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1.  Introduction:


Since the advent of magnetic resonance imaging (MRI) a profusion of studies have been conducted in the hopes of unlocking the mystery which is our brain.  This is a seemingly infinite area of research and its surface is hardly scratched by one researcher, or even a group of researchers.  In order to pare down this daunting task and define a specific area of study, researchers have developed a number of eloquent methods, which have come to be defined under the umbrella term functional neuroimaging.  Functional neuroimaging attempts to link certain mental processes to specific areas of the brain.  The most common techniques of functional neuroimaging include functional magnetic resonance imaging (fMRI), positron emission tomography (PET), single-proton emission computerized tomography (SPECT), and optical imaging (Huettel et. al., 2004).  Together with the anatomical imaging of MRI researchers can identify structurally unique areas of the brain that are associated with specific cognitive functions.


With all that has been said in the above passage it seems that you need four separate elements to begin non-invasive research of the brain.  You need MRI, a particular method of neuroimaging, an area of interest to research, and a cognitive function that, ideally, effects the chosen region of interest.  The study that inspired this paper has all four of these elements.  The neuroimaging technique fMRI was used to study the visual cortex and how it is effected by the cognitive process of attention, and more specifically, peripheral attention
.  However, before we can begin with the current study we must first take a look at the studies which preceded this one.  When we have done that we will better understand where this study fits into the vast puzzle of brain research and where we can move from there.  These antecedent studies begin with research of the visual cortex and its component parts.


The topography of the visual pathways extend from the most anterior portion of the brain to the most posterior portion, which is also known as the occipital lobe (Heimer, 1995).  The occipital lobe, which is responsible for vision, has been extensively researched using fMRI and subdivided into a number of specific regions which are responsible for particular aspects of vision (Sereno et al. 1995, DeYoe et al. 1996, Wandell 1999).  Theses regions include the primary visual cortex, which also goes by the name visual area 1, V1, or the striate cortex (due to its primary composition of heavily myelinated fibers) and the entire extrastriate cortex which has been labeled V2, VP, V3, V4, and V5 or MT+
.  Of these various locations V1, V2, and MT+ have the most discernable borders (Clarke and Miklossy 1990, Zeki, et al. 1991, and Tootell and Taylor 1995).  These distinct borders are due to the retinotopy of V1 and V2 and the postmortem anatomical research done on MT+ by Tootell and Taylor, which matches functional data from fMRI.  Because of their discernable locations areas V1, V2, and MT+ will be the focus of the current research. 


In the aforementioned studies areas V1 and V2 were found to be retinotopically mapped
 and MT+ responded best to motion stimuli.  Because of these characteristics researchers could elicit a response from these particular areas of the visual cortex and identify them with a high degree of accuracy.  From here they began to concentrate their efforts on determining the effects of various cognitive processes on these defined locations.  Attention is one of these cognitive processes.  Using the fMRI, researchers found that when attention was focused on central or near peripheral locations, of eccentricities up to 12o, increased blood volume resulted in areas V1, V2, and MT+ (Tootell et al. 1998, Kastner et al. 1998, Brefczynski and DeYoe 1999, Gandhi et al. 1999, Somers et al. 1999, Martinez et al. 1999, and Muller at al. 2003).  As is discussed in appendix 1, this increased blood volume is an indirect consequence of an increase in neuronal activity.  Therefore, it was concluded that attention can modulate neuronal activity in certain areas of the visual cortex.


What these studies did not address was whether or not attention had a similar effect in visual areas outside of 12o.  Until recently visual stimuli could only be presented to the very near periphery (up to 15o away from center) due to the limitations imposed by the video screens used to present the stimuli and the limited space in the MRI.  Without a proper mapping of the more peripheral retinotopic areas of V1 and V2 the attention effects could not be determined.  To remedy this, a study was performed by Greg Scott and Mark Dow (University of Oregon, Psychology Dept., 2004) who devised a method of presenting stimuli out to the limits of the human visual field using a device coined the Nerdical
.  From this method they showed the full visual field representation of cortical areas V1 and V2.  The far peripheral representations of visual space were anterior to the peripheral limits of the previous studies, which they determined to be in agreement with more precise studies done on the visual cortex of monkeys (Van Essen 1984, Allman and Kaas 1971).  


With the information provided from all of these various studies it is now possible for us to determine the effects of far peripheral attention on cortical areas V1, V2, and MT+.  Although the effects of attention on cortical area V1 are still debated, with some studies ending in results that lead authors to conclude that attention does not effect V1 (e.g. Moran and Desimone 1985, Luck et al. 1997), the current study focused efforts on developing strict fMRI protocol to determine the effects of attention in these striate and extrastriate locations.    


These efforts were not without previous evidence suggesting that V1 was actually modulated by attention.  Before jumping into peripheral research we developed a protocol to test the effects of attention on a more central field of view.  This protocol resembled the one eventually used to study peripheral attention, but required the subject to simply fixate on a computer screen rather than through the Nerdical.  This experiment not only served to confirm previous results obtained by researchers (Tootell et al. 1998, Di Russo 2003) but also helped to train the subjects for future sessions using the Nerdical and attending to the far periphery.  Although obtaining information from these near peripheral locations was not the ultimate goal for this experiment it did help in designing and analyzing the information gathered from the far periphery.  Because of this the near peripheral study was included in the thesis that follows.


To study the far periphery an event-related fMRI study was developed to present stimuli to the far periphery and image the brain while subjects were attending to those stimuli and while the subjects were not attending.  For all subjects we compared the fMRI activations for several striate (V1) and extrastriate (V2/VP and MT+) visual cortex locations along with a number of parietal locations
.  The hypothesis is that while the subject is attending there will be an increase in the hemodynamic response at particular locations correlating to an increase in neuronal activity at these same locations.  When the subject is not attending there will be a marked decrease in activation that will be statistically viable when comparing the attended and unattended images.


With the information gathered from the effects of attention on the far periphery we can develop a more thorough understanding of the effects of attention on the visual cortex as a whole.  This information can then be used in different experiments studying the effects of sensory deficits on the visual cortex in humans.  This particular experiment is part of an ongoing study trying to determine the effects of attention in congenitally deaf subjects.  The application of this study in these future experiments will be thoroughly elaborated upon in the discussion section.  

2.  Materials and Methods:

2.1   Participants: 


The study consisted of 2 male participants (aged 22 and 43) and 2 female participants (aged 20 and 23).  After being informed of the nature of the study each participant gave signed consent.  Each participant was thoroughly instructed on the task they needed to perform before entering the scanner.  All four subjects were asked to participate in two separate experiments in order to obtain data from the near and far periphery.  The study was approved by the Committee for the Protection of Human Subjects/Institutional Review Board at the University of Oregon (CPHS/IRB).  Subjects were paid $20/hour by the University of Oregon, Psychology department.    

2.1.1 Stimuli and tasks – Near peripheral experiment:


Subjects lay in the scanner and viewed a screen that presented stimuli.  An adjustable mirror was positioned onto the head coil to allow the subjects to view the stimuli comfortably.  The stimuli consisted of four yellow dots, which randomly appeared at one of four locations in the visual field and flashed at 8 Hz.  This frequency was used after previous studies had found it to elicit the highest response in cortical activations (Singh et al., 2003).  The randomization and staging of the dots was controlled by the scripting program Presentation_9.12 (Neurobehavioral systems, 2004).   It was necessary for the dot locations to be randomized so that attention was not diverted due to stimuli predictability.  The dot locations were arranged at 8o and 12o eccentricities at 45o angles from center in both the upper right and left quadrants.  One dot at any location flashed for 3.25s before a new location was presented.
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Figure 1:  This is a representation of what was presented to subjects in the near peripheral experiment.  The blue arrow represents a blue attention light happening at the attended location, however, a blue light could occur at any one of the four yellow light locations.


Subjects were asked to maintain fixation on a centrally located, red crosshair that remained on for the entirety of a single run in the scanner.  Attention was alternately directed to each hemifield, for 26s each time.  Subjects began with their attention on the left, near eccentricity dot location (8o from center) and then switched it to the right, near location after 26s.  The switch was cued by a central, red dot that overlapped the crosshair for 250ms.  The central location of the crosshair and the attention cue was used to make sure that activations in either hemifield were not skewed due to these necessary features within the stimulus design. To ensure attention was being focused to the appropriate side, subjects were asked to count the number of blue dots that flashed at the attended location.  The blue dots flashed randomly at any one of the four locations and remained on for durations of 15ms.  The short duration was used to make the task hard enough to require the subject’s attention. 


Each subject was scanned for 8 runs in a single session.  An individual run consisting of 165 image acquisitions at 2s per acquisition continued for 330s.  All together a single subject was in the magnet for approximately 45min during a single session.

2.2.2.  Stimuli and tasks – Far peripheral experiment:

The paradigm for the far peripheral experiment was much the same as the near peripheral experiment with a few key differences.  Instead of a screen subjects lay in the scanner and viewed the stimuli through what we are calling the Nerdical.  The Nerdical consisted of a series of light emitting diodes (LED) whose light was guided to the right eye via 1mm diameter fiber optics.  The fibers ended approximately 2.5cm from the cornea of the eye (for a more complete description of he Nerdical see Appendix 3).  The stimuli consisted of four yellow lights, which randomly appeared at one of four locations in the visual field and flashed at 8 Hz (again, these processes were controlled by Presentation_9.12).  The light locations were arranged at 22o and 33 o eccentricities at 45 o angles from center in both the upper left and right quadrants.  The subjects were asked to maintain fixation on a dim center light and to alternate their attention when cued by a brighter center flash.  To ensure that the subject’s attention was being maintained the subject was asked to count the number of red lights that flashed at the attended location.  All other time durations and scanning specifications remained the same across experiments.

2.3. Magnetic resonance imaging:


A Siemens Allegra (Siemens Medical Systems, Erlangen, Germany) operating at 3T and equipped for echoplanar imaging (EPI) captured the fMR images.  A quadrature volume head coil was used for radio frequency (RF) transmission and reception.  Head movement was restricted via cushioning.  Thirty-two slices of fMR images were acquired using blood oxygenation level-dependent (BOLD) imaging (3 x 3mm; 3.0 mm thick; 0 distance factor; TR = 2000ms; TE = 30ms), covering most of he whole brain except the cerebellum and including all of the occipital and parietal lobes.
2.4. Region of Interest Identification:


The primary visual cortex (V1) was identified by BOLD responses in the fMR images that ran along or just below the calcarine sulcus.  It was also identified by BOLD responses moving more anteriorly due to stimuli at the further locations (12o and 33o) versus responses caused by stimuli at the closer locations (8o and 22o), in the near and far experiments respectively.  This functioned as a rough retinotopic mapping, characteristic of this particular region of interest.  


The extrastriate location V2/VP was identified by BOLD responses that were inferior to V1, adjacent to the calcarine sulcus, and via its characteristic retinotopic mapping.  V2 and VP are actually functionally separate visual locations within the occipital lobe, however they are bundled together for the purposes of this experiment.  This had to be done because the subjects involved in this study had not had a more precise retinotopic map created of these visual regions.  Therefore, separating V2 from VP, which reside in close proximity to each other, was not always possible (see illustration 6 of appendix 2).  More about this is included in the discussion.


Visual area MT+ was identified by BOLD responses that were anatomically separated from the rest of the activations in the visual cortex.  Regions identified as MT+ were located on the lateral side of the occipital lobe (see illustration 6 of appendix 2).  The plus indicates that this region is probably much like that of the monkey area MT (motion area) along with some associated, functionally unique cortical areas (Beauchamp et. al., 1997).

2.5. Data Analysis:


The first step in data analysis was to put the raw DICOM data from the magnet into the program MRIConvert_1.0.2 (University of Oregon, Psychology Dept., 2002).  This program converted the raw data into BrainVoyager (Brain Innovation B.V., The Netherlands and Munich, Germany, 2002) format.  We used BrainVoyager implemented in MATLAB 6.5 (The MathWorks Inc., Natick, MA, USA) for all of the data preprocessing and statistical analysis.  For each subject in a single session, 165 fMRI volumes were acquired.  Slice scan time correction was the first preprocessing step, followed by 3D motion correction and temporal data smoothing (highpass filter = 5.0x10-4 Hz) performed simultaneously, and spatial data smoothing (Gaussian filter = 4mm).  Each corrected functional image was then coregistered with the subject’s anatomical image.  An AC/PC rotation was implemented to align the anterior commissure and the posterior commissure to ensure similar alignment in all images across all subjects.  The final preprocessing step was a Talairach transformation putting every run with every subject into similar Talairach space.  


Analysis was performed using a general linear model, creating a map of the statistically significant activity for a predicted response captured during the eight run session in the magnet.  This map utilized the information given by the BOLD response imaged from the brain and the temporal information given by the protocol file created by Presentation.  Left versus right hemisphere and attended versus unattended activity was compared.  The individual predictor names were as follows:  YL1_No, YL2_No, YL3_Attention, YL4_Attention, YL1_Attention, YL2_Attention, YL3_No, YL4_No, BL1, BL2, BL3, BL4, and Red.  YL1 and YL2 represented the near and far, right eccentricities, respectively.  YL3 and YL4 represented the near and far, left eccentricities, respectively, corresponding to the stimuli locations in fig. 2.  
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Figure 2:  This is a representation of the predictor names and their locations.  While the subject is paying attention to the left side the predictor names are YL3_Attention, YL4_Attention, YL1_No, and YL2_No.  While the subject is paying attention to the right side the predictor names are YL1_Attention, YL2_Attention, YL3_No, and YL4_No.  This nomenclature was used to divide the lights were attended to and the lights that were not.

Contrasts were decided by determining which two predictors would show the activations due to attention and also those due to non-attention.  For example, YL1_Attention was contrasted with YL3_Attention to show the response due to attending to either of the near eccentricities (i.e. near attended left vs. near attended right shows the activations for attending to the left, near light location and the right, near light location).  The activation maps of the contrasts in question were saved and then re-opened in the program Space (University of Oregon, Psychology Dept., Mark Dow, 2004).


Space allowed us to overlay the activation maps onto the 3D anatomical image of the brain and then select a set of voxels that formed a specific region of interest (ROI).  The ROIs analyzed were significant activations that most corresponded to the locations of V1, V2/VP, and MT+ determined by previous studies, as well as, those parietal activations that recurred across subjects.  This 3D cluster was brought back to BrainVoyager where an ROI analysis was performed.  The ROI analysis made it possible to compare the activations of a specific cortical region due to attention with those due to non-attention.  An event-related averaging plot, which averages the response from each light location, could then be developed using the activation information from all 8 runs.  This plot showed the percent BOLD response for two specific conditions across time facilitating a comparison of the difference in responses (e.g. % BOLD response in right V1 due to attention vs. % BOLD response in right V1 with no attention).  Statistical analysis was then performed by evaluating the difference in error between the two plots, recording their peak values, and calculating the percent differences.   

3.  Results:

All of the activations reported in the following section were anatomically defined using the program Space.  After being defined as a region of interest (ROI) in Space the activations were statistically analyzed in BrainVoyager to reveal their percent BOLD response while attending and while not attending.  In each of the subsections the results have been divided up into the occipital locations V1, V2/VP, and MT+, as well as, any significantly activated parietal locations.  Each ROI’s peak percent BOLD response for attending and not attending has been reported, along with the error associated with each peak.  Whether or not the difference between peaks is significant has been explicitly stated.  All of the ROIs defined in this experiment were significant at p = .001.
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Figure 1:  The above images are an example of the stimuli activations from a single subject.  The yellow represents the BOLD response while the subject was paying attention and the black represents the response while the subject was not paying attention.  The image on the left shows activation in V2/VP within the left hemisphere.  The image on the right shows activation in V2/VP within the right hemisphere
.
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Figure 2:  This graph was obtained from BrainVoyager and represents the BOLD response from the left hemisphere V2/VP shown above.  The yellow curve portrays the amount of oxygenated blood found at that particular cortical location, while the subject was attending (Yellow area of left side image in Fig. 1).  The orange curve portrays the same information, but while the subject was not attending (Black area of left side image in Fig. 1).  Remember that the amount of oxygenated blood at a cortical location is proportional to the amount of neuronal activity
.  Therefore, it can be said that, for this particular subject, V2/VP was more activated while the subject was attending.  Graphs such as this were obtained from each subject and the peaks of those graphs are reported below.  The summary at the end of this results section is an average of all the peaks from a particular cortical location, across all subjects with significant activations at that location.

3.1.1  Subject 1:  Near periphery


There were significant activations (p<.001) at occipital locations V1, V2/VP, and MT+, as well as, parietal locations in the both the right and left hemispheres.  While attending the peak percent BOLD response for right side V1 was 0.186 + 0.046 and while not attending it was 0.128 + 0.047.  The response for left side V1 was 0.118 + 0.038 while attending and 0.095 + 0.038 while not attending.  The difference in response was not statistically significant for V1 in either hemisphere.


While attending, the peak percent BOLD response for right side V2/VP was 0.193 + 0.037 and while not attending it was 0.225 + 0.045.  The response for the left side V2/VP was 0.227 + 0.033 while attending and 0.060 + 0.034 while not attending.  The difference in response was found to be statistically significant within the left hemisphere only.


While attending, the peak percent BOLD response for right side MT+ was 0.313 + 0.053 and while not attending it was 0.106 + 0.051.  The response for left side MT+ was 0.221 + 0.042 while attending and 0.014 + 0.037 while not attending.  The difference in response was found to be statistically significant for MT+ in both hemispheres.


While attending, the peak BOLD response for a right hemisphere parietal activation on the medial side of the intraparietal sulcus (IPS) was 0.223 + 0.039 and while not attending it was 0.140 + 0.035.  For the same activation in the left hemisphere, while attending the response was 0.290 + 0.049 and while not attending it was 0.041 + 0.057.  The difference in response was significant for this parietal location in both hemispheres.    
3.1.2  Subject 1:  Far periphery


There were significant activations (p<.001) at occipital locations V1, V2/VP, and MT+, as well as, parietal locations in both the right and left hemispheres.  While attending the peak percent BOLD response for right side V1 was 0.326 + 0.043 and while not attending it was 0.232 + 0.0454.  The response for left side V1 was 0.362 + 0.0435 while attending and 0.300 + 0.0387 while not attending.  The difference in response for the right hemisphere V1 was significantly different while the left hemisphere V1 was not significantly different.  


While attending, the peak percent BOLD response for right side V2/VP was 0.208 + 0.0351 and while not attending it was 0.0964 + 0.0322.  The response for left side V2/VP was 0.143 + 0.0215 while attending and while not attending it was 0.114 + 0.0200 while not attending.  The difference in response for the right hemisphere V2/VP was statistically different while the left hemisphere V2/VP was not statistically different.


While attending, the peak percent BOLD response for right side MT+ was 0.234 + 0.053 and while not attending it was 0.0186 + 0.0516.  The response for the left side MT+ was 0.218 + 0.0393 while attending and while not attending it was 0.0923 + 0.0392 while not attending.  The difference in response was significant for MT+ in both hemispheres.  


While attending, the peak percent BOLD response for a right hemisphere parietal activation on the medial side of the intraparietal sulcus was 0.379 + 0.0693 and while not attending it was 0.139 + 0.0694.  For the same activation in the left hemisphere, while attending the response was 0.191 + 0.0592 and while not attending it was 0.0234 + 0.0610.  The difference in response was significant for this parietal location in both hemispheres.            
3.2.1  Subject 2:  Near periphery


There were significant activations (p<.001) at occipital locations V1, V2/VP , and MT+, as well as, parietal locations in both the right and left hemispheres.  While attending the peak percent BOLD response for right side V1 was 0.248 + 0.0797 and while not attending it was 0.254 + 0.0747.  The response for the left side V1 was 0.313 + 0.0642 while attending and 0.232 + 0.0948 while not attending.  The difference in response was not statistically significant in either of these locations.


While attending, the peak percent BOLD response for right side V2 was 0.179 + 0.0795 and while not attending it was 0.156 + 0.0617.  The response for the left side V2/VP was 0.292 + 0.0841 while attending and 0.0551 + 0.100 while not attending.  The difference in activation was found to be statistically significant within the left hemisphere V2, but not in the right hemisphere.


While attending, the peak percent BOLD response for right side MT+ was 0.203 + 0.0785 and while not attending it was 0.108 + 0.0730.  The response for the left side MT+ was 0.430 + 0.0644 while attending and 0.0327 + 0.0987 while not attending.  The difference in activation was found to be statistically significant in the left hemisphere MT+, but not in the right hemisphere.  


There were two significant activations in the parietal lobe that were similarly located along the medial side of the IPS in either hemisphere.  While attending the peak percent BOLD response for the activation in the right hemisphere was 0.294 + 0.0844 and while not attending it was 0.161 + 0.0753.  The response for the left hemisphere location was 0.331 + 0.0801 while attending and -0.144 + 0.0921 while not attending.  The difference in activation was found to statistically significant only within the left hemisphere.   
3.2.2  Subject 2:  Far periphery 


There were significant activations (p<.001) at occipital locations V1 and V2/VP, as well as, parietal locations in both the right and left hemispheres.  Area MT+ was only significant in the left hemisphere.  While attending the peak BOLD response for right side V1 was 0.414 + 0.117 and while not attending it was 0.376 + 0.110.  The response for left side V1 while attending was 0.399 + 0.155 and while not attending it was 0.117 + 0.120.  The difference in response for V1 was not significant in either hemisphere.


While attending, the peak BOLD response for right side V2/VP was 0.138 + 0.060 and while not attending it was 0.131 + 0.050.  The response for the left side V2/VP while attending was 0.135 + 0.050 and while not attending it was 0.0174 + 0.071.  The difference in response was statistically different in the left hemisphere V2/VP, while it was not statistically different in the right hemisphere.


While attending, the peak BOLD response for left side MT+ was 0.191 + 0.056 and while not attending it was 0.022 + 0.058.  The difference in activation was statistically significant at this location.


There was one significant activation in left hemisphere parietal lobe.  It was a large activation that ran along the lateral edge of the most inferior portion of the intraparietal sulcus.  While attending the peak BOLD response for this location was 0.0976 + 0.0452 and while not attending it was 0.0389 + 0.0537.  The difference in activation at this location was statistically significant. 
3.3.1  Subject 3:  Near periphery


There were significant activations (p<.001) at occipital locations V1 and V2/VP, as well as, parietal locations in both the right and left hemispheres.  Area MT+ was only significant in the right hemisphere.  While attending the peak percent BOLD response for right side V1 was 0.216 + 0.0561 and while not attending it was 0.165 + 0.0521.  The response for left side V1 was 0.446 + 0.0619 while attending and 0.266 + 0.0963 while not attending.  The difference in response for the left hemisphere V1 was significant while the difference in the right hemisphere was not.


While attending the peak BOLD response for right side V2/VP was 0.184 + 0.0785 and while not attending it was 0.162 + 0.0868.  The response for the left side V2/VP was 0.266 + 0.0537 while attending and 0.166 + 0.0720 while not attending.  The difference in response for V2/VP was not significant in either hemisphere.


While attending the peak BOLD response for right side MT+ was 0.141 + 0.0601 and while not attending it was 0.143 + 0.0673.  The difference in activation was not statistically significant at this location.


There was one significant activation in the right hemisphere parietal lobe, located along the medial side of the intraparietal sulcus.  While attending the peak percent BOLD response was 0.122 + 0.0583 and while not attending it was 0.0719 + 0.0592.  The difference in activation was not statistically significant for this location.      

3.3.2  Subject 3:  Far periphery


Significant activations were found only in the right hemisphere V1 and V2/VP, the left hemisphere MT+, and one parietal location in either hemisphere.  While attending the peak percent BOLD response for right side V1 was 0.241 + 0.0651 and while not attending it was 0.290 + 0.0689.  The difference in activation was not statistically significant at this location.


While attending the peak percent BOLD response for the right side V2/VP was 0.274 + 0.0464 and while not attending it was 0.184 + 0.0493.  The difference in activation was statistically significant at this location.


While attending the peak percent BOLD response for left side MT+ was 0.352 + 0.0910 and while not attending it was 0.187 + 0.0599.  This difference in activation was found to be statistically significant.  


There were significant activations found along the medial side of the intraparietal sulcus.  While attending the peak BOLD response for the right hemisphere intraparietal activation was 0.188 + 0.0494 and while not attending it was 0.0467 + 0.0648.  For the same location in the left hemisphere the peak response was 0.202 + 0.0540 while attending and 0.0634 + 0.0504 while not attending.  Both of these differences were found to be statistically significant.

3.4.1  Subject 4:  Near periphery


There were significant activations (p<.001) at occipital locations V1, V2/VP, and MT+, as well as, parietal locations in both the right and left hemispheres.  While attending the peak percent BOLD response for right side V1 was 0.270 + 0.0510 and while not attending it was 0.127 + 0.0487.  The response for the left side V1 was 0.206 + 0.0725 while attending and 0.186 + 0.0578 while not attending.  The difference in activation for the right hemisphere V1 was found to be statistically significant, while the same location in the left hemisphere was not.  


While attending the peak percent BOLD response for right side V2/VP was 0.272 + 0.0498 and while not attending it was 0.140 + 0.0438.  The response for the left side V2/VP was 0.327 + 0.0676 while attending and 0.191 + 0.0627 while not attending.  The difference in activation for both locations was found to be statistically significant.


While attending the peak percent BOLD response for right side MT+ was 0.446 + 0.0948 and while not attending it was 0.182 + 0.0836.  The response for the left side MT+ was 0.410 + 0.0969 while attending and 0.124 + 0.0883 while not attending.  The differences in activations for both locations were found to be statistically significant.  


While attending the peak percent BOLD response for a right hemisphere parietal activation, medial from the intraparietal sulcus, was 0.212 + 0.0570 and while not attending it was 0.107 + 0.0469.  The response for the same location in the left hemisphere was 0.232 + 0.0929 while attending and 0.149 + 0.0775 while not attending.  Only the activation in the right hemisphere was found to be statistically different when comparing the attended and unattended responses.  

3.4.2  Subject 4:  Far periphery


There were significant activations (p<.001) at occipital locations V1, V2/VP, and MT+, as well as, parietal locations in both the left and right hemispheres.  While attending the peak percent BOLD response for right side V1 was 0.288 + 0.0490 and while not attending it was 0.316 + 0.0454.  The response for left side V1 was 0.307 + 0.0346 while attending and 0.207 + 0.0448 while not attending.  The difference in activation was found to be statistically significant only in the left hemisphere.


While attending the peak percent BOLD response for right side V2 was 0.307 + 0.0466 and while not attending it was 0.266 + 0.0378.  The response for left side V2 was 0.238 + 0.0428 while attending and 0.135 + 0.0420 while not attending.  The difference in activation was found to be statistically significant only in the left hemisphere.


While attending the peak percent BOLD response for right side MT+ was 0.426 + 0.102 and while not attending it was 0.235 + 0.0897.  The response for left side MT+ was 0.505 + 0.0654 while attending and 0.133 + 0.0738 while not attending.  The difference in activation was found to be statistically significant in both hemispheres.


 While attending the peak percent BOLD response for a right hemisphere activation, medial from the intraparietal sulcus, was 0.329 + 0.0873 and while not attending it was 0.388 + 0.0663.  The response for the same activation in the left hemisphere was 0.293 + 0.0539 while attending and 0.0659 + 0.0564 while not attending.  The difference in activation was found to be statistically significant only in the left hemisphere.

3.5.1 Total number of subjects for each activation:
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Figure 3:  Total number of subjects that showed a significant activation for each cortical area within the left and right hemispheres, for the near peripheral experiment.  For example, there were four subjects that showed a significant activation in left hemisphere V1, but only three for left hemisphere IPS.
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Figure 4:  Total number of subjects that showed a significant activation for each cortical area within the left and right hemispheres, for the far peripheral experiment.

3.5.2 Average Results for Visual Cortex:


[image: image8.png]% BOLD Response

05

04

03

02

01

Attended and Unattended Response

at 8 degree eccentricities
0 Atended
0 Unattended| T
: i f I

[ le

v1 V2P

MT+





Figure 5:  This is the summary of results for the near peripheral experiment at all three occipital locations.  The y-axis represents the average peak percent BOLD response from each cortical area, attended and unattended.  The x-axis is divided by occipital location and then subdivided by left and right hemisphere.
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Figure 6:  This is the summary of results for the far peripheral experiment at all three occipital locations.  The x and y axes represent the same values as above.

3.5.3 Average Results for Parietal Cortex:
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Figure 7:  This is a summary of results for the near peripheral experiment for the recurrent activations at the intraparietal sulcus (IPS).  The y-axis represents the average percent BOLD response and the x-axis divides the left and right hemispheres.
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Figure 8:  This is summary of results for the far peripheral experiment for the recurrent activations at IPS.  The x and y axes share the same values as above.

3.5.4 Overall percent increases at all cortical areas:
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Figure 9:  This graph represents the average percent increase in oxygenated blood strictly due to attention.  The average unattended response from figures 5 and 7 were subtracted from the average attended response from the same figures and then divided by the unattended response, ((A – U)/U) * 100.  In this graph 0 % represents the level of activation due to not attending.  See figure 3 for information on total subject number for each cortical area. 
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Figure 10:  This graph represent the average percent increase in oxygenated blood strictly due to attention.  The average unattended response from figures 6 and 8 were subtracted from the average attended response from the same figures and then divided by the unattended response, ((A – U)/U) * 100.  In this graph 0 % represents the level of activation due to not attending.  See figure 4 for information on total subject number for each cortical area.
4.  Discussion:


The following discussion is organized in the same fashion the results were organized.  First there will be a discussion of the near peripheral results, followed by the far peripheral results, and then a discussion comparing the near and far peripheral results.  After the discussion of the results from this study is completed the topic will take a new direction and address plans for future research and the implications that all of this research has on our knowledge of the human brain.  By the end of this section the reader should have a better understanding of where the current research fits into the plethora of past research and of the new avenues of research that can stem from this study.  More importantly, the reader will understand why this study, and others like it, is important and deserves our attention.  

4.1.1 Results from Near Periphery:


In each occipital area, V1, V2/VP, and MT+, as well as, the cortical areas found along IPS attention modulated neuronal activation.  This modulation in neuronal activation was estimated by an increase in percent BOLD response due to attention.  This increase had a characteristic effect across visually activated areas; the increases were the least significant in area V1, followed by a more pronounced modulation in V2/VP, and the most identifiable increase in activation found in area MT+ (fig. 5 in results).  These results are in agreement with previous studies that found the modulation due to attention to be the lowest in area V1 and increasing in percent change as they moved to higher visual areas such as MT+ (Luck et al., 1997; Kastner et al., 1998; Tootell et al., 1998; Martinez, et al., 1999; O,Connor et al., 2002; Slotnick et al., 2003; McMains and Somers, 2004).  This result is consistent with the idea that attention operates through top-down signals, which are transmitted via feedback connections in a hierarchical fashion (O’Connor et al., 2002).  This indicates that the higher cortical areas such as MT+ investigated here or V4 and V7 investigated in other studies are more strongly controlled by attentional mechanisms; this modulation feeds back, or upstream, into the lower visual areas also modulating their activation, but to a lesser degree.  What is not consistent with a top-down control mechanism and the hierarchy of the visual cortex is the results from IPS obtained in this study.


The activations in IPS were determined to be modulated by attention (fig. 7 in results).  Although the fractional increase in IPS was greater than those for V1 or V2/VP, the modulation was not as intense as the modulation found in area MT+ (fig. 9 in results).  In a currently unpublished paper researchers (Silver et. al., 2004) found that activations in IPS were more modulated by attention than all of the lower visual areas spanning from V1 to V7.  Their study failed to include any information about the attention effects in visual area MT+.  In another study by Tootell et al. (1998) percent signal change due to attention was found to be greatest in MT+ when compared to other striate (V1) and extrastriate (V2-V8) visual locations.  This study did not find any attentional modulations in the parietal lobe, which they suggest could be due to parietal activity preferentially selecting for shifts in attention rather than activity directly due to spatial attention.  The latter idea is consistent with the current study and the study performed by Silver et. al. in which attention was alternated from left and right visual fields.  However, there is no evidence from any previous study to corroborate the finding that when attention is alternated the percent increases in IPS will be less than those in area MT+.  


Finally, for every cortical area investigated in the near peripheral experiment, the left hemisphere percent increases were significantly larger than those of the right hemisphere in the same region (with the exception of V1, fig. 9 in results).  The difference in left and right hemisphere percent increases intensified from area V1 to V2/VP, with the difference being the greatest in area MT+.  As was the case for the percent increase in activation, the difference between left and right activations narrowed when comparing MT+ with IPS.  This result could be evidence of a lateralization effect in the visual network.  This would mean that there is a specialization in either the right or the left hemisphere in regard to sustained spatial attention and its effects on neural activation.  This lateralization of spatial attention would be consistent with a study done by Jansen et al. (2004) who found significant lateralization of spatial attention in the right and left hemispheres.  Since this result was not predicted its cause can only be speculated upon and more research is necessary to confirm this suggestion.  One would need to design a paradigm, which elicited responses from IPS and MT+ and then either alternate or maintain attention to peripheral stimuli.  This would clarify whether IPS responds to attention in general or to the switch of attention.  You could then compare the two regions’ BOLD responses using this control.           

4.1.2 Results from Far Periphery:


As can be seen by comparing the subject numbers with significant activation in each cortical area (figs. 3 and 4) it was more difficult to elicit a response via light stimuli in the far periphery than in the near periphery.  This can be attributed to a number of different reasons, reflecting limitations in our methods of stimulus presentation, as well as, neurological aspects of the visual system in general (i.e. cortical magnification).  In the screen version of our stimuli the subject uses both eyes, whereas in the Nerdical version of our stimuli the subject only uses one eye.  Since each eye’s optic nerve sends signals to both hemispheres (see appendix 2) there are activations in both hemispheres for both experiments.  However, there are twice as many signals sent in the screen version than in the Nerdical version, which may make it easier to obtain a response in the visual cortex when presenting stimuli via the screen method.  Also, it is generally more difficult to activate cortex with stimuli in the far periphery simply due to the fact that the stimuli are harder to see.  You have to use brilliantly bright, blinking lights for 5 or more minutes just to obtain the activation numbers found in this study, so the lower number of activations in the far periphery is a characteristic that must be accepted.  Increasing the subject number would increase the total number of activations overall, which is something that will be discussed in the section on future research.


Attentional modulation was found in each occipital location, as well as, the activations found in IPS (figs. 6 and 8).  As was the case in the near periphery, the differences in modulation between attended and unattended activations increased from V1 to V2/VP and were the greatest in area MT+.  Likewise, the difference decreased when comparing MT+ to IPS.  Again, these results seem to confirm the idea of a top-down transmission of the effects of attention, but at the same time the idea is refuted by the fact that the difference decreases from MT+ to IPS.  


 For every cortical region investigated, in the far peripheral experiment, the left hemisphere fractional increases due to attention were greater when compared to the right hemisphere (fig. 10 in results).  As was suggested for the near peripheral experiment this result may be due to a lateralization effect in the visual network.  

4.1.3 Comparison of Near and Far Peripheral Results:


In both experiments the percent increase in activation due to attention was least at primary visual area V1 and increased at V2/VP and then again at MT+.  Excluding the results found at IPS for a moment, this result would suggest that there is a top-down mechanism of attention.  This mechanism would probably originate in the frontal lobes, the most downstream location from the primary visual cortex, and feed down into the lower visual areas starting with MT+ and ending with V1.  The reason this theory is not fully supported by this research is that IPS was less modulated by attention than MT+, IPS being more downstream than MT+.  Previous research (Martinez et. al., 1999, Seidemann and Newsome, 1999, Silver et. al., 2004) led us to expect that IPS would have been the most modulated by attention.  It is hard to speculate as to why IPS was less modulated by attention without conducting further research designed to isolate IPS and MT+.  As was suggested earlier, it could be the case that this particular region of the parietal lobe activates in response to shifts in attention rather than to attention itself.  However, this is unlikely because shifts only occurred every 26s making neuronal responses to this switch extremely minimal.  Also, the contrasts were event-related (looking at responses caused by individual lights) making any response caused by the switch negligible.
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Illustration 1:  This is one possible mechanism for the top-down control of attention.  Light is emitted through the eye and onto the retina.  The signal from the retina travels through the lateral geniculate nucleus to the primary visual cortex and the extrastriate areas (see Appendix 2).  Attention originates in the higher cortical areas like the dorsolateral prefrontal cortex (DLPFC) and the posterior parietal cortex (PPC) and feeds down into the lower visual areas modifying the activations caused by the external stimuli (Taken from Neville presentation).


In both the near and far peripheral experiments cortical areas V1, V2/VP, MT+, and IPS were all modulated by attention.  This result is in agreement with the hypothesis that the visual cortex is modulated by attention in both the near and far periphery.  However, there was an underlying assumption that the modulations of attention in the far periphery would be visibly greater than those of the near periphery.  This increase in attentional effect in the far periphery was thought to occur simply due to the more difficult nature and deliberateness of attending to those locations.  When comparing figures 9 and 10 you can see that this is not the case.  The majority of the percent increases were relatively similar in the near peripheral experiment when compared with the far peripheral experiment.  The 500% increase in left hemisphere MT+ in the near peripheral experiment is an outlying result, and may decrease with the inclusion of more subjects, but it shows very well that the attention modulations in the far periphery are not necessarily larger than those of the near periphery.  This was an unexpected result and it may change later hypotheses when moving the stimuli even further into the periphery and when investigating the attentional modulations in congenitally deaf subjects.
 

4.2 Future Research:


Research concerning this topic of peripheral visuospatial attention is constantly being done and there are already many studies being conducted that compliment this research well.  There are also other results from the current research that was not included in this paper, which could be evaluated and used to comprise unique results.  For example, while we were evaluating the attention effects at the various cortical regions we noticed the activation’s cortical location shift with eccentricity area MT+.  This movement moved more anteriorly as the eccentricity became more peripheral.  This could be evidence for retinotopic mapping in particular areas of MT+, which is a notion that is currently under debate (Tootell et. al., 1995, Huk et. al., 2002).  Also, we recorded information from the 12o and 33o locations, but did not include these results here.  We could use this information to determine the effects of attention on these further locations while the subject was attending the more interior eccentricities.  The hypothesis would be that the attention modulations for the far location would be less than those of the near location, but nevertheless significant.  This would provide evidence for an attentional gradient.  What this means is that attention has the greatest effect at the exact, attended location and these effects taper off as you move further from the epicenter of attention.  By adding a number of eccentricities around the attended location you could create a gradient that showed how far away from the epicenter attention significantly modulated activations in the cortex.  


Further independent research includes everything from studies that compliment this one directly, as well as, studies that will use this research to help confirm their own hypotheses.  As was mentioned earlier there was a problem in deciphering cortical region V2 from VP.  The reason this was a problem was that none of the subjects had had a retinotopic mapping performed to better determine the anatomical organization of their visual cortex.  With a retinotopic mapping of their visual cortex we could better determine V2 from VP and the ROIs would then be more precise.  This is helpful because then we could say with certainty that the regions modulated by attention were in fact V1, V2, and MT+.  Another modification we need to make to the current study is to increase the subject number.  By doing this we would hopefully reduce the error involved in evaluating the average activations, reduce any outliers by adding more components to the average, and make the entire experiment even more viable by producing similar results across more subjects.


As was briefly mentioned in the introduction to this paper, this research is part of an ongoing study that is interested in determining the effects of attention in congenitally deaf subjects.  We are now trying to create a subject pool of congenitally deaf subjects that use American Sign Language (ASL) as their first language.  These subjects will be put through the same experiments that were addressed in the current research, as well as, a number of other studies to determine the effects of attention on their visual cortex.  Researchers will then use the results from this study to compare to the results from the deaf subjects.  One hypothesis is that the deaf subjects will have a higher degree of modulation due to attention when the eccentricities move into the far periphery (>20 degrees).  This increase in modulation could be attributed to the fact that they must rely on the peripheral visual field to give them valuable information, information that a hearing subject could first hear and then localize into their center field of vision.  Results that confirm this hypothesis would favor the idea of cortical plasticity by providing statistical evidence for reorganization within the neuronal circuitry of the deaf, which allows a larger increase of oxygenated blood to specific cortical areas.  


This discussion will now move into its final section, which will briefly address the importance of studying cortical plasticity and thus give an explanation and justification for having done the research elaborated upon in this paper.  

4.3 Cortical plasticity:



Cortical plasticity refers to the brain’s remarkable ability to undergo a high degree of functional reorganization.  At present, it is unclear how cells actually change their architecture, or if they change their architecture at all.  For example, normal visual development requires environmental factors (e.g. sensory experience) and molecular programs that include the expression of protein synthesis, transcription factors related to protein synthesis, and neurotransmitters that move the signal created by external stimuli to the visual cortex.  Visual experience induces postnatal neural activity that insights all of these molecular processes to cooperate in maintaining a healthy visual network.  The continuous sensory experience creates activity-dependent tuning of the synaptic connections that create the visual network (Celesia, 2005).  What happens to these synaptic connections if they are not being used?  


In a PET study performed by Sadato et al. (1996) they contrasted cortical activity of people with normal vision to people who were blind, either congenitally or from a very young age.  They had subjects perform tactile tests while MR images were taken of cerebral activation.  These tactile tests included reading strings of Braille.  They found that when blind subjects deciphered the strings of Braille, blood flow in the primary and secondary visual cortex rose.  Their hypothesis is that the blind subjects underwent a massive reorganization of cortico-cortical connections that took advantage of the undamaged, yet unused visual cortex neurons.  This hypothesis suggests that sensitivity to tactile stimuli increases because more cortical tissue (the tissue from the unused visual cortex) is devoted to representing nonvisual information (Gazzaniga et al., 2002).


This experiment is the same type of experiment that we are trying to perform on congenitally deaf subjects.  By comparing cerebral activation of hearing subjects to congenitally deaf subjects we can determine distinct differences, if any exist, in neuronal activations.  These differences could be attributed to cortical reorganization during development, or shortly thereafter, of the deaf subject’s cerebral cortex.  This reorganization could then be localized depending on where the differences were seen.
There are many clinical applications of studying cortical plasticity and its mechanisms.  There is the possibility of providing enhancements of the visual experience or auditory experience in children with various sensory disorders.  There is also a desire to understand how cortical regions reorganize after injury caused by lesions or blood loss.  In an fMRI study performed by Pleger et al. (2003) they showed improvement of visual functions after subjects had sustained lesions in various regions of the visual cortex. These improvements were accompanied by an increase in BOLD signal at perilesional regions.  This suggests some manner of reorganization, however, the exact method of reorganization is, as of yet, unknown.  With more information on cortical plasticity the development of implants and transplants could become a viable alternative, restoring sight to the blind and hearing to deaf (Celesia, 2005).  


While we are still in the beginning stages of studying cortical plasticity in the deaf, studies like the one described in this paper are necessary steps in facilitating understanding of the mechanisms involved in cortical reorganization.  Through the application of hard work, patience, and perseverance we, as an enormous collective of researchers, hope to succeed in unlocking the mysteries of the human brain and offer a currently unavailable alternative to those who want it. 
Appendix 1:

Functional Magnetic Resonance Imaging (fMRI):

Functional magnetic resonance imaging, or fMRI, is a noninvasive method of imaging particular regions of interest.  While functional neuroimaging is particularly interested in imaging the brain, MR imaging is used to clinically diagnose any number of ailments over various regions of the body.  These images are taken relatively quickly and have a higher spatial resolution than other neuroimaging techniques (PET, SPECT, ERP, etc.).

Functional MRI is used to visualize changes in brain function, by visualizing changes in the chemical composition of the brain or changes in fluid dynamics that occur over a time span of seconds to minutes.  The first fMRI scan was done in 1991 by Belliveau et al. to show that stimulus presented in the visual field increased blood volume in the primary visual cortex
.  The principle of the fMRI is to take a series of images reflecting proton density, mostly from water, or slices of the brain in rapid succession and then compare the differences among them using preconceived contrasts (Cohen and Bookheimer, 1994).  In our case the fMRI takes images in an ascending, interleaved fashion (1, 3, 5… then 2, 4, 6…) starting from the most inferior portion taking 32 images in total, 3 mm in thickness, within a 2 second period
.  The localization of the slices can be altered in every case to ensure that the entire portion of the brain in question is imaged. 


The process of MRI takes advantage of the physical structure of atomic nuclei.  All atomic nuclei have a positive charge being made up of positively charged protons and neutral neutrons.  As well as being charged these nuclei spin on a specific axis of rotation.  According to the electromagnetic theory developed by Maxwell (1873), any spinning, charged particle will act as a magnet with north and south poles.  An object made up of these spinning, electrically charged particles (in this case your head) is placed into a strong, external magnetic field (created by the MRI magnet).  All of the spin-axes of the particles align with the external magnetic field.  A radiofrequency (RF) pulse is projected at the object in a line that is perpendicular to the field.  This causes all of the axes of the nuclei resonating at the given radiofrequency to tilt in relation to the main magnetic field.  To make a long story short, as the nuclei relax back into a parallel orientation with the main magnetic field they emit a characteristic pulse over a period of time, which are dependent on the environments of the protons.  These characteristic pulses are then used to create the MRI images (Huettel et. al., 2004).


Although even this super-simplified explanation of MRI gets fairly technical I think it aids in illustrating the idea behind how these images are acquired.  Imagine a sphere spinning in space, carrying a positive charge.  In this space are strings that force the axis of the sphere to spin in a parallel orientation.  Another force (the RF pulse) pushes the axis of the sphere into some angled orientation with the strings.  As the sphere’s axis relaxes back into a parallel orientation it emits a characteristic signal that can be likened to one cell amongst a vast number of cells that create a cohesive mosaic.  In this case, the final picture is your brain.

When using BOLD imaging, as we are in this study, the fMRI specifically exploits the magnetic difference of oxygenated and non-oxygenated blood.  Specifically, BOLD contrast takes advantage of a number of indirect, physiological effects, which occur when cortex is activated.  “It results from changes in the magnetic properties of water molecules, which in turn reflect the influence of paramagnetic dexoyhemoglobin, which is a physiological correlate of oxygen consumption, which itself is a correlate of a change in neuronal activity” (Huettel et al., 2004).  Since stimuli presented in the visual field increase the blood volume in the occipital cortex (Belliveau, 1991) it is thought that better visibility of the area of activation correlates directly with brain activity (Cohen and Bookheimer, 1994).  This can show areas of activation in relation to specific tasks by subtracting a basal level of blood volume in an area from the increased blood volume due to brain activity. 

Appendix 2:

The visual system:


A discussion of the visual system must obviously begin with the eye.  Stimuli (whether they be objects, colors, motion, light etc.) are first projected through the cornea and onto the retina in the back of the eye (see illustration 1).  This elicits a chemical response in the rods and cones, which send a signal starting down the optic tract (see illustration 2).  This signal is conducted to the lateral geniculate nucleus (LGN) of the thalamus (see illustration 3).  From here the signal is sent to the primary visual cortex V1 (a.k.a Brodman’s area 17 or striate cortex).  At V1 activation can follow along the “Parvo” pathway to V2 or it can follow the “Magno” pathway to MT (see illustration 4).  V1 and V2 are responsible for the visual input from the retina, while MT is responsible for motion.  V1, V2, and MT are the three occipital locations covered in this thesis.


There is an additional complication, when evaluating activations in the cortex caused by external stimuli, due to the nature of the visual system.  The signal that is created by the chemical reaction in a single retina is split and travels to both hemispheres of the brain.  This is counterintuitive to what we are used to observing, which is the right side of the body is controlled by the left side of the brain and vise versa.  This split occurs as the optic nerve reaches the optic chiasm.  At the optic chiasm the fibers from the nasal half of the retina, which received stimuli from the right hemisphere of the visual field, cross over the optic tract and proceed to the opposite brain hemisphere (see illustration 5).  The ramifications of this for the current experiment are that all of the stimuli presented in the right hemisphere of the visual field will induce activations in the left hemisphere of the brain and all those presented in the left hemisphere of the visual field will induce activations in the right brain hemisphere.  Also, the activations caused by the stimuli on the screen will be more robust than those caused by the Nerdical because both eyes received stimuli in the screen version, while only one eye (the right eye) received stimuli in the Nerdical version.  


The occipital lobe, which harbors the entire visual cortex, is located in the posterior, or most rear portion of the brain.  V1 is often referred to as the striate cortex due to the primary composition of highly myelinated fibers, and begins at the occipital pole and is situated about the calcarine sulcus in both hemispheres.  The entire surrounding visual cortex is referred to as the extrastriate cortex (see illustration 6).  The visual areas shown in illustration 6 are all retinotopically organized (Heimer) and there are some results which suggest that at least certain component parts of MT+ are also retinotopically organized (Huk et al., 2002).  


Also included in illustration 6 is a region that DeYoe et al. is defining as the parietal visual areas.  The parietal lobe is anatomically separate from the occipital lobe, but also contains a number of cortical regions that are activated by visual stimuli.  Some of these parietal areas have been implicated in retinotopic mapping (Scott and Dow, Department of Psychology, University of Oregon, 2002).  The activations that are of importance to this study run along the intraparietal sulcus, which divides the superior half of the parietal lobe form the inferior half (see illustration 7), and have been implicated as being modulated by attention in past studies (Silver et al., 2004).

This synopsis of the visual system and the corresponding illustrations are included to aid in the understanding of how the stimulus involved in this experiment is being used to activate areas within the visual cortex and outlying parietal areas.  The stimuli create a signal that follows the above path, terminating in the visual cortex.  This signal increases oxygenated blood flow to specific areas within the visual cortex.  This increase in oxygenated blood flow is recorded by the fMRI and used to determine the strength of activation (see appendix 1 on for the specifics on how fMRI takes advantage of the magnetic differences between oxygenated and deoxygenated blood).
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Illustration 1:  Light enters the cornea and is projected through the pupil and the lens onto the retina.  The retina, which is composed of various types of rod and cone cells, initiates a chemically induced signal starting at the optic nerve.  (Heimer, 1995)


[image: image16]
Illustration 2:  This is a blown up scale of the retina.  It is composed of rod and cone cells, which synapse onto other cells, sending a signal that eventually reaches a ganglion cell composing the optic nerve.

(Heimer, 1995)
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Illustration 3:  This is an anatomical dissection showing the visual structures responsible for carrying the signal from the eye to the visual cortex at the back of the brain.
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Illustration 4:  The signal from the retina makes its way to the primary visual cortex, V1.  At area V1 the signal can follow the mango path to area V2 and then MT+, or it can follow the parvo path to area V2 and then the higher extrastriate areas VP, VP, and V4.  In the case of the current experiment we are studying activations that followed the mango path, as well as, the parvo path.  (Heimer, 1995)  




Illustration 5:  The nasal half of the retina (closest to the nose) is represented by the blue tract, while the temporal side of the retina (closest to the temple) is represented by the red tract.  As you can see from the illustration, the red tract proceeds to the ipsilateral hemisphere, while the blue tract proceeds to the contralateral hemisphere.  Therefore, all stimuli perceived by the nasal hemifield of the retina will induce activations in the opposite hemisphere.  This is especially important for the far peripheral experiment since only one eye is being used.  All of the lights in the right side of the visual field will be perceived by the nasal retina, thus, all of the activations in the left hemisphere of the brain were caused by right visual hemifield lights.  (Gray, 1918)
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Illustration 6:  This image shows the organization of the visual areas within one hemisphere of the occipital lobe.  The start of V1 is located at the occipital pole, the most posterior portion of the cerebral cortex.  The rest of the extrastriate cortex is located ventrally (below in the above image) and dorsally (above in the above image) to V1.  Notice that area MT+ is anatomically removed from the other extrastriate regions.  The retinotopic organization of V1 and V2 and the anatomical location of MT+ make them easier to identify in fMR images.  Also note the close proximity of VP to V2, which made them impossible to separate without a more precise retinotopic mapping.  (DeYoe et. al., 1996) 
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Illustration 7:  This is an image of the right hemisphere parietal lobe.  All three colored regions comprise the parietal lobe.  The yellow line dividing the two lobules is the intraparietal sulcus.  The purple line represents the parieto-occipital fissure and divides the parietal lobe from the occipital lobe.  The activations that occurred across subjects in this study were located within IPS just superior to the parieto-occipital fissure.  (Ono et. al., 1990)  
Appendix 3:

The Nerdical:

The Nerdical was initially developed for research concerning the far visual periphery.  Because computer screens can only show stimuli out to about 15o from center, there was a need to develop something that could move the stimuli to more extreme eccentricities.  To do this a hard, acrylic cap with a number of holes was made to present the light stimuli at particular locations.  These holes were measured and drilled into four separate quadrants of the visual space and at a number of different eccentricities.  With this device you could then bring stimuli to specific locations much further into the periphery than any computer screen. 

At first it was thought that you could attach the LEDs directly to the cap to supply the light.  However, because of the strong magnetic field coming from the scanner the images were distorted due to the metallic leads coming from the LEDs.  There was no way to have the LEDs in the bore of the magnet and still get clean data.  To remedy this problem the LEDs were fixed into a plastic board, away from the bore of the magnet, and 1mm diameter fiber optics bridged the gap between the LEDs and the plastic cap over the eye.  Now there was a way to get light to the eye, via the internal reflection of the fiber optics, without having any metal near the head.

To control the light the LEDs were connected to parallel cables.  These cables were stripped open to expose the separate leads controlling specific pins.   Eight LEDs could be controlled via one parallel cable.  For the current experiment two parallel cables were needed.  The first controlled the four yellow LEDs that supplied the light stimuli to both hemifields and the four red LEDs that were being used as the attention task.  The second parallel port controlled the common ground, the fixation light, and the attention switch light.  Both parallel cables were then connected to their respective ports on the computer tower.  At this point the scripting program Presentation was run, which facilitated control over frequency, randomization, and power to each individual LED.    
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Glossary of Terms:

3D cluster – In the program Space we can use a draw tool to outline the exact 3D structure of the activation we are interested in.  From there we can take the outlined area back to BrainVoyager and determine whether the activation was bigger or smaller while the subject was attending versus while they were not.

3D motion correction – Detects and corrects body motion within a single run’s time course.  The first volume taken in the scanner is used as a reference to which all other 3D volumes are aligned.  

Anterior commissure – A fiber tract that connects the two hemispheres of the brain.  More specifically, it connects the middle and inferior temporal gyri of the two hemispheres.  This serves as one of two key landmarks that determine standard alignment of the brain before it can be put into Talairach space (MRC Cognition and Brain Sciences, 2005) (see illustration and also posterior commisure).
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BOLD signal – The current fMRI study relies on an endogenous measure known as blood-oxygenation-level dependent (BOLD) contrast.  This contrast takes advantage of the fact that deoxygenated hemoglobin is paramagnetic while oxygenated hemoglobin is diamagnetic.  Due to this variation in magnetism surrounding protons become more out of phase with each other, in correspondence with their individual surroundings.  Neuronal activity results in an over-supply of oxygenated hemoglobin, thus, an increase in neuronal activity is correlated to an increase in the percent BOLD signal.  The BOLD signal decreases as a function of decreasing neuronal activity (Huettel et al., 2004).  (See also Hemodynamic response).

Calcarine Sulcus – a sulcus, or infolding, on the medial side of both hemispheres of the occipital lobe.  It is particularly easy to identify in anatomical images of the brain, so it serves as a good reference to find V1 and V2/VP.

Coregistration – During a single session in the magnet a subject is put through at least 8 functional runs, which gather the data necessary to determine % BOLD response.  In addition to these 8 runs an anatomical image of the brain is taken.  Once all of the functional data is corrected it is “coregistered” to the anatomical version of the brain to obtain a more clear picture of where the responses are actually located within the brain.

Cortical Magnification – Within the visual cortex there are more neurons that are devoted to the center field of vision and the very near periphery (< 8 degrees) than there are devoted to the rest of the visual field.  Because of this decrease in neuronal number it is harder to elicit a response in the far periphery.

Event-related fMRI model – This type of model is used when the desired stimulus has a short duration with a random order.  In this particular experiment we are trying to determine the response of specific cortical areas due to individual stimuli.  This is in contrast to determining the response due to stimuli over an extended period of time (block model).  Although we are ‘blocking’ the attention to one side or the other we are looking at the response for individual, random stimuli.

General linear model: – The statistic calculated is based on modeling the expected response, developed from convolving the event timing with the expected hemodyanmic response.  For every voxel we fit the model to the acquired fMRI signal. This can be conceptualized as creating the best fit line for a series of data points.  This allows for any noise that was acquired during activation to be accounted for within the statistical analysis.  If enough of the measured data can be accounted for by the model the data can be thought of as statistically significant.  If there is too much noise that cannot be explained by the model the data will not be statistically viable. 

Hemodynamic response (HDR) – The change in the MR signal triggered by neuronal activity.  The first observable HDR changes do not occur until 1 or 2 seconds after the onset of the stimulus, long after the cortical neuronal responses.  In this sense, the HDR is said to lag the neuronal events that initiate it.  The properties of the HDR are what allow the fMRI to capture the activated portions of the cortex.  The metabolic demands of the neurons increases oxygenated blood flow to specific cortical regions.  Oxygen is extracted from the blood and continues to be extracted until the demand has been met.  It is the nature of the HDR that more oxygenated blood is supplied than is needed, thus, when the demands have been met there is an increase in oxygenated blood at these locations(Huettel et al., 2004).  (See also BOLD signal) 

Posterior commissure – A fiber tract that connects the two hemispheres of the brain.  More specifically, it connects the midbrain and diencephalons structures, and lies just in front and above the superior colliculi, and below the pineal gland.  This is the second of two structures that serve as landmarks for putting the images in standard alignment (see illustration and also anterior commisure).
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Region of Interest (ROI) – These are the specific anatomical areas within the brain that we are interested in studying.  In the case of this experiment our ROIs are V1, V2/VP, MT+ and various, anatomically discernable parietal areas. 
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Retinotopic Organization – It has widely been accepted that 

certain areas of the visual cortex are retinotopically organized 

and therefore can be retinotopically mapped.  For example, the 

area which is called V1 is located on the medial aspect of the 

occipital lobe and runs primarily within the calcarine sulcus.  

When a stimulus is presented to the eye in the center field of 

vision the activation within V1 occurs at its most posterior 

point.  If the stimulus is moved to a more peripheral location, 

away from the center field of vision, the activation within V1

moves more anterior along the calcarine sulcus.  This 

retinotopic organization is characteristic of V1, as well as, the 

surrounding visual areas V2, V3, VP, and V4 (see illustration and also retinotopic mapping).  

Retinotopic mapping – Utilizes the retinotopic organization of the visual cortex by presenting stimuli from the center to some peripheral location and plotting the activations as they occur.  This method allows you to physically map out locations such as V1 onto an anatomical picture of the brain (see above illustration and also retinotopic organization).

Slice scan time correction – The EPI sequence that we are using to acquire the fMR images takes slices of the brain in ascending, interleaved order (i.e. slice 1, slice 3, slice 5, …. 2, 4, 6 etc.).  Rather than measuring each of these slices in succession we would like to treat the data from the entire functional volume (all 32 slices in this case) as if it were acquired simultaneously.  This method resamples the time series for the different slices so that the data can be treated as if it were taken simultaneously.

Spatial data smoothing – Using a three-dimensional Gaussian filter of 6mm increases the effective voxel size from 3 x 3 x 3 mm to 6 x 6 x 6 mm.  This smoothing does reduce the spatial resolution, however, it also improves the validity of statistical tests and comparisons across subjects (Huettel et al., 2004).

Talairach space – A method in which researchers can transform their structural and functional data into a common coordinate reference system.  This coordinate system was founded by Talairach and Tournoux, who based it on the brain of a 60-year-old right-handed French woman, and has now become the standard for all functional brain imaging (Weiss et al., 2002). 

Temporal data smoothing – Using a high-pass filter of 5x10-4 Hz we can remove any extremely low frequency changes, such as those due to scanner drift and head motion.
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� The details of how fMRI is used to measure brain function are explicitly stated in appendix 1.  


� For more details on the visual system see appendix 2.


� All italicized phrases have been included in the glossary.


� For more information on the Nerdical see appendix 3.


� For more information about these various parietal locations see appendix 2 and the discussion of the parietal results. 


� For more information on how external stimuli elicit responses in the visual cortex see appendix 2.


� See appendix 1 for the specifics of fMRI and BOLD imaging.


� See the appendix 2 on the visual system for an explanation of the primary visual cortex.


� This two second period is what is referred to in the materials and methods as the TR or temporal resolution  
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