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Abstract	

Identifying	 the	 spatial	 location	 of	 touch	 on	 the	 skin	 surface	 is	 a	 fundamental	 function	 of	 our	

somatosensory	system.	Despite	the	fact	that	stimulation	of	even	single	mechanoreceptive	afferent	

fibres	is	sufficient	to	produce	clearly	localised	percepts,	tactile	localisation	can	be	modulated	also	by	

higher-level	 processes	 such	 as	 body	 posture.	 This	 suggests	 that	 tactile	 events	 are	 coded	 using	

multiple	 representations	 using	 different	 coordinate	 systems.	 Recent	 reports	 provide	 evidence	 for	

systematic	 biases	 on	 tactile	 localisation	 task,	 which	 are	 thought	 to	 result	 from	 a	 supramodal	

representation	of	 the	 skin	 surface.	While	 the	 influence	of	 non-informative	 vision	 of	 the	 body	 and	

gaze	 direction	 on	 tactile	 discrimination	 tasks	 has	 been	 extensively	 studied,	 their	 effects	 on	 tactile	

localisation	 tasks	 remain	 largely	 unexplored.	 To	 address	 this	 question,	 participants	 performed	 a	

tactile	localization	task	on	their	left	hand	under	different	visual	conditions	by	means	of	a	mirror	box;	

in	the	mirror	condition	a	single	stimulus	was	delivered	on	participants’	hand	while	the	reflexion	of	

the	 right	 hand	was	 seen	 through	 the	mirror;	 in	 the	 object	 condition	 participants	 looked	 at	 a	 box	

through	the	mirror,	and	in	the	right	hand	condition	participants	looked	directly	at	their	right	hand.	

Participants	reported	the	location	of	the	tactile	stimuli	using	a	silhouette	of	a	hand.	Results	showed	

a	shift	 in	 the	 localization	of	 the	 touches	 towards	 the	 tip	of	 the	 fingers	 (distal	bias)	and	 the	 thumb	

(radial	 biases)	 across	 conditions.	 Critically,	 distal	 biases	 were	 reduced	 when	 participants	 looked	

towards	the	mirror	compared	to	when	they	looked	at	their	right	hand	suggesting	that	gaze	direction	

reduces	 the	 typical	 proximo-distal	 biases	 in	 tactile	 localization.	 Moreover,	 vision	 of	 the	 hand	

modulates	the	internal	configuration	of	points’	locations,	by	elongating	it,	in	the	radio-ulnar	axis.	
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Introduction	

Identifying	the	spatial	location	of	touch	on	the	skin	surface	is	among	the	most	fundamental	

of	 tactile	 computations.	 Indeed,	 stimulation	 of	 even	 single	 mechanoreceptive	 afferent	 fibres	 is	

sufficient	to	produce	clearly	localised	percepts	(Schady	et	al.	1983).	Tactile	localisation	is,	however,	

also	modulated	by	higher-level	processes	 (Azañón	et	al.	2016),	such	as	 the	position	of	 the	body	 in	

external	space	(Azañón	and	Soto-Faraco	2008;	Badde	et	al.	2014;	Tamè	et	al.	2017c)	and	the	internal	

postural	 configuration	 of	 the	 hand	 (Tamè	 et	 al.	 2017b).	 These	 results	 are	 evidence	 that	 tactile	

localisation	requires	the	involvement	of	multiple	representations	of	the	tactile	event	using	different	

coordinate	 systems	 (Badde	 and	 Heed	 2016).	 Other	 studies	 have	 reported	 systematic	 biases	 on	

localisation	 of	 touch	 onto	 the	 skin	 of	 the	 hand	 (Culver	 1970;	Mancini	 et	 al.	 2011a;	Margolis	 and	

Longo	2015),	 arm	 (Cholewiak	 and	Collins	 2003;	Azañón	et	 al.	 2010;	 Steenbergen	et	 al.	 2012),	 and	

belly	 (Cholewiak	 et	 al.	 2004).	 For	 example,	 Mancini	 and	 colleagues	 (2011a)	 delivered	 a	 single	

stimulus	to	several	locations	on	the	dorsum	and	fingers	of	the	left	hand.	Participants	localised	each	

stimulus	 by	 clicking	 a	 mouse	 cursor	 on	 the	 corresponding	 location	 on	 a	 hand	 silhouette	 on	 a	

monitor.	 They	 found	 systematic	distal	 and	 radial	biases	 in	 localisation	on	 the	dorsal	hand	 surface.	

Distal	and	radial	biases	refer	to	a	shift,	in	the	tactile	localization	with	respect	to	the	position	of	the	

touches	 on	 the	 skin,	 in	 the	 proximal-distal	 and	 radio-ulnar	 hand	 axes,	 respectively.	 These	 biases	

were	specific	 to	 the	skin	surface	stimulated,	and	did	not	occur	on	 the	glabrous	skin	of	 the	palmar	

hand	 surface.	 Critically,	 however,	 the	 biases	 occurred	 independently	 of	 the	 type	 of	 peripheral	

receptor	 stimulated	 (i.e.,	 Aβ,	 Aδ,	 C),	 suggesting	 that	 they	 result	 from	 a	 central,	 supramodal	

representation	of	the	skin	surface	(Mancini	et	al.	2011a).	

Although	tactile	localization	is	accomplished	by	the	somatosensory	system,	the	way	in	which	

we	 experience	 the	world	 through	perception	 is	 using	multiple	 systems	 in	which	 information	 from	

different	senses	is	combined	together	to	construct	our	conscious	perceptual	experience.	One	factor	

that	 has	 been	 found	 to	 have	widespread	 influences	 on	 somatosensory	 processing	 is	 vision	 of	 the	

body.	Indeed,	vision	of	the	body,	even	when	non-informative	about	stimulation,	has	been	shown	to	
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speed	 reaction	 times	 to	 tactile	 stimuli	 (Tipper	 et	 al.	 1998,	 2001),	 improve	 tactile	 spatial	 acuity	

(Kennett	et	al.	2001;	Longo	et	al.	2008;	Konen	and	Haggard	2014),	modulate	somatosensory	event-

related	potentials	(Taylor-Clarke	et	al.	2002;	Sambo	et	al.	2009;	Gillmeister	and	Forster	2010;	Longo	

et	 al.	 2011),	 increase	 somatosensory	 intra-cortical	 inhibition	 (Cardini	 et	 al.	 2011),	 reduce	 the	

intensity	of	acute	pain	(Longo	et	al.	2009,	2012a;	Romano	and	Maravita	2014),	as	well	as	modulating	

processes	including	sensorimotor	integration	(Tamè	et	al.	2017a),	tactile	distance	perception	(Longo	

and	Sadibolova	2013),	and	limb	temperature	(Sadibolova	and	Longo	2014).	More	generally	vision	of	

the	body	has	been	shown	to	enhance	tactile	performance	both	in	healthy	individuals	(Pavani	et	al.	

2000;	Tamè	et	al.	2013)	and	neurological	patients	with	a	deficit	in	tactile	acuity	(Serino	et	al.	2007).	

Despite	 several	 circumstances	 in	which	vision	 improve	 tactile	performance,	 it	 is	 important	 to	note	

that	this	is	not	always	the	case.	Indeed,	some	studies	showed	that	vision	in	some	context	may	have	

no	effect	or	impaired	tactile	performance	(e.g.,	Press	et	al.	2004;	Harris	et	al.	2007;	Gillmeister	et	al.	

2010).	 Moreover,	 individuals	 with	 visual	 impairment	 may	 perform	 better	 than	 healthy	 sighted	

subjects	in	certain	tactile	tasks	(e.g.,	Röder	et	al.	2004;	Azañón	et	al.	2017).	

Despite	 the	 widespread	 effects	 of	 vision	 of	 the	 body	 on	 somatosensory	 processing,	 little	

research	 has	 investigated	 the	 effects	 of	 seeing	 the	 body	 on	 tactile	 localisation.	 Harrar	 and	 Harris	

(2009)	manipulated	vision	of	the	body	in	a	study	that	focused	on	the	effects	of	eye-gaze.	They	found	

that	 non-informative	 vision	 of	 the	 stimulated	 forearm	 led	 to	 a	 spatial	 expansion	 of	 reported	

locations	 along	 the	 proximo-distal	 arm	 axis.	 Two	 subsequent	 studies,	 however,	 have	 found	 no	

effects	of	vision	of	 the	body	on	perceived	size	 (Mancini	et	al.	2011b;	Longo	and	Sadibolova	2013).	

Here,	to	further	investigate	this	issue,	we	adapted	the	paradigm	of	Mancini	and	colleagues	(2011a),	

described	above,	to	investigate	the	effects	of	seeing	the	body	on	tactile	localisation.	

While	 few	 studies	 have	 investigated	 the	 effects	 of	 actual	 vision	 of	 the	 body	 on	 tactile	

localisation,	several	studies	have	shown	that	head	orientation	(Ho	and	Spence	2007;	Pritchett	et	al.	

2012)	and	direction	of	eye-gaze	(Harrar	and	Harris	2009,	2010;	Pritchett	and	Harris	2011;	Pritchett	et	

al.	2012;	Harrar	et	al.	2013)	produce	shifts	in	the	perceived	location	of	touch.	Such	findings	fit	within	
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a	 larger	 literature	 showing	 widespread	 influences	 of	 gaze-centred	 frames	 of	 reference	 across	

sensorimotor	modalities	 (Andersen	and	Mountcastle	1983;	Lewald	and	Ehrenstein	1996;	Batista	et	

al.	1999;	Boussaoud	and	Bremmer	1999).	Other	studies	have	found	that	directing	gaze	towards	the	

stimulated	hand	modulates	neural	processing	of	 touch,	distinct	 from	effects	of	actually	 seeing	 the	

hand	(Forster	and	Eimer	2005;	Gherri	and	Forster	2014,	2015).	

In	 this	study,	we	 investigated	the	effects	of	vision	of	 the	stimulated	body	part	and	of	gaze	

direction	towards	that	body	part	on	tactile	localisation	on	the	skin	surface.	We	used	the	localisation	

paradigm	 developed	 by	Mancini	 and	 colleagues	 (Mancini	 et	 al.	 2011a)	 in	which	 the	 participant	 is	

touched	 at	 a	 location	 on	 their	 hand	 and	 indicates	 the	 perceived	 location	 of	 touch	 by	 clicking	 the	

mouse	 cursor	 on	 the	 corresponding	 location	 on	 a	 silhouette	 image	 of	 a	 hand.	 Participants	made	

localisation	judgments	on	their	left	hand	in	three	visual	conditions.	We	used	the	mirror-box	illusion	

to	 manipulate	 the	 visual	 content	 that	 participants	 saw	 (Ramachandran	 et	 al.	 1995).	 In	 the	 View	

Stimulated	Hand	condition	participants	saw	the	reflection	of	their	right	hand	in	a	mirror	aligned	with	

their	 body	midline,	which	 appeared	 to	 be	 a	 direct	 view	of	 their	 stimulated	 left	 hand.	 In	 the	View	

Object	 condition,	 they	 looked	at	 the	reflection	of	an	object	 through	the	mirror.	Note	that	 in	 these	

two	 conditions	 gaze	 direction	was	 held	 constant.	 Finally,	 in	 the	View	Other	 Hand	 condition,	 they	

looked	 directly	 towards	 their	 non-stimulated	 hand	 (i.e.,	 right	 hand).	 The	 purpose	 of	 this	 set	 of	

conditions	was	twofold:	first,	to	test	whether	seeing	or	not	seeing	the	hand	affect	tactile	localization	

when	gaze	 is	kept	constant	 (View	Stimulated	Hand	 vs.	View	Object).	 Second,	 to	 test	whether	gaze	

direction	affects	tactile	localization,	when	the	visual	input	is	kept	constant	(View	Stimulated	Hand	vs	

View	Other	Hand).	Direction	of	eyes	and	head	were	always	aligned	across	conditions.	If	vision	of	the	

body	 modulates	 tactile	 localization	 we	 expect	 to	 find	 different	 localization	 judgments	 when	

participants	 are	 seeing	 the	 hand	 compared	 to	when	 they	 are	 seeing	 an	 object.	Moreover,	 if	 gaze	

direction	modulates	tactile	localization	we	expect	to	find	a	different	performance	when	the	gaze	is	

directed	toward	the	stimulated	hand	compared	to	when	is	directed	in	the	opposite	direction.	Finally,	

if	 both	 vision	 of	 the	 body	 and	 gaze	 direction	 affect	 tactile	 localization	 we	 expect	 different	
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performance	across	the	three	experimental	conditions.	

	

Material	and	Methods	

Participants	

Thirty	 participants	 (mean	 ±	 SD,	 31.3	 ±	 7.4	 years;	 19	 female)	 took	 part	 in	 the	 study.	

Participants	gave	their	informed	consent	prior	to	participation	and	reported	normal	or	corrected	to	

normal	vision	and	normal	touch.	The	study	was	approved	by	the	 local	ethical	review	committee	at	

Department	of	Psychological	Sciences,	Birkbeck,	University	of	London	and	was	carried	out	according	

to	the	principles	of	the	1964	Declaration	of	Helsinki.	All	participants	were	right-handed,	as	assessed	

by	the	Edinburgh	Handedness	Inventory	(Oldfield	1971;	M	=	87,	range	54-100).		

	

Stimuli	

The	tactile	stimuli	consisted	in	a	calibrated	nylon	filament	(von	Frey	hair,	40	mm	long,	60	g	

bending	weight).	 Each	 stimulus	was	 administered	manually	 by	 the	 experimenter	 in	 a	 pre-marked	

location	on	the	participant’s	unseen	hand.	Before	the	start	of	the	experiment,	a	3x3	grid	was	made	

with	blank	ink	centred	on	the	dorsum	of	the	participant’s	left	hand	using	a	plastic	template	(Figure	

1).	The	distance	between	adjacent	locations	in	the	grid	was	2	cm.	

	

	

	

	

	

	

	

Figure	1.	Picture	of	a	participant’s	hand	prior	to	start	with	the	experiment.	The	knuckles	of	the	index	and	the	little	fingers	
were	 marked	 with	 a	 cross	 and	 the	 nine	 landmarks	 were	 positioned	 on	 the	 dorsum	 of	 the	 hand.	 The	 landmarks	 were	
enumerated	from	the	upper-left	corner	of	the	grid	(landmark	1)	to	the	lower-right	corner	(landmark	9).	
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Procedure	

Participants	sat	with	their	hands	on	a	table	on	either	side	of	a	mirror	(47	cm	width,	35	cm	

high)	 aligned	 with	 their	 body	 midline.	 Velcro	 disks	 on	 the	 table	 indicated	 where	 the	 participant	

should	place	the	tip	of	the	index	finger	of	each	hand,	20	cm	on	either	side	of	the	mirror.	There	were	

three	 visual	 contexts,	 as	 shown	 in	 Figure	 2.	 First,	 in	 the	 View	 Stimulated	 Hand	 condition,	 the	

participant	placed	their	right	hand	in	front	of	the	mirror.	When	they	looked	into	the	mirror	they	saw	

the	reflection	of	their	right	hand,	which	appeared	to	be	a	direct	view	of	their	 left	hand.	Second,	 in	

the	View	Object	condition,	a	rectangular	box	of	approximately	similar	size	to	a	hand	(14.5	x	9.0,	x	8.0	

cm)	 was	 placed	 in	 front	 of	 the	 mirror.	 When	 participants	 looked	 into	 the	 mirror,	 they	 saw	 the	

reflection	of	the	box,	which	appeared	to	be	in	the	location	where	their	left	hand	was	located.	During	

this	 condition,	 participants	were	 asked	 to	 place	 their	 right	 hand	 on	 their	 right	 knee.	 Third,	 in	 the	

View	Other	Hand	condition,	the	participant	placed	their	right	hand	in	front	of	the	mirror.	Instead	of	

looking	into	the	mirror,	however,	they	looked	directly	at	their	right	hand.	

In	 order	 to	 allow	 the	 participant	 to	make	 localisation	 judgments,	 a	 Dell	 15’’	monitor	was	

positioned	 in	 their	 right	 hemi-space	 aligned	 with	 their	 right	 shoulder	 (see	 Figure	 3).	 A	 black	

cardboard	sheet	of	approximately	 the	 same	size	as	 the	mirror	was	positioned	about	20	cm	to	 the	

right	of	participant’s	right	hand	in	order	to	occlude	the	mouse,	which	was	placed	on	the	other	side	of	

the	cardboard	(Figure	3).	The	participant	used	the	mouse	to	give	their	response.	

	

	

	

	

	

	

Figure	 2.	 Schematic	 representation	 of	 the	 experimental	 conditions.	 The	 first	 picture	 on	 the	 left	 represents	 the	 View	
Stimulated	Hand	condition,	the	central	picture	as	View	Object	condition	and	the	one	on	the	right	for	the	View	Right	hand	
condition.	The	mirror	box	throughout	the	experiment	permanently	covered	participant’s	left	hand.	
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The	participant’s	 task	was	to	 judge	the	perceived	 location	of	each	tactile	stimulus	on	their	

left	 hand	 by	 positioning	 the	 mouse	 cursor	 (a	 thin	 crosshair)	 on	 the	 corresponding	 location	 on	 a	

silhouette	of	a	left	hand	appearing	on	the	monitor.	On	each	trial,	participants	were	asked	to	look	at	

the	reflexion	in	the	mirror	or	at	their	right	hand	(depending	on	the	condition).	After	approximately	3	

seconds,	a	single	stimulus	of	1	second	of	duration	was	delivered	at	one	of	the	nine	marked	locations	

on	the	dorsum	of	their	left	hand.	Experimenter	asked	participant	to	close	her/his	eyes	and	to	move	

their	right	hand	towards	the	mouse	immediately	after	the	stimulation,	then	the	mirror	was	covered	

and	 the	participant	 open	 the	 eyes	 to	make	 the	 judgment	 on	 the	 silhouette	 that	 appeared	on	 the	

monitor.	 The	 silhouette	 consisted	 of	 a	 white	 template	 of	 a	 hand	 (15	 x	 7.5	 cm)	 over	 a	 black	

background,	with	no	references	about	the	position	of	 the	knuckles,	nails	or	wrist	bones.	The	hand	

was	presented	vertically	oriented	with	the	palm	facing	down	to	match	the	position	of	the	stimulated	

participants’	hand	(i.e.,	 left	hand).	The	participant	was	then	asked	to	carefully	 localise	the	stimulus	

by	clicking	on	the	point	on	the	silhouette	that	corresponded	to	the	 location	they	felt	the	touch	on	

their	left	hand.	Once	the	stimulus	was	localised,	the	participant	moved	their	right	hand	back	to	the	

starting	position	(either	in	front	of	the	mirror	or	their	knee).		

Participants	were	not	allowed	to	look	at	the	marked	locations	on	their	left	hand	at	any	time	

until	after	the	experiment	was	completed.	Moreover,	in	order	to	make	vision	of	the	hand/object	as	

consistent	as	possible,	participants	were	asked	 to	close	 their	eyes	every	 time	their	 right	hand	was	

moving,	 both	 when	 they	 reached	 for	 the	 mouse	 and	 when	 they	 placed	 their	 hand	 back	 at	 the	

starting	 position.	 Additionally,	 in	 the	 View	 Stimulated	 Hand	 and	 View	 Object	 conditions	 the	

experimenter	 covered	 the	 mirror	 with	 a	 cloth	 curtain	 immediately	 after	 the	 stimulation	 was	

delivered	 and	 uncovered	 the	 mirror	 before	 the	 start	 of	 the	 next	 trial.	 In	 the	 View	 Other	 Hand	

condition	the	mirror	remained	covered	throughout	the	block.		
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Figure	3.	The	experimental	setup.	Image	showing	cardboard	sheet	(red	colour)	to	cover	the	mouse.	Once	the	stimulus	was	
delivered	 on	 the	 left	 hand,	 participants	 were	 asked	 to	 close	 their	 eyes	 and	 move	 their	 right	 hand	 surrounding	 the	
cardboard	 sheet	 towards	 the	mouse.	 Immediately	 after	 reaching	 the	mouse,	 the	 silhouette	 of	 a	 hand	 appeared	 on	 the	
screen	of	the	monitor	and	participants	pointed	with	the	mouse	the	exact	location	they	perceived	they	were	touched	on.	
After	answering,	they	were	asked	to	close	their	eyes	and	move	the	hand	back	to	the	previous	position	as	per	figure	above.	
	

	

The	order	of	the	locations	that	were	stimulated	within	the	blocks	was	randomized	for	each	

participant.	 The	 experiment	 consisted	 of	 a	 total	 of	 360	 trials	 divided	 into	 6	 blocks	 (two	 of	 each	

condition)	of	45	trials	each,	separated	by	short	breaks.	Each	block	included	5	trials	of	each	of	the	9	

locations,	presented	in	a	randomised	order.	There	were	40	repetitions	of	stimulation	for	each	of	the	

9	 locations	 for	 each	participant	 and	 visual	 condition.	 The	 first	 three	blocks	 included	one	block	 for	

each	condition,	counterbalanced	according	to	a	Latin	square.	The	last	three	blocks	were	performed	

in	the	reverse	order.	Figure	4	shows	a	short	questionnaire	that	was	administered	after	each	block	to	

assess	 the	 participant’s	 subjective	 experience,	 similar	 to	 previous	 studies	 in	 our	 lab	 (Longo	 et	 al.	

2009,	2012b;	Longo	and	Sadibolova	2013).	The	experiment	lasted	approximately	75	minutes.	
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Figure	4.	Questionnaire	administered	to	participants	after	each	block.	On	each	question,	participants	were	allowed	to	give	
any	number	between	minimum	level	and	maximum	level	(Longo	et	al.	2009).	
	

Analyses	

Analysis	procedures	were	similar	to	those	used	in	our	previous	studies	(Mancini	et	al.	2011a;	

Margolis	and	Longo	2015).	The	actual	 locations	where	the	stimulation	was	delivered	was	recorded	

by	taking	a	picture	of	the	dorsum	of	participant’s	left	hand	from	directly	overhead	once	the	grid	was	

drawn.	 Subsequently,	 x	 and	 y	 coordinates	 of	 the	 knuckles	 and	 the	 nine	 stimulus	 locations	 were	

coded	 off-line.	 In	 order	 to	 compare	 the	 locations	 of	 responses	with	 actual	 stimulus	 locations,	we	

used	 a	 two-point	 registration	 procedure	 (Bookstein	 1991;	 Zelditch	 et	 al.	 2004).	 The	 centre	 of	 the	

knuckle	of	the	little	finger	was	defined	to	be	coordinate	(0,	0)	and	the	centre	of	the	knuckle	of	the	

index	finger	as	coordinate	(1,	0),	with	all	other	points	scaled	accordingly.	This	results	in	a	common,	

hand-centred	frame	of	reference	for	expressing	the	locations	of	both	actual	stimulus	 locations	and	

responses.	Because	Bookstein	coordinates	were	expressed	using	the	distance	between	the	knuckles	

of	the	little	and	index	fingers	as	the	unit	vector	on	the	x-axis,	the	x-coordinate	indicates	location	in	

the	radio-ulnar	hand	axis,	while	the	y-coordinate	indicates	location	in	the	proximo-distal	hand	axis.	

Localisation	 performance	 was	 analysed	 both	 in	 terms	 of	 constant	 error	 (i.e.,	 the	 vector	

connecting	 actual	 to	 judged	 stimulus	 location),	 and	 variable	 error	 (i.e.,	 the	 spread	 of	 responses	

around	 the	 mean	 response).	 Distal	 (i.e.,	 towards	 the	 fingertips)	 constant	 error	 biases	 were	

quantified	as	the	difference	between	the	y-coordinates	of	each	response	and	the	actual	location	of	

the	stimulus.	Radial	(i.e.,	towards	the	thumb)	constant	error	biases	were	quantified	as	the	difference	

of	the	x-coordinates	of	responses	and	actual	stimulus	location.	Variable	errors	in	the	radio-ulnar	and	

in	 the	 proximo-distal	 axes	 were	 quantified	 as	 the	 standard	 deviation	 of	 responses	 in	 the	 x-

coordinate	and	the	y-coordinate,	respectively.	

	

Results	

Questionnaire	
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Participants’	 ratings	 for	 the	agreement	 for	each	 sentence	were	 first	 compared	against	 “0”	

using	a	t-tests,	namely	neutral	response.	As	shown	in	Figure	5A,	participants	agreed	that	‘It	felt	like	I	

was	looking	at	my	hand	and	not	at	the	mirror	image’	in	the	View	Stimulated	Hand	condition	(M±SE	=	

1.14	±	0.27),	t(29)	=	4.17,	p	<	0.001,	d	=	0.76,	and	in	the	View	Other	Hand	condition	(M±SE	=	1.93	±	

0.27),	t(29)	=	7.10,	p	<	0.001,	d	=	1.30,	but	disagreed	in	the	View	Object	condition		(M±SE	=	-2.04	±	

0.26),	t(29)	=	-7.92,	p	<	0.001,	d	=	1.45.	These	results	confirm	that	participants	did	have	the	illusion	

of	seeing	their	real	hand	in	the	mirror	and	not	a	mere	reflection.		

	

	

	

	

	

	

	

	

Figure	5.	Participants’	ratings	for	the	agreement	(A)	and	left-right	questions	(B).	Error	bars	represent	standard	error	of	the	
mean	(±SEM).	
	

Moreover,	participants	agreed	with	the	statement	‘it	felt	like	the	hand	I	was	looking	at	was	

my	hand’	both	in	the	View	Stimulated	Hand	condition	(M±SE	=	1.83	±	0.21),	t(29)	=	8.64,	p	<	0.001,	d	

=	1.58,	and	in	the	View	Other	Hand	condition	(M±SE	=	2.13	±	0.26),	t(29)	=	8.30,	p	<	0.001,	d	=	1.52.	

They	reported	that	the	hand	they	saw	seemed	like	a	left	hand	after	View	Stimulated	Hand	condition	

(M±SE	=	-35.6	±	12.0),	t(29)	=	-2.96,	p	<	0.007,	d	=	0.54)	but	seemed	like	a	right	hand	in	View	Other	

Hand	 condition	 (M±SE	 =	 66.8	 ±	 10.6),	 t(29)	 =	 6.31,	p	<	 0.001,	d	=	 1.15	 (see	 Figure	 5B).	 Thus,	 the	

mirror	box	successfully	generated	the	feeling	of	seeing	a	real	left	hand.	

	

Constant	Error	Biases	
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Figure	6	shows	the	locations	of	stimulations	and	of	localisation	judgments	in	each	condition,	

while	Figure	7	shows	the	magnitude	of	distal	and	radial	biases.	The	distal	and	radial	biases,	in	each	

condition,	were	first	separately	compared	against	“0”	using	t-tests.	Large	distal	biases	were	apparent	

in	all	three	conditions:	in	the	View	Stimulated	Hand	condition	(0.35	Bookstein	units),	t(29)	=	16.28,	p	

<	0.001,	d	=	2.97;	 In	the	View	Object	condition	(0.35	Bookstein	units),	t(29)	=	15.01,	p	<	0.001,	d	=	

2.74;	and	in	the	View	Other	Hand	condition	(0.39	Bookstein	units),	t(29)	=	16.66,	p	<	0.001,	d	=	3.04).	

These	 results	 replicate	 the	 large	 distal	 biases	 reported	 in	 several	 recent	 studies	 (Mancini	 et	 al.	

2011a;	Margolis	and	Longo	2015;	Longo	et	al.	2015).	

The	critical	question	here	was	whether	the	magnitude	of	these	biases	was	modulated	by	the	

visual	condition.	A	one-way	analysis	of	variance	(ANOVA)	revealed	that	the	magnitude	of	distal	bias	

did,	indeed,	differ	significantly	across	conditions,	F(2,58)	=	16.76,	p	<	0.001,	ƞp
2	=	0.37.	In	comparison	

to	 the	View	Other	 Hand	 condition,	 distal	 biases	were	 reduced	 in	 both	 the	View	 Stimulated	 Hand	

condition,	 t(29)	 =	 -4.57,	p	<	 0.001,	dz	 =	 0.83,	 and	 in	 the	View	Object	 condition,	 t(29)	 =	 -5.55,	p	 <	

0.001,	 dz	 =	 1.01.	 There	 was	 no	 difference	 between	 the	 View	 Stimulated	 Hand	 and	 View	 Object	

conditions,	t(29)	=	-0.64,	p	=	0.528,	dz	=	0.12.	Thus,	the	effects	seem	to	be	driven	not	by	the	visual	

content	 of	 what	 is	 seen,	 but	 by	 whether	 or	 not	 gaze	 is	 directed	 towards	 the	 body.	 This	 pattern	

suggests	 that	 distal	 localisation	biases	 are	modulated	by	 the	direction	of	 gaze,	 rather	 than	by	 the	

visual	content	of	seeing	the	body.	

	 There	 were	 also	 clear	 radial	 biases	 in	 all	 three	 conditions:	 in	 the	 View	 Stimulated	 Hand	

condition	 (0.21	Bookstein	units),	 t(29)	=	6.42,	p	<	0.001,	d	=	1.17;	 the	View	Object	 condition	 (0.21	

Bookstein	 units),	 t(29)	 =	 6.97,	 p	 <	 0.001,	 d	 =	 1.27;	 and	 the	 View	 Other	 Hand	 condition	 (0.21	

Bookstein	units),	t(29)	=	6.67,	p	<	0.001,	d	=	1.22.	An	ANOVA	on	the	radial	biases	did	not	reveal	any	

significant	 effect	 of	 condition,	 F(2,58)	 =	 0.39,	 p	 =	 0.678,	 ƞp
2=	 0.01.	 The	 presence	 of	 medial	

localisation	biases,	like	distal	biases,	is	consistent	with	previous	reports	(Mancini	et	al.	2011a;	Longo	

et	al.	2015);	though	no	such	biases	were	apparent	in	the	study	of	Margolis	and	Longo	(2015).	
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Figure	6.	The	average	actual	(squares)	and	judged	(circles)	location	of	the	tactile	stimuli	in	the	different	visual	condition	are	
plotted	 in	 Bookstein	 shape	 coordinates,	 centred	 on	 the	 knuckle	 of	 the	 little	 finger	 (0,0)	 and	 of	 the	 index	 finger	 (1,0).	
Horizontal	and	vertical	 lines	represent	the	standard	error	of	the	mean	(±SEM).	Note	that	horizontal	and	vertical	 lines	for	
the	actual	grid	configuration	reflects	participant’s	individual	differences	of	their	hand	for	the	same	grid	points.	
	

	

	

	

	

	

	

	

	
	
	
Figure	7.	Distal	and	radial	bias	 in	the	three	experimental	conditions.	Error	bars	 indicate	the	standard	errors	of	the	mean	
(±SEM).	*denotes	p<0.05.	
	

Variable	Errors	

*	
*	
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As	 described	 above,	 variable	 errors	 in	 the	 radio-ulnar	 and	 proximo-distal	 axes	 were	

quantified	 by	 the	 standard	 deviation	 of	 x	 and	 y	 components	 of	 the	 Bookstein	 coordinates,	

respectively.	This	data	is	shown	in	Figure	8.	We	conducted	a	3	×	2	ANOVA	on	this	data	with	factors	

‘condition’	 (View	 Stimulated	 Hand,	View	 Object,	View	 Other	 Hand)	 and	 ‘orientation’	 (radio-ulnar,	

proximo-distal).	There	was	a	clear	main	effect	of	orientation,	F(1,29)	=	72.85,	p	<	0.001,	ƞp
2=	0.72,	

with	larger	variability	in	the	proximo-distal	axis	(i.e.,	the	Bookstein	y-coordinates)	than	in	the	radial-

ulnar	axis	 (i.e.,	 the	Bookstein	x-coordinates).	This	 result	directly	 replicates	 the	pattern	reported	by	

Margolis	and	Longo	(2015)	that	the	precision	of	 localisation	 is	higher	across	the	width	of	the	hand	

dorsum	than	along	its	length.	It	is	also	consistent	with	other	data	showing	that	the	spatial	acuity	of	

touch	on	the	hairy	skin	is	higher	in	the	radio-ulnar	than	in	the	proximo-distal	limb	axis	(Boring	1930;	

Weber	1834/1996;	Cody	et	al.	2008).		

There	 was,	 however,	 no	 significant	 difference	 between	 the	 three	 conditions	 in	 terms	 of	

variable	 error,	 F(2,58)	 =	 0.08,	 p	 >	 0.921,	 ƞp
2=	 0.00,	 nor	 an	 interaction	 between	 orientation	 and	

condition,	 F(2,58)	 =	 0.49,	 p	 >	 0.612,	 ƞp
2=	 0.02.	 Thus,	 while	 the	 direction	 of	 gaze	 modulates	 the	

magnitude	 of	 constant	 error	 biases	 in	 tactile	 localisation,	 this	 does	 not	 appear	 to	 result	 in	 any	

changes	in	the	precision	of	responses.	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	8.	Variable	errors	in	the	three	experimental	conditions.	Error	bars	indicate	the	standard	errors	of	the	mean	(±SEM).	
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Internal	Configuration	of	Responses	

	 Harrar	and	Harris	(2009)	found	that	non-informative	vision	of	the	stimulated	arm	led	to	an	

expansion	of	localisation	responses	on	the	forearm.	When	the	arm	was	visible,	stimuli	near	the	wrist	

were	 localised	 closer	 to	 the	wrist	 and	 stimuli	 near	 the	 elbow	were	 localised	 closer	 to	 the	 elbow,	

compared	 to	 a	 condition	 in	 which	 the	 arm	 was	 not	 visible.	 Given	 that	 we	 also	 compared	 tactile	

localisation	 judgments	 in	 conditions	 where	 the	 participant	 either	 could	 or	 could	 not	 see	 the	

stimulated	body	part,	we	investigated	whether	similar	spatial	distortions	were	apparent.	We	did	this	

in	 two	ways.	 First,	 given	 that	 the	 effect	 observed	 by	Harrar	 and	Harris	 (2009)	 appeared	 to	 be	 an	

overall	 expansion	of	 the	 range	of	 responses,	we	 investigated	whether	 the	overall	 configuration	of	

the	 nine	 stimulus	 locations	 was	 expanded	 in	 size.	 We	 quantified	 size	 of	 each	 configuration	 by	

calculating	the	centroid	size,	the	root	mean	square	of	the	distance	from	each	of	the	nine	points	from	

their	 centre	 of	mass	 (or	 centroid)	 (Bookstein	 1991;	 Zelditch	 et	 al.	 2004).	 For	 each	 participant,	we	

calculated	 the	centroid	size	 (in	Bookstein	units)	 for	 the	actual	 configuration	of	points	on	 the	hand	

and	for	responses	in	each	of	the	three	experimental	conditions.	These	data	are	shown	in	Figure	9A.	

An	 ANOVA	 comparing	 centroid	 size	 across	 the	 three	 conditions	 revealed	 no	 significant	 effect	 of	

condition	on	the	size	of	configurations,	F(2,	58)	=	1.96,	p	=	0.150,	ƞp
2=	0.06.	Moreover,	none	of	the	

conditions	differed	significantly	from	the	actual	size	of	the	configurations	on	participants’	hands	(all	

p’s	>	0.50).	

	 The	 second	way	we	 investigated	 spatial	distortion	was	by	assessing	 changes	 in	 the	overall	

aspect	ratio	of	the	configuration,	using	a	method	we	have	recently	used	to	investigate	distortions	in	

position	 sense	 (Longo	and	Morcom	2016;	 Longo	2017)	and	 tactile	distance	perception	 (Longo	and	

Golubova	in	press).	We	took	a	perfectly	square	3x3	grid	of	points	and	stretched	it	in	various	ways	by	

multiplying	the	x-coordinates	by	a	stretch	parameter.	When	the	stretch	parameter	is	less	then	1,	the	

grid	 is	 elongated	 along	 the	 proximo-distal	 axis,	 whereas	 when	 it	 is	 greater	 than	 1,	 the	 grid	 is	

elongated	across	the	radio-ulnar	axis.	For	each	map	in	each	participant,	we	found	the	value	of	the	

stretch	 parameter	 than	minimised	 the	 dissimilarity	 in	 shape	 between	 the	 stretched	 grid	 and	 the	
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participant’s	data.	Dissimilarity	 in	 shape	was	quantified	by	 the	Procrustes	distance,	 the	 root	mean	

square	 of	 distances	 between	 pairs	 of	 homologous	 landmarks	 after	 the	 configurations	 have	 been	

translated,	scaled,	and	rotated	to	be	in	best-fitting	alignment	(Rohlf	and	Slice	1990;	Goodall	1991).	

Note	that	because	Procrustes	alignment	normalises	the	overall	size	of	configurations,	stretch	of	the	

radio-ulnar	axis	is	equivalent	to	compression	of	the	proximo-distal	axis,	and	vice	versa.		Values	of	the	

stretch	 parameter	 between	 0.33	 and	 3.0	 were	 tested	 by	 exhaustive	 search	 with	 a	 resolution	 of	

0.0005	units	in	natural	logarithm	space.	

	 The	best-fitting	stretch	parameters	are	shown	in	Figure	9B.	An	ANOVA	comparing	the	three	

conditions	 found	 that	vision	produced	significant	differences,	F(2,	58)	=	7.39,	p	<	0.002,	ƞp
2=	0.20.	

Compared	to	the	View	Object	condition,	stretch	parameters	were	significantly	increased	in	both	the	

View	 Stimulated	 Hand	 condition,	 t(29)	 =	 2.20,	 p	 <	 0.036,	 dz	 =	 0.40,	 and	 the	 View	 Other	 Hand	

condition,	 t(29)	 =	4.03,	p	 <	 0.001,	dz	 =	 0.74.	 There	was	no	 significant	difference	between	 the	 two	

hand	 conditions,	 t(29)	 =	 1.55,	 p	 =	 0.133,	 dz	 =	 0.28.	 The	 best-fitting	 stretch	 parameters	 were	

significantly	greater	than	1	in	both	the	View	Stimulated	Hand	condition,	t(29)	=	2.87,	p	<	0.008,	d	=	

0.52,	 and	 the	 View	 Other	 Hand	 condition,	 t(29)	 =	 3.29,	 p	 <	 0.003,	 d	 =	 0.60,	 indicating	 that	 the	

configurations	were	 on	 average	 elongated	 in	 the	 radio-ulnar	 axis	 (or,	 equivalently,	 compressed	 in	

the	 proximal-distal	 axis).	 No	 such	 deviation	 from	 a	 perfectly	 square	 configuration,	 however,	 was	

apparent	in	the	View	Object	condition,	t(29)	=	1.21,	p	=	0.222,	d	=	0.22.	

	

	

	

	

	

	
	
	
	
	
	
	

*	

*	
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Figure	9.	Configuration	analysis	(A)	and	best	fitting	of	the	Procrustes	Distance	for	the	different	visual	conditions	(B).	Error	
bars	indicate	the	standard	errors	of	the	mean	(±SEM).	*denotes	p<0.05.	
	

It	 is	 important	to	note	that	these	two	types	of	analyses	on	the	internal	configuration	differ	

on	 an	 important	 aspect.	 Indeed,	 the	 first	 type	 of	 analysis	 quantify	 the	 size	 of	 the	 configuration,	

whereas	the	second	type	of	analysis	estimate	the	shape	of	the	configuration	which	does	not	include	

any	information	about	the	size,	position	in	space	and	orientation	of	the	points.			

	

Discussion	

These	 results	 demonstrate	 that	 looking	 towards	 the	 body,	 whether	 or	 not	 the	 body	 is	

actually	seen,	modulates	the	distal	bias	that	is	typically	found	in	tactile	localisation	tasks.	This	is	not	

the	 case	when	 participants’	 gaze	 is	 directed	 towards	 the	 non-stimulated	 contralateral	 hand.	 Both	

distal	 and	 radial	 biases	 across	 participants	 are	 consistent	 with	 the	 results	 of	 previous	 studies	 on	

tactile	localisation	on	the	dorsum	of	the	hand	(Mancini	et	al.	2011a;	Longo	et	al.	2015).	Critically,	the	

distal	bias	(i.e.,	shift	in	the	proximo-distal	axis)	was	significantly	modulated	by	vision	of	the	body	and	

gaze	direction.	Distal	and	radial	biases	refer	to	a	shift,	 in	the	tactile	localization	with	respect	to	the	

position	of	the	touches	on	the	skin,	in	the	proximal-distal	and	radio-ulnar	hand	axes,	respectively.	

The	fact	that	the	distal	bias	was	modulated	in	the	same	way	both	regardless	of	the	nature	of	

the	visual	 input	(i.e.,	body	or	object)	suggest	that	gaze	direction	 is	the	most	prominent	factor	that	

drives	this	effect	in	the	present	context.	This	result	is	compatible	with	several	studies	showing	that	

head	orientation	(Ho	and	Spence	2007;	Pritchett	et	al.	2012)	and	direction	of	eye-gaze	(Harrar	and	

Harris	2009,	2010;	Pritchett	and	Harris	2011;	Pritchett	et	al.	2012;	Harrar	et	al.	2013)	modulates	the	

perceived	location	of	touch.	For	instance,	Ho	and	Spence	(2007)	showed	that	subjective	judgements	

in	localisation	of	touch	are	specially	impaired	when	the	direction	of	gaze	is	in	the	opposite	direction	

with	respect	to	the	tactile	stimulation.	Previous	reports	have	shown	that	proprioceptive	orienting	of	

the	eyes	or	head	can	affect	touch	even	 in	the	absence	of	vision	and	vice	versa	(Tipper	et	al.	1998,	
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2001).	For	instance,	Tipper	et	al.	(1998)	asked	participants	to	detect,	as	quickly	as	possible,	a	tactile	

stimulus	delivered	either	on	the	right	or	left	hand.	Across	blocks,	vision	of	the	hands	was	occluded	

and	participants	looked	at	a	monitor	in	front	of	them	on	which	a	real-time	image	of	their	hand	was	

presented	(visual-only).	In	another	condition	participants	oriented	their	gaze/head	toward	one	hand	

while	 direct	 vision	 was	 prevented	 (proprioceptive-only).	 Finally,	 in	 another	 condition	 participants	

oriented	their	gaze/head	toward	one	hand	that	was	visible	(vision-proprioceptive).	They	found	that	

both	proprioceptive	orienting	and	vision	of	the	body	alone	facilitated	detection	of	the	tactile	target	

(Tipper	et	al.	1998).	This	result	demonstrates	that	proprioceptive	orienting	and	vision	of	a	body	part	

can	 affect	 somatosensation	 independently.	 Interestingly,	 authors	 found	 that	 the	 combination	 of	

these	two	factors	(i.e.,	proprioceptive	orienting	and	vision)	produces	no	further	facilitation.		

In	this	respect,	a	reduced	shift	of	localisation	along	the	proximo-distal	axis	can	be	described	

as	an	effect	produced	by	the	proprioceptive	orienting	of	the	gaze.	Indeed,	in	our	task,	the	direction	

of	eyes	and	head	were	always	aligned,	therefore,	we	are	seeing	a	more	general	effect	of	gaze,	the	

sum	 of	 eye	 and	 head	 position	 (Pritchett	 and	 Harris	 2011).	 A	 reasonable	 explanation	 is	 that	

depending	 of	 the	 direction	 of	 the	 gaze	 participants	 were	 changing	 the	 reference	 frame	 in	 which	

tactile	stimuli	were	coded.	Indeed,	in	order	to	locate	a	touch	on	our	body	we	need	multiple	spatial	

representations	of	the	tactile	event	based	on	different	reference	frames.	It	is	suggested	that	touch	is	

initially	encoded	into	a	sensory	space	within	the	primary	somatosensory	map	(Penfield	and	Boldrey	

1937),	 but	 the	 location	 of	 the	 tactile	 event	 in	 further	 processing	 stages	 is	 then	 coded	 at	 other	

representational	 levels	 (Longo	et	al.	2010;	Serino	and	Haggard	2010).	Specifically,	 tactile	sensation	

can	be	mapped	in	a	mental	body	representation,	enabling	us	to	localize	tactile	events	with	respect	

to	body-parts	and	body-sides	(Schicke	and	Röder	2006;	Tamè	et	al.	2011;	Badde	and	Heed	2016),	or	

in	 egocentric	 representations	 of	 external	 space,	 enabling	 the	 localization	 of	 tactile	 events	 in	 the	

outside	world	(Azañón	et	al.	2010;	Tamè	et	al.	2017c).	When	participants	were	 looking	toward	the	

mirror	 (i.e.,	 view	 stimulated	 hand)	 stimuli	 were	 coded	 using	 hand	 centred	 coordinates,	 whereas	

when	the	gaze	was	oriented	towards	the	opposite	hand	(i.e.,	view	other	hand),	away	from	the	locus	
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of	 stimulation,	 stimuli	 were	 coded	 using	 external	 reference	 frame	 coordinates.	 Indeed,	 when	

participants	gaze	is	oriented	toward	the	stimulated	hand	there	is	no	need	to	consider	other	parts	of	

the	external	space	to	solve	the	present	task.	The	significant	reduction	in	the	localization	bias	in	the	

former	 case	 can	 be	 caused	 by	 the	 adoption	 of	 the	 hand	 centred	 frame	 of	 reference	 which	 is	

intuitively	smaller	in	terms	of	reference	space	compared	to	an	external	reference	frame,	making	the	

localization	less	sensitive	to	the	distortions	in	the	proximo-distal	axis.		

Alternatively,	 it	 is	 possible	 that	 our	 effect	 is	 partly	 due	 to	 the	 allocation	 of	 attentive	

resources	in	the	portion	of	the	space	where	the	stimulation	occurs	(Driver	and	Grossenbacher	1988;	

Honoré	 et	 al.	 1989).	 Indeed,	 the	 direction	 of	 the	 gaze	 is	 typically	 the	 localization	 in	 which	 the	

majority	 of	 attentional	 resources	 are	 allocated	 which	 is	 known	 to	modulate	 tactile	 perception	 in	

several	contexts	(Michie	et	al.	1987;	Làdavas	et	al.	2000;	Sambo	et	al.	2009;	Macaluso	and	Maravita	

2010;	Gillmeister	and	Forster	2010).	Our	data	 cannot	disentangle	between	 these	 two	possibilities,	

however,	a	previous	report	by	Harrar	and	Harris	 (2009)	 found,	by	overtly	orienting	attention	away	

from	eye	position	that	attention	could	account	for	only	about	17%	of	the	effect.	Therefore,	a	pure	

attentional	account	seems	to	be	less	likely,	though	these	two	processes	are	not	mutually	exclusive.	

Non-informative	 vision	 for	 the	 stimulated	 body	 part	 has	 been	 shown	 to	 increase	 tactile	

acuity	(Kennett	et	al.	2001),	therefore,	we	may	have	expected	that	the	precision	in	localising	touch	

on	the	hand	dorsum	increases	when	the	hand	was	visible	compared	to	when	an	object	was	seen	as	

well	as	when	the	gaze	was	directed	towards	the	stimulated	hand.	This	was	not	the	case,	however,	as	

there	 was	 no	 difference	 between	 the	 conditions	 in	 terms	 of	 variable	 error	 (i.e.	 the	 ‘error	 of	

localisation’,	Weber	1834/1996).	Vision	of	the	body	and	gaze	 information	have	a	specific	 influence	

on	 the	 size	of	 distal	 biases,	 rather	 than	 affecting	 the	precision	of	 the	 responses	 consistent	with	 a	

previous	reports	that	used	a	similar	approach	(Margolis	and	Longo	2015).	

	

Internal	Configuration	of	Responses	

As	described	in	the	introduction	section	Harrar	and	Harris	(2009)	found	that	non-informative	
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vision	of	 the	stimulated	 forearm	 led	 to	a	spatial	expansion	of	 judged	 locations	along	 the	proximo-

distal	 arm	 axis.	 Given	 that	 in	 their	 study	 judgments	 were	 made	 by	 indicating	 the	 corresponding	

location	on	a	visually-seen	ruler,	their	pattern	of	results	could	arise	either	from	visual	modulation	of	

the	perceived	 location	of	 touch,	or	visual	modulation	of	perceived	arm	 length.	 In	particular,	when	

the	 arm	was	 visible,	 stimuli	 near	 the	wrist	were	 localised	 closer	 to	 the	wrist	 and	 stimuli	 near	 the	

elbow	were	localised	closer	to	the	elbow,	compared	to	a	condition	in	which	the	arm	was	not	visible.	

In	this	respect,	our	results	seem	to	support	the	notion	of	a	modulation	effect	of	tactile	localisation	

on	the	skin	(Mancini	et	al.	2011b;	Longo	and	Sadibolova	2013),	rather	than	changes	in	the	perceived	

size	 of	 the	 body.	 Indeed,	 our	 analysis	 on	 the	 overall	 spatial	 configuration	 of	 the	 nine	 stimulus	

locations	did	not	show	an	overall	expansion	in	size	(Figure	9A)	across	conditions	and	with	respect	to	

the	 actual	 configuration.	 However,	 assessment	 of	 changes	 in	 the	 overall	 aspect	 ratio	 of	 the	

configuration,	 showed	 that	 the	 best-fitting	 stretch	 parameters	 increased	when	 vision	 of	 the	 hand	

was	present	 (i.e.,	 view	of	 the	stimulated	hand	and	view	of	 the	other	hand)	compared	 to	when	an	

object	was	seen	and	with	 respect	 to	 the	actual	configuration	 (Figure	9B).	This	 indicates	 that	when	

the	body	was	visible	the	nine	point’s	configurations	on	the	hand	dorsum	were	on	average	elongated	

in	the	radio-ulnar	axis	or	compressed	in	the	proximal-distal	axis.	Therefore,	the	central	point	in	our	

view	is	that	even	if	there	is	a	change	in	perceived	hand	width,	it	is	not	at	all	obvious	that	this	should	

produce	any	change	at	all	in	how	the	participant	judges	the	point-by-point	correspondence	between	

locations	on	their	own	hand	and	locations	on	the	silhouette.	However,	we	acknowledge	the	fact	that	

there	is	the	possibility	that	changes	in	perceived	body	size	might,	to	some	extent,	contributes	to	our	

results.	

While	several	studies	show	the	positive	effects	of	vision	of	the	body	and	gaze	orientation	on	

tactile	discrimination	tasks,	to	our	knowledge	this	is	the	first	piece	of	evidence	of	such	effects	on	a	

tactile	localisation	task.	Mancini	et	al.	(2011a)	suggested	that	distorted	supramodal	representations	

of	 the	body	 structure	 could	be	 the	origin	of	 systematic	biases	 found	on	a	 tactile	 localisation	 task.	

Given	 the	 wide	 evidence	 that	 states	 the	 central	 nature	 of	 changes	 in	 tactile	 perception	 via	 non-
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informative	 vision	 of	 the	 body	 and	 gaze	 direction,	 we	 propose	 that	 these	 representations	 of	 the	

body	surface	are	modulated	by	high-level	representations	affecting	the	frame	of	reference	in	which	

tactile	 stimuli	 are	 coded,	 resulting	 in	 better	 performance	 in	 the	 somatosensory	 localisation	 tasks	

when	 gaze	 is	 directed	 toward	 the	 locus	 of	 stimulation.	 Instead,	 vision	 of	 the	 body	modulates	 the	

overall	configuration	of	the	perceived	tactile	pattern.		

In	 conclusion,	 the	 present	 results	 show	 that	 seeing	 the	 body	 and	 gaze	 orientation	 affect	

different	 dimensions	 of	 tactile	 localization.	 Namely,	 distal	 biases	 are	 reduced	 when	 participants	

looked	towards	the	mirror	compared	to	when	they	 looked	at	their	right	hand	suggesting	that	gaze	

direction	 reduces	 the	 typical	 proximo-distal	 biases	 in	 tactile	 localization.	 Moreover,	 vision	 of	 the	

hand	modulates	 the	 internal	configuration	of	points’	 locations,	by	elongating	 it,	 in	 the	radio-ulnar.	

These	results	add	to	a	growing	body	of	research	demonstrating	widespread	effects	of	vision	of	the	

body	and	gaze	orientation	on	somatosensation,	 including	tactile	reaction	time	(Tipper	et	al.	1998),	

tactile	 spatial	 acuity	 (Kennett	 et	 al.	 2001;	 Harris	 et	 al.	 2007),	 receptive	 field	 size	 (Haggard	 et	 al.	

2007),	 intracortical	 inhibition	 (Cardini	et	al.	2011),	somatosensory	event-related	potentials	 (Taylor-

Clarke	 et	 al.	 2002;	 Longo	et	 al.	 2011),	 tactile	 size	 perception	 (Longo	 and	 Sadibolova	 2013),	 tactile	

localization	(Harrar	and	Harris	2009),	and	pain	(Longo	et	al.	2009;	Mancini	et	al.	2011b).	



22	
	

References	

Andersen	RA,	Mountcastle	VB	(1983)	The	influence	of	the	angle	of	gaze	upon	the	excitability	of	the	
light-sensitive	neurons	of	the	posterior	parietal	cortex.	J	Neurosci	Off	J	Soc	Neurosci	3:532–
548.	

Azañón	E,	Camacho	K,	Morales	M,	Longo	MR	(2017)	The	Sensitive	Period	for	Tactile	Remapping	Does	
Not	Include	Early	Infancy.	Child	Dev.	doi:	10.1111/cdev.12813	

Azañón	E,	Longo	MR,	Soto-Faraco	S,	Haggard	P	(2010)	The	posterior	parietal	cortex	remaps	touch	
into	external	space.	Curr	Biol	CB	20:1304–1309.	doi:	10.1016/j.cub.2010.05.063	

Azañón	E,	Soto-Faraco	S	(2008)	Changing	reference	frames	during	the	encoding	of	tactile	events.	
Curr	Biol	CB	18:1044–1049.	doi:	10.1016/j.cub.2008.06.045	

Azañón	E,	Tamè	L,	Ferrè	ER,	et	al	(2016)	Multimodal	Contributions	to	Body	Representation.	
Multisensory	Res	29:635–661.	doi:	10.1163/22134808-00002531	

Badde	S,	Heed	T	(2016)	Towards	explaining	spatial	touch	perception:	Weighted	integration	of	
multiple	location	codes.	Cogn	Neuropsychol	33:26–47.	doi:	
10.1080/02643294.2016.1168791	

Badde	S,	Röder	B,	Heed	T	(2014)	Multiple	spatial	representations	determine	touch	localization	on	
the	fingers.	J	Exp	Psychol	Hum	Percept	Perform	40:784–801.	doi:	10.1037/a0034690	

Batista	AP,	Buneo	CA,	Snyder	LH,	Andersen	RA	(1999)	Reach	plans	in	eye-centered	coordinates.	
Science	285:257–260.	

Bookstein	F	(1991)	Morphometric	tools	for	landmark	data:	Geometry	and	biology.	Cambridge,	UK:	
Cambridge	University	Press	

Boring	EG	(1930)	The	Two-Point	Limen	and	the	Error	of	Localization.	Am	J	Psychol	42:446.	doi:	
10.2307/1415449	

Boussaoud	D,	Bremmer	F	(1999)	Gaze	effects	in	the	cerebral	cortex:	reference	frames	for	space	
coding	and	action.	Exp	Brain	Res	128:170–180.	

Cardini	F,	Longo	MR,	Haggard	P	(2011)	Vision	of	the	body	modulates	somatosensory	intracortical	
inhibition.	Cereb	Cortex	N	Y	N	1991	21:2014–2022.	doi:	10.1093/cercor/bhq267	

Cholewiak	RW,	Brill	JC,	Schwab	A	(2004)	Vibrotactile	localization	on	the	abdomen:	effects	of	place	
and	space.	Percept	Psychophys	66:970–987.	

Cholewiak	RW,	Collins	AA	(2003)	Vibrotactile	localization	on	the	arm:	effects	of	place,	space,	and	
age.	Percept	Psychophys	65:1058–1077.	

Cody	FWJ,	Garside	RAD,	Lloyd	D,	Poliakoff	E	(2008)	Tactile	spatial	acuity	varies	with	site	and	axis	in	
the	human	upper	limb.	Neurosci	Lett	433:103–108.	doi:	10.1016/j.neulet.2007.12.054	

Culver	CM	(1970)	Errors	in	tactile	localization.	Am	J	Psychol	83:420–427.	



23	
	

Driver	J,	Grossenbacher	P	(1988)	Multimodal	spatial	constraints	on	tactile	selective	attention.	In:	
Information	INtegration	in	Perception	and	Communication.	Attention	and	Performance	XVI,	
pp	208–235	

Forster	B,	Eimer	M	(2005)	Vision	and	gaze	direction	modulate	tactile	processing	in	somatosensory	
cortex:	evidence	from	event-related	brain	potentials.	Exp	Brain	Res	165:8–18.	doi:	
10.1007/s00221-005-2274-1	

Gherri	E,	Forster	B	(2014)	Attention	to	the	body	depends	on	eye-in-orbit	position.	Front	Psychol	
5:683.	

Gherri	E,	Forster	B	(2015)	Independent	effects	of	eye	gaze	and	spatial	attention	on	the	processing	of	
tactile	events:	Evidence	from	event-related	potentials.	Biol	Psychol	109:239–247.	doi:	
10.1016/j.biopsycho.2015.05.008	

Gillmeister	H,	Forster	B	(2010)	Vision	enhances	selective	attention	to	body-related	information.	
Neurosci	Lett	483:184–188.	doi:	10.1016/j.neulet.2010.08.004	

Gillmeister	H,	Sambo	CF,	Forster	B	(2010)	Which	finger?	Early	effects	of	attentional	selection	within	
the	hand	are	absent	when	the	hand	is	viewed.	Eur	J	Neurosci	31:1874–1881.	doi:	
10.1111/j.1460-9568.2010.07195.x	

Goodall	C	(1991)	Procrustes	Methods	in	the	Statistical	Analysis	of	Shape.	Journal	of	the	Royal	
Statistical	Society	Series	B	(Methodological)	53:285–339.	

Haggard	P,	Christakou	A,	Serino	A	(2007)	Viewing	the	body	modulates	tactile	receptive	fields.	Exp	
Brain	Res	180:187–193.	doi:	10.1007/s00221-007-0971-7	

Harrar	V,	Harris	LR	(2009)	Eye	position	affects	the	perceived	location	of	touch.	Exp	Brain	Res	
198:403–410.	

Harrar	V,	Harris	LR	(2010)	Touch	used	to	guide	action	is	partially	coded	in	a	visual	reference	frame.	
Exp	Brain	Res	203:615–620.	doi:	10.1007/s00221-010-2252-0	

Harrar	V,	Pritchett	LM,	Harris	LR	(2013)	Segmented	space:	measuring	tactile	localisation	in	body	
coordinates.	Multisensory	Res	26:3–18.	

Harris	JA,	Arabzadeh	E,	Moore	CA,	Clifford	CWG	(2007)	Noninformative	vision	causes	adaptive	
changes	in	tactile	sensitivity.	J	Neurosci	Off	J	Soc	Neurosci	27:7136–7140.	doi:	
10.1523/JNEUROSCI.2102-07.2007	

Ho	C,	Spence	C	(2007)	Head	orientation	biases	tactile	localization.	Brain	Res	1144:136–141.	

Honoré	J,	Bourdeaud’hui	M,	Sparrow	L	(1989)	Reduction	of	cutaneous	reaction	time	by	directing	
eyes	towards	the	source	of	stimulation.	Neuropsychologia	27:367–371.	

Kennett	S,	Taylor-Clarke	M,	Haggard	P	(2001)	Noninformative	vision	improves	the	spatial	resolution	
of	touch	in	humans.	Curr	Biol	CB	11:1188–1191.	

Konen	CS,	Haggard	P	(2014)	Multisensory	parietal	cortex	contributes	to	visual	enhancement	of	touch	
in	humans:	A	single-pulse	TMS	study.	Cereb	Cortex	N	Y	N	1991	24:501–507.	doi:	
10.1093/cercor/bhs331	



24	
	

Làdavas	E,	Farnè	A,	Zeloni	G,	di	Pellegrino	G	(2000)	Seeing	or	not	seeing	where	your	hands	are.	Exp	
Brain	Res	131:458–467.	

Lewald	J,	Ehrenstein	WH	(1996)	Auditory-visual	shift	in	localization	depending	on	gaze	direction.	
Neuroreport	7:1929–1932.	

Longo	MR	(2017)	Expansion	of	Perceptual	Body	Maps	Near	-	But	Not	Across	-	The	Wrist.	Front	Hum	
Neurosci	11:111.	doi:	10.3389/fnhum.2017.00111	

Longo	MR,	Azañón	E,	Haggard	P	(2010)	More	than	skin	deep:	body	representation	beyond	primary	
somatosensory	cortex.	Neuropsychologia	48:655–668.	

Longo	MR,	Betti	V,	Aglioti	SM,	Haggard	P	(2009)	Visually	induced	analgesia:	seeing	the	body	reduces	
pain.	J	Neurosci	Off	J	Soc	Neurosci	29:12125–12130.	doi:	10.1523/JNEUROSCI.3072-09.2009	

Longo	MR,	Cardozo	S,	Haggard	P	(2008)	Visual	enhancement	of	touch	and	the	bodily	self.	Conscious	
Cogn	17:1181–1191.	doi:	10.1016/j.concog.2008.01.001	

Longo	MR,	Golubova	O	(in	press)	Mapping	the	internal	geometry	of	tactile	space.		

Longo	MR,	Iannetti	GD,	Mancini	F,	et	al	(2012a)	Linking	pain	and	the	body:	neural	correlates	of	
visually	induced	analgesia.	J	Neurosci	Off	J	Soc	Neurosci	32:2601–2607.	doi:	
10.1523/JNEUROSCI.4031-11.2012	

Longo	MR,	Mancini	F,	Haggard	P	(2015)	Implicit	body	representations	and	tactile	spatial	remapping.	
Acta	Psychol	(Amst)	160:77–87.	doi:	10.1016/j.actpsy.2015.07.002	

Longo	MR,	Morcom	R	(2016)	No	Correlation	between	Distorted	Body	Representations	Underlying	
Tactile	Distance	Perception	and	Position	Sense.	Front	Hum	Neurosci	10:593.	doi:	
10.3389/fnhum.2016.00593	

Longo	MR,	Musil	JJ,	Haggard	P	(2012b)	Visuo-tactile	integration	in	personal	space.	J	Cogn	Neurosci	
24:543–552.	doi:	10.1162/jocn_a_00158	

Longo	MR,	Pernigo	S,	Haggard	P	(2011)	Vision	of	the	body	modulates	processing	in	primary	
somatosensory	cortex.	Neurosci	Lett	489:159–163.	doi:	10.1016/j.neulet.2010.12.007	

Longo	MR,	Sadibolova	R	(2013)	Seeing	the	body	distorts	tactile	size	perception.	Cognition	126:475–
481.	doi:	10.1016/j.cognition.2012.11.013	

Macaluso	E,	Maravita	A	(2010)	The	representation	of	space	near	the	body	through	touch	and	vision.	
Neuropsychologia	48:782–795.	doi:	10.1016/j.neuropsychologia.2009.10.010	

Mancini	F,	Longo	MR,	Iannetti	GD,	Haggard	P	(2011a)	A	supramodal	representation	of	the	body	
surface.	Neuropsychologia	49:1194–1201.	doi:	10.1016/j.neuropsychologia.2010.12.040	

Mancini	F,	Longo	MR,	Kammers	MPM,	Haggard	P	(2011b)	Visual	distortion	of	body	size	modulates	
pain	perception.	Psychol	Sci	22:325–330.	doi:	10.1177/0956797611398496	

Margolis	AN,	Longo	MR	(2015)	Visual	detail	about	the	body	modulates	tactile	localisation	biases.	Exp	
Brain	Res	233:351–358.	doi:	10.1007/s00221-014-4118-3	



25	
	

Michie	PT,	Bearpark	HM,	Crawford	JM,	Glue	LC	(1987)	The	effects	of	spatial	selective	attention	on	
the	somatosensory	event-related	potential.	Psychophysiology	24:449–463.	

Oldfield	RC	(1971)	The	assessment	and	analysis	of	handedness:	the	Edinburgh	inventory.	
Neuropsychologia	9:97–113.	

Pavani	F,	Spence	C,	Driver	J	(2000)	Visual	capture	of	touch:	out-of-the-body	experiences	with	rubber	
gloves.	Psychol	Sci	11:353–359.	

Penfield	W,	Boldrey	E	(1937)	Somatic	motor	and	sensory	representation	in	the	cerebral	cortex	of	
man	as	studied	by	electrical	stimulation.	Brain	60:389–443.	

Press	C,	Taylor-Clarke	M,	Kennett	S,	Haggard	P	(2004)	Visual	enhancement	of	touch	in	spatial	body	
representation.	Exp	Brain	Res	154:238–245.	doi:	10.1007/s00221-003-1651-x	

Pritchett	LM,	Carnevale	MJ,	Harris	LR	(2012)	Reference	frames	for	coding	touch	location	depend	on	
the	task.	Exp	Brain	Res	222:437–445.	doi:	10.1007/s00221-012-3231-4	

Pritchett	LM,	Harris	LR	(2011)	Perceived	touch	location	is	coded	using	a	gaze	signal.	Exp	Brain	Res	
213:229–234.	doi:	10.1007/s00221-011-2713-0	

Ramachandran	VS,	Rogers-Ramachandran	D,	Cobb	S	(1995)	Touching	the	phantom	limb.	Nature	
377:489–490.	doi:	10.1038/377489a0	

Röder	B,	Rösler	F,	Spence	C	(2004)	Early	vision	impairs	tactile	perception	in	the	blind.	Curr	Biol	CB	
14:121–124.	

Rohlf	FJ,	Slice	D	(1990)	Extensions	of	the	Procrustes	Method	for	the	Optimal	Superimposition	of	
Landmarks.	Syst	Zool	39:40.	doi:	10.2307/2992207	

Romano	D,	Maravita	A	(2014)	The	visual	size	of	one׳s	own	hand	modulates	pain	anticipation	and	
perception.	Neuropsychologia	57:93–100.	doi:	10.1016/j.neuropsychologia.2014.03.002	

Sadibolova	R,	Longo	MR	(2014)	Seeing	the	body	produces	limb-specific	modulation	of	skin	
temperature.	Biol	Lett	10:20140157.	doi:	10.1098/rsbl.2014.0157	

Sambo	CF,	Gillmeister	H,	Forster	B	(2009)	Viewing	the	body	modulates	neural	mechanisms	
underlying	sustained	spatial	attention	in	touch.	Eur	J	Neurosci	30:143–150.	doi:	
10.1111/j.1460-9568.2009.06791.x	

Schady	WJ,	Torebjörk	HE,	Ochoa	JL	(1983)	Cerebral	localisation	function	from	the	input	of	single	
mechanoreceptive	units	in	man.	Acta	Physiol	Scand	119:277–285.	doi:	10.1111/j.1748-
1716.1983.tb07338.x	

Schicke	T,	Röder	B	(2006)	Spatial	remapping	of	touch:	confusion	of	perceived	stimulus	order	across	
hand	and	foot.	Proc	Natl	Acad	Sci	U	S	A	103:11808–11813.	doi:	10.1073/pnas.0601486103	

Serino	A,	Farnè	A,	Rinaldesi	ML,	et	al	(2007)	Can	vision	of	the	body	ameliorate	impaired	
somatosensory	function?	Neuropsychologia	45:1101–1107.	doi:	
10.1016/j.neuropsychologia.2006.09.013	

Serino	A,	Haggard	P	(2010)	Touch	and	the	body.	Neurosci	Biobehav	Rev	34:224–236.	doi:	
10.1016/j.neubiorev.2009.04.004	



26	
	

Steenbergen	P,	Buitenweg	JR,	Trojan	J,	et	al	(2012)	Subject-level	differences	in	reported	locations	of	
cutaneous	tactile	and	nociceptive	stimuli.	Front	Hum	Neurosci	6:325.	doi:	
10.3389/fnhum.2012.00325	

Tamè	L,	Carr	A,	Longo	MR	(2017a)	Vision	of	the	body	improves	inter-hemispheric	integration	of	
tactile-motor	responses.	Acta	Psychol	(Amst)	175:21–27.	doi:	10.1016/j.actpsy.2017.02.007	

Tamè	L,	Dransfield	E,	Quettier	T,	Longo	MR	(2017b)	Finger	posture	modulates	structural	body	
representations.	Sci	Rep	7:43019.	doi:	10.1038/srep43019	

Tamè	L,	Farnè	A,	Pavani	F	(2013)	Vision	of	the	body	and	the	differentiation	of	perceived	body	side	in	
touch.	Cortex	49:1340–1351.	

Tamè	L,	Farnè	A,	Pavani	F	(2011)	Spatial	coding	of	touch	at	the	fingers:	Insights	from	double	
simultaneous	stimulation	within	and	between	hands.	Neurosci	Lett	487:78–82.	

Tamè	L,	Wühle	A,	Petri	CD,	et	al	(2017c)	Concurrent	use	of	somatotopic	and	external	reference	
frames	in	a	tactile	mislocalization	task.	Brain	Cogn	111:25–33.	doi:	
10.1016/j.bandc.2016.10.005	

Taylor-Clarke	M,	Kennett	S,	Haggard	P	(2002)	Vision	modulates	somatosensory	cortical	processing.	
Curr	Biol	CB	12:233–236.	

Tipper	SP,	Lloyd	D,	Shorland	B,	et	al	(1998)	Vision	influences	tactile	perception	without	
proprioceptive	orienting.	Neuroreport	9:1741–1744.	

Tipper	SP,	Phillips	N,	Dancer	C,	et	al	(2001)	Vision	influences	tactile	perception	at	body	sites	that	
cannot	be	viewed	directly.	Exp	Brain	Res	139:160–167.	

Weber	EH	(1996)	De	subtilitate	tactus.	In:	E.	H.	Weber	on	the	tactile	senses,	2nd	edn.	London:	
Academic	Press.	(Original	work	pubilshed	1834),	pp	21–128	

Zelditch	M,	Swiderski	D,	Sheets	H,	Fink	W	(2004)	Geometric	morphometrics	for	biologists:	a	primer.	
Elsevier,	San	Diego	

	

	 	



27	
	

Acknowledgments	

This	research	was	supported	by	a	grant	from	the	European	Research	Council	(ERC-2013-	StG-336050)	

under	the	FP7	to	MRL.	

	

Competing	financial	interests	

The	authors	declare	no	competing	financial	interests.	


