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Abstract

The consolidation of motor memory is a non-linear temporal dynamic. There are critical time
points at which post-training performance can improve (e.g., 30 min and 24 h) or merely
stabilize (e.g., 4 h). Besides, neuronal plasticity is supported by synchronized oscillatory
activity in and between brain areas at play during the acquisition and consolidation of motor
skills. Transcranial alternating current stimulation (tACS) can entrain cortical oscillatory
activity, which may eventually modulate brain plasticity-related processes. Previous reports
suggest that 20 Hz electrical stimulation over the primary motor cortex (M1) following training
facilitates the consolidation of motor memories. To the best of our knowledge, the effect of
tACS was not investigated when applied at critical post-training time points, nor its impact at
longer time scales. In the present study, we investigated the effect of 20 Hz tACS applied over
M1 within critical time periods (25min vs. 4h) on motor memory consolidation at immediate
and delayed (24h) retrieval. Performance similarly evolved over time in all conditions,
independently from the stimulation type (20 Hz tACS vs. Sham tACS) or the stimulation time
point. As it stands, our results do not support the proposal that 20 Hz tACS exerts a positive,

specific effect on the consolidation of motor memories.
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Introduction

The fine-tuned motor activities that are at the core of our everyday life require skilled
coordination. Even a simple motor task such as preparing one's morning coffee requires
learning to integrate basic motor actions into a coherent sequence, until it becomes a routine.
Indeed, a motor skill is not instantaneously created. Rather, it develops over successive steps
both during actual practice and post-training time. In a fast phase, performance rapidly
increases online with motor practice, eventually followed by slower gains developing offline
(i.e., without actual rehearsal) during post-practice time [1]. Fast and slow processes are
thought to correspond to synaptic and system consolidation, respectively [2]. Furthermore, the
offline consolidation of recently learned motor skills is a multi-step, dynamic process. Post-
training motor performance is usually markedly increased in a "boost" phase taking place
within the first 5 to 30 minutes after the end of practice [2-6] as well as 24h to 48h later [2-4].
However, performance remains at the level reached at the end of the learning session when
tested in a "silent" period 4 to 5 hours after [2-4]. Additionally, the early boost in performance
was found predictive of performance levels eventually achieved 48h later [2], suggesting the
functional relevance of immediate post-training periods in the development of longer-term
memory consolidation processes.

Motor acquisition and early consolidation processes are associated with task-induced
oscillatory changes over the primary motor cortex (M1) [7, 8], specifically in the beta () band
(13-30 Hz) [9]. Consequently, researchers aimed at manipulating motor learning and memory
using transcranial alternating current stimulation (tACS) that allows delivering rhythmic
electrical stimulations over the scalp. Indeed, the effects of tACS are primarily attributed to the
entrainment of the endogenous oscillatory brain activity to the stimulation frequency [10, 11].
As well, it was proposed that tACS-related entrainment of echoes and spike-timing-dependent
plasticity [12] triggers local excitability and connectivity changes during the hour post-
stimulation [13], [14]. Accordingly, tACS was shown to modulate local motor cortical excitability
and long-range functional connectivity in a frequency-dependent manner [12, 13]. At the
behavioural level, 20 Hz tACS over M1 was found to facilitate the acquisition [17] and retrieval
[18] of a motor sequence. In the latter study, reaction times markedly improved at retrieval
immediately after 20 Hz tACS, as compared to other conditions (i.e., 10-Hz tACS, sham
stimulation or effective transcranial direct current stimulation [tDCS]). This led to the
hypothesis that 20 Hz tACS increases motor-cortical excitability and neuroplasticity, which in
turn promotes early motor memory consolidation. On the other hand, no behavioural effects
were found when retesting the motor sequence 6h after 3-tACS over M1 [19]. This lack of
behavioural effect might be due to the fact that delayed retrieval performance was assessed

during the silent period mentioned above, during which spontaneous performance gains are
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usually not observed [2]. Accordingly, repetitive low frequency (1Hz) transcranial magnetic
stimulation (rTMS) M1 immediately after learning was found to abolish the 30-minutes
performance boost while leaving unimpaired delayed behavioural improvement at 24 or 48h
[3]. ltindicates that, on the one hand, the short-term performance boost reflects to some extent
the motor system capabilities for further offline improvements, and, on the other hand, that
long-term consolidation processes do not solely depend on neural optimization in M1 and
engage additional cortico-subcortical circuits.

To the best of our knowledge, the effect of electrical cortical stimulations during critical
post-training time windows on the evolution of motor memory consolidation has not been
systemically tested. Here, we aimed at probing the effect of 20 Hz tACS on M1 on the evolution
of motor performance at 25 min (boost), 4h (silent) and 24h post-training windows. We
hypothesized (1) that 20 Hz tACS delivered immediately after the end of learning (early boost)
would modulate motor learning-related neuronal networks activity and promote higher
performance gains; (2) that a repeated 20 Hz tACS at the end of the boost period would further
increase these effects; and (3) that 20 Hz tACS administered within the silent period
immediately before retesting could optimize the motor system for task execution and enhance

performance as well as promote further long-lasting changes.

Material and methods

All volunteers gave written informed consent to participate in this study approved by the ULB-
Erasme Ethics Committee (approval P2018/480). In total, 73 healthy right-handed participants
aged 18-30 years were recruited. Only subjects with a moderate to neutral chronotype score
(between 30 and 70 at the Morningness-Eveningness Questionnaire [20]) and good sleep
quality (score < 7 at the Pittsburgh Sleep Quality Index [21]) were included. Computer
scientists and musicians who already exhibited high-level hand dexterity, smokers, and
individuals with neurological/psychiatric medical records or exposed to jetlag within the past 3

months were excluded.

Experimental procedure

All participants followed a similar behavioural procedure with one motor learning session and
3 retest sessions at three specific time points post-learning: 25min, 4h, and 24h. They were
randomly assigned to one out of the 5 possible Group conditions differing by the timing of
tACS administration (immediate post-learning, 25min or 4h) and type (Sham vs. Actual tACS;
see Fig. 1). Female participants were tested within the second week of their menstrual cycle
to avoid a potential memory consolidation bias induced by changes in hormonal levels [19,
20].
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Motor learning task (FTT)

The experiment was conducted using Cogent 2000 (http://www.vislab.ucl.ac.uk/cogent.php)
running on Matlab 6.1. (Mathworks, USA). Participants were trained on a 5-elements Finger
Tapping Task (FTT) adapted from [1]. They were explicitly asked to reproduce as fast and
accurately as possible a 5-elements sequence of finger movements for 30 seconds (i.e., one
block) using their non-dominant hand. Each finger corresponded to one digit (from 1 = little
finger to 4 = index), and the sequence to reproduce (4-1-3-2-4) was on permanent display on
the computer screen during execution. The learning session (LS) consisted of 12 blocks
separated by 20-second rest periods. Immediately after the end of the learning phase, the first
stimulation (tACS) session was administered for 10 minutes, either using an actual Stimulation
(20 Hz tACS for 10 minutes; Groups 2, 4, 5) or a Sham (20 Hz tACS only for the first 30
seconds of the 10-min period; Groups 1, 3) condition, pseudo-randomly counterbalanced (see
Fig.1). Twenty-five minutes after the end of the learning session (i.e., +/- 10 minutes after the
end of the first stimulation session), all participants were administered 2 FTT blocks (Test 1)
to assess motor performance within the boost period. Immediately after, they received a
second 10-minutes tACS under a Stimulation (Groups 3, 4) or Sham (Groups 1, 2) condition,
or could leave the laboratory without stimulation (Group 5). Participants came back to the
laboratory 4 hours after the end of the learning session to be tested again on 2 blocks (Test
2) during the so-called silent period. In Group 5, the Stimulation condition (10-minutes 20 Hz
tACS) was administered immediately before behavioural testing. Finally, participants came
back the next day at the same time as the learning session took place (i.e., after 24h) to be
tested for the third time on 2 FTT blocks (Test 3).

(" During BP ) [ 25 min after end LS /"Erq of BP 4h afterend LS ( ) 24h
Group 1 LS TEST1 — TEST 2
(Sham-Sham; n = 12) (12 blocks) (2 blocks) o (2 blocks) o
B 20 Hz (30 sec) 1 B 20 Hz (30 sec) o) I
=
Group 2 LS = TEST 1 - TEST 2 w
(Stim-Sham: 0 =13) - | QPN gl (2blocks) — (2 blocks) -
$ 20 Hz (10 min) B 20 Hz (30 sec) n
Group 3 LS = TEST 1 < TEST 2 w =8
(sham-Stim; n = 11)  [RRPRRRN — (2 blocks) . " (2 blocks) (0} =2
B 20 Hz (30 sec) « B 20 Hz (10 min) [
14
< =
Group 4 Ls N TEST 1 % - — -
(Stim-Stim; n = 13) (12 blocks) . » (2 blocks) . (2 blocks) o
B 20 Hz (10 min) - B 20 Hz (10 min) -
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~Group 5 LS TEST 1 § %\ 9 TEST 2 Z
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B 20 Hz (10 min) m ~
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Fig 1. Experimental design: All participants were trained on 12 FTT blocks during the learning session (LS).
Learning was immediately followed by a 10-minutes stimulation period during which participants were administered
either a Stimulation (10 minutes 20 Hz tACS) or a Sham (30-seconds 20 Hz tACS only at the onset of the 10-
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minutes period) condition. After a +10 minutes break (i.e., 25 minutes after LS), motor performance was assessed
over 2 FTT blocks (Test 1), immediately followed again by a Sham or Stimulation (Group 1-4) condition at the end
of the boost period (BP), or no stimulation (Group 5). All participants came back to the lab 4 hours after the end of
LS to be tested again over 2 FTT blocks (Test 2) during the silent period (SP). Participants from Group 5 were
administered a Stimulation condition immediately before testing. Approximately 24 hours after the end of LS,

volunteers came back to perform the last testing session over 2 FTT blocks (Test 3).

TACS parameters

Transcranial alternating current stimulation (tACS) was delivered using a DC-Stimulator Plus
(NeuroConn GmbH, limenau, Germany) device at an intensity of 1 mA peak to peak, which
corresponds to a current density of 0.04 mA/cm? under the pads. The sinusoidal current was
applied at a frequency of 20 Hz over two conductive rubber pads (5cmx5cm) pasted using
Ten20™ conductive paste. The active pad was centred over the right M1, and the reference
pad was located on the contralateral deltoid. We located the right M1 area using the
International 10-20 System [24] where it matches the C4 location [25], 20% to the right of the
Cz location. The stimulator was programmed to ramp up/down within 10 seconds at the
beginning/end of the stimulation period. After each period of stimulation, participants were
asked to report the strength of the potential sensory sensations (auditory, visual, cutaneous

and gustatory) they perceived during stimulation on a scale ranging from 0 to 10.

Additional measures

To ensure that all groups benefitted from the same amount of sleep before and during the
procedure, sleep duration and sleep-wake cycle regularity were assessed for the 3 preceding
nights as well as for the night following the learning session, using a self-reported sleep
questionnaire [26] and actimetry (WGT3X-BT; Actigraph, USA). Also, before the learning
session, Test 2 and Test 3, they were administered a 5-minutes version of the Psychomotor
Vigilance Test (PVT5 [27]). PVT performance was evaluated using the reciprocal reaction time
(RRT = 1/RT) shown to be most sensitive to detect changes in vigilance [28]. They also
completed the Visual Analogue Scale for Sleepiness and Fatigue (adapted from [29]) 8 times,

before and after the learning session and before and after each test session.

Data analysis

FTT performance was analysed computing the General Performance Index (GPI) that takes
into account both speed and accuracy [30]. For the learning session, the GPI was considered

for each block separately. For testing sessions and comparison with performance achieved at
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the end of the learning session, a mean GPI| was computed over the two blocks of each test
(Tests 1-3) as well as the last two blocks of the learning session. For the purpose of
comparisons with prior reports, similar analyses were computed using the speed parameter
only (i.e., mean RT per block for correct responses; see Supplementary Information [SI]
results).

Mixed-design analyses of variances (ANOVAs) were computed on SPSS (IBM SPSS
Statistics version 24) with between subjects’ factor Group (1-5) and within-subject factor
Session (end of LS, Test 1-3) or Block (within the learning session). Sphericity assumption
was tested using Mauchly’s test. When needed, degrees of freedom were corrected using
Greenhouse-Geisser sphericity estimates. Post-hoc pairwise comparisons in the presence of
significant interaction effects were conducted with Bonferroni’'s adjustment for multiple
comparisons.

For demographical and tACS impedance data, Welch’s ANOVAs were run with
between subjects’ factor Group (1 to 5). Welch’s ANOVAs were preferred to Classical Oneway
ANOVAs considering their increased power in case of heterogeneity of variances, that
Levene’s Test for equality of variances often fails to detect [31]. For stimulation data, Mann-

Whitney’s tests were run with between-subject factor Condition (Sham vs. Actual stimulation).

Results

Out of the 73 participants, 10 were excluded due to excessive tACS impedance (> 10 kOhm),
1 due to poor accuracy at different sessions (< 80%). Eventually, 62 subjects (43 females;
mean age = 21.47 + 2.30 yrs, min = 18, max = 29) were included. Age, laterality, circadian
rhythm, and sleep quality were not significantly different between the 5 groups (Welch’s
ANOVAs, ps > 0.285; see Sl Table 1). Likewise, alertness, sleepiness, fatigue, sleep,
stimulation parameters and reported stimulation sensations were not different between

conditions or modulated by the Group condition (all ps > 0.117; see Sl analyses).

Sleep duration was similar between the 5 Group conditions for the 3 nights prior to the
experiment (average 8.23 + 1.31 hours; min = 4h, max = 12h; Mixed ANOVA F, s = 11.859,
p = 0.883), as well as for the night between the 15! and the 2™ day of testing (Welch’s ANOVA:
Fua, 279 = 1.25, p=0.312).

Learning session

Participants exhibited a fast initial improvement on motor performance on the FTT during the

learning session (see Fig. 2). The mixed-design ANOVA performed on the GPI revealed a
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main Block effect (Fe.0s, 3a461) = 15.40, p < 0.001, 7%, = 0.213), but no significant main Group
effect (Fu,57)=0.624, p = 0.647, n°,=0.042) or Block by Group interaction (F24.18, 344.61) = 1.50,
p =0.063, 77°,=0.095). Hence, all Group conditions similarly improved throughout the learning

session.

0.65 Group

O 1 (Sham — Sham)
® 2 (Stim — Sham)
O 3 (Sham - Stim)
B 4 (Stim — Stim)
< 5 (Stim — Stim)

Estimated Mean GPI

0.40 -

1 2 3 4 5 6 7 8 9 10 11 12
Blocks

Fig 2. Evolution of global performance index (GPI) during the learning session (LS): Mean GPI and standard

error over the 12 learning blocks for the 5 different Group conditions.

Offline evolution of performance

Performance markedly increased from the end of the learning session (LS) to Test1, then
stabilized between Test1 and Test2, to increase again at Test3 the next day, in a seemingly
similar manner in the 5 Groups (Figure 3). Accordingly, the mixed-design ANOVA performed
on GPI revealed a main Session effect (F(.4, 142.14) = 81.262, p < 0.001, 7% = 0.588), but no
significant main Group effect (Fa, 57y = 0.282, p = 0.888, 1%, = 0.019) or Session by Group
interaction (Fo.9s, 12214y = 1.320, p = 0.225, % = 0.085). Post-hoc pairwise comparisons
decomposing the Session effect showed that all sessions significantly differed from each other
(all ps <0.001), but for Test1 vs. Test2 (p = 0.591).
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0.75 —_— —_— Group

O 1 (Sham — Sham)
® 2 (Stim — Sham)
O 3 (Sham — Stim)
B 4 (Stim — Stim)

<& 5 (Stim — Stim)

Estimated Mean GPI

0.55 -

[ [ [ |
End LS Test1 Test2 Test3

Sessions

Fig 3. Global performance index (GPI) throughout sessions: Mean GPI| and standard error across
the end of learning (LS) and the 3 testing sessions held 25 min (Test 1), 4h (Test 2) and 24h (Test 3)

post-learning for the 5 different Group conditions.

Discussion

The present study aimed at investigating the effect of 20 Hz tACS on the evolution of motor
performance within critical time windows for the expression of performance. All groups
exhibited a similar evolution in performance over time, independently from the type of
stimulation (20 Hz tACS or Sham tACS) received at the different time points.

In the present study, all conditions followed the motor learning framework described in
prior reports [2], [4] , with a significant increase in performance during the early boost period
at 25 min, then a stabilization of performance gains within the silent period (4h) and a
substantial improvement 24h later. However, none of our stimulation conditions significantly
modulated memory consolidation performance, which is partially discrepant with previous
reports. In particular, Krause et al. [18] evidenced a significant performance improvement after
the application of 20 Hz tACS over M1 within the 10 minutes following practice a sequential
motor task. Performance (i.e., speed) was measured at baseline, the end of acquisition,
directly after stimulation and after a reacquisition session (identical to the initial training
session) following the stimulation period. Their results highlighted enhanced speed
immediately after the stimulation period when stimulating offline for 10 minutes in the 20 Hz
tACS but not in the Sham tACS condition. Additionally, speed after reacquisition was similar
in the 20 Hz and Sham tACS conditions, suggesting that 20 Hz tACS improved reaction times

mostly in restricted training conditions. For the sake of comparison with Krause et al.’s [18]
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findings, we computed a similar analysis contrasting 20 Hz and Sham tACS conditions on
speed values rather than the GPI. In line with Krause et al.’s results, our analysis showed that
even if speed improved in both conditions, the amplitude of the improvement was higher (p <
.05, see Sl results) after 20 Hz than Sham tACS. However, this effect was not replicated when
using the GPI parameter as performance measure (see Sl results). This questions possible
comparisons between studies using different parameters to reflect performance improvement
and motor sequence learning. Indeed, speed and accuracy are partially subtended by different
neural structures and seem to evolve relatively independently from each other [32], [33].
Furthermore, speed measures do not always adequality reflect subsequent cerebral plasticity
[34] and, accordingly, the changes in memory. In this respect, combining speed and accuracy
may provide a more reliable assessment of motor sequence learning.

This together with other methodological differences may explain some discrepancies
between our and others’ reports. One important issue is the choice of the appropriate tACS
montage. Several tACS studies used a cephalic montage with the active electrode located on
M1 and the reference located above the contralateral orbital frontal area (Fo), whereas we
used an extracephalic montage (M1 - contralateral deltoid; see Sl Fig. 1). The extracephalic
montage has the advantage of generating a negligible amount of phosphenes as compared
to a M1-Fo montage [35], which makes it more easy to keep the participants blind about the
type of stimulation they receive. This was confirmed by our participants who provided similar
subjective reports about their sensations during the stimulation period, either actual or sham
(see Sl results). Furthermore, the extracephalic montage enables stimulating a narrower area
by inducing larger vertical current densities in the somatosensory and primary motor cortex
when located on M1 compared to cephalic montages (see Sl Fig. 2). However, the horizontal
current density is weaker but more homogeneous among the cortex. On the contrary, cephalic
montages produce a larger current density on the cortical surface but more heterogeneously
distributed [36]. Additionally, a contralateral Fo-M1 montage generates the strongest
observable electric field in the frontal regions [32-34]. Likewise, for most individuals, a high
electric field intensity is usually found in premotor areas, the fundus of the central sulcus, the
postcentral gyrus, the postcentral sulcus [40], whereas high current flows are observed in the
insula, cingulate cortex and the thalamus [38]. The incidental stimulation of these areas could
play a role in the observed aftereffects. On the other hand, studies using extracephalic
montages revealed discrepancies in the stimulation of deep brain structures. Some studies
reported a lack of significant differences in the electric field among subcortical nuclei [39],
while others revealed that the brainstem, cerebellum or basal ganglia might be stimulated by
the large current spread [35]. Notably, whilst some areas are found to be consistently activated
by stimulation among participants [35, 36], other regions seem to be differently affected due

to anatomical variations in cortex shape [40], cerebrospinal fluid density [41] and skull
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thickness [42]. To sum up, cephalic montages essentially result in a heterogeneous stimulation
of the cortex with a strong current density over frontal regions, whereas extracephalic
montages tend to activate more specifically the target area with a weaker but homogeneous
impact on the entire cortex, at the risk of deeper brain structures activation. There is also
evidence that the magnitude of the elicited effect tends to decrease as the interelectrode
distance increases [43], which is the case with an extracephalic montage. Thus, stimulating at
a higher intensity might have been necessary to generate stronger aftereffects in our
experiment.

While some electrical stimulation studies reported a high inter- and intra-individual
reliability among sessions [44], others evidenced a large inter- and intraindividual variability
[40-43]. Furthermore, in an experiment led with continuous theta-burst stimulation (cTBS)
applied over M1 with TMS, only 50% of the participants responded to stimulation by showing
decreased excitability [49]. To the best of our knowledge, this question has not been
investigated yet using tACS. Nonetheless, we cannot rule out the possibility that inter-
individual variability played a role in the apparent lack of effect of electrical stimulation in the
present study. Finally, recent evidence suggests a crucial role of the stimulation phase in the
elicited aftereffects. Previous studies showed no changes in motor evoked potentials (MEPs)
when stimulating M1 with 20 Hz tACS without controlling for the phase [50], while increased
MEPs are usually found at this frequency [12, 46, 47]. However, it has been shown that
modulations of MEPs with B-tACS were phase-dependent in a way that only 20 Hz tACS at
90° succeeded to increase M1 excitability [53]. In our study, the stimulation was applied
without the phase shift (0° phase) which may explain no substantive aftereffects observed.

To conclude, a large number of interconnected factors can influence the way tACS
modulates brain activity. The modification of a single one (e.g. current intensity/density,
electrodes placement, phase, stimulation duration, inter-individual and intra-individual
differences, etc.) could impact the tACS outcomes. Furthermore, brain stimulation research is
often associated with small to moderate effect sizes. The small sample sizes used in most
studies could have led to an over- or underestimation of the impact of stimulation techniques
[54]. At this stage, our data do not provide substantial support for a positive effect of the 20
Hz tACS on motor memory consolidation even when considering aggregated data contrasting
20 Hz tACS vs. Sham conditions (see Sl). However, considering the increasing number of 3-
oscillations applications in rehabilitation therapy, further research remains needed to elucidate
the capacity of 20 Hz tACS to modulate B-power and generate measurable aftereffects on

motor function in humans.
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Beta-tACS does not impact the dynamics of motor memory consolidation

Liliia Roshchupkina®?*, Whitney Stee’?* and Philippe Peigneux’+?

Supplementary Information

1. Demographic information

Final sample (n = 62) Mean SD Min Max
Age (in years) 21.47 2.30 18 29
Oldfield’s Laterality Questionnaire 8.98 1.27 5 10
Horne and Ostberg Morningness-

50.72 7.12 36 66
Eveningness Questionnaire (MEQ)
Pittsburgh sleep quality index (PSQI) 3.9 1.47 1 7
Condition 1 (n=12) Mean SD Min Max
Age (in years) 21.17 1.19 19 23
Oldfield’s Laterality Questionnaire 8.75 1.22 7 10
Horne and Ostberg Morningness-

50.75 9.46 38 66
Eveningness Questionnaire (MEQ)
Pittsburgh sleep quality index (PSQI) 4.17 1.47 2 6
Condition 2 (n = 13) Mean SD Min Max
Age (in years) 22.00 3.06 19 29
Oldfield’s Laterality Questionnaire 8.85 1.22 6 10
Horne and Ostberg Morningness-

49.58 5.76 41 60
Eveningness Questionnaire (MEQ)
Pittsburgh sleep quality index (PSQIl) 3.69 1.55 1 7
Condition 3 (n = 11) Mean SD Min Max
Age (in years) 22.18 2.09 18 25
Oldfield’s Laterality Questionnaire 9.00 0.77 8 10
Horne and Ostberg Morningness-

55.05 7.05 43 65
Eveningness Questionnaire (MEQ)
Pittsburgh sleep quality index (PSQl) 3.55 1.51 1 6
Condition 4 (n = 13) Mean SD Min Max
Age (in years) 20.69 2.43 19 24

Oldfield’s Laterality Questionnaire 9.15 1.72 5 10
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Horne and Ostberg Morningness-

49.31 7.19 36 59
Eveningness Questionnaire (MEQ)
Pittsburgh sleep quality index (PSQl) 3.62 1.12 2 6
Age (in years) 21.38 2.29 18 26
Oldfield’s Laterality Questionnaire 9.15 1.28 6 10
Horne and Ostberg Morningness-

49.58 5.18 42 61
Eveningness Questionnaire (MEQ)
Pittsburgh sleep quality index (PSQI) 4.46 1.66 2 7

Sl Table 1. Table resuming mean (Mean), standard deviation (SD), minimum (Min) and maximum value (Max) for
the total sample as well as for each of the 5 conditions (see main text) separately concerning age, laterality
(Oldfield’s Laterality Questionnaire), circadian rhythm (Horne and Ostberg Morningness-Eveningness

Questionnaire (MEQ)) and sleep quality (Pittsburgh sleep quality index (PSQlI)).

2. tACS parameters and subjective sensation reports

Cephalic vs extracephalic montages and related current density are illustrated Sl Fig. 1 and
S| Fig. 2, respectively.

For each stimulation period, impedance was kept below 10 kOhm. Mean impedance
across stimulations was 6.75 + 2.36 kOhm (min = 1.2 kOhm, max = 9.92 kOhm) and did not
significantly differ between groups (Welch’'s ANOVA: Fu4 2787y = 0.903, p = 0.476).

Mann-Whitney’s tests (Sham tACS vs. tACS Stimulation) separately performed on
each type of sensation (auditory, visual, cutaneous or gustatory) reported by the subjects after
the first and the second stimulation period did not disclose any significant difference (ps >
0.117). Hence, participants do not seem to have experienced different sensations regardless
of the type of stimulation (Sham tACS vs. tACS Stimulation) received.

- ™

e

Sl Fig 1. Cephalic montage (left) with active electrode on M1 and reference electrode placed on the contralateral
supraorbital region (Fo), and extracephalic montage (right; our current experiment) with active electrode on M1 and

reference electrode placed on the contralateral deltoid [1].
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1.0 1.2 15 18 22 27 3.3 41 5.0% and higher

Jvs. J;, percentage

SI Fig 2. Computed total current density (J) normalized by the applied current density (Jin) using a logarithmic scale

for respectively the cephalic montage M1- contralateral Fo (left) and the extracephalic montage M1 — contralateral
deltoid (right; our current experiment) [2].

3. Additional measures results (alertness, sleep and fatigue)

Alertness (PVT)

The mixed-design ANOVA conducted on the RRT [3] disclosed a main Session effect (F1.64,
93.49) = 8.433, p = 0.001). The Group (p = 0.646) and Group by Session interaction (p = 0.783)
effects were non-significant, indicating that vigilance similarly evolved in the 5 Group
conditions (see Sl Figure 3). Post-hoc comparisons disclosed a significant difference between
LS and Test 3 (p = 0.003), alertness being lower before the LS than before Test 3. A marginal

difference was observed between LS and Test 2 (p = 0.053), but not between Test 2 and Test
3 (p=0.123).
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Sl Fig 3. Alertness. Mean reciprocal reaction time (RRT) and standard error before learning (LS) and before testing

sessions held 4h (Test2) and 24h (Test3) post-learning for the 5 Group conditions.

Sleepiness

The mixed-design ANOVA performed on Sleepiness with within-subject factors Time (Pre vs.
Post), Session (LS, Test 1, Test 2, Test3) and between-subject factor Group (1-5) revealed
main effects of Time (Fq,s7) = 26.954, p < 0.001) and Session (F.60, 148.309) = 4.861, p = 0.005).
The Group (p = 0.904), Time by Session (p = 0.946), Time by Group (p = 0.051), Session by
Group (p = 0.601) and Time by Session by Group interaction (p = 0.767) effects were non-
significant, suggesting that sleepiness similarly evolved in the 5 Group conditions (see Sl
Figure 4). Post-hoc comparisons disclosed significant Pre vs. Post difference, sleepiness
being higher after the task as compared as before. Post-hoc comparisons on the Session
effect disclosed a higher sleepiness at Test 3 than LS (p = 0.003). No other significant

difference was found across the different sessions (all ps > 0.067).

90,00
85,00

80,00 ‘lr I

75,00

TIME
70,00

W Pre
65,00 Post
60,00
55,00
50,00

SESSION

Sl Fig 4. Sleepiness. Mean sleepiness % and standard error before and after (Pre vs. Post) the learning session
(LS) and the 3 testing sessions held 25 min (Test1), 4h (Test2) and 24h (Test3) post-learning. The higher the score,

the higher the subjective feeling of sleepiness.
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Fatigue

The mixed-design ANOVA conducted on Fatigue with within-subject factors Time (Pre vs.
Post) and Session (LS, Test 1, Test 2, Test3) and between-subjects Group factor (1-5)
revealed a main effect of Time (F¢1,s7) = 1.767, p = 0.001) and a Time by Session interaction
(F(264, 150.63) = 4.725, p = 0.005). Main effect of Session (p = 0.092), Group (p = 0.629), as well
as Time by Group (p = 0.608), Session by Group (p = 0.926) and Time by Session by Group
interaction effects (p = 0.645) were non-significant. Post-hoc comparisons disclosed significant
difference between Pre and Post (p < 0.001) ratings (see S| Figure 5), with a higher fatigue
level after the task than before, but for LS, which explained the Time by Session interaction

effect.

90,00
85,00 o *xk
80,00
75,00 I

TIME
70,00

m Pre
65,00 Post
60,00
55,00
50,00

LS Tl T2 T3
SESSION

Sl Fig 5. Fatigue. Mean fatigue % and standard error before and after (Pre vs. Post) the learning session (LS) and
the 3 testing sessions held 25 min (Test1), 4h (Test2) and 24h (Test3) post-learning. The higher the score, the

higher the subjective feeling of fatigue.

4. Additional FTT analyses

Offline evolution of performance (speed parameter)

For the purpose of comparisons with prior reports, we computed the offline evolution of
performance using the speed parameter only (i.e., mean RT per block for correct responses)
averaged over the two blocks of each test (Tests 1-3) as well as the last two blocks of the
learning session (LS; see Sl Figure 6). The mixed-design ANOVA on mean RTs evidenced a
main Session effect (F1.9s, 113.08) = 90.96, p < 0.001, 7%= 0.615). The Group (Fu,s7) = 0.726, p
= 0.578, n% = 0.048) and Group by Session interaction (F.94, 11308y = 1.72, p = 0.102, 7% =

0.010) effects were non-significant. Post-hoc pairwise comparisons decomposing the Session
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effect showed that reaction time decreased over sessions (all ps < 0.001) but for Test1 vs.
Test2 (p = 0.518), replicating the results obtained using the GPI as a measure of performance

(see main text results).

0.50 Group
O 1 (Sham - Sham)
® 2 (Stim— Sham)
O 3 (Sham — Stim)
B 4 (Stim — Stim)
< 5 (Stim — Stim)

Estimated Mean RT

0.25 -

\ T T |
End LS Test1 Test2 Test3

Sessions

Sl Fig 6. Offline speed evolution. Mean reaction time (RT) and standard error at the end of the learning session
(End LS) and the 3 testing sessions held 25 min (Test1), 4h (Test2) and 24h (Test3) post-learning for the 5 different

Group conditions.

Short-term effects of 20 Hz tACS vs Sham on performance

For the sake of comparison with Krause et al. (2016) [4] results, we computed an analysis
contrasting 20 Hz vs. Sham tACS conditions on speed (mean RTs; see Sl Figure 7). A mixed-
design ANOVA investigated the evolution of speed before vs. after the stimulation period
depending on the type of stimulation received (Sham vs. effective tACS). Thirty-nine
participants were stimulated with 20 HZ tACS for 10minn whereas 23 received Sham tACS.
The ANOVA revealed a main Session effect (F, 60y = 60.75, p < 0.001, 7% = 0.503) with a
significant reaction time improvement between the end of the learning session (LS) and Test
1 (held 25min later), and a Stimulation by Session interaction effect (F(1,60) = 4.04, p = 0.049,
1% = 0.063). The main Stimulation effect (F1, 60y = 1.02, p = 0.317, 7%, = 0.017) was non-
significant. Post-hoc independent t-tests decomposing the Stimulation by Session effect did
not evidence differences between the 2 stimulation conditions (Sham vs. effective tACS) at
LS (te0)=-1.374; p=0.174) orat Test 1 (t0) = -0.452; p = 0.653). T-test for dependent samples
evidenced a significant reaction time improvement both in the Sham (t22) = 4.89; p < 0.001)
and effective tACS (tzs) = 7.18; p < 0.001) conditions.
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Sl Fig 7. Evolution of speed (RTs) after Sham vs. effective tACS. Mean reaction time (RT) and standard error

at the end of the learning session (End LS) and the testing session held after 25 min (Test1).

To explore further the source of the Stimulation by Session interaction effect, we computed
the delta (difference) between RTs at LS and Test 1 in the tACS and Sham conditions. A t-
test for independent samples revealed that performance improvement was more pronounced
in the tACS than the Sham condition (te0) = -2.01; p = 0.049). Taken together, these results
suggest that our interaction effect was driven by a stronger speed improvement in the effective
tACS (mean difference = 0.0759) than Sham (mean difference = 0.0448) condition.

Finally and for the sake of completeness in our comparisons, we computed a similar
mixed design ANOVA on the GPI (see Sl Figure 8). This analysis revealed a main Session
effect (F(1,60) = 56.849, p < 0.001, np = 0.487) with a significant GPI increase between the end
of LS and Test 1 (held 25min later). However, the main Stimulation (F1,60) = 0.300, p = 0.586,
1% = 0.005) and the Stimulation by Session interaction (F(1 60y = 0.342, p = 0.561, n?% = 0.006)

effects were non-significant.
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Sl Fig 8. Evolution of GPI after Sham vs. effective tACS. Mean reaction time (RT) and standard error at the end

of the learning session (End LS) and the testing session held after 25 min (Test1).
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