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1 | INTRODUCTION

Abstract

Recent studies have highlighted variability in response to theta burst stimulation (TBS) in
humans. TBS paradigm was originally developed in rodents to mimic gamma bursts coupled with
theta rhythms, and was shown to elicit long-term potentiation. The protocol was subsequently
adapted for humans using standardised frequencies of stimulation. However, each individual has
different rhythmic firing pattern. The present study sought to explore whether individualised
intermittent TBS (Ind iTBS) could outperform the effects of two other iTBS variants.
Twenty healthy volunteers received iTBS over left prefrontal cortex using 30 Hz at 6 Hz, 50 Hz
at 5 Hz, or individualised frequency in separate sessions. Ind iTBS was determined using theta-
gamma coupling during the 3-back task. Concurrent use of transcranial magnetic stimulation and
electroencephalography (TMS-EEG) was used to track changes in cortical plasticity. We also uti-
lised mood ratings using a visual analogue scale and assessed working memory via the 3-back
task before and after stimulation. No group-level effect was observed following either 30 or
50 Hz iTBS in TMS-EEG. Ind iTBS significantly increased the amplitude of the TMS-evoked P60,
and decreased N100 and P200 amplitudes. A significant positive correlation between neuro-
physiological change and change in mood rating was also observed. Improved accuracy in the
3-back task was observed following both 50 Hz and Ind iTBS conditions. These findings highlight
the critical importance of frequency in the parameter space of iTBS. Tailored stimulation parame-
ters appear more efficacious than standard paradigms in neurophysiological and mood changes.

This novel approach presents a promising option and benefits may extend to clinical applications.
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potentiation (LTP) in the hippocampal slices (Larson, Wong, & Lynch,

1986). This patterned stimulation protocol was adapted in humans

Theta burst stimulation (TBS) is a modified form of repetitive transcra-
nial magnetic stimulation (rTMS) which is able to modulate brain activ-
ity beyond the time of stimulation in humans (Huang, Edwards,
Rounis, Bhatia, & Rothwell, 2005). TBS was originally developed from
the observation of patterned neuronal firing that occurred in rats dur-
ing exploratory behaviour (Larson & Munkacsy, 2015). The stimulation
pattern mimicking such bursts of neuronal firing, that is, the combina-
tion of the complex-spike pattern (gamma frequency at 100 Hz) with

a theta frequency (~5 Hz) repetition rate, resulted in robust long-term

using similar frequency parameters to animal models and has been
widely used for over a decade. Typically, TBS in humans involves the
application of high-frequency bursts (3 pulses at 50 Hz) at low-
frequency interval (5 Hz) using a total of 600 pulses at 70-80% of
active/resting motor threshold (a/rMT). When applied continuously
(cTBS) for 40 s, TBS has shown to decrease corticospinal excitability
measured via motor-evoked potentials (MEPs) for up to 60 min. When
applied intermittently (iTBS; 2 s on, 8 s off) for 192 s, an opposite
effect was observed up to 30 min (Huang et al., 2005).
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Despite early reports of robust changes in the size of MEPs
beyond the stimulation duration (Di Lazzaro et al., 2008; Huang et al.,
2005), studies of TBS have shown large variability in recent years.
Studies with larger sample sizes have shown no overall effects of TBS
(Hamada, Murase, Hasan, Balaratnam, & Rothwell, 2013; Lopez-
Alonso, Cheeran, Rio-Rodriguez, & Fernandez-Del-Olmo, 2014), and a
recent meta-analysis has found evidence that the effect sizes in the
literature may be overestimated (Chung, Hill, Rogasch, Hoy, & Fitzger-
ald, 2016). One possible reason for the large variability in responses
to TBS may be due to the direct adaptation of the method used in the
animal studies. The peak frequency of theta oscillations not only dif-
fers between rodents and humans (Jacobs, 2014; Watrous et al.,
2013), but also between subjects and within subjects at different time
points (Klimesch, Doppelmayr, Russegger, & Pachinger, 1996). Some
studies have modified the frequency of TBS and found more robust
effects in the motor region (Goldsworthy, Pitcher, & Ridding, 2012)
and frontal eye fields (FEF) (Nyffeler et al., 2006a, b). While it remains
unknown which frequency is responsible for the enhanced outcome,
targeting the centre frequency of the intrinsic rhythm, that is, 6 Hz in
theta waves (4-8 Hz), may have played an important role. More
recently, Brownjohn, Reynolds, Matheson, Fox, and Shemmell (2014)
investigated whether applying TBS at individual theta peak would
result in larger effects in the motor cortex, however, improved effects
were not obtained compared with conventional TBS. It is possible that
the interaction between modulating (theta) and modulated (gamma)
signals is more important for improving the effect of TBS. The rela-
tionship between theta and gamma, also known as theta-gamma cou-
pling (TGC), plays a key role in cognitive processing and
communication between brain regions (Lisman, 2010; Lisman & Jen-
sen, 2013; Schack, Vath, Petsche, Geissler, & Moller, 2002; Tort,
Komorowski, Manns, Kopell, & Eichenbaum, 2009). In humans, TGC
has been observed during working memory tasks in hippocampal
intracranial (Chaieb et al., 2015) and electroencephalography (EEG)
recordings (Friese et al., 2013; Koster, Friese, Schone, Trujillo-Bar-
reto, & Gruber, 2014; Park, Jhung, Lee, & An, 2013). Given that the
theta-gamma relationship is variable between subjects, TGC may hold
the key to improving the effects of TBS using more physiologically
derived parameters.

The optimisation of TBS by tailoring the protocol at individual
level would have potential clinical importance as TBS is increasingly
being investigated as an alternative to conventional rTMS in various
clinical populations due to its short application time and low intensity
requirement (Desmyter et al., 2016; Prasser et al., 2015; Turriziani
et al.,, 2012). The variability in neurophysiological and behavioural out-
comes present therapeutic limitations, an obstacle that needs to be
addressed. In particular, research should address this issue by examin-
ing clinically relevant areas such as the prefrontal cortex, the focus of
investigation for psychiatric and cognitive disorders.

Advances in technology have facilitated the measurement of plastic
changes following neuromodulation in non-motor regions using concur-
rent recording of TMS and EEG (TMS-EEG) (Casula, Pellicciari, Ponzo,
et al, 2016b; Chung et al., 2017; Chung, Rogasch, Hoy, & Fitzgerald,
2015; Hill, Rogasch, Fitzgerald, & Hoy, 2017). Measuring TMS-evoked
responses before and after neuromodulatory paradigms provides a met-

ric of neural plasticity at the cortical level. For instance, a positive peak

at a latency of 60 ms (P60) may provide a marker of excitability in
motor and prefrontal regions (Cash, Noda, et al., 2017c; Hill et al,,
2017), whereas a negative peak at a latency of 100 ms (N100) may be
associated with GABAg-mediated inhibitory mechanisms [in motor
regions (Bonnard, Spieser, Meziane, de Graaf, & Pailhous, 2009; Pre-
moli, Rivolta, et al., 2014b; Rogasch, Daskalakis, & Fitzgerald, 2013a); in
prefrontal regions (Chung et al., 2017; Rogasch, Daskalakis, & Fitzger-
ald, 2015)], and these two peaks have been the most consistent
neuromodulatory-mediated effects observed in recent literature using
prefrontal TMS-EEG (Casula, Pellicciari, Picazio, Caltagirone, & Koch,
2016a; Chung, Rogasch, Hoy, Sullivan, et al., 2018b; Hill et al., 2017).
Consequently, the balance in the relationship between the P60 and
N100 has been proposed to relate to the balance of neural excitation
and inhibition in humans (Noda, Zomorrodi, Cash, et al., 2017d), which
is a quintessential property of neural function, and its importance in
modulating behavioural function has been demonstrated in animal
(Yizhar et al., 2011) and human studies (Lisman, 2012).

Increased interest in prefrontal application of TBS has also led to
the investigation of associated cognitive processes. Evidence suggests
TBS over the prefrontal cortex may also modulate executive function-
ing in healthy individuals (Cho et al., 2010; Verbruggen, Aron, Ste-
vens, & Chambers, 2010; Viejo-Sobera et al., 2017). iTBS to the left
prefrontal cortex has been shown to improve n-back task perfor-
mances (Hoy et al., 2016; Viejo-Sobera et al., 2017), while cTBS had
the opposite effect (Lee & D'Esposito, 2012; Schicktanz et al., 2015;
Viejo-Sobera et al.,, 2017). Furthermore, a recent meta-analysis has
demonstrated that the effectiveness of iTBS may be task-dependent
and most reliable effects were observed in working memory para-
digms (Lowe, Manocchio, Safati, & Hall, 2018). Therefore, it is plausi-
ble that the after-effects of prefrontal iTBS can be quantified via
modulation of n-back task performance.

In the present study, we investigated the effects of different fre-
quencies of iTBS (30 Hz at 6 Hz, 50 Hz at 5 Hz, and individualised fre-
quency) on neurophysiological measures using TMS-EEG over the left
prefrontal cortex. We also measured mood on a visual analogue scale
(VAS) and working memory performance via 3-back task following
iTBS to investigate relationship between the neurobiological effects
of iTBS and the change in behaviour. Due to the implications of P60
and N100 in cortical plasticity mentioned above and the frequent
observation of the change in the amplitude of these peaks following
neuromodulatory paradigms over the left prefrontal cortex (Chung,
Rogasch, Hoy, Sullivan, et al., 2018b; Hill et al., 2017; Noda, Zomor-
rodi, Backhouse, et al., 2017c), we hypothesised that individualised
iTBS would produce the strongest change in these components. We
also anticipated 30 Hz iTBS to be superior to 50 Hz stimulation given
the robustness seen in the motor cortex study (Chung et al., 2016;
Goldsworthy et al., 2012).

2 | MATERIAL AND METHODS

2.1 | Participants

Twenty right-handed healthy subjects (26.0 &+ 9.2 years, 13 female)

volunteered in the study. The average years of education were



CHUNG ET AL

0 | WILEY

16.5 + 3.0 years. All participants were screened with Mini Interna-
tional Neuropsychiatric Interview to confirm no history of psychiatric
iliness (Sheehan et al., 1998). Participants reported no history of neu-
rological illness or brain injury, were non-smokers and free of psycho-
active drugs including over-the-counter medications. Participants had
also refrained from consumption of caffeinated drinks and alcohol for
at least 24 hr prior to the experiment. Apart from two subjects, the
time of day of the experiments (morning/afternoon) was kept con-
stant across sessions. Written informed consent was obtained from all
study participants. Ethics approval for the study was obtained from
the Alfred Hospital and Monash University Human Research and

Ethics Committee.

2.2 | Procedure

Figure 1 depicts the overview of the experimental design. Each partic-
ipant attended three sessions (pseudorandomised) with each session
at least 72 hr apart to avoid any potential carry-over effects. The
experimental procedures comprised concurrent recording of EEG dur-
ing 75 single TMS pulses at baseline (BL), 5-min post (T5) and 30-min
post (T30) iTBS over the left prefrontal cortex. Volunteers received
iTBS at varying frequency; either (1) 30 Hz bursts repeated at 6 Hz
(30 Hz iTBS), (2) 50 Hz bursts repeated at 5 Hz (50 Hz iTBS) or
(3) individualised frequency (Ind iTBS) in each session. Subjects also
performed the 3-back working memory task at BL, 20-min post (T20)
and 45-min post (T45) iTBS while EEG was recording. Participants
rated their current mood on visual analogue scales (VAS) at BL and
60-min post (T60) iTBS. During the resting period at BL, theta-gamma
coupling (TGC) from the EEG data during the 3-back task was ana-
lysed off-line to determine individualised iTBS stimulation frequencies
(see below for details).

2.3 | EEG recordings

EEG recordings were obtained from 50 TMS-compatible Ag/AgCl
electrodes on a 64-channel EEG cap (FP1, FP2, AF3, AF4, F7, F5, F3,

(a)

F1, Fz, F2, F4, F6, F8, FC5, FC3, FC1, FCz, FC2, FC4, FC6, T7, C5, C3,
C1, Cz, C2,C4, Cé6, T8, CP5, CP3, CP1, CP2, CP4, CP6, P7, P5, P3, P1,
Pz, P2, P4, P6, P8, PO3, POz, PO4, 01, Oz, 02) via Synamps? ampli-
fier onto Neuroscan Acquire software (Compumedics, Melbourne,
Australia). Electrodes were on-line referenced to CPz and grounded to
FPz. For TMS-EEG recordings, EEG signals were amplified (1,000x)
and low-pass filtered (DC—2,000 Hz) with a high acquisition rate of
10,000 Hz using a large operating window (+200 mV). For EEG
recordings during the 3-back task, EEG signals were filtered
(0.05-200 Hz) and sampled at 1,000 Hz with an operating range of
+950 uV. During TMS-EEG recordings, participants listened to white
noise through intra-auricular earphones (Etymotic Research, ER3-14A,
USA) to limit the contamination of the EEG signals produced by the
TMS click sound (Nikouline, Ruohonen, & limoniemi, 1999; Rogasch
et al., 2014). The sound level was adjusted individually until single
TMS pulses at 120% rMT were adequately blocked.

2.4 | Transcranial magnetic stimulation

Both single-pulse TMS and iTBS were delivered using a figure-of-eight
MagVenture B-65 fluid-cooled coil (MagVenture A/S, Denmark) in a
biphasic mode. Stimuli were applied to the left hemisphere with the
coil positioned at 45° angle relative to midline (handle pointing poste-
rior). The EEG cap was applied first, and then the resting motor
threshold (rMT) was determined (i.e., by applying TMS over the cap)
as the minimum stimulus intensity required to elicit at least three out
of six motor evoked potentials (MEPs) >0.05 mV in amplitude
(Conforto, Z'Graggen, Kohl, Rosler, & Kaelin-Lang, 2004) in the
relaxed first dorsal interosseous muscles. Prefrontal TMS was adminis-
tered over F1 electrode as previously described (Chung, Rogasch,
Hoy, & Fitzgerald, 2018a; Chung, Rogasch, Hoy, Sullivan, et al.,
2018b). This electrode sits over the superior frontal gyrus (BA 6,
8 and 9) (Koessler et al., 2009) which is part of left dorsolateral pre-
frontal cortex (DLPFC). The edge of the coil was marked on the cap
for consistent re-positioning of the coil. This has shown accuracy to

within 5 mm when neuronavigation is not available (Rogasch,

BL BL BL iTBS T5 T20 T30 T45 T60
Resting / 30/6 Hz Resting /
TMS-EEG 8-backtask+| | Mood Rating 5015 Hz TMS-EEG 3-back task TMS-EEG 3-back task esting
(75 single pulses) EEG (+ TG C) Ind Fiz (75 single pulses) (75 single pulses) Mood Rating
0 10 15 20 35 40 45 55 60 65 70 80 85 90 100 (min)
(b) Target (C)
Probe |
| Sad Moderate Happy
L ]
| 1
500 0 100
1500 | S0 1500 800 T (ms)
500 (100 mm)

FIGURE1 Schematic diagram of the experimental design of the study. (a) Combined transcranial magnetic stimulation and
electroencephalography (TMS-EEG), 3-back task and mood rating were completed at baseline (BL). Theta-gamma coupling (TGC) was analysed
off-line using the EEG data from the 3-back task. Intermittent theta burst stimulation (iTBS) was administered at one of three frequency patterns
(30 Hz every 6 Hz, 50 Hz every 5 Hz and individualised Hz). TMS-EEG was repeated at T5 and T30, the 3-back task at T20 and T45 and mood
rating at T60. (b) An example of a correctly responded trial for the 3-back task. Subjects were instructed to remember each stimulus and respond
with a button press when the presented letter corresponded to the one that appeared 3 letters before. (c) Visual analogue scale (VAS) rating.
Subjects drew a line on a 100 mm VAS to indicate their current mood, from sad (0) to happy (100)
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Thomson, Daskalakis, & Fitzgerald, 2013b). The TMS coil was hand-
held, and a thin plastic template was mounted on the EEG cap to
ensure 45° angle and tangential placement of coil and to further
improve the consistency within and between sessions (Supporting
Information Material, Section S1). Subjects received 75 single pulses
(5 s interval &= 10% jitter) to the left prefrontal cortex at 120% rMT
before and after different iTBS conditions; (1) 30 Hz bursts repeated
at 6 Hz (Goldsworthy et al., 2012), (2) 50 Hz bursts repeated at 5 Hz
(Huang et al., 2005), (3) individualised frequency. Each iTBS block con-
sisted of a burst of 3 pulses repeated 10 times with an 8 s break for a
total of 600 pulses. The intensity of stimulation was adjusted to 75%
of individuals’ rMT. This intensity was selected as our previous study
demonstrated more robust cortical effects following iTBS compared
with 50% or 100% rMT (Chung, Rogasch, Hoy, Sullivan, et al., 2018b).
The average intensity for each condition was as follows (mean + SD):
30 Hz iTBS =51.6 £ 6.5%; 50Hz iTBS =516+ 6.4%; Ind
iTBS = 51.6 + 6.4%.

2.5 | Working memory task

Each participant performed 5 min of the 3-back task before (BL) and
after (T20 and T45) iTBS. A randomised series of white letters (A-J)
were presented consecutively on a black screen for 500 ms followed
by 1,500 ms of a blank screen. Participants were instructed to remem-
ber each stimulus and press a button when the presented letter corre-
sponded to the one that appeared three letters earlier (3-back)
(Figure 1b). The task contained 25% target trials out of 130 letters in
total. Working memory performance was evaluated using the d prime
sensitivity (d’; z-transformed values of hit-rate minus false-alarm rate)

and accurate reaction time (Haatveit et al., 2010).

2.6 | Mood rating

The mood rating was assessed via self-rated visual analogue scale
(VAS) (Ahearn, 1997), which has been used to evaluate the mood state
in both clinical (Le-Niculescu et al., 2009) and healthy populations
(Robinson, Cools, Crockett, & Sahakian, 2010; Robinson & Sahakian,
2009). Subjects drew a line on a 100 mm VAS to indicate their current
mood compared with saddest subject has ever felt (0) and happiest
subject has ever felt (100) (Figure 1c).

2.7 | Manipulation of the pulse intervals

For a flexible and rapid manipulation of pulse intervals for iTBS, the
Arduino open-source microcontroller platform was used (https://
www.arduino.cc/). The Arduino is an inexpensive, low-level microcon-
troller which has an excellent temporal resolution owing to its prop-
erty of bypassing the hardware and software environments of modern
operating systems (D'Ausilio, 2012). Several studies have shown that
the Arduino is able to measure signals with less than 1 ms variability
(D'Ausilio, 2012; Schubert, D'Ausilio, & Canto, 2013; Schultz & van
Vugt, 2016), making it an ideal low-cost lab equipment. A customised
script allowed for an instantaneous manipulation of pulses at desired
theta and gamma frequencies. This process reduced the waiting

period for the manual programming of MagVenture machine and
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ensured subject blinding and consistent procedural steps across differ-
ent conditions. A comparison example between the MagVenture and
Arduino programmed stimuli (50 Hz iTBS) can be found in the Sup-
porting Information Material, which shows no difference between the
two techniques in TBS trigger timing, Figure S2.

2.8 | Selection of individualised frequencies of iTBS
based on theta-gamma coupling

The individualised frequency for Ind iTBS was determined by the
phase-amplitude cross-frequency coupling (PAC) between frontal
theta (phase) and parietal gamma (amplitude) oscillations during the
3-back task. The rationale for using working memory task EEG rather
than resting EEG for the individualisation was: (1) to mimic the original
TBS study in mice where the stimulation protocol was derived from
the patterns of neuronal firing which occurred during learning or
exploratory behaviour (Larson et al., 1986); (2) to minimise the vari-
ance of individuals' state by actively engaging in the same task for
each subject, in contrast to resting EEG recordings during which par-
ticipants could be performing a wide variety of neural functions and
(3) the implication of theta-gamma coupling in working memory which
may serve as a biomarker of behavioural performance (Axmacher
et al,, 2010; Park et al., 2013; Tamura, Spellman, Rosen, Gogos, & Gor-
don, 2017; Tort et al., 2009).

Detailed information on individualisation procedure can be found
in Supporting Information Material, Section S3. Briefly, 10 correct tri-
als were selected by randomly ordering the epochs and using the first
10 epochs after shuffling for TGC (45 s in length; Figure 2a). The raw
signals were filtered at the respective frequencies; 3-9 Hz for theta
(Fz electrode) and 20-70 Hz for gamma (Pz electrode). Data were
subjected to Hilbert transform and theta-filtered gamma amplitude
envelope was then extracted prior to PAC estimation (Figure 2b).
Phase-amplitude coupling between theta and gamma was calculated
using a general linear model (GLM) (Penny, Duzel, Miller, & Ojemann,
2008) and performed at every filter step to produce a comodulogram
matrix. The peak of the comodulogram matrix was used to infer the
specific frequencies within the theta (4-8 Hz) and gamma (30-60 Hz)
bands at which the highest coupling occurred, yielding individual theta
and gamma frequencies for iTBS (Figure 2c shows examples from two
participants, maximum value indicated by black asterisks). Participants’
individualised frequency of stimulation are plotted in Figure 2d, with
an average of gamma frequency at 41.90 + 7.7 Hz and theta fre-
quency at 5.97 + 1.0 Hz. This procedure was performed for every
condition to be consistent across different sessions and thereby mini-

mising any potential differences in total duration of the experiment.

29 |

TMS-EEG data were analysed offline using EEGLAB (Delorme &
Makeig, 2004), TESA (Rogasch et al., 2017), FieldTrip (Oostenveld,
Fries, Maris, & Schoffelen, 2011) toolboxes and custom scripts within
the MATLAB platform (R2015b, The MathWorks, USA). Preprocessing
steps of EEG data followed previous description (Chung et al., 2017).
Data were epoched around the TMS pulse (-1,000 to 1,000 ms),

baseline corrected (—500 to —50 ms) and the large magnetic pulses

EEG data preprocessing
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FIGURE 2 Procedures involved in the selection of the individualised frequency of iTBS. (a) Ten random correct trials selected for theta-gamma
coupling (TGC). Only data from the maintenance period of each epoch (red asterisks) were included in the calculation to avoid spurious coupling
resulting from the visual-evoked response and edge effects. (b) Raw data from Fz electrode was chosen as the modulating frequency (theta), and
Pz electrode as the modulated frequency (gamma). Data were filtered (adaptive) in the frequency range in multiple steps and Hilbert transform
was applied to obtain phase (theta) and amplitude (gamma). Theta-filtered gamma amplitude envelope was extracted prior to phase-amplitude
coupling estimation using general linear model. (c) Comodulogram illustrated for two subjects (S04 and S12). Peak was detected using the
maximum value in the frequency ranges of interest (4-8 Hz for theta, 30-60 Hz for gamma). (d) Values used for individualised iTBS in blue
triangle, 50 Hz iTBS in red rectangle, and 30 Hz iTBS in green circle [Color figure can be viewed at wileyonlinelibrary.com]

were removed and interpolated (-5 to 15 ms). The epoched data
were concatenated across three time points (BL, T5 and T30) to avoid
bias in component rejection from the independent component analy-
sis (ICA). Data were downsampled to 1,000 Hz and manual inspection
was performed to remove epochs containing excessive noise
(i.e., burst of muscle activity) and/or disconnected electrodes. The
average number of epochs included in the analyses for each condition
was as follows (mean + SD): 30 Hz iTBS = 73.0 + 3.2; 50 Hz iTBS =
724 + 3.6; Ind iTBS = 73.5 + 2.1. Two rounds of ICA (FastICA,
“tanh” contrast) were performed for the artefact rejection using semi-
automated component classification algorithm (tesa_compselect func-
tion; Rogasch et al., 2017). The first ICA was used to remove the
remaining tail of TMS-evoked muscle artefacts (Rogasch et al., 2014)
which was identified if the component time course was eight times
larger than the mean absolute amplitude across the entire time course.
All data were band-pass (Butterworth, second-order, zero-phase,
1-80 Hz) and band-stop filtered (line noise removal, 49-51 Hz), and
epochs were visually inspected again to remove any anomalous activ-
ity in the EEG data. The second round of ICA was performed to
remove other non-neural artefacts including eye blinks and saccadic

movement (mean absolute z score of two frontal electrodes FP1 and

FP2 > 2.5), persistent muscle activity (high frequency power >60% of
total power), decay artefact and electrode noises (absolute z score of
an electrode[s] > 4). Removed channels were interpolated and FP1
and FP2 were removed from all the datasets as these channels were
generally contaminated by artefacts. Finally, data were re-referenced
to common average and were segregated into original time point
blocks (BL, T5 and T30) and epochs averaged.

For the EEG data during the 3-back task, continuous EEG data
were band-pass (Butterworth, second-order, zero-phase, 0.1-80 Hz)
and band-stop (49-51 Hz) filtered. Data were then epoched around
the correctly responded trial (—7,000 to 1,000 ms) which contained a
correct probe (e.g., first “H” in Figure 2a), correct holds (correctly not
responded; e.g., “D” and “E” in Figure 2a) and a correct response
(e.g., “H” with an arrow above in Figure 2a). This epoch was chosen
for having all sequence of items leading to a correct response. Data
were baseline corrected to the entire trial, visually inspected to
remove any epochs containing a burst of muscle activity and under-
went one round of ICA. The same component rejection was per-
formed as the second round of ICA of TMS-EEG data. Any removed
channels were then interpolated, FP1 and FP2 removed as mentioned

above, and data were re-referenced to common average.
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2.10 | TMS-evoked potentials

Graphical representation of the waveforms was produced using the
average of three fronto-central electrodes (FC1, FCz and FC2) for the
close proximity of the stimulation site (F1 electrode), while F1 was
omitted to avoid introducing TMS coil contact related noise to the
waveform (Rogasch, Daskalakis, et al., 2013a). Statistical analyses
were conducted on TMS-evoked potentials (TEPs) using cluster-based
permutation tests at a global scalp level. Comparisons were made
using the averaged amplitude values of pre-defined time windows for
the peaks of interest; N45 (40-55 ms), P60 (55-85 ms), N100
(95-135 ms) and P200 (160-240 ms). These peaks are commonly
observed following prefrontal stimulation (Chung et al., 2017; Hill
et al., 2017; Rogasch et al., 2014). Extraction of TEP values (for graphi-
cal representation and statistical/correlational analyses) was per-
formed using the averaged signal &5 ms of maximum (for positive
peaks) and minimum (for negative peaks) values within the range win-
dow as above, consistent with previous studies (Chung et al., 2017,
Hill et al., 2017; Opie, Rogasch, Goldsworthy, Ridding, & Semmler,
2017). Studies have conducted correlational analyses between the
modulations of TEPs and behaviour in attempts to better characterise
neural processes involved in behavioural changes (Noda, Barr, Zomor-
rodi, Cash, Farzan, et al.,, 2017a; Rogasch, Daskalakis, et al., 2013a).
The balance between excitation and inhibition may be more critical to
neural function and behaviour than either neural excitability or inhibi-
tion alone (Bonansco & Fuenzalida, 2016; Cash, Udupa, et al., 2017d;
Meunier, Chameau, & Fossier, 2017; Turrigiano, 2011), and evidence
suggests TBS may have an influence in this regulatory property in ani-
mal (Moreau, Amar, Callebert, & Fossier, 2013) and humans (Chung,
Rogasch, Hoy, Sullivan, et al.,, 2018b; Hoy et al., 2016; Legon et al.,
2016). Therefore, exploratory analyses were performed regarding the
relationship between iTBS-induced change in P60 and N100 ampli-
tudes in order to examine whether significant differences in any of
the iTBS conditions could reflect altered inhibitory/excitatory bal-
ances (Noda, Zomorrodi, Cash, et al., 2017d).

2.11 | Source estimation

All estimation of the cortical source was performed using Brainstorm
(Tadel, Baillet, Mosher, Pantazis, & Leahy, 2011) which is documented
and freely available for download online under the GNU general pub-
lic licence (http://neuroimage.usc.edu/brainstorm/). Individual mag-
netic resonance imaging scans were unavailable, and hence EEG data
were co-registered with the template model (ICBM 152). The forward
model used the Symmetric Boundary Element Method implemented
in OpenMEEG software (Gramfort, Papadopoulo, Olivi, & Clerc, 2010)
and the inverse model used the computation of minimum norm esti-
mations (MNEs) with dipole orientations constrained to be normal to
the cortex (Lin, Belliveau, Dale, & Hamalainen, 2006). Differences in

estimation were calculated using absolute subtraction.

2.12 | Statistical analyses

All statistical analyses were performed in SPSS (IBM Corp, Armonk,
NY; Version 22), MATLAB, and FieldTrip. Analyses of TEPs were con-

ducted using non-parametric cluster-based permutation statistics

which provides a model-free method that does not run the risk of vio-
lating the assumptions of parametric tests and is an effective method
of controlling for multiple comparisons across space (EEG channels)
and time (Oostenveld et al., 2011). It is therefore commonly used in
the analysis of TMS-EEG, EEG, MEG and MRI research (Casula, Pellic-
ciari, Ponzo, et al., 2016b; Maris and Oostenveld, 2007; Opie et al.,
2017; Premoli et al., 2017). Comparisons were first made across time
point for each iTBS condition (within-comparison; between BL and
T5/T30). Between-condition comparisons were performed using
change-from-baseline scores (post-pre; A). Monte Carlo p-values
were calculated on 2,500 random permutations and clusters were
defined as more than two neighbouring electrodes with a p-value of
<.05, controlling for multiple comparisons across space (p < .025;
two-tailed test).

For mood rating, one-way repeated measure analysis of variance
(ANOVAs) were computed between conditions using A values (post-
pre). For the 3-back task, two-way repeated measure analysis of
variance (ANOVAs) was used to investigate working memory perfor-
mance 3 [stimulation conditions (30 Hz, 50 Hz, and Ind iTBS)] x
3 [time (BL, T20 and T45)]. Post-hoc pairwise comparisons were per-
formed using Bonferroni corrections to further explore the significant
main effects, while significant interactions were examined using one-
way ANOVAs and paired t-tests.

For variability and correlational analyses, data were extracted
from the average of six prefrontal electrodes (F1, Fz, F2, FC1, FCz and
FC2). The TEP peaks were detected within the pre-defined time win-
dow as stated in Section 2.10 [N45 (40-55 ms), P60 (55-85 ms),
N100 (95-135 ms) and P200 (160-240 ms)] and the amplitude was
calculated by averaging the signal between +5 ms of the selected
peak latency as previously described (Chung et al., 2017). Pearson’s
correlations were used to examine the relationship between the
change in physiological measures (e.g., A N100) and the change in
behavioural outcome (e.g., A mood). The ratio between A N100 and A
P60 resulted in extreme outliers. The data were tested for normality
(Shapiro-Wilk test) and outliers were winsorised by setting extreme
values to the corresponding adjacent 5th and 95th percentile value
(Wilcox, 1997).

Post-hoc power analyses were performed to determine if the cur-
rent study had enough power to detect the differences between con-
ditions using G*Power (Version 3.1) software (Faul, Erdfelder, Lang, &
Buchner, 2007), which calculates the power (1 - f) as a function of «
(0.05), the population effect size and the sample sizes (Cohen, 1988).
G*power is a freely available software, and the details of the equa-
tions, tutorials and examples are available in the literature (Faul, Erd-
felder, Buchner, & Lang, 2009; Faul et al., 2007) and online (http://
www.gpower.hhu.de/). In addition, post-hoc Bayesian analysis was
conducted to provide a more precise probability estimate of the
results. Bayesian methods use prior probability distribution and the
likelihood of the data to produce a posterior probability distribution
(Dienes, 2016). The use of p-value null-hypothesis significance testing
potentially portrays a binary view of statistical inference in which an
observed effect is either real or the null hypothesis must be true
(Stern, 2016). The Bayesian approach has the advantage in that it
determines the likelihood of the observed data under each hypothesis

from an equal perspective, and the statistical evidence can be more


http://neuroimage.usc.edu/brainstorm/
http://www.gpower.hhu.de/
http://www.gpower.hhu.de/

CHUNG ET AL.

84 | WILEY

meaningfully quantified via Bayes factor (Biel & Friedrich, 2018;
Wagenmakers, 2007). The Bayesian analyses were conducted using
JASP (Version 0.8.6.0) software (Wagenmakers, Love, et al., 2018a),
an open-source project that is freely available online (https://jasp-
stats.org/). Bayes' rule is used to determine the Bayes factor, which is
the change from prior to posterior odds inferred by the data
(Wagenmakers, Marsman, et al., 2018b). Details of the equation, tuto-
rials and examples can be found in the literature (Wagenmakers, Love,
et al., 2018a; Wagenmakers, Marsman, et al., 2018b) and online.

3 | RESULTS

31 |

Single-pulse TMS over left prefrontal cortex resulted in a series of
negative and positive peaks including N45, P60, N100 and P200
(Figure 3a). Consistent with other TMS-EEG studies in the prefrontal
cortex (Chung et al., 2017; Hill et al., 2017; Rogasch et al., 2014), each
peak showed a distinctive pattern in scalp topography (Figure 3b) and

Baseline single-pulse TMS

source estimation (Figure 3c).

3.2 | Plastic effects of iTBS on TEPs

We first performed comparisons on the amplitude of TEPs between
stimulation conditions at BL, and found no significant differences (all
p > .025; two-tailed test). We next assessed the iTBS-induced effects
on the amplitude of TEPs within each stimulation condition over time
(T5 vs. BL and T30 vs. BL). Testing for an effect in each peak of inter-
est in pre-defined latency range (refer to Section 2.10), the cluster-
based permutation tests revealed no significant differences between
baseline (BL) and any of post-iTBS (T5 and T30) following both 30 Hz
(Figure 4a) and 50 Hz (Figure 4b) iTBS at any peak (all p > .025).

However, Ind iTBS showed significant differences between BL and
T5 for the P60 (increase, p = .021, frontal), N100 (decrease, p = .014,
fronto-central) and P200 (decrease, p = .012, fronto-central; p = .009,
posterior), and between T30 and BL for the P60 (increase, p = .020, pos-
terior) and N100 (decrease, p = .008, fronto-central) (Figure 4c).

Examination of the response to each iTBS condition in TEPs dem-
onstrated large inter-individual variability following both 30 and
50 Hz iTBS (see Table 1). More in-depth exploration of inter-
individual variability can be found in Supporting Information Material,
Section S5.

We next conducted across-condition comparisons using the
change-from-baseline scores (A) obtained from subtracting pre-signals
(BL) from post-signals (T5 and T30). We found that A P60 was signifi-
cantly larger following Ind iTBS compared with 30 Hz iTBS at T30
(p = .018, frontal) (Figure 5a), and compared with 50 Hz iTBS at T5
(p = .021, frontal; p = .015, posterior) and T30 (p = .022, posterior)
(Figure 5b). Source estimation of P60 largely corroborated the results
of the sensor-level analysis whereby Ind iTBS showed increased cur-
rent density at the site of stimulation while minimal changes were
seen following 30 Hz or 50 Hz iTBS (Figure 5c). iTBS-induced change
in other peaks (A N45, A N100 and A P200) yielded in no significant

differences in these comparisons (all p >.025). In addition, no
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FIGURE 3 Transcranial magnetic stimulation (TMS)-evoked potentials
following single-pulse TMS over left prefrontal cortex (F1 electrode)
before the application of theta burst stimulation. Data were combined
across three different stimulation conditions at baseline. (a) Butterfly
plot of all electrodes with peaks of interest indicated in the text. The
waveform in red line is formed using the average of three fronto-
central electrodes (FC1, FCz, FC2) for graphical representation of
prefrontal activity. Topographical distribution of (b) voltage and

(c) source activity (minimum norm estimates (MNEs)) at the level of
cortex for each peak. “X” on topoplots indicate stimulation site

(F1 electrode) [Color figure can be viewed at wileyonlinelibrary.com]

significant differences in iTBS-induced change were found between
30 and 50 Hz iTBS in any peak at any time point (all p > .025).

To validate the statistical method used for the comparison of
TEPs in this study (nonparametric cluster-based permutation statis-
tics), 3 (iTBS condition) x 3 (time) repeated measures ANOVA was
performed using the data extracted from 6 frontal electrodes (F1, Fz,
F2, FC1, FCz and FC2) as described in Section 2.12. The results cor-
roborated the outcomes following cluster-based statistics (Supporting

Information Materials, Section S9).

3.3 | Effects of iTBS on the relationship between
P60 and N100

Previous research has demonstrated relationship between P60 and
N100 (Noda, Zomorrodi, Cash, et al., 2017d). We explored whether
there was an association in changes in the amplitude of these peaks
following iTBS. For this analysis, electrodes were chosen to ensure
that changes in P60 and N100 were captured across individuals and
comprised F1, Fz, F2, FC1, FCz and FC2 electrodes. While Pearson’s
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FIGURE4 Assessment of transcranial magnetic stimulation (TMS)-evoked potentials (TEPs) following different intermittent theta burst
stimulation (iTBS) conditions (a: 30 Hz iTBS, b: 50 Hz iTBS, c: Ind iTBS). Grand average TEP waveforms at baseline (BL: Blue), 5-min post (T5:
Red) and 30-min post (T30: Green) using 3 fronto-central electrodes (FC1, FCz and FC2). Topoplots represent t-values for comparison between
time points. Asterisks and “X”s on scalp maps indicate significant sensors between comparisons (cluster-based statistics, *p < .01, Xp < .025). For
visualisation purposes, asterisks have been added to the TEP plots at deflections that were found to be significant in the cluster-based statistics

[Color figure can be viewed at wileyonlinelibrary.com]

TABLE1 Percentage of subjects in which TEPs increased/decreased relative to baseline [Color table can be viewed at wileyonlinelibrary.com]

P60 N100 P200
30 Hz 50 Hz Ind 30 Hz 50 Hz Ind 30 Hz 50 Hz Ind
T5 T 50% 45% 80% 60% 45% 50% 55% 50% 35%
¢ 50% 55% 20% 40% 55% 50% 45% 50% 65%
T30 T 55% 40% 75% 45% 45% 30% 55% 45% 45%
¢ 45% 60% 25% 55% 55% 70% 45% 55% 55%

Significant changes highlighted in bold (based on cluster-based statistics).

correlations revealed no significant correlations following 30 Hz iTBS
at any time point (T5 - r=-0.371, p=.108; T30 - r=0.298,
p = .202) (Figure 6a), strong negative correlations were found follow-
ing 50 Hz iTBS at both time points (T5 - r = —0.700, p = .001; T30 -
r = —0.615, p = .004) (Figure 6b) indicating that increased P60 ampli-
tude (more positive) was related to increased N100 amplitude (more
negative) following iTBS. Even though this correlation was absent at
T5 following Ind iTBS (r = 0.072, p = .763), it was present at T30
(r = —0.710, p = .001) (Figure 6c).

3.4 | The effect of different frequency of iTBS on
mood rating

We examined the effects of different iTBS conditions on mood and
the relationship between neurophysiological changes and mood
changes. The average mood rating before and after each stimulation
condition was as follows (BL and Té0; mean & SD; rating out of
100 on VAS, 30 Hz iTBS =77.3 + 13.3 and
782 +£ 13.7; 50 Hz iTBS = 76.4 &+ 12.6 and 77.4 + 14.9; Ind iTBS =
75.6 + 13.0 and 81.4 + 11.6. There were no significant differences

between conditions at baseline. One-way repeated measures ANOVA

see methods):

for A mood rating yielded a significant main effect of condition
(Fo3s = 5.495, p = .008, n? = 0.224, power = 0.821). Post-hoc pair-
wise comparison revealed that A mood was significantly larger follow-
ing Ind iTBS compared with both 30 Hz (p = .024, Hedges' g = 0.76,
power = 0.897) and 50 Hz (p = .046, Hedges' g = 0.73, power =
0.872) iTBS (Figure 7a). No significant difference was found between
30 and 50 Hz iTBS (p = 1.000) (Details in Supporting Information
Materials, Section Sé, Table S1).

We next explored which neurophysiological changes, namely
P60, N100 and P200, corresponded to the changes in mood using the
combined dataset (n = 60). Using the same data from above correla-
tions (average of six fronto-central electrodes), Pearson’s correlations
revealed a significant positive correlation between A mood and A
P60 at T5 (r = 0.293, p = .023) (Figure 7b) but not at T30 (r = 0.055,
p = .674). No significant correlation was found between A mood and
A N100 at T5 (r = 0.203, p = .119), but showed a significant positive
correlation at T30 (r = 350, p = .006) (Figure 7c). No significant corre-
lation was found between A mood and A P200 (r = —0.049, p = .713)
(Figure 7d). A significant positive correlation indicates increased P60
(more positive)/decreased N100 (less negative) corresponds to higher

mood rating.
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FIGURE5 Comparison of the change in transcranial magnetic stimulation (TMS)-evoked P60 amplitude between different intermittent theta
burst stimulation (iTBS) conditions. Scalp maps represent t-values for comparison of A P60 between (a) Ind iTBS and 30 Hz iTBS and (b) Ind iTBS
and 50 Hz iTBS. (c) Minimum norm estimates (MNESs) of the source level activity at the cortex for the A P60 peak in different stimulation
conditions. “X”s on scalp maps indicate significant sensors between comparisons (cluster-based statistics, Xp < .025) [Color figure can be viewed

at wileyonlinelibrary.com]
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FIGURE 6 Correlations between intermittent theta burst stimulation (iTBS)-induced changes in the amplitude of transcranial magnetic
stimulation (TMS)-evoked P60 (A P60) and TMS-evoked N100 (A N100) in (a) 30 Hz iTBS, (b) 50 Hz iTBS and (c) Ind iTBS. Asterisks indicate
significant correlations (p < .05) [Color figure can be viewed at wileyonlinelibrary.com]

3.5 | The effect of different frequency of iTBS on
working memory performance

Order effect analysis was first conducted on the working memory
performance at baseline across different stimulation conditions.
One-way repeated measures ANOVA resulted in no significant ses-
sion order effect in either accuracy (F,3g = 0.146, p = .865) or

accurate reaction time (Fp3g = 0.563, p = .574), confirming the
effectiveness of the counter balancing.

Figure 8 illustrates working memory performance assessed via
accuracy (d') and accurate reaction time (in ms) in different stimulation
conditions over time. Two-way repeated measures ANOVA for d’

demonstrated a significant interaction between Condition and Time
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FIGURE 7 Impact of different intermittent theta burst stimulation (iTBS) condition on mood. (a) Significant differences between Ind iTBS and
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(F476 = 4.534, p = .002, n? = 0.193, power = 0.930). A series of one-
way ANOVAs was performed to further explore the interaction effect.
Within condition comparisons resulted no significant main effect of
time in the 30 Hz iTBS condition (F, 35 = 0.138, p = .871, n2 = 0.007,
power = 0.070), but a significant main effect of time in the 50 Hz
iTBS condition (F335 = 5.905, p = .006, 112 = 0.237, power = 0.849),
and a significant main effect of time in the Ind iTBS condition
(Fo3g = 7.173, p = .002, n? = 0.274, power = 0.913). Post-hoc pair-
wise comparisons in 50 Hz iTBS condition revealed that d’ was signifi-
cantly higher at T20 compared with BL (p = .028, Hedges' g = 0.31,
power = 0.261) and T45 (p = .044). No significant difference was
found between BL and T45 (p = .100). For Ind iTBS condition, d’ was
significantly higher at T45 compared with both BL (p = .029, Hedges’
g = 0.43, power = 0.447) and T20 (p = .039). No significant difference
was found between TO and T20 (p = .100) (Details in Supporting
Information Materials, Section S7, Table S2).

Between condition comparisons showed no significant main effect
at BL (Fp3g = 0.407, p = .669, n2 = 0.021, power = 0.111), but a signifi-
cant main effect at T20 (F, 35 = 4.360, p = .020, n2 = 0.187, power =
0.721) and a trend toward significance at T45 (F53g = 2.688, p = .081,
n2 = 0.124, power = 0.501). Post-hoc pairwise comparisons in the main

effect at T20 revealed that d' was significantly higher following 50 Hz

iTBS compared with Ind iTBS (p = .015), and non-significantly higher
compared with 30 Hz iTBS (p = .079). No significant differences were
found between Ind iTBS and 30 Hz iTBS (p = 1.000).

To compare the effect sizes between the stimulation conditions,
A scores were analysed. One-way ANOVA revealed significant effect
of condition at T45 (Fy3s = 3.463, p = .042, n2 = 0.154, power =
0.614), but not at T20 (F, 35 = 2.727, p = .078, n° = 0.126, power =
0.507). At T45, Ind iTBS showed higher effect sizes compared with
both 30 Hz (Hedges' g = 0.64, power = 0.775) and 50 Hz iTBS
(Hedges' g = 0.75, power = 0.889) (Details in Supporting Information
Materials, Section S7, Table S3).

For accurate reaction time, two-way repeated measures ANOVA
yielded no significant main effect of condition (F,3g = 0.783,
p = 464, 112 = 0.040, power = 0.173) and no significant interaction
effect (Fo 38 = 0.493, p = .741, n? = 0.025, power = 0.161), but a sig-
nificant main effect of time (Fy3s = 4.299, p =.021, 1]2 =0.185,
power = 0.714).

Examination of the response to each iTBS condition in d’ demon-
strated large inter-individual variability following 30 Hz iTBS at both
T20 and T45 (Table 2). Reduced variability was seen following 50 Hz
iTBS and Ind iTBS at T20 and T45, respectively. More in-depth explo-
ration of inter-individual variability can be found in Supporting Infor-

mation Material, Section S8.
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FIGURE8 Working memory performance (3-back task) assessed via (a) accuracy (d') and (b) accurate reaction time (in ms) at BL, T20 and T45 in
different intermittent theta burst stimulation condition. Error bars indicate standard error of means (SEM) [Color figure can be viewed at

wileyonlinelibrary.com]

We also explored if iTBS-induced changes in d’ (A d') had any associ-
ation with A P60 and A N100, but no significant correlations were found
(p > .05). We sought to determine if the ratio between A N100 and A
P60 (A N100/A P60) had any influence on the improvement in d'. This
ratio may represent excitation/inhibition balance in the prefrontal cortex
(Noda, Zomorrodi, Cash, et al., 2017d) which is important in working
memory and network functions (Legon et al., 2016; Rubin, Abbott, &
Sompolinsky, 2017), and balanced regulation is required for prefrontal
cortex-dependent behaviours (Fan & Hu, 2018). The ratio resulted in
outliers which were winsorised to fit normal distribution (2 data points
each for 30 Hz iTBS T5 and T30, and Ind iTBS T30). Pearson’s correla-
tions revealed no significant correlations in 30 Hz iTBS condition either
at early (r = 0.197, p = .405) or late time point (r = —0.150, p = .541)
(Figure 9a). In 50 Hz iTBS condition, a significant correlation was
observed at early time point (r = 0.512, p = .021), but not at late time
point (r = 0.280, p = .232) (Figure 9b). For Ind iTBS, a significant correla-
tion was found at late time point (r = 0.610, p = .004) but not at early
time point (r = 0.364, p = .115) (Figure 9¢).

3.6 | Secondary analyses of sham condition and
Bayesian inference

Secondary analyses of sham condition (data collected from a previous
study) revealed no significant changes in TEPs, mood or working mem-
ory performance over time (Details in Supporting Information Material,
Section S10). Effect size comparisons revealed superiority of Ind iTBS
over 30 and 50 Hz iTBS in mood changes (Hedges' g/power: 30 Hz
iTBS = 0.22/0.090; 50 Hz iTBS = 0.22/0.090; Ind iTBS = 0.91/0.674)
and 3-back task accuracy at T45 (Hedges' g/power: 30 Hz iTBS =
TABLE 2 Percentage of subjects in which 3-back task (accuracy and

accurate reaction time) increased/decreased relative to baseline
[Color table can be viewed at wileyonlinelibrary.com]

d Reaction time
30Hz" 50Hz Ind 30Hz 50Hz Ind
T20 T 50% 65% 50%  60% 60% 55%
J, 45% 35% 50%  40% 40% 45%
T45 T 40% 50% 70%  65% 75% 60%
¢ 55% 50% 30%  35% 25% 30%

Significant changes highlighted in bold (based on two-way ANOVA).
2 Not adding up to 100% due to 1 subject having no differences in score
change (A = 0).

0.08/0.055; 50 Hz iTBS = 0.26/0.106; Ind iTBS = 0.89/0.656)
(Supporting Information Material, Section S10, Tables S4 and S5).

Additional post-hoc Bayesian tests on the accuracy results of the
3-back task confirmed the validity of the current results (Supporting
Information Material, Section S11, Table Sé).

4 | DISCUSSION

In this study, we examined the neurophysiological effects of iTBS
applied at varying frequency in the prefrontal cortex and the association
to LTP-like plasticity. We also investigated whether there was a relation-
ship between iTBS-induced changes in neurophysiology and mood and
working memory performance. The data indicate large variability in
response to iTBS following both 30 and 50 Hz iTBS. However, indivi-
dualised iTBS resulted in more robust changes in neurophysiology and
mood compared with standard paradigms. We also demonstrated that
working memory may provide a possible behavioural marker of neuro-
physiological changes following iTBS. The data suggest the frequency of
stimulation is an important parameter of iTBS, and a more tailored stim-
ulation protocol may increase the efficacy, and hence could have impli-

cations for its therapeutic application.

4.1 | Effect of individualised iTBS on plastic effects
in the prefrontal cortex

Individualised iTBS modulated the amplitude of P60, N100 and P200.
The increased P60 amplitude was initially localised around the stimu-
lated area, and later also detected at parieto-occipital sensors. This
may represent the propagation of activity across interconnected
regions of the cortex over time, a conjecture which is supported by
the source localisation (Figure 5c). Such an increase in network level
of activity following iTBS has been described during working memory
performance (Hoy et al., 2016) and TMS-EEG (Chung, Rogasch, Hoy,
Sullivan, et al., 2018b). A similar increase in fronto-parietal P60 has
also been observed following a facilitatory neuromodulatory tech-
nique, anodal transcranial direct current stimulation (tDCS), in the pre-
frontal cortex (Hill et al., 2017). A growing body of evidence suggests
P60 may provide a marker of cortical excitability. In the motor cortex,
P60 amplitude positively correlated with MEP amplitude (Rogasch,
Daskalakis, et al., 2013a), and the amplitude was reduced following

short-latency afferent inhibition (SAI), an MEP suppression paradigm
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FIGURE9 Correlations between working memory performance (accuracy; d’) and the ratio of intermittent theta burst stimulation (iTBS)-induced
changes in the amplitude of transcranial magnetic stimulation (TMS)-evoked N100 and P60 (A N100/A P60) in (a) 30 Hz iTBS, (b) 50 Hz iTBS and
(c) Ind iTBS. Asterisks indicate significant correlations (p < .05) [Color figure can be viewed at wileyonlinelibrary.com]

(Ferreri et al., 2012). In addition, P60 amplitude was attenuated with
short-interval intracortical inhibition (SICI) and increased with intra-
cortical facilitation (ICF) in motor cortex (Cash, Noda, et al., 2017c),
concurrent with changes in MEPs. In the prefrontal cortex, SAl
resulted in a reduction of this component (Noda, Zomorrodi, Back-
house, et al., 2017c). SICI reduced and ICF increased the amplitude of
P60 (Cash, Noda, et al., 2017c), supporting the findings from the
motor cortex. Therefore, it is possible that increased P60 amplitude
following Ind iTBS reflects enhanced cortical excitability in the pre-
frontal cortex. The A P60 following Ind iTBS was larger compared
with either 30 or 50 Hz iTBS, particularly around the stimulated
region, supported by the cortical activation map.

Individualised stimulation decreased the amplitude of both N100 and
P200. While the origin of TMS-evoked P200 is still largely unknown, the
physiological property of N100 is more well-defined than other TEPs.
The N100 is regarded as the most robust component in TMS-EEG record-
ings (Noda et al., 2016) with excellent reproducibility (Lioumis, Kicic, Savo-
lainen, Makela, & Kahkonen, 2009) and signal to noise ratio (Chung et al.,
2017). In addition, the N100 deflection is considered to have a high sensi-
tivity to small changes in cortical excitability compared with other TEPs
(Nikulin, Kicic, Kahkonen, & llmoniemi, 2003), making it an ideal candidate
for tracking neuromodulatory paradigms. Studies have reported N100 to
be associated with GABAg-mediated inhibitory mechanisms in both
motor (Bonnard et al., 2009; Farzan et al., 2013; Premoli, Rivolta, et al,,
2014b; Rogasch, Daskalakis, et al., 2013a) and prefrontal cortex (Chung
et al., 2017; Rogasch et al., 2015). The amplitude of N100 increased fol-
lowing SAI both in motor and prefrontal cortex (Noda et al., 2016; Noda,

Zomorrodi, Backhouse, et al., 2017c), but decreased following cerebellar
iTBS (Casula, Pellicciari, Ponzo, et al., 2016b), which are in line with the
change observed in N100 following Ind iTBS. However, our previous
studies showed increased N100 following prefrontal iTBS (50 Hz at 5 Hz)
(Chung et al., 2017; Chung, Rogasch, Hoy, & Fitzgerald, 2018a; Chung,
Rogasch, Hoy, Sullivan, et al., 2018b), and the discrepancy of the outcome
is not yet clear. A large body of evidence, mainly in studies with small
sample sizes (e.g., n < 15), has suggested that iTBS paradigms increase
excitability in the motor cortex (Wischnewski & Schutter, 2015). How-
ever, several studies with large sample sizes (n > 50) have found no
group-level change in MEPs following 50 Hz iTBS (Hamada et al., 2013;
Lopez-Alonso et al., 2014; Player, Taylor, Alonzo, & Loo, 2012). Further-
more, a recent meta-analysis demonstrated a degree of publication bias
which suggests overestimation of the stimulation effect in the literature
(Chung et al., 2016). Similarly, prefrontal iTBS has shown an improvement
in working memory in some studies (Hoy et al., 2016; Lowe et al., 2018),
however, not in other studies (Chung, Rogasch, Hoy, Sullivan, et al.,
2018b; Grossheinrich et al., 2009; Viejo-Sobera et al., 2017). Therefore,
the inconsistent results between the current and previous studies may be
due to inter-individual variability. Such discrepancy in the after-effects
are not only restricted to TBS, but also in other forms of non-invasive
brain stimulation (Hill et al., 2017; Muller-Dahlhaus, Orekhov, Liu, & Zie-
mann, 2008; Nakamura et al., 2016; Nikolin, Martin, Loo, & Boonstra,
2018; Wiethoff, Hamada, & Rothwell, 2014). The variation could be
reduced by accounting for the inter-individual neurophysiological differ-
ences in parameter design as observed in this study (Ind iTBS) and also in
the motor cortex (Cash, Murakami, Chen, Thickbroom, & Ziemann, 2016).


http://wileyonlinelibrary.com

2 | WILEY

CHUNG ET AL

By mimicking the original animal study where application of patterned
stimulation resembling spike discharge patterns of hippocampal neurons
during exploratory behaviours that led to a robust LTP (Larson et al,
1986), it is possible that tailoring the temporal dynamics of pulses to tar-
get the individual's disinhibition window (Cash, Ziemann, Murray, &
Thickbroom, 2010; Cash, Ziemann, & Thickbroom, 2011) yielded a robust
LTP-like effect following Ind iTBS. A similar modified approach of stimula-
tion (known as disinhibition stimulation) by individualising the intra and
inter-burst frequencies have also shown success in LTP-like plasticity
induction in the motor cortex (Cash et al., 2016). While it is difficult to
extrapolate from the current results whether Ind cTBS would result in an
opposite outcome to Ind iTBS, we anticipate that individualised cTBS
might similarly optimise LTD-like effects, given that theta and gamma
form the base frequencies for both iTBS and cTBS. LTD-like effects have
previously been observed using cTBS (Chung et al., 2017) and paired-
associative stimulation (Casula, Pellicciari, Picazio, et al., 2016a) in the

DLPFC, however, a complementary investigation is warranted.

4.2 | Relationship between iTBS-induced P60
and N100

On the surface, the observation of no overall effects following both
30 and 50 Hz iTBS may imply that the two stimulation conditions are
indistinguishable. However, the correlation analyses between A P60
and A N100 demonstrated a close relationship between the peaks fol-
lowing 50 Hz iTBS which lasted up to 35 min (see Figure 6b). This pat-
tern was not present in 30 Hz stimulation (see Figure 6a). In addition,
50 Hz but not 30 Hz stimulation produced changes in working mem-
ory performance. On the other hand, Ind iTBS temporarily altered this
association at T5 with an overall increase in P60 amplitude, which was
balanced by larger changes in N100 at T30, indicating a prolonged ele-
vation of the balance between the two peaks (see Figure 6c). In the
human motor cortex, a pharmacological study demonstrated that
GABA, agonists decreased while GABAg agonists increased the
amplitude of N100 (Premoli, Castellanos, et al., 2014a). In the instance
of the balance between P60 and N100 in this study, a shift in N100
could reflect either an increase in the ratio (reduced GABAg) or a shift
to maintain the ratio (increased GABA, signalling). It is likely to be the
latter in this study, and such adaptation of inhibition has also been
described in an animal model (Elfant, Pal, Emptage, & Capogna, 2008;
Heiss, Katz, Ganmor, & Lampl, 2008). These findings are a suggestive
reflection of potential metric for LTP (above 0) or long-term depres-
sion (LTD; below 0) with respect to maintenance of the balance
between P60 and N100, at least following iTBS.

4.3 | Relationship between neurophysiological
changes and the change in mood and working memory
performance

In line with the neurophysiological effects of iTBS, minimal changes
were observed in mood rating following both 30 and 50 Hz iTBS,
whereas Ind iTBS resulted in a higher mood rating. Positive correla-
tions were observed only between mood and neurophysiological mea-
sures that showed the greatest change (i.e., A P60 at T5, A N100 at

T30), suggesting robust physiological changes are required to translate

into a behavioural outcome. Another possible explanation is that the
mood ratings were re-assessed 60 min after iTBS (T60), at which time
the effect of iTBS on the P60 may have been washed out. Alterna-
tively, the early changes in neurophysiology and later changes in
mood may be both related to another variable such as a change in
connectivity or a delayed onset change in TEPs which was not mea-
sured at Té0 in this study. The correlations were specific to A P60
and A N100, and not with A P200. Characterisation of P200 is
needed to better understand its role, as the changes in this compo-
nent are often observed following neuromodulation (Casula, Pellic-
ciari, Ponzo, et al., 2016b; Chung et al., 2017; Noda et al., 2016) or in
clinical populations (Noda, Barr, Zomorrodi, Cash, Rajji, et al., 2017b).

Studies have demonstrated increased or decreased performance
of medium-load (2-back) working memory following left prefrontal
iTBS (Hoy et al., 2016) and cTBS (Schicktanz et al., 2015), respectively,
using the conventional 50 Hz protocol (Huang et al., 2005). In the cur-
rent study, the 3-back task was used and demonstrated to be a poten-
tial behavioural marker of neurophysiological changes following iTBS.
Investigative studies of different parameters of non-invasive brain
stimulation have shown delayed motor cortex physiological effects
which could last longer than conventional paradigms (Batsikadze,
Moliadze, Paulus, Kuo, & Nitsche, 2013; Kuo et al., 2013). In addition,
working memory performance following iTBS (Chung, Rogasch,
Hoy, & Fitzgerald, 2018a; Hoy et al., 2016) and tDCS (Hill et al., 2017)
also demonstrated larger effect sizes at a later time point (30-40 min)
compared with early time point (5-20 min). The apparent divergence
and a lag between neurophysiological and behavioural effects are not
dissimilar to that observed in other recent studies (Hill et al., 2017,
Nikolin et al., 2018). However, neural changes often precede beha-
vioural effects (Atienza, Cantero, & Dominguez-Marin, 2002; Falk,
Berkman, Mann, Harrison, & Lieberman, 2010; Wrase et al., 2007),
especially when these effects are mediated by more extensive brain
networks. While both 50 Hz iTBS and Ind iTBS showed improvement
in accuracy of the 3-back task compared with baseline, it was evident
that Ind iTBS resulted in larger improvement in d’ scores when the dif-
ference from baseline scores were compared (Supporting Information
Material S7, Table S3). The effect sizes following Ind iTBS were also
larger compared with other conditions, as well as to meta-analyses on
working memory using non-invasive brain stimulation including TBS
(g = 0.26) (Brunoni & Vanderhasselt, 2014; Lowe et al., 2018). The
ceiling effect of performance in healthy individuals may have limited
more prominent distinction between conditions.

The behavioural outcome of this study was not as direct as antici-
pated in that the relationship between the neurophysiological mea-
surements (A TEPs) and working memory performance was not
obvious. It is possible that only one hub of the working memory net-
work was modulated, while robust behavioural effects might require
modulation of both frontal and parietal hubs of the fronto-parietal
working memory network. Alternatively, iTBS was indeed eliciting
network-wide effects as has been shown previously (He et al., 2013;
Hoy et al., 2016; Rastogi et al., 2017), but the neurophysiological
effects were sampled from only one hub (DLPFC) of the fronto-
parietal working memory network. The reason for 50 Hz iTBS having
an early, short-lasting effect in the accuracy remains unclear. It may

be that attentional part of executive functioning was enhanced and
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the effects of stimulation diminished after 30 min. Ind iTBS, on the
other hand, resulted in more prolonged network-wide effects, as evi-
denced by the physiological changes demonstrated using TMS-EEG,
and it may have resulted in a delayed behavioural response. In the
scenario of bringing about clinical effects, it is often that several
weeks of daily brain stimulation sessions are required to generate
robust behavioural outcomes (Croarkin et al., 2010; Grall-Bronnec &
Sauvaget, 2014; Perera et al., 2016). Instability, variability or non-
consolidated behavioural changes might account for the differences in
time course of the behavioural changes following 50 Hz and Ind iTBS.

At a mechanistic level, the change in working memory performance
may be explained by the physiological changes probed by TMS-EEG. The
balanced and dynamic regulation of inhibitory and excitatory activity
plays an important role in working memory (Knight, Staines, Swick, &
Chao, 1999; Lim & Goldman, 2013), which is a critical aspect of animal
(Xue, Atallah, & Scanziani, 2014) and human functional neural circuitry
(Cash, Udupa, et al., 2017d; Dehghani et al., 2016). While excitatory plas-
ticity provides a mechanism for learning and memory formation
(Froemke, 2015), inhibitory plasticity is essential in maintaining the bal-
ance for efficient information processing in cortical networks (Deneve &
Machens, 2016; Vogels, Sprekeler, Zenke, Clopath, & Gerstner, 2011).
The origin of TEPs (P60 and N100) are still largely unknown and no con-
sensus has been reached on what each peak represents. While it is specu-
lative, the correlations between working memory performance and the
ratio of P60 and N100 may partially be explained by the well-maintained
modulation of potential inhibition (N100) and excitation (P60) (Noda,
Zomorrodi, Cash, et al., 2017d). When both A P60 and A N100 showed
well-balanced changes (50 Hz iTBS at T5, Ind iTBS at T30), the accuracy
increased (50 Hz iTBS at T20, Ind iTBS at T45). The physiological
changes, namely A P60 and A N100, did not correlate with the perfor-
mance change by themselves, but rather the ratio between the changes
in these peaks corresponded with the change in performance. This finding
indicates that well-balanced change is more important for working mem-
ory than changes in either excitation or inhibition in isolation, as increased
excitation alone (as shown in TMS-EEG at T5 in Ind iTBS condition) was
not able to enhance the accuracy (d' at T20 in Ind iTBS condition). Such
balance is thought to play an important role in cortical processing and
working memory (Kirkwood, 2015; Legon et al., 2016; Lim & Goldman,
2013) and alteration in the balance may lead to cognitive impairment
(Cline, 2005; Vogels & Abbott, 2009). However, although 50 Hz iTBS
showed significant correlations between A P60 and A N100 at T30, no
sustained improvement was seen in the accuracy of the 3-back task. It is
possible that the effect of stimulation was short-lived and may have
diminished by T45 when the 3-back task was performed again. In general,
the effect of 50 Hz iTBS in the motor cortex lasts up to 30 min (Chung
et al.,, 2016). It is unknown if the effects of Ind iTBS would persist longer
than T45, and needs to be addressed in the future. However, the elevated

mood level at T60 suggests the effect may have been sustained.

4.4 | Inter-individual variability in the response to
conventional iTBS

A group-level modulation in TEPs was observed following Ind iTBS,
but not following 30 or 50 Hz iTBS. This is in contrast with our previ-

ous study in the prefrontal cortex where we observed robust changes
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following 50 Hz iTBS, particularly in N100 amplitude (Chung et al.,
2017). In addition, there was substantial inter-individual variability in
response to iTBS in the current sample (see Table 1). The variability
was larger following 30 Hz iTBS, which showed a large varied
response in the direction of change in TEPs (increase or decrease at
each time point). A notable amount of opposite directional change
was also observed between T5 and T30 (Supporting Information
Material, Section S5). The reason for such within-subject variability
over time (T5 vs. T30) following 30 Hz iTBS remains unclear. One
possible explanation for this phenomenon is that the effects of 30 Hz
iTBS was short-lived and regulatory homeostatic mechanisms were at
play. It was interesting to observe that while 50 Hz iTBS also resulted
in a large inter-individual variability in the change in TEPs, peaks were
in the same direction for both T5 and T30 in the majority of subjects.
Subtle modifications of the rTMS protocols can influence the effect of
stimulation (Cash, Jegatheeswaran, Ni, & Chen, 2017b; Cash et al,,
2016; Ridding & Ziemann, 2010), and the data suggest frequency of
iTBS is an important parameter that can contribute to inter-individual
variability. In addition to the stimulation parameters, other factors
mediating the outcome include genetics (Antal et al., 2010), attention
(Cazzoli, Wurtz, Muri, Hess, & Nyffeler, 2009), activation of intracorti-
cal networks (Hamada et al., 2013), and brain state (Clow et al., 2014;
Hinder et al., 2014; Ridding & Ziemann, 2010).

To our knowledge, 30 Hz iTBS had not been tested in the pre-
frontal cortex to date, and our data demonstrate no superiority, and
probably inferiority, over 50 Hz iTBS. It is interesting to note that cer-
ebellar iTBS resulted in the opposite changes in N100 in two separate
studies using 50 Hz (Casula, Pellicciari, Ponzo, et al., 2016b) and
30 Hz stimulation (Harrington & Hammond-Tooke, 2015). However,
it is unclear whether the outcome was due to varying frequency of
stimulation, or a result of inter-individual variability, and more studies
are needed to address this discrepancy. In the motor cortex, 30 Hz
cTBS resulted in a larger and more consistent decrease in MEP ampli-
tude than 50 Hz cTBS (Goldsworthy et al., 2012). Although such a
trend was not evident in our data, the differences could be explained
by the differences in TBS paradigm (cTBS vs. iTBS), differences in the
stimulated region (M1 vs. DLPFC) or the differences in outcome mea-
sure (MEPs vs. TEPs). Nyffeler
et al. targeted the FEF, which is in close proximity to the prefrontal

Beyond the motor cortex,

cortex, and found prolonged saccadic delay following 30 Hz cTBS
(Nyffeler et al., 2006b). Saccadic delay has also been reported follow-
ing 50 Hz cTBS over the FEF, however, involvement of executive con-
trol of saccades were found following prefrontal stimulation
(Cameron, Riddle, & D'Esposito, 2015), suggesting the effect of TBS
may be distinct in different brain regions. As there has been no other
study using 30 Hz iTBS in the prefrontal cortex or FEF, future studies
are required to confirm and expand these findings. Having no overall
effect on neurophysiology, mood and working memory performance
following 30 Hz iTBS in the current study indicates this protocol may
not be suitable in the prefrontal cortex. It is critical to note that the
carrying frequency was 6 Hz in 30 Hz iTBS, and future studies should
employ more systematic comparison. We adopted this frequency to
be comparable to the direct comparison study in the motor cortex
(Goldsworthy et al., 2012), which resulted in a robust decrease in
MEPs following 30 Hz/6 Hz cTBS.
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Although more subjects (70%; Supporting Information Materials,
Section S8, Figure S5) obtained higher d’' at T45 compared with base-
line following Ind iTBS, similar outcome was found at T20 following
50 Hz iTBS (65%), and therefore, the decreased behavioural variability
in the Ind iTBS condition was not as clear as in the neurophysiological
results. The neurophysiological outcome appears to be a more sensi-
tive measure for evaluating the change in brain function following
non-invasive brain stimulation than the behavioural effects (Thut &
Pascual-Leone, 2010), as studies have found marked changes in neu-
rophysiology in the absence of significant improvement in the behav-
iour compared with sham (Chung, Rogasch, Hoy, & Fitzgerald, 2018a;
Hill et al., 2017; Nikolin et al., 2018). Interestingly, neural correlates to
behaviour changes were often found in these studies, suggesting the
impact of the non-invasive brain stimulation on behaviour may be
subtle and the resulting outcome is affected by the variability to a
greater extent as was observed in this study. The delayed behavioural
response to Ind iTBS makes a direct comparison difficult, especially
without the measurement after 45 min of stimulation. Therefore, it
remains inconclusive if Ind iTBS would result in longer-lasting reduc-
tion in variability in working memory performance and future research
should incorporate extended measurements to supplement more
robust behavioural outcomes.

Taken together, these findings suggest that prefrontal iTBS using
the conventional parameters of stimulation also suffers from inter-
individual variability as observed from studies with larger sample sizes
in the motor cortex (Hamada et al., 2013; Hinder et al., 2014), and Ind
iTBS is able to reduce the variability in neurophysiological change.
However, the influence on the variability in behavioural performance
remains unclear.

Repetitive TMS of the prefrontal cortex is one therapeutic option
for treatment-resistant depression and it is being investigated for use
in various mood and cognitive disorders. In order to reduce treatment
time, clinics have been exploring the use of short protocols such as
TBS (Cash, Dar, et al., 2017a; Desmyter et al., 2016; Duprat et al.,
2016; Li et al., 2014), however limited clinical efficacy has also been
reported (Prasser et al., 2015). The present data provide the first evi-
dence that using conventional iTBS may not be optimal for neuromo-
dulation, and indicate the need for a more individualised approach of
stimulation. A recent meta-analysis investigating the efficacy of TBS
in major depression demonstrated a favourable clinical response to
treatment, particularly with intervention involving iTBS (Berlim,
McGirr, Rodrigues Dos Santos, Tremblay, & Martins, 2017). Further-
more, a recent clinical trial comparing the antidepressant efficacy
between conventional 10 Hz rTMS and iTBS found similar antidepres-
sant effects in approximately 200 patients in each group (Blumberger
et al,, 2018), suggesting the possibility of iTBS as a treatment option.
However, these studies showed relatively low remission rates follow-
ing iTBS treatment [18.6% (Berlim et al., 2017) and 32% (Blumberger
et al., 2018)]. Therefore, the findings of the present study may warrant
future clinical trials utilising individualised iTBS as a mechanism to
potentially enhance therapeutic outcomes in the treatment of depres-
sion. Although we have previously provided evidence for the link
between neurophysiology and behavioural effects in healthy individ-
uals (Chung, Rogasch, Hoy, & Fitzgerald, 2018a; Chung, Rogasch, Hoy,

Sullivan, et al., 2018b), the extent to which this will translate to clinical

effects remains to be established. Currently, only a small number of
studies have examined the effect of TBS on depressed patients using
neuroimaging techniques (Li et al., 2018; Pellicciari, Ponzo, Caltagir-
one, & Koch, 2017). More studies are needed to elucidate any associa-
tion between potential clinical efficacy and physiological effects;
however, these studies provide a potential link between the modula-
tion of neurophysiology and the clinical improvement following TBS.

It is worth noting, however, that cortical plasticity is disrupted in
disorders such as Alzheimer's disease (Battaglia et al., 2007; Koch
et al.,, 2012) and facilitatory paradigms such as iTBS were unable to
induce LTP-like effects in this population (Di Lorenzo et al., 2016;
Koch et al., 2012, 2016). The variability of the plastic effects were also
reduced in this patient group, emphasising the importance and the
impact of the intrinsic physiological properties on TBS-induced after-
effects. Furthermore, iTBS may evoke an opposite effect to that of an
expected direction (i.e., decrease in MEP amplitude) in patients with
spinal cord injury (Fassett et al., 2017), and the resulting outcome may
also depend on the cortical area stimulated (Jones et al., 2016). It
remains to be determined whether Ind iTBS will elicit desired effects
in neurological disorders, and different methods of individualisation

may be required for different brain regions.

4.5 | Limitations

There are several limitations of the present study. Our study design
did not include a primary sham condition. The lack of a control condi-
tion limits the potential generalisation of the results. However, the
main intention of this study was to compare the effects between the
two most commonly used paradigms (which act as active controls)
and a novel method of application. While differences between condi-
tions could be determined, non-specific confounds such as time and
attention factors were not removed from consideration. Although sec-
ondary analyses of data comparing responses to a sham condition
demonstrated no significant changes following sham stimulation, it
should be noted that volunteers were different from the main ana-
lyses, however, were age and gender-ratio matched and had similar
years of education. In addition, a control for single-pulse TMS was not
included in the study. It is conceivable that single-pulse TMS itself
could contribute to the outcomes observed here (Pellicciari, Miniussi,
Ferrari, Koch, & Bortoletto, 2016), however, the experimental design
ensured that pre- and post-iTBS measures were consistent across all
sessions. Therefore, it is unlikely that single-pulse TMS could have
contributed a differential effect that accounted for the observed
advantage of individualised iTBS. Furthermore, our previous studies
(Chung et al., 2017; Chung, Rogasch, Hoy, & Fitzgerald, 2018a) indi-
cate no significant change following sham iTBS with a similar experi-
mental design. TMS click sound was masked by white noise but any
sound via bone conduction could not be avoided. TMS pulse may
induce N100-P200 component in the EEG trace (Ter Braack, de
Vos, & van Putten, 2015), however, it is unlikely that the elicited
response is purely auditory-related effect. Any auditory response
should be consistent across time, and sham condition did not show
any change in these components. In regards to somatosensory input,
baseline and post sampling parameters were equivalent across all con-

ditions, including sham (e.g., equal intensity and stimulation site).
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Therefore, the differences between conditions are likely to be driven
by cortical plasticity, in accordance with the a priori hypothesis. It
should be noted that iTBS-induced changes in TEPs correlated with
the changes in mood rating and working memory performance, which
suggest TEPs exhibit functional relevance. The selection of iTBS
parameters (50/5 Hz and 30/6 Hz) was based on similar parameters
used in motor cortex studies. The motor cortex is one region where a
measurable output (i.e., MEPs) is obtained following TMS administra-
tion. As a result, most studies have used stimulation protocols based
on the outcome of motor cortex studies. Future studies would benefit
from improving the effect of stimulation tailored to the specific brain
region of interest. Due to time constraints, TEPs were not measured
at T60 which may have limited more temporally accurate onset of
neurophysiological changes to the mood changes. The consistency of
the stimulation site could be improved by using MRI-guided neurona-
vigation, however, this was not feasible in this study. We have taken
extra steps to ensure more accurate positioning of the coil. In addi-
tion, the TEP waveforms in this study are consistent with other TMS-
EEG studies in the prefrontal cortex (Chung et al., 2017; Hill et al.,
2017; Rogasch et al., 2014), and EEG-guided (Chung et al., 2017; Hill
et al., 2017; Rogasch et al., 2014) and MRI-guided (Lioumis et al.,

2009) methods have shown comparable results.

5 | CONCLUSIONS

In conclusion, the current study indicates that the individualised iTBS
in the prefrontal cortex is able to exert LTP-like plasticity at a neuro-
physiological level. The data show a lag and apparent divergence
between neurophysiological and behavioural effects. However, neuro-
physiological changes precede behavioural effects and repeated ses-
sions may be necessary for more consistent and robust behavioural
changes. We consider that the present results provide promising and
exciting data to suggest the superiority of Ind iTBS at a neurophysio-
logical level and indicate that this may potentially also be the case at a

behavioural level.
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