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a) Overview

Visual areas occupy a large portion of human neocortex. 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. Retinotopy within the calcarine cortex is organized in two dimensions: Posterior areas of the calcarine process input from stimuli that are located in the center of the visual field and conversely, anterior areas of the calcarine process stimuli located near the periphery of the visual field. As a stimulus, such as a ring, expands, activation is hence shifted from posterior to anterior areas. The dimension of this kind of retinotopy, is called eccentricity. Areas on the lower lip of the calcarine fissure process stimulation by a line along the vertical meridian. Similarly, the middle of the calcarine fissure and the upper lip, process stimulation caused by a line along the horizontal and the lower vertical meridian respectively. The dimension of this kind of retinotopy is called polar angle. These visual field landmarks are illustrated in Figure 1. 

Retinotopic mapping typically employs two types of stimuli: static and dynamic. Static stimuli were more common in the early nineties and, depending on their position, solely create activation along borders of visual areas. Hence, no activation occurs along either retinotopic dimension. Moving stimuli have the capability of stimulating along either or both retinotopic dimensions. For example, a (initially vertical) counterclockwise rotating wedge stimulates in the polar angle dimension, consequently generating a ‘traveling wave’ of activation that spreads from the lower, through the middle, to the upper lip of the calcarine fissure. Dynamic stimuli have been favored in later years to map visual borders, because they provide less noisy data.  

With this study we attempted to answer two questions. The first was whether activation of the V1/V2 border by a vertical bow-tie was reproducible, and the second was whether identification of the V1/V2 border by this method required averaging of several studies on the same subject.

Functional Magnetic Resonance Imaging (fMRI) was used to acquire functional primary visual cortex data. In order to cause activation at the V1/V2 border, the retinotopic stimulus consisted of a checkerboard bow-tie flickering at 8 Hz on a black background with a central low contrast dot. A high resolution Siemens MP RAGE anatomical data set was acquired once for each subject and the fMRI paradigm was repeated a total of three times on different dates. 

The MP RAGE was used to obtain the flattened visual cortex of each subject using Freesurfer software. The functional data was motion-corrected and analyzed statistically using SPM99 and furthermore used to co-register the statistical parametric maps with the MP RAGE in SPM99. A transformation matrix was created in Freesurfer, which allowed the mapping of functional data into flattened space. The results were analyzed qualitatively. 

This study is important because no one has yet addressed the relevance of this kind of advanced data presentation in a clinical environment. In addressing this issue we have shown that applying this technique in a clinical setting on a patient-to-patient basis is highly unpractical because it requires massive computational time. Especially novel is the idea of analyzing the reproducibility of this technique in conjunction with subject averaging.

b) Methodology

To map V1-V2 borders, one male and one female (age 24 and 23 respectively) viewed a flickering black and white checkerboard bowtie of 7 degrees visual angle along the vertical meridian (see Figure 2a). The contrast was hence 100 % and its reversal rate was 8 Hz. To determine the approximate position of V1 and to aid the 3D to 2D transformation, the two subjects also viewed a complete checkerboard consisting of black and white squares (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). Subjects with glasses were given their current prescription in a non-metallic lens set in a frame. To improve eye fixation, a small central dot was present on all images and the subjects were told to keep their eyes focused on it. To help maintain arousal and concentration each subject was asked to move his or her foot slightly when the stimulation altered from blank to bow-tie and vice versa, and no study contained less than 95 % correct responses.  

In this study we used a Siemens Sonata 1.5 T MRI scanner equipped with a standard quadrature head-coil. The subjects’ heads were padded firmly with foam within the quadrature coil to eliminate horizontal head motion. A mirror was placed above the opening of the head-coil and at a 45 degrees angle so the subject could see the ground-glass screen, 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, in order to constrain his or her field of view to the ground-glass screen only. 

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 with a 64x64 matrix, and 5 mm thick slices without interslice gaps (voxel size of 3.75x3.75x5.00 mm). The TE and TR were 29 ms and 3.97 s respectively with a flip angle of 90 degrees. For each functional study 155 sets of 28 slices each were obtained. After each functional study, the subject was asked to remain motionless, but was allowed close his or 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 and TE were 10 ms and 4 ms respectively with a flip angle of 10 degrees. The anatomical scan was done once for each subject and was used to create the 3D to 2D transformation matrix. The stimuli were run using Macstim software (David Darby, West Melbourne, Australia) on a Macintosh G3 computer. The stimuli were projected onto a screen at the subject’s feet using a video projector (PLUS U2-1080) with a 1024 x 758 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 implemented. 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. Spatial and temporal smoothing along with high pass filtering, were used during the analysis of stimulated versus unstimulated data. The SPM99 statistics and boxcar design was used to create a parametric map and a mean-image.

The MP RAGE was flattened using Freesurfer (MGH Boston, MA) software on a PC. This process consists of eight steps; skull-stripping, white matter segmentation, tessellation, smoothing and inflation of each hemisphere, manual editing, cutting and flattening. Cuts were performed along the parieto-occipital fissure and axial line on the lateral surface of the occipital lobe, roughly parallel to the calcarine fissure.  The sequence required approximately 20 hrs per data set and involved manual manipulations for removing certain structures of the brain. Before flattening, a copy of the MP RAGE was created and was used for co-registration with the 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 Freesurfer’s TkRegister routine. This required importing and converting the original MP RAGE data set into Freesurfer native files and thereafter manually aligning the 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 statistical parametric maps from SPM99. An automatic transformation module is provided with Freesurfer software, but we were unable to access it on our computer systems. Individual as well as subject averaged data was analyzed quantitatively. The averaging was performed using simple IDL commands. 
c) Findings

Figure 3 shows an example of a flattened right hemisphere, with the averaged data superimposed. The red patches indicate high levels of activity, whereas the blue indicates negative activation, i.e. activation when the stimulus was not shown. The borders between V1 and V2 are labeled as we deduced from the data. We obtained 3 flattened representations from each study per subject. As can be seen in the original paper, there is a somewhat overlap of areas on individual studies, but a line shape appears only after averaging. These results were consistent with both subjects and we believe that this variation must be due to random errors and subject attention and thus not an inherent flaw in the data-processing scheme. In our case, considering how much of the representation of the data depended on manual registration, it is remarkable how well the overall areas for each study maintain a somewhat similar location on the flattened maps. This is different than the control experiment, where the sheer size of the activated areas (see completed research paper) resulted in clear overlaps from study to study.  

d) Conclusions and Implications


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. We did find in the literature studies with horizontal stationary checkerboard lines that did stimulate the V2/V3 border. 

Our study also indicates that general 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 for accurate border determination. This is in line with earlier data from our lab.

Due to the considerable time consuming processes involved, flattened data representations of the occipital lobe may need significant improvement before they 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. The reproducibility and post-processing issues may preclude a large group analysis.

In future studies we intend to create a moving stimulus to map the polar angle dimension and test the reproducibility of the phase map in 2D space. 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. We will test test-retest reproducibility with these methods. 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. 
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Figure 1.
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Figure 3.

