nucleus, which was related to a lower speed of mental processing in obese
individuals.

Reductions in processing speed may contribute to overfeeding in obese people
through the imbalance between homeostasis and dietary excesses. Cognition can also
be affected by hypothalamic lesions, as demonstrated in the study by Puiget et al. [27]
Using magnetic resonance, they attributed cognitive changes and eating disorders to
changes in the hypothalamus through their interaction with the systems that integrate
cognition and emotion (hippocampus, amygdala, and insula). In addition, the
hypothalamus is involved in the control of appetite through the activation of inhibitory and

excitatory neurons in the regulatory systems of food intake [3].
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Four studies found no statistical differences when comparing the cognitive test
results between obese and nonobese participants [23,28,29,30]. However, they found
changes in dopaminergic receptors [23,29] and white matter structure [28] using fMRI
and cortical excitation [30] using EEG. In the works by Hendrick et al. [23] and Volkow
et al. [29], obese individuals had lower levels of type 2 dopaminergic receptors
(dopamine D2 receptor).

Studies corroborate that obesity is associated with changes in the function of
dopamine and its receptors in the brain reward circuit. These dysfunctions have been
related to changes in behavior, which can help in understanding the subtypes of obesity
[23,24,29,33]. In addition, high BMI values are associated with changes in the
metabolism of the prefrontal cortex and reduced volume of gray matter (Brodmann areas
9, 10, and 32) [29], as well as changes in white matter [28].

White matter changes involved both the integrity of the cortical tracts and volume
[34]. Obesity is an independent risk factor for these changes, contributing to cognitive
decline. However, our correspondence with Bolzenius et al. [28] revealed that in his
analysis, a relationship between BMI and impaired cognitive performance was not
observed when controlling age as a confounding factor for cognitive decline. However,
microstructural changes, in addition to proinflammatory markers and vascular changes,
preceded the cognitive changes (memory and executive function) found in individuals
with neurological disorders, such as dementia and Alzheimer's disease [26,35].
Impairments in cognitive performance have also been associated with comorbidities
inherent in obesity, as demonstrated by Bloemendaal et al. [34]. In this study, obese
individuals had alterations in the microstructure of the white matter that were larger than
lean individuals, whereas obese individuals with type Il diabetes had even more
significant alterations.

Hume et al. [30] did not find differences between obese and eutrophic participants
in the tests that measured the reaction time and accuracy of responses in the modified
Stroop task. However, using EEG, they observed greater cortical excitation and attention
during stimulation with food images versus neutral images (office-related items).
Increased reactivity to visual food stimuli can contribute to hedonic eating and other
eating behaviors that lead to weight gain, such as compulsive eating behaviors [31].

The methods used to analyze structural changes and cortical excitation in the
included studies were fMRI [22,24-28], PET29, and EEG [30-32]. Magnetic resonance
allows the graphical representation of the activated cortical areas. PET allows the
assessment of blood flow and glucose metabolism, while electroencephalography allows
the identification of the areas with the greatest arousal, attention, and reaction times

before stimuli.
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The differences observed between obese and normal individuals occurred mainly
in the frontal cortex, which governed inhibitory control, emotion, planning, and executive
function, and in the reward circuits [22]. Regions of the frontal cortex, front-medial,
middle-upper and lower gyri, cingulate gyrus, precentral gyrus, supplementary motor
area, thalamus, cerebellum, and occipital cortex were activated during appetite inhibitory
control tasks [22]. These regions establish neural connections with subcortical regions
(amygdala, hypothalamus, and striatum) and frontocortical regions (motor, premotor,
orbital, and medial prefrontal) that are components of the reward circuit and are also
responsible for appetite control [36].

The subcomponents of the reward circuit contribute to the processing of external
information. In the case of obese individuals, this circuit exhibited dysfunctions of activity
in response to pleasurable foods, a response similar to substance-dependent individuals
[36,37]. The differences found in the neural substrates involved in appetite control and
their diversity of responses, mainly to stimuli of pleasurable foods, can explain the
various manifestations of obesity [24,38].

The diversity in the manifestations of obesity contributes to its understanding.
However, it can be a confounding factor in the analysis of the results. Therefore, a well-
characterized population was a strong point in our study but is also a limitation as we
only included obese people with a BMI above 30 kg/m? and excluded overweight
individuals. The included studies showed poor or good quality. This limited quality of the
studies was due to methodological failure in blinding the assessors, justification of
sample size, power description, or effect estimates. However, our study included only
observational studies. This selection criterion may have restricted our results. Moreover,
observational studies reduce the cause—effect relationship. We recommend further

studies with a well-characterized obese population, distinct from overweight individuals.

Conclusion

The studies included in this review showed an association between high BMI and
reduced cognitive performance, particularly executive function, and structural and
functional changes in the cerebral cortex involved in reward and inhibitory appetite
control. These changes suggest a relationship between compulsive behavior and
impairment of appetite control in obese people. Both structural and functional changes
were measured using methods analyzing brain signal uptake and brain mapping. The
neuroimaging and mapping methods used were functional magnetic resonance
associated with PET and diffusion tensor imaging, electroencephalography, and

magnetoencephalography, with fMRI being the most frequently used method. Despite
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the relevance of the results found, methodological limitations compromise the quality of
the information obtained.

We recommend further studies to better understand the alterations in the neural
circuits in a well-characterized obese population (BMI above 30 kg/m2). Subgroups in
this population can be evaluated to further correlate BMI with changes in cortical activity

and appetite control behaviors.
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