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Abstract  30 

Skill learning is a fundamental adaptive process, but the mechanisms remain poorly understood.  31 

Some learning paradigms, particularly in the memory domain, are closely associated with gamma 32 

activity that is amplitude-modulated by the phase of underlying theta activity, but whether such 33 

nested activity patterns also underpin skill learning is unknown. Here we addressed this question by 34 

using transcranial alternating current stimulation (tACS) over sensorimotor cortex to modulate 35 

theta-gamma activity during motor skill acquisition, as an exemplar of a non-hippocampal-36 

dependent task.  We demonstrated, and then replicated, a significant improvement in skill 37 

acquisition with theta-gamma tACS, which outlasted the stimulation by an hour.  Our results suggest 38 

that theta-gamma activity may be a common mechanism for learning across the brain and provides a 39 

putative novel intervention for optimising functional improvements in response to training or 40 

therapy. 41 

Introduction 42 

The acquisition of motor skills is a central part of our everyday lives, from learning new behaviours 43 

such as riding a bike to the recovery of function after brain injury such as a stroke [1–4].  Better 44 

understanding of the mechanisms underpinning skill acquisition, to develop mechanistically-45 

informed strategies and tools to promote skill learning in healthy and pathological movement, is 46 

therefore a high-priority scientific and clinical goal. 47 

Acquisition of motor skills is linked to a number of cortical and subcortical brain regions, but among 48 

these, primary motor cortex (M1) is thought to play a central role [1,2,4,5], making this a key target 49 

for neurorehabilitative interventions [6–8].  However, the neurophysiological changes through which 50 

one might be able to promote skill acquisition in M1 are poorly understood, substantially hampering 51 

the development of novel interventions.  52 

Outside the motor domain, the mechanisms underpinning learning have been extensively studied in 53 

the hippocampus, where theta-amplitude-coupled mid-gamma frequency activity (θ-γ phase-54 

amplitude coupling; PAC) has been hypothesised as a key learning-related mechanism.  A prominent 55 

feature of hippocampal theta (4-8 Hz) activity is its co-incidence with higher-frequency activity in the 56 

γ range (30-140 Hz).  Gamma coherence in the hippocampus alters during learning [9] and memory 57 

retrieval [10], and its relative synchrony during task predicts subsequent recall [11,12].   58 
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Hippocampal activity at different gamma frequencies is coupled to distinct phases of the underlying 59 

theta rhythm, suggesting that the precise relationship between gamma activity and theta phase may 60 

be important for function [13–15].  For example, 60-80 Hz activity, which increases significantly 61 

during memory encoding, is coupled to the peak of the underlying theta oscillation [16]. 62 

θ-γ PAC appears to be a conserved phenomenon across the cortex, and has been hypothesised as a 63 

fundamental operation of cortical computation in neocortical areas [17]. For example, In the sensory 64 

cortices, it provides a neural correlate for perceptual binding [18]. In the pre-frontal cortex, 65 

externally-driven θ-γ PAC directly influences spatial working memory performance and global 66 

neocortical connectivity when gamma oscillations are delivered coinciding with the peak, but not the 67 

trough of theta waves [35]. It is proposed that the theta rhythm forms a temporal structure that 68 

organizes gamma-encoded units into preferred phases of the theta cycle, allowing careful processing 69 

and transmission of neural computations [19]. In the motor cortex, gamma oscillations at 70 

approximately 75 Hz are observed during movement [20–26], and an increased 75 Hz activity has 71 

been observed in dyskinesia, suggesting a direct pro-kinetic role [27,28]. As in the hippocampus, M1 72 

gamma oscillations are modulated by theta activity, with 75 Hz activity in human M1 being phase-73 

locked to the peak of the theta waveform [29]. 74 

However, whether theta-gamma coupling plays a similar role in non-hippocampal-dependent skill 75 

learning in neocortical regions as it does in the hippocampus has not yet been determined. We 76 

therefore wished to test the hypothesis that θ-γ PAC is a conserved mechanism for learning across 77 

the brain, and therefore may provide a target for influencing the acquisition of new behaviour.  To 78 

investigate the functional role of θ-γ PAC in learning outside the hippocampus, we modulated local 79 

theta-gamma activity via externally applied alternating current stimulation (tACS), a non-invasive 80 

form of brain stimulation that can interact with and modulate neural oscillatory activity in the 81 

human brain in a frequency-specific manner [30–32], over M1 during learning of an M1-dependent 82 

ballistic thumb abduction task [33]learning outside the hippocampus, we modulated local theta-83 

gamma activity via externally applied alternating current stimulation (tACS), a non-invasive form of 84 

brain stimulation that can interact with and modulate neural oscillatory activity in the human brain 85 

in a frequency-specific manner [30–32], over M1 during learning of an M1-dependent ballistic thumb 86 

abduction task [33]. We chose this task because it shows robust behavioural improvement in a 87 

relatively short period of time and performance improvement is underpinned by plastic changes in 88 

M1 [34–36]. This encoding of kinematic details of the practiced movement is commonly regarded as 89 

a first step in skill acquisition [34].  90 
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We reasoned that if θ-γ PAC is a key mechanism for motor skill learning then interacting with θ-γ 91 

PAC, specifically with 75 Hz gamma activity applied at the theta peak [16,29], via tACS should have 92 

the capacity to modulate skill acquisition in healthy human participants, putatively via a change in 93 

local excitability.  Moreover, if the functional role of this theta-gamma PAC is indeed critically 94 

dependent on the gamma activity occurring at a specific phase of theta activity then any behavioural 95 

effect should be specific to the theta phase at which the gamma was applied. To address this 96 

question, we therefore derived a waveform with gamma applied during the trough of the theta 97 

activity as an active control.  98 

We first conducted an exploratory single-blinded experiment, in which we tested for the influence of 99 

theta-gamma coupled stimulation on skill acquisition. This experiment revealed that when applied 100 

externally over right M1, gamma coupled to the peak of a theta envelope (TGP) substantially 101 

enhanced motor skill acquisition, compared to sham and an active stimulation control. Based on 102 

these results, we conducted a second, double-blind, pre-registered, sham-controlled experiment, 103 

which confirmed the beneficial effect of TGP on motor skill acquisition  104 

Results 105 

One-hundred and four healthy participants performed a M1-dependent ballistic thumb abduction 106 

task with their left hand [33,37,38] while tACS was applied over the right M1.  Volunteers trained to 107 

increase thumb abduction acceleration in their left, non-dominant, thumb over 5 blocks of 70 trials 108 

each (Figure 1).   109 

Fifty-eight participants (age: 24 ±5.1 years, 37 female) participated in Experiment 1, and were 110 

randomly assigned to one of three experimental groups, which received either 20 minutes of tACS 111 

over right primary motor cortex, or sham.  Similarly to a previous study in the spatial working 112 

memory domain [39], in the active tACS condition, participants received (1) theta-gamma peak 113 

stimulation (TGP; Figure 1A), whereby gamma frequency (75 Hz) stimulation was delivered during 114 

the peak of a 6 Hz theta envelope as is found naturally in the human motor cortex [29], or (2) an 115 

active control, theta-gamma trough (TGT) stimulation, whereby the gamma stimulation was 116 

delivered in the negative half of the theta envelope. For sham stimulation, 6 Hz theta was briefly 117 

ramped up for 10 s, and then ramped down again.  Participants performed the skill learning task 118 

during the stimulation, and for approximately 15 min after cessation of stimulation. 119 
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Theta-gamma-peak stimulation improves motor skill acquisition 120 

We first wished to assess whether participant performance improved with training, regardless of 121 

stimulation.  As expected, skill increased in all three groups over the course of the experiment 122 

[Repeated Measures ANOVA with one factor of Block (1-6) and one factor of Condition (TGP, TGT, 123 

Sham), Main Effect of Block F(2.203,121.187) = 85.122, p<0.001].  However, the stimulation groups 124 

differed significantly in their skill acquisition [Main Effect of Condition F(2,55)=3.396, p=0.041; 125 

Condition*Block Interaction F(4.407, 121.187)= 2.692, p=0.03. Post-hoc tests (using Tukey correction 126 

for multiple comparisons) revealed a significant difference between TGP and sham (p=0.04, 95% CI 127 

[0.50, 21.78]) and no significant difference between TGT and sham (p=0.766, 95% CI [-7.52, 13.79]) 128 

or TGP and TGT (p=0.162, 95% CI [-2.40, 18.35]). To further explore the interaction effect, we ran an 129 

analysis of Simple Effects to determine the effect of the Condition factor (TGP, TGT, sham) at each 130 

level of the Block factor (1-6). This revealed a significant Simple Effect of Condition during 131 

stimulation blocks F(2,55)=4.13, p=0.021). In line with our primary hypothesis, follow-up analyses 132 

demonstrated a 26% larger acceleration gain from baseline during TGP stimulation, compared with 133 

sham condition (independent t-test t(36)=3.052, p=0.004, Cohen’s d=0.98, Figure 2A).   134 

There were no significant differences in baseline performance between TGP, TGT and Sham 135 

conditions as demonstrated by a Simple Effects analysis of the factor of Condition (TGP, TGT, sham) 136 

at the level of baseline Block 1 F(2,55)=0.30, p=0.743].  137 

This first experiment established the relevant role of theta-gamma coupled tACS over M1 on motor 138 

skill learning in healthy participants, here expressed through an increase in learning. This effect was 139 

most effective when gamma frequency stimulation was coupled to the peak of the underlying theta 140 

frequency stimulation waveform, as opposed to when it was coupled to the trough of theta. We next 141 

sought to confirm this result in an independent cohort, and to further assess the duration of this 142 

improvement post stimulation. 143 

Behavioural effects of theta-gamma-peak stimulation are replicable  144 

In order to try to replicate our results from experiment 1, we conducted a double-blind, pre-145 

registered (https://osf.io/xjpef) replication experiment in an independent sample of 46 participants 146 

(age 24±4.1, 32 female, all right handed). Because our first experiment had shown the largest effect 147 

on skill learning with TGP stimulation, we now focussed on this condition. Participants were 148 

randomised to either TGP stimulation or sham.  The experimental protocol was identical to 149 

https://osf.io/xjpef
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Experiment 1, except that we additionally included a probe to test retention at 1 hour after the end 150 

of stimulation.  There was no significant difference in baseline performance between TGP and Sham 151 

conditions (t(44)=0.734, p=0.467).   152 

As in experiment 1, participants in both conditions showed an improvement in performance 153 

throughout the experiment [Repeated measures ANOVA, one factor of Block (1-8), one factor of 154 

Condition (TGP, sham); Main Effect of Block F(3.302,145.239) = 72.912, p < 0.001; Figure 2B]. 155 

However, there was a significant difference in skill acquisition between the two conditions (Main 156 

Effect of Condition (F(1,44) = 27.241, p<0.001; Block*Condition interaction F(3.302,145.239) = 7.258, 157 

p<0.001). The TGP group achieved significantly greater acceleration gain compared to sham during 158 

stimulation [t(44) = 4.201, p <0.001, Cohen’s d = 1.24]. 159 

Bang’s Blinding Index [40] indicated successful blinding in both real and sham stimulation groups.  160 

Blinding indices were 0.07 and -0.03 in the TGP and sham groups respectively.   161 

Motor skill gains are retained post-stimulation 162 

We next wished to explore whether the behavioural effects of stimulation outlasted the stimulation 163 

period, or whether skill in this group returned to baseline after stimulation had ceased.  Comparing 164 

the two groups at 75 minutes post-stimulation demonstrated that the TGP group had a significantly 165 

faster acceleration than the sham group [t(44) = 3.430 , p = 0.001, Cohen’s d = 1.01].   166 

tACS does not significantly modulate the variability or latency of responses 167 

tACS may increase skill acquisition by changing one or more different aspects of behaviour.  Non-168 

invasive brain stimulation approaches have previously been demonstrated to increase behavioural 169 

variability in tasks similar to that implemented here [41].  First, we investigated whether tACS 170 

significantly modulated the variability in the maximum acceleration achieved.  We ran ANOVAs on 171 

the coefficient of variation for each subject for each block, with a within-subject factor of Block and 172 

between-subjects factor of Condition for each experiment separately.  This revealed a main effect of 173 

Block in both experiments (E1: F(5,275)=17.1 p<0.001; E2: F(7,308)=13.8, p<0.001), reflecting a 174 

general decrease in variability during the task, but no main effect of Condition (E1: F(2,55)=2.36, 175 

p=0.104; E2: F(1,44)=0.14, p=0.90) and no Block * Condition interaction (E1: F(10,275)=1.15, 176 

p=0.329; E2: F(7,308)=1.60, p=0.14; Figure 2-figure supplement 1).   177 
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Second, we wished to investigate whether tACS modulated response time.  We therefore ran an 178 

ANOVA with a within-subject factor of Block and between-subject factor of Condition.  In Experiment 179 

1, there was a significant main effect of Block (F(2.18,120)=11.68, p < 0.001) and Condition 180 

(F(2,55)=4.66, p=0.013), but no significant Block * Condition interaction (F(4,63,120)=0.195, p=0.95).  181 

However, when we repeated this analysis for Experiment 2 there was no significant effect of Block 182 

(F(1,44)=0.014, p=0.905), and no significant Block by Condition interaction (F(3.60,158.45)=0.372, 183 

p=0.30).   184 

Discussion 185 

Theta-amplitude modulated gamma activity may provide an important mechanism for non-186 

hippocampal-dependent skill acquisition.  We used non-invasive brain stimulation to modulate θ-γ 187 

PAC in human primary motor cortex in two separate cohorts, one a pre-registered, double-blind 188 

study and demonstrated that externally applied θ-γ PAC during a motor task increases skill 189 

acquisition in healthy adults.  This behavioural improvement was critically dependent on the phase 190 

relationship of the theta and gamma components of the stimulation.   191 

Behavioural improvements depend on the phase of theta-gamma coupling 192 

Our results suggest that driving γ activity during the peak, but not the trough, of θ oscillations 193 

improves motor skill acquisition.  θ-γ PAC has consistently been demonstrated to relate to learning 194 

in the rodent CA1 [13–16], where oscillations in the θ (5-12 Hz) band become dominant during active 195 

exploration [42], and have been widely hypothesised to allow information coming into CA1 from 196 

distant regions to be divided into discrete units for processing [43,44].  A prominent feature of 197 

hippocampal theta activity is its co-incidence with higher-frequency activity in the γ range (30-140 198 

Hz).  Gamma coherence in the hippocampus alters during learning [9] and memory retrieval [10], 199 

and its relative synchrony during task predicts subsequent recall [11,45].  Non-invasively stimulating 200 

the human temporal cortex during memory encoding using transcranial alternating current 201 

stimulation (tACS) to increase θ-γ coupling has been variously shown to impair [46] or strengthen 202 

[47] hippocampal memory formation.  203 

Hippocampal activity at different frequencies within the gamma band is coupled to distinct phases of 204 

the underlying theta rhythm, suggesting that the precise relationship between gamma activity and 205 

theta phase may be important for function [13–15]. For example, 60-80 Hz activity, which increases 206 

significantly during memory encoding, is coupled to the peak of the underlying theta oscillation [16].   207 
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θ-γ PAC appears to be a conserved phenomenon across the cortex and has been hypothesised as a 208 

fundamental operation of cortical computation in neocortical areas [17,18,39].  Supporting this 209 

hypothesis, a recent human study demonstrated an improvement in working memory using tACS 210 

[47]. However, no study to date has shown that θ-γ PAC can modulate non-hippocampal-dependent 211 

learning as we do here. 212 

75Hz activity has a pro-kinetic role in M1 and relates to skill acquisition  213 

Our experiments indicate that 75Hz activity, coupled to 6Hz oscillations, can improve motor skill 214 

acquisition.  We chose 75Hz stimulation for two reasons: it is implicated in learning in the 215 

hippocampus and physiologically, M1 gamma activity centred around 75 Hz occurs at the peak of 216 

ongoing theta activity [29] and is ubiquitous in studies of human movement. 75 Hz activity only 217 

occurs during actual, rather than imagined, movement [25], and shows topographical specificity 218 

within M1 [24].  Its hypothesised pro-kinetic role is further supported by the finding of a pathological 219 

increase in narrow-band 75 Hz activity within M1 in hyperkinetic patients with Parkinson’s Disease 220 

[27].   Our group have previously shown that the degree of response to 75Hz tACS predicts 221 

subsequent learning potential, further highlighting a role for 75Hz activity not only in movement but 222 

in skill acquisition [26].  Here, we demonstrate that a more physiological approach to delivering 223 

gamma stimulation by coupling it to theta rhythms leads to theta-phase-specific improvements in 224 

skill acquisition – something that may allow the development of more targeted therapeutic 225 

interventions. 226 

Behavioural benefits of theta-gamma PAC may be mediated by decreases in inhibition 227 

Decreases in M1 GABAergic activity are a central mechanism for motor plasticity [48–52].  However, 228 

it is not yet clear how these decreases alter behaviour.  θ-γ PAC may be a candidate mechanism for 229 

this: M1 gamma activity arises from GABAergic inter-neuronal micro-circuits involving layer V 230 

Parvalbumin +ve neurons [53–60] thought to be involved in motor learning [61].  In slice 231 

preparations, theta-gamma coupling within M1 arises spontaneously from layer V when GABA 232 

activity is blocked [62].  In humans, modulating M1 75Hz activity in humans using tACS leads to a 233 

decrease in local GABAergic activity, the magnitude of which predicts motor learning ability on a 234 

subject-by-subject basis [26].  The effects of low frequency tACS may be mediated through cyclically 235 

inducing a phase of enhanced excitation (peak) followed by a phase of reduced excitation (trough). If 236 

decreases in M1 GABAergic activity is necessary for motor plasticity [40-44], then phases of 237 
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enhanced excitation (or reduced inhibition) would offer an optimal entrainment window for 238 

excitatory rhythms, such as pro-kinetic 75Hz gamma.  239 

Given the extensive evidence for decreases in GABAergic activity for motor cortical plasticity, it may 240 

be that gamma activity, particularly synchronisation of gamma activity via theta oscillations, 241 

represents an emergent signature of learning that might be targeted to improve behaviour, though 242 

the cellular and layer-specificity of our findings remain to be determined.   243 

The behavioural effects of tACS are not driven by changes in variability or latency of 244 

responses 245 

There are a number of potential mechanisms by which the behavioural improvements we observed 246 

might have arisen.  Previous studies have demonstrated that skill improvement due to non-invasive 247 

brain stimulation might occur via an increase in the variability of behavioural responses [41], but this 248 

does not seem to be the case here.  Additionally, it is possible that our measure of skill learning was 249 

confounded by a stimulation-induced change in response time, but the data do not support this 250 

hypothesis.  However, given the strongly pro-kinetic role of 75Hz activity in M1, further studies 251 

should look at the specific components of motor behaviour this tACS protocol may modulate to 252 

identify the precise aspects of motor skill acquisition theta-gamma tACS may modulate. 253 

Anatomical- and frequency- specificity of behavioural effects 254 

θ-γ PAC has been suggested as a mechanism by which anatomically-distant brain regions become 255 

functionally connected [17].  We deliberately chose a task that is M1-dependent, thereby providing 256 

us with a cortical target for our stimulation, and have not set out to target more than one node in 257 

the network.  We are confident that we are actively stimulating M1: our tACS protocol induces 258 

excitability changes in M1, suggesting a significant physiological effect in this region, and the 259 

electrical field simulation demonstrates a significant current within M1 due to tACS.  However, this 260 

does not rule out that the behavioural effects we observe arise from multiple nodes, and that there 261 

is a contribution of the parietal electrode: indeed as with all tACS studies, the current is relatively 262 

wide-spread across the cortex.  This hypothesis remains to be tested. 263 

Here, we tested an a priori hypothesis about theta-gamma PAC, and its role in non-hippocampal 264 

dependent skill acquisition.  We did not test other frequency couplings, and so we cannot claim that 265 

similar effects would not be seen with other cross-frequency stimulation paradigms.  Similarly, we 266 
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did not directly test whether θ-γ PAC was superior to either θ or γ stimulation alone.  However, by 267 

using an active TGT control condition, which delivered the same θ and γ stimulation, and only varied 268 

the phase of the θ at which the γ was present, if the behavioural effects seen were solely dependent 269 

on either frequency alone then both the peak and trough conditions would have improved learning, 270 

which was not the case.  Previous studies have shown that gamma stimulation alone can improve 271 

learning [64], but not to such as degree as θ-γ PAC [65].   272 

Lack of TGT behavioural effect supports the hypothesis that tACS directly modulates 273 

neural activity 274 

There has been some recent controversy about the contribution of direct stimulation of the 275 

underlying neural tissue versus other mechanisms [66,67] to the behavioural and physiological 276 

effects of tACS, although recent work strongly supports the argument that tACS directly entrains 277 

ongoing neural activity [68,69].  While this paper does not aim to directly address this question, we 278 

are confident that our behavioural effects result from direct effects of the current in the brain.  279 

Firstly, tACS at the current densities used here have been demonstrated to entrain single-neuron 280 

activity in non-human primates [68], suggesting at least that direct neuronal entrainment is a 281 

possible mechanism.  Secondly, although stimulation of peripheral scalp nerves has recently been 282 

suggested as a putative explanation for behavioural effects of tACS [66], in experiment 1, we used an 283 

inverted waveform as an active control to rule out effects driven by peripheral stimulation, and in 284 

experiment 2, there was successful blinding to stimulation type. Collectively, this suggests that the 285 

sensory sensations that may arise from stimulation did not substantially differ between active and 286 

sham conditions. 287 

Conclusions 288 

In conclusion, we wished to test whether theta-gamma PAC was an important mechanism in non-289 

hippocampally dependent learning in humans.  Using a novel non-invasive brain stimulation 290 

approach in humans that emulates known neurophysiological activity patterns during learning 291 

[16,18,29], we demonstrated, and then replicated, a substantial behavioural improvement due to 292 

stimulation.  While the neural underpinnings of this functional outcome need to be explored, this 293 

result offers a new technique not only to understand physiological mechanisms of human 294 

neuroplasticity, but also potentially a putative novel adjunct therapy for promoting post-stroke 295 

recovery.    296 
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Materials and Methods 297 

Experiment 1 298 

Fifty-eight participants (24 ± 5.1 years, 37 female) gave their written informed consent to participate 299 

in the experiments in accordance with local ethics committee approval.  Participants were right-300 

handed and had no contraindications for tACS.  Participants were randomly assigned to one of three 301 

tACS conditions (N= 20 per condition): (1) theta-gamma peak stimulation (TGP; Figure 1A), whereby 302 

gamma frequency (75 Hz) stimulation was delivered during the peak of a 6 Hz theta envelope, (2) an 303 

active control: theta-gamma trough (TGT) stimulation where the gamma stimulation was delivered 304 

in the negative half of the theta envelope, and (3) sham stimulation.  Participants were blinded to 305 

the type of stimulation delivered and naïve to the purpose of the experiment. 306 

Experimental set-up 307 

Participants performed a ballistic thumb abduction training task requiring abduction of their left 308 

(non-dominant) thumb with maximal acceleration [33,37,38].  Participants were seated with their 309 

left arm slightly abducted, with the elbow flexed to 45° (where 0° is full extension) and the forearm 310 

semi-pronated with the palm facing inwards. The left hand was chosen to avoid ceiling effects that 311 

might be present in the dominant hand. The arm, wrist and proximal interphalangeal joints were 312 

secured in a plastic custom-built arm fixture to prevent the unintentional contribution of whole hand 313 

movement to the ballistic acceleration, though the thumb was left free to move (Figure 1C).  314 

The acceleration of the thumb was measured in the x-axis (abduction plane) using an accelerometer 315 

(ACL300; Biometrics Ltd., UK) attached to the distal phalanx of the thumb. Recording from the 316 

accelerometer was confined to one axis to allow for good skill improvement by providing simplified 317 

feedback for the participant [33,37,38].  318 

Behavioural task 319 

Participants performed ballistic thumb abduction movements of their left hand at a rate of 0.4 Hz 320 

indicated by a ready-steady-go procedure, with each of three auditory tones (400 Hz, 300 ms 321 

duration) spaced at 500 ms intervals. Participants were instructed to move their thumbs at the onset 322 

of the third auditory tone.  The behavioural task was separated into 6 blocks (Figure 1B). Participants 323 

performed an initial baseline block of 30 trials. This was followed by 4 blocks separated by a break of 324 

at least 2 min to minimize fatigue, and a final block separated by a 10 min break. Each of these five 325 
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blocks consisted of 70 trials with a 30 s break between every 35 trials to avoid within block fatigue. 326 

Participants were asked to remain at rest during breaks, avoiding any thumb movement. 327 

In all blocks except the baseline block, participants were instructed to move as fast as possible and 328 

were encouraged to try to increase their acceleration on every trial. Participants were given visual 329 

feedback about the acceleration of their movements on a trial-by-trial basis (Figure 1C). Feedback 330 

was presented as a scrolling bar chart with the magnitude of the current acceleration plotted after 331 

each trial. If the acceleration on the current trial was greater than on the previous trial, the bar was 332 

plotted in green, and if it was less the bar was plotted in red. If a movement was made too early or 333 

too late (i.e. movement outside a 300 ms window centred on one second after the first tone), no 334 

acceleration feedback was given; instead, the message “too early” or “too late” was presented. 335 

Additionally, participants were informed of their progress by displaying a moving average of 336 

acceleration values over the preceding 10 trials, indicated by a line plotted on the screen over the 337 

locations of the 10 consequential trials.  338 

In the baseline block, participants were told to move as closely as possible to the onset of the third 339 

tone, and feedback about the temporal accuracy of the movement was given by the experimenter. 340 

Behavioural data analysis 341 

Data were analysed via Matlab (Mathworks). The maximal acceleration was calculated for each trial, 342 

and any trials with a maximum acceleration less than 4.9ms2 were rejected [33]. Additionally, if 343 

movements were made too early or too late, i.e. the onset of acceleration of the movement lay 344 

more than 300 ms before or after the expected movement time, they were also rejected [33]. 345 

Together, this approach led to 1.45±0.94 (mean ± SD) trials being removed per block of 70 trials in 346 

experiment 1, and 0.88±0.99 (mean ± SD) trials removed per block of 70 trials in experiment 2. There 347 

was no statistical difference between the number of trials being removed per block in each condition 348 

(Experiment 1: Mixed ANOVA, block*condition (F(5.409, 148.742)=1.649, p=0.145; Experiment 2: 349 

Mixed ANOVA, block*condition (F(2.8, 137.4)=1.05, p=0.396). 350 

Transcranial alternating current stimulation (tACS) 351 

tACS was delivered via a DC stimulator in AC mode (NeuroConn DC-Stimulator Plus) through a pair of 352 

sponge surface electrodes (5 x 5 cm2). Saline was used as a conducting medium between the scalp 353 

and the electrodes. The anode was centred over the right primary motor cortex (C4) and the 354 

cathode was positioned over the parietal vertex (Pz), in accordance with the international 10-20 EEG 355 
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system. Impedance was kept below 10 kΩ. The electrode positions were based on simulation of 356 

current flow across the brain, using HD-Explore™ software (Soterix Medical Inc., New York) which 357 

uses a finite-element-method approach to model electrical field intensities throughout the brain 358 

[70]. This confirmed that current was directed to the primary motor cortex (Figure 1A).  359 

The theta-gamma-peak (TGP) condition consisted of 20 min continuous, sinusoidal 6 Hz (theta) 360 

stimulation at an intensity of 2 mA peak-to-peak, coupled with bursts of a sinusoidal 75 Hz (gamma) 361 

rhythm amplitude-modulated by the positive theta phase (0-180°; Figure 1A). The theta-gamma-362 

trough (TGT) condition consisted of 20 min continuous, sinusoidal 6 Hz (theta) stimulation at an 363 

intensity of 2 mA peak-to-peak, coupled with bursts of a sinusoidal 75 Hz (gamma) rhythm 364 

amplitude-modulated by the negative theta phase (180°-360°). Finally, the sham condition consisted 365 

of a 10 s continuous sinusoidal 6 Hz stimulation. 366 

The theta-gamma waveforms were custom-coded on the Matlab software and delivered to the 367 

NeuroConn stimulator via a data acquisition device (National Instruments USB-6259 BNC). Theta-368 

gamma stimulation was then delivered to the scalp surface electrodes through the NeuroConn 369 

stimulator in ‘remote’ mode. Sham stimulation was delivered directly through the NeuroConn 370 

stimulator.  371 

tACS was administered in a between-subject design. Participants were randomized to receive either 372 

10 s of sham stimulation during the 1st training block or 20 min of TGP or TGT stimulation during the 373 

first 3 training blocks. Participants were blinded to the stimulation condition used and naïve to the 374 

purpose of the experiment.  375 

Statistical analyses 376 

Data were tested for normality using the Kolmogorov-Smirnov test. Statistical analyses were 377 

performed using SPSS. We used a two-way mixed ANOVA with 2 independent variables, ‘condition’ 378 

(between-subject variable) and ‘block’ (within-subject variable). Acceleration in ms2 was our only 379 

dependent variable. Where there was a significant Block*Condition interaction, we analysed the 380 

Simple Effect of Condition within levels of Block. Post-hoc t-tests were conducted as appropriate and 381 

multiple comparisons were corrected for using the Tukey HSD test. When sphericity assumptions 382 

were violated, results are reported with a Greenhouse-Geiser correction. 383 
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Experiment 2 384 

Forty-four participants (age 24 ± 4.1 years, 32 female) gave their written informed consent to 385 

participate in the experiments in accordance with local ethics committee approval.  Participants 386 

were right-handed and had no contraindications for tACS.  We performed a pre-registered, double-387 

blinded replication of experiment 1 (theta-gamma-peak and sham only) in an independent sample. 388 

The experimental design was pre-registered in full on the Open Science Framework 389 

(https://osf.io/xjpef). The experimental design was identical to Experiment 1, except in the following 390 

aspects: 391 

Power calculation 392 

Sample size was calculated based on the Cohen’s d effect size of the mean improvement in 393 

performance from baseline between the theta-gamma-peak and sham conditions in Experiment 1.  394 

Given a Cohen’s d = 0.98, 1-β = 0.95 and α = 0.05 this gave a sample size of 24 per group (G*Power), 395 

and allowing for a 10% loss of data, we recruited 27 participants per condition. 396 

Blinding 397 

On the day of testing, a researcher not involved in data analysis and blinded to experimental 398 

protocol and rationale (A.F, I.T, L.B) collected the data and interacted with the participant. Another 399 

researcher (HA), not involved in data collection and blinded during data analysis, set-up the 400 

stimulation condition on the day of testing, but did not interact with the participant. Unblinding was 401 

performed following the completion of data collection and analysis. Participants were naïve to the 402 

purpose of the experiment. 403 

Participants completed a blinding questionnaire at the end of the experiment that required them to 404 

identify whether they believed they had received real or sham stimulation. To assess the 405 

effectiveness of our blinding, we used Bang’s blinding index (BI), where a BI of 1 suggests complete 406 

unblinding, a BI of 0 random guessing and a BI of -1 opposite guessing.  407 

Behavioural task 408 

The behavioural task parameters were identical to those in experiment 1, but now with an additional 409 

2 training blocks separated from the previous 6 blocks by a break of 1 hour (Figure 1B). During the 1 410 

hour break, participants remained seated and at rest while watching a documentary (Planet Earth, 411 

https://osf.io/xjpef
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season 1 episode 10). The additional 7th and 8th blocks were separated by a break of at least 2 min to 412 

minimize fatigue and each consisted of 70 trials, with a 30 s break between every 35 trials to 413 

minimize within block fatigue. Participants were asked to remain at rest during breaks, avoiding any 414 

thumb movement. 415 

Transcranial Alternating Current Stimulation  416 

Stimulation parameters were identical to those in experiment 1, but only included the theta-gamma-417 

peak (TGP) and sham conditions.  Both the participant and the experimenter were blinded to the 418 

stimulation condition used.  419 

 420 
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  574 

Figures 575 

Figure 1: Theta-gamma tACS protocol and task 576 

 577 

A.  Electrode Montage: The theta-gamma tACS montage was delivered with one electrode centred 578 

over right M1 (red, C4) and the other over the parietal vertex (blue, Pz).  Insert: Electrical field 579 

distribution projected on a rendered reconstruction of the cortical surface in a single individual, 580 
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demonstrating significant current within M1.  B. tACS Waveform: A 75 Hz gamma rhythm was 581 

amplitude-modulated by the peak (theta-gamma peak; TGP; upper panel) or trough (theta-gamma 582 

trough; TGT; lower panel) envelope of a 2mA peak-to-peak 6 Hz theta rhythm. C. Experimental 583 

Design:  All subjects performed a baseline block, followed by 5 task blocks.  In experiment 2, to 584 

assess the duration of behavioural effects, subjects performed an additional 2 task blocks 75 585 

minutes after the initial task was complete.  Each block consisted of 70 trials with an inter-block 586 

interval of 2 minutes, apart from a 10 minute and 1 hour break after blocks 4 and 5 respectively.  587 

Stimulation was delivered for 20 minutes during the first 3 blocks.  D. Trial Design: All trials began 588 

with three auditory warning tones acting as a ready-steady-go cue. At the third tone, participants 589 

abducted their thumb along the x-axis as quickly as possible and were given online visual feedback of 590 

their performance via a screen positioned in front of them. Feedback was presented as a scrolling 591 

bar chart with the magnitude of acceleration displayed on a trial-by-trial basis; a green bar indicated 592 

acceleration was higher than the previous trial and a red bar indicated the opposite. 593 
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Figure 2: TGP-tACS enhances motor skill acquisition 594 

 595 

Mean ballistic thumb abduction acceleration for each stimulation condition. Each point represents 596 

the mean of 10 trials across participants and the error bars depict the standard error between 597 

participants.  A.  Experiment 1: During stimulation, TGP significantly increased skill acquisition over 598 

the course of the experiment (i.e., acceleration gain), compared to sham and TGT.  B.  Experiment 2: 599 

When replicated in an independent sample, skill acquisition was again significantly greater in the 600 

TGP stimulation group compared with sham.  This effect was maintained for at least 75 minutes 601 

after stimulation. 602 
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Figure 2-figure supplement 1: tACS does not modulate behavioural variability 603 

 604 

There was no effect of tACS on variability in terms of acceleration within blocks in either A: 605 

Experiment 1 or B: Experiment 2.  606 
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