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Abstract

Background/objectives Obesity is associated with reduced neurocognitive performance. Individuals with obesity show
decreased activation in the left dorsolateral prefrontal cortex (DLPFC), a key brain region relevant to the regulation of eating
behavior. Transcranial direct current stimulation (tDCS) has emerged as a potential technique to correct these abnormalities.
However, there is limited information to date, particularly in clinical settings and regarding long-term effects of tDCS. This
study aimed to investigate the effects of DLPFC-targeted tDCS in young women with obesity.

Subject/methods Randomized, double-blind, sham-controlled parallel-design clinical trial conducted in 38 women, aged
20-40 years, with BMI 30-35 kg/m*. Study design: Phase I: target engagement (immediate effects of tDCS on working
memory performance), Phase II: tDCS only (ten sessions, 2 weeks), Phase III: fDCS + hypocaloric diet (six sessions, 30%
energy intake reduction, 2 weeks, inpatient), Phase IV: follow-up at 1, 3, and 6 months. Primary outcome: change in body
weight. Secondary outcomes: change in eating behavior and appetite. Additional analyses: effect of Catechol-O-methyl
transferase (COMT) gene variability. Data were analyzed as linear mixed models.

Results There was no group difference in change in body weight during the tDCS intervention. At follow-up, the active group
lost less weight than the sham group. In addition, the active group regained weight at 6-month follow-up, compared with sham.
Genetic analysis indicated that COMT Met noncarriers were the subgroup that accounted for this paradoxical response in the
active group.

Conclusion Our results suggest that in young women with class I obesity, tDCS targeted to the DLPFC does not facilitate
weight loss. Indeed, we found indications that tDCS could have a paradoxical effect in this population, possibly connected
with individual differences in dopamine availability. Future studies are needed to confirm these findings.

Introduction

Neuroimaging and neuropsychology studies over the past two

decades have reported associations between obesity and
These authors contributed equally: Vivian Marques Miguel Suen, 1mpa11‘mentsi 1N Measures Of, brain and COgnlth'e function [1-4].
Miguel Alonso-Alonso These deficits may underlie common behavioral features of
obesity, such as vulnerability to eating driven by external food
cues or challenges to maintain lifestyle changes needed to lose
weight successfully. The emerging conceptualization of obesity
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as a neurocognitive disorder [5-9] has therapeutic implications,
as it offers a more expanded range of brain circuits, beyond the
hypothalamus, that could be used as targets in the design of
novel clinical interventions [10].

Individuals with obesity show reduced activation in pre-
frontal circuits, coupled with increased food cue reactivity in
brain regions related to reward processing and salience
[2, 10]. The dorsolateral prefrontal cortex (DLPFC) is one of
the brain areas more consistently associated with obesity
[7, 9, 11]. On the one hand, activation of the DLPFC during
functional neuroimaging tasks has been linked to healthy food
choice [12], inhibition of hunger and food cravings [13, 14],
and successful weight loss [15—17]. Furthermore, variation in
the recruitment of the DLPFC while viewing food images or
during performance of a task that requires impulse control can
predict successful response to a hypocaloric diet beyond
behavioral measures [18, 19]. In addition, individuals with
obesity typically show reduced DLPFC activation following a
meal, compared with lean individuals, an effect that can be
corrected by weight loss [20, 21]. Due to its prominent role in
self-regulation, attentional control, decision making, and other
complex executive functions, the DLPFC is well positioned to
orchestrate cognitive regulation of eating behavior in humans,
in conjunction with other high-order brain networks. Impaired
activity in the DLPFC could contribute to the development
and maintenance of maladaptive eating behaviors in obesity,
hindering the translation of healthy dietary goals into daily
behaviors and ultimately favoring overconsumption of
calorically dense foods that can lead to weight gain. Finding
novel brain-based strategies to rebalance DLPFC and cogni-
tive control over food intake could help accelerate preventive
and therapeutic efforts in obesity.

Noninvasive neuromodulation is a commonly used
approach to alter human brain function in a safe, tolerable,
and convenient manner [22]. By experimentally enhancing or
disrupting the activity of specific brain areas, it may be pos-
sible to remediate neurocognitive deficits. Transcranial direct
current stimulation (tDCS) is one of the available techniques
for noninvasive neuromodulation. During tDCS, mild electric
currents are applied over the scalp flow between two electrode
pads. As currents enter the head, they can impact neuronal
excitability, modulating neuronal resting membrane potential
toward increased excitability (anodal tDCS) or decreased
excitability (cathodal tDCS), in a direction-dependent manner
[23, 24]. The use of tDCS has come of age in recent years
with accumulated experience encompassing 10,000+ sessions
and >1000 subjects receiving repeated sessions. tDCS has
been used in a growing number of studies in the field of food
craving, eating behavior, and obesity, with DLPFC as the
target of choice. Anodal tDCS applied over the DLPFC can
cause a reduction of food craving, appetite, and in some cases
food intake and body weight [10, 25-28]. While some of
these existing studies are promising, others have failed to
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identify an effect, possibly due to high interindividual varia-
bility. A better understanding of mechanisms of action and
drivers of variability is needed to generate adequate knowl-
edge to guide future directions [25]. The available data with
tDCS in eating behavior, food craving, and obesity are limited
to acute or short-term effects. It is unclear whether the
observed effects can be sustained over time in the context of
obesity, where demonstration of efficacy requires at least
6-12-month follow-up. In addition, the majority of studies
have tested the effects of tDCS in isolation, without exam-
ining the impact of a diet or lifestyle change intervention, a
necessary step to study the potential of this approach to
facilitate weight loss. Overall, there is need for more evidence
on the clinical potential of targeting the DLPFC with tDCS in
individuals with obesity.

The present study was designed to address some of the
limitations mentioned above. We conducted a clinical trial
aimed at investigating the effects of DLPFC-targeted tDCS on
change in body weight (primary outcome). As secondary out-
comes, we examined behavioral effects regarding appetite,
eating behavior, food craving, and neurocognitive performance
in a DLPFC-related task. This article provides full results of the
trial as prespecified; detailed analysis of appetite changes
immediately before and after tDCS sessions has been reported
in a recent publication [29]. The trial involved a 1-month
intervention with tDCS alone and in combination with a
hypocaloric diet, followed by 6-month follow-up. We selected
young adult women as the study population based on prior
evidence with tDCS at the time of study conception [10], and
to reduce outcome variability. As an exploratory analysis, we
also considered the effect of genetic polymorphism in a gene
previously associated with different response to tDCS:
Catechol-O-methyl transferase (COMT). We hypothesized that
the active tDCS group would have more weight loss at the end
of the study, in parallel with improvements in eating-behavior-
related parameters and neurocognitive measures.

Material and methods
Participants

Women, aged 20-39 years with obesity BMI 30-35 kg/m? and
stable weight for 3 months or longer prior to enrollment, were
recruited from the state of Sdo Paulo, Brazil. Exclusion criteria
included pregnancy, diabetes, acute and chronic kidney disease,
pancreatitis, or any other significant medical condition, any
active psychiatric or neurological condition at the time of
joining the study, intake of centrally acting medications that
could interfere with tDCS effects, anemia (Hgb < 12 g/dl), and
contraindications for tDCS, which include damaged skin at the
site of stimulation, any electrically sensitive or metallic device
and history of epilepsy [24].
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Experimental design and randomization

This was a randomized, double-blind, sham-controlled clin-
ical trial comparing active versus sham tDCS groups at three
intervention phases (Fig. 1): Phase I, farget engagement:
immediate effects of a baseline tDCS session target (DLPFC)-
related cognitive performance, Phase II, tDCS only: effects of
ten daily tDCS sessions during a period of 2 weeks, and Phase
11, tDCS + hypocaloric diet: combined effects of six tDCS
sessions plus a hypocaloric diet administered at an inpatient
setting over 2 weeks. After intervention, participants were
followed for a period of 6 months, during which outcomes
were measured at 1, 3, and 6 months.

Participants were randomized by the investigator (1:1:
allocation ratio—active tDCS and sham tDCS) considering
stratification by age. Participants and the investigators
administering tDCS and collecting outcome data remained
blinded to study group assignment (double-blind). All study
procedures took place between January 2017 and Septem-
ber 2018 at the Metabolic Unit of Clinical Hospital from
Ribeirdo Preto Medical School, Sao Paulo University. The
study was approved by the Hospital’s Ethics Committee
(number 8463/2016) and was registered at clinicaltrials.gov
(NCT02953353), prior to enrollment. Informed consent was
obtained from all subjects.

Interventions
Transcranial direct current stimulation protocol
We used a tDCS montage aimed at enhancing the excit-

ability of the left DLPFC (anode placed over F3, based on
the 10:20 EEG system, and cathode placed over the right

supraorbital area). For each active tDCS session, stimu-
lation was delivered at 2 mA intensity for 30 min, with
30 s fade in/fade out periods. For sham stimulation, the
procedure was identical to active tDCS, except that the
electric current flowed for only 30s, to mimic the sub-
jective sensations that occur with active tDCS [30]. To
minimize variability, sessions were administered in the
morning, after 2 h of fasting. All tDCS procedures strictly
followed currently recommended standards regarding
technical parameters and safety [23, 24, 31]. tDCS was
delivered with a Soterix Medical 1 x 1 tDCS Stimulator
Model 150x Clinical Trials that allows stimulation with
participant codes for optimal blinding (Soterix Medical
Inc., New York, NY), using 5 x5 cm sponge electrodes
(Soterix Medical EASY pads, Soterix Medical Inc.)
soaked in a 0.9% sodium chloride solution.

Hypocaloric diet

The hypocaloric diet followed standard recommendations
from the Institute of Medicine [32, 33] and consisted of
30% reduction in energy intake requirements based on
measured resting energy expenditure (REE), 10% of ther-
mic effect of food, and estimated level of physical activity
by questionnaire [34].

REE was assessed by indirect calorimetry (IC) using the
ParvoMedics TrueOne” 2400 Canopy System (Sandy, Utah,
USA) [35]. Ethanol-burning tests were previously performed
using the ethanol-burning kit from Cosmed” in order to
guarantee the quality of the measurements. IC test was con-
ducted in the morning with subjects having fasted for 12 h.
Participants were asked to rest quietly in a temperature-
controlled room for 30 min prior to beginning the test [36].

Phase | Phase Il Phase IlI Phase IV
Target engagement tDCS only tDCS plus diet Diet only (Follow-up)
—p —p —p
Baseline Weeks 1-2 Weeks 2-4 1 Month 3 Months 6 Months
Anthropometry ° ° . . . °
Body composition . . . . .
Resting energy expenditure o . .
Appetite ° . . . .
Eating behavior . . . . o o
Food craving o . . . . .
Food intake . . . .
Cognitive performance o .

Interpretation | Immediate effects

Cumulative effects Maintenance

Fig. 1 Experimental design: randomized, double-blind, sham-
controlled clinical trial comparing active versus sham tDCS,
with four stages. Phase I, Target engagement: immediate effects of a
baseline tDCS session on target (DLPFC)-related cognitive perfor-
mance (working memory). Phase II, tDCS only (2 weeks): effects of
ten tDCS sessions. Phase III, tDCS + hypocaloric diet (2 weeks):

combined effects of six tDCS sessions plus a hypocaloric diet. Phase
IV (follow-up): Follow-up 1, Follow-up 3, and Follow-up 6: 1, 3, and
6 months after intervention, respectively. tDCS transcranial direct
current stimulation, VAS visual analog scale, DLPFC dorsolateral
prefrontal cortex.
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Data were acquired for 40 min using a canopy hood as
recommended [37]. Weir’s formula [38] was used to calculate
energy expenditure, and Frayn’s formula [39] to calculate
carbohydrate and lipid oxidation, excluding the first 10 min of
data collection for volume of oxygen inspired (Vp,) and
volume of carbon dioxide expired (Vco,) analyses. Respira-
tory quotient was calculated using the ratio of Vo, to Vo,.

Outcome measures
Anthropometrical and body composition measurements

The primary outcome was change in body weight
throughout the study. Prior to body weight assessment,
subjects were asked to empty their bladder, remove their
shoes, and wear light clothing. Weight was obtained with a
calibrated mechanical scale equipped with a stadiometer
that was used to measure height (Filizola™, Sdo Paulo,
Brazil). BMI was calculated and classified using guidelines
published by the World Health Organization [40].

Body composition was assessed using Biodynamics 450°
(Biodynamics™ Corp., Shoreline, WA, USA), single fre-
quency bioelectrical impedance analysis (50 kHz) method,
according to recommendations [41].

Appetite

Changes in appetite were evaluated at Phase I and follow-up
using anchored visual analog scales, with participants
having fasted for 12h. We used four standard questions:
“How hungry are you?” “How full are you?” “How strong
is your desire to eat?” “How much food do you think you
could eat now?” to assess hunger, fullness, desire to eat, and
prospective consumption [42].

Eating behavior

Changes in eating behavior were assessed during the different
phases of the study using the Brazilian version of the three-
factor eating questionnaire-R21 (TFEQ-21) [43]. The TFEQ-
21 consisted of 21 items divided into three factors: cognitive
restraint, uncontrolled eating, and emotional eating. Scores for
each factor were transformed into a 0—100 range.

Food craving

Changes in food craving were assessed using the Brazilian
validated version of the Food Craving Questionnaires State
and Trait (FCQ-State and FCQ-Trait, respectively) [44].
The FCQ-State was assessed during the different phases of
the study and consisted of 15 questions, grouped into five
dimensions: an intense desire to eat (Desire); anticipation of
positive reinforcement that may result from eating (Pos R);
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anticipation of relief from negative states and feelings as a
result of eating (Neg R); thoughts of preoccupation with
food and lack of control over eating (Lack Co); and craving
as part of the sensation of hunger, a physiological state
(Hunger). The full-scale score corresponds to the sum of the
scores obtained in each dimension. For the FCQ-Trait, a
total score was obtained by summing the items in this
questionnaire during Phase I and at the end of the study.

Energy and macronutrients intake

Energy and macronutrient intakes were assessed via dietary
recalls (two on weekdays, one on Saturday, and one on
Sunday). To improve the quality of the portion size infor-
mation obtained, participants were instructed to use a pho-
tographic record book by a trained dietitian [38]. Food
consumption was converted into g or ml using a standar-
dization of home measures and the picture booklet [45, 46].
Energy and macronutrient intakes were estimated using the
software Virtual Nutri Plus®, updated with data from the
Brazilian Food Composition Table [47] and the USDA
American Table [48]. Macronutrient intake was assessed
using the acceptable macronutrient distribution ranges
recommendations [33].

Cognitive performance

Cognitive performance in a food-modified working
memory test was evaluated during Phase II, immediately
before the first tDCS session and immediately after the last
tDCS session, to assess participants’ working memory in
the context of food. The task was comprised of three
blocks of increasing difficulty level. The first block was a
1-back task, in which participants were instructed to press
the spacebar of a computer if the image of food presented
in a given trial matched the image presented one trial
before. The second and third blocks consisted of a 2-back
and 3-back task, respectively, in which participants were
to press the spacebar when an image matched the image
presented two and three images before, respectively. Each
block had a total of 200 trials (trial duration: 2 s), of which
60 trials were match trials—defined as trials in which the
current food figure matched the one presented before it
(one, two, or three images, depending on block). For each
block, we assessed accuracy rate—the number of correct
match trials out of the total match trials, and speed (mean
reaction time) for match trials that were performed cor-
rectly [49]. Food images were taken from a previously
validated battery [50].

At target engagement (Phase I), subjects also performed a
computerized working memory task immediately before and
after the first tDCS session. The purpose of this task was to
provide an indication of acute effects of tDCS on the target
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(Ieft DLPFC). This task was a letter N-back with 1-, 2-, and 3-
back blocks. Full information and results in this task have
been reported in another recent publication [29].

The rationale for using a working memory task was
based on the tDCS target, DLPFC, an area associated with a
broad range of cognitive operations, but with a central and
necessary role in the support of working memory operations
[51]. This direct relationship of DLPFC with working
memory could facilitate detection of tDCS effects on the
target more closely and precisely.

Genotyping

Genotyping was individually performed from genomic
DNA extracted from whole blood using a DNA blood mini-
kit DNA AS1010 (Promega, Madison, WI, USA) using the
Maxwell” MDs automated nucleic acid extraction system
(Promega, Madison, WI, USA) for screening of COMT
Vall58Met variation as previously described [29]. Detailed
analysis is provided in Supplementary Information.

Statistical analysis

Kolmogorov—Smirnov test was used to assess the normality
of the data. Baseline characteristics between the groups
were compared using #-test for normal variables and Wil-
coxon for nonnormal variables.

Primary outcome (change in body weight) and secondary
outcomes were analyzed using linear mixed-effects models.
Separate models were performed for each dependent vari-
able. Models included treatment group (active tDCS versus
sham tDCS). Additional analyses included genotypic status
(Met carriers versus Met noncarriers) as well as their
interaction as fixed effects and subjects as random effects.

Weight regain in the active group was compared with
participants in the sham group considering only the follow-
up period by using Fisher exact test.

Working memory task data were analyzed using mixed
ANCOVA, with accuracy rate and mean reaction time as
dependent variables, time (pre-tDCS and post-tDCS) and
treatment (active and sham) as independent variables.

These analyses were conducted in IBM SPSS Statistics
version 21.0. IBM Corp., Armonk, New York). A two-
sided significance level was set to 0.05 in all analyses. We
did not adjust for multiple comparisons to avoid type II
error (i.e., missing true effects) and due to the exploratory
nature of this study. We determined that a total sample size
of 30 participants (n = 15 per group) would be adequate to
detect a significant difference between groups for the pri-
mary outcome of the trial (NCT02953353), given alpha =
0.05, two-tailed hypothesis, and 80% power. Effect size was
estimated based on data from two previous studies with
tDCS in obesity and appetite/food craving [52, 53]. We

used G*Power 3, a validated statistical software [54], for
these calculations. The final sample size was adjusted to
account for potential dropouts.

Results
Participant characteristics

Participant’s recruitment and screening is shown in the
CONSORT Flowchart Supplementary Fig. 1. From 9667
inquiries, 85 subjects were assessed for eligibility and 47
declined to participate, giving a total of 38 women, aged
20-39 years, BMI 30-35kg/m?, enrolled in the study and
randomized. Baseline characteristics did not differ between
sham or active tDCS group (Table 1) nor did education and
ethnicity.

Primary outcome

Anthropometric and body composition measurements by
study stage are presented in Fig. 2 and Supplementary Table 1.
We found no group difference in change in body weight
during the intervention (sham tDCS: —0.37 £ 0.24%, active
tDCS: —0.13£0.27% for Phase II; sham tDCS: —2.27 +
0.37%, active tDCS: —2.82+0.32% for Phase III). How-
ever, linear mixed-effects models analysis (Supplementary
Table 5) revealed a significant group effect (linear mixed-
effects models, p=0.022; r-test, p =0.030 at 6-month
follow-up): participants in the active group lost less weight
than those in the sham group (sham tDCS: —7.41 +1.50%,
active tDCS: —2.62+1.41% for Follow-up 3). When con-
sidering only the follow-up period, we observed differences

Table 1 Baseline anthropometric and body composition characteristics
between the groups.

Characteristic Sham tDCS Active tDCS P value®
(n=18) (n=20)

Age, years 30.61 +1.21% 32.16 £ 1.17 0.364
Weight, kg 86.31+1.84 86.60 +1.85 0.914
Height, cm 1.62 +£0.02 1.61£0.01 0.821
BMI, kg/m® 32.98 £0.21 33.27+0.30 0.430
Waist 107.08 +1.22 107.10+1.74 0.990
circumference, cm

Fat-free mass, kg 53.44+1.09 53.04 +1.06 0.794
Fat-free mass, % 61.98 +0.57 61.31 +£0.50 0.381
Fat mass, kg 32.31+0.91 33.50+£0.95 0.374
Fat mass, % 37.44 +0.69 38.62+0.49 0.171

tDCS transcranial direct current stimulation, BMI body mass index.
#Values are expressed as mean = SEM.

bIndependent Student’s ¢ test for comparison between sham and active
tDCS groups.
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Fig. 2 Primary outcome. a Change in body weight (%). b Change in
energy intake (kJ/day). ¢ Change in percent of fat mass. d Change in
percent of fat-free mass, compared with Phase I for sham versus active

in weight regain. Specifically, 77% of participants in the
active group regained weight, compared with 17% of par-
ticipants in the sham group (Fisher’s exact, p = 0.005).

Change in body composition differed between groups
throughout the study (linear mixed-effects models p =
0.039 and p =0.033, respectively, for percentage of fat
mass and fat-free mass). At 6-month follow-up, participants
in the sham group had higher % of fat-free mass (¢-test, p =
0.011 at Follow-up 3) and lower % of fat mass compared
with participants in the active group.

Supplementary Table 2 shows metabolic profile data.
There was a significant group effect (linear mixed-effects
models p =0.038 and p <0.01, respectively, for REE and
REE/kg). However, we only observed a significant differ-
ence for change in REE and REE/kg between groups after
the intervention with tDCS plus hypocaloric diet (z-test, p =
0.028 and p =0.023, respectively, at final of Phase III).
Participants in the sham group had a larger reduction in
REE, compared with participants in the active group. There
was no significant difference in the change in respiratory
quotient for carbohydrate and lipid oxidation rates.

Secondary outcomes
Figure 3 illustrates appetite and eating behavior outcomes,
and Supplementary Table 3 reports the results for food

craving.
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tDCS groups. Ph.I Phase I, Ph.II last day of Phase II, Ph.III last day of
Phase III, Fupl 1-month follow-up, Fup2 3-month follow-up, Fup3
6-month follow-up, tDCS transcranial direct current stimulation.

We found no difference in appetite change between sham
and active tDCS groups at baseline as well as throughout
the follow-up period (Supplementary Table 5).

Eating behavior did not differ significantly between
groups at baseline. We also did not find significant differ-
ences for change in uncontrolled eating, emotional eating,
and cognitive restraint between the groups (Supplementary
Table 5). However, change in cognitive restraint showed a
trend for a higher reduction in the active tDCS group during
the follow-up period (sham tDCS: 7.52 + 3.63, active tDCS:
5.93 +4.25 for Phase II; sham tDCS: 26.98 +5.11, active
tDCS: 36.30 + 6.79 for Phase III; sham tDCS: 30.56 +4.46,
active tDCS: 28.15+5.85 for Follow-up 1; sham tDCS:
24.54 £4.46, active tDCS: 13.25+6.88 for Follow-up 2;
sham tDCS: 20.83 +5.60, active tDCS: 9.83 +5.87 for
Follow-up 3).

Food craving did not differ between groups for any of the
dimensions at baseline. Change in food craving (state) did
not differ between groups throughout the study (Supple-
mentary Table 5).

Energy and macronutrients intake

Figure 1 illustrates change in energy intake, and Supple-
mentary Table 4 reports the results for energy and macro-
nutrient intake by study stage. We found no group
difference in change in energy and macronutrient intake
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Fig. 3 Secondary outcome. Change in appetite and eating behavior
compared with Phase I for sham versus active tDCS groups. a Hunger;
b Desire to eat; ¢ Fullness; d Prospective consumption; e Uncontrolled
eating; f Emotional eating; g Cognitive restraint. Ph.I Phase I, Ph.II last

(Supplementary Table 5). Both groups showed a macro-
nutrient distribution within recommended ranges (IOM,
2005): carbohydrate 45-65% of daily value (DV), protein
10-35% of DV, lipids 20-35% of DV.

day of Phase II, Ph.III last day of Phase III, Fupl 1-month follow-up,
Fup2 3-month follow-up, Fup3 6-month follow-up, tDCS transcranial
direct current stimulation.

Cognitive performance

Cognitive performance in the food-modified working
memory test did not change significantly between groups for
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speed measures (mean reaction time) and accuracy rate in
the 1-back, 2-back, and 3-back blocks of task during the
tDCS intervention period (Supplementary Table 5). How-
ever, as shown in Fig. 4, average values seemed to be in the
direction of better cognitive performance in the active group.

Effect of genotype

Genotype distribution of Met carriers and Met non-
carriers of COMT Vall58Met polymorphism was: sham
tDCS — 6 Met noncarriers and 12 Met carriers (n = 18),
active tDCS — 8 Met noncarriers and 12 Met carriers
(n=20).

Figure 5 shows data for change in body weight and
appetite for Met carriers and Met noncarriers (sham
and active groups). Linear mixed-effects models analy-
sis revealed an overall interaction between group x
time x COMT genotype (p =0.030). Active Met non-
carriers differed significantly, compared with all parti-
cipants in the sham group at Follow-up 3 (z-test,
p=0.026), representing a subgroup that regained

A

1-back 2-back 3-back

(post vs pre tDCS)
o

-20

Mean reaction time change (ms)

OSham ®Active

Accucary rate change (%)

weight at 6-month follow-up. We observed a trend for
higher levels of appetite for Met noncarriers of COMT
Vall58Met polymorphism during the follow-up period
(Wilcoxon test, p =0.052 for prospective consumption
at Follow-up 1).

Discussion

In this clinical trial, we examined the effects of DLPFC-
targeted tDCS on body weight, appetite, and eating beha-
vior in young adult women with obesity. We studied
immediate and cumulative effects of an intervention con-
sisting of tDCS only, followed by tDCS combined with a
hypocaloric diet. We also studied maintenance effects over
a follow-up period of 6 months. Contrary to our hypothesis,
we did not find that active tDCS was beneficial for weight
loss in this study population. In fact, we observed that, over
time, the active group showed a tendency to lose less weight
than the sham group, with a clear difference emerging only
at the end of the study (6-month follow-up). Genetic

w

1-back 2-back 3-back

(post vs pre tDCS)

-20

OSham ®Active

Fig. 4 Cognitive performance. a Mean reaction time change (ms). b Accuracy rate change (ms) 1-back, 2-back, 3-back, between sham and active
tDCS groups (day 1 versus day 10 of Phase III). Error bars indicate standard error of the mean. tDCS transcranial direct current stimulation.
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Fig. 5 Effect of COMT polymorphism. a Change in body weight
(%). b Change in prospective consumption between sham and active
tDCS for Met carriers and Met noncarriers for COMT. Ph.I Phase 1,
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analysis indicated that COMT Met noncarriers were the
subgroup that accounted for this paradoxical response in the
active group, showing a pattern of weight regain.

Several reasons may explain the unexpected findings in
body weight in our study. First, recent research suggests
that tDCS targeted to the DLPFC can induce dopamine
release in the striatum [55]. Thus, it is possible that the
paradoxical response of Met noncarriers may involve
dopaminergic effects. Whether tDCS-triggered dopamine
impacts DLPFC and becomes inactivated more rapidly in
Met noncarriers is currently unknown. If that were the case,
our results would fit well with the notion that excessive
fluctuation of dopamine levels could facilitate overeating
and hinder weight loss efforts. Alternatively, through other
mechanisms, tDCS could enhance the expression of obesity
risk status posed by low dopamine levels genetically
determined [56]. Another factor that may have partially
contributed to our findings is participants’ age (20—40 years
old). Young adults may be more vulnerable to the influence
of dopamine tone and potential fluctuations triggered by
tDCS, due incomplete brain maturity and developmental
mismatches between brain areas supporting high-level
cognitive processing and those related to reward and emo-
tional processing [57, 58]. Last, it is also important to note
that the paradoxical effects of tDCS only emerged during
Phase IV, when subjects were following the diet at home,
with no supervision. This suggests that the tDCS interven-
tion may have induced a decrease in self-regulatory capa-
city. In support of this possibility, our behavioral data
showed a reduction in cognitive restraint over time in the
active group.

Previous research with tDCS in the field of obesity has
reported mixed results. A small trial conducted in a well-
controlled inpatient setting found that three sessions of
tDCS caused a significant reduction of body weight over the
course of a week [52]. However, this finding could not be
replicated in a larger follow-up trial, despite observing
significant reductions in appetite and a snack intake test
[11]. The study population in these investigations was broad
in terms of age, gender, and ethnic groups, and large
interindividual variability was noted. Besides these two
trials, another recent similar, albeit shorter, trial examining
the effects of tDCS in combination with a hypocaloric diet
in 40 midlife women found a beneficial effect on weight
loss and food-related neurocognitive performance [59].
Given the main difference in the age profile of participants,
and similarities in many other aspects of the trial (tDCS
target, procedure, hypocaloric diet, etc.), this discrepancy
may support the critical role of age in the response to tDCS
in women with obesity.

Regarding secondary outcomes, we did not find any
improvement in food craving or energy intake in the active
group, contrary to some previous studies [28, 60]. However,

a recent meta-analysis reported that, based on the available
data, there is insufficient evidence supporting an effect of
tDCS in food craving, noting the importance of individual
variability [26]. Similarly, we did not see any group dif-
ference in appetite during the study from measures collected
under 12h of fasting. However, using appetite measures
collected under 4h of fasting, pre- and post-tDCS, we
showed, in a recent publication related to this trial, both a
reduction of appetite in Met carriers and a delayed para-
doxical increase in appetite in Met noncarriers during the
intervention period. This publication investigated the
influence of COMT Vall58Met genotype variability on
appetite effects of DLPFC-targeted tDCS [29]. The
observed discrepancy between our appetite measures sug-
gests that the effects of tDCS on appetite may be more
prominent under short fasting hours, suggesting the invol-
vement of nonhomeostatic pathways regulating feeding.
Last, we did not see a significant effect of group on per-
formance in the food-related cognitive task, even though the
averages were all in the direction of an improvement in task
speed and accuracy in the active group. This would be
compatible with target engagement and immediate facil-
itatory effects on the brain target, as expected with the tDCS
montage and parameters used [61].

The findings of this study are also compatible with
identified differences in the response to tDCS based on
dopamine availability, determined by COMT genotype and
characterized by an inverted U-shape (reviewed in [62]).
Thus, Met carriers and Met noncarriers typically behave
differently when they receive anodal tDCS targeted to
DLPFC [62].

Our study represents the longest and most comprehen-
sive investigation to date evaluating the effects of tDCS in
obesity. Strengths of our study include a clinical trial design
with 6-month outcome data, systematic delivery of tDCS
sessions and data collection, simultaneous assessment of
clinical, behavioral and cognitive parameters, and the use of
multiple phases in the design as a window into potential
mechanisms. Importantly, this study allowed direct com-
parison between the effects of a diet delivered under direct
supervision (inpatient unit), versus a diet that was self-
managed by participants (Phase IV). Our data confirmed
that all subjects were able to lose weight under direct
supervision, with no difference between groups at the end
of the intervention. However, under free living conditions,
participants varied in their ability to continue the diet. We
identified, for the first time, COMT Met noncarrier status as
a potential genetic profile in young women with obesity in
whom tDCS may be used with caution, e.g., in combination
with pharmacological manipulations of COMT, or not used
at all. Overall, our study is a first step toward understanding
the clinical relevance and potential mechanisms of tDCS
targeted to the DLPFC in obesity.
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This study has some limitations including the restriction
of the study sample to young adult women with BMI ran-
ging from 30 to 35 kg/m?, which could potentially impact
the generalizability of our findings. Furthermore, we have
only evaluated COMT as source of tDCS response varia-
bility, while there are other contributors that not only
influence tDCS response, but also overeating and changes
in body weight. Overall, our findings should be considered
preliminary, particularly for the case of exploratory analysis
comparing COMT genotype subgroups. A larger trial will
be needed to confirm the null active tDCS effect or possibly
support the paradoxical effect on weight observed in this
subpopulation of young women with obesity. Future studies
should also evaluate the effects of tDCS in obesity for
different subgroups of age, gender, and BMI, while also
addressing sources of variability. Understanding drivers of
response variability is a priority in the field of tDCS, in
general [63]. In addition, we assessed working memory
processing with a food-modified N-back task. We did not
measure cognitive control directly; however, there are
known complex relationships between working memory
capacity and cognitive control, e.g., through flexible control
of attention. We also collected self-reported behavioral
measures that can be influenced by cognitive control, such
as food craving and uncontrolled eating behavior (TFEQ-
21). Due to this limited assessment, it is difficult to make
conclusions on cognitive mediators and cognitive-
behavioral relationships underlying our results. Another
limitation of our study is a 6-month follow-up period, which
did not allow for a more extensive period to address aspects
of weight maintenance variability. An unmet need in obe-
sity treatment is to reverse the compensatory drive to regain
lost weight [46, 47]. More studies are needed to advance the
knowledge of techniques to promote the maintenance of
weight loss.

In conclusion, we recommend caution in the adminis-
tration of DLPFC-targeted tDCS in young women with
obesity. This approach should perhaps not be used in this
subpopulation, as it can induce paradoxical responses,
possibly related to COMT Vall58Met genotype status. Our
results suggest that tDCS effects on appetite and body
weight may be mediated by dopamine neurotransmission.
Future clinical trials with tDCS in obesity should examine
in detail individual sources of response variability.
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