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Abstract

Non-invasive brain stimulation can induce functionally relevant plasticity in the human
cortex, making it potentially useful as a therapeutic tool. However, the induced changes are
highly variable between individuals, potentially limiting research and clinical utility. One
factor that might contribute to this variability is the level of cortical inhibition at the time of
stimulation. The alpha rhythm (~8—13 Hz) recorded with electroencephalography (EEG) is
thought to reflect pulsatile cortical inhibition; therefore, targeting NIBS to particular phases
of the alpha rhythm may provide an approach to enhance plasticity induction. Transcranial
alternating current stimulation (tACS) has been shown to entrain cortical oscillations in a
frequency-specific manner. We investigated whether the neuroplastic response to continuous
theta burst stimulation (cTBS) was enhanced by timing bursts of stimuli to the peak or the
trough of a tACS-imposed alpha rhythm. While motor evoked potentials (MEPs) were
unaffected when cTBS was applied in-phase with the peak of the tACS-imposed oscillation,
MEP depression was enhanced when cTBS was applied in-phase with the trough. This
enhanced MEP depression was dependent on the individual peak frequency of the
endogenous alpha rhythm recorded with EEG prior to stimulation, and was strongest in those
participants classified as non-responders to standard cTBS. These findings suggest that tACS

may be used in combination with cTBS to enhance the plasticity response. Furthermore, the
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peak frequency of endogenous alpha, as measured with EEG, may be used as a simple marker

to pre-select those individuals likely to benefit from this approach.

Introduction

A number of non-invasive brain stimulation (NIBS) protocols have been developed that can
induce short-lasting plasticity in the human cortex, as reflected by a change in cortical
excitability. It is thought that the induced changes are brought about by mechanisms similar
to the long-term potentiation (LTP) and long-term depression (LTD) described in animal
studies (Hoogendam et al., 2010). While NIBS can induce changes that interact with
behaviour and may have therapeutic potential for several neurological disorders, its utility is
currently limited by large intra- and inter-individual response variability (Ridding &
Ziemann, 2010). To maximise the opportunity for the induction of behaviourally and
clinically relevant change, it is important to understand and manipulate the determinants of

this variability.

It is well known that the level of inhibition within the brain influences plasticity induction
(Hess et al., 1996; Ziemann et al., 1998; Komaki et al., 2007; Clarkson et al., 2010; Cash et
al., 2014). It has been suggested that the alpha rhythm (~8—13 Hz), recorded in the human
electroencephalogram (EEG), reflects phasic modulations of cortical inhibition (Jensen &
Mazaheri, 2010; Mathewson et al., 2011). Support for this suggestion comes from both
animal and human research: pyramidal cell firing in the macaque is greater on the down-
going phase of the alpha oscillation than on the up-going phase (Haegens et al., 2011), and

transcranial magnetic stimulation (TMS) induced phosphene detection is greater during the
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trough than the peak of the alpha oscillation recorded in the human visual cortex (Dugue et
al., 2011). Therefore, targeting stimuli of plasticity-inducing NIBS protocols to the trough of
the alpha oscillation, that is, targeting the cortex during hypothesised ‘windows’ of reduced

inhibition, might prove a useful approach for enhancing plasticity induction.

While targeting stimuli to particular phases of the endogenous alpha oscillation is technically
very challenging, an alternate approach might be to entrain brain oscillations by applying an
exogenous oscillatory stimulus. Evidence suggests that transcranial alternating current
stimulation (tACS) can result in specific entrainment of cortical oscillations (Pogosyan et al.,
2009; Helfrich et al., 2014). Here, we examine whether the LTD-like plasticity response to a
NIBS paradigm known as continuous theta burst stimulation (cTBS) (Huang et al., 2005)
could be increased by timing the stimulation to the peak or the trough of a tACS-imposed

alpha oscillation.

Materials and methods

Participants

21 right-handed subjects (mean + SEM: 22.6 + 0.6 years; 11 males) participated in three
experimental sessions. All sessions were conducted in the afternoon to minimise time-of-day
influences (Sale et al., 2007), and sessions were separated by >2 days (Goldsworthy et al.,
2012a; Hamada et al., 2013; Vallence et al., 2013). All participants provided written,
informed consent and were screened for contraindications to TMS (Rossi et al., 2009) prior to
enrolment. The study was conducted in accordance with the Declaration of Helsinki and was

approved by the University of Adelaide Human Research Ethics Committee.
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Transcranial magnetic stimulation

Electromyographic (EMG) activity was recorded from the relaxed right first dorsal
interosseous (FDI) muscle using surface electrodes (belly-tendon configuration). The EMG
signal was amplified (x1000; CED 1902 amplifier), band pass filtered (20-1000 Hz) and
digitized at a sampling rate of 5 kHz (CED 1401 interface). A Magstim-200 stimulator
generated single-pulse stimuli, delivered through a figure-of-eight coil (90 mm) placed
tangentially to the scalp with the handle pointing backward, 45° away from the midline.
Suprathreshold pulses were delivered over the left primary motor cortex to identify the
optimal site (i.e., ‘hotspot’) for consistently evoking MEPs in the relaxed FDI, and this site
was marked on the scalp. The TMS intensity that elicited MEPs of ~1mV (SIjy) in the
relaxed FDI was determined at baseline and was used to examine changes in MEP amplitude
post-intervention. Blocks of 15 single-pulse TMS trials (inter-trial interval of 7 s with 10%
variance) were delivered twice at baseline (averaged to produce a single baseline measure), as

well as at 0, 5, 10, 20, and 30 min post-intervention (Fig. 1A).

c¢TBS was delivered using a Double-Cooled-Coil-System coil (70 mm, Magstim). Short
bursts of three pulses were delivered at 50 Hz every 200 ms for 40 s (Huang et al., 2005).
Resting motor threshold (RMT) was determined prior to the plasticity protocol in each
session, and was defined as the minimum intensity (as a percentage of maximal stimulator
output) required to elicit MEPs in the relaxed FDI >50 pV in at least 5/10 consecutive trials.
cTBS intensity was set to 70% of RMT (Gentner et al., 2008; Goldsworthy et al., 2012a;

Goldsworthy et al., 2014).
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Transcranial alternating current stimulation

tACS was delivered using a Magstim transcranial direct current stimulator plus (Eldith DC-
stimulator, Neuroconn, Germany), and was applied using 5 x 7 cm water-soaked sponges
with the anode placed over the FDI hotspot and the cathode placed over the contralateral
orbit. Electrode impedance was maintained below 55 kQ. tACS was applied as a 10 Hz

sinusoidal waveform with no DC offset at an intensity of 1 mA.

Electroencephalography

60 s of continuous EEG was recorded at baseline in each session using Ag/AgCl disk
electrodes (10 mm diameter) arranged in a bipolar montage, with one electrode placed at the
FDI hotspot (active) and one at Fz (reference). Impedance was kept below 5 kQ. Prior to
recording, all participants were instructed to relax their face and hand muscles, keep their
eyes open, and look straight ahead. EEG signals were amplified (x10,000; CED 1902
amplifier), band pass filtered (0.5-100 Hz) and digitized at a sampling rate of 2 kHz (CED

1401 interface).

Procedure

As shown in Figure 1B, cTBS was applied in combination with tACS using three different
protocols: ‘Sham’, ‘Peak’, and ‘Trough’. For the Peak protocol, bursts of three TMS pulses
(each separated by 20 ms) were delivered centred around the peak of the sinusoidal
waveform, with the first pulse of the burst delivered 20 ms prior to the peak, the second pulse
delivered at the peak, and the third pulse delivered 20 ms after the peak (18, 90, 162° for the

first, second, and third pulses, respectively). Conversely, for the Trough protocol, bursts were
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delivered centred around the trough of the sinusoidal waveform (198, 270, 342° for the first,
second, and third pulses, respectively). For both Peak and Trough protocols, bursts were
delivered on every second oscillation of the applied sinusoidal waveform (i.e., conventional 5
Hz cTBS protocol) for the full 40 s. For the Sham protocol, tACS was applied for 300 ms
(with pulses at 108, 180, and 252°) and then switched off while cTBS continued for 40 s. All
participants completed all three protocols; the order in which participants completed each
protocol was pseudo-randomised (seven participants completed Sham first, eight completed

Peak first, and six completed Trough first).

Data Analysis

MERP trials were excluded from analysis on the basis of background EMG activity being
present during the 200-ms period preceding the TMS pulse (less than 5% of all trials). Peak-
to-peak MEP amplitude (in mV) was measured for each participant, and mean amplitude was
calculated for each block of trials at each time point. Mean MEP amplitudes for the two
baseline recording blocks were averaged, and mean MEP amplitudes for all time points were

normalised to this baseline value.

EEG data were divided into 2-s epochs. Eye blinks and other artifacts were identified by
visual inspection, and artifact-contaminated epochs were removed from further analysis (on
average, 20.3 = (.7 artifact-free epochs remained). EEG data from two subjects were
excluded from analysis due to excessive artifacts. The frequency spectrum of each epoch was
calculated using Fast Fourier Transform, and power in the alpha frequency band (8-13.5 Hz)

was calculated for each 2-s epoch by summing the power in bins of 0.5 Hz. Mean spectral
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alpha power was calculated by averaging across all artifact-free epochs, and this was
normalised to the total summed power (averaged across epochs) in the frequency range 0.5—

40 Hz.

Normalised MEP data were analysed using repeated-measures ANOVA (RM-ANOVA) with
PROTOCOL (three levels: Sham, Peak, and Trough) and TIME (five levels: 0, 5, 10, 20, and
30 min post-intervention) as within-subject factors. Mean MEP amplitudes (normalised to
baseline) were averaged across all post-intervention time points for each experimental
protocol, and the tACS-cTBS response (i.e., the extent to which tACS modulated the MEP
response to cTBS) was calculated for each participant by subtracting grand-averaged post-
intervention MEP amplitudes for the Peak and Trough protocols from that recorded for the
Sham tACS protocol. Linear regression analyses were performed to examine the relationships
between baseline alpha and the tACS-cTBS response. Cook’s distance was used to identify
influential observations in the regression analyses (Cook, 1977), with values exceeding three

times the group mean classified as statistical outliers.

Finally, participants were grouped based on their response to cTBS in the Sham tACS
condition. Participants who showed an overall decrease in MEP amplitudes following Sham
tACS-cTBS [i.e., grand average of all post-intervention MEP amplitudes (normalised to
baseline) < 1.0] were classified as ‘responders’. Conversely, participants who showed no
change or an increase in MEP amplitudes [i.e., grand average of all normalised post-
intervention MEP amplitudes > 1.0] were classified as ‘non-responders’. A mixed-design
ANOVA was performed with PROTOCOL and TIME as within-subject factors, and GROUP

(two levels: responders and non-responders) as the between-subject factor.
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Analyses were performed with either IBM SPSS Statistics 20 (IBM SPSS, Armonk, NY,
USA), SigmaPlot 12.3 (Systat Software Inc., San Jose, CA), or MATLAB R2013a (The
MathWorks Inc., USA), and were two-tailed. Data were checked for normality using the
Kolmogorov-Smirnov test, and Huynh-Feldt corrections were used for analyses in which the
assumption of sphericity was violated (Mauchly’s test of sphericity; for simplicity,
uncorrected degrees of freedom are reported). Statistical significance was accepted for P <

0.05.

Results

Influence of tACS-cTBS on MEP amplitudes

There were no differences in RMT (F, 40 = 0.49, P = 0.57), Slimy (F240 = 1.55, P =0.23), or
baseline MEP amplitude (F49=0.22, P = 0.81) between experimental sessions. Overall,
there was no difference in mean MEP amplitudes between post-intervention time points
(TIME: F4g0=1.23, P =0.31) and there was no PROTOCOL*TIME interaction (Fg 60 =
0.92, P =0.51); however, a main effect of PROTOCOL was observed (F,40 =4.19, P =
0.02). Although post-intervention MEP amplitudes did not differ between the Peak and Sham
protocols (F} 0 = 0.74, P = 0.40), MEP depression was greater in the Trough protocol
compared with both Sham (F 20 =5.71, P = 0.03) and Peak (F 0 =5.50, P = 0.03) (Fig. 1C).
Post hoc comparisons revealed that post-intervention mean MEP amplitudes for the Trough
protocol were significantly reduced at the 10-min time point compared with Sham (paired f9
=3.49, P =0.002), and at the 10 and 30-min time points compared with Peak (for all, paired
o >2.13, P <£0.05). When averaged across all post-intervention time points, absolute MEP
amplitudes following the Trough tACS-cTBS protocol were reduced by ~22% compared with

baseline (paired o = 3.27, P = 0.004). Conversely, there were no significant changes in
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absolute MEP amplitudes following either the Peak or Sham tACS-cTBS protocols: grand-
averaged absolute MEP amplitudes were increased by ~5% compared with baseline
following the Peak tACS-cTBS protocol (paired ;9 = -0.69, P = 0.50) and reduced by just 3%

following the Sham protocol (paired t,9 = 0.45, P = 0.66).

Alpha power is not associated with tACS-cTBS response

In the subset of 19 participants with available EEG, baseline alpha power did not differ
between experimental sessions (F736 = 0.24, P = 0.79), and was therefore averaged across
sessions. Since the distribution of participants’ average baseline alpha power differed
significantly from normality (D9 = 0.20, P = 0.05), these data were log-transformed for
regression analyses. Two participants were identified as outliers for the regression between
alpha power and peak tACS-cTBS response (Cook’s distance > 400% of the group mean for
both), and were therefore excluded from this analysis. There was no influence of baseline

alpha power on the tACS-cTBS response for either the Peak or Trough protocols (Fig 2A).

Higher peak alpha frequency is associated with a greater Trough tACS-cTBS response

Individual peak alpha frequency (IAF) at baseline did not differ between experimental
sessions (F,36 = 2.23, P = 0.12), and was therefore averaged across sessions (mean: 9.6 Hz;
range: 8—13.5 Hz). Following the exclusion of a single outlier (Cook’s distance > 600% of
the group mean for both Peak and Trough), while there was no association between average
IAF and the tACS-cTBS response for the Peak protocol, a positive linear relationship was

observed between average IAF and the Trough tACS-cTBS response (R2 =0.26, F16=15.48,
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P =0.03), with higher peak alpha frequency associated with a greater difference between

Trough and Sham conditions (Fig. 2B).

Trough tACS-cTBS induced MEP depression is greater in cTBS ‘non-responders’

11 of the 21 participants responded with the expected decrease in MEP amplitudes following
c¢TBS for the Sham tACS protocol. Comparison of stimulus intensities and baseline MEPs
(averaged across all experimental sessions) showed no differences in RMT (independent ¢,9 =
-1.16, P = 0.26), S,y (independent #9 = -1.13, P = 0.27), or baseline MEP amplitude
(independent #19 = 0.18, P = 0.86) between cTBS responders and non-responders. Similarly,
in the 19 participants with available EEG (9 responders, 10 non-responders), log-transformed
average baseline alpha power did not differ between groups (independent ¢;7 = -0.04, P =
0.97). However, cTBS non-responders had higher peak alpha frequencies than cTBS

responders (independent #7 = -2.85, P = 0.01) (Fig. 3A).

A mixed-design ANOVA comparing normalised post-intervention MEP data between cTBS
responders and non-responders showed a main effect of PROTOCOL (F,33=6.13, P = 0.02),
as well as a PROTOCOL*GROUP interaction (£, 33=7.82, P = 0.007). While post-
intervention MEP amplitudes did not differ between protocols in responders (F520=2.35, P =
0.15), a significant effect was observed in non-responders (F, 3= 8.26, P = 0.01), with
greater MEP depression for the Trough protocol compared with both Sham (F; 9= 61.01, P <
0.001) and Peak (F; 9= 6.33, P = 0.03) (Fig. 3B). Post hoc comparisons on data from non-
responders revealed that post-intervention mean MEP amplitudes for the Trough protocol

were significantly reduced at the 0, 5, 10, and 30-min time points compared with Sham (for
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all, paired #y > 3.73, P <0.005), and at the 5, 10, and 30-min time points compared with Peak

(paired #9 > 2.78, P <0.02).

Discussion

The present study demonstrates a novel approach of applying cTBS with bursts of magnetic
stimuli time-locked to different phases of a tACS-imposed alpha oscillation. We show that
the neuroplastic response to cTBS was enhanced when stimulus bursts were delivered in-
phase with the trough, but not the peak, of the applied current. This enhancement of the cTBS
response was dependent on the individual peak frequency of the endogenous alpha rhythm,

and was strongest in participants that did not respond in the expected manner to cTBS alone.

Whereas the initial study by Huang et al. (2005) showed a lasting depression of MEP
amplitudes following cTBS, we were unable to show a significant group-level response to
c¢TBS in the Sham tACS condition. This is likely attributable to the considerable variability
between subject response profiles, which is common for plasticity-inducing NIBS protocols
and is caused by a number of factors (Ridding & Ziemann, 2010). Several recent studies have
shown highly variable responses to cTBS, with little or no effect observed when averaged
across individuals (Zafar et al., 2008; Todd et al., 2009; Di Lazzaro et al., 2011; McAllister
et al., 2011; Goldsworthy et al., 2012a; Goldsworthy et al., 2012b; Hamada et al., 2013;
Vallence et al., 2013; Brownjohn et al., 2014). The results of the present study are consistent

with these more recent reports.
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One factor that might contribute to the large inter-subject response variability to cTBS and
other plasticity-inducing NIBS protocols is the level of cortical inhibition at the time of
stimulation. There is considerable evidence suggesting cortical inhibition is an important
regulator of plasticity. Experiments in animal models have shown that LTP/LTD induction is
enhanced during pharmacological blockade of gamma-amino butyric acid (GABA) receptor
activity (Hess & Donoghue, 1994; Hess et al., 1996). Similarly, in humans, both NIBS-
induced plasticity and practice-dependent plasticity are enhanced when GABAergic
inhibition is reduced (Ziemann ef al., 1998; Ziemann et al., 2001), and diminished when
inhibition is up-regulated by GABA receptor agonists (Butefisch et al., 2000; Ziemann et al.,
2001; McDonnell et al., 2007). Oscillatory activity in the alpha band is thought to reflect
pulsatile inhibition of neural activity (Jensen & Mazaheri, 2010; Mathewson et al., 2011),
and given the influence of inhibition on plasticity induction, we hypothesised that applying
c¢TBS bursts on different phases of the alpha rhythm would modulate the plasticity response.
Previous studies have shown evidence that tACS can be used for the specific entrainment of
endogenous cortical rthythms, inducing frequency-dependent effects on cortical processing
and excitability when applied to visual (Kanai er al., 2008; Kanai et al., 2010; Zaehle et al.,
2010; Helfrich et al., 2014; Striiber et al., 2014) and motor systems (Antal et al., 2008;
Pogosyan et al., 2009; Feurra et al., 2011; Brittain et al., 2013). Here, we show that 10 Hz
tACS modulates the plasticity response to cTBS in a phase-specific manner, promoting MEP
depression when bursts were time-locked to the troughs, but not peaks, of the exogenous

alpha rhythm.

Based on the perceived role of cortical inhibition in the generation of alpha oscillatory
activity, it seemed plausible that alpha band power would influence the plasticity response to
combined tACS-cTBS in the present study. However, no relationship was observed between
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baseline alpha power and the response to either Peak or Trough tACS-cTBS. It is possible
this was due to the simple bipolar electrode montage used for recording EEG in this study,
with neuronal activity from widespread cortical sources not limited to the targeted motor
cortical region contributing to spectral power in the alpha frequency band. This result is
consistent with a previous study of ours in which we were also unable to demonstrate a
relationship between baseline EEG power (measured with a similar bipolar montage) and the

plasticity response to cTBS (McAllister et al., 2011).

In contrast to baseline alpha power, having a higher peak alpha frequency was associated
with a greater plastic response to the Trough tACS-cTBS protocol. The peak frequency of
endogenous alpha also appeared to be an important determinant of the response to cTBS in
the Sham tACS condition, with those participants that responded with the expected decrease
in MEP amplitudes (i.e., cTBS ‘responders’) having a significantly lower peak alpha
frequency compared with those that showed the opposite response (i.e., cTBS ‘non-
responders’). Although the mechanisms underpinning this relationship are unclear, several
previous studies have observed functional differences between the lower and upper alpha
frequency bands. Higher alpha frequencies are associated with more task related and
topographically distinct cognitive processing compared with lower alpha, which is
topographically widespread and likely reflects non-task related attentional demands
(Klimesch et al., 1994; Klimesch et al., 1997a; Klimesch et al., 1997b; Doppelmayr et al.,
2002). A similar dissociation has been observed between the reactivity patterns of alpha
originating from sensorimotor cortical areas (mu rhythms) in response to movement
execution and motor imagery, with somatotopically focused desynchronisation of faster mu
rhythms that is specific to the movement performed/imagined (Pfurtscheller et al., 2000;

Pfurtscheller et al., 2006). Therefore, one possible explanation for our results is that the
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higher peak alpha frequencies observed in cTBS non-responders may represent high levels
of localised inhibition, whereas the lower alpha frequencies in cTBS responders may be

reflective of more generalised low-level inhibition.

Interactions between the peak frequency of endogenous cortical rhythms and the plasticity
response to cTBS have been investigated previously. Brownjohn et al. (2014) applied both
c¢TBS and the facilitatory intermittent TBS with inter-burst frequency individualised to the
dominant cortical rhythm, but were unable to demonstrate an improvement in response.
Contrary to our findings, these authors observed no association between TBS response and
the peak frequency of cortical rhythms recorded at baseline. While this may suggest that the
variable response to TBS is unrelated to the frequency of cortical oscillatory activity at the
time of stimulation, it should be noted that the influence of phase was not examined.
Furthermore, the dominant cortical rthythms observed in their study were predominately in
the theta frequency band, and therefore, the influence of IAF on the TBS response was not

tested.

It is unclear why non-responders to cTBS alone respond with stronger MEP depression to the
Trough tACS-cTBS protocol in the present study compared with cTBS responders. We
suggest two possible explanations: (1) the higher peak alpha frequencies observed in cTBS
non-responders may be more susceptible to entrainment by 10 Hz tACS, and (2) the non-
response to cTBS alone was due (in part) to high levels of localised cortical inhibition at the
time of stimulation, and thus timing bursts of magnetic stimuli to the trough of the imposed

alpha oscillation (that is, during periods when inhibition is presumably reduced) is more
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likely to promote plasticity induction in these participants. Based on the current data, we are

unable to speculate further on the underlying mechanisms for this effect.

While the enhanced neuroplasticity response following Trough tACS-cTBS could have been
the result of entrainment of endogenous alpha, an alternate explanation for our findings is the
potential influence of changing membrane potential on plasticity induction. It is possible that
c¢TBS-induced MEP depression was enhanced when bursts of stimuli were applied at the
trough of the tACS-imposed alpha oscillation because post-synaptic cell membranes were
hyperpolarised at the trough, potentially reducing the level of Ca** entry and thus favouring
the induction of LTD. Conversely, applying bursts of stimuli at the peak of the oscillation
(that is, during maximal depolarisation of membrane potentials) might increase the level of
Ca* entry, favouring LTP induction. Studies in both animal models and humans provide
some evidence consistent with this phase-dependent induction of LTP and LTD (Wespatat et
al., 2004; Cash et al., 2013). While we favour the alpha entrainment and pulsatile cortical
inhibition hypothesis as the most likely explanation for the current results, additional studies

would be necessary to provide additional support for the contribution of these mechanisms.

It should be noted that there are several limitations to this study. First, although the
classification of responders and non-responders to cTBS was based on criteria similar to that
used in previous studies investigating other plasticity-inducing NIBS protocols (Miiller-
Dahlhaus et al., 2008; Delvendahl et al., 2010; Delvendahl et al., 2012; Voytovych et al.,
2012; Hamada et al., 2013), this approach is somewhat arbitrary. While a cluster analysis

performed on a larger sample would have allowed a clearer and more accurate distinction
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between groups of participants, we were still able to show a significant difference between

groups with respect to both IAF at baseline as well as the plasticity response to tACS-cTBS.

Second, real cTBS was used for each experimental protocol in this study, and as a result we
cannot exclude the possibility that tACS alone is having a modulatory effect on MEP
amplitudes. We consider this unlikely, however, since tACS was only applied for very short
durations in this study (i.e., 40 s for the Peak and Trough protocols, and 0.3 s for the Sham
protocol), and it has previously been shown that 5 min of 10 Hz tACS produced no lasting
after-effects on MEP amplitudes when applied to the primary motor cortex (Antal ef al.,

2008).

Finally, while we propose that an entrainment of endogenous alpha is the likely mechanism
by which tACS influences the cTBS response, we have no direct evidence from the current
data to support this. Although the simultaneous recording of EEG during tACS is technically
challenging due to large artifacts, using a combination of artifact template subtraction and
principal component analysis, Helfrich et al. (2014) were recently able to demonstrate
entrainment of parietal-occipital alpha activity during a 10 Hz tACS protocol, with increases
in alpha power as well as phase- and frequency-specific synchronisation to the externally
applied stimulus. However, a much longer duration of stimulation was used by Helfrich et al.
(i-e., 20 min, compared with the 40-s protocol used here), and the minimum duration required
for entrainment to occur was not reported. Therefore, additional studies are required to
determine whether the 40-s duration of 10 Hz tACS is capable of entraining endogenous
alpha, and also, if this entrainment is causally related to the modulation of cTBS-induced

cortical plasticity. Additionally, because EEG was not recorded during the stimulation period,
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it is unclear what effect cTBS, either by itself or through interaction with tACS, might have
had on the power and/or phase of ongoing alpha. Indeed, it has previously been shown that
r'TMS protocols, including cTBS, can influence the power and phase of cortical oscillations
(Brignani et al., 2008; Fuggetta et al., 2008; Veniero et al., 2011; Noh et al., 2012).

Therefore, this will also need to be addressed in future work.

This study demonstrates for the first time that the plasticity response to a non-invasive brain
stimulation paradigm can be modulated in a phase-dependent manner when applied in
combination with tACS. Specifically, we showed that the LTD-like neuroplastic response to
c¢TBS (Huang et al., 2007) was enhanced when bursts of stimuli were delivered in-phase with
the trough, but not the peak, of an externally applied 10 Hz alpha oscillation. This LTD-like
plasticity enhancement was only observed in those participants classified as non-responders
to cTBS who, interestingly, exhibited a higher peak frequency of endogenous alpha at
baseline. While further work is required to better understand the underlying mechanisms for
this effect, these findings open up intriguing possibilities for both enhancing cTBS-induced
LTD-like plasticity in clinical settings, and pre-selecting those individuals likely to benefit

from combined tACS-cTBS based on their baseline EEG.
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Abbreviations

cTBS, continuous theta burst stimulation

EEG, electroencephalography

EMG, electromyography
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Figure legends

Figure 1. (A) Experimental design. Dark grey rectangles designate blocks of 15 MEP trials,
measured using single-pulse TMS. Intervention with tACS-cTBS included either Sham, Peak,
or Trough protocols, applied in all participants in three separate, counterbalanced sessions.
(B) Stimulation patterns used for the three tACS-cTBS protocols. tACS was applied with a
10 Hz sinusoidal wave with no DC offset at an intensity of 1 mA for either 300 ms (for
Sham) or 40 s (for Peak and Trough). Arrows indicate delivery of single magnetic stimuli
during the cTBS train. (C) Change in MEP amplitude (normalised to baseline) following the
Sham (open circles), Peak (grey upward triangles), and Trough (black downward triangles)
tACS-cTBS protocols. Data are the group mean (+ SEM) from 21 participants. P < 0.05

compared with Peak; *P < 0.05 compared with both Peak and Sham.
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Figure 2. Relationship between baseline EEG alpha power and frequency, and the tACS-
c¢TBS response for the Peak and Trough protocols (n = 19). The Peak and Trough tACS-
c¢TBS responses were measured for each participant by subtracting grand-averaged post-
intervention MEP amplitudes (normalised to baseline) from those recorded for the Sham
protocol. Thus, values > 0 indicate greater depression for Peak/Trough tACS-cTBS, relative
to Sham. (A) Average baseline alpha power (log-transformed) was not associated with either
the Peak or Trough tACS-cTBS response. (B) While there was no association between
individual peak alpha frequency (IAF) and the Peak tACS-cTBS response, participants with
higher IAF showed a greater Trough tACS-cTBS response. Regression analyses were

performed on data excluding outliers (open circles).

Figure 3. (A) Baseline spectral power differences between those participants that showed the
expected decrease in MEP amplitudes following c¢TBS in the Sham tACS condition
(‘responders’; black line), and those that showed either no change or an increase (‘non-
responders’; grey line). The inset shows the significant difference in individual peak alpha
frequency (IAF) between cTBS responders (R) and non-responders (NR) (#P < 0.05). Power
spectrums and IAF were averaged across the three experimental sessions for each participant.
Data represent group means (+ SEM) from the 19 participants with available EEG (n = 9
responders; n = 10 non-responders). (B) Change in MEP amplitude (normalised to baseline)
following the Sham (open circles), Peak (grey upward triangles), and Trough (black
downward triangles) tACS-cTBS protocols in responders (top) and non-responders (bottom).
Data are group means (+ SEM) from 21 participants (n = 11 responders; n = 10 non-

responders). *P < 0.05 compared with Sham; *P < 0.05 compared with both Peak and Sham.
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