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CHAPTER 1: A REVIEW OF PREFRONTAL CORTEX-DIRECTED 

TDCS AND COGNITIVE TRAINING FOR IMPULSIVITY IN 

OBESITY  
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Obesity is a multi-faceted disease, which includes physiological, behavioral, 

psychological, genetic, and environmental factors 1,2,6. As of 2014, the Center for Disease 

Control had estimated that nearly 37.7% of American adults had obesity2. Obesity, 

defined as a body mass index (BMI) of 30 or greater, increases the risk of many other 

health conditions including sleep apnea, osteoarthritis, hypertension, hyperlipidemia, type 

II diabetes mellitus, heart diseases, and even mortality2,3,4,5,6. The brain plays an integral 

role in eating behaviors and weight management. As such, recent research has delved into 

further understanding the underlying neurobiology of obesity and the development of 

new treatments to address neurobiological barriers to successful weight loss. 

In this review, we will briefly discuss how the brain’s homeostatic and hedonic 

pathways interact and regulate food consumption. We will examine impulsivity and 

compulsivity traits and their relationship to hedonic reward pathway signaling and 

difficulties with behavior change, respectively, as potential contributing factors to 

overweight/obesity. We will then evaluate the role of the prefrontal cortex in the 

regulation of food consumption as a potential mitigator of food-related impulsivity 

characterized by the inability to regulate response to excess input from reward signaling 

pathways in susceptible individuals who have heightened food cue sensitivity. To a lesser 

degree, we will examine the potential role of compulsivity, related to an inability to break 

old habits, as a potential barrier to successful weight loss and the potential role of 

effecting change in the prefrontal cortex as a potential treatment for this issue. Building 

on this background of the prefrontal cortex as a potential regulator of impulsivity and 

mitigator of excess food intake, we will consider the potential therapeutic role of 
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electrical stimulation as an additional weight loss treatment modality. In particular, we 

will focus on transcranial direct current stimulation (tDCS), a non-invasive form of 

electrical neuromodulation, as a possible treatment to strengthen prefrontal cortex 

function because of the relative safety of tDCS compared to other forms of electrical 

neuromodulation. We will consider and discuss inconsistent literature findings with 

regards to the effectiveness of tDCS for affecting food behavior change and weight loss. 

Lastly, we will highlight tDCS coupled with other modalities as a potential way to 

enhance the effectiveness of this device-related obesity treatment approach. By exploring 

the role of tDCS when coupled with other targeted modalities to harness neuroplasticity 

we have the potential to develop a new treatment approach for obesity. 

 

Food Intake: Roles of Homeostatic and Hedonic Pathways 

Food intake is complex, regulated in part by the homeostatic and hedonic 

pathways within the brain7. Within the homeostatic pathway, the hypothalamus regulates 

energy balance by integrating fuel-related signals received from the periphery8,9,14. 

Peripheral fuel-regulated signals received and integrated by the hypothalamus include 

those from the gut, adipose tissue, liver, and pancreas8. In contrast, the hedonic pathways 

comprise a reward related-system which can be impacted by cognitive and emotional 

factors2,11,12,13. Key components of the hedonic system are limbic system structures 

including the nucleus accumbens (NAc), amygdala, and hippocampus which are 

important for emotional and behavioral functions2,12,13. Adjacent to and connected with 

the limbic regions are the paralimbic cortical areas of the brain which include regions 
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such as, the cingulate gyrus, orbitofrontal cortex, and temporal pole insula. These regions 

are responsive to environmental cues that offer rewards20,73. 

 

Impulsivity, Compulsivity and their Relation to Eating Behavior and Refractory Obesity: 

Obesity is a disease manifested through a compilation of a variety of contributing 

factors. More specific obesity phenotypes are being defined. While obesity does not 

necessarily require impulsivity, impulsivity could be a contributing factor to the 

development and maintenance of obesity. Impulsivity is a psychological construct that 

has been linked with loss of control eating, and in some studies, with obesity. Impulsivity 

has been defined as a multi-dimensional tendency to act without thinking or planning 

sufficiently2020. Impulsivity may involve a rash and spontaneous reaction in response to 

stimuli without consideration of possible consequences, as well as a purposeful drive 

towards obtaining rewarding stimuli. Individuals with impulsive behaviors often choose 

immediate small rewards over delayed larger rewards60. Impulsive behaviors may occur 

as a result of a lack of self-control and an over-active hedonic pathway20.  

Though findings have been inconsistent with regards to defining the link between 

impulsivity and obesity, some investigators have found that individuals with obesity are 

more likely to experience impulsive behavior on validated psychological testing, such as 

higher impulsivity ranked on the BIS-11 for impulsivity and obesity on the Odds ratio 

and are thus more likely to have a higher caloric intake79,101. Individuals with obesity may 

have a heightened sensitivity to environmental food cues, and this coupled with 



5 
 

impulsivity could predispose them to obesity. Studies have found that obese individuals 

are more likely to pay attention to food-related images compared to lean individuals, as 

well as show attentional bias to pictures of high caloric foods82.  

Inhibitory control is important for overcoming impulsive behaviors23. Inadequate 

inhibitory control with regards to response to food cues in the environment may influence 

the development and maintenance of overweight and obesity25.  Studies utilizing 

neuropsychological testing, with regards to inhibitory control for eating behaviors and 

weight control, have linked lack of impulse control with obesity25. Cognitive inhibition, 

the ability to overcome distracting stimuli, arises when individuals filter out distractions; 

some investigators have found that individuals with obesity are less efficient in 

completing cognitive tasks in the presence of food-related stimuli and can have difficulty 

with impulse control25. Evidence for greater cognitive interference, as measured by 

studies utilizing a food-related stop-signal task, has been found in studies of individuals 

with obesity compared to lean controls26,27,101,102.   

Similarly, delay discounting, the decline in the value assigned to a reward that 

occurs when receipt of that reward is delayed, has been examined in individuals with and 

without obesity who have highly impulsive behaviors, such as gambeling103,104
. Although 

an individual’s delayed gratification rate is typically stable over time and possibly a 

heritable trait, its expression has been shown to be influenced by higher cortical, 

cognitive processes, executive function processes61. In addition to the mitigation of 

impulsivity, executive function processes can play a role in mitigating compulsivity, as 

will be discussed below. 
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Compulsivity is another psychological trait that has been linked in some studies 

with obesity, though the link between compulsivity and obesity has been explored less 

than the link between impulsivity and obesity. Compulsive behaviors are those that are 

persistent, repetitive, often habitual, difficult to control and interfere with activities or 

decision-making29. Compulsivity may affect the ability to make and sustain healthy 

behavior changes effectively. Compulsive behaviors are difficult to change and interfere 

with an individual’s ability to redirect. Intrusions, which are spontaneous and discrete 

impulses that are difficult to control and interfere with actions and behaviors, can 

contribute to greater compulsivity29,46. Cognitive, emotional, contextual, and 

physiological components can trigger spontaneous emotional thoughts29. These intrusive 

thoughts, although they can be initially rewarding, can interfere with an individual’s 

ability to make appropriate decisions. The result is a behavior that may become 

entrenched. Food-related compulsivity may involve habitual overeating, perhaps 

situational overeating to relieve negative emotional state or overeating despite aversive 

consequences30. Individuals who have obesity with a compulsivity component may have 

more difficulty disengaging from food cues compared to others112. Castellanos, 

Charboneau, Dietrich, Park, Bradley, Mogg, and Cowan (2009) found that both 

individuals with obesity and lean individuals had elevated food attentiveness in the fasted 

state82. However, individuals with obesity had higher self-reported scores in regard to 

responsiveness to external food cues and disruption to control of eating behavior as 

compared with individuals who were lean in the fed state82. In the fasted state, both 

groups had an increased gaze duration at food images (as compared with non-food 

images), which the individuals with obesity maintained into the fed state78. In brief, 
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successful mitigation of excess limbic input may be an important obesity treatment target. 

In this next section, we will explore the prefrontal cortex an area of the brain which is 

integral to limbic gatekeeping 15,16,17,18. We will more specifically focus on its role in 

relation to mitigating impulsivity as the link between food-related impulsivity and 

prefrontal cortex function has been explored more to date than its link with compulsivity. 

In particular, we will next focus on the activation of the dorsolateral prefrontal cortex 

(DLPFC) in behavioral regulation of impulsivity in individuals with obesity. 

 

The Dorsolateral Prefrontal Cortex’s Role in Mitigation of Impulsivity: 

The DLPFC is integral in the mitigation of impulsive behaviors. The prefrontal 

cortex (PFC) is located within the frontal lobe of the brain. The DLPFC may take part in 

controlling eating behaviors although the exact mechanisms by which the DLPFC 

influences eating behaviors is still unclear42. Interestingly, individuals who have obesity 

have been found to have lower left DLPFC postprandial activation than lean individuals, 

and disrupting activity in the right DLPFC was found to result in a worsened delay 

discounting42. Research suggests that the DLPFC’s role in eating regulation is important 

locally and through connectivity with other brain regions involved in reward and 

homeostasis75. The DLPFC is highly activated, as shown through functional magnetic 

resonance imaging (fMRI) postprandially when regulating food desire54. Hollman et. al 

(2012) found that the DLPFC is considered to be involved with self-control and cognitive 

reappraisal, which can reduce the desirability of food intake73,74. Studies in animals have 
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linked food expectancy and food reward to neurons within the DLPFC52,53. One study 

found that the DLPFC can be activated by taste5050.  

Stice et. al (2010) used fMRI in adolescent female high school students who 

ranged from lean to obese to determine the blood oxygenation dependent (BOLD) 

imaging level response to highly palatable foods and to determine if the response of the 

limbic system to perceived food was related to BMI97. Additionally, they researched to 

see if the Dopamine Receptor D2 (DRD2) and D4 (DRD4) polymorphisms could impact 

future weight gain. They concluded that the lacking the dopamine receptor 

polymorphisms DRD2 TaqIA A1 allele of the DRD4-7R allele was correlated with a 

higher BMI. Bruce et. al (2010) used fMRI in both healthy weight and obese children to 

determine both limbic system and PFC activation in response to food both pre- and post-

meal98. They found that although both groups of children had limbic activation in 

response to food pre-meal, the children with obesity were hyper-responsive to the food 

stimuli and were unable to diminish the limbic system activation post-meal, as compared 

to their healthy weight counterparts102. These studies suggest there is greater cognitive 

control in the PFC and less modulation within the limbic system in relation to food 

consumption in individuals who are lean. However, in individuals with obesity, there is 

greater cognitive-behavioral control of the limbic system while the prefrontal cortex is 

less modulated76. Individuals who have obesity have been found to have down-regulated 

DLPFC neuronal activity post-prandially41,42. Research suggests that individuals with 

obesity have a weaker activation in the PFC when exposed to food cues, regardless of 

whether that is before or after consumption, and that the weaker activation is a predictor 
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of BMI97,98.  Upon weight loss, heightened regulation of the DLPFC was observed in this 

study. Accumulating information regarding the connectivity between functions of the 

DLPFC and limbic regions and accumulating suggests a potential field of treatment for 

obesity through enhancing DLPFC function. Some studies have concluded that the 

strengthening of the prefrontal cortex can help reduce food consumption23,24. 

 

Neuromodulation: An Expanding Therapeutic Role to Include Obesity Management? 

Traditionally individuals with obesity have been treated with lifestyle, 

pharmacological and surgical management, in a tiered fashion, based on obesity stage and 

presence of comorbidities94. Despite the addition of new pharmacological options over 

the last decade, there remains a significant gap in effective obesity management. 

Contraindications and potential medication interactions may limit pharmacotherapeutic 

options for many patients; over time medications may become less effective and weight 

regain is common once medications are stopped95. Over the last decade as our 

understanding of the underlying neurobiology of obesity has grown, new treatment 

targets and therapies have been under development. Among these is the potential for use 

of electrical neuromodulation for the treatment of obesity. 

Neuromodulation, as defined by the International Neuromodulation Society, is 

any application acting directly upon nerves to cause alternation – or modulation – of 

nerve activity by delivering electrical or pharmaceutical agents directly to the target 

area36. Neurophysiological signals are initiated or influenced with the intention of 
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therapeutic effects that thereby altering the performance of the nervous system through 

neuromodulation22. Within the range of types of neuromodulatory approaches, 

pharmacotherapeutic weight loss agents could be included, however, they can have 

possible side effects including addiction and organ damage96. Weight reduction 

medications work in conjunction with a caloric reduction, requiring individuals who 

consume these medications to be able to maintain a caloric reduction. Additionally, a 

common issue with pharmacological weight loss agents is that there is some weight re-

gain after a year on the medication and once the medication is stopped95. Common 

contraindications for weight reduction pharmacological agents include blood thinners, 

pregnancy, and allergies to the medication. Such neuromodulation is often not optimally 

effective. In contrast, there are several potential benefits to effective neuromodulation, 

especially electrical neuromodulation, which include its potential for targeted specificity, 

revisability, and programmability45. Electrical neuromodulation includes invasive 

stimulation and non-invasive stimulation. Invasive devices require implanting electrodes 

that can provide stimulation to the specific brain or other neutral regions, while non-

invasive stimulation involves external electrodes without incisions37. Examples of 

electrical neuromodulation include deep brain stimulation (DBS), vagus nerve 

stimulation (VNS), functional electrical stimulation (FES), electroconvulsive therapy 

(ECT), magnetic seizure therapy (MST), transcranial magnetic stimulation (TMS), and 

transcranial direct current stimulation (tDCS)22.  

TMS and tDCS are both noninvasive. While TMS induces action potentials in the 

cortical tissues beneath the scalp through discrete magnetic pulses, tDCS applies a low-
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intensity electrical current directly to the scalp30,32,33,34. While it does not generate action 

potentials in quiet neurons, tDCS causes polarity-dependent modulation within the brain, 

utilizing anodal and cathodal directed stimulation33. This modulation can aid in 

generating a suprathreshold action potential production within neurons already 

attempting to fire enhancing synaptic efficacy. By enhancing suprathreshold action 

potentials, tDCS can amplify neural firing performance.  In quiet neurons, anodal tDCS 

has been shown to minimally enhance activity by creating a subthreshold membrane 

fluctuation, however, this weak effect by itself is not enough to create an action 

potential34. In contrast, if active neurons are beneath the anode region, tDCS can aid 

subthreshold action potential to generate a suprathreshold action potential leading to 

enhancing firing34.   

tDCS is delivered through a battery-operated stimulation device between two 

electrodes (anode and cathode). The application of tDCS – the direction of the current, 

amplitude, and time- impact the benefits received. For anode right/cathode left tDCS, the 

electricity flows from the anode on the right of the prefrontal cortex to the cathode on the 

left of the prefrontal cortex32. The placement of the electrodes and direction of the current 

(traveling in one direction) is important to the mechanism of tDCS, as it will allow it to 

depolarize the neuronal membrane of neurons attempting to fire and thus enhance the 

chance of a suprathreshold action potential leading to enhanced firing34. In general, areas 

beneath the anodal stimulation will have increased cortical excitation, while cathodal 

stimulation will decrease the excitability33,38. Therefore, tDCS can increase neuronal 

stimulation through depolarization of the membrane potential and modify neuronal 
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synaptic efficacy and amplify behavioral performances32,33,38. However, as noted above, 

tDCS cannot produce an action potential in quiet neurons. In contrast, TMS uses 

excitatory stimulation to induce action potentials in quiet neurons that would not have 

fired otherwise81. 

tDCS, compared to TMS, is easily portable, applicable, inexpensive, and safe with 

minimal to no risk33,38.  tDCS is a more attractive therapeutic option than many other 

forms of electrical neuromodulation because of scalability and portability of the device. 

Studies are underway to evaluate it for home use in several therapeutic settings106.  

Because TMS is excitatory and tDCS is modulatory, TMS has a higher risk rate as 

compared with tDCS. The most serious adverse effect of TMS, although rare, is the risk 

of seizures40. Additionally, single pulses of TMS can create heat within the brain tissues 

which can create skin burns or irreparable damage to the brain tissues from the heat of the 

electrodes when the temperature gets out of control40. The coil used in TMS produces a 

strong magnetic field, and with large voltages can induce voltages in nearby wires and 

electronic devices, causing damage to the internal circuitry of electronic implants near the 

coil, leading to device malfunction40. Therefore, it is important to use safe procedures and 

monitor electrode conductivity when TMS is being administered. tDCS, although a more 

attractive form of neuromodulation for the reasons listed above, could be less effective 

than TMS.  

Additionally, of importance in the research setting, because tDCS scalp sensation 

only lasts a few seconds, subjects can be blinded to whether they are receiving the 

stimulation or a sham treatment44. However, as tDCS produces a small amplitude of 
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current, one potential concern is that it is not effective enough. In the next section, we 

will examine the potential application of tDCS for effecting obesity-related behavior 

change in the sections that follow. 

 

tDCS: Effect on Eating Behavior and Obesity: 

While our literature review is specifically focused on human clinical research 

studies, we will first briefly discuss a couple of relevant animal studies for background 

leading to the human work. Each study discussed found no weight loss in between active 

and sham stimulation groups, however, they found a change in eating-related behaviors 

between groups. Ziomber et. al (2018) conducted a thirty-seven-day study with Wistar 

rats at twelve to thirteen weeks old59. The purpose of the study was to understand the 

impact that tDCS had on feeding behaviors, metabolites, and neurotransmitters in obese 

rats. Fifty-seven male Wistar rats were split into five groups; obese animals, non-exposed 

to tDCS (n=10), obese animals, subjected to sham tDCS (n=11), obese animals subjected 

to anodal tDCS on the right PFC (n=14), obese animals subjected to cathodal tDCS on 

the left PFC (n=11) and lean animals, non-exposed to tDCS (n=11). Electrodes were 

placed 3 mm right and 3 mm left of the sagittal fissure on the 30th day, the rats began 

stimulation twice daily for eight consecutive days for ten minutes each at 200 µA. 

Bodyweight, food intake, blood total cholesterol, triglycerides, serum leptin, serum 

ghrelin, and Dopamine D1 and D2 receptor levels were measured. This active stimulation 

treatment decreased weight gain, food intake, blood levels of leptin, increased serotonin 

levels, as well as increased D2 dopamine receptors density in the PFC and decreased 
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density in the dorsal striatum, five hours following the stimulation session62. Ziomber et. 

al (2018) concluded that the change in the dopamine receptor density in the brain could 

imply the role of dopamine in the development and maintenance of obesity59.  However, 

there was no weight loss observed within the active stimulation groups. This could be in 

part due to the lack of follow-up observations as the study concluded on the last day of 

stimulation. Secondly, Macedo et. al (2016) conducted a study with the aim of 

understanding food consumption in rats receiving anode right/cathode left tDCS86. 

Eighteen rats at sixty-days old were randomized into three groups: control, no stimulation 

(n=6), sham, receiving thirty seconds tDCS at 500 µA (n=6), and tDCS, receiving twenty 

minutes at 500 µA. Stimulation sessions occurred over eight consecutive days. Food 

intake, weight, naso-anal length (cm), Open field (OF) test, elevated plus maze (EPM) 

test, palatable food consumption test, collection of hypothalamus tissue for BDNF were 

collected and measured. The active stimulation group had both a decrease in food 

consumption post-fasting and an increase in time between meals86. Again, there was no 

weight loss noted in between the groups, which could be due to the lack of follow-up. de 

Oliveria et. al (2019) conducted an eight weeklong study on Wistar rats to better 

understand the effects of tDCS on anxiety-like and feeding behaviors in obese rats87. 

Forty male Wistar rats were split into four groups, with 10 rats per group. The groups 

were: standard diet plus sham treatment (SDS), standard diet plus tDCS treatment (SDT), 

Hypercaloric diet plus sham treatment (HDS), and Hypercaloric diet plus tDCS treatment 

(HDT). After 40- days on their allotted diet, the rats completed baseline testing followed 

by eight consecutive days of stimulation for twenty minutes at 0.5 mA daily and 

monitored for the remainder of the eight weeks. Most notably, none of the groups lost 
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weight over the 8 weeks period, although the groups on the hypercaloric diet did gain 

weight compared to their standard diet counterparts. The lack of weight loss in the first 

two studies could be due in part to the lack of follow-up post tDCS stimulation after 

twenty-four hours5,86. De Oliveria et. al (2019) noted that the lack of weight loss could be 

correlated with levels of stress in the rats from the stimulation and their altered 

consumption of palatable foods to compensate, which was not allotted for in the study84. 

Although animal studies are foundational in understanding the neurophysiology of tDCS, 

research must be done in the human population to understand the behavioral adaptations. 

We conducted a literature review through the OVID MEDLINE database using a 

modified systematic approach with MeSH subject headings, including the presence of 

search terms in the title, abstract, and author information based on the following 

terms/concepts listed in table 1:  

 

Table 1: MeSH terms in literature search in author keywords, title, and abstract 

Obesity 

terms 

tDCS terms Behavioral Terms 

1. Obesity 1. Transcranial Direct Current 

Stimulation  

2. Cathodal Stimulation 

Transcranial Direct Current 

Stimulation  

3. Cathodal Stimulation tDCS  

4. Repetitive Transcranial 

Electrical Stimulation 

1. Impulsive Behavior  

2. Behavior, Impulsive  

3. Impulsivity  

4. Psychological Inhibition  

5. Inhibition 

6. Health Behavior  

7. Attitude to Health  

8. Health Risk 

9. Behavioral Research 
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5. Transcranial Alternating 

Current Stimulation  

6. Transcranial Direct Current 

Stimulation 

7. Transcranial Electrical 

Stimulation  

8. tDCS  

9. Anodal Stimulation tDCS  

10. Electric Stimulation Therapy 

11. Transcutaneous Electric 

Nerve Stimulation 

10. Behavioral Sciences  

11. Compulsive Eating  

12. Compulsive Behavior 

13.  Addictive Behaviors  

14. Food Addiction  

15. Cravings  

16. Food Cravings 

17. Eating  

18. Calorie Consumption 

  

  

 

From the literature that we pulled in the search, inclusion criteria were that the 

study was a randomized control trial of tDCS with an aim to improve impulsivity 

(cognitive and/or motor) and/or loss of control eating behaviors with or without a 

component of craving. Literature was excluded if the participants had endocrine 

disorders, overt eating disorders, and any disease or injury to the brain and if the 

literature was not available in the English language or did not have the full text available. 

 

 

 

 

 

 



17 
 

Figure 1: Flow chart for literature search 

 

 

Table 2: Summary table of literature for tDCS, obesity and impulsivity. 

Study Participa

nts / 

Number 

of 

Stimulati

on 

Sessions  

tDCS 

Parameters 

Paired  Duration 

of 

stimulati

on 

period in 

days 

(addition

al 

follow-

up post- 

stimulati

on)  

 Outcome 

Measurements  

Findings 

Grundeis 

et. al 

(2017) 

25 obese 

females, 

(age 14-

43 years) 

(mean 

Active anodal 

stimulation for 

20 min at 2 

mA with 

none 3 weeks 

(0 days)  

Primary: VAS, 

Food 

consumption 

No 

difference 

in calorie 

consumpt

ion 
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BMI 

36.5 ± 

4.1. 

3 

sessions  

anode/cathode 

at AF7/F8. 

Cathodal 

stimulation for 

20 min at 2 

mA with 

cathode/anode 

at AF7/F8. 

between 

groups. 

Ray et. al 

(2017) 

18 

participa

nts 

(mean 

age 22.7 

± 7.9) 10 

female, 

(mean 

BMI 

31.4 ± 

9.1). 

Single 

Session. 

Bilateral 

active tDCS 

for 20 min at 

2mA 

anode/cathode 

at F4/F3. 

Sham 

stimulation for 

1 min at 2 mA 

for first and 

last minute 

none 2 days 

(0 days) 

Primary: BIS-

11, BMI, 

DEBQ-R, Food 

cravings test, in 

lab eating test 

Active 

had 

reduced 

food 

cravings 

in 

females 

and 

preferred 

food 

calorie 

consumpt

ion in 

males 

compared 

to sham  

Ray et. al 

(2020) 

74 

college 

students 

(age 18-

41 years) 

44 

female, 

(mean 

Bilateral 

active tDCS 

for 20 min at 

2mA 

anode/cathode 

at F4/F3. 

none 1 day (0 

days) 

Primary: Food 

Craving task, in 

lab eating test 

 

Secondary: 

Hunger 

Assessment, 

weight, BIS-11, 

When 

told they 

received 

active, 

participan

ts ate less 

than their 

counterpa
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BMI 

31.8 ± 

5.5). 

Single 

Session. 

Sham 

Stimulation 

for 2 min 

BMI, DEBQ-R, 

FCT  

rts. No 

difference 

in calorie 

consumpt

ion intake 

between 

active 

and sham. 

Stevens 

et. al 

(2020) 

28 

healthy 

participa

nts (age 

18-60 

years), 

19 

females 

(mean 

BMI 

34.0 ± 

7.05). 

Single 

Session  

Bilateral 

active tDCS 

for 20 min at 

2mA 

anode/cathode 

at F4/F3. 

Control 

stimulation for 

20 min at 

2mA with 

anode/cathode 

at C3/C4. 

none 2 day (0 

days) 

Primary: BMI, 

BIS-11, 

Palatable Eating 

movies scale, 

BES, short 

suggestibility 

scale, DEBQ-R, 

FCT, eating task 

 

Secondary: RCI, 

PSS 

There 

was no 

difference 

in 

perceived 

food 

cravings 

or food 

consumpt

ion.  

Ljubisavlj

evic et. al 

(2016) 

27 

college-

age 

participa

nts, (age 

18 years 

or 

older), 8 

females, 

(mean 

Unilateral 

active tDCS 

for 20 min at 2 

mA with 

anode at F4 

and reference 

electrode at 

F3. 

Sham had 1 

active 

none 5 days 

(30 

days) 

Primary: FCQ-

T, FCQ-S, FCI, 

CESD-R 

Active 

decreased 

in self-

reported 

cravings 

compared 

to sham 
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BMI 

25.6 ± 

4.4). 

5 

sessions 

followed 4 

sham. 

Heinitz et. 

al (2017) 

23 obese 

participa

nts, 11 

females 

(BMI 

39.3 ± 

8.42). 

15 

sessions. 

Unilateral 

active tDCS 

for 40 min at 2 

mA with 

anode at F3 

and reference 

electrode at 

F4. 

Sham 

stimulation for 

20 sec of 

stimulation at 

2 mA 

 

none 11 days 

inpatient

, 4 

weeks 

outpatie

nt (0 

days) 

Primary: 

Vending 

machine 

paradigm for ad 

libitum 

food intake,  

Secondary: 

Bodyweight, 

Snack food taste 

tests (SFTTs), 

VAS, BES, 

TFEQ 

No 

difference 

in weight 

change 

between 

groups. 

Active 

had 

decreased 

VAS 

hunger 

ratings 

compared 

to sham 

Usanos et. 

al (2020) 

38 

females, 

(age 45-

65 years) 

mean 

BMI 25-

35. 

8 

sessions 

Bilateral 

active 

stimulation for 

20 min at 2 

mA with 

anode/cathode 

at F3/F4. 

Hypocal

oric diet 

2 weeks 

(2 

weeks) 

Primary: 

Weight, FCQ-T, 

FCQ-S, VAS 

Secondary: 

Go/no-go task, 

Food memory 

task 

Active 

lost 

greater 

percent 

bodyweig

ht 

compared 

to sham. 

Gluck et. 

al (2015) 

9 obese 

individu

als (age 

18-60 

Study 1: 

Active 

cathodal 

stimulation at 

Maintena

nce diet  

Study 1: 

8 days 

(0 days) 

Primary: Weight 

log and recorded 

food log  

Anodal 

stimulatio

n resulted 

in lower 
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years) 

(mean 

BMI 38 

± 7). 

8 

sessions  

2 mA for 40 

min with the 

cathode at F3 

with the 

reference 

electrode on 

the left 

forearm  

Study 2: 

Active anodal 

stimulation for 

40 min at 2 

mA with 

anode at F3 

and the 

reference 

electrode 

above the 

right eye. 

Study 2: 

8 days 

days (0 

days) 

calorie 

consumpt

ion 

compared 

to 

cathodal 

and sham.  

Georgii et. 

al (2017) 

42 

healthy 

female 

participa

nts (age 

17-40 

years) 

(mean 

BMI 

22.6 ± 

3.2). 

Single 

session. 

Bilateral 

active 

stimulation for 

20 min at 1 

mA with 

anode/cathode 

at F3/F4. 

Followed by 1 

week of sham 

stimulation for 

15 sec at 1 

mA. 

 

Food 

Choice 

Task 

14 days 

(7 days) 

Primary: BIS-

15, Hunger 

scale, 

computerized 

food-choice 

task, food 

cravings 

questionnaire-

state, food 

intake test 

Higher 

baseline 

non-

planning 

impulsivit

y on the 

BIS-15 

scale had 

a higher 

correlated 

calorie 

intake. 
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Kekic et. 

al (2014) 

17 

female 

participa

nts (age 

19-55 

years) 

(mean 

BMI 

23.8 ± 

2.6). 

Single 

session. 

Bilateral 

active tDCS 

for 20 min at 

2mA 

anode/cathode 

at F4/F3. 

 

Tempora

l 

discounti

ng task 

3 days 

(0 days). 

Primary: FCT, 

FCQ-S, Free-

eating task 

 

Secondary: TD 

task 

No 

difference 

in 

perceived 

food 

cravings 

or food 

consumpt

ion.  

Forcano 

et. al 

(2020) 

18 

participa

nts (age 

18-60 

years) 12 

females, 

(mean 

BMI 

42.6 ± 

4.9. 

4 

sessions 

Bilateral 

stimulation for 

20 min at 2 

mA with 

anode/cathode 

at 

F3/F4/F7/FC5

/FC6. 

Sham 

stimulation at 

for 3 sec 

  

Cognitiv

e tasks 

11 days 

days (7 

days) 

Primary: Self-

reported food 

intake log: SOC, 

Intra-Extra 

Dimensional Set 

shift, Spatial 

Span, SRT, 

Iowa gambling 

task, Stroop 

colors and 

words test, 

Symbol digits 

modality test, 

Conners’ 

continuous 

performance test 

 

Secondary: eCB 

anandamide 

(AEA), 2-

Active 

had 

reduced 

calorie 

consumpt

ion 

compared 

to sham.  
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arachindonoylgl

ycerol (2-AG) 

 

We evaluated the literature based on parameters used such as the location of the 

electrodes, number of stimulation sessions, the direction of the current, and the addition 

of other modalities with potential for augmenting the treatment response. The location, 

duration, number of sessions, the intensity, and coupling with other modalities with a 

goal of enhancing targeted effectiveness are all important parameters in the application of 

effective tDCS86,87. Below, we will discuss the above studies within the context of these 

types of parameters. 

 

Food Impulsivity - Brain Regions, Locations, and Number of Sessions for tDCS 

Application: 

In a single session study, Stevens et. al (2020) conducted a randomized control 

trial that aimed to test the efficacy of tDCS to reduce food cravings and eating where the 

control and sham condition would be hard to distinguish, thereby preventing participants 

from guessing their treatment and a possible placebo effect106. Stevens et. al (2020) 

recruited 28 participants with a mean age of 21 years and a mean BMI of 34.0. 

Participants in the active stimulation received single session tDCS, anode-right/cathode-

left (F3/F4) for 20 minutes at 2 mA, while the control group received stimulation over the 

sensorimotor cortex (SMC), anode-right/cathode-left (C3/C4) for 20 minutes at 2 mA. 

Participants’ BMIs were obtained, and they were asked to complete psychological 
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questionnaires to assess eating behaviors, along with computerized food craving task and 

free eating task. Before leaving, participants completed a real vs. control interview where 

they were asked to guess whether they had been given ‘real’ or ‘fake’ stimulation. 

Investigators found no difference between the groups of food consumption and self-

reported food cravings. Additionally, 71% of the participants were unable to guess real 

stimulation from control stimulation, thereby minimizing the placebo effect110. Though 

the researchers’ study failed to find a significant effect of tDCS, there are several reasons 

why this might have occurred. Stevens et. al (2020) utilized a single session montage that 

was not paired with a trained executive function task to elicit food-related behaviors and 

as tDCS does not generate action potentials, rather enhances existing sub-threshold action 

potentials, this treatment may not have targeted food-related behaviors. Additionally, 

there was no follow-up time post-stimulation to determine if there were delayed effects 

from the stimulation.  

Grundeis et. al (2017) conducted a multiple session study with three stimulation 

sessions utilizing a double-blind randomized control crossover trial in which the active 

treatment group received twenty minutes of anode/cathode stimulation at AF7/F8 at 2 

mA and the cathodal group received twenty minutes of stimulation with the 

cathode/anode at AF7/F8 at 2 mA. The investigators aimed to determine if anode-

right/cathode-left tDCS over the DLPFC would decrease food cravings and consumption 

as compared to anode-left/cathode-right tDCS and sham stimulation. A total of 25 

females with obesity, mean BMI 36.5 and mean age 28.8 years, enrolled in the study. 

Electrodes were placed at AF7 and F8 and stimulation for both the anode-left/cathode-
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right and cathode-left/anode-right lasted for 20 minutes at 2 mA, while sham stimulation 

only lasted for 30 seconds. They found no significant difference in food cravings or 

consumption between groups91. Ray et. al (2017) also conducted a double-blind 

randomized control study in relation to food cravings and consumption. They aimed to 

test the efficacy of right-anode/left-cathode tDCS to reduce food cravings and 

consumption in participants with obesity and to determine the degree to which the 

suppression of cravings and consumption was influenced by baseline differences. 

Eighteen participants were enrolled with a mean age of 22.7 years old and a mean BMI of 

31.4. During the single active stimulation session, participants received tDCS anode-

left/cathode-right (F4/F3) for 20 minutes at 2 mA, while during the single sham 

stimulation, participants only received stimulation for the first and last minute. 

Investigators found that when baseline BIS attentional scores were included as a 

covariate, perceived food cravings were significantly reduced in the active group 

compared to the sham (p<0.05) in females, with no difference in males. However, total 

food consumption decreased in males when BIS no-planning scores were included as a 

covariate (p=0.0014). Ray et. al (2017) concluded that a single session of tDCS over the 

DLPFC did appear to reduce appetite and food cravings for individuals with obesity60. 

However, in a study employing deception though otherwise similar study to the Ray et. al 

(2017) study because of the identical tDCS parameters, Ray et. al (2020) found that with 

the single session tDCS over the DLPFC, participants had a significant decrease in food 

consumption when they were told they were receiving active tDCS stimulation 

(p=0.006), whether or not they received sham stimulation or active stimulation and had 

no significant change in cravings when participants were informed that they received 
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sham stimulation, regardless of whether or not they received active or sham stimulation90. 

Therefore, the difference in findings comparing the three studies suggest single session 

tDCS may not elicit behavioral change and that careful study blinding is essential. 

Additionally, baseline traits such as impulsivity, need to be taken into account in single 

session tDCS studies. However, these studies were short proof-of-concept studies; none 

of them involved multiple sessions or had a longitudinal follow-up component, nor did 

they measure other outcomes of biological relevance. Single session studies have shown 

inconsistent results and on whole did not show a consistent effect of DLPFC-directed 

tDCS on appetite or food behavior control; multiple session studies would be needed to 

further evaluate the potential of this modality. 

In a multi-session tDCS study directed over the left DLPFC (F3), Ljubisavljevic 

et. al (2016) aimed to determine if longer-term reductions in food cravings in healthy 

adults could be achieved and if results would differ between normal and overweight 

participants. A total of 27 participants with a mean age of 21.3 and mean BMI of 25.6 

completed the study. The active stimulation participants (n = 13) received 5 sessions in 

consecutive days of stimulation for 20 minutes at 2 MA with the anode at F4 and the 

cathode over the left forehead. Sham stimulation participants received one day of active 

stimulation, followed by 4 sessions of sham stimulation, which was identical but only 

lasted for 30 seconds. Participants completed craving questionnaires, along with the 

Center for Epidemiological Studies depression scale – revised (CESD-R) at each visit and 

30 days post-stimulation. Participants in the active stimulation group reported decreased 

self-perceived craving (p<0.05) immediately post-stimulation when compared to the 
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sham but this effect did not persist92. Over the 30-day follow-up period there was no 

significant treatment-related effect on food cravings between the groups, nor did baseline 

characteristics of BMI or gender predict the follow-up BMI. While suggestive that that 

multi-session tDCS may have an immediate impact on behavioral change, much work is 

needed to optimize the stimulation parameters in order to elicit long-lasting changes. 

In another multi-session study, Gluck et. al (2015) completed a double-blind 

randomized control study with a within-subject crossover. In the first part of the study 

(study 1), participants completed a 9-day, inpatient trial. The first 5 days consisted of 

following a weight maintenance diet where the macronutrient goals were provided to 

participants41. At the end of the 5 days, patients were randomized and began tDCS 

stimulation which had been planned to be cathode at F3 with an anode reference 

electrode over the left forearm for 3 consecutive days. However, after 34 of the 36 

participants had completed the montage, the study was halted as the investigators 

discovered the leads had been reversed. In the second phase of this study (study 2), 9 of 

the original participants returned to complete another 9-day inpatient stay with three 

additional tDCS sessions. In both studies, tDCS was delivered at 2 mA for 40 minutes. In 

study 2, the anode was placed over F3 and the reference electrode was placed over the 

right eye. Sham stimulation consisted of identical electrode placement but only lasted for 

15 seconds. After active anodal stimulation, participants tended (at a trend level) to 

consume fewer calories per day (p=0.07) compared with the cathodal stimulation, 

however, there was no significant difference in total calorie consumption between the 

sham and active groups when expressed as a percent of allotted calories calculated for 



28 
 

maintenance diet (p>0.20). Weight change over the eight-day stimulation period did not 

significantly differ between any of the groups in either study (p=0.30). In a similar study 

design, Heinitz et. al (2017) conducted a study to discern if a repetitive tDCS over the 

DLPFC had an effect on ad-libitum food intake, weight change, and appetite changes 

long term85. Twenty-three participants, 11 females, with a mean BMI of 39.3 completed 

the study. Patients began the study with an 11-day inpatient stay. On days 8-10, 

participants received tDCS stimulation followed by ad libitum food consumption from a 

vending machine. Following their inpatient stay, participants continued with tDCS 

stimulation 3 times a week (on separate days) for 4 weeks. tDCS was for a total of 15 

sessions anode-left at F3 with a reference cathode placed on the right supraorbital region. 

Active stimulation lasted for 40 minutes at 2 mA, while sham stimulation lasted for 10 

seconds. Investigators found no difference in total calorie consumption between the 

groups during the inpatient stay or in weight change between groups during the 4-week 

outpatient period (p>0.18). However, the active stimulation had a decrease in perceived 

huger according to the VAS during the 4-week outpatient period compared to the sham 

group (p=0.05). In consideration of these two studies, we see that repetitive anodal tDCS 

over the DLPFC may elicit food-related behavioral changes. However, as Heinitz et. al 

(2017) noted, weight loss did not occur after 4 weeks of stimulation. It is possible that the 

particular repetitive tDCS protocol used here may not have been adequate to induce 

effective behavioral change, but the follow-up duration is not long enough to ensure 

adequate assessment of weight loss effect; several months of follow-up would have 

provided a better observation timeframe for a weight loss outcome.  
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In a multi-session study in which participants were followed out 4 weeks after 

stimulation, Usanos et. al (2020) utilized repetitive tDCS in combination with a four-

week-long hypocaloric diet to determine if tDCS over the DLPFC could enhance weight 

loss. A total of 38 female participants underwent 8 sessions of tDCS over 2 weeks on 

alternate weekdays. Active stimulation was delivered anode-left/cathode-right over F3/F4 

for 20 minutes at 2 mA. Sham stimulation parameters were identical but only lasted for 

15 seconds. Both at baseline and the end of week 2, participants were exposed to food-

related pictures as part of the Go/No-Go task (not during stimulation). At the beginning 

of week 2, all participants began a hypocaloric diet of 20 kcal/kg/day at 45-55% 

carbohydrates and 15-25% protein, which lasted for a total of 3 weeks. Bodyweight was 

collected weekly, and participants completed the FCT-Q and TFEQ weekly. 

Additionally, participants completed the neurocognitive task, GO/No-Go, 2-back test, 

and Dual task, at baseline and the end of week 2. At the end of the 4 weeks, the group 

that received active tDCS had a significantly greater reduction in bodyweight percentage 

than their sham tDCS counterparts (p=0.02)89. The active stimulation group significantly 

improve in the dual task compared to the sham group (p=0.007) which required inhibitory 

control. Thus, a study of longer duration utilizing cognitive training tasks may have 

enhanced effectiveness demonstrated favorable results. This suggests that repetitive tDCS 

in combination with cognitive training tasks may enhance behavioral changes, which can 

enhance weight loss.  However, while statistical significance in between-groups response 

was demonstrated, within the confines of this study a biologically meaningful response 

was arguably not achieved. 



30 
 

Coupling tDCS with Cognitive Training 

tDCS has been coupled with additional therapies in an effort to elicit a more 

focused, effective response. tDCS has been coupled with physical and cognitive training 

therapies. Studies coupling tDCS with cognitive training are underway. By coupling 

tDCS with standardized cognitive training focused on specific executive function 

domains, such as inhibition, selective-task-related synaptic coactivation may allow for 

amplification of the effectiveness of tDCS66.  

In a study utilizing a single-session stimulation vs. sham condition, which was 

coupled with a food choice task, Georgii et al. (2017) conducted a double-blind 

randomized control study with a within-subject crossover design with the aim of 

investigating whether tDCS stimulation coupled with the food choice task (FCT) 

modifies food choice, craving, and consumption as a function of trait impulsivity. 42 

female participants with a mean of 22 years old and mean BMI of 22.6 completed each of 

the sessions of stimulation and sham tDCS conditions. Participants either began with a 

single session of sham stimulation and returned for a single session of active stimulation 

a week later or vice-versa. tDCS was delivered anode-right/cathode-left (F4/F3) for 20 

minutes at 1 mA. Throughout the stimulation, participants were asked to complete FCQs, 

a VAS for the general liking of food, and a taste test for food, and calorie consumption 

was monitored. Additionally, an FCT was completed during stimulation. Before starting 

the FCT, participants were told that the most selected food group (high-calorie or low-

calorie) from blocks (high-calorie/high-calorie, low-calorie/low-calorie, or high-

calorie/low-calorie) would be available after the stimulation period for a taste test. 
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Participants were then asked to select between the food groups on the computer and their 

response was recorded as a measure of inhibition. Baseline and post-stimulation 

impulsivity were measured through the BIS-15. Georgii et al. (2017) found no significant 

difference in calorie consumption between the active and the sham group. However, 

higher impulsivity through the BIS-15 was correlated with higher calorie consumption 

during the taste test, regardless of group (p=0.007)58. The researchers concluded that the 

null effect of the tDCS could in part be due to the low amplitude (1mA) of the 

stimulation, and in part due to the concern that the impulsivity task was not able to induce 

a conflict between food palatability and consumption, arguing that both a higher 

amplitude and more specific task could elicit better results. Also of note, is that the study 

did not involve an effort to retrain participants towards making healthier food choices and 

did not seek to improve inhibition. Kekic et. al (2014) conducted a double-blind 

randomized control study with a within-subject crossover design that aimed to determine 

if single session sham-controlled tDCS following a temporal discounting task would 

temporarily reduce food cravings, transiently alter temporal discounting behaviors and if 

the effects of tDCS on food cravings would be modified by individual differences in 

decision-making abilities. 17 female participants with a mean age of 19-55 years old and 

a mean BMI of 23.8 completed the study. Upon arriving to the stimulation session, 

participants completed a battery of questionnaires to assess food cravings and eating 

behaviors, along with a temporal discounting task. In the active stimulation session, 

participants received tDCS anode-left/cathode-right (F4/F3) for 20 minutes at 2 mA. 

Then, the baseline measurements were repeated, and participants received sham tDCS 

anode-left/cathode-right (F4/F3) for 30 seconds. Kekic et. al (2014) found no significant 
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difference in food cravings or food consumption between groups, nor was there a 

significant difference in temporal discounting. However, participants with lower baseline 

k-values had for temporal discounting were more susceptible to anti-craving effects of 

tDCS (p <0.05)87. These findings suggest that baseline characteristics, such as inhibition, 

can identify responders and non-responders concerning the effectiveness of tDCS. As 

tDCS can only enhance already existing action potentials, the lack of significant findings 

in this study underscores the importance of utilizing the cognitive task which best selects 

the appropriate neuronal population and coupling it during tDCS delivery, not before or 

after. Additionally, more sessions or different duration of stimulation may be necessary to 

see a treatment-related effect of tDCS. 

In a more recent multiple stimulation DLPFC-directed study coupled with 

cognitive training directed at executive function enhancement in individuals with obesity, 

Forcano et. al (2020) aimed to test the efficacy of the intervention on food consumption 

and cognition, in addition to endocannabinoid levels and electroencephalogram changes 

in participants with obesity88. A total of 18 participants with a mean age of 43.2 and a 

mean BMI of 42.6 completed the study. Participants begin with a baseline visit during 

which cognitive tasks, BMI, dietary measures were obtained, and seven days later, they 

underwent stimulation for 4 consecutive days. Active tDCS was applied using 8 

multichannel electrodes at AF3, AF4, F3, F4, F7, F8, FC5, and FC6 (in a montage 

determined via Neuroelectrics StimWeaver to provide DLPFC-directed stimulation for 20 

minutes at 2 mA. During stimulation, participants completed cognitive training tasks 

bingo, platforms, pyramid card, four in a row, temporary-order and go/no-go tasks to 
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assess their sustained attention, processing speed, planning, flexibility, response 

inhibition, decision-making, and working memory. On day 12, the postintervention 

assessment, identical to baseline assessment, was collected and on day 18, a 4-day dietary 

assessment was collected. The investigators found that the active group had an increase in 

the number of accurate responses to the bingo test (testing for sustained attention) 

compared to the sham group (Cohen’s d=0.38) post-treatment. Additionally, Forcano et al 

(2020) found that tDCS coupled with cognitive training in individuals with obesity lead 

to a decrease in food consumption as compared to the sham group (Cohen’s d=0.85)91. 

This study design suggests that repetitive tDCS paired cognitive training may enhance 

executive function domains and reduce caloric intake. However, this small study with 

very short follow-up is preliminary and limited in its application to weight management 

as the participants were only followed for 7 days post-stimulation and a sustained calorie 

reduction is necessary for weight loss. 

As tDCS is a low-risk device, there have been concerns that effectiveness may 

also be minimal. Indeed, many studies have yielded inconsistent or negative results. 

However, the benefits of tDCS are influenced by the parameters used - amplitude of 

current, the direction of the current, and the activation of neurons in the target-based 

area56. Future studies should pair cognitive tasks targeted at impulsive behaviors along 

with tDCS over the DLPFC to examine the role of tDCS in the treatment of food-related 

impulsivity. Much work is still needed to optimize the coupled task selection, which is 

crucial to effectiveness, as well as the other tDCS parameters. In summary, the small 

proof-of-concept studies which are promising, require longer and larger follow-ups to 
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understand the lasting effects of tDCS over the DLPFC paired with cognitive training 

impulsivity food-related behaviors and weight management in obesity. While there is 

much additional work to do with regards to understanding and optimizing the role of 

tDCS application for obesity-related food impulsivity, even less is understood regarding 

the potential role of trait level compulsivity with regards to changing to and sustaining 

healthy food-related behaviors and the potential role of tDCS application for this issue. 

This area represents another potential area for future weight management research. 

Conclusion:  

Some individuals with obesity may experience impulsive eating-related 

behaviors. For some obese individuals, trait-level compulsivity may be a limiting factor 

in successful adaption and maintenance of healthy weight loss promoting behaviors. 

DLPFC deficits may contribute to increases in food impulsivity and leading to the 

development and maintenance of obesity. tDCS is a non-significant risk form of 

neuromodulation that can enhance neuronal activity by creating a subthreshold membrane 

fluctuation when delivered from anode to cathode. There is mixed evidence for tDCS in 

the treatment of obesity by itself, however, some evidence suggests tDCS in combination 

with cognitive training during repetitive DLPFC-directed tDCS sessions could potentially 

be therapeutic for diseases with an impulse-control component, including, addictive 

behaviors and potentially obesity. However, much further research is needed to optimize 

this approach with careful attention to the following: the location, duration, number of 

sessions, the intensity of the tDCS delivered, and specific, standardized cognitive task 

coupled with tDCS. The potential role of tDCS for weight management has yet to be 
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determined.  It is not yet clear if utilizing a standardized but broad array of tasks targeting 

multiple executive function domains will be the optimal approach in the weight loss 

setting, or if targeting specific domains such as the inhibition domain, in particular, will 

be the best strategy for the selection of optimal cognitive tasks to be coupled with tDCS 

when utilized in the weight management setting. 
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CHAPTER 2: A PREFRONTAL CORTEX-DIRECTED TDCS AND 

COGNITIVE TRAINING FOR IMPULSIVITY IN OBESITY: A 

PILOT STUDY  
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Background: 

Obesity is a multifaceted disease that can be caused by an imbalance of energy 

intake and energy expenditure, and includes physiological, behavioral, psychological, 

genetic, and environmental factors11,2,6.  Obesity is defined by a body mass index (BMI) 

greater than or equal to 30 and increases the risk of metabolic diseases, cardiovascular 

diseases, and mortality2,3,4,5,6. Although not necessary to obesity, at a trait level 

impulsivity may be a factor in the development and maintenance of obesity in some 

individuals. Impulsivity is a psychological trait characterized by the lack of foresight, 

planning, and excessive risk-taking and can reflect poor executive function20. Inhibitory 

control is necessary for overcoming or managing impulsive behaviors and inadequate 

inhibitory control in relation to environmental food cues can enhance the development 

and maintenance of obesity23,25.  

The prefrontal cortex (PFC), also known as the gatekeeper of risk and reward 

thoughts and behaviors, plays an important role in executive function, including self-

control and the ability to plan and understand the consequences of actions. Dysregulation 

of the prefrontal cortex can lead to addictive behaviors such as gambling and drug 

addictions, and possibly the development and maintenance obesity109. Hollman et. al 

(2020) found that the dorsolateral prefrontal cortex (DLPFC) is considered to be involved 

with self-control and cognitive reappraisal of food, the ability to reduce the desirability of 

food consumption54. Individuals with obesity may have a less modulated PFC76. 

Transcranial Direct Current stimulation (tDCS) could play an important role in 
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modulating the DLPFC to enhance executive function, mitigate impulsivity and 

potentially treat obesity. 

tDCS is a non-invasive neuromodulation technique that can enhance sub-

threshold action potentials and enhance neuronal efficacy. However, as a non-excitatory 

device, tDCS is unable to generate an action potential by itsef34. Previous research has 

found a therapeutic effect of tDCS in treatment of addictive behaviors, such as 

alcoholism. Boggio et. al (2008) found that tDCS reduced alcoholism relapse17. 

Additionally, tDCS has been used in some food-related behavior studies, such as 

cravings, calorie consumption and weight management with mixed results. In a 

randomized control trial, Ray et. al (2017) conducted single session tDCS over the 

DLPFC and found no difference in food consumption between groups60. In another study 

with repetitive tDCS sessions, Usanos et. al (2020) found that participants who received 

tDCS over the DLPFC had a greater percent bodyweight reduction compared to their 

sham counterparts89. Yet when Heinitz et. al (2017) conducted a repetitive tDCS trial, no 

changes in weight were seen between groups after four weeks85. This could be in part 

because of tDCS’s modulatory nature; there has been mixed literature on its effectiveness 

in behavioral modification and weight management. However, as tDCS is a newer 

modality, there could be variability in its effectiveness of tDCS from parameters utilized 

for treatment. Moreover, it is possible that coupling tDCS with a cognitive training task 

may enhance the effectiveness of tDCS by amplification of synaptic coactivation. 

Therefore, given the potential of tDCS as a treatment for impulsive eating 

behavior, the primary aim of this study was to investigate if tDCS over the DLPFC paired 
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with cognitive training could enhance executive function, and in particular, reduce 

impulsivity in participants with obesity. As a secondary aim, we aimed to determine if 

tDCS over the DLPFC paired with cognitive training could enhance weight loss in 

participants with obesity enrolled in a structured weight loss program. 

 

Methods: 

Participants: 

Out of the 72 participants from the Minneapolis VAMC recruited for the study. 

Eligibility criteria included obesity (BMI > 30), age of 18 years or older, ability to 

understand English and consent to the study and procedures, and for females of child-

bearing age to be willing to use a reliable form of birth control. Participants were 

excluded if they had a history of seizures, severe or moderate head injury, head surgery, a 

significant neurological disorder (significance based on Principal Investigator’s 

judgment), frequent severe headaches, history of scalp conditions such as eczema or 

seborrheic dermatitis, metal in the head (not including the mouth), implanted medical 

devices, pregnancy, active substance abuse, psychological or medical disorders requiring 

inpatient treatment, presence of a known metabolic or hormonal disorder that affects 

weight. Participants with a history of hypothyroidism are acceptable if the treatment is on 

treatment and maintains normal TSH and FT4 levels within the previous 3 months before 

treatment and has been on a stable dosage of l-thyroxine for 3 months as prescribed. 

Thirty-two of the participants screened were eligible for the study and enrolled. Three 
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participants withdrew before their first stimulation session and 22 participants completed 

all 8 visits. Due to the need for virtual visits during the COVID-19 pandemic, only 17 

participants total finished their visits in-person which was required for on-site weight 

measurement and NIH Examiner completion. For the virtual visits, weight collection 

occurred over the phone the day of the visit, and scale type was collected, or weights 

were pulled from the participants; chart from their most recent medical visit. Weights 

pulled from participants charts were excluded if they were not within ±14 days of the 

study visit. Additionally, 1 of the 17 participants who completed the NIH Examiner 

measurements was unwilling to complete their Binge Eating Scale (BES) at visit 8. 

Participants were allowed in the study if on medications that could impact weight 

but were required to be on a stable dose for three months prior to beginning the study. 

Changes to medications during study participation were not recommended, but if 

necessary, adjustments were noted and reviewed. Table 3 summarizes the medications 

that could influence weight taken during the study duration. 

 

 

Study Design: 

The study protocol is depicted in figure 1. A baseline visit consisted of a medical 

doctor (MD) screening/interview, and BES, Minnesota Blast Exposure Screening Tool 

(MN-BEST), Patient Health Questionnaire (PHQ-9), and the National Institute of Health 

(NIH) Examiner battery were conducted. Within 1-4 weeks, participants were 

randomized into treatment groups and began stimulation. Visits 2-6 were completed on 



41 
 

consecutive days where participants received tDCS in combination with BrainHQ. After 

the consecutive stimulation sessions, participants then began a 16 week Move Mass 

Behavior Modification (BMOD) program through the Minneapolis VAMC. Visit 7 

occurred at week 8 (halfway through the behavior modification program) and visit 8 

occurred at week 16. Visit 7 consisted of measuring weight, BES, and the NIH Examiner. 

In addition, on visit 8, both PHQ-9 and a short blinding questionnaire were assessed. 

Figure 2: Study protocol design and timeline 

 

MN-BEST: 

The MN-BEST is a self-reported interview tool. The three most significant blast 

exposure events are recorded in addition to the frequency and duration of the post-

concussive symptomatology. Additionally, the three most significant head injuries for the 

participant will be recorded to determine the presence of a traumatic brain injury.  

PHQ-9: 

The PHQ-9 was conducted to determine the presence of the nine Diagnostic and 

Statistical Manual of Mental Disorders, 4th Edition, Text Revision (DMS-IV-TR) criteria 
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for depression. The scores ranged from 0-27 with a higher score being consistent with 

more depressive symptoms. 

BES: 

The BES is a 16-item questionnaire that assessed the presence of binge eating 

behaviors. The questions were conducted as a group of statements about behavior, 

thoughts, and emotional states. Higher scores are consistent with more binging behavior. 

NIH Examiner: 

A computerized battery of neuropsychological, experimental tests to assess four 

domains of executive function.  

a) The Dot Counting test (working memory): 

The Dot Counting test assesses working memory. Participants were asked to 

count and remember the number of blue circles in a display of other shapes. 

There were six trials in which the number of shapes displayed in each trial 

increased from two to seven. Participants were asked to recall, in order, the 

total number of blue circles on each display, and the correct responses were 

recorded. 

b) The Flanker test (impulsivity): 

The Flanker test assesses impulse control. Participants were asked to make 

rapid decisions about the direction of a central stimulus when the surrounding 

items are congruent, pointed in the same direction, or incongruent, pointed in 

the opposite direction. Lower scores are related to poor impulse control. A 
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summary score that takes into account the correctness of response and speed 

of response may be computed. A reaction time that relates more specifically to 

motor impulsivity may also be evaluated, both for the trials total and for the 

congruent and incongruent trials specifically. 

c) Set Shifting (cognitive flexibility) 

The Set Shifting task assesses cognitive flexibility which relates to 

compulsivity as a trait. Participants were asked to match a stimulus on the 

screen to either of the two stimuli in the corner of the screen on one of two 

types of characteristics (color or shape). The matching characteristics alternate 

in a pseudorandom fashion. Lower scores relate to greater behavioral 

compulsivity. 

d) The Unstructured Task (executive planning) 

The Unstructured Task assesses executive planning. Participants are asked to 

complete several simple puzzles, with different assignments (high and low 

value) within six minutes. Participants must plan which order of puzzles to 

complete to obtain as many points as possible. Higher scores are associated 

with higher planning skills. 

BrainHQ: 

An interactive computer software package where participants work through a 

series of structured exercises designed to stimulate neuroplasticity. BrainHQ was 

conducted as a trained task concurrently with tDCS. BrainHQ contains exercises 

challenging cognitive skills including attention, processing speed, and working memory. 
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tDCS: 

 tDCS was delivered using the Ngeuroelectrics Starstim system, a wireless 

multichannel transcranial current stimulator. Carbon rubber core electrodes were soaked 

in saline solution (25 cm2) and placed in a neoprene headcap marked with locations based 

on the 10-10 EEG system. Using a montage directed at enhancing the neuroplasticity of 

the left DLPFC, the anode placed over F4 over the left DLPFC, and the cathode placed at 

F3 over the right DLPFC. The current was delivered at 2mA for 13-minutes, followed by 

a 20-minute stimulation break and another 13-minute stimulation. For sham stimulation, 

the procedure was identical to active stimulation except for the current only flowed for 

the initial 30 seconds. 

Statistical Analysis: 

Data analyses were performed using RStudio software. Descriptive statistics were 

conducted on groups at baseline. Differences between groups were assessed. Paired t-

tests were used to assess within-group measures while independent t-tests were assessed 

between-group measures.  

Results: 

Table 3 shows the baseline anthropometric characteristics of the 22 participants 

enrolled in the study. 

Table 3: Baseline characteristics of 22 participants enrolled in the study. 

Variable 

Mean (SD) 

Median (Range) 

Active (n = 11) Sham (n = 11)  p-value  
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Age 57 y/o (11.78) 

58 (37 to 72) 

60.64 (11.90) 

66 (35 to 71) 

0.52 

Sex (M/F) 8/3 8/3 0.67 

Weight 276.19 (56.69) 

278 (182.4 to 368.8) 

252.49 (37.60) 

256.6 (188.4 to 315.2) 

0.73 

BMI 39.84 (5.31) 

38.77 (30.82 to 47.99) 

37.46 (4.43) 

35.31 (32.34 to 44.85) 

0.65 

Diabetes (%) 5 (45.45) 4 (36.36) 1.0 

HbA1c (pts with DM) 7.18 (0.965) 

7.1 (6.1 to 8.7) 

7.53 (1.70) 

7.4 (5.9 to 9.3) 

0.71 

Smoke (%) 4 (36.36) 1 (9.09) 0.14 

Hypothyroidism (%) 0 (0) 0 (0) 0.63 

Total PHQ 8.36 (2.98) 

8 (3 to 13) 

5.64 (5.20) 

4 (0 to 14) 

0.15 

Total BES 21 (9.50) 

20 (10 to 33) 

16 (6.28) 

16 (4 to 7) 

0.16 

 

Due to the COVID-19 pandemic, this pilot study was shortened and only 17 

participants were able to complete the NIH Examiner at visits 7 and 8. Table 5 shows the 

baseline anthropometric characteristics and NIH Examiner results of the 17 participants. 

 

Table 4: Baseline characteristics of 17 participants who completed in-person visits (NIH 

Examiner completers) 

Variable 

Mean (SD) 

Median (Range) 

Active (n = 8) Sham (n = 9)  p-value  

Age 56.5 (13.22) 

58 (37-722) 

58.78 (12.44) 

64 (35 to 69) 

0.72 

Sex (M/F) 7/1 6/3 0.34 
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Weight 294.38 (50.46) 

309.5 (212.8 to 368.8) 

247.49 (39.75) 

253.6 (188.4 to 315.2) 

0.049 

BMI 41.72 (4.57) 

42.67 (34.34 to 47.99) 

37.09 (3.93) 

35.31 (32.34 to 44.04) 

0.040 

Diabetes (%) 4 (50.0) 3 (33.33) 0.52 

HbA1c (pts with DM) 6.8 (0.53) 

6.9 (6.1 to 7.3) 

8.35 (1.34) 

8.35 (7.4 to 9.3) 

0.093 

Smoke (%) 2 (25.0) 0 (0) 0.12 

Hypothyroidism (%) 0 (0) 0 (0) 0.62 

Total PHQ 9 (3.07) 

9.5 (3 to 13) 

5.44 (4.80) 

4 (1 to 14) 

0.093 

Total BES 20.38 (10.13) 

18 (10 to 33) 

16.22 (6.98) 

18 (4 to 27) 

0.34 

Flanker Summary 

Score 

8.36 (0.54) 

8.52 (7.37-8.69) 

8.23 (0.53) 

8.30 (7.06-8.99) 

0.62 

Flanker Reaction Time 0.93 (0.19) 

0.88 (0.76-1.33) 

0.97 (0.23) 

0.95 (0.69-1.47) 

0.70 

Dot Counting Score 15.63 (4.24)  

14.5 (10-24) 

15.89 (3.89) 

16 (11-23) 

0.90 

Set Shifting Score 7.56 (1.06) 

7.65 (5.84-9.33) 

7.66 (0.67) 

7.63 (6.75-9.10) 

0.82 

Unstructured Task 

Score 

352.25 (76.21) 

332.5 (275-505) 

307.56 (93.7) 

300 (140-451) 

0.30 

 

Although there were no between-group differences in weight or BMI for the 22 

completers, there were significant between-group differences in baseline weight (p = 

0.049) and BMI (p = 0.040) in the NIH completers. Additionally, there was a baseline 

(trend-level) difference in PHQ-9 in the NIH completer groups (p = 0.093). However, the 

active tDCS with cognitive training (tDCS+CT) group had a lower HbA1c score 
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compared to their sham counterparts at baseline (p = 0.093); the sham had worse glycemic 

control at baseline which might predispose to greater weight loss. 

Table 5 summarizes the medications taken by participants throughout the study. 

No significant changes in medications were seen within groups throughout the study. 

Table 5: Baseline and follow-up medications in all NIH completers 

 Active (n = 8) Sham (n = 9) 

Medication Baseline Follow-up Baseline Follow-up 

Empagliflozin (%) Baseline Follow-Up Baseline Follow-Up 

HCTZ (%) 1 (9.09) 1 (9.09) 1 (9.09) 1 (9.09) 

Liraglutide (%) 1 (9.09) 1 (9.09) 2 (18.18) 2 (18.18) 

Metformin (%) 0 (0) 0 (0) 1 (9.09) 1 (9.09) 

Metoprolol (%) 2 (18.18) 2 (18.18) 3 (27.27) 3 (27.27) 

Semaglutide (%) 2 (18.18) 2 (18.18) 3 (27.27) 3 (27.27) 

Topiramate (%) 0 (0) 0 (0) 1 (9.09) 1 (9.09) 

 

tDCS was tolerated well. Some subjects noted tingling sensation during sessions, 

both active and sham. Participant blinding was assessed at the end of the study and was 

determined to be successful; 66% of the sham group participants believed they had 

received active stimulation, while 25% of the active group thought they received active 

stimulation. Conversely, 11% of the sham participants believed they received sham 

stimulation while 38% of active participants believed they received sham stimulation. 

The remaining participants were unsure of what stimulation they had received. 

In their study, Galioto et. al (2016) found that a slower Flanker response time was 

associated with better impulse control, or inhibition, and subsequent weight loss108. For 

this reason, we chose to focus on the Flanker reaction time rather than the Flanker 
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summary score. We found that over the course of the study, the total mean Flanker 

reaction time score improved in the active tDCS+CT group at visit 7, before tapering off 

at visit 8. For that reason, we chose to focus on visit 7 for the NIH Flanker. Table 6 

shows the within and between-group comparisons from baseline to visit 8 in the NIH 

Flanker reaction time. 

 

Table 6: Primary Aim: NIH Examiner Flanker reaction time throughout the study 

duration. 

 Active Group (n=8) Sham Group (n=9) Compare 

 Baseline Results Paired 

t-test 

Baseline Results Paired 

t-test 

Independent t-test 

Variable Mean 

(SD) 

Mean 

(SD) 

p-

value 

Mean 

(SD) 

Mean 

(SD) 

p-

value 

p-value 95% 

CI 

Flanker 

Reaction 

Time Vis 6 

0.93 

(0.19) 

0.875 

(0.18) 

0.22 0.97 

(0.23) 

0.82 

(0.099) 

0.087 0.48 -0.098 

to 0.20 

Flanker 

Reaction 

Time Vis 7 

0.93 

(0.19) 

0.91 

(0.14) 

0.79 0.97 

(0.23) 

0.81 

(0.062) 

0.057 0.075 -0.011 

to 0.21 

Flanker 

Reaction 

Time Vis 8 

0.93 

(0.19) 

0.84 

(0.087) 

0.11 0.97 

(0.23) 

0.83 

(0.11) 

0.07 0.56 -0.13 

to 0.23 

 

Table 7 summarizes the effect of the intervention on the NIH Examiner within 

and between groups at visit 8 compared to the baseline visit 1 for the 17 NIH completers. 
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No significant changes were seen in the total Dot counting score, total Set Shifting score, 

or total Unstructured task score between groups. 

 

Table 7: Additional NIH Examiner at baseline visit 1 compared to visit 8 between and 

within groups. 

 Active Group (n=8) Sham Group (n=9) Compare 

 Baseline Results Paired 

t-test 

Baseline Results Paired 

t-test 

Independent t-test 

Variable Mean 

(SD) 

Mean 

(SD) 

p-

value 

Mean 

(SD) 

Mean 

(SD) 

p-

value 

p-value 95% 

CI 

Dot 

Counting 

Score Vis 8 

15.63 

(4.24)  

18.5 

(5.32) 

0.11 15.89 

(3.89) 

16.22 

(5.85) 

0.86 0.31 -2.59 

to 7.68 

Set Shifting 

Score Vis 8 

7.56 

(1.06) 

8.02 

(0.66) 

0.08 7.66 

(0.67) 

8.09 

(0.82) 

0.12 0.94 -0.69 

to 0.75 

Unstructured 

Task Score 

Vis 8 

352.25 

(76.21) 

416.5 

(117.6) 

0.07 307.56 

(93.7) 

340.56 

(130.3) 

0.37 0.51 -67.12 

to 

129.62 

 

 tDCS treatment did not lead to weight change during the study. There were no 

significant differences between groups in the number of BMOD classes attended. 

Discussion: 

The primary objective of this study was to determine if there is a treatment-related 

decrease in measures impulsivity in individuals with obesity receiving tDCS treatment in 

combination with cognitive training compared to sham treatment. The NIH Flanker 

reaction time was our aim one measurement. We found no differences at visit 8 in total 
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mean flanker reaction time, but at visit 7, a treatment-related effect can be seen with the 

active tDCS+CT group having a slower total mean reaction time compared to their sham 

counterparts (p=0.075).  Galioto et. al (2016) found that a slower Flanker response time 

was associated with better impulse control, or inhibition, and subsequent weight loss108.  

Regarding the other NIH Examiner components, no differences were seen in Dot 

counting, Unstructured planning, or Set Shifting throughout the study. 

The secondary objective of this study was to determine if there is a treatment-

related change in weight loss with tDCS treatment in combination with cognitive training 

compared to sham treatment. As mentioned before, despite finding a tDCS-related effect 

on Flanker reaction time maximizing at about 2 months after stimulation, our findings did 

not show the link between this NIH Examiner measurement and subsequent weight loss 

that Galioto had demonstrated; we did not see a treatment-related effect for weight loss. 

However, randomization was not optimal in our small study; there were trend-level 

differences in baseline weight, BMI, and trend-level PHQ-9 with the sham group tending 

to have lower values (p = 0.049 for weight at baseline, p = 0.040 for BMI at baseline, and 

p = 0.093 [trend-level significance] for PHQ-9 at baseline) among the NIH Examiner 

completers. Additionally, among those with diabetes, HbA1c level at baseline trended 

higher for those in the sham group compared to the active among the NIH Examiner 

completers (p = 0.093). These baseline differences may have contributed to the lack of 

treatment related weight loss in those who completed the NIH Examiner (those who had 

in-person weights and were able to complete all study activities), as the baseline 

differences arguably would have been more likely to have led to less weight loss in the 
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active group. The potential for such baseline differences needs careful consideration in 

future studies. Future studies utilizing larger sample sizes should allow for better 

randomization, leading to more congruent baseline characteristics between groups. 

Though we had hoped to complete studies in 20 participants, due to the COVID-

19 pandemic, we were unable to collect complete primary data in only 17 individuals. 

Despite the lack of demonstration of weight loss with tDCS paired with cognitive training 

in these individuals, the results of this study suggest that tDCS paired with cognitive 

training may enhance executive function, specifically motor inhibition peaking around 

two months post-stimulation and then returning to baseline. Much work is needed to 

optimize treatment parameters. A trained task more specific to impulsivity, food-related 

impulsivity, in particular, may elicit a better response and subsequent weight loss than we 

found with the use of BrainHQ. Other possibilities for future optimization include the 

changes to tDCS parameters: location, duration, number of sessions, and/or intensity of 

the stimulation. Further research is needed to better understand the ideal parameters of 

tDCS in this setting.  

Conclusion: 

 The primary aim of the study was to determine if tDCS in combination with 

cognitive training decreased impulsivity in individuals with obesity compared to sham 

treatment. Future work is needed regarding the tDCS parameters and trained tasks best 

suited to elicit these changes; future research should be conducted in a larger sample 

population. However, this small pilot study does suggest that tDCS over the DLPFC in 

combination with cognitive training may enhance motor inhibition in individuals with 
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obesity and thus may hold potential promise as a new modality for weight loss 

management. 
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