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Following auditory deprivation, the remaining sense of vision has shown selective
enhancement in visual cognition, especially in the area of near peripheral vision. Visual
acuity is poor in the far periphery and may be an area where sound confers the greatest
advantage in hearing persons. Experience with a visuospatial language such as British
Sign Language (BSL) makes additional demands on the visual system. To test the
different and separable effects of deafnhess and use of a visuo-spatial language on far
peripheral visual processing, we investigated visual reaction times (RTs) and response
accuracy to visual stimuli, between 30 and 85 along the four cardinal and four
inter-cardinal meridians. We used three luminances of static, brie y illuminated stimuli
in visually normal adults. The cohort tested included profoundly congenitally deaf adults
(N D 17), hearing uent BSL users N D 8) and hearing non-signing adultsN D 18). All
participants were tested using a peripheral forced choice paradigm designed previously
to test deaf and hearing children Codina et al.,, 2011g. Deaf adults demonstrated
signi cantly faster RTs to all far peripheral stimuli and exceeded the abilities of both
signing and non-signing hearing adults. Deaf adults were signi cantly faster than BSL
interpreters, who in turn were signi cantly faster than hearing non-signing adults. The
differences in RT demonstrated between groups were consistent across all visual eld
meridians and were not localized to any one region of the visual eld. There were no
differences found between any groups in accuracy of detecting these static stimuli at any
retinal location. Early onset auditory deprivation appears to lead to a response time visual
advantage in far peripheral responses to brie y presented, static LED stimuli, especially
in the right visual eld. Fluency in BSL facilitates faster visuo-motor responses in the
peripheral visual eld, but to a lesser extent than congenital, profound deafness.

Keywords: deafness, reaction times, accuracy, British Sign Language, visual attention, peripheral vision

INTRODUCTION

Human peripheral visual perception is a ected by sensory, developmental, and environmental
experience. The visual system has inherent plasticity, peripheral vision in particular showing a
high capacity for plasticity and the potential for peripheral visual plasticity has been previously
underestimatedBurnat, 201} Both the peripheral retina and the magnocellular visual pathway
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have emergent, immature topographies that may facilitate higtheir attention allocation strategy, with high speed processing
levels of visual plasticity throughout life. Far peripheral visiondemonstrated in all display locations. However, the video gaming
plays a crucial role in monitoring the environment, especially inadvantage was seen speci cally in areas where non-experts
the absence of sound. performed less well, with higher speed visual processing and

Several visual changes have been noted in association wghorter minimal exposure duration needed to begin perceptual
deafnessBosworth and Dobkins (200Zhowed that deaf adults processing. These higher processing speeds in response to
performed signi cantly better to peripheral, but not central training might improve the temporal resolution of attention and
visual stimuli.Proksch and Bavelier (2008%ed a visual search allow attention to be moved between focally and peripherally
paradigm to report that deaf individuals had greater visuapresented stimuli.
attentional resources in the visual periphery, and less in centra What is particularly interesting about deaf individuals is
vision. Neville and Lawson (1987a,fgund enhanced attention that the altered sensory experience of deafness clearly brings
to the visual periphery in a motion decision task, coordinatedabout unique sensory and cognitive changes. However, most deaf
with event-related potential (ERP) responses from the occipitglersons are also immersed, to some degree, in a visual spatial
cortex of deaf participants to peripheral stimubavelier et al. language such as British Sign Language (BSL), which in itself
(2001) by means of fMRI, detected greater recruitment of theplaces altered conceptual and sensory demands on the visual
motion selective area V5/MT for deaf participants when theysystem, quite di erent to spoken language (d&evelier et al.,
attended peripherally rather than centralligine et al. (2005) 2006for a review).
found that fMRI responses to visual stimuli were uniquely During signed language conversation, uent, signing
represented in the auditory cortex of deaf participants, and thisndividuals typically focus on the face of the person signing to
e ect was not seen in adult participants who were children ofthem (Siple et al., 1978; Muir and Richardson, 2005; Agra otis
deaf adults (CODAS), signing from birtlBavelier et al. (2006) et al., 2005 Taking the visuospatial nature of signed language
summarized that not all aspects of vision are improved in deahto account, signed language is therefore likely to stimulate
individuals—deaf adults showing slower reactions in centrgberipheral vision in a manner extraordinary to spoken language.
visual cognitive tasksPfoksch and Bavelier, 2002Bavelier Indeed, Swisher et al. (1989%emonstrated that deaf adults
et al. (2006)argue that selective visual changes occur whiclkould understand American Sign Language (ASL) signs using
compensate for those aspects of vision that would normallperipheral vision only, between 48nd 61 eccentric to xation,
bene t from the combined auditory and visual inputs. In line whereas hearing individuals could not identify large words
with this, Codina et al. (2011bfound altered retinal ganglion presented at similar eccentricities. In signed language space is
cell layer distribution to support peripheral vision, and increasedused both topographically and referentiallyigcSweeney et al.,
retinal ganglion cell number and structural changes correlate2009. Signing space extends from the navel to above the head
with increased peripheral vision performance. Deafness thexefoand “neutral space” is the area in front of the signer's body at
has a di erential in uence on both the structure and behavior of mid-lower chest level one where most of the BSL signs occur
the remaining senses such as vision. (British Deaf Association, 199.2ZThe majority of “words” in ASL

It is not only deafness that has been shown to promotere produced below eye levélguber et al., 1990therefore, it
a peripheral visual advantage in humans. Habitual playing afnay be that the inferior eld of vision is particularly stimulated
computer games has been linked with improved localizatiorby signed language experience.
of a peripheral target amongst distractofSréen and Bavelier, Familiarization with visuospatial language does not seem
2003, and increased visual eld (VF) are8uckley et al. to produce the same enhancements in peripheral vision as
(2010) Memmert et al. (2009found speci c visual attention revealed in deaf adults: the visual advantages cited earlieain de
improvements between athletes and non-athletes when thadividuals have not been found in hearing signing populations
stimuli were most similar to their practiced sporiMuifios  (Neville and Lawson, 1987a,b; Bosworth and Dobkins, 2002;
and Ballesteros (2013gported that karate athletes were fasterProksch and Bavelier, 2002; Fine et al., 206®wever, these
at localizing peripheral visual stimuli than non-athletes. Theyexperiments did not test as far in the periphery as we have tested
suggested that the rapidity of response in their athletes may leere. Nevertheless, signing has produced distinct cortical and
due to the suddenly appearing, peripherally attended, opponenisual changes. Cortical adaptations have been observed in both
maneuver. Dierent patterns of visual skills may result inhearing and deaf signers in response to language perception.
speci cally trained motor responses to peripheral visual stimuliAlthough a right hemisphere predilection and therefore left
There is consensus amongst several authors that the visWdF advantage is widely accepted in the general population
di erences found between athletes and non-athletes are not i(Paillard et al., 1981; Paillard and Amblard, 1985; Clarke et al.,
the “hardware” of functional visual pathway changes, but in the000, Bosworth and Dobkins (1999, 200@¢monstrated a left
“software,” using perception and visual-cognitive processes moteemisphere lateralization and right VF advantage for motion
e ciently, employing skill utilizing strategies made e ective with processing in signers, whether deaf or heariBgvelier et al.
practice Abernethy et al., 1994; Muifios and Ballesteros, 013(2001)found early exposure to ASL led to greater reliance on the
Schubert et al. (201%gonducted a detailed investigation on the left hemisphere motion selective area V5/MT. The left, language
training e ects of video gaming on visual attention. They faun dominant hemisphere may become increasingly activated by
that video gamers showed increased visual processing speedsriation processing in deaf and hearing signers, leading to a
the lower aspects of the VF. The video gamers did not changeght VF advantage for the processing of visual motidie(ille
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and Lawson, 1987a; Bosworth and Dobkins, 1999; Baveliktearing Group
et al., 200). Cardin et al. (2013)n an fMRI study of distinct Eighteen participants with no hearing loss and no prior
deaf signers and deaf lip readers showed that cortical regiok&iowledge of any signed language took part in this study (9
adjust to process the di erent signals—either speech reading anales, 9 females, mean age 30.28 years, range 18-45). These
signed language and that functionally distinct cortical substrateparticipants were recruited through colleagues at The Universit
separate deaf adults who sign from those who speech read.  of She eld. Six participants reported themselves as regular action
Given the plasticity of the visual periphery to maximize itsvideo game players. One participant was left handed and 17 were
response to the pattern of visual skills required, one mightight handed.
expect BSL experience itself to in uence far peripheral vision
and RTs therein. In a previous papefddina et al., 201)adn  BSL Interpreter Group
which we reported deaf and hearing children's peripheral visudkight participants, all trained and qualied full-time BSL
performance development on a far peripheral vision task (30+terpreters, registered with ASLI (Association for Sign Laangg!
85 ), young deaf children (aged 5-8 years) were initially sloweinterpreters), with a minimum of 6 years' experience formedgthi
to respond to peripheral stimuli than hearing children, theygroup (6 females, 2 males, mean age 39.1, range 27-62). Two
performed similarly at ages 9-11 years, and were signi cantlparticipants in this group are CODAs and learned sign language
faster than controls at ages 12-15 years. To the authoms their rst language. None of the interpreters reported being
knowledge, the RT advantage consistently observed in deaf aduition video game players. One participant was left handed and
has not been thoroughly investigated across the far peripheraeven were right handed.
eld and neither has it been investigated in hearing sign languag
users. The aim of the current study was to investigate faFye of Testing
peripheral visual sensitivity and RT in early onset deaf adult§ime was a constraint for three participants in the deaf group
and BSL interpreters, to explore the dierent and separabl@nd two participants in the BSL group who were teachers in one
e ects of auditory deprivation and experience with a visuospatia®f the schools visited, therefore for these participants only the
language. right eye was tested. For most of the results only the right eye
data is presented in line with the work of other autho&¢vens
and Neville, 2006; Codina et al., 2011a; Bjerre et al.,)2a8¥/Fs

MATERIALS AND METHODS are known to be highly symmetrical in normal subjedsé€nton
o et al., 198pand no di erences were found between our right
Participants and left eye data. We do investigate possible lateralization in the

All participants were emmetropic; the refractive error did Results section, although the number of participants for which
not therefore aect the VF and glasses frames would havge have data for both eyes is less than that for which we have the
interfered with detection of peripheral stimuli. Inclusion right eye data [right eyeN D 17), both eyesN D 14) for the
criteria for all groups were: good visual acuity in either eyeleaf group, and right eye\(D 8), both eyesN D 6) for the BSL
unaided, minimum 0.200 LogMAR units (equivalent to 6/9.5group].

Snellen acuity, using a standard illuminated ETDRS vision

chart at 4m), absence of epilepsy, and no known abnormaStimuli and Procedure

ophthalmological history self-reported during the study consenfnformed, written consent was obtained from all participants

procedure. prior to testing and the study procedures were approved by The
University of She eld Psychology Department Ethics Committee
Deaf Group and complied with the Helsinki Declaration. The methods of

Seventeen adults (11 males, 6 females, mean age 33.25 yehis,study have been fully described elsewhéted(na et al.,
range 18-45) with profound binaural hearing loss were reexlit 20113. In brief, this peripheral vision task was to detect static,
by invitation from Grange Crescent Deaf Club in She eld, the brie y illuminated LEDs, presented to the far visual periphery.
University of She eld, personal contacts, word of mouth through As is shown schematically irigure 1 the VF test incorporated
other deaf participants, and from deaf individuals working at96 LEDs (Nichia, 1.5 cds), implanted into a uniform gray
Lower Meadow Primary Academy and Allerton Grange Schoohemisphere (0.5 m radius). This hemisphere contained 12 LEDs
Criteria for entering the study for deaf participants were:along each of the eight meridians that correspond to the four
deafness was either present at birth or had onset before tlwardinal and four inter-cardinal directions for the righye and
age of 8 months, and was not due to any systemic or genetieft eye VFs (seEigure 1). The LEDs were positioned between
disorder known to a ect vision such as Usher's syndrome. EleveB0 and 85 in 5 steps. An adjustable chin and forehead rest
participants reported BSL as their native language and 6 reporteghabled a xed viewing distance of 1 m and centralization of
English. Five participants were left handed and 12 right handedhe participant's eye to the central xation light behind which
Nine participants reported being regular action video gamevas a black and white camera for monitoring xation. In total
players. Four out of the 17 deaf participants contracted deafne824 LEDs were each very briey illuminated (for 200 ms) in
as a result of in-uterine rubella and were thus screened by fultont of the participant's right eye or left at three di erent light
ophthalmic examination prior to entry into the study to ensure intensities in a random order. Ninety-six dim stimuli at 83.47
there were no visual de cits. cd/m?, 96 medium stimuli at 91.81 cd/fn and only 32 bright
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A Left Eye VF B Right Eye VF

A g A A : A

FIGURE 1 | Schematic of the location of the 96 LEDs in the hemisph  erical dome on the 8 meridians for left eye (A)  and right eye(B). One of the LEDs was
illuminated for 200 ms at a time and the response was recorde@nly if the participant was xating the central target.

stimuli (at 40, 55, 70, and 85 only) of 118.94 cd/iintensity  then this was recorded as a correct response and the RT
were presented in a random order. The brightest stimuli wereecorded. We did also record the exactly correct data, when
easy to locate and therefore only tested at every third eccémwtric the response exactly matched the LED meridian, and this is
to maintain participant interest and check compliance. Theonly described in the Accuracy data section. Pilot studies had
data from these stimuli are not reported here. The test washown that with such peripheral presentations it is di cult to
calibrated with an oscilloscope prior to each testing session tocalize the exact position of a ashed LED, particularly for young
ensure uniformity of time period and degree of illumination afte children. The same procedure was adopted here as we wished
transportation. The participant responded by setting a joystickio compare our pediatric dataCodina et al., 201)awith our
positioned at chest height, to one of eight possible positions. Thedult data. All other VF tests reported in the literature used
joystick was positioned either in front of the right hand or left yes/no (detection) responseRdqwe, 2013 and therefore our
hand according to self-reported handedness. discrimination paradigm requiring a response accuracy db

The test was carefully explained to each participant in eithewas a relatively di cult task.
English or BSL in a lit room and the directions and response
directions and instructions for the joystick were both explaine %ESULTS
and demonstrated to each participant. Participants were seate
on an adjustable desk chair, facing the LED array test, their chiRT data
and head on rests, aligned and adjusted so that the participant$o di erences were found within any test between our right
tested eye was centered 0.5m behind the xation target. Thand left eye data; we therefore initially present data from the
other eye was occluded with a patch. All external light sourceght eye only, in line with previous authorsS{evens and
were eliminated prior to testing and only low level arti cial Neville, 2006; Bjerre et al., 2014As not all targets were
illumination mounted on the upper surface of the hemispherecorrectly localized by participants, their RT data were analyzed
was provided at a constant level of 1.2 cdimnightness for all test in two separate ANOVAs: by mean meridian RTs averaged
environments. Speci cally written MATLAB (The MathWorks, across eccentricity and separately mean eccentricity RTsggckra
Inc.) software with the Data Acquisition Toolbox controlled across meridians. Only intermediate and dim stimuli results
both the LEDs and logged the data from the joystick vieare presented as the brightest stimuli were used as a control
National Instruments data acquisition hardware. Particigant measure.
rst completed a practice trial which consisted of 32 bright
stimuli, where four stimuli were presented on every meridianMeridian Data Averaged Across Eccentricity
all at eccentricities of 4055, 70, and 85, and on satisfactory The mean meridian RT data were analyzed by a three factor
completion of the practice the test was begun. Participants wefgixed measures ANOVA where the factors were group (deaf,
asked to move the joystick to the position corresponding tdearing or BSL interpreter), stimulus intensity (intermediated
the meridian of the stimulus LED. Participant xation during dim) and meridian (8 levelskigure 2shows the mean RT data
stimulus presentation was observed by the experimenter throughtveraged across all stimuli for the right eye for each of theethre
a small TV screen monitoring the camera at the xation point; groups. There was a signi cant main e ect of grouB4, 40) D
a stimulus would be repeated later in the sequence if xatiorf-11,p D 0.03]; as can be seen frofigure 2 the mean for the
was not maintained. If the participant responded either withdeaf group (mean 585.31 ms) was less than for the hearing group
the exact matching meridian of the LED or adjacent meridian§mean 731.77 ms) with the BSL Interpreter group somewhere in
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There was no interaction between eccentricity and group and
no other interaction with eccentricity was signi cant. Hower
Bonferroni correcteghost-hoc-tests showed that deaf adults had
signi cantly faster RTs than the hearing group at 35 D 2.56,

df D 33,p D 0.02), 60 (t D 3.26,df D 33,p D 0.003) and 70

Graph showing mean RT for
each group: deaf; hearing; and BSL interpreter

g 500 (t D 3.25,df D 33,p D 0.003), though deaf vs. hearing results

€ were close to signi cance at most eccentricities.

£ 700

g Native Language

"g To determine possible in uences of the deaf participants' native

£ e language, it was considered as a fourth factor (Native BEL

§ 11 and native EnglisN D 6). The native language factor was not
5004 signi cant, nor did it a ect the levels of signi cance for any othe

factor. This is an interesting nding, as BSL cannot be wholly
responsible for the di erences observed in the deaf group. We
also tested for di erences between action computer game players
and non-computer game players within the deaf and hearing
FIGURE 2 | Mean RT (ms) for all peripheral visual stimuli present  ed to groups and found no signi cant e ects or interaclions with this
the right eye for the three groups: deaf (dark blue), hearing ( red), and factor. However, none of the computer game players would be

BSL interpreter (green) on the x-axis.  Error bars denote standard error of classed as habitual players undereen and Bavelier's (2003)
the mean (SEM). Each group was signi cantly different from #hother two criteria.
groups (o 0.03) on Bonferronipost-hoc analyses.

Right and Left Visual Fields
Although no di erences were found between right and lefte

between (mean 627.39 ms). Bonferroni corregiegt-hoc-tests data, right and lefvisual eld data were di erent. Lateralization
showed that deaf adults had signi cantly faster RTs than eithe?II e_rences have been found before wher_1 the right VF (comprised
the hearing groupt(D 6.22,df D 33,p < 0.001), and the BSL of right temporal and I_eft nasal V_Fs) is pompared to the left
interpreter group { D 2.40,df D 24,p D 0.03). BSL interpreters VF (left temporal and right nasalfigure 1lillustrates how the

also showed faster RTs than hearing non-signe 8.29,df D "9ht VF (A,B,C forboth eyeg and left VF (ABC' forboth
25,pD 0.003). eye$ are comprised.Figure 5 shows the mean RT data for

There was no signi cant main e ect of stimulus intensity, each group for this data and a slight left \_/F RT ad"a“tage is
observed in all groups. A one way ANOVA with between subjects

or any interaction with the other factors therefore all graphs

show data averaged across the intermediate and dim stimul@ctor of group (bootstrapped) was conducted on right and left

intensities. As can be seen Figure 3 the mean RTs at each VF data. A signi cant e ect of group was found_ fo_r the right
meridian location for the right eye do show some variationVF only_ [F 35D 3'64”) D 0.037].Post-hoq3a|rW|set-_te_st
and the main e ect of meridian was signi cantFfz, ,g0) D comparisons (Bonferroni corrected and bootstrapped) within the
17.67,p < 0.001], yet the interaction between meridian andight VF showed that deaf participants © 14,M D 589.43,

group was not signi cant. No other e ects or interactions were SED 32.2) were signi cantly faster than hgarlng O 18, M
signi cant. Faster RTs are apparent for all three groups in thd 706.8:SED 32.9), 0 D 0.036). No other di erences between
inferior temporal VF and the hearing and BSL interpreter groupdIf0UPS Were signi cantand no signi cant di erences were found
appear closest to each other in this region. Bonferroni correcte@€MWeen right and left VFs within any group. Consistent with
post-hoc tests between groups for each meridian revealegther published studiesfapadatou-Pastou and Safar, 20tte

signi cant di erences at each meridian between deaf and hearin 9€f group had an atypically higher proportion of left handed
groups only and these results are shown in the Table withifp@rticipants (29% left handed) than the general population,
Figure 3 therefore handedness was considered as a second factor in a

separate ANOVA. Handedness was not signi cant, nor did it
Eccentricity Data Averaged across Meridian a ect the signi cance levels of any other factor.
Figure 4 compares mean RTs for eccentricities averaged across
meridians for the three groups as a function of eccentricity ACcuracy
A three factor mixed measures [group stimulus intensity Percentage correct response data were analyzed by a three

eccentricity] ANOVA was conducted. There was again, dactor mixed measures [Group stimulus intensity meridian]

signi cant main e ect of group Fp, 400 D 3.87,p D 0.03]. ANOVA. The overall e ect of group was not signi cant, see
There was a signi cant main e ect of eccentricity 1, 440y Figure 6A, which shows that the accuracy is similar for each
D 2.28,p D 0.01]: increased eccentricity resulted in a slowegroup. Meridian had a signi cant e ect as expected, due to nasal
RT for all three groups. There was a consistent RT orderingnd superior aspects of the VF being obscured by the nose and
of deaf< BSL interpreters< hearing across all eccentricities. brows [F(7, 280y D 79.62,p < 0.001]. Stimulus intensity had a
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Superior
800

Superior

Superior Nasal Temporal

(o9sw) 1y ueay

Nasal Temporal
=o=Deaf
~@—Hearing
©O~BSL Interpreters
Inferior Nasal Inferior Temporal
Meridian t p
i Temporal 4.277|p < 0.001
Inferior Superior temporal 4.428|p < 0.0001

Superior 5.261|p < 0.0001
Superior nasal 5.306]p < 0.0001
Nasal 4.297|p < 0.0001
Inferior nasal 4.849|p < 0.0001
Inferior 5.008|p < 0.0001

FIGURE 3 | Mean RT in ms for the three groups (deaf, hearing and BSL interpreter) for the eight meridian locations. The table within the gure shows the
results of the Bonferronipost-hoc analyses withdf D 33 for each reported value. Signi cant differences were foud at each meridian location only between deaf and
hearing groups. For clarity, no error bars are shown, but th&EM was between 10 and 17 ms.

Reaction time by eccentricity — Deaf
— Hearing

9 — BSL interpreters
A 8004
S
c
@ 7004 1
2 |
5 6001 l/
© —]
[J)
© |

500 T T T T

T
30 35 40 45 50 55 60 65 70 75 80 8
Eccentricity in degrees
FIGURE 4 | RTs (ms) for the three groups: deaf, hearing and BSL int  erpreter for eccentricities tested. A signi cant difference between hearing and deaf

groups by Bonferronipost-hoc t-test was found at eccentricity 70 only ¢ < 0.01). ANOVAs conducted on each pair of groups revealed sigrcant differences
between each pairing p < 0.001).

signi cant e ect [F», 62y D 6.54,p D 0.003], yet there was no  For comparison an identical ANOVA examined data that was
signi cant interaction of group with stimulus intensity and no only considered exactly correct if the actual correct meridieas
other signi cant interactions. chosen by the participant. As expected the percentage of exactly
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eccentricities, likely because of the increased standard error in

Mean reaction times for the eccentricity data. The signi cant di erences in &lgure 4 post-
right and left visual fields hocanalyses revealed di erences only between deaf and hearing
800 groups and not between BSL and hearing or between BSL and
* m Deaf . L .
m Hearing deaf groups. This deaf advantage at these far eccentricities is
mS SLIITpEer consistent withSwisher et al.'s (1989)ding that deaf adults

could reliably identify ASL signs 4%and 61 eccentricto xation
using peripheral vision only and witBuckley et al. (201Ggport

of signi cantly larger VFs in deaf adults, using kinetic stimuli at

a similar range of eccentricities. Buckley and colleagues found
that the areas of most signi cant increase were the inferior and
temporal aspects of the VF—regions most stimulated by signed
language but also the most expansible aspects of the VF. In deaf
adults the RT advantage results from the combined e ects of
auditory deprivation and the cross-modal plasticity evidenaed t
this (Fine et al., 2005as well as immersion into an entirely visual
language. However, our results suggest that visuo-spatial BSL

Reaction times (ms)

Left VF Right VF

FIGURE 5 | Right VF (right eye temporal and left eye nasal) and le  ft

visual eld (left eye temporal and right eye nasal) RT for each of the language immersion alone does not confer the same peripheral
three groups. Error bars denote SEM. The capped line and asterisk denotes vision RT advantage that auditory deprivation does.
the signi cant difference of the bootstrapped Bonferronipost-hoc t-test in the The visuo-cognitive in uences of auditory deprivation and

right VF between deaf and hearing groups.

signed language exposure are likely to be distinct, yet segregating
one from the other is di cult. As previously described, 11 of our
af group reported BSL as their native language, yet analyses

d
correct responses were found to be lower, yet the levels arbqe, native language showed no signi cant in uence of native

factors of signi cance remained uncha}ngdéiggre 6B shows language on RT. However, even in the minority of predominantly
thatthe groups also all performed very similarly in the percentagg, a| deaf individuals (for example those married to hearing

of exactly correct responses. . ersons) cumulative exposure to sign language throughout life

Overall then accuracy data showed no di erences between ”f)s still signi cant. Cardin et al. (2013peported that after plastic
groups. reorganization in deafness, cortical regions adapt to protiess

di erent types of signal—either lip reading or signed language—
DISCUSSION and that functionally distinguishable substrates are present at the
cortical level between deaf who sign and deaf who lip read.

Deaf participants reacted signi cantly faster to the peripherally Interestingly, Emmorey et al. (2009found an eye gaze
presented stimuli when compared to the hearing group andxation pattern dierence between beginning and native
BSL interpreter group. This pattern of results was found acrossigners: beginning signers xated nearer to the signer's mouth
all VF locations and up to the maximum eccentricities testedso to perceive lip mouthings more clearly; whereas uent
Faster RTs in early onset deaf adults found in this study arsigners xated nearer to the interlocutor's eyes. Thus increéase
consistent with the faster deaf RTs reported in the literatureexperience with signed language was related to a greater ability
(Parasnis and Samar, 1985; Neville and Lawson, 1987a; Ldbeperceive signed and mouthed information more peripherally.
and Song, 1991; Stivalet et al., 1998; Bosworth and Dobkirs, our data, the hearing signers were all currently working BSL
2002; Proksch and Bavelier, 2)0Mmportantly, however, the interpreters, having been uent in BSL for a minimum of 6
current study demonstrates a greater advantage in fdme years. They might have therefore adapted during the course of
peripheral VF, in a range of peripheral vision (30-85wvhich  their BSL careers to move further away from lower face xation
has not previously been investigated. Peripheral visual acuifs peripheral vision adapts to improve sensitivity to the most
is increasingly poor at increasing eccentricities, thereby soungeripheral areas most utilized by signed language and facial
confers the greatest advantage at this range of eccergsiciit  expression.
far peripheral locations our study nds markedly speeded RTsin In a previous paper odina et al., 201)b we reported
deaf participants as well as moderately speeded RTs in full tinteat the retinal nerve ber layer in the eyes of early onset
BSL interpreters. deaf adults was di erentially distributed to support peripheral

The fastest RTs for all groups and the fastest RTs overall wevesion, particularly temporal aspects of the VF where the left
displayed by the deaf group in inferior and temporal aspectand right VFs do not overlap and neural resources may be
of the VF. One might expect the greatest advantage for deafost in uential. Fine et al. (2005yeported that the cross-
individuals in these VF areas where the majority of “words” inmodal plasticity within the auditory cortex responding to
signed language would occufrguber et al., 1990 However, signed language was not present in either non-profoundly
the signi cantly speeded RTs were identi able in all meridiandeaf individuals nor present in hearing signers. The results
locations and could not be localized to any particular regiorshowing that facilitating this level of neural reorganizatio
of the VF. The deaf RT advantage was not signi cant at alfequires a dramatically altered sensory experience. That said,
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FIGURE 6 | This Figure shows the mean percentage responses (wi  thin 45 ) for the three groups: deaf; hearing; and BSL interpreters for ( A) the
considered correct response (when within 45 of correct) and (B) when the exactly correct meridian was selected. Error barsehote 1 SEM.

it is perhaps only in profoundly deaf adults that increasedolder and non-computer game playing group is a more striking
neural circuitry to the remaining senses is expected, congisteresult.
with Fine et al. (2005)and Codina et al. (2011h)which The RTs we report in our study are larger than those studies
might facilitate the RT decrease identi ed in the far peripheryemploying standard kinetic perimetryGfobbel et al., 206
in this study. However, electrophysiologicaDgorio et al., Grobel and colleagues, with varying ages of adult participants,
2010 and brain imaging studiesB@allesteros et al., 20)lRave reported RTs of 391—522ms. However, theirs was a motion
found altered neural correlates in response to simple behaviordetection task, more suited to the peripheral visual pathway and
training in conceptual object priming, and this in itself may required the simple press of a button, whereas our experiment
be evidence of compensatory neural activity. Our results aretilized static eccentric stimuli and an 8-alternative forcedick
comparable witiBuckley et al. (201@yhere habitual video game task and was therefore conceptually more demanding.
players showed enhanced areas of peripheral visual sensitivity in All groups showed a slight left VF RT advantage, in line
comparison to non-video-game players, which were even largesvith the right hemisphere predilection for visual-spatial actiyity
in early onset deaf adults. This suggests that enhancement widely reported in the literatureRaillard et al., 1981; Paillard
peripheral vision may be partially mediated by visual attentionand Amblard, 1985; Clarke et al., 2)@&hd reported in hearing
with additional compensatory improvement due to sensorynon-signers byBosworth and Dobkins (1999, 2002)eville
deprivation. and Lawson (1987b)Jn a stochastic motion task within 15of
Based on our previous research, it is likely that the reducedation, Bosworth and Dobkins (200Zgported that both deaf
RTs identi ed in deaf adults were slow to develdpodina et al., and hearing signers displayed the opposite pattern of results to
20113, and were perhaps facilitated by altered neural substratégearing non-signers, nding a right VF RT advantage in deaf
and compensatory neural activityCodina et al., 201)blt is  and hearing signers. We did not nd this right VF advantage in
possible that similar neural changes may have occurred in hearirige far periphery tested in our study. However, the signi cant
signers as well, although this has not yet been tested. Howeeger, tRT reduction in the deaf group's right VF, in comparison with
visual di erences found between hearing signers and non-signefsearing controls, and the highly similar right and left VF RTs in
might be similar to the di erences found between athletes andur deaf group may indicate a sensory compensatory mechanism
non-athletes, not so much in the “hardware” of functional visualto advance the typical left RT advantage additionally to thetrigh
pathway changes, but in the “software” e ciency of perceptiveVF. Therefore, auditory deprivation rather than BSL exposure
and attentional processeg\lfernethy et al., 1994; Muifios and seems to in uence the right VF RT. This is interesting in that
Ballesteros, 20).3 lesion and neuroimaging studies have consistently reported that
Recruitment of BSL interpreters was particularly di cult due the neurobiology of signed language is very similar to spoken
to the national shortage of BSL interpreters at the present tim&anguage, principally recruiting the left lateralized perisylvian
(McAleer, 200§ and as a consequence, the mean age of the B8ketwork no matter which language is involve®l{cSweeney
interpreter group is slightly higher than for deaf and hearinget al., 2008
groups. However, simple RT is known to increase with dgger ( In light of the markedly reduced RTs for the deaf group it is
and Deary, 2006and become more variableH(ltsch et al., interesting to consider which particular aspects of visuomotor
2002. Also of note was that none of the BSL interpreter groupprocessing may be enhanced by auditory deprivation and
played computer games, as computer game playing has begaining. Auditory deprivation may speed peripheral perception
shown to improve peripheral visiondreen and Bavelier, 2003; by use of compensatory cortical plasticity and exposure to a
Buckley et al., 20)0Therefore, to nd faster RTs in this slightly language stimulating the visual periphery may call into play
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alternative visual attention allocation strategies which may, iETHICS STATEMENT

turn speed the visuomotor response. When considering the

visuomotor nature of this study's task it is of note that theEthical approval was granted by the University of She eld,
deaf group contained a high number of left handed individualsPepartment of Psychology, Ethics Committee. Participants were
and this nding is consistent with other studies®épadatou- invited by the experimenter by letter, email or by personal
Pastou and Safar, 20)L6Atypical handedness may contribute invitation to take part. The researcher gave every participant
to VF laterality di erences, though had no signi cant e ect on @ participant information sheet that had been given ethical
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proposed that adap'[a’[ion may be genetic; that areas V1 and \gave full written, informed consent before taking part in the
may be more susceptible to intramodal recruitment to visuaPxperiment. Deaf adults were given the information verbally,
attention; that multisensory associative cortical areas migHft Writing and in British Sign Language as each preferred.
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