











Figure 2.1. Contrast and Conjunction Meta-Analysis Results. Activation clusters
significant at the p < .01 FDR correction threshold are presented in red for the contrast
meta-analysis (blind > sighted) and in green for the conjunction meta-analysis (blind and
sighted). All images displayed in neurological convention (left = left).
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Figure 2.2. Localization and Identification Task Meta-Analysis Results. Activation
clusters significant at the p < .01 FDR correction threshold are presented in red for the
identification task meta-analysis and in green for the localization meta-analysis. All
images displayed in neurological convention (left = left).
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CHAPTER 3
OCCIPITAL ACTIVATION DURING AUDITORY LOCATION, FREQUENCY, AND DURATION
DISCRIMINATION: AN fMRI STUDY

3.1 INTRODUCTION

We have suggested above that cortex may be wired to respond to task-specific,
rather than merely modality-specific, demands. As it has been suggested that visual
input generally excels at providing spatial information (consider, for instance, the visual
gestalt principles for determining object continuity and relative location), and auditory
input at providing temporal information (consider, for instance, the minute timing
differences involved in auditory localization), if the cortical structures most associated
with those inputs wire more to the task than to the sensory modality,
spatially/temporally relevant input from a non-primary sense should recruit similar
areas as commonly seen with primary sense input.

We also relayed evidence that non-visual recruitment of occipital lobe may be
suppressed when visual input is present, and that auditory input may further suppress
occipital responses to tactile information (e.g., Weaver & Stevens, 2007). This evidence
sets the stage for the notion of tiered preferential responsivity — a given brain area
generally having the connections to and ability to respond to inputs from various senses,
and a prioritization preference based on which sense typically provides the most useful
information for the area’s task(s). This notion further shows how it could be inferred,

though we believe erroneously, that the most typically useful sense for a given area is
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what is actually being wired for — occipital lobe as a visual area, temporal as auditory, as
opposed to being more robust task-oriented areas.

We further have evidence that relatively short durations of blindfolding can
result in behavioural (e.g., Lewald, 2007; Facchini & Aglioti, 2003) and functional
(Weisser et al., 2005; Lazzouni et al., 2012; Poirier et al., 2005; see also Boroojerdi et al.,
2000) changes in non-visual occipital processing. This evidence, coupled with studies
showing connections between low-level primary sensory areas, seems to further
support the concept of a more global connectivity for sensory inputs, suggesting an as-
needed functional unmasking of these extant connections rather than, say, rapid
connective neurogenesis. To wit, it is unlikely that robust new sensory connections
could be made in rapid fashion, or that they should. Considering vision, even if it were
possible, it would likely be maladaptive to generate robust new connections to alternate
sensory inputs if visual input was impaired for only a matter of hours. Rather, it seems
likely that existing connections should be maintained to allow integrative problem-
solving based on the best available inputs for current conditions.

Thus, to investigate our overarching hypothesis of task-based wiring, examining
cortical responses to spatial information in the absence of visual input seems relevant.
If task-based wiring occurs, and occipital lobe is indeed a largely spatial processing area,
interruption of visual input should result in auditory spatial tasks notably recruiting
occipital structures, whereas time-judgment tasks may not.

Indeed, we found some support for this hypothesis through the results of our

preceding meta-analyses, wherein localization tasks elicited unique dorsal stream
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activations, and identification tasks elicited unique ventral stream activations. Based on
this support, conducting a more direct investigation of the task-specific wiring
hypothesis seemed sound. To test this hypothesis, we conducted an fMRI study
wherein sighted participants and blindfolded but otherwise typically sighted participants
responded to spatial and non-spatial auditory tasks. These tasks involved 1-back
comparisons of sound location, duration, and pitch. Each of these stimulus features
were pseudo-randomized on every trial, with a basic staircase design used to titrate
difficulty. For each run, participants responded to only one of the three features. We
hypothesized that, after a period of blindfolding, we would be able to note increased
cortical activity in occipital areas for spatial but not time-based tasks. We did not
anticipate significant occipital recruitment for non-spatial tasks, hypothesizing instead
that any differences in neural recruitment for such tasks between the sighted and
blindfolded groups would likely remain in temporal lobe structures.

3.2 METHODS

3.2.1 PARTICIPANTS

We recruited 26 participants (13 blindfolded, 13 control) from the University of
South Carolina SONA research pool. All participants were free of neurological or
auditory impairment, and gave informed consent. One blindfolded participant was
excluded from all analyses due to non-completion of all tasks, leaving 12 blindfolded
and 13 sighted control participants. Though not blindfolded, sighted control
participants were instructed to keep their eyes closed during scan tasks because the

presence of input from a given sense may mask or inhibit occipital responses to other
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sensory inputs (e.g., Weaver & Stevens, 2007), as put forth in the previous meta-

analysis.

3.2.2 STIMULI

Task stimuli included sound clips of single-frequency tones with varied duration,
frequency, and location, generated as-needed by the experiment delivery software,
Presentation. Location changes were handled via a simple pan function, with no
elevation alterations presented. Each of these features was independently varied based
on participant task-performance, using a staircase procedure with a goal of ~70% to 75%
accuracy on 1-back recognition tasks for each feature. Titration was based on
performance over series of 16-trial blocks. Within each block, only 4 possible
frequencies, 4 possible durations, and 4 possible locations were presented, centered
around a static base value and shifted higher and lower based on a titrated step size.
The static base values were a frequency of 1750 Hz, a duration of 375 ms, and a central
location (numerically represented as a pan value of 0 on the range of -1 to 1, or full left
to full right). Initial step sizes were 100 Hz, 200 ms, and a pan of 0.5. The stimulus
features used for each block were calculated as (base +/- 0.5 * current step size) and
(base +/- 1.5 * current step size). Thus, the initial presentations would be combinations
of 1600, 1700, 1800, or 1900 Hz, 75, 275, 475, or 675 ms, and a pan of -0.75, -0.25, 0.25,
or 0.75. Minimum step sizes were 10 Hz, 10 ms, and a pan of 0.01. Maximum step sizes

were 500 Hz, 220 ms, and a pan of 0.66.
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3.2.3 EXPERIMENTAL DESIGN

Trials consisted of one auditory tone being played at the start of a 1500 ms trial
duration. After each trial, the next trial began immediately.

Participants engaged in 9 runs of 1-back tasks (1 practice and 2 experimental
runs for each of the three stimulus features), responding via button press on each trial
to indicate whether the specified target feature (frequency, duration, or pitch) was
repeated. At the start of each run, a 32-second instructional audio clip was played,
describing the task and reiterating which feature was to be attended to for the run. For
each run, participants responded to a single target feature, but all three stimulus
features varied throughout all trials regardless of run type. All features were able to
change such that the stimuli for each run type were the same, with the only notable
difference having been what feature was attended to. For example, as in Figure 2.1
below, if the first trial in a pitch run had a 1000 Hz tone presented at the far left for 200
ms, and the second trial had a 1000 Hz tone presented at the far right for 300 ms, the
correct response would be a button press as the same frequency was presented. If the
third trial had a 1030 Hz tone presented at the far right for 300 ms, the correct response
would be no button press, as the frequency changed from the previous trial.

Within each run there were 8 blocks of 16 trials each, for 128 trials per full run.
After each block was a 13 second long break, including after the last block of each run to
fully model the hemodynamic response function. This made each run an average of 5.5
minutes long. Run type was indicated verbally by the experimenter, as well as through

the instruction sound file, at the beginning of each run. The order of run-type
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presentation was counterbalanced across participants. The target stimulus feature
(based on run-type) was pseudo-randomly presented to ensure between 3 and 4 repeat
trials in each block. The non-target features (e.g., duration and location if the target

feature was frequency) were randomly selected for each trial.

3.2.4 PROCEDURE

All participants in the blindfold group were fitted with a blindfold (Mindfold
Relaxation Mask; Mindfold, Inc., Durango, CO) upon completion of informed consent,
demographic information forms, and de-metaling. The blindfold remained in place until
the end of the experiment. Participants were then seated in front of a computer and
engaged in practice runs of the task for each of the three stimulus features — again,
frequency, duration, and location. These practice trials ensured task comprehension
and provided us with stable ~70% to 75% accuracy performance levels for each
participant prior to beginning scanning. Participants were then led into the scanner bay.

After setup in the scanner, participants completed 6 experimental runs (two for
each relevant feature) while having BOLD signal data recorded. Each run had the
participant responding specifically to one of the three feature types, and was comprised
of 8 blocks of 16 trials each. All participants also underwent a T1 anatomical scan.
Sighted participants, who were instructed to keep their eyes closed during scan tasks,
had their T1 recorded after the third task run. Blindfolded participants had their T1

recorded before the task scans, in order to extend their pre-task time blindfolded.
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3.2.5 IMAGE ACQUISITION

MRI scans were acquired using a Siemens Prisma 3T MRI system (Siemens
Medical, Erlangen, Germany) with a 20-channel head coil. During scanning, we acquired
a T1-weighted 3D MPRAGE sequence with GRAPPA R=2, FoV = 256x256mm, with 208
0.8 mm sagittal slices, 8° flip angle, TI=1060 ms, TR=2400 ms, and TE=2.24 ms. The fMRI
sequence, repeated for each of the six experimental runs, used a T2*-weighted,
gradient-echo (GE) echo-planar imaging (EPI) sequence with a multi-band acceleration
factor of 4, a 208x208 mm field of view (FoV), and 65° flip angle. We used a TR of 1200
ms, TE=37 ms, and 60 interleaved anterior-to-posterior acquired axial slices for 280
volumes. Slice thickness=2 mm, resulting in a volume with 2x2x2 mm between voxel

centers.

3.2.6 PREPROCESSING AND WHOLE-BRAIN ANALYSIS

Neuroimaging data were analyzed using the MarsBaR
(http://marsbar.sourceforge.net) and Statistical Parametric Mapping 12 software
(SPM12: http://www. fil.ion.ucl.ac.uk/spm/software/spm12), running via MATLAB
(http://www.mathworks.com/products/matlab/). Functional imaging data were
preprocessed using motion correction and slice-timing correction. The resulting mean
functional image was co-registered to the T1 scan and then normalized to stereotaxic
space using the unified normalization-segmentation method. This spatial normalization
was then applied to the functional data, warping the size, shape and orientation of each
individual’s brain to standard Montreal Neurological Institute (MNI) space. The data

were smoothed with an 8mm Full-Width Half-Maximum Gaussian kernel.
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Statistical analyses were performed initially with MarsBaR, examining activation
values elicited by the different feature tasks when compared to rest, and when
compared to each other, both by group (blindfolded or sighted) and again with all
participant data together after no significant group differences were noted. Activation
values were generated for five separate regions of interest (ROls) related to our
hypotheses, defined in MarsBaR using the AAL anatomical atlas. These regions (with the
AAL areas included in parentheses) were striate (calcarine), extrastriate (lingual,
superior occipital, middle occipital, inferior occipital), dorsal (precuneus, superior
parietal, inferior parietal), ventral (fusiform, inferior temporal), and auditory (heschl,
superior temporal). The activation values for these ROIs were then input into the JASP
statistical software package (jasp-stats.org) and ANOVAs were run to examine group
and task differences. Further statistical analyses were conducted using the general
linear model (GLM) as implemented in SPM12. We performed analyses in SPM on three
main contrasts: spatial (location >rest; duration; pitch), time (duration >rest; location;
pitch), and pitch (pitch >rest; location; duration). These analyses were first conducted
with a small volume correction applied to limit the search for significantly activated
voxels to occipital areas, as defined by a mask based on the AAL atlas anatomical
definitions. Parametric blood oxygenation-level dependent (BOLD) activation maps
were derived from linear contrasts between these conditions. First-level statistical
analyses were run for each participant, followed by second-level analyses for the
sighted and blindfolded groups independently. Group comparison contrasts were

conducted to note any differences between the sighted and blindfolded groups in all
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contrasts. As with the MarsBaR activation analyses, another set of second-level
contrasts were run on both groups together after no significant group differences were
discerned. All analyses were initially examined with a family-wise error correction p <
.05 alpha criterion, and again at an uncorrected p < .001. Uncorrected analyses were
used in order to further explore the data to ensure no interesting potential activation

areas were overlooked due to lack of power/small effects.

3.2.7 SMALL VOLUME CORRECTION

Small volume correction analyses were conducted using anatomical regions
derived from the AAL atlas. We selected anatomical regions to restrict the analysis to
occipital regions, though some degree of proximal parietal/temporal overlap exists.
Analyses were again conducted using SPM12.

3.3 RESULTS

3.3.1 BEHAVIOURAL RESULTS

As briefly mentioned above, no notable significant differences in BOLD activation
were observed between sighted and blindfolded groups for any contrast or for any of
the MarsBaR analyses. Similarly, no significant differences between sighted and
blindfolded participants were noted in response times for correct or incorrect responses
in the location, pitch, or duration conditions (all F(23,1) < 1.137, p> 0.297. However, for
the location task only, there was a significant interaction effect of group * correctness
(F(1,23) =16.271, p< 0.001) wherein blindfolded participants displayed longer response
times for trials they responded to incorrectly (M = 859.5 ms, SD = 102.2 ms) than did

sighted participants (M = 804.3 ms, SD = 86.7 ms) when compared to the notable lack of
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For all feature tasks, areas of bilateral middle occipital, superior occipital, and
middle temporal gyri, bilateral precuneus, left inferior temporal gyrus, and left cuneus
displayed significantly lower activation than rest. The frequency and duration feature
tasks further elicited decreased activation in left fusiform gyrus. The location and
frequency feature tasks further elicited decreased activation in right inferior temporal
gyrus and left inferior occipital gyrus, and the location task feature alone further elicited
decreased activation compared to rest in right inferior occipital gyrus (see Figures 3.4
through 3.6).

3.3.3B LOCATION VS. DURATION

Comparing the activation observed for the location task to that observed for the
duration task was anticipated to be our most telling contrast. For our location >
duration contrast, we initially conducted small volume correction analyses, restricting
the analysis volume to occipital areas as defined in the AAL brain atlas. Significant
results were only returned for positive activation, showing that some occipital areas
were activated more strongly in response to the location task than for the duration task,
and that no occipital areas were more strongly activated in the duration task than in the
location task. For the small volume corrected location > duration contrast run with an
alpha criterion of .05, family-wise error corrected (see Table 3.5), we report significant
activation in right middle occipital gyrus and right angular gyrus.

The location > duration small volume correction contrast was also run with an

uncorrected alpha criterion of .001, again with only positive activations returned (see
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Table 3.6). The areas implicated in this analysis included bilateral middle occipital and
angular gyri, bilateral precuneus, left cuneus, and left inferior parietal lobule.

We further conducted whole brain analyses with a p< .05 family-wise error
correction (see Figure 3.7 and Table 3.7) to further investigate the location > duration
contrast, and noted significant positive activation in bilateral precuneus, right middle
occipital gyrus, left cingulate gyrus, right angular gyrus, and left middle frontal gyrus. No
significant negative activations were noted for this location > duration contrast at the
.05 alpha level.

Looking at the same whole brain location > duration contrast with an
uncorrected .001 alpha criterion, positive activations (see Figure 3.7 and Table 3.8)
include bilateral areas of precuneus, cingulate gyrus, middle occipital gyrus, angular
gyrus, inferior parietal lobule, supramarginal gyrus, middle frontal gyrus, superior
frontal gyrus, middle temporal gyrus, and inferior temporal gyrus, as well as left cuneus,
right superior occipital gyrus, and right superior temporal gyrus.

Negative activations for the location > duration contrast with an uncorrected
.001 alpha criterion (see Table 3.9) show attention to stimulus duration, rather than
location, led to increased activation in mostly frontal areas. Specifically, we observed
activation in bilateral areas of inferior frontal gyrus, precentral gyrus, and
supplementary motor area, along with right hemisphere sections of middle frontal
gyrus, insula, and caudate, and left hemisphere sections of superior frontal gyrus and

cerebellum.
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3.3.3C LOCATION VS. FREQUENCY

We also compared the activation observed for the location task to that observed
for the frequency task. We anticipated that this contrast would be less likely to show
differences in occipital areas than the location vs. duration contrast due largely to the
possibility of frequency information priming thoughts of spatial height (e.g., Rusconi et
al., 2006; Chiou & Rich, 2012). Small volume correction analyses on the location >
frequency contrast, limiting the scope to occipital areas, returned no significant positive
or negative activations at a .05 family-wise error corrected alpha level, nor any
significant negative activations at an uncorrected .001 alpha level. Positive activations
at an uncorrected .001 alpha level (see Table 3.10) included right middle occipital and
angular gyri.

In a follow-up whole-brain analysis for our location > frequency contrast, no
significant positive or negative activation clusters were noted at a p < .05 family-wise
error corrected alpha criterion. The whole brain location > frequency contrast run with
an uncorrected alpha criterion of .001 (see Figure 3.8 and Table 3.11) showed positive
activations in bilateral areas of precuneus, inferior parietal lobule, superior parietal
lobule, supramarginal gyrus, middle occipital gyrus, and angular gyrus, as well as left
areas of inferior temporal gyrus, middle temporal gyrus, and middle frontal gyrus.

Negative activations for the location > frequency whole brain contrast at
uncorrected alpha of .001, signifying areas of greater activation during the frequency
rather than location task (see Figure 3.8 and Table 3.12), included right inferior frontal

gyrus and right middle frontal gyrus.
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3.3.3D FREQUENCY VS. DURATION

Rounding out our contrasts, we compared the activations observed for the
frequency task to that observed for the duration task. We anticipated the possibility of
a somewhat similar but likely muted activation pattern for the frequency >duration
contrast as seen with the location > duration contrast. For our frequency > duration
contrast, using small volume correction to limit the area of examination to occipital
regions, no significant positive or negative activation clusters were noted at either p <
.05 family-wise error correction or p < .001 uncorrected alpha criteria. Similarly, in a
follow-up whole brain analysis with a p < .05 family-wise error corrected alpha criterion,
no significant positive or negative activation clusters were noted.

The whole brain frequency > duration contrast run with an uncorrected alpha
criterion of .001 (see Figure 3.9 and Table 3.13), however, showed positive activations in
bilateral cingulate gyrus, right precuneus and inferior frontal gyrus, and left middle and
superior frontal gyri.

Negative activations for the frequency > duration whole brain contrast at
uncorrected alpha of .001, signifying areas of greater activation during the frequency
rather than duration task (see Figure 3.9 and Table 3.14), included bilateral areas of
cerebellum.

3.4 DISCUSSION

In this study we investigated the likelihood of and differences in occipital

activation in response to auditory stimuli in the absence of vision. Our primary

hypothesis was that we would uncover evidence that occipital lobe wires in a task-based
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rather than modality-based fashion, with dorsal stream occipital areas activating
preferentially for location-based auditory tasks.

We did note significant dorsal-stream area activations in the combined-groups
data, preferentially for the auditory location task, in support of our hypothesis.
Particularly of note were the results of the initial MarsBaR ROl analyses for the dorsal
and ventral areas, wherein the location feature tasks elicited significantly greater
activation in the dorsal areas, and significantly lower activation in the ventral areas, than
did the frequency or duration feature tasks. Indeed, the frequency and duration feature
tasks elicited statistically similar activation patterns in occipital areas to one another.
These results are well in line with a task-based neural wiring, wherein dorsal areas are
more active for spatial relation tasks, and ventral areas more active for identification
tasks. As our stimuli were purely auditory, our results show strong evidence that this
dorsal/ventral split is maintained in areas classically recruited for visual tasks when
recruited for auditory tasks. Parietal and occipital areas, particularly occipital areas on
the parieto-occipital border, were significantly recruited. This result potentially lends
further support to the notion that such inter-lobe areas are more likely to be engaged
for cross- or other-modal tasks, rather than for other-modal tasks to recruit brain areas
classically ascribed to a given sense. However, the same activation highlights the pre-
existing data streams to the recruited areas — even regularly sighted participants who
simply close their eyes appear readily able to have purely auditory location information
utilize these classically visual dorsal stream areas. Thus, it remains entirely plausible

that lobe border area structures have a tendency to be wired for multiple sensory
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inputs. On the other hand, our meta-analysis results from chapter 2 clearly showed
occipital V1 activation shared between blind and sighted individuals, so it seems more
likely that a generally robust functional connectivity between sensory inputs and
occipital lobe exists, beyond just lobe border areas.

Regardless, we do here have evidence for the retention of task-based
recruitment in occipital areas when responding to spatially relevant non-visual stimuli.
In particular, the consistently higher degree of activation observed in right middle
occipital gyrus during location tasks falls well in line with previous research. Indeed, it
has been shown that right middle occipital gyrus maintains a notable preference for
spatial input, regardless of stimulus modality, in the early blind. Further, as in our
results, the area was shown to be more active in sighted controls during non-visual
spatial rather than non-visual non-spatial tasks (Renier et al., 2010). Middle occipital
gyrus and cuneus, another occipital region implicated in our location contrasts, are both
also implicated as auditory spatial processing regions in the congenitally blind, though
classically considered visuospatial (Collignon, et al., 2011).

Precuneus activation also seems fairly consistent in response to our location
tasks, the area being associated with visuospatial mental imagery and spatial attention
(for review, see Cavanna & Trimble, 2006). As posterior cingulate cortex is strongly
linked to precuneus (e.g., Fransson & Marrelec, 2008), the cingulate activation is not
surprising — especially as posterior cingulate cortex is associated with spatial attention
(e.g., Small et al., 2003). Similarly, the inferior parietal lobule/supramarginal

gyrus/angular gyrus activations are not surprising, the areas implicated in left/right
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discrimination and sustained attention (e.g., Hirnstein et al., 2011; Husain & Nachev,

2007; Karhson, Mock, & Galob, 2015; Lee et al., 2013)

3.4.1 STUDY LIMITATIONS AND FUTURE DIRECTIONS

Though the initial intent was to examine differences in activation between
participants who had been blindfolded for approximately 45 minutes and participants
who had not, our analyses showed no significant behavioural or neural differences
between the groups. Thus, we combined the sighted and blindfolded group data to
more robustly investigate common patterns of activation in response to the tasks.
Though unexpected, and potentially due to a lack of power, this lack of group
differences nonetheless can be explained given the existing literature — some studies
report discernible neural changes from blindfolding in rapid fashion (e.g., Poirier et al,
2007), whereas others may only detect small yet significant BOLD activation changes
after 5 full days of blindfolding, including directed blindness training (e.g., Merabet et
al., 2008). Considering the similarity in activation patterns observed between our
participant groups, It is possible that our task may not have been conducive to
encouraging enhanced occipital area recruitment — considering the similarity in
activation patterns observed between our participant groups, it instead appears
plausible that our task recruited a standard degree of occipital recruitment that could be
expected from any typical sighted individual with their eyes closed. This standard
recruitment possibility is given merit through studies showing that the presence of a
given sense can mask or inhibit activations from another sense that would otherwise be

discernible (e.g., Weaver & Stevens, 2007) — the unmasked connections hypothesis.
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Further investigation along this particular line could be conducted with similar task data
collected from sighted participants with their eyes open during the task.

It is also possible that our tasks simply were not difficult or long enough to elicit
the anticipated occipital alteration/additional unmasking. As performance on the
location task in particular was highly invariant between groups, it may be that a more
robust task, possibly involving elevation changes, or focusing more heavily on location-
tasks in general would be better able to elicit between group differences. It is also
possible that the amount of blindfolded time simply was not enough to elicit changes
beyond those that might arise with simply closed eyes, as we observed. Since sighted
participants were instructed to keep their eyes closed during functional scans, this may
help explain why sighted and blindfolded participants showed similar performance and
activation. Further, the only practice either group received on the tasks was a single run
for each feature (frequency, duration, and location). More directed/lengthy
training/practice, particularly on the location task, may well have helped elicit
differences in neural recruitment between the groups. It is plausible that, with longer
blindfolding time, a more robust location-based task, and longer, more directed
location-task practice, significant group differences and perhaps further occipital
recruitment may be observed.

Limitations aside, whereas engagement with our location-based auditory task
did preferentially elicit dorsal stream occipital activations, a future investigation into
more ventral-stream relative tasks would shed more light on the extent of occipital

lobe’s task-based delineations. Just as more robust location-based tasks may elicit
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further dorsal occipital recruitment, a robustly engaging identification task may well
elicit the same in ventral areas, rounding out the classic double dissociation.
3.5 CONCLUSIONS

All told, though these data cannot directly address the question of how and
when more robust non-visual functional connections are formed in the occipital lobe,
they do provide further compelling evidence that the occipital lobe is indeed wired in a

task-based fashion that is more modality-agnostic than previously believed.
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Table 3.1. Results of the group ANOVAs.

Feature vs. Rest contrasts

ROI Within/Between F df p

Striate Within Feature * Group 0.284 (2,46) 0.754
Between Group 0.557 (1,23) 0.463
Extrastriate Within Feature * Group 0.698 (2,46) 0.503
Between Group 0.389 (1,23) 0.539
Ventral Within Feature * Group 1.140 (1.57,36.15) 0.320
Between Group 0.013 (1,23) 0.911
Dorsal Within Feature * Group 0.056 (2,46) 0.946
Between Group 0.766 (1,23) 0.390
Auditory Within Feature * Group 0.129 (2,46) 0.880
Between Group 1.737 (1,23) 0.200

Feature vs. Other Feature Contrasts

ROI Within/Between F df p

Striate Within Contrast * Group  0.284 (2,46) 0.754
Between Group -0.056 (1,23) 1.000
Extrastriate Within Contrast * Group  0.698 (2,46) 0.503
Between Group 0.006 (1,23) 0.938
Ventral Within Contrast * Group  0.970 (2,46) 0.387
Between Group -4.5e-5 (1,23) 1.000
Dorsal Within Contrast * Group  0.056 (2,46) 0.946
Between Group -0.044 (1,23) 1.000
Auditory Within Contrast * Group  0.129 (2,46) 0.880
Between Group -0.007 (1,23) 1.000
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Table 3.2. Location > Rest occipital SVC analysis results, p < .05 FWE, negative

activations.
Peak MNI

Size Coordinates Peak p
(Voxels) Structures Within Cluster X Y Z t(23) (FWE)
530 Middle Occipital, Superior Occipital, 36 -85 31 11.29 <.001
-- Inferior Occipital, Middle Temporal, 24 -85 40 10.44 <.001

-- and Inferior Temporal Gyri 45 -79 25 9.11 <.001
575 Middle Occipital, Superior Occipital, -39 -88 19 11.07 <.001
-- Inferior Occipital, Middle Temporal, -42 -76 28 9.26 <.001

-- and Inferior Temporal Gyri -18 -88 37 8.29 <.001
37 Cuneus and Precuneus -9 -61 25 998 <.001
15 Precuneus -6 -61 19 847 <.001

-- - -15 -64 19 6.49 0.002

17 Precuneus 15 -61 25 749 <.001
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Table 3.3. Frequency > Rest occipital SVC analysis results, p < .05 FWE, negative

activations.
Peak MNI

Size Coordinates Peak p
(Voxels) Structures Within Cluster X Y Z t(23) (FWE)
564 Middle Occipital, Superior Occipital, -45 -79 28 13.88 <.001
-- Inferior Occipital, Inferior Temporal, -42 -67 25 10.08 <.001

-- and Middle Temporal Gyri -39 -76 40 833 <.001
329 Middle Occipital, 48 -76 25 11.74 <.001
-- Superior Occipital, and 42 -82 28 10.77 <.001

-- Middle Temporal Gyri 33 -8 34 1142 <.001

90 L Cuneus, -6 -61 28 10.04 <.001

-- Bilateral Precuneus 12 -61 25 881 <.001
20 Precuneus -6 -61 19 852 <.001

-- - -15 -64 19 7.70 <.001

11 Fusiform Gyrus -36 43 -14 6.54 <.001

- - -27 -49 -14 559 0.013

14 Inferior Temporal Gyrus 51 -70 -8 6.42 0.003
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Table 3.4. Duration > Rest occipital SVC analysis results, p < .05 FWE, negative

activations.
Peak MNI

Size Coordinates Peak p
(Voxels) Structures Within Cluster X Y Z t(23) (FWE)
386 Middle Occipital, -45 -79 28 13.88 <.001
-- Superior Occipital, and -42 -67 25 10.08 <.001

-- Middle Temporal Gyri -33 -82 40 833 <.001
96 L Cuneus, -6 -64 25 11.74 <.001

-- Bilateral Precuneus 15 -61 25 10.77 <.001
361 Middle Occipital, 48 -76 25 1142 <.001
-- Superior Occipital, and 48 -67 25 10.04 <.001

-- Middle Temporal Gyri 24 -85 40 8381 <.001

19 Precuneus -6 -61 19 852 <.001
50 Fusiform and -33 46 -11 7.70 <.001

-- Inferior Temporal Gyri -39 -52 -14 6.54 0.002

-- - -54 -61 -8 5.59 0.012

13 Middle Temporal Gyrus -57 -70 1 6.42 0.002

-- - -51 -79 5.27 0.023
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Table 3.5. Location > Duration occipital SVC analysis results, p < .05 FWE, positive

activations.
Peak MNI
Size Coordinates Peak p
(Voxels) Structures Within Cluster X Y Z t(23) (FWE)
31 Middle Occipital Gyrus 45 -73 31 6.67 0.002
-- Angular Gyrus 39 -79 37 6.16 0.005
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Table 3.6. Location > Duration occipital SVC analysis results, p < .001 uncorrected,
positive activations.

Peak MNI
Size Coordinates Peak p
(Voxels) Structures Within Cluster X Y Z t(23) (uncorr.)
77 Mid./Sup. Occipital Gyrus 45 -73 31 6.67 <.001
-- Angular Gyrus 39 -79 37 6.16 <.001
12 Cuneus, Precuneus -12 -61 28 5.03 <.001
46 Mid. Occipital Gyrus -42 -67 25 4.22 <.001
-- Angular Gyrus -39 -79 31 4.16 <.001
-- Inf. Parietal Lobule -33 67 37 384 <.001
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Table 3.7. Location > Duration whole brain analysis results, p < .05 FWE, positive

activations.
Peak MNI

Size Coordinates Peak p
(Voxels) Structures Within Cluster X Y Z t(23) (FWE)
261 Precuneus (Bilateral) 9 -49 43 8.89 <.001

-- Cingulate Gyrus (Left) -6 -40 43 8.6 <.001

-- -- -3 -70 46 7.38 0.003

23 Middle Frontal Gyrus -30 29 40 7.8 0.001

24 Middle Occipital Gyrus 45 -73 31 6.67 0.010

-- Angular Gyrus 39 -79 37 6.16 0.028
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Table 3.8. Location > Duration whole brain analysis results, p <.001 uncorrected,
positive activations.

Peak MNI
Size Coordinates Peak p
(Voxels) Structures Within Cluster X Y Z t(23) (uncorr.)
1806 Bilateral: Precuneus, Cingulate Gyrus 9 -49 43 8.89 <.001
-- L: Cuneus, Mid. Occipital Gyrus -6 -40 43 8.6 <.001
-- L: Angular Gyrus, Mid. Temporal Gyrus -3 -70 46 7.38 <.001
173 Mid. Frontal Gyrus -30 29 40 7.8 <.001
-- Sup. Frontal Gyrus -24 41 40 6.55 <.001
- - -24 47 28 3.88 <.001
507 Angular Gyrus, Supramarginal Gyrus, 45 -73 31 6.67 <.001
-- Mid./Sup. Occipital Gyrus, Inf. 51 -49 28 6.39 <.001
Parietal Lobule, Inf./Sup. Temporal
-- Gyrus 39 -79 37 6.16 <.001
104 Mid./Sup. Frontal Gyrus 27 29 46 6.19 <.001
Supramarginal Gyrus, Inf. Parietal
31 Lobule -63 -37 40 4.61 <.001
26 Bilateral Cingulate Gyrus 0 23 13 456 <.001
- - 0 20 22 403 <.001
12 Mid./Sup. Frontal Gyrus 27 8 49 456 <.001
46 Mid. Temporal Gyrus -60 -61 -5 4.42 <.001
-- Inf. Temporal Gyrus -57 52 -2 421 <.001
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Table 3.9. Location > Duration whole brain analysis results, p <.001 uncorrected,
negative activations.

Peak MNI
Size Coordinates Peak p
(Voxels) Structures Within Cluster X Y Z t(23) (uncorr.)

161 Inf. Frontal Gyrus 54 11 22 541 <.001
-- Precentral Gyrus 54 11 4 4,56 <.001
47 Inf. Frontal Gyrus, Precentral Gyrus  -45 11 22 4.7 <.001
14 Inf. Frontal Gyrus -39 29 4 4.64 <.001
20 Cerebellum -3 79 -23 4.49 <.001
11 Caudate 12 2 19 4.2 <.001
22 Sup. Frontal Gyrus -6 23 46 4.13 <.001

-- Bilateral Supplementary Motor Area -- -- -- -- --

25 Bilateral Supplementary Motor Area 3 8 61 412 <.001
18 Mid./Inf. Frontal Gyrus 45 41 16 4.05 <.001
18 Insula 30 23 1 3.98 <.001
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Table 3.10. Location > Frequency occipital SVC analysis results, p < .001 uncorrected,
positive activations.

Peak MNI
Size Coordinates Peak p
(Voxels) Structures Within Cluster X Y Z t(23) (uncorr.)
18 Mid. Occipital Gyrus, Angular Gyrus 42 -73 34 4,53 <.001
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Table 3.11. Location > Frequency whole brain analysis results, p < .001 uncorrected,
positive activations.

Peak MNI
Size Coordinates Peak p
(Voxels) Structures Within Cluster X Y Z t(23) (uncorr.)
87 Inf. Parietal Lobule -33 -43 43 5.76 <.001
580 Bilateral Precuneus -9 -67 55 574 <.001
-- Bilateral Superior Parietal Lobule 3 55 49 524 <.001
- - 9 -61 64 4.13 <.001
Supramarginal Gyrus/Inf. Parietal
26 Lobule 54 -34 34 455 <.001
29 Mid. Occipital Gyrus, Angular Gyrus 42 -73 34 453 <.001
21 Mid. Frontal Gyrus -33 32 37 4.24 <.001
Inf. Parietal Lobule/Supramarginal
53 Gyrus -60 -37 37 4.24 <.001
19 Mid. Temporal Gyrus -60 -61 -8 4.18 <.001
-- Inf. Temporal Gyrus -54 -58 -2 4.1 <.001
27 Mid. Frontal Gyrus 30 2 52 4.8 <.001
10 Mid. Occipital Gyrus, Angular Gyrus  -33 -67 37 4 <.001
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Table 3.12. Location > Frequency whole brain analysis results, p < .001 uncorrected,
negative activations.

Peak MNI
Size Coordinates Peak p
(Voxels) Structures Within Cluster X Y Z t(23) (uncorr.)
47 Inf. Frontal Gyrus 42 11 22 5.29 <.001
44 Inf. Frontal Gyrus 51 38 4 411 <.001
-- Mid. Frontal Gyrus 42 29 13 3.72 0.001
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Table 3.13. Frequency > Duration whole brain analysis results, p <.001 uncorrected,
positive activations.

Peak MNI

Size Coordinates Peak p
(Voxels) Structures Within Cluster X Y Z t(23) (FWE)
15 Inf. Frontal Gyrus 21 14 -17 5.16 <.001
53 Sup. Frontal Gyrus -15 47 34 447 <.001

-- Mid. Frontal Gyrus -24 32 40 383 <.001
61 Bilateral Cingulate Gyrus 3 -40 40 4.04 <.001

-- Right Precuneus 3 -31 40 4.01 <.001

-- -- 3 40 31 379 <.001
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Table 3.14. Frequency > Duration whole brain analysis results, p <.001 uncorrected,
positive activations.

Peak MNI
Size Coordinates Peak p
(Voxels) Structures Within Cluster X Y Z t(23) (FWE)
33 Cerebellum -27 -64 -29 457 <.001
-- -- -39 -58 -32 384 <.001
-- -- -27 -49 -32 382 <.001
15 Cerebellum 42 -58 -32 432 <.001
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Figure 3.1. Example of correct trial responses by run type.
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Figure 3.2. Average ROl activation values for feature vs. rest contrasts.
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Figure 3.3. Average ROl activation values for feature vs. other features contrasts.
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Figure 3.4. Negative occipital activation for the location feature > rest (red) and
frequency feature > rest (green) contrasts significant at the p < .05 FWE correction
threshold under small volume correction with an inclusive occipital mask. Overlapping
areas are displayed in yellow. All images displayed in neurological convention (left =
left).
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Figure 3.5. Negative occipital activation for the location feature > rest (red) and duration
feature > rest (green) contrasts significant at the p < .05 FWE correction threshold under
small volume correction with an inclusive occipital mask. Overlapping areas are
displayed in yellow. All images displayed in neurological convention (left = left).
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Figure 3.6. Negative occipital activation for the frequency feature > rest (red) and
duration feature > rest (green) contrasts significant at the p <.05 FWE correction
threshold under small volume correction with an inclusive occipital mask. Overlapping

areas are displayed in yellow. All images displayed in neurological convention (left =
left).
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Figure 3.7. Positive whole-brain activation for the location > duration contrast. Clusters
shown in green are significant at the 0.05 alpha level under family-wise error correction.
Clusters shown in red are significant at the 0.001 uncorrected alpha level. Numbers
represent the axial location of the slice in millimeters.
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Figure 3.8. Whole-brain activation for the location > frequency contrast at the 0.001
uncorrected alpha level. Positive activation clusters are shown in red, and negative
activation clusters are shown in green. Numbers represent the axial location of the slice
in millimeters.
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Figure 3.9. Whole-brain activation for the frequency > duration contrast at the 0.001
uncorrected alpha level. Positive activation clusters are shown in red, and negative
activation clusters are shown in green. Numbers represent the axial location of the slice
in millimeters.
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CHAPTER 4
OVERALL CONCLUSIONS

In this dissertation, we set out to investigate occipital lobe function —in
particular, whether this classically-visually-ascribed area was actually a modality-
agnostic, task-specific neural area as opposed to being essentially unimodal in nature.
Our secondary item of interest was to ascertain whether the robust occipital activation
seen in late-blind individuals is likely to, at least initially, stem from typically-active
connections in occipital regions that are utilized by the typically sighted in spatially-
relevant, non-visual analyses.

Through our investigations, we have provided evidence in support of both of
these notions. Regarding the occipital lobe being modality agnostic, we initially related
information from previous studies showing the existence of connections between
primary sensory cortical areas in the typically developing brain, as well as multi-modal
effects supporting the utility of said connections. We further related evidence of strong
recruitment of occipital areas for non-visual processing in the blind, and rapid
recruitment of occipital areas for non-visual processing in typically sighted individuals
whose vision is experimentally inhibited. Our review of the literature further provided
evidence supporting the notion of occipital areas retaining the typical what/where
ventral/dorsal pathway split cross-modally, and that this task-type dissociation even

arises in the congenitally blind — without the influence of vision.

129



We then conducted a series of meta-analyses in order to more quantitatively
investigate the existing data in relation to our hypotheses. Through this, we uncovered
evidence of both unique occipital recruitment for non-visual stimuli in the blind, as well
as evidence of common occipital recruitment for non-visual stimuli shared across both
blind and typically sighted individuals. This evidence strongly reiterates the notion of
existing neural connections between sensory areas, as well as the active functionality of
these connections. Further, though indirectly, this evidence lends support to the idea
that these same pre-extant connections would be initially capitalized on if vision were
lost later in life, allowing for rapid expansion of the occipital lobe’s role in processing
non-visual stimuli. Whereas our meta-analyses also showed some support for task-
based wiring in the occipital lobe in response to non-visual stimulus processing, the low
number of studies available for the related analyses limited our ability to more
confidently address that issue. However, as our own fMRI study provided some
evidence of task-based wiring, we feel that as more studies become available for
inclusion in the localization and identification specific meta-analyses, the general results
will more clearly indicate the double-dissociation between these task types for non-
visual processing as we’ve come to expect from visual tasks.

Lastly, we conducted a novel fMRI study, examining the occipital response of
blindfolded and typically sighted individuals to auditory stimuli that varied in response
to perceived location, auditory frequency, and duration of presentation. Neural
activation was recorded while participants engaged in 1-back tasks while focusing their

attention on one of the three shifting stimulus features, allowing us to compare occipital
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activation patterns in response to the feature-based tasks’ purely auditory stimuli.
Though we did not note any statistically significant group differences between the
blindfolded and sighted group participants, our analyses on the combined participant
data revealed strong evidence of task-based recruitment in the occipital lobe in
response to auditory stimulus processing. Specifically, the location discrimination task
elicited significantly greater activation (or less inhibition, considering all observed
occipital activation for our tasks was negative when compared to rest) in the occipito-
parietal dorsal/where pathway than did the frequency or duration tasks. As the location
task was the only task of the three that was truly spatially relevant, this unique
utilization of the dorsal stream fits with the notion of spatial processing recruiting
similar pathways regardless of the modality the spatially relevant stimulation originates
from. As the participants involved either simply had their eyes closed or were
blindfolded for less than an hour prior to the start of our experiment, this investigation
also provided further evidence of the rapid availability of occipital processing for non-
visual stimuli, highlighting again the utility of the low-level connections between sensory
modalities and implicating them as likely sources of initial adaptation of occipital areas
in the case of visual interruption.

A further item of interest that can be examined with our data is that of V1
activation to non-visual tasks. There does not appear to be a consensus across existing
studies as to whether V1 activation of this sort should be expected, and our own fMRI
study shows a lack thereof. However, considering the meta-analysis results, we can

note that whereas the blind > sighted contrast did not display V1 activation, the
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conjunction contrast did. This suggests that even sighted individuals, given the right
task, will utilize V1 in response to non-visual input processing. From this observation we
can further postulate that the lack of V1 activation in some studies reporting blind >
sighted contrasts may well be due to an unexpectedly higher degree of V1 activity in the
sighted group due to latent low-level sensory connections. This activation would make
it more difficult to note additional activation in the area in blind participants, and may
be a contributing factor, beyond the limitations previously noted, to the lack of
differences we observed between our blindfolded and sighted-eyes-closed participant
groups in our fMRI study.

Though our investigations are not without their limitations — the meta-analyses
for task-based recruitment require more available studies to allow for stronger claims,
and our fMRI experiment would benefit from extension regarding improvements to help
elicit differences between blindfolded and sighted participants, as well as the inclusion
of a robust ventral/what pathway identification task — we believe the case has
nonetheless been made that the occipital lobe is not a unimodal area. Instead, it does
indeed appear to be a plastic, multi-modally reactive area with specifically-wired task-

based processing pathways.
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