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Abstract 36 

Previous studies suggest that transcranial direct current stimulation (tDCS) can facilitate 37 

motor performance and learning. In this double-blind experiment, 60 healthy human subjects 38 

(29 females) were randomized into 3 groups (active tDCS, sham tDCS, no-treatment control 39 

group) in order to investigate the effect of a 20-minute session of 2mA tDCS over the M1 40 

contralateral to the dominant hand on practice effect and performance on the Grooved 41 

Pegboard Test (GPT) and Trail Making Test (TMT). Performance was operationalized as time 42 

to complete the tests before, during and after stimulation. Practice effect was termed as the 43 

difference in time to complete the tests from pre-test to post-test. Data on BMI, head 44 

circumference, sleep status, inter-electrode impedance, and caffeine and nicotine use were 45 

sampled to control for the influence of individual differences on the effect of tDCS. Adverse 46 

affects were registered using a standardized form. The results indicated no effect of tDCS on 47 

performance and practice effects on GPT and TMT. For all groups, BMI was a predictor for 48 

practice effect on TMT. In the active tDCS group, high caffeine intake and low impedance 49 

predicted practice effect on the GPT for the dominant hand. The present results suggest that 50 

impedance levels in tDCS studies should be routinely reported in future studies, as it might 51 

not only provide valuable information on the efficacy of the blinding conditions and 52 

participant discomfort, but also correlate with individual differences that are relevant to the 53 

outcome of the stimulation.   54 

 55 

Significance statement 56 

Transcranial direct current stimulation (tDCS) is a non-invasive brain stimulation technique 57 

that can modulate neuronal activation thresholds. The capability to enhance or diminish 58 

cortical excitability has previously been consistently demonstrated in experiments, with no 59 

serious adverse effects. The effect of tDCS on behavioral outcomes, especially on healthy 60 

subjects, appears less consistent. We tested whether stimulation over the motor cortex 61 

affected performance and practice effect on two commonly employed neuropsychological test 62 

that requires fine motor skills, finger dexterity and psychomotor speed. The results indicated 63 

no effect of the stimulation on these outcomes. Uniquely for subjects that received active 64 

tDCS, caffeine intake and electrode impedance predicted increased practice effect. The 65 

authors suggests that impedance levels should be routinely reported in tDCS studies.  66 
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 67 

Introduction 68 

Plasticity in the motor cortex (M1) plays an important role in motor skill learning 69 

(Ungerleider, 1995), and it is likely that a neurophysiological correlate of motor skills resides 70 

in the M1 (Nudo, Milliken, Jenkins, & Merzenich, 1996). As the acquisition of new motor 71 

skills are accompanied by changes in neuronal activity and excitability (Nitsche et al., 2003), 72 

it is therefore possible that transcranial Direct Current Stimulation (tDCS) of the M1 can 73 

induce measurable changes in motor learning and performance. Results from several studies 74 

does indeed indicate that stimulation can enhance the performance on motor tasks in healthy 75 

subjects. For instance, anodal tDCS over the left motor area improves right hand performance 76 

on a finger sequencing task more than cathodal stimulation, but with opposite polarity effects 77 

for the left hand (Vines, Nair, & Schlaug, 2006). Anodal tDCS over the M1 can also facilitate 78 

implicit learning on a serial reaction time task.(Nitsche et al., 2003). In addition to polarity 79 

specific effects, the timing of stimulation seems to be important, as anodal, but not cathodal 80 

tDCS during a explicit learning task increases the rate of learning, but if applied prior to the 81 

learning task, both cathodal and anodal tDCS decreases the rate of learning (Stagg et al., 82 

2011). In aged healthy subjects, anodal tDCS over the left M1 significantly improves right 83 

hand performance, compared to sham, on a task that mimics activities of daily living, 84 

including fine motor skills (Hummel et al., 2010). Furthermore, in older subjects, recent 85 

evidence indicates that anodal tDCS increases the retainment of practice effect, compared to 86 

sham, on the Grooved Pegboard test 35 minutes after the stimulation, but with no difference 87 

immediately following the stimulation (Parikh & Cole, 2014). In stroke patients, tDCS 88 

improves performance both on simple (Hummel et al., 2005) and more complex motor tasks 89 

(Boggio et al., 2007; Fregni et al., 2005). The variation in methodology makes the above 90 

results difficult to compare. However, a meta-analysis on polarity specific effects of tDCS on 91 

behavioral motor and cognitive outcomes (Jacobson, Koslowsky, & Lavidor, 2012) indicate 92 

that facilitation effect of anodal tDCS is more consistent than the inhibition effect of cathodal 93 

tDCS in studies with cognitive outcomes. Furthermore, results from another study suggests 94 

that effect sizes of anodal tDCS facilitation effects on learning tasks can be increased by 95 

increasing the stimulation intensity (Cuypers et al., 2013). Finally, there is also a high inter 96 

subject variability in the response to tDCS (Wiethoff, Hamada & Rothwell, 2014). Both 97 

participant age, inter-individual differences in anatomy (Datta, Truong, Minhas, Parra, & 98 

Bikson, 2012), and functional state of the brain such as fatigue and activity (Antal, Ambrus, & 99 
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Chaieb, 2014; Silvanto, Muggleton, & Walsh, 2008) might affect the outcome of the 100 

stimulation. These factors are often not considered in studies that investigate the effect of 101 

tDCS on motor outcomes.  102 

 103 

 104 

 The aim of the present study is to test the effect of 2 mA anodal tDCS in healthy subjects. 105 

The present study tests  performance and practice effect on two commonly used 106 

neuropsychological tests, which measures  fine motor (Grooved Pegboard) and psychomotor 107 

speed (Trail Making Test) in an experimentally controlled study. In addition to a sham group, 108 

the present study included a no-treatment control group to estimate possible placebo effects 109 

(Benedetti, Rainero, & Pollo, 2003), as the true placebo effect is represented by the difference 110 

between the sham and no treatment conditions (Fields & Levine, 1984).  111 

It was hypothesized that time to complete the tests would be lower during stimulation in the 112 

group that received active tDCS, compared to sham and controls. Furthermore, it was 113 

hypothesized that the practice effect, operationalized as reduction in time to complete tests 114 

from pre-test to post-test would be largest in the active tDCS group. Additionally, in order to 115 

investigate the influence of overt inter individual differences, BMI and head circumference 116 

was  measured. The  investigation correlates the functional state of the brain, sleep status, 117 

caffeine use, and nicotine use  Finally, electrode impedance was investigated as a possible 118 

predictor for practice effects in the active tDCS group.  119 

 120 

Materials and Methods 121 

Participants  122 

60 (29 females) healthy human subjects (demographic properties are displayed in table 1) 123 

participated in the study. All participants were informed that the study investigated the effect 124 

of tDCS on fine motor ability. The exclusion criteria included severe psychiatric conditions 125 

defined as bipolar disorder, severe depression and schizophrenia. Additional exclusion criteria 126 

consisted of neurological conditions, developmental disorders, pregnancy, and drug abuse. No 127 

participants reported that they were using central nervous system (CNS) acting medication. 128 

No subjects that declared interest in participating met the exclusion criteria. The study was 129 
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approved by the Regional Committee for Medical and Health Research Ethics (2010/2256), 130 

and all participants gave their written informed consent in accordance with the Declaration of 131 

Helsinki guidelines.  132 

Study Design 133 

The study was designed as a double blind (single blind for the control group) study with 3 134 

groups: Active tDCS, Sham tDCS and natural history Control group with 3 repeated measures 135 

(T1 pre-test, T2 during stimulation, T3 post-test).  136 

Randomization and Blinding 137 

The participants were randomized into 3 groups (20 Active, 20 Sham, 20 Control). Every 3rd 138 

participant were randomized to the Control group by order of inclusion. The DC-stimulator 139 

was set up for study mode, and was started by entering a 5 digit code in the display. 140 

Allocation to Active or Sham tDCS were done by assigning each participant to an individual 141 

5digit code from a list consisting of 40 codes, were 20 were associated with Active tDCS and 142 

20 with Sham tDCS. The order of the treatment codes were randomized using a random 143 

number generator (randomize.org). The key to the individual treatment codes were kept 144 

separate from the experimenters, and thus the Active and Sham conditions were double blind.  145 

tDCS 146 

Direct current stimulation was administered using a Neurocon DC Stimulator (Neuroconn, 147 

Ilmenau, Germany), a battery driven device that constantly monitors electrical impedance and 148 

terminates the stimulation if the voltage exceeds safety limits. The stimulation duration was 149 

20 minutes with an intensity of 2 mA. Direct current was transferred by a pair of 35 cm² 150 

(0.057 mA/cm²) rubber electrodes inserted into sponge pads soaked with 10 ml medical grade 151 

sterile water. Electrode sponges were changed to a clean pair between participants. To reduce 152 

the skin sensation and achieve improved connection on the electrode-scalp interface, Ten20 153 

neurodiagnostic electrode paste (Weaver and Company, Aurora, Colorado, USA) was applied 154 

to the scalp at the site of stimulation. The electrode positioning was similar to Fregni and 155 

colleagues (Fregni et al., 2006). In order to stimulate M1, the anode was placed at the C3 or 156 

C4 positions in the 10/20 system for EEG electrode positions, on the position contralateral to 157 

the dominant hand. The cathode was placed at the supraorbital area, contralateral to the anode. 158 

To reduce discomfort, the stimulation had fade-in and fade-out periods of 20 seconds. Sham 159 

tDCS consisted of 8 second fade-in, followed by 30 seconds of direct current stimulation, and 160 
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was terminated by a 5-second fade out. The sham condition mimicked the skins sensation by 161 

active tDCS, but had insufficient duration to induce after effects in cortical excitability 162 

(Nitsche & Paulus, 2000).  163 

Outcomes 164 

Grooved Pegboard Test (GPT)  165 

The Grooved Pegboard Test (Lafayette Instrument, Indiana, USA) was used to test fine motor 166 

speed, visuomotor speed and eye-hand coordination. The test consist of a board with 25 167 

keyholes that requires keys to be correctly rotated and inserted. The keys are located on a tray 168 

above the keyholes. The participants were instructed to complete the test as fast as possible, 169 

and the outcome was evaluated in seconds from start to all 25 keys correctly placed. The GPT 170 

was administered for the dominant hand (GPD) and for the non-dominant hand (GPN) at all 3 171 

time points.    172 

Trail Making Test (TMT) 173 

In order to test whether there were changes in dual and divided attention abilities, attention 174 

shift, and psychomotor speed, the Trail Making Test B (TMT B, Halstead-Reitan 175 

Neuropsychological Battery) was used. The test consist of drawing a line between numbered 176 

points on a paper in the correct sequence. The participants were instructed to complete the test 177 

as fast as possible, and the outcome was evaluated in seconds from start to completion.  178 

Individual differences 179 

Before starting the study, the head circumference of the participants was measured. The Body 180 

Mass Index (BMI) of the participants was calculated by measuring the weight and height. 181 

Hand dominance was registered by participant self report. Sleep status was registered as hours 182 

of sleep the night before, and hours awake at the time of testing. Caffeine and nicotine 183 

(cigarettes or chewing tobacco) use were registered as number of doses the 2 hours preceding 184 

the study. Electric impedance (kΩ) was registered by reading the value in the stimulator 185 

display after one minute of stimulation. In the Sham condition, a random impedance value 186 

was displayed, and thus Sham and Active appeared similar to the experimenters.  187 

Adverse effects 188 
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Adverse effects in the Active and Sham groups were registered using a structured interview 189 

(Brunoni et al., 2011) following each session. The participants were asked to report if they 190 

had a headache, scalp pain, tingling, itching, burning sensation under electrodes, sleepiness, 191 

trouble concentrating, acute mood change and other adverse effects after the stimulation. 192 

Redness of the skin was evaluated by the experimenter. The intensity of the adverse effects 193 

were coded as: 0 none, 1 mild, 3 moderate, 4 intense.       194 

Procedure  195 

(Figure 1, procedure)  196 

Prior to conducting the study, the participants were screened for exclusion criteria, and the 197 

control data wasobtained. All trials in the study were conducted by the same 2 female 198 

experimenters in a sound proof laboratory with thermostatic controlled temperature. The 199 

Control group received the same procedure as the Active and Sham groups without the 200 

electrode montage. For the Active and Sham groups, the electrodes were mounted on the 201 

scalp and the participants performed the pre-test GPD, GPN and TMT (GPD1, GPN1, 202 

TMT1). After completing the pre-test, the tDCS was started, and after 1 minute the impedance 203 

(kOhm) as indicated in the stimulator display was registered. After 7 minutes of stimulation, 204 

the participants performed the tests under stimulation (GPD2, GPN2, TMT2). Finally after the 205 

20 minute stimulation was complete, the participants performed the post-test (GPD3, GPN3, 206 

TMT3). For  the Control group, the timing of the test administration was  synchronized with 207 

the Active and Sham groups so that the total duration of the study was  similar across all 3 208 

groups. Adverse effects from the stimulation was  registered in the Active and Sham groups 209 

immediately after the study using a structured interview.  210 

Statistical Analysis  211 

SPSS version 22 (IBM, Armonk, NY, USA) was used for inferential analyses, and post-hoc 212 

power calculations that were performed in G*Power 3.1.9.2 (Heinrich-Heine-Universität, 213 

Düsseldorf, Germany). To test the interaction between 3 levels of group (Active, Sham, 214 

Control) and 3 levels of time (T1 pre-test, T2 stimulation, T3 post-test), repeated measures 215 

(RM) ANOVA were used. Paired samples Bonnferoni-corrected post hoc t-tests were applied 216 

to investigate between group differences when appropriate. To investigate the influence of 217 

control variables on the practice effect on GPT and TMT, we conducted partial correlation 218 

analyses, and further investigated variables that significantly correlated with practice effect 219 
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using multiple linear backward regression with the control variables as predictors and change 220 

score (pre-test - post-test) as dependent variable. One sample Kolmogorov-Smirnov tests were 221 

used to test normal distribution of the variables. For the RM ANOVA, the effect sizes was 222 

calculated as partial Eta-squared (η2
p). For the multiple linear regression effect sizes were 223 

calculated as R². Mauchly's test was used to test the assumption of sphericity between 224 

the conditions. Alpha levels were set to ≤ 05. 225 

Results  226 

Prior to analyzing the effect of tDCS on the outcome measures, we compared the pre-test 227 

results between the three groups using one-way ANOVA to eliminate the possibility that 228 

differences observed after  tDCS was due to the groups being different at baseline. One-way 229 

ANOVA indicated that the three groups had similar performance on GPD (F(2,59) = .07, p = 230 

.93 a), GPN (F(2,59) = .93, p = .40 b) and TMT (F(2,59) = .21, p =.81 c) in the pretest. The 231 

data on GPD, GPN and TMT were normally distributed.  232 

Effects of tDCS on GPT 233 

 On the Grooved Pegboard Test with the dominant hand (GPD), there was a significant effect 234 

of Time (F(2,114) = 39.76, p < .01, η2
p = .41 d), but no significant Group*Time interaction 235 

term was observed (F(4,114) = .18, p = .95, η2
p = .01 e). On the Grooved Pegboard Test with 236 

the non-dominant hand (GPN) there was a significant effect of Time (F(2,114) = 20.04, p < 237 

.01, η2
p = .26 f), but no significant Group*Time interaction term was observed (F(4,114) = 238 

.42, p = .79, η2
p = .41 g). The results indicated that while there was a general reduction in 239 

seconds to complete the Grooved Pegboard test for the dominant and non-dominant hand 240 

from pre-test to post-test, there were no between-group differences.  241 

Effects of tDCS on TMT 242 

(Figure 4, TMT) 243 

For the Trail Making Test, the degrees of freedom were corrected using Greenhouse-Geisser 244 

estimates of sphericity (ɛ = .71). The results show that the seconds to complete the test was 245 

reduced over time (F(2,114) = 101.55, p < .01, η2
p = .64 h), but no significant Group*Time 246 

interaction term (F(4,114) = .79, p = .50, η2
p = .03 i) was observed.  247 

Individual differences 248 



 

 9

On the Δ scores (T1 - T3), one-way ANOVA indicated there were no significant difference 249 

between the groups on GPD (F(2,57) = .27, p = .76 j), GPN (F(2,57) = .52, p = .59 k) and 250 

TMT (F(2,57) = .26, p = .77 l). Furthermore, no difference between sham and control groups 251 

T1-T3 scores on GPD (F(1,39) = .44, p = .51m), GPN (F(1,39) = .82, p = .37n) and TMT 252 

(F(1,39) = .01,  p = .94o), indicating no significant placebo effect. Because of large observed 253 

unsystematic variance caused by naturally occurring individual differences in practice effect, 254 

compared to the variance that were a systematic effect of the experimental manipulation in the 255 

ANOVA, we conducted a exploratory partial correlation analysis with gender as a control 256 

variable to investigate the influence of individual differences on the T1 - T3 scores for GPD, 257 

GPN and TMT p. There was a positive correlation between BMI and TMT T1-T3 (r = .28, p 258 

(two-tailed) = .03). Since the impedance variable only was viable for the Active tDCS group, 259 

a similar analyses was conducted, filtering out the Sham and Control groups, and included 260 

impedance q. In the Active group, there were correlations between GPD T1-T3 and number of 261 

caffeine doses the last two hours (r = -.56, p (two-tailed) = .01); and impedance (r = -.64, p 262 

(two-tailed) < .01). For GPN T1-T3, no significant correlations with the individual differences 263 

variables were indentified.  264 

To further investigate the influence of variance in the significantly correlated (p < .05) control 265 

variables on the T1-T3 scores, we conducted 2 linear regression analysis: Regression 1 with 266 

TMT T1-T3 as dependent variable, and BMI, gender, and dummy coded group affiliation for 267 

Sham and Control as predictors r, and Regression 2 for the Active group with GPD T1-T3 as 268 

dependent variable and gender, caffeine doses the last 2 hours and impedance as predictors s. 269 

(Table 3, regression)  270 

The results from Regression 1 indicate that BMI, but not group affiliation and gender was a 271 

predictor for increased practice effect on the TMT. The results from Regression 2 indicate 272 

that, for participants who had received active tDCS, caffeine intake prior to participating in 273 

the study, and electrode impedance were predictors for increased practice effects on the GPD. 274 

There was also a tendency towards male participants having increased practice effect, but this 275 

did not reach significance.  276 

Adverse effects 277 

(Table 4, adverse effects) 278 



 

 10

In general, the stimulation was well tolerated by the participants, and no sessions were 279 

aborted due to adverse effects. The occurrence of adverse effects in the Active and Sham 280 

groups, and the mean difference in intensity between groups are displayed in table "AE". 281 

Burning sensation under the electrodes were significantly more intense in the Active group, 282 

compared to Sham, with a similar tendency for skin redness. In the active group, an 283 

exploratory correlation analysis were conducted to investigate the relation between impedance 284 

and the registered adverse effects. No correlations were significant (p <.05). 285 

Discussion 286 

The present study tested the effect of anodal 2mA tDCS over the M1 on performance and 287 

practice effect on 2 commonly used neuropsychological tests, while controlling for the 288 

influence of inter individual differences in anatomy and functional state of the brain.  289 

Effect of tDCS on performance and practice effect on GPT and TMT 290 

The results indicated no effect of a 20 minute session of anodal 2mA tDCS over the M1 on 291 

performance and practice effect on GPT for dominant and non-dominant hand, and on the 292 

TMT, compared to Sham and Control. Active, Sham and Control groups had equal 293 

performance before, during and after stimulation.  Furthermore, no placebo effect represented 294 

as the difference between the Sham and the Control group was observed.   295 

A consensus article stated that there are no after effect of tDCS on the GPT (Ziemann et al., 296 

2008). In the present study, it was hypothesized that the increased intensity of stimulation 297 

would produce stimulation effects that surpassed that of earlier studies. However, there were 298 

no effects of 2mA 20 minutes anodal tDCS on performance or practice effect. An increased 299 

retainment of practice effect that recently was demonstrated on older subjects after 1mA 300 

stimulation (Parikh & Cole, 2014) cannot be ruled out, as retainment of practice effect was 301 

not measured in the present study. The TMT is a commonly used neuropsychologic test that is 302 

sensitive for organic brain injury (Reitan, 1958), and can also serve as a measure for general 303 

psychomotor speed in healthy individuals. In the present study, the anodal stimulation of M1 304 

had no effect on the performance and practice effect of this test. The results are similar to the 305 

findings in a recent study that applied bilateral frontal anodal tDCS (two stimulators) with 306 

extra encephalic cathodes on older subjects (Park, Seo, Kim, & Ko, 2014), that also found no 307 

improvement on the TMT. Although in this study, the stimulation paired with computer 308 

assisted training did improve verbal working memory. Consequently, it is possible that TMT 309 
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practice effect cannot be effectively improved by anodal tDCS, neither frontally nor over the 310 

motor cortex. In chronic stroke patients, anodal tDCS over the ipsilesional M1 has been 311 

shown to improve performance on specific motor tasks (Boggio et al., 2007; Fregni et al., 312 

2005; Hummel et al., 2005). However, a more recent study on acute stroke patients failed to 313 

demonstrate effects on clinically relevant recovery (Rossi, Sallustio, Di Legge, Stanzione, & 314 

Koch, 2013). It is likely that excitatory effects of anodal tDCS may produce different 315 

behavioral outcomes in healthy and impaired subjects. The participants in the present study 316 

were university students, and had high test performances at pre-test on the GPT (see table 2) 317 

compared to the normative group with 13 years or more of education (Ruff & Parker, 1993). 318 

If a ceiling effect on the test were present, it may have left limited room for improvement, and 319 

thus reduced the observed practice effect. 320 

Effect of control variables on practice effects on GPT and TMT 321 

For the entire sample, the results indicated that BMI was a weak predictor for practice effect 322 

on TMT where subjects with higher BMI achieving a slightly larger reduction in time to 323 

complete the test from pre-test to post-test. As gender was controlled for in the analysis, 324 

further attempts to explain this novel finding would be difficult without going outside the 325 

scope of this report. More interesting with regards to the hypothesis, when analyzing only 326 

participants that had received active tDCS, there were two significant predictors for increased 327 

practice effect on GPD: lower impedance values and higher caffeine intake prior to the study. 328 

However, these effects were not present on GPN and TMT, and thus cannot be regarded as 329 

general effects. There was a tendency towards males achieving larger practice effect, but this 330 

did not reach significance.  331 

In the present study, lower electrode impedance predicted increased practice effect on GPD. 332 

The predictive value of impedance on individual treatment outcomes are, to our knowledge, 333 

not previously reported, and impedance levels are rarely reported or discussed in papers. In 334 

tDCS, the target current intensity (mA) is set according to the stimulation protocol, and is thus 335 

a static value. The inter-electrode impedance (kΩ) is the resistance in the electrons flow path 336 

between the anode and the cathode, and are subject to individual differences. In the present 337 

study, a stimulator with automatic current control was employed, that automatically adjusted 338 

the voltage as per Ohm's law. Thus, participants with higher inter-electrode impedance 339 

required increased voltage in order to drive the current. It has been demonstrated that high 340 

impedance values, and consequently increased voltage, lead to an increased risk of skin 341 
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lesions after consecutive sessions of tDCS (Frank et al., 2010; Palm et al., 2008). The voltage 342 

has been shown to be a determinant for discomfort under the electrodes during stimulation, 343 

with a threshold of approximately 10 volts (Lang et al., 2005). In addition to discomfort, skin 344 

sensation under the electrodes can reduce the efficacy of patient blinding. This has been 345 

reported to be the case at stimulation intensities of 2mA (O'Connell et al., 2012). As per 346 

Ohms law, the voltage required to drive the current though a given impedance increases with 347 

increased intensity, and thus the risk of exceeding the threshold of 10 volts. However, inter 348 

electrode impedance on humans subjects is both time and current dependent, with peak values 349 

during the fade-in phase, and with a decrease after the fade-in phase and incremental 350 

reduction throughout the stimulation (Hahn et al., 2013). Furthermore, the factors that 351 

influence skin sensation under the electrodes are complex and not linearly or solely 352 

determined by voltage (Dundas, Thickbroom, & Mastaglia, 2007). The present study 353 

employed a current of 2mA, and observed a mean impedance of 5.01kΩ, resulting in a mean 354 

voltage of 10.02 V. The fade-in phase was 20 seconds, and the impedance levels were 355 

registered after 60 seconds, a time at which impedance levels were relatively stable. An 356 

exploratory correlation analysis indicated no significant correlation between impedance and 357 

the intensity of registered adverse effects, including tingling, scalp pain and burning sensation 358 

under electrodes, indicating that the voltage did not exceed the threshold for discomfort. 359 

However, the registration form that was used in this study was designed for clinical adverse 360 

effects, and might not be sensitive for discomforts at the lower end of the spectrum.     361 

The results from the present study indicated that lower impedance predicted higher practice 362 

effect on GPD. These results are difficult to interpret, as to our knowledge, the relationship 363 

between electrode impedance and behavioral outcomes have not previously been 364 

demonstrated. Sulcus-gyro morphology in the human brain are complex and subject to large 365 

inter individual variation (Mangin et al., 2004), and are likely to affect the distribution of 366 

electric current in the brain during tDCS (Datta et al., 2012), and possibly also the electric 367 

resistance between the electrodes in tDCS.  Thus, the observed individual differences in 368 

impedance in the present study may have correlated with individual differences in skull and 369 

brain anatomy that were relevant to the effect of stimulation on the practice effect on GPD.  370 

In the present study, neither tDCS nor caffeine predicted increased practice effect on GPD on 371 

the sample as a whole, but increased caffeine intake two hours before the study predicted 372 

increased practice effect in the Active tDCS group, but not in Sham and Control groups. 373 

Caffeine has  an effect on a range on behavioral outcomes such as alertness, reduced fatigue 374 
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and performance on simple tasks (Smith, 2002), but not on the GPT specifically (Lieberman, 375 

Wurtman, Emde, Roberts, & Coviella, 1987). It is possible, that in the present study, the 376 

cumulative effect of tDCS induced excitability increase and caffeine induced net increase in 377 

alertness might have exceeded the threshold for the facilitation of practice effect on GPD.  378 

The effect of gender on excitability changes after tDCS have previously described in 379 

literature. Regarding changes in motor cortex neuroplasticity following tDCS, women had 380 

more immediate and prolonged inhibition following cathodal stimulation (Kuo, Paulus, & 381 

Nitsche, 2006), but there were no gender differences in excitability following anodal 382 

stimulation. Comparatively, regarding neuroplasticity in the visual cortex, no effect of 383 

cathodal stimulation were found, but a gender specific effect of anodal stimulation occurred 384 

with immediate and prolonged facilitation in women, and a prolonged inhibitory effect in 385 

male participants (Chaieb, Antal, & Paulus, 2008). Considering these studies, the gender 386 

specific effects of tDCS appears to be site specific. Regarding behavioral outcomes on motor 387 

performance and practice effect after tDCS, the results from the present study indicated a 388 

tendency towards a larger practice effect on GPD for males compared to females in the active 389 

tDCS group. This tendency was not observed in the sham and control groups, and not on GPN 390 

and TMT.   391 

Limitations 392 

The stimulation in this study was delivered using two sponge electrodes, arranged in the 393 

relatively common M1-SO montage. Evidence from MRI derived computer head models has 394 

indicated that the distribution of electric field in the brain using this method is not focal 395 

(Mendonca et al., 2011), and therefore, the hypothesis that we applied anodal tDCS to the M1 396 

might have been insufficiently precise with regards to the stimulation pattern. A High-397 

Definition tDCS (HD-tDCS) technique would have made the distribution of electric field less 398 

widespread. However, the superiority of this method in terms of behavioral outcomes has not 399 

yet been demonstrated (Kuo et al., 2013). Therefore, it was considered interesting to test the 400 

effect of the relatively easy to apply M1-SO montage on neuropsychological tests with 401 

predictive value for real life functional outcomes. The interpretation of the results may have 402 

been further complicated by the fact that the cathode was  placed on the supra orbital area 403 

contralateral to the anode. It is therefore likely that the frontal cortex was  under the influence 404 

of cathodal tDCS which is known to produce inhibitory effects (Nitsche & Paulus, 2001). 405 

Furthermore, as the post-tests were performed immediately after the stimulation ended, the 406 
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present study did not investigate the after or long-lasting effects of the stimulation. Future 407 

studies could investigate the prolonged effects of tDCS on motor-performance as a recent 408 

study observed an increased retainment of practice effect on the GPT after stimulation with 409 

lower intensity (Parikh & Cole, 2014) than that employed in the present study. Furthermore, 410 

the GPT and TMT were administered in the same order in every trial and in every group. 411 

Therefore, the order of the tests might have systematically affected the outcomes. Nicotine 412 

use in the present study was  registered as "doses of nicotine" (any type of tobacco for oral 413 

intake), and thus the habitual consumption pattern, or whether the participants were under the 414 

influence of withdrawal effects, were not controlled for. Finally, the participants habitual 415 

pattern of caffeine consumption was  not controlled in the analyses. High and low habitual 416 

consumers may have responded differently to both intake and abstinence (Rogers, Heatherley, 417 

Mullings, & Smith, 2013), and thus the effect of caffeine intake 2 hours before the experiment 418 

on the outcomes should be interpreted with caution.  419 

Conclusion 420 

Contrary to the hypothesis, the stimulation had no effect on performance and practice effect 421 

on GPT and TMT. However, uniquely for the participants that received active tDCS, caffeine 422 

intake the last two hours before the study and lower electrode impedance predicted larger 423 

practice effect for GPD. Based on the current study, it is recommended that future studies that 424 

employs tDCS on human subjects, reports electrode impedance, in addition to stimulation 425 

parameters and method of electrode preparation. This may, as the present results suggests, 426 

affect to the outcomes of the stimulation.  427 

 428 

 429 

 430 

 431 

 432 

 433 

 434 

 435 
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 569 

Table 1: Mean values for demographic, head circumference and behavioral measures. * p-570 

value for one-way ANOVA for variable*group. Frequencies for participants that did not 571 

consume nicotine and caffeine 2 hours before the experiment are displayed.   572 

Table 2: Frequency of sessions after which specific adverse effect occurred, and the mean 573 

intensity for specific adverse effects across all sessions defined as 0 = none, 1 = mild, 2 = 574 

moderate, 3 = severe. * p-value for independent samples t-test for group differences in 575 

adverse effect intensity. ** p < .05. 576 

Table 3: Mean values for GPT with dominant and non-dominant hand (GPD / GPN)  and 577 

TMT with confidence intervals on 1 pre-test, 2 during stimulation and 3 post-test, and T1-T3 578 

Δ scores with 95% confidence intervals. 579 

Table 4: Regression 1, Dependent variable TMT T1-T3, All participants (R2 = .08, F(1,59) = 580 

5.11, p = .03), n = 60. Regression 2, Dependent variable GPD T1-T3, Participants in Active 581 

group  (R2 = .38, F(3,36) = 8.94, p < .01), n = 20. *p < .05, **p < .01.) 582 

Table 5: Statistical table. Lines refer to the alphabetical value provided in the results section 583 

of the text. Post-hoc power calculations were performed on the sampled data in G*Power for 584 

Windows. For One-way and RM ANOVA, the n and standard deviations from the data with 585 

desired a alpha level of .05 were used. For the correlation analysis, a hypothetical regression 586 

value of .03 against a zero correlation were used. For regression analysis, the observed R2-587 

values were used. Deviations from normal distribution:  in the sample containing all 588 

participants, head circumference D(60) = .15, p < .01, age D(60) = .22, p < .01, doses of 589 

nicotine last 2 hours D(60) = .33, p < .01, doses of caffeine last 2 hours D(60) = .29, p < .01, 590 

hours awake D(60) = . p = .02 and hours of sleep D(60) = .15, p < .01 were significantly non-591 

normal. In the sample containing participants from the active group, age D(20) = .21, p = .02, 592 

doses of nicotine last 2 hours D(20) = .40, p < .01, doses of caffeine D(20) = .32, p < .10 and 593 

hours of sleep D(20) = .21, p = .02 were significantly non-normal. *The assumptions for 594 

regression regarding homoscedasticity, independent errors and normally distributed errors 595 

were met.  596 

 597 

Figure 1: Overview of the experimental procedure. The Control group followed the same 598 

procedure as Active and Sham groups, but without the electrode montage. Stimulation was 599 
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started immediately after tests at T1 were competed. Tests at T2 were administered after 7 600 

minutes of stimulation. Test at T3 were administered immediately after the stimulation was 601 

completed.  602 

Figure 2: Seconds to complete GPD at 1 pre-test, 2 during stimulation and 3 post-test. Error 603 

bars denotes standard error of the mean (SEM).  604 

Figure 3: Seconds to complete GPN at 1 pre-test, 2 during stimulation and 3 post-test. Error 605 

bars denotes standard error of the mean (SEM). 606 

Figure 4: Seconds to complete TMT at 1 pre-test, 2 during stimulation and 3 post-test. Error 607 

bars denotes standard error of the mean (SEM). 608 

 609 

 610 

 611 
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 Sham Active Control p* 
n (female) 20 (10) 20 (11) 20 (8) .64 
Right Handed 19 19 18 .77 
Age (SD) 23.65 (3.12) 24.10 (4.24) 23.80 (3.33) .92 
BMI (SD) 25.01 (4.10) 24.32 (2.89) 25.80 (4.55) .49 
Head Circumference (SD) 57.30 (2.01) 57.30 (1.47) 57.48 (1.61) .94 
Hours of sleep (SD) 6.95 (1.06) 6.95 (1.38) 6.78 (1.63) .90 
Doses of nicotine (SD) .65 (1.27) .60 (.88) 1.5 (2.01) .10 
Cups of coffee (SD) .60 (.82) .75 (1.29) .85 (1.01) .77 
Hours awake (SD) 5.25 (2.29) 5.57 (3.42) 4.10 (2.44) .22 
Impedance kO (SD) n/a 5.01 (1.09) n/a n/a 
No nicotine doses 14 13 9 n/a 
No coffee 11 12 9 n/a 
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 Sham   Active   Control  
 Mean 95% CI   Mean 95% CI  Mean 95% CI   

GPD1  59.79 55.82 63.76 60.43 55.55 65.32 59.41 56.07 62.74 
GPD2 55.12 51.69 58.55 55.61 52.20 58.72 55.26 52.38 58.14 
GPD3 54.36 51.39 57.34 54.68 51.25 58.11 54.92 52.00 57.84 
GPN1 65.00 60.78 69.21 64.62 60.54 68.70 68.67 62.67 74.68 
GPN2 61.86 58.60 65.11 61.82 58.15 65.49 64.43 60.79 68.08 
GPN3 61.08 57.30 64.85 59.34 55.51 63.18 62.53 58.65 66.41 
TMT1 37.84 31.84 43.87 36.09 30.30 41.88 38.45 33.66 43.24 
TMT2 25.18 21.33 29.04 27.37 24.89 29.85 25.17 22.69 27.65 
TMT3 21.60 19.41 23.79 21.84 19.79 23.88 21.96 19.42 24.51 
GPD Δ 5.42 3.11 7.73 5.76 2.31 9.20 4.49 2.63 6.35 
GPN Δ 3.92 .66 7.18 5.28 2.95 7.61 6.14 2.18 10.11 
TMT Δ 16.24 11.34 21.14 14.26 8.90 19.61 16.49 11.65 21.33 
 



 

 1

Regression 1     
Incuded variables B t β p 
BMI .77 2.26 .29 .03* 
Excluded variables B t Partial Corr. p
Sham .04 .30 .04 .76 
Control .02 .14 .02 .89 
Gender -.15 -1.23 -.16 .22 

  
Regression 2     
Incuded variables B t β p 
Gender 3.28 2.01 .27 .52 
Impedance -1.77 -2.46 -.32 .02* 
Caffeine 2.11 .75 .37 .01**
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 Frequency by sessions Mean intensity (SD)  
 Sham (=20) Active (n=20) Sham Active p* 

Headache 6 2 .60 (.94) .20 (.62) .120 
Neck pain 2 0 .20 (.62) 0 .154 
Scalp pain 3 3 .40 (.99) .40 (1.05) 1 
Tingling 8 8 .80 (1.01) .80 (1.01) 1 
Itching 5 6 .55 (1.00) .75 (1.25) .580 
Burning sensation 6 13 .7 (1.13) 1.45 (1.19) .048** 
Skin redness 11 17 1.25 (1.25) 1.95 (.94) .053 
Sleepiness 9 6 1.00 (1.21) .85 (1.42) .722 
Trouble concentrating 1 3 .10 (.45) .40 (.99) .226 
Acute mood change 0 0 0 0 1 
Others 1 1 .10 (.45) .30 (.73) .304 
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  Data Structure Type of test Power 
a GPD Normal distributed One-way ANOVA 6 %
b GPN Normal distributed One-way ANOVA 20 %
c TMT Normal distributed One-way ANOVA 8 %
d GPD RM time Normal distributed RM ANOVA 100 %
e GPD*group Normal distributed RM ANOVA 9 %
f GPN RM time Normal distributed RM ANOVA 100 %
g GPN*group Normal distributed RM ANOVA 13 %
h TMT RM time Normal distributed RM ANOVA 100 %
i TMT*group Normal distributed RM ANOVA 9 %
j Δ GPD Normal distributed One-way ANOVA 9 %
k Δ GPN Normal distributed One-way ANOVA 13 %
l Δ TMT Normal distributed One-way ANOVA 15 %
m Δ GPD (sham and control) Normal distributed One-way ANOVA 81 %
n Δ GPN (sham and control) Normal distributed One-way ANOVA 99 %
o Δ TMT (sham and control) Normal distributed One-way ANOVA 12 %
p Corr all Non-normal Partial Pearson Correlation, Two-tailed 65 %
q Corr Active Non-normal Partial Pearson Correlation, Two-tailed 25 %
r Regression All Non-normal* Linear Multiple Regression 97 %
s Regression Active Non-normal* Linear Multiple Regression 41 %
 


