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ABSTRACT

The human brain has well over 30 cortical areas devoted to visual processing. Classical neuro-anatomical as well as
fMRI studies have demonstrated that early visual areas have a retinotopic organization whereby adjacent locations in
visual space are represented in adjacent areas of cortex within a visual area. At the 2006 Electronic Imaging meeting we
presented a method using sprite graphics to obtain high resolution retinotopic visual evoked potential responses using
multi-focal m-sequence technology (mfVEP). We have used this method to record mfVEPs from up to 192 non
overlapping checkerboard stimulus patches scaled such that each patch activates about 12 mm? of cortex in area V1 and
even less in V2. This dense coverage enables us to incorporate cortical folding constraints, given by anatomical MRI
and fMRI results from the same subject, to isolate the V1 and V2 temporal responses. Moreover, the method offers a
simple means of validating the accuracy of the extracted V1 and V2 time functions by comparing the results between
left and right hemispheres that have unique folding patterns and are processed independently. Previous VEP studies
have been contradictory as to which area responds first to visual stimuli. This new method accurately separates the
signals from the two areas and demonstrates that both respond with essentially the same latency. A new method is
introduced which describes better ways to isolate cortical areas using an empirically determined forward model. The
method includes a novel steady state mfVEP and complex SVD techniques. In addition, this evolving technology is put
to use examining how stimulus attributes differentially impact the response in different cortical areas, in particular how
fast nonlinear contrast processing occurs. This question is examined using both state triggered kernel estimation (STKE)
and m-sequence "conditioned kernels". The analysis indicates different contrast gain control processes in areas V1 and
V2. Finally we show that our m-sequence multi-focal stimuli have advantages for integrating EEG and MEG for
improved dipole localization.
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1. INTRODUCTION

Early visual processing can be studied with fMRI to demonstrate effects of attention and memory, but the slow
hemodynamic response obscures interactions between cortical areas. EEG and MEG techniques provide much higher
time resolution to potentially reveal the dynamic interplay between cortical areas, but the problem of isolating the
signals from different visual areas has yet to be solved. Here, we present methods to profit from EEG/MEG time
resolution, by providing a method to separate the responses of early visual areas. We first review limitations of
traditional EEG methods, then introduce ways to separate the V1 from the V2 responses via cortical constraints given
by MRI and fMRI measures.

Both EEG and MEG sum the response from multiple cortical areas. Separating nearby cortical sources such as in V1
and V2 is generally intractable, since arbitrary linear combinations of two close sources can typically produce the
observed scalp voltage topography.' For this reason, simple dipole source modeling has not succeeded. To separate
nearby sources, additional prior knowledge, such as from anatomy, is required. For example, distributed source methods
constrain sources to the cortical surface given by MRI and estimate the topography from these sources. Distributed
methods often have the drawback of producing sources that are excessively spread out. Weighted norm methods can
produce more localized sources.”** Dipole source modeling methods have recently started to incorporate cortical
constraints to reduce the problem of nearby sources> to improve isolation of the dominant dipole, the likely V1
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source. These studies compared fMRI localization to dipole source localization using EEG® or both MEG and EEG.® In
both cases the focus was on the dominant dipole, which was assumed to be area V1. When EEG and MEG methods
were combined, errors confirmed by fMRI, were on the order of 5-8 mm, a big improvement over earlier studies.

Success in separating sources with the help of prior knowledge depends on several factors, such as signal to noise ratio,
proper forward model, and source orientation.”®® The problem is that sources can mix together, a phenomenon called
the cross-talk,'® or the rotation problem. We have previously examined rotations across individuals'' and have shown
how rotations can be minimized by taking Laplacians of the scalp topography.'? However, using past methods, when
sources are not sufficiently spatially separated the reconstructed source time functions are likely to be superposition of
the true time functions. In this paper we show how an individual’s own pattern of cortical convolutions can be used to
solve the problem, a technique we call the cortical folding fingerprint.

With the advent of the multi-focal m-sequence evoked potential method we are beginning to see ways of generating
detailed functional maps of early retinotopic areas of visual cortex.''*'®  The technique provides an
electrophysiological means of estimating cortical magnification'® and studying the M and P pathways in humans."’
Using sprite graphics we have extended the standard method to increase the complexity of the typical multi-focal
cortically scaled dartboard stimulus up to 192 checkerboard stimulus patches each independently contrast reversed
according to an m-sequence. Cross correlation of the EEG signal with the m-sequence results in a series of response
kernels for each electrode and each stimulus patch. Using this stimulus each patch activates about a 12mm? area of V1.
This extended multi-focal VEP technique in combination with the sparseness of cortical folding as a uniqueness
constraint provides an effective method for localizing signal sources in early visual areas. The scalp voltage distribution
strongly constrains the source magnitude (orientation). An abrupt change in source magnitude, as occurs for adjacent
stimulus patches when the corresponding cortical patch of activation moves around a cortical fold, will result in a
dramatic change in the scalp topography. The sparseness of cortical folding is important for separating source locations
in different visual areas; a change in source magnitude in one area is not likely to coincide with a change in another
visual area. Moreover, the multi-focal method seems to limit activation to early retinotopic visual areas where receptive
fields are small in size. By using MRI/fMRI to constrain the sources for each stimulus patch to corresponding cortical
surface locations in V1 and V2 we have been able to isolate each areas temporal response. Moreover, comparing the
responses across hemispheres we have an independent verification lending confidence to the derived solution. Having
shown that cortical folding is a critical component in isolating the response of nearby cortical areas, a technique is
described that makes use of cortical folding without the need for costly fMRI/MRI recordings. The method involves
more detailed visual stimulus manipulations and new statistical analysis to separate the time functions.

Now that we can isolate the V1 and V2 responses, we can examine the role of different areas in basic visual processes.
For example, are rapid contrast gain control mechanisms found in only in area V1 or does it involve feedback from area
V2? How fast are these processes? Using new m-sequence methods (STKE), we find gain control processes as fast as
32 ms and demonstrate different processing in areas V1 and V2 by using conditioned kernel methods.

2. CORTICALLY CONSTRAINED V1 AND V2 SOURCE IDENTIFICATION

This section describes our solution to the problem of identifying the temporal responses for early nearby visual areas,
V1 and V2 in particular.

2.1 EEG recording methods

Subjects viewed the display screen in a dark sound attenuating chamber.
Stimuli were presented on a 60 Hz video display (1024 x 768 pixels) viewed
from a distance of 109 cm (1.14 min square pixels). Luminance gamma
correcting tables linearized the final display luminance. The stimuli were 15
deg. diameter dartboard shaped patterns with up to a 192 independent
stimulus patches. The surrounding screen area and the central 0.5 deg
diameter patch of the stimulus remained at the display mean luminance, 8.4
cd/m®. A small bright fixation mark was placed at the center of the display
which the subject fixated during each of the 1 min recording segments.

Dense 192 patch stimulus: Our primary purpose for using a stimulus with
small stimulus patches is to enable us to identify the signal sources in early
visual areas. With small patches correspondingly small areas of

Figure 1 - One frame of 192 patch
stimulus
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retinotopically organized visual cortex (V1, V2 and V3) are activated. Adjacent stimulus patches activate adjacent
cortical patches. The specific scalp voltage topography of the signal resulting from a particular patch of cortical
activation is based on the local cortical surface normal. Given the extensive cortical folding, in moving from patch to
patch in stimulus space the response topography should change according to the summed changes in the local cortical
surface normals for early visual areas. The sequence of changes enables us to ultimately _

-
identify the source locations in the early visual areas. ';: » :.q '\“
The 192 sprite stimulus patch configuration (figure 1) consists of 8 concentric rings of 24 2.0
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patches each. Each patch has two checks (one black and one white) in the radial direction and a
single check in tangential direction. A single patch for the outer ring is shown in the upper right
of figure 1. The size of each patch in the radial direction is scaled according to estimates of
cortical magnification whereby the more eccentric the ring the larger the patch.'* This scaling
provides approximately equal areas of cortical activation irrespective of stimulus eccentricity.
We estimate the cortical patch size in area V1 to be approximately 3.5 mm in the stimulus
tangential and radial directions."® An example of one video frame of this stimulus is shown  Figure2 - 96

figure 1. The WinVis (W4M) psychophysical and physiological testing toolbox  ¢lectrodes
(www.neurometrics.com/winvis) was used to present and temporally modulate according to an

m-sequence the 192 stimulus patches. Use of independent graphics sprites avoids the limitations of the LUT animation
method of m-sequence stimulus temporal modulation. Details of the method are presented in the 2006 SPIE
proceedings.'” To study the response due to multiple stimuli simultaneously, each separate stimulus is driven with a
temporally shifted sequence, resulting in a delayed impulse response for each stimulus when cross correlated with the
originally, non-delayed, sequence. Multi-focal stimulation allows for an efficient way to combine many different stimuli
in one experiment.”” Each 16 bit m-sequence run was broken into 18, 1 minute recording segments with 1 second of
segment overlap for combining segments during offline processing. The subject controlled the initiation of each
recording segment allowing for brief rest periods between each segment.

Ninety six active EEG recording electrodes were distributed over the scalp with a heavy weighting over the occipital
pole as shown in figure 2. The EEG recording amplifiers were broad band with digital bandpass filtering applied offline.

2.2 MRI/fMRI recording methods

Magnetic resonance images were acquired at Stanford University using a 3-T GE Signa scanner. A special-purpose
semi-cylindrical surface coil around the back of the head was used. Functional magnetic resonance images were
oriented parallel to the calcarine sulcus. Eight functional images were acquired every 3 seconds using a two-shot, two-
dimensional spiral gradient-recalled echo sequence with voxel size 2 x 2 X 3 mm. Structural (T1-weighted) images were
acquired in the same planes and with the same resolution as the functional images to co-register the functional and
anatomical data.

The stimuli for the fMRI experiments consisted of rotating wedges and expanding annuli with a cycle of 72 seconds,
resulting in five complete cycles during the 6-minute stimulus presentation. The wedge and ring were comprised of a
flickering (reversal rate of 8 Hz) checkerboard.?' Standard analysis tools were used for mapping the visual cortex. The
three-dimensional cortex was unfolded onto a two-dimensional flat map for the region of interest, V1 and V2. White
matter segmentation was performed to ensure a continuous gray matter surface for unfolding, using the FreeSurfer
software package.'™* To isolate cortical areas V1 and V2 a Fourier transform was performed on the time series of the
fMRI data for the rotating and expanding stimuli resulting in a response phase map corresponding to the locations in the
visual field causing the excitation. The optimal hemodynamic delay was determined for each hemisphere for each
subject by looking at the phase values of the rotating wedge runs. The chosen hemodynamic delay of 1.5 seconds
resulted in the highest number of voxels excited by the correlated visual field and the lowest number of voxels excited
in the non-correlated visual field. The Stanford mrVISTA tools were used to analyze and project the fMRI data onto the
flat maps.?"** The result of this data analysis revealed the borders between visual areas and estimates of correspondence
between visual field patch locations and sites of cortical activation (as shown in figure 3 a & b).

2.3 Our new algorithm for extracting V1 and V2 temporal responses.

The estimation of the time functions for multiple cortical areas from a single stimulus patch is severely under
constrained. We have previously shown that by assuming a common time function for all cortical sources that
correspond to a ring of stimulus patch within a visual area, an accurate estimation of the time function is possible (see
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Appendix 3 for details.).>"* Here we apply additional cortical constraints given by the MRI/fMRI results. The voltages
(V) recorded on electrodes (¢) for a ring of stimulus patches (p), or hemi ring of patches for a single hemisphere is:

VEep) =" Freep.s)Tme(s:t) + noise(e, p, ). @2.1)

The index s refers to the early visual areas, here V1 and V2, with sources that contribute most strongly to the observed
voltage V. Fy, is the surface topography produced by each cortical source for a hemi ring of stimulus patches. Note
that for the case of s,,,x =2 (areas V1 and V2, which are likely to account for about 70-80% of the total variance) Ty is
a 2 by N matrix were N is about 150 time points. As discussed in Appendix 3, the time functions can be estimated by
linear regression:

T(s,t) = Zep pinv(Femi(s, ep)) V(ep', t) (2.2)

where pinv(A) = inv(A™*A)*AT defines the pseudoinverse used to carry out the least squares linear regression.

The five parameters that specify the source dipole are given by the source location on the fMRI flap map and the
orientation from the surface normal of the source location in the 3d MRI image. Since the fMRI based constraint along
with using a 3 shell forward model for determining the surface topography is imprecise, the method for extracting
cortical areas V1 and V2 time functions for each hemi-ring of stimulus patches requires an iterative process as outlined
below.

Initial Conditions: The initial mapping of 192 stimulus patches to corresponding locations in areas V1 and V2 is
derived from the fMRI data. The cortical source locations were estimated based on the flattened fMRI phase maps,
known V1/V2 retinotopy and stimulus cortical scaling, which should achieve roughly equal source spacing in each
visual area. This initial placement of source locations is shown in figure 3a which shows the flattened V1 and V2 phase
map for one hemisphere. Once the V1/V2 boundaries are identified the sources are placed according to retinotopy with
the inner stimulus hemi-ring of 12 patches placed near the foveal area of V1 and V2, which is the bottom row of sources
indicated by small circles in figure 3a. The filled circles are the V1 source locations, while the open circles are the V2
source location estimates. Each row of sources moving up the figure corresponds to more eccentric hemi-rings of
stimulus patches. For adjacent stimulus patches the V1 sources are separated by about 3mm. The border between open
and filled circles in figure 3a corresponds to the upper and lower vertical meridians of the stimulus array. For each
estimated source location a 3D MRI based reconstruction was used as in figure 3b, to extract the source dipole
orientation for both areas V1 and V2. The sources in figure 3a are also represented on the 3D plot of figure 3b where the
V1 sources (filled circles) are aligned around the T shaped calcarine sulcus. The V2 sources are located further from the
calcarine as expected. For each V1 and V2 source location and orientation, the predicted scalp voltage topography is
calculated using a 3 shell spherical forward model. Figure 3¢ shows the predicted voltage topographies after the source
locations have been adjusted as described below. The box labeled V1 has 8 rows of 12 figures corresponding to the 96
contralateral stimulus patches that will evoke a response in this hemisphere. Each small figure is the predicted scalp
voltage topography across the 96 electrodes, with the back of the head near the bottom of each small figure. The
changing pattern of scalp topographies across the figures reflects the changes in the surface normal as the site of cortical
activation changes from patch to patch along cortical folds. The boxes labeled V2d and V2v reflect the same effect of
cortical folds in area V2 on the predicted scalp topographies. Since the areas V1 and V2 are presumed to be the primary
contributors to the multi-focal VEP, the sum of the predicted V1 and V2 topographies times their respective time
functions should approximate the recorded scalp voltages.
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Figure 3 — a) flat map with sources b) 3D reconstruction c¢) V1 and V2 scalp topographies

V1/V2 mapping optimization. After the initial source locations have been selected we iterate over the following three
steps to find the solution that minimizes the error between the recorded and predicted scalp voltages.

Step 1. Do a linear regression to find the two source amplitudes at each time point (Eq. 2.2, T(s,t)) within a stimulus
hemi ring of patches (12 patches). This step gives the best fit to the full dataset based on the dipole orientations

specified by the MRI topography.

Step 2. For each patch location do an exhaustive search over the flat map for all points that are within about 3.5 mm of
the original placement on the fMRI flat map for V1 and V2. For each source location on the flat map and its
corresponding magnitude from the location's surface normal, use the 3 shell model to calculate the predicted topography
across electrodes over time using the time functions of step1, V (e, p, t).

Step 3. Find the V1 and V2 pair of source locations for each patch that minimizes the sum of square error between the
raw data and the predicted data.

SSE Z( data (e pﬁt) red (e pat)) (23)

e,p,t
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