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Abbreviations 29 

AU, arbitrary unit; BED, binge eating disorder; BF10, Bayes factor; BMI, body mass index; 30 

CBIT, computer-based image task; CBM, cognitive bias modification; CI, confidence interval; 31 

cm, centimetre; COMT, catechol-o-methyl transferase; DLPFC, dorsolateral prefrontal 32 

cortex; EBA, extrastriate body area; EDNOS, eating disorder not otherwise specified; F, 33 

female; FCI, Food Craving Inventory; FCQ-S, Food Craving Questionnaire-State; GABA, 34 

gamma-aminobutyric acid; IAT, implicit association task; IFG, inferior frontal gyrus; kcal, 35 

kilocalorie; kg, kilogram; LFPQ, Leeds Food Preference Questionnaire; M, male; mA, 36 

milliampere; met, methionine; min, minute; NR, not reported; PFC, prefrontal cortex; PICO, 37 

Population, Intervention, Control and Outcome; PWS, Prader Willi syndrome; RoB, risk of 38 

bias; SE, standard error; SEM, standard error of the mean; subBED, subthreshold binge 39 

eating disorder; tDCS, transcranial direct current stimulation; tnM1, tongue muscle 40 

representation of the primary motor cortex; VAS, visual analogue scale; VNS, visual numeric 41 

scale 42 

  43 
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ABSTRACT 44 

Transcranial direct current stimulation (tDCS) is becoming an increasingly popular technique 45 

for altering eating behaviours. Recent research suggests a possible eating behaviour trait-46 

dependent effect of tDCS. However, studies recruit participant populations with 47 

heterogeneous trait characteristics, including “healthy” individuals who do not present with 48 

eating behaviour traits suggesting susceptibility to overconsumption. The present review 49 

considers the effects of tDCS across eating-related measures, and explores whether a trait-50 

dependent effect is evident across the literature. A literature search identified 28 articles 51 

using sham-controlled tDCS to modify eating-related measures. Random effects meta-52 

analyses were performed, with subgroup analyses to identify differences between “healthy” 53 

and trait groups. Trivial overall effects (g = -0.12 to 0.09) of active versus sham tDCS were 54 

found. Subgroup analyses showed a more consistent effect for trait groups, with small and 55 

moderate effect size (g = -1.03 to 0.60), suggesting tDCS is dependent on participants’ 56 

eating behaviour traits. Larger effect sizes were found for those displaying traits associated 57 

with study outcomes (e.g. heightened food cravings). “Healthy” individuals appear to be 58 

unresponsive to stimulation. Based on this meta-data, future work should recruit those with 59 

eating behaviour trait susceptibilities to overconsumption, focussing on those who present 60 

with traits associated with the outcome of interest.  61 

  62 
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1. INTRODUCTION 63 

Obesity is a global health epidemic that is predicted to affect 20% of the worldwide adult 64 

population by 2030 1, with a higher prevalence predicted for both the United Kingdom (35 to 65 

48%) and United States of America (45 to 52%) 2, 3. This condition is associated with many 66 

comorbid diseases, such as type 2 diabetes and coronary heart disease, which places 67 

greater emphasis on the treatment of obesity 4, 5. Although it is often diminished to the notion 68 

of “eat less, move more”, obesity is multi-faceted and driven by the complex relationship 69 

between behavioural, biological and environmental factors 6, 7. Despite this complexity, the 70 

treatment of obesity typically involves simple changes to the diet and/or physical activity 8, 9. 71 

Although these treatment modalities produce initial weight loss of up to 10%, this weight loss 72 

is not maintained long-term 9. Additional treatment options such as behavioural therapy, 73 

medications and surgeries also do not result in successful or maintained weight loss for 74 

many individuals 10-12, with extreme forms of treatment such as bariatric surgery associated 75 

with 10 to 27% of individuals experiencing weight regain 11, 13. These weight loss 76 

interventions typically target the symptoms of obesity, such as excess adiposity, and often 77 

ignore the important underlying brain-dependent factors that contribute to energy balance 14. 78 

 79 

The consumption of food is associated with a pleasure response that stimulates reward and 80 

motivation circuits within the brain, which can often override the physiological need for 81 

energy and promote overconsumption and weight gain 15-18. Such a response is relevant in 82 

the current obesogenic environment, where energy-dense, palatable foods are readily 83 

available 19, 20. This hedonic-driven appetite is heightened following calorie restricted diets, 84 

and the pervasiveness of heightened hedonic appetite can lead to weight regain following 85 

bariatric surgery 21-23. Consequently, a lack of maintained weight loss following current 86 

treatment modalities may be driven by an individual’s inability to resist highly rewarding 87 

foods 24. The control of hedonic appetite involves executive brain functions, which are 88 

strongly associated with activity in regions such as the prefrontal cortex (PFC) and allow 89 

goal-directed behaviours through the inhibition of impulsive actions 25-27. Individuals with 90 
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binge eating behaviour or obesity appear to have hypo-activation of the dorsolateral PFC 91 

(DLPFC) 28, 29, and show impaired executive functioning 30-32. This dysregulation of the 92 

DLPFC has been linked with greater impulsive behaviours, often leading to overconsumption 93 

of energy-dense foods 14, 33, 34. Of note, those with greater executive functioning following 94 

bariatric surgery show more improved weight loss outcomes 35. By modulating activity within 95 

cortical regions associated with executive functioning, it may be possible to improve hedonic 96 

appetite control through the inhibition of the rewarding valuation of foods, which may be 97 

beneficial for weight management 15. 98 

 99 

The modulation of cortical activity is possible through the use of non-invasive brain 100 

stimulation techniques such as transcranial direct current stimulation (tDCS) 36. This 101 

technique involves the application of a constant weak electrical current to the brain through 102 

electrodes that are connected to a battery-powered device 37, 38. Although the current 103 

strength is not sufficient to cause neuronal firing, it appears able to modulate resting 104 

membrane potentials in a polarity-dependent manner 39, 40. The electric current is delivered 105 

through an anode (positive charge) electrode, where it is passed through the brain to a 106 

cathode (negative charge) electrode and is returned to the device. Under the anode, resting 107 

membrane potentials are depolarised through the inhibition of neurotransmitters such as 108 

gamma-aminobutyric acid (GABA), increasing the likelihood of spontaneous neuron firing. In 109 

comparison, resting membrane potentials are hyperpolarised under the cathode electrode 110 

which decreases the likelihood of spontaneous firing through the inhibition further 111 

neurotransmitters (e.g. glutamate) 39. This technique is considered safe for healthy and 112 

patient populations 41, and is increasingly popular as it is a simple, scalable and cost-113 

effective method for altering cortical activity 36. 114 

 115 

The ability of tDCS to alter eating behaviours, such as food craving and consumption, has 116 

been of great interest for researchers due to its potential use in the treatment of obesity 42, 117 

amongst other conditions such as eating disorders and addiction-related conditions 39, 43. 118 
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Since the first study using tDCS to alter food craving was published over a decade ago 44, 119 

the potential for this technique to improve hedonic appetite control has seen an increase in 120 

published data. However, despite the promising effects outlined in this early study, more 121 

recent data shows more equivocal effects 45-48. If tDCS is to be used as an additional or 122 

adjunctive treatment modality for weight management, it is important that inconsistencies are 123 

addressed 49. 124 

 125 

One source of such inconsistency across studies are the participants recruited, which 126 

include those who are healthy weight 47, 50, and individuals with overweight or obesity 14, 48. 127 

The eating behaviour traits of these participants also appear to differ across studies. For 128 

instance, two recent studies compared the effects of tDCS on food craving and consumption 129 

in participants with and without binge eating symptomatology and only found an effect of 130 

tDCS in those displaying binge-type behaviours 51, 52. Indeed, our own data highlights a lack 131 

of effect in participants with a healthy weight who appear to show low susceptibility to 132 

hedonic-driven overconsumption 53. Recent data shows improved task performance (e.g. 133 

verbal learning, working memory) only in low-cognitive groups 54-56. As such, only those with 134 

impaired PFC activity and poor executive control may benefit from tDCS modulation. 135 

Together, this suggests a trait-dependent effect of tDCS but further data are required to 136 

support this assumption. The present review will consider the effects of tDCS across 137 

measures of eating behaviour, and will discuss the impact of behavioural traits on these 138 

measures.  139 

 140 

2. METHODS 141 

2.1 Search Strategy 142 

This literature review was performed in line with the Preferred Reporting Items for 143 

Systematic Reviews and Meta-Analyses (PRISMA) 57 (Table S1). An electronic literature 144 

search was conducted across four databases; MEDLINE, PsycINFO, Scopus and Science 145 

Direct. Literature searches were performed in March 2019 and repeated in July 2020 to 146 
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capture additional articles published during this time. Search terms were: (“noninvasive brain 147 

stimulation” OR “non-invasive brain stimulation” OR “transcranial direct current stimulation” 148 

OR “transcranial current stimulation” OR tDCS) AND (appetit* OR food OR “food crav*” OR 149 

“food reward” OR “food preference*” OR “food cue” OR “food consumption” OR eat* OR 150 

calorie* OR “calorie intake” OR “calorie consumption” OR energy OR “energy intake” OR 151 

“energy consumption” OR bing* OR “binge eat*” OR snack*). Due to the limitation on 152 

Boolean terms and wildcards (*) in Science Direct, adjusted search terms were used for this 153 

database: (“transcranial direct current stimulation” OR tDCS) AND (“food craving” OR “food 154 

reward” OR “food preference” OR “food consumption”). 155 

 156 

2.2. Inclusion and Exclusion Criteria 157 

In line with the Population, Intervention, Control and Outcome (PICO) model 58; articles were 158 

included if they were peer-reviewed intervention studies that recruited adult human 159 

participants (population), applying conventional (i.e. one anode and one cathode) tDCS 160 

procedures (intervention) using a sham-controlled design (control) to determine the effects 161 

on hedonic-related eating behaviours (subjective appetite, food craving, consumption or 162 

reward) (outcome). Results were limited to those written in English and published after 1998 163 

to coincide with the development of modern tDCS procedures 38, 59. Any further articles 164 

known to the authors were also considered for inclusion. 165 

 166 

2.3. Data Extraction 167 

After removing duplicates (n = 248), titles and abstracts were assessed for inclusion. Full-168 

text articles were then retrieved and assessed for inclusion in the final sample. Reviews, 169 

abstracts (where full-text articles were unavailable), editorials/commentaries, book chapters, 170 

theses, study protocols, case reports and animal studies were not included in the present 171 

review (total n = 68). Two authors (JDB and DS) performed study selection independently.  172 

For each eligible study, the following data were extracted: names of authors; year of 173 

publication; participant characteristics; montage and electrode size; current intensity and 174 
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density; stimulation duration; ramp duration; sham protocol; number of sessions; blinding 175 

efficacy; use of online and offline protocols; outcome measures; main findings. Data were 176 

extracted as reported in the original article(s) by JDB. 177 

 178 

2.4. Study Quality Assessment 179 

Study quality was determined using the Cochrane Collaboration’s Risk of Bias (RoB) tool 60. 180 

Judgements were made by two independent authors (JDB and NCS) at the study level, with 181 

high agreement between authors (κ = 0.93). 182 

 183 

2.5. Statistical Analysis 184 

Mean, standard deviation (SD) and sample size were extracted for measures of subjective 185 

appetite (hunger, fullness, prospective consumption, desire to eat), food craving, food 186 

consumption, and food reward (implicit wanting, explicit wanting and explicit liking). If 187 

standard error (SE) was reported, SD was estimated using the equation 𝑆𝐷 = 𝑆𝐸 × √𝑛 58. 188 

Where data were not reported in text, means and SD or SE were extracted from available 189 

figures using WebPlotDigitizer (version 4.4) 61, through correspondence with study authors, 190 

or estimated using Practical Meta-Analysis Effect Size Calculator 62 by inputting t or F 191 

statistic and sample size. Where data or effect sizes were estimated, validation of these 192 

measures was independently completed by two authors (JDB and NCS). Standardised mean 193 

difference was calculated for each of the extracted variables, and adjusted using Hedges’ g 194 

bias correction due to the small sample size (n < 20) across many of the reviewed studies. 195 

 196 

Only data following single-session active and sham tDCS were included to provide 197 

comparison across studies. Four studies did not measure the effects of single-session tDCS 198 

63-66; these were excluded from the analysis. The study by Ljubisavljevic et al. 67 was 199 

excluded as all participants received active tDCS for the first stimulation session. A further 200 

study was removed due to missing data 68. A total of 22 studies (total n = 817 participants; 201 

“healthy” group n = 490, trait group n = 327) were included in the meta-analysis. 202 
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 203 

Individual effect sizes are not statistically independent due to differences in comparisons 204 

within experiments, articles and research groups. Such dependencies can result in narrow 205 

confidence intervals (CI) and small estimates of SE 69, 70. To account for this, multilevel 206 

modelling was completed to estimate the influence of several dependencies on effect size 207 

variance. Separate levels for comparison within participant samples, experiments within 208 

studies, and studies within research groups were included in the modelling. Akaike 209 

information criteria and likelihood ratio test outcomes did not indicate that the addition of 210 

each level improved model fit (Table S3). 211 

 212 

Meta-analyses were performed using R 71 with the meta package 72. Random effects models 213 

were used due to the variability in study design and outcomes. A negative effect size 214 

indicates that active tDCS reduced the outcome measure compared to sham tDCS, whereas 215 

a positive effect size indicates an increase in the outcome measure following active versus 216 

sham tDCS. Effect sizes were interpreted as trivial (g <0.20), small (g = 0.20), moderate (g = 217 

0.50) or large (g >0.80) 73. The heterogeneity of effect sizes were assessed using the I2 218 

index, and interpreted as might not be important (0 to 40%), may represent moderate 219 

heterogeneity (30 to 60%), may represent substantial heterogeneity (50 to 90%), or 220 

considerable heterogeneity (75 to 100%) 74. Subgroup analyses were conducted to identify 221 

whether participant behaviour traits were moderating the effects of tDCS on eating-related 222 

measures. Forest and funnel plots were produced using the meta package for R. To test for 223 

publication bias, Egger’s regression was used 75. Where meta-analysis was not possible, a 224 

systematic review of the literature is included. 225 

 226 

3. RESULTS AND DISCUSSION 227 

3.1 Study Characteristics 228 

The literature search identified 1,135 records, with 28 of these included in the present review 229 

after removing duplicates and assessing eligibility (Figure 1). In line with the PICO model, all 230 
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included studies used conventional sham-controlled tDCS procedures (i.e. one anode, one 231 

cathode), with 12 between-participant and 16 within-participant designs (Table 1). Eight 232 

studies involved repeated sessions of tDCS. Across the reviewed studies, a total of 996 233 

participants were recruited, which ranged from 9 to 172 individuals per study. This included 234 

individuals with healthy weight (n = 14 studies, 576 participants), overweight or obesity (n = 235 

15 studies, 393 participants). One study included those with healthy weight and overweight 236 

(n = 27), but the authors did not provide a breakdown for each weight category 67. 237 

 238 

*** INSERT FIGURE 1 HERE **** 239 

*** INSERT TABLE 1 HERE *** 240 

 241 

Many studies recruited participants described as “healthy” (n = 14 studies, 576 participants) 242 

(Table 1). The consensus definition of “healthy” related to a lack of medical or behavioural 243 

conditions, and was irrespective of weight status 14, 48, 63. It should be noted that 4 of these 244 

studies did not measure participants’ wider eating behaviour traits, but reported that 245 

participants were “healthy” regardless of weight status 48, 67, 76, 77. Thirteen studies recruited 246 

participants (n = 403) with differing eating behaviour traits or medical conditions, including 247 

Prader Willi syndrome (PWS) 78, catechol-O-methyl transferase (COMT) Val158Met 248 

polymorphism 65, 66, frequent food cravings 44, 45, 79, 80, restrained eating 81, 82, binge eating 249 

disorder (BED) 51, 83, and anorexia or bulimia nervosa 84, 85. Heterogeneity across studies (I2 250 

range = 0 to 48%) suggests it might not be important. However, potential moderate to 251 

substantial heterogeneity is evident for some measures, particularly in trait subgroup 252 

analyses. Inspection of funnel plots showed good symmetry across measures (see 253 

Supplementary Material); Egger’s regression showed little evidence of publication bias for 254 

overall analyses (p > 0.07) (see Table S4). 255 

 256 

3.2 Study Quality 257 
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Only 7 of the 28 studies showed low risk of bias across all domains and therefore overall low 258 

risk of bias (Figure S2). In the remaining studies, bias arose from issues with the blinding 259 

protocol (Figure 2). Insufficient detail around the blinding of both participants and 260 

researchers was given across studies, particularly the process in which researcher were 261 

made blind. Most studies (n = 18; Table 1) maintained a double-blind protocol through the 262 

use of pin-protected stimulation devices or an independent researcher completing 263 

stimulation protocols. Seven studies used a single-blind design, with a further three studies 264 

providing insufficient detail. 265 

 266 

*** INSERT FIGURE 2 HERE *** 267 

 268 

It should be noted that Ray et al. 76 included a source of intended bias around blinding of 269 

participants, with the aim of assessing the impact of expecting to receive active versus sham 270 

tDCS on eating-related measures. Although this study received an overall high risk of bias, 271 

the study was high-quality and this source of bias provides important considerations around 272 

the information shared with participants. Some bias arose due to the post-randomisation 273 

exclusion of participants (n = 14 studies). Many studies do not provide a sample size 274 

calculation, which makes it difficult to identify the impact of these exclusions. The exclusion 275 

of participants is particular problematic where this leads to a relatively small sample size, 276 

which is an important consideration as this area of research repeatedly uses small sample 277 

size that are not linked to achieving satisfactory statistical power 36, 86, 87. 278 

 279 

3.3 Subjective Appetite 280 

The subjective rating of hunger, fullness, desire to eat and prospective consumption are the 281 

most consistently measured variable in the reviewed research, particularly the rating of 282 

hunger, and are assessed across 18 of the 28 studies (Table 2). There is an overall lack of 283 

tDCS-related effect shown for measures of appetite across the reviewed studies (g = -0.12 284 

to 0.09) (Figure 3). This trivial effect size can also be seen for “healthy” groups (g = 0.06 to 285 
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0.15) (Figure S7), where a lack of change in scores 14, 46, 47, 52, 53, 63, 64, 76, 78, 88, or increase in 286 

measures of hunger 77, 89, is often shown. Although Heinitz et al. 64 found no difference in 287 

subjective appetite scores when delivering daily inpatient tDCS, they did observe reductions 288 

in hunger and the urge to eat following outpatient treatment and after adjusting for age and 289 

sex. This suggests that long stimulation duration (40 minutes) and regular repetition (15 290 

sessions) may affect the subjective appetite sensations of individuals with obesity. A similar 291 

effect was shown in participants who were overweight, with reduced desire to eat following 292 

single-session active versus sham tDCS, which was further reduced following isocaloric 293 

exercise 68. Although these studies include participants either considered or assumed to be 294 

“healthy”, neither fully measure or report the behaviour traits of their participants, and so it is 295 

difficult to identify what impact these traits may have on the change in subjective appetite 296 

scores.  297 

 298 

*** INSERT FIGURE 3 HERE *** 299 

*** INSERT TABLE 2 HERE *** 300 

 301 

When we compare these effects to those studies using populations with specific behavioural 302 

traits or conditions relating to a heightened hedonic response to food, an overall trivial effect 303 

size is seen (g = -0.08 to 0.08) (Figure S7). However, greater effects are observed when we 304 

look at those displaying specific traits associated with the subjective appetite measure. For 305 

example, in individuals with PWS who experience hyperphagia 78, and appear to have 306 

hypoactivation of the DLPFC in response to food stimuli 90, a large effect size can be seen 307 

for hunger scores (g = -1.03; 95% CI = -2.50, 0.43). Additionally, the desire to eat is reduced 308 

in those who display frequent food cravings (g = -0.43; 95% CI = -1.11, 0.25) (Table S2). A 309 

similar comparison between “healthy” and trait populations cannot be made for fullness or 310 

prospective consumption scores, as all studies included in our analyses recruited “healthy” 311 

individuals. 312 

 313 



13 
 

There appears to be an influence of COMT Val158Met polymorphism, whereby those who 314 

are carriers of the methionine (met) allele showed reduced appetite following 16 sessions of 315 

active tDCS compared to no change in scores for non-carriers 66. The COMT enzyme is 316 

important for dopaminergic neurotransmission 91, and absence of the met allele is associated 317 

with reduced dopamine degradation which can increase the sensitivity to rewarding cues 92. 318 

This altered dopamine transmission impacts activity within the DLPFC and executive 319 

functioning capabilities 93, 94. The findings by Fassini et al. 66 suggest that absence of the met 320 

allele can inhibit the modulatory influence of tDCS. Indeed, COMT Val158Met polymorphism 321 

has previously been shown to impact the effects of stimulation 95. However, when Fassini et 322 

al. repeated their study in a further cohort of met carrier and non-carriers, they did not find a 323 

difference in subjective appetite scores 65. Further data are required to fully understand the 324 

influence of COMT Val158Met polymorphism on the modulation of eating behaviour by 325 

tDCS. 326 

 327 

Across studies, the fasting period and baseline subjective appetite levels were not well 328 

controlled. Fasting duration ranged from 2 to 7 hours, with 7 studies either not 329 

measuring/reporting fasting duration or not asking participants to fast 52, 64, 76, 78, 80, 84, 96. 330 

Longer fasting periods can lead to heightened appetite and greater hedonic response to 331 

foods and related cues 97, 98. No study has assessed the effects of differing fasting durations 332 

on eating-related outcome measures following tDCS, but the impact of these uncontrolled 333 

fasting periods cannot be excluded. It may be that the equivocal effects following tDCS are 334 

driven by greater baseline appetite levels, but only two papers have included subjective 335 

appetite scores as covariates in statistical analyses 52, 53. To identify a more consistent effect 336 

of tDCS on subjective appetite and other eating-related behaviours, greater control of fasting 337 

duration and baseline appetite is required 99. 338 

 339 

Across the reviewed studies, the effects of tDCS on measures of subjective appetite are not 340 

consistent, although our meta-analysis shows a more promising effect in some populations. 341 
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This may be due to these individuals experiencing abnormal levels of appetitive sensations 342 

or being unable to appropriately respond to these sensations 100-103, with tDCS stabilising the 343 

response. It should also be noted that these subjective sensations, particularly hunger, are 344 

largely under homeostatic control 19, and may be outside the modulatory influence of tDCS 345 

104. Instead, other behaviours may be more important variables, particularly where these 346 

behaviours are related to the hedonic response to foods and require executive control 347 

mediated by the PFC. These potentially more malleable behaviours include food craving, 348 

food reward, and food consumption and will be discussed in the following sections. 349 

 350 

3.4 Food Craving 351 

Here we focus specifically on the measure of in-the-moment food craving as assessed via 352 

the Food Craving Questionnaire-State (FCQ-S) 105. Food craving was measured in 8 of the 353 

reviewed studies (Table 2). An additional 6 studies measured food craving as a proxy of 354 

explicit wanting 44, 45, 51, 52, 76, 79; these studies will be discussed in the following section. As 355 

with subjective appetite, there is a lack of a consistent overall effect of stimulation on 356 

measures of food craving across studies (g = -0.08; 95% CI = -0.28, 0.12) (Figure 4). Where 357 

these studies recruited those participants considered “healthy”, no change in food craving 358 

scores was observed when comparing anodal versus sham tDCS (g = -0.06; 95% CI = -0.29, 359 

0.17) (Figure 4). Of interest, although Ljubisavljevic et al. 67 recruited “healthy” individuals 360 

they demonstrated that repeated sessions of tDCS were able to reduce food craving scores, 361 

and particularly the craving for fast-food, sweet and high-fat food groups. This may highlight 362 

a beneficial impact of multi-sessions designs on eating behaviour measures, which was also 363 

demonstrated for subjective appetite 64 (see 3.2). Again, the authors did not fully describe 364 

the behavioural traits of their participants, and so the impact of these traits cannot be fully 365 

identified. 366 

 367 

*** INSERT FIGURE 4 HERE *** 368 

 369 
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The overall effect for trait groups shows only a trivial effect size (g = -0.16; 95% CI = -0.57, 370 

0.26) (Figure 4). When we consider the effects of tDCS on state food craving in a population 371 

who experience frequent food cravings, there is a more consistent reduction in craving 372 

intensity when applying active versus sham stimulation (g = -0.43; 95% CI = -1.11, 0.25) 373 

(Table S2). However, this effect was not extended to those with disinhibited and restrained 374 

eating behaviour (g = 0.00; 95% CI = -0.52, 0.52). Finally, COMT Val158Met polymorphism 375 

did not appear to influence the effects of repeated-session tDCS on food craving scores, 376 

with no change in scores for met carriers and non-carriers when comparing active versus 377 

sham tDCS 65. 378 

 379 

A large proportion (62.5%) of studies recruited “healthy” individuals, with only single studies 380 

recruiting those experiencing frequent food cravings 80, disinhibited restrained eaters 81, or 381 

those with COMT Val158Met polymorphism 65. Across populations there are equivocal 382 

findings, with a more consistent effect in those experiencing frequent food cravings. When 383 

we consider explicit wanting, which incorporates the sensation of food craving 106, the 384 

reduction in craving score in those who experience frequent food cravings is consistently 385 

shown (g = -0.45; 95% CI = -1.03, 0.11) (Table S2; see 3.5). This highlights the importance 386 

of recruiting participants who show specific behavioural trait susceptibility to the particular 387 

behavioural outcome of interest; for example, recruiting those who experience heightened 388 

food cravings if we are looking to reduce food cravings intensity. The lack of effect in 389 

“healthy” populations should not be surprising as these individuals are likely to experience 390 

infrequent food cravings, and when they do experience a craving they are likely able to 391 

sufficiently control their response to these 20, 27.  392 

 393 

3.5 Food Reward 394 

Food reward can be measured as “liking” (perceived impact of a food or related cue on 395 

subject affect or pleasure) and “wanting” (subjective motivation that encompasses the 396 

desire, craving or awareness of the ‘lack of something desirable’) responses to food 106. 397 
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Where liking operates on an explicit level (i.e. conscious, introspective), wanting can be 398 

expressed on both explicit and implicit (i.e. subconscious, automatic) levels 106, 107. These 399 

reward measures are important in the control of eating behaviour, as the presence of food 400 

cues or consumption of food results in a pleasure response that stimulates reward and 401 

motivation circuits within the brain that can override physiological need and promote 402 

overconsumption 15-18, 106. Across the reviewed studies, food reward was typically measured 403 

using a computer-based image task (CBIT), where participants were shown food images and 404 

asked to respond to questions across VAS (e.g. “Which food do you most want to eat 405 

now?”). Fifteen studies measured food reward, mainly through measures of explicit wanting 406 

(Table 2). It should be noted that many of these tasks are not validated measures, but are 407 

often created ad-hoc in response to study needs. The exception is our use of the Leeds 408 

Food Preference Questionnaire (LFPQ) 53, a validated and widely used measure of implicit 409 

and explicit food reward 107. 410 

 411 

The overall effect of active versus sham tDCS on measures of explicit wanting (g = -0.10; 412 

95% CI = -0.31, 0.11), explicit liking (g = 0.08; 95% CI = -0.05, 0.21), and implicit wanting (g 413 

= -0.06; 95% CI = -0.50, 0.37) show only trivial effect sizes (Figure 5, Figure S9). These 414 

effect sizes are mirrored in “healthy” participant populations (g = 0.00 to 0.09) (Figure S8). 415 

Although no effect of tDCS was found, Ray et al. 76 did show that the expectation of 416 

receiving active tDCS led to reduced explicit wanting for foods. When this effect was 417 

removed from analyses, the effect size for overall (g = -0.01; 95% CI = -0.16, 0.14) (Figure 418 

5) and “healthy” groups (g = 0.09; 95% CI = -0.04, 0.22) increased, although remained trivial 419 

(Figure S8). This emphasises the importance of controlled study designs and limiting the 420 

information shared with participants, with the aim of reducing the bias that expectation may 421 

have on the dataset. 422 

 423 

*** INSERT FIGURE 5 HERE *** 424 

 425 
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A more consistent pattern of effects on food reward measures appears when we assess trait 426 

groups. A small effect size can be seen for both explicit (g = -0.12; 95% CI = -0.42, 0.19) and 427 

implicit wanting (g = -0.19; 95% CI = -1.66, 1.29) (Figure S8). These effects are driven by 428 

individuals with binge eating or frequent food craving trait characteristics (Table S2), again 429 

who appear to have altered activity within the DLPFC 28, 29. Burgess et al. 51 showed reduced 430 

craving (explicit wanting) scores for desserts, savoury proteins and all-foods categories in 431 

those with BED. In addition, Goldman et al. 45 found reduced explicit liking and wanting, 432 

particularly for sweet foods, and highlighted an improved ability to resist foods in participants 433 

with frequent food cravings. Of note, there does not appear to be an effect of active tDCS in 434 

a heterogeneous sample of individuals with anorexia, bulimia or eating disorders not 435 

otherwise specified (EDNOS), with a small positive effect size (Table S2). 436 

 437 

Here we also include studies that measure eye tracking 44, 79, 83, as this can be used as a 438 

measure of reward sensitivity 97, 108. Two studies tracked participants’ eye movement while 439 

they were presented with a series of food and non-food images on a computer screen, and 440 

recruited those with frequent food cravings 44, 79. Although both studies showed reduced food 441 

craving intensity (g = -0.54; 95% CI = -1.23, 0.15) (Table S2), the significant reduction in 442 

fixation on food by Fregni et al. 44 was not replicated by Lapenta et al. 79. An additional study 443 

used an anti-saccade task, where participants were sat in front of a computer screen 444 

displaying a central cross; a food image was displayed on either the left or right side of the 445 

screen, and participants were required to look in the opposite direction as fast as possible 83. 446 

The authors found a current intensity-dependent effect, where faster latency of anti-447 

saccades were shown following 2.0 mA, but not 1.0 mA, tDCS in participants with BED. 448 

 449 

Although there appears to be a more consistent effect of tDCS on food reward, when 450 

compared to craving and subjective appetite, there are only a limited number of studies 451 

confirming these effects. A greater number of studies incorporating reward-based measures 452 

is needed, and these studies should focus on recruiting participants with deficits in the 453 
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control of this reward, as these individuals are likely to be responsive to the modulatory 454 

effects of stimulation 15. In addition, studies should focus on a more comprehensive measure 455 

of explicit and implicit components of reward, and use validated measure such as the LFPQ. 456 

 457 

3.6 Food Consumption 458 

Total food consumption, often reported as caloric intake, was measured across 15 studies. 459 

Intake was primarily assessed through ad libitum buffets, with some studies using a vending 460 

machine paradigm 48, 64 or food recall 65. The ad libitum buffets vary in quality, with many 461 

studies only providing participants with energy-dense, high-sugar and high-fat foods (e.g. 462 

chocolate, potato chips, cookies) 44, 45, 51, 52, 76, 79, 80, 82. Although this type of buffet can be 463 

used to measure the amount of food consumed, it ignores the more qualitative nutrient and 464 

sensory aspects of food choice 109. Studies that use these highly palatable foods also 465 

typically only provide 3 to 4 different food options, with only two studies providing a greater 466 

variety of 9 to 11 options 44, 79. Only a small number of studies included a greater selection of 467 

foods, incorporating healthier items (e.g. fruits, vegetables) with the more energy-dense 468 

foods (e.g. chocolate, potato chips), and providing 8 to 29 options 14, 46, 47, 88. It should be 469 

noted that providing a large variety of foods can lead to overconsumption through delayed 470 

satiation 110; the number of food options should be carefully considered. As well as providing 471 

a greater variety of foods, it is important to consider the liking for each food made available 472 

as this will likely drive the amount of the food consumed 109, 111; many of the studies included 473 

in this review do not measure participants’ liking of the test foods. 474 

 475 

In line with the measures discussed above, there is a lack of overall effect of active versus 476 

sham tDCS on food consumption measures (g = -0.09; 95% CI = -0.31, 0.14), with a similar 477 

trivial effect in the “healthy” group (g = -0.08; 95% CI = -0.32, 0.16) (Figure S10). As with 478 

explicit wanting, the expectation effect observed by Ray et al. 76 led to greater effect sizes in 479 

favour of active tDCS. When this effect was removed, the effect in favour of active tDCS was 480 

reduced for both the overall (g = 0.01; 95% CI = -0.18, 0.20) and “healthy” groups (g = 0.05; 481 
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95% CI = -0.07, 0.17) (Figure 6). In comparison, a greater effect of active versus sham tDCS 482 

can be seen in trait groups (g = -0.12; 95% CI = -0.76, 0.51) (Figure 6), driven particularly by 483 

participants displaying frequent food cravings (g = -0.30; 95% CI = -1.32, 0.72) and binge 484 

eating traits (g = -0.23; 95% CI = -0.74, 0.28) (Table S2). 485 

 486 

*** INSERT FIGURE 6 HERE *** 487 

 488 

Although two studies found reduced ad libitum consumption when comparing active to sham 489 

tDCS in those who experience frequent food cravings 44, 79, this effect was not shown across 490 

further studies recruiting similar populations 45, 80, with an increase in chocolate consumption 491 

in a cohort with specific cravings for chocolate 82. It is important to note that food craving is 492 

not correlated with food consumption 51. However, where specific behavioural traits are 493 

evident (e.g. binge-type behaviour), heightened food cravings can lead to greater food intake 494 

112. Therefore, it is possible that other eating behaviour traits are also influencing this 495 

discrepancy in effects. Burgess et al. 51 recruited participants with BED or subthreshold BED 496 

(i.e. meet all BED criteria with the exception of binge eating frequency), and found an 11% 497 

reduction in food consumption. However, when the authors replicated their study in 498 

participants with frank (non-binge eating) obesity, they did not find a main effect of active 499 

versus sham tDCS on food consumption 52. Only when specific behaviour traits were 500 

included as covariates in statistical analyses did an effect appear; males with intent to 501 

restrict or non-planning impulsiveness traits had a 13% reduction in the consumption of 502 

preferred foods. The studies that recruited participants experiencing frequent food cravings 503 

did not measure wider eating behaviour traits, and so a definitive effect of these wider traits 504 

on food consumption is not clear. 505 

 506 

This effect on preferred versus less-preferred foods has been demonstrated across several 507 

studies 51, 52, 76. Sedgmond et al. 46 also found that the consumption of familiar healthier foods 508 

(carrots, grapes, rice cakes, breadsticks) was greater following active tDCS in a “healthy” 509 
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cohort. This again demonstrates the need for providing wider food options as part of an ad 510 

libitum buffet to account for differences in individual taste, preference and familiarity 109, 111. It 511 

is particularly difficult to determine the impact of behaviour traits on tDCS-mediated changes 512 

in food consumption across different food groups, as the studies that include a more varied 513 

buffet only recruit those participants deemed “healthy” (i.e. do not report a susceptibility to 514 

overconsumption). Future studies should identify the effects of a varied ad libitum buffet in a 515 

population susceptible to overconsumption, to determine whether the effects of tDCS on 516 

consumptive behaviours are specific to highly palatable foods or can modulate the 517 

consumption of wider food groups. 518 

 519 

The vending machine paradigm involved unrestricted and ad libitum access to an automated 520 

vending machine for 23.5 hours per day as part of an inpatient facility 48, 64. The vending 521 

machines were filled with 40 foods that were pre-selected by each participant as the most 522 

preferred items from a larger group of foods. Participants were also given access to soda, 523 

juice, milk and condiments in addition to the pre-selected foods, and any food not consumed 524 

by the participant was recorded. This method of measuring food consumption is considered 525 

accurate, particularly in comparison to self-reported measures such as a food diary, with an 526 

intra-class correlation coefficient of 0.84 to 0.90 113. In this vending machine paradigm, Gluck 527 

et al. 48 and Heinitz et al. 64 were able to demonstrate reduced food consumption when 528 

comparing active to sham tDCS. However, this was only for particular food groups, being 529 

candy 64 or fat and soda 48, and there was no repetition of effect for these specific food 530 

groups across the studies. Although both studies report successful blinding, 75% of those in 531 

the active group were able to correctly identify the condition they received 48 and the effect of 532 

this bias on food consumption cannot be ruled out. This is an important consideration, as 533 

Ray et al. 76 found that the expectation of receiving active tDCS resulted in a 37.4% 534 

reduction in consumption, regardless of which condition the participants actually received. 535 

 536 
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Finally, Fassini et al. 65 measured food consumption via recall. To increase the validity of this 537 

measure, the authors asked participants to complete a photo record book 65. The study did 538 

not find any difference in food consumption between stimulation groups. This may be due to 539 

the issues with accuracy and bias during food recall if not conducted in a standardised 540 

manner 114, but may also be due to an inability of tDCS to modulate food consumption 541 

beyond the testing period. This technique has been shown to alter cortical activity for up to 542 

90 minutes post-stimulation 37, with the consumption of foods that were recalled likely being 543 

outside of this window. The impact of tDCS on food consumption is less clear than other 544 

measures discussed in this review, and this efficacy of tDCS to reduce food consumption 545 

has previously been questioned 64, 115. Although there is some evidence to suggest tDCS can 546 

modulate energy intake for specific food groups, the method of measuring food intake and 547 

other methodological considerations (e.g. participant characteristics, stimulation parameters) 548 

vary greatly between studies. In order to identify an effect of tDCS on consumptive 549 

behaviours, more consistent and carefully considered use of feeding practices is required. 550 

 551 

4. CONCLUSION 552 

The increased interest in tDCS for the modulation of eating behaviours has led to a wealth of 553 

methodological approaches. These varying approaches are important for initially identifying 554 

the impact of tDCS across measures and populations, but as we start to build a greater 555 

research base and look to find consistent effects, it is important that we start to be more 556 

consistent in our approach. In this review we have considered how differences in participant 557 

characteristics can shape the effects of tDCS, and there appears a more evident and 558 

consistent effect of tDCS in those susceptible to hedonic-driven appetite. This is logical as 559 

neuroimaging studies of those with specific traits (e.g. binge eating symptomatology) show 560 

reduced activity in the PFC 28, 29, and so these individuals will likely benefit from hyper-561 

activation of this cortical region through tDCS. Several recent studies have acknowledged 562 

this trait-dependent effect 51-53, and the lack of significant results for participants who do not 563 

show susceptibility to the rewarding components of food should not be surprising. 564 
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 565 

With the aim of improving consistency and identifying a meaningful effect of tDCS, we 566 

suggest that future work adhere with the following recommendations: 567 

1. Focus on recruiting participants who are susceptible to hedonic-driven appetite (e.g. 568 

those experiencing frequent food craving or presenting with binge-type behaviour). 569 

2. Recruit participants who have trait susceptibilities for the specific outcome measure 570 

of interest (e.g. recruit those with binge eating symptomatology when looking to 571 

modulate food reward). 572 

3. To elucidate the potential link between enhanced executive functioning and improved 573 

appetite control following tDCS, studies should establish participants’ baseline 574 

executive functioning capabilities and monitor any changes following stimulation. 575 

4. Limit the information provided to participants during recruitment and screening 576 

procedures, as this can drive any effects on eating behaviour outcomes. 577 

5. Incorporate a comprehensive group of validated measures, including explicit liking 578 

and explicit and implicit wanting. 579 

6. Control fasting duration and measure baseline subjective appetite, even where 580 

subjective appetite is not a measure of interest. 581 

 582 

We acknowledge that our meta-analysis considers the effects of heterogeneous tDCS 583 

parameters on eating behaviours. This may account for some variation in effect sizes, and it 584 

is important that the above recommendations are met with the use of effective stimulation 585 

parameters and appropriate study design (see 116). Our understanding of population-based 586 

differences in tDCS effects is still limited, and we need more studies to confirm our 587 

hypothesis that those with deficits in the control of eating behaviour will be responsive to the 588 

effects of tDCS. However, early data suggests this distinction may be apparent. This also 589 

highlights the further need for the publication of null effects, which will help identify potential 590 

cohorts that are unresponsive to tDCS. This should go hand-in-hand with the reporting of 591 
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Bayesian statistics so study results can be quantified in terms of their agreement with the 592 

alternative or null hypotheses. 593 

 594 
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Table 1 Overview of participant characteristics and study design of included studies. 919 
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Table 2 Overview of appetite-related measures and main results. 921 
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FIGURE LEGENDS 923 

 924 

Figure 1 PRISMA flow diagram detailing the search and selection process performed to 925 

identify studies applying conventional tDCS for the modulation of eating behaviours. 926 

 927 

Figure 2 Risk of bias across the 28 reviewed studies. A colour version of this figure is 928 

available in the supplementary material (see Figure S1). 929 

 930 

Figure 3 Forest plot of standardised mean difference and 95% CI for the overall effects of 931 

tDCS on subjective appetite scores. 932 

 933 

Figure 4 Forest plot of standardised mean difference and 95% CI for the overall and 934 

subgroup effects of tDCS on food craving (FCQ-S) scores. 935 

 936 

Figure 5 Forest plot of standardised mean difference and 95% CI for the overall effects of 937 

tDCS on food reward scores. 938 

 939 

Figure 6 Forest plot of standardised mean difference and 95% CI for the overall and 940 

subgroup effects of tDCS on food consumption (without expectation effect). 941 


