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Abstract: Obesity represents one of the wellness diseases concurring to increase the incidence of
diabetes, cardiovascular diseases, and cancer. One of the main perpetuating factors of obesity is food
craving, which is characterized by an urgent desire to eat a large and various amount of food, regardless
of calories requirement or satiety signals, and it might be addressed to the alteration of the dorsolateral
prefrontal cortex (DLPFC) activity. Despite most of the gold-standard therapies focus on symptom
treatment only, non-invasive brain stimulation techniques such as transcranial direct current
stimulation (tDCS) could help treat overeating by modulating specific neural pathways. The current
systematic review was conducted to identify whether convergent evidence supporting the usefulness
of tDCS to deal with food craving are present in the literature. The review was conducted by searching
articles published up to January 1% 2022 on MEDLINE, Scopus and PsycInfo databases. We included
studies investigating the effects of tDCS on food craving in subjects affected by overweight and obesity.
According to eligibility criteria, 5 articles were included. Results showed that tDCS targeting left
DLPFC with unipolar montage induced ameliorating effects on food craving. Controversial results
were shown for the other studies, that might be ascribable to the use of bipolar montage, and the choice
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of other target areas. Further investigations including expectancy effect control, larger sample sizes
and follow-up are needed to support more robust conclusions. To conclude, tDCS combined with the
use of psychoeducative intervention, diet and physical activity, might represents a potential to manage
food craving in individuals with overweight and obesity.

Keywords: food craving; obesity; overweight; food intake regulation; tDCS

Abbreviations: atDCS: anodal transcranial direct current stimulation; BMI: Body Mass Index; ctDCS:
cathodal transcranial direct current stimulation; DLPFC: dorsolateral prefrontal cortex; IDLPFC: left
dorsolateral prefrontal cortex; PRISMA: Preferred Reporting Items for Systematic Review; RCTs:
randomized controlled trials; tDLPFC: right dorsolateral prefrontal cortex; tDCS: transcranial direct
current stimulation; VAS: visual analogue scale

1. Introduction

Over the last few decades, obesity has become one of the healthcare-related burdens of the
Western society. Indeed, 11% of the European population aged between 18 and 69 and 14% of
individuals aged over 65 are affected by this medical condition [1]. Moreover, obesity increases the
incidence of diabetes, cardiovascular diseases, and cancer, thus augmenting the cost of the healthcare
system, especially for professionals [2]; indeed, among individuals affected by obesity, 31% suffer
from hypertension, 8% from diabetes and 8% from respiratory diseases [1].The prevalence of this
condition was particularly exacerbated by COVID-19 quarantine, during which dysfunctional conducts
intimately linked to stressful situations such as food craving have dramatically increased [3—5]. Food
craving is characterized by two intrinsic key-factors: desire intensity for specific food and specificity
for certain type of food [6,7]. Food craving, overeating and erratic alimentary regimen are some of the
perpetuating factors of obesity, that can also be ascribable to failure in impulsive behaviour control [8]
and dysregulation of many cognitive domains (i.e., decision-making, risk-taking, and working
memory). Indeed, this cognitive dysregulation have bidirectionally been associated with obesity and
overweight conditions [9] due to the lack of adherence to dietary restrictions and promoting snacking
behaviours [10]. Hunger and food intake are regulated by different hierarchical processes that rely on
different but intertwined neural circuitries, such as homeostatic and reward circuits, and cognitive
areas [11]; in particular, a key area which is primarily involved in modulating impulsiveness and
overconsumption is the dorsolateral prefrontal cortex (DLPFC) [11], whose decreased activation has
been found in patients with obesity [12], hence preventing the modification of lifestyle habits (e.g.,
food intake and physical activity) [13]. An impairment in the prefrontal cortical inhibitory networks
could be considered as one of the markers of pathophysiology of impulsive behaviour, since the
prefrontal cortex plays a pivotal role in decision making and in gating automatic responses [14,15].

In the context of treatments, tDCS has been revealed to be a promising tool and extensively used
in a wide variety of psychiatric and neurological disorders [16-19], including food-related
dysfunctional behaviour [20]. tDCS involves the modulation of cortical excitability by means of a
constant low-amperage electrical current (~ 1-2 milliampere, mA) to the cortex via scalp electrodes;
cortical excitability is increased by anodic stimulation and decreased by cathodic one [21,22]. Given
the role of the DLPFC in impulsive behaviour control [23,24], the application of non-invasive brain
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stimulation techniques has mainly focused on this brain area. In this line, a recent systematic review
stated the potential of tDCS on response inhibition, with anodal tDCS over right prefrontal cortex
enhancing this cognitive process [25]: this represents an optimal rationale to introduce the use of tDCS
in the field of obesity and overweight, given the presence of impulsive behavior and lack of response
inhibition.

Since one of the latest reviews on tDCS effects on food craving did not report significant
results [26], and this might be ascribable to the inclusion of mixed samples studies, and since the study
performed by Mostafavi et al. [27] reported positive effects that might be biased by the inclusion of
studies that applied other interventions (i.e., diet, physical exercise) in addition to tDCS, a literature
update focusing on a more homogeneous sample and on the mere effect of tDCS is needed. When
studying food craving concomitant with other eating disorders such as binge eating and bulimia, results
could be biased by the apparent common phenotype of food craving and eating disorder; even though
people affected by binge eating and bulimia displayed higher food craving if compared to non-clinical
sample [28], there is no compelling evidence that these differences reflect higher reactivity to food
cues in terms of larger increases in food craving intensity in response to food cues (which would
explain their difficulties in controlling food intake [29].

Our review will focus on the neuro-modulating effects of tDCS on specific brain regions involved
in food craving in individuals affected by overweight and obesity.

2. Materials and methods

The method used for this systematic review satisfies the Preferred Reporting Items for Systematic
Review and Meta-Analysis guidelines (PRISMA), which comprises a checklist to ensure the quality
of systematic reviews [30], which is fully reported in the supplementary Materials (Table S1). In order
to perform an effective search strategy, we adopted the Population, Intervention, Comparison,
Outcomes and Study Design (PICOS) strategy [31] (Table S2).

Our search was conducted up to January 1% 2022, and comprised three main phases: (i)
identification: a literature search based on queries on the electronic MEDLINE, Scopus, PsycInfo,
databases. Boolean operators “AND” and “OR” were applied to combine the following list of
keywords related to tDCS and the keywords related to food craving: “transcranial direct current
stimulation” AND “hyperphagia” OR “obesity” OR “overweight” OR “food craving” OR “food
intake”; (i1) Screening: a manual screening of the articles yielded during the first phase, by evaluating
title and abstract; (iii) Eligibility: a more in-depth assessment of the remaining papers based on full-
text reading.

Only articles in English were included. In addition, we also scanned the references list reported
by each study. The selected studies (Figure 1) satisfied the preferred reporting items for systematic
Review (PRISMA) [30]. During the selection phase studies were included if the following criteria
were met: (1) randomized controlled trials (RCTs); (2) individuals over 18 years old; (3) subjects with
overweight (body mass index, BMI, between 25 kg/m? and 29.99 kg/m?) or obesity (BMI > 30 kg/m?);
(5) outcomes for food craving and/or food intake was present; (7) articles published in international
peer-reviewed and indexed journals; (8) trials examining tDCS efficacy with sham or control condition;
(9) studies including tDCS as the only intervention applied. Studies were excluded if (1) participants
were diagnosed with eating disorder or were healthy participants with food craving traits; (2) no sham
tDCS (3) protocols with treatments in addition to tDCS; (4) no comparisons between conditions; (5)

AIMS Neuroscience Volume 9, Issue 3, 358-372.



361

no food craving assessment; (6) no randomized-controlled, placebo-controlled trials and blinding
procedure. Articles retrieved were merged into Mendeley database [32] and duplicates were
automatically removed using desktop Mendeley reference manager. For each included study, we
computed the effect size of significant results.

To assess the quality of evidence of the studies, we used the modified Jadad scale [33]. The scales
ranges from 0 to 8, and points are awarded if the study meets the following qualitative criteria: is
described as randomized, 1 point; has appropriate randomization method, 1 point; is described as
subject-blinded, 1 point; is described as evaluator-blinded, 1 point; and has description of withdrawals
and dropouts, 1 point; presented the inclusion/exclusion criteria, 1 point; described the adverse effects,
1 point; and described statistical analysis, 1 point. The total score for each article was computed by
summing the score of each item. Studies with a modified Jadad score <3 were low-quality randomized
controlled trials (RCTs); studies with a modified Jadad score >4 were considered to be high-quality
RCTs. Results of quality assessment are shown in the supplementary materials (Table S3). Also, we
used the Cochrane Collaboration’s “Risk of Bias™ tool to assess bias in randomized controlled
studies [34], evaluating the following domains: sequence generation (selection bias), allocation
sequence concealment (selection bias), blinding of participants and personnel (performance bias),
blinding of outcome assessment (detection bias), incomplete outcome data (attrition bias), selective
outcome reporting (reporting bias) and other potential sources of bias. This tool assigns three different
score to each analyzed subdomain: low risk, unclear risk, high risk.

Two independent reviewers (E.M. and V.C.) and one referee (G.O.) were involved in all the
above-mentioned processes (data sources and search strategy, procedure for studies selection, quality
assessment and data extraction). Any disagreements were resolved through consensus of all authors.

3. Results

A search of the databases disclosed 468 articles. After duplicates removal, 351 records were
screened. After the screening phase, 20 full-text articles were retained. Among these, 14 studies were
excluded for the following reasons: 5 of them included other treatments in addition to tDCS; 3 of them
did not include food craving/food intake outcomes; 3 studies recruited healthy subjects; 2 studies had
abstract only; one study did not perform a randomized design; one study did not perform tDCS sham
session. Finally, 5 studies were included (Figure 1).
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Figure 1. Flow chart of the studies selection.
3.1. Characteristics of the studies
3.1.1. Samples
The included studies diverged in sample size dimensions, ranging from a minimum of 9
participants to a maximum of 74 participants. There was a wide sex heterogeneity in the composition

of the samples. Four studies included both females and males, while 1 study recruited female
participants only [35].

AIMS Neuroscience Volume 9, Issue 3, 358-372.



363

3.1.2. tDCS parameters

Regarding the number of sessions, 2 studies [35,36] used a single-session protocol, one study [37]
performed 2 sessions, one study employed 3 and 6 sessions [38] and one study used 15 sessions [39].

Concerning session duration, 3 studies stimulated for 20 minutes [35-37], and 2 studies for 40
minutes [38,39].

As regards the target area, 2 studies applied a unipolar montage: one of them first administered
anodal tDCS (atDCS) and then cathodal tDCS (ctDCS) over the left DLPFC (IDLPFC) [38] and the
other one applied anodal tDCS over the IDLPFC [39]; the other 3 studies applied a bipolar montage:
two of them stimulated the IDLPFC and the other one stimulated the right DLPFC (rDLPFC) [37].

3.1.3. Experimental design

All the selected studies were randomized and sham controlled, according to inclusion criteria.
Concerning the blinding procedure, 2 studies were single blind [37,39], 2 studies were double
blind [35,38] and one study had a mixed blinding procedure [36]. Regarding the study design, 2 studies
were crossover [35,37], 3 studies were between subjects [36,38,39].

3.1.4. Quality assessment of RCTs studies

According to Jadad’s score [33], 4 studies out of 5 were high-quality RCTs (score >4) and one
study was classified as nearly high-quality RCTs (score = 3.5). The average between-studies score was
5.5 £1.45 (Table S3). For what concern Cochrane Collaboration’s “Risk of Bias [34], we reported the
labels indicating the risk of bias using different colors (Table S4). The subdomain that resulted to be
more at risk is the attrition bias, that indicates incomplete outcome data.

3.1.5. Effect size

The effect size was computed or retrieved from the selected studies to quantify the magnitude of
the experimental effect of significance for food craving measures. Since one study reported no
significant results [35], we retrieved/computed effect size for a total of 4 studies out of 5. As regards
the magnitude of effect size, one study reported a small effect size for food craving parameters—
Cohen’s d < 0.5 [38]; 2 studies reported an intermediate effect size — 0.5 < Cohen’s d < 0.8; 0.060 <
partial n2 < 0.11 [36,37]; 3 studies displayed a large effect size (Cohen’s d> 0.8; partial n2 >
0.11) [37-39]. To avoid overestimation or underestimation of the results, we stratified effect sizes
according to their magnitude (i.e., for each study, different effect sizes belonging to small, medium, or
large magnitude might have been reported). The effect sizes were calculated and interpreted using
psychometrica software [40], and are reported in Table 1.
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Table 1. tDCS parameters and outcomes.

Reference Sample Study design Stimulation location Current Outcome measures Clinical outcomes and Effect size
intensity/electrode calculation
size/duration/ follow-up
Heinitzetal.,2013 N = 22 subjects with Single-blinded, a: left DLPFC 2mA;35 cm? 40 min; 15 Food preferences  -Decrease in VAS ratings for hunger (p=0.01;
[39] obesity randomized, parallel design  rc: right supraorbital region  sessions, FU: no assessed by SFTTs after Cohen’s d = 1.149) and urge to eat (p = 0.05;
active:n=9 study vending machine food ad  Cohen’s d = 0.837) in active group compared
sham: n=13 libitum paradigm; VAS to sham group
for appetite -Decrease of total energy intake during SFTT
relatively lower in satiated individuals (p =
0.01; Cohen’s d = 1.183)
Gluck et al. 2015 N=9 Randomized, double-  Study 1 Study 1: Energy intake and weight ~ -Reduced consumption of kilocalories per day
[38] subjects with obesity blinded, sham-controlled c: left DLPFC (F3) 2 mA; 25 cm? 40 min; 3  change following 3-days (p = 0.07), especially for fat food (p = 0.03,
active: n=15 parallel study ra: left forearm sessions; FU: no ad libitum intake using of ~ Cohen’s d = 0.309) and soda (p = 0.02,
sham: n =4 Study 2 Study 2: an automated vending Cohen’s d = 0.334) after atDCS versus ctDCS

Grundeis
2017 [35]

et al.,

Marron et al,

2019 [37]

Ray et al., 2019
[36]

N =25 women with obesity

N=12
subjects with obesity

N = 74 subjects with
obesity and overweight
told sham/ got sham: n= 18
told sham /got active: n =
19

told active/got sham: n=17
told active/ got active: n =
20

Double-blinded,
randomized, sham-
controlled, within-subject
crossover design

Single-blinded,
randomized, sham-
controlled, crossover study

Not  blind/single
randomized
between-subjects

blind,
design,

a: left DLPFC (F3)

rc: right eye

Condition 1:

a: left DLPFC;

c: right frontal operculum
Condition 2:

c: left DLPFC

a: right frontal operculum

a: left DLPFC
c: right posterior cerebellar
lobe

a: right DLPFC
c: left DLPFC

2 mA; 25 cm? 40 min; 6
sessions; FU: no

2 mA, 35 cm? 20 min;
single session

2 mA; 25 cm?; 20 min; 2
sessions; FU: no

2 mA; 24 cm? single
session, 20 min; FU: no

machines with preferred
food

Self-rated task performed
after food picture task;
VAS for appetite
(baseline, after tDCS and
after ad libitum real food
buffet)

Food-related  cognitive
performance (Food-
modified N-back task);
general effect of motor
performance and
working memory (Finger
tapping task and digit

span test); VAS for
appetite

Electronic baseline
surveys; Food craving

task with highly palatable
food; eating task with
available real food;
hunger assessment

-Increased % of weight loss (p = 0.009,
Cohen’s d = 1.09) after atDCS versus ctDCS.

No effects of atDCS/ctDCS in modulating the
desire of visually presented food and calorie
intake

-Increased hunger and desire to eat after food
exposure in active tDCS and the opposite in
sham condition (trend, p = 0.094)

-Increased hunger in the active condition
compared to baseline (p =0.019; Cohen’s d =
-0.79)

-Effect of time in desire to eat, indicating an
increase for all participants (p = 0.033, np,=
0.349)

-Increased number of errors in N-back task
after active tDCS (trend, p = 0.085)
-Improved backward digit span in sham vs
active (p = 0.039; Cohen’s d = -0.67)

-No main effect of real vs sham tDCS on
craving or eating

-No interaction effect
condition and expectation
-Less craving and eating in participants who
were told receiving active tDCS (p = 0.005,
np2 = 0.09)

between tDCS

Notes: a, anodal; atDCS; ctDCS, cathodal tDCS; d, Cohen’s effect size; DLPFC, dorsolateral prefrontal cortex; FU, follow up; min, minutes; mA,
milliampere; ra, reference anode; rc, reference cathode; SFTTs, snack food taste tests; tDCS, transcranial direct current stimulation; VAS, Visual
Analogue Scale; np?, partial eta square
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3.2. Food craving outcomes

To investigate possible changes associated with food consumption, Heinitz and colleagues [39]
applied short-term and long-term anodal tDCS targeting the IDLPFC. Findings showed that short-term
tDCS did not influence ad libitum food consumption from the vending machines and no weight
changes were detected after 4 weeks. However, after 6 weeks, participants showed decreased appetite
(p =0.01) and desire to eat (p = 0.05) compared to the sham condition. After long-term active tDCS,
satiated subjects displayed less food intake (p = 0.01) compared to the sham group. The same target
area was also chosen by Gluck et al. [38] in the two following protocols: a) ctDCS over the IDLPFC
or sham tDCS (study 1); and b) atDCS over the IDLPFC or sham (study 2); participants were exposed
to automatic vending machines with their preferred food on three consecutive mornings in both studies.
Based on their results, participants showed an overall reduction of calories intake (p = 0.07) per day,
accompanied by a significant weight loss (p = 0.02) after atDCS compared to ctDCS.

No significant effects were detected by Grundeis and colleagues [35], neither after atDCS over
the IDLPFC, nor after ctDCS over the IDLPFC on food intake and desire generated by food pictures.

Another study investigating atDCS and ctDCS over the DLPFC was carried out by Ray et al. [36].
In their study, atDCS and ctDCS were delivered over the rDLPFC and IDLPFC, respectively. Only
two groups out of four were blinded for tDCS application (sham/active condition). One group was told
it would receive sham tDCS and instead it underwent active tDCS, while the other blind group was
told the opposite. Participants who were told they would receive active tDCS reported decreased
craving and eating (p < 0.01), compared to those who were told they would receive sham, regardless
of real condition.

Differently from the aforementioned studies, Marron and colleagues [37] explored the effects of
modulating DLPFC-cerebellum interactions by applying a new two-session tDCS paradigm on
subjects with obesity. The study showed a nearly significant decrease of hunger and desire to eat after
sham tDCS measured by VAS (p = 0.094), whereas active condition did not (p = 0.903). Additionally,
after active tDCS, subjects showed an increased number of errors during the food-modified working
memory task compared to sham condition. Participants also displayed higher scores in the working
memory task (Backward Digit Span Test) after the second session in both conditions; sham condition
improved backward digit span compared to the active condition.

4. Discussion

This review provided a qualitative synthesis of the effects of tDCS on food craving in subjects
affected by obesity and overweight, taking into account several tDCS parameters (i.e., targeted areas,
number of sessions), and the magnitude of the experimental effects.

All studies targeted DLPFC, but differences were detected for the lateralization of the stimulation
site and montages (e.g., extracephalic or cephalic return). DLPFC was the sole target area in all the
analyzed studies, and this is in line with the pivotal role of DLPFC in executive functions (e.g.,
planning, decision making, response inhibition and goal-directed behaviour) [41].

Coherently with the hypothesis explaining the pathogenetic mechanism that might sustain food
craving behaviour in obesity, the findings of the current work have been reported according to DLPFC
lateralization. According to the right brain hypothesis of obesity [42] postulating rDLPFC
lateralization for hunger and eating behaviour, the enhancement of its activity could strengthen
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inhibitory control by orexigenic areas to suppress hunger in overeating subjects. The pivotal role of
the rDLPFC is consistent with recent findings showing altered between-network connectivity in the
basal ganglia and rDLPFC in subjects predisposed to obesity, that might reflect a tendency towards
habitual behaviour rather than goal-directed behaviour in these individuals [41].

The second hypothesis arose from studies that reported decreased grey matter density in the
IDLPFC [43] and lower activation in the same area after food intake in subjects with obesity. as
compared to subjects with BMI within normative range in resting state condition [11,44]. Ray and
colleagues [36] applied atDCS over the rDLPFC and c¢tDCS over the IDLPFC, but the reduction of
food craving was mainly sustained by placebo effect, indicating that expectancy effect was more
powerful than the main effect of tDCS itself. In fact, since placebo effect derives from subjective
interpretation of context information and most of medical treatments benefits are caused by the brain's
response to the treatment context [45], the sole sight of tDCS montage might have acted as contextual
cue inducing an expectancy effect in subjects, and it is possible to argue that tDCS might elicit strong
behavioural effects regardless of the condition [46]. A recent study found that current intensities
conventionally used in non-invasive brain stimulation techniques studies are likely to be insufficient
to affect neuronal circuits in a direct way, suggesting that the reported behavioural and cognitive effects
may result from indirect mechanisms [41].

The role of IDLPFC has been reported to be essential also for dietary self-control. In fact, during
decisions about food preference, subjects with higher self-control displayed increased activity in this
area. Therefore, differences in DLPFC activity, particularly the IDLPFC, may explain individual
differences in dietary choices, “vis-a-vis the connection between the DLPFC and inhibitory
control” [27]. Differently, Grundeis and colleagues [35] applied atDCS over the IDLPFC and ctDCS
over the right frontal operculum and vice versa, due to its involvement in gustatory processes [47] and
its higher activation during food desire regulation in subjects affected by obesity [48]. Marron and
colleagues [37] stimulated the IDLPFC with anode and the right posterior cerebellar lobe with cathode,
as the cerebellum is one of the targets of leptin hormone [49] and it is activated by food cues [50].
These last two studies did not find the expected results, and Marron and colleagues [37] even reported
an increase in hunger after active tDCS. As explained by authors, this unexpected result may originate
from a functional decoupling between the IDLPFC and the cerebellum. In addition, the correlation
between decreased activity in the cerebellum and increased hunger is consistent with the inverse
relationship between cerebellar integrity and BMI [51].

As regards the comparison between tDCS parameters, the studies performed by Gluck et al. [38]
and Grundeis et al. [35] adopted different montages and polarities to detect differences in food craving
outcomes. Gluck et al. [38] found that atDCS exerted a significant ameliorating effect as compared to
ctDCS. These differences might be the result of neuronal depolarization induced by anodal stimulation.
Furthermore, it is worth noting that Grundeis et al. [35] recruited female participants with obesity, and
they did not inquire the menstrual cycle; in this context, the menstrual cycle has been reported to be
likely to affect food perception and intake [52].

Considering the montage, Gluck et al. [38] and Heinitz et al. [39] found out a decrease in food
craving, and it could be suggested that the use of extracephalic reference cathode might exert a deeper
stimulation allowing a more powerful effect. This is also in line with the aforementioned theory of the
IDLPFC role in regulating food craving [11,44].

Furthermore, tDCS montage could have acted as a confounding variable, since tDCS induces its
highest and longest-lasting EEG changes when delivered bipolarly with the anode on the left and the
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cathode on the right prefrontal cortex, and unipolarly with the anode on the right prefrontal cortex [53].
The depth of stimulation when using extracephalic cathode location is substantially greater than that
of the traditional cephalic arrangement. This would indicate that a higher percentage of the desired
stimulation area would be covered through extracephalic locations. Investigation of additional cut
planes confirms these results [54].

It is worth noting that all the included studies showed no effect ascribable to tDCS current strength
and duration or number of sessions. This result is consistent with recent findings in electrical
stimulation literature showing no significant difference in cortical excitability induced by these
parameters, which might depend on the high degree of inter-subject variability in the
neurophysiological response to tDCS [26]. However, the reported decreased excitability produced by
long duration of tDCS [55] might be referred to phenomena of neuronal habituation.

The current work has some limitations that need to be addressed. First of all, the small pool of
included studies (N = 5) impede robust qualitative conclusions. Other issues concern the heterogeneity
of included studies, that prevent a meta-analytic comparison, too.

Additionally, the computation of the magnitude of the effects on food craving measures prevented
robust conclusions, since most of the studies analyzed reported small or medium effects sizes.

In addition, an analysis of potential confounders has been conducted to disentangle the issues of
mixed results (Table 2).

Table 2. Possible confounding factors affecting the direction of results.

Sample Type of Blinding Stimulation Number of Outcome measures
design procedures location sessions and
duration

- Unbalanced - Crossover - Single - Active - Single - Food craving outcomes:
distribution VS between blinded VS stimulation: session VS behavioral VS self-report
of female and subject VS double blinded left vs right repeated measures
male within within subject side; sessions
studies

- Return - Duration: 20

electrode: min VS 40

cephalic vs min

extracephalic

5. Conclusions

In conclusion, the revised studies showed controversial results. Indeed, it is not possible to discern
whether positive effects can be ascribable to expectancy effects or to tDCS effect itself. Therefore,
future tDCS protocols, including expectancy effect control, should be adopted. As regards the target
area, clarifying a possible lateralization in food intake regulation and comparing the anodal stimulation
of both right and left DLPFC in the same study should be recommended. It is worth to note that tDCS
has some technical limitations such as low spatial accuracy that prevent an optimal target precision
(the current passes through the brain from anode to cathode and modulates neural activity
simultaneously underneath anode and cathode, and it might be hard to associate the effects of tDCS to
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a specific brain area). In addition, long-term effect after tDCS use is not in depth investigated, and so
not well established [56]. Lastly, the difference between active and sham session might be statistically
but non clinically significant [57].

tDCS technique is broadly safe, and does not cause permanent or severe damage or discomfort
when used according to the safety guidelines. However, several risks have been reported, and they
might represent therapeutic limitations. In fact, sensations such as tingling, itching, and burning
sensations under the electrodes, mild headaches, fatigue, reported by individuals during and/or after
the administration of tDCS [58] can decrease individuals’ adherence to protocols, thus preventing
therapeutic benefits. On the other hands, the increase of individuals’ adherence might also represent
the therapeutic goal of tDCS: for example, some studies reported an increased therapeutic adherence
to treatments following tDCS, thus helping the self-management of individuals’ health [59,60].

For the aforementioned reasons, in the field of obesity and overweight, it is possible to program
personalized intervention to reduce weight and enhance subjects’ quality of life with a more holistic
intervention, as tDCS alone might not be sufficient to reach this aim. In fact, tDCS, combined with the
use of psychoeducative intervention, diet and physical activity, might represents a potential to manage
food craving in individuals with overweight and obesity.

Conflict of interest
The authors declare no conflict of interest.
Author contributions

GO devised the main research topic and planned the literature search. GO conceived the
conceptual ideas and proof outline. GO, CC, AR and LM drafted the first version of the manuscript;
GO, VC, and EM drafted the second version of the manuscript; GO, VC, EM, DM, CS contributed to
the data interpretation; GO, VC, EM, CC, DM, AR, CS and AG revised the manuscript critically. All
authors gave the final approval for the version to be published.

References

1. World Obesity Day [Internet]. World Obesity Federation. [cited 2022 Jul 13]. Available from:
https://www.worldobesity.org/what-we-do/world-obesity-day

2. lasevoli M, Giantin V, Voci A, et al. (2012) Discussing end-of-life care issues with terminally ill
patients and their relatives: comparisons among physicians, nurses and psychologists. Aging Clin
Exp Res 24(3 Suppl): 35-42.

3. Salari N, Hosseinian-Far A, Jalali R, et al. (2020) Prevalence of stress, anxiety, depression among
the general population during the COVID-19 pandemic: a systematic review and meta-analysis.
Globalization Health 16(1): 57. https://doi.org/10.1186/512992-020-00589-w

4. Maharaj PE, Barclay N, Descartes C, et al. (2019) Intimate Partner Violence and Sleep: An
Overview of Sleep Disturbances and Interventions. In: Geffner R, White JW, Hamberger LK,
Rosenbaum A, Vaughan-Eden V, Vieth VI, editors. Handbook of Interpersonal Violence and Abuse
Across the Lifespan: A project of the National Partnership to End Interpersonal Violence Across

AIMS Neuroscience Volume 9, Issue 3, 358-372.



369

10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

the Lifespan (NPEIV) [Internet]. Cham: Springer International Publishing, p. 1-25. Available from:
https://doi.org/10.1007/978-3-319-62122-7 132-1. [cited 2022 May 12].

Mattioli AV, Pinti M, Farinetti A, et al. (2020) Obesity risk during collective quarantine for the
COVID-19 epidemic. Obes Med 20: 100263. https://doi.org/10.1016/j.0bmed.2020.100263
Weingarten HP, Elston D (1990) The phenomenology of food cravings. Appetite 15(3): 231-246.
https://doi.org/10.1016/0195-6663(90)90023-2

Pelchat ML, Johnson A, Chan R, et al. (2004) Images of desire: food-craving activation during
fMRI. Neuroimage 23(4): 1486—1493. https://doi.org/10.1016/j.neuroimage.2004.08.023

Bénard M, Camilleri GM, Etilé F, et al. (2017) Association between Impulsivity and Weight Status
in a General Population. Nutrients 9(3): E217. https://doi.org/10.3390/nu9030217

Favieri F, Forte G, Casagrande M (2019) The Executive Functions in Overweight and Obesity: A
Systematic Review of Neuropsychological Cross-Sectional and Longitudinal Studies. Front
Psychol. https://doi.org/10.3389/fpsyg.2019.02126

Basdevant A, Craplet C, Guy-Grand B (1993) Snacking patterns in obese French women. Appetite
21(1): 17-23. https://doi.org/10.1006/appe.1993.1033

Narayanaswami V, Dwoskin LP (2017) Obesity: Current and potential pharmacotherapeutics and
targets. Pharmacol Ther 170: 116—147. https://doi.org/10.1016/j.pharmthera.2016.10.015

Uher R, Murphy T, Brammer MJ, et al. (2004) Medial prefrontal cortex activity associated with
symptom provocation in eating disorders. Am J Psychiatry 161(7): 1238-1246.
https://doi.org/10.1176/appi.ajp.161.7.1238

Fabricatore AN, Wadden TA (2004) Psychological aspects of obesity. Clin Dermatol 22(4): 332—
337. https://doi.org/10.1016/j.clindermatol.2004.01.006

Kim S, Lee D (2011) Prefrontal Cortex and Impulsive Decision Making. Biol Psychiatry 69(12):
1140-1146. https://doi.org/10.1016/j.biopsych.2010.07.005

Szabo-Reed AN, Martin LE, Hu J, et al. (2020) Modeling interactions between brain function, diet
adherence behaviors, and weight loss success. Obes Sci Pract 6(3): 282-292.
https://doi.org/10.1002/0sp4.403

Orru G, Baroni M, Cesari V, et al. (2019) The effect of single and repeated tDCS sessions on motor
symptoms in Parkinson’s disease: a systematic review. Arch lItal Biol 157(2-3): 89-101.
https://doi.org/10.12871/00039829201925

Orru G, Cesari V, Baroni M, et al. (2020) Letter to the Editor: the application of transcranial direct
current stimulation on phantom phenomena. Mediterr J Clin Psyc 8(1). Available from:
https://cab.unime.it/journals/index.php/MJCP/article/view/2382

Orru G, Cesari V, Conversano C, et al. (2021)The clinical application of transcranial direct current
stimulation in patients with cerebellar ataxia: a systematic review. Int J Neurosci 131(7): 681-688.
https://doi.org/10.1080/00207454.2020.1750399

Orru G, Conversano C, Hitchcott PK, et al. (2020) Motor stroke recovery after tDCS: a systematic
review. Rev Neurosci 31(2): 201-218. https://doi.org/10.1515/revneuro-2019-0047

Chen J, Qin J, He Q, et al. (2020) A Meta-Analysis of Transcranial Direct Current Stimulation on
Substance and Food Craving: What Effect Do Modulators Have? Front Psychiatry 11: 598.
https://doi.org/10.3389/fpsyt.2020.00598

Nitsche MA, Paulus W (2000) Excitability changes induced in the human motor cortex by weak
transcranial direct current stimulation. J Physiol 527(3): 633—639. https://doi.org/10.1111/7.1469-
7793.2000.t01-1-00633.x

AIMS Neuroscience Volume 9, Issue 3, 358-372.



370

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Nitsche MA, Fricke K, Henschke U, et al. (2003) Pharmacological modulation of cortical
excitability shifts induced by transcranial direct current stimulation in humans. J Physiol 553(1):
293-301. https://doi.org/10.1113/jphysi0l.2003.049916

Angius L, Santarnecchi E, Pascual-Leone A, et al. (2019) Transcranial Direct Current Stimulation
over the Left Dorsolateral Prefrontal Cortex Improves Inhibitory Control and Endurance
Performance in Healthy Individuals. Neuroscience 419: 34-45.
https://doi.org/10.1016/j.neuroscience.2019.08.052

Ota K, Shinya M, Kudo K (2019) Transcranial Direct Current Stimulation Over Dorsolateral
Prefrontal Cortex Modulates Risk-Attitude in Motor Decision-Making. Front Hum Neurosci 13:
297. https://doi.org/10.3389/fnhum.2019.00297

Friehs MA, Frings C, Hartwigsen G (2021) Effects of single-session transcranial direct current
stimulation on reactive response inhibition. Neurosci Biobehav R 128: 749-65.
https://doi.org/10.1016/j.neubiorev.2021.07.013

Lowe CJ, Vincent C, Hall PA (2017) Effects of Noninvasive Brain Stimulation on Food Cravings
and Consumption: A  Meta-Analytic Review.  Psychosom Med 79(1): 2-13.
https://doi.org/10.1097/PSY.0000000000000368

Mostafavi SA, Khaleghi A, Mohammadi MR, et al. (2020) Is transcranial direct current stimulation
an effective modality in reducing food craving? A systematic review and meta-analysis. Nutr
Neurosci 23(1): 55-67. https://doi.org/10.1080/1028415X.2018.1470371

Orru G, Miniati M, Conversano C, et al. (2021) A machine learning analysis of psychopathological
features of Eating Disorders: a retrospective study. Mediterr J Clin Psyc 9(1). Available from:
https://cab.unime.it/journals/index.php/MJCP/article/view/2670

Meule A, Kiippers C, Harms L, et al. (2018) Food cue-induced craving in individuals with bulimia
nervosa and binge-eating disorder. PLOS ONE 13(9): e0204151.
https://doi.org/10.1371/journal.pone.0204151

Moher D, Liberati A, Tetzlaff J, et al. (2009) Preferred reporting items for systematic reviews and
meta-analyses: the PRISMA statement. BMJ 339: b2535. https://doi.org/10.1136/bm;j.b2535

da Costa Santos CM, de Mattos Pimenta CA, Nobre MRC (2007) The PICO strategy for the
research question construction and evidence search. Rev Lat Am Enfermagem 15(3): 508-511.
https://doi.org/10.1590/S0104-11692007000300023

Mendeley - Reference Management Software [Internet]. [cited 2022 Jul 13]. Available from:
https://www.mendeley.com/?interaction_required=true

Jadad AR, Moore RA, Carroll D, et al. (1996) Assessing the quality of reports of randomized
clinical trials: is  blinding necessary?  Control  Clin  Trials  17(1):  1-12.
https://doi.org/10.1016/0197-2456(95)00134-4

Higgins JPT, Altman DG, Getzsche PC, et al. (2011) The Cochrane Collaboration’s tool for
assessing risk of bias in randomised trials. BMJ 343: d5928. https://doi.org/10.1136/bm;.d5928
Grundeis F, Brand C, Kumar S, et al. (2017) Non-invasive Prefrontal/Frontal Brain Stimulation Is
Not Effective in Modulating Food Reappraisal Abilities or Calorie Consumption in Obese Females.
Front Neurosci 11: 334. https://doi.org/10.3389/thins.2017.00334

Ray MK, Sylvester MD, Helton A, et al. (2019) The effect of expectation on transcranial direct
current stimulation (tDCS) to suppress food craving and eating in individuals with overweight and
obesity. Appetite 136: 1-7. https://doi.org/10.1016/j.appet.2018.12.044

AIMS Neuroscience Volume 9, Issue 3, 358-372.



371

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Marron EM, Viejo-Sobera R, Cuatrecasas G, et al. (2019) Prefronto-cerebellar neuromodulation
affects appetite in obesity. Int J Obes (Lond) 43(10): 2119-2124. https://doi.org/10.1038/s41366-
018-0278-8

Gluck ME, Alonso-Alonso M, Piaggi P, et al. (2015) Neuromodulation targeted to the prefrontal
cortex induces changes in energy intake and weight loss in obesity. Obesity 23(11): 2149-2156.
https://doi.org/10.1002/0by.21313

Heinitz S, Reinhardt M, Piaggi P, et al. (2017) Neuromodulation directed at the prefrontal cortex
of subjects with obesity reduces snack food intake and hunger in a randomized trial. Am J Clin
Nutr 106(6): 1347-1357. https://doi.org/10.3945/ajcn.117.158089

Lenhard W, Lenhard A. Computation of Effect Sizes. 2017.

Wilson SJ, Sayette MA, Fiez JA (2004) Prefrontal responses to drug cues: a neurocognitive
analysis. Nat Neurosci 7(3): 211-214. https://doi.org/10.1038/nn1200

Alonso-Alonso M, Pascual-Leone A (2007) The right brain hypothesis for obesity. JAMA 297(16):
1819-1822. https://doi.org/10.1001/jama.297.16.1819

Legget KT, Wylie KP, Cornier MA, et al. (2020) Altered between-network connectivity in
individuals prone to obesity. Physiol Behav 113242.
https://doi.org/10.1016/j.physbeh.2020.113242

Son NT Le D, Pannacciulli N, Chen K, et al. (2007) Less activation in the left dorsolateral
prefrontal cortex in the reanalysis of the response to a meal in obese than in lean women and its
association with  successful weight loss. Am J Clin Nutr 86(3): 573-579.
https://doi.org/10.1093/ajcn/86.3.573

Wager TD, Atlas LY (2015) The neuroscience of placebo effects: connecting context, learning and
health. Nat Rev Neurosci 16(7): 403—418. https://doi.org/10.1038/nrn3976

Benedetti F, Carlino E, Pollo A (2011) How Placebos Change the Patient’s Brain.
Neuropsychopharmacology 36(1): 339-354. https://doi.org/10.1038/npp.2010.81

Heekeren HR, Marrett S, Bandettini PA, et al. (2004) A general mechanism for perceptual decision-
making in the human brain. Nature 431(7010): 859-862. https://doi.org/10.1038/nature02966
Rolls ET, Critchley HD, Browning A, et al. (1998) The Neurophysiology of Taste and Olfaction in
Primates, and Umami Flavora. Ann NY Acad Sci 855(1): 426—437. https://doi.org/10.1111/7.1749-
6632.1998.tb10602.x

Kumar S, Grundeis F, Brand C, et al. (2016) Differences in Insula and Pre-/Frontal Responses
during Reappraisal of Food in Lean and Obese Humans. Front Hum Neurosci 10: 233.
https://doi.org/10.3389/fnhum.2016.00233

Berman BD, Horovitz SG, Hallett M (2013) Modulation of functionally localized right insular
cortex activity using real-time fMRI-based neurofeedback. Front Hum Neurosci.
https://doi.org/10.3389/fnhum.2013.00638

Noori HR, Cosa Linan A, Spanagel R (2016) Largely overlapping neuronal substrates of reactivity
to drug, gambling, food and sexual cues: A comprehensive meta-analysis. FEur
Neuropsychopharmacol 26(9):1419—-1430. https://doi.org/10.1016/j.euroneuro.2016.06.013

52.Bryant M, Truesdale KP, Dye L (2006) Modest changes in dietary intake across the menstrual cycle:

implications  for  food  intake  research. Br J  Nutr  96(5): 888—894.
https://doi.org/10.1017/BIN20061931

AIMS Neuroscience Volume 9, Issue 3, 358-372.



372

53.

54.

55.

56.

57.

38.

59.

60.

AR
\% 1

AID

Accornero N, Capozza M, Pieroni L, et al. (2014) EEG mean frequency changes in healthy subjects
during prefrontal transcranial direct current stimulation. J Neurophysiol 112(6): 1367—1375.
https://doi.org/10.1152/jn.00088.2014

Noetscher GM, Yanamadala J, Makarov SN, et al. (2014) Comparison of cephalic and
extracephalic montages for transcranial direct current stimulation--a numerical study. /EEE Trans
Biomed Eng 61(9): 2488-2498. https://doi.org/10.1109/TBME.2014.2322774

Misonou H, Mohapatra DP, Park EW, et al. (2004) Regulation of ion channel localization and
phosphorylation by neuronal activity. Nat Neurosci 7(7): 711-718. https://doi.org/10.1038/nn1260
Prehn K, Floel A (2015) Potentials and limits to enhance cognitive functions in healthy and
pathological aging by tDCS. Front Cell Neurosci. https://doi.org/10.3389/fncel.2015.00355
Lefaucheur JP, Antal A, Ayache SS, et al. (2017) Evidence-based guidelines on the therapeutic use
of transcranial direct current stimulation (tDCS). Clin Neurophysiol 128(1): 56-92.
https://doi.org/10.1016/j.clinph.2016.10.087

Davis SE, Smith GA (2019) Transcranial Direct Current Stimulation Use in Warfighting: Benefits,
Risks, and Future Prospects. Front Hum Neurosci. https://doi.org/10.3389/fnhum.2019.00114
Chang CC, Kao YC, Chao CY, et al. (2020) The Effects of Bi-Anodal tDCS Over the Prefrontal
Cortex Regions With Extracephalic Reference Placement on Insight Levels and Cardio-
Respiratory and Autonomic Functions in Schizophrenia Patients and Exploratory Biomarker
Analyses for Treatment Response. [Int J Neuropsychopharmacol 24(1): 40-53.
https://doi.org/10.1093/ijnp/pyaa063

Saxena V, Pal A (2021) Role of Transcranial Direct Current Stimulation in the Management of
Alzheimer’s Disease: A Meta-analysis of Effects, Adherence and Adverse Effects. Clin
Psychopharmacol Neurosci 19(4): 589-599. https://doi.org/10.9758/cpn.2021.19.4.589

© 2022 the Author(s), licensee AIMS Press. This is an open access
S AIMS Press article distributed under the terms of the Creative Commons
Z/ Attribution License (http://creativecommons.org/licenses/by/4.0)

AIMS Neuroscience Volume 9, Issue 3, 358-372.



