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Abstract

Human neuroimaging experiments typically localize motion-selective cortex
(MT+) by contrasting responses to stationary and moving stimuli. It has long
been suspected that MT+, located on the lateral surface at the
temporal-occipital (TO) boundary, contains several distinct visual field maps;
but only one coarse map has been measured. Using a novel fMRI
model-based method we identified two maps, TO-1 and TO-2, and measured
population receptive field (pRF) sizes within these maps. The angular
representation of the first map, TO-1, has a lower vertical meridian on its
posterior side at the boundary with LO-2. The angular representation
continues through horizontal to the upper vertical meridian at the boundary
with the second map, TO-2. The TO-2 angle map reverses from upper to
lower visual field at increasingly anterior positions. The TO maps share a
parallel eccentricity map in which center-to-periphery is represented in the
ventral-to-dorsal direction; both maps have an expanded foveal
representation. There is a progressive increase in the pRF size from V1/2/3 to
LO-1/2 and TO-1/2, with the largest pRF sizes in TO-2. Further, within each
map the pRF size increases as a function of eccentricity. The visual field
coverage of both maps extends into the ipsilateral visual field, with larger
sensitivity to peripheral ipsilateral stimuli in TO-2 than in TO-1. The TO
maps provide a functional segmentation of human motion-sensitive cortex
that enables a more complete characterization of processing in human

motion-selective cortex.



Introduction

Neuroimaging experiments localize human motion-selective cortex by
contrasting the responses to moving and stationary stimuli (Zeki et al., 1991;
Watson et al., 1993; Tootell et al., 1995). Many locations within visual cortex
respond differentially to moving and static stimuli, but the most powerful
responses are found in the posterior part of the inferior temporal sulcus
(Dumoulin et al., 2000). This region contains the human homologue of
middle temporal area (MT) but also parts of several surrounding
motion-selective areas, such as dorsal/lateral medial superior temporal area
(MSTd/MSTD and fundus of the superior temporal (FST), known to exist in
non-human primates. DeYoe et al. (1996) coined the term MT+ pending
clarification by additional experiments.

Defining human MT+ based on stimulus selectivity means that the
identification of the region borders depends on factors such as
response-amplitude thresholding and instrumental signal-to-noise ratios.
Therefore, it is desirable to create methods for identifying motion-selective
cortex based on more objective criteria such as retinotopy. This should be
possible, because the first description of MT in owl monkey was based on its
retinotopic organization (Allman and Kaas 1971). In human, however, MT+
retinotopy using conventional traveling wave methods with rings and
wedges has shown only one coarse visual field eccentricity map, which is
proposed to be a homologue of monkey MT (Huk et al., 2002).

Here we use a new method of retinotopic mapping (Dumoulin and Wandell
2008) to reveal retinotopic representations and population receptive field
(pRF) sizes in MT+. The method is especially suitable for mapping motion
sensitive regions, which contain large receptive field sizes that span the
vertical midline (Dumoulin and Wandell 2008). We find that MT+ contains at
least two hemifield representations. We label these maps by their location in
temporal occipital cortex (TO-1 and TO-2). We use this naming convention
because there is uncertainty about homology with monkey maps and the
relationship between these maps and those described in a previous study
(Huk et al., 2002). It is likely, however, that TO-1/2 correspond to MT and



MST1I in macaque. We show that these maps form part of a continuous series
of maps originating in V1, which enables the definition of motion sensitive
visual field maps based on retinotopy, rather than localizer experiments.

Materials and Methods

Subjects

Seven subjects participated in this study. All subjects had normal or
corrected-to-normal visual acuity. Informed written consent was obtained
from all subjects. All subjects participated in scanning sessions to obtain a
T1-weighted anatomical volume as well as functional sessions to measure
the visual field maps and responses to MT/MST (Huk et al., 2002) and LOC
localizer stimuli (Malach et al., 1995; Grill-Spector and Malach, 2004).

Stimulus presentation

Visual stimuli were generated using the PsychToolbox (Brainard, 1997; Pelli,
1997) in the Matlab programming environment on a Macintosh G4
Powerbook. The display configuration consisted of an LCD projector (NEC
LT158) with optics that imaged the stimuli onto a back-projection screen in
the bore of the magnet. The stimulus radius was 10 deg (five subjects) or 14
deg (two subjects) of visual angle. The subjects viewed the display through a

mirror.

During stimulus presentation, the subjects fixated on a small (approximately
0.5 deg) fixation disc. They were instructed to press a button every time the
fixation disc changed color. The response accuracies were over 90%.

Visual field mapping and pRF stimuli

The stimuli included wedge, ring and bar apertures that exposed moving
contrast patterns. At regular intervals the apertures were removed and the
subject saw only the zero-contrast (mean-luminance) background. These
stimuli are effective at revealing visual field maps with large receptive fields
like MT+ (Dumoulin and Wandell 2008). The aperture positions were



displaced in discrete steps in synchrony with the fMRI volume acquisition,
1.e. every 3 seconds. The wedge aperture subtended 45 deg and the width of
the rings and bar apertures were 1/3rd of the stimulus radius. The contrast
patterns exposed by the wedge and ring apertures comprised a moving
dartboard. Each spoke of the dartboard (15 deg angle) moved in opposite
directions. The bar aperture revealed checkerboard contrast pattern, and
adjacent rows of the exposed checkerboard moved in opposite directions
along the longest axis of the bar. The contrast pattern motion created a 2 Hz
temporal frequency; the motion direction changed randomly (approx every
2-3 s). A full cycle of wedge and ring stimuli were 36 sec with a total of 6
cycles (216 sec) per scanning run. Four bar orientations (0, 45, 90 and 135
deg from vertical) and two different motion directions were used, giving a
total of 8 different bar configurations within a given scan for 240 sec. 3-5
scans (wedge/ring) and 5-7 scans (bar) were performed for each subject in one

or two sessions.

Four mean luminance periods were inserted during the last 18 sec of every
54 sec (wedge/ring) or during the last 12 sec of every 60 sec (bar). It should be
noted that the rate of the mean luminance periods (4 cycle/scan) differs from
the stimulus period (6 cycle/scan for wedge/ring and 1 cycle/scan for bar).
Hence, each mean-luminance presentation replaces a different position of
the wedge, ring, or bar stimulus. The mean luminance periods are necessary
for accurate estimation of large pRF sizes (Figs 1 and 3 of Dumoulin and
Wandell, 2008).

Visual field mapping and pRF analysis

We used a model-based method to estimate visual field maps and population
receptive fields (pRF) (Dumoulin and Wandell 2008). The pRF is defined as
the region of visual space that stimulates the recording site (Victor et al.,
1994; Jancke et al., 2004; Dumoulin and Wandell, 2008). Details of the pRF
analysis are described in our previous study (Dumoulin and Wandell 2008).
Briefly, for each voxel we predicted the BOLD response using a 2D Gaussian
pRF model; the parameters are center location (x, y) and spread (). The
predicted fMRI time-series is calculated by a convolution of the model pRF

with the stimulus sequence and the BOLD hemodynamic response function



(HRF) (Boynton et al., 1996; Friston et al., 1998; Glover, 1999b; Worsley et al.,
2002); the pRF parameters for each voxel minimize the sum of squared
errors between the predicted and observed fMRI time-series for all stimuli
(wedges, rings and bars).

Angle (atan(y/x)), eccentricity (sqrt(x2+y?)), and pRF size (c) maps are
derived from the fitted 2D Gaussian models. These parameters are shown on
the unfolded cortical surface measured in each subject (Figs. 1, 2, 5b and
Supplemental Figs. 1-8). We show parameter map estimates only when the
response coherence exceeds 0.32. Using the complementary error function
(Bandettini et al. 1993), this coherence threshold corresponds to p<<0.001
uncorrected and p<0.01 Bonferroni corrected for multiple comparisons,
accounting for the volume of scanned cortex. However, because we select the
best fit from a large range of possible predictions we also computed the null
distribution empirically (Grill-Spector et al. 2006). Using this method, the
coherence threshold (0.32) corresponds to p<0.05. Flattened representations
were derived using the methods described in Wandell et al. (2000).

Visual field coverage

Visual field coverage defines the locations within the visual field that evoke a
significant response from voxels within a map. We estimate the visual field
coverage from the full pRF. We first identify the pRF centers across all of the
voxels within a visual field map. For each subject, we create a binary image
showing whether a pRF center exists at each visual field location. The binary
images of the centers are pooled across subjects to obtain the averaged pRF
center plots (Fig. 7 left panels). We estimate the visual field coverage by
combining the pRF center and size estimates. Specifically, from each voxel
we estimate the 2D Gaussian in the visual field (stimulus-referred). Many
points in the visual field are covered by at least one pRF, and we create a
map that represents the highest pRF value at each visual field location.
Because the peak value of the 2D Gaussian model is normalized to 1, the
range of values in each subject's map is between 0 and 1. We created these
maps for each subject, and then we averaged the maps from all subjects. For
example, if a particular location in the visual field was at the center of a pRF

in all fourteen hemispheres, the average map contains a one at that



location. Conversely, if no pRF covers that visual field location the value is
zero. Hence, the visual field coverage levels range from 0 to 1, as well.

To represent a single visual field coverage map combining all hemispheres,
we converted the right hemisphere data into left-hemisphere format.

Motion localizer stimuli

The locations of MT+ (Zeki et al., 1991; Watson et al., 1993; Tootell et al.,
1995) and tentative MST (Huk et al., 2002) were identified from the
functional responses to stimuli that alternated between moving and
stationary dot patterns. The MT+ and MST localizers used here are the same
as those used by Huk et al. (2002). In the MT+ localizer there is a 9 sec
motion block and a 27 sec stationary block. During the motion block white
dots on a black background were presented within a 10 deg diameter circular
aperture, centered at the fixation. The dots (0.25 deg in width) moved
coherently toward and away from fixation at 8 deg/sec, alternating direction
once per second. Each dot appeared for 167 ms (10 frames) and was then
replaced by another dot at a randomly selected position. Two hundred dots
were used within the aperture. The moving/stationary pair was repeated six
times in each fMRI scan (scan duration of 3.6 min). This MT+ localizer scan
was repeated 3-6 times for each subject.

The MST localizer alternated between 18 sec peripheral moving dots and 18
sec static dots. In this case two hundred moving and stationary dots were
presented within a peripheral ipsilateral circular aperture (15 deg in
diameter) with its closest edge 10 deg from fixation. This moving/stationary
cycle was repeated six times in each fMRI scan; the MST localizer scan was
repeated 511 times in each hemifield for each subject. The additional MST
localizer scans are necessary because the response to these dots in the
periphery is much weaker than the response when the dots are presented in
central vision (Huk et al., 2002). The MT+ and MST localizer scans were

performed in one or two sessions.

LOC localizer stimuli



The position of the LO complex (LOC) was determined from the functional
responses to objects and faces. In one type of block (O) subjects saw grayscale
images of cars and sculptures; in a second type of block subjects saw faces (F).
In a third block subjects saw scrambled versions of these images (S); the
images were scrambled by dividing them into 8x8 grid of tiles and then
randomly reassigning the tile positions. Images were presented within a
central 10 deg radius aperture. Object/scrambled (OS) and face/scrambled
(FS) cycles (12 sec O/F and 12 sec S) were repeated in each scan, according to
the three repetitions of the sequence OSFSFSOS (scan duration of 4.8 min).
5-6 LOC localizer scans were performed in one session.

Anatomical data

T1-weighted anatomical images were acquired on a 1.5 T Sigma LX scanner
with a vendor-supplied head-coil using a 3D-SPGR pulse sequence (1 echo,
minimum TE, flip angle 15 deg, effective voxel size of 0.94X0.94x1.2 mm?).
We acquired at least 2 whole brain T'1-weighted anatomical MRI data sets
for each subject. These data were averaged and resampled to a 1 mm3
isotropic resolution. The surface-coil anatomical MRI, taken at the same
time as the functional images, was aligned with the head-coil anatomical
MRI using a mutual information method (Maes et al., 1997; Ashburner and
Friston, 2003). The functional images and surface-coil anatomical data
acquired in the same session were co-registered. Using the spiral acquisition
and small field of view surface-coil limits the spatial distortions between the
functional and surface-coil anatomical images. Hence, we used the
transformation derived from the surface-coil anatomicals to align the

functional data to the head-coil anatomicals.

White matter was segmented from the head-coil anatomical MRI using
custom software and hand-edited to minimize segmentation errors (Teo et al.,
1997). Gray matter was grown from the segmented white matter to form a
2-4 mm layer covering the white matter surface. The cortical surface was
represented as a mesh at the white/gray matter border. This mesh was used
to render a smoothed 3D cortical surface or to flatten the cortical
representation (Wandell et al., 2000). In the smoothed 3D representations

dark regions indicate sulci and light regions indicate gyri.



Functional data

Functional magnetic resonance images were acquired with a 3T General
Electric Sigma scanner and an 8-channel surface coil (Nova Medical,
Wilmington, MA) centered over the subject’s occipital pole. The effective
voxel size was 1.5 mm isotropic (FOV=19.2x19.2 cm?). Functional MR images
(TR/TE 3000/30 ms, flip angle 71 deg) were acquired using a self-navigated
spiral-trajectory pulse sequence (Glover and Lai 1998; Glover, 1999a) with
20 axial slices covering lateral-occipital and temporo-occipital cortex with no

gap.

We analyzed fMRI data using custom software
(http://vistalab.stanford.edu/software/). Data in each fMRI session were
analyzed voxel-by-voxel with no spatial smoothing. The acquired BOLD
signal from each voxel was divided by its mean to derive a time series of
percentage modulation. Baseline drifts were deducted from the time series
by high-pass temporal filtering. Head movements across scans were
examined by comparing the mean value maps of the BOLD signals, and
motion correction algorithm was applied; most scans had minimal head
motion (less than one voxel). Motion artifacts within each scan were also
monitored, but the within-scan motion was not corrected because it was
always very small. Fewer than 10% of the scans had significant motion
artifacts; these scans were discarded.

Atlas fitting

The borders of visual field maps were identified by fitting a quantitative
model of the expected map (the atlas) to the measured data (Dougherty et al.,
2003). This atlas fitting procedure was performed separately for the group of
LO-1/2, TO-1/2 maps and the group of V1/V2/V3 maps.

The LO-1/2, TO-1/2 atlas included four hemifields, whose angle maps
changed from lower to upper (LO-1), upper to lower (LO-2), lower to upper
(TO-1) and upper to lower (TO-2) vertical meridian. The atlas for V1/V2/V3



included two upper quadrants (V3v, V2v), one hemifield (V1) and two lower
quadrants (V2d, V3d). The atlases contained orthogonal eccentricity and
angle maps.

In the atlas-fitting procedure a template of the expected angle and
eccentricity maps (1-10 deg) is roughly aligned to the individual maps by
hand. In this alignment, the user defines a quadrilateral that defines the
four sides of the visual field map, from fovea to periphery and from upper to
lower vertical meridian, by simultaneously looking at angle and eccentricity
maps to visually detect the point of angle reversal at the eccentricity of 1 and
10 deg. The fitting algorithm deforms these templates to match the
eccentricity and angle data, allowing local deformations but no tears or folds.
The least-squares error between the atlas and the data is determined at all
locations covered by the initial placement of the atlas and weighted by the
coherence of the data. The algorithm simultaneously fits the angle and
eccentricity maps (Dougherty et al., 2003; Heyder, 2006). The boundaries
identified by atlas fitting correspond well to those drawn by manual
inspection, and the area estimates obtained by the two methods were very

similar.

Atlas-based averaging

To increase the power of our analysis, we average the visual maps from all
subjects onto an average flattened representation. We first find atlas-fits to
individual subject maps using the procedure defined above. During this
procedure, the user initiates the process by defining a quadrilateral that
defines the four sides of the visual field map. The fitting algorithm returns a
deformation between this quadrilateral and the data on the user's flattened
representation. We apply the inverse of the atlas deformation to the
individual’s raw data, transforming the data into the initial quadrilateral
position. Then, we combine the data across observers by finding the affine
transformation that converts the four corners of each quadrilateral into a
common reference frame (Larsson and Heeger 2006). This transforms the
data from individual flat maps into a single common reference frame. The

average maps (Figs. 3, 6b and 8bdf) are generated by averaging the



individual subject angle, eccentricity and pRF size data in this common
reference frame. Individual data are weighted by response coherence.

Results

Visual field maps TO-1 and TO-2

* Figure 1 about here *

* Figure 2 about here *

Figs. 1 and 2 contain angle maps and eccentricity maps. The data in Fig. 1
are from one particularly clear subject (S2), while the data in Fig. 2 are
from six hemispheres that were chosen to illustrate the variability across
subjects. The inset in Fig.1 shows the MT+ localizer responses. The maps of
all 14 hemispheres are shown in Supplemental Figs. 1, 2, 5 and 6.

We model the data in this region as comprising four maps anterior to V3d;
each represents a hemifield. The first two maps correspond to LO-1 and LO-2
(Larsson and Heeger 2006), which are known to overlap with the posterior
part of the object-selective lateral occipital complex (LOC). We can
confidently localize the two most anterior maps as falling within MT+
because of (a) their anatomical location (Dumoulin et al., 2000), and (b) the
correspondence with a conventional motion localizer (shown in the inset and
Fig. 8). Because of uncertainty about homology with monkey areas, and to
emphasize the retinotopic definition of these areas, we refer to the anterior
maps in temporo-occipital cortex as TO-1 and TO-2.

The TO-1 angle map extends from the lower visual field, at the boundary
with LO-2 (Larsson and Heeger 2006), through horizontal meridian to the
upper visual field, at the boundary with TO-2. The angle map for TO-2 is a
mirror image of TO-1; it extends from the upper to lower visual field. The
angle map reversals define the borders between LO-2/TO-1 and TO-1/TO-2
for each individual subject, but quality of the maps varies across subjects. We
observed these borders in 10/14 and 13/14 hemispheres, respectively (see
Table 1). The criterion is whether there’s a reversal of angle representation



clearly detectable by eye. The difficulty in defining LO-2/TO-1 border comes
from the inability to identify LO-1/2 maps (2/14) or from the presence of
angle intermixed responses; that is, in addition to the expected vertical
meridian response there were also some responses to the opposite vertical
meridian or the horizontal meridian (2/14).

Though the border between the two TO maps is evident in almost all (13/14)
hemispheres, some individual TO-2 maps are incomplete and their anterior
border represents the horizontal rather than the lower vertical meridian. In
9 out of 14 hemispheres the TO-2 visual field representation responded to
visual stimuli from both the upper and lower visual field while the other
maps (e.g. S1 left and S5 left in Fig. 2) end on the horizontal rather than the
lower vertical meridian (see Table 1).

The eccentricity map shows that the TO-1/2 maps form a confluent foveal
representation; in most subjects this foveal confluence is separate from that
of V1/2/3 and LO-1/2. In both TO-1 and TO-2 maps eccentricity increased
from ventral to dorsal. In 4 of 14 hemispheres, including the left hemisphere
of S5 and both hemisphere of S3 (Fig. 2), the foveal representation is

contiguous with the early visual areas (see Table 1).
* Table 1 about here *

The LO-1 angle map extends from the lower visual field, at the boundary
with V3d, through horizontal meridian to the upper visual field, at the
boundary with LO-2. The LO-2 angle map extends from the upper to lower
visual field (Larsson and Heeger 2006). The V3d/LO-1 and LO-1/LO-2
borders were observed in 13/14 and 9/14 hemispheres, respectively (see Table
1). The difficulty in defining LO-1/LO-2 border comes from lack of upper
vertical meridian (3/14) or from the intermixed angle representations (2/14).
The ability to identify these boundaries is consistent with a previous study
that reports that only half of the hemispheres showed clear hemifield

representations (Larsson and Heeger 2006).

Average TO maps



To increase the power of the measurements, we aligned and averaged the
visual field maps across subjects (see Materials and Methods for detail).

* Figure 3 about here *

Figs. 3ab show the angle and eccentricity maps averaged across all 14
hemispheres. There is great regularity in the representation combined
across subjects — so that the reversals in the angle maps are quite evident
(Fig. 3a). The figure shows both angle and eccentricity maps derived for
V1/2/3 and LO /TO maps using the same methods. We made two separate
flattened cortical representations to avoid the deformations associated with
very large flattened regions. These V1/2/3 results confirm the well-known
angle reversals between the maps, and the expanded representation of the
near foveal region. The pooled representation confirms the presence of four
additional visual field angle maps beyond V3d, whose borders are defined by
a reversal of the change in angle. TO-1/2 share an eccentricity representation
that is distinct from the one shared by V1/2/3 and LO-1/2.

There is a valid concern with the atlas-based averaging procedure. Could the
atlas-based averaging method impose the retinotopic outcome when the data
are not retinotopic? For three reasons, we do not believe this is the case.
First, the atlas-based averaging did not recreate the template. For example,
the angle and eccentricity representations are orthogonal in the template but
the derived angle and eccentricity maps are not orthogonal in LLO and TO.
Second, we performed two computational experiments in which we applied
atlas-based averaging to (a) anatomical regions adjacent to TO where we
could not discern maps in individual brains (one edge on TO-2 and the
second edge ~1 cm anterior and parallel to the edge of TO-2), and (b) to noisy
regions without identifiable retinotopic features (Supplemental Figs 9 and
10). In both cases, the sizes of the regions were comparable to the TO-1/2
map sizes and the data were taken from all subjects and hemispheres, as in
our main analysis (Fig. 3). Applying atlas-based averaging in these cases did
not produce complete visual field maps. Third, we note that the experimental
results have an independent empirical test of the map validity: The localizer
responses co-register with specific maps (see below). The spatial
correspondence between these stimulus-selective responses and the maps



further supports the functional validity of the derived maps. Therefore we
conclude the atlas-based averaging method performs averaging correctly: the
method removes noise from existing maps; it does not create maps de novo

from noise.

The LO-1 and LO-2 maps we measure confirm many aspects of the previous
measurements (Larsson and Heeger 2006): (a) the LO-1 and LO-2 maps are
located in the fundus of the lateral (middle) occipital sulcus, with LO-2
anterior to LO-1, (b) the eccentricity range in the LO-1 map is smaller than
the range in the LO-2 map, and (c) the eccentricity and angle maps are not
orthogonal. The measurements differ mainly in estimated LO pRF sizes (see
below).

A salient feature of the LO and TO maps is that the angle and eccentricity
representations are not perpendicular. This feature appears in the combined
maps, even though the templates we used to identify the maps assume that
the angle and eccentricity representations are perpendicular. Tyler and
Wade (2005) commented on this issue broadly, explaining that angle and
eccentricity representations do not need to be perpendicular but should be
non-parallel, in order to provide a point-to-point mapping of the visual field.
This feature was specifically measured in LO-2 by Larsson and Heeger
(2006) who estimated that the mean angle between the angle and
eccentricity maps are 15.3 deg, but significantly different from 0 (parallel).
Despite the non-perpendicular orientation of the angle and eccentricity
representations, the pooled response of voxels within each of these maps do
respond to stimuli placed anywhere within a visual hemifield. We
demonstrate this coverage in Fig. 7, below.

The representation shown in Fig. 3a illustrates the most effective stimulus
angle (peak angle). This estimate doesn’t span a full hemifield
representation in the LO and TO maps, but rather is confined to a limited
range above and below the horizontal meridian. There are several reasons
for the limited range of the estimated peak angle. First, voxels spanning the
vertical meridian borders include cells from both maps that are most
responsive to angles that are away from the vertical meridian, closer to the
horizontal meridian. Hence, averaging across the border produces angle



estimates that are biased towards the horizontal meridian; this effect is
amplified when the area size is small and the pRF is large. Second, pooled
estimates are also biased towards reducing the full hemifield
representation. Imperfections in the area alignment will always bias the
mean peak angle towards the horizontal meridian. Finally, despite the small
peak angle range, we show later that these maps cover a hemifield when
pRF size is incorporated (Fig. 7). Consistent with these arguments, the
V1/2/3 angle maps also have limited range, not reaching all the way to the

upper and lower vertical meridians.

The TO maps each occupy a small surface area

We measured the cortical surface area of the central 10 deg of LO-1/2, TO-1/2
(Table 2).
* Table 2 about here *

The surface areas of the four LO and TO maps are comparable (250-290
mm?). These maps are all much smaller than V1/2/3 (Dougherty et al., 2003),
so that the central 10 deg representation of LO and TO maps occupies about
one-fifth of the corresponding V1 surface area. While the TO-1/2 and LO-2
maps cover nearly the central 10 deg, the LO-1 map does not include peak
eccentricities beyond about 5 deg. Hence, evaluating the surface area per
square degree of visual field would amplify the LO-1 representation.

The TO maps have expanded foveal representations

Fig. 4 shows the eccentricity of the pRF center estimate (peak eccentricity) as
a function of cortical surface location. The four panels show the LO and TO
functions. The points with a common symbol are measured from a single
hemisphere.

* Figure 4 about here *

Within each hemisphere data were analyzed along iso-angle lines specified
by the atlas-fitting procedure (Dougherty et al., 2003) (see Materials and



Methods for detail). The data points represent cortical position, D, in
millimeters and visual field eccentricity in deg. The initial distance, D,
measures the distance from the 1 deg position in the atlas. The functions
along each iso-angle line are binned together and fit by an exponential
function of the form exp(s(D - d0) + In(10)). In this function, s is a scaling
parameter, and d0 permits translation of the distance scale. After obtaining
the best fit for a single hemisphere, we translate the distances so that at D=0

the eccentricity is 10 deg.

The general form of the function for all subjects and field maps is similar.
The LO and TO maps have an expanded foveal representation, similar to
V1/2/3 (Sereno, 1995; Engel et al., 1997; Larsson and Heeger, 2006). We fit
the combined data from all hemispheres by a single exponential (solid line)
to obtain a summary scale factor, s. The scale factors for the LLO-2 and TO-1
visual field maps are near 0.1 while those for LO-1 and TO-2 are slightly
smaller (0.084 and 0.069, respectively). These values are larger than the
values for V1/2/3, which are near 0.06 (Supplemental Fig. 11). The difference
in the scaling factor between the TO maps and the V1/2/3 maps is
qualitatively consistent with the smaller size of the TO maps.

The curves for individual hemispheres and subjects differ. We do not think
these differences are due to noise, but rather they reflect genuine individual
variability in the size and compression of the visual field representation
within these maps (see Table 2) (Duncan and Boynton, 2003).

PRF sizes in TO exceed 5 deg

The pRF method provides an estimate of pRF size as well as center location.
The pRF size estimates from one subject (S2) and estimates derived by
combining data across subjects are shown in Figs. 5 and 6, respectively.

The pRF size estimates are based on the measured difference in the BOLD
time course responses. The time series shown in Fig. 5a illustrate the
responses to one of these stimuli, a rotating wedge with four blank periods
(blue bars). There is an enormous difference between the time courses in V1
and TO-2. These differences cannot be explained by differences in the HRF



functions (Dumoulin and Wandell 2008). The V1 responses reach a peak of
3% when the wedge is in a narrow range of angles, dropping to baseline
otherwise. The TO-2 responses are high whenever the wedge is present,
dropping to baseline only during the blank periods. These differences in
these responses are captured by the pRF method and explained by
differences in the pRF size (Dumoulin and Wandell 2008).

* Figure 5 about here *

The estimated pRF size increases systematically, and substantially, from
V1/2/3 through LLO-1/2 and TO-1/2. The colors on the cortical surface in Fig.
5b represent the size (o) of the fitted Gaussian pRF. For this subject, the pRF
size increases from less than 1 deg in V1/2/3 to between 8-12 deg in TO-1/2.

* Figure 6 about here *

Fig. 6 quantifies the increase in pRF size in two ways. Fig. 6a shows the
relationship between pRF size and eccentricity, averaged across all 14
hemispheres. Within each map the pRF size increases with eccentricity
almost linearly. Further, there is a progressive increase in the pRF size from
V1/2/3 to LO-1/2 and TO-1/2, with the largest pRF sizes in TO-2. The slopes
of the fitted lines for LO-1/2 and TO-1/2 are almost the same, and steeper
than the corresponding slopes for V1/2/3.

Fig. 6b shows the pRF size data again combined across subjects, for LLO, TO
and V1/2/3. The increase in pRF size across the maps is clearly evident; on
close inspection it is possible to see the increasing size with eccentricity

within each map, as well.

Estimates of LO-1/2 pRF sizes are larger than the Larsson and Heeger
(2006) estimates. For example, we estimate that LO-1/2 pRF sizes range
from 2-8 deg and increase with eccentricity; Larsson and Heeger (2006)
estimate LO-1/2 pRF sizes to be less than 1 deg, similar to the size of V1 pRF
sizes. In our earlier paper (Dumoulin and Wandell 2008) we demonstrate
that duty-cycle related measures with conventional stimuli like Larsson and
Heeger (2006) cannot distinguish very large pRF responding to all stimulus



locations to various degrees versus small pRF responding to only a few
stimulus locations, because of the missing baseline. We show in that paper
that the insertion of mean luminance blocks (baseline) is crucial to measure
large pRF sizes. We believe the missing baseline in Larsson and Heeger
(2006) led them to systematically underestimate the pRF sizes.

The TO maps extend into the ipsilateral visual field

The visual field coverage of the voxels within each map depends on both the
pRF centers and sizes. To estimate the visual field coverage of a map, we
combine the pRF from every voxel in every subject. Since the asymmetry
between right and left hemispheres was not substantial (Supplemental Figs.
12, 13 for right and left hemispheres, respectively), we combine the data
across both hemispheres. The four panels in Fig. 7 compare the visual field
coverage in V1, V3v, TO-1 and TO-2. There are two plots within each

panel. The image on the left shows the positions of the pRF centers, and the
image on the right shows the visual field coverage obtained by combining the
pRF centers and sizes (See Materials and Methods for detail).

* Figure 7 about here *

In V1 the pRF centers span most of a hemifield. There are fewer pRF centers
for the periphery because in most subjects the stimuli only covered the
central 10 deg. Accounting for both the centers and pRF size, the visual field
coverage 1s mainly confined to a hemifield. The coverage into the ipsilateral
visual field is modest, extending perhaps 2 deg. Even this coverage may be
an over-estimate that can be explained by the use of a circularly symmetric
Gaussian model for the pRF. If we allow an asymmetric model, the
ipsilateral coverage might be reduced.

The V3v pRF centers are confined to a quadrant, as expected. The coverage
extends slightly beyond the quadrant, but again this may be due to
inadequacies of the pRF model shape.

The pRF centers in TO-1/2 do not extend across a broad range; for example

they do not reach either vertical midline. However, when we account for the



large pRF size the visual field coverage within the TO maps extends across a
full hemifield and into the ipsilateral field. Although the pRF centers
distributed similarly in TO-1 and TO-2, the ipsilateral coverage in TO-2 is
greater than that of TO-1, mainly due to the larger pRF sizes. The pRF
center distributions and visual field coverage of all identified maps are
available in Supplemental Figs. 14 and 15, respectively.

The difference in visual field coverage between TO-1 and TO-2 (~ 5 deg) is
larger than the difference in mean pRF size (~1-2 deg, Fig. 6a). This is
because the visual field coverage is formed by the maximum coverage of all
individual pRF estimates; this coverage is influenced more by the larger pRF

sizes.

TO and LO maps correspond to regions identified by motion and
object localizers

The human motion-selective complex MT+ is identified by contrasting
moving and stationary stimuli (Zeki et al., 1991; Watson et al., 1993; Tootell
et al., 1995). The stimulus is presented over a region that spans the central
visual field. The response to this localizer coincides well with the visual field
maps, TO-1 and TO-2, as is shown in subject S2 (Fig. 8a) and the average
across subjects (Fig. 8b). The MT+ localizer (foveal motion) produces a BOLD
response in multiple locations including the foveal representation of LO-1/2,
but the amplitude is weaker. In separate experiments (Supplemental Figs. 3
and 7) we found that a motion stimulus in the peripheral contralateral visual
field (>10 deg) produces a powerful TO-1/2 response with a much reduced
response in LLO-1/2 and other cortical locations. This is consistent with the
relatively large pRF sizes in TO-1/2 compared to other cortical regions (Fig.
6).

Motion-selective cortex (MT+) borders an object-selective region known as
the lateral occipital complex (LOC) (Malach et al., 1995; Grill-Spector and
Malach, 2004). LOC is identified by contrasting intact and scrambled objects.
The response to the LOC localizer falls in the adjacent, relatively posterior
region of cortex that includes LO-2, as shown in subject S2 (Fig. 8c) and the

average across subjects (Fig. 8d).



Previous studies subdivided MT+ into two subregions by measuring
responses to peripheral motion stimuli (>10deg) (Dukelow et al., 2001; Huk
et al., 2002). They found stronger ipsilateral responses in an anterior part of
MT+ as compared to the posterior part. This distinction coincides well with
TO-2, as is shown in subject S2 (Fig. 8e) and the average across subjects (Fig.
8f). The data of all 14 hemispheres are available in Supplemental Figs. 4 and
8. It was proposed that this subregion is the human homologue of macaque
MST (Dukelow et al., 2001; Huk et al., 2002).

* Figure 8 about here *

Discussion

Related human MT+ studies

The original definition of area MT in owl monkey was based on the discovery
of a visual field map, but it has proven difficult to measure visual field maps
in human MT+. Previous studies succeeded in measuring differences in the
locations of responses to upper and lower vertical stimuli within the
posterior portion of MT+ (Huk et al., 2002; Saygin and Sereno, 2008). These
studies did not report reliable eccentricity maps, but the trends in their data
(Huk et al., 2002) were consistent with the MT maps in monkey. We note
that these studies failed to define a map in the anterior region corresponding
to MT+.

Using the new methods we find that MT+ has two visual field maps, TO-1
and TO-2. The angular representation of TO-1 continues through horizontal
to the upper vertical meridian at the boundary with TO-2, and the TO-2
angle map reverses from upper to lower visual field at increasingly anterior
positions. TO-1/2 share a parallel eccentricity map in which central to
peripheral runs from ventral to dorsal with an expanded foveal

representation.



Previous fMRI studies (Dukelow et al., 2001; Huk et al., 2002) partitioned
MT+ based on functional responses, not on retinotopy. Specifically, they
found that responses in posterior MT+ are confined to stimuli in the
contralateral visual field or stimuli near the vertical midline (Tootell et al.,
1995) while the anterior part responds to ipsilateral as well as contralateral
stimuli. The anterior and posterior parts of MT+ are tentatively called MT
and MST, respectively (Dukelow et al., 2001; Huk et al., 2002). We confirmed
that MT+ localizer activates both TO-1 and TO-2, and that the peripheral
portion of TO-2 responds well to ipsilateral motion in the visual periphery.
Hence, it is likely that TO-1 corresponds to their MT while TO-2 includes the
region identified by previous authors as MST. The subregion of MT+
sensitive to circular or radial optic flow is reported to be distinct from the
subregion sensitive to translational motion (Morrone et al., 2000), but the
relationship of these measurements to TO-1/TO-2 maps is not clear since we

used only radial motion as a functional localizer.

Visual field maps are a relatively secure way to partition MT+ because the
method avoids biases that arise from localizers. For example, MT+ localizers
are sometimes based on moving dots that form an optic flow pattern. In this
case the localizer may be biased towards identifying TO-2 (MST) voxels
because of the well-known responsivity of MST voxels to such patterns. In
other cases, MT+ is localized using drifting gratings. In this case the
localizer may be biased towards TO-1 (MT) voxels. Identifying the region
based on visual field maps eliminates this bias.

Several studies have reported that human MT+ responses have direction
selectivity (Huk et al., 2001), a linear increase in amplitude with motion
coherence (Rees et al., 2000), or sensitivity to pattern motion rather than to
component motion (Huk and Heeger, 2002). The spatial distribution of these
responses can be revisited now that it is possible to distinguish TO-1 and
TO-2 regions within MT+.

Anatomically, area MT can be identified as the heavily myelinated portion of
the striate (V1) projection field in the STS (Maunsell and Van Essen, 1983;

Desimone and Ungerleider, 1986; Tootell and Taylor, 1995). A previous study
utilized high-resolution structural MRI in human to identify distinct cortical



regions based on cortical lamination structure (Walters et al., 2003). They
demonstrated that the observed MR lamination patterns relate to
myeloarchitecture through a correlation of histology with MRI and could
identify MT. The comparison between this definition of MT and our
definition of TO-1 would be interesting in the future.

Our size estimates of TO-1 and TO-2 are comparable to previous estimates.
By staining the postmortem human brain, Tootell and Taylor (1995)
estimated that human area MT has a surface area of 228 mm?2. Dukelow et al.
(2001) estimated the volume of MT as 1 cm3; assuming a cortical thickness of
2.5-4 mm this is a surface area of approximately 250-400 mm2. Huk et al.
(2002) estimated the MT surface area to be 243 mm?2. We estimate that the
portion of TO-1 that represents the central 10 deg spans 258 mm2. These
four estimates of the TO-1 (MT) surface area are in good agreement. The
surface area of MST is estimated to be considerably smaller than MT
(Dukelow et al., 2001; Huk et al., 2002). The former describes a volume of
0.380 cm3 (surface area 100-160 mm?2), while the latter estimated a surface
area of 83 mm2. We estimate the TO-2 (MST) representation of the central 10
deg to be 265 mm?, larger than the other estimates. The previous study
commented that their values "are likely to be underestimates, because of the

conservative criteria used in defining this area (Huk et al., 2002, p. 7201.)

Comparison between TO-1/2 and MT/MST in macaque monkey

Primate visual area MT and neighboring areas such as MST and FST are
vital for motion perception (Maunsell and Van Essen, 1983; Desimone and
Ungerleider, 1986; Komatsu and Wurtz, 1988). About 90% of MT neurons are
direction-selective (Desimone and Ungerleider, 1986), and their firing rate is
correlated with perceived motion (Britten et al., 1992; Britten et al., 1996).
Microstimulation of MT neurons biases motion direction judgments
(Salzman et al., 1992). MST, which receives inputs from MT neurons
(Ungerleider and Desimone and, 1986), is typically divided into a dorsal
region (MSTd) and a lateral-ventral region (MST]). The neurons in MSTd
have much larger receptive field than MT and respond strongly to optic flow
stimuli (Duffy and Wurtz, 1991). Neurons in the nearby region, MSTI, may



have a role in segmenting motion of a small object from background (Tanaka
et al., 1994; Eifuku and Wurtz, 1999). FST has fewer direction-sensitive cells
and receives input from V4 which MST lacks (Boussaoud et al., 1990).

The TO-1 visual field map response properties are roughly consistent with
the monkey MT responses measured with single-unit recordings (Maunsell
and Van Essen, 1983; Desimone and Ungerleider, 1986; Komatsu and Wurtz,
1988) and with fMRI (Vanduffel et al., 2001; Brewer et al., 2002; Fize et al.,
2003; Orban et al., 2004). Specifically, several studies report that the
posterior and anterior part of MT represents lower and upper visual field,
respectively, and the eccentricity increases from ventral to dorsal. Also, in
monkey MT the lower visual field is over-represented compared to the upper
visual field (Maunsell and Van Essen, 1987). This over-representation can be
detected using fMRI in macaque (Brewer et al., 2002). The distribution of
pRF centers (Fig. 7 left panels) suggest that the representation bias might
also exist in human, though the bias was not observed in earlier human
fMRI analyses of motion-selective cortex (Tootell et al., 1995). There is

a difference, however. The receptive field size estimates in TO-1 are
substantially larger than the estimates in monkey MT. For example, there is
consensus that the MT receptive fields in macaque, at roughly 5 deg
eccentricity, span 5-7 deg (Felleman and Kaas, 1984; Maunsell and Van
Essen, 1987; Komatsu and Wurtz, 1988). The pRF radius (o) estimates for
TO-1 at 5 deg eccentricity have a radius of 7-8 deg (Fig. 6a). Assuming the
reported receptive field size in monkey corresponds to the full-width
half-maximum of our Gaussian pRF, our estimates of 7-8 deg radius is
equivalent to a population receptive field width of 15 deg. Thus the human
TO-1 pRF sizes are two to three times the size of the monkey MT receptive
fields.

For two reasons, we speculate that the TO-2 visual field map mainly
corresponds to macaque MSTI not MSTd. First, using electrophysiology,
some authors describe visual field maps in MST (Desimone and Ungerleider,
1986; Komatsu and Wurtz, 1988), and report that MSTI shares fovea with
MT while MSTd doesn't (Komatsu and Wurtz, 1988). The TO-2 location and
map are roughly consistent with MSTI map. Second, receptive fields in
macaque MSTd have a width of 30-50 deg that is independent of eccentricity



(Tanaka et al., 1994; Raiguel et al., 1997). On the other hand, MSTI receptive
field size increases with eccentricity and at 10 deg eccentricity the receptive
field width is about 10 deg (Tanaka et al., 1994; Eifuku and Wurtz, 1998).
This is relatively close to MT receptive field size. The pRF width of TO-2 at
10 deg eccentricity is 20-25 deg, which is again larger than RF estimates of
MSTI, but relatively small difference in pRF sizes between TO-1 and TO-2
supports the idea that TO-2 corresponds to MSTI rather than to MSTd.

In monkey the response to ipsilateral stimuli differs between MT and

MSTd. MT neurons respond no further than 10-15 deg into the ipsilateral
field (Desimone and Ungerleider, 1986). By contrast, neurons in MSTd
responded to stimuli as far as 30—40 deg into the ipsilateral field (Raiguel et
al., 1997). Ipsilateral responses of MSTI neurons are not reported as far as
we know. The responses in TO-2 extend further into the ipsilateral field than
the responses in TO-1, but the difference in visual field coverage is much
smaller than that between MT and MSTd, again supporting the
correspondence between TO-2 and MSTI. On the other hand, if we assume
TO-2 corresponds to MSTI, we would expect a human homologue of MSTd - a
corresponding region just outside TO-2 - to respond stronger to the
ipsi-lateral motion localizer. We didn’t find evidence for such "MSTd" region
in most hemispheres (Supplemental Figs. 4 and 8). This might be explained
by our relatively small stimulus (10 deg in radius) that may elicit only weak
responses from the huge RF sizes proposed to exist in MSTd. It is also
possible that dorsal part of TO-2 might overlap with MSTd for some subjects.

Larger pRF size measured with fMRI than neuronal RF size measured with
monkey electrophysiology have many possible explanations. The pRF size
estimate depends on the mean size of the neuronal receptive field size as well
as the scatter of neuronal RF center locations within the voxel. Simulations
indicate that the contribution of the position variance for these maps is
relatively small (Supplemental Fig. 16), and thus we think position variance
is unlikely to explain the difference. On the other hand, it is likely that the
sampling biases of electrodes and BOLD signals differ. Hence, the receptive
field sizes estimated with these two methods may reflect differences in the
sampled populations. Another explanation is that the pRF size probably
includes both the classical neuronal RF and extra-classical RF, perhaps



creating the larger size. It is also important to emphasize how different the
stimuli and measurement conditions are and to remember that estimates of
receptive field size can depend significantly on aspects of the stimulus. In the
human experiments we used large contrast patterns, while
electrophysiological recordings generally use small isolated targets, and this
difference could result in different size estimation. The difference might also
be due to species differences.

Visual field map organization

A model of the map organization on the lateral occipital surface is shown in
Fig. 9. In this model the TO maps form part of a sequence of maps that
extends along the lateral occipital lobe. This model differs from previous
observations in several ways. First, other studies have failed to demonstrate
retinotopy in these regions (Tootell and Hadjikhani, 2001; Hansen et al.
2007); indeed many authors have referred to this part of cortex as
non-retinotopic (Grill-Spector et al., 1998; Tyler et al., 2005). Second, we
demonstrate contiguous maps where others questioned contiguity. Larsson
and Heeger (2006) reported that LO-2 directly abutted MT+ for some
hemispheres, while the two areas were separated by a short distance in other
hemispheres. We support their suggestion that this separation may be an
artifact of the conventional MT+ localizer.

It should be noted that the model for retinotopic maps used here may be
incorrect, and one could test for other models. For example, there may be one
or two more hemifield representations that share the foveal representation
with TO-1 and TO-2. In this case, angle representation might change along a
circle for these visual fields as in the V1-V3 cluster (Wandell et al., 2005).

A further question concerns the organization of the region anterior to V3.
Hansen et al. (2007) argue that adjacent and anterior to V3d there is a
representation of a portion of the lower vertical meridian, but they assert
that this representation is part of the V4 visual field map (V4d), not the LO-1
map. Here we follow Larsson and Heeger’s convention, but further studies

are necessary to clarify this issue.



* Figure 9 about here *

Using new experimental and computational methods, we are able to reliably partition
MT+ into two distinct visual field maps in temporal occipital cortex. The
response properties of these TO maps match the proposed functional
dissociation of MT and MST (Dukelow et al., 2001; Huk et al., 2002). The
ability to identify these maps securely should permit many more detailed
analyses of the specific functional responses within these maps. The
identification of the TO maps will allow more detailed exploration of the
response properties of human motion-sensitive cortex and potential

homologies to monkey visual areas.
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Figure legends

Figure 1: Temporo-occipital visual field maps in a right hemisphere (S2). The
data shown are from one subject (S2) chosen to illustrate the visual field map
organization. The data are shown on the subject's own inflated cortical
surface. The inset at the right shows the MT+ localizer responses; the box
indicates the region of posterior temporo-occipital cortex that is shown in a
more detailed view in the left panels. (a) Angle maps. The legend shows the
relationship between color and the most effective stimulus angle. TO-1 has a
peak response to angles near the lower vertical meridian on its posterior side
at the boundary with LO-2. The angular representation of TO-1 continues
through horizontal towards the upper vertical meridian at the boundary
with TO-2, and the TO-2 angle map reverses. Light and dark shaded regions
of the cortical surface indicate gyri and sulci locations, respectively. (b)
Eccentricity maps. The legend shows the relationship between color and
most effective eccentricity. Two distinct foveal confluences are present. The
foveal representation for V1/V2/V3/L0O-1/2 is posterior (left) compared to the
TO-1/2 foveal representation. In the TO-1/2 maps, eccentricity increases

from ventral to dorsal.

Figure 2: Temporo-occipital visual field maps in six additional hemispheres.
The data shown are from six hemispheres chosen to illustrate the variation
between subjects (all subjects are shown in Supplemental Figs. 1, 2, 5 and 6).
Each data set is shown on the subject's own inflated cortical surface. Other
details are as in Fig. 1. Anterior border of some TO-2 maps (e.g. S1 left and
S5 left) represents the horizontal rather than the lower vertical meridian.
TO-1/2 fovea was not separated from V1/V2/V3/L0O-1/2 for some hemispheres
(e.g. S3 left and S5 left). See Table 1 for detail of the variance with respect to

several map landmarks.

Figure 3: Average angle and eccentricity maps. The individual maps were
transformed into a common atlas space and averaged across all fourteen
hemispheres. (a) Averaged angle maps. Angle reversals are evident at the
boundaries. Peak angles in LO-1/2 and TO-1/2 fall within both the lower and
upper visual field. (b) Averaged eccentricity maps. TO-1 and TO-2 share a



foveal representation that is distinct from LO-1/2. LO-1 mostly represent
foveal region. The angle and eccentricity maps are not orthogonal in LO-2,
TO-1/2. Approximate length of V1-V3 atlas was obtained by averaging the
cortical distance of V1 representing horizontal meridian. Approximate length
of LO, TO atlas was obtained by averaging all five borders of maps across all
subjects.

Figure 4: Cortical magnification in the LO and TO maps. The curves show
the most effective eccentricity as a function of cortical distance. Separate
panels plot the functions for LLO-1/2 and TO-1/2. The data are aligned at the
10 deg eccentricity point. For each hemisphere, eccentricity was measured
along four iso-angle lines, derived from the atlas procedure (see Materials
and Methods for detail), and averaged across these lines. Cortical distances
are grouped into bins and the average eccentricity within each bin was
computed. Each color represents a different subject and each symbol type
represents the left (+) or right (*) hemisphere. The smooth curve is the best
(least squares) fit to the data; the equation of the fit is shown in each panel
where Eis the eccentricity (deg) and Dis the cortical distance (mm).

Figure 5: Population receptive field (pRF) size map in a right hemisphere
(S2). (a) The time series responses to a rotating wedge stimulus with
inserted blanks (mean-luminance) from a region of interest in V1 (top) and
TO-2 (bottom) are shown. The locations of these regions are shown by the
circles on the inflated cortical surface (b). The vertical arrows indicate the
strongest fMRI response elicited by the same wedge orientation. Light blue
regions indicate the mean-luminance blocks. The two cortical locations
responded maximally to roughly similar wedge positions. In V1, little fMRI
modulation is observed by the insertion of mean-luminance blocks. In TO-2,
every insertion of mean-luminance blocks causes a drop in the BOLD
modulation, demonstrating that TO-2 is responsive to all wedge orientations.
These differences are explained by differences in the pRF size (Dumoulin
and Wandell, 2008). (b) The pRF size is shown on the subject’s inflated
cortical surface. The color overlay shows the estimated pRF size (o). There is
a progressive increase in pRF size from V1 to TO-2. The pRF size in
V1/V2/V3/LO-1 is smaller than 3 deg, while the size in TO-1/2 exceeds 10
deg.



Figure 6: The relation between pRF size and eccentricity; and the average
pRF size map. (a) Averaged pRF size (o) as a function of eccentricity for all
identified visual field maps. The pRF size increase from V1/2/3 to LO-1/2 and
TO-1/2. Within each visual field map, pRF size increases linearly with
eccentricity. (b) The individual pRF maps were averaged across all subjects
in a common atlas space. The color overlay shows the pRF size (c). Both the
increase in pRF size across maps and the eccentricity dependent increase in

pRF size within each map (from lower to upper) are observable.

Figure 7: Averaged pRF center distribution and visual field coverage. The
separate panels show measurements from V1, V3v, TO-1 and TO-2. The left
panels show the distribution of pRF centers; the right panels incorporate the
pRF sizes in the computation of the visual field coverage (see Materials and
Methods for detail). The data are combined across all subjects and
hemispheres. The data from the right hemisphere were converted into
left-hemisphere format to pool across both left and right hemispheres. As
expected the V1 and V3v coverage is mainly confined to the contra-lateral
hemifield and contra-lateral upper quadrant, respectively. The visual field
coverage in TO-1 and TO-2 spans the entire contra-lateral hemifield but
extends significantly into the ipsi-lateral visual field. The ipsi-lateral
extension of TO-2 exceeds that of TO-1, mainly because of the larger pRF
sizes; the pRF center distributions are similar. In individual subjects, the
TO-1/2 visual field coverage also spans the entire contra-lateral hemifield.

Figure 8: The relationship between visual field maps and conventional
functional localizers. The responses for subject S2 (a,c,e) and averaged
responses from 14 hemispheres (b,d.f) are shown. The inset at the left shows
a posterior view of the subject’s inflated cortical surface. The black outline
indicates the region shown in panels (a,c,e). The top panels (a,b) show that
the strongest responses to the MT+ localizer, coincide with TO-1 and TO-2
(coherence > 0.6 for S2 and coherence > 0.4 for the average). The middle
panels (c,d) show that strongest responses to the LOC localizer coincide with
LO maps in particular LO-2, but not the TO maps (coherence > 0.4 for S2
and the average). The bottom panels (e,f) show that the strongest responses
to the MST localizer is confined mainly to TO-2 (coherence > 0.4 for S2 and



coherence > 0.3 for the average). The response to the MST localizer was weak
and therefore the threshold is lowered. The presented data are highly
significant (p<0.01, corrected).

Figure 9: A model of the sequence of maps on the lateral surface. Each
colored region represents a visual field map on the lateral surface. The black
lines indicate the horizontal iso-angle contours of each map; that is, the
region most powerfully driven by signals along the horizontal meridian. The
white line indicates the iso-eccentricity contour (6 deg) for each map. The

model is based on individual subject data (S2).

Table 1: Summary of observer variance with respect to several map
landmarks. The table shows whether each landmark is clearly definable (o),
or how it is not clear. 'Intermixed' indicates that in addition to the expected
vertical meridian response there were also some responses to the opposite

vertical meridian or the horizontal meridian.

Table 2: Surface area size of LO-1/2 and TO-1/2.



Supplemental Figure 1: Angle maps (right hemisphere). The color overlay on
the inflated occipital-parietal cortical surface shows the stimulus angle that
produces the peak BOLD response. Dark shaded regions indicate cortex
within a sulcus; light shaded regions indicate a gyrus. Black lines show the
fitted atlas positions for maps LO-1/LO-2/TO-1/TO-2 (posterior to

anterior). The legend shows the relationship between color and the most

effective stimulus angle.

Supplemental Figure 2: Eccentricity maps (right hemisphere). The color
overlay on the inflated occipital-parietal cortical surface shows the stimulus
eccentricity that produces the peak BOLD response. The legend shows the
relationship between color and the most effective stimulus eccentricity.
Other aspects as in Supplemental Fig. 1.

Supplemental Figure 3: Contralateral motion localizer responses (right
hemisphere). Response coherence (coherence > 0.4) measured in response to
the alternation between a moving and stationary dot pattern presented in
the contralateral peripheral field (>10 deg). The legend shows the
relationship between color and coherence.

Supplemental Figure 4: Ipsilateral motion localizer responses (right
hemisphere). Response coherence (coherence > 0.4) measured in response to
the alternation between a moving and stationary dots pattern presented in
the ipsilateral peripheral field (>10 deg). The legend shows the relationship
between color and coherence.

Supplemental Figure 5: Angle maps (left hemisphere). As in Supplemental
Fig. 1, except for the left hemisphere.

Supplemental Figure 6: Eccentricity maps of all subjects (left hemisphere).
As in Supplemental Fig. 3, except for the left hemisphere.

Supplemental Figure 7: Contralateral motion localizer responses (left
hemisphere). As in Supplemental Fig. 4, except for the left hemisphere.



Supplemental Figure 8: Ipsilateral motion localizer responses (left
hemisphere). As in Supplemental Fig. 5, except for the left hemisphere.

Supplemental Figure 9: Atlas-based averaging applied to noise adjacent to
TO-2. The atlas-based averaging procedure was applied to the data directly
abutting and anterior to TO-2. We initiated the non-linear atlas template fit
by selecting one edge on TO-2 and the second edge ~1 cm anterior and
parallel to this border (same size as TO-2). The derived atlas-based average
eccentricity and angle maps are shown. Neither the angle or eccentricity

map is regular.

Supplemental Figure 10: Atlas-based averaging applied to biased noisy data.
The atlas-based averaging procedure was applied to the noisy data either
superior or inferior to the TO-maps where we could not discern any
systematic retinotopic organization. The procedure was biased, however, by
initiating the atlas-fitting with two quadrilateral boundaries that fell on
upper and lower vertical meridian representations. In this case, we derived
an acceptable angle map that reflects the choice of the initial starting
positions (left panel). The derived eccentricity map, however, is not regular.
Moreover, the derived fit does not have a regular pRF-size map (not shown),

or align with localizer responses.

Supplemental Figure 11: Visual field eccentricity as a function of cortical
position for V1-V3. Other aspects as in Fig. 4.

Supplemental Figure 12: Averaged pRF center distribution and visual field
coverage of right hemisphere. The left panels show only the pRF centers; the
right panels incorporate the pRF sizes in the computation of the visual field
coverage.

Supplemental Figure 13: Averaged pRF center distribution and visual field
coverage of left hemisphere. The left panels show only the pRF centers; the
right panels incorporate the pRF sizes in the computation of the visual field

coverage.



Supplemental Figure 14: Averaged pRF centers of all identified maps. Other
aspects as in the left panels of Fig. 7.

Supplemental Figure 15: Averaged visual field coverage of all identified
maps. Other aspects as in the right panels of Fig. 7.

Supplemental Figure 16: Estimated contribution to measured pRF size from
position variance. Position variance within a single voxel depends on the
receptive field sizes of neurons contributing to the BOLD signal and the
position variance of the centers of these neurons. In theory, these factors
contribute additively. We calculated the contribution to the pRF size from the
position spread derived from the cortical magnification in the averaged data
(Fig. 4). Cortical magnification is the inverse of the slope of the function
relating eccentricity to cortical distance. The contribution from position
variance is relatively small (< 1 deg) compared to the measured pRF size
(5-10 deg). The calculation only accounts for variance along the direction of
increasing eccentricity; the magnification might be slightly increased if we
also included variance from the direction of changing angle. Even so, the
estimated pRF size appears to depend mainly on the receptive field sizes of
the neurons contributing to the BOLD signal.
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LO-1 LO-2 TO-1 TO-2

Mean 248 329 277 226
Left

Range 156-416 241-522 154-510 118-395

Mean 313 249 238 303
Right

Range 200-476 151-362 167-306 200-435

Mean 281 289 258 265
Mean

Range 189-446  228-347 174-387 169-319
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