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Abstract: Blind individuals show visual cortex activity during Braille reading. We examined whether such
cross-modal activations reflect processing somatosensory stimuli independent of language by identifying
cortical activity during a one-back vibrotactile matching task. Three groups (sighted, early-onset, and
late-onset [>12 years] blind) detected whether paired vibrations (25 and 100 Hz), delivered to the right
index finger, differed in frequency. Three successive paired vibrations, followed by a no-stimulation
interval, were presented in a long event-related design. A fixed effects average z-score analysis showed
increased activity throughout the visuotopic visual cortex, where it was mostly restricted to foveal and
parafoveal eccentricities. Early blind showed the most extensive distribution of activity. Late blind
exhibited activity mostly in similar regions but with declining response magnitudes with age of blindness
onset. Three sighted individuals had suprathreshold activity in V1 but negative responses elsewhere in
visual cortex. Mixed effects ANOVA confirmed group distinctions in defined regions (V1, V3, V4v, V7,
LOC, and MT). These results suggest cross-modal adaptation to tactile stimulation in visual cortex
independent of language processes. All groups showed increased activity in left primary (S1) and bilateral
second somatosensory areas, but without response magnitude differences between groups throughout
sensorimotor cortex. Early blind showed the greatest spatial extent of S1 activity. Blind participants had
more extensive bilateral activity in anterior intraparietal sulcus and supramarginal gyrus. Extensive usage
of touch in Braille reading may underlie observed S1 expansions in the reading finger representation. In
addition, learned attentiveness to touch may explain similar expansion of parietal tactile attention regions.
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INTRODUCTION

Brain-imaging studies indicate that most congenitally
blind (EB) and many adventitiously blind (LB) people show
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activity in visual cortex to tactile and auditory stimuli and to
spoken or Braille read words [for literature citations, see
Burton 2003; Sadato et al., 2002]. Engaging visual cortex in
the absence of sight constitutes an important instance of
cross-modal neuroplasticity. These findings suggest that vi-
sual cortex adapts by acquiring a capacity to process tactile
stimuli [Biichel et al., 1998; Burton et al., 2002a; Melzer et al.,
2001; Sadato et al., 1996, 1998, 2002; Uhl et al., 1991]. How-
ever, the effects of tactile vs. language components involved
in reading Braille were not separated in these studies. To
avoid the problem of dissociating language processes from
the tactile aspects of Braille, the present study examined
visual cortex activity in blind people doing a totally non-
lexical task, a tactile vibration difference task. This task is
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also readily learned by sighted individuals, which is not the
case for tactile Braille reading [Uhl et al., 1991].

Prior reports of visual cortex activity in blind people noted
different activation patterns in striate and extrastriate cortex
in early- and late-onset blind Braille readers [Biichel et al.,
1998; Burton et al., 2002a, 2002b; Melzer et al., 2001; Sadato
et al., 1996, 2002], which raises a question of whether these
differences related to early de-afferentation. Thus, another
aim of the present study was to determine whether activity
present in striate and extrastriate visual cortex is comparable
in EB vs. LB during performance of a tactile discrimination
task.

This study also addressed an ongoing debate about
whether blindness leads to adaptive plasticity in the somato-
sensory system similar to increased cortical representations
of affected body regions after extensive use [Allard et al.,
1991; Clark et al., 1988; Elbert et al., 1995; Jenkins et al., 1990;
Karni et al., 1995; Recanzone et al., 1992a—c]. Braille literacy
constitutes a good example of extensive and continuous use
of the fingertips, especially for the predominant reading
hand. Thus, it is possible that, as a consequence of neuro-
plasticity, blind Braille readers have altered representations
for the reading hand in somatosensory and motor cortex.
Such changes are theoretically likely in fluent Braille readers
who have multiple years of practice in making the tactile
discriminations used in reading Braille.

Changes in the somatosensory cortex of blind people have
not been studied extensively [Sadato et al., 1996, 1998, 2002].
Supportive evidence for plasticity in sensorimotor cortex of
Braille readers derives from transcranial magnetic stimula-
tion (TMS) studies finding blockage of tactile stimulus de-
tection from TMS to more scalp positions for the Braille
reading finger [Pascual-Leone and Torres, 1993] and for
expanded motor cortex maps for the first dorsal interosseous
and the abductor digiti minimi of the reading hand [Pascual-
Leone et al.,, 1993]. Similarly, an enlarged hand representa-
tion in primary somatosensory cortex (S1) is suggested by
finding SEPs distributed over a larger area from electrically
stimulating the Braille reading finger [Pascual-Leone and
Torres, 1993] and from neuromagnetic recordings of greater
distance between the dipoles for stimulated fingers on the
Braille reading hand [Sterr et al., 1998]. It is uncertain
whether reorganization can occur at any age since Sterr and
colleagues did not distinguish between EB vs. LB. There
have been no fMRI analyses of somatosensory cortex in
blind people that considered regional activity to controlled
vibrotactile stimulation of the right index finger, which is the
finger most extensively engaged by Braille readers [Millar,
1997]. The present experiment aimed to determine whether
activity in S1 or other somatosensory cortical areas, in re-
sponse to passively applied and controlled vibrotactile stim-
uli, differs in magnitude, cortical location, or spatial extent
in EB, LB, and sighted individuals. Using passively applied
tactile stimulation, this study examined potential distinc-
tions between groups without bias due to differences in
visual or sensorimotor skills.

METHODS
Participants

Nine early blind (EB), nine late blind (LB), and eight
normal sighted (NS) paid volunteers provided informed
consent following guidelines approved by the Human Stud-
ies Committee of Washington University. Table I presents
demographic characteristics of the blind participants and
lists identification numbers, which were retained for blind
people who volunteered in previous studies [Burton et al.,
2002a, 2002b, 2003]. Except for a variety of ophthalmologic
causes of blindness (Table I), all participants were free of
neurological disease, had normal brain anatomy, and were
age matched. All blind participants were Braille literate,
read Braille for at least 1 hr/day, and had reading speeds
that averaged >85 words per minute. On average, the EB
read faster than the LB group, yet this difference was not
significant (t = 0.37, df = 14, P = 0.7). Three EB and six LB
participants had some light sensitivity, but none were cur-
rently able to read print nor could they navigate without aid.
All LB learned to read print before the onset of blindness,
which occurred at an average age of 21 years (SEM * 3.96,
range 7-41). All participants had scores >75% for right-
handedness on the Edinburgh inventory [Raczkowski et al.,
1974] although three stated they were left handed. Except for
two LB individuals, all blind participants preferred their
right hands when asked to read Braille with one hand, but
otherwise used both hands when reading (Table I): one for
spatial guidance and the other for reading.

Vibrotactile Frequency Difference Task

The tactile discrimination task involved judging whether
paired sinusoidal vibrations that were applied to the right
index fingertip matched or differed in frequency (one-back
same/different judgment). Each sinusoidal vibration lasted
750 ms and the interval between vibrations in a pair was 300
ms. A vibration pair and a following 1.5-s interval for par-
ticipant responses were considered a trial. Each pair of tac-
tile stimuli occurred during a single imaging frame of 2.84 s
(Fig. 1). An equal number of vibrations at 25 and 100 Hz
were presented, and each was equated for subjective inten-
sity with displacement amplitudes of 130 and 35 pm, respec-
tively [Sinclair and Burton, 1996]. A large difference in vi-
bration frequencies made it easy for participants to learn the
task with just a few practice trials prior to scanning. Separate
activation of different mechanoreceptors was unlikely be-
cause stimulus amplitudes, though adjusted for subjective
intensity, were still of sufficient magnitude that the stimuli
did not selectively engage different receptor types.'
Matched and unmatched vibration pairs were, respectively,
defined as non-target and target trials. The time for three
successive trials and a blank interval of ~14 s without stim-
ulation were subsequently analyzed as one 8-frame epoch

'Regional activity distributions did not differ in contrasts between
trials with only 25- and 100-Hz vibrations.
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TABLE |. Demographic information*

Age of
Preferred  Reading blindness Light Years %

ID no. Age  Sex hand hand wpm onset sensitivity ~ reading Cause of blindness Correct
Early 1 540 F Right Both 145.4 0 None 40 Retinopathy of prematurity 100.0
Early 7 720 M Right Both 40.4 5 None 65 Cataracts 100.0
Early 9 480 M Right Right n/a 0 None 49 Retrolental fibroplasia 100.0
Early 10 370 M Right Both 71.2 0 Slight 28 Retinopathy of prematurity 94.7
Early 11 270 M Right Left 58.7 0 Some 20 Leber’s congenital amaurosis 100.0
Early 12 260 M Right Left 60.2 0 None 22 Retinitis pigmentosa 100.0
Early 13 70.0 F Right Both 88.7 0 None 60 Eye infection 100.0
Early 14 580 F Right Both 137.0 0 Light source 58 Genetic retinal pigmentation 100.0
Early 16 48.0 F Right Both 185.8 0 None 44 Retinopathy of prematurity 100.0
Average 483 97.3 0.9 42 99.4

SEM 5.3 16.1 0.6 5 0.6
Late 1 400 F Right Both 69.0 6 Yes 40 Rubella 100.0
Late 3 440 M Left Left 725 11 None 36 Coates disease 100.0
Late 4 66.0 M Right Left 63.8 11 None 56 Congenital glaucoma 100.0
Late 6 500 F Right Both 125.0 27 None 20 Retinitis pigmentosa 94.1
Late 8 500 F Right Both 32.6 36 Slight 14 Steven Johnson’s Syndrome 94.1
Late 9 400 M Right Right n/b 15 Direct light 22 Retinitis pigmentosa 100.0
Late 11 470 F Left Both 182.3 20 Slight 41 Retinopathy of prematurity 94.7
Late 13 610 M Right Right n/a 41 Slight 13 Diabetes/retinopathy 88.2
Late 14 180 M Right Both 71.7 18 Some 12 Microcornea 93.8
Average 46.2 88.1 17.9 28 96.1

SEM 4.6 16.5 3.5 5 14
Sighted 370 M Right 76.5
Sighted 31.0 M Right 100.0
Sighted 620 M Right 100.0
Sighted 320 M Left 100.0
Sighted 510 F Right 824
Sighted 550 M Right 100.0
Sighted  60.0 M Right 100.0
Sighted 360 M Right 100.0
Average 455 94.9

SEM 4.5 3.4

*n/a, Braille reading speed measurement not available; n/b, not Braille literate.

(Fig. 1, 0-22.72 s) that was subsequently modeled as 3
frames ON and 5 frames OFF. Each fMRI run contained 20
epochs of which 3 randomized epochs (15%) contained one
or two target trials. The average incidence of target trials
was ~7% for four successive image runs (17/240 trials). All
epochs that had at least one target trial were analyzed as
target epochs. The non-target epochs contained only non-
target trials.

Participants were instructed to signal detection of a target
trial by elevating their left index finger. Non-target trials
required no overt movements. Finger movement was visu-
ally monitored and tallied for accuracy. Participants were
informed about the low frequency of target trials and were
instructed to remain vigilant throughout a run.

Parametrically controlled vibrotactile stimuli were deliv-
ered using an air-cooled, Ling Dynamic Systems vibrator
[Sinclair and Burton, 1996] that was made MR-compatible
by copper and mpu-metal shielding, and by shielding all
cables. The mp.-metal shielding and placement of the device

driver several meters from the scanner isolated the driver’s
ferromagnetic core from the MR magnetic field. This dis-
tance was achieved through a 12-foot by % inch titanium rod
that attached to the drive shaft of the vibrator. This rod
ended in a 3.5-mm-diameter plastic probe tip that touched
the fingertip. Alignment and stabilization of the drive rod
were achieved by floating it on concentric, frictionless air
bearings at 100 psi. An external titanium cylinder housed the
drive rod and air bearings. The vibrator was capable of
delivering 10-200-pm sinusoidal excursions at frequencies
of 5-200 Hz. Prior calibrations determined settings for se-
lected vibratory amplitudes that were under computer con-
trol during the experiments. An optical transducer continu-
ously monitored displacement of the drive rod to ~5 pm
resolution, and these signals were recorded (Fig. 1). MRI
experiments with phantoms demonstrated that the vibrator
did not introduce any noise into structural or functional
data.
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Figure I.

Task paradigm and records of tactile vibration stimuli. A: Single
analysis epochs consisted of three successive pairs of tactile
vibrations between 0 and 8.52 s (frames |-3) followed by ~14
s (8.52 to 22.72 s or frames 4—-8) with no stimulation. Each
vibration lasted 750 ms and the interval between pairs was 300
ms. This was followed by 1.5 s for participant responses. Each
vibration pair occurred within, but was not synchronized with,
the beginning of an image frame. B: Paired vibrations were
matched (25-25 Hz or 100—-100 Hz) or unmatched frequencies
(25 and 100 Hz). Matched pairs were non-targets and required
no overt responses; unmatched pairs were targets that partic-
ipants noted by briefly elevating their left index finger. The
illustrated epoch shows two target trials followed by one
non-target trial and was analyzed as a target epoch. C,D:
Expanded views of displacement signals for 25- and 100-Hz
vibrations recorded during a scan session. Amplitudes of the
two frequencies were adjusted to create equal subjective in-
tensities.

An arch attached to the scanner bed held in place the
distal end of the vibrator and a hand rest. The hand rest
aligned the participant’s extended index finger to meet the
probe tip. A collar attached to the arch securely fastened to
the external titanium cylinder of the vibrator. A platform
with a central hole (5.5 mm diameter) was mounted on the
end of the vibrator. Participants rested their fingertip over
this hole rather than pushing directly against the probe tip,
which lay flush with the platform surface, leaving a 1-mm
annulus.

MRI Acquisition and Reconstruction

Images were acquired on a Siemens 3 Tesla Allegra scan-
ner using a standard bird cage head coil. Functional images
were collected with a single-shot, gradient echo, Siemens
echo-planar (EPI) sequence (TR = 2,840 ms, TE = 30 ms, 90°
flip angle) and 32 contiguous 4-mm horizontal slices with
in-plane resolution of 4 X 4 mm. Functional images were
acquired parallel to the AC-PC plane. Functional slice pre-
scriptions were automatically computed on the basis of an
unsupervised procedure that registered a coarse (2 X 2 X 2
mm, TR = 722 ms, TE = 3.93 ms, flip angle = 8°, TI = 380
ms) MP-RAGE sagittal scan [Mugler and Brookeman, 1990]
to an atlas representative target image. Structural images
included a T2-weighted SE horizontal scan (1.33 X 1.33 X 3
mm, TR = 8,430 ms, TE = 98 ms) and a high resolution (1
X 1 X 1.25 mm) T1-weighted sagittal MP-RAGE (TR = 2,100
ms, TE = 3.93 ms, flip angle = 7°, TI = 1,000 ms).

Functional data were passed through a sequence of unsu-
pervised steps to minimize artifact: (1) compensation for
asynchronous slice acquisition; (2) removal of systematic
odd vs. even slice intensity differences due to imperfect slice
excitation profiles that result from contiguous, interleaved
slice acquisition; and (3) realignment to compensate for head
motion within and across runs using difference image vari-
ance minimization [Friston et al.,, 1995a; Snyder 1996]. A
single resampling using fast 3-D cubic spline interpolation
produced results very similar to those obtained by sinc
interpolation [Hajnal et al., 1995].

Our atlas template was produced by mutual co-registra-
tion (12 parameter affine warp) of MP-RAGE images from 12
normal, young adult individuals. This average conforms to
the Talairach system [Talairach and Tournoux, 1988] as de-
fined by the SN procedure [Lancaster et al., 1995]. Atlas
transformation of functional (EPI) data was achieved by
computing a sequence of affine transforms as follows: EPI —
T2W — MP-RAGE — atlas representative target. T2W was a
conventional T2 weighted image, the inclusion of which
helped to minimize systematic EPI — MP-RAGE misregis-
tration caused by EPI distortion and susceptibility artifacts
[Ojemann et al., 1997]. Cross-modal registration was accom-
plished using an in-house variant of the method of Anders-
son et al. [1995]. This procedure required no editing of
extracranial structures and performed with precision com-
parable to or better than AIR [Woods et al., 1993]. Algebraic
composition of transforms (matrix multiplication) generated
the functional EPI — atlas transform. Reslicing the func-
tional data (or any intermediate image) in register with the
atlas then involved only one interpolation. All statistical
analyses were conducted in an atlas space of 2 mm?® and
after spatial smoothing (4 mm FWHM).

Statistical Analyses

Blood oxygen level dependent (BOLD) responses were
analyzed in four stages. First, fixed effects linear methods
[Friston et al., 1995b; Zarahn et al., 1997] were used to
compute t-statistic maps of significant activity for each ep-
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och type (target and non-target) and each participant. This
analysis assumed a delayed gamma function model [Boyn-
ton et al., 1996] that was convolved with the epoch time
course shown in Figure 1 (3 frames ON, 0-8.52 s; 5 frames
OFF, 8.52-22.72 s) to compute the expected hemodynamic
response function (HRF). The latter was cross-correlated
with the estimated time course of BOLD responses per
voxel. The cross-correlation magnitudes represented the ex-
tent that the estimated response time courses followed an
assumed HRF. The residuals from this fit were used to
obtain t-statistics per voxel. The t-statistic maps for each
individual were converted to equally probable z-scores that
were thresholded on the basis of Monte Carlo simulations
[Forman et al., 1995] at a multiple-comparisons corrected
false-detection rate of P = 0.05 (z = 4) over at least 6
contiguous, face-connected voxels. Inspection of these maps
established the pattern of activity in individual participants
(e.g., Fig. 4).

Next, a fixed-effects analysis strategy was used to gener-
ate average z-score maps for each of three groups (EB, LB,
and NS) by epoch type (target and non-target). The aver-
ages, corrected by the square root of sample size, were based
on unthresholded z-score maps for individuals [Bosch,
2000]. These maps were projected onto smoothed and flat-
tened representations of a canonical cortical surface [Van
Essen, 2002a,b] to facilitate evaluation of regional activity
elicited by each epoch type and for comparison of response
topography in blind vs. sighted people (Fig. 2).

The second analysis of group-level differences utilized a
repeated measures, mixed effects ANOVA, treating partici-
pants as a random factor and time (8 image frames), epoch
type, and group as fixed factors. This analysis computed
main effects of time, epoch type, group, and the associated
interactions. The statistical maps indicated the distribution
of voxels with significant F-ratios. The dependent variable of
percent change in MR signal per voxel was calculated using
estimates from the GLM obtained in each participant. F-
ratios for each factor in the ANOVA models were converted
to z-scores whose degrees of freedom were adjusted for
covariance (sphericity correction), thresholded at P = 0.05
for a z-score of 4 over 12 contiguous and face-connected
voxels, and multiple comparison corrected on the basis of
Monte Carlo simulations on random noise patterns [similar
to the method described by Forman et al., 1995]. The z-score
map for the main effect of time identified regions in which
BOLD responses were significantly modulated by the exper-
imental paradigm independent of any a priori assumptions
of an expected HRF. The time-by-group interaction identi-
fied regions in which the response profiles varied between
the groups (see Fig. 5). The time-by-epoch-type interaction
identified regions in which the response profile changed
depending on whether the epoch included any target trials
(see Fig. 8).

To explore group-dependent differences with greater
power than afforded by voxel-wise group analysis, objec-
tively defined regions of interest (ROI) were determined as
follows. The z-score maps for the time, time-by-group, and

time-by-epoch factors from the ANOVA were separately
submitted to a peak (local extremum) search algorithm that
identified multiple loci of maximal z-scores (threshold z
= 4). Loci separated by less than 13.5 mm were consolidated
(by center of mass calculation) to eliminate excess subdivi-
sions due to noise in spatially extended responses. Spherical
(6.75 mm radius) ROIs were centered on the identified peaks
whose coordinates are listed in Tables II and III. These tables
also note Brodmann areas (BA) from the Talairach atlas that
encompassed the peaks [Talairach and Tournoux, 1988].
Regional normalized response time courses were extracted
from each participant and were averaged for each group by
epoch type (see Fig. 6) and across groups for each epoch type
(see Fig. 8).

Group differences in response magnitudes were assessed
with unpaired t-tests. A model-free assessment of regional
response magnitude was used for pair-wise comparisons
between the three groups (EB vs. NS, LB vs. NS, and EB vs.
LB). This approach was needed because response magni-
tudes calculated from cross-correlation with a single HRF
model were not comparable given the varied time courses
observed among the groups (see Fig. 6). Participant regional
response magnitudes were computed for each epoch type as
the difference between the average of responses in frames
4-6 (8.52-17.04 s), which followed the end of tactile stim-
ulation, minus the average baseline signals in frames 1
(0-2.84 s) and 8 (19.88-22.72 s).

Task differences in response magnitudes were assessed
using random effects paired t-tests. Regional cross-correla-
tion magnitudes [based on a fixed delay model, Boynton et
al., 1996] were computed for each epoch type (target and
non-target). This computation of response magnitude per
epoch type was appropriate because response time courses
were more similar within a region for target and non-target
epochs (see Fig. 8).

RESULTS
Task Performance

Participants were >75% accurate in the detection of target
trials (Table I). Accuracy was not significantly different be-
tween blind and sighted groups and was unaffected by age
of blindness onset.

Overview of Activated Cortex Based on Fixed
Effects Average Z-score Maps

Parietal cortex

Average z-score maps from non-target epochs (Fig. 2)
show that activity increased posterior to the central sulcus
along the middle of the postcentral gyrus (Fig. 2, S1). EB
compared to LB and NS had a greater spatial extent of
postcentral activity in S1 (Fig. 2). All groups showed pre-
dominantly overlapping response regions in the parietal
operculum and inferior supramarginal gyrus (Fig. 2, OP/
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Figure 2.

Average z-score maps for positive BOLD
responses by group (early blind, EB; late
blind, LB; sighted, NS) for non-target ep-
ochs are shown overlying inflated canonical
hemispheres and flat maps of visual cortex
(description and methods for creating flat
maps can be found in Drury et al. [1996],
Van Essen et al. [1998, 2001], and Van
Essen [2004]. Borders and labeling of visual
areas are from prior identifications in
sighted people [Hadjikhani et al., 1998;
Tootell et al., 1996, 1997, 1998; Van Essen,
2002a, 2004]. LOC: lateral occipital com-
plex; MT: medial temporal area; OP/SMGi:
parietal operculum/ inferior supramarginal
gyrus; Sl: primary somatosensory area;
SMGs: superior supramarginal gyrus; Vld,
Vlv: dorsal and ventral primary visual ar-
eas; V2d, V2v: dorsal and ventral second
visual areas; V3, V3A: third visual areas;
V4v: ventral fourth visual area; VP: ventral
posterior visual area; V7: seventh visual
area; V8: eighth visual area.

o e

10e 10e
p value of z-score
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TABLE Il. Regional t-test analyses of groups*®

EB vs NS LB vs NS EB vs LB
X,Y,Z Region t P t P t P
Time effect
Target epochs
Left Hem (LH) —3,-94,-2 LBCS, V1 1.09 0.2941 1.32 0.2066 2.14 0.0492
Right Hem (RH) 20,—94,—4 LBCS, V1 1.10 0.2899 0.21 0.8365 0.50 0.6250
Non-target epochs
LH —3,—94,-2 LBCS, V1 1.83 0.0886 0.49 0.6326 2.10 0.0529
RH 20,—94,—4 LBCS, V1 1.51 0.1533 1.06 0.3059 0.11 0.9139
Time-by-group effect
Target epochs
LH -3,-93,4 UBCS, V1 2.72 0.0166 0.20 0.8442 2.99 0.0092
—5,-94,13 Cun, V3 3.26 0.0057 0.89 0.3875 2.50 0.0245
—20,—88,19 MOG, V7 3.32 0.0051 3.25 0.0054 1.67 0.1156
—40,—82,—6 I0G, LOC 5.28 0.0001 4.20 0.0008 1.90 0.0768
—33,—-74,—16 ITG/FG, BA37 521 0.0001 6.41 0.0000 0.79 0.4418
RH 14,—90,25 SOG, V3 4.33 0.0007 1.57 0.1373 2.51 0.0240
29,—80,—14 FG, V4v 3.80 0.0020 1.96 0.0688 2.00 0.0639
25,—87,17 MOG, V7 3.27 0.0056 2.85 0.0122 1.65 0.1197
38,—83,5 10G, LOC 3.12 0.0075 2.59 0.0205 1.80 0.0920
46,-72,—7 ITG, MT 6.78 0.0000 5.04 0.0001 1.51 0.1518
43,-59,—-13 ITG/FG, BA37 4.19 0.0009 3.46 0.0035 1.93 0.0727
53,—6,37 PCG, BA3,1 3.10 0.0078 2.84 0.0124 1.04 0.3148
33,21,3 Insula 415 0.0010 0.36 0.7239 4.65 0.0003
Non-target epochs
LH —3,-93,4 UBCS, V1 2.68 0.0179 0.69 0.5007 2.61 0.0197
—5,-94,13 Cun, V3 3.31 0.0052 0.64 0.5318 3.12 0.0070
—20,—88,19 MOG, V7 271 0.0169 1.84 0.0856 1.74 0.1023
—40,—82,—6 10G, LOC 2.86 0.0126 3.54 0.0030 1.13 0.2762
—33,—-74,-16 ITG,BA37 1.90 0.0782 3.93 0.0013 0.31 0.7608
RH 14,-90,25 SOG, V3 2.82 0.0136 0.55 0.5904 2.80 0.0135
29,—80,—14 FG, V4v 3.10 0.0078 2.69 0.0168 0.60 0.5575
25,—87,17 MOG, V7 2.72 0.0166 1.38 0.1878 3.29 0.0050
38,—83,5 I0G, LOC 2.88 0.0121 1.34 0.2002 4.67 0.0003
46,—72,—7 ITG, MT 5.70 0.0001 2.98 0.0093 2.87 0.0117
43,-59,—13 ITG/FG, BA37 3.72 0.0023 4.13 0.0009 191 0.0754
53,—6,37 PCG, BA3,1 2.89 0.0119 2.78 0.0140 0.40 0.6948
33,21,3 Insula 3.79 0.0020 0.16 0.8750 4.10 0.0010

*BA, Brodmann Area; Cun, cuneus; FG, fusiform g.; IOG, inferior occipital g.; ITG, inferior temporal g.; LOC, lateral occipital complex;
LBCS, lower bank calcarine s.; MOG, middle occipital g.; PCG, postcentral g.; SOG, superior occipital g.; UBCS, upper bank calcarine s.

SMGi)? and along the anterior intraparietal sulcal cortex and
superior supramarginal gyrus (Fig. 2, SMGs). However, in
the superior parietal lobule the trend for differential activity
was EB>LB>NS in left SMGs and bilaterally in cortex me-
dial to the anterior half of the intraparietal sulcus (Fig. 2).
All groups showed activity in S1 and OP, contralateral
(left hemisphere) to the stimulated finger with similar mag-
nitude positive BOLD responses during non-target epochs
(Fig. 3B). A 16-mm diameter S1 region, located on the crown
of the postcentral gyrus in presumptive BA 1 (Fig. 3A), was

ZRegion labeled OP includes the second somatosensory areas (S2).
However, a distinct S2 is not distinguishable in the current images
given the continuity of activity in SMGi.

centered on the spatial extent of S1 activity identified in
Figure 2 for the NS participants. The boundaries of this S1
region extended anterior into the posterior bank of the cen-
tral sulcus where it presumably included BA 3 cortex. A
16-mm-diameter left OP region was centered on the most
superficial upper bank portion of the lateral sulcus, which
encompassed the average activity noted across the parietal
operculum (Fig. 2). The exact mirror coordinates were se-
lected for a right OP region, where response magnitudes
were similar and strongly correlated (n = 208, r = 0.72, P
< 0.0001) with those in the left OP (Fig. 3C). The average %
MR signal changes per voxel in these S1 and OP regions
were unaffected by the age of blindness onset, as shown by
the horizontal slopes in Figure 3D (S1: m = —0.001, r = 0.07;
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TABLE Ill. Regional t-test analyses of epoch types
(Non Target-Target)*

Time-by-epoch type effect

X,Y,Z Region t P
LH
Ft -16,21,38 SFS, BA8 4.80 0.0001
-39,10,03 Insula —5.69 0.0000
—35,07,38 MFG, BA8 2.89 0.0082
-05,07,37 CG, BA32 —4.27 0.0003
—08,—18,62 SMA, BA6 -2.76 0.0112
Pt —43,—-29,50 PCG, BA3 -3.35 0.0028
—17,—34,65 PCG, BA3,1 —-2.41 0.0242
—56,—18,37 PCG, BA1 —3.65 0.0013
—31,—-37,44 PCG, BA2 —2.35 0.0189
—-35,-27,17 Parietal Oper, OP -5.15 0.0000
—42,—-40,17 SMGi, BA40 -2.89 0.0039
—18,—48,64 SMGs, BA7 211 0.0463
—14,-29,47 CG, BA31 —2.78 0.0055
RH
Ft 03,—14,54 MeFG, SMA -7.85 0.0000
05,—02,46 CG, BA31 -9.69 0.0000
23,—16,61 PrCG, BA4,6 —4.63 0.0001
35,—25,60 PrCG, BA4 —4.34 0.0002
Pt 51,—18,44 PCG, BA3,1 —2.44 0.0228
48,—14,16 Parietal Oper, OP —2.51 0.0196
57,—45,25 SMGi, BA40 -5.19 0.0000
31,—46,53 SPL, BA5 —5.46 0.0000
51,—31,39 SMGs, BA7 —2.68 0.0133
48,—51,41 SMGs, BA7 -3.76 0.0010
03,—38,57 PreCuneus, BA5 2.49 0.0205
14,—44,16 CG, BA31 3.92 0.0007
01,—61,63 PreCuneus, BA7 -3.90 0.0007
00,—72,53 PreCuneus, BA7 -5.31 0.0000

* CG: cingulate g.; Ft, frontal cortex; IFG: inferior frontal g., frontal
cortex; LH: left hemisphere; MeFG: medial frontal g.; Pt: parietal
cortex; MFG: middle frontal g.; PCG: postcentral g.; PrCG: precen-
tral g.; RH: right hemisphere; SFS: superior frontal s.; SPL: superior
parietal lobule; SMG: supramarginal g.

OP, left: m =
=0.27).

—0.001, r = 0.05; OP, right: m = —0.006, r

Frontal cortex

Anterior inferior frontal operculum and medial superior
frontal gyrus showed relatively similar activity distributions
in all groups (Fig. 2). In the left prefrontal cortex there was
a trend of NS>LB>EB.

Occipital-temporal cortex

A flattened rendering of this cortex (Fig. 2, right column)
is shown with the distribution of activity overlaid by likely
borders of visuotopic visual areas previously identified in
sighted people [Hadjikhani et al., 1998; Tootell et al., 1996,
1997, 1998; Van Essen 2002a, 2004]. These flat maps are
artificially split along the calcarine sulcus and show upper
bank regions more superior. Within each visual region, these
maps plot more posterior cortical locations closer to the split.

Activity extended from the occipital pole to adjacent oc-
cipital-temporal and occipital-parietal cortex in EB. The ac-
tivity affected the upper and lower banks of the calcarine
sulcus, lingual gyrus, cuneus, fusiform gyrus, occipital gyri,
and inferior temporal gyrus, which in reference to defined
visual areas in sighted people involved V1 to MT (Fig. 2). On
the right, activity was especially concentrated closer to the
calcarine sulcus split, which indicates a more posterior cor-
tical location (Fig. 2). Individual z-score maps from all EB,
although variable, confirm the posterior location of suprath-
reshold activity in V1 (Fig. 4).

In LB, bilateral activity was restricted to posterior occipital
and adjacent occipital-temporal cortex where it involved
extreme posterior domains of both banks of the calcarine
sulcus, especially on the left, and thus affected V1-V4v re-
gions representing foveal and parafoveal representations as
defined in sighted people [Tootell et al., 1995, 1997, 1998]
(Fig. 2). Individual z-score maps from only three LB partic-
ipants had statistically significant responses in the V1 region
(Fig. 4, LB1, 11, and 14). Other LB participants may have
contributed to the V1 pattern shown in the average z-score
maps, but the activity in these individuals was not statisti-
cally significant on its own.

In NS, minimal occipital cortex activity was largely restricted
to the occipital cortex for V1 where it was centered some
distance from the extreme posterior pole. This portion of the
calcarine sulcal cortex includes the parafoveal parts of V1 (Fig.
2). Despite the apparent consistent location of V1 responses to
vibrotactile stimuli in NS, only three NS participants showed
statistically significant positive BOLD responses in V1 (Fig. 4,
NS2, NS5, and NS6). Statistically non-significant activity in
individual z-score maps may have contributed to the distribu-
tion shown in the average NS z-score map.

Mixed Effects Group Analysis of Group Differences

Regions identified from the mixed effects ANOVA analysis
did not involve any assumptions about the shape or magni-
tude of hemodynamic responses. Results from the time (BOLD
response over the course of an 8 frame epoch) and time-by-
group effects indicate, respectively, cortical areas with signifi-
cant BOLD modulations irrespective of blindness and those
areas uniquely activated in the different groups. Most of the
identified regions had positive BOLD responses in blind par-
ticipants and were located in areas normally associated with
vision in sighted individuals. The fixed effects group average
z-score maps showed activity distributed more widely than the
regions identified with the ANOVA. However, this difference
arises because the ANOVA is less affected by large contribu-
tions from a few individuals and shows regions generally
utilized in the vibrotactile task. The importance of the ANOVA
results is that they allow high confidence in generalizing the
involvement of the identified regions.

Areas along and near the banks of the calcarine
sulcus, VI, V2

The map based on the time effect revealed significant
modulation over the course of an epoch along the calcarine
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Figure 3.

BOLD responses during non-target epochs in somatosensory cortex.
A: Locations of analyzed S| and OP regions in the left hemisphere are
illustrated on a partially inflated canonical brain. B: Response time
courses for each group (early blind, EB; late blind, LB; and sighted, NS)
in S| and bilaterally in OP. Talairach coordinates of the regional
centers-of-mass are listed in parentheses. C: Left and right hemi-

EEIQ*

Y=-95
NS 3 NS 4

a“...

--39 Y=-87 -437

sphere time course cross-correlation. Each point is one of the mea-
surements in the time course. The axes are in average % MR signal
change per voxel. D: Response magnitudes in somatosensory regions
at different ages of blindness onset. Linear regression lines were fit to
data from blind participants only. Results from NS are shown on the
extreme right of each graph.

EB 13*

EBE 14 EB 16%*

¥=-93
NS 5

p value of z-score

Figure 4.
Individual participant z-score maps showing activity in posterior occipital cortex. Coronal sections
(in Talairach atlas space) [Talairach and Tournoux, 1988] for each participant were selected to show
the maximum activity in or near V1. Participant labels cross-reference to demographic character-
istics listed in Table | (early blind, EB; late blind, LB; sighted, NS).
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Figure 5.
Selected coronal sections (in Talairach atlas space) [Talairach and
Tournoux, 1988] and flat maps through visual cortex regions
identified from the effects of time (top) and time-by-group (bot-
tom) factors in a voxel-based ANOVA. See Figure 2 for abbrevi-
ations and citations that explain flat maps. LH, left hemisphere; RH,
right hemisphere.

sulcus (Fig. 5, Y = —95) and adjoining lingual gyrus and
cuneus. Bilateral activity was identified along both banks of
the calcarine sulcus but the peaks were centered on the
lower bank (LBCS) in posterior occipital cortex within this
portion of the time effect map. Visualization of these voxels
on a flat map, overlaid with borders for the visuotopic visual
areas defined in sighted people (Van Essen, 2004], shows the
modulated activity involved V1, especially on the right.
Separate V2 regions in the lingual gyrus and cuneus, how-
ever, were not objectively definable given proximity to the
V1 responses and the parameter settings used in our peak
search. These time effects in the ANOVA are consistent with
all groups showing similar positive BOLD responses bilat-
erally in LBCS, V1 regions (Fig. 6, row A). There was a trend

of larger responses in EB vs. LB on the left during both
epochs (Table II, LBCS, V1, P = 0.049 and 0.052).

The time-by-group analysis identified another calcarine
sulcal region with activation that differed between the
groups. The peak for this region was on the left upper bank
(UBCS) away from the posterior occipital pole (Fig. 5, Y
= —93). The flat map illustrates that this region was con-
fined to V1 (Fig. 5, left flat map) and did not involve the
neighboring cuneus or V2d region, which indicates that only
the UBCS, V1 region had differing responses between the
groups. The time course plots from the UBCS, V1 region
show that the major source of the between group variance
was significantly larger positive BOLD responses in EB com-
pared to LB and NS and predominantly late negative re-
sponses in LB and NS (Fig. 6, row B; Table II: UBCS, V1).

Cuneus and superior occipital gyrus, V3-V3a

The time effect map (Fig. 5, Y = —95) and the time-by-
group effect map (Fig. 5, Y = —93) showed similar distribu-
tions of significant voxels in the cuneus (Cun) and adjoining
superior occipital gyrus (SOG). The flat map shows that
these regions involved visuotopic visual areas V3-V3a (Fig.
5), which is consistent with the distributions shown for EB
and LB but not NS in the average z-score maps (Fig. 2). Time
courses for the bilateral Cun and SOG regions identified
from the time-by-group effect show large sustained positive
BOLD responses in EB compared to earlier shallow positive
followed by delayed negative BOLD responses in LB and NS
groups for target and non-target epochs (Fig. 6, row C; Table
II: Cun, V3 and SOG, V3-V3a).

VI vs. V3

A similar pattern of group differences is seen throughout
the V1 and V3 territory for both epochs. This especially
includes a sustained late positive BOLD response in EB. The
group differences, however, are slightly less marked in
LBCS compared to UBCS and V3 (Fig. 6, Table II), such that
the LBCS appears in the time effect map (Fig. 5) and UBCS
and V3 appear in the time-by-group effect map (Fig. 5).

Fusiform gyrus, V4v

The right fusiform gyrus (FG) contained significant voxels
in the time-by-group effect map (Fig. 5, Y = —83), which the
flat map shows were located within the probable borders of
visual area V4v. Positive BOLD responses during non-target
epochs in EB and LB, and during target epochs in EB,
differed significantly from the negative BOLD responses in
NS (Fig. 6, row D; Table II, FG, V4v).

Middle occipital gyrus, V7

Bilaterally, the middle occipital gyrus (MOG) contained
significant voxels in the time-by-group effect map (Fig. 5, Y
= —83) that fell within the probable boundaries set for the
V7 visual area [Van Essen, 2004]. EB showed consistently
larger positive BOLD responses compared to LB (Fig. 6, row
E). EB responses differed significantly from negative BOLD
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Figure 6.

Regional time courses extracted for each epoch type and group are
plotted for regions of interest identified from the effects of the time
(A) or time-by-group (B-H) in a voxel based ANOVA. Data at each
time point show group mean and S.E.M. (early blind, EB; late blind, LB;
sighted, NS). Plots from left hemisphere regions are shown in the left
two columns and those from right hemisphere regions are shown in

the right two columns. Each region is identified by its cortical location,
visual area, and atlas coordinate location for the regional center of
mass. The plots are arranged to follow the top-to-bottom and left-
right order of regions shown on the coronal sections in Figure 5. Cun:
cuneus gyrus; FG: fusiform g; IOG: inferior occipital g; LG: lingual g;
MOG: middle occipital g; SOG: superior occipital g.
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responses in NS for both epoch types (Table II, V7, MOG).
Smaller LB positive responses also differed significantly
from NS responses during target epochs (Table II). On the
right, during non-target epochs, however, LB responses
were slightly negative (Fig. 6, row E) and differed signifi-
cantly from EB responses (Table II).

Inferior occipital gyrus, LOC

Bilaterally the inferior occipital gyrus (IOG) contained
significant voxels in the time-by-group effect map (Fig. 5, Y
= —83) that fell within the probable borders of LOC identi-
fied in sighted people [Tootell et al., 1996]. Other studies
extend the boundaries of LOC anterior and ventral [i.e.,
Amedi et al., 2002; Van Essen, 2004], which encompass the
presence of widespread activity throughout IOG in EB and
LB, but not NS (Fig. 2). EB had relatively similar positive
BOLD responses bilaterally for both epoch types that were
significantly larger than the negative BOLD responses in NS
(Table II, IOG, LOC). Responses in LB resembled those for
EB only on the left (Fig. 6, row F) where they similarly
differed significantly from the NS responses (Table II).

Posterior inferior temporal sulcus and gyrus, MT

The right posterior inferior temporal gyral/sulcal region
(ITG) contained significant voxels in the map for the time-
by-group effect (Fig. 5, Y = —71). The flat maps include this
posterior portion of ITG/ITS within the probable borders of
the MT/V5 visual area in sighted people [Tootell et al., 1995,
1996; Tootell et al., 1995]. Both groups of blind people
showed similar positive BOLD responses in MT/V5 (Fig. 6,
row G) during both epoch types that differed significantly
from the negative BOLD responses in NS (Table II, IOG,
MT). On non-target epochs, the EB responses were larger
than those in LB.

Anterior inferior temporal and fusiform gyri, BA 37

The map for the time-by-group effect showed a cluster of
significant voxels further anterior that were centered in the
inferior temporal gyrus (Fig. 5, Y = —63); the cluster ex-
tended medially into the fusiform gyrus (ITG/FG). This
distribution, which lay outside probable visuotopic visual
areas defined in the flat maps, is labeled BA37 in the Ta-
lairach atlas [Talairach and Tournoux, 1988]. EB and LB had
significantly larger positive responses during target epochs
than the negative responses recorded in NS bilaterally
within this ITG/FG region (Fig. 6, row H; Table II, ITG/FG,
BA37). During non-target epochs, EB and LB again differed
significantly from NS in the right hemisphere (Table II).

Summary

Across most of the visual cortex, activity in EB always
showed a positive peak at a mid-time interval. In contrast,
NS activity tended to do the reverse. These distinctions are
least evident in V1 and more evident in more distant extra-
striate regions. LB activity mimicked NS activity in V1, but

increasingly approximated EB activity in more distant extra-
striate regions.

In general, activity distributions observed with fixed (Fig.
2) and mixed (Fig. 5) effect analyses provided complemen-
tary results. However, discrepancies were greatest where a
group’s temporal response profile departed from the HRF
used in the z-score analyses. The random effect correction
used in the ANOVA discounted distortions introduced into
the average z-score map by response magnitudes in a few
participants. Furthermore, z-score maps indicate response
direction while the ANOVA time factor shows the presence
of response modulation.

Angular gyrus, BA 39

An extended cluster of significant voxels was centered in
the angular gyrus in the time effect map (Fig. 5). This dis-
tribution, which lay anterior to the visuotopic area borders
illustrated in the flat maps, is labeled BA39 in the Talairach
atlas [Talairach and Tournoux, 1988]. All groups showed
similar negative BOLD responses in this region.

Age of blindness onset

Average MR signal changes per voxel in visual cortex
decreased with the age of blindness onset. Within the prob-
able borders of V1, V3, V4v, MT, and LOC, for example,
activity during both epoch types declined for the LB group
who had lost sight after age 12 (Fig. 7). However, some LB
individuals showed suprathreshold activity (Fig. 4). None of
the linear regressions were significantly different from a
zero slope nor do they differ between regions. This likely
reflected the small degrees of freedom and mostly single
data points for ages >0.

Mixed Effects Group Analysis of Epoch Type
Differences in Parietal and Frontal Cortex

The following emphasizes a contrast between responses
across groups to the target and nontarget epoch types be-
cause, with one exception: there were no group differences
in frontal and parietal regions. Only a right postcentral gyral
region, identified in the time-by-group effect map (Table II,
PCG, BA3, 1), showed significantly larger responses in EB
and LB vs. NS for both epoch types.

Parietal cortex

All groups had significantly larger positive BOLD re-
sponses in all somatosensory cortex regions during target
epochs (Fig. 8, Table III, negative t-values when comparing
non-target to target epochs). Left hemisphere regions, con-
tralateral to the stimulated finger, included subdivisions of
the postcentral gyrus that spanned from the posterior bank
of the central sulcus to the anterior bank of the postcentral
sulcus (BA 3, 1, and 2). In addition, a large swath of activity
occupied the parietal operculum and adjoining SMGi. On
the right, the regions included the postcentral gyrus (BA3,1),
parietal operculum, and adjoining SMGi (Table III). Re-
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Figure 7.
Magnitude of BOLD responses as a function of age of blindness
onset in defined regions. Title for each graph identifies the ana-
tomical location, visual area, and atlas coordinates for the centers
of mass from the ANOVA effects (see Table Il). Each point shows
single participant mean and S.E.M. for target and non-target epoch

types.

sponse time courses differed between epoch types especially
in OP bilaterally. As shown in Figure 8, the positive aspect of
the responses in OP during target epochs peaked within ~5
sec; this was followed by a pronounced negativity with a
peak at ~15 s. There was only a small positive BOLD re-
sponse during non-target trials (Fig. 8, OP graphs). Addi-
tional right hemisphere activity was noted in the cortex
medial to the anterior tip of the intraparietal sulcus (BA 5)
and several regions within SMGs and precuneus (BA7). The
peak of the positive response in SMGs was especially de-
layed to ~15 s.

Frontal cortex

Right hemisphere motor areas in the precentral gyrus (BA
4 and 6), bilaterally in medial frontal cortex (supplementary
motor area, BA6) and adjacent cingulate cortex (BA32) had
significantly larger positive BOLD responses during target
epochs (Fig. 8, Table III).

Left superior and medial portions of SMGs (BA7), supe-
rior frontal sulcus and middle frontal gyrus (BAS), and right
medial parietal cortex in the precuneus (BA5) and posterior
cingulate (BA31) showed significantly more negative BOLD
responses during target epochs (Table III, positive t-values).

DISCUSSION
Visual Cortex Activity to Vibrotactile Stimulation

A relatively simple vibrotactile discrimination task acti-
vated striate and extrastriate parts of visual cortex in blind
people. Early blind showed the greatest involvement of
visual cortex, but a few LB participants had some visual
cortex activity that included instances of V1 responses. Prior
findings that visual cortex in blind people exhibits striking
responsiveness during language tasks may be a consequence
of adaptations to process non-visual information. This inter-
pretation is consistent with demonstrations of cross-modal
visual cortex (including V1) activity in visually deprived
animals where language is not a factor [Hyvérinen et al.,
1981; Kahn and Krubitzer, 2002; Newton et al., 2002; Rausch-
ecker, 1995].

Many studies show that tactile stimulation, including
that associated with Braille reading, activates visual cor-
tex in blind people [Amedi et al., 2003; Biichel et al., 1998;
Burton et al., 2002a; Gizewski et al., 2003; Melzer et al.,
2001; Sadato et al., 1996, 1998, 2002; Uhl et al., 1991, 1993].
However, several issues confound interpretation of these
earlier findings because few previous studies utilized a
strictly passive tactile discrimination task. First, explicit
language effects were present in studies where partici-
pants read Braille words [Amedi et al., 2003; Burton et al.,
2002a; Gizewski et al., 2003; Melzer et al., 2001; Sadato et
al., 1996, 1998; Uhl et al., 1991, 1993]. Language processes
also might have been engaged in studies that used Braille
letter patterns [Biichel et al., 1998; Sadato et al., 2002] since
a proficient Braille reader could first identify the Braille
letter as an aid to the tactile discrimination task. This
strategy might explain the higher percentage of correct
trials in a Braille pattern match/no-match task that was
reported for early blind participants, who are normally
better readers (EB 80.7% vs. 57.8% for LB and 59.2% for
NS) [Sadato et al., 2002]. Second, studies that used non-
Braille tactile stimulation, mostly as controls [Gizewski et
al., 2003; Sadato et al., 1996, 1998; Uhl et al., 1991, 1993],
included haptic behavior for stimulus delivery, which
intertwined the effects of hand movement with tactile
stimulation [Gizewski et al., 2003; Sadato et al., 2002], or
used uncontrolled manual application of the stimuli [Uhl
et al., 1991, 1993].

The present study avoided a language confound by
using single frequency sinusoidal vibrations that were
readily compared without naming the stimuli. The mixed
effects ANOVA of time-by-group or time-by-epoch-type
effects found no indication that activity in the language
areas [Bookheimer, 2002] differed among the groups or
epoch types, which suggests that any possible verbal tag-
ging of the stimuli was identical among the groups. In
addition, haptic behavior was avoided by passively stim-
ulating the same fingertip location in all participants with
controlled and consistently specified vibrations. Possible
movement of the stimulated finger was also minimized by
passively constraining the hand and fingertip and by
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Selected sagittal sections (in Talairach atlas space) [Talairach
and Tournoux, 1988] and flat maps through sensorimotor
cortex regions identified from the effect of the time-by-epoch-
type factor in a voxel based ANOVA. Brodmann area (BA)
borders for BA 4, 3, |, 2, 5, and 7 taken from a canonical brain
[Van Essen et al,, 1998; Van Essen, 2002a, b]. Regional time
courses extracted for each epoch type are plotted for regions

supporting the arm on cushions. However, a task requir-
ing some discrimination behavior was potentially of crit-
ical importance to revealing cross-modal adaptations in
visual cortex. Merely stimulating a cutaneous nerve elec-
trically does not appear to activate visual cortex in blind
people [Gizewski et al., 2003].

There was no long-term memory component to the one-
back vibrotactile matching task, and participants needed
only a few training trials to learn the task just minutes before
scanning. However, short-term (300 ms) sensory memory
was needed for the matching task. Thus, neither long-term
verbal memory [Amedi et al., 2003] nor higher level lan-
guage processes [Burton, 2003; Burton et al., 2003] ade-
quately account for group differences in visual cortex activ-
ity to tactile stimulation.

where cross-correlation response magnitudes differed signifi-
cantly between target and non-target epochs. Plots from the
left hemisphere (LH) regions are shown on the left and those
from the right hemisphere (RH) regions are shown on the right
in the vertical order that the regions are labeled on the brain
images. OP: parietal operculum;SMGi, SMGs: inferior and su-
perior parts of supramarginal gyrus.

Cross-modal adaptation vs. an existing feature

A parsimonious interpretation of the present findings is
that somatosensory activation of visual cortex is a neces-
sary adaptation to blindness at least in Braille readers.
Others have suggested these changes constitute a compe-
tition between modalities that are coupled with anatom-
ical networks designed for single modalities and are ex-
pressions of an existing metamodal capability [Pascual-
Leone and Hamilton, 2001]. A corollary notion is that the
sensory systems are not separate entities, but are capable
of being influenced by different modalities depending on
the task. For example, unimodal visual activation of ex-
trastriate visual areas in the fusiform and lingual gyri can
be affected by a touched hand on the same side as the
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visual stimulus [Macaluso and Driver, 2001; Macaluso et
al., 2002].

Recent studies with sighted people strengthen the sugges-
tion that tactile processing in visual cortex derives from an
existing somatosensory processing capability rather than a
dramatic alteration induced by blindness. The principal
findings were that visual cortex excitability increased after
60 min of no vision [Boroojerdi et al., 2000] and responded to
tactile stimulation after subjects wore blindfolds for 5 days
[Pascual-Leone and Hamilton, 2001]. Sighted people also
show increased tactile acuity following exposure to short-
term visual deprivation (90 min) [Facchini and Aglioti 2003];
(5 days) [Kauffman et al., 2002]. The heightened tactile acu-
ity obtained in sighted participants resembles that reported
in congenitally blind people [Goldreich and Kanics, 2003;
Stevens et al., 1996; Van Boven et al., 2000].

An existing metamodal capacity in visual cortex predicts
that tactile stimulation ought to activate similar visual cor-
tical areas despite differences in age of blindness onset
(ABO). However, despite evidence for some visual cortex
activity in all late blind individuals, early blind showed
responses in more visual cortical areas. This suggests that
ABO inversely affects visual cortex plasticity [Cohen et al.,
1999]. In addition, early blind are more adaptive than late
blind because they showed significantly greater response
magnitudes in visual cortex regions defined from the time-
by-group effect (i.e., V1, V3, V7, LOC, and MT), and the
magnitude of the responses in these regions declined in late
blind who lost all sight after age 12 years. These results
suggest greater adaptive changes in early blind rather than
an existing metamodal capacity revealed by any blindness.
Except for three sighted people showing activity in an iso-
lated part of V1, no other visual areas showed positive
responses in the sighted group, although these individuals
wore blindfolds for >1 hr during a scanning session. This
indicates that a visual cortex response to tactile stimulation
in blindness is not necessarily an existing property that
reveals a metamodal capacity. Thus, cross-modal responses
in blind people constitute adaptations that have a critical
period of susceptibility [Cohen et al., 1999] as these changes
are more likely to be expressed at younger ABO and are
especially prominent in congenital or early blind people.

Distinctions between visual areas

Comparisons between the current average z-score maps
and those noted previously [Burton et al.,, 2002a, 2002b,
2003] show several similarities and one notable difference in
the organization and extent of activated visual cortex. As in
these previous studies, the early blind group had the most
extensive bilateral activation in areas V1-MT. In contrast to
prior findings, the average z-score maps in the early blind
showed activity throughout the foveal and adjacent parafo-
veal eccentricities of retinotopic components of the visual
areas. The average z-score maps in late blind showed activ-
ity that was even more confined to the foveal eccentricities.
This contrasts with little or no activity in comparable foveal
eccentricities in our prior studies, all of which involved a

language task [Burton et al., 2002a, 2002b, 2003]. A specula-
tive interpretation of this difference is that in the present
study participants focused attention on tactile stimulation of
a single fingertip as opposed to language. Consistent with
this notion of task-based distinctions in visual cortex pro-
cessing, we observed declining response magnitudes in all
visual cortical areas at different ages of blindness onset,
which contrasts with relatively constant V1 response mag-
nitudes across all blind people, irrespective of ABO for
semantic and phonological language tasks [Burton et al.,
2003].

An interpretation of visual cortical areas activated by a
tactile task is to view the group responses to touch as uni-
form and holistic rather than as activity in specific visuo-
topic entities defined in sighted people. This suggestion
gains support from finding overall similarities between the
temporal profiles of BOLD responses between regions. Some
of this comparability possibly derives from overlapping con-
tributions of activity between neighboring regions, given
limitations in intersubject averaging. However, the distance
between the UBCS and several extrastriate regions (e.g.,
LOC in IOG) partially allays this caution. Nevertheless, task
modulation of responses in the upper bank of the calcarine
sulcus predicts the time course of responses in the cuneus or
inferior occipital gyrus (i.e., in the left hemisphere V1 vs. V3
and V1 vs. LOC).

It remains unknown whether the activity in these dif-
ferent regions indicates distinct processes. However, dif-
ferences in activated portions of visual cortex observed in
various studies (the current study vs. Burton et al., 2002a,
2002b, 2003] suggest selective processing appropriate to
task demands, which also implicates the functional utility
of this activity in blind people. Thus, parts of visual cortex
essential for somatosensory processing differ from those
engaged during semantic language tasks in blind people.
Differences in the spatial extent of visual cortex activated
in early compared to late blind people also implies
possible distinctions in the way that visual cortex con-
tributes to task performance in these two groups. Clari-
fying the nature of these processes will require further
study.

Visual stimulus attributes that engage these regions in
sighted people have few parallels in blindness. For exam-
ple, activity in or adjacent to the calcarine sulcus, though
clearly involving V1, do not point toward processing
shape details of a tactile stimulus, for which V1 is highly
selective for visual stimulation in sighted people. Simi-
larly, although tactile motion activates MT in sighted
people [Hagen et al., 2002], there was no movement across
the skin in the vibrotactile stimulation that activated MT
in blind but not sighted people in the present study.
However, we used canonical anatomical boundaries to
reference the active regions in blind people to the visual
areas identified in sighted people as an implied interpre-
tation that these regions have selective, and as yet unde-
fined, functions in blind people.
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Visual areas, like the lateral occipital complex (LOC),
that show responsiveness to somatosensory stimuli in
sighted people, might provide similar functions even with
blindness. For example, portions of LOC show activity
during somatosensory macro-object recognition tasks in
sighted people [Amedi et al., 2002; James et al., 2002;
Stoesz et al., 2003]. But these findings do not discount a
likely cross-modal interpretation of LOC activity in blind
people because in the present study the non-spatial vibro-
tactile discrimination task did not evoke LOC responses
in sighted people. This is consistent with a previous re-
port of no LOC activity for a discrimination task that
involved micro-spatial tactile features [Stoesz et al., 2003].
Visual imagery of objects or spatial locations also acti-
vates comparable parieto-occipital regions in sighted and
blind people [Arno et al.,, 2001; Vanlierde et al., 2003].
Tactile-visual cross-modal shape-matching activates a re-
lated posterior portion of parietal-occipital cortex in
sighted people [Saito et al., 2003]. Some sighted partici-
pants who had V1 responses in the present study might
have used visual imagery to “reconstruct the local geom-
etry” [Kosslyn et al., 2001] of the vibrator on the finger.
However, in the present study the dominant effect in most
visual areas in sighted people was a delayed and sus-
tained negative BOLD response, which normally suggests
suppressed activity [Drevets et al., 1995; Gusnard and
Raichle 2001; Haxby et al., 1994]. This further emphasizes
that the positive BOLD responses in these same visual
areas in blind people represent a mechanism adapted to
tactile discriminations rather than visual imagery of the
tactile stimulation.

Somatosensory Cortex Activity
Primary somatosensory cortex, S|

An extensive literature shows expansions in primary so-
matosensory cortex (S1) of the representation of used fingers
[Buonomano and Merzenich, 1998; Elbert et al., 1995; Jenkins
et al.,, 1990; Merzenich and Jenkins 1993; Ramachandran and
Hirstein 1998; Recanzone et al., 1992¢]. Because Braille liter-
acy relies on extensive and continuous finger usage, Braille
proficient blind people might have an expanded S1 region
contralateral to their Braille reading hand. Only the early
blind group showed an expanded zone of left hemisphere S1
activity. These individuals generally read faster, were daily
Braille readers, and mostly read with their right hand.
Larger representations of sensorimotor regions have been
reported previously in the distribution of surface-evoked
potentials [Pascual-Leone and Torres, 1993] and in neuro-
magnetic recordings of a greater distance between the di-
poles for stimulated fingers on the Braille reading hand
[Sterr et al., 1998].

S1 expansions only in early blind might reflect different
Braille reading styles from the late blind. Millar [1997] has
shown that proficient Braille readers attend to a temporally
dynamic texture stimulus based on the dot-gap density dif-
ferences across Braille cells and words. Fluent readers also

use top-down lexical and linguistic information to direct
Braille reading. Less fluent readers, who often are late blind,
apparently rely more on the shape of individual Braille cells
and utilize phonemic and phonological clues to extract
meaning from a text [Millar, 1997]. These distinguishable
reading styles could reflect different levels of tactile infor-
mation usage. Although there was no statistical difference in
the reading speeds of our two groups, we did not rigorously
assess their ability to extract meaning from the test text. Our
slowest readers were late blind, and average images that
included activity from these individuals might have dimin-
ished average S1 spatial extent in this group.

In contrast, S1 response magnitudes were identical be-
tween the groups for each of the epoch types, and did not
change with age of blindness onset. A prior report from a
PET study showed larger regional cerebral blood flows in
sensorimotor cortex contralateral to the preferred Braille
reading finger in early blind [Sadato et al., 1998]. Generally,
greater rCBF in PET would coincide with greater response
magnitude in fMRI. Task differences and group differences
in performance might explain the absence of correspon-
dence between PET and fMRI measurements. In the PET
study, early blind showed larger responses to a discrimina-
tion vs. non-discrimination task [Sadato et al., 1998]. But
only the early blind group correctly discriminated between
the Braille patterns, possibly because their Braille fluency
allowed them to identify the letters. The other two groups
had chance performance on the discrimination task, and
thus the cognitive effects of tactile stimulation and responses
were equivalent between discrimination and non-discrimi-
nation tasks. In the present study discrimination was re-
quired for all epochs. There was also no imbalance in per-
formance accuracy across groups, which suggests an
explanation for finding no group differences in S1 response
magnitudes for each epoch type. However, the average S1
response magnitude across groups to the target was greater
than that to the non-target epoch. This difference possibly
reflected the addition of left finger elevations to signal de-
tection of matched vibration frequencies on target trials.

Differences in performing the left finger elevations also
might explain significant group distinctions observed in the
right S1 region. The early blind especially tended to elevate
their entire hand and wrist when responding. In contrast,
nearly all late blind and all sighted participants made dis-
crete movements isolated to the left index finger.

Second somatosensory cortex, S2

Two regions were defined in the S2 area from the time-by-
epoch-type effect. One occupied the parietal operculum (OP)
where it overlapped previously identified S2 [Burton, 2001;
Burton et al., 1993; Ledberg et al., 1995]. The other was poste-
rior and juxtaposed in the inferior part of the supramarginal
gyrus (SMGi), a region possibly analogous to monkey area 7b
[Burton, 2001; Eidelberg and Galaburda, 1984]. There were no
group differences in spatial extent or response magnitude bi-
laterally in either region. The OP region had brief, short latency
positive BOLD responses during non-target epochs and addi-
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tionally showed sustained late negativity during target epochs.
Exclusively positive BOLD responses in SMGi peaked later
and were more sustained than the OP responses for both epoch
types. Target epochs evoked larger responses possibly because
of added effort to elevate the left index finger during target
trials. In contrast, Sadato and colleagues reported decreased
rCBF [Sadato et al., 1998] or negative BOLD responses [Sadato
et al., 2002] in a parietal opercular S2 region in early blind,
which they contrasted with positive activity in late blind and
sighted people. We did not confirm this effect even in larger
bilateral regions that were centered on the parietal operculum
as they did. Responses within these larger regions were highly
correlated and showed no significant changes in response mag-
nitudes with age of blindness onset or between sighted and
any blind group.

Reports of substantial S2 activity during sensory guided
motor tasks [Binkofski et al., 1999a,b] suggest an alternative
interpretation of the findings from Sadato and colleagues [Sa-
dato et al., 2002]. In the present study, delayed negative S2
responses occurred during the target epochs when left finger
extensions were required. The negative responses mirrored
predictable strong positive responses in the right motor cortex
and area 5 that possibly contributed to the movements. The
absence of OP negative responses during non-target epochs
followed the absence of required movements. The studies of
Sadato and colleagues involved complicated motor responses
because the match/no-match tactile discriminations drove se-
lected button pushes with the non-stimulated hand. Only au-
tomatic alternating button pushes were required on non-dis-
crimination trials, thus requiring no initial guidance from
sensory information. However, because only early blind indi-
viduals correctly performed the tactile discrimination task in
the study by Sadato and colleagues, they may also have been
the only ones whose motor response selections were specifi-
cally guided and hence appropriately suppressed sensory in-
formation.

We observed later negativity only in the smaller opercular
S2 region defined from the time-by-epoch-type effect. This
suggests that only a component of opercular S2 might show
motor suppression of sensory input. The SMGi area identi-
fied from the time-by-epoch-type effect had positive BOLD
responses to the vibration stimuli in both epochs. The larger
opercular S2 region, which included part of the SMGi area
and was similar to the volume used by Sadato and col-
leagues, also showed no negative BOLD responses.

Parietal tactile attention regions

The rostral extent of the intraparietal sulcus and adjoining
superior part of the supramarginal gyrus (SMGs) showed
activity reflecting tactile attention [reviewed in Burton et al.,
1999; Burton and Sinclair, 2000]. In the present study, a
greater spatial extent of right SMGs was noted, which is
consistent with clinical findings that right parietal strokes
lead to greater tactile neglect [Critchley, 1953]. Activity in
this cortex possibly reflected the sustained vigilance needed
to detect infrequent target trials. Blind participants showed
larger SMGs spatial extent bilaterally. This difference sug-

gests that blind people might have used more neural re-
sources due to learned skills in attending to tactile stimuli.
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