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We used fMRI-BOLD techniques in order to test the reproducibility of functional mapping of primary visual cortex using retinotopic stimuli and brain-flattening techniques. To identify the V1-V2 border, the retinotopic stimulus consisted of a horizontally striped bow-tie flickering at 8 Hz on a black background with a central low contrast dot. A high resolution Siemens MP RAGE structural data set was acquired once for each subject. Two subjects returned twice on different dates to repeat both fMRI paradigms. The MP RAGE was used to flatten the visual cortex of each subject using Freesurfer software. The fMRI data was motion-corrected and analyzed statistically using SPM99. The mean-BOLD image was used to co-register the t-maps with the MP RAGE in SPM99. Using Freesurfer, a transformation matrix was created which allowed the mapping of functional data into flattened space. The results were analyzed qualitatively. The V1-V2 border varied and was inconsistently identified from study to study with each subject. Because of inconsistent reproducibility, single studies may be inadequate for accurate retinotopic mapping of V1-V2 borders; averaging of several studies may be required. Brain-flattening requires substantial computing time (>20 hrs/subject) and a number of manual manipulations. These reproducibility and post-processing issues may preclude a large group analysis. Further studies with a rotating wedge stimulus and phase mapping will be performed.
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Abstract

We used fMRI-BOLD techniques in order to test the reproducibility of functional mapping of primary visual cortex using retinotopic stimuli and brain-flattening techniques. To identify the V1-V2 border, the retinotopic stimulus consisted of a horizontally striped bow-tie flickering at 8 Hz on a black background. A high resolution Siemens MP RAGE structural data set was acquired once for each subject. Two subjects returned twice on different dates to repeat both fMRI paradigms. The MP RAGE was used to flatten the visual cortex of each subject using Freesurfer software. The fMRI data was motion-corrected and analyzed statistically using SPM99. Using Freesurfer, a transformation matrix was created which allowed the mapping of functional data into flattened space. The results were analyzed qualitatively. The V1-V2 border varied and was inconsistently identified from study to study with each subject. Because of inconsistent reproducibility, single studies may be inadequate for accurate retinotopic mapping of V1-V2 borders; averaging of several studies may be required. Reproducibility and post-processing issues may preclude a large group analysis. Further studies with a rotating wedge stimulus and phase mapping will be performed.

Introduction

  A large portion of neocortex in humans is occupied with visual areas. Human primary visual cortex (area V1) is located in the occipital lobe within and surrounding the calcarine sulcus. Many studies have shown that neurons within area V1 are retinotopically organized [1,2,3]. Retinotopy within the calcarine cortex is organized in two dimensions. Posterior to anterior motion represents a visual field change from the center to the periphery and is motion along the so-called eccentricity dimension. Movement from the lower lip to the upper lip of the calcarine represents a visual field shift corresponding to a line moving from the upper meridian through the horizontal meridian to the lower vertical meridian. The dimension of this kind of retinotopy is called polar angle. These visual field landmarks are illustrated in Figure 1. 

   The retinotopy dimensions allow in theory for the creation of traveling waves of neuronal activity, from rather simple visual stimuli. There have been studies on both static [4,5,6] and moving stimuli [7,8,9], but moving stimuli have been favored in later years. The various stimuli stimulate retinal cells periodically, hence creating traveling waves in either the eccentricity or the polar angle dimension in the corresponding neuronal cells. Brain images taken with functional magnetic resonance (fMRI) are thought to show sites of increased neuronal activity.  The technique can pinpoint these sites by the changing properties of the oxygenation/de-oxygenation blood levels linked with increased metabolism. In this study we took a different approach. We hypothesized that the retinal cells that correspond to the upper and lower vertical meridian, directly correspond to the cells along the V1-V2 border. Hence by stimulating only these retinal cells continuously, the V1-V2 border could be mapped from simple signal increase in the corresponding neuronal cells.

Materials and Methods

  To map V1-V2 borders, one male and one female (aged 20-25 years old) viewed a flickering black and white checkerboard bowtie of 7 degrees visual angle along either vertical meridian (see Figure 2a). The contrast was hence 100 % and its reversal rate was 8 Hz [10]. To determine the position of V1 and to verify the accuracy of the 3D to 2D transformation matrix, subsequently the two subjects also viewed a complete checkerboard consisting of 24x24 black and white checkerboards (see Figure 2b). The visual angle of the stimulus was 10.6 x 8.0 degrees (each check subtended 0.5 visual angle) and the flickering frequency was again 8.0 Hz.

  Both stimuli were created using Adobe Photoshop (Niles, CA) and were alternated with a black screen every 5 epochs (5 TR’s or each 19.85 seconds).  These studies were repeated on three different occasions for each subject to test whether the activations were reproducible, despite the many post-processing steps. Subjects with glasses were given their current prescription in the form of a non-metallic lens set in a frame. To enhance the validity of the activation, the subjects were told to keep their eyes focused on a small dot in the center, for all images. To help maintain arousal each subject was asked to wiggle their foot by a small amount when the stimulus screen changed from blank to checkerboard pattern and vice versa, and no study contained less than 95 % responses.  

  In this study we used a Siemens Sonata 1.5 T MRI scanner equipped with a standard quadrature head-coil. The subjects’ head were padded firmly with foam padding within the quadrature coil to eliminate horizontal head motion. A mirror was placed above the opening of the head-coil and angled at 45 degrees so the subject could see the ground-glass screen with the stimuli placed at his or her feet. After positioning the subject in the bore, dark material was placed on the sides of the bore opening to block the subjects’ peripheral vision, so only the ground-glass screen was visible. 

  The shimming was performed using Siemens automatic shimming routine that uses first and second order gradients. First a coronal scout was obtained and oblique axial images perpendicular to the midline of this coronal image were prescribed. Subsequently, sagittal images perpendicular to the midline of the oblique axial images were taken. Finally the 28 oblique axial planes encompassing the visual cortex and the rest of the brain, were positioned parallel to the calcarine fissure in preparation for the functional scans. All subjects were studied with the same image parameters to eliminate voxel-size and position dependent parameters, such as signal to noise. 

  Each functional image was acquired in identical planes and FOV using T2*-weighted BOLD echo-planar image sequence [11,12] with a 64x64 matrix, and 5 mm thick slices without interslice gaps (voxel size of 3.75x3.75x5.00 mm). The TE was 29 ms, with a TR of 3.97 seconds and a 90 degrees flip angle. For each functional study 155 sets of 28 slices each were obtained. After each functional study, the subject was asked to remain motionless, but could close his/her eyes, while a high-resolution, 1.0x1.0x1.0 (256x256 matrix, FOV = 240x240 mm) Siemens Vision MP RAGE (T1-weighted) was acquired. The TR was 10 ms, with a TE of 4 ms and a flip angle of 10 degrees This study was done once for each subject and was used to create the 3D to 2D transformation matrix in the flattening process.

  The stimuli were run using MacStim software (David Darby, West Melbourne, Australia) on a Macintosh G3 computer. They were displayed on the ground-glass screen using a Sharp (XG-NV4SU) projector using a 640x480 pixel resolution. 

Data Analysis 

All images were downloaded from the MRI scanner then analyzed on a Sun SPARC workstation (Sun Microsystems).  A combination of IDL (Interactive Data Language, Research Systems Inc. Colorado) and SPM99 (Wellcome Department of Cognitive Neurology, London, UK) packages was used.  The first five image sets of each functional experiment were discarded to eliminate magnetic saturation effects.  To correct for errors in slice timing, the slice timing correction routine in SPM99 was first implanted. Furthermore, to correct for motion, functional images of each subject were realigned using SPM99 by a 6-parameter (three translations and three rotations) rigid body transformation. The voxel size was maintained at 3.75x3.75x5.0 mm3.  The spatial transformation was not performed using a non-linear transformation because of the relatively limited volume coverage in the z-direction.     Spatial smoothing, a high pass filter, and temporal smoothing with SPM99 were used during the analysis of the both eyes stimulated versus off contrast. Signal normalization was not performed because of the large areas of activation. Using SPM99 statistics package, parametric maps were generated using boxcar design and displayed on the respective brains. During this process a functional mean-image was generated.

  Initially the MP RAGE anatomical data set was motion-corrected and corrected for slice timing errors. Thereafter it was flattened using Freesurfer (MGH Boston, MA) software [13,14] using a Dell Desktop system with Intel III processor. This process consists of five steps; segmentation, surface reconstruction, inflation, cutting, and finally flattening. The cut was made opposite to the calcarine fissure on each occipital lobe to ensure preservation of data points on the calcarine fissure.  The sequence required approximately 20 hrs per data set and involved manual manipulations for removing certain structures in the brain. Before the flattening a copy of the MP RAGE was created and was used for co-registration with the mean-image functional data. Hence anatomical space was mapped into functional space using the SPM99 Co-Register module. 

  A 3D to 2D transformation matrix was created using the Freesurfer TkRegister module. This required importing and converting the original MP RAGE data set into Freesurfer native files and thereafter manually aligning the functional space co-registered MP RAGE with the original MP RAGE. In this process a transformation matrix was created that was later applied on the imported and converted parametric T-maps from SPM99. An automatic transformation module is provided with Freesurfer software, but we were unable to access it on our computer systems. Individual data from each study was analyzed as well as averaged data for each subject, from all studies. The averaging was performed using simple IDL commands. 

Results and Discussion

  Our study indicates that areas of activation associated with bow-tie stimulation are reproducible, despite all the post-processing steps and manual adjustments to the data sets but averaging may still be required. This is in line with earlier data from our lab [15]. Figure 4(a-d) sums up our results for the averaged data for each hemisphere. We observed that with both subjects, certain areas were active during all three studies and some (smaller in extension) vary from study to study. We conclude that this variation must be due to the random errors and subject attention and not a significant inherent flaw in the data-processing scheme. Considering how much of the representation of the data depended on manual registration in our case, it is remarkable how well the overall areas for each study maintain a somewhat distinct location. As we have shown, single studies are not sufficient for obtaining reliable data for retinotopic mapping purposes. Hence, due to the considerable time consuming processes involved, flattened data representations of the occipital lobe may need significant improvement before it can be applied on individual patients in a clinical setting. Hence we propose data averaging of subjects with data taken at different times, to ensure accurate representations of the measurements, which are not limited to retinotopic mapping. Our lab is also in the process of creating a standard flattened cortical map for each hemisphere, based on the very commonly used SPM99 T1 templates. This together with data averaging should suffice to allow for faster and easier usage of flattened displays of clinical data. 

  Our data was variably helpful in determining the borders of V1/V2. Simple activation of the retinal cells, does not unvaryingly correspond to stimulating the neuronal cells along the V1/V2 border. However, strangely we do see consistent activation at what we believe is the V3 outer border. To the extent of our knowledge there has not been any previous reports of this kind of activation without accompanying consistent V1/V2 activation. However, there have been studies with horizontal stationary checkerboard lines that did stimulate the V2/V3 border [16]. In future studies we intend to create a moving stimulus to map the polar angle dimension [17] and test the reproducibility of the phase map in 2D space on the flattened map. We also plan to acquire data at higher resolution (128x128 matrix) to aid in the spatial location of visual borders, in a recently acquired 1.5 T Siemens Sonata MRI scanner.
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Figure 1.
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Figure 3a.
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Figure 3b.
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Figure 3d.

Fig 1. Occipital lobe representation of the vertical horizontal meridians.  A) The left visual hemifield is demonstrated with the corresponding right calcarine fissure opened to reveal the fissure base and calcarine banks.  The vertical hemianopic meridian is represented along the borders of the calcarine lips.  The lower vertical meridian of the visual field, line AD, is represented along the perimeter of upper striate cortex, i.e., the margin of the upper calcarine lip.  The upper vertical meridian of the visual field, line AB, is similarly represented along the border of the lower calcarine lip.  The horizontal meridian of the visual field, line AC, follows the contour of the base of the calcarine fissure.  (Reprinted from Gray LG, Galetta SL, Schatz NJ.  Neurology 1998;50:1170-1173).

Fig 2. The stimulus we used for our retinotopic maps. The wedge was used to map polar angle and was stationary. The control checkerboard was used to activate the entire V1 region, and hence allow for evaluation of co-registration. The flickering for both stimuli occurred at 8 Hz. 

Fig 3. A summary of our results. Figures a. and b. represent the right and left occipital lobe of one of the subjects, superimposed with the average data from threes separate studies on different occasions. Figures c. and d. represent the same data from the other subject. Certain parts of the map are always activated, as can be seen by the relative low activation of the average maps. This indicates a reasonably high level of reproducibility between studies. 
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