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Shifts of attention in the early blind: An ERP study of attentional control
processes in the absence of visual spatial information
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Abstract10

To investigate the role of visual spatial information in the control of spatial attention, event-related brain potentials (ERPs) were recorded during
a tactile attention task for a group of totally blind participants who were either congenitally blind or had lost vision during infancy, and for an
age-matched, sighted control group who performed the task in the dark. Participants had to shift attention to the left or right hand (as indicated
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 Py an auditory cue presented at the start of each trial) in order to detect infrequent tactile targets delivered to this hand. Effects of tactile attention
n the processing of tactile events, as reflected by attentional modulations of somatosensory ERPs to tactile stimuli, were very similar for early
lind and sighted participants, suggesting that the capacity to selectively process tactile information from one hand versus the other does not differ
ystematically between the blind and the sighted. ERPs measured during the cue–target interval revealed an anterior directing attention negativity
ADAN) that was present for the early blind group as well as for the sighted control group. In contrast, the subsequent posterior late direction
ttention negativity (LDAP) was absent in both groups. These results suggest that these two components reflect functionally distinct attentional
ontrol mechanisms which differ in their dependence on the availability of visually coded representations of external space.

2006 Published by Elsevier Ltd.

eywords: Attention; Blindness; Control; Touch; Event-related brain potential

. Introduction

Covert shifts of spatial attention can affect the perceptual
rocessing of stimuli that are located within the current focus of
ttention. Evidence for such attentional modulations of sensory
rocessing has been provided by event-related brain potential
ERP) studies, which have demonstrated that amplitudes
f early modality-specific ERP components are enhanced
hen visual (e.g., Mangun & Hillyard, 1991), auditory (e.g.,
äätänen, 1982) or tactile (e.g., Michie, Bearpark, Crawford,

Glue, 1987) stimuli are presented at attended relative to
nattended locations. In contrast, the covert attentional control
rocesses that are elicited in anticipation of task-relevant stimuli
t specific locations, and which are responsible for spatially
pecific effects of attention, have been only recently become the
bject of experimental investigation. Such control processes can

∗ Corresponding author. Tel.: +44 20 7631 6358; fax: +44 20 7631 6312.
E-mail address: m.eimer@bbk.ac.uk (M. Eimer).

be studied by using fMRI or ERP measures of brain activity in
response to attentional cues that direct attention to one side ver-
sus the other, prior to the presentation of any sensory events at
attended versus unattended locations (see Corbetta & Shulman,
2002, for a review of fMRI evidence for attentional control
circuits).

While most ERP studies have examined attentional control
processes triggered during covert anticipatory shifts of visual
spatial attention (e.g., Harter, Miller, Price, LaLonde, & Keyes,
1989; Yamaguchi, Tsuchiya, & Kobayashi, 1994; Hopf &
Mangun, 2000; Nobre, Sebestyen, & Miniussi, 2000), some
recent studies have now begun to look for ERP correlates of
covert attentional orienting towards the anticipated side of
relevant auditory or tactile events (Eimer, Van Velzen, & Driver,
2002; Eimer, Forster, & Van Velzen, 2003a; Eimer, Van Velzen,
Forster, & Driver, 2003b; Eimer, Forster, Fieger, & Harbich,
2004; Eimer & Van Velzen, 2002). These experiments have
uncovered two lateralised ERP components that are elicited
during the cue–target interval and which are sensitive to the
direction of a cued attentional shift. An enhanced negativity at

028-3932/$ – see front matter © 2006 Published by Elsevier Ltd.
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frontal electrodes contralateral to the side of attentional shifts59

between 300 and 500 ms after cue onset (‘anterior directing60

attention negativity’, ADAN) was followed by an enhanced61

contralateral positivity at posterior electrodes (‘late directing62

attention positivity’, LDAP), which emerged during later63

phases of the cue–target interval. Interestingly, these effects64

were not just triggered during shifts of visual attention, but also65

when attention was directed towards anticipated task-relevant66

auditory or tactile events (e.g., Eimer et al., 2002).167

The functional interpretation of such lateralised ERP compo-68

nents that are elicited during covert attention shifts is currently69

under debate. Based on the observation that these components70

are very similar during attentional shifts towards task-relevant71

visual, auditory or tactile events, we have previously suggested72

(Eimer & Driver, 2001; Eimer et al., 2002) that they reflect73

the activity of multimodal attentional control processes, which74

determine the spatial parameters of attentional shifts in a75

supramodal fashion, regardless of sensory modality (see also76

Farah, Wong, Monheit, & Morrow, 1989, for similar arguments).77

While the ADAN may reflect processes within a multimodal78

‘anterior attention system’ (Posner & Petersen, 1990), the poste-79

rior LDAP might be linked to the activation of posterior parietal80

areas, which are known to be involved both in the orienting81

of spatial attention (e.g., LaBerge, 1995) and in the integration82

of information from different sense modalities (e.g., Andersen,83

Snyder, Bradley, & Xing, 1997). In contrast, others (e.g., Harter84
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primarily reflect shifts of attention within visual space, rather 107

than the activity of a genuinely multimodal attentional control 108

system. 109

On a more general level, the question under debate is which 110

spatial reference frames are used when shifts of attention are pro- 111

grammed and executed. Attentional orienting might be based, 112

primarily or exclusively, on visually mediated representations 113

of external space, even when modalities other than vision 114

are currently task-relevant. Alternatively, the control of spa- 115

tial attention might be based on multiple frames of reference, 116

including coordinates of visually represented external space, 117

body-centred space, somatotopic space, or, in the case of gen- 118

uinely supramodal attentional control, amodal spatial coordi- 119

nates. Thus, it is clearly important to investigate whether the 120

lateralised ERP components that are triggered during cued shifts 121

of spatial attention (ADAN and LDAP) reflect attentional con- 122

trol processes that are based on a single shared spatial frame 123

of reference, or whether these components are linked to sep- 124

arable control mechanisms that differ in terms of their spatial 125

coordinates. 126

Some initial evidence for the latter hypothesis comes from 127

previous ERP studies demonstrating dissociations between the 128

ADAN and LDAP. In one experiment (Eimer et al., 2003a) par- 129

ticipants directed attention to their left versus right hand (as 130

indicated by a central precue on every trial), and ERPs were 131

recorded during the cue–target interval under conditions where 132
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t al., 1989) have argued that the posterior LDAP component
eflects the spatially selective activation of modality-specific
isual areas in anticipation of task-relevant visual events. This
ypothesis might appear inconsistent with recent observations
hat this component is elicited not only when attention is allo-
ated to the expected location of visual stimuli, but also during
hifts of tactile or auditory attention (Eimer et al., 2002, 2003a;
imer & Van Velzen, 2002; see also Green, Teder-Sälerjärvi, &
cDonald, 2005), since there is no obvious reason to assume

hat visual areas should be selectively activated in anticipation of
uditory or tactile events. However, if one assumes that the con-
rol of attentional shifts is generally dominated by visual spatial
nformation, even when other modalities are task-relevant,
he possibility that ADAN and/or LDAP might predominantly
eflect visual attentional control becomes more plausible. Vision
rovides superior spatial acuity relative to hearing or touch, thus
llowing for more precise tuning of spatial attention. In view of
his, it could also be used to control shifts of attention to antici-
ated locations of auditory or tactile events. If visual information
as used to guide the spatial selection of auditory or tactile

timuli, lateralised ERP components elicited during attentional
hifts towards anticipated tactile or auditory events might

1 An earlier negative deflection at posterior electrodes contralateral to the
irection of the induced attentional shift (‘early directing attention negativ-
ty’), which was observed in some ERP studies (Harter et al., 1989; Nobre
t al., 2000; Yamaguchi et al., 1994) is likely to be a lateralised visual
esponse triggered by non-symmetrical visual cues (such as left-pointing
nd right-pointing arrows), rather than a genuine reflection of covert atten-
ional control processes (see Van Velzen and Eimer, 2003, for supportive
vidence).
NSY 2270 1–14

ands were either uncrossed or crossed. This manipulation of
and posture had a marked effect on the ADAN component.
hen considered in terms of the direction of attentional shifts

n external space, the ADAN was delayed and reversed polar-
ty with crossed relative to uncrossed hands, suggesting that the
ttentional control processes reflected by the ADAN may be
rimarily based on somatotopic spatial coordinates, and not on
isually defined external space. In contrast, when considered in
erms of external space, the LDAP component was completely
naffected by crossing the hands, thus indicating that the con-
rol processes reflected by this component operate primarily on
he basis of representations of visually mediated external space.
nother study (Eimer et al., 2004) supported these conclusions
y demonstrating that when participants were cued to direct
ttention to the left or right hand for a tactile task, the distance
etween hands in external space modulated the LDAP (which
as more pronounced when hands were wide apart), but left the
DAN component entirely unaffected.
One way to investigate the hypothesis that the LDAP (but

ot the ADAN) reflects the visually mediated control of atten-
ion shifts is to eliminate continuously available ambient visible
ources of information about task-relevant stimulus locations.

hen visual spatial information about the visible positions of
ands and arms, or the visible location of tactile and auditory
timulators, is eliminated either by blindfolding participants or
y running an experiment in the dark, and visual cues are no
onger available to aid and possibly dominate the spatial selec-
ion of tactile or auditory events, lateralised ERP components
inked to attentional control based on coordinates of visual space
hould be absent, whereas components that are based on other
on-visual spatial reference frames should remain unaffected.
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Table 1
Description of early blind participants

No. Age Gender Handedness Visual perception Age of onset Cause of blindness

1 60 Male Right None 18 months Eye glass damage
2 54 Female Right None Birth Retinopathy of prematurity
3 63 Male Right Diffuse light Birth Nervus opticus atrophy
4 54 Male Right None Birth Retinopathy of prematurity
5 23 Female Neither Diffuse light Birth Retinopathy of prematurity
6 23 Female Neither Diffuse light Birth Retinopathy of prematurity
7 29 Female Right None 2 years Detached retina
8 54 Female Right None Birth Retinopathy of prematurity
9 55 Male Neither None Birth Retinopathy of prematurity

10 50 Male Right None 13 months Detached retina

We first tested this prediction in a study (Eimer et al., 2003b)164

where participants had to shift their attention towards their left or165

right hand (as indicated by an auditory cue presented at the start166

of each trial) in anticipation of task-relevant tactile events, either167

in a normally lit environment or in darkness. The ADAN compo-168

nent, which was present under normal illumination conditions,169

remained virtually unchanged in darkness. Although the LDAP170

was also reliably present in both conditions, its amplitude was171

reduced in the dark. The finding that the ADAN does not seem172

to depend on the continuous availability of visual spatial infor-173

mation is in line with the idea that this component reflects the174

control of attention within somatotopic or body-centred space.175

However, the observation that the LDAP was reduced, but still176

reliably present in the dark, does not allow any firm conclusions177

with respect to its dependence on visual spatial representations.178

One account of the presence of an attenuated LDAP during shifts179

of attention in the dark assumes that the brain might still uti-180

lize stored visual representations of external space, or visual181

imagery, in the control of tactile attention shifts in the dark. In182

our previous experiment (Eimer et al., 2003b), all participants183

had received several training blocks under normal illumination184

conditions, with half of them being tested first in a lit experi-185

mental room before being tested in the dark. Thus, they may186

have been able to use stored visual representations of the spa-187

tial layout of the task situation when directing tactile attention188

in the dark. Consistent with this explanation, LDAP amplitudes189
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tactile attention in early blind participants2 therefore provides 207

a strong test as to whether one or both of these components 208

reflect attentional control processes that are primarily guided 209

by visual information. Control processes that depend on visu- 210

ally defined spatial coordinates should be entirely absent during 211

attentional orienting in the early blind. In contrast, control pro- 212

cesses (and their ERP correlates) which operate independently 213

of visual information should remain present. 214

In addition to measuring ERPs during tactile attention shifts 215

for early blind participants, we also tested a group of 10 age- 216

matched sighted control participants. Both sighted and blind 217

participants had to detect and respond to infrequent tactile target 218

stimuli when these were delivered to the currently task-relevant 219

hand, whilst ignoring tactile stimuli when these were presented 220

to the other irrelevant hand. Experimental blocks were con- 221

ducted in a completely dark experimental booth. Similar to 222

our previous study (Eimer et al., 2003b), a trial-by-trial cueing 223

paradigm was employed where the relevant hand was indicated 224

at the beginning of each trial by an auditory cue. In contrast to this 225

previous study, sighted control participants received task instruc- 226

tions and all training blocks needed to familiarize them with task 227

procedures in the dark. This was to eliminate the possibility that, 228

during training, they would build up visual representations of the 229

spatial layout of the experimental set-up, which might be utilized 230

to guide shifts of tactile attention in the dark. 231
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Rere found to be even smaller in a follow-up experiment where

ll blocks were conducted in darkness (although training blocks
ere still run in a lit environment; see Eimer et al., 2003b, for
ore details).
The main aim of the present experiment was to further clarify

he role of visual spatial information during attentional orient-
ng and its impact on lateralised ERP components triggered
uring shifts of spatial attention. ERP correlates of tactile atten-
ion shifts were measured in 10 early blind participants who
ere either blind from birth or had lost all vision within the
rst 2 years of life (see Table 1 for details). Due to the lack
f visual input during perceptual and cognitive development,
ongenitally or early blind participants clearly cannot employ a
isually defined spatial frame of reference, or visual imagery,
o guide shifts of attention towards anticipated task-relevant
actile events. Investigating whether lateralised ERP compo-
ents (ADAN and LDAP) are present during cued shifts of
NSY 2270 1–14

One set of analyses was conducted for ERP components
licited in the cue–target interval in response to auditory cues
irecting tactile attention to the left versus right hand. Based on
ur earlier finding with sighted participants, which had shown
hat the ADAN component appears to be entirely unaffected by
he absence of ambient visual information (Eimer et al., 2003b),
e expected this component to be present for the sighted control
roup. The new question was whether an ADAN would also be
licited in the early blind group. If this component was linked
o attentional control processes that depend at least in part upon
he availability of visual input during perceptual and cognitive

2 In studies on visual impairments, the label ‘congenitally totally blind’ is
ometimes also applied to people who lost their sight in infancy (up to the age
f 2 years), whereas ‘early blind’ is often used when vision was lost in early
hildhood. Since the present group contained seven genuinely congenitally blind
articipants, and three participants with loss of sight within the first 2 years of
ife, we chose to use the more conservative term ‘early blind’.
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development, it might be attenuated or even absent in the early243

blind. The other question concerned the fate of the posterior244

LDAP. If this component reflected the activity of attentional245

control mechanisms that rely on the present or past availability246

of visual spatial input, this component should be entirely absent247

during attentional orienting in early blind participants. For the248

sighted control group, the question was whether an LDAP would249

still be elicited during shifts of tactile attention even though par-250

ticipants had no opportunity to build up and store visual spatial251

representations of the task situation.252

Another set of analyses was conducted for somatosensory253

ERP components triggered in early blind and sighted partici-254

pants in response to tactile non-target stimuli presented to the255

cued (attended) or uncued (unattended) hand. With sighted par-256

ticipants, directing tactile attention to one hand versus the other257

has been found to result in an enhancement of the somatosensory258

N140 component, which is usually followed by a sustained atten-259

tional negativity beyond 200 ms post-stimulus (Eimer & Forster,260

2003). There is substantial evidence that the early loss of visual261

information can result in compensatory improvements of spa-262

tial perception in the remaining intact modalities (see Röder &263

Neville, 2003, for a review). For example, Röder et al. (1999b)264

have demonstrated superior auditory localization abilities for265

congenitally blind adults when attending to sounds in peripheral266

auditory space. Such compensatory changes might in principle267

be reflected by earlier, or more pronounced effects of spatial268
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stimuli (see below). On each trial, one of these auditory stimuli was presented 297

from a loudspeaker located directly in front of the participant at a distance of 298

about 15 cm from the participant’s eyes. Participants placed their hands on a 299

table, at a distance of about 26 cm between the left and right index finger and the 300

body midline. Tactile stimuli were presented using two 6 V solenoids, driving 301

a metal rod with a blunt conical tip to the radial side of the middle phalanx of 302

the left and right index fingers, making contact with a finger whenever a current 303

was passed through the solenoid. The solenoids were attached to the fingers with 304

white medical tape. White noise (65 dB SPL, measured from the position of the 305

participants’ head) was continuously present to mask any sounds made by the 306

tactile stimulators. Tactile stimuli were vibrations, and these were generated by 307

presenting a sequence of 20 rapidly delivered brief pulses. The stimulus onset 308

asynchrony between successive pulses was 10 ms, corresponding to a stimulation 309

frequency of 100 Hz. Tactile vibrations differed with respect to their intensity. 310

To present ‘weak’ vibrations, which served as target stimuli, the contact time 311

between rod and skin was set to 2 ms, followed by an 8 ms interpulse interval. To 312

present ‘strong’ vibrations, which were non-target stimuli, contact time was set 313

to 3 ms, followed by a 7 ms interpulse interval. Subjectively, these manipulations 314

resulted in perceived vibrations with identical frequency, but different intensities. 315

The duration of each vibratory stimulus was 200 ms. 316

2.3. Procedure 317

Sixteen experimental blocks, each consisting of 72 trials, were run. Each 318

trial started with a 50 ms presentation of an auditory cue stimulus, followed 319

after an interval of 650 ms by a peripheral tactile stimulus (200 ms duration). 320

Inter-trial interval was 1000 ms. Participants were instructed to respond vocally 321

(by saying “yes”) whenever a tactile target (a soft vibration) was presented to 322

the relevant hand (left or right). Which hand was relevant changed from trial to 323

trial, and was indicated by the pitch of the auditory cue (low versus high). For 324
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ttention on somatosensory ERPs for the early blind as compared
o the sighted group. However, the few previous ERP studies to
ate that have investigated this issue found little evidence for an
mprovement of spatially selective attentional processing in the
arly blind, relative to sighted people. When comparing sighted
nd blind participants in terms of the effects of sustained spatial
ttention on auditory ERPs (Liotti, Ryder, & Woldorff, 1998), or
n somatosensory as well as auditory ERPs (Hötting, Rösler, &
öder, 2004), no indication of earlier or more pronounced atten-

ional modulations of early modality-specific ERP components
ere observed for the blind. The present experiment investigated

his issue by contrasting the effects of tactile-spatial attention
n somatosensory ERPs for early blind and sighted participants
nder transient attention conditions where attentional orienting
as cued on a trial-by-trial basis.

. Materials and methods

.1. Participants

Twenty paid volunteers took part in this study. Ten participants were either
ongenitally blind or had lost sight within 2 years after birth (see Table 1 for
urther details). The other 10 participants were sighted and reported normal or
orrected-to-normal vision. The blind group included five male and five female
articipants, aged between 23 and 63 years (average age 46.5 years). The age-
atched sighted control group also included five males and five females, aged

etween 22 and 69 years (average age 47.2 years).

.2. Stimuli and apparatus

Participants sat in a soundproof and completely dark experimental chamber,
ith a head-mounted microphone positioned in front of their mouth. Two tones
iffering in pitch (low: 1000 Hz; high: 1500 Hz; each at 72 dB SPL) served as cue
NSY 2270 1–14

ve blind and five sighted participants, a high tone signalled that the left hand
as relevant, while a low tone indicated that the right hand was relevant. This
itch-to-hand mapping was reversed for the other five blind and five sighted
articipants. The two auditory cues were presented in random order and with
qual probability. In 48 trials per block, a tactile non-target stimulus (i.e., a
trong vibration requiring no response) was presented with equal probability to
he left or right hand. These non-targets were preceded with equal probability
y either a high-pitch or low-pitch cue, resulting in a total of 12 non-target trials
er block for each combination of cued hand (left versus right) and stimulus
ocation (left versus right). In the remaining 24 trials per block, tactile target
timuli (soft vibrations) were presented with equal probability on the left or
ight hand. Sixteen of these trials (eight left and eight right) contained a tactile
arget stimulus at the relevant hand (as indicated by the preceding auditory cue),
nd only these stimuli required a vocal response. In the remaining eight trials
four left and four right), tactile targets were presented at the uncued hand and
esponses had to be withheld to these stimuli.

Participants were instructed to respond as quickly as possible only to soft
actile vibrations at the cued hand, and to ignore all non-targets at that hand,
s well as all tactile stimuli presented to the uncued hand. A minimum of two
raining blocks were run prior to the first experimental block. These training
locks were identical to the experimental blocks, also being delivered in absolute
arkness, to prevent sighted participants from utilizing (or memorizing) visual
patial cues when performing the tactile task.

.4. Recording and data analysis

EEG was recorded with Ag-AgCl electrodes and linked-earlobe reference
rom Fpz, F7, F3, Fz, F4, F8, FC5, FC6, T7, C3, Cz, C4, T8, CP5, CP6, P7,
3, Pz, P4, P8 and Oz (according to the 10–20 system), and from OL and OR
located halfway between O1 and P7, and O2 and P8, respectively). Horizontal
OG (HEOG) was recorded bipolarly from the outer canthi of both eyes. The

mpedance for all electrodes was kept below 5 k�. The amplifier band-pass was
.1–40 Hz. EEG and EOG were sampled with a digitisation rate of 200 Hz and
tored on disk. For each vocal response, voice onset times were measured using
voice key.

EEG and HEOG were epoched off-line into 1300 ms periods, starting 100 ms
rior to cue onset and ending 500 ms after the onset of the peripheral stimulus on
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each trial. Separate averages were computed for ERPs recorded in the cue–target360

interval (relative to a 100 ms baseline preceding cue onset), and for ERPs in361

response to subsequent peripheral stimuli (relative to a 100 ms baseline preced-362

ing the onset of these stimuli). Trials with eyeblinks (Fpz exceeding ±60 �V rel-363

ative to baseline), horizontal eye movements (HEOG exceeding ±30 �V relative364

to baseline) or other artefacts (a voltage exceeding ±60 �V at any electrode loca-365

tion relative to baseline) were excluded from analysis. To detect smaller system-366

atic deviations of eye position, indicating residual tendencies to move the eyes367

towards the cued location, averaged HEOG waveforms obtained in the cue–target368

interval in response to cues directing attention to the left versus right hand were369

examined separately for each participant. Residual HEOG deviations remained370

below ±3 �V throughout this interval for all early blind and sighted participants.371

The EEG obtained in the cue–target interval in response to auditory cue372

stimuli was averaged separately for cues directing attention to the left versus right373

hand, respectively. Because trials containing tactile targets and non-targets were374

presented in random order, and the presence versus absence of a tactile target375

was therefore completely unpredictable prior to tactile stimulus onset, ERPs376

recorded during the cue–target interval were collapsed across trials containing377

a tactile target or non-target. Based on our previous work investigating ERP378

correlates of covert attention shifts in the cue–target interval (Eimer et al., 2002,379

2003a, 2003b, 2004; Eimer & Van Velzen, 2002), mean amplitude values were380

computed at lateral anterior sites (F7/8, F3/4 and FC5/6), lateral central sites381

(T7/8, C3/4 and CP5/6) and lateral posterior sites (P7/8, P3/4 and OL/R) within382

two successive latency windows (300–500 and 500–700 ms relative to cue onset).383

These amplitude values were then analysed separately for lateral anterior, central384

and posterior electrodes, and separately by repeated measures ANOVAs for385

the between-subject factor group (blind versus sighted), and the within-subject386

factors electrode site (F7/8 versus F3/4 versus FC5/6, for anterior sites; T7/8387

versus C3/4 versus CP5/6, for central sites and P7/8 versus P3/4 versus OL/R, 388

for posterior sites), cued direction (leftward versus rightward shift of attention) 389

and hemisphere (left versus right). Additional analyses were also conducted 390

separately for the blind and sighted group, respectively. In all of these analyses, 391

the presence of lateralised ERP modulations sensitive to the direction of a cued 392

attentional shift will be reflected by significant hemisphere × cued direction 393

interactions. 394

The EEG obtained in response to peripheral tactile stimuli was averaged for 395

non-target stimuli only (i.e., strong vibrations, which required no behavioural 396

response), to avoid contamination by vocal responses, and to equate trials with 397

respect to response-related factors, such as the difference between response exe- 398

cution versus response inhibition. Trials where false-positive vocal responses 399

were recorded on non-target trials (occurring on only 0.6% of these trials for the 400

blind group, and on 0.8% for the sighted group) were also excluded from analy- 401

sis. Separate averages were computed for all combinations of cued direction and 402

stimulus side (left versus right). Mean amplitude values were computed for mea- 403

surement windows centred on the peak latencies of the somatosensory P100 and 404

N140 components (90–120 and 130–170 ms post-stimulus, respectively). Sus- 405

tained attentional ERP modulations at longer latencies were investigated within 406

a latency window between 200 and 350 ms after stimulus onset. Analyses of 407

somatosensory ERPs were conducted separately for lateral sites (F3/F4, C3/C4 408

and P3/P4) contralateral and ipsilateral to the side of the stimulated hand, as 409

well as for midline electrodes (Fz, Cz and Pz), for the factors group, electrode 410

site (frontal versus central versus parietal), attention (stimulus at cued location 411

versus uncued location) and stimulus side. Again, separate analyses were also 412

conducted for the blind and sighted groups, respectively. Where appropriate, 413

Greenhouse–Geisser adjustments to the degrees of freedom were performed 414

and the adjusted p-values are reported. 415
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ig. 1. Grand-averaged ERPs elicited for congenitally blind participants over the l
ubsequent peripheral tactile stimulus. ERPs in response to auditory cues directing att
dashed lines) are shown separately. An anterior directing attention negativity (ADAN
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eft and right hemisphere in the interval between cue onset and onset of the
ention to the left side (solid lines), and cues directing attention to the right side
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3. Results416

3.1. Behavioural performance417

Mean vocal response times to cued tactile targets were 545 ms418

in the blind group, and 595 ms in the sighted group. This differ-419

ence failed to reach significance (t(18) < 1). In the blind group,420

responses to tactile targets presented to the right hand were faster421

than responses to left hand targets (533 ms versus 557 ms), and422

this difference was significant (t(9) = 2.3; p < .05). No such dif-423

ference was present for the sighted controls (595 and 594 ms for424

left and right targets).425

False alarms to tactile non-target stimuli were present on426

0.6% (blind group) and 0.8% (sighted group) of all non-target427

trials, and this difference was not significant. Blind participants428

missed 6.3% of all targets presented at cued locations, and pro-429

duced false alarms on 6.9% of all trials where tactile targets were430

presented at uncued locations, as compared to 9.2% misses and431

2.1% false alarms for the sighted group. Based on these data,432

sensitivity measures (d′) and measures of response bias (C) were433

computed for both groups (derived from signal detection theory,434

and described in Macmillan & Creelman, 1991). Whereas d′
435

did not differ significantly between the two groups, C was sig-436

nificantly larger for sighted as compared to blind participants 437

(t(18) = 4.3; p < .001), demonstrating that the blind used a more 438

liberal response criterion. 439

3.2. ERP correlates of tactile-spatial orienting in the 440

interval between auditory cues and peripheral tactile stimuli 441

Figs. 1 (blind group) and 2 (sighted control group) show ERPs 442

elicited at lateral electrodes over the left and right hemisphere 443

in the interval between cue onset and onset of the subsequent 444

tactile stimulus, displayed separately for auditory cues directing 445

tactile attention to the left side (solid lines) and to the right side 446

(dashed lines). As can be seen from these figures, the pattern 447

of ERP lateralisations sensitive to the direction of a cued atten- 448

tional shift was remarkably similar across both groups. For blind 449

as well as sighted participants, a negativity contralateral to the 450

direction of an attentional shift (anterior directing attention nega- 451

tivity) was maximal at frontocentral electrodes, but also seemed 452

to be present at more posterior sites (CP5/6). Importantly, no 453

contralateral late directing attention positivity appeared to be 454

present for either group. 455

The presence and time course of the ADAN component, 456

its similarity across blind and sighted participants, and the 457
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ig. 2. Grand-averaged ERPs elicited for the sighted control group over the left and
eripheral tactile stimulus, in response to auditory cues directing attention to the left
s for the blind group, an anterior directing attention negativity (ADAN) was presen
NSY 2270 1–14

right hemisphere in the interval between cue onset and onset of the subsequent
side (solid lines), and cues directing attention to the right side (dashed lines).
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absence of a posterior LDAP component in both groups is458

further illustrated in Fig. 3, which shows difference waveforms459

obtained at lateral anterior (top panels), central (middle panels)460

and posterior electrode pairs (bottom panels), for the blind461

group (solid lines) and the sighted group (dashed lines). These462

difference waves were obtained by first subtracting ERPs463

recorded during attentional shifts to the right from ERPs464

elicited during leftward attentional shifts, and then subtracting465

the resulting difference waveforms at right electrodes from the466

difference waveforms emerging at corresponding electrodes467

over the left hemisphere. In the resulting double subtraction468

waveforms, an overall negativity contralateral to the direction469

of attentional shifts (ADAN) is reflected by positive amplitude470

values (downward-going deflections). Any contralateral pos-471

itivity (LDAP) would have been reflected by negative values472

(upward deflections). Fig. 3 shows that an ADAN component473

was elicited at about 300 ms following cue onset in both groups.474

With the possible exception of F7/8, where the ADAN seems475

more pronounced in the sighted control group, overall this com-476

ponent appears to be similar in amplitude for both groups and477

remained present at lateral anterior and central sites throughout478

the cue–target interval. In contrast, there was no evidence that 479

a posterior LDAP component was elicited during later stages 480

of the cue–target interval in either the blind or sighted group. 481

Statistical analyses confirmed these informal observations. 482

ERPs elicited during leftward and rightward attention shifts 483

were compared directly as a function of the recording hemi- 484

sphere, prior to the double subtraction visualised in Fig. 3. 485

No systematic ERP modulations sensitive to the direction of 486

attentional shifts were observed within the first 300 ms follow- 487

ing cue onset. In the 300–500 ms post-cue interval, significant 488

hemisphere × cued direction interactions were present at ante- 489

rior sites (F(1,18) = 20.4; p < .001), as well as at central sites 490

(F(1,18) = 18.1; p < .001), reflecting the enhanced negativity 491

contralateral to the direction of an attentional shift (ADAN) 492

visible in Figs. 1–3. Importantly, there were no indications 493

of any group × hemisphere × cued direction interactions at lat- 494

eral anterior or central sites (both F(1,18) < 1), indicating that 495

there were no systematic differences between ADAN compo- 496

nents triggered during shifts of tactile attention in the blind and 497

sighted groups. Analyses conducted separately for each group 498

confirmed the presence of significant hemisphere × cued direc- 499
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ig. 3. Difference waveforms obtained at lateral anterior (top), central (middle) an
nset of the subsequent peripheral tactile stimulus, illustrating the time course of l
lind participants (solid lines) and for the sighted control group (dashed lines). Diffe
irecting attention to the right from ERPs in response to cues directing attention to t
rom the difference waveform obtained for the corresponding left-hemisphere electro
eflected by positive amplitude values (downward-going deflections). Enhanced contra
eflections). Waveforms show a sustained anterior directing attention negativity (AD
ositivity (LDAP) in either group.
NSY 2270 1–14

d posterior (bottom) electrodes in the 700 ms interval between cue onset and
ateralised ERP modulations sensitive to the direction of attentional shifts for
rence waveforms were generated by first subtracting ERPs in response to cues
he left; and then subtracting the resulting difference waves at right electrodes
de. Enlarged negativities contralateral to the direction of attentional shifts are
lateral positivities would have been reflected by negative values (upward-going
AN) for both groups, but no evidence for any posterior late directing attention



U
N

C
O

R
R

E
C

TE
D

 P
R

O
O

F

NSY 2270 1–14

8 J. Van Velzen et al. / Neuropsychologia xxx (2006) xxx–xxx

Fig. 4. Grand-averaged somatosensory ERPs elicited for congenitally blind participants at midline electrodes, and at sites contralateral (C) and ipsilateral (I) to
the side of stimulus presentation, in response to tactile non-target stimuli at cued locations (solid lines) and uncued locations (dashed lines) in the 500 ms interval
following stimulus onset.

tion interactions at lateral anterior and lateral central recording500

electrodes in both groups (all F(1,9) > 8.1; all p < .02). No over-501

all significant hemisphere × cued direction interaction, or any502

group × hemisphere × cued direction interaction was present in503

the 300–500 ms interval at lateral posterior electrodes.504

A similar pattern of results was found in the subsequent505

500–700 ms post-cue interval (corresponding to the final 200 ms506

prior to the onset of a lateral tactile stimulus). Again, signif-507

icant hemisphere × cued direction interactions were present at508

lateral anterior (F(1,18) = 42.7; p < .001) as well as at lateral cen-509

tral electrodes (F(1,18) = 28.8; p < .001), demonstrating that the510

ADAN remained present during the later phase of the cue–target511

interval. As was the case for 300–500 ms time window, no 512

sign of any group × hemisphere × cued direction interaction 513

was found at these electrode sites (both F(1,18) < 1.8). Again 514

this strongly suggests that ADAN amplitudes did not differ 515

systematically across the blind and sighted groups.3 Analyses 516

3 A four-way interaction (group × hemisphere × cued direction × electrode
site) was obtained at lateral anterior electrodes in the 500–700 ms measurement
interval (F(2,36) = 4.5; p < .03; ε = .846). Follow-up analyses revealed the pres-
ence of a significant group × hemisphere × cued direction interaction at F7/8
only. As can also be seen in Fig. 3, the late phase of the ADAN component
tended to be larger for sighted relative to blind participants at this electrode pair.
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conducted separately for each group confirmed that significant517

hemisphere × cued direction interactions were present at lateral518

anterior sites as well as at lateral central sites in both groups (all519

F(1,9) > 11.5; all p < .01).520

Importantly, in contrast to previous investigations of cued521

shifts of spatial attention with sighted participants, there was522

no statistical evidence whatsoever for the presence of a pos-523

terior LDAP component during this 500–700 ms measure-524

ment interval. At lateral posterior electrodes, the overall hemi-525

sphere × cued direction interaction failed to reach significance526

(F(1,18) < 1.5). A hemisphere × cued direction × electrode site527

interaction (F(2,36) = 7.1; p < .02; ε = .837) was accompanied528

by a significant hemisphere × cued direction interaction at P3/4 529

(F(1,18) = 9.4; p < .01), reflecting the fact that the ADAN contin- 530

ued to be present, albeit in attenuated fashion, at this electrode 531

pair (see Fig. 3). Importantly, however, there was no trace of 532

any hemisphere × cued direction interaction at lateral posterior 533

electrode pairs P3/4 and OL/R (both F(1,18) < 1), where the 534

LDAP component was reliably found in previous studies of spa- 535

tial orienting in sighted participants. In addition, not only were 536

group × hemisphere × cued direction interactions not found at 537

either of these electrode pairs (both F(1,18) < 1), but also follow- 538

up analyses conducted separately for the blind and sighted 539

groups failed to find any indication of hemisphere × cued direc- 540
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ig. 5. Grand-averaged somatosensory ERPs elicited for the sighted control group a
f stimulus presentation, in response to tactile non-target stimuli at cued locations (so
timulus onset.
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t midline electrodes, and at sites contralateral (C) and ipsilateral (I) to the side
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tion interactions at P3/4 and OL/R, thereby strongly suggesting541

that the LDAP component was not only absent in the early blind542

group, but also for the sighted controls.543

3.3. Effects of spatial attention on somatosensory ERPs544

ERPs elicited in response to tactile non-target stimuli at cued545

locations (solid lines) and uncued locations (dashed lines) are546

shown in Fig. 4 for blind participants, and in Fig. 5 for the sighted547

control group. Waveforms are displayed separately for midline548

electrodes and for electrode sites contralateral (left panels) and549

ipsilateral (right panels) to the side of tactile stimulation. In both550

groups, somatosensory N140 components appear to be enhanced551

when tactile stimuli were presented to the attended hand relative552

to tactile stimuli presented to the unattended hand. In addition,553

a sustained enhanced negativity in response to attended relative554

to unattended tactile stimuli was elicited in a similar fashion for555

sighted and early blind participants.556

No significant main effects of attention or group × attention557

interactions were present for the P100 component (90–120 ms558

post-stimulus). In the N140 latency range (130–170 ms post-559

stimulus), main effects of attention were obtained at contralat-560

eral and ipsilateral electrodes as well as at midline sites (all561

F(1,18) > 13.8; all p < .05), demonstrating that directing tac-562

tile attention to one hand versus the other modulated N140563

amplitudes. A main effect of group was significant at ipsi-564
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and 400 ms after stimulus onset. A main effect of attention was 596

obtained for the blind group (F(1,9) = 9.0; p < .02), although this 597

effect was not significant for sighted participants (F(1,9) = 2.5; 598

p < .15). However, this difference was not substantiated by an 599

overall significant group × attention interaction. 600

4. Discussion 601

The main aim of the present ERP experiment was to inves- 602

tigate the role of visual spatial information in the control of 603

tactile attention shifts. ERP correlates of tactile attention were 604

measured under conditions where visual spatial information was 605

permanently or temporarily unavailable. Ten participants who 606

were either blind from birth or had lost all vision during the first 607

2 years of life and 10 age-matched controls were instructed to 608

direct attention to their left or right hand (as indicated by an audi- 609

tory attention cue presented at the start of each trial), in order to 610

detect infrequent tactile targets when these were delivered to this 611

relevant hand. This task was performed in a dark experimental 612

booth. Processes involved in the control of attentional orient- 613

ing were investigated by measuring ERPs during the cue–target 614

interval, and effects of spatial attention on somatosensory pro- 615

cessing were studied by comparing somatosensory ERPs to 616

tactile non-target stimuli at attended versus unattended loca- 617

tions. 618

Attentional control processes (and their electrophysiological 619
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ateral electrodes (F(1,18) = 6.5; p < .02), but failed to reach
ignificance at contralateral and midline sites. This reflects the
act that somatosensory ERPs in the N140 time range tended
o be generally more positive for the blind relative to the
ighted group (see Figs. 4 and 5). However, and more impor-
antly, no group × attention interactions were present in the
140 time window (all F(1,18) < 1), suggesting that analo-
ous attentional N140 modulations were elicited in the blind
nd sighted groups. Follow-up analyses conducted separately
or both groups revealed reliable effects of attention on N140
mplitudes at ipsilateral, contralateral, and midline sites for the
ighted group (all F(1,9) = 5.1; all p < .001), and reliable atten-
ional effects at ipsilateral sites (F(1,9) = 11.1; p < .01) and at

idline electrodes (F(1,9) = 5.7; p < .05) for the blind group.
In the 200–350 ms measurement window, main effects of

ttention were obtained at contralateral, ipsilateral, as well as
idline sites (all F(1,18) > 39.5; all p < .001), reflecting the sus-

ained enhanced negativity for attended relative to unattended
actile stimuli shown in Figs. 4 and 5. Main effects of group
ere also present at these sites (all F(1,18) > 7.1; all p < .02),

s ERPs were generally more positive in the blind as compared
o the sighted group during this time window. However, analo-
ous to the results found for the N140 component, there was no
ndication of any group × attention interaction (all F(1,18) < 1)
uggesting that attentional ERP modulations triggered between
00 and 350 ms post-stimulus were comparable in size across
lind and sighted participants. Figs. 4 and 5 suggest that at longer
atencies, this attentional negativity might extend to more pos-
erior (occipital) sites, particularly in the early blind group. To
nvestigate this, additional post hoc analyses were conducted
or ERP waveforms obtained at Oz, OL and OR between 300
NSY 2270 1–14

orrelates) that are based on visually mediated representations
f external space should depend critically on the availability
f visual spatial information or visual imagery, and therefore
hould be entirely absent during attentional orienting in the early
lind. In contrast, control processes that operate independently
f visually mediated spatial information should be preserved
n the early blind. The pattern of ERP results obtained for the
arly blind group during covert shifts of spatial attention in the
resent experiment was clear-cut. Whereas an anterior directing
ttention negativity was clearly present, there was no evidence
hatsoever for any posterior late direction attention positivity.
ssentially the same pattern of results was also obtained for the
ge-matched sighted control participants, who performed the
actile attention task in complete darkness. Again, the ADAN
omponent was present, but the LDAP was absent.

This dissociation between ADAN and LDAP components is
n line with the hypothesis that these two components are linked
o separable attentional control mechanisms that differ in terms
f their spatial reference frame. The presence of an ADAN in
he early blind strongly suggests that this component is linked to
ttentional control processes that are entirely independent of any
isually mediated spatial representation, and is thus consistent
ith our earlier suggestion that this component might predom-

nantly reflect the control of attention within a somatotopically
efined spatial reference frame (Eimer et al., 2003a). Attentional
ontrol mechanisms based on somatotopically defined spatial
oordinates are unlikely to be affected by the early loss of visual
patial information. The lack of an LDAP in the present study for
ither group diverges markedly from the findings from previous
RP investigations where sighted participants were cued to shift
ttention towards the location of task-relevant tactile events in
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a lit environment (e.g., Eimer et al., 2002, 2003a, 2004). The651

absence of the LDAP also contrasts with earlier studies where652

ERP correlates of visual or auditory attention shifts were mea-653

sured (e.g., Hopf & Mangun, 2000; Nobre et al., 2000; Green et654

al., 2005). In all of these studies, LDAP components were reli-655

ably and consistently elicited in the cue–target interval. Given656

these earlier results, the absence of the LDAP in the early blind657

as well as in the sighted control group is remarkable, and thus658

suggests that the attentional control processes reflected by this659

component are strongly dependent upon visually defined exter-660

nal spatial reference frames.661

To provide additional evidence for this conclusion, we tested a662

further eight right handed and normally sighted participants (five663

females, three males, aged between 20 and 69 years, mean age664

40 years) using procedures identical to the experiment reported665

above, except for the fact that all blocks were delivered under666

normal illumination conditions. Fig. 6 shows difference wave-667

forms analogous to those shown in Fig. 3 for lateral anterior elec-668

trodes F3/4 (top) and lateral occipital electrodes OL/R (bottom),669
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obtained for the eight sighted participants tested in this con- 670

trol experiment (solid lines), and for the 10 sighted participants 671

tested for the main experiment in the dark (dashed lines). While 672

there was no obvious difference between these two groups for 673

the ADAN component, the posterior LDAP was clearly present 674

when participants were tested in a lit environment. This contrasts 675

markedly with the results from the main study, where the LDAP 676

was entirely absent (see Fig. 6, bottom). To substantiate these 677

observations, ERPs obtained for these eight new participants in 678

response to cues directing tactile attention to the left versus right 679

side were analysed, using identical statistical procedures to the 680

ones described above. Significant hemisphere × cued direction 681

interactions were present in the 300–500 ms post-cue interval at 682

lateral anterior electrodes (F(1,7) = 8.0; p < .03), reflecting the 683

presence of the ADAN component. More importantly, highly 684

significant hemisphere × cued direction interactions were now 685

also present during the 500–700 post-cue interval at lateral 686

occipital electrodes OL/R (F(1,7) = 13.6; p < .001). This result 687

confirms findings from previous studies (Eimer & Van Velzen, 688

2002; Eimer et al., 2003b) that the LDAP is elicited during shifts 689

of tactile attention induced by centrally presented symbolic audi- 690

tory cues under conditions where visual spatial information is 691

continuously available. 692

The hypothesis that ADAN and LDAP reflect functionally 693

distinct attentional control mechanisms, which mediate the 694

control of attention shifts within anatomically defined (soma- 695
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ig. 6. Difference waveforms obtained at lateral anterior electrodes F3/4 (top)
nd at lateral occipital electrodes OL/R (bottom) in the 700 ms interval between
ue onset and onset of the subsequent peripheral tactile stimulus, generated in
he same way as the difference waves shown in Fig. 3, with positive amplitude
alues reflecting an enlarged negativity contralateral to the direction of a cued
ttentional shift, and negative values reflecting an enhanced contralateral posi-
ivity. Results for a group of eight sighted control participants who performed the
actile attention task under a normal illumination conditions (solid lines) are con-
rasted with the results obtained for sighted participants in the main experiment,
ho performed the same task in darkness (dashed lines). While the ADAN was
resent in both groups, the LDAP component was only triggered for the former
roup.
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otopic) and external (visually mediated) frames of reference,
espectively, is also in line with the results of two previous stud-
es demonstrating dissociations between the ADAN and LDAP.

anipulating the distance between hands in external space was
ound to affect LDAP, but not ADAN amplitudes (Eimer et al.,
004), whereas crossing the hands (and thus inducing a conflict
etween external and somatotopically defined reference frames)
esulted in a polarity reversal of the ADAN when considered
n terms of external space (Eimer et al., 2003a). However,
esults from another recent study (Eimer et al., 2003b) appear
o contradict the present finding that the LDAP component was
ompletely absent not only in the early blind, but also in the
ighted control group. In this study, an attenuated, but statis-
ically significant LDAP was found when sighted participants
irected their attention to task-relevant locations of tactile events
n the dark. The presence of a residual LDAP in this experiment
ould indicate that participants were still able to use stored
isual spatial information when directing attention to their left
r right hand. Half of them completed the tactile attention task
nder normal illumination conditions before performing the
ame task in the dark, all were familiarized with task conditions
n a lit environment, and some had participated in previous
ttention experiments in the same lab, and were thus familiar
ith its general spatial layout. Together, these factors may have
een sufficient to enable these participants to employ stored
isual spatial representations when directing attention to the left
ersus right hand in the dark, and this might have been reflected
y a residual LDAP component. In contrast, all sighted control
articipants in the present experiment were newly recruited, and
ere not allowed any task practice under normal illumination

onditions, in order to eliminate the possibility that they would
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use visual imagery when performing the tactile task in the727

dark.728

The conclusion that the LDAP component appears to be729

closely linked to attentional control mechanisms that operate730

on the basis of visually mediated representations of external731

visual space differs from our earlier claim (Eimer et al., 2002)732

that attentional orienting is mediated by purely multimodal (i.e.,733

modality-unspecific) control systems. The fact that the LDAP734

was absent during shifts of tactile attention in the early blind735

and for sighted control participants in the dark suggests that736

visual spatial information is critical for the attentional control737

processes reflected by this component. Whenever visual infor-738

mation is available, shifts of attention towards relevant tactile739

events in the sighted appear to be partially based on control740

processes that specify task-relevant external locations of tac-741

tile events in visually defined spatial coordinates, and thus give742

rise to an LDAP component. When task-specific visual spatial743

information is either permanently absent (in the early blind) or744

temporarily unavailable (as for the sighted control group in the745

present experiment), and visual spatial coordinates thus cannot746

be used to anchor shifts of attention in external space, such con-747

trol processes are not activated, and the LDAP is absent.748

It is remarkable that in spite of the absence of visual spa-749

tial information during attentional orienting, and the resulting750

absence of an LDAP in the cue–target interval, attentional751

modulations of somatosensory ERPs observed in the present752
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blind and sighted groups in other tasks requiring selective stim- 784

ulus processing. For example, Alho et al. (1993) found that the 785

attentional processing negativity elicited by attended auditory 786

events was distributed more posterior in the blind than in the 787

sighted. Other studies (Kujala et al., 1995; Röder, Rösler, & 788

Neville, 1999a) demonstrated similar topographic differences 789

between blind and sighted groups in response to deviant auditory 790

or tactile events. These results have generally been interpreted 791

as evidence for cortical reorganisation processes in the early 792

blind, with posterior brain areas normally involved in vision 793

now participating in the selective processing of auditory and 794

tactile events. In the present study, significant attentional modu- 795

lations of somatosensory ERPs were found beyond 300 ms post- 796

stimulus at occipital recording sites for the early blind group, but 797

not for the sighted control group. While this observation could 798

point towards cortical reorganisation processes, the difference 799

in the absolute size of occipital attention effects between groups 800

was relatively small (see Figs. 4 and 5), and did not result in a 801

significant group × attention interaction. 802

There were also some potentially interesting performance dif- 803

ferences between blind and sighted participants. While the blind 804

responded faster when tactile target stimuli were presented to the 805

right versus left hand, no such hand-specific RT difference was 806

found for the sighted group. This right hand advantage in the 807

predominantly right handed blind group could be linked to the 808

dominance of the right index finger in Braille reading. It has been 809
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xperiment in the early blind group and in the sighted control
roup were very similar to the effects of tactile-spatial attention
hifts obtained under normal illumination conditions in previ-
us ERP studies with sighted participants (cf., Michie et al.,
987; Eimer & Forster, 2003). In both groups, tactile stimuli
elivered to the attended hand elicited enhanced somatosensory
140 components as well as a subsequent sustained attentional
egativity when compared to tactile stimuli presented to the
nattended hand. The presence of such attentional modulations
f somatosensory ERPs indicates that the capacity to selectively
rocess tactile information from the task-relevant cued hand was
argely unaffected by the lack of visual spatial information in
ither group. Furthermore, there were no statistically significant
ifferences in the effects of spatial attention on somatosensory
RPs between the early blind and sighted groups. This is in line
ith previous investigations (Liotti et al., 1998; Hötting et al.,
004) that also failed to demonstrate any systematic differences
n attentional modulations of auditory and somatosensory ERP
omponents between the blind and the sighted. If the early loss
f visual information had resulted in compensatory improve-
ents in the level of spatial selectivity within touch, one would

xpect to find earlier, or more pronounced attentional modu-
ations of somatosensory ERP waveforms for early blind as
ompared to sighted participants. The fact that this was not
bserved in the present experiment indicates that under con-
itions where attention is directed to one hand versus the other,
imilar somatosensory processing stages are selectively mod-
lated by tactile-spatial attention in the early blind and in the
ighted.

There is, however, also some previous evidence for topo-
raphic differences of attentional ERP modulations between
NSY 2270 1–14

hown that Braille reading can produce neuroplastic changes
e.g., Pascual-Leone & Torres, 1993; Sadato et al., 1996; Buchel,
rice, Frackowiak, & Friston, 1998), although current evidence
s to whether or not such changes also result in improved tactile
cuity is mixed (e.g., Van Boven, Hamilton, Kauffman, Keenan,

Pascual-Leone, 2000; Grant, Thiagarajah, & Sathian, 2000).
evertheless, when sighted adults are deprived of vision for an

xtended period, and thus forced to rely on non-visual infor-
ation alone, their ability to discriminate Braille patterns with

heir dominant hand improves more rapidly (Kauffman, Théoret,
Pascual-Leone, 2002; see also Weisser, Stilla, Peltier, Hu,
Sathian, 2005). Although this and other previous studies of

actile perception in blind or visually deprived sighted partici-
ants have focussed on accuracy rather than response speed, it
s entirely plausible that increased practice in tactile discrim-
nation with the dominant hand through Braille reading could
lso result in faster discrimination between tactile targets and
on-targets.

One further difference between early blind and sighted par-
icipants was that the former adopted a more liberal response
riterion when reporting the presence versus absence of tactile
arget stimuli. This observation may be related to the previous
nding that blind Braille readers mislocalize tactile events pre-
ented to specific fingers more often than sighted controls (Sterr,
reen, & Elbert, 2003), which also suggests that the blind and

he sighted adopt different strategies in tactile discrimination
asks. Sighted participants may use more conservative response
riteria when localizing events on the basis of somatosensory
nformation, because visual input is often also available to guide
heir task performance. In contrast, the blind rely on touch as the
rimary source for constructing meaningful representations of
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the surrounding environment through active exploration and the841

combination of serially acquired tactile information. Because842

this is very time-consuming, blind individuals may sometimes843

use more liberal decision criteria, in order to compensate for the844

extra time required by tactile exploration.845

In spite of such performance differences, the overall pattern846

of ERP results obtained for the early blind group and the group of847

age-matched sighted control participants was remarkably simi-848

lar. There were no statistically reliable differences between the849

two groups either in terms of lateralised ERP components trig-850

gered during the cue–target interval, or in terms of attentional851

modulations of somatosensory ERP waveforms. This suggests852

that the processes involved in the control of tactile attention853

shifts and the effects of tactile-spatial attention are very simi-854

lar in the early blind and in sighted participants when they are855

directing tactile attention in the dark. Whilst the absence of the856

posterior LDAP component in both groups indicates that this857

component is linked to the guidance of attention shifts in visu-858

ally mediated space, the lack of visual spatial coordinates in859

the present study did not appear to have a detrimental effect on860

attentional selectivity in somatosensory processing. Finally, it861

needs to be noted that these conclusions are based on results862

obtained under conditions where the attentional selection task863

was relatively easy. Selecting the left versus right hand in antic-864

ipation of task-relevant events delivered to this hand does not865

impose very high demands on spatially selective somatosensory866
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rocessing. It is possible that when these demands are increased,
or example, by presenting all stimuli to the same hand or to the
ame finger, systematic ERP differences between early blind and
ighted participants might emerge.

In summary, the present study has provided new evidence
or a functional dissociation between attentional control pro-
esses that give rise to lateralised ERP components during covert
patial orienting. The processes reflected by the ADAN com-
onent appear to be entirely independent of a visual spatial
eference frame, as they are activated during shifts of attention
n the early blind. In contrast, the availability of visual spa-
ial representations clearly plays a critical role for the posterior
DAP component, which is likely to reflect processes that guide
ttentional shifts towards task-relevant locations within visually
efined coordinates of external space.
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Röder, B., Rösler, F., & Neville, H. J. (1999). Effects of interstimulus interval974

on auditory event-related potentials in congenitally blind and normally975

sighted humans. Neuroscience Letters, 264, 53–56.976
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