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Abstract

Obesity remains a major public health concern and novel treatments are needed. Transcranial
direct current stimulation (tDCS) is a neuromodulation technique shown to reduce food craving
and consumption, especially when targeting the dorsolateral prefrontal cortex (DLPFC) with a
right anode/left cathode electrode montage. Despite the implications to treat frank (non-
bingeeating) obesity, no study has tested the right anode/left cathode montage in this population.
Additionally, most tDCS appetite studies have not controlled for differences in traits under DLPFC
control that may influence how well one responds to tDCS. Hence, N = 18 (10F/8M) adults with
frank obesity completed the Dutch Eating Behavior Questionnaire-Restraint and Barratt
Impulsiveness Scale, and received 20 min of 2 mA active tDCS and control tDCS session. Craving
and eating was assessed at both sessions with a food photo “wanting” test and in-lab measures of
total, preferred, and less-preferred kilocalories consumed of three highly palatable snack foods.
While main effects of tDCS vs. control were not found, significant differences emerged when trait
scores were controlled. tDCS reduced food craving in females with lower attention-type
impulsiveness (p = 0.047), reduced preferred-food consumption in males with lower intent to
restrict calories (p = 0.024), and reduced total food consumption in males with higher non-
planning-type impulsiveness (p = 0.009) compared to control tDCS. This is the first study to find
significant reductions in food craving and consumption in a sample with frank obesity using the
most popular tDCS montage in appetite studies. The results also highlight the cognitive-based
heterogeneity of individuals with obesity and the importance of considering these differences
when evaluating the efficacy of DLPFC-targeted tDCS in future studies aimed at treating obesity.
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1. Introduction

Obesity is a major public health concern as it affects over one-third of the United States
population and results in life-threatening medical complications (Ogden, Carroll, Kit, &
Flegal, 2014; Smith & Smith, 2016). Current weight loss strategies are moderately effective
in producing initial weight loss but weight regain is common (Wing & Hill, 2001). Bariatric
surgery is effective, but it is invasive and costly. Drug therapies are available but their side
effects commonly lead to their discontinuation (Bray, Friibeck, Ryan, & Wilding, 2016).
Therefore, a new obesity treatment or treatment adjunct is needed that is safe, economical,
and long-lasting.

Transcranial direct current stimulation (tDCS) is an inexpensive, non-invasive
neuromodulation technique that has been found to decrease food consumption and food
craving, especially when using a right anode/left cathode montage over the dorsolateral
prefrontal cortex (DLPFC; see Table 1). Anodal stimulation increases spontaneous neuronal
excitation while cathodal stimulation inhibits it (Creutzfeldt, Fromm, & Kapp, 1962). The
DLPFC is targeted because of its role in cognitive control (Gilbert & Burgess, 2008), a
putative functional mechanism in the suppressing effects on food craving and consumption
(Lapenta, Sierve, de Macedo, Fregni, & Boggio, 2014). However, despite the obvious
implications of tDCS to potentially treat obesity, only one of the ten tDCS studies aiming to
reduce craving and eating has used the popular right anode/left cathode montage in this
population (Table 1).

The one study using the right anode/left cathode montage was conducted in our laboratory
(Burgess et al., 2016) where we found reductions in food craving and food consumption.
However, all of the participants with obesity were also diagnosed with binge-eating disorder
(BED) or subthreshold BED, and their responses to tDCS cannot be generalized to frank
obesity (defined here as non-BED obesity) since BED is a mental disorder with unique
neural, behavioral, and psychopathological correlates from non-BED obesity (Balodis et al.,
2016; Herbozo, Schaefer, & Thompson, 2015; Schag, Schonleber, Teufel, Zipfel, & Giel,
2013).

Therefore, the main aim of this study was to test the efficacy of the right anode/left cathode
tDCS montage to reduce food craving and consumption in participants with frank obesity.
The study also determined the degree to which tDCS suppression of craving and eating in
frank obesity was influenced by individual baseline differences. Not everyone responds to
the expected effects of tDCS. Individual differences in physiology or behavior may explain
differential responding to tDCS in eating and other behaviors. For example, individual
differences in certain gene variants (Wiegand, Nieratschker, & Plewnia, 2016), in brain
current density following stimulation (Kim et al., 2016), and in baseline performance of
targeted functions (Hsu, Juan, & Tseng, 2016), have been found to influence the magnitude
of tDCS-induced improvement on the condition being tested. In tDCS appetite studies, only
two studies, to date, have considered the influence of individual trait differences on tDCS
efficacy (Table 1). Kekic et al. found that tDCS reduced food craving more effectively in
those with lower vs. greater impulsiveness on a reward-choice task (Kekic et al., 2014), but
these were healthy-weight participants. Our lab also found that greater vs. lower intent to
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restrict calories predicted tDCS suppression of food craving, but these were participants with
BED (Burgess et al., 2016). However, both studies hint that greater baseline cognitive
control may enhance the anti-obesity actions of tDCS. Hence, investigating the effect of
individual differences in cognition-related traits on tDCS responses may elucidate the source
for inconsistent results across participants and help predict who might benefit the most from
tDCS-based treatments. Additionally, given the promise of a tDCS-based treatment for
obesity, it is important to understand the effectiveness of tDCS in both males and females as
obesity affects both groups (Ogden et al., 2014) and previous work in our lab found that
males and females respond differently to tDCS (Burgess et al., 2016).

Given the results of this study in BED, the study by Kekic et al. and previous studies using
the right anode/left cathode montage, it was hypothesized that a single session of right
anode/left cathode tDCS of the DLPFC would suppress food craving and eating more than a
session of control tDCS in a male and in a female sample of frank obesity. Furthermore, it
was hypothesized that significant responses to tDCS would depend on baseline differences
related to cognitive control, specifically, that those with greater intent to restrict calories and
with lower trait impulsivity would exhibit a greater tDCS suppression of food craving and
consumption.

2. Methods
2.1. Subjects

Participant recruitment and selection is outlined in Fig. 1. The most common reasons for
exclusion were allergy to test-food ingredients, BED status, and disinterest in participating.
Other exclusion criteria included pregnancy, breastfeeding, uncontrolled diabetes or
hypertension, and standard tDCS study exclusions such as history of bipolar disorder and
metal or electrical implants (Bikson et al., 2016). The study was approved by The University
of Alabama at Birmingham (UAB) Institutional Review Board for Human Use.

2.2. Transcranial direct current stimulation (tDCS)

An active and control tDCS session was administered in counterbalanced order across the
female and male subgroups. A 1ch stimulator from TCT Research Limited (Hong Kong,
China) with 4 x 6 cm electrodes was used to deliver 2 mA (current density = 0.083 mA/cm?)
of current for 20 min in the active tDCS condition. In the control condition, current was
ramped up to 2 mA and back down in the first and last minute of the 20-minute session.
Participants and researchers, other than the one delivering current, were blind to the
stimulation condition. The cathode was placed over F3 (left DLPFC) and the anode over F4
(right DLPFC) based on the EEG 10-20 system. Participants completed physical sensation
rating sheets to report any physical sensations including: some tingling, a lot of tingling,
some itching, a lot of itching, cold or bright, warm, very warm, burning (like scalding
water), burning (like sunburn), and hurts a lot. They were also asked to rate their discomfort
level on a scale from 1 (no discomfort) to 10 (extreme discomfort) 5 min after the start of the
sessions and at the end of the sessions. Both ratings were averaged for analyses.
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2.3. Measures

2.3.1. Demographics, BMI, and hunger—Age, sex, and ethnicity were reported on a
survey. Although all had self-reported height and weight during the screening process,
height and weight were measured in the lab without shoes by an assistant and the formula
k/m? was used to calculate BMI. Current hunger was assessed with a 10-point scale from 0 =
“I am not hungry at all” to 10 = “I have never been more hungry” (Flint, Raben, Blundell, &
Astrup, 2000).

2.3.2. Psychological questionnaires. Barratt Impulsiveness Scale 11 (BIS-11)
—The 30-item BIS uses three subscales to assess types of impulsiveness: “Attentional”
which pertains to degree of concentration, degree of focus, and general cognitive instability;
“Motor” which pertains to degree of acting without thinking and perseverance; and
“Nonplanning” which pertains to degree of self-control and cognitive complexity in future
planning (Patton, Stanford, & Barratt, 1995). Higher scores indicate greater impulsiveness.

2.3.3. Dutch Eating Behavior Questionnaire-Restraint (DEBQ-R)—The 10-item
DEBQ-R measures constructs related to dieting with 2 subscales: “Intent” which assesses
frequency of effort and preoccupation to restrict calories with the goal of losing weight; and
“Behavior” which assesses frequency of successful caloric restriction. Higher scores indicate
greater preoccupation with and restricting calories (Van Strien, Fritjers, Bergers, & Defares,
1986).

2.3.4. Food cravings test—Participants rated 24 food images on a computer screen for
amount of “liking” and current “wanting” to eat each food (0 = “definitely not,” 1 = “not
likely,” 2 = "maybe,” 3 = “probably,” and 4 = “definitely”). The wanting questions served as
a proxy for craving and were obtained before and immediately after the tDCS and control
sessions for a pre-and post-stimulation craving rating of each food. For analyses, the food
images were classified into 4 categories: sweets (e.g., cake, brownies), fatty proteins (e.g.,
bratwurst, ribs), carbohydrates (e.g., biscuits, fries), mixed foods (e.g., pizza, nachos), and
an all-foods category (all 24 foods). For each individual participant, any food with a “liking”
rating less than 2 during the first or second visit was removed from all analyses belonging to
that particular individual. This avoided floor-effects since disliked foods were not expected
to be craved. The number of foods removed are shown in Table 2. Pre-vs. post-craving
scores for each stimulation condition were calculated by subtracting the post-stimulation
from the pre-stimulation wanting ratings for each food. The control tDCS scores were
subtracted from the active tDCS scores. Hence, positive values represent a greater craving
reduction by active tDCS vs. control.

2.3.5. In-lab eating test—Participants were left alone in a room for 20 min with a
generous amount of pre-measured Oreo Double-Stuff cookies, plain M&Ms, and Lay's
potato chips. They were instructed to try at least some of each food so they could complete a
palatability rating sheet which asked them to rate how much they liked the properties of each
food (e.g., smell, taste). The rating scale was a ruse for the actual goal of measuring amount
of food eaten. The participants were encouraged to eat as much food as they wanted and
were instructed to discard any remaining food in a nearby closed trash bin to avoid any self-
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consciousness over amount eaten. All discarded food was weighed and converted to
kilocalories (kcals) to determine amount of total food consumption. In addition, a measure
of preferred- and less-preferred food intake was obtained. Participants were asked to rank
their favorite of the three foods. Preferred-food consumed was the mean kcal intake of each
participant's highest ranked food; less-preferred food consumed was the mean kcal intake of
the two lower ranked foods averaged for each participant. The same script, foods, and time
period were used in our previous study (Burgess et al., 2016). Eating difference scores were
calculated by subtracting kcals eaten with active tDCS from kcals eaten with control tDCS.
Hence, positive values represent a greater reduction in kcal consumption by active tDCS vs.
control.

2.4. Procedures

Prior to each of the two lab visits, participants were instructed to “eat just enough food so
you are not too hungry or too full when you come to the lab.” Research assistants verified
this state of hunger prior to testing and rescheduled anyone that reported feeling overly
hungry or full. The second lab visit was scheduled as close as possible to the same time as
the first lab visit. Participants were then measured for a BMI and completed the hunger
rating scale and battery of questionnaires, followed by the pre-stimulation food craving test.
They were then administered active or control tDCS followed by completion of the post-
stimulation craving test. They were then instructed to complete the palatability rating sheets
during the eating test. Procedures for the second visit were the same as the first except that
they did not complete the battery of questionnaires, they received the alternate stimulation
condition, and they were asked to rank the three eating-test foods for preference. Participants
were then debriefed and compensated.

2.5. Statistical analysis

Between-subject MANOVAs determined differences between males and females on
descriptives and trait scores (Table 3). Within-subject MANOVAs were used to determine
differences between active and control tDCS on the craving (Fig. 2) and eating measures
(Figs. 3 and 4) for males and females separately. Despite small Ns, males (N = 8) and
females (N = 10) were analyzed separately because of previous sex-divergent effects of
tDCS on appetite variables (Burgess et al., 2016) and because to date, most tDCS studies on
craving and eating have used samples composed of predominantly one sex over another (see
Table 1). The separate analyses allowed for more comparable, albeit cursory, comparisons of
results across studies. Age, hunger ratings, BMI, and time-of-day difference between visits
were included as separate continuous covariates and ethnicity and order of stimulation
condition were included as separate between-subject variables in the within-subject
MANOVAs. Only covariates and between-subject variables with a significant effect on the
active vs. control tDCS outcomes were retained when then testing for any moderating effects
of psychological traits (BIS and DEBQ-R sub-scale scores on active vs. control tDCS
outcomes). Finally, between-subject MANOVAs determined differences between males and
females on craving ratings and kcals consumed (Table 4). Four male participants had a lab-
measured BMI < 30, but in the upper overweight range: 28.0, 28.4, 29.4, and 29.5. They
were included because of the difficulty in recruiting males with a BMI >30 and because
analyses revealed no differences between these and the other males on the results reported.
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The data were tested for outliers and none were found. Data are reported as mean (M) and
95% confidence interval (CI).

3. Results

3.1. Demographics, hunger, BMI, and psychological questionnaires

Table 3 lists the mean age, BMI, and hunger ratings for females, males, and the overall
sample. These variables did not differ between females and males (all p > 0.05). Table 3 also
lists mean BIS and DEBQ-R subscale scores. BIS Nonplanning scores were significantly
higher in females compared to males in this sample [F(1,16) = 11.49, p = 0.004] but
comparable to those obtained from healthy adult samples (Stanford et al., 2009) and samples
with non-BED obesity (Nasser, Gluck, & Geliebter, 2004). The mean DEBQ-R scores for
the Intent and Behavior subscales did not differ between females and males in the present
sample and were are also comparable to other samples studied with obesity (Larsen, van
Strien, Eisinga, Herman, & Engels, 2007).

In females, age, hunger ratings, BMI, time-of-day difference between visits, ethnicity, and
order of stimulation condition did not influence the effect of tDCS on food craving or eating.
In males, ethnicity and order of stimulation condition influenced the effect of tDCS on
craving for mixed foods so were included as covariates. Some of the psychological trait
scores influenced tDCS outcomes for females and for males as detailed below.

3.2. Effect of tDCS on food craving

For females, there was no main effect of stimulation condition (active vs. control tDCS).
However, differences emerged when BIS Attentional scores were included as a covariate.
Active tDCS reduced craving more than control. Specifically, active tDCS reduced craving
for: sweets [F(1,8) =5.4, p=0.049, M =0.2, Cl = -0.4, 0.7], for fatty proteins [F(1,8) = 6.0,
p=0.04, M =0.3, Cl =-0.3, 0.8], for mixed foods [F(1,8) = 6.4, p = 0.036, M = 0.3, Cl =
-0.3, 0.9], and for the all-foods category [F(1,8) = 6.4, p = 0.035, M = 0.3, Cl = -0.2, 0.7]
compared to control tDCS: sweets (M = -0.2, Cl = -0.6, 0.2), fatty proteins (M = -0.2, Cl =
-0.6, 0.3), mixed (M = 0.0, Cl = -0.4, 0.4), and the all-foods category (M = -0.1, Cl = -0.4,
0.2). There was also a significant BIS Attention x stimulation condition interaction on
craving for mixed foods [F(1,8) = 5.5, p = 0.047] such that active vs. control tDCS exerted a
stronger suppression of craving in females with lower BIS Attentional scores (Fig. 2).

For males, there was no main effect of stimulation condition (active vs. control tDCS) on
any of the food craving categories with or without controlling for trait scores (all p > 0.05).

As shown in Table 4, liking ratings, pre-vs. post-control wanting ratings, or pre-vs. post-
tDCS wanting ratings (all p > 0.05) did not differ between females and males.

3.3. Effect of tDCS on preferred, less-preferred, and total in-lab food consumption

For females, there was no main effect of stimulation condition (active vs. control tDCS) on
preferred, non-preferred, or total food consumption with or without controlling for trait
scores (all p > 0.05).
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In males, there was no main effect of stimulation condition (active vs. control tDCS).
However, differences emerged when DEBQ-R Intent scores were included as a covariate.
Active tDCS reduced preferred-food kcals consumed compared to control (by 13.3% of
control kcals) [F(1,6) = 10.2, p = 0.019; active tDCS M = 449.3, Cl = 239.7, 658.9 vs.
control tDCS M =518.2, Cl = 294.5, 741.8]. There was also a significant DEBQ-R Intent x
stimulation condition interaction [F(1,6) = 9.0, p = 0.024] such that the reduction of
preferred-food consumption by active tDCS was greater in males with lower DEBQ-R Intent
scores (Fig. 3).

Additionally in males, when covarying for BIS Nonplanning scores, active tDCS
significantly reduced total food consumption compared to control tDCS (by 5.2% of control
kcals) [F(1,6) = 12.0, p = 0.014, active tDCS M =973.1, Cl = 692.1, 1254.0 vs. control
tDCS M = 1026.6, Cl = 706.6, 1346.7]. This reduction was primarily for preferred-vs. less-
preferred food (reduction of 68.9 vs. an increase of 7.6 kcals, respectively). There was also a
significant BIS Nonplanning x stimulation condition interaction [F(1,6) = 14.3, p = 0.009]
such that tDCS reduced total food consumption more in males with higher BIS Nonplanning
scores (Fig. 4). There was no effect of tDCS on less-preferred food consumption in males (p
> 0.05).

As shown in Table 4, males ate significantly more kcals than females with active tDCS from
preferred [F(1,16) = 5.1, p = 0.038, male M = 449.3, Cl = 317.3, 581.2 vs. female M =
259.9, Cl = 141.9, 377.9], less-preferred [F(1,16) = 8.1, p = 0.011, male M = 261.9, Cl =
171.8, 352.0 vs. female M = 98.8, Cl = 18.2, 179.4], and total food [F(1,16) = 15.1, p =
0.001, male M =973.1, Cl = 763.4, 1182.8 vs. female M = 457.5, Cl = 269.9, 645.1]. As
expected, males also ate significantly more kcals than females with control tDCS from
preferred [F(1,16) = 9.8, p = 0.006, male M =518.2, Cl = 369.5, 666.8 vs. female M =
223.1, Cl =90.2, 356.0] and total food [F(1,16) = 7.6, p = 0.014, male M = 1026.7, Cl =
710.7, 1342.6 vs. female M = 474.6, Cl = 192.0, 757.1].

3.4. Stimulation tolerability

Participants reported comparable sensations for tDCS and control, mostly tingling, itching,
and warmth under the electrodes. The mean discomfort ratings were not significantly
different between stimulation conditions [active tDCS = 2.2 (1.9) vs. control tDCS = 1.8
(1.6); ns].

4. Discussion

The main aim of this study was to assess the effect of tDCS to suppress food craving and
consumption in individuals with frank (non-bingeeating) obesity using the most efficacious
electrode montage used in appetite studies. The study also assessed the moderating influence
of cognitive-based functions of the DLPFC on the efficacy of tDCS to suppress craving and
eating. Males and females were tested separately as previous data suggested that the sexes
respond differently to tDCS and it is important to understand how each sex responds to
tDCS given its promising treatment potential. The results of this single-session study provide
favorable initial evidence for tDCS to serve as a treatment or adjunct treatment for frank
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obesity and highlight the importance of controlling for cognitive-based traits when targeting
the DLPFC with tDCS to ameliorate obesogenic factors.

While there were no main effects of active vs. control tDCS, significant effects for active
tDCS to suppress food craving and food consumption over control tDCS emerged when
considering cognitive-based psychological traits. Specifically, intent to restrict calories, as
measured by the DEBQ-R Intent subscale, and Non-planning impulsivity, as measured by
the BIS subscales, influenced tDCS effects on eating in males; whereas Attentional
impulsivity, as measured by the BIS, influenced tDCS effects on craving in females.
Interestingly, individual differences on the Behavior subscale of the DEBQ-R and the Motor
subscale of the BIS did not affect tDCS response. Together this pattern suggests that
differences in traits involving cognitive vs. motor functions are more susceptible to anti-
obesity effects of tDCS in frank obesity and support the right DLPFC as a rational target for
stimulation given its critical role in cognitive control (Hare, Camerer, & Rangel, 2009).

We hypothesized that tDCS effects would be stronger in those with lower impulsivity
because there might be less interference on tDCS to enhance cognitive control. In support of
this hypothesis, tDCS was found to suppress craving more effectively in females with lower
BIS Attentional scores, i.e. with greater ability to pay attention. Conversely, those with
higher Attentional scores (lower ability to pay attention) have been found to, paradoxically,
be hyper-attentive to rewarding stimuli including highly palatable food (Hou et al., 2011).
Since the craving test used photos of highly palatable foods and because these foods play an
integral role in obesity, more tDCS sessions may be required for this subgroup of individuals
with obesity.

Greater attention to food also occurs in overweight and obese individuals that are dieting vs.
not dieting (Bazzaz, Fadardi, & Parkinson, 2017). This may explain why tDCS was not as
effective at reducing food consumption in those with higher intent to restrict as measured by
the DEBQ-R, but significantly reduced eating in those with lower intent to restrict scores.
This effect was significant for preferred-food and only in the male sample. The greater
suppression of tDCS on preferred but not less-preferred food is important as overeating
occurs more frequently with preferred foods (Epstein, Leddy, Temple, & Faith, 2007). The
effect of tDCS to reduce preferred but not less-preferred food replicates findings from our
previous BED obesity study (Burgess et al., 2016) and suggests that food-stimuli that
normally arouses a greater need for cognitive control is more malleable to neuromodulation
by tDCS.

The other significant effect of tDCS on food consumption was to suppress total consumption
in males with higher Nonplanning impulsivity scores. This was contrary to our hypothesis
that lower impulsivity scores would facilitate the effects of tDCS to suppress eating.
Impulsiveness is complex and cannot be represented as an all-encompassing construct
(Patton et al., 1995). However, it is interesting that others have found Attentional and
Nonplanning scores to have opposite relationships on eating behavior. Specifically, higher
Attentional scores are related to binge-eating (Meule & Platte, 2015) while higher
Nonplanning scores are related to reduced food intake in laboratory settings (Nasser et al.,
2004). If those with more difficulty in planning are already primed to eat less in controlled
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settings as suggested (Nasser et al., 2004), it may help explain why the males with higher
Nonplanning scores (more difficulty planning) in this study were more sensitive to the
consumption-suppressing effects of tDCS. Indeed, tDCS exerts its effects not by inducing
action potentials but augmenting spontaneous or ‘primed’ neural activity (Creutzfeldt et al.,
1962).

A last important finding revealed by the inclusion of a male and female sample in this study
is that differences in baseline cognitive-related traits, alone, cannot account for differences in
tDCS responding. For example, tDCS suppressed craving only in females with lower
Attentional impulsivity scores but not in males, despite comparable Attentional scores in the
males. tDCS also suppressed food intake only in males with lower Intent to Restrict scores
and in males with higher Nonplanning impulsivity scores, despite that the females had
comparable Intent to Restrict scores and higher Non-planning impulsivity scores. Clearly,
both sex and baseline psychological differences play a role in tDCS responsiveness and
should be considered in future tDCS studies aimed at treating obesity. Moreover, as a
neuromodulator, tDCS can be used as a tool to elucidate the unique physiology underlying
sex- and trait-based subgroups of obesity.

The study had some limitations. First, when comparing the effect of tDCS on craving and
eating in this study with other tDCS studies, it should be kept in mind that the tests used to
measure these constructs vary between studies and the food photo test has not been
psychometrically validated. Second, the findings may not generalize to other populations
since our sample was mainly college students. Third, ecological validity may have been
compromised by asking the participants to “not be too hungry or too full” when coming to
the lab. Lastly, this is an initial single-tDCS session study in individuals with non-BED, or
“frank” obesity with small Ns representing the male and female subgroups. Larger studies
administering multiple sessions of tDCS are needed with the right anode/left cathode
montage in this important population. Future studies should also test tDCS effects in
different obesity subgroups such as those seeking weight-loss and in different BMI-defined
subgroups (i.e., Class I, Il, and I11). Other cognitive traits are also bound to vary among
those with frank obesity and should likewise be considered when evaluating the promise of
tDCS as a treatment or adjunct therapy.

Despite the study limitations, there are important strengths. Namely, the investigation tested
individuals with frank obesity, a sample representing approximately 1/3rd of the U.S.
population (Hudson, Hiripi, Pope, & Kessler, 2007; Ogden et al., 2014), with the most
promising tDCS montage. Another strength of the study was the inclusion of males and
females and their separate analysis because this elucidated trait x stimulation condition
interactions that otherwise would not have been found if only one sex was tested.

5. Conclusion

The results may help to identify trait- and sex-based subgroups that respond best to tDCS as
a treatment or adjunct therapy for obesity and to predict what subgroups will require a more
intensive tDCS regimen. Finally, among the traits examined, the particular influence of
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cognitive-based baseline traits on tDCS responses provide additional support for the DLPFC
as the ideal target in the neuromodulation treatment of obesity.
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App. N=850 responded to flyers or
an Intro to Psych research survey.

App. N=200 had inclusion criteria:
BMI > 30 and no BED* and were
invited by email.

App. N=80 responded to the email
invitation and were contacted by
phone for a more intensive inclusion
and exclusion criteria screen.

N=27 were eligible and agreed to
participate. N=18 (the first 10F/8M)
participated in this study. N=9F
served in a different study.

Fig. 1.

Page 13

Flow diagram of the participant selection process. *Self-reported height and weight and
survey for DSM-5 BED criteria (American Psychiatric Association, 2013) (via research

survey for Intro to Psych students and phone interview for flyer recruits).
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Fig. 2.
The effect of tDCS to suppress food craving for mixed foods is greater in females (N = 10)

with lower Barratt Impulsiveness Scale (BIS) Attentional scores. Attentional scores x

stimulation condition interaction, p = 0.047; R2 = 0.41.
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Fig. 3.

The effect of tDCS to suppress preferred food consumption is greater in males (N = 8) with
lower Dutch Eating Behavior Questionnaire-Restraint (DEBQ-R) Intent scores. Intent scores
x stimulation condition interaction, p = 0.024; RZ = 0.600.
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Fig. 4.
The effect of tDCS to suppress total food consumption is greater in males (N = 8) with

higher Barratt Impulsiveness Scale (BIS) Nonplanning scores. Nonplanning scores x
stimulation condition interaction, p = 0.009; R2 = 0.71.

Appetite. Author manuscript; available in PMC 2018 September 01.




Page 17

Katherine Ray et al.

‘eale [eyiqioeidns Jano %o;au-_s&m__:zb

'D4d71Q 180 apoyed pue spoue-fesselg,
'S108449 SO} UIeW U0 80UaN|JUI BUILLIBISP O} PISSASSE a1aM Sliel ._.Q
‘palels 8SIMIBLIO SSBJUN UOISSSS [041U0D PUB BAIIJE UIW 0z 8]Buls & pasn saipns v,

"saureuuonsanb BuiARId POOJ OM] LWOJJ S3100S UO ummmgv

‘Aep Jad 20u0 1se3] 18 SBUIARID POO) Paliodal-4|as se umc_h%m.

‘A10juanu| BuiAeID poo ayy AQ pauILLIBIop Yiuow T 10) Yoam Jad sawil € 1ses)| e sareipAyoges 1o ‘syey ybiy ‘siej pooy 1sey ‘sioams 1oy sBuiAelo pooy Buiney se umczmnm

‘gel-ul pasn spooy 1sa1 a3 4oy Aep Jad sBulneld €2 Buiney se umccmuw

1044 "sBulAe1d pooy Jusnbaly = D4 ‘painsesw 10N =

T ‘aapJosip Bunes-abuig = Q3g ‘BWOIPUAS I]]IM-1peId = SMJ ‘panodal 10U = YN ‘XaL00 [eiuo.sald [elale|osiop = D4dT1d ‘Xapul ssew Apoq ueaw = ||AIg ‘UOHEBINWIS JUSLIND 1034IP [eIuedsuel = SOQ)

ON 6N T 10A1U0DZ x BANOEY x UIWOY/YWZ  [elsteiun 85300 sunpyY (€19) 6 (9102) 12 19 >0N19
ON T SBA vwz o [essiepun  biemisanQ sHnpy (s 6 (2102) "[e 30 04B3UBIUON
ON SIA ON vwz  [elewelg N pOFAMSITRY (yN) Tz (8002) e 19 1uBaI4
Dd1@ W8T 8U3 JO UOERINWINS [epouy
(9702)
ON - SBA Gxwuwg JIEBRIUN - yblaveng  pOFIMSUNPY  (67/8);z  axiexaBeN pue ‘usWWOQ ‘a1alg ‘pooxel ‘d1nsljresigni
SOA SOA SOA vuig [esore|ig 85300  @3Ig/msunpy  (0T/02) 0F (9702) '1e 30 ssabing
ON — S3A gxuwogvwz  feseleun  SMOPMIAD  gpmgmsinpy  (aN) ze (9102) "2 18 OneIg
ON SIA S3A gxwywr pleEEIUN ApesH sunpy  (¥1/0) T (¥702) 'fe 19 BIrRYD-yONEL
S3A ON S3A vwg [esere)ig ApresH  gO3IMSINOY (g/)1) 41 (¥102) ‘1218 91433
ON SIA S3A vwz  [eleweg Apresy  7O3A/MSHNPY (0/6) 6 (¢702) "[e 12 B1UBde]
ON ON S3A vwz  [eiekepg  bleweng  ZOFIMSHRY (gret) 61 (1702) "[e 18 Uewp|0D
ON S3A SBA vwgz  olEeEIE AN OFHMSINPY (yN) T2 (8002) "2 18 1uBBI
2-d1a By 8Y1 01 UONRINWINS [BPOUY

qPalloaue afeu]  Buinesd abejuo Aa0Baren a|dwes
sied]  padnpay  padnpay eSUOISSES X JUBLIND  gpone|g INg fpms  (W/A)N CRIVCTETEN

Author Manuscript

"ayelul pue BuiAeld pooy Bulonpal e pawie salpnis SO Jo sialewesed pue uondiiosap juedionied

T alqeL

Author Manuscript

Author Manuscript

Author Manuscript

Appetite. Author manuscript; available in PMC 2018 September 01.



Page 18

Katherine Ray et al.

'SU0ISS8S 101U0D Z BulAieoal dnolf ajesedss e o) pasedwod 10U Ing [epoYIed “sA JyBIam Apog pue ‘axeiul Bpos ‘axelul 1e) paonpal [epoue ‘s109fgns-UIYIM SUOISS3S [2POYIED € “SA [epoue &
‘pesyaI0y 148] JAAO BPOYIED UM _Ewﬁ__c@
{|0J3U09 "SA $3109S alteuuonsand) Buie3 J0ioe4-aaiy 1 U0 Ajuo uonoNpal SO} punoy pue dnoih [01U02 358G pasn,

Author Manuscript Author Manuscript Author Manuscript

Author Manuscript

Appetite. Author manuscript; available in PMC 2018 September 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Katherine Ray et al.

Number of individual food items removed for each food category from the food craving analyses. Data
presented as group mean (range of number of food items removed).

Table 2

All (N = 18)

Female (N = 10)

Male (N =8)

Food Category
Sweets

Fatty Proteins
Carbs

Mixed Foods
All-foods

0.61 (0.00-3.00)
0.83 (0.00-3.00)
0.44 (0.00-2.00)
0.28 (0.00-1.00)
2.17 (0.00-7.00)

0.80 (0.00-3.00)
1.10 (0.00-3.00)
0.50 (0.00-2.00)
0.20 (0.00-1.00)
2.60 (0.00-7.00)

0.38 (0.00-3.00)
0.50 (0.00-2.00)
0.38 (0.00-2.00)
0.38 (0.00-1.00)
1.63 (0.00-5.00)
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Table 3

Participant descriptives and psychological trait scores obtained at the onset of the study. Values reflect means
(SD).

All(N=18) Female(N=10) Male(N=28)

Body Mass Index ~ 37.4 (9.1) 40.7 (9.9) 33.3(6.3)
Hunger Ratings
tDCS 38(2.2) 35 (2.3) 43(2.1)
Control 4.0 (L.4) 3.6 (1.3) 45 (1.4)
Age 22.7(7.9) 24.4(10.3) 20.6 (2.7)
Ethnicity
White 10 (56%) 3 (30%) 7 (88%)
Black 6 (33%) 6 (60%) 0 (0%)
Asian or Hispanic 2 (11%) 1 (10%) 1 (12%)

Barratt Impulsiveness Scale

Attention 15.7 (3.8) 16.6 (4.3) 14.6 (2.9)
Motor 20.3 (4.7) 21.2 (4.1) 19.1 (5.4)
Nonplanning 21.6 (6.0) 25.0 (4.9) 17.4 (4.6)™
Dutch Eating Behavior Q-Restraint

Intent 3.0 (0.8) 3.0 (0.9) 3.0(0.7)
Behavior 3.0(0.9) 3.2(1.0) 2.8(0.7)

Hok
p < 0.01 females vs. males.
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Food craving scores for the all-foods category and kcals consumed.

Table 4

All (N =18) Female (N =10) Male (N =8)
Food Craving (rating scores)
Liking
Control 2.9 (0.4) 2.8(0.4) 3.0 (0.5)
tDCS 2.9 (0.4) 2.9 (0.4) 2.9 (0.4)
Wanting
Pre-Control 2.1(0.8) 2.2 (0.6) 2.0(11)
Post-Control 2.1(0.8) 2.3(0.7) 1.9 (1.0)
Pre-tDCS 2.4 (0.6) 2.6 (0.5) 2.1(0.7)
Post-tDCS 2.1(0.9) 2.3(0.8) 1.8 (1.0)
Food Consumption (kcals)
Preferred food
Control 354.2 (244.5)  223.1(119.8) 518.2 (267.3)*
tDCS 344.1(196.3) 259.9 (114.8) 4493 (232.1)
Less-preferred food
Control 185.6 (166.6)  130.7 (77.6) 254.2 (223.6)
tDCS 171.3 (143.3) 98.8 (66.9) 261.9 (165.1) *
Total food
Control 719.9 (496.9) 474.6 (227.7) 1026.6 (582.6) *
tDCs 686.6 (378.4)  457.5 (164.3) 9731 (379.8)**
"0 <005,

Aok

p < 0.01 males vs. females. Rating scores could range from 0 to 4.

Appetite. Author manuscript; available in PMC 2018 September 01.

Page 21



	Abstract
	1. Introduction
	2. Methods
	2.1. Subjects
	2.2. Transcranial direct current stimulation (tDCS)
	2.3. Measures
	2.3.1. Demographics, BMI, and hunger
	2.3.2. Psychological questionnaires. Barratt Impulsiveness Scale 11 (BIS-11)
	2.3.3. Dutch Eating Behavior Questionnaire-Restraint (DEBQ-R)
	2.3.4. Food cravings test
	2.3.5. In-lab eating test

	2.4. Procedures
	2.5. Statistical analysis

	3. Results
	3.1. Demographics, hunger, BMI, and psychological questionnaires
	3.2. Effect of tDCS on food craving
	3.3. Effect of tDCS on preferred, less-preferred, and total in-lab food consumption
	3.4. Stimulation tolerability

	4. Discussion
	5. Conclusion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Table 1
	Table 2
	Table 3
	Table 4

