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Poor treatment outcomes are available for anorexia nervosa (AN) and treatment
innovations are urgently needed. Recently, non-invasive neuromodulation tools have
suggested to have potential for reducing an symptomatology targeting brain alterations.
The objective of the study was to verify whether left anodal/right cathodal prefrontal
cortex transcranial direct current stimulation (tDCS), may aid in altering/resetting
inter-hemispheric balance in patients with AN, re-establishing control over eating
behaviors. Twenty-three adolescents with an underwent a treatment as usual (AU),
including nutritional, pharmacological, and psychoeducational treatment, plus 18
sessions of tDCS (TDCS+AU = n11; mean age = 13.9, SD = 1.8 years) or a family
based therapy (FBT+AU = n12, mean age = 15.1, SD = 1.5 years). Psychopathological
scales and the body mass index (BMI) were assessed before and after treatment.
After 6 weeks of treatment, the BMI values increased only in the tDCS group, even at
1-month follow-up. Independently of the treatment, all participants improved in several
psychopathological measures, included AN psychopathology and mood and anxiety
symptoms. Our results demonstrated for the first time a specific effect of the left
anodal/right cathodal tDCS treatment protocol on stable weight gain and a superiority
compared to an active control treatment for adolescents with AN. Results were
interpreted as a possible direct/indirect effect of tDCS in into some pathophysiological
mechanisms of AN, involving the mesocortical dopaminergic pathways and the
promotion of food intake. This pilot study opens new perspectives in the treatment of an in
adolescence, supporting the targeted and beneficial effects of a brain-based treatment.
Keywords: tDCS, anorexia, prefrontal cortex, adolescents, BMI

INTRODUCTION
Eating disorders (ED) are highly distinctive disorders characterized by pathological eating
behaviors and body image disturbance. according to the diagnostic and statistical manual of
mental disorders, fifth edition (Dsm-5), ED shall be considered as a spectrum of over-eating and
under-eating, associated with altered weight and with altered food reward that results in significant
biologic, psychological, and social complications. Anorexia nervosa (AN) is a severe ED associated
whit other important physical and psychological comorbidities. It is defined by an extremely low
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Body Mass Index (BMI < 18.5 kg/m2 ) and concomitant anxiety
and preoccupations related to weight and body image, and
exerts a significant individual and societal impact. Levels of
mortality and disability and lifetime prevalence in AN are high
(Arcelus et al., 2011; Smink et al., 2012; Walsh, 2013). Onset is
increasing in the early adolescence, mainly in the females, with a
symptomatology most common in teen-ager and adults.
To data, available treatments for AN are only moderately
effective. Pharmacological treatment plays a limited role (Aigner
et al., 2011; Gustavsson et al., 2011; Dold et al., 2015; Garner
et al., 2016). Selective serotonin reuptake inhibitors (SSRIs) and
neuroleptics constitute the mainstay treatments, but the efficacy
of these medications is fairly poor and up to 30% of patients with
AN prove to be medically intractable (Steinhausen, 2002; Kontis
and Theochari, 2012). In turn, no Food and Drug Administration
indication for any pharmacological treatment for AN is given.
Psychological therapies, such as Cognitive Behavioral Therapy
and Family Psychotherapy, are widely considered the treatment
of choice. However, no single psychological intervention has
shown clear superiority in treating adults with AN, while
in adolescents with AN, the evidence base is strongest for
the use of Family Psychotherapy over alternative individual
psychotherapies (Lock et al., 2010; Herpertz-Dahlmann and
de Zwaan, 2011; Le Grange et al., 2012; Agras et al., 2014;
Rienecke, 2017). Recently, it was shown the efficacy of integrated
treatment as opposed to single therapies, as suggested by the
current guidelines for the treatment of ED in children and
adolescents (National Institute for Clinical Excellence, 2004;
American Psychiatric Association, 2006). In particular, the
application of a Multifocal Integrated Treatment, based on
both family and individualized psychotherapy, nutritional and
pharmacological interventions, showed improvement in the
eating psychopathology in adolescents with AN (Laghi et al.,
2017). However, there is a need for continued efforts to develop
novel interventions (Bodell and Keel, 2010), since evidence-base
treatment for AN is still lacking.
Novel approaches to treatment of ED in general and
specifically for AN have been called for by august bodies such as
the National Institute for Health and Care Excellence (NICE) in
the UK and the National Institutes of Health (NIH) in the USA.
Recently, neuromodulation procedures, which are emerging
techniques that can be used to stimulate or inhibit neural activity,
has been postulated as a potential treatment for ED (for recent
review see McClelland et al., 2013; Lee et al., 2018).
Marked increase in neuromodulation approaches for
treatment of ED grounds on recent year’s extensive neuroscience
data related to ED and to the emergence of testable
neurobiological models. Altered activity in the insula (Kaye
et al., 2010; Mohr et al., 2010; Bär et al., 2013; Oberndorfer
et al., 2013; Strigo et al., 2013), abnormalities in the processing
of rewards (Bohon and Stice, 2011; Avena and Bocarsly, 2012;
Ritschel et al., 2017) and alterations in frontal regions have been
reported (Brooks et al., 2011; Celone et al., 2011; Strigo et al.,
2013; Kullmann et al., 2014). Subsequently, neural models of ED
have been developed (Steinglass and Walsh, 2006; Brooks et al.,
2011; Friederich and Herzog, 2011; Riva, 2016; Steinglass et al.,
2017).
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In AN, some studies considered abnormalities in dorsolateral
prefrontal cortex (DLPFC) (Kaye et al., 2009; Van Kuyck et al.,
2009; Brooks et al., 2011; Ehrlich et al., 2015; Hestad et al., 2016).
Furthermore, fMRI studies, EEG measurements and PET scan in
individuals with AN showed a hyperactivity of right hemisphere
(Grunwald et al., 2004; Brooks et al., 2011; Bär et al., 2013;
Phillipou et al., 2015) and clusters’ increase of serotonergic and
dopaminergic bindings (e.g., Kontis and Theochari, 2012; Kaye
et al., 2013; Riva, 2016), particularly in right frontal-temporal
regions (Bailer et al., 2007; Galusca et al., 2008).
Despite the marked increase in neurobiological data related
to AN, there is still a lack of targeted brain-directed treatment
interventions. Most convincing evidence comes from studies
applying deep brain stimulation across a variety of brain targets
involved in the hypothalamic–mesocorticolimbic pathways.
Potential anatomical targets were those involved with reward,
cognitive control, motivation, and the learning/memory circuits,
such as the ventral tegmental area, the nucleus accumbens
and caudate, the subgenual cingulate cortex, the amigdala, the
hypppocampus, the insula, and the ventral striatum (for review
see McClelland et al., 2013; Lee et al., 2018).
Conversely, the exiting studies that have investigated the
efficacy of transcranial non-invasive brain stimulation for
reducing AN symptomatology and related behaviors (e.g.,
Kamolz et al., 2008; McClelland et al., 2013, 2016a,b; Van
den Eynde et al., 2013; Khedr et al., 2014), have typically
targeted the pre-frontal cortex (PFC), mainly the DLPFC.
The DLPFC has a key node of the brain’s frontostriatal
cognitive circuits, important for inhibitory cognitive control
(Miller and Cohen, 2001; Hare et al., 2009), self-control
in a dietary context (Wagner et al., 2010; Lowe et al.,
2014) and for higher-order reward processing, as part of its
involvement in the mesocortical dopaminergic pathway (Diana,
2011), linked to regulation of food intake (Doherty et al.,
2016).
Two forms of non-invasive neuromodulatory techniques used
in the treatment of AN were transcranial magnetic stimulation
(TMS) and transcranial direct current stimulation (tDCS). Both
TMS and tDCS have been proven to reduce AN-related behaviors
and thoughts (McClelland et al., 2013; Lee et al., 2018). The
TMS studies have mostly involved high-frequency (excitatory)
TMS to the left PFC. For example, a reduction in levels of
feeling full, feeling fat and anxiety has been reported when a
single TMS session was applied to the left DLPFC in cases with
AN (Van den Eynde et al., 2013; McClelland et al., 2016a,b).
Moreover, significant improvement in depressive symptomology
and BMI (Kamolz et al., 2008) was described in a case report of 41
sessions of left DLPFC excitatory rTMS, as well as improvement
in AN symptomatology and affective symptoms has reported in
three of five patients, after 20 sessions of excitatory left DLPFC
rTMS. However, such improvement was not always translated
into weight gain (McClelland et al., 2016a,b).
Despite recent findings, showing symptoms reduction
following TMS excitation of the left DLPFC, one study directly
investigated the effects of tDCS on the AN symptomatology
(Khedr et al., 2014). Specifically, in this study, it was documented
an improvement in AN and in associated depression following 10
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by tDCS in improving the outcome of traditional treatment in
developmental populations with AN.
The safety and tolerability of tDCS in children and adolescents
has been proven (Antal et al., 2017) so, in a single-blindcontrolled study, we hypothesized that excitatory tDCS over
the left DLPFC and inhibitory tDCS over the right DLPFC
(anode left/cathode right) may aid in altering/resetting interhemispheric balance in adolescents with AN, re-establish their
control over eating behaviors. This montage was based on
the dominance hypothesis in AN and in accordance with
previous studies, where opposite stimulation montage showed an
improvement in “over-eating” for ED symptoms (Fregni et al.,
2008; Goldman et al., 2011; Montenegro et al., 2012; Boggiano
et al., 2017).

daily anodal tDCS (2 mA) sessions of 25 min over the left DLPFC
(cathode in extracephalic montage) in five of seven patients
immediately post-treatment and in three of seven patients at 1
month follow up.
Conversely, tDCS research has mostly focused on food
cravings (Fregni et al., 2008; Goldman et al., 2011; Montenegro
et al., 2012; Boggiano et al., 2017) and evidences have been
provided that food cravings is reduced when excitatory (anodal)
tDCS is applied over the right DLPFC (as opposite to reports on
AN where excitatory stimulation is applied over the left DLPFC).
For example, Fregni et al. (2008) compared both tDCS protocols,
anode right/cathode left and anode left/cathode right, to sham
stimulation, and found that food cravings reduced, remained
stable or increased in these conditions, respectively. Moreover,
both Goldman et al. (2011) and Montenegro et al. (2012)
found reduced food cravings and desire to eat in overweight
individuals following single session of right anodal/left cathodal
tDCS compared to sham. Similarly, Ljubisavljevic et al. (2016)
demonstrated that repeated sessions of right anodal/left cathodal
tDCS increase the single sessions effect, byreducing the intensity
of food craving and the habitual experiences of food craving in
individuals with frequent food craving. These studies ground on
the evidence that hyperphagia, and more in general craving and
substance abuse, is associated with right frontal hypoactivation
(Isern, 1987; Fisher et al., 1994; Miller and Cohen, 2001), an
opposite pattern of inter-hemispheric imbalance found in AN—
i.e., right frontal hyperactivation and dominance (Grunwald
et al., 2004; Brooks et al., 2011; Bär et al., 2013; Phillipou et al.,
2015).
Bilateral prefrontal cortex tDCS, aimed at rebalancing such
inter-hemispheric imbalance by increasing excitability of right
hemisphere and decreasing excitability of left hemisphere (the
opposite of what is proposed for AN), showed positive findings in
different disorders of craving and substance abuse. In particular,
left cathodal/right anodal tDCS increased the abstinent rate
(Klauss et al., 2014) and reduced the craving in alcoholic patients,
with more negative processing of alcohol-related cues after
treatment (Wietschorke et al., 2016).
However, in healthy individuals, Vierheilig et al. (2016) aimed
at investigating the effects of bilateral tDCS with different
electrode montages, on the interaction of attention and emotion
processes, found that only left cathodal/right anodal tDCS
leads to increase visual attention but neither left cathodal/right
anodal or left anodal/right cathodal did influence emotional
processing.
Increased knowledge on the role of hemispheric lateralization
in ED, together with improvements in the design of
neuromodulation protocols, is likely to emerge from studies
involving tDCS. tDCS applied on DLPFC should act on the right
hyperactivity reported in AN to balancing the activity in both
hemispheres.
Considering the paucity of effective treatments for AN,
and the increasing incidence rate of AN among children and
adolescents, with common long-term physical and psychosocial
disability outcomes as well as life risk (Arcelus et al., 2011; Smink
et al., 2012; Walsh, 2013), the study was aiming at proving
the effectiveness of a non-invasive neuromodulation treatment
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MATERIALS AND METHODS
Participants
Twenty-three adolescents with diagnosis of AN participated in
the study. Eleven participants (10 females; 1 males; mean
age = 13.9, SD = 1.8 years, range 10.3–15.6; mean IQ = 102.2,
SD = 4.9, range 95–108; mean BMI = 14.7, SD = 2.2,
range 11.8–17.5) received an experimental treatment with tDCS
additionally to the classical treatment called “as usual” (AU).
Twelve participants (12 females; mean age = 15.1, SD = 1.5 years,
range 13.1–17.8; mean IQ = 100.5, SD = 4.6, range 92–106; mean
BMI = 15.5, SD = 1.6, range 12–17.9) received a Family Based
Therapy (FBT) additionally to the AU. All participants received
a diagnosis of AN based on the DSM-5 criteria (APA American
Psychiatric Association, 2013). The principal eligibility criterions
required were an age between 10 and 17 years, a BMI between
12 and 18 kg/m2 and IQ ≥ 85. None had a personal history of
neurological disease or a family history of epilepsy and none had
comorbidity with other clinically relevant disorders. Both groups
did not differ for chronological age [t (21) = −1.71, p = 0.10], IQ
(Raven, 1994) [t (21) = 0.85, p = 0.41] and BMI [t (21) = −1.01,
p = 0.32].
All participants received Atypical antipsychotics (AA) as
pharmacological treatment, in particular Aripiprazole. Some of
them also received SSRIs (5 in the tDCS group and 9 in the FBT
group) or Benzodiazepines (Benz: 2 in the tDCS group and 1 in
the FBT group). The two groups did not differ in the frequency
of each pharmacological treatment [χ2(2) = 2.10, p = 0.35].
Written informed consent was obtained from all participants
and their parents after the procedures had been fully explained.

Materials
Outcome Measures
All participants were evaluated through clinical tests assessing
psychopathological conditions. The AN symptomatology
assessment included: Eating Disorder Inventory (Giannini et al.,
2008; EDI-3, Garner, 2004), Eating Attitudes Test (EAT-26,
Garner et al., 1982), and Body Uneasiness Test (BUT, Cuzzolaro
et al., 2006). The EDI-3 is a self-report questionnaire, including
91 items divided into 12 subscales rated on a 0–4 point scoring
system. It gives a measure of the basic characteristics of the
eating disorder. The EAT-26 is a forced choice, self-report
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psychological support. Furthermore, meetings for the nutritional
and psychiatric monitoring for patients were given (once every
2 weeks). Psychological support for patients were given by
individual sessions (once every 2 weeks, 60 min duration) and
group sessions (once every week, 60 min duration). Their parents
received the psychoeducation in group sessions (once every 2
weeks, 60 min duration).

questionnaire, including 40 items, measuring anorexia nervosa
symptoms. The BUT is a 71-item self-report questionnaire which
measures body image concerns.
Moreover, anxiety and depressive symptoms were evaluated
through the Multidimensional Anxiety Scale for Children
(MASC, March et al., 1997) and the Children’s Depression
Inventory (CDI, Kovacs, 1982, 1992). The MASC is a quantitative
self-report scale on anxiety symptoms, age range: 8–19. The CDI
is a self-report questionnaire with 27 items, which evaluates the
mood symptoms in the last 2 weeks, age range: 8–17. All clinical
questionnaires were completed by the participants themselves. In
addition, anthropometric measures, as BMI, were measured.

FBT
In this group, participants and parents received family
psychotherapy provided by professionals (psychotherapists
and psychiatrists), additionally to the AU treatment. Weekly
sessions of participants’ group therapy and parents’ group
therapy were delivered while, family meetings occurred every 15
days.

Safety and Tolerability
Side-effects of tDCS were assessed by a standard questionnaire
(Brunoni et al., 2011) which was completed by participants after
each stimulation session. The questionnaire lists adverse effects,
such as headache, neck pain, scalp pain, tingling, itching, burning
sensation, skin redness, sleepiness, trouble concentrating, and
acute mood change. Participants quantify the intensity of the
symptoms or side-effects related to tDCS (1, absent; 2, mild; 3,
moderate; 4, severe).

Data Analysis
To evaluate the effect of treatment, repeated measures ANOVAs
were performed on each psychopathological measure (EDI-3;
EAT-26; BUT; CDI; MASC) and on BMI values, with Group
(tDCS+AU vs. FBT+AU) as between subjects factor and Time
(T0, T1) as within subjects factor.
The demographic variables and the baseline measures were
compared through the Student’s t-Test for independent samples.
Chi-squared test was used to value the non-parametric variables.
Post hoc analyses were performed by the Tukey’s test. In the
tDCS group the follow-up data were analyzed through the
Wilcoxon signed-rank test. Partial eta squares (ηp 2 ) have been
reported as effect size measures. A p-value less to 0.05 was
considered as statistically significant. Sphericity was verified by
Mauchly’s sphericity test. The Pearson correlation was used to
test the association between the outcome of improvement [(T1T0/T0)∗ 100] on BMI and the other psychopathological measures.

Procedures
All participants underwent the treatment AU, including
nutritional, pharmacological, and psychoeducational treatment.
The experimental group received an add-on treatment with 18
sessions of tDCS (TDCS+AU) for 6 weeks, while the control
group received the FBT (FBT+AU).
All participants have not received the AU, the FBT, or the tDCS
treatment previously. Outcome measures were assessed before
(T0) and immediately after the end of treatments (T1), i.e., 6
weeks later. Nine of the eleven participants of the tDCS+AU
group were followed-up 1 month after the end of treatment (T2).

Ethic Approval

Treatments
tDCS

This study was performed in accordance with the World Medical
Association’s Declaration of Helsinki and The Research Ethical
Committee of the Bambino Gesù Children’s Hospital approved
this study under process number 763-OPBG-2014.

In the tDCS condition all the participants received 1mA
tDCS. Direct current was applied for 20 min, 3 times a week
for 6 weeks (18 sessions). Anodal electrode was positioned
over the left DLPFC and cathodal electrode over the right
DLPFC according to the 10–20 EEG system and the sites
corresponding respectively at F3 and F4 area. The selected
montage (anodal/left—cathodal/right) was applied to re-balance
the right frontal hyperactivity reported in literature in individuals
with AN (Grunwald et al., 2004; Brooks et al., 2011; Bär et al.,
2013; Phillipou et al., 2015). Direct current was generated
by a BrainStim stimulator by E.M.S. s.r.l. (Bologna, Italy). It
was delivered on the scalp via a pair of identical, rectangular,
electrodes (5 × 5 cm) covered with conductive rubber and
saline soaked synthetic sponges. During the tDCS sessions, all
participant have been sat in a comfortable chair.

RESULTS
Baselines Measures
tDCS+AU and FBT+AU groups did not differ for BMI as well as
for baseline psychopathological measures: EDI-3 [t (21) = −1.14,
p = 0.27], EAT-26 [t (21) = −0.70, p = 0.49], BUT [t (21) = −1.33,
p = 0.20], MASC [t (21) = 1.11, p = 0.28], CDI [t (21) = 0.46, p =
0.65]. Baseline psychopathological measures did not significantly
differ between groups even on subscales of EDI-3 and MASC.
As concerns EDI-3 subscales: Drive for Thinness [t (21) = −1.23,
p = 0.23], Bulimia [t (21) = −0.66, p = 0.52], Body Dissatisfaction
[t (21) = −0.76, p = 0.46], Eating Disorder Risk [t (21) = −1.0,
p = 0.33], Low Self-Esteem [t (21) = −0.61, p = 0.55], Personal
Alienation [t (21) = −0.51, p = 0.62], Interpersonal Insecurity
[t (21) = −0.70, p = 0.50], Interpersonal Alienation [t (21) = −1.11,
p =0.28], Interoceptive Deficits, [t (21) = −0.98, p = 0.34],
Emotional Dysregulation [t (21) = −0.77, p = 0.45], Perfectionism
[t (21) = −1.94, p = 0.07], Asceticism [t (21) = −0.17, p =

AU
Each participant undergone the treatment AU treatment during
the study. In this study, after a first assessment whit a
psychiatric interview, an interview for family diagnosis and
nutritional monitoring, participants and parents received a
Frontiers in Behavioral Neuroscience | www.frontiersin.org
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In the tDCS+AU group, which was followed-up for 1 month,
the effect on most of the psychological measures persisted 1
month after the end of treatment (EAT-26, T0 vs. T2: Z = 2.37,
p = 0.02; MASC, T0 vs. T2: Z = 1.96, p = 0.05; CDI, T0 vs. T2:
Z = 2.19, p = 0.04), but not on EDI-3 (T0 vs. T2: Z = 1.33,
p = 0.18). Again no improvement was observed on BUT even
after 1 month (T0 vs. T2: Z = 0.56, p = 0.57). See Figures 2B,C.

0.86], Maturity Fears [t (21) = −0.44, p = 0.67], Ineffectiveness
[t (21) = −0.73, p = 0.47], Interpersonal Problems [t (21) = −1.05,
p = 0.31], Affective Problems [t (21) = −1.24, p = 0.23],
Overcontrol [t (21) = −1.08, p = 0.29], Global Psychological
Maladjustment [t (21) = −1.55, p = 0.14]. As concerns MASC
subscales: Physical Symptoms [t (21) = 0.67, p = 0.51], Harm
Avoidance [t (21) = 0.74, p =0.47], Social Anxiety [t (21) = 0.58,
p = 0.57], Separation/Panic [t (21) = 0.03, p = 0.97], Adi
[t (21) = 0.80, p = 0.43].
Means and Standard Deviations per each measure are shown
on Table 1.

Correlation Between Outcomes
In the tDCS+AU group we found a medium negative correlation
between the improvement on BMI and the score changes
on EDI-3 (r = −0.65, p = 0.04), i.e., the higher the BMI
increased (amelioration), the lower the EDI-3 was after treatment
(amelioration). However, we failed to found such correlation in
the FBT+AU group (p = 0.29).
By considering the EDI-3 subscales, in the tDCS+AU
group we found a medium negative correlation between
the improvement on BMI and the score changes on
Bulimia (r = −0.68, p = 0.03) and on Global Psychological
Maladjustment (r = −0.67, p = 0.03). Moreover we found a
strong negative correlation between the improvement on BMI
and the score changes on Interpersonal Problems (r = −0.71,
p = 0.02). However, we did not found any correlation between
the BMI improvement and other EDI-3 subscales score changes
(all p > 0.1). Conversely, by considering the EDI-3 subscales,
in the FBT+AU group we found a medium positive correlation
between the improvement on BMI and the score changes on
Low Self-Esteem (r = 0.60, p = 0.04), i.e., the higher the BMI
increased (amelioration), the higher the Low Self-Esteem score
was after treatment (worsening).
Finally, we did not found any correlation between the
improvement on BMI and the other psychopathologiocal scales
or subscales, neither in the tDCS+AU group nor in the FBT+AU
group (all p > 0.1).

Post-treatment Measures
BMI
Results showed a significant interaction between Group and Time
[F (1, 21) = 9.75; p < 0.01, ηp 2 = 0.32]. BMI improved significantly
in the tDCS+AU (p < 0.001), while in the FBT+AU no difference
emerged in BMI after treatment compared to baseline (p =
0.2). Figure 1A, shows the mean BMI values in both groups: at
baseline (pre-treatment) and after 18th session (post-treatment).
The mean percentage of BMI improvement [(T1-T0/T0)∗ 100]
in the tDCS+AU group amounted to 13.3% (±9.4) while in the
FBT+AU group it amounted to 4.2% (±5.7). See Figure 1B.
In the tDCS group the BMI improvement persisted also 1
month later (T0 vs. T2: Z = 2.66, p < 0.01). See also Figure 2A.
A general Group effect did not emerged [F (1, 21) = 0.05;
p = 0.83, ηp 2 = 0.01] while emerged a main effect of Time
[F (1, 21) = 35.78; p < 0.001, ηp 2 = 0.42]. See Table 1.

Psychopathological Assessment
In the psychopathological scales there were no significant
interaction between Group and Time (all comparisons p > 0.1).
No main Group effect emerged in each measure (all comparisons
p > 0.1). A Time effect was significant independently of the
group, in most of the comparison: both groups improved
in the clinical scales EDI-3, MASC, and CDI with the
exception of BUT. Moreover, both groups improved in most
subscales of EDI-3 and MASC. In particular, as concerns EDI3 subscales, independently of the group, a mean score reduction
was observed after treatment on Drive for Thinness, Body
Dissatisfaction, Eating Disorder Risk, Low Self-Esteem, Personal
Alienation, Interpersonal Insecurity, Interpersonal Alienation,
Asceticism, Ineffectiveness, Interpersonal Problems and Global
Psychological Maladjustment (all p < 0.05). However no
improvement emerged on the subscales Bulimia, Interoceptive
Deficits, Emotional Dysregulation, Perfectionism, Maturity
Fears, Affective Problems, and Overcontrol (all p > 0.10).
As concerns MASC subscales, independently of the group, a
mean score reduction was observed after treatment on Physical
Symptoms and Adi (all p < 0.05) while no improvement emerged
on Harm Avoidance, Social Anxiety, and Separation/Panic (all
p > 0.10).
Table 1 shows the total score on these scales and their
subscales in both groups at baseline (pre-treatment) and after
18 session (post-treatment), as well as the statistics for the main
effect of Time and for the interaction effect of Time per Group.
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Safety and Tolerability
Concerning safety and tolerability, no participant asked to stop
the study or reported significant discomfort at the electrode
sites. Participant tolerated tDCS well. The most frequent adverse
effects were itching sensation, burning sensation (reported by
9 participant), especially in the first seconds of stimulation,
which diminished rapidly with water’s addition under the sponge
and local redness (report by 8 participant). Others effects were
headache (reported by 5 participants), tingling (reported by 5
participants) and, mostly in the mild intensity (see Table 2).
Neck pain, sleepiness, and trouble concentrating were not
reported. No psychological symptoms, such as acute mood
changes and irritability, nor other discomforts or adverse effects
were reported.

DISCUSSION
The present study evaluated the efficacy of a tDCS treatment in a
young population with AN.
Two groups were compared: a group received tDCS treatment
in addition to “as usual” treatment; another group received an

5

July 2018 | Volume 12 | Article 133

Frontiers in Behavioral Neuroscience | www.frontiersin.org

6

74.4 (20.7)

Global psychological maladj

57.1 (12.2)

50.5 (9.2)

51.5 (12.3)

Social anxiety

Separation/Panic

Adi
12.3 (7.95)

45.7 (12.5)

50.0 (9.5)

54.2 (10.5)

41.6 (10.8)

49.6 (9.1)

49.3 (10.8)

2.0 (1.4)

23.4 (19.1)

58.0 (26.3)

58.0 (25.6)

57.0 (30.9)

50.0 (30.3)

50.0 (29.8)

66.5 (27.5)

55.1 (29.4)

52.9 (28.7)

51.6 (32.0)

58.6 (30.9)

44.9 (32.4)

53.0 (29.0)

47.9 (28.7)

61.5 (29.8)

24.30

5.57

0.10

1.86

1.67

15.61

7.58

2.36

18.04

7.91

1.99

1.87

8.81

12.91

0.15

5.17

0.35

1.39

2.50

6.72

5.24

15.19

9.18

10.73

7.77

1.56

10.01

7.92

35.78

Fa

<0.001

0.03

0.75

0.18

0.21

<0.001

0.01

0.14

<0.001

0.01

0.17

1.87

<0.01

<0.01

0.70

0.03

0.56

0.25

0.13

0.02

0.04

<0.001

<0.01

<0.01

0.01

0.23

<0.01

0.01

<0.001

p

0.54

0.21

<0.01

0.08

0.07

0.43

0.26

0.10

0.46

0.28

0.09

0.09

0.31

0.39

< 0.01

0.20

0.02

0.04

0.11

0.25

0.21

0.43

0.31

0.35

0.28

0.07

0.34

0.28

0.42

ηp 2

68.6 (33.6)

23.2 (15.5)

53.6 (12.4)

50.6 (6.1)

58.6 (13.5)

46.1 (10.2)

57.7 (8.6)

57.3 (13.0)

2.0 (1.1)

36.6 (19.2)

67.5 (26.2)

61.8 (29.5)

59.3 (29.1)

60.3 (26.7)

66.2 (30.1)

66.3 (29.1)

71.5 (30.9)

45.3 (34.3)

65.4 (32.2)

64.4 (23.3)

56.1 (31.0)

61.5 (23.2)

65.5 (30.6)

66.0 (29.5)

69.1 (26.0)

72.3 (21.5)

40.4 (32.6)

11.4 (9.5)

50.4 (12.0)

52.0 (9.0)

56.7 (13.2)

44.9 (9.7)

50.3 (9.5)

52 (11.3)

1.8 (1.4)

24.2 (22.7)

52.6 (30.8)

59.9 (27.7)

52.6 (32.4)

42.9 (31.9)

45.1 (34.5)

65.3 (19.5)

60.2 (34.6)

51.6 (22.2)

46.9 (32.3)

54.5 (32.1)

41.2 (33.3)

44.6 (27.3)

41.3 (34.5)

48.3 (34.5)

49.1 (32.5)

55.8 (30.8)

31.9 (31.4)

44.7 (40.3)

48.9 (24.9)

16.6 (2.3)b*

14.7 (2.2)b
62.4 (21.0)

M (SD)

T1

M (SD)

T0

tDCS + AU

20.8 (7.9)

49.4 (12.2)

50.5 (12.4)

55.7 (11.0)

42.7 (11.7)

55.2 (8.9)

51.7 (11.2)

2.7 (1.3)

42.4 (20.1)

81.3 (15.2)

73.7 (22.3)

75.4 (31.5)

71.7 (24.6)

74.2 (21.3)

71.9 (30.5)

73.5 (23.3)

68.4 (21.1)

68.0 (37.2)

75.1 (27.3)

69.5 (25.8)

68.7 (24.8)

71.7 (27.0)

72.4 (19.7)

77.7 (13.8)

78.7 (18.1)

49.7 (33.5)

81.4 (12.5)

70.7 (13.3)

15.5 (1.6)

M (SD)

T0

b Means

T1

13.2 (6.4)

41.0 (13.0)

48.1 (10.0)

51.7 (7.9)

38.3 (11.9)

48.9 (8.7)

46.7 (10.3)

2.2 (1.4)

22.7 (15.5)

63.4 (21.9)

56.2 (23.6)

61.4 (29.4)

57.2 (28.7)

54.9 (25.2)

67.7 (35.5)

50.1 (24.2)

54.3 (35.3)

56.4 (31.8)

62.7 (29.7)

48.7 (31.6)

61.4 (30.8)

54.6 (23.0)

51.4 (29.0)

62.1 (26.8)

67.2 (28.9)

36.4 (32.4)

62.7 (30.3)

56.2 (18.3)

16.1 (1.3)

M (SD)

FBT + AU

Time X Group

= 1, 21.
in the same row with same subscripts are significantly different.
*p< 0.001.
Significant values are highlighted in bold.
T0, baseline or before treatment; T1, after treatment; Groups: tDCS + AU = tDCS + As Usual; FBT + AU = Family Based Therapy + As Usual; Maladj, Maladjustment.

a df

22.0 (11.7)

44.4 (10.9)

Harm avoidance

CDI

56.4 (8.7)

54.5 (12.1)

2.3 (1.3)

Physical symptoms

MASC TOT

BUT

39.5 (19.6)

67.7 (25.9)

Overcontrol

EAT-26

66.0 (25.6)

67.3 (30.3)

70.2 (25.7)

Ineffectiveness

Interpersonal problems

69.1 (29.8)

Maturity fears

Affective problems

72.5 (27.1)

69.7 (25.3)

Asceticism

62.8 (28.4)

Interpersonal alienation

Interoceptive deficits

66.7 (34.7)

65.1 (24.0)

Interpersonal insecurity

56.8 (27.7)

68.6 (28.8)

Emotional dysregulation

49.8 (31.7)

69.2 (24.6)

Low self-esteem

Personal alienation

Perfectionism

55.6 (29.6)

75.5 (19.8)

73.4 (19.9)

Body dissatisfaction

Eating disorder risk

53.7 (35.3)
34.1 (31.9)

75.0 (23.1)

45.1 (33.1)

Drive for thinness

52.6 (21.6)

Bulimia

66.6 (17.1)

EDI-3 TOT

16.3 (1.8)

M (SD)

M (SD)

15.1 (1.9)

T1

T0

BMI

Measures

Time

TABLE 1 | Mean (standard deviation) per measure of the main effect of time and of the interaction time per group.

1.16

1.14

1.34

0.22

0.55

0.10

< 0.01

0.20

0.93

0.07

1.29

0.23

0.07

0.02

0.06

0.63

2.44

0.01

0.03

0.19

0.84

0.44

0.01

0.16

0.25

0.08

0.14

0.05

9.75

Fa

0.29

0.30

0.26

0.64

0.46

0.75

0.94

0.66

0.35

0.80

0.27

0.64

0.80

0.88

0.82

0.44

0.13

0.91

0.86

0.67

0.37

0.52

0.80

0.69

0.62

0.78

0.71

0.82

<0.01

p

0.05

0.05

0.06

0.01

0.03

<0.01

<0.001

<0.01

0.04

<0.01

0.06

0.02

<0.01

<0.01

<0.01

0.03

0.11

<0.001

<0.01

<0.01

0.04

0.02

<0.01

<0.01

0.01

<0.01

<0.01

<0.01

0.32

ηp 2
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FIGURE 1 | (A) Shows BMI values expressed in mean at baseline (T0) and after the end of treatment (T1). In the tDCS+AU group BMI values increased significantly
more than in the FBT+AU group. (B) Shows the percentage of increase [(T1-T0/T0)*100]: in the tDCS+AU group it amounted to 13.3% (±9.4) while in the FBT+AU
group it amounted to 4.2% ( ±5.7). *p < 0.05.

group, the BMI increment as well as the improvement in
some psychopathological measures persisted even at 1-month
follow-up.
Our results confirmed previous findings on AN reporting
positive effects in mood and AN symptoms after non-invasive
brain stimulation, as described on case reports with tDCS (Khedr
et al., 2014), and on group studies with TMS (Kamolz et al., 2008;
McClelland et al., 2013, 2016a,b; Van den Eynde et al., 2013).
However, present study firstly demonstrated a specific effect of a
tDCS treatment on stable weight gain and a superiority compared
to an active control treatment for adolescents with AN.
It is important to note that the two groups received similar
nutritional, psychoeducational and pharmacological concurrent
treatment (the AU treatment), which might have a main role
in eating behavior and weight gain, while they differed for the
specific add-on treatment (i.e., the experimental tDCS or the
treatment of choice FBT). This means that the results obtained
can be explained by the add-on treatment or by the interaction
between each add-on treatment and the AU treatment.
Literature on clinical trials for AN, strengthens the
importance of obtaining BMI improvement, together with
the psychopathological improvement, as the optimal outcome
for AN remediation (Halmi, 1982; Guarda, 2008). Although

active control treatment, i.e., a family based psychotherapy, in
addition to “as usual” treatment.
In the experimental group, tDCS was applied to the DLPFC
and, more specifically, anodal electrode was positioned over the
left and cathodal electrode over the right area. According to
literature, this montage, with concurrent left excitatory and right
inhibitory stimulation, was applied to re-balance the right frontal
hyperactivity reported in AN (Grunwald et al., 2004; Brooks et al.,
2011; Bär et al., 2013; Phillipou et al., 2015). Furthermore, all
participants received a nutritional and psychiatric monitoring as
well as psychological support.
The main finding was that after 6 weeks of treatment,
the tDCS+AU group, but not the control group, showed
significant increase of BMI values. Indeed, the mean percentage
of BMI increment in the group receiving tDCS amounted to
13.3% compared to 4.2% in the FBT+AU group. Moreover,
independently of the treatment, all participants improved
in several psychopathological measures, included AN
psychopathology and mood and anxiety symptoms, with
the exception of the measure assessing body uneasiness (BUT).
The psychopathological improvement profile seems to overlap
in the two groups, indeed there are no differences in any
subscales of each psychopathological measure. In the tDCS+AU
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FIGURE 2 | The chart shows follow-up evalution of outcome measures in the tDCS+AU group (only 9 participants). (A) Shows BMI values expressed in mean at
baseline (T0), at the end of treatment (T1) and at 1 month follow-up (T2). BMI values increased even at 1-month follow-up. (B) Shows mean scaled score of EDI-III,
EAT-26, MASC, and CDI at baseline (T0), at the end of treatment (T1) and at 1 month follow-up (T2). Improvement was stable until 1-month follow-up in the EAT-26,
MASC, and CDI scales, but not on EDI-III. (C) Shows mean score of BUT at baseline (T0), at the end of treatment (T1) and at 1 month follow-up (T2). No improvement
was shown at any evaluation time.

that, within the experimental group, the increase in BMI was
associated to a reduction of EDI-3 total scores (risk of eating
disorder) and of Bulimia, Interpersonal Problems and Global
Psychological Maladjustment subscales. On the other hand, in
the control group, a relation was found between the increase in
BMI and the worsening to the Low Self-Esteem subscale.
These results suggests that tDCS may have an action in the
improvement of cognitive symptoms linked to incorrect food
behavior, as already highlighted by other researchers (McClelland
et al., 2013; Lee et al., 2018). In particular, the reduction of the
Bulimia subscale score, with the increase of BMI, is particularly
relevant because it indicates an improvement in cognitive
control, i.e., the reduction of compensatory behaviors in order
to prevent weight gain, which is often observed in the weight
recovery phases in patients with AN (Bulik et al., 1997; Fairburn
and Harrison, 2003). Moreover, the positive effect of tDCS
on BMI seems to be accompanied by a more general positive
effect on other behaviors, such as interpersonal relationships and
psychological adaptation, resulting in an improvement of the risk
of eating disorder (reduction of EDI-3 total score).
On the other hand, it is often reported in people with AN that
an improvement on weight, but not at the same time on cognitive
and behaviors symptoms, is negatively experienced and affects
their self-esteem, characteristic trait of the AN disease (StriegelMoore et al., 2004). This seems the case of the control group, who
showed a worsening of self-esteem score with BMI improvement.
All together these results seem to suggest a superior
combination of psychological changes associated with weight
gain in the experimental group, than in the control group. The
combination of weight gain and psychological change is of crucial

TABLE 2 | Percentage of adverse effects reported by participants.
Adverse effect

Mild (%)

Moderate (%)

Severe (%)

Headache

18.1

27.2

0.0

Neck pain

0.0

0.0

0.0

Scalp pain

0.0

0.0

0.0

Tingling

45.4

0.0

0.0

Itching

54.5

27.2

0.0

Burning sensation

27.7

27.7

9.0

Local redness

36.3

45.4

0.0

Sleepiness

0.0

0.0

0.0

Trouble concentrating

0.0

0.0

0.0

Acute mood changes

0.0

0.0

0.0

Irritability

0.0

0.0

0.0

weight gain has been consistently found using invasive
neuromodulation approaches to AN, such as DBS, evidence
from non-invasive brain stimulation indicated an impact on
self-reported symptoms but not always translated to weight
gain (Lee et al., 2018). Our tDCS study, instead, gives first
evidence of the positive effect of a 6 weeks tDCS treatment in
improving both the psychopathological symptoms and the MBI
in adolescents with AN, compared to a control active treatment,
widely considered treatment of choice.
Moreover, our study shows a beneficial association
between the improvement in BMI and the amelioration of
psychopathological symptomats with the tDCS treatment but
not with the control treatment. Specifically, it has been found
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in the dopaminergic reward pathways has been hypothesized to
play a role in the AN pathogenesis (Casper, 2006; Alcaro et al.,
2007). Those alteration included reduced Cerebro Spinal Fluid
levels of DA metabolites (Kontis and Theochari, 2012), functional
DA D2 receptor gene polymorphisms (Bergen et al., 2005), and
increased D2/D3 receptor binding in the striatum (Kaye et al.,
2013; Riva, 2016), indicating an increased D2/D3 densities and a
decreased extracellular DA in this region. Moreover, the evidence
of a DA imbalance in the ventral striatum in patients with AN,
is considered to contribute to anhedonia of feeding behavior,
ascetic and anhedonic temperament (Frank et al., 2017), as well
as dysphoric mood and anxiety (Kaye et al., 2009). Although
these findings on the role of DA in AN is still a matter of debate
(Gillman and Lichtigfeld, 1986; Kontis and Theochari, 2012).
A possible interpretation of such contrasting results is in
the dissociation in the pattern of tonic and phasic firing of
dopaminergic signaling (Kontis and Theochari, 2012). Preclinical
data show that average extracellular DA in the nucleus
accumbens is low in AN and largely arises from phasic DA
transients (Owesson-White et al., 2012). Response to behaviorally
relevant stimuli triggers the phasic component of DA release onto
postsynaptic targets, while the tonic DA levels are proposed to
regulate the amplitude of the phasic DA response.
It is believed that glutamate mainly from prefrontal
projections (which is usually increased by tDCS) promotes tonic
release of DA in the dorsal striatum and in the nucleus accumbens
(Grace, 1991; Södersten et al., 2016). Grace (1991) proposed a
model for which a pathological alteration in the PFC may cause
a reduction in the tonic levels of DA, resulting in excess response
of the phasic dopaminergic system and to an increase in the
responsiveness of the dopaminergic system.
An increase in the responsiveness of the dopaminergic system
has been indeed reported in AN (for a review see Södersten
et al., 2016). One might argue that if the dopaminergic system
is hypersensitive in AN, it should promote food seeking instead
of avoidance. Research that investigated those phenomena has
suggested that dopaminregic hypersensitivity in AN is not
meant to imply that the so called “reward stimuli” (such
as sugar solution) are necessarily a reward in the sense of
positive reinforcer or pleasant experience for individuals with
anorexia nervosa (Frank et al., 2017). Rather brain dopaminergic
circuits in AN could be hypersensitive to salient stimuli in
general, including both rewarding or punishing stimuli (Frank
et al., 2017). Such failure to appropriately bind, modulate or
discriminate responses to stimuli has been taken into account
to explain the role of starvation as a reward stimulus and the
negative emotional activity in front of food stimuli (Berridge and
Robinson, 1998; Frank et al., 2017).
It is therefore possible to hypothesize, albeit only speculatively,
that our left anodal/right cathodal tDCS treatment, aimed at
rebalancing the hyperactivity of right DLPC, may have aid
in restoring the cortical glutamatergic system regulating DA
tonic relies in striatum, thus in turn acting in rebalancing the
dopaminergic alterations seen in the reward brain network in
AN, crucial for regulate the food intake behavior.
A possible confound in our study is the interaction of tDCS
with the concurrent pharmacological treatment (Nitsche and

importance for eating disorders recovery (Bardone-Cone et al.,
2010).
The reason why in our study there was a positive and
specific effect on BMI, unlike what has been reported so far
by non-invasive brain stimulation studies, may depend on
the type of stimulation performed. Most of the non-invasive
brain stimulation studies used TMS to facilitate left PFC. In
comparison with TMS, the mechanism by which tDCS works
enables multiple stimulation designs. Switching the position of
the electrodes enables swapping of excitation/inhibition between
the right and left hemispheres. This may act to balancing the
activity in both hemispheres, thus being likely more efficient in
resetting the inter-hemispheric balance alterated in AN.
The lone tDCS study (Khedr et al., 2014) was an open label,
single-arm study, showing improvement in psychopathology
scales, with important variation between seven patients, after
10 sessions of left Anodal tDCS on DLPFC. In particular, five
patients improved in all scales, but just three maintained this
scores 1 month later. This work included the total scores of
the EAT, EDI, and the Beck Depression Inventory. However,
the study did not report BMI measures, showing only positive
correlations in the percent of improvement between eating
disorder scales and depression scale.
Compared to our study, difference in some elements might
be relevant. In the Khedr et al.’s study, tDCS was applied for
25 min (2 mA) with an extracephalic cathodal electrode, in a
monopolar montage to activate the left DLPC. The study ground
on previous TMS literature, using a facilitatory stimulation to
the left DLPC to improve AN. Conversely, we used a bilateral
montage of electrodes on DLPFC, anodal/left and cathodal/right,
with the aim to induce a simultaneously increasing in the left
DLPFC activation and reducing in the right DLPFC activation
(Nasseri et al., 2015).
We hypothesize that, the relevant BMI increase in the tDCS
group may be due to the concurrent delivering of the cathodal
stimulation to the right DLPFC, rather than just to the anodal
stimulation to the left PFC, for a possible direct/indirect action
into some pathophysiological mechanisms of AN, involving the
mesocortical dopaminergic pathways and the promotion of food
intake.
Cortical tDCS stimulation has been shown to modulate
dopamine (DA) release in striatum (Tanaka et al., 2013). In
particular, following the application of cathodal, but not anodal
tDCS for 10 min, extracellular DA levels, measured with in vivo
microdialysis, increased for more than 400 min in the in rat
striatum. This result suggested that tDCS has a direct and/or
indirect effect on the dopaminergic system in the subcortical
area. However, there is concern if a low intensity current can
go that deep in human brain. Very recently, the first evidence in
humans has been published (Fonteneau et al., 2018) that bifrontal
tDCS induces neurotransmitter release in subcortical areas.
Specifically, left anodal/right cathodal tDCS (our study montage)
induced a significant increase in extracellular dopamine in a part
of the striatum involved in the reward–motivation network.
Mesolimbic dopaminergic projections into striatum are
hypothesized to play a key role in governing eating behavior, by
modulating appetitive motivational processes. A perturbations
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although “malleable” during the early stages, once established,
AN are remarkably persistent (Walsh, 2013), therefore it is
essential to timely treat the disorder.
Our results are promising, since participants in the tDCS
group have increased by almost tri-times their BMI values
compared to the participants receiving the AU treatment (both
pharmacological, nutritional and psychoeducational) and the
psychological treatment of choice. Moreover, our participants
did not experience any notable symptoms or side effects (for
Brunoni’s standard questionnaire, Brunoni et al., 2011) after
any stimulation session, thus confirming a high tolerability and
feasibility of a tDCS treatment in children and adolescents with
AN.
However, an important limitation to these data is that this
study was an open label study with an active control group
but not a sham control group, therefore any effect cannot be
distinguished from a possible tDCS placebo effect. However,
given the difficult in enrolling adolescents with AN, which are
usually reluctant to receive any kind of treatment, this study serve
as a pilot, with preliminary results, to lay the groundwork for a
clinical trial.
Undoubtedly, new studies are required with double blind
randomized clinical trials, larger sample, and longer follow-ups to
confirm our results. Nevertheless, our promising results deserve
to be followed by future studies with more advanced analysis,
with insight from functional neuroimaging and animal studies,
to deeper understand the role of left anodal/right cathodal tDCS
to the DLPFC in potentially contrasting some etiopathogenetic
mechanisms of AN. If the tDCS treatment will be confirmed to be
effective, it may lead to important changes in the treatment of AN
which could be translated into novel and effective rehabilitation
strategies, especially in developmental age.

Paulus, 2000; Nitsche et al., 2003, 2006, 2012; Monte-Silva et al.,
2009; Ridding and Ziemann, 2010; Fresnoza et al., 2014). In
particular, there is evidence that SSRIs may themselves increase
the response to tDCS (Normann et al., 2007).
Conversely, medications that interfere with dopaminergic
signaling, such as antipsychotics, are likely to have a negative
impact on tDCS plasticity (Monte-Silva et al., 2009). However,
such impact is related to the pharmacological profile of the
antipsychotic medication. In particular, the availability of D2
receptors is vital for potentially adaptive neuroplastic effects of
tDCS (Nitsche et al., 2009). Aripiprazole, the medication received
by all participants, differently from other antipsychotic agents,
it is not a pure antagonist at the D2 receptor but a partial
agonist (Ziadi Trives et al., 2013). Hence, the drug molecule
allows the physiological activity of these receptors, which in
turn allows for the beneficial neuromodulatory effects of tDCS.
Indeed, tDCS in conjunction with Aripiprazole (but not with
other antipsychotics) have proven to improve schizophrenic
symptoms (Agarwal et al., 2015).
These considerations lead us to suppose that, the interaction
of tDCS with the concurrent pharmacological treatment may
have increased, rather than reduced, the plasticity induced effect
of our stimulation protocol. Moreover, Aripiprazole may have
specifically improved and amplifying the hypothesized tDCS
action in regulating the DA tonic component in striatum, given
that the drug acts suppressing the phasic component, while
relatively preserving the release of the tonic component of DA
(Hamamura and Harada, 2007). A positive effect of Aripiprazole
on the dopaminergic reward circuit alterations has been recently
reported in patients with AN, resulting in an increasing in BMI
values (Frank et al., 2017).
So that, it is plausible that the positive effects found on
both BMI and psychopathological symptoms, may arise by a
synergistic action between a cortical stimulation and a medical
stimulation in regulating the imbalance between the tonic and
phasic component of DA in AN.
In summary, it is possible to speculate that tDCS treatment
may have a direct/indirect action to one of the etiopathogenetic
mechanism of AN and may represent a more targeted perspective
treatment for AN, especially in adolescence age. Indeed, tDCS
has the potential to timely target brain abnormalities through
brain plasticity mechanisms, essential in development. Actually,
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