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Abstract
Introduction:	Optimal	focus	of	attention	is	a	crucial	factor	for	improving	motor	learn‐
ing.	Most	previous	studies	have	shown	that	directing	attention	 to	movement	out‐
come (external focus; EF) is more effective than directing attention to body movement 
itself	(internal	focus;	IF).	However,	our	recent	studies	demonstrated	that	the	optimal	
attentional strategy in healthy and clinical populations varies depending on individual 
motor imagery ability. To explore the neurological basis underlying individual optimal 
attentional	strategy	during	motor	learning	tasks,	in	the	present	study,	we	measured	
frontoparietal	activities	using	functional	near‐infrared	spectroscopy	(fNIRS).
Methods: Twenty‐eight participants performed a visuomotor learning task requiring 
circular	tracking.	During	the	task,	the	participants	were	required	to	direct	their	atten‐
tion internally or externally. The individual optimal attentional strategy was deter‐
mined	by	comparing	the	after‐effect	sizes	between	the	IF	and	EF	conditions.
Results: Fifteen participants showed larger after‐effects under the EF condition 
(External‐dominant),	whereas	 the	 others	 showed	 larger	 after‐effects	 under	 the	 IF	
condition	(Internal‐dominant).	Based	on	the	differences	in	neural	activities	between	
Internal‐	and	External‐dominant	groups,	we	identified	the	right	dorsolateral	prefron‐
tal	cortex	(Brodmann	area	46)	and	right	somatosensory	association	cortex	(Brodmann	
area	7)	as	 the	neural	bases	associated	with	 individual	optimal	attentional	 strategy	
during	motor	learning.	Furthermore,	we	observed	a	significant	negative	correlation,	
that	 is,	 lower	 activity	 in	 these	areas	was	associated	with	 a	 larger	 after‐effect	 size	
under the optimal attentional strategy.
Conclusion:	Our	findings	demonstrated	that	more	efficient	neural	processing	in	the	
frontoparietal area under the individual optimal attentional strategy can accelerate 
motor learning.
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1  | INTRODUC TION

Multiple	cognitive	factors	can	affect	motor	 learning,	such	as	focus	
of	attention	(Peh,	Chow,	&	Davids,	2011;	Wulf,	2013)	and	motor	im‐
agery	(Gentili,	Papaxanthis,	&	Pozzo,	2006;	Taube,	Lorch,	Zeiter,	&	
Keller,	2014).	Indeed,	focus	of	attention	may	be	one	of	the	most	influ‐
ential	factors	facilitating	motor	learning	(Wulf,	Shea,	&	Lewthwaite,	
2010). Previous studies exploring the effect of focus of attention on 
motor	learning	compared	two	different	attentional	strategies,	inter‐
nal	focus	(IF)	and	external	focus	(EF).	In	the	IF	strategy,	the	perform‐
ers	directed	their	attention	toward	body	movement	itself,	whereas	
the performers directed their attention toward the movement out‐
come	in	the	EF	strategy	(Wulf,	Höß,	&	Prinz,	1998).	Most	studies	on	
motor	learning	have	shown	that	the	EF	strategy	is	superior	to	the	IF	
strategy in both healthy and clinical populations. The advantage of 
the EF strategy is explained by the constrained action hypothesis 
(Wulf,	McNevin,	&	Shea,	2001).	According	to	this	hypothesis,	con‐
scious	motor	 control	 in	 the	 IF	 strategy	 constrains	 the	performer’s	
motor	system	by	disrupting	automatic	control	processes.	In	contrast,	
directing attention farther away from the body can weaken this dis‐
ruption. This hypothesis is supported by several empirical findings 
on	attentional	capacity	demands	(Wulf	et	al.,	2001),	high‐frequency	
movement	 adjustments	 (McNevin,	 Shea,	&	Wulf,	 2003),	 and	 elec‐
tromyography	 (EMG)	 during	 motor	 learning	 tasks	 (Zachry,	 Wulf,	
Mercer,	&	Bezodis,	2005).	For	example,	during	a	free‐throw	task,	the	
EF strategy resulted not only in greater shooting accuracy but also 
lower	EMG	activity	 in	the	biceps	and	triceps	muscles	compared	to	
the	IF	strategy	(Zachry	et	al.,	2005).	These	findings	suggest	that	the	
EF strategy reduces motor‐dependent noise associated with muscle 
activities,	thereby	facilitating	fine	automatic	motor	control.

The EF strategy is considered more effective for all perform‐
ers.	However,	a	few	previous	studies	reported	that	the	EF	strategy	
was not necessarily advantageous for better motor performance 
in	healthy	populations	(Castaneda	&	Gray,	2007;	Emanuel,	Jarus,	&	
Bart,	2008;	Perkins‐Ceccato,	Passmore,	&	Lee,	2003).	For	instance,	
low‐skill	 golfers	 showed	better	performance	under	 IF	 instructions	
than	under	EF	instructions	(Perkins‐Ceccato	et	al.,	2003).	The	lack	
of an EF strategy advantage was also reported in a leg stepping 
task	 for	 patients	 with	 stroke	 (Kal	 et	 al.,	 2015).	 Furthermore,	 our	
recent studies demonstrated that the EF strategy did not always 
lead to better motor performance in healthy and stroke populations 
(Sakurada,	 Hirai,	 &	Watanabe,	 2016;	 Sakurada,	 Nakajima,	Morita,	
Hirai,	&	Watanabe,	2017).	We	hypothesized	that	individual	optimal	
attentional strategy varies depending on the ability for motor imag‐
ery,	and	so	we	assessed	the	modality	dominance	of	motor	imagery	
using	questionnaires.	Like	the	distinct	attentional	strategies	in	motor	
learning,	motor	 imagery	can	be	divided	 into	two	modalities,	kines‐
thetic	and	visual	motor	 imageries	 (Guillot	et	al.,	2009).	Kinesthetic	
motor	 imagery	 (KI)	 involves	 simulating	 the	 feeling	 of	 muscle	 or	
joint	sensations,	while	visual	motor	imagery	(VI)	involves	visualizing	
one’s	own	body	movement.	 In	our	studies,	 the	VI‐dominant	group	
showed higher motor performance when required to direct atten‐
tion	externally,	while	the	KI‐dominant	group	showed	higher	motor	

performance when they directed attention internally. These findings 
suggest that the optimal attentional strategy depends on individual 
motor imagery ability and that the best combination improves motor 
performance.	Taken	together,	the	individual’s	dominant	sensory	mo‐
dality in cognitive processes can enhance the motor learning effect.

Although	there	have	been	numerous	behavioral	studies	on	focus	
of	attention	in	the	past	two	decades,	only	a	few	have	examined	the	
neural activity patterns reflecting distinct attentional strategies 
during	motor	 tasks.	 In	one	 functional	magnetic	 resonance	 imaging	
(fMRI)	study,	primary	somatosensory	and	motor	cortices	exhibited	
greater	 activation	 under	 the	 EF	 condition	 than	 the	 IF	 condition	
during	 learning	 of	 a	 finger	 movement	 sequence	 (Zentgraf	 et	 al.,	
2009). The authors concluded that the EF strategy enhances tactile 
input	to	somatosensory	areas	that	connect	to	motor	areas.	Another	
study demonstrated that the switch of attentional focus during a fin‐
ger movement task induced neural activations in the left lateral pre‐
motor	cortex,	 left	primary	somatosensory	cortex,	and	intraparietal	
lobule	(Zimmermann	et	al.,	2012).	A	more	recent	study	investigated	
the effect of focus of attention on the activity of the primary motor 
cortex	 by	 transcranial	 magnetic	 stimulation	 (TMS)	 (Kuhn,	 Keller,	
Ruffieux,	&	Taube,	2016).	 In	 this	 study,	paired‐pulse	TMS	was	ap‐
plied	to	evaluate	short‐interval	 intracortical	 inhibition	(SICI)	during	
an isometric force control task. The inhibitory circuit had been previ‐
ously	shown	to	strongly	influence	motor	function	(Flamand,	Nadeau,	
&	Schneider,	2012;	Fujiyama,	Hinder,	 Schmidt,	Garry,	&	Summers,	
2012;	Heise	et	al.,	2013),	and	the	results	of	this	TMS	study	showed	
that	SICI	was	significantly	greater	under	the	EF	than	the	IF	strategy.	
Thus,	attentional	strategy	during	a	motor	task	can	modulate	the	ac‐
tivity of inhibitory circuits within the primary motor cortex. Taken 
together,	 these	previous	neuroimaging	 studies	 suggest	 that	 atten‐
tional strategy can affect neural activity in motor‐related areas.

The motor‐related areas are connected to the frontoparietal net‐
work	 (Dosenbach,	 Fair,	 Cohen,	 Schlaggar,	 &	 Petersen,	 2008)	 such	
as projecting motor error information from the cerebellum to the 
dorsolateral	prefrontal	cortex	(Kelly	&	Strick,	2003).	Moreover,	the	
frontoparietal network also has been reported as an important re‐
gion	for	attention	control	(Corbetta	&	Shulman,	2002;	Dosenbach	et	
al.,	2008;	Hu	et	al.,	2013;	Jerde	&	Curtis,	2013;	Kehrer	et	al.,	2015).	
It	has	been	proposed	that	the	dorsolateral	prefrontal	cortex	main‐
tains behavioral goals in working memory and protects them from 
distracting	information,	and	the	inferior	parietal	lobe	initiates	shifts	
of	attention	and	maintains	attention	on	the	relevant	stimulus	(Ptak,	
2012).	Furthermore,	the	frontal	cortex	has	an	important	role	in	pro‐
cessing internal body information such as tactile stimuli (Pleger et 
al.,	2006)	and	haptic	information	(Kaas,	Mier,	&	Goebel,	2007),	and	
we recently reported that the individual capacity to process inter‐
nal body information can determine the optimal attentional strategy 
(Sakurada	et	al.,	2017).	These	findings	imply	that	frontal	cortex	is	a	
potential region where individual differences in neural activity may 
contribute to optimal attentional strategy during motor tasks.

In	 summary,	 our	 previous	 studies	 have	 suggested	 that	 individ‐
ual optimal attentional strategy is dependent on individual motor 
imagery ability and that the optimal combination of these can lead 
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to better motor performance. We interpreted this to mean that the 
optimal	attentional	strategy	is	associated	with	the	sensory	modality,	
which	each	individual	is	good	at	processing.	However,	to	the	best	of	
our	knowledge,	no	previous	study	has	examined	neural	activities	re‐
flecting individual differences in optimal attentional strategy during 
a	motor	learning	task.	In	the	present	study,	we	focused	on	the	fron‐
toparietal area responsible for attention control and hypothesized 
that neural processing capacity or efficiency in the frontoparietal 
area could change in relation to the individual optimal attentional 
strategy	during	a	motor	learning	task.	Thus,	we	investigated	the	re‐
lationship	among	motor	imagery	ability,	optimal	attentional	strategy,	
and	frontoparietal	activities.	For	example,	 if	 individuals	with	a	kin‐
esthetic dominance of motor imagery are good at processing tactile 
or	somatosensory	 information,	we	can	expect	 that	 their	 frontopa‐
rietal area will show more efficient activity when they direct their 
attention	 to	 their	 internal	body	 information	 (i.e.,	 IF).	To	verify	 this	
hypothesis,	we	measured	activities	 in	 these	areas	using	 functional	
near‐infrared	spectroscopy	(fNIRS).	Participants	performed	a	visuo‐
motor rotation learning task in which the direction of attention was 
manipulated	(IF	or	EF	conditions).	We	expected	a	significant	correla‐
tion between neural activities in the frontoparietal area and motor 
learning effect according to individual optimal attentional strategy.

2  | METHODS

2.1 | Participants

We	 recruited	 the	 students	 and	 staff	 of	 Jichi	 Medical	 University	
as	 participants.	 Inclusion	 criteria	were	 that	 participants	 should	 be	
right‐handed,	 have	 normal	 or	 corrected‐to‐normal	 vision,	 and	 no	
medical history of diseases involving motor or cognitive dysfunc‐
tion.	 Twenty‐eight	 individuals	 were	 recruited	 (age,	 18–33	years;	

14	 females	and	14	males).	None	of	 the	participants	had	a	notable	
sporting ability. Participants received an explanation about the pur‐
pose of the research and the experimental tasks involved from one 
of the study investigators. The laterality score as assessed by the 
Edinburgh	Inventory	(Oldfield,	1971)	was	93.6	±	9.6	(mean	±	SD).	All	
participants provided written informed consent prior to their par‐
ticipation	in	this	study,	which	was	conducted	in	accordance	with	the	
Declaration	 of	 Helsinki	 and	 approved	 by	 the	 Institutional	 Review	
Board	of	Jichi	Medical	University.

2.2 | Experimental setup

2.2.1 | Behavioral data acquisition

For	 the	 motor	 learning	 task,	 each	 participant	 was	 seated	 on	 a	
chair	facing	an	LCD	monitor	approximately	70	cm	from	the	partici‐
pant’s	eyes.	All	visual	stimuli	on	the	monitor	were	programmed	in	
Matlab	(MathWorks,	Natick,	MA)	using	Cogent	Toolbox	software	
(University	 College	 London,	 London,	 UK,	 http://www.vislab.ucl.
ac.uk/cogent.php). The participants were asked to hold a wireless 
computer	mouse	on	a	desk	with	their	right	hand,	and	we	attached	
a vibration motor to the tip of the right index finger to present 
tactile stimuli. Participants could not directly see hand movements 
while they performed the experimental tasks as the right hand was 
occluded	by	a	small	rack.	As	shown	Figure	1a,	the	monitor	showed	
real‐time visual feedback of the hand movement as a hand cursor 
(small filled circle). The hand cursor moved synchronously with the 
participant’s	hand	movement,	and	the	position	of	the	hand	cursor	
on the monitor was recorded using the Cogent Toolbox with sam‐
pling	at	60	Hz.	The	monitor	also	displayed	a	fixation	cross	at	the	
center,	a	desired	circular	trajectory	(large	open	circle;	radius	7	cm)	
and a target cursor for tracking movements (small open circle). The 

F I G U R E  1  Experimental	setup.	(a)	During	task	performance,	the	participant's	hand	was	occluded	by	a	small	rack,	preventing	direct	
observation. (b) Probe configuration for near‐infrared spectroscopy. The probe holders were placed over the frontal and parietal areas. The 
spatial	registration	of	fNIRS	maps	onto	MNI	coordinate	space.	Recording	channels	on	the	frontal	area	were	numbered	from	lower	left	to	
upper	right	position,	and	those	on	the	parietal	area	were	numbered	from	upper	left	to	lower	right	position
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participants were instructed to fixate on the cross. The ratio be‐
tween actual hand movements and hand cursor movements was 
defined	as	the	visual	cursor	gain.	In	this	experiment,	the	hand	cur‐
sor	moved	1.2	cm	on	the	monitor	for	a	1.0	cm	hand	movement,	for	
a visual cursor gain of 1.2.

2.2.2 | fNIRS data acquisition

We	used	a	multichannel	fNIRS	system	(ETG‐7100,	Hitachi	Medical	
Corporation,	 Kashiwa,	 Japan)	 with	 sampling	 at	 10	Hz.	 The	 fNIRS	
probes were positioned so that they covered the frontal and pari‐
etal	areas	(Figure	1b).	We	used	two	sets	of	3	×	5	multichannel	probe	
holders	consisting	of	eight	laser	sources	emitted	at	695	and	830	nm	
(emitter;	 red	 squares	 in	 Figure	 1b),	 and	 seven	 detecting	 probes	
(detector; blue squares in Figure 1b) arranged alternately at an 
inter‐probe distance of 3 cm. The midpoint between each emitter/
detector pair was defined as a recording channel location (Circles 
in	 Figure	 1b),	 and	 each	 probe	 holder	 had	 22	 recording	 channels.	
The probe holders were set according to the standard international 
10–20	system.	The	probe	holder	on	the	frontal	area	was	placed	on	
the	scalp	with	its	lowest‐row	center	emitter	at	the	participants’	Fpz	
position and that on the parietal area was placed on the scalp with its 
middle‐row	center	detector	at	the	participants’	Pz	position.

Functional near‐infrared spectroscopy signals reflect hemoglo‐
bin changes that originate from both cortical tissues due to brain ac‐
tivation and from skin blood flow. Previous studies reported that the 
skin	blood	flow	can	influence	fNIRS	signals	in	the	frontal	area	during	
cognitive	tasks	(Kirilina	et	al.,	2012;	Sato	et	al.,	2013;	Takahashi	et	al.,	
2011).	To	eliminate	the	influence	of	skin	blood	flow	on	fNIRS	signals	
from	the	frontal	area,	we	set	eight	additional	short	detecting	probes	
at	an	inter‐probe	distance	of	1.5	cm	(light	blue	squares	in	Figure	1b)	
and	 applied	 multidistance	 independent	 component	 analysis	 (ICA)	
(Funane	 et	 al.,	 2014;	Hirasawa	 et	 al.,	 2016).	 As	 it	was	 possible	 to	
apply	the	multidistance	ICA	only	to	the	recording	channels	around	
short	 detecting	 probes,	 the	 number	 of	 available	 recording	 chan‐
nels	in	the	probe	holder	on	the	frontal	area	was	reduced	to	15.	For	
the	spatial	 registration	of	 fNIRS	maps	onto	Montreal	Neurological	
Institute	(MNI)	coordinate	space,	we	measured	scalp	landmarks	and	
all	fNIRS	recording	channel	positions	using	a	3D	magnetic	space	dig‐
itizer	(FASTRAK,	Polhemus,	USA).	We	then	used	an	estimation	tool	
without	MRI	 (Singh,	Okamoto,	Dan,	 Jurcak,	&	Dan,	2005).	Details	
on the spatial profile of recording channels are shown in Supporting 
Information	Tables	S1	and	S2.

2.3 | Procedure

2.3.1 | Measuring ability of motor imagery

To subjectively assess individual motor imagery ability in a manner 
similar	to	our	previous	study	(Sakurada	et	al.,	2016),	participants	com‐
pleted	 a	 revised	 version	of	 the	Movement	 Imagery	Questionnaire	
(MIQ‐R)	(Hall	&	Martin,	1997)	before	the	motor	learning	tasks.	The	
MIQ‐R	is	an	eight‐item	self‐reported	questionnaire	that	measures	an	

individual’s	ability	to	imagine	four	simple	actions:	knee	lift,	jump,	arm	
movement,	and	waist	bend.	The	participants	were	required	to	rate	
the ease of imagery for each item on a seven‐point scale ranging 
from one (very hard to feel/see) to seven (very easy to feel/see).

2.3.2 | Tracking task with visuomotor rotation

We introduced three experimental conditions: no attentional in‐
struction	(NI),	IF,	and	EF.	We	measured	the	neural	activities	in	fron‐
tal	and	parietal	areas	by	fNIRS	only	under	the	IF	and	EF	conditions.

NI condition
All	participants	first	performed	a	visuomotor	tracking	task	(see	next	
paragraph	for	details)	under	the	NI	condition	as	a	practice	session,	
and	 we	 evaluated	 the	 participants’	 baseline	 motor	 performance	
without	fNIRS	recording.	For	the	NI	condition,	we	did	not	provide	
any instructions on how to direct attention during the visuomotor 
task.

The	procedure	consisted	of	six	block	sets,	with	alternating	rest	
(20 s) and task (20 s) blocks and an additional rest block at the end of 
a session (Figure 2a). The monitor displayed only the fixation cross 
during	 all	 rest	 blocks.	When	 each	 task	 block	 started,	 the	monitor	
showed	 the	 desired	 circular	 trajectory,	 the	 target	 cursor,	 and	 the	
hand cursor. The target cursor appeared at the top of the desired 
circular trajectory and began to automatically trace the circular 
trajectory	in	the	clockwise	direction	at	0.3	Hz.	The	hand	cursor	ap‐
peared	at	the	bottom	of	the	desired	circular	trajectory,	and	the	par‐
ticipants were asked to continuously move their hand to match the 
hand cursor with the target cursor as accurately as possible once 
the target cursor reached the bottom of desired circular trajectory 
(time	=	1.67	s,	Figure	2b).	In	the	NI	condition,	the	hand	cursor	always	
moved	precisely	according	to	the	participant’s	hand	movement	(ro‐
tation angle = 0°).

In	every	task	block,	both	tactile	stimuli	delivered	by	the	vibration	
motor and visual stimuli in the form of a flickering circle around the 
hand	cursor	were	presented.	Although	a	maximum	of	seven	stimuli	
was delivered in each modality with a random inter‐stimulus interval 
during	each	 task	block,	 the	participants	were	 instructed	 to	 ignore	
these	stimuli	in	the	NI	condition.

IF and EF conditions
Following	the	NI	condition,	which	always	came	first,	we	randomly	
assigned	the	IF	and	EF	conditions	to	the	second	and	third	sessions.	
Under	 the	 IF	 condition,	 the	participants	were	 instructed	 to	 direct	
attention	 to	 their	hand	movements,	while	under	 the	EF	condition,	
the participants were instructed to direct attention only to the hand 
cursor movements on the monitor.

The	second	and	third	sessions	under	the	IF	or	EF	condition	each	
consisted of 13 block sets containing alternating rest (20 s) and task 
(20	s)	blocks.	An	additional	rest	block	was	inserted	at	the	end	of	each	
session (Figure 2a). The task blocks in each session consisted of two 
alternating	tasks,	a	Tracking‐and‐Counting	task	and	a	Counting	task.	
The Tracking‐and‐Counting task was a dual task that combined the 
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visuomotor tracking task for evaluating effects of attentional strat‐
egy on motor learning with a counting‐stimuli task for confirming 
whether the participants correctly directed their attention accord‐
ing	to	experimental	 instructions.	In	the	Counting	task,	participants	
were required only to count external stimuli (tactile and visual as 
described	above)	without	hand	movement,	and	the	monitor	did	not	
show the hand cursor. We applied this cognitive task to isolate the 
counting effect in the Tracking‐and‐Counting task.

In	 the	 Tracking‐and‐Counting	 task,	 visual	 feedback	 on	 the	
monitor	 and	 procedures	 were	 identical	 to	 those	 in	 the	 NI	 condi‐
tion	 (Figure	 2b).	 However,	 unlike	 the	 NI	 condition	 where	 visuo‐
motor	rotation	angle	was	always	0°,	we	applied	clockwise	(CW)	or	
counterclockwise (CCW) visuomotor transformations in which the 
movement direction of the hand cursor on the monitor was rotated 
relative	to	the	actual	hand	movement	direction	on	the	desk.	First,	
the Tracking‐and‐Counting task started under the “no rotation” set‐
ting	(rotation	angle	=	0°),	and	the	rotated	angle	was	increased	by	8°	
increments	 in	 every	 Tracking‐and‐Counting	 task	 block.	 In	 the	 6th	
Tracking‐and‐Counting	task	block	of	the	11th	block	set,	the	rotation	

angle	reached	40°	(Figure	2a).	Under	these	rotation	settings,	the	par‐
ticipants were required to correctly modify their hand movements 
to	match	 the	 hand	 cursor	 to	 the	 target	 cursor.	However,	 because	
the rotation angle was gradually increased in every Tracking‐and‐
Counting	task	block,	the	participants	did	not	recognize	the	visuomo‐
tor	rotation	explicitly.	In	the	13th	block	set,	participants	performed	
a final Tracking‐and‐Counting task under a no rotation setting as a 
washout set.

In	both	the	Tracking‐and‐Counting	task	and	the	Counting	task,	
tactile	and	visual	stimuli	were	presented,	and	the	participants	were	
required	to	count	the	number	of	tactile	stimuli	in	the	IF	condition	or	
the	number	of	visual	stimuli	in	the	EF	condition.	In	the	IF	condition,	
we randomly changed the number of tactile stimuli in every task 
block	(2–7	times).	Visual	stimuli	were	also	delivered,	but	the	number	
was	 always	 fewer	 than	 that	 of	 tactile	 stimuli.	On	 the	 other	 hand,	
in	 the	 EF	 condition,	 2–7	 visual	 stimuli	 and	 relatively	 fewer	 tactile	
stimuli	were	delivered	in	every	task	block.	After	changing	to	the	rest	
block,	 the	participants	were	asked	to	verbally	express	the	number	
of	 targeted	 stimuli	 (tactile	 in	 the	 IF	 condition	and	visual	 in	 the	EF	

F I G U R E  2  Task	design.	(a)	Block	design	in	the	no	attentional	instruction	(NI),	internal	focus	(IF),	and	external	focus	(EF)	conditions.	Under	
the	NI	condition,	the	participants	repeatedly	performed	the	Tracking	task	in	each	task	block.	Under	the	IF	and	EF	conditions,	the	participants	
alternately performed the Tracking‐and‐Counting task and the Counting task. Participants were instructed to direct their attention internally 
or	externally	on	IF	and	EF	conditions,	respectively.	During	successive	blocks,	the	rotation	angle	determining	the	relationship	between	actual	
hand	movement	and	hand	cursor	movement	increased	progressively.	In	the	final	washout	block	set,	the	rotation	angle	was	returned	to	0°,	
and	the	after‐effect	measured	as	a	degree	of	motor	learning.	(b)	The	time	sequence	of	one	block	set.	In	both	the	Tracking	and	the	Tracking‐
and‐Counting	tasks,	participants	were	required	to	track	a	target	cursor	with	a	hand	cursor	providing	feedback
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condition). We expected that the counting requirement would help 
guide	participants’	 attention	 (internally	 or	 externally)	 according	 to	
the instruction of each session.

Half	 of	 the	 participants	 performed	 the	 visuomotor	 task	 under	
the	 IF	 condition	with	 the	CW	setting	 and	under	 the	EF	 condition	
with	 the	CCW	setting,	whereas	 the	other	half	performed	the	task	
under	the	IF	condition	with	the	CCW	setting	and	under	the	EF	con‐
dition with the CW setting.

2.4 | Analysis

2.4.1 | Ability of motor imagery

We assessed the individual ability and modality dominance of motor 
imagery	 according	 to	 the	 total	 self‐reported	 score	 on	 the	MIQ‐R	
questionnaire	during	KI	and	VI.	The	maximum	score	is	28	for	each	
modality. To subjectively characterize individual differences in mo‐
dality‐specific	 imagery	 ability,	 we	 calculated	 a	 differential	 score	
by	subtracting	the	total	KI	score	from	the	VI	score	(∆MI	=	VI	−	KI).	
Participants with kinesthetic modality dominance were labeled the 
KI‐dominant	group	(∆MI	<	0)	and	those	with	visual	modality	domi‐
nance	were	labeled	the	VI‐dominant	group	(∆MI	>	0).

2.4.2 | Detection accuracy

To confirm whether the participants correctly directed their 
attention	to	the	hand	movements	under	the	IF	condition	or	to	
the	 hand	 cursor	movements	 under	 the	 EF	 condition,	we	 ana‐
lyzed the accuracy for detecting tactile stimuli delivered by 
the vibration motor and visual stimuli delivered by the moni‐
tor.	We	calculated	the	proportion	detected	(i.e.,	the	number	of	
perceived stimuli to the total presented for each modality) as 
the detection accuracy.

2.4.3 | Motor performance

We defined movement error as an index of motor performance. 
We first calculated the distance between the target cursor and 
the hand cursor on the monitor for each frame and then averaged 
these	values	across	a	block	 (i.e.,	 time	=	0–20	s)	as	 the	movement	
error.	 For	 the	 NI	 condition,	 we	 calculated	 the	 mean	 movement	
error	 among	 six	 task	 blocks	 to	 quantify	 the	 individual’s	 baseline	
motor	performance.	For	the	IF	and	EF	conditions,	in	addition	to	the	
movement	error	from	the	1st	to	6th	block	sets,	we	calculated	the	
movement error for the initial 3 s of the washout block set (termed 
after‐effect size) to evaluate the degree of visuomotor learning. 
Based	on	the	difference	in	after‐effect	size	between	the	IF	and	EF	
conditions	 (∆AE	=	AEEF −	AEIF),	 participants	 with	 positive	 values	
were classified as External‐dominant group and those with nega‐
tive	 values	 as	 Internal‐dominant	 group.	 Furthermore,	 to	 confirm	
that the learning effect from the second session was successfully 
washed	out,	we	also	calculated	the	movement	error	for	the	last	3	s	
of the washout block set.

2.4.4 | fNIRS data

To	analyze	neural	activities,	we	measured	oxygenated	hemoglobin	
(oxy‐Hb)	signals	because	they	are	more	sensitive	to	changes	in	cer‐
ebral blood flow and have higher signal‐to‐noise ratios than deoxy‐
genated	hemoglobin	(deoxy‐Hb)	signals	(Hoshi,	2003;	Strangman,	
Culver,	Thompson,	&	Boas,	2002).	To	remove	baseline	drift,	 indi‐
vidual	 oxy‐Hb	 time	 courses	 from	 each	 channel	 were	 fitted	 to	 a	
first‐degree polynomial and high‐pass filtered using a cutoff fre‐
quency	 of	 0.0125	Hz.	We	 also	 applied	 low‐pass	 filtering	 using	 a	
cutoff	frequency	of	0.9	Hz	to	remove	heartbeat	pulsations.	After	
removal	of	blocks	with	marked	motion‐related	artifacts,	more	than	
four blocks in each condition were obtained from all participants 
for analysis.

Raw	 fNIRS	 signals	 are	 relative	 values	 and	 so	 cannot	 be	 di‐
rectly compared or averaged across channels or participants. 
For	 comparison	 and	 statistical	 analysis,	 we	 first	 converted	 the	
preprocessed	oxy‐Hb	 signals	 into	 z scores using the mean value 
and	the	standard	deviation	of	oxy‐Hb	changes	during	the	pretask	
period (the 10 s before starting each task block) because nor‐
malized data such as z scores can be averaged regardless of unit 
(Matsuda	&	Hiraki,	2006;	Schroeter,	Zysset,	Kruggel,	&	Cramon,	
2003).	Specifically,	we	averaged	the	time‐course	data	of	z scores 
across	the	same	task	blocks	(Tracking,	Tracking‐and‐Counting,	or	
Counting) for each participant.

To explore individual differences in neural activities depending 
on	 the	 direction	 of	 attention,	we	 calculated	 the	 differential	 time‐
course data of z	scores	(∆z) as follows:

Here,	the	superscripts	TC	and	C	denote	the	type	of	experimental	
task	(Tracking‐and‐Counting,	TC;	Counting,	C),	and	the	subscripts	EF	
and	IF	denote	the	attentional	condition.	The	time	course	under	the	
Counting task was applied to remove the neural activity associated 
with	the	counting	process	itself.	A	positive	∆z indicated that a partic‐
ipant showed higher activity under the EF condition compared to the 
IF	condition.	Conversely,	a	negative	∆z indicated that a participant 
showed	higher	activity	under	the	IF	condition	compared	to	the	EF	
condition.

2.5 | Statistical analysis

To	compare	the	detection	accuracy	of	the	external	stimuli,	a	two‐
way	repeated	measures	analysis	of	variance	(ANOVA)	was	applied	
with task (Tracking‐and‐Counting or Counting tasks) and modality 
of stimulus (tactile or visual stimuli) as within‐subject factors. To 
evaluate	 the	 degree	 of	 visuomotor	 learning,	 a	 two‐way	 ANOVA	
was	applied	to	the	movement	errors	for	the	first	3	s	(i.e.,	size	of	the	
after‐effect)	and	for	the	last	3	s	of	the	washout	block,	with	group	
(Internal‐	 or	 External‐dominant)	 as	 a	 between‐subject	 factor	 and	
condition	(IF	or	EF)	as	a	within‐subject	factor.	A	Pearson	correlation	
coefficient (r) was calculated to assess the relationship between 

Δz= (zTC
EF

−z
C
EF
)− (zTC

IF
−z

C
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individual modality dominance of direction of attention (the motor 
learning	 effect,	 ∆AE)	 and	modality	 dominance	 of	 motor	 imagery	
ability	(∆MI).

Furthermore,	 to	 explore	 the	 between‐group	 differences	 in	 re‐
gional	 neural	 activities	 (∆z)	 between	 Internal‐	 and	 External‐dom‐
inant	 groups,	 we	 performed	 frame‐by‐frame	 t	 tests	 (from	 −10	 to	
30	s).	A	successive	time	range	with	significant	difference	(p	<	0.05,	
uncorrected)	was	considered	a	cluster,	and	statistical	values	 in	the	
detected clusters were corrected by cluster‐based permutation 
tests	(Maris	&	Oostenveld,	2007).	In	addition,	to	assess	the	relation‐
ship	between	the	behavioral	trend	(∆AE)	and	neural	activity	(∆z),	a	
Pearson correlation coefficient (r) was calculated frame by frame for 
each channel. We considered statistical significance to be p	<	0.05	
for all tests.

3  | RESULTS

3.1 | Detection accuracy

All	participants	counted	the	number	of	tactile	or	visual	stimuli	de‐
livered during experimental tasks with high accuracy. Detection 
accuracies	 (mean	 ±standard	 error)	 were	 96.8%	 ±	 1.3%	 for	 tactile	
stimuli	during	the	Tracking‐and‐Counting	task,	96.7%	±	1.1%	for	tac‐
tile	stimuli	during	the	Counting	task,	93.6%	±	1.0%	for	visual	stimuli	
during	the	Tracking‐and‐Counting	task,	and	94.8%	±	1.5%	for	visual	
stimuli	during	the	Counting	task.	Neither	the	main	effects	of	task	and	
modality nor their interaction reached statistical significance [task: 
F(1,	27)	=	0.30,	p	=	0.59,	�2

p
	=	0.01,	modality:	F(1,	27)	=	3.18,	p	=	0.09,	

�
2
p
	=	0.11,	task	×modality:	F(1,	27)	=	0.48,	p	=	0.50,	�2

p
 = 0.02]. These 

high detection accuracies imply that the participants correctly and 
continuously directed their attention to the occluded hand under 
the	IF	condition	or	to	the	hand	cursor	on	the	monitor	under	the	EF	
condition as instructed.

3.2 | Motor performance

Participants	were	classified	 into	 Internal‐	and	External‐dominant	
groups	based	on	the	differential	after‐effect	size	in	the	IF	and	EF	
conditions	 (∆AE).	 Individuals	 showing	 greater	 after‐effects	 (i.e.,	
larger movement errors reflecting motor adaptation during the 
first 3 s of the final washout block set when rotation angle be‐
tween hand and hand cursor movement was returned from 40° 
to	 0°)	 in	 the	 IF	 condition	 were	 classified	 as	 Internal‐dominant	
(n	=	13,	Figure	3a)	while	those	showing	a	relatively	larger	after‐ef‐
fect under the EF condition were classified as External‐dominant 
(n	=	15,	Figure	3b).	Regarding	the	transition	in	movement	error,	as	
the	 blocks	 progressed	movement	 errors	 in	 the	 IF	 and	 EF	 condi‐
tions	 increased	with	 visuomotor	 rotation	 angle	 in	 both	 Internal‐	
and	 External‐dominant	 groups	 compared	 to	 the	 mean	 (±SEM) 
movement	 errors	 in	 the	 NI	 condition	 (Internal‐dominant	 group:	
12.1	±	0.9	mm,	External‐dominant	group:	9.9	±	0.5	mm).	However,	
the	 Internal‐dominant	 group	 showed	 relatively	 lower	movement	
errors	 in	 the	 IF	condition,	whereas	 the	External‐dominant	group	
showed relatively lower movement errors in the EF condition. 
Regarding	 the	 after‐effect,	 there	 was	 a	 significant	 group	 ×con‐
dition interaction [F(1,	 26)	=	31.30,	p	=	0.000007,	�2

p
	=	0.55],	 but	

the main effects of group and condition did not reach statistical 
significance [group: F(1,	26)	=	0.93,	p	=	0.34,	�2

p
 = 0.03; condition: 

F(1,	 26)	=	1.68,	 p	=	0.21,	 �2
p
	=	0.06].	 Post	 hoc	 analysis	 using	 the	

Bonferroni correction revealed that the after‐effect size under 
the	IF	condition	was	significantly	higher	than	under	the	EF	condi‐
tion	in	the	Internal‐dominant	group	(p	=	0.00043).	Conversely,	the	
after‐effect size under the EF condition was significantly higher 
than	that	under	the	 IF	condition	 in	the	External‐dominant	group	
(p = 0.024). The inter‐group difference under the same atten‐
tional	 condition	 reached	 significance	only	 in	 the	 IF	 condition	 (IF	
condition: p	=	0.0044,	 EF	 condition:	 p	=	0.33).	 Furthermore,	 the	

F I G U R E  3  Behavioral	results.	(a,	b)	
Movement	error	transitions	under	IF	
(internal	focus,	solid	circles	and	squares)	
and	EF	(external	focus,	dotted	circles	
and	squares)	conditions	in	the	Internal‐
dominant group (a) and the External‐
dominant	group	(b),	respectively.	The	thin	
horizontal lines and the grayed regions 
around the horizontal lines indicate the 
mean movement error and standard 
error	under	the	NI	condition.	(c)	Modality	
dominance of motor imagery ability 
in each group. (d) Significant positive 
correlation between individual modality 
dominance of motor imagery ability and 
differential after‐effect size. Error bars 
indicate the standard error. *p	<	0.05,	
**p	<	0.01,	***p	<	0.001
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movement errors for the last 3 s of the washout block set suffi‐
ciently decreased regardless of the attentional conditions or dom‐
inant groups (Bonferroni test; p	=	0.99).	 Thus,	 we	 could	 assume	
that the participants could start the third session in a neutral state.

To examine the relationship between individual motor imagery 
ability	 and	motor	 learning	 effect	 (∆AE),	we	 compared	 the	 partici‐
pants’	 self‐reported	MIQ‐R	scores	 for	kinesthetic	and	visual	 imag‐
eries	 between	 Internal‐dominant	 and	 External‐dominant	 groups.	
Figure	 3c	 shows	 the	 differential	 modality	 scores	 on	 the	 MIQ‐R	
(∆MI).	As	expected,	the	External‐dominant	group	exhibited	signifi‐
cantly	 higher	 VI	 dominance	 (VI	 score>KI	 score)	 compared	 to	 the	
Internal‐dominant	group	(p	=	0.008,	t	test).	Furthermore,	we	found	
a	significant	positive	correlation	between	∆MI	and	∆AE	(Figure	3d,	
r	=	0.52,	p	=	0.005).	This	 significant	correlation	between	 individual	
cognitive ability and motor performance is consistent with our pre‐
vious	reports	examining	healthy	 (Sakurada	et	al.,	2016)	and	stroke	
populations	(Sakurada	et	al.,	2017).

3.3 | Neural activities

Figure 4a presents the temporal profiles of between‐group differ‐
ence t	values	for	fNIRS	signals	(∆z) from each channel over frontal 
and parietal cortex as a pseudo‐color code. Greatest differences 
are in red and blue. Weak significant differences were observed in 
ch.11	of	 the	 frontal	area	and	ch.9,	ch.10,	and	ch.15	of	 the	parietal	
area	(white	dot	squares,	p	<	0.05,	uncorrected).	Furthermore,	ch.11	
of	the	frontal	area	 (time	=	6.0–15.0	s)	and	ch.4	of	the	parietal	area	
(time	=	13.0–23.8	s)	 showed	 obvious	 significant	 differences	 (white	
solid	 squares,	 cluster‐based	permutation	 test.	 ch.11	of	 the	 frontal	
area: p	=	0.047,	ch.4	of	the	parietal	area:	p	=	0.016).	Note	that,	the	
frontal area showed significant differences earlier than the parietal 
area. Figure 4b presents a statistical map of the mean t value within 
specific	 time	 windows	 (time	=	5.0–15.0	s	 and	 time	=	15.0–25.0	s)	
after starting the experimental task. Based on the mean t	 value,	
right dorsolateral prefrontal cortex (ch.11 of the frontal area) and 

F I G U R E  4   Spatiotemporal characteristics of frontal (left column) and parietal (right column) neural activities reflecting individual optimal 
attentional strategy. (a) Significant differences in neural activity at ch.11 of the frontal area and ch.4 of the parietal area were observed 
between	Internal‐	and	External‐dominant	groups	(solid	white	squares,	p	<	0.05,	cluster‐based	permutation	test).	(b)	Spatial	configuration.	
The t values of time averages are superimposed onto a brain surface. (c) The temporal profiles of differential z scores at channels with 
significant differences between dominance groups and the correlations between the differential z scores and differential after‐effect sizes at 
the time with the highest correlation coefficient. *p	<	0.05
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right somatosensory association cortex (ch.4 of the parietal area) 
were associated with individual differences in optimal attentional 
strategy during motor learning. Figure 4c shows the temporal pro‐
files	of	∆z for significant channels. Red horizontal bars indicate clus‐
ters	with	 successive	significant	differences.	 In	 these	channels,	 the	
Internal‐dominant	group	 showed	significantly	higher	∆z compared 
to	External‐dominant	group.	In	other	words,	right	frontal	and	pari‐
etal	 areas	 showed	 lower	 activities	 in	 the	 Internal‐dominant	 group	
under	 the	 IF	 condition.	 Conversely,	 the	 External‐dominant	 group	
showed lower activities in these areas under the EF condition. We 
also found significant correlations between inter‐subject variance in 
neural	activity	(∆z)	and	those	in	the	motor	learning	effect	(∆AE).	The	
strongest correlation coefficients were observed at 14.2 s in ch.11 
of the frontal area (r	=	−0.40,	p	=	0.035)	and	at	12.6	s	in	ch.4	of	the	
parietal area (r	=	−0.42,	p	=	0.025).

Additionally,	we	compared	the	temporal	profiles	of	differential	z 
scores based on the individual modality dominance of motor imagery 
(KI‐	vs.	VI‐dominant	groups).	As	would	be	expected	from	the	signif‐
icant	correlation	between	∆MI	and	∆AE	(Figure	3d),	significant	dif‐
ferences	were	observed	between	the	KI‐	and	VI‐dominant	groups	in	
ch.11	of	the	frontal	area	and	in	ch.4	of	the	parietal	area.	The	KI‐dom‐
inant group showed relatively lower activity in these areas under 
the	IF	condition.	Conversely,	the	VI‐dominant	group	showed	lower	
activity	under	the	EF	condition	(Supporting	Information	Figure	S1).	
Note	that	only	these	two	channels	showed	significant	group	differ‐
ences,	 regardless	 of	 the	 type	 of	 classification	 (Internal‐/External‐
dominant	or	KI‐/VI‐dominant).

4  | DISCUSSION

Our	 current	 study	 found	 that	 external	 focus	 of	 attention	 did	 not	
always	 lead	 to	better	motor	performance,	 in	contrast	with	several	
previous studies concluding that external focus of attention is ad‐
vantageous for motor learning tasks compared to internal focus of 
attention	(Peh	et	al.,	2011;	Wulf,	2013).	Rather,	the	current	findings	
replicated our previous findings that individual optimal attentional 
strategy depends on the individual modality dominance of motor 
imagery	(Sakurada	et	al.,	2016,	2017).	Furthermore,	we	found	that	
the right dorsolateral prefrontal cortex and the right somatosensory 
association cortex showed lower activities under the individual op‐
timal attentional strategy with higher motor learning effects. This 
finding suggests that activity in the right frontoparietal area reflects 
individual attention control ability during motor learning.

In	 accordance	 with	 our	 previous	 studies,	 we	 replicated	 the	
findings that EF did not always lead to better motor performance 
and that the modality dominance of motor imagery was associated 
with the individual optimal attentional strategy for motor learning 
(Sakurada	et	al.,	2016,	2017).	Several	recent	studies	have	reported	
findings that support these individual differences in optimal atten‐
tional	strategy.	For	instance,	in	healthy	populations,	familiarity	with	
attentional	 focus,	 rather	 than	 the	 direction	 of	 attentional	 focus,	
could	be	a	critical	factor	for	motor	skills	(Maurer	&	Munzert,	2013).	

Furthermore,	children	with	a	high	conscious	motor	control	propen‐
sity	 showed	 better	 performance	 under	 IF,	 suggesting	 that	 consis‐
tency	between	the	direction	of	attentional	instructions	and	a	child’s	
personality	is	a	critical	factor	for	motor	skill	acquisition	(Tse	&	van	
Ginneken,	2017).	For	chronic	stroke	patients,	EF	is	no	longer	an	ef‐
fective	 strategy	 (Kal	 et	 al.,	 2015).	These	 findings	might	be	 related	
to	individuals	with	kinesthetic	motor	imagery	dominance,	as	shown	
in	the	present	study,	and	implies	that	we	need	to	classify	the	opti‐
mal attentional strategy for individually enhancing motor learning 
effects.	 Therefore,	we	 should	 be	 concerned	 that	 emphasizing	 the	
EF as the most effective attentional strategy has the possibility of 
disadvantaging certain individuals.

Although	 the	 motor	 learning	 effect	 can	 be	 enhanced	 under	
the	 individual	 optimal	 attentional	 strategy,	 the	 difference	 be‐
tween	motor	 learning	effects	 in	 the	 Internal‐	and	External‐dom‐
inant	groups	under	 the	 IF	condition	was	greater	 than	that	under	
the EF condition. There are two possible interpretations for this 
result. First is the effect of the hand cursor as the attentional tar‐
get under the EF condition. Because the hand cursor was one of 
the	 visual	 feedbacks	on	 the	monitor,	 the	hand	 cursor	 existed	 as	
an external attentional target that could lead to the EF strategy. 
Also,	the	hand	cursor	moved	synchronously	with	the	participant’s	
hand	movements,	so	attention	toward	the	hand	cursor	could	lead	
to	IF	strategy.	Therefore,	the	difference	in	motor	learning	effects	
between	 the	 Internal‐	 and	 External‐dominant	 groups	 under	 the	
EF condition might be weakened by the “mixed” focus attentional 
target	offered	by	 the	hand	cursor.	 Second	 is	 that	 an	 individual’s	
cognitive	ability	to	process	internal	body	information,	rather	than	
external	 outcome	 information,	may	have	 a	 greater	 role	 in	deter‐
mining the optimal attentional strategy. During motor task per‐
formance,	we	process	and	integrate	multimodal	information	from	
visual,	proprioceptive,	and	vestibular	inputs	(Oostwoud	Wijdenes	
&	Medendorp,	2017).	It	can	be	assumed	all	participants	naturally	
pay	attention	to	visual	input.	On	the	other	hand,	the	ability	to	di‐
rect attention to internal body information during a motor task 
can vary widely among individuals depending on a historical fac‐
tor	 such	as	personal	 sporting	experience	 (Sakurada	et	al.,	2016).	
Hence,	 it	 is	 presumed	 that	 the	 individuals	 who	 become	 accus‐
tomed to processing internal body information can enhance the 
motor	learning	effect	under	the	IF	strategy	without	disrupting	au‐
tomatic motor control. Processing internal body information such 
as somatosensory has a crucial role in the early stage of motor 
skill	acquisition	(Bernardi,	Darainy,	&	Ostry,	2015),	so	applying	in‐
ternal focus appropriately according to individual cognitive traits 
(modality dominance of motor imagery) may contribute to enhanc‐
ing	 motor	 learning.	 Indeed,	 we	 replicated	 our	 previous	 findings	
that individual modality dominance of motor imagery correlated 
with	 the	 individual	 optimal	 attentional	 strategy	 (Sakurada	 et	 al.,	
2016,	2017).	This	implies	that	individual	modality	dominance	is	a	
basic cognitive characteristic and that individual dominance type 
pervades across multiple cognitive functions associated with 
motor performance such as attention control and motor imagery. 
Therefore,	other	cognitive	functions	with	multiple	modalities	such	
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as working memory may also affect task performance depending 
on the individual modality dominance.

Previous studies have implicated activities of motor‐related 
areas	in	focus	of	attention	(Kuhn	et	al.,	2016;	Zentgraf	et	al.,	2009;	
Zimmermann	et	al.,	2012),	while	our	current	 findings	 indicate	 that	
the right frontoparietal network also has an important function in 
determining the attentional strategy most suitable for individuals 
during a motor learning task. The prefrontal cortex (including the 
frontal eye field) and the parietal cortex are strongly interconnected 
by	fibers	passing	through	the	superior	longitudinal	fasciculus	(Makris	
et	al.,	2005),	and	the	frontoparietal	network	does	contribute	to	at‐
tention	control	(Corbetta	&	Shulman,	2002;	Dosenbach	et	al.,	2008;	
Kehrer	 et	 al.,	 2015).	 These	 top‐down	 cognitive	 functions	 enable	
precise	motor	 control	 for	high	performance,	 so	 it	 is	 reasonable	 to	
suggest that frontoparietal area function is also involved in deter‐
mining individual optimal attentional strategy. Supporting the pos‐
sibility	of	the	interconnection	between	parietal	and	frontal	regions,	
we revealed temporal associations of neural activities between the 
two regions. We found enhanced neural activities in the frontal re‐
gion	reflecting	individual	differences	at	around	6.0–15.0	s	followed	
by neural activities in the parietal region reflecting individual optimal 
attentional	strategy	at	around	13.0–23.8	s.	While	a	causal	relation‐
ship	remains	to	be	verified,	this	delay	in	neural	activation	in	the	pari‐
etal region is consistent with previous reports that information flows 
from the frontal cortex to the parietal cortex when attention is ex‐
plicitly	directed	(i.e.,	top‐down	attention)	(Buschman	&	Miller,	2010;	
Ptak,	2012;	Scolari,	Seidl‐Rathkopf,	&	Kastner,	2015).	Furthermore,	
only activities in the right dorsolateral prefrontal cortex and the right 
somatosensory association cortex showed significant correlation 
with individual cognitive abilities of both motor imagery and opti‐
mal attentional strategy. These results support the notion that the 
frontoparietal network for processing sensory information contrib‐
utes to determining individual cognitive characteristics associated 
with	motor	learning,	and	we	propose	that	the	modality	dominance	in	
cognitive	function,	such	as	motor	imagery,	is	an	important	factor	in	
characterizing	the	individual	optimal	attentional	strategy.	Individual	
differences in the frontoparietal network may affect the final motor 
outputs.

In	the	current	study,	we	measured	neural	activities	during	a	dual	
cognitive task requiring both attention control and the counting of 
external	stimuli.	Neuroimaging	studies	have	reported	that	the	fron‐
tal	and	parietal	areas	also	have	an	important	role	in	counting	(Piazza,	
Giacomini,	Bihan,	&	Dehaene,	2003;	Piazza,	Mechelli,	Butterworth,	
&	Price,	2002;	Zago	et	al.,	2010).	Hence,	we	must	consider	the	pos‐
sibility that counting alone modulated activities in the right fronto‐
parietal	area.	To	address	this	concern,	we	confirmed	that	there	was	
no significant difference in neural activity during the counting task 
between	IF	and	EF	conditions	(i.e.,	ZC

EF
−Z

C
IF
,	data	not	shown).	These	

additional analyses support the notion that activation of frontal and 
parietal areas reflects attention control specific to the motor task 
rather than for counting.

We also found that individual optimal attentional strategy asso‐
ciated with more efficient sensory processing in the frontoparietal 

area	and	that	such	efficiency	is	an	advantage	for	motor	learning.	In	
particular,	the	right	dorsolateral	prefrontal	cortex	and	the	right	so‐
matosensory association cortex showed relatively lower activities 
under the attentional condition permitting a higher motor learning 
effect in a given individual. Previous studies also reported differen‐
tial modulation of neural activity associated according to individual 
motor	performance.	For	 instance,	elite	professional	 soccer	players	
showed lower activities in medial‐wall foot motor regions compared 
to	 football	 players	with	 relatively	 less	motor	 skill	 (Naito	&	Hirose,	
2014).	In	another	study,	several	areas	associated	with	motor	control	
such	as	primary	motor	cortex,	supplementary	motor	area,	premotor	
cortex,	and	superior	parietal	 lobule	showed	motor	skill‐dependent	
activity	during	a	complex	finger	movement	task	(Krings	et	al.,	2000).	
This variation in neural activity depending on motor performance 
is not limited to motor‐related areas. During reaching movements 
with	visuomotor	 rotation,	 the	bilateral	 dorsolateral	 prefrontal	 cor‐
tex showed higher activity in the initial learning phase that gradually 
decreased in parallel with improved motor performance as the trial 
proceeded	 (Goto	et	al.,	2011).	Therefore,	 the	acquisition	of	neural	
processing efficiency not only in the motor‐related areas but also in 
the frontoparietal network is likely necessary for improved motor 
performance.

Although	the	current	findings	clearly	indicate	a	relationship	be‐
tween	individual	cognitive	ability,	such	as	motor	imagery	and	atten‐
tional	strategy	and	the	neural	efficiency	in	the	frontoparietal	area,	
the	 causality	 between	 these	 factors	 is	 not	 clear.	 One	 possibility	
is that the individual optimal attentional strategy is a fundamen‐
tal factor that can induce neural efficiency during motor learning. 
Another	possibility	is	that	efficient	neural	processing	can	gradually	
characterize the individual optimal attentional strategy during the 
course	of	motor	 learning.	Additionally,	 individual	 cognitive	 ability	
and neural efficiency may not necessarily have a direct connection 
with	each	other.	In	the	present	study,	we	designed	the	experimental	
tasks to at least isolate the effect of nonfocused cognitive function 
(i.e.,	counting).	However,	as	explained	by	cognitive	load	theory,	the	
load	 of	 a	 neural	 process	 increases	 depending	 on	 various	 factors,	
such	as	task	difficulty,	familiarity	of	a	task,	feelings	of	discomfort,	
and	 so	 on	 (Sweller,	 1988;	 Sweller,	 Merrienboer,	 &	 Paas,	 1998).	
Likewise,	in	the	case	of	the	current	task,	the	higher	cognitive	load	
caused by the non‐optimal attentional strategy might be indirectly 
linked with the relatively higher neural activities in the frontopari‐
etal area. Further investigation is required to better understand the 
details	 of	 relationships,	 including	 causality	 in	motor	 imagery	 abil‐
ity,	the	optimal	attentional	strategy,	and	the	neural	activities	of	the	
frontoparietal area.

The major limitation of this study is that the motor learning task 
was simple compared to practical tasks in clinical rehabilitation or 
sports	 training.	 Thus,	we	need	 to	 investigate	whether	 the	 fronto‐
parietal	area	has	the	same	role	 in	daily	activities.	Furthermore,	we	
focused	only	on	the	frontal	and	parietal	areas.	Neuroimaging	using	
electroencephalography or functional magnetic resonance imaging 
is warranted to examine the contributions of extended brain net‐
works to individual optimal attentional strategy.
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5  | CONCLUSIONS

The current findings suggest that individual differences in optimal 
attentional strategy depend on the modality dominance of motor 
imagery	(visual	vs.	kinesthetic).	Furthermore,	the	individual	optimal	
attentional strategy is associated with greater neural processing ef‐
ficiency	in	the	frontoparietal	areas.	Although	causality	between	the	
efficiency of the neural processes and the motor learning effects 
under	the	individual	optimal	attentional	strategy	remains	unclear,	we	
expect that a hybrid assessment protocol that combines a subjective 
method (motor imagery questionnaire) with an objective method 
(recording neural activities) could contribute to visualizing the indi‐
vidual neural characteristics for maximizing training effects in sports 
and rehabilitation medicine.
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