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Background: Understanding the mechanisms behind exerting self-control may reveal why health behaviors are
resistant to change. Activity in the right inferior frontal gyrus (rIFG) plays a role in self-control processes and
may be modulated using transcranial direct current stimulation (tDCS).
Objective: In this early phase behavioral research study, we investigated whether anodal stimulation over the
rIFG with cathodal stimulation over the left IFG (versus sham) reduced chocolate consumption.
Methods: Twenty-three healthy females (ages 18–35) completed two tDCS sessions (2.0 mA vs. sham; order
counterbalanced) in a within-subject, double-blind, randomized design with a 4-week washout. Participants
were self-reported “chocolate cravers” and restrained eaters. Self-report assessments on disinhibited eating were
completed at intake. Delay discounting and inhibitory control were assessed at the remaining visits. During
stimulation, participants completed an inhibitory control training task (chocolate go/no-go task) and were
randomized to the chocolate no-go condition (inhibit all responses to chocolate cues) or the control condition
(inhibit responses to chocolate cues on half the trials). Following stimulation, participants completed a 15-min
chocolate “taste test” with chocolate rating forms. Afterwards, staﬀ measured the remaining chocolate to determine total consumption.
Results: Contrary to our hypotheses, active tDCS signiﬁcantly increased chocolate consumption vs. sham
(mean = 43.2 vs. 32.2, p=0.005) in both task conditions, but had no eﬀect on chocolate ratings (ps > 0.05).
Higher delay discounting and self-reported disinhibited eating predicted greater consumption (ps < 0.05).
Conclusions: The results suggest widespread activation of the prefrontal cortex may reduce the ability to resist
chocolate. Our data highlights important methodological considerations for conducting tDCS studies to target
health behaviors.

1. Introduction

strategies to prevent and manage these chronic conditions.
Advances in the neuroimaging ﬁeld may advance our understanding
of the brain activity patterns that inﬂuence risky health behaviors.
Multiple labs, including our own, have shown that neural activity in
brain regions associated with cognitive control and goal-directed behavior are important in successful smoking cessation (Froeliger et al.,
2017; Janes, Pizzagalli, & Richardt, 2010; Loughead et al., 2015), and
several of these brain regions are also critical in controlling eating behavior (Berridge, Ho, Richard, & DiFeliceantonio, 2010; Frankort et al.,
2015; Kishinevsky et al., 2012). For example, inhibitory control processes that are important for regulating self-control are associated with
activation in the right inferior frontal gyrus [rIFG (Aron, Robbins, &

The CDC estimated 7 out of 10 deaths in 2014 were due to chronic
diseases, which account for 86% of health care costs in the U.S. (CDC,
2015; Gerteis et al., 2014). Health risk behaviors, such as tobacco and
alcohol consumption, unhealthy diet, physical inactivity, and unhealthy
sleep contribute to many of these chronic conditions. However, modifying health behavior – including decisions to diet or exercise – is often
resistant to change because it involves prioritizing the long-term gain of
better health over the short-term costs of discomfort or inconvenience.
Therefore, there is a critical need to better understand the mechanisms
which underlie health risk behaviors and develop more eﬀective
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craver”. Chocolate cravers are those who reported to (a) like chocolate;
(b) be ‘‘very bad’’/‘‘bad’’/‘‘somewhat bad’’ at postponing a chocolate
craving; (c) ‘‘moderately’’/‘‘very much like’’ to gain more control over
their chocolate craving; and (d) ﬁnd it ‘‘neutral’’/‘somewhat diﬃcult’’/
‘‘very diﬃcult’’ to gain more control over their chocolate craving
(Meule & Hormes, 2015; Van Gucht, Soetens, Raes, & Griﬃth, 2014;
Van Gucht et al., 2008). Based on evidence suggesting restrained eaters
may respond diﬀerently to inhibitory control training (Houben &
Jansen, 2011), only females with scoring 15 or higher on a Cognitive
Restraint scale (Karlsson, Persson, Sjostrom, & Sullivan, 2000) were
eligible. Participation was restricted to females between the ages of 18
and 35 because chocolate is the most frequently craved food among
women and women are more likely to report chocolate craving (Benton,
Greenﬁeld, & Morgan, 1998; Muller, Dettmer, & Macht, 2008; Pelchat,
1997; Van Gucht et al., 2014).
All participants provided written informed consent and completed
an in-person eligibility screen, including a breath alcohol test and a
urine pregnancy test. Additional exclusion criteria included: planned
pregnancy or breastfeeding; history of brain injury or seizures; presence
of metal (other than dental apparatus) in the head; low or borderline
intelligence [estimated IQ < 90 on Shipley Institute of Living Scale
(Zachary, 2000)]; and any impairment that would prevent task performance.

Poldrack, 2014; Hampshire, Chamberlain, Monti, Duncan, & Owen,
2010; Luijten et al., 2014; Swick, Ashley, & Turken, 2011; van Belle,
Vink, Durston, & Zandbelt, 2014);]. Likewise, activation in the IFG has
been associated with response to food cues (Hare, Camerer, & Rangel,
2009) and successful weight loss (DelParigi et al., 2007; McCaﬀery
et al., 2009). It seems plausible that modulating activity in brain regions associated with self-control may promote healthy behavior
changes.
A growing body of evidence supports the safety and potential utility
of transcranial direct current stimulation (tDCS) for improving cognitive control (Demirtas-Tatlidede, Vahabzadeh-Hagh, & Pascual-Leone,
2013). Initial data suggest a single session of tDCS targeting the rIFG
can improve inhibitory control processes without any adverse side effects (Cai et al., 2016; Cunillera, Brignani, Cucurell, Fuentemilla, &
Miniussi, 2016; Stramaccia et al., 2015). Signiﬁcant reductions in inhibitory control using a tDCS montage similar to that of the current
study have been observed (Jacobson, Javitt, & Lavidor, 2011). Studies
using another similar montage (i.e., electrodes placed directly on F3
and F4) have found tDCS eﬀects on various domains, including reducing initial action latency (Heinze et al., 2014), risk-taking behaviors
(Fecteau et al., 2007), and responses to desirable visual cues (i.e., formally abused drugs) (Conti & Nakamura-Palacios, 2014). In contrast, a
single session of tDCS over the right dorsolateral prefrontal cortex
(DLPFC) had no eﬀect on food consumption, although self-reported
impulsivity was associated with eating behavior (Georgii, Goldhofer,
Meule, Richard, & Blechert, 2017). In light of these discrepant ﬁndings
and potential heterogeneity in response to tDCS, more research is required to demonstrate whether tDCS treatment will facilitate health
behavior changes.
One explanation for the heterogeneity of tDCS eﬀects involves
methodological diﬀerences in what subjects do during stimulation.
Whether tasks are administered during or after the stimulation and the
type and diﬃculty of the task (e.g., working memory vs. inhibitory
control) may contribute to the diﬀerences across studies (Dedoncker,
Brunoni, Baeken, & Vanderhasselt, 2016). While the neurobiological
mechanisms of these tDCS eﬀects have yet to be fully elucidated, the
brief application of direct current may increase the likelihood of neural
activity by altering membrane potentials. Combining tDCS with inhibitory control training may have synergistic eﬀects on neuroplasticity
(i.e., increase neural eﬃciency), which may yield improved performance on cognitive control measures. Future research must examine
whether inhibitory control is associated with response to behavior
change intervention, and if so, whether neuromodulation will modify
inhibitory control. The strong body of evidence linking inhibitory
control with health risk behaviors (i.e., disordered eating, chronic drug
abuse; Houben, Nederkoorn, & Jansen, 2014; Jasinska et al., 2012;
Jentsch & Pennington, 2014; Smith, Mattick, Jamadar, & Iredale, 2014)
suggests that combining tDCS with an inhibitory control training task
may promote greater control over health risk behaviors.
In this early phase behavioral research study, we investigated
whether tDCS over the rIFG, combined with an inhibitory control
training task (Houben & Jansen, 2011), would reduce chocolate consumption— a highly palatable snack food— by using an ad-lib “taste
test” paradigm in healthy young-adult females. We hypothesized that
active tDCS, compared to sham stimulation, would reduce chocolate
consumption and that these eﬀects would be strongest among individuals trained to inhibit responses to chocolate cues.

2.2. Procedures
Participants in this within-subject cross-over investigation completed two identical laboratory sessions (one involving active stimulation and the other involving sham stimulation). Session order was
double-blind, randomized and counterbalanced, and sessions were
scheduled between 9am and 5pm. Times were consistent within-subject
(+/− 2 h). Because menstrual cycle phase may inﬂuence food cravings
(Hormes & Timko, 2011; McVay, Copeland, Newman, & Geiselman,
2012), sessions were scheduled approximately 28 days apart so that
menstrual cycle phase was consistent within participant. During each 4h session, weight was measured and a food recall interview was conducted to assess food consumed since waking. Hunger ratings were
collected upon arrival, and blood glucose (Abbott Diabetes Care Freestyle Freedom Lite Blood Glucose Monitoring System, Alameda, CA,
USA) was measured upon arrival and again after the 2-h waiting period
prior to stimulation (included to control time since last meal). Participants completed self-report questionnaires and computerized inhibitory
control tasks during the 2-h waiting period (see below for task descriptions). Once tasks were complete, participants were permitted to
read provided magazines (with images of food removed), but asked to
refrain from using electronic devices and any other products that may
aﬀect appetite (e.g., chewing gum, snacks). After the waiting period,
participants received active or sham stimulation while performing the
inhibitory control training task. Following stimulation, the participants
completed the ad-libitum chocolate “taste test”.
2.3. Inhibitory control training task
Participants completed a training task while receiving tDCS. The
task was based on a go/no-go task used in prior research and selected
based on evidence that it is sensitive to diﬀerential responses to chocolate cues for non-chocolate food cues (Houben & Jansen, 2011;
Houben, Havermans, Nederkoorn, & Jansen, 2012). The current task
consisted of 2 blocks of 288 trials (576 trials total). During each block,
participants were presented with pictures and instructed to press the
space bar when a “go” cue was displayed, and to refrain from responding when a “no-go” cue was displayed. The go/no-go cues were
the letters ‘p’ and ‘f’ (counterbalanced across participants), which were
displayed randomly in one of four corners in each picture. Stimuli were
four pictures of chocolate, four neutral pictures of non-food related
household items (e.g., books, candle), and eight ﬁller pictures (snack

2. Materials and methods
2.1. Participants
All procedures were approved by the University of Pennsylvania
Institutional Review Board and carried out in accordance with the
Declaration of Helsinki. Participants were healthy young adult females
between the ages of 18 and 35 who self-reported being a “chocolate
29
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stimulus followed by a 1000 ms go signal (left- and right-facing arrows)
and a 1000 ms blank screen intertrial interval. The primary outcome is
the stop signal reaction time (SSRT), which is the diﬀerence in mean
reaction time on successful go trials and the mean stop delay on successful inhibition trials.

Table 1
No-go and Go cues by stimulus type for the inhibitory control training task.

Chocolate
Neutral
Filler
Total Trials

Chocolate No-go Condition

Control Condition

# Go cues

# No-go cues

# Go cues

# No-go cues

0
216
216
432

72
0
72
154

108
108
216
432

36
36
72
154

2.5.2. Food Cue Stop Task
This task is a modiﬁed version of the Stop Signal Task described
above. In this version, participants are instructed to respond as fast as
possible to food-related pictures and ﬁller stimuli (pictures of oﬃce
items) by pressing keyboard keys (e.g., “z” for food-related pictures and
“/” for pictures of oﬃce items; instructions are counterbalanced across
participants). When the auditory stop signal is presented (25% of the
trials), they must inhibit their response. Similar to the standard SST,
stop delay adjusts in increments of 50 ms depending on whether the
participant is able to inhibit the response. The task consists of 4 blocks
of 64 trials. Two blocks contain pictures of high-calorie, palatable foods
(e.g., ice cream, cookies, French fries) and two blocks contain pictures
of low calorie, less palatable foods (e.g., broccoli, oranges, lettuce).
During each block, 32 trials present food-related pictures and 32 trials
present a neutral stimulus and the stop signals are distributed equally
across stimulus type. SSRT to each stimulus type (high calorie, low
calorie, and neutral) is the primary dependent variable and is calculated
by subtracting the mean stop delay from the mean RT on go-trials for
each trial type (task duration: ∼15 min).

foods; e.g., cookies, candy, nuts). Filler stimuli were included to mask
the goal of the study in order to avoid demand characteristics. Although
the ﬁller stimuli had the potential to aﬀect participant appetite, the task
previously demonstrated sensitivity to chocolate-speciﬁc cues, which
was fundamental to our study based on our sample of “chocolate cravers”. All stimuli were drawn from the FoodPics database (Blechert,
Meule, Busch, & Ohla, 2014) and were matched on contrast, complexity, valence, and arousal. All food-related stimuli were also matched on craving level reported in the database. Each trial simultaneously presented a picture and a go/no-go cue (1500 ms). During an
initial practice block, a green circle is displayed after a correct inhibition/response (500 ms), and a red cross after an incorrect inhibition/
response (500 ms).
For the between-subjects manipulation, participants were randomly
assigned to one of two conditions: the “control condition” or the
“chocolate no-go condition”. For both conditions, the “no-go” cues were
presented on 25% of the trials (144 out of 576). In the “control condition”, the “no-go” cues were evenly divided between chocolate and
neutral stimuli whereas, in the “chocolate/no-go condition”, all “no-go”
cues were paired with chocolate stimuli. Table 1 depicts the number of
“go” and “no-go” cues by stimulus type across both conditions. “Go”
and “no-go” trials were always presented in random order. Because the
two conditions had diﬀerent numbers of chocolate and neutral stimuli,
the primary outcome was the percentage of correct inhibitions for each
type of stimuli.

2.5.3. Delay discounting task
In this paradigm, participants choose between a smaller hypothetical reward available immediately (e.g., $20 today) and a larger hypothetical reward available after a delay (e.g., $40 in a month). As in
previous work, the immediate reward is ﬁxed and the magnitude and
delay of the larger reward varies from trial to trial. The primary behavioral outcome is the subject's discount rate, estimated with a logistic
regression that assumes a person's decisions are a stochastic function of
the diﬀerence in subjective value between the two options (Wileyto,
Audrain-McGovern, Epstein, & Lerman, 2004). Keeping with standard
behavioral ﬁndings (Kable & Glimcher, 2007, 2010; Kirby &
Santiesteban, 2003; Mazur, 1987), we assume the subjective value (SV)
is a hyperbolic function of the reward amount (A) and delay (D):
SV = A/(1 + kD), where k is the participant's discount rate. Larger
values of k indicate a greater degree of discounting future rewards.

2.4. Ad-libitum chocolate consumption
During the ad-libitum chocolate “taste test”, participants were
presented with three bowls, each containing 100 g of a diﬀerent type of
chocolate (milk, semi-sweet, dark), and were told to eat “as much or as
little” as they liked while completing assessments. Participants rated
each type on the following characteristics using visual analog scales
(VAS): smell, taste, intensity, appearance, taste persistence, and
sweetness. After 15 min, research staﬀ retrieved the bowls and weighed
each one separately using a scale calibrated to 0.05 g (VWR® P-Series
Portable Balance, [VWR, Radnor, PA]). Research staﬀ were not present
during the “taste test”, participants were not informed that chocolate
consumption would be measured, and the verbal instructions delivered
to participants were intentionally vague to avoid altering eating behavior due to demand characteristics.

2.6. tDCS procedures
A neuroConn Channel DC Stimulator Plus was used to apply a
constant direct current via two 5 cm × 5 cm electrodes covered in
saline-soaked sponges. Electrode placement was determined using the
international 10–20 system developed for EEG. For anodal stimulation
over the rIFG, the anodal electrode was placed between F4 and F8 and
the cathodal electrode was placed between F3 and F7 as in prior work
(Jacobson et al., 2011). We employed ﬁnite-element modeling using the
HD-Explore software (Soterix, NYC; Fig. 1). By assigning diﬀerent
conductances to the various tissues and ﬂuids of the head (e.g. skin,
bone, CSF, brain, etc.) this software enables the creation of a model
representing the likely distribution of current ﬂow in the brain when
tDCS is applied employing the stated parameters. This modeling software has been successfully employed in multiple prior studies (Bender,
Filmer, & Dux, 2017; Frings, Brinkmann, Friehs, & van Lipzig, 2018;
van't Wout & Silverman, 2017). During the active condition, current
was ramped up to 2.0 mA over 30s, maintained for 19 min and then
ramped down over 30s (total stimulation period 20 min). During sham
tDCS, current was ramped up to 2.0 mA and then down to 0 mA during
the beginning and end 30s of the 20-min period. This process mimics
the skin sensations experienced during active stimulation; when asked,
most participants cannot distinguish between real and sham tDCS using
this procedure (Gandiga, Hummel, & Cohen, 2006). Double-blinding

2.5. Baseline measures of inhibitory control
2.5.1. Stop signal task (SST)
In this task, participants view a series of arrows presented sequentially on a screen and are instructed to press labeled keyboard keys as
quickly and as accurately as possible to indicate the direction the arrow
faced. Following a 32-trial practice, audio stop signals are presented on
25% of trials for a 32-trial practice and three task blocks of 64 trials
each. The initial stop delay in each block is 250 ms and adjusts by 50 ms
increments depending on whether the participant is able to successfully
inhibit a response (Logan, 1994; Logan, Schachar, & Tannock, 1997).
The adjusting stop delay allows the determination of the delay at which
inhibition occurs on ∼50% of trials. Trials consist of a 500 ms warning
30
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Fig. 1. Computer-generated ﬁnite element models of the distribution of current using the stimulation parameters employed in the current experiment (Soterix, NYC).
The ﬁgure on the left shows all possible stimulation sites that can be modeled by the software. Red (anode) and blue (cathode) dots represent the approximate size
and shape of the regions covered by pad electrodes employed in the current study. The right three images show the estimated distribution of current ﬂow in the
coronal, sagittal, and axial planes, respectively. The color bar (far right) represents electric ﬁeld strength in volts per meter (V/m). (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

College Station, TX, USA) with linear mixed eﬀects models. Session
(active vs. sham) was a within-subject factor and task condition
(“control” vs. “chocolate no-go”) and session order (active 1st vs. sham
1st) were between-subjects factors. Pearson correlations were used to
identify potential covariates and variables correlated with the dependent variable (e.g., chocolate consumption or task performance) at
p < 0.1 or baseline variables that diﬀered between sessions were included in initial models; variables with p-values > 0.1 in the regression
models were allowed to drop.

was guaranteed via input codes on the stimulation device, which were
generated from a list of active and sham stimulation codes, non-accessible to tDCS administrators.
2.7. Measures
2.7.1. Outcomes
The primary outcome was the total chocolate consumption (in g)
during the ad libitum period. Secondary outcomes included subjective
chocolate ratings.

3. Results
2.7.2. Baseline measures
The Three Factors Eating Questionnaire (TFEQ) was administered at
Intake to assess dietary habits. The 51-item TFEQ contains 36 items
with a true/false response format, 14 items on a 1–4 response scale, and
one item on a 0–5 rating scale. These items were aggregated into three
scales: 1) cognitive restraint, 2) disinhibition and 3) hunger (Stunkard
& Messick, 1985). These scales are valid and reliable across obese and
non-obese populations (Bond, McDowell, & Wilkinson, 2001; Karlsson
et al., 2000). Prior to each stimulation session, chocolate craving was
measured with the state version of the Food Craving Questionnaire
(FCQ-S), adapted to speciﬁcally probe for chocolate craving. The FCQ-S
is a 15-item scale that measures current desire, expectation of positive
eﬀects from eating, and anticipation of relief from negative mood after
eating (Meule & Hormes, 2015). Response categories were 1 (strongly
disagree) to 5 (strongly agree).

3.1. Participant characteristics
Twenty-four participants completed both stimulation sessions. One
participant's data was withdrawn from analysis due to an equipment
malfunction in session 1 which resulted in unblinding, leaving 23
subjects included in the analysis. The sample was predominantly
Caucasian (n = 15, 65%) and nearly all completed at least some college
(n = 21, 91%). On average, participants were 24.7 years old
(SD = 4.2), had a Shipley IQ score of 112.2 (SD = 6.8), and a body
mass index (BMI) of 24.3 (SD = 4.3). For the TFEQ, scores on the
Restraint, Disinhibition, and Hunger subscales were 10.8 (SD = 5.8),
9.1 (SD = 3.1), and 6.9 (SD = 2.3), respectively.1 Except for TFEQ
Hunger, which was higher among those who received sham ﬁrst
[mean = 8 (SD = 2) vs active ﬁrst mean = 5.6 (SD = 2.1), p=0.01],
there were no between-subject diﬀerences for session order or task
condition (all ps > 0.25).
Data from blood glucose readings, hunger ratings, and chocolate
craving are presented in Table 2. As expected, there was a signiﬁcant
decrease in blood glucose from baseline to the end of the 2-h waiting
period during both sham (p < 0.001) and active conditions (p=0.003).
Because this decrease was larger during the sham, versus the active
condition (mean diﬀerence = 22.7 vs 10.3, p=0.003), the diﬀerence
score was included as a covariate. There were no eﬀects of session order
or task condition on blood glucose (ps > 0.2) and no diﬀerences in
baseline hunger ratings or craving subscales between sessions, session
order, or task condition (all ps > 0.2). The blood glucose change score,
FCQS Control subscale (averaged across sessions), TFEQ Restraint, and

2.7.3. Treatment-related measures
Side eﬀects of tDCS and blinding success were assessed at the end of
each session (Kessler, Turkeltaub, Benson, & Hamilton, 2012). Participants rated to what extent they experienced 10 potential side eﬀects of
tDCS during and after stimulation (headache, diﬃculty concentrating,
acute mood changes, changes in visual perception, tingling, itching,
burning, pain, fatigue, and nervousness) on a scale from 0 (not at all) to
10 (severe). Following each session, participants were asked whether
they thought they had received active or sham stimulation to assess
ﬁdelity of the blind.
2.8. Analysis
Descriptive statistics were obtained for all variables. Eﬀects of stimulation on chocolate consumption and subjective ratings were modeled using regression with subject-level random eﬀects, and estimated
using maximum likelihood techniques (Stata xt-reg; Stata Corporation,

1
Although these scores are signiﬁcantly less than those of very restrained
eaters (“dieters”), the Restraint and Disinhibition scores are signiﬁcantly higher
in our sample than in unrestrained eaters(“free eaters”). The Hunger scores are
similar across all subject groups [42].
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Table 2
Baseline craving and inhibitory control measures.

Basline blood glucose (mg/dl)
2-h blood glucose (mg/dl)
Hunger (range 0–100)
Baseline Chocolate Craving
FCQS Desire
FCQS Reinforcement
FCQS Relief
FCQS Control
FCQS Physical Craving
Baseline Inhibitory Control
Stop Signal Reaction Time (ms)
Food Cue SSRT Neutral (ms)
Food Cue SSRT Low (ms)
Food Cue SSRT High (ms)
Delay Discounting (log k)

Sham

Active

p-value

99.1 (3.0)
76.4 (2.3)
34.9 (24.7)

91.1 (3.8)
80.8 (2.9)
39.4 (28.3)

0.06
0.23
0.38

8.7 (2.7)
7.5 (3.1)
10.7 (2.1)
6.7 (2.4)
9.8 (2.6)

8.9 (2.2)
8.0 (2.6)
10.2 (2.6)
7.1 (2.5)
9.1 (2.9)

0.60
0.40
0.24
0.38
0.08

227.4 (32)
266.0 (53)
261.7 (52)
274.7 (45)
−1.83 (0.5)

241.4 (48)
281.6 (62)
274.4 (44)
300.8 (69)
−1.81 (0.4)

0.06
0.13
0.05
0.02
0.78

Fig. 2. The eﬀects of active vs. sham stimulation on inhibitory control during
the training task for chocolate and ﬁller stimuli, controlling for covariates. The
main eﬀect was signiﬁcant for ﬁller stimuli (p = 0.008), but not for chocolate
stimuli (p = 0.9).

Note. Values are mean (SD) unless otherwise noted. FCQS=Food Craving
Questionnaire – State version.

interaction term and main eﬀects are reported (see Supplementary
Table 2). Although there was no eﬀect of tDCS on inhibition to chocolate stimuli (p=0.99), active stimulation signiﬁcantly improved the
ability to inhibit responses to ﬁller stimuli (β = 3.3, p = 0.01; Fig. 2).
Pre-task hunger was negatively related to the ability to inhibit responses to chocolate stimuli (β = −0.12, p = 0.001), but was only
marginally related to ﬁller stimuli (β = −0.07, p = 0.08). No other
covariates remained signiﬁcant after correcting for multiple outcomes
(ps > 0.04). When covariates were removed, the eﬀect of tDCS on
inhibition to ﬁller stimuli was marginal (β = 1.7, p = 0.09).

TFEQ Hunger were correlated at p < 0.1 with chocolate consumption
and were included as covariates.
3.2. Baseline inhibitory control tasks
Descriptive statistics for the baseline stop signal task, food cue stop
signal task, and delay discounting task are shown in Table 2. For the
Food Cue Stop Task, stop signal reaction time (SSRT) following images
of high calorie food was signiﬁcantly slower than SSRT following
images of low calorie food, indicating diﬃculty inhibiting responses to
highly palatable food cues (active, p=0.01; sham, p=0.06). This difference did not vary between sessions (p=0.27). There were no between-subject diﬀerences for session order or task condition on any task
(all ps > 0.3). Only delay discounting and Standard SSRT were associated with chocolate consumption at p < 0.1 and were included as
potential covariates.

3.5. Chocolate consumption
The ﬁnal multiple regression model for chocolate consumption included TFEQ Disinhibition scores, SSRT, and delay discounting (see
Supplementary Table 2). Active stimulation signiﬁcantly increased total
chocolate consumption [sham mean = 32.7 g (SE = 3.3) and active
mean = 42.7 g (SE = 3.4); β = 10.0, 95% Conﬁdence Interval (CI) 2.9
to 17.1, p = 0.006], controlling for task condition and session order.
There were main eﬀects of session order (β = 13.2, p=0.03), delay
discounting (β = 16.1, p=0.01), and TFEQ Disinhibition (β = 3.2,
p = 0.001). Those who received sham ﬁrst, preferred more immediate
rewards, and reported more diﬃculty controlling eating behavior
consumed more chocolate. There were no main eﬀects of task condition
or Standard SSRT (ps > 0.2), nor were there interactions between any
covariate and stimulation condition (ps > 0.2). Although the stimulation condition x task condition interaction was not signiﬁcant (p=0.3),
the eﬀect of active stimulation appeared to be strongest among those in
the control condition (p=0.005), whereas the eﬀect was attenuated
among those trained to inhibit responses to chocolate stimuli (p=0.2;
see Fig. 3). The model was not substantially changed when covariates
were removed. For the regression models examining the eﬀects of tDCS
on chocolate ratings, there were no signiﬁcant eﬀects of stimulation
(ps > 0.05).
Secondarily, we evaluated whether performance on the inhibitory
control training task predicted chocolate consumption. Using similar
regression models as those described above (see Supplementary
Table 3), percent inhibition to chocolate and ﬁller stimuli were added
to separate models. Although percent inhibition to chocolate stimuli did
not signiﬁcantly predict chocolate consumption (p=0.1), inhibitions to
ﬁller stimuli were positively related to chocolate consumption
(β = 0.63, p=0.05). Interestingly, when inhibition to ﬁller stimuli was
added to the model, the tDCS eﬀect was no longer signiﬁcant (β = 7.3,
p=0.11), suggesting that performance on the training task may have
partially mediated the eﬀect of stimulation on chocolate consumption.

3.3. tDCS side eﬀects and blinding
The most commonly reported side eﬀects during active stimulation
(any rating ≥1 on a 10-point scale) were tingling at the site of the
electrode (reported by 100% of participants), followed by itching
(96%), burning sensation (91%), pain (74%), diﬃculty concentrating
(65%), nervousness (43%), fatigue (35%), mood change (26%), and
headache (17%). The means and standard deviations for all side eﬀects
are presented in Supplementary Table 1. Although there were no signiﬁcant main eﬀects of stimulation (all ps > 0.07), there were interactions with session order for itching (interaction p=0.02), nervousness
(interaction p < 0.001), and diﬃculty concentrating (interaction
p=0.04). Among those who received active stimulation ﬁrst, all three
side eﬀects were rated signiﬁcantly higher during active, compared to
sham (ps < 0.05). In contrast, among those who received sham ﬁrst,
there were no diﬀerences in side eﬀects between conditions (ps >
0.15). When participants received active stimulation, 60% correctly
identiﬁed the stimulation condition. However, when sham stimulation
was administered, 78% incorrectly identiﬁed the condition as active
stimulation. The ability to correctly guess stimulation condition did not
vary by session order and was not related to chocolate consumption.
3.4. Inhibitory control training task
In addition to stimulation condition, task condition, and session
order, the following variables were retained as covariates: pre-task
hunger rating, delay discounting, Standard SSRT, change in glucose,
and BMI. There were no interactions with task condition or session
order (ps > 0.25). Therefore, subsequent analyses removed the
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improved response inhibition (Jacobson et al., 2011). In contrast,
cathodal stimulation is hypothesized to have inhibitory eﬀects on
neuronal function and therefore cathodal stimulation of left IFG may
have had a greater impact than anticipated. A meta-analysis of tDCS
studies identiﬁed diﬀerential eﬀects of unilateral anodal, unilateral
cathodal, and bilateral anodal-cathodal stimulation on motor versus
cognitive outcomes. Across all methods, tDCS eﬀects were more consistent for motor outcomes compared to cognitive outcomes, and the
anodal-cathodal montage had the lowest eﬀect probability (Jacobson,
Koslowsky, & Lavidor, 2012). Unilateral anodal stimulation of the rIFG
increases inhibitory control, but the eﬀects of bilateral stimulation vary
based on the type and diﬃculty of the cognitive task (Brevet-Aeby
et al., 2016). Thus, our design may have beneﬁted from a unilateral
tDCS montage. Nevertheless, the majority of this research has evaluated
motor or cognitive outcomes and we believe that an important aspect of
our design was the focus on a behavioral outcome (i.e., chocolate
consumption) and recommend that future studies explore the eﬀects of
tDCS montage on behavioral outcomes.
There is also substantial variation in task requirements within tDCS
research. In this study, participants completed a task during stimulation, but also completed a 1-h cognitive task battery prior to stimulation. Because our primary behavioral outcome was chocolate consumption, we felt it was important to control for time of last food
consumption and exposure to food-related cues prior to the ad-libitum
chocolate period. While it is possible that fatigue from the cognitive
task battery inﬂuenced our results, the within subjects design likely
minimized these eﬀects. Regarding task administration during tDCS,
our previous study of the eﬀect of tDCS on the ability to resist smoking
(Falcone et al., 2016) asked participants to simply try their best to refrain from smoking during stimulation. Recent reviews have found that
completing cognitive tasks during, rather than following stimulation,
may improve performance accuracy (Dedoncker et al., 2016; Elmasry,
Loo, & Martin, 2015). However, transfer eﬀects were small, if present at
all (Elmasry et al., 2015) and in one review, this eﬀect was observed
only among neuropsychiatric patients (Dedoncker et al., 2016). tDCS
research has been conducted predominantly on clinical populations
(i.e., patients with chronic medical conditions or psychiatric disorders),
and it has typically involve completing tasks during the stimulation.
Important questions regarding subject characteristics, optimal timing of
cognitive outcomes, and transfer of skills to health behavior should be
addressed by future research. When asking these questions, it is important to consider who administers the stimulation, as well as who
measures the outcome evaluation. In the current study, the same person
administered the tDCS and outcome evaluation (i.e., presenting and
measuring chocolate). Although an optimal design could separate the
tDCS administration from outcome evaluation, we believe the doubleblind procedures minimized inﬂuence on the subject's behavior.
Although we focused on the rIFG, nearby brain regions like the
anterior insula may have also been stimulated, producing unanticipated
consequences. Activation of the anterior insula has been associated
with increased cue salience (Craig, 2009; Janes, Farmer, Peechatka,
Frederick Bde, & Lukas, 2015; Wiech et al., 2010). Therefore, it is
possible that excitation of this region facilitated increased salience of
the chocolate cues. It is also possible that the two conditions of the
inhibitory control training task altered the cue salience. When the
nature of the food cues was uninformative to the go/no-go signal (i.e.,
control condition), stimulation improved inhibitory control. In contrast,
during the chocolate no-go condition there was no eﬀect of tDCS on
inhibitory control, suggesting that consistent pairing of the cue with the
response (i.e., always inhibit) may have increased the salience of the
cue. Novel techniques such as MRI-guided neuronavigation may enhance the ability to localize tDCS montages and determine the eﬀects of
modulating nearby brain regions (De Witte et al., 2018).
The fact that we selected “chocolate cravers” who also reported
being restrained eaters, may partially explain why we did not observe
changes in inhibition to chocolate cues between active and sham

Fig. 3. The eﬀects of active stimulation vs sham in the full sample (left panel)
and by each of the task conditions (right panel). During the active condition,
participants ate signiﬁcantly more chocolate (p=0.005). Although the
Stimulation x Task Condition interaction was not signiﬁcant (p=0.2), the eﬀect
was strongest in the Control condition.

4. Discussion
The potential for tDCS as an intervention for health risk behaviors
has received much attention in recent years. This early phase behavioral research study investigated whether a single session of anodal
stimulation over the rIFG with cathodal stimulation over the left IFG
(versus sham), administered concurrently with an inhibitory control
training task, would enhance inhibitory control, thus reducing consumption of palatable snack food (i.e., chocolate). Contrary to our hypothesis, chocolate consumption increased following active versus
sham stimulation. Although our data suggest the tDCS eﬀect was mitigated among subjects trained to inhibit responses to chocolate stimuli,
the group by stimulation condition was not signiﬁcant. Consistent with
prior research, we found preferences for immediate, rather than delayed, rewards (i.e., delay discounting) and diﬃculty inhibiting eating
behavior were associated with greater chocolate consumption. While
our ﬁndings raise questions about the eﬃcacy of modulating IFG via
tDCS for altering eating behavior, it adds to our understanding of what
parameters may inﬂuence the eﬀectiveness of tDCS.
Based on evidence that the rIFG plays a crucial role in regulating
self-control processes (Hampshire et al., 2010; Luijten et al., 2014;
Swick et al., 2011; van Belle et al., 2014) and stimulating the rIFG may
reduce food craving, we were surprised by the contradictory, yet robust, increased chocolate consumption among participants. A recent
review highlighted several methodological considerations for tDCS
studies, including electrode placement, lateralization, and task requirements during stimulation— all of which may contribute to inconsistent ﬁndings (Brevet-Aeby, Brunelin, Iceta, Padovan, & Poulet,
2016). Subjects in our study received anodal stimulation between F4
and F8 (rIFG) and cathodal stimulation between F3 and F7 (left IFG).
These regions may have overlapped with the right and left DLPFC, respectively, which are often stimulated at F4 (right) and F3 (left). Several studies – including work from our labs – have demonstrated that
anodal stimulation of the left DLPFC not only improves executive
function during diﬃcult tasks (Gill, Shah-Basak, & Hamilton, 2015) but
also has beneﬁcial eﬀects on behavior, such as improving the ability to
resist cigarettes (Falcone et al., 2016); however, there is less evidence of
eﬃcacy for anodal right-cathodal left stimulation of DLPFC.
Unilateral anodal stimulation of the rIFG has been shown to activate
neural pathways associated with inhibitory control, leading to
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publication.

conditions. However, during active vs sham stimulation, participants
exhibited an increased ability to inhibit responding to ﬁller stimuli.
Because we speciﬁcally selected individuals who craved chocolate and
were predisposed to have diﬃculty inhibiting chocolate consumption,
the ability to inhibit responses to chocolate stimuli may have been less
malleable than inhibition to other palatable foods (even when speciﬁcally trained not to respond to chocolate stimuli during the task).
Importantly, our data also suggested that the ability to inhibit responses
to palatable foods (other than chocolate) may partially mediate the
eﬀects of tDCS on chocolate consumption. In addition, subjects were
asked about chocolate-speciﬁc craving prior to stimulation, which may
have primed chocolate-craving participants to sustain their chocolate
inhibitions, but remain ﬂexible with other food-related cues. Future
research should consider ﬁndings from both the tDCS and fMRI ﬁelds.
Previous fMRI research demonstrates a correlation between neural
sensitivity towards high-calorie (vs. low-calorie) foods and restrained
eating, in addition to signiﬁcant diﬀerences in activation levels across
visual- and attention-focused brain regions. Speciﬁcally, individuals
classiﬁed as restrained eaters showed hyperactivity in neural regions
associated with reward when presented with highly palatable (i.e., high
calorie, chocolate) food cues (Dong et al., 2016; Wang et al., 2016).
Because we recruited subjects who self-identiﬁed as being restrained
eaters, it is possible that stimulating an already hyperactive brain region may have contributed to our unexpected results. Perhaps a more
comprehensive proﬁle of food cravings and personalized cues, while
also considering the impact of a montage that may activate potentially
hyperactive brain regions, would have yielded diﬀerent results.
Outside of food preference proﬁles, future research should more
heavily consider whether diﬀerent menstrual cycle phases, both within
and across participants, impact the eﬀects of tDCS on eating behavior.
Due to a small sample size, scheduling and staﬀ availability constraints,
the presented study could not examine this question; however, it is an
important question to consider. In addition, it is unknown whether
participants had previously received brain stimulation via tDCS or TMS.
Per university practices for brain stimulation studies, each study is required to enter participant stimulation session dates and initials into a
university-wide, password-protected spreadsheet to avoid any research
participant from receiving multiple stimulations within a week. While
this method informs us that no participants were participating in concurrent tDCS studies during their active participation in our study, it
does not provide information on participants were tDCS naïve.
Evidence supporting tDCS as a potential tool for behavior change
has become increasingly robust, but our ﬁndings suggest its eﬃcacy
might be inﬂuenced by methodological factors that have not been
widely studied. Electrode montage, concurrent task and tDCS administration, and participant characteristics (i.e., clinical versus non-clinical) may contribute to discrepancies across tDCS studies. Although a
recent meta-analysis concluded tDCS had no eﬀect on cognitive outcomes (Horvath, Forte, & Carter, 2015), several methodological issues
regarding this review were raised suggesting these ﬁndings were not
conclusive (Price & Hamilton, 2015). Through this line of research, we
aim to gain a better understanding of the parameters under which tDCS
may produce health behavior change and reduce risk behaviors (i.e.,
tobacco use, overconsumption of sugar) which have far-reaching public
health consequences.

Appendix A. Supplementary data
Supplementary data related to this article can be found at https://
doi.org/10.1016/j.appet.2018.08.032.
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