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Aging is associated with declines in sensorimotor function. Several studies have
demonstrated that transcranial direct current stimulation (tDCS), a form of non-invasive
brain stimulation, can be combined with training to mitigate age-related cognitive and
motor declines. However, in some cases, the application of tDCS disrupts performance
and learning. Here, we applied anodal tDCS either over the left prefrontal cortex (PFC),
right PFC, supplementary motor complex (SMC), the left M1, or in a sham condition
while older adults (n = 63) practiced a Discrete Sequence Production (DSP), an explicit
motor sequence, task across 3 days. We hypothesized that stimulation to either the
right or left PFC would enhance motor learning for older adults, based on the extensive
literature showing increased prefrontal cortical activity during motor task performance in
older adults. Contrary to our predictions, stimulation to the right and left PFC resulted in
slowed motor learning, as evidenced by a slower reduction rate of reduction of reaction
time and the number of sequence chunks across trials relative to sham in session one
and session two, respectively. These findings suggest an integral role of the right PFC
early in sequence learning and a role of the left PFC in chunking in older adults, and
contribute to mounting evidence of the difficultly of using tDCS in an aging population.

Keywords: tDCS, older adults, prefrontal cortex, motor sequence learning, reaction time, chunking, explicit
learning, learning impairment

INTRODUCTION

Aging is associated with declines in sensorimotor function (Raz, 2000; Seidler, 2006). Given that
sensorimotor function plays a role in activities of daily living, declines can translate into a loss of
independence. Physical rehabilitation approaches to mitigate these declines largely rely upon motor
learning based interventions. While these interventions result in some improvements, the addition
of non-invasive brain stimulation has been shown to make them more effective (Patel et al., 2019).
Transcranial direct current stimulation (tDCS) has emerged to be especially promising because of
its low cost, safety, portability, and its ability to be successfully used at home with clinical (Charvet
et al., 2015; Kasschau et al., 2016) and older adult (Ahn et al., 2019) populations.
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Older adults typically learn new motor skills at a slower rate
than young adults. Verwey (2010) found that when practicing
a sequence of finger presses to a repeated sequence of targets,
older adults exhibited poorer performance for the repeated
sequence, as indicated by slower reaction time. Similarly, Brown
et al. (2009) found that while older adults displayed motor
sequence learning during a single session (online gains), when
participants were re-tested 24 h later, young adults exhibited
a beneficial, between-session consolidation effect (offline gains)
while older adults did not. These findings are consistent
with the idea that neural plasticity and consolidation may be
reduced with advancing age (Wilhelm et al., 2008, 2012). Thus,
previous research shows that despite age-related declines in the
sensorimotor system, older adults can learn new motor tasks,
albeit not as well as young adults.

The use of tDCS paired with motor practice in older adult
populations shows promise for ameliorating age-related motor
declines. In a five session study during which older adults
practiced a serial reaction time task paired with anodal (typically
excitatory) tDCS, researchers found that those who received
M1 anodal tDCS exhibited greater sequence specific learning
relative to those who received sham stimulation (Dumel et al.,
2016). In another study, young and older adult participants
received stimulation over M1 while learning a sequence of
finger movements (Zimerman et al., 2013). Without stimulation,
older adults demonstrated poorer motor performance relative to
young adults. However, the older adult participants who received
stimulation during practice no longer had a motor performance
deficit. While the findings from these studies suggest that tDCS
may improve motor learning for older adults, other studies show
either no benefit or even poorer performance when tDCS is
paired with task practice (Mooney et al., 2019; Muffel et al.,
2019; Habich et al., 2020; Chow et al., 2021). For example,
one study found no benefit of a single session of anodal M1
tDCS as older and young adult participants learned a sequential
isometric force task using their non-dominant hand during
practice (Mooney et al., 2019).

For tDCS to be considered a viable therapeutic option
for older adults, the optimization of tDCS parameters such
as intensity, timing, number of sessions, etc., is necessary.
For example, a recent study used a computational model to
show that older adults required a slightly higher stimulation
intensity (i.e., ∼2.3 mA) to achieve the same current density
as in young adults with 2 mA of tDCS over the left primary
motor cortex (Indahlastari et al., 2020). Alternatively, the
timing of the application of tDCS relative to task practice, the
task specificity of tDCS, or a combination may explain the
inconsistencies frequently observed in older adult populations.
In a cognitive naming task, older adults that received anodal
tDCS over the left prefrontal cortex (PFC) during task execution
displayed significant improvements relative to sham, whereas
older adults that received tDCS before the task showed no
differences compared to sham; in contrast, young adults that
received stimulation before or during task practice showed
task improvements (Fertonani et al., 2014). In another study,
older adults that received anodal tDCS over M1 immediately
following training of a motor sequence task, but not an hour or

2 h after, showed enhanced consolidation (Rumpf et al., 2017).
The number of active tDCS sessions also likely impacts the
effectiveness of tDCS, with multi-session protocols appearing to
be more effective than a single session of tDCS (Hashemirad et al.,
2016; Talsma et al., 2017; Shekhawat and Vanneste, 2018; Song
et al., 2019). Overall, these studies suggest that tDCS in older
adult populations has potential for reducing motor and cognitive
declines, but the benefits may be task dependent (Saucedo
Marquez et al., 2013; Kimura et al., 2021), and require tDCS
parameter optimization such as intensity (Indahlastari et al.,
2020) or timing (Fertonani et al., 2014; Rumpf et al., 2017) relative
to task practice. However, little is known about how anodal tDCS
over other brain regions outside of M1 affects motor learning
in older adults.

Non-invasive brain stimulation studies have uncovered a
complex role of the prefrontal cortices (PFC) in motor sequence
learning. Janacsek et al. (2015) observed enhanced consolidation
(offline gains) after a single session of anodal right PFC tDCS but
no benefit of acquisition (online gains) during implicit sequence
learning in young healthy adults. Using a similar implicit learning
task, Greeley and Seidler (2019) found that anodal stimulation to
left PFC, but not right PFC, facilitated motor learning in young
adults, but only when participants remained unaware of the
sequence. More recently using the Discrete Sequence Production
(DSP) task, an explicit sequence learning paradigm, we observed
that either anodal tDCS over the left or right PFC, and cathodal
tDCS over the left PFC during practice impaired sequence
learning over the course of 3 days in young adults (Greeley et al.,
2020). In contrast to using anodal (excitatory) stimulation over
the PFC, two studies have observed learning benefits when the
PFC is inhibited in young adults. Using rTMS, Galea et al. (2010)
found enhanced retention after either the left or right dorsolateral
PFC was disrupted immediately after learning. Similarly, the
application of cathodal (inhibitory) tDCS over the left PFC
resulted in increased golf putting performance relative to the
sham group (Zhu et al., 2015). The results from Galea et al.
(2010) and Zhu et al. (2015) suggest that engaging the prefrontal
cortices during or after motor learning may impair learning for
young adults. However, older adults consistently recruit frontal
regions when performing a range of motor learning tasks (Wu
and Hallett, 2005; Lin et al., 2012; Michely et al., 2018). This
greater recruitment of prefrontal brain regions during motor task
performance has been suggested to serve a compensatory role for
older adults (cf. Seidler et al., 2010). Specifically, inhibitory non-
invasive brain stimulation applied over brain regions thought to
be involved in compensatory processes disrupts performance for
older but not young adults (Rossi et al., 2004; Zimerman et al.,
2014). Therefore, it may be that excitatory PFC stimulation aids
motor learning in older adults. Thus, we sought to understand
how using anodal tDCS over left or right PFC would affect
learning and retention of a motor sequence in older adults.

We evaluate motor learning here using indices of reaction
time and sequence chunking. Chunking, or the ability to “chunk”
together individual actions, is thought to facilitate motor learning
by reducing memory loads. It is evidenced by a significant
difference between inter-response times of key presses (Verwey
and Eikelboom, 2003; Kennerley et al., 2004; Bo et al., 2009).
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Age-related declines in motor learning may stem from declines
in working memory, which limits motor chunking. For example,
working memory capacity was positively correlated with motor
sequence chunk length in both young and older adults (Bo and
Seidler, 2009). Older adults showed significantly reduced working
memory capacities and sequence chunk lengths relative to young
adults. In addition, 22% of older adults showed no evidence of
chunking; this was the case for only 7% of young adults. The
link between the prefrontal cortices and working memory is well
established (Kane and Engle, 2002; Funahashi, 2017) and it is
known that older adults show significant reductions in prefrontal
gray matter volume relative to young adults (Scahill et al., 2003;
Esiri, 2007). Two fMRI studies have reported that young adults
recruit the left dorsolateral PFC and right supplementary motor
area (SMA) (Pammi et al., 2012) and the mid-left dorsolateral
PFC (Wymbs et al., 2012) during sequence chunking. Moreover,
Verwey et al. (2019) showed that unfamiliar sequences activated
the PFC whereas familiar sequences did not; they instead elicited
SMA activation. Thus, it is possible that targeting prefrontal
regions (which have been associated with chunking) with anodal
tDCS may facilitate motor sequence learning in older adults.

In the current study, we sought to understand the
contributions of the left and right prefrontal cortices to
motor sequence learning and chunking in healthy older adults;
participants received stimulation for 2 days and performance
was assessed over 3 days. We tested four different anodal tDCS
groups in which either the left PFC, the right PFC, the left
M1, or the SMA were stimulated in two separate sessions and
compared with a sham group to understand how excitatory
stimulation affects motor performance and learning (using
the right hand) over the course of three separate sessions.
Specifically, we sought to understand whether anodal tDCS to
the right or left PFC would enhance or interfere with sequence
learning as assessed by reaction times and chunking in a DSP
task as assessed by the correlation between key presses (Acuna
et al., 2014), in older adults. We hypothesized that regardless
of the hemisphere of stimulation, older adults would display
motor learning benefits in both reaction time and chunking
across sequence learning with prefrontal tDCS. Similar to
previous tDCS results (Zimerman et al., 2013; Dumel et al.,
2016; Greeley et al., 2020), we hypothesized that regardless
of age, the M1 tDCS groups would display faster learning
as measured by reaction time and number of chunks and
given its role in chunking, we hypothesized that the SMA
tDCS older adult group would display faster learning as
measured by the number of chunks; we also expected that older
adults would show greater benefits due to having more room
for improvement.

MATERIALS AND METHODS

Participants
We recruited sixty-three older adult participants (age range 64–
84, mean age = 70.7, ± 5.76 years; 29 male) and sixty-four young
adult participants (age range 18–30, mean age = 20.5, ± 2.4 years,
26 male) from the University of Michigan campus and greater

Ann Arbor area. It should be noted that the young adult data
has been previously published (Greeley et al., 2020), and the
main focus of the current paper is on older adults. We include
the young adult data in some of the analyses here to allow for
age group comparisons when appropriate. All participants were
right handed as measured by the Edinburg handedness inventory
(Oldfield, 1971), and reported no history of mental health events,
drug abuse, neurological, or psychiatric disorders. During the
first session, all participants signed a consent form approved by
the University of Michigan Institutional Review Board, verbally
answered an alcohol and drug abuse screening questionnaire,
completed the Beck Depression inventory (Beck et al., 1988),
a custom tDCS screening form, and the Montreal Cognitive
Assessment (Nasreddine et al., 2005). Participants were excluded
if they scored <23 on the MOCA (Lee et al., 2008; Carson et al.,
2018), had a self-reported history of alcohol or drug abuse, and
scored >13 on the Beck Depression Inventory. Additionally,
participants were not taking medications that could interact with
the central nervous system. Participants were compensated for
their time at an hourly rate of $15 per hour.

Discrete Sequence Production Task
The study design implemented in the current paper was identical
to that used in our recent publication (Greeley et al., 2020). See
Figure 1 for an abbreviated overview. Participants practiced a
variant of the DSP task (Ruitenberg et al., 2014) programmed
and presented in E-Prime (version 2.0) over the course of
three sessions, two of which participants received either real
or sham tDCS, while using their dominant, right hand to
practice the sequence task. Participants were assigned two, six-
element sequences for the duration of the study. One of the
sequences had a repeated, simple structure (e.g., NCBNCB)
whereas the other sequence did not have a structure and was
thus considered complex (e.g., BCVNVC). Participants could
practice each sequence up to a total of 224 times throughout the
three sessions of practice (16 times per block across 14 blocks).
To simplify data presentation and to be consistent with our
previously published results (Greeley et al., 2020), we limited
our analysis to the complex sequences. During sequence practice,
participants placed their index, middle, ring, and pinky fingers
of their dominant, right hand on the C, V, B, and N keys of a
keyboard, respectively. Four, horizontally aligned white squares
with black trim were presented in the middle of a monitor with
a white background. During practice, one of the squares was
filled in by a light green color for up to 2,000 ms, which cued
participants to press the spatially corresponding key as quickly
and accurately as possible. If the participant pressed the correct
key, the green square returned to white and the next square
in the sequence would immediately turn green. If participants
made an incorrect key press, the message “mistake, again” was
displayed on the screen in red for 1,000 ms. If participants did
not respond to a stimulus within 2,000 ms of the message, “no
response, again” was displayed at the bottom of the screen for
1,000 ms. Participants practiced their sequences across 3 days,
with six blocks of practice during session one, another six blocks
of practice during session two, and two blocks of practice in
session three. Participants practiced each of their two sequences
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FIGURE 1 | Study design. Using a between-subjects design, right-handed
older adult participants practiced a motor sequence task paired with
transcranial direct current stimulation (tDCS). Participants were randomly
assigned into one of four anodal tDCS groups (right prefrontal cortex, left
prefrontal cortex, left primary motor cortex, supplementary motor complex) or
sham for the entirety of the study. In session one (S1) older adult participants
completed a battery of cognitive and motor tasks (pre-tDCS assessments),
followed by six blocks of the discrete sequence production (DSP) task paired
with either real or sham tDCS for a maximum of 20 min at 2 mA, followed by a
tDCS side effects questionnaire. In session two (S2), participants practiced
another six blocks of the DSP task paired with either real or sham tDCS,
followed by a test portion of the DSP task, where participant’s explicit
knowledge of the sequence was tested, followed by a tDCS side effects
questionnaire. In session three (S3), participants completed two blocks of the
DSP task without tDCS, then completed the test portion of the DSP task,
followed by the same battery of cognitive and motor tasks (post-tDCS
assessment) that participants completed at the start of S1.

eight times during each block of practice. During sessions one
and two when participants received tDCS, participants practiced
their assigned sequences a total of 96 times.

Participants also received feedback halfway through a block
of practice (after 8 of the 16 trials). The feedback screen was
shown for 10 sec and displayed each participant’s error percentage
and mean reaction time. After 10 sec had passed, participants
immediately started on the second half of the block. After
completing an entire block of practice, another feedback screen
was shown for 50 sec. This feedback screen had the same
information as the mid-block feedback screen, however, at the
bottom of the screen there was text which read, “After this,
practice block x will start.” Before each block (excluding block 1)
on practice sessions one and two, the screen displayed, “As you
have noticed, there are 2 fixed sequences. Please learn them! We
will continue with the same task.”

In sessions two and three immediately after the DSP awareness
questionnaire (see below), participants completed an additional
test phase of the DSP task, which consisted of four conditions.
Each condition comprised 48 trials (24 of each sequence) and
followed the same structure as practice. In the familiar condition,
the stimuli were presented in the same way as during practice.
In the single-stimulus condition, only the first stimulus of the
sequence was presented as a green square. Once the correct
key was pressed, the rest of the sequence was to be completed
by the participants without the help of the squares turning
green. In the mixed-familiar condition, 75% of the trials had

modifications to the sequences. The modifications were that two
of the six stimuli were changed. In the unfamiliar condition,
participants were exposed to two sequences that they had not
previously experienced.

Transcranial Direct Current Stimulation
Set-Up
Participants were randomly assigned into one of five tDCS
groups. tDCS was only applied during sessions one and two. All
electrode placements were according to the 10–20 EEG system.
If participants were randomized into the right or left prefrontal
tDCS groups, the anode was placed over the scalp location F4 or
F3, respectively and the reference/cathode electrode was placed
over the contralateral orbit. For the left M1 stimulation group,
the anode was placed over the C3 location and the cathode was
placed over the contralateral orbit. For the placement of the
anode electrode in the SMA region (henceforth referred to as
the supplementary motor complex (SMC) group), we placed the
anode 8.7% of the measured distance between the nasion and
inion anterior to Cz (approximately 3 cm anterior to Cz) with
the cathode over Fpz. The sham tDCS group received the same
montage as the real, M1 tDCS group (anode over C3, cathode
over contralateral orbit; Figure 2). Stimulation was always 2 mA
based on safety recommendations (Iyer et al., 2005; Bikson et al.,
2009), previous reports inducing plasticity in young (Monte-Silva
et al., 2013; Waters-Metenier et al., 2014; Seidler et al., 2017;
Waters et al., 2017; Greeley and Seidler, 2019; Greeley et al., 2020)
and older adults (Dumel et al., 2016; Nomura and Kirimoto,
2018; Farnad et al., 2021), and recent evidence suggesting 2 mA
is necessary to achieve a physiologically meaningful effect on
the cortex (Huang et al., 2017; Filmer et al., 2020). We applied
stimulation using a conventional tDCS device (Soterix Medical
Inc., New York, NY, United States) for a maximum of 20 min
via two rubber electrodes placed inside saline soaked sponges.
Electrode size was always 5 × 5 cm, except for the SMC montage
in which case the anode was 5 × 5 cm and the cathode was
5 × 7 cm (Vollmann et al., 2013); it is unlikely that this
larger cathodal electrode comprises tDCS-induced corticospinal
excitability changes (Nitsche et al., 2007). Setup for tDCS was
the same for sessions one and two. tDCS was not administered
during session three.

Realistic Volumetric-Approach-Based
Simulator for Transcranial Electrical
Stimulation Model
We used realistic volumetric-approach-based simulator for
transcranial electrical stimulation (ROAST) (version 3.0), or
Realistic vOlumetric-Approach to Simulate Transcranial electric
stimulation, an open source tool (Huang et al., 2019). The output
from the ROAST model was used as a qualitative means to aid
in the interpretations of the electric field distributions of our
electrode montages. We ran the ROAST model a total of 4 times
for each tDCS electrode montage, electrode locations used in
the model are in parentheses. The output of the model can be
observed for the left PFC anode (F3), right orbitofrontal cortex
cathode montage (Fp2; Figure 2A), the right PFC anode (F4),
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FIGURE 2 | Schematic of tDCS electrode montage and electric field magnitude distribution with current arrows in the coronal, axial, and sagittal slices for the (A) left
prefrontal montage, (B) right prefrontal montage, (C) the left M1 montage, and (D) for the supplementary motor complex montage produced by the ROAST model.
All images are in x = –1, y = –17, and z = 17 MNI space. The left hemisphere is denoted by L. Red squares represent the anode, whereas blue squares represent the
cathode.

left orbitofrontal cortex cathode montage (Fp1; Figure 2B), the
left M1 anode (C3), right orbitofrontal cortex cathode montage
(Fp2; Figure 2C), and the SMA complex anode (FCz), orbit
cathode montage (Fpz; Figure 2D). Simulations were run using
the MNI152 averaged head. We specified pad electrodes as the
electrode type with a height of 3 mm.

PROCEDURE

During session one, as part of the pre-tDCS assessments,
participants completed Thurstone’s card rotation task (Ekstrom
et al., 1979), a custom computerized version of the visual search
task, the digit symbol substitution task (Wechsler, 1958), a
modified version of the visual array change working memory
assessment (Luck and Vogel, 1997), three trials of the Purdue
pegboard task (Tiffin and Asher, 1948) and a grip strength
assessment before DSP practice. After this neuropsychological
assessments, participants took a mandatory 3–5 min break before

tDCS setup and DSP practice. After setup, we turned stimulation
up to 1 mA (pre-stimulation tickle) for 15 s to ensure satisfactory
contact quality of the electrodes on the scalp. After 15 s of
stimulation, participants completed a shortened 10-item Positive
and Negative Affect Schedule (PANAS) mood inventory. Then
the participants were instructed on the DSP task. After the
instructions, the experimenter would start the stimulation and
the tDCS unit would ramp up over a period of 30 sec to full
intensity (always 2 mA) and then remain active up to 20 min in
duration. After the 6 blocks of practice, tDCS was turned off (for
active tDCS) only if participants completed practice under 20 min
(n = 7). For reference, participants took 23.3 min (± 3 min)
to complete practice in session one. The right PFC group took
23.9 min (± 2.3), the left PFC group took 23.2 min (± 3.6),
the left M1 group took 22.2 min (± 2.8), the SMC group took
23.6 min (± 3.5) and the sham group took 23.7 min (± 3.3).
There were no group differences in terms of the amount of
time it took to complete the task in session one. For the sham
tDCS group, the tDCS would stay on for 30 sec then ramp back
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down to 0 mA. If the task was not completed by the 20 min
timer built into the tDCS unit, stimulation was automatically
stopped by the device. Immediately following the 6 blocks of DSP
practice, we administered a second version of the digit symbol
coding task, the PANAS mood survey, and a custom tDCS side
effects questionnaire. After the participant completed the tDCS
side effects questionnaire, we removed the electrodes and sent
the participants home with physical exercise and handedness
questionnaires (Oldfield, 1971) to complete and return at their
next visit (exercise data not included here).

Session two took place following at least one night’s sleep but
no longer than 72 h after session one. All but nine participants
came to session two within 24 h of session one, whereas
one participant came to session two within 72 h and eight
participants came to session two within 48 h of session one
(M = 1.2 days). In session two, participants completed the card
rotation task followed by the digit symbol substitution task. tDCS
was setup similar to session one, then pre-stimulation tickle was
administered to ensure satisfactory contact quality. After the
pre-stimulation tickle, we administered the mood survey and
summarized the instructions of the DSP task. If participants had
no questions, we turned on the tDCS, let the unit ramp up to
full intensity, and started the DSP task (blocks 7–12, totaling 96
trials per sequence after session 2 at this point). For sham, the
stimulation would again stay on 30 sec then ramp back down
to 0 mA. Immediately following practice, the DSP awareness
questionnaire was administered (tDCS stimulation was off at
this point). The questionnaire was followed by instructions of
the test portion of the DSP task. After the test portion of the
task, participants completed the digit symbol substitution coding
task and the mood survey again, and finally the tDCS side
effects questionnaire.

The third session commenced at least one night’s sleep but
no longer than 72 h after session two. All but nine participants
came into session three within 48 h of session two (M = 1.2 days).
The main purpose of session three was to measure the impact
of stimulation on the sequences (i.e., testing conditions) in the
absence of stimulation. In session three, participants completed
two blocks of practice (blocks 13–14, totaling 112 practice trials
per sequence), the DSP awareness questionnaire, then the test
portion of the DSP task. Participants were offered a break, then
completed the battery of post-tDCS intervention assessments
including the card rotation test, the visual search task, the digit
symbol substitution coding task, and the visual array change
task. Lastly, participants completed an exit survey to probe for
strategies used during practice.

Discrete Sequence Production
Awareness Questionnaire
Immediately following practice on sessions two and three,
participants were asked about their awareness of the sequences.
The first two questions probed the participants’ knowledge of
the questions by asking them to write down the two sequences
they had practiced. The second two questions asked participants
to verbally tell the experimenter what the sequences were from
memory. The third question required participants to choose two

sequences from a list of eighteen possible sequences. The DSP
awareness questionnaire took approximately 5 min to complete.

Data Analyses
Data are presented as mean ± standard deviation (SD) unless
otherwise noted. To study motor learning, our primary outcomes
were reaction time, number of (motor) chunks, and number of
errors for the complex sequences across the 3 days of practice.
Prior to statistical analysis, data were checked to determine
whether they were normally distributed. We opted to use a
linear mixed model to investigate the effect of stimulation on
the rate of learning across practice trials given the reaction time
data for the older adults were partially skewed and linear mixed
models can handle this data well (Arnau et al., 2012; Lo and
Andrews, 2015; Schielzeth et al., 2020). Additionally, linear mixed
models can handle missing data; every participant had a different
number of removed trials due to errors. We also implemented
separate ANOVAs to investigate the effect of stimulation on the
testing conditions.

Using the software Stata (version 13.0), two linear mixed
models were implemented using reaction time and number of
chunks as dependent variables limited to the older adult group.
Trials were used as a continuous factor, whereas Stimulation
Group and Session were used as blocked factors. Random
intercepts and fixed slopes were used for each participant. If
a significant main effect or interaction emerged within the
older adult group, follow-up pairwise comparisons were used
to determine which pairs of the factor levels are significantly
different from each other, always comparing each real stimulation
group to sham if applicable. Additionally, if a significant
difference between any active tDCS (right PFC, left PFC, left
M1, SMC) and sham tDCS group emerged within the older adult
group, we then included the young healthy adults receiving the
same electrode montages in a follow-up analysis to understand
whether tDCS differentially affected the age groups. P-values and
confidence intervals were adjusted within Stata using Scheffé’s
method for pairwise comparisons. Prior to statistical analyses,
data were checked to satisfy normality. To calculate an effect size
for each pairwise comparison, we used the esize function in Stata,
using number of observations, mean, and standard deviation
to obtain Cohen’s d (d). A computational model developed by
Acuna et al. (2014) was used to determine the number of chunks,
which uses reaction times as well as the covariation across key
presses to detect chunk boundaries. In contrast to the linear
mixed model which allowed us to understand how stimulation
may affect the rate in learning, one-way ANOVAs were used to
test whether there were any overall benefits of real tDCS relative
to sham within the older adult group in terms of performance
(magnitude). Independent t-tests were used to test for baseline
demographic differences between the two age groups in terms of
the Purdue Pegboard, visual array capacity, and MoCA. We also
completed a series of independent t-tests and Mann-Whitney U
tests to check for baseline demographic differences between the
real tDCS and sham groups within older adults. For the number
of errors, we first used a Kruskal–Wallis test to compare young
and older adults, then a series of Mann–Whitney tests comparing
each active tDCS group to sham within each session limited to the
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older adult group (critical a’ = 0.004). We also ran an additional
2 (Age group: young, old) by 5 (tDCS group: right PFC, left PFC,
M1, SMC, sham) by 2 (Session: 2, 3) by 4 (Testing Condition:
familiar, mixed familiar, mixed unfamiliar, and single stimulus)
repeated measures ANOVA on the reaction time of the testing
phase of the DSP task (see DSP description above).

RESULTS

Two older adults were unable to return after session one and three
older adult participants were unable to return after session two.
An additional two older adult participants were removed from
analysis due to exessive errors (>3 SD). The breakdown of final
sample sizes by stimulation group were the following: the right
PFC (n = 13), left PFC (n = 12), left M1 (n = 12), SMC (n = 12),
and sham (n = 12).

Demographics
Independent t-tests revealed demographic differences between
the old and young adult groups. Young adults displayed
higher MOCA scores [t(121) = 4.04, p < 0.001] and better
manual function for the left [t(115) = 8.10, p < 0.001]
and right [t(115) = 9.65, p < 0.001] hand as indicated by
the number of pegs completed in the Purdue Pegboard test.
Visuospatial working memory was also statistically different in
that older adults showed an overall lower capacity [t(121) = 8.69,
p < 0.001]. See Table 1 for group averages. There were no
demographic differences between any of the real tDCS and
sham groups (p’s > 0.37). See Table 2 for older adult group
demographic averages. Additionally, no older adults reported
having experienced adverse effects (Supplementary Table 1).

Reaction Time
The linear mixed model revealed a main effect of Session [χ2(2,
N = 61) = 441.68, p < 0.001]. Reaction time in the second session
decreased at a lower rate compared to the first session (β = 0.60,
SE = 0.03, p < 0.001, d = −0.61), whereas reaction time decreased
at a faster rate in session three relative to session two (β = −0.37,
SE = 0.11, p = 0.005, d = −0.07). There was no main effect of
Stimulation Group (χ2(4, N = 61) = 8.76, p = 0.067).

There was a Stimulation Group by Session interaction [χ2(8,
N = 61) = 65.71, p < 0.001]. To understand the interaction,
follow-up pairwise contrasts were performed, with Scheffé

TABLE 1 | Mean (SD) age group scores for the MoCA, Purdue Pegboard, and
spatial working memory capacity (visual array capacity).

YA group OA group

(N = 64) (N = 63)

MoCA 28.42 (1.51) 27.16 (1.92)*

VAC capacity 4.67 (1.0) 3.00 (1.1)*

Purdue right 16.11 (1.73) 13.0 (1.76)*

Purdue left 14.84 (1.62) 12.37 (1.67)*

MoCA, Montreal cognitive assessment; OA, older adults; VAC, visual array
capacity; YA, young adults. *p < 0.05.

TABLE 2 | Mean (SD) transcranial direct current stimulation (tDCS) group scores
of age, MoCA, sex, Purdue Pegboard, and spatial working memory capacity
(visual array capacity) for older adults.

OA tDCS group

Right PFC
(n = 13)

Left PFC
(n = 12)

Left M1
(n = 12)

SMC
(n = 12)

Sham
(n = 12)

Age 69.2 (5.1) 70.8 (4.7) 72.8 (6.9) 71.0 (6.1) 68.5 (4.5)

MoCA 26.7 (2.3) 26.7 (1.3) 27.6 (0.9) 27.2 (2.4) 27.5 (2.0)

Sex 7 F/6 M 7 F/5 M 6 F/6 M 6 F/6 M 7 F/5 M

VAC capacity 2.9 (1.1) 3.2 (1.1) 2.7 (1.2) 3.2 (1.3) 3.1 (0.7)

Purdue right 13.2 (1.6) 13.1 (1.3) 12.5 (1.9) 13.2 (2.1) 13.1 (2.0)

Purdue left 12.6 (2.0) 12.8 (1.4) 11.8 (1.6) 11.8 (1.7) 12.8 (1.7)

There were no group differences between any of the real tDCS groups and sham for
any of the demographic data (p’s > 0.36). MoCA, Montreal cognitive assessment;
OA, older adults; VAC, visual array capacity.

correction. Older adults in the right PFC (β = 0.39, SE = 0.06,
p = 0.024, d = 0.33) and SMC (β = 0.43, SE = 0.07, p = 0.003,
d = 0.23) tDCS groups decreased their reaction times at a slower
rate relative to older adults in the sham group during session
one (Figures 3, 4 and Tables 3, 4). No other comparisons
reached significance.

To understand whether tDCS had differential effects between
the young and older adults, we included two additional tests: one
limited to young and older adults in the right PFC and sham tDCS
groups within session one and another limited to young and older
adults in the SMC and sham tDCS groups within session one. For
the right PFC and sham tDCS groups, we observed a Stimulation
by Age Group interaction [χ2(1, N = 27) = 29.02, p < 0.001].
Pairwise comparisons revealed that older adults in the right PFC
reduced reaction time at a significantly slower rate relative to
young adults in the right PFC tDCS group (β = 0.24, SE = 0.06,
p = 0.002, d = 1.67) (Table 4). Importantly, while older adults in
the sham group reduced reaction times at a significantly faster
rate compared to older adults in the right PFC tDCS group, there
was no difference between the sham and PFC tDCS groups for
young adults (p = 0.704). Similarly, we observed a Stimulation
by Age Group interaction [χ2(1, N = 25) = 24.34, p < 0.001] for
the SMC and sham tDCS groups. Pairwise comparisons revealed
that older adults in the SMC group reduced reaction time at
a significantly slower rate relative to young adults (β = 0.19,
SE = 0.06, p = 0.021, d = 1.56) (Table 4). While older adults
in the sham group reduced their reaction times at a faster rate
compared to older adults in the SMC group, there was no
difference between the sham and SMC tDCS groups for young
adults (p = 0.989).

To understand the overall impact of tDCS within older adults
a series of one-way ANOVA contrasts comparing each active
tDCS group to sham within each session. No contrasts were
significant (p > 0.4; Figures 3, 4).

Number of Chunks
The linear mixed model revealed significant main effects of
Stimulation Group [χ 2(4, N = 60) = 20.79, p < 0.001] and Session
[X2(2, N = 60) = 279.33, p < 0.001] for older adults.
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FIGURE 3 | Reaction time (RT) for young and older adults as a function of trial number. RT was binned across every eight trials. Each panel represents a tDCS
stimulation location and sham group for reference. (Top left) Young (black) and older (gray) adults in the right prefrontal cortex (PFC) tDCS groups as well as young
(black with squares) and older (gray with squares) sham groups. (Top right) Young (black) and older (gray) adults in the left PFC tDCS groups as well as sham
(squares). (Bottom left) Young (black) and older (gray) adults primary motor cortex (M1) tDCS groups. (Bottom right) Young (black) and older (gray) adults in the
supplementary motor complex (SMC) tDCS groups.

FIGURE 4 | Averaged reaction time for young (black) and older adults (gray) for each tDCS group within each practice session. Each panel represents one session.
Error bars represent standard deviation.
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TABLE 3 | Results from linear mixed model using reaction time as the dependent variable.

Adjusted

Reaction time β Std Err. Z p-value 95% conf. interval Cohen’s d

Session

Session 2 vs. Session 1 0.597 0.030 20.160 <0.001 0.524 0.669 −0.607

Session 3 vs. Session 2 −0.968 0.114 −8.500 <0.001 −1.25 −0.689 −0.050

Stimulation by session

Sham vs. R PFC, session 1 −0.388 0.065 −5.980 0.001 −0.705 −0.072 −0.333

Sham vs. L PFC, session 1 −0.296 0.066 −4.460 0.133 −0.619 0.027

Sham vs. M1, session 1 0.188 0.067 2.830 0.888 −0.135 0.512

Sham vs. SMC, session 1 −0.431 0.066 −6.490 <0.001 −0.755 −0.108 −0.704

Sham vs. R PFC, session 2 0.033 0.067 0.490 1.000 −0.292 0.358

Sham vs. L PFC, session 2 −0.095 0.066 −1.440 1.000 −0.416 0.227

Sham vs. M1, session 2 −0.078 0.065 −1.190 1.000 −0.395 0.239

Sham vs. SMC, session 2 −0.205 0.065 −3.160 0.765 −0.521 0.111

Sham vs. R PFC, session 3 −0.473 0.354 −1.340 1.000 −2.198 1.251

Sham vs. L PFC, session 3 −0.409 0.347 −1.180 1.000 −2.100 1.282

Sham vs. M1, session 3 −0.468 0.351 −1.330 1.000 −2.178 1.242

Sham vs. SMC, session 3 −0.212 0.344 −0.610 1.000 −1.886 1.463

All p-values and confidence intervals have been Scheff adjusted. β, beta; conf., confidence. Std Err., standard error. Significant p-values are in bold.

We performed follow-up pairwise comparisons to understand
each main effect. We observed a significantly faster rate in the
reduction in the number of chunks in session two relative to
session one (β = −0.01, SE = 0.00, p < 0.001, d = −0.61) and a
significantly faster rate in the reduction in the number of chunks
in session three relative to session two (β = −0.01, SE = 0.00,
p < 0.001, d = 0.03). Across all sessions, the left prefrontal

TABLE 4 | Means (SD) of reaction time and number of chunks for each stimulation
group, age group, and session.

Reaction time Number of chunks

Session 1 YA OA YA OA

Right PFC 290.20 (77.77) 532.60 (135.65) 3.47 (0.69) 3.62 (0.49)

Left PFC 282.66 (111.75) 477.99 (140.47) 3.10 (0.61) 3.48 (0.64)

M1 269.08 (87.04) 447.38 (152.53) 3.17 (0.40) 3.27 (0.50)

SMC 249.61 (95.72) 513.33 (199.43) 3.05 (0.78) 3.27 (0.50)

Sham 271.92 (117.35) 477.71 (116.69) 3.08 (0.56) 3.41 (0.63)

Session 2

Right PFC 191.28 (60.19) 421.68 (133.84) 2.58 (0.57) 3.02 (0.84)

Left PFC 187.99 (85.12) 375.23 (126.90) 2.65 (0.80) 2.94 (0.75)

M1 166.93 (56.36) 332.96 (173.74) 2.12 (0.66) 2.33 (0.46)

SMC 159.53 (56.87) 437.43 (219.75) 2.33 (0.68) 2.33 (0.46)

Sham 177.12 (97.24) 357.27 (114.34) 2.25 (0.77) 2.73 (0.83)

Session 3

Right PFC 176.10 (53.85) 404.05 (156.47) 2.31 (0.99) 3.11 (0.98)

Left PFC 156.17 (53.30) 393.93 (155.65) 2.38 (0.86) 3.18 (1.52)

M1 154.74 (48.08) 331.46 (186.53) 1.80 (0.62) 2.25 (0.76)

SMC 151.39 (42.43) 413.74 (213.31) 2.14 (0.83) 2.25 (0.76)

Sham 162.54 (90.45) 345.48 (119.28) 2.13 (0.88) 2.84 (1.11)

M1, primary motor cortex; OA, older adults; PFC, prefrontal cortex; SMC,
supplementary motor complex; YA, young adults.

(β = 0.01, SE = 0.00, p = 0.002, d = 0.19) and the M1 (β = 0.01,
SE = 0.00, p = 0.023, d = −0.23) tDCS groups reduced the number
of chunks at a significantly slower rate relative to the sham tDCS
group (Figure 5 and Table 5). No other pairwise comparisons
reached significance.

The model also revealed a Stimulation Group by Session
interaction [χ2(8, N = 60) = 53.93, p < 0.001]. Pairwise
comparisons revealed that older adults in the right prefrontal
tDCS group (β = 0.00, SE = 0.00, p = 0.011, d = 0.22) reduced
the number of chunks at a slower rate across trials compared to
sham in session one. Similarly, older adults in the left prefrontal
tDCS group (β = 0.00, SE = 0.00, p = 0.010, d = 0.20) reduced
the number of chunks at a slower rate across trials than sham in
session two. No other pairwise comparisons reached significance.

To understand whether the impairment of right or left
prefrontal anodal tDCS on the rate of reduction in the number
of chunks was different across age groups, we ran two additional
tests. The first test included both young and older adults
limited to the right prefrontal and sham tDCS groups within
session one. We observed that there was no Stimulation by
Age Group interaction [X2(1, N = 26) = 1.34, p = 0.247].
The second test included both young and older adults in the
left prefrontal and sham tDCS groups within session two. We
observed there was a significant Stimulation by Age Group
interaction [X2(1, N = 26) = 54.65, p < 0.001]. The difference
between the left prefrontal and sham tDCS groups was larger
for the young than the older adults. That is, in session two
left prefrontal stimulation was associated with more chunks for
the young than the older adults, relative to sham (Figure 5
and Table 4).

To understand the overall impact of tDCS within OA we
completed three, one-way ANOVA contrasts comparing each
active tDCS group to sham within each session. There was
a significant main effect limited to Session [F(4, 58) = 2.648,
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FIGURE 5 | Number of chunks for young and older adults as a function of trial number. Number of chunks were binned across every eight trials. Each panel
represents a tDCS stimulation location and sham group for reference. Top left panel depicts young (black) and older (gray) adults in the right prefrontal cortex (PFC)
tDCS groups as well as young (black with squares) and older (gray with squares) sham groups. Top right panel depicts young (black) and older (gray) adults in the left
PFC tDCS groups as well as sham (squares). Bottom left panel depicts young (black) and older (gray) adults primary motor cortex (M1) tDCS groups. Bottom right
panel depicts young (black) and older (gray) adults in the supplementary motor complex (SMC) tDCS groups.

p = 0.043]. Planned contrasts showed no differences between the
active tDCS groups and sham (p > 0.1) (Table 4).

Errors
Within the older adult group, there were no differences in error
commissions between any of the real and sham tDCS groups.
Therefore, we performed three separate Mann–Whitney U tests
to determine whether there was an age group effect for the
number of errors committed in each session. There was no age
group difference in the number of committed errors in session
one (Z = −1.726, p = 0.084), two (Z = −1.362, p = 0.173), or three
(Z = −0.317, p = 0.751). Within the older adult group, a Wilcoxon
Signed Ranks test revealed that older adults reduced the number
of errors made between sessions one (M = 7.41, SD ± 6.06) and
two (M = 6.15, SD ± 4.33) (Z = −2.63, p = 0.009), and between
sessions two and session three (M = 1.86, SD ± 1.60) (Z = −6.214,
p < 0.001).

In summary, older adult individuals who received tDCS over
either the right PFC or SMC showed slowed reaction time. This
impairment was greater for older adults than young adults. For
the number of chunks, older adults who received either left or
right prefrontal tDCS displayed slower chunking. However, both
older and young adults were impaired to the same extent.

TEST CONDITIONS

A 2 (Age group: young, old) by 5 (tDCS group: right PFC,
left PFC, M1, SMC, sham) by 2 (Session: 2, 3) by 4 (Testing

Condition: familiar, mixed familiar, mixed unfamiliar, and single
stimulus) repeated measures ANOVA revealed a main effect
of Session [F(1,86) = 43.9, p < 0.001], a main effect of Test
Condition [F(3,258) = 1717.212, p < 0.001], a main effect of
Age Group [F(1,86) = 90.319, p < 0.001], and a main effect
of Stimulation Group [F(1,86) = 2.985, p = 0.023]. Pairwise
comparisons revealed that reaction time was significantly slower
in session two (M = 359 ms, SE ± 6.8 ms) relative to session
three (M = 342 ms, SE ± 6.7 ms; p < 0.001). Reaction time
in the familiar test condition (M = 222 ms, SE ± 7.8 ms)
was shorter compared to the single stimulus (M = 236 ms,
SE ± 8.6 ms; p < 0.001), the mixed (M = 468 ms, SE ± 6 ms;
p < 0.001) and the mixed unfamiliar (M = 477 ms, SE ± 6 ms;
p < 0.001) testing conditions. Older adults had overall longer
reaction times (M = 414 ms, SE ± 11 ms) relative to the young
group (M = 287 ms, SE ± 8 ms; p < 0.001). There were no
significant differences between any real tDCS group and sham.

There was one significant interaction between Test Condition
and Age Group [F(3,86) = 2.985, p = 0.023]. No other interactions
were statistically significant (p > 0.20). To understand the
significant Testing Condition and Age Group interaction, we
performed four independent samples t-tests, comparing the
reaction time within each testing condition between the two
age groups. Young adults had shorter reaction times in the
familiar condition (M = 168 ms, ± SD = 61 ms) relative to the
older adults (M = 364 ms, ± SD = 160 ms; t(240) = −12.762,
p < 0.001). Young adults also had shorter reaction times in the
mixed condition (M = 398 ms, ± SD = 55 ms) relative to the
older adults (M = 560 ms ± SD = 88 ms; t(241) = −17.316,
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TABLE 5 | Results from linear mixed model using number of chunks as the dependent variable for older adults.

Adjusted

Chunking β Std Err. Z p-value 95% conf. interval Cohen’s d

Session

Session 2 vs. Session 1 −0.005 <0.001 −14.06 <0.001 −0.006 −0.004 −0.613

Session 3 vs. Session 2 −0.010 0.001 −7.11 <0.001 −0.014 −0.007 0.029

Stimulation

Right PFC vs. Sham 0.004 0.001 2.60 0.150 −0.001 0.001

Left PFC vs. Sham 0.006 0.002 4.17 0.002 0.002 0.012 0.190

M1 vs. Sham 0.005 0.001 −3.37 0.023 −0.010 <−0.001 −0.232

SMC vs. Sham 0.003 0.002 1.75 0.546 −0.002 0.007

Stimulation by session

Right PFC vs. Sham, session 1 0.004 0.001 5.36 0.011 <0.001 0.008 0.222

Left PFC vs. Sham, session 1 0.002 0.001 2.84 0.885 −0.002 0.007

M1 vs. Sham, session 1 <0.001 0.001 0.56 1.000 −0.004 0.004

SMC vs. Sham, session 1 0.002 0.001 2.14 0.991 −0.002 0.006

Right PFC vs. Sham, session 2 −0.001 0.001 −0.95 1.000 −0.005 0.003

Left PFC vs. Sham, session 2 0.005 0.001 5.39 0.010 <0.001 0.009 0.201

M1 vs. Sham, session 2 0.002 0.001 2.38 0.975 −0.006 0.002

SMC vs. Sham, session 2 0.001 0.001 0.78 1.000 −0.003 0.005

Right PFC vs. Sham, session 3 0.008 0.004 1.85 0.998 −0.013 0.028

Left PFC vs. Sham, session 3 0.012 0.004 2.74 0.912 −0.009 0.033

M1 vs. Sham, session 3 0.013 0.004 −2.94 0.853 −0.034 0.008

SMC vs. Sham, session 3 −0.005 0.004 1.25 1.000 −0.016 0.027

All p-values and confidence intervals have been Scheffé adjusted. β, beta; conf., confidence. Std Err., standard error. Significant p-values are in bold.

p < 0.001), faster reaction times in the mixed unfamiliar
condition (M = 413 ms, ± SD = 52 ms) compared to the
older adults (M = 568 ms ± SD = 93 ms; t(242) = −16.027,
p < 0.001), and faster reaction times in the single stimulus
condition (M = 181 ms ± SD = 78 ms) relative to the older adults
(M = 312 ms ± SD = 126 ms; t(208) = −9.285, p < 0.001).

DISCUSSION

In contrast to our hypotheses, multi-session tDCS did not
improve motor learning for older adults. Unexpectedly, anodal
right prefrontal and SMC stimulation impaired learning for older
adults as evidenced by longer reaction times across trials in
session one. Similarly, anodal tDCS over either the right or left
PFC impaired learning as assessed by the slowed reduction in
the number of chunks in sessions one and two, respectively.
In contrast to previously reported findings, older adults that
received two separate sessions of stimulation to M1 showed no
advantage or impairment in learning relative to sham.

Multiple sessions of stimulation over the prefrontal cortices
did not enhance motor learning for older adults. In contrast,
stimulation to the right PFC impaired learning as evidenced by
a slowing of reaction time as well as a slowing in the reduction
in the number of chunks for older adults limited to session one
and a slowing in the reduction of the number of chunks limited
to the left PFC tDCS group within session two. This replicates our
previously reported results where we observed that young adults
who received anodal (excitatory) tDCS either over the right or
left PFC displayed impaired learning in the same motor learning
task (Greeley et al., 2020). Based on the consistent impairment

of motor sequence learning in young and older adults who
received anodal tDCS over the prefrontal cortices, it is possible
that using inhibitory stimulation may produce the opposite
behavioral results and may be beneficial to motor learning.
As such, there are two previous reported examples of non-
invasive brain stimulation studies that demonstrate inhibiting the
prefrontal cortices may facilitate sequence learning (Galea et al.,
2010; Zhu et al., 2015). The findings from these studies suggest
that suppressing the declarative memory system promotes the
automatization of sequence learning regardless of age.

Counterintuitively, our findings also suggest that inhibiting
prefrontal regions in older adults may also promote motor
learning. We observed that right prefrontal anodal tDCS
impaired learning as measured by both reaction time and the
number of chunks limited to session one. Using the same design,
we previously reported that anodal tDCS over the right PFC
also impaired learning for young adults in session one (Greeley
et al., 2020), indicating that the right PFC is involved for both
age groups. However, it is of importance to note that when
compared to young adults, right prefrontal stimulation was
especially harmful to early learning (session one) to older adults
as indexed by slowed reaction time. This suggests an integral
role of the right PFC in this task and potentially to early motor
sequence learning in general, because if the right PFC was not
involved in this task stimulating this brain region, in theory,
should not affect behavior. Our results support the model of
hemispheric asymmetry reduction in older adults, or HAROLD
(Cabeza, 2002; Przybyla et al., 2011), which suggests that during
aging there is an increase in bilateral activity relative to young
adults which is thought to be compensatory. While we observed
impaired learning in the right prefrontal tDCS group, we found
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no evidence for an early motor learning impairment for the left
prefrontal tDCS older adult group. Thus, it is likely that older
adults recruit both the left and right prefrontal cortices during
learning and while right prefrontal anodal tDCS is especially
harmful to explicit motor sequence learning, the left PFC is
able to compensate and contribute to the task while the right
hemisphere is affected with the anodal tDCS in the older adult
group, whereas young adults display a far greater deficit (Greeley
et al., 2020). Taken together, this suggests that regardless of age,
tDCS over the right prefrontal cortices impairs learning, however,
older adults are able to compensate due to bilateral compensatory
mechanisms that are often observed in aging.

Stimulation to the prefrontal cortices in the older adult
group also impaired chunking. In the current study we used
a computational model that uses the covariation across key
presses in order to detect chunk boundaries (Acuna et al.,
2014). Using the number of chunks as identified by the Acuna
et al. (2014) model, we observed a slower rate of chunking in
the right prefrontal group limited to session one and slowed
chunking in the left prefrontal group limited to session two.
Unlike reaction time, however, we observed that this impairment
was no different between the two age groups. Impaired chunking
in the left and right PFC tDCS groups in older adults is surprising
considering the involvement of the prefrontal cortices during
chunking (Pammi et al., 2012; Wymbs et al., 2012), the positive
relationship between working memory and chunking in older
adults (Bo et al., 2009), and our previously reported findings
demonstrating that prefrontal tDCS impaired chunking in young
adults (Greeley et al., 2020). It remains an open question,
however, whether using inhibitory stimulation (cathodal) over
the prefrontal cortices would enhance chunking and whether it
would affect older and young adults similarly. Future studies are
needed to test these specific hypotheses but seem promising given
the current results.

Our results also provide additional insight regarding the
differential roles and specific time courses the prefrontal cortices
play in motor learning. It is well established that the prefrontal
cortices play an integral role early in motor sequence learning
(Doyon and Benali, 2005; Floyer-Lea and Matthews, 2005).
Our results replicate and extend these finding as we observed
that stimulation to the right PFC impaired motor learning as
evidenced by both a slower reduction in reaction time and the
number of chunks limited to session one. However, we also
observed that stimulation to the left, but not the right, PFC
impaired chunking in session two. Two neuroimaging studies
have also reported a specific role of the left PFC in chunking
(Pammi et al., 2012; Wymbs et al., 2012). Taken together, our
results suggest that the right PFC is involved early in sequence
learning, whereas there is a specific role of the left PFC later in
sequence learning related to chunking.

A limitation of the preceding discussion is that it assumes
that anodal stimulation has excitatory effects on the underlying
cortex. This has been shown in the motor cortex, where anodal
stimulation over M1 leads to enhanced motor evoked potentials.
However, tDCS electrode montages that do not include M1 have
elicited unexpected effects. For instance, placing the anode over
F3 and the cathode over F4 results in bilateral cortical excitation,

based on functional connectivity changes (Nissim et al., 2019).
The results of the current stimulation modeled in ROAST based
on our prefrontal electrode montages also suggest a complex
pattern of current distribution. The resulting current distribution
is similar between our left and right prefrontal stimulation
montages, making it less surprising that the two groups would
show similar behavioral effects. In our prior work with young
adults, we found that both anodal and cathodal stimulation
applied to the left PFC resulted in slower sequence learning
(Greeley et al., 2020), further supporting the complex effects
arising with prefrontal stimulation. Regardless, it is important to
know for the future design of potential therapies combining brain
stimulation with training that both young and older adults exhibit
sequence learning impairments with prefrontal tDCS.

Older adults that received stimulation to the left M1 showed
no advantage in motor learning. This finding is in contrast to our
previously reported findings in young adults, where we observed
a benefit of left M1 stimulation in both reaction time and number
of chunks in the same task (Greeley et al., 2020). Several other
studies also report that anodal M1 tDCS facilitates learning across
a variety of motor sequence tasks in both young (Reis et al., 2009;
Stagg et al., 2011; Saucedo Marquez et al., 2013) and older adults
(Zimerman et al., 2013; Dumel et al., 2016). Unexpected age-
related responses to tDCS such as priming or preconditioning
may account for the attenuated and null results observed in
the older adults here. For example, older adult participants that
received anodal tDCS to M1 immediately, but not an hour or 2 h
following training on a motor sequence task, showed enhanced
consolidation during a retest 24 h later (Rumpf et al., 2017).
Another example comes from Fujiyama et al. (2017) who found
enhanced force control and increased corticospinal excitability
following a preconditioning period where cathodal (inhibitory)
stimulation was applied prior to learning, followed by anodal
stimulation during learning. The findings of Rumpf et al. (2017)
and Fujiyama et al. (2017) conflict with Stagg et al. (2011), who
found that the optimal timing of stimulation in young adults was
during, but not before or after, a motor sequence task (Stagg et al.,
2011). Thus, the lack of anodal M1 tDCS on motor sequence
learning in older adults in the current study may be due to
the timing of stimulation administration. Specifically, it may be
that stimulating the prefrontal cortices during sequence learning
was not an ideal protocol for older adults and instead tDCS
should have been performed immediately before or after learning.
Future studies should consider exploring how various tDCS
timing protocols affect excitability and learning in older adults,
as most previous permutations has been exclusively studied
in young adults.

The present study is not without limitations. The sample
size for each tDCS group is modest; however, the study design
required a substantial time commitment from participants.
Future studies should consider recruiting larger sample sizes to
understand whether the negative impact of anodal PFC tDCS on
motor learning can be replicated. Another potential limitation is
the task specific effects of tDCS (Saucedo Marquez et al., 2013;
Kimura et al., 2021). It is possible that the motor sequencing
task employed here is not appropriate to pair with anodal
prefrontal stimulation. Not collecting baseline reaction times can
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also be a potential limitation. However, the inclusion of a
sham group similar in age, sex, MoCA, handedness, and time
between sessions to the other real stimulation groups helped
control for this limitation. While we took several measures to
ensure participants were engaged throughout the task such as
stretch and water breaks, performance feedback, a relatively
short amount of task practice time each session (∼20 min),
and monetary compensation, it is possible that participants
could have been bored during task performance. Future studies
should consider the use of gamified motor learning tasks to
increase motivation (Alexandrovsky et al., 2019; Friehs et al.,
2020). Our study design also assumed that anodal stimulation
would result in cortical excitation, which may not be the case
as described above. Finally, the size and placement of the
electrodes used in the present study likely affected the spread
of the current to other brain regions outside the targeted area
(see ROAST output). However, the tDCS protocol used here
was standard.

CONCLUSION

Similar to what we reported with young adults (Greeley
et al., 2020), we observed impaired sequence learning after
the application of anodal tDCS over the left or right PFC
for older adults. In combination, these two studies suggest a
role for the bilateral prefrontal cortices in the early stages of
sequence learning, regardless of age. Additionally, there was
no instance where the application of anodal tDCS either over
the right or left PFC, left M1, or SMC improved explicit
motor sequence learning for older adults. These findings
contribute to mounting evidence of the difficultly of using
tDCS in an aging population and reveal a need for the field
to adopt an individualized approach to non-invasive brain
stimulation, especially in older adults. Recent work by Albizu
et al. (2020) suggests that machine learning algorithms can
use current density models to predict tDCS responsivity in
older adults; such approaches will lead to better optimization
of training interventions coupled with brain stimulation in
the future.
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