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Abstract
The present fMRI study examined cortical activity to repeated vibrotactile sequences in 11 early
blind and 11 sighted participants. All participants performed with >90% accuracy and showed
practice induced improvement with faster reaction times in identifying matched and unmatched
vibrotactile sequences. In blind only, occipital/temporal and parietal/somatosensory cortices
showed practice induced reductions in positive BOLD amplitudes that possibly reflected repetition
induced learning effects. The significant findings in occipital cortex of blind indicated that
perceptual processing of tactile inputs in visually deprived cortex is dynamic as response
amplitudes changed with practice. Thus, stimulus processing became more efficient. It was
hypothesized that the changes in occipital cortex of blind reflected life-long skill in processing
somatosensory inputs. Both groups showed activity reductions with practice in mid/posterior
ventrolateral prefrontal cortex. These activity reductions suggested common stimulus-response
learning associations for vibrotactile sequences in mid/posterior ventrolateral prefrontal cortex.
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1. INTRODUCTION
The primary study objective was to determine whether neural activation patterns in different
cortical regions of blind and sighted participants changed with repeated trials that required
distinguishing paired vibrotactile temporal sequences. We hypothesized that both groups
would show reductions in response amplitudes after repeated practice trials. In occipital
cortex, blind would probably show effects throughout occipital cortex based on prior reports
of activation with tactile stimulation in early blind (Amedi et al., 2010; Burton et al., 2004;
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Burton et al., 2006; Gizewski et al., 2003; Kujala et al., 1995a; Merabet et al., 2004;
Pascual-Leone and Hamilton, 2001; Ptito et al., 2005; Sadato et al., 1996; Sinclair et al.,
2011; Uhl et al., 1991). In sighted, we expected effects to be limited to parts of occipital
cortex activated by tactile stimulation: primary visual (Burton et al., 2004; Burton et al.,
2006; Burton et al., 2010; Sinclair et al., 2011), lateral occipital (Amedi et al., 2002; Amedi
et al., 2010; James et al., 2002; Pietrini et al., 2004), and middle temporal (Hagen et al.,
2002). Finding the probable implicit memory effects of practice only in primary visual
cortex (V1) of blind participants would bolster the idea of a role for V1 in memory
processes (Amedi et al., 2003; Azulay et al., 2009; Raz et al., 2005). However, finding
practice effects throughout occipital cortex of early blind would suggest a more general and
dynamic involvement in somatosensory processing. The absence of comparable changes in
the identified visual areas responsive to tactile inputs in sighted would bolster the idea of a
special occipital cortex role for somatosensory processing in blind that possibly involved
implicit learning. In somatosensory cortex, we expected blind and sighted to show similar
effects of repetition practice.

In the present study sighted and blind learned vibrotactile sequences through repeated
discrimination trials of paired matching or non-matching sequences that consisted of short
bursts of vibration and gaps of varying durations. Participants had to remember the
vibrotactile sequences across multiple trials that spanned several minutes. One possible
outcome was no change in response amplitudes across the trials. Cortical areas with
comparable response amplitudes per trial might indicate processing that echoed vibration
attributes for vibrotactile sequence features (Wheeler et al., 2000). Another outcome might
be decreased response amplitudes because resource allocations diminished with practice.
Areas showing significant reductions in response amplitudes across trials possibly suggest
learning (Leon-Carrion et al., 2010; Saggar et al., 2010; Salimpoor et al., 2010).

Repetition priming tasks also cause declines in response amplitudes. Correlated with
response suppressions are better performance accuracy and reaction times with repetition of
stimulus-response or stimulus-decision associations (Buckner and Koutstaal, 1998; Dobbins
et al., 2004; Horner and Henson, 2008; Race et al., 2009; Race et al., 2010). In the present
study, participants learned to associate one of two button push responses with matched or
unmatched vibrotactile sequences. A secondary task prompted by instruction involved deep
encoding of sequences for later recognition (Sinclair et al., 2011). However, the overt pair-
comparison task involved implicit learning of sequences. Consequently, learning these
stimulus-response associations might reduce activation in cognitive systems in ventrolateral
prefrontal and middle temporal cortex of both groups as previously reported with repetition
priming effects on learned stimulus-response associations (e.g., conceptual priming)
(Boettiger and D'Esposito, 2005; Buckner et al., 1998; Buckner and Koutstaal, 1998; Cole et
al., 2010; Dobbins et al., 2004; Henson, 2003; Henson and Rugg, 2003; Horner and Henson,
2008; Maccotta and Buckner, 2004; Race et al., 2009; Race et al., 2010; Raichle et al., 1994;
Salimpoor et al., 2010).

The results showed that practice led to reduced response amplitudes. In occipital cortex,
these effects were widespread and only occurred in blind. Somatosensory cortex also
showed response reductions in the blind. Ventrolateral prefrontal cortex showed reduced
responses with practice in both groups.

2. RESULTS
2.1. Task Performance

Repetition during scanning led to significantly faster reaction times (RT) in distinguishing
between matched and un-matched vibrotactile sequences across the trials [Kruskal-Wallis
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one-way ANOVA, p <.003 in each group). RT was significantly faster by the 7th compared
to the 1st trial (Post hoc paired Dunn’s Test, p <.01). However, RT declined less on
subsequent trials with no significant difference between the RTs of the 7th compared to 20th

trial. In early blind, RT on the 7th trial declined to a mean of 949 ms, ±117 SEM compared
to a 1st trial RT average of 1529 ms, ±131 SEM. In sighted, RT declined to 903 ms, ±107
compared to 1275 ms, ±116. A two-way ANOVA revealed significantly faster RTs in
sighted compared to early blind (F(1, 1161) = 16.92, p <.0001), especially during the last
quartile of trials (F(19,1161) = 2.95, p <.0001).

Both groups had similar hit and false positive rates for identified matching vibrotactile
sequence pairs (early blind mean hit rate = 88%, SEM = .01; mean false positive rate =
10.7%, SEM = .005; sighted mean hit rate = 89%, SEM = .06, mean false positive rate =
13.3%) resulting in similar signal detection d’ values (early blind mean d’ = 2.47 and sighted
mean d’ = 2.4) that did not significantly differ (two-tailed unpaired t = 1.06, df=76, p = .29).

In the analyses that follow, statistical assessments of variations within a session considered
trial data grouped into quartiles.

2.2 ROIs in Occipital Cortex
In early blind, occipital ROI showed positive BOLD responses during Quartile 1 (trials 1–
5); and amplitudes were often indistinguishable from baseline activity during Quartile 4
(trials 16–20). Positive BOLD amplitudes initially rose at TR 4, reached a peak by TR 7 or
8, and declined towards baseline thereafter during Quartile 1 (Figure 2). Not shown were
similar BOLD time courses with reduced amplitudes for Quartile 2 (trials 6–10) and Quartile
3 (trials 11–15). Activation occurred bilaterally in occipital cortex. Figure 2 illustrates
example responses from calcarine sulcal (row 1), superior occipital (row 2), lingual (row 3),
lateral occipital/posterior inferior temporal (row 4), and fusiform gyral cortex (row 5). In
reference to visual areas in sighted (Grill-Spector and Malach, 2004), Figure 2 illustrates the
location of affected occipital ROI in lower tier V1 (row 1), dorsal and ventral stream areas
(rows 2 and 3), object and motion detection areas (row 4), and higher level visual
association areas (row 5). In 11 of 15 occipital ROI, the F-ratio probabilities passed the
Bonferroni correction threshold (p=.0023) for significantly greater BOLD amplitudes during
Quartile 1 compared to Quartile 4 (Table 1). In the 4 ROI where differences between
Quartile 1 and Quartile 4 responses did not meet the correction threshold, amplitudes were
still larger during Quartile 1. These ROI generally had modest BOLD responses during
Quartile 4 (e.g., MT in Figure 2), which reduced the differences between the quartiles.

In sighted, positive BOLD amplitudes were absent from all occipital ROI except during
Quartile 1 for the right V1v (Figure 2). The Quartile 1 vs. Quartile 4 contrast, however, was
not significant (Table 1). Several higher tier visual areas showed greater negative amplitude
BOLD responses during Quartile 1. The time course of these negative responses involved an
initial decline at TR 4, a nadir at TR 5 or 6, and a recovery towards baseline thereafter
(Figure 2). Most responses during Quartile 4 in sighted were at or near baseline levels
(Figure 2). In 2 occipital ROI, BOLD responses during Quartile 1 were significantly more
negative compared to Quartile 4 (Table 1, left VP and right LOC).

All occipital ROI had significantly larger positive BOLD amplitudes during Quartile 1 in
early blind compared to sighted (Table 2).

2.3 ROIs in Parietal Cortex
The BOLD response in primary somatosensory cortex (BA3) contralateral to the stimulated
hand showed a rise in amplitude delayed to TR6 in early blind (Figure 3). The Quartile 1
response in early blind was larger compared to Quartile 4 (Figure 3), but without a
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significant difference across TR5 to TR9 (Table 1). The time course for BOLD responses
from the right hemisphere BA3 and intraparietal sulcal BA7 ROIs resembled activation in
occipital cortex in showing an initial increase in BOLD amplitude at TR4 and a peak at TR7
during Quartile 1. Note that button presses were with the left hand. BOLD amplitudes were
near baseline during Quartile 4 (data not shown). The Quartile 1 vs. Quartile 4 response
difference was significantly different only with a more lenient correction threshold (Table
1).

In sighted, the left BA3 ROI showed BOLD time courses similar to those during Quartile 1
in early blind. However, the activity during Quartile 4 completely overlapped the Quartile 1
BOLD time course (Figure 3). Bold responses in the right BA3 and BA7 ROI (not shown)
resembled activation in occipital cortex of blind (Figure 2) in showing an initial increase in
BOLD amplitude at TR4 and a peak at TR7. The BOLD responses during Quartile 1 and
Quartile 4 in sighted for all parietal ROI overlapped resulting in no significant differences
(Table 1).

No parietal ROI had different BOLD amplitudes during Quartile 1 in early blind compared
to sighted (Table 2).

2.4 ROIs in Frontal and Temporal cortex
Several ROI defined from prior findings based on repetition priming tasks showed
significant effects from repeated practice trials. There were no responses activated in the
anterior ventrolateral prefrontal cortex (VLPFC) ROI in early blind or sighted. In early
blind, ROIs with larger amplitude responses during Quartile 1 compared to Quartile 4 were
within the superior temporal sulcus in the mid temporal cortex, fusiform gyrus, mid VLPFC,
and posterior VLPFC (Figure 3). The positive BOLD amplitudes during Quartile 1 in all but
the fusiform gyrus arose at TR4 and had peaks at TR7. The FG ROI showed a BOLD
response with a delayed peak. This time course resembled the pattern found in left BA3,
contralateral to the stimulated hand. Except for the BOLD responses from the mid VLPFC
ROI, the Quartile 1 vs. Quartile 4 amplitude differences in these ROI were significantly
different in early blind (Table 1). Greater response variance in the mid VLPFC ROI
accounted for lack of significance (Figure 3).

In sighted, significantly different BOLD amplitude for Quartile 1 vs. Quartile 4 occurred in
mid and post VLPFC, but not mid temporal or fusiform gyrus ROI (Figure 3, Table 1).

Only the mid temporal ROI had significantly larger BOLD amplitudes during Quartile 1 in
early blind compared to sighted (Table 2). The remaining frontal and temporal ROI showed
no BOLD amplitude differences between early blind and sighted (Table 2).

3. DISCUSSION
3.1 Performance changes with practice

Accuracies in identifying matched and unmatched vibrotactile sequences in participants
from both groups exceeded 90%. Often early blind and sighted participants correctly
detected the tactile vibration features that distinguished between vibrotactile sequence pairs
during the first practice trials. Despite nearly ceiling performance throughout the practice
trials, participants showed evidence of learning with faster reaction times for successive
trials. Reaction times changed significantly more during the first quartile of trials and more
gradually thereafter. Speeded reaction times suggested more efficient feature monitoring
possibly from improved perceptual processing through practice. Monitoring efficiency
might have risen because memory for the vibrotactile sequences formed with repetition
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trials. Consequently, resource allocation to perceptual processing possibly decreased during
subsequent trials when assessing detected features against stored information.

The cortical regions where responses changed with practice repetition trials differed between
the groups. Prominent were significant reductions in positive BOLD response amplitudes to
repeated vibrotactile sequence trials in occipital cortex of early blind compared to sighted
participants. In contrast, both groups had relatively similar responses in somatosensory
cortex that normally is modality selective for tactile inputs. Cortical regions previously
defined using repetition priming tasks in sighted showed more varied response reduction
effects in the two groups. The following considers the repetition reduction effects in
different cortical regions.

3.2 Response Reduction in Occipital Cortex
In early blind, the cortical regions with repetition practice related response reductions
included bilateral lower and higher tier visual areas. The widespread distribution of these
effects suggested perceptual processing of vibrotactile sequences throughout occipital
cortex, supporting prior findings that occipital cortex plays a role in perceiving tactile inputs
in early blind (Amedi et al., 2010; Cohen et al., 1997; Cohen et al., 1999; Hamilton et al.,
2000; Kupers et al., 2006; Kupers et al., 2007; Maeda and Yasuda, 2003; Ptito et al., 2008).
The current findings especially indicated that perceptual processing of tactile inputs was
dynamic as response amplitudes changed with implicit learning through practice. These data
also bolstered the idea that activity in occipital cortex directly reflected learning the
vibrotactile sequences and contributed to improve perceptual processing of tactile
stimulation features. In early blind, implicit learning effects in occipital cortex might
indicate reorganization to process somatosensory inputs due to developmentally early visual
deafferentation. However, similar effects of practice might occur with auditory stimuli given
extensive evidence that auditory stimulation is similarly effective in activating occipital
cortex of blind (Arno et al., 2001; Gougoux et al., 2004; Gougoux et al., 2005; Kujala et al.,
1995b; Leclerc et al., 2000; Röder et al., 1996; Röder et al., 2001; Weeks et al., 2000).

An implication from the practice induced response reductions in occipital cortex of early
blind participants is that this change arose from sharpened neural representations and fewer
neural resources when processing learned vibrotactile sequences. This effect in early blind
compared to sighted participants possibly arose because the blind have different learning
strategies that involve greater utilization of sensory information (Hötting and Röder, 2004;
Pring, 1988; Röder and Rösler, 2004).

In the present study, identification of a single attribute possibly sufficed in distinguishing
paired vibrotactile sequences (e.g., increasing duration stimulation intervals in one
vibrotactile sequence). Thus, an implicit memory for a vibration attribute as opposed to the
specific stimulus properties might extensively activate occipital cortex in the early blind. A
future experiment in the blind that engaged tactile properties such as the orientation or
contour of different size objects may reveal perceptual priming effects only in higher tier
visual areas as previously observed with viewed objects in sighted (Buckner et al., 1998;
Buckner and Koutstaal, 1998; Henson and Rugg, 2003; Horner and Henson, 2008; Maccotta
and Buckner, 2004; Saggar et al., 2010; Salimpoor et al., 2010).

Practice repetition effects in occipital cortex did not significantly correlate with faster
reaction times. However, the matching/non-matching task may have been insufficiently
challenging because performance accuracy was near ceiling even during the first quartile of
trials. Thus, we did not observe functional/behavioral correlations previously reported with
repetition priming tasks (Buckner et al., 2000). The current negative findings were not
unique. A prior study in sighted using visual stimuli also noted the absence of a correlation
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between behavioral reaction time improvements and the neural effects of stimulus repetition
(Race et al., 2009). Race and colleagues suggested such negative findings might reflect the
multi-process nature of repetition effects, which make it difficult to observe “one-to-one
mappings” between neural effects and behavioral changes.

Sighted showed no significant response reduction to repeated vibrotactile sequences in
occipital cortex despite some evidence of positive BOLD responses in calcarine sulcal
cortex. However, negative BOLD responses during Quartile 1 in the ROI located in right
LOC and left VP showed significant reductions in negative amplitudes. Prior studies also
reported negative BOLD responses to tactile stimulation in higher tier visual areas of sighted
(Burton et al., 2004; Burton et al., 2006; Burton et al., 2010). As in these studies, negative
BOLD responses potentially indicated processing a modality (e.g., tactile) normally not
selectively engaged within a target cortex (e.g., visual) (Gusnard and Raichle, 2001; Haxby
et al., 1994).

3.3 Response Reduction in Somatosensory Cortex
Neither group showed significant response reduction to repeated vibrotactile sequence trials
in primary somatosensory cortex (S1) contralateral to the stimulated finger. However,
response amplitudes during the first quartile were larger in early blind and overlapped for
Quartiles 1 and 4 in all somatosensory regions of sighted. Thus, sighted especially, showed
no practice effects in somatosensory cortex.

Response time courses, contralateral to the stimulated finger in left S1 in both groups, were
delayed with an initial amplitude increase at >12sec compared to ~8sec in nearly all other
ROI. Long delays were not previously observed with single presentations of a vibrotactile
stimulus (Burton et al., 2004; Burton et al., 2008b; Burton et al., 2010; Sinclair et al., 2011).
The current study required assessment of two vibrotactile sequences in a trial. Because S1
closely recapitulates the input parameters of 50 Hz vibrations (Mountcastle et al., 1969;
Mountcastle et al., 1990a; Mountcastle et al., 1990b) used in creating the vibrotactile
sequences, faithful processing of both vibrotactile sequences within S1 might have affected
response timing.

3.4 Response Reduction in Pre-defined Repetition Priming Regions
In the present study, participants learned specified key-pad finger presses to respective
matched or unmatched vibrotactile sequence pairs. Thus, a stimulus-response association
involved learning paired vibrotactile sequences and the required behavioral responses for
matched and unmatched pairs. In sighted, perceptual priming tasks evoked repetition
suppression for stimulus-response associations in mid temporal and fusiform gyral cortex
(Horner and Henson, 2008; Race et al., 2009; Schacter et al., 2007). These occipital/
temporal cortex regions normally process abstract, size-invariant features of visual objects in
sighted (Henson and Rugg, 2003). Similar response reductions probably did not occur in
these regions in sighted because detected vibrotactile sequence features were relatively
simple sensory inputs. ROI in these same cortices showed significant response reduction
effects only in early blind. These results were like that generally in occipital cortex possibly
because these ROI were in multimodal cortices. The fusiform gyral ROI, for example, was
hypothetically part of a ventral visual pathway in blind (Büchel et al., 1998) that responded
to tactile stimulation. In sighted, Beauchamp and colleagues reported that visual, tactile and
auditory stimuli evoked activity in mid temporal cortex within the superior temporal sulcus
(Beauchamp et al., 2007; Beauchamp et al., 2008). In blind, we previously reported that this
multi-modal cortex responded when embossed tactile surfaces moved across a fingertip
(Burton et al., 2006). Consequently, this mid temporal ROI potentially also showed practice
repetition effects comparable to the multi-modal responsive occipital cortex in early blind.
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Hence, in early blind, repetition practice effects for learned vibrotactile sequences were
similar in several multi-modal cortices: occipital, posterior fusiform gyral, and mid
temporal.

Both groups showed significant response reductions from Quartile 1 to 4 in posterior
ventrolateral prefrontal and sighted showed significant effects in middle ventrolateral
prefrontal cortex. Prior repetition priming studies reported response suppression in these
same regions for stimulus-response association and stimulus-decision learning (Horner and
Henson, 2008; Race et al., 2009; Schacter et al., 2007). Thus, the observed repetition
practice effects in mid/ posterior ventrolateral prefrontal ROI occurred in the same locations
where conceptual priming tasks with visual stimulation provoked repetition suppression in
sighted. A probable commonality was that the current practice task and prior findings with
repetition priming involved learning repeated stimulus-response associations. In the current
study, the response changes in these regions possibly reflected practice effects in making
stimulus-response associations with whether the vibrotactile sequence was matched or
unmatched. However, there was no need to decide on a different stimulus response
association to the same matched or unmatched stimulus features. Consequently, neither
group showed activation to repeated vibrotactile sequence trials in anterior ventrolateral
prefrontal cortex where the effects of stimulus-decision associations predominate (Race et
al., 2009; Race et al., 2010).

3.5 Summary
Early blind showed response reduction in occipital/temporal cortex normally activated by
visual stimuli in sighted with repeated practice in identifying vibrotactile sequences. Trial
repetition effects on reducing activation occurred in all normally visuotopic areas and
regions in the middle temporal and fusiform gyrus that process features of visual objects in
sighted. These cortical regions showed no response reduction effects in sighted. The larger
amplitude Quartile 1 responses might reflect processing “new” vibrotactile patterns because
these sequences do not pop out like words or pictures. This supports the notion that occipital
areas in blind process tactile inputs, perhaps aiding memory consolidation, retrieval, or
discrimination of these vibotactile temporal patterns.

Reduced responses with repeated practice trials in early blind that occurred in the mid/
posterior ventrolateral prefrontal regions possibly reflected a common repetition effect based
on stimulus-response associations in these regions. The similarity of current results in these
regions with those based on repetition priming of stimulus-decision learning in sighted
(Dobbins et al., 2004; Horner and Henson, 2008; Race et al., 2009; Schacter et al., 2007)
possibly reflected a common repetition effect based on stimulus-response associations.

4. METHODS
4.1. Participants

Eleven early blind (6 female; mean age = 38.6. SE 4.4 years, min 22, max 59) and 11
sighted participants (6 female; mean age = 34.2, SE 3.5 years, min 22, max 57) provided
informed consent in compliance with the Code of Ethics of the World Medical Association
(Declaration of Helsinki) and guidelines approved by the Human Studies Committee of
Washington University. In early blind, blindness resulted from binocular peripheral
pathologies at birth that included retinopathy of prematurity (5), retrolental fibroplasia (3),
Leber’s congenital amaurosis (2), and retinoblastoma (1). Four early blind retained
negligible light sensitivity but had no pattern perception.
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4.2. Vibrotactile Sequences
We applied vibrotactile stimulation to the right index finger tip using a previously described
MR compatible vibrator (Burton et al., 2004). Each vibrotactile temporal sequence consisted
of five intervals of sinusoidal 50Hz vibrations at 40µm peak-to-trough amplitude that were
interspersed by four intervals with no stimulation (gaps). Each stimulation-gap sequence
was unique by combining discreet durations of stimulation and intervening gaps (100, 300,
or 500 ms). For example, the vibrotactile temporal sequence 1 in Figure 1 had intervals of
increasing then decreasing stimulation and gaps (stimulation from 100 to 500 and then a
decrease to 100ms; gaps were from 100 to 500 and then back to 300ms). Sequence 2 in
Figure 1 had successively decreased stimulation and gap durations from 500 to 100ms. Each
sequence was 2500ms duration. Synchronization of sequence presentation was to the
beginning of a 2000ms imaging frame (see below).

During each imaging run, participants learned to identify two different sequences by
performing a same or different discrimination during each of twenty trials. Each sequence
followed itself (same) on one-fourth of trials. Both sequences were presented in the
remaining 10 trials (different) with half starting with each of the two sequences (Figure 1).
Thus, each combinatorial sequence pair repeated five times in a run. One second separated
the presentation of the two sequences within a trial for a total 6 seconds per trial.
Participants pressed one of two optical response keys with left hand fingers to indicate
discrimination choices. In addition to the same-different task, participants had to memorize
the vibrotactile temporal sequences for identification in an immediately following
recognition test, the results of which appear elsewhere (Sinclair et al., 2011). Participants
received task training and practice trials prior to entering the scanner and again while in the
scanner.

4.2. Image acquisition and processing
We acquired whole brain images with a Siemens 3 Tesla TRIO scanner (Erlangen,
Germany) and a twelve-element RF head matrix coil. MRI headphones and ear plugs
dampened scanner noise and a vacuum cushion stabilized the head. All participants had their
eyes covered by a blindfold.

A gradient recalled echo-planar sequence (EPI: repetition time [TR]=2000ms, echo time
[TE]=27ms, flip angle=90°) imaged blood oxygenation level-dependent (BOLD) contrast
responses across 33 contiguous odd-even interleaved 4 mm axial slices. In-plane resolution
was 4×4 mm. All slices aligned to the anterior-posterior commissural plane. Preprocessing
of the EPI images from each participant compensated for head movements and corrected
slice-dependent time shifts. Signal intensity differences that arose from interleaved slice
acquisition were normalized to a global mean mode of 1000 across EPI runs (Burton et al.,
2010).

Structural images included a T1-weighted structural magnetization prepared rapid gradient
echo (MP-RAGE) sequence acquired in each participant across 176 sagittal slices
(TR=2100ms; TE=3.93ms; flip angle=7°; inversion time [TI]=1000ms; 1 × 1 × 1.25 mm
voxels). An additional T2-weighted structural image across 33 axial slices (TR=8430ms,
TE=98ms, 1.33 × 1.33 × 3 mm voxels) aided registration of the EPI to the sagittal MP-
RAGE images after computing 12 parameter affine transforms between an average from the
first frames of each EPI run (Ojemann et al., 1997).

Prior to any statistical analysis, we realigned EPI slices and resampled them to 2mm cubic
voxels. Slice registration was to a spatially normalized (Lancaster et al., 1995) Talairach
atlas template (Talairach and Tournoux, 1988). The atlas template was an average of MP-
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RAGEs using structural images obtained from age and gender matched sighted and early
blind participants similar to the study sample.

4.3. Statistical analyses
Each run of 156 EPI volume acquisitions contained 146 sequential TRs for 20 trials with
event durations of 6 to 11 TRs. The event duration distribution followed a negative
exponential with short durations more frequent (e.g., event durations of 6, 7, 8, 9, 10, and 11
TRs, respectively, repeated 8, 5, 3, 2, 1, and 1 times). Different durations were pseudo-
randomly spliced with no duration successively repeated >2 times. The overlap of event
durations was entered into the design matrix with an assumed average duration of 10 TRs
(20s) that spanned overlap of jittered intervals (Miezin et al., 2000; Ollinger et al., 2001).
Initial dummy frames built into the EPI sequence software and one excluded initial frame
allowed for magnetization equalization. The next four frames and five after the last trial
furnished images of baseline activity with no stimulation.

The atlas realigned, 2mm3 volumes were spatially smoothed with a 2-voxel Gaussian kernel
(4mm FWHM) prior to using a General Linear Model to estimate MR signal per voxel for
each event. The GLM included regressors for time points per quartile partition, baseline
activity, linear drift, and a high-pass filter (0.014Hz). Signal magnitude at each time point
was an average across 5 trials per quartile (e.g., trials 1–5, 6–10, 11–15, and 16–20,
respectively, for Quartiles 1, 2, 3, and 4). Separate GLM analyses evaluated data from each
run.

The analysis evaluated time courses of signal magnitudes extracted and averaged across all
voxels within 4mm radii spheres centered on coordinates defined in prior studies in blind
and sighted participants (Table 1). Extracted signals were percent MR signal change per
voxel relative to baseline. The predefined ROI in occipital cortex included areas previously
activated in blind participants with a variety of somatosensory tasks (Amedi et al., 2010;
Bonino et al., 2008; Burton et al., 2002; Burton et al., 2004; Burton et al., 2006; Burton et
al., 2010; Hötting and Röder, 2009; Melzer et al., 2001; Merabet et al., 2007; Sadato et al.,
1996; Sadato et al., 1998; Sadato et al., 2004; Sathian, 2005; Sathian and Stilla, 2010;
Sinclair et al., 2011). These occipital cortex ROI in sighted were within lower and upper tier
retinotopic visual areas (Grill-Spector and Malach, 2004) from the calcarine sulcus to
superior occipital dorsally, lateral occipital anteriorly, and fusiform gyrus ventrally. The
somatosensory regions also were previously identified using tactile stimulation in blind and
sighted (Bodegård et al., 2001; Braun et al., 2000; Burton, 2001; Burton et al., 2004; Burton
et al., 2008a; Burton et al., 2008b; Kurth et al., 1998; Kurth et al., 2000; Maldjian et al.,
1999a; Maldjian et al., 1999b). The ROI in ventrolateral prefrontal and inferior temporal
cortex were sites activated using repetition priming tasks in sighted (Buckner et al., 2000;
Dobbins et al., 2004; Race et al., 2009). The a priori defined ROI allowed study of practice
effects in areas previously found responsive to somatosensory stimulation in blind or
repetition priming effects to visual stimulation in sighted. The between and within group
statistical assessments of practice effects in defined ROI occurred in cortical areas not
already known to show practice effects with somatosensory stimuli using a whole-brain
analysis. Analyzing data extracted from regions based on a whole-brain analysis of
significant differences by quartiles between or within group has two drawbacks. It suffers
from doing statistics on cortex already shown with these response differences (e.g., statistics
upon statistics). In addition, regions of interest might be missed using stringent multiple
comparison corrections based on whole brain voxel counts.

A MATLAB (version 7.5) script tabulated time courses per ROI for each participant that
consisted of 10 time points (TP) with signal magnitudes at each time point based on
averages across 5 trials within a quartile per run; TP1 values were subtracted from each
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subsequent TP to anchor responses to zero average signal magnitudes. Plots of extracted
time courses per ROI (GraphPad Software, San Diego, CA) and participant showed response
averages and variance (SEM) per quartile in each group at each time point across runs.
Statistical assessment utilized repeated measures ANOVAs (PROC GLM, Statistical
Analysis System version 9.1.3, SAS Institute, Carey, NC) per selected ROI. The dependent
variable was signal magnitudes from TP 5–9 per participant. The repeats were three BOLD
runs. An ANOVA by region for each group assessed the within-group factor of responses
during two quartiles (Quartile 1 vs. Quartile 4). Another ANOVA by region examined the
between-group factor of responses during Q1. All cited probabilities for F-ratios in the
ANOVAs for within group quartile and between group effects were Bonferroni corrected for
22 selected ROI (threshold p=.0023).

Research Highlights

An fMRI study in early blind and sighted to encoding vibrotactile sequences

Repeated practice trials enhanced learning to distinguish matched and unmatched
sequences

Occipital cortex regions showed repetition induced response reductions only in early
blind

Somatosensory cortex showed no significant repetition reduction effects in either group

Response suppression occurred in prefrontal cortex affected by stimulus-response
associations in repetition priming tasks
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Figure 1.
Vibrotactile sequences relative to imaging frames. Boxed areas show intervals of 40µm
50Hz vibrotactile stimulation. Gaps between boxes indicate intervals without stimulation.
Two different sequences provided two unmatched (Trials 1 and 2) and two matched (Trials
3 and 4) sequence pairs.

Burton et al. Page 15

Brain Res. Author manuscript; available in PMC 2013 January 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
BOLD response time course plots in early blind and sighted for selected ROI in occipital
cortex. Brain slices to the right of each plot show the ROI location marked by a circle (○)
and corresponding atlas coordinates. Each time point shows the group average and SEM for
quartiles 1 and 4 (separately for 11 early blind and 11 sighted participants). See also Table 1.
Abb: dorsal primary visual area, V1d; ventral primary visual area, V1v; visual area 3a, V3a;
visual area 7, V7; visual posterior area, VP; visual area 4 ventral, V4v; middle temporal
area, MT; lateral occipital cortex, LOC, visual area 8, V8; early blind, EB; sighted, NS;
Quartile 1, Q1; Quartile 4, Q4; left hemisphere, LH; right hemisphere, RH.
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Figure 3.
BOLD response time course plots in early blind and sighted for selected ROI in parietal,
temporal, and prefrontal cortex. Brain slices to the right of each plot show the ROI location
marked by a circle (○) and corresponding atlas coordinates. Each time point shows the group
average and SEM for quartiles 1 and 4 (separately for 11 early blind and 11 sighted
participants). See also Table 1. Abb: Brodmann area 3 of primary somatosensory area, BA3;
middle temporal cortex, mid Temporal; fusiform gyrus, Brodmann area 37, FG, BA37;
middle ventrolateral prefrontal cortex, mid VLPFC; posterior ventrolateral prefrontal cortex,
post VLPFC; early blind, EB; sighted, NS; Quartile 1, Q1; Quartile 4, Q4; left hemisphere,
LH.
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Table 2

Group contrast per ROI for Quartile 1 (ANOVA results)

Q1

EB vs.
NS df 1/92

Cortex ROI X,Y,Z F value Pr > F

Occipital V1d −3,−93,4 13.4 .0004

V1v 7,−76,6 13 .0005

V2d −5,−94,13 9.4 .002

V2d/V3 12,−90,17 63.6 <.0001

V3a −20,−88,19 26.2 <.0001

V3a 21,−90,20 29.2 <.0001

V7 26,−83,18 40 <.0001

VP −18,−70,−12 33.1 <.0001

V4v 26,−60,−7 26.1 <.0001

V8 −30,−61,−16 11.8 .0009

V8 33,−61,−13 25.2 <.0001

LOC −40,−82,−6 16.8 <.0001

LOC 38,−83,5 60.6 <.0001

MT −43,−72,1 16.2 .0001

MT 43,−69,−1 31.3 <.0001

Parietal PCG, BA3 −43,−29,50 0 NS

PCG, BA3 51,−18,44 5.2 NS

IPS, BA7 31,−45,53 6.7 NS

Frontal midVLPFC −49,−31,15 .9 NS

postVLPFC −44,11,25 0 NS

Temporal mid temporal −52,−43,2 20.7 <.0001

FG, BA37 −42,−62,−25 4.2 NS
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