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long-term potentiation (LTP; a lasting increase in signal transmission between neurons thought
to support long-term memory) when the stimulus was given concomitantly with synaptic
activation (Fritsch et al., 2010). For example, the primary motor cortex is where the afferent
axonal synaptic input (see Figure 4) can be facilitated by anodal tDCS. This illustrates the effects
of anodal tDCS on the synapses of pyramidal neurons in the primary motor cortex. Anodal tDCS
hyperpolarizes the membrane of the axon terminal facing the anode (Bikson et al., 2004).
Despite the hyperpolarization, there is greater neurotransmitter release which is caused by an
increase in intracellular Ca2+ in response to anodal tDCS, whereas a decrease of Ca2+ leads to

lower neurotransmitter release (Pelletier & Cicchetti, 2014).

Figure 4. Putative molecular mechanisms of action of anodal transcranial direct current
stimulation. Despite the hyperpolarization, there is greater neurotransmitter release, which is
caused by an increase in intracellular Ca2+ in response to anodal tDCS, whereas a decrease of
Ca2+ leads to lower neurotransmitter release (Reproduced from Pelletier & Cicchetti, 2014).
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Electrophysiological studies have revealed that tDCS can change the cortical excitability
of targeted areas immediately underneath the electrodes (Lang et al., 2005). The immediate
effects of tDCS are due to the modulation at the subthreshold stage of neuronal membrane
potentials, which increases or decreases the rate of potential firing activity. At the cellular level,
the voltage gradient between the electrodes creates opposite polarities at either end of the
neurons in the electrical field. This creates a difference in the transmembrane potential of the
neuronal membranes and thus allows the current to flow across the membrane and through the
neuron in accordance with membrane and intracellular resistance properties (Jefferys, Deans,
Bikson & Fox, 2003). This current flow modulates the potential of the neuronal membrane and

results in altered neuronal spontaneous activity.

Question & Theory

Does the cathodal direction of the current flow using transcranial direct-current
stimulation (tDCS) affect one’s ability to perform motor tasks? Based on previous research,
motor skills can take weeks to months to acquire and can diminish over time in the absence of
continued practice (Koneke et al., 2006). Thus, strategies that enhance skill acquisition or
retention are of great scientific and practical interest (Janine et al., 2008). As mentioned above,
anodal tDCS seems to have positive effects in different brain areas such as the posterior parietal
cortex, primary motor cortex, and so on. Some studies have also explored the relationship
between anodal tDCS stimulation and the left dorsolateral prefrontal cortex (L-DLPFC), which
suggested that anodal tDCS has a positive influence on the motor and cognitive tasks such as

pegboard task, finger tap tasking, the N-back task, and so on (Saruco & Rienzo et al. 2016).
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However, the behavioral consequences of neuronal inhibition associated with cathodal
stimulation are less understood or often seen as conflicted, though it has been known to
temporarily impair performance (Roe et al., 2016). Systematic explorations of the behavioral
consequences of neuronal inhibition associated with cathodal stimulation (i.e., reversing the
polarity of the electrodes) remain relatively rare. Oftentimes, the cathode’s placement on the
scalp is a matter of convenience, rather than a topic of interest. Some researchers suggest that
cathodal tDCS over a target region has the same behavioral consequences as anodal tDCS (Monti
et al, 2008). Using one exception as an example, Christova, Rafolt, and Gallasch (2015) reported
that cathodal stimulation over the primary motor cortex temporarily impaired motor performance
in that reaction times to complete the task were increased significantly. It remains unknown
whether the cathodal stimulation of the dorsolateral prefrontal cortex has the same effect.

To contribute to the ongoing debate over the influence of cathodal stimulation, as well as
to the developing understanding of the dorsolateral prefrontal cortex’s role in motor functioning,
this thesis aims at testing whether cathodal tDCS over the left dorsolateral prefrontal cortex
reverses the benefits seen in anodal stimulation of this region, in comparison to a controlled
condition without sustained effects.

Specifically, I predict that the cathodal tDCS stimulation group will exhibit significantly
slower reaction time and accuracy on FTT than participants in anodal condition. I also
hypothesize that the cathodal condition will have significantly lower performance than

participants in sham (control) condition.
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Method
Experimental Design
I performed a single-blinded, randomized, placebo-controlled trial with a within-subject
design to investigate the effects of tDCS on motor skills in healthy human subjects. The protocol
for the investigation was approved by Bard College’s Institutional Review Board (see Appendix

I). Prior to participation, the subjects provided written, informed consent (see Appendix D).

Assessments: Finger-Tapping Task

The finger-tapping task is a motor learning task where participants were asked to tap the
keys with their fingers while seeing stimulation on the computer screen. The task was conducted
on participants’ both hands, using their index, middle, ring, and pinky fingers, to tap the right
keys following stimulation on the screen (Cellini, 2016). For this study, the reaction time (RT)
and the accuracy (ACC) of participants’ performances were collected to compare the changes
before and after the tDCS stimulations. Since I wanted to focus on the direct changes of the
finger’s RT and ACC, there were no sequential tapping orders and all the key combos were
randomized (Cellini, 2016) to minimize the working memory workload (Holm, Karampela,
Ullén & Madison, 2017). This assessment took place immediately before and after the 10-minute
active or sham tDCS sessions. The program was conducted on Inquisit 5 and code was adapted
from the Millisecond Test Library. In the three periods, participants did the task on each hand for
five minutes. The program was set up for participants to relax their hands for 15 seconds after 40
trials. Then the task started again until the 5 minutes elapsed. After participants finished the
program with their dominant hand (right hand), then switched to another hand. In the right hand

task, the program asked participants to put their right index, middle, ring, and pinky fingers on
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the keyboard ‘M’, ©,” .” and ‘ /’. Once they were ready, they were asked to press space to start,
the screen showed four boxes and each one corresponded to one key. The screen lit up one box
in red each time, the participants were asked to click the right keys as soon as possible and at the
same time keep the accuracy. Once they click the right key, the screen automatically switches to
the next trial. The left hand task had the same procedure. The only difference is to put their left

index, middle, ring, and pinky fingers on ‘Z’, ‘X’, ‘C’, ‘V’. (See Figure 5 as an example of the

FTT process).
5 minutes total 5 minutes total
40 trials x 6 blocks 40 trials x 6 blocks

15 seconds break

Figure 5 This is a FTT example of my study that participants started with their dominants hand,
after finishing the five minutes tasks, they rested for 15 seconds and then switched to another
hand to finish the task.
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Participants

Based on a power analysis assuming alpha of 5% and beta of 20% (power = 80%), I
determined to recruit (twenty-four) subjects between the ages of 18 and 30 (inclusive) from the
Bard College area using online advertisements and flyers. However, due to the COVID-19
outbreaks in the U.S, I only recruited 10 participants at the end (see Table 2 for the statistical
information of the participants). Criteria for exclusion was based on Thair et al (2017)’s standard
criteria which included the following: chronic pain symptoms in the past six months, history of
psychiatric or neurological disorders, substance abuse history in the past six months, history of
adverse reaction to tDCS, current treatment for seizures and neurosurgery involving the brain.
Participants who have a surgically implanted pacemaker and any metal embedded in the head
were excluded (see Appendix B). Additionally, they had a normal/corrected-to-normal color
vision. Participants were always asked to be willing to have felt tDCS sponges moistened with a
saline solution (to allow for electrical conduction) introduced on their hair and scalp while sitting
relatively still and performing the simple motor task described below. A standard screening

questionnaire was used to determine eligibility prior to the study (see Appendix x).
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Table 2. Information of Participants

Gender %%
Male

Female

Age

18-21

22-25

26-29

Race & Ethnic
American Indian
Asian

Black

Native Hawailan
White

Latino

Total
10

OOPJ'Z

[¥5]

10

b2 n

10

[l == = B e TN o I o

Table 2 The information of recruited participants in this study.

Counterbalance

Counterbalancing is a technique used to deal with order effects when using a repeated
measures design. In this study, the order effect may happen in the tDCS conditions (e.g All
participants start with the same stimulation condition). With counterbalancing, the participant
sample was planned to divide in six, with each cell containing four participants. All participants

were randomly assigned to each group. These six groups are presented in Figure 6 below.

Counterbalanced group

ACS (4) ASC(4)

CAS (4) CSA(4)

SAC(4) SCA(4)
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Figure 6 The counterbalanced six groups. Each letter represents the stimulation condition (A:
Anode; C: Cathode; S: Sham) The order of the letter means which condition started first, second
and the last. For example, if a participant was in an ACS group, then he/she received the Anodal
stimulation in the first visit, the Cathodal stimulation in the second visit and the sham stimulation
in the last visit.

Procedure

In addition to undergoing the online screening, participants were invited to Preston Hall
for a total of three laboratory visits. The three visits (each lasting approximately 25-30 minutes)
were scheduled either 24 or 48 hours apart from each other, depending on participant/researcher
availability in order to account for potential time-of-day effects. Due to scheduling conflicts, four
participants were unable to return at the exact same time of day to do the following session, their
visits instead ranged from 5-8 hours from the first time they visited. During the first visit,
participants were asked again to the same screening questionnaire in order to confirm their
eligibility. Provided they were deemed eligible, they were then invited to read and sign the
consent form. Aside from the consent process during the first visit and the debriefing process in

the third visit, the three visits were structured similarly from the perspective of the participants.

Prior to any data collection, participants were fitted with a specialized swimming cap
marked with the International 10-20 system defining electrode placements for the purposes of
electrical recording (Shields, Morse, Applebaugh, Muntz & Nichols, 2016). A wax pencil was
used to mark the locations of the F3 and F4 electrode placements on the left and right side of the
front part of the scalp, respectively. The reason why these two areas were chosen is that prior
research demonstrated that they are the most involved brain regions of the motor learning
process (see Figure 7 for an example of 12-20 channel EEG map and the locations of F3 and F4

areas) (Velasques et al., 2007). Despite not having a structural image of participants’ brains with
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which to align the electrode placement, these electrode sites are known to sit above the
dorsolateral prefrontal cortex for most individuals (Rich & Gillick, 2019). No electrodes were

placed before participants finished the Pre-tDCS finger-tapping task.
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Figure 7 An example of 10-20 channels EEG map. The F3 and F4 regions are marked in red

color.

Specifically, each visit could be subdivided into three phases: Pre-tDCS, tDCS, and
Post-tDCS. During each of these three phases, the participant was asked to complete 10 minutes
of the Finger Tapping Task (FTT) described below. Stimulation (either anodal, cathodal, or
sham) was applied only during the central tDCS phase. The order of the three stimulation
conditions was counterbalanced across participants. The proposed design allowed me to evaluate
the effects of anodal, cathodal, and sham tDCS for each subject (i.e., within-participant, see

Figure 8 for an overview of the experimental procedure).
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sEaa

tDCS Experiment Time Line :2 ;:

One Session
Yomikiutes 4 minutes
. . tDCS take off .
10minutes gtocs setupy 10m|nut¢s | T g 10minutes 3
ESERTIY tDCS

dorsolateral

Dooo
L
TR refrontal

After Evaluation

=
. (post tDCS)

Baseline
Evaluation

(pre tDCS)

Stimulation Conditions
randomized based on the counterbalance

Anodal-tDCS Cathodal-tDCS Sham-tDCS

Figure 8. One Session of the tDCS study timeline. Participants were randomly assigned to one
condition each time based on the counterbalancing.

At the beginning of each task, participants were asked to complete the Finger Tapping
Task. Then they were fitted with a swimming cap with markers used to identify the rough
location of underlying brain regions of interest. Then, two electrodes were placed over the
participant’s scalp on top of conductive sponges (moistened in a saline solution) at locations
roughly above the left and right dorsolateral prefrontal cortex (F3 & F4). The electrodes and
sponges were secured with a headband. Participants were then asked to complete the FTT again.
After participants completed the during-tDCS part, the electrodes were taken off and participants
were asked to finish the FTT. After the participants finished each session, they received the

post-questionnaires asking about whether they were feeling any side-effects (the tDCS Post
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Experiment Questionnaire, See Appendix F). After the participants completed three sessions, |
verbally informed them of a debriefing statement and gave them a paper version of it as well.
After all was completed, I answered any questions they may have had and paid them $7 for

participating usingVenmo.

Transcranial Direct Current Stimulation

I administered direct current (DC) to the scalp using rubber electrodes enclosed in
saline-soaked sponges (35 cm2). Rubber bands were used to hold the electrodes in place on the
scalp and the electrodes were connected by wires to a battery-powered DC generator called Brain
Driver company’s tDCS Device V2.1 (Figure 9). This commercially available device allows the
operator to establish the current strength and stimulation duration. It is powered by a 9-volt
battery, limiting any risk. The anode electrode was positioned on the scalp just above the left
dorsolateral prefrontal cortex (F3) and the cathode was placed on the right forehead above the
right Dorsolateral Prefrontal Cortex (F4). According to a previous study by Fregni et al. (2006),
this montage seems to bring the optimal result in improving finger movement and cortical

excitability in F3.
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Figure 9 The tDCS Device V2.1 which includes anodal and cathodal tDCS electrodes, 9-volt
battery and headband to stabilize the electrodes over the head.

During active stimulation conditions, I administered 1 mA of active tDCS to F3 or F4
areas (based on the conditions) for 10 minutes. During sham stimulation conditions, identical
protocols were used, but tDCS current was only administered for the first 30 seconds of the
10-minute session. Previous literature has demonstrated that application of current for 30
seconds is a valid method of blinding and that application of current for under 3 minutes does not
influence cortical excitability (Miranda, Lomarev & Hallett, 2006; Gandiga, Hummel, Cohen.
2006). Participants received active and sham stimulation typically feel an itching sensation on
the scalp beneath each electrode at the start of stimulation that wanes over time. Of note, studies
have shown that a single session of active tDCS using 1 mA current is safe in non-pregnant,
healthy adults, with only minor and short-lasting adverse effects (Iyer et al. 2005). Sponges were
retained for a particular participant’s use across the three visits (sanitized after each visit and
stored in a sealed Ziploc bag). Different sets of sponges were used for each participant. The

swimming cap was sanitized after each visit, following standard lab procedures.

Statistical Analysis

[ analyzed data by using the SPSS. I ran a Mixed-design ANOVA in which the dependent
variables were the change of the RT and ACC in the FTT. The two within-subject independents
variables are Conditions (Anodal, Cathodal & Sham tDCS) and Timepoint (Pre-test & Post-test).

The between subject variable is the counterbalance. I set the alpha (significance) level at 0.05.
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Results

Due to the COVID-19 outbreak in the U.S., data collection was halted prior to reaching
the pre-established sample size. Data collection from 11 participants was completed on March
20, 2020. Of these participants, one (the first one run) was excluded from all analyses due to a
programming error in the FFT that was corrected for the rest of the participants. It occurred that
the program did not run the full ten minutes during the tDCS stimulation period. Based on the
exclusion criteria by Moliadze et al. (2015), all the participants should receive a minimum of
10-minute stimulation to see the change of the behavior between pre-test and post-test. This
participant was excluded from the final analysis. The problem with the program was fixed after

the first participant and there were no other problems with the program and exclusion came out.

Reaction Time (RT) Trimming

Prior to analysis, it is common practice to trim the reaction time data, removing what
could be considered overly slow or fast responses that likely reflect unintended distractions or
mistaken button presses, rather than condition-specific task-related performance. While there are
a number of standards for doing so, rather than adopting an arbitrary cutoff for high and low
reaction times that is applied across participants, I adopted a flexible approach that allows for
participant-specific cut-offs based on the number of standard deviations (plus or minus 2.5) away
from their mean reaction time in each condition based on the average score of the participants.
This “participant standard deviation” cut-off is considered more appropriate, especially when
dealing with small samples (Grange, 2014). The Inquisit 5 code was programmed to calculate the

“after trimmed” average automatically after each condition was done.
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Data Transformations

Confirming expectations due to the nature of the measures, visual inspection of the
trimmed RT and raw ACC data (ignoring stimulation condition and counterbalancing order)
were highly skewed in the positive and negative directions, respectively. Overall, The RT data
clustered around 0 (M = 349.82; SD = 38.43), whereas ACC data clustered near ceiling-level
performance (M = 0.97 ;SD = 0.02). These intuitions were confirmed by analyses for skewness
and kurtosis that RT data is left skewed which the skewness statistic is 0.22 and kurtosis is -1.14,
whereas the ACC data is right skewed which the skewness statistic is -0.425 and kurtosis is
-1.25. Though I intended to focus on RT due to the expectation that ACC would be high, I also
planned on running parametric statistics, including ANOV As and t-tests, on the ACC data in
order to determine whether the RT effects were consistent with the ACC effects or if there was a
speed-accuracy trade-off. Given these tests’ assumption of normality for the dependent variables
(Sharma, 2019), I conducted a Shapiro-Wilk test separately for these measures, which indicated
significant deviations from normality (RT: p = 0.012 ; ACC: p = 0.02). While one option was to
choose a non-parametric approach to data analysis, another is to transform the data to better meet
the assumption of normality. One common practice for transforming positively skewed reaction
time data is the log transform (Teekens & Koerts, 1972)--a technique that has regularly been
applied to motor performance reaction times, specifically (Lo & Andrew, 2015). The arcsine
transformation, in contrast, traditionally has been applied to proportions (ranging from 0-1) that
are negatively skewed, like ACC here. Graphical representations of examples of the
normalization effects of the transformations are presented in Figure 10. Confirming the benefit of

these transformations on this dimension, the Shapiro-Wilk tests revealed that both RT (p = 0.15)
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and ACC (p = 0.48) data is now normally distributed. Unless otherwise specified, the inferential
statistical tests described below were conducted on the transformed data. Comparisons to

analysis on the raw (trimmed) data are presented when appropriate.

Raw Data of Anodal tDCS ACC (Post) Arcsine Transformed Data of Anodal tDCS ACC (Post)

Frequency
Frequency

Accuracy Arcsine Transformed Accuracy

Log Transformed Data of Anodal tDCS RT (Post)

Raw Data of Anodal tDCS RT (Post)

Frequency

Frequency

nnnnn

Reaction Time (ms) Log Transformed RT

Figure 10 The comparison between the raw data distribution and transformed distribution of
Anodal tDCS’s post-test RT and ACC in histograms as an example. The raw data is presented in
orange and the transformed data is in purple. It is clear to see that the skewed data is normally
distributed after the transformation. Data in different conditions all showed the same change.

Counterbalancing

As originally designed, there were six counterbalancing orders that captured the order in
which participants experienced the stimulation conditions: anodal, cathodal, and sham. Even as
initially envisioned, this study--which could be considered a pilot--was going to be

underpowered, due to the expected difficulties in recruiting and scheduling participants. Given
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the original plan, four participants were supposed to have experienced each counterbalancing of
the six counterbalancing orders. Due to the Covid situation curtailing data collection, full
counterbalancing was not achieved and the cell size was even more restricted. In order to account
for the expected differences in counterbalancing orders, I still wanted to include some version of
this factor in my statistical model. To make this work, I decided to reimagine the
counterbalancing fact by focusing on the influence of the first stimulation condition, collapsing
across the order of the two conditions that followed. This would yield three reduced
counterbalancing conditions: anodal-first, cathodal-first, and sham-first. These groups (see
Figure 11) prioritized the first stimulation condition. In their first session, participants had no
comparison to the other stimulation conditions; therefore, they represent what could be, perhaps,
the cleanest estimate of the effect of that stimulation condition--devoid of carry-over effects. For
instance, a participant who experienced the sham condition first would, presumably, be less able
to tell that they were in the sham condition, compared to another participant who experienced

full anodal (or cathodal) stimulation first.

Planned Changed
Counterbalance Counterbalance
N=24 N=10

ACS ASC

ACS+ASC (3
@ | @ )
CAS CSA

CAS+CSA (4
@ | @ “)
SAC SCA

SAC+SCA (3
@ | @ 3)

Figure 11 The comparison between the planned and changed counterbalancing definitions. Since
the original plan was to run 24 participants, there were six counterbalancing conditions and each
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contained four participants. The final dataset only included 10 participants, however. To avoid
even smaller group sizes in each cell, the counterbalancing plan changed to only consider which
condition starts the first time and ignore the order for the rest of the session.
Statistical Model

After (trimming, for RT only) and transforming my dependent measures, I conducted two
mixed ANOVAs--one on RT and the other on ACC data for right-hand performance.The tDCS
Stimulation Conditions (anodal, cathodal, and sham) and Timepoint (Pre- vs Post-stimulation) as
two within-subjects factors and the reduced Counterbalancing order (anodal-first, cathodal-first,
or sham-first) as a between-subject factor. After running and presenting the results of the

omnibus ANOVAs, I examined specific contrasts using paired t-tests (two-tailed). An alpha level

of 0.05 was adopted for all analyses.

Accuracy (ACC)

In ACC, there was an main effect of Timepoint (F (1,29) = 3.356, p = 0.03) which
reveals that the Post-test has a lower ACC rate (M = 1.32, SD = 0.10) than the Pre-test ACC rate
(M =1.37, SD = 0.09). Also, there is an interaction between Timepoint and Conditions (F (1,7)
=5.677, p = 0.049). This suggests that there is a difference among the three conditions with the
Pre and Post test. To see the Timepoint differences in each Conditions, a one-way ANOV At was
conducted and there is a significant difference in Cathodal ACC (F (1,19) =9.310, p = 0.007),
which revealed that there is a big rate drop-down in this condition between Pre-test (M = 1.38,
SD = 0.08) and Post-test (M = 1.24, SD = 0.08). No significant results were found in both
Anodal (F (1, 19) = 0.40, p = 0.53) and Sham conditions (F (1,19) = 0.02, p = 0.90). (see Figure

12 for the main effect of Timepoint and the interaction between Timepoint and Conditions)
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There is no significant difference found in the interaction between Timepoint and

Counterbalance (F(1,7) =2.796, p = 0.128) and interaction among three factors (F(1,7) = 7,313,

p =0.716).
Main Effect of Timepoint on ACC of FFT @ Anodal
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Sham tDCS ACC (Right

16

]
-

Arcsine Transformed ACC

Pre Post
Timepoint

Figure 12 : The fist figure presents the main effect of Timepoint. All participants’ results
in three conditions are presented in three colors, Blue-Anodal, Red-Cathodal & Sham-Green.
The orange bar shows the average of the sum of the three conditions in both Pre-test and Post
test. 2) The rest three figures show the Timepoint differences in each condition. The results of

each participants are shown by the grey line. All of the ACC are presents in Arcinse
Transformed data.)

Reaction Time (RT)
In terms of RT, I found a main effect of Timepoint (Pre & Post) (F(1,7) = 65.20, p <

0.05), with the reaction time on the Pre-test being slower (M = 5.87; SD = 0.098), on average

than reaction times on the post (M = 5.83; SD = 0.098) (see Figure 13). This effect was qualified

by a significant interaction between Condition and Timepoint (F(1,7) = 37.75. P < 0.05).
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Main Effect of Timepoint in RT ® Anodal
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Figure 13 The main effect of the timepoint in RT is presented in this figure. Different color lines
show all participants’ RT in three conditions of pre-test and post-test.
To see the changes in different conditions before and after the stimulation, a one-way

ANOVA test was run to compare Pre and Post test scores in the three conditions. Based on the
existing evidence in the literature, I predicted significant improvements in Anodal and Sham
tDCS which the RT should be faster in Post-test than in the Pre-test, even without the stimulation
(Sham tDCS)(Meinzer, Lindenberg, Antonenko, Flaisch & Floel, 2013). By inspecting the graph,
it can be seen that all three conditions showed improvements in RT (see Figure 14). However,
the test showed that there is no effect of Anodal tDCS (F (1,19) =0.091, p = 0.766) and sham
tDCS (F (1,19) = 0.003, p = 0.642) between Pre-test and Pro-test of the RT score which means
there is no change of RT in both Anodal and Sham condition. Based on prior studies, the anodal
condition is supposed to have the highest chance to have a significantly decreased score (The RT
in Post-test is significantly faster than in Pre-test) since it improves brain activities (Meinzer et

al., 2013). Besides, the Cathodal condition showed a significant effect of Timepoint (F (1,19) =
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0.049, p = 0.042) that the Post-test RT (M =5.91, SD = 0.1) is faster than the Pre-test RT (M =
5.84, SD = 0.10). This suggests that the Cathodal tDCS improves the RT of FTT after 10

minutes of stimulation (Jeffery, Norton & Roy et al. 2007).

Anodal tDCS RT (Pre-Post) Cathodal tDCS RT (Pre-Post)

6.2 B1

6.0

59

58

57

Log Transformed RT
Log Transformed RT

58

55

Timepoint Timepoint

Sham tDCS RT (Pre-Post)

6.0

58

57

Log Transformed RT

56

55

Post

Timepoint

Figure 14. The reaction time of the FTT for all participants in three Conditions. Each point

connected from Pre-test to Post-test represents an individual participant’s RT score changes from
the Pre to Post test.

However, there is a potential interpretational issue that needs to be considered. First,
participants may intentionally or unintentionally shift their focus from performance speed (RT)
to accurate performance, or vice versa. This speed-accuracy trade-off has been discussed at
length elsewhere, including in the motor domain and may arise due to instructional

manipulations, fatigue, or brain stimulation (Lammert et al., 2018). In this experiment, |
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instructed participants to complete the trials as quickly as possible, without sacrificing accuracy.
However, there is no guarantee that participants could or would be able to follow this for the
entirety of the experiment. They may still focus on the response speed and ignore accuracy
which leads to a RT-ACC trade-off. To see if there is an RT-ACC trade-off, the comparison of
the improvement of RT and ACC was made by subtracting the pre-test score from the post-test in
both RT and ACC (RT Post-Pre ; ACC Post- Pre). As it turns out, there are few subjects
(Participant 1, 8 & 9) that have the improvement of RT with the drop-down of ACC (see Figure
15).

An ANCOVA test was run to test if the ACC as a covariate had any effect on RT. The
result presented that ACC has no effect on RT (F (1,19) = 0.029, p = 0.11) which suggests that
the RT-ACC trade-off did not found in this study. The RT significant result was still found in

Cathodal condition (F (1, 19) = 23.295, p < 0.05).

Cathodal tDCS RT(Post-Pre)

B RT(PostPre) [ ACC (PostPre)

0.2
o
k%
o
‘:I- 0.0
17
=]
=T
02
04
1 2 3 4 5 6 7 8 9 10

Subjects



THE EFFECT OF TDCS ON MOTOR SKILLS 43

Figure 15 The comparison of the improvement in Cathodal tDCS by subtracting the pre-test
score from post-test in both RT and ACC. The score above zero means a slow down in RT and a
decrease in ACC. The score below zero means improvements in both RT and ACC. The three
outliers were marked as a red star above them.

To see the Post-test differences between conditions, the ANOVA is needed. However, the
time of running the three sessions for participants may vary (e.g., one participant came for anodal
tDCS in the afternoon and Cathodal tDCS in the evening). To see if there is a ‘time of the day’
effect, a ANOVA test was run and it showed that there is no significant difference (F (1,29) =
1.862, p = 0.175) among the three conditions’ pre-test, suggesting that there the time of the day
has no effect on the study. This means the baseline score of each participant was similar.
Because of that, the comparison in the post-test can be conducted. The one-way ANOVA
showed that there is no significant difference among the three conditions in the post-test group (F
(2,29) =2.088, p = 0.143), which suggests that the Cathodal tDCS has the same effect as the
other two conditions.

Moreover, prior research pointed out that to see the small changes in the pre-test and
post-test, the averaged-based approach (above shown) is not the only gold standard way. The
individual-based approach can detect smaller changes (Estrada, Ferrer & Pardo, 2019). To apply
this approach to my analysis, the (post-test) minus (pre-test), in the single group pre-post design
and calculated based on the standard deviation after the subtracting. With the individual-based
approach, the differences for cathodal tDCS with Anodal and Sham condition were significant
(Anodal: F (1,19)=13.138, p = 0.02; Sham: F (1,19) = 5.805, p=0.027). Suggesting that the

Cathodal tDCS does have an impaired effect on participants shows that the RT of the task is

longer than the other two groups.
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There is also an interaction among the three factors (F (1, 7) = 1.438, p = 0.02) which
means that when the order of the test changed, the conditions score of pre-test and post-test was

changed. (See Figure 15 of the interaction among three counterbalancing conditions)
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Figure 15 The interaction among the three factors of RT are presented in this figure. The
Stimulation Condition is the Counterbalance of the study that starts first of the study. Each line is
the average score of participants in three different conditions.

This interaction suggests that when the order of the study starts with the Sham tDCS, RT
of the Cathodal tDCS decreases significantly. This suggests that the counterbalance may affect
the behavior and during the test. However, since the sample size is too small, I can not tell if this

is a reliable result. More limitations and possibilities answering why I got these results will be

discussed in the following part.
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Discussion

Running a small, externally generated current through the brain has been shown
previously to affect a wide range of behaviors, including motor performance. Though much
remains unexplored, numerous factors appear to influence the strength and direction of these
influences, including the voltage, the surface area of the stimulated region, the duration of
stimulation, and the brain regions targeted. This Senior Project was intended to clarify an
outstanding question in the tDCS literature as to whether the polarity of stimulation targeting the
left dorsolateral prefrontal cortex affects the right (dominant) hand’s performance on a
finger-tapping task (FTT). Paralleling the results of the sham condition, 10 minutes of anodal
stimulation at 1.0 mA (i.e., with the anode placed on the scalp roughly over the left dorsolateral
prefrontal cortex and the cathode placed over what is likely to be the right dorsolateral prefrontal
cortex) altered neither reaction time nor accuracy on a final test relative to baseline. Yet, left
reversing the polarity, such that the cathode was placed over the left dorsolateral prefrontal
cortex resulted in a significant improvement in reaction time. While I had predicted the null
effect in the sham condition, the latter two findings stood in stark contrast to my original
predictions. First, numerous data points in the existing literature have demonstrated a facilitatory
effect on right-handed motor performance speed after applying anodal stimulation to the left
dorsolateral prefrontal cortex (e.g., Keitel, Ofsteng, Krause & Pollok, 2018). Yet, the
reaction-time difference between pre-test and post-test in condition--which itself was not
reliable--was statistically indistinguishable from the sham (control) condition. Second, despite
having predicted a reaction-time effect of cathodal stimulation of the same target region, the

observed effect--while reliable in my small sample--was in the opposite direction as had been
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predicted. Participants were actually faster on the post-test, compared to the pre-test, even after
statistically controlling for the non-significant differences in accuracy across time points. The
results of this experiment suggest that 10 minutes of Anodal or Sham tDCS targeting the left
dorsolateral prefrontal cortex has no observable effect on the accuracy or reaction time of a
standard FTT. In contrast, cathodal tDCS led to a significant improvement in reaction time,
increasing the speed by which participants tapped out a sequence of keys on the Post-test
compared to the Pre-test. Even though a majority of articles and research suggests that there is
either a null effect or an impairment on motor performance following cathodal stimulation of the
dorsolateral prefrontal cortex, those studies tended to focus anodal stimulation with the
placement of the cathode being seemingly arbitrary.

Table 3 represents an attempt to highlight similarities and differences in findings
compared to the present work. While it is true that some studies have reported a facilitatory
effect of cathodal stimulation, more work is necessary to determine why other studies (and
theoretical perspectives) have come to the opposite conclusion. Below, I lay out a number of

possible ways of reconciling the seemingly inconsistent findings in the literature.

Possibility 1: Cathodal tDCS Improves Finger Movements

Based on the results, it is possible to assume that the Cathodal tDCS can actually improve
the finger movements. While the placement of the anode is well known to affect the cortical
excitability of the underlying brain (Varoli et al., 2018), a smaller literature also suggests that the
area of the brain under the cathode either increases or decreases in cortical excitability,

depending on its relative placement on the scalp. For instance, Knotkova et al. (2017) reported
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that when the cathode is located over DLPFC, and the anode is located over Fp1, the DLPFC’s
cortical excitability increases under the cathode. As mentioned in the introduction section,
enhanced cortical excitability of the DLPFC has been associated with motor improvements
(Ohashi, Gribble & Ostry, 2019)--though the increased excitability in that previous study was
induced by anodal stimulation of the DLPFC).

On the other hand, when the electrodes are moved to the occipital lobe, with the anode
and the cathode placed over opposing hemispheres, these authors reported that cortical
excitability under the cathode is suppressed. From this, one can conclude that the relative
placement of both the anode and the cathode in part determine the direction of cortical
excitability under the cathode. Meanwhile, the Anodal tDCS showed a similar effect as the
Cathodal while locating in Fp1 and O1 (The cortical excitability improved in Fp1 and decreased

in O1) (see Figure 16 as an example).

For O Anodal tDCS
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Figure 16 Cortical excitability as a function of cathodal placement adapted from Knotkova et al.

(2017).The anode located region showed in purple circle and the cathode located region showed
in green circle.The left panel depicts the cortical excitability (significant increases over 2.0 in hot
colors) a combination of Cathodal tDCS over F4 and the Anodal tDCS over FP1.The right panel
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depicts a combination of Cathodal tDCS over O2 (in green circle) and Anodal tDCS over O1.
This cold color mark in the green circle reveals that the Cathodal tDCS in O2 suppressed cortical
excitability significantly and anode in O1 suppressed cortical excitability as well. (Z = 44
indicates which horizontal slice of the brain--here the 44th--is depicted within the normalized
brain image)

Possibility 2: Bilateral tDCS Montage can Affect the Motor Performance Differently with
Unilateral tDCS

The previous section highlighted how the placement of the anode and cathode over
different regions of the brain may affect cortical excitability and task performance in different
ways. In some cases, the anode and the cathode are placed in a symmetrical manner--with one on
the analogous region of the corresponding hemisphere. This has been referred to as bilateral
tDCS. In contrast, when the electrodes are placed above non-corresponding regions of the brain,

this has been referred to as unilateral tDCS. See Figure 17 for a comparison.

Bilateral tDCS Unilateral tDCS

Figure 17 An example of the Bilateral tDCS and Unilateral tDCS model. In the Bilateral tDCS,
the dark blue and red circles are the locations where my project targeted (F3 & F4).
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Prior studies showed that the bilateral tDCS over M3 and M4 tended to enhance the
motor cortex plasticity and the cross-transfer of strength which implied that the bilateral tDCS
over DLPFC facilitated greater improvements in motor performance in both Anodal tDCS and
Cathodal tDCS (Frazer, Kidgell, Spittle & Williams, 2016) (Vine, Cerruti & Schlaug, 2008). In
contrast, the unilateral tDCS, with the anode placed over M1 and cathode placed over M4,
revealed that only the the Anodal tDCS had an improving effect in the RT of FTT and a
decreasing effect in Cathodal tDCS condition. This is probably why most studies with unilateral
tDCS related motor tasks can only detect the significantly improved performance in Anodal
tDCS. Since my tDCS montage was designed as a bilateral tDCS, I also consider this as a
possibility.

The RT of the left hand from my study can be used as another support. In my study, even
though I focused on the result of the dominant hand (right hand), the data of the left hand was
also collected. In the left hand result of my study, it showed the same effect as the right hand
result. The Cathodal tDCS over right DLPFC (left hand) showed a significant improvement (F
(1,19), p = 0.02) in RT between pre-test and post-test. Also, comparing the RT post-test data
among the three conditions, the Cathodal tDCS had a significantly faster RT than Sham tDCS
(F(1,19), p = 0.03). The result supported this possibility that in a bilateral tDCS montage, the

Cathodal tDCS can improve the motor task (See Figure 18 for the results of the left hand RT).



