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ARTICLE INFO ABSTRACT

Keywords: Transcranial direct current stimulation (tDCS) has emerged as a promising intervention in clinical and behavioral
™S neuroscience; however, the response variability to this technique has limited its impact, partly due to the
tDCS

Motor learning
Motor cortex

widespread of current flow with conventional methods. Here, we investigate whether a more targeted, focal
approach over the primary motor cortex (M1) is advantageous for motor learning and targeting specific neuronal

populations. Our preliminary results show that focal stimulation leads to enhanced skill learning and differen-
tially recruits distinct pathways to M1. This finding suggests that focal tDCS approaches may improve the out-
comes of future studies aiming to enhance behavior.

Previous neurophysiological work has shown that outcomes of
transcranial direct current stimulation (TDCS) are influenced by the
current flow between the electrodes (Rawji et al., 2018). When targeting
the motor cortex (M1), conventional tDCS montage calls for a large (e.g.,
5 x 5 c¢m) anode electrode to be positioned over the M1 hotspot of the
right hand, while a large cathode electrode is placed over the right
supra-orbital area (Woods et al., 2016). Although this setup can modu-
late transcranial magnetic stimulation (TMS) triggered motor-evoked
potentials (MEPs) and enhance motor learning (Reis et al., 2009),
modeling work has demonstrated that current flow distribution is
widespread and not directly underneath the electrodes (Datta et al.,
2009). As a result, the current flow of tDCS passes through both struc-
turally and functionally distinct brain areas, which likely contributes to
the well-known variability of tDCS-induced effects across physiological
and behavioral studies (Wiethoff et al., 2014).

To combat this issue, a more focal montage has been introduced to
restrict the current flow by placing small electrodes (3.14 cm?) ina 4 x 1
ring configuration, separated by 3.5 cm, and centered over M1. While
this focal montage can induce greater changes in cortical excitability
and facilitate movement response times when compared to the con-
ventional montage (Masina et al., 2021; Kuo et al., 2013), it remains

unclear whether a more-targeted approach is beneficial for motor
learning. Indeed, utilizing the 4 x 1 ring configuration in the context of
motor learning has led to some mixed results (Doppelmayr et al., 2016;
Cole et al., 2018; Ballard et al., 2021), which likely depend on the
target-site (Lefebvre et al., 2019) and stimulation intensity (Lerner et al.,
2021). Of these studies, only Cole and colleagues have compared the
effects of focal and conventional tDCS on fine motor skill performance in
children and found that both montages similarly improved manual
dexterity compared to sham.

Here, we investigated whether tDCS focality plays a significant role
in enhancing the learning of a de-novo motor skill in healthy young
adults measured across multiple days. Since M1 is viewed as a central
region involved in the encoding of recently learned movements (for
review, Spampinato and Celnik, 2021), we hypothesized that the focal
tDCS would produce more prominent effects on motor skill retention
(measured 24 h after training) when compared to conventional and
sham stimulation.

We recruited 30 right-handed participants (17 females; mean age:
24.2 + 0.92 years) who reported no contraindications to brain stimu-
lation. Participants were randomly assigned to one of three groups:
Conventional (n = 10; 6 females; mean age: 24.3 + 1.41 years) Focal (n
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= 10; 5 females; mean age: 24.5 + 1.71 years) or Sham (n = 10; 6 fe-
males; mean age: 23.7 + 1.52 years). On the first experimental session,
all individuals completed 180 trials (i.e., 6 blocks) of the sequential-
visuomotor-isometric-pinch-force-task for approximately 40 min
(SVIPT; Fig. 1A). Conventional, Focal or Sham tDCS was applied over
the M1 hotspot during training blocks 2-5 (stimulation duration ~ 25
min), with a current intensity set to 2 mA. Stimulation was ramped up
for a 30 s period at the onset of stimulation and was maintained until
participants completed block 5 of the SVIPT. After completion, stimu-
lation ramped down for 30 s. SVIPT Training Blocks 1 and 6 were always
performed without stimulation. On the following day, all individuals
completed a post-test of 30 trials to assess 24 -h skill retention. In the
final experimental session (separated by at least 48 h following the
motor retention session), we measured the effects of tDCS montage on
cortical excitability from different TMS currents over M1.
Conventional tDCS was delivered through two 25 cm? sponge elec-
trodes soaked in a saline solution (neuroConn, Munich, Germany). In
this montage, the anode electrode was placed over the contralateral M1
corticomotor representation of the right FDI muscle and the cathode
over the ipsilateral supra-orbital area. On the other hand, Focal tDCS
was delivered by the Starstim system (Neuroelectrics, Barcelona, Spain)
by using an anode 4 x 1 high-definition tDCS ring montage (Kuo et al.,
2013). In this montage, the anode center electrode is placed over the M1
representational area of the right FDI muscle and is surrounded by four
cathode disc electrodes (3.14 ¢cm?) in order to help focalize the area of
stimulation. The radii of the cathode return electrodes to the anode was
set at a center-to-center distance of 3.5 cm. Sham tDCS was applied with
a ramp-up 30 s/ramp-down 30 s of 2 mA tDCS for blinding purposes and
individuals in this group were either administered with conventional or
focal settings (5 individuals per montage). Their selected montage was
maintained for all experimental sessions (e.g. behavioral and physio-
logical assessment). Two experimenters were present at the time of
stimulation in which one delivered the intervention (real or sham),
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while the other (blinded to the type of stimulation) ran the experiment.
Thus, both the experimenter and participant were unaware of the
stimulation condition. Finally, a third individual unaware of the group
assignment and who did not participate in the data collection experi-
ment was responsible for analyzing all behavioral and physiological
data.

To perform the SVIPT, participants were instructed to press down on
a force-transducer using their index finger, thereby controlling the
movement of an on-screen cursor (Fig. 1B). The overall goal was to move
the cursor between “HOME” and five targets as quickly and accurately as
possible. Movement time was measured as the total time needed to reach
all five targets. A trial was only considered correct if participants landed
within each target. To quantify SVIPT learning, we determined changes
in the speed-accuracy tradeoff function (SAF) (see equation, Fig. 1B), as
previously described (Reis et al., 2009; Cantarero et al., 2015). Im-
provements in one parameter, without the expense of the other, can shift
the overall speed-accuracy tradeoff function, reflected by an increased
skill measure. On-line gains were measured as the sum of the difference
between Blocks 1 and 6 of day 1. Off-line effects were calculated as the
sum of differences between the first block of day 2 minus the last block
of day 1.

In a separate experimental session, where participants did not
perform on the SVIPT, we assessed how each montage affected distinct
inputs to the cortical-spinal tract (Fig. 2). To do this, TMS was applied
with a figure-of-eight coil (Magstim Company Ltd, UK) over the M1
representation of the right first dorsal interosseous (FDI) muscle. MEPs
were measured with electromyography. Two current directions were
applied throughout the stimulation-only session: posterior-to-anterior
(PA) and anterior-to-posterior (AP). MEPs were evoked using these
current directions since recent work has argued PA- and AP-TMS acti-
vates separate interneuron networks that play distinct roles in physio-
logical plasticity and motor learning (Hamada et al., 2014). The rest
motor threshold (RMT), the minimum intensity needed to elicit 50 u V

Fig. 1. (A) Experimental Design for all groups.
Individuals participated in a multiday motor-
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MEPs on 5-0f-10 pulses, was determined for each direction (Rossi et al.,
2009). The TMS intensity used for each current direction was set to 120
% RMT, in which 15 MEPs with PA currents and 15 MEPs with AP
currents were recorded at each stimulation time point. To assess the
potentiation effects of tDCS, we collected PA- and AP-MEPs prior to and
after administering 20 min of 2 mA tDCS, with post-tDCS MEPs collected
every 15 min up to 30 min (i.e. Post 0, Post 15, Post 30). Sham stimu-
lation in these sessions consisted of 30 s of ramp-up and ramp-down at
the beginning and end of stimulation. We normalized the average MEP
amplitudes for each post-stimulation time point to the average of 15
MEP amplitudes recorded before the intervention. Thus, changes in MEP
amplitudes of each current direction were expressed as a ratio relative to
their baseline response.

Differences in on-line and off-line performance of the skill measure
were compared using a one-way analysis of variance (ANOVA). Multiple
comparisons corrected post-hoc analysis was administered when
appropriate. To evaluate the effects of tDCS on M1 excitability for each
current direction (PA, AP), we used repeated-measures ANOVA with
factors “MONTAGE” (Focal, Conventional, Sham) and “TIME” (PO, P15,
P30). Here, post-stimulation MEP amplitudes normalized to baseline
measures were used in the statistical analysis. When analysis showed no
overall effect of TIME from P0-P30, we calculated the mean post-tDCS
effect for post hoc testing. All data in text and figures are depicted as
mean + SEM.

To compare the amount of learning between the Focal, Conventional
and Sham groups, we determined the impact of tDCS montage towards
on-line (within Day 1) and off-line (between Day 2 start and Day 1 end)
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Fig. 2. Effect of tDCS montage on the MEP
amplitude evoked by (A) PA-TMS and (B) AP-
TMS. y-Axis shows the mean MEP amplitude
normalized to baseline measures, and the x-axis
represents the MEP measurement recorded
before (Base) and after tDCS (Post 0, 15, 30).
Responses to conventional, focal and sham
stimulation are plotted . Bar plots represent the
overall mean (+SEM) post-stimulation effects
(averaged from PO to P30). Asterisks represent
significant differences (p < 0.05 with Bonfer-
roni’s multiple corrections).

effects on the skill score (Fig. 1C). While we did not find any significant
difference towards on-line effects between the three groups (F[2,361 =
0.339, p = 0.716), one-way ANOVA revealed significant effects when
considering off-line changes (F2,36] = 3.560, p = 0.042). We therefore
conducted a post-hoc analysis for offline changes, which showed that
only the Focal group was significantly different from the Sham group (p
= 0.040), whereas no differences were found between the Focal and
Conventional groups (p = 0.368) or Sham and Conventional groups (p >
0.90). Thus, these results indicate that only Focal tDCS improves overall
motor skill retention in comparison to Sham stimulation.

To ensure that similar TMS intensities were applied between all
groups, we conducted a one-way ANOVA with factor BASELINE RMT
and found no differences between the three groups when considering
PA-currents (F[2,29] = 0.094, p > 0.9) and AP-currents (F[2 29] = 0.036, p
> 0.9). When we evaluated the effects of tDCS on M1 excitability evoked
with PA-TMS currents, repeated-measures ANOVA demonstrated no
effects of MONTAGE x TIME (F4,54] = 0.468, p = 0.759) or TIME (F2,54]
= 1.234, p = 0.299), but did reveal a significant effect of MONTAGE
(Fi2,541 = 5.002, p = 0.014; Fig. 2A). Collapsing all the post-tDCS PA-
MEPs, we conducted a one-way ANOVA with factor MONTAGE and
found differences across the experimental groups (Fi220) = 4.892, p =
0.015; Fig. 2A), with Bonferroni corrected post-hoc tests revealing that
MEPs were significant larger for the Focal (p = 0.028) and Conventional
(p = 0.045) when compared to Sham, but not between Focal and Con-
ventional (p > 0.9, Fig. 2A). Similarly, when we evaluated the effects of
tDCS on M1 excitability evoked with AP-TMS currents, repeated-
measures ANOVA demonstrated no effects of MONTAGE x TIME
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(F[4’54] = 1.386,p =0.251) or TIME (F[2,54] = 0.332,19 = 0.719), but did
reveal a significant effect of MONTAGE (Fp1547 = 3.550, p = 0.043;
Fig. 2B). Collapsing all the post-tDCS AP-MEPs, we conducted a one-way
ANOVA with factor MONTAGE that revealed significant differences
between groups (F[2,291 = 3.546, p = 0.043). Bonferroni corrected post-
hoc significant differences were found between Focal and Conventional
(p = 0.040), but not between Focal and Sham (p = 0.906) or Conven-
tional and Sham (p = 0.369).

We show that Focal tDCS led to greater motor skill performance in
between-day retention but had no effect during training sessions.
Enhanced retention was most prominent after the first training session,
in which only the Focal group showed significant improvement when
compared to Sham. While both montages showed facilitatory effects on
the MEP responses measured with PA currents, only Focal tDCS showed
inhibitory after-effects on MEP responses produced with AP currents
when compared to conventional methods, indicating that Focal stimu-
lation can bidirectionally modulate specific intracortical circuits that
have unique synaptic input pathways to corticospinal neurons. Although
preliminary, our findings suggest that Focal tDCS can enhance motor
skill retention and may produce polarizing effects on cortico-excitability
when applying directional TMS. One interpretation for the behavioral
results with Focal tDCS is that limiting the stimulation over M1 and its
surrounding regions is most important for enhancing motor learning.
Whether this effect is due to differences in electrode placement or cur-
rent density applied over M1 requires further study. While the effect
sizes for the main analyses were moderate, the current results are limited
by the sample size and by the matched, fixed dose of tDCS applied in
both montages (Evans et al., 2020). Further studies with a larger sample
size and individualized dose-control of tDCS are required to confirm the
importance of focalized stimulation on motor learning.
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