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introduction: While the etiology of developmental coordination disorder (DCD) is yet 
to be established, brain-behavior modeling provides a cogent argument that neuropa-
thology may subserve the motor difficulties typical of DCD. We argue that a number 
of the core behavioral features of the DCD profile (such as poor surround inhibition, 
compromised motor inhibition, and the presence of mirror movements) are consistent 
with difficulties regulating inhibition within the primary motor cortex (M1). This study 
aimed to be the first account of the integrity of cortical inhibition in motor cortices  
in DCD.

Method: The sample consisted of eight adults with DCD aged (18–30  years) and 
10 aged matched neurotypical controls. Participants received a common battery of 
single and paired-pulse transcranial magnetic stimulation from which a series of neu-
rophysiological measures classically used to measure intra- [e.g., short-interval cortical 
inhibition (SICI), long-interval cortical inhibition (LICI), and cortical silent period] and inter 
hemispheric [e.g., ipsilateral silent period (ISP)] cortical inhibition of the M1 at rest were 
recorded.

results: While no group differences were observed for any measure of intrahemi-
spheric cortical inhibition, individuals with DCD demonstrated significantly reduced 
interhemispheric cortical inhibition relative to controls, shown by consistently lower 
ISPratios.

conclusion: Our findings are consistent with the view that regulation of cortical inhibition 
of M1 activity may be atypical in individuals with DCD, indicating differential GABAergic 
operation. This effect, however, appears to be select to cortical inhibition. Importantly, 
our data support the notion that reduced interhemispheric M1 cortical inhibition may at 
least partly explain commonly reported difficulties with bimanual motor control in DCD. 
The neurochemical implications and limitations of this evidence will be discussed.

Keywords: developmental coordination disorder, motor control, cortical inhibition, transcranial magnetic 
stimulation, movement disorders, movement, interhemispheric connectivity
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research highlighTs

•	 A	number	of	core	behavioral	 features	of	DCD	are	consistent	
with	 difficulties	 regulating	 GABAergic	 activity	 (viz	 cortical	
inhibition)	within	the	primary	motor	cortex	(M1).

•	 This	study	used	TMS	to	probe	the	integrity	of	cortical	inhibi-
tion	in	the	M1	in	individuals	with	DCD.

•	 While	 intrahemispheric	M1	cortical	 inhibition	appears	to	be	
preserved	 in	 DCD,	 interhemispheric	M1	 cortical	 inhibition	
was	 significantly	 reduced	 relative	 to	 typically	 developing	
individuals.

•	 Our	 study	 is	 the	 first	 to	 provide	 evidence	 that	 regulation	 of	
GABAergic	activity	within	the	M1	may	be	atypical	in	DCD.

inTrODUcTiOn

Developmental	 coordination	 disorder	 (DCD)	 is	 characterized	
by	atypical	development	and	performance	of	motor	skill	 in	the	
absence	 of	 any	 identifiable	 neurological	 or	medical	 conditions	
(1).	Diagnosed	individuals	present	with	motor	skills	substantially	
below	that	expected	given	their	age,	limiting	their	ability	to	per-
form	daily	 tasks	 requiring	 coordinated	movements	 [e.g.,	 using	
utensils,	 playing	 sports,	 and	 self-care	 (2,	3)].	Motor	difficulties	
symptomatic	of	DCD	emerge	in	childhood,	with	the	syndrome	
diagnosed	 early	 in	 development,	 typically	 during	 the	 primary	
school	years	(4).	Initially	theorized	to	result	from	a	delay	in	brain	
development	[e.g.,	minimal	brain	dysfunction:	see	(5)	for	a	good	
review],	 the	primary	 symptoms	of	DCD	were	 expected	 to	dis-
sipate	with	age	(6).	It	is	now	well	understood	that	the	motor	skill	
difficulties	seen	in	DCD	persist	into	adulthood	for	a	substantial	
proportion	 of	 diagnosed	 individuals	 (7–9),	 as	 do	 the	 second-
ary	 psychosocial	 difficulties	 (10,	 11).	These	 findings	 highlight	
the	 importance	of	early	 identification	of	DCD	and	the	need	 to	
develop	age-appropriate	assessment	and	therapeutic	strategies.

While	 the	etiology	of	DCD	remains	unclear,	brain-behavior	
modeling	 provides	 a	 cogent	 argument	 that	 cortical	 neuropa-
thology	may	 subserve	 atypical	motor	 development	 (5,	 12–14).	
Indeed,	 in  vivo	 neurological	 measurement	 of	 individuals	 with	
DCD	 has	 increased	 substantially	 over	 the	 last	 decade	 (14).	
These	studies	have	primarily	 focused	on	the	pattern	of	cortical	
de/activation	 (via	 fMRI	 or	 EEG)	 when	 individuals	 with	DCD	
perform	perceptuo-motor	and	cognitive	tasks,	or	the	structural	
integrity	of	motor	 circuitry	 (via	MRI).	While	promising,	 these	
data	 remain	 sparse	 and	 inconsistent.	 Accordingly,	 the	 “neural	
signature”	of	DCD	is	yet	to	be	established	(5),	and	further	work	is	
required.	In	this	study,	we	investigate	whether	atypical	regulation	
of	 the	 nervous	 system’s	 principle	 inhibitory	 neurotransmitter,	
gamma-aminobutyric	 acid	 (GABA),	within	 the	primary	motor	
cortex	(M1)	may	explain	some	of	the	core	features	of	the	DCD	
symptom	profile	(see	below).	To	the	best	of	our	knowledge,	no	
study	has	directly	tested	this	important	hypothesis	nor,	have	the	
neurochemical	properties	of	poor	motor	control	 in	DCD	been	
reported	on.	Since	regulation	of	M1	activity	has	been	shown	to	
be	amenable	to	therapeutic	intervention	in	populations	with	and	
without	motor	 impairment	 (15–18),	 clarifying	 this	 issue	 holds	
considerable	therapeutic	significance	for	individuals	with	DCD.

Primary Motor cortical inhibition is 
Fundamental to Motor control
The	M1	is	the	final	relay	point	for	outgoing	motor	commands	
before	 they	 descend	 the	 spinal	 cord,	 receiving	 input	 from	
other	motor	 cortical	 and	 subcortical	 structures	 (19).	The	 role	
of	M1	in	producing	movement	is	well	established,	with	excita-
tion	 increasing	within	 the	 contralateral	M1	 immediately	 (i.e.,	
≈120 ms)	before	activation	of	task-relevant	peripheral	muscles	
(19,	20).	However,	it	is	becoming	increasingly	clear	that	inhibi-
tory	 mechanisms	 within	 the	 M1	 are	 equally	 as	 important	 to	
producing	mature	movement	(19–21).	That	 is,	accurate	motor	
output	from	the	M1	is	part	the	product	of	excitatory	commands	
supporting	 the	movement	of	 choice	 and	part	 inhibitory	 com-
mands	suppressing	undesired	muscle	activity	(22).

Intracortically,	 inhibitory	 interneurons	 within	 the	 con-
tralateral	 M1	 are	 involved	 in	 the	 suppression	 of	 proximal,	
task-inappropriate	 muscles	 during	 voluntary	 manual	 move-
ment	 (21,	23–26).	Specifically,	before	 (and	during)	unimanual	
movement,	 GABAergic	 activity	 decreases	 for	 task-relevant	
muscles,	yet	simultaneously	and	selectively	increases	for	nearby	
task-irrelevant	or	synergistic	abductors	(27–29).	This	so-called	
“surround	 inhibition”	 is	 touted	 to	be	 the	putative	neurophysi-
ological	mechanism	that	focuses,	or	“sharpens,”	outgoing	motor	
commands	 from	 the	 M1	 (22,	 30).	 Indeed,	 where	 surround	
inhibition	 is	 reduced,	 high	 precision	 manual	 performance	 is	
often	 compromised	 [e.g.,	 focal	 hand	 dystonia	 and	Parkinson’s	
disease	(22,	31)].	Furthermore,	just	as	regulation	of	intracortical	
M1	 inhibition	 is	 central	 to	 the	fine	 tuning	of	 complex	 action,	
it	 is	 also	 critical	 in	 those	 instances	where	 the	nervous	 system	
is	 required	 to	 terminate	 either	 a	prepared	or	prepotent	 action	
(as	 per	 the	 Stop-signal	 task	 and	 the	 Go/No-go	 task).	 Case	
in	 point,	 intrahemispheric	 cortical	 inhibition	 within	 the	 M1	
non-selectively	 increases	 (i.e.,	≈160 ms)	before	 the	 successful,	
sudden	cancelation	of	prepared	or	prepotent	actions	(25,	32,	33),	
a	process	known	as	motor	response	inhibition	(34).

Finally,	 during	 the	 performance	 of	 common	 unilateral	
move	ments,	the	nervous	system	has	a	natural	tendency	toward	
activating	homologous	muscles	in	the	ipsilateral	limb	(35,	36).		
In	 these	 instances,	 interhemispheric	 cortical	 inhibition	 is	
required	 to	 prevent	 contralateral	 M1	 activity	 traversing	 the	
corpus	 callosum	 to	 the	 ipsilateral	 M1,	 and	 the	 subsequent	
(unwanted)	 replication	 of	 action,	 or	 part	 thereof,	 in	 the	 ipsi-
lateral	hemisphere,	known	as	“mirror	movements”	(35,	37,	38).	
Indeed,	reduced	interhemispheric	cortical	 inhibition	has	been	
reported	 in	a	number	of	patient	groups	where	“mirror	move-
ments”	are	common	(39–42).

In	short,	efficient	and	accurate	motor	control	is	predicated	
on	the	nervous	system’s	capacity	to	regulate	M1	cortical	inhibi-
tory	mechanisms.	Given	 this,	 it	 is	 perhaps	 unsurprising	 that	
there	is	a	growing	body	of	evidence	suggesting	that	the	integrity	
of	M1	cortical	inhibition	may	predict	the	quality	of	motor	per-
formance	(43).	For	example,	stronger	intrahemispheric	cortical	
inhibition	 regulation	 in	 the	M1	 at	 rest	 predicts	 better	motor	
performance	in	neurotypical	adults	(44).	Conversely,	reduced	
intrahemispheric	 cortical	 inhibition	within	 the	M1	 is	 associ-
ated	 with	 atypical	motor	 function	 in	 patients	 with	 neurode-
velopmental	 disorders	 [e.g.,	 ADHD	 (45)],	 neurodegenerative	
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diseases	 [e.g.,	 Parkinson’s	 disease	 (46,	 47)	 and	 Huntington’s	
disease	 (48,	 49)]	 and	 neurological	 conditions	 where	 motor	
control	is	compromised	[e.g.,	focal	hand	dystonia	(30,	50,	51)	
and	Tourette’s	syndrome	(52)].

Transcranial Magnetic stimulation  
(TMs): insight into intrahemispheric  
and interhemispheric cortical  
inhibition of the PMc
Transcranial	 magnetic	 stimulation	 of	 the	M1	 has	 seen	 wide-
spread	use	as	a	non-invasive	means	of	investigating	intra-	and	
interhemispheric	GABAergic	activity	(53,	54).	A	single-magnetic	
pulse	 delivered	 by	 TMS	 to	 the	 M1	 in	 humans	 can	 produce	
activation	 in	 contralateral	 peripheral	 muscles.	 This	 muscle	
activation,	 also	 known	 as	 a	 motor-evoked	 potential	 (MEP),	
can	be	measured	by	electromyography	(EMG)	electrodes.	With	
respect	 to	 intrahemispheric	 cortical	 inhibition,	 paired-pulse	
TMS	 (ppTMS)	 and	 cortical	 silent	 period	 (CSP)	 protocols	 are	
the	 most	 commonly	 adopted	 investigative	 methods	 (55,	 56).	
ppTMS	 involves	 delivering	 two	 pulses	 to	 the	 same	 cortical	
point	 within	 the	M1	 in	 quick	 succession.	The	 first	 pulse	 is	 a	
subthreshold	 “conditioning”	 pulse,	 which	 is	 then	 followed	
closely	by	a	second	suprathreshold	“test”	pulse.	Depending	on	
the	 time	between	 the	pulses,	 or	 “interstimulus	 interval”	 (ISI),		
a	suppression	of	the	muscle	response	is	observed	and	is	thought	
to	reflect	activity	of	GABAergic	receptors	within	the	M1	(57).	
Shorter	ISIs	(i.e.,	2–5 ms)	between	pulses	are	thought	to	activate	
fast-acting	 GABAA	 receptors	 (58),	 a	 protocol	 referred	 to	 as	
short-interval	cortical	inhibition	(SICI).	Conversely,	longer	ISIs	
(i.e.,	100–150 ms),	where	both	conditioning	and	test	pulses	are	
suprathreshold,	are	thought	to	activate	relatively	slower-acting	
GABAB	 receptors	 (59),	 a	 protocol	 referred	 to	 as	 long-interval	
cortical	 inhibition	 (LICI).	With	 respect	 to	CSP,	 a	 single-TMS	
pulse	is	delivered	to	the	cortical	point	on	the	M1	during	volun-
tary	muscle	activation	of	the	relevant	peripheral	muscle	in	the	
contralateral	effector	(60,	61).	Generally,	a	period	of	suppressed	
muscle	 activity	 known	 as	 the	 “silent	 period”	 can	 be	 observed	
immediately	following	an	initial	TMS	elicited	MEP	burst.	CSPs	
are	also	thought	to	reflect	GABA	receptor	activity	(62);	however,	
the	nature	of	the	receptor	site	is	still	a	source	of	debate.

Finally,	TMS	procedures	can	also	be	reliably	applied	to	index	
the	 integrity	of	 interhemispheric	 cortical	 inhibition	 (63–65).	
While	the	latter	can	be	inferred	using	various	techniques,	one	
of	 the	 more	 common	 is	 via	 the	 measurement	 of	 ipsilateral	
silent	periods	[ISPs	(64,	66–68)].	Here,	a	single-TMS	pulse	is	
delivered	to	the	M1	on	the	ipsilateral	side	of	an	active	muscle,	
while	the	contralateral	homologous	muscle	is	at	rest.	When	an	
MEP	is	elicited	in	the	contralateral	hand	as	a	result	of	the	TMS	
pulse,	a	brief	“silent	period”	in	muscle	activity	can	be	observed	
in	the	homologous	ipsilateral	muscle.	ISP	is	widely	accepted	as	
one	of	the	TMS-evoked	measures	that	reflect	the	brain’s	capa-
city	 to	 prevent	 transcallosal	 communication	 of	 motor	 com-
mands	(69–71),	restricting	neural	activity	to	the	contralateral	
M1	 during	 unilateral	 movements	 and	 preventing	 unwanted	
mirror	 movements	 (35).	 Like	 measures	 of	 intrahemispheric	
cortical	inhibition,	interhemispheric	cortical	inhibition	is	also	

thought	to	be	dependent	on	both	GABAA	and	GABAB	receptor	
activity	(72).

M1 cortical inhibition and DcD
As	outlined	earlier,	there	is	compelling	evidence	indicating	that	
the	 efficiency	 with	 which	 M1	 cortical	 inhibition	 is	 regulated	
predicts	motor	ability	[e.g.,	Ref.	 (44)].	 Indeed,	reduced	cortical	
inhibition	within	the	M1	predicts	compromised	motor	function	
in	neurodevelopmental	disorders	that	commonly	co-occur	with	
DCD,	such	as	ADHD	(45).	Despite	this,	no	study	to	our	knowl-
edge	has	directly	investigated	the	integrity	of	cortical	inhibitory	
processes	in	DCD,	a	disorder	primarily	characterized	by	impaired	
motor	control.

There	 are,	 however,	 several	 converging	 lines	 of	 evidence	
that	 support	 the	 view	 that	 cortical	 inhibition	 of	 the	M1	may	
be	compromised	in	DCD.	Recent	experimental	work	is	replete	
with	evidence	 that	 individuals	with	DCD	present	with	behav-
ioral	phenotypes	that	are	traditionally	associated	with	reduced	
intra-	 and	 interhemispheric	 cortical	 inhibition.	 For	 example,	
a	 number	 of	 studies	 have	 shown	 that	 individuals	 with	 DCD	
demonstrate	 an	 increased	 incidence	 of	 the	 type	 of	 “mirror	
movements”	symptomatic	of	poor	 interhemispheric	 inhibition	
(73–77).	Likewise,	children	with	DCD	have	consistently	shown	
difficulties	performing	tasks	that	require	the	sudden	cancelation	
of	both	prepared	or	prepotent	movements	(78–87).	Since	motor	
response	inhibition	is	dependent	on	efficient	intrahemispheric	
cortical	 inhibition	within	 the	M1	 (25,	33),	 poor	 performance	
could	feasibly	occur	due	to	poor	modulation	of	intrahemispheric	
GABAergic	activity.	It	should	also	be	noted	that	individuals	with	
atypical	motor	skills	often	show	poor	performance	on	various	
neuropsychological	tests	of	inhibition	(88).	However,	it	is	often	
difficult	to	discern	whether	such	deficits	are	motoric	or	cogni-
tive	in	nature	given	the	cognitive	demands	of	these	tasks	(89),	
the	latter	of	which	are	unlikely	to	be	rooted	in	the	M1.	Finally,	
while	the	inefficient,	slow,	and	highly	variable	performance	dur-
ing	 complex	manual	 tasks	 typical	 of	 individuals	with	DCD	 is	
unlikely	to	have	a	single-neurological	correlate,	it	is	nonetheless	
consistent	with	reduced	surround	 inhibition.	Again,	 surround	
inhibition	is	a	process	dependent	on	selective	upregulation	and	
deregulation	of	cortical	inhibition	within	the	M1	for	the	purpose	
of	“fine	tuning”	motor	commands	(22).	Taken	together,	we	argue	
that	 the	 clinical	 and	 experimental	 profile	 of	 individuals	 with	
DCD	is	consistent	with	pathophysiology	of	GABAergic	activity	
within	the	M1,	which	warrants	investigation.

The Present Paper
The	aim	of	this	study	was	to	investigate	the	integrity	of	intra-	and	
interhemispheric	cortical	inhibition	within	the	M1	in	a	sample	of	
young	adults	with	DCD	using	TMS.	Similarly	to	recent	work,	given	
the	 heterogeneity	 associated	 with	 samples	 of	 individuals	 with	
DCD,	we	opted	to	include	young	adults	with	DCD	rather	than	
children	to	control	for	the	subgroup	of	children	who	“out-grow”	
the	condition	thereby	reducing	one	common	source	of	variability	
(90,	91).	Given	the	exploratory	nature	of	this	study,	M1	cortical	
inhibition	was	measured	using	a	battery	of	single-pulse	TMS	and	
ppTMS	protocols	 commonly	 adopted	 to	 investigate	 intra-	 and	
interhemispheric	 cortical	 inhibition.	 Based	 on	 evidence	 that	
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cortical	inhibition	within	the	M1	predicts	motor	function	in	neu-
rotypical	and	atypical	populations,	and	evidence	that	individuals	
with	DCD	regularly	present	with	behavioral	markers	consistent	
with	atypical	 regulation	of	GABAergic	mechanisms	 in	 the	M1,	
it	was	predicted	that	individuals	with	DCD	would	present	with	
reduced	 intra-	and	 interhemispheric	cortical	 inhibition	relative	
to	controls.

MaTerials anD MeThODs

Participants
The	sample	comprised	8	adults	with	DCD	(4	males	and	4	females,	
Mage =  23.75,	 SD =  1.67,	 age	 range =  21–32)	 and	 10	 typically	
developing	(TD)	controls	(6	males	and	4	females,	Mage = 26.00,	
SD  =  4.24,	 age	 range  =  21–26).	 All	 participants	 self-reported	
being	 right	 handed,	 gave	 written	 informed	 consent,	 and	 were	
screened	to	ensure	they	were	free	of	TMS	contraindications.	No	
participants	reported	taking	medication	that	would	contraindicate	
TMS,	and	none	reported	experiencing	any	negative	side-effects	
during	or	following	TMS.	The	project	received	ethical	clearance	
from	Deakin	University	Human	Research	Ethics	Committee.

Participants	 were	 recruited	 through	 advertisements	 placed	
on	 university	 websites	 at	 an	 Australian	 University	 and	 social	
media	 outlets	 (i.e.,	 Facebook),	 targeting	 both	 individuals	 with	
motor	difficulties	and	 typical	motor	skill.	All	participants	were	
screened	using	methods	 that	have	been	successful	by	ours	and	
other	research	groups	 in	 identifying	adults	with	DCD	(90–94).	
Prospective	 participants	 first	 completed	 the	 Adult	 Dyspraxia/
Developmental	Coordination	Checklist	 [ADC	(95)],	 and	 those	
who	were	deemed	eligible	then	had	their	motor	ability	assessed	
using	the	Bruininks–Oseretsky	Test	of	Motor	Proficiency,	Second	
Edition	[BOT-2	(96)].	The	BOT-2	 is	a	well-validated	standard-
ized	measure	of	motor	skill,	containing	subtests	that	index	each	
participant’s	 “Fine	 manual	 control,”	 “Manual	 coordination,”	
“Body	coordination,”	and	“Strength	and	agility.”	Based	on	each	
participant’s	performance	on	each	of	the	subtests,	“Total	Motor	
Composite”	scores	(M = 50,	SD = 10)	are	then	generated	for	each	
participant,	providing	an	index	of	their	age-normed	motor	abil-
ity.	The	BOT-2	was	adopted	over	other	standardized	measures	of	
motor	ability	based	on	recent	reviews,	which	found	the	BOT-2	
to	be	the	most	valid	and	reliable	battery	available	for	identifying	
motor	difficulties	in	young	Australian	adults	(97,	98).

All	 participants	 with	 DCD	 were	 selected	 according	 to	
DSM-5	 criteria	 and	 in	 accordance	with	 recent	 guidelines	 for	
identifying	DCD	in	adults	(99).	Participants	were	considered	
to	have	DCD	if	their	motor	proficiency	was	significantly	below	
that	 expected	 given	 their	 age	 (Criterion	 A),	 as	 indicated	 by	
BOT-2	“Total	Motor	Composite”	 scores	at	or	below	 the	15th	
percentile	 (14).	 In	 total,	 13	 participants	 met	 this	 criterion.	
These	 motor	 difficulties	 must	 have	 significantly	 impacted	
their	ability	to	undertake	daily	activities	involving	movement	
(Criterion	B)	and	arose	 in	childhood	(Criterion	C),	as	deter-
mined	 using	 the	ADC.	The	ADC	 is	 a	 40-item	 questionnaire	
designed	 to	 identify	 current	 and	 childhood	 difficulties	 with	
completing	 daily	 living	 tasks	 related	 to	motor	 function.	The	
ADC	 is	often	used	 to	determine	whether	poor	motor	 skill	 is	

associated	with	a	reduced	ability	to	perform	tasks	of	everyday	
living	 (93,	 100–102).	 While	 ideal	 for	 addressing	 Criteria	 B	
and	 C,	 conjecture	 remains	 surrounding	 appropriate	 cutoffs.	
Based	on	a	recent	study	which	had	developed	95%	confidence	
intervals	for	total	(CI95%:	21.26Mean ± 3.27)	and	child	(CI95%:	4.26	
Mean  ±  0.86)	 ADC	 scores	 using	 47	 healthy	 young	 Australian	
adults	(93),	participants	who	had	met	Criterion	A	whom	also	
scored	above	 the	95%	confidence	 interval	cutoff	 for	 the	 total	
(i.e.,	 25	 or	 above)	 and	 child	 scores	 (i.e.,	 6	 and	 above)	 were	
deemed	 to	have	met	 criteria	B	 and	C	 respectively.	Twelve	of	
the	13	participants	who	met	Criterion	A	also	met	Criteria	B	
and	C.	None	of	these	participants	reported	a	previous	diagnosis	
of	any	neurological	or	medical	condition	affecting	movement	
(e.g.,	cerebral	palsy)	and	were	deemed	to	have	had	intelligence	
at	least	in	the	normal	range	since	they	were	recruited	through	
the	University	setting	and/or	had	completed	an	undergraduate	
degree	 (Criterion	 D).	 Finally,	 while	 12	 participants	 met	 the	
above	criteria	for	DCD,	only	8	met	the	required	medical	criteria	
to	undergo	TMS.	Accordingly,	our	final	sample	of	participants	
with	DCD	consisted	of	(n)	8.	While	no	participant	had	a	formal	
diagnosis	of	DCD,	we	can	be	confident	that	participants	in	our	
DCD	 group	met	 criteria	 as	 outlined	 earlier.	 Using	 the	 same	
screening	procedure,	all	controls	were	confirmed	to	have	age-
appropriate	motor	abilities,	as	indicated	by	a	percentile	ranking	
above	the	20th	percentile	for	“Total	Motor	Composite”	scores	
of	the	BOT-2	[see	also	Ref.	(83,	93,	100)]	and	were	free	of	any	
self-reported	medical	or	neurological	impairments.

Transcranial Magnetic stimulation
Single-pulse	TMS	(Magstim-200	stimulator,	Magstim	Company	
Ltd.,	UK)	was	administered	to	M1	using	a	hand-held,	70 mm	
figure-of-eight	coil	that	was	positioned	against	the	scalp	using	
the	orthodox	method	(handle	pointing	backwards	and	angled	
45  °	 away	 from	midline).	ppTMS	was	administered	using	 the	
same	 coil	 and	 two-Magstim-2002	 stimulators	 that	 were	 com-
bined	 via	 a	 BiStim2	 module.	 MEPs	 were	 recorded	 from	 the	
right-hand	 first	 dorsal	 interosseous	 (FDI)	muscle	 using	 three	
EMG	self-adhesive	electrodes:	an	active	electrode	placed	over	
the	muscle	belly	of	the	FDI,	a	reference	electrode	over	the	inter-
phalangeal	joint	of	the	right	index	finger	and	a	ground	electrode	
on	the	ulnar	styloid	process.	For	measurements	of	ISP,	EMG	was	
recorded	 from	 the	FDI	of	 the	 left	hand,	 ipsilateral	 to	 the	 coil	
using	LabChart	v7	(66).	EMG	was	acquired	via	a	PowerLab/4SP	
system	 (AD	 Instruments,	 Colorado	 Springs,	 CO,	USA).	 Grip	
force	was	measured	 via	 an	AD	 instruments	MLT004/ST	 grip	
force	transducer.

Single-pulse	TMS	was	used	to	locate	the	site	of	the	M1	on	the	
left	hemisphere	that	would	produce	a	maximal	response	in	the	
right	FDI.	This	“hotspot”	location	was	marked	and	used	as	the	
site	for	TMS	delivery	for	the	rest	of	the	session.	Resting-motor	
threshold	 (RMT)	was	 defined	 as	 the	minimum	 intensity	 that	
produced	a	peak-to-peak	MEP	of	>50 µV	 in	 at	 least	 5	out	of	
10	consecutive	trials	(103).	Active-motor	threshold	(AMT)	was	
defined	 as	 the	 lowest	 stimulation	 intensity	 that,	 during	 tonic	
muscle	contraction	(~10%	of	maximal	contraction	as	assessed	
via	a	grip	force	transducer),	produced	a	peak-to-peak	MEP	of	
>200 µV	in	at	least	5	out	of	10	consecutive	trials	(104).
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intrahemispheric cortical inhibition
Twenty	 baseline	 MEPs	 were	 then	 recorded	 following	 single-
pulse	 TMS	 delivered	 at	 4-s	 intervals,	 at	 120%	 RMT.	 Cortical	
inhibition	was	then	assessed	via	a	number	of	ppTMS	paradigms.	
Short-interval	cortical	inhibition	(SICI)	was	recorded	following	
the	delivery	of	a	 subthreshold	conditioning	pulse	 (90%	AMT),	
followed	2 ms	 later	by	a	suprathreshold	 test	pulse	 [120%	RMT	
(105,	 106)].	 LICI	 was	 then	 recorded	 following	 the	 delivery	 of	
two	 suprathreshold	 pulses	 (120%	 RMT),	 separated	 by	 100 ms	
(107–109).	Both	SICI	and	LICI	were	delivered	at	4-s	 intervals.	
Ten	recordings	were	taken	for	SICI	and	LICI,	respectively.	CSP	
was	 then	 recorded	 following	 single-pulse	 TMS	 (130%	 AMT)	
at	 4-s	 inter-trial	 intervals	 (ITI)	 while	 participants	 maintained	
voluntary	 muscle	 contraction	 at	 ~20%	 of	 maximal	 voluntary	
contraction	 (MVC),	 as	measured	 by	 the	 grip	 force	 transducer		
(61,	110).	Fifteen	recordings	were	taken	for	CSP.

interhemispheric cortical inhibition
Ipsilateral	silent	period	and	related	EMG	activity	were	recorded	
from	 the	 FDI	 of	 the	 left	 hand,	 following	 the	 delivery	 of	 15	
TMS	 pulses	 (150%	 RMT)	 to	 the	 ipsilateral	 hemisphere	 (111).	
Approximately	3 s	before	each	pulse,	participants	were	instructed	
to	perform	100%	of	MVC	of	 their	 left	hand,	by	applying	 force	
with	their	index	finger	to	the	force	transducer.	The	pulses	were	
delivered	with	 an	 ITI	 of	 10  s,	 during	which	 participants	 were	
instructed	to	relax	their	hand	to	prevent	fatigue	(112).

Data Preparation
Motor-evoked	 potentials	 were	 analyzed	 by	 determining	 their	
peak-to-peak	millivolt	 amplitudes.	 For	 SICI,	 each	 participant’s	
median	 conditioned	 peak-to-peak	 MEP	 was	 divided	 by	 their	
respective	median	unconditioned	peak-to-peak	MEP	measured	
at	baseline.	The	resulting	value	was	then	multiplied	by	100	and	
subtracted	from	100	to	represent	the	percentage	of	inhibition	of	
the	test	pulse	[SICI	(%)]

	
SICI (%) = − × .100 100C
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For	 LICI,	 each	 participant’s	 median	 peak-to-peak	 MEP	 in	
response	to	the	second	TMS	pulse	(the	conditioned	pulse)	was	
divided	by	 their	median	peak-to-peak	MEP	 in	 response	 to	 the	
first	TMS	pulse	(the	non-conditioned	pulse).	The	resulting	value	
was	then	multiplied	by	100	and	subtracted	from	100	to	represent	
the	 percentage	 of	 inhibition	 of	 the	 second	 suprathreshold	 test	
pulse	[LICI	(%)]
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For	CSP,	the	onset	and	offset	of	the	silent	period	was	deter-
mined	using	the	objective	graphical	method	described	by	Garvey	
et  al.	 (113).	The	 CSP	 duration	 (CSPduration)	 was	 defined	 as	 the	
mean	of	 the	 temporal	 difference	 (in	ms)	 between	CSPonset	 and	
CSPoffset	(CSPduration = CSPoffset − CSPonset).	Furthermore,	since	the	
duration	of	 silent	periods	depend	on	stimulus	 intensities	 (61),	
the	 CSPduration	 of	 each	 trial	 was	 divided	 by	 the	 peak-to-peak	

MEP	amplitude	of	the	same	trial	(CSPratio)	to	reduce	intersubject	
variability.	The	mean	CSPratio	was	 then	calculated	and	used	 for	
subsequent	analyses.	Although	not	presented	here,	we	note	that	
the	reported	profile	of	between	group	comparisons	for	CSP	did	
not	differ	appreciably	without	this	normalization

	
CSP

CSP
.ratio

durationinms=
peak to peak MEP amplitude− − 	

(3)

The	 graphical	 method	 described	 earlier	 was	 also	 used	 to	
determine	onset	 and	offset	 for	 ISPs	 (113).	The	duration	of	 ISP	
(ISPduration)	was	defined	as	the	mean	temporal	difference	between	
ISPonset	and	ISPoffset	(ISPduration = ISPoffset − ISPonset).	Given	that	the	
duration	of	ISPs	also	seems	to	be	affected	by	stimulus	intensities	
(61,	114),	the	ISPduration	of	each	trial	was	also	divided	by	the	peak-
to-peak	MEP	amplitude	evoked	 in	 the	contralateral	FDI	of	 the	
same	trial	(ISPratio).	The	mean	ISPratio	was	then	calculated	and	used	
for	subsequent	analyses.	Although	not	presented	here,	we	note	
that	the	reported	profile	of	between	group	comparisons	for	ISP	
did	not	differ	appreciably	without	this	normalization

	
ISP

peak to peakMEPamplitudeof contrala
ratio =

ISPduration in ms

− − tteral FDI
.
	 (4)

Data analysis
Group	 comparisons	 of	 intra-	 and	 interhemispheric	 cortical	
inhibition	 were	 conducted	 using	 Independent	 Samples	 t-tests	
for	 outcome	 measures	 where	 assumptions	 of	 normality	 were	
met	 (i.e.,	 CSPratio	 and	 ISPratio).	 Where	 assumptions	 were	 vio-
lated,	Mann–Whitney	U-tests	were	adopted	 [i.e.,	 SICI	 (%)	and	
LICI	 (%)].	Where	 significant	 group	differences	were	 observed,	
Pearson’s	 correlation	 analyses	 were	 conducted	 between	 those	
cortical	inhibition	measures	and	scale	scores	(M = 15,	SD = 5)	
of	 relevant	 subtests	 from	 the	 BOT-2	 requiring	 the	 use	 of	 the	
FDI.	Since	group	differences	were	only	observed	on	measures	of	
interhemispheric	cortical	inhibition	(see	below),	the	purpose	of	
the	subsequent	analysis	was	to	determine	whether	this	effect	in	
DCD	was	associated	with	motor	performance	deficits.	Only	those	
subtests	 (i.e.,	 “Manual	Dexterity”)	 that	placed	greater	demands	
on	interhemispheric	cortical	inhibition	(i.e.,	bimanual	coordina-
tion	of	left	and	right	hands)	were	subjected	to	correlations	with	
our	TMS	measure	of	interhemispheric	cortical	inhibition.

resUlTs

All	 participants	 completed	 all	measures.	 No	 group	 differences	
were	 observed	 for	 RMT	 or	 AMT.	 Baseline	 MEPs	 were	 also	
comparable	 between	 groups.	 As	 RMTs,	 AMTs	 and	 baseline	
MEPs	were	comparable	between	groups,	and	stimulator	output	
percentages	for	SICI,	LICI,	CSP,	and	ISP	are	all	based	on	RMT	
and	AMT	percentages,	comparisons	on	stimulus	 intensities	 for	
SICI,	LICI,	CSP,	and	ISP	were	deemed	redundant	and	were	not	
conducted.	See	Table 1	below.

intrahemispheric cortical inhibition
Comparisons	 of	 mean	 intrahemispheric	 cortical	 inhibition	
[SICI	 (%),	 LICI	 (%),	 and	 CSPratio]	 found	 no	 significant	 dif-
ferences	 between	 groups	 (see	 Table  2).	 Scatterplots	 for	 the	
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FigUre 3 | Mean CSPratio for both TD and DCD groups. Abbreviations: CSP, 
cortical silent period; TD, typically developing; DCD, developmental 
coordination disorder.

FigUre 2 | Median LICI (%) for both TD and DCD groups. Abbreviations: 
LICI, long-interval cortical inhibition; TD, typically developing; DCD, 
developmental coordination disorder.

FigUre 1 | Median SICI (%) for both TD and DCD groups. Note: Due to the 
scale, one TD and one DCD participants are not shown in this figure because 
they demonstrated facilitation (and hence SICI % fell below 0). Abbreviations: 
SICI, short-interval cortical inhibition; TD, typically developing; DCD, 
developmental coordination disorder.

Table 2 | Outcome measures for intrahemispheric cortical inhibition.

DcD TD statistic df p effect  
size

SICI (%) 54.80Median 73.51Median 30.00U – 0.329 0.949z

LICI (%) 79.98Median 88.57Median 36.00U – 0.648 0.738z

CSPratio 13.61Mean (7.41) 17.67Mean (9.68) 0.978t 16 0.343 0.056η2

MeanGroup mean and SD in parentheses.
MedianGroup median.
UCompared using a Mann–Whitney U-test.
tCompared using an Independent Samples t-test.
zKolmogorov–Smirnov Z.
η2Eta squared.
DCD, developmental coordination disorder; TD, typically developing; SICI, short-interval 
cortical inhibition; LICI, long-interval cortical inhibition; CSP, cortical silent period.

Table 1 | Mean and SDs (in parentheses) of RMT and AMT and median 
baseline MEPs for DCD and TD groups.

DcD TD t df p effect  
size (η2)

RMT (%)a 46.50 (9.17) 48.13 (6.85) 0.42 16 0.683 0.011
AMT (%)a 38.10 (8.39) 39.38 (6.37) 0.68 16 0.727 0.008
Baseline 
MEPs (mV)

1.10 (0.54) 1.27 (0.74) 0.18 16 0.858 0.002

aPercentage of maximum stimulator output.
RMT, resting-motor threshold; AMT, active-motor threshold; DCD, developmental 
coordination disorder; TD, typically developing; MEPs, motor-evoked potentials.
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intrahemispheric	cortical	inhibition	measures	are	presented	for	
DCD	and	TD	groups	in	Figures 1–3	for	SICI	(%),	LICI	(%),	and	
CSPratio	respectively.

interhemispheric cortical inhibition
In	 regards	 to	 interhemispheric	 cortical	 inhibition,	mean	 ISPratios	
were	significantly	smaller	in	the	DCD	group	CI95%:	3.81Mean ± 0.61	
relative	to	TD	controls	CI95%:	6.08Mean ± 1.32	(see	Table 3).	Individual	
mean	ISPratios	for	participants	in	each	group	are	shown	in	Figure 4.	
As	can	be	observed,	seven	of	eight	DCD	participants	(or	88%)	fell	
below	the	lower-bound	CI95%	threshold	of	the	TD	group	(i.e.,	4.76).
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FigUre 4 | Mean ISPratios for TD and DCD groups. Abbreviations: ISP, 
ipsilateral silent period; TD, typically developing; DCD, developmental 
coordination disorder.

Table 3 | Mean and SD (in parentheses) of outcome measure for 
interhemispheric cortical inhibition.

DcD TD t df p effect size (η2)

ISPratio 3.81 (0.73) 6.08 (1.84) 3.56a 12.29 0.004 0.401

aViolation of assumption of homogeneous variance was present, equal variances not 
assumed.
DCD, developmental coordination disorder; TD, typically developing; ISP, ipsilateral 
silent period.

FigUre 5 | Pearson’s correlation between performance on the manual dexterity subtest from the BOT-2 and mean ISPratios. Abbreviations: BOT-2, Bruininks–
Oseretsky Test of Motor Proficiency, Second Edition; ISP, ipsilateral silent period.

7

He et al. Cortical Inhibition in DCD

Frontiers in Neurology | www.frontiersin.org March 2018 | Volume 9 | Article 179

Dexterity”	 scale	 scores	 of	 the	 BOT-2,	 r  =  0.48,	 n  =  18,	 and	
p = 0.044.	A	scatterplot	illustrating	this	correlation	is	presented	
below	in	Figure 5.

DiscUssiOn

The	aim	of	 this	 study	was	 to	 investigate	 the	 integrity	 of	 intra-	
and	 interhemispheric	 cortical	 inhibition	 of	 the	 M1	 in	 adults	
with	 DCD	 using	 a	 battery	 of	 single-pulse	 TMS	 and	 ppTMS	
protocols	 that	 are	 commonly	 implemented	 to	 measure	 these	
respective	facets	of	cortical	inhibition.	Contrary	to	expectations,	
our	results	suggested	that	intrahemispheric	cortical	inhibition	at	
rest	is	preserved	in	DCD,	with	no	group	differences	observed	on	
mean	SICI,	LICI,	or	CSPratios.	As	predicted,	however,	we	observed	
significant	differences	 in	mean	ISPratios	between	groups,	a	com-
monly	adopted	measure	of	interhemispheric	cortical	inhibition.	
Indeed,	 adults	 with	 DCD	 showed	 significantly	 smaller	 mean	
ISPratios	 in	 comparison	 to	 healthy	 controls.	 Interestingly,	 the	
reduced	interhemispheric	cortical	inhibition	in	the	DCD	group	
was	also	associated	with	poorer	performance	on	subtests	of	the	
BOT-2	requiring	bimanual	coordination,	shown	by	a	significant	
correlation	between	mean	ISPratios	and	performance	on	the	BOT-2	
manual	dexterity	subtest	across	groups.

intrahemispheric cortical inhibition is 
Preserved in DcD
Based	 on	 behavioral	 findings	 indicating	 that	 individuals	 with	
DCD	often	 display	 phenotypes	 consistent	with	 reduced	 intra-
hemispheric	cortical	 inhibition	within	the	M1	(73–80,	84–87),	
we	hypothesized	that	 intrahemispheric	cortical	 inhibition	may	
be	 reduced	 in	 DCD.	 Contrary	 to	 expectations,	 comparisons	
between	DCD	and	TD	groups	on	a	broad	range	of	gold-standard	
indices	 of	 intrahemispheric	 cortical	 inhibition	 [i.e.,	 SICI	 (%),	
LICI	 (%),	 and	CSPratio]	 failed	 to	 reveal	 statistically	meaningful	
differences.	This	was	particularly	surprising	given	the	behavioral	
phenotypes	 described	 earlier	 had	 been	 previously	 reported	 to	
rely	 on	 intrahemispheric	 inhibitory	 mechanisms	 within	 the	

correlation between isPratios and bOT-2 
subtests
Pearson’s	correlation	revealed	a	 significant,	medium	to	strong,	
positive	 correlation	 between	 mean	 ISPratios	 and	 “Manual	
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M1	 (25,	33).	While	 it	 is	 possible	 that	 our	modest	 sample	 size	
may	 have	 contributed	 to	 this	 lack	 of	 effect,	we	 argue	 that	 the	
very	small	effect	size	(see	Table 2)	and	considerable	overlap	in	
within-group	variability	across	groups	with	and	without	DCD	
(see	Figures  1–3)	 indicate	 that	 low	 study	power	 is	unlikely	 to	
account	 for	 our	 null	 findings.	 Thus,	 our	 results	 indicate	 that	
intrahemispheric	cortical	inhibition	may	be	preserved	in	DCD,	
and,	hence,	is	unlikely	to	be	associated	with	previous	reports	of	
a	decreased	capacity	to	engage	motor	inhibition	in	this	group	as	
previously	argued.

It	is	important	to	note	that	two	of	our	measures	of	intrahemi-
spheric	cortical	inhibition	[i.e.,	SICI	(%)	and	LICI	(%)]	were	taken	
with	the	participant	at	rest	(i.e.,	not	performing	an	action)	while	
the	other	(i.e.,	CSP)	was	taken	while	participants	performed	a	
very	simple	motor	task	(i.e.,	abduction	of	the	FDI).	Differences	in	
resting-state	cortical	inhibition	such	as	those	adopted	here	have	
previously	been	detected	between	healthy	controls	and	individu-
als	with	neurodevelopmental	disorders	where	motor	function	is	
often	impaired,	such	as	ADHD	(45).	Furthermore,	resting-state	
measures	of	intrahemispheric	cortical	inhibition	have	shown	to	
predict	motor	competence	in	healthy	individuals	(44).	Thus,	we	
can	be	confident	that	measures	of	within	hemisphere	M1	corti-
cal	 inhibition	 taken	when	the	motor	system	is	 largely	 inactive	
(or	at	least	not	conducting	complex	movement)	clearly	provide	
important	insight	into	the	GABAergic	properties	of	the	motor	
system	 (44,	 45,	 115).	These,	 it	 would	 seem,	 are	 preserved	 in	
individuals	 with	 DCD.	 However,	 resting-state	 measures	 such	
as	those	adopted	here	may	not	necessarily	provide	insight	into	
how	cortical	inhibition	within	the	M1	is	modulated	during	flu-
ent	purposive	action.	As	noted	previously,	successful	inhibition	
of	 a	 prepared	 or	 prepotent	 action	 is	 typically	 preceded	 by	 an	
increase	in	cortical	inhibition	[as	measured	using	SICI	(25,	33)],	
supporting	the	view	that	modulation	of	cortical	inhibition	on the 
fly	is	central	to	the	cancelation	of	movement	[i.e.,	motor	inhibi-
tion	(19,	116)].	Thus,	while	the	data	from	this	study	do	suggest	
that	the	GABAergic	processes	within	the	inactive	contralateral	
M1	may	be	preserved	 in	DCD,	 it	 remains	 to	be	 seen	whether	
this	 group	 is	 able	 to	modulate	 these	 processes	 flexibly	 during	
movement	to	support	the	suppression	of	unwanted	movement,	
as	 is	observed	 in	healthy	adults.	Behaviorally,	 recent	work	has	
shown	that	children	with	DCD	are	less	able	to	integrate	inhibi-
tory	control	with	movements	“online”	to	support	corrections	to	
movement	mid-flight	following	unexpected	perturbations	to	the	
reach	target.	Indeed,	during	double-step	reaching	tasks	when	the	
target	of	movements	moves	laterally	following	movement	onset,	
children	 with	 DCD	 are	 more	 likely	 to	 complete	 movements	
toward	a	prepotent	yet	incorrect	target	before	re-directing	their	
action	toward	the	new	target	[e.g.,	Ref.	(78)],	although	reports	
of	 the	effect	are	not	constant	 [e.g.,	Ref.	 (84)].	Since	 inhibition	
of	such	movements	requires	active	modulation	of	intracortical	
M1	inhibition	(25),	it	is	possible	that	this	behavioral	profile	may	
be	 subserved	 by	 a	 decreased	 ability	 to	 modulate	 GABAergic	
systems	flexibly	during	active	movement.	This	remains	 specu-
lative,	 however,	 and	 should	 be	 the	 focus	 of	 future	work.	 Still,	
taken	together,	our	data	suggest	that	intrahemispheric	cortical	
inhibition	is	preserved	in	DCD,	at	least	when	the	motor	system	
is	not	engaged	in	complex	movement.

interhemispheric cortical inhibition is 
reduced in DcD
Comparison	 of	 ISPratios	 between	 DCD	 and	 TD	 groups	 found	
that	 the	 DCD	 group	 had	 significantly	 smaller	 ISPratios	 when	
compared	 with	 their	 TD	 counterparts.	 As	 discussed,	 ISPs	
are	 commonly	 used	 as	 a	 metric	 for	 indexing	 cortical	 inhibi-
tory	 mechanisms	 involved	 in	 the	 suppression	 of	 unwanted	
transcallosal	 communication	 of	 motor	 commands	 across	 M1	
hemispheres	 during	 lateralized	 movement	 (64,	 66,	 68,	 117).		
It	is	a	process	thought	to	be	particularly	important	for	the	accu-
rate	 and	 efficient	 production	 of	 strict	 unimanual	 movements,	
and	 bimanual	 coordination	 where	 inhibition	 of	 homologous	
ipsilateral	 muscles	 is	 critical	 (35,	 66).	 Thus,	 our	 finding	 that	
individuals	with	DCD	had	 reduced	 ISPratios	 relative	 to	 controls	
supports	 the	 hypothesis	 that	 interhemispheric	 cortical	 inhibi-
tion	 of	M1	 activity	may	 be	 atypical	 in	 individuals	 with	DCD.	
Importantly,	 assessment	 of	 within-group	 differences	 showed	
that	all	but	one	participant	in	the	DCD	group	(88%)	fell	below	
the	95%	CI	of	the	control	group	on	mean	ISPratios.	Thus,	not	only	
do	 those	 with	 DCD	 demonstrate	 decreased	 interhemispheric	
inhibition	of	M1	activity	at	a	group	level,	but	the	effect	appears	
to	hold	for	a	substantial	proportion	of	individuals	in	this	group.	
Furthermore,	we	observed	 that	 smaller	 ISPratios	were	 associated	
with	decreased	performance	on	a	subtest	of	 the	BOT-2	requir-
ing	bimanual	coordination,	and	where	the	FDI	was	also	used	as	
the	main	 effector	 (i.e.,	 “Manual	Dexterity”),	with	 a	 compelling	
30%	of	the	variability	in	performance	being	explained	by	mean	
ISPratios	 (see	Figure  5).	These	data	 are	not	 only	 consistent	with	
earlier	accounts	that	interhemispheric	inhibition	of	M1	activity	
is	critical	 for	accurate	and	efficient	bimanual	movements	(118)	
but	 demonstrate	 that	 reduced	 interhemispheric	M1	 inhibition	
in	 DCD	 may	 be	 associated	 with	 their	 poor	 motor	 function		
(at	least	with	respect	to	hand	movement).

Furthermore,	 the	 reduced	 interhemispheric	 cortical	 inhibi-
tion	identified	in	our	DCD	group	is	consistent	with	the	growing	
number	 of	 behavioral	 studies	 which	 have	 consistently	 found	
more	unwanted	activity	of	ipsilateral	homologous	muscles	(i.e.,	
mirror	movements)	 during	 lateralized	unimanual	motor	 tasks	
(76,	77)	and	bimanual	coordination	tasks	(73,	74,	119)	in	DCD	
than	TD	controls.	For	example,	during	a	recent	finger	tapping	
task	which	 requires	 children	 to	 switch	 from	bimanual	 to	uni-
manual	finger	tapping,	children	with	DCD	made	more	additional	
taps	of	a	non-cued	finger	when	required	to	switch	from	tapping	
with	both	fingers	to	tapping	with	just	one	(119).	Similarly,	in	a	
recent	fMRI	study,	children	with	DCD	displayed	more	unwanted	
activation	of	a	non-cued	hand	during	finger	sequencing	or	fist	
clenching	 of	 the	 contralateral	 hand	 than	 their	 TD	 peers	 (77).	
However,	despite	 the	presence	of	 such	mirror	movements,	 the	
authors	 of	 this	 particular	 fMRI	 study	were	 unable	 to	 identify	
any	activation	deficits	 that	could	explain	the	presence	of	 these	
unwanted	actions.	Interestingly	a	recent	EEG	study	found	that	
the	increased	incidence	of	mirror	movements	in	DCD	may	be	
associated	 with	 reduced	 interhemispheric	 communication	 of	
inhibitory	 information	 (73).	 Specifically,	 children	 with	 DCD	
made	more	mirror	movements	during	performance	of	a	novel	
bimanual	coordination	task	than	their	TD	peers,	with	increased	
mirror	 movements	 correlating	 with	 lower	 cortico-cortical	
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coherence	between	frontocentral	regions	of	both	hemispheres.	
Our	 neurophysiological	 findings	 are	 also	 in	 line	 with	 recent	
structural	MRI	work	showing	functional	anisotropy	reductions	
in	calossal	regions	in	children	with	DCD,	the	major	communi-
cation	pathway	between	hemispheres	(120).	While	speculative,	
the	decreased	interhemispheric	cortical	inhibition	of	M1	activity	
observed	here	in	DCD	could	certainly	be	a	plausible	mechanism	
with	 which	 to	 explain	 the	 reduced	 interhemispheric	 commu-
nication	 in	 individuals	with	DCD	(73)	 and	 the	greater	mirror	
movements	observed.

While	the	results	of	the	present	are	promising,	we	acknowledge	
that	we	can	only	generalize	these	findings	to	the	dominant	M1	
(left	in	this	case),	since	cortical	inhibition	of	the	non-dominant	
hemisphere	was	not	evaluated.	That	is,	while	our	study	shows	that	
interhemispheric	 inhibition	 of	 right-hemispheric	 activity	 from	
the	dominant	 left	hemisphere	 is	 reduced	 in	DCD,	 it	cannot	be	
assumed	 that	 this	 is	also	 the	case	 for	 the	opposite	hemisphere.	
Indeed,	 asymmetry	 in	 interhemispheric	 cortical	 inhibition	 has	
been	noted	 in	both	patient	groups	with	 reduced	 ISPs	 (41)	and	
controls	(121).	This	issue	remains	an	important	avenue	for	future	
work,	 particularly	 given	 that	 excitability	 and	 inhibition	within	
the	M1	has	 previously	 been	 shown	 to	 be	 amenable	 to	 therapy	
(122,	123).	Furthermore,	as	noted,	by	definition	adults	with	DCD	
represent	as	a	group	of	 individuals	for	whom	childhood	motor	
difficulties	persisted	into	adulthood.	Thus,	we	must	be	mindful	
of	generalizing	the	findings	of	our	study	to	children	with	DCD	
not	just	because	of	the	more	obvious	developmental	factors,	but	
also	since	any	sample	of	children	with	DCD	is	likely	to	contain	
a	subgroup	of	individuals	whose	motor	difficulties	dissipate	with	
age	and	who	thus	represent	a	different	subpopulation	of	individu-
als	with	motor	difficulties	to	the	one	of	interest	here.

cOnclUsiOn

This	 study	was	 the	first	of	 its	kind	 to	 examine	 the	 integrity	of	
intra-	and	interhemispheric	cortical	inhibition	in	DCD	using	sin-
gle-pulse	TMS	and	ppTMS	paradigms.	While	intrahemispheric	

cortical	 inhibition	 was	 comparable	 between	 DCD	 and	 TD	
groups,	 interhemispheric	 cortical	 inhibition	 was	 reduced	 in	
DCD.	 An	 additional	 correlation	 analysis	 conducted	 between	
ISPratios	and	the	“Manual	Dexterity”	subtest	of	the	BOT-2	found	
that	TMS	evoked	ISPs	were	significantly	related	to	performance	
on	subtests	requiring	fine	bimanual	coordination.	Taken	together,	
our	 findings	 suggest	 that	 not	 only	 do	 individuals	 with	 DCD	
demonstrate	reduced	interhemispheric	cortical	inhibition	of	M1	
activity,	but	that	this	may	predict	reduced	motor	performance	in	
this	group.	Directions	for	future	work	and	clinical	implications	
were	discussed.	Our	data	are	partly	consistent	with	the	view	that	
cortical	inhibition	of	M1	activity	may	be	compromised	in	indi-
viduals	with	DCD	and	are	consistent	with	behavioral	accounts	of	
reduced	motor	inhibition	in	this	group.
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