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We used fMRI to test the reproducibility of functional mapping of primary visual cortex using retinotopic stimuli and brain-flattening techniques. The visual stimulus was a flickering checkerboard bow-tie. An anatomical data set was acquired for each subject and the paradigm was repeated three times on different dates. The anatomical data was used to obtain the flattened visual cortex of each subject using Freesurfer software. The V1-V2 border varied and was inconsistently identified in both subjects. Because of incoherent reproducibility, single studies may be inadequate for accurate retinotopic mapping of V1-V2 borders; averaging of several studies may be required. 
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Abstract

We used functional Magnetic Resonance Imaging (fMRI) to test the reproducibility of functional mapping of primary visual cortex using retinotopic stimuli and brain-flattening techniques. To cause V1-V2 border activation, 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. Furthermore it was 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. The V1-V2 border varied and was inconsistently identified in both subjects. Because of incoherent 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.

Introduction

Brain images taken with functional Magnetic Resonance Imaging (fMRI) paradigms are thought to show sites of increased neuronal activity. The technique can pinpoint these sites by the changing magnetic properties of oxygenated/deoxygenated blood that is linked with increased metabolism.  

  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 [1,2,3]. 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 [4,5,6] 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 [7-12] have the capability of stimulating along either or both retinotopic dimensions. For example, a (initially vertical) counterclockwise rotating wedge a 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.

Materials and Methods

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 [13]. 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 correct 95 % 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 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, 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 [14,15] 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, as well as high pass filtering was performed using SPM99. Signal normalization was not employed because of the large areas of activation. Using SPM99 statistics and boxcar design, a parametric map and a mean-image were generated.

The MP RAGE was flattened using Freesurfer (MGH Boston, MA) software [16-18] 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 from each study was analyzed quantitatively. The averaging was performed using simple IDL commands. 

Results and Discussion

Our data was variably helpful in determining the borders of V1/V2. Simple vertical stimulation of retinal cells does not unvaryingly correspond to activation in the neuronal cells along the V1/V2 border. Strangely however, we do see consistent activation at what we believe is the V3 outer border. To the extent of our knowledge, there have 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 [19]

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. This is in line with earlier data from our lab [20]. Figure 3(a-h) summarizes our results for the averaged data for each hemisphere. We observed that with both subjects certain general 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 is not a significant 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, 2D analyses of the occipital lobe may need significant improvement before they can be applied on individual patients in a clinical setting. 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 [21] and test the reproducibility of the phase map in 2D space on the flattened map. We also plan to acquire data at a higher resolution (128x128 matrix) to aid in the spatial location of visual borders, in a recently acquired 1.5 T Siemens Sonata MRI scanner. 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.

	[image: image2.jpg]



Figure 2a.
	[image: image3.wmf]
Figure 2b


[image: image4.jpg]



Figure 3a Subject 1
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Figure 3b. Subject 1
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Figure 3c. Subject 1
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Figure 3d. Subject 2
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Figure 3e. Subject 2
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Figure 3f. Subject 2
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Figure 3g. Subject 2
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Figure 3h. Subject 2
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Figure 4. Subject 2

Figure 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).

Figure 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. 

Figure 3a. Functional data acquired using bow-tie stimulus (Figure 2.). Individual study superimposed on the flattened right occipital lobe. Yellow regions represent areas of high activation whereas blue regions represent areas of negative activation, i.e. areas that were activated when the stimulus was not present.
Figure 3b. Functional data acquired using bow-tie stimulus (Figure 2.). Averaging was performed and the result is superimposed on the flattened right occipital lobe.

Figure 3c. Functional data acquired using bow-tie stimulus (Figure 2.). Averaging was performed and the result is superimposed on the flattened left occipital lobe.

Figure 3d. Functional data acquired using bow-tie stimulus (Figure 2.). Individual study superimposed on the flattened left occipital lobe. 

Figure 3e. Functional data acquired using bow-tie stimulus (Figure 2.). Averaging was performed and the result is superimposed on the flattened left occipital lobe. 

Figure 3f. Functional data acquired using bow-tie stimulus (Figure 2.). Averaging was performed and the result is superimposed on the flattened right occipital lobe.
Figure 3g. Functional data from control stimulus (Figure 2.) Individual study superimposed on the flattened right occipital lobe.

Figure 3h. Functional data from control stimulus (Figure 2.) Averaging was performed and data is superimposed on the flattened right occipital lobe.

Figure 4. Inflated and flattened view of the left and right occipital lobe respectively. V1/V2 border is identified from the averaged functional data.

References
1. Holmes G. Disturbances of vision by cerebral lesions. Br J Ophtal 2, 353-384 (1918).

2. Holmes G. The organization of visual cortex in man. Proc Roy Soc B 132, 348-361 (1944).

3. Horton J, Hoyt W. The representation of the visual field in human striate cortex. Arch Ophthalmol 109, 816-824 (1991a).

4. Fox PT, Miezin F, Allman J, Van Essen DC, Raichle ME. Retinotopic organization of human visual cortex mapped with positron-emission tomography. J. Neurosci 7, 913-922 (1987).

5. Schneider W, Noll DC, Cohen JD. Functional topographic mapping of the cortical ribbon in human vision with magnetic resonance imaging. Nature 365, 150-153 (1993).

6. Tootell RGH, Repas JB, Kwong KK, Malach R, Born RT, Brady JT, Rosen BR, Belliveau JW. Functional analysis of human MT and related visual cortical areas using magnetic resonance imaging. J Neurosci 15, 3215-3230 (1995).

7. Engel SA, Rumelhart DE, Wandell BA, Lee AT, Glover GH, Chichilnisky EJ, Shadlen MN. Fmri of human visual cortex. Nature 369, 525 (1994).

8. Edgar A. DeYoe, George J. Carman, Peter Bandettini, Seth Glickman, Jon Wieser, Robert Cox, David Miller, and Jay Neitz. Mapping striate and extrastriate visual areas in human cerebral cortex. Proc. Natl. Acad. Sci, 93,2382-2386 (1996).

9. M.I. Sereno, A.M. Dale, J.P. Reppas, K.K. Kwong, J.W. Belliveau, T.J. Brady, B.R. Rosen, R.B.H. Tootell. Borders of Multiple Visual Areas in Humans Revealed by Functional Magnetic Resonance Imaging. Science 268, 889-893 (1995).

10. Tootell RBH, Hadjikhani NK, Vanduffel W, Liu AK, Mendola JD, Serono MI, Dale AM.  Functional analysis of primary visual cortex (V1) in humans.  Proc Natl Acad Sci USA 95,811-817 (1998)

11. Tootell RBH, Hadjikhani NK, Mendola JD, Marrett S, Dale AM.  From retinotopy to recognition: fMRI in human visual cortex.  Trends Cog Sci 2, 174-183 (1998)

12. Wandell BA.  Computational neuroimaging of human visual cortex.  Annu Rev Neurosci 22, 145-171 (1999)

13. Thomas CG, Menon RS:  Amplitude response and stimulus presentation
frequency response of human primary visual cortex using BOLD EPI at 4 T.
Magn Reson Med 40:203-9, 1998

14. Kwong KK, Belliveau JW, Chesler DA, Goldberg IE, Weisskoff RM, Poncelet BP, Kennedy DN, Hoppel BE, Cohen MS, Turner R, Cheng H, Brady TJ, Rosen BR. Dynamic magnetic resonance imaging of human brain activity during primary sensory stimulation. Proc Natl Acad Sci USA 89, 5675-5679 (1992).

15. Ogawa S, Tank D, Menon R, Ellerman J, Kim S, Merkle H, Ugurbil K. Intrinsic signal change accompanying sensory stimulation; functional brain mapping with magnetic resonance imaging. Proc Natl Acad Sci USA 89, 591-595 (1992).

16. Anders M. Dale, Bruce Fischl, and Martin I. Sereno. Cortical Surface-Based Analysis I. Segmentation and Surface Reconstruction. NeuroImage 9, 179-194 (1999).

17. Anders M. Dale, Bruce Fischl, and Martin I. Sereno. Cortical Surface-Based Analysis II. Inflation, Flattening, and a Surface-Based Coordinate System. NeuroImage 9, 195-207 (1999).

18. Van Essen DC, Drury HA, Joshi S, Miller MI.  Functional and structural mapping of human cerebral cortex: solutions are the surfaces.  Proc Natl Acad Sci USA 95, 788-795 (1998)

19. Miki A, Raz J, van Erp TGM, Liu C-SJ, Haselgrove JC, Liu GT. Reproducibility of visual activation in functional magnetic resonance imaging and effects of post-processing. AJNR Am J Neuroradiol 21,910-915 (2000).

20. Shipp, J.D.G. Watson, R.S.J. Frackowiak, and S. Zeki. Retinotopic Maps in Human Prestriate Visual Cortex; The Demarcation of Areas V2 and V3. NeuroImage 2,125-132 (1995).

21. S Stephen A. Engel, Gary H. Glover, and Brian A. Wandell. Retinotopic Organization in Human Visual Cortex and the Spatial Precision of Functional MRI. Cerebral Cortex 7,181-192 (1997).







