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Abstract
	 Background:	 Transcranial	magnetic	 stimulation	 (TMS)	 is	 a	non-invasive	 tool	 that	 is	 able	
to	modulate	 the	electrical	activity	of	 the	brain	depending	upon	 its	protocol	of	 stimulation.	Theta	
burst	stimulation	(TBS)	is	a	high-frequency	TMS	protocol	that	is	able	to	induce	prolonged	plasticity	
changes	in	the	brain.	The	induction	of	plasticity-like	effects	by	TBS	is	useful	in	both	experimental	
and	therapeutic	settings;	however,	 the	underlying	neural	mechanisms	of	 this	modulation	remain	
unclear.	 The	 aim	 of	 this	 study	 was	 to	 investigate	 the	 effects	 of	 continuous	 TBS	 (cTBS)	 on	 the	
intrahemispheric	and	interhemispheric	functional	connectivity	of	the	resting	and	active	brain.
	 Methods: A	total	of	26	healthy	humans	were	randomly	divided	into	two	groups	that	received	
either	real	cTBS	or	sham	(control)	over	the	left	primary	motor	cortex.	Surface	electroencephalogram	
(EEG)	was	used	to	quantify	the	changes	of	neural	oscillations	after	cTBS	at	rest	and	after	a	choice	
reaction	 time	 test.	 The	 cTBS-induced	EEG	 oscillations	were	 computed	 using	 spectral	 analysis	 of	
event-related	coherence	(ERCoh)	of	theta	(4–7.5	Hz),	low	alpha	(8–9.5	Hz),	high	alpha	(10–12.5	Hz),	
low	beta	(13–19.5	Hz),	and	high	beta	(20–30	Hz)	brain	rhythms.
	 Results: We	observed	a	global	decrease	in	functional	connectivity	of	the	brain	in	the	cTBS	
group	when	compared	 to	sham	 in	 the	 low	beta	brain	rhythm	at	 rest	and	high	beta	brain	rhythm	
during	 the	 active	 state.	 In	 particular,	 EEG	 spectral	 analysis	 revealed	 that	 high-frequency	 beta,	 a	
cortically	generated	brain	rhythm,	was	the	most	sensitive	band	that	was	modulated	by	cTBS.	
	 Conclusion:	 Overall,	 our	 findings	 suggest	 that	 cTBS,	 a	 TMS	 protocol	 that	 mimics	 the	
mechanism	of	 long-term	depression	of	 synaptic	plasticity,	modulates	motor	network	oscillations	
primarily	at	the	cortical	level	and	might	interfere	with	cortical	information	coding.
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Introduction

	 Transcranial	magnetic	stimulation	(TMS)	 is	
a	tool	that	is	able	to	non-invasively	interfere	with	
the	 activity	 of	 the	 intact	 human	 brain	 directly	
(1).	TMS	directs	 currents	 into	 the	brain	without	
physical	 contact,	 as	 there	 are	 no	 implanted	 or	
surface	electrodes.	Instead,	it	works	by	placing	an	
electromagnetic	coil	that	carries	pulses	of	current	
near	the	human	scalp.	Based	upon	Faraday’s	law	
of	 electromagnetic	 induction—the	 process	 by	
which	electrical	energy	is	converted	into	magnetic	
fields—the	 rapidly	 changing	 magnetic	 field	 will	
induce	 an	 electrical	 current	 in	 the	 surrounding	

cortical	 tissue	 below	 the	 coil	 (1).	 As	 body	 tissue	
is	 electrically	 conductive,	 the	 ionic	 current	 will	
flow,	 thereby	 eliciting	 nerve	 depolarisation	 and	
action	potentials	and	will	subsequently	stimulate	
cortical	neurons.	TMS	can	be	applied	as	a	single	
pulse	or	as	repetitive	pulses.	The	effects	of	single-
pulse	 or	 single-train	 can	 add	 up	 with	 repeated	
stimulation	(e.g.,	as	in	the	rTMS	protocol),	which	
results	 in	 the	 modulation	 of	 cortical	 activity	
beyond	the	stimulation	period	(2).	This	prolonged	
rTMS	aftereffect	emulates	the	pattern	of	synaptic	
plasticity	 (i.e.,	 long	 term	 potentiation	 and	 long	
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term	depression)	of	the	hippocampus	(3).	
	 Theta-burst	stimulation	(TBS)	is	a	variant	of	
high	 frequency	 rTMS	 that	 is	able	 to	prolong	 the	
after	effects	of	the	induced	plastic	changes	for	up	
to	 an	 hour	 despite	 its	 lower	 stimulus	 intensity	
and	 shorter	 duration	 of	 stimulation	 (4).	 This	
makes	TBS	particularly	useful	for	neuroplasticity	
research	due	to	its	prolonged	residual	effects	and	
its	 relatively	 safe	 efficacy	 (5).	 In	 a	 theta-burst	
paradigm	 that	 involves	 human	 subjects,	 brief	
trains	 of	 pulses	 are	 delivered	 at	 5	 Hz	 (i.e.,	 the	
theta	frequency).	The	term	theta	derives	from	the	
200	ms	main	periodicity	of	the	theta	rhythm,	an	
oscillatory	rhythm	that	occurs	during	the	periods	
of	increased	attention	(5).	There	are	two	modalities	
of	TBS,	continuous	TBS	(cTBS),	which	will	induce	
long-lasting,	reversible	cortical	inhibition	or	long	
term	 depression,	 and	 intermittent	 TBS	 (iTBS),	
which	will	induce	long-lasting	cortical	facilitation	
or	 long	 term	 potentiation	 (6,7).	 Although	 the	
mechanisms	of	TBS	at	the	micro-	or	synaptic	level	
are	well	understood,	it	remains	unclear	how	TBS	
modulates	 the	 macro-level	 neuronal	 network,	
such	as	cortical	oscillations	(8).
	 In	 a	 previous	 study,	 we	 suggested	 a	
probable	 link	 between	 the	 long-lasting	 neural	
synchronisation	 of	 electroencephalographic	
(EEG)	oscillations	and	plasticity-like	mechanisms	
of	 LTD	 in	humans	 after	 continuous	TBS	 (cTBS)	
(9).	 Our	 results	 showed	 at	 least	 a	 30-minute	
modulation	of	regional	or	local	neural	oscillations	
in	 theta	 and	 beta	 brain	 rhythms	 (9);	 however,	
studies	of	the	effects	of	cTBS-induced	alterations	
of	 the	 remote	 interregional	 neural	 network	
oscillations	remain	scarce	(9).	McAllister	et	al.	(10)	
explored	 the	 modulation	 of	 cortical	 oscillations	
and	the	cortical	plasticity	that	is	induced	by	cTBS	
in	M1.	They	investigated	the	modulation	of	cortical	
oscillatory	 activity	 by	 cTBS	 of	 600	 pulses	 after	
a	 visuomotor	 training	 task	 using	 motor	 evoked	
potentials	 (MEP)	 and	 electroencephalogram	
(EEG)	measurements	 (10).	 The	 authors	 did	 not	
observe	 any	 significant	 synchronisation	 of	 the	
baseline	EEG	power	spectra	of	delta,	theta,	alpha	
and	 beta	 brain	 rhythms	 after	 the	 visuomotor	
training	 task,	 when	 compared	 to	 a	 decrease	 in	
MEP	sizes	(10).	They	concluded	that	EEG	was	not	
a	 sensitive	 index	 of	 cortical	 output	 to	 plasticity-
inducing	 paradigms	 of	 cTBS	 (10).	 Yet,	 instead	
of	using	multichannel	EEG	that	would	provide	a	
comprehensive	cortical	read-out	 following	cTBS,	
the	 power	 spectra	 in	 their	 study	 was	 derived	
from	only	a	single	electrode	that	was	placed	at	C3	
(10).	Schindler	et	al.	(11)	examined	EEG	network	
oscillations	post-cTBS	of	600	pulses	on	the	frontal	
eye	field	of	 four	healthy	subjects	and	showed	an	

elevated	level	of	neuronal	synchronisation	of	the	
cerebral	hemisphere	ipsilateral	to	the	stimulation	
site	 relative	 to	 the	 non-stimulated	 hemisphere	
up	 to	one	hour	 (11).	The	authors	concluded	 that	
cTBS	 might	 interfere	 with	 information	 transfer	
through	 its	 effect	 on	 neuronal	 synchronisation;	
however,	in	their	study,	the	authors	changed	the	
stimulation	 parameters	 (stimulation	 intensity	
and	 number	 of	 pulses)	 from	 the	 original	 TBS	
protocol	on	the	motor	cortex	(5),	thereby	making	
a	 direct	 comparison	 with	 the	 original	 protocol	
problematic.	 This	 fact	 was	 emphasized	 by	
Goldsworthy	 et	 al.	 (12),	 who	 showed	 that	 slight	
modifications	in	the	stimulation	parameters	used	
for	 the	 application	 of	 cTBS	 protocol	 can	 have	
a	 significant	 impact	 on	 its	 efficacy	 for	 inducing	
human	motor	cortical	neuroplasticity	(12).
	 In	the	present	study,	we	addressed	the	limited	
knowledge	 of	 how	 TBS	 modulates	 the	 macro-
level	 neuronal	 network	 of	 cortical	 oscillations	
by	 applying	 the	 original	 cTBS	 protocol	 over	 the	
left	 primary	 motor	 cortex	 in	 healthy	 subjects.	
The	 aim	 of	 this	 study	 was	 to	 investigate	 how	
preconditioning	 the	 motor	 cortex	 with	 high-
frequency	 cTBS	 affects	 the	 subsequent	 patterns	
of	oscillatory	activity	in	the	motor	cortex	and	the	
cortico-cortical	areas	at	rest.	EEG	spectral	analysis	
was	 quantified	 to	 evaluate	 the	 interference	 by	
cTBS	on	the	cortical	motor	network	oscillations.	
We	predicted	that	cTBS	would	interfere	with	the	
connection	between	the	left	primary	motor	cortex	
and	distant	brain	areas	of	the	same	motor	neural	
network.	

Methods

Participants 
	 Twenty-six	healthy	volunteers	 (13	males,	13	
females;	 mean	 age,	 26.7	 years	 SD	 5.8)	 with	 no	
history	 of	 neurological	 disorder	 were	 randomly	
divided	into	two	groups	that	received	either	active	
or	 sham	cTBS	as	 a	 control.	 Subjects	were	 right-
handed,	as	assessed	by	the	Edinburgh	handedness	
inventory,	and	provided	written	informed	consent	
prior	to	participation.	The	experimental	procedure	
was	approved	by	the	Local	Ethical	Committee.

TMS and cTBS 
	 TMS	 was	 delivered	 through	 a	 figure-eight	
magnetic	 coil	 (70	 mm	 standard	 coil,	 Magstim	
Co.,	 Whitland,	 Dyfed,	 UK)	 that	 was	 connected	
to	a	Magstim	Super	Rapid	stimulator	 (Magstim,	
Whitland,	Dyfed,	UK).	The	coil	was	oriented	so	that	
the	induced	electric	current	flowed	in	a	posterior-
anterior	 direction	 over	 the	 left	 motor	 cortex.	
It	 was	 placed	 tangentially	 to	 the	 scalp	 with	 the	
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handle	pointing	backwards	and	laterally	at	a	45°	
angle	away	from	the	midline	and	perpendicular	to	
the	central	sulcus.	The	optimal	coil	position	was	
determined	by	moving	it	in	0.5	cm	steps	around	
the	motor	hand	area	of	the	left	motor	cortex	where	
magnetic	stimulation	produced	the	largest	motor	
evoked	 potentials	 (MEP)	 from	 the	 contralateral	
right	 thenar	 eminence	muscle	 during	 relaxation	
(the	 “motor	hot-spot”)	 (13).	 Stimulus	 intensities	
were	 expressed	 as	 a	 percentage	 of	 the	 subject’s	
resting	motor	threshold	(RMT).	The	active	motor	
threshold	 (AMT)	was	 the	minimum	single	pulse	
intensity	 with	 an	 MEP	 greater	 than	 200	 μV	 in	
more	 than	 50%	 trials	 from	 the	 contralateral	
thenar	 eminence	 muscle	 during	 a	 sustained	
voluntary	contraction	of	20%	maximum	strength	
using	visual	feedback	(13).	
	 In	 this	 study,	 we	 used	 the	 original	 cTBS	
protocol	 (5).	 The	 patterns	 of	 cTBS	 consisted	 of	
a	20	s	train	of	uninterrupted	TBS	with	bursts	of	
three	 pulses	 at	 50	Hz	being	 repeated	 every	 200	
ms	(i.e.,	5	Hz)	for	a	total	of	300	pulses.	cTBS	were	
applied	over	the	left	motor	cortex	and	the	stimulus	
intensity	was	at	80%	of	individual	AMT.	

EEG recording
	 Continuous	 EEG	 was	 recorded	 with	 a	MR-
compatible,	EEG	amplifier	(SD	MRI	32,	Micromed,	
Treviso,	Italy).	Electrode	montage	and	placement	
was	 performed	 according	 to	 the	 10/10	 system	
(14).	The	EEG	was	continuously	recorded	from	30	
Ag/AgCl	electrodes	sites	(Fp1,	AF3,	AF4,	F7,	F3,	
Fz,	F4,	F8,	FC5,	FC1,	FC2,	FC6,	T3,	C3,	Cz,	C4,	T4,	
CP5,	CP1,	CP2,	CP6,	T5,	P3,	Pz,	P4,	T6,	PO3,	PO4,	
O1,	O2).	The	reference	electrode	was	placed	at	the	
AFz	site,	whereas	the	ground	electrode	was	placed	
at	 the	 FCz	 site.	 To	 avoid	 electrical	 saturation	 of	
EEG	channels	that	were	induced	by	TMS,	the	EEG	
amplifier	had	a	resolution	of	22	bits	with	a	range	
of	 ±25.6	 mV.	 An	 anti-aliasing	 hardware	 band-
pass	filter	was	applied	with	a	bandwidth	between	
0.15	and	269.5	Hz.	EEG	data	were	sampled	at	a	
frequency	of	1024	Hz	using	the	software	package	
System	Plus	(Micromed,	Treviso,	Italy).

Experimental design
	 Subjects	were	 tested	 in	 a	 quiet,	 dimly	 light	
room.	They	were	seated	in	a	comfortable	armchair	
with	 eyes	 open,	 facing	 a	 computer	 screen.	 Each	
subject	undertook	a	40-min	recording	session	that	
consisted	 of	 four	 blocks	 of	 9’40’’	 duration	 each.	
Block	0	(i.e.,	baseline)	preceded	the	application	of	
cTBS	while	 the	 remaining	 three	 blocks	 followed	
the	 cTBS.	 Each	 block	 was	 comprised	 of	 five	
events:	1)	a	pause	of	1’10”,	2)	MEPs	recording	for	
1’10”,	 3)	EEG	 recording	 at	 rest	 for	 3’00”,	where	

a	 stationary	black	fixation	 cross	 symbol	 (0.8°	of	
visual	angle)	on	a	grey	background	was	presented	
at	the	centre	of	the	screen,	4)	a	brief	pause	of	20”,	
and	5)	EEG	 recording	during	 the	 execution	of	 a	
choice	reaction	time	task	of	4’00”	duration.	

Choice reaction time task
	 In	order	to	investigate	the	effects	of	cTBS	on	
the	execution	of	an	active	motor	task,	participants	
were	 asked	 to	 perform	 a	 motor	 choice	 reaction	
time	 task.	On	 each	 trial,	 a	 target	 stimulus	 of	 an	
arrowhead—pointing	 either	 to	 the	 left	 or	 right—
was	 presented	 in	 the	 centre	 of	 the	 computer	
screen.	 The	 participants	 were	 given	 1500	ms	 to	
respond	and	were	asked	to	respond	as	quickly	and	
as	accurately	as	possible.	Visual	feedback,	which	
occurred	over	300	ms,	was	subsequently	provided	
to	indicate	whether	the	participants	had	achieved	
a	correct	response.	There	were	a	total	of	96	trials	
in	each	block	of	the	experiment.	Half	of	the	trials	
displayed	 a	 “compatible	 condition”	 and	 another	
half	 presented	 an	 “incompatible	 condition”.	The	
duration	 of	 the	 reaction	 time	 task	 was	 4’00”	
in	 each	 of	 the	 four	 experimental	 blocks.	 The	
performance	was	measured	at	block	0	(baseline)	
from	6’40”	to	1’00”	before	cTBS,	block	one	from	
5’40”	 to	 9’40”,	 block	 two	 from	 15’20”	 to	 19’20”,	
and	block	three	from	25’00”	to	29’00”	after	cTBS.

EEG data analyses 
	 To	 demonstrate	 the	 cTBS-induced	
oscillations,	 coherence	 analyses	 of	 EEG	 data	
were	analysed	with	commercial	software	(Vision	
Analyser,	 Brain	 Vision,	 Munich,	 Germany)	
followed	 by	 computation	 of	 event-related	
coherence	 (ERCoh).	 Coherence	 values	 were	
computed	 for	 four	 blocks	 of	 EEG	 at	 “rest”	 and	
“active”	 (during	 a	 motor	 reaction	 time	 task).	 A	
semi-automatic	 segment	 inspection-rejection	
procedure	 was	 applied	 to	 avoid	 muscular	 or	
ocular	 activity.	 Overall,	 the	 number	 of	 accepted	
segments	 for	each	block	 ranged	between	47	and	
81.	 A	 discrete	 Fast	 Fourier	 Transform	 (FFT)	 of	
blocks	of	2048	data	points	was	computed	for	all	
electrodes.	 Power	 spectra	were	 estimated	 for	 all	
frequency	bins	between	0.5	and	40	Hz.	Recordings	
were	 non-overlapping	 Hamming-windowed	 to	
control	spectral	leakage.	
	 Coherence	 was	 calculated	 by	 selecting	 a	
combination	 of	 the	 C3	 electrode	 (the	 nearest	
channel	 to	 the	 TMS	 coil	 position)	 with	 nine	
electrodes,	 thereby	 creating	 the	 following	 pairs	
of	 electrodes:	 C3-F3,	 C3-Fz,	 C3-F4,	 C3-C3,	 C3-
Cz,	 C3-C4,	 C3-P3,	 C3-Pz	 and	 C3-P4	 from	 the	
FFT	power	spectrum.	The	coherence	values	were	
calculated	 for	 each	 frequency	bin,	 λ	 from	0.5	 to	
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40	Hz	(0.5	Hz	of	maximum	bin	width)	according	
to	equation	(1)	using	commercial	software	(Vision	
Analyser,	BrainVision,	Munich,	Germany).	
Cohxy	(λ)	=	|Rxy(λ)|2	=	[|fxy|2	/	(|fxx	(λ)|	|fyy	(λ)|)]	

Equation	(1)

	 Because	 coherence	 is	 the	 cross-correlation	
of	 two	 power	 spectra	 divided	 by	 the	 respective	
powers,	it	is	already	normalized	by	power	within	
each	subject.	Broadband	coherence	changes	were	
obtained	 by	 averaging	 the	 coherence	 values	 for	
the	 theta	 θ	 (4.0–7.5	 Hz),	 low	 alpha	 α	 (8.0–9.5	
Hz),	mu	µ	(10.0–12.5	Hz),	low	beta	β	(13.0–19.5	
Hz),	 and	high	 beta	 β	 (20.0–30.0	Hz)	 frequency	
bands.	
	 Coherence	 increments	 are	 expressed	 as	
positive	 values	 and	 coherence	 decrements	 are	
expressed	 as	 negative	 values.	 This	 protocol	 of	
ERCoh	 analyses	 has	 been	 previously	 used	 in	
TMS-EEG	 studies	 to	 assess	 the	 modulation	 of	
interregional	 functional	 connectivity	 of	 neural	
assemblies	(15–17).

Statistical analyses
	 Data	were	analysed	using	SPSS	for	Windows	
version	 21.0.	 Repeated	 measures	 analyses	 of	
variances	 (ANOVA)	 were	 used	 to	 compare	
ERCoh	 effects.	 Repeated	measure	 ANOVA	were	
performed	 for	 EEG	 at	 rest	 for	 each	 frequency	
band	of	θ	 (4–7.5	Hz),	 low	α	 (8–9.5	Hz),	 µ	 (10–
12.5	Hz),	low	β	(13–19.5	Hz),	and	high	β	(20–30	
Hz).	Each	ANOVA	had	 a	 between-subject	 factor																																																					
of	 group	 (two	 levels	 –	 active	 cTBS	 and	 sham																																																																																																							
cTBS),	 and	 three	 within-subject	 factors,	 which	
included	 block	 (three	 levels	 –	 block	 1,	 2	 and	 3	
post	 cTBS)	 and	 the pairs of electrodes	 (nine	
levels	–	C3-F3,	C3-Fz,	C3-F4,	C3-C3,	C3-Cz,	C3-
C4,	C3-P3,	C3-Pz	and	C3-P4).	For	each	ANOVA,	
the	 sphericity	 assumption	 was	 assessed	 with	
Mauchly’s	 test,	 and	 Greenhouse-Geisser	 epsilon	
adjustments	 for	 non-sphericity	 were	 applied	
where	appropriate.	
	 For	 any	 significant	 interaction,	 increasing	
or	decreasing	of	 functional	connectivity	between	
two	EEG	electrodes	was	defined	to	be	significantly	
different	 if	 the	 following	criteria	were	met	when	
performing	post-hoc	 analyses:	 (1)	ERCoh	values	
for	 each	 pair	 of	 electrodes	 were	 significantly	
different	 between	 the	 two	 groups	 using	
independent	samples	two-tailed	t	test,	and	(2)	in	
order	 to	establish	 the	direction	of	 the	coherence	
effects,	ERCoh	values	of	those	pairs	of	electrodes	
were	significantly	different	from	zero	using	a	one-
sample	two-tailed	t-test	in	at	least	one	group.	For	
all	statistics,	P	<	0.05	was	considered	significant.

Results

	 We	 analysed	 the	 ERCoh	 of	 the	 ANOVA	 for	
the	main	effects	and	interaction	between	the	three	
experimental	 factors	 (group,	 block,	 and	 pairs	 of	
electrodes)	after	cTBS.	We	did	not	find	significant	
results	for	θ	(4–7.5	Hz),	low	α	(8–9.5	Hz),	µ	(10–
12.5	Hz),	 low	β	(13–19.5	Hz)	and	high	β	(20–30	
Hz)	 frequency	 bands.	 Significant	 results	 were	
obtained	for	low	β	(13–19.5	Hz)	brain	rhythms	at	
rest	and	high	β	 (20–30	Hz)	brain	rhythms	after	
the	motor	choice	reaction	time	task.

Coherence changes in the low β band
	 The	 ANOVA	 of	 the	 ERCoh	 at	 rest	 showed	
significant	 interactions	 of	 Group x Pair of 
Electrodes [F4.6,109.9	=	4.88;	p	<	.01;	hp

2	=	.17]	and	
Group x Block x Pair of Electrodes	[F7.2,173.5 =	3.06;	
p	 <	 .01;	 hp

2	 =	 .11].Post-hoc	 comparisons	 of	 the	
two-way	 interaction	 “group	x	pair	of	 electrodes”	
showed	 a	 significant	 difference	 in	 functional	
coupling	 for	 active	 cTBS	 versus	 sham	 in	 C3-Fz	
(–0.015	vs.	0.004%),	C3–Cz	(–0.006	vs.	0.016%),	
C3–P3	 (–0.021	 vs.	 0.019%),	 and	 C3-Pz	 (–0.011	
vs.	 0.02%).	 Figure	 1	 illustrates	 the	 percentage	
of	 ERCoh	 modulation	 of	 the Group x Pair of 
Electrodes	for	low	β	at	rest.	
	 Post-hoc	 comparisons	 for	 the	 three-way	
interactions	Group x Block x Pairs of Electrodes 

Figure	 1:	 ERCoh	 low	β	 as	 a	 function	 of Group 
and Pairs of Electrodes.	 The	 figure	
illustrates	 EEG	 synchronisation	 of	
C3-Fz,	C3-Cz,	C3-P3,	C3-Pz,	and	C3-
P4	 pairs	 of	 electrodes	 for	 real	 cTBS	
compared	to	sham	at	rest.	

	 	 *significant	 real	 cTBS	 rest	 vs	 sham												
(P	 <	 0.05;	 Bonferroni	 corrected;																					
n	=	26).
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demonstrated	 a	 decrease	 in	 functional	 coupling	
for	 real	 cTBS	 when	 compared	 to	 sham	 cTBS	 at	
rest	 across	 all	 blocks	 of	 time	 [block	 one:	 C3-Fz	
(-0.017	vs.	0.008%),	C3-Cz	 (-0.033	vs.	0.019%),	
C3-P3	 (-0.036	 vs.	 0.015%),	 C3-Pz	 (-0.024	 vs.	
0.017%)	 and	 C3-P4	 (-0.024	 vs.	 0.007%);	 block	
two:	C3-C4	(-0.012	vs.	0.009%),	C3-P3	(-0.011	vs.	
0.022%);	block	three:	C3-Fz	(-0.019	vs.	0.009%),	
C3-P3	 (-0.017	 vs.	 0.022%),	 C3-Pz	 (-0.015	 vs.	
0.014%)].	 Figure	 2	 illustrates	 the	 percentage	 of	
ERCoh	modulation	 of	Group x Block x Pairs of 
Electrodes	for	low	β	at	rest.

Coherence changes in the high β band
	 The	 ANOVA	 of	 ERCoh	 at	 rest	 indicated	
non-significant	 interactions	 at	 rest	 but	 showed	
significant	 interactions	 of	 Group x Pair	 of	
Electrodes	 [F3.4,82.5	 =	 9.88;	 p	 <	 .001;	 hp

2	 =	 .29]	
and	Group x Block x Pair of Electrodes	 [F5.2,125.4 

=	2.37;	p	<	.05;	hp
2	=	.09]	after	the	active	motor	

task.	 Post-hoc	 comparisons	 of	 the	 two-way	
interaction Group x Pair of	 Electrodes	 showed	
a	 decrease	 in	 functional	 coupling	 for	 real	 cTBS	
versus	sham	in	C3-Cz	(-0.018	vs.	0.041%),	C3-C4	
(-0.009	vs.	0.029%),	C3-P3	(-0.018	vs.	0.056%),	
C3-Pz	 (-0.029	 vs.	 0.04%)	 and	 C3-P4	 (-0.02	 vs.	
0.034%)	 pairs	 of	 electrodes.	 Figure	 3	 illustrates	
the	 percentage	 of	 ERCoh	 modulation	 of	 Group	
x	Pair	of	Electrodes	 for	high	β	during	 the	active	
motor	task.
	 Post-hoc	 analyses	 for	 the	 significant	 three-
way	interaction	Group x Block x Pair of Electrodes	
demonstrated	 a	 decrease	 in	 functional	 coupling	
in	 real	 cTBS	when	compared	 to	 the	sham	group	
across	 the	 three	 blocks	 in	 the	 central-parietal	
pairs	of	electrodes:	[block	one:	C3-Cz	(-0.036	vs.	
0.059%),	C3-C4	(-0.03	vs.	0.03%),	C3-P3	(-0.027	
vs.	0.062%),	C3-Pz	(-0.041	vs.	0.051%)	and	C3-P4	
(-0.033	vs.	0.043%);	block	two:	C3-C4	(0.004	vs.	
0.038%),	C3-P3	(-0.016	vs.	0.037%),	C3-Pz	(-0.01	

vs.	0.027%)	and	C3-P4	(-0.002	vs.	0.027%);	block	
three:	C3-Cz	(-0.023	vs.	0.038%),	C3-P3	(-0.011	
vs.	0.068%),	C3-Pz	(-0.037	vs.	0.043%)	and	C3-
P4	(-0.026	vs.	0.032%)].	Figure	4	 illustrates	 the	
percentage	 of	 ERCoh	 modulation	 of	 Group x 
Block x Pair of Electrodes	for	high	β	during	active	
motor	task.	

Discussion

	 The	 proposed	 mechanisms	 underlying	
synaptic	 plasticity	 induced	 by	 TBS	 are	 still	
debatable	 (18).	 Several	 researchers	 have	

Figure	3:	ERCoh	high	β	as	a	function	of	Group 
and Pairs of Electrodes.	 The	 figure	
illustrates	 EEG	 synchronisation	 of	
C3-Cz,	C3-C4,	C3-P3,	C3-Pz,	and	C3-
P4	 pairs	 of	 electrodes	 for	 real	 cTBS	
compared	 to	 sham	 during	 the	 active	
motor	task.	

	 	 *significant	 real	 cTBS	 rest	 vs.	 sham	
(P	 <	 0	 .05;	 Bonferroni	 corrected;																						
n	=	26).

Figure	2:	ERCoh	 low	β	as	a	 function	of	Group, Block and	Pairs of Electrodes.	The	figure	 illustrates																			
EEG	 synchronisation	 of	 several	 frontal-central-parietal	 pairs	 of	 electrodes	 for	 real	 cTBS	
compared	to	sham	at	rest	across	the	three	blocks	of	time.

	 	 *significant	real	cTBS	rest	vs	sham	(P	<	0.05;	Bonferroni	corrected;	n	=	26).
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highlighted	 the	 involvement	 of	 N-methyl-D-
aspartate	 (NMDA)	 receptors	 and	 brain-derived	
neurotrophic	factor	(BDNF)	(19,20).	Others	have	
proposed	 the	 involvement	 of	 inhibitory	 gamma-
aminobutyric	 acid	 (GABA)	 neurotransmission	
after	TBS	perturbation	of	 the	motor	 cortex	 (21).	
Alternative	mechanisms	include	TBS	modulation	
on	 gene	 expression	 and	 protein	 levels	 (22).	
Although	 the	mechanisms	of	TBS	on	 the	micro-	
or	synaptic	 level	are	well	understood,	 it	remains	
unclear	 how	 TBS	 modulates	 the	 macro-level	
neuronal	 network,	 such	 as	 cortical	 oscillations	
(18).	 Investigations	 into	 the	 mechanisms	 of	
the	 macro-level	 neuronal	 network	 of	 cortical	
oscillations	 is	 important	 due	 to	 the	 increasing	
evidence	 that	 patients	 with	 neuropsychiatric	
illnesses	 have	 abnormal	 brain	 oscillations	 (23)	
and	 that	 non-invasive	 transcranial	 magnetic	
stimulation,	 such	 as	 the	 TBS	 protocol,	 has	 the	
potential	to	reverse	the	abnormal	brain	synchrony	
(24).
	 The	present	experiment	was	designed	as	an	
attempt	 to	 investigate	 how	 preconditioning	 the	
motor	 cortex	 with	 high	 frequency	 cTBS	 affects	
the	 oscillatory	 neural	 activity	 of	 remote	 cortical	
regions.	We	quantified	the	interregional	coupling	
of	 remote	 brain	 regions	 using	 event	 related	
coherence	 (ERCoh),	 which	 reflects	 the	 spatial-
temporal	 connection	 between	 two	 oscillatory	
signals	 (17).	 The	 electrodes	 are	 referenced	 to	
C3,	 the	 closest	 electrode	 to	 the	 left	 primary	
motor	 cortex,	 in	 order	 to	 investigate	 how	 cTBS	
modulates	 the	 cortico-cortical	 coherence	 of	
the	 motor	 network.	 The	 coherence	 analyses	 for	
the	 assessment	 of	 functional	 connectivity	 is	 a	
powerful	 tool	 to	 investigate	 the	 capability	of	 the	
human	 cerebral	 cortex	 to	 integrate	 and	 transfer	
information	 within	 and	 between	 different	 areas	

(17).	The	coherence	analyses	of	EEG	signals	within	
the	 motor	 system	 measures	 the	 presence	 of	 a	
correlation	in	neuronal	oscillatory	activity	across	
different	 cortical	 regions	 in	 order	 to	 determine	
their	 involvement	 in	 the	 same	 functional	motor	
network	 (25).	 In	 recent	 years,	 EEG	 coherence	
analysis	has	provided	new	insight	into	the	neural	
basis	of	cognitive	dysfunction	in	neuropsychiatric	
illnesses,	such	as	Alzheimer’s	disease,	which	has	
been	shown	to	be	associated	with	an	impairment	
of	functional	connectivity	between	distant	cortical	
areas	when	compared	with	healthy	subjects	(26).	
Furthermore,	research	has	shown	that	there	is	the	
potential	 of	 improving	 symptoms	of	Parkinson's	
disease	 using	 TBS	 and	 EEG	 co-registration	
protocol	(27).
	 The	 main	 finding	 of	 this	 study	 was	 that	
intrahemispheric	 and	 interhemispheric	
connectivity	changes	occur	for	at	least	30	minutes	
after	cTBS.	In	particular,	we	found	a	decrease	in	
functional	connectivity	for	real	cTBS	between	the	
pre-conditioned	 left	 primary	 motor	 cortex	 and	
the	 distant	 areas	 of	 the	motor	 network	 in	 the	 β	
brain	 rhythm	 for	30	minutes	 after	 the	magnetic	
stimulation.	 This	 functional	 disconnection	 was	
mainly	 in	 the	 central-parietal	 electrodes	 of	 the	
low	β	rhythm	at	rest	and	high	β	band	during	the	
active	motor	task.	In	the	present	experiment,	we	
found	 that	 β	 was	 the	 most	 sensitive	 frequency	
band	 that	 was	 modulated	 by	 cTBS	 both	 during	
rest	and	active	states.
	 Physiologically,	β	oscillations	are	associated	
with	motor	 activity	 and	 are	 cortically	 generated	
(28).	 Our	 results	 demonstrated	 a	 focal	
enhancement	of	β	oscillations.	A	focal	synchrony	
suggests	 a	 cortical	 origin	 (29),	 whilst	 a	 global	
synchrony	 indicates	 the	 involvement	 of	 deeper	
structures,	 such	 as	 the	 thalamus,	 through	 the	

Figure	4:	ERCoh	high	β	as	a	function	of	Group, Block	and	Pairs of Electrodes.	The	figure	illustrates	EEG	
synchronisation	of	 the	 central-parietal	pairs	of	 electrodes	 for	 real	 cTBS	compared	 to	 sham	
across	the	three	blocks	during	the	active	motor	task.	

	 	 *significant	real	cTBS	rest	vs.	sham	(P	<	0	.05;	Bonferroni	corrected;	n	=	26).
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thalamocortical	networks	 (29).	Previous	 studies,	
which	 analysed	 the	 interregional	 coherence	
to	 assess	 the	 neurophysiological	 processes	
underlying	 the	 performance	 during	 higher	
task	 demands,	 such	 as	 skilled	 or	 sequential	
finger	 movements,	 have	 found	 an	 increase	 of	
functional	 coupling	 mainly	 in	 the	 μ	 (10-12	 Hz)	
and	β	frequency	range	(13-20	Hz)	(30,31).	Neural	
synchronization	 at	 these	 frequency	 bands	 have	
been	 suggested	 to	 be	 of	 importance	 for	 cortico-
cortical	and	cortico-subcortical	motor	processing	
(32).	Because	β	rhythm	is	mostly	represented	at	
the	 cortical	 level	 during	 awake	 and	 alert	 states	
of	the	brain,	our	findings	support	the	hypothesis	
that	TBS	acts	more	on	cortical	levels	rather	than	in	
deeper	structures	(33).	Nevertheless,	EEG	reflects	
the	 activity	 of	 a	 large	 population	 of	 neurons	
(34),	 therefore	 we	 cannot	 exclude	 the	 influence	
of	 the	 thalamocortical	 network	 in	 generating	 β	
oscillations	over	the	motor	cortex.	
	 Our	 results	 of	 decreased	 cortico-cortical	
coherence	 are	 consistent	 with	 the	 findings	 of	
previous	 investigations	 using	 high-frequency	
rTMS,	 which	 is	 commonly	 used	 to	 increase	
cortical	excitability	(35,36).	We	expected	that	the	
coherence	 results	 would	 be	 consistent	 with	 the	
findings	 from	 the	 conventional	 low	 frequency	 1	
Hz	 rTMS,	 which	 demonstrated	 an	 increase	 in	
EEG	coherence	after	1	Hz	rTMS	of	subthreshold	
intensity	 over	 the	 left	motor	 cortex	 (16,37).	Our	
prediction	was	based	upon	the	similarity	of	the	cTBS	
paradigm	and	the	effects	of	long-term	depression	
in	 low	 frequency	 1	 Hz	 rTMS	 (5,6).	 Instead,	
our	 results	 showed	 a	 decrease	 in	 interregional	
functional	 connectivity	 or	 lower	 EEG	 coherence	
in	remote	cortical	areas	after	stimulation	over	the	
motor	 cortex.	 Since,	 in	 principle,	 TBS	 is	 a	 high	
frequency	magnetic	stimulation	(6),	the	decrease	
in	 functional	 coupling	 might	 be	 an	 anticipated	
outcome.	 Another	 possible	 explanation	 was	
that	 we	 calculated	 the	 event	 related	 coherence	
between	 C3,	 which	 was	 the	 closest	 electrode	 to	
the	site	of	cTBS	stimulation,	and	the	other	paired	
frontal,	central	and	parietal	electrodes.	Therefore,	
the	interregional	decrease	of	connectivity	may	be	
mainly	 the	 result	 of	 the	 suppression	 of	 the	 left	
motor	cortex,	but	not	of	other	regions	of	the	brain.	
	 In	 the	 sham	 cTBS	 group,	 we	 have	 found	 a	
synchronisation	 of	 cortico-cortical	 connectivity	
between	 the	 primary	 motor	 cortex	 and	 the	
central-parietal	 cortex	 for	 high	 β	 band	 during	
the	execution	of	a	motor	reaction	time	task.	This	
was	 in	 opposition	 to	 the	 decreasing	 coherence	
between	 the	 same	 cortical	 regions	 after	 the	
perturbation	that	was	produced	by	real	cTBS.	This	
result	 suggests	 that,	 in	 a	 perfectly	 functioning	

brain,	 the	 execution	 of	 a	 complex	 motor	 task	
was	 induced	 by	 increased	 connectivity	 between	
functionally	 connected	 cortical	 areas	 (38).	 Our	
coherence	results	revealed	that	cTBS	could	induce	
long-lasting	 alterations	 of	 interregional	 cortical	
oscillations	 with	 a	 functional	 disconnection	
between	 distant	 brain	 areas	 of	 the	 same	 motor	
neural	network	in	healthy	subjects.	These	changes	
of	 a	distributed	 synchronization	of	 interregional	
networks	oscillations	 suggest	 that	EEG	could	be	
used	 as	 a	 direct	 electrophysiological	measure	 of	
plasticity	of	the	motor	system	that	is	induced	after	
theta	burst	magnetic	stimulation	(39).	

Conclusion

	 In	 conclusion,	 here	 we	 show	 that	 the	
application	of	cTBS	can	induce	reductions	in	the	
functional	 synchronization	 and	 organization	 of	
cortico-cortical	 oscillations,	 thereby	 making	 it	
a	 useful	 tool	 for	 understanding	 brain	 rhythms	
and	 their	 generation	 (40).	 Overall,	 our	 present	
work	 suggests	 a	 probable	 link	 between	 network	
oscillations	 and	 neuroplastic	 alterations	 in	 the	
human	 brain	 after	 TBS.	 Although,	 increased	
neuronal	 synchronisation	 might	 be	 associated	
with	 mechanisms	 of	 long-term	 depression,	 it	 is	
not	possible	to	conclude	this	with	certainty	due	to	
the	limitation	of	inferences	of	EEG	on	the	micro-
level.	Surface	EEG	will	only	record	neural	activity	
if	there	is	synchronicity	on	a	large	scale	underlying	
the	electrode	(41).	Therefore,	our	result	can	only	
be	interpreted	on	a	macroscopic	scale,	but	not	on	
a	micro-level,	which	cannot	be	computed	with	a	
scalp	 EEG.	 In	 particular,	 the	 field	 spread	 issue	
results	 in	 a	 wide	 representation	 of	 sources	 in	
many	electrodes,	which	makes	the	interpretation	
of	 functional	 connectivity	 measures	 between	
pairs	 or	 electrodes	 difficult	 (41).	 Nevertheless,	
due	to	the	rise	of	a	neurotherapeutic	protocol	that	
makes	use	of	theta	burst	stimulation	(26,27),	it	is	
important	to	extend	previous	research	using	EEG	
to	probe	treatment	efficacy	and	the	mechanisms	
of	synaptic	plasticity	post	rTMS.	Future	studies	of	
combined	TBS/EEG	 should	 investigate	 the	 time	
course	of	cortical	oscillations	by	cTBS	beyond	the	
30	minutes	temporal	window.
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