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Visual field maps and stimulus selectivity in human

ventral occipital cortex

Alyssa A Brewer!, Junjie Liu?, Alex R Wade* & Brian A Wandell!?

Human visual cortex is organized into distinct visual field maps whose locations and properties provide important information
about visual computations. There are two conflicting models of the organization and computational role of ventral occipital

visual field maps. We report new functional MRl measurements that test these models. We also present the first coordinated
measurements of visual field maps and stimulus responsivity to color, objects and faces in ventral occipital cortex. These
measurements support a model that includes a hemifield map, hV4, adjacent to the central field representation of ventral V3.

In addition, the measurements demonstrate a cluster of visual field maps in ventral occipital cortex (VO cluster) anterior to hV4.
We describe the organization and stimulus responsivity of two new hemifield maps, VO-1 and VO-2, within this cluster. The maps
and stimulus responsivity support a general organization of visual cortex based on clusters of maps that serve distinct

computational functions.

Human visual cortex is organized into a set of distinct visual field
maps; these are cortical regions in which nearby neurons analyze the
properties of nearby points in the visual field. Knowledge of the
properties of these visual field maps and the stimulus selectivity of
the neurons within these maps is the foundation for understanding
visual computations.

Although there is consensus on the properties of several human
maps, including V1, V2 and V3 (refs. 1-4), there are disputes about the
organization of maps in other portions of human visual cortex’. One
of the disputed regions is the ventral occipital surface adjacent to V3
(refs. 6,7). There has been no consensus on the properties of visual field
maps in this region despite several attempts to understand their
organization and role in visual perception®15,

Here we report new measurements of eccentricity maps, angular
maps and stimulus responsivity in ventral occipital cortex. These
measurements discriminated between two models of the visual field
maps. The data supported a model containing a hemifield map, hV4,
adjacent and anterior to the ventral portion of V3. In addition, these
measurements demonstrated a cluster of visual field maps containing at
least two new hemifield maps, VO-1 and VO-2, anterior to hV4 on the
fusiform gyrus.

To clarify the perceptual function of the neurons in these maps, we
describe the first coordinated measurements of color, face and object
selectivity within these visual field maps. The stimulus selectivity
differed across the hV4 and VO maps. The field maps hV4, VO-1
and VO-2 responded well to color stimulus exchanges. The VO-1 and
VO-2 maps responded preferentially to objects compared to faces, but
the hV4 map did not. In addition, the stimulus-response patterns in
hV4, VO-1 and VO-2 differed from cortex lateral to these maps.

RESULTS

Visual field map models

We compared two models of the visual field maps on the ventral
surface adjacent to ventral V3 (Figs. 1 and 2). One, the hV4 (human V4)
model, was proposed by Wade et al.!'> (see also Kastner et al.!® and
McKeefry et al®). The second, the V8 model, was proposed by
Hadjikhani et alS. Both models agree that there are several maps
representing the upper part of the visual field in a single hemisphere
beginning in the calcarine sulcus and extending onto the ventral surface
(Fig. 1a): V2-ventral (green), V3-ventral (blue) and an upper quarter-
field (red) adjacent and anterior to V3v. All of these quarter-
field maps share a common eccentricity profile, with the foveal
representation centered slightly lateral to the occipital pole and the
peripheral representation extending onto the ventral surface toward the
collateral sulcus.

The models diverge in the region of cortex adjacent to these quarter-
field maps in the location denoted by the dotted yellow outline. The
hV4 model'® suggests that the upper quarter-field adjacent to V3v is
part of a hemifield map that extends into the dotted yellow region. The
red region and outlined region together form hV4. This hemifield map
has an eccentricity representation parallel to that of V1/2/3.

The V8 model proposes that the upper quarter-field adjacent to V3v,
named V4v, has no corresponding lower quarter-field representation'®.
Adjacent to V4v, in the area bounded by the dotted yellow line (Fig. 1a),
the model proposes a visual area, V8, that represents a hemifield and
whose eccentricity map is rotated 90° with respect to the red region®.
The peripheral representation of V8 abuts the horizontal meridian
representation in V4v, and the foveal representation of V8 is distinct
and anterior to that of V1/2/3.
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Figure 1 Ventral occipital visual field map
models. (a) Top: locations of ventral portions of V2
(green), V3 (blue) and the undisputed quarter-
field representation (red), derived from automatic
atlas-fitting procedures (0-3° eccentricity). The
dotted yellow line and white circles denote the
region of cortex in which the hV4 and V8 models
diverge. Inset at lower left: region of cortex under
study. PO-S: Parietal-occipital sulcus. Cal-S:
Calcarine sulcus. Col-S: Collateral sulcus. Fu-G:
Fusiform gyrus. (b) The hV4 model specifies a
hemifield map adjacent and anterior to ventral V3.
The colors in the cartoon maps represent the
visual field position that would produce the
strongest response at that cortical location (see
color legends). Measurements at the positions
indicated by the white circles (corresponding to
the locations of the white circles in a) should have
a constant angular representation and a varying
eccentricity representation. These predictions are
illustrated in the graph at the right, which shows
the expected traveling wave phases in response to

b The hV4 model
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rotating wedge (angle) and expanding ring (eccentricity) stimuli. (c) The V8 model includes only a quarter-field map adjacent to the ventral portion of V3.
Adjacent to this quarter-field map, the model proposes a rotated hemifield representation. The V8 model predicts that measurements at the white circle
positions will have a varying angular representation and a constant eccentricity representation. These predictions are shown in the graph at the right, which

can be contrasted with the predictions for the hV4 model.

The hV4 and V8 models predict different response patterns at the
locations indicated by the white circles (Fig. 1). In the hV4 model,
measurements along the white circles should represent a constant
angular direction and changing eccentricity. In contrast, the V8
model predicts a constant eccentricity representation and a varying
angular direction. The contrasting predictions from these two models
are illustrated in the graphs in Figure 1b,c.

Testing the models

We measured the visual field representation in the disputed region
using traveling wave stimuli (Fig. 2). These stimuli were confined
within the central 3° and contained relatively high—spatial frequency
patterns. The angular and eccentricity measurements are shown as
pseudocolor maps in Figure 2a,b, respectively (see Figs. 3-5 for
additional examples). The white lines denote the boundary between
V2v/V3v and the anterior boundary of V3v. These boundaries as well as
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the horizontal meridian of the undisputed quarter-field were defined
by atlas-fitting procedures®. The white circles indicate three measure-
ment regions comprising 3-mm-radius disks. These were positioned (i)
in the disputed portion of cortex, (i) parallel to the horizontal
meridian of the undisputed upper field representation and (iii) with
a spacing of approximately 1 cm center-to-center.

In all nine observers, the angular representation in these three
regions was approximately constant (Fig. 2c). The eccentricity repre-
sentation varied from fovea to periphery, paralleling that of the V2/V3
eccentricity maps. Hence, the data were consistent with the hV4 model
but inconsistent with the V8 model.

In previous reports that included measurements of visual field maps
in ventral occipital cortex, investigators used stimuli that spanned a
much larger portion of the visual field®®!1%15, Although we found that
data were consistent across 20° and 3° measurements, concentrating
the measurements in the central 3° provided a clearer view. This may be
explained by the strong cortical magnification present in the region
around hV4 and on the ventral surface in general'”. This foveal
emphasis is consistent with anatomical labeling in macaque that
shows foveal receptive fields dominating the ventral pathways and
dorsal pathways receiving predominantly peripheral input!8.

Figure 2 The data support the hV4 model. (a) Angular map measurements
using 3° rotating wedge stimuli. The pseudocolor overlay represents the
visual field position that produces the strongest response at each cortical
location (see color legend). The measurements shown are restricted to lie
within the boundaries of V2v, V3v and hV4, as derived from automatic atlas
fitting procedures3. The white lines mark the boundary between V2v and
V3v as well as at the anterior boundary of V3v. The white circles show the
three measurement positions (3-mm-radius disks) in the disputed region.
(b) Eccentricity map measurements using a 3° expanding ring stimulus;
otherwise as in a. (¢) Measurements from nine subjects showing the
traveling wave phases in the 3-mm radius disks at the white circle
positions (most foveal disk is #1). For clarity, the left hemisphere

angular phases have been shifted up by = radians to align with the

right hemisphere angular phases. Subject 1 in a,b. Coherence > 0.30.
Other details as in Figure 1.
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HV4 and the VO cluster

In human cortex, we have proposed that visual field maps are organized
into several clusters as exemplified by the V1/2/3/hV4 cluster’. These
clusters share a common eccentricity representation and can be sub-
divided into multiple maps by reversals in their angular representations.
In addition to the cluster near V1, there are established clusters near
V3A/V3B and motion selective cortex (hMT+). We suspect that each
cluster contains one or more groups of maps with similar computa-
tional functions.

Eccentricity measurements (3° expanding ring) in ventral occipital
cortex revealed another cluster of maps anterior to hV4 (Fig. 3a,b). The
foveal (red/yellow) representation of the V1 cluster can be seen at the
occipital pole. The peripheral boundary of this cluster is also evident
(cyan/blue/purple). In more anterior ventral cortex, along the fusiform
gyrus and collateral sulcus, there was a distinct semicircular eccentricity
map (dotted white line) on the fusiform gyrus'>. We refer to this region
as the ventral occipital (VO) cluster. We measured complete eccen-
tricity maps in this region in all subjects. Anterior to the VO cluster, we

ARTICLES

Figure 3 The VO cluster. (a,b) Eccentricity maps in ventral occipital cortex

of two subjects measured using expanding ring stimuli (3°; see color legend).
Two distinct foveal representations (red/yellow) are present. The posterior
representation is at the confluence of the V1/V2/V3/hV4 maps. These share

a common eccentricity representation that expands in a semicircle from the
foveal representation. The second foveal representation is located in the
fusiform gyrus and also forms a semicircular eccentricity map. The two maps
meet at the blue boundary. Measurement planes were located posterior to the
dotted line. For clarity, only responses near the fusiform gyrus are shown.

(c) BOLD time series and response amplitudes in a 3-mm-radius disk located
at the arrow in b. The normalized response amplitude at the signal frequency
(Sy, red) with respect to the distribution of non-stimulus frequencies is
16.77. These stimulus-driven signals are substantially above statistical
threshold. Subjects S2, S3. Coherence > 0.25 (S1) or 0.20 (S6). Other
details as in Figure 2.

observed additional responses to the traveling wave stimuli in many
subjects, but these will not be further described here.

The blood oxygenation level-dependent (BOLD) response is strong
and reliable across the boundary between hV4 and the VO cluster
(Fig. 3b, arrow). The curve on the left (Fig. 3c) measures the mean of
the BOLD time series r;(). The curve on the right measures the mean of
the harmonic response amplitudes across the region of interest. For a
collection of time series r;(¢) at voxels i = 1,N in the region of interest,
the mean of the harmonic amplitudes is

Af) = O IF(0) )
NS5

where F() is the Fourier transform operator and | | is the amplitude
operator. By computing the harmonic amplitudes at each voxel before
averaging, we compared response strength independent of the phase
differences between the voxels. The peak response frequency coincided
with the stimulus alternation frequency (red). The response modula-
tions were substantially higher than common statistical significance
levels (P « 0.001).

New visual field maps in the VO cluster

Beyond hV4, there were at least two hemifield maps in the VO cluster,
VO-1 and VO-2 (Fig. 4). The lower vertical meridian representation of
the VO-1 map (magenta; posterior white line) abutted the peripheral
representation of hV4 and extended to the peripheral representation of
V3v. VO-1 and VO-2 shared an upper vertical meridian representation
(cyan/blue; anterior white line).
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Figure 4 The definitions of VO-1 and VO-2. The solid green and blue regions in the images denote V2v and V3v (0-16°) derived from the automatic atlas-
fitting procedures described in Methods3. The color overlays show measurements of the visual field position that most effectively stimulates each cortical
location (see color legends). The inset shows the right ventral occipital region under study. (a) Angular map measurements using 3° rotating wedge stimuli.
The white lines indicate the boundaries between hV4 and VO-1 and between VO-1 and VO-2. For clarity, data are restricted to hV4, VO-1 and VO-2 maps, as
defined by the atlas fitting procedures. (b) Eccentricity map measurements using a 3° expanding ring stimulus; otherwise as in a. (c,d) The response
amplitudes as a function of temporal frequency measured in two 3-mm-radius disks located in VO-1 and VO-2 (arrows). The responses for both angular (c) and
eccentricity (d) data are significantly greater at the stimulus repetition frequency (6 cycles/scan, shown in red) than other temporal frequencies. Normalized
response amplitude at the signal frequency (Sy, red) with respect to the distribution of non-stimulus frequencies are 12.14, 12.37 (VO-1, wedge and ring)

and 17.55, 8.54 (VO-2, wedge and ring). Subject S2. Coherence > 0.25. Other details as in Figure 2.
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The VO-1 and VO-2 eccentricity maps began in the large distinct
foveal representation used to define the VO cluster. Much like the V3A/
V3B maps, the eccentricity representation formed a semicircular
pattern. The eccentricity map became increasingly peripheral as it
extended medially across the collateral sulcus and approached the
peripheral representation of V3v.

The arrows in Figure 4a indicate the location of two regions of
interest (3-mm-radius disks). The harmonic amplitudes of BOLD
responses in these two regions are shown in the graphs at the bottom
(Fig. 4c,d). Again, the response modulations were substantially higher
than common statistical significance levels (P « 0.001).

The same basic pattern of visual field maps is shown in three
additional subjects (Fig. 5). An angular map representing the complete
VO-1 and VO-2 hemifield was present in all subjects measured
(n = 9), although the precise orientation with respect to the sulcal
and gyral patterns varied across subjects. Because the relatively anterior
location of VO-2 within visual cortex was at the limit of the volume that
could be imaged by our posterior surface coil, the signal coherence
within VO-2 was lower than the coherence in more posterior regions in
some subjects.

The maps in this region occupied small amounts of cortical surface
area, so that with current fMRI spatial resolution (2.5 mm), the maps
depend on measurements in only a few dozen spatial samples, and
these samples might not be completely independent. Because of the
limited spatial resolution of the measurements, it is important to make
additional measurements of stimulus selectivity to clarify the presence
(or absence) of a visual field map boundary. In the next section, we
describe coordinated measurements of color, object and face respon-
sivity within these maps and adjacent regions to further clarify the
properties and functional significance of these maps.

Stimulus selectivity near hV4, VO-1 and VO-2
Cortical computations in ventral occipital cortex are important for
many types of visual recognition processes. Lesions in this region can

Figure 6 Stimulus selectivity measurement locations. The solid colored
regions denote ventral visual maps fit by the automatic atlas fitting
procedures3: V2 (green, 0-16°), V3 (blue, 0-16°), hV4 (red), VO-1 (yellow)
and VO-2 (magenta). The white circles show the nine measurement locations.
The regions in hV4, VO-1 and VO-2 are 3-mm-radius disks; those lateral to
these maps are 6-mm radius. Each map contains a relatively central and
peripheral measurement region near the horizontal meridian representation.
PO-S: parietal-occipital sulcus. Cal-S: calcarine sulcus. Col-S: collateral
sulcus. Fu-G: fusiform gyrus.

Figure 5 Additional examples of hV4, VO-1 and VO-2. Solid green and blue
regions: ventral V2 and V3 (0-16°), respectively, derived from the automatic
atlas-fitting procedures3. The color overlays show measurements of the visual
field position that most effectively stimulates each cortical location (see color
legends). Panels a and b show angular and eccentricity maps, respectively.
Subjects S1 (left hemisphere), S3 (right hemisphere), S4 (left hemisphere).
Coherence > 0.15. Other details as in Figure 4a,b.

cause selective loss of color, face or object perception!®23, There are
significant fMRI responses in these regions as subjects engage in a wide
range of tasks involving color, faces, or objects®?4%7, Using the same set
of subjects as in the visual field mapping experiments, we measured
stimulus-exchange responses in this ventral region in order to clarify
the relationship between the visual field maps in this region and the
responses to these stimuli.

We identified nine regions of interest (ROIs) for measure-
ments spanning hV4 (red), VO-1 (yellow), VO-2 (magenta) and
nearby lateral cortex (white circles in Fig. 6). Each ROI within the
maps was centered over a 3-mm-radius disk as measured on the
cortical surface; the lateral ROIs had a 6 mm radius. The hV4 (circles
labeled 1 and 2), VO-1 (circles 3,4), and VO-2 (circles 5,6) ROIs
were placed approximately on the horizontal meridian in foveal and
peripheral representations.

We measured the responses in these nine ROIs during color-
luminance exchange experiments (Fig. 7a) and object-face exchange
experiments (Fig. 7b). In these exchange experiments, we expected the
responses across voxels in an ROI to occur in a common temporal
phase. Hence, we measured the response by first computing the average
time series of all the voxels in the region of interest and then calculating
the amplitude spectrum of this average. That is, for a response time
series 7;(t) at voxels i = 1,N in the region of interest, we calculated the
amplitude spectrum as

A(f) =

(iz)

i=IN

We summarized the response during the exchange experiment by
computing the normalized response amplitude. This quantity was
computed from the BOLD response amplitude at the stimulus
exchange frequency, A(fs), the mean amplitude at noise frequencies,
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We assigned the normalized response a positive or negative value to
indicate which of the stimulus phases aligned with the response phase
(for example, positive BOLD responses in synchrony with object or
face presentations).

The normalized response amplitudes in each of the nine ROIs during
the color-luminance exchange experiments are shown in Figure 7a.
There was a significant response in synchrony with the color stimulus
in all three maps; the response amplitude was significantly greater in the
central than peripheral portions of the maps.

We were surprised to find that there was a significant right/left
hemisphere difference in the responses lateral to VO-1 (ROI 8). There
were powerful color responses in the right, but not left, hemisphere of
all five subjects. (All five subjects were right-handed.) No other
differences in lateralization were observed.

The normalized response amplitudes in each of the nine ROIs during
the object-face exchange experiments are shown in Figure 7b. There
was no preferential response in either the central or peripheral ROIs of
hV4. In additional measurements, we found that the upper and lower
field representations of hV4 were consistent in both the color-lumi-
nance and object-face experiments, supporting the grouping of the
upper and lower quarter-field representations within hV4 into a single
hemifield representation.

In both VO-1 and VO-2, there was a stronger preference for
objects, particularly in the peripheral portions of these maps.
Responses in phase with the face presentations were observed in the

Figure 8 Summary of hV4, VO-1 and VO-2 field map properties. (a) The
positions of the ventral-occipital visual field maps V2v (green, 0-16°), V3v
(blue, 0-16°), hV4 (red), VO-1 (yellow) and VO-2 (magenta) are shown. The
+ and — indicate upper and lower visual field representations, respectively.
The asterisk indicates the most central visual field representation within each
map. PO-S: parietal-occipital sulcus. Cal-S: calcarine sulcus. Col-S: collateral
sulcus. Fu-G: fusiform gyrus. (b) The surface area of each map was defined
by a 3° expanding ring stimulus and measured along the cortical manifold.
The left and right hemispheres correspond to the left and right bars. Error
bars: + 1 s.d.
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Figure 7 Stimulus selectivity measurements. The normalized response
amplitudes in nine ROIs during the color-luminance (a) and object-face (b)
experiments are shown. The top and middle panels show the responses in the
central (1,3,5) and peripheral (2,4,6) ROIs (numbers in parentheses indicate
ROI numbers; see Fig. 6). The bottom panel shows the responses in the three
regions lateral to the maps (7,8,9). The circles represent the normalized
responses for individual subjects (n = 5, two hemispheres per subject) and
are colored by subject. The dark vertical bars represent the median response.
The shaded regions represent a significance level P > 0.001 (uncorrected).
The dotted oval indicates measurements from the right hemisphere. Subjects
S1, S2, S4, S5, S6.

regions lateral to hV4 and VO-2. These ROIs were near the Talairach
coordinates of two commonly cited face-responsive regions: the
fusiform face area?”?® and the occipital face area’®. The Talairach
coordinates for the parahippocampal place area were anterior and
slightly lateral to VO-2 (ref. 29). An example of the spatial distribution
of color, face and object responses in relation to visual field maps is
shown for one subject in Supplementary Figure 1.

In summary, the stimulus selectivity properties of hV4, the VO
cluster maps, and the lateral regions all differed from one another.

DISCUSSION

To investigate the visual computations in ventral occipital cortex, we
made measurements of visual field maps coordinated with selectivity
for color, faces and objects.

Visual field maps
Figure 8a summarizes the ventral maps beyond V1. The ventral
portions (0-16°) of the V2 and V3 maps both represented the upper
visual field. The hV4, VO-1 and VO-2 maps spanned a hemifield. The
relatively central representations of the V2, V3 and hV4 maps were
confluent with the V1 central representation. The central representa-
tions for V1, V2 and V3 extended onto the lateral surface (data not
shown), but the hV4 central representation remained ventral. The
VO-1 and VO-2 maps shared a central representation that was
separated from the V1/2/3/hV4 fovea and located primarily along the
fusiform gyrus.

When measured using a 3° radius stimulus, the hV4 map covered
a surface area of about 500-750 mm? (Fig. 8b). The VO-1 and VO-2
maps were both slightly smaller than hV4 (400-700 mm?). Like V1,
the surface area of each of these maps varied across subjects®. Individual
map sizes for V1, hV4, VO-1 and VO-2 are described in Supplemen-
tary Table 1. When measuring V1 with the same 3° stimulus, the
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cortical surface area spanned approximately 600-1600 mm?2. When
measured using a 16° stimulus, the responding surface area of V1
expanded considerably along the calcarine sulcus, but the hV4, VO-1
and VO-2 maps expanded very little or not at all. These ventral maps
appeared to respond more powerfully to central visual stimuli through-
out their extent, consistent with the strong cortical magnification
described in human and macaque ventral cortex!'”18,

These data are the first report in the literature on human hemifield
maps in the positions occupied by VO-1 and VO-2. The VO cluster
occupies the same position as the object-responsive region that Halgren
et al. refer to as posterior collateral’® and the building-responsive
region that Malach et al. refer to as collateral sulcus (see Figure 3 in
ref. 11). Halgren et al. describe this region as non-retinotopic cortex;
Malach et al. describe it as having only a peripheral eccentricity bias and
no angular representation. In contrast to both studies, we found two
visual field maps (VO-1, VO-2) in this region with detailed eccentricity
and angular maps that were primarily central.

The visual field maps measured here can be compared with several
other reports in the literature. We have already described the differences
between our hV4 measurements and the V8 model®. Our hv4
measurements are consistent with those of Kastner et all°, who
describe a hemifield adjacent to V3v and find no evidence for the V8
visual field map. Tootell et al.'® (subsequent to Halgren et al.) have
reported data consistent with a full visual hemifield map adjacent to
V3v (see Figures 5 in refs. 16,31). The organization of the ventral maps
was secondary to those papers, and the authors did not discuss this
aspect of their measurements. McKeefry and Zeki® have also demon-
strated a hemifield map in the ventral region. In subsequent measure-
ments, this group identified a V4 complex (V4; V4a) that overlaps with
hV4 and the VO cluster®. They did not measure visual field maps near
this region, such as V2 and V3, leaving open how their activations are
positioned with respect to those maps.

The region anterior to hV4 on the fusiform gyrus, which overlaps
with the VO cluster, has also been discussed by Kastner et al 1032, They
call this region TEO based on its position and a guess about homology
with macaque. While they show that this region responds to stimuli
across the contralateral hemifield, they find no separation between the
upper and lower visual field representation and do not measure
eccentricity maps.

We have considered the relationship between the model we present
here and the V8 model proposed by Hadjikhani et al.®. One way to
coordinate these models is to suppose that Hadjikhani ef al. missed the
second quarter-field in hV4, but that VO-1 is the visual field map they
identified as V8. We call this a quarter-field-insertion model. According
to this model the VO-1 visual field map should have (i) a peripheral
representation that abuts the hV4 lower vertical meridian and (ii) an
angular representation that runs parallel to the hV4 eccentricity map
(Fig. 1). It would not be expected that VO-1 would reach V3v. In
contrast, the VO-1 map we measured was located near the peripheral
representation of hV4, nestled between that map and the peripheral
representation of V3. Hence, the quarter-field-insertion model does
not fit the VO-1 data, and VO-1 cannot be the same as V8. Further, the
anatomical location and object-selectivity of VO-1 correlates with the
object-responsive region named posterior collateral, not V8, in data
from the same group*’.

Avariant of the quarter-field-insertion model would allow that VO-1
is new and differs from V8, but that V8 still exists at the location
abutting the lower vertical meridian representation of hV4 (see ROIs
7-8 in Fig. 6). We have not been able to find evidence for a V8 visual
field map in this location, although we acknowledge that such evidence
might be found with other stimuli or experimental designs. We do see a

strong color response in position 8, lateral to VO-1, but only in the
right hemisphere.

The Talairach coordinates of the hV4, VO-1 and VO-2 field maps are
described in Supplementary Table 2. The basic arrangement of visual
field maps was consistent, but across individuals there was variability
on the order of 1 cm in the Talairach coordinates of these maps. Given
that the maps themselves are on the order of 2-3 cm, such variability
suggests that averaging across subjects would obscure the presence of
these maps.

Although many aspects of human visual field maps in early visual
areas parallel those in macaque, we found significant differences
beyond V3v/VP. The visual field map adjacent to V3v represents a
hemifield confined entirely to the ventral surface in human (hV4),
while the same region in macaque (V4) continues to follow the V1/2/3
pattern of splitting into dorsal and ventral quarter-fields. The human
hV4 map may be homologous to macaque V4 despite the ventral
placement of the full hemifield, or hV4 may not have an exact
counterpart in macaque'>33,

The VO maps occupied a position with respect to V3v and hV4 that
was similar to the position of macaque VTF3*34%, Although both
macaque VTF and the human VO maps are responsive to more
complex visual stimuli like objects, presently there is no strong evidence

linking these regions’®.

Stimulus selectivity

The patterns of stimulus selectivity in the hV4 and the VO maps
differed, and these patterns both differed from those in the regions
lateral to these maps. The central hV4 ROI responded powerfully to
color, and no part of the map responded preferentially to faces or
objects. The VO cluster maps responded strongly to color in the central
portion of the map and preferentially to objects compared with faces,
particularly in the peripheral representation. In contrast, cortex slightly
lateral to these maps responded preferentially to faces compared to
objects. This differential stimulus selectivity across this ventral region
supports our definitions of the hV4, VO-1 and VO-2 visual field maps.

There is consensus that ventral occipital cortex is essential for normal
color perception. However, there is a dispute about the localization of
color processing with respect to individual maps®*3738, McKeefry
and Zeki® describe a V4 complex as the essential region for color
perception, while Hadjikhani et al® propose that V8 is the essential
map. Both groups identify essential color signals by measuring the
response while alternating two stimuli. However, these stimulus pairs
are not comparable. McKeefry and Zeki use a spatial pattern comprised
of a set of rectangles whose average luminance contrast is constant
between blocks and whose chromatic contrast is modulated. Hadjikhani
et al. use harmonic patterns that alternate between a 95% contrast
monochrome pattern and an isoluminant chromatic pattern (unspeci-
fied contrast level); in these experiments neither luminance nor
chrominance are held constant. These two types of stimulus alterna-
tions should not produce identical cortical responses. For example,
the McKeefry and Zeki stimulus would produce no modulation in
regions that respond only to luminance, whereas the Hadjikhani et al.
stimulus would.

The color-luminance exchange measurements performed here used
the same approach as McKeefry and Zeki® and produce responses in
hV4, VO-1 and VO-2. In separate experiments, we have also used the
Hadjikhani et al.® design, and we found that the spatial distribution of
responses in phase with the color stimulus was nearly identical in both
experiments. Hence, we believe that the Hadjikhani et al. color
responses are in the same cortical locations as described by McKeefry
and Zeki® and colleagues®373°,
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Neither group comments on the right lateralization of the color
responses, which we observed using both types of color-luminance
exchange methods. In addition, our color responses were not confined
to a single visual field map, in contrast to reports from Hadjikhani
et al.%. Before drawing strong conclusions about the functional role of
these responses in color perception, a variety of additional factors, such
as the spatial inhomogeneity of the retinal encoding of signals and better
stimulus control, must be accounted for (for example, see refs. 4,15,40).

Visual clusters

In human, we find several distinct eccentricity maps that include one or
more angular maps (Figs. 3-5). We have named such regions visual
field map clusters®. The V1/V2/V3/hV4 maps form one cluster; the
V3A/V3B maps form another; the maps near hMT+ form another
cluster; and we propose that VO-1 and VO-2 are part of a VO cluster.

We suspect that maps within each cluster share common computa-
tional resources, such as short-term information storage or timing
circuitry*!. It may also be that perceptual specializations are organized
around these clusters rather than within single visual field maps,
as is seen in the common motion selectivity in the hMT+ cluster.
The data presented here show common object and color selectivity
across the VO cluster.

The visual cluster model differs from the model of human visual
cortex developed by Levy et al.'>1442, According to that model, visual
cortex begins with precise visual field maps in V1, V2, and V3. Anterior
to these regions, however, the maps degrade, so that “orderly repre-
sentations of the visual field meridians are absent” (ref. 12, p. 533). The
contiguous eccentricity map present in the early visual areas degrades
to become simply a bias toward central and peripheral responses!4.
These eccentricity biases are posited as the driving force for organiza-
tion in higher order visual cortex. The eccentricity bias theory does not
allow for the detailed eccentricity and angular maps as seen in VO-1
and VO-2.

We disagree with their model because (i) no computational principle
has been identified to suggest why neurons would be arranged with
orderly eccentricity responses, but no angular maps, and (ii) we observe
organized eccentricity and angular maps in ventral cortex (see ref. 5 for
an extended critique). Hence, we propose exploring the alternative
hypothesis that clusters of maps, each devoted to a different computa-
tional function, are a basis for the organization of human visual cortex.

METHODS

Subjects. Nine subjects participated in this study (visual field mapping: S1-S9;
stimulus selectivity: S1, S2, $4-56). All subjects had normal color vision and a
corrected acuity of 20/20 or better. Informed written consent was obtained
from all subjects.

Visual display. Stimuli were presented on an LCD (NEC 2080UX;
spatial resolution 800 x 600, refresh rate 60 Hz). The display was inside
an electrically shielded box with conductive glass on the front side. The
intensity and spectral characteristics of the display were calibrated (Photo-
Research PR-650). The display primary intensities were controlled using a
10-bit digital-to-analog card (ATI Radeon). Cone excitations were estimated
using conventional methods*>.

Stimuli were presented in one of two display configurations. (i) The visual
field mapping studies were performed with the LCD positioned at the rear of
the magnet bore, behind the subject’s head. The viewing distance was 2.8 m.
Subjects viewed the LCD through an angled front surface mirror placed close to
the eyes. The mirror was included in the optical path during the display
calibration procedure. The maximum stimulus radius subtended 3° of visual
angle. (ii) The stimulus selectivity studies (faces, objects, and color) were
performed with the display at the foot of the patient table. In this configuration
subjects viewed the screen through binoculars as well as the mirror. The
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binoculars were adjusted to ensure that the stimulus was centered in the visual
field and no vignetting occurred. The monitor was 4.3 m from the subject, so
the approximately eightfold magnification of the binoculars yielded an effective
viewing distance of 0.54 m. In this configuration, the maximum stimulus
radius subtended 16° of visual angle.

FMRI data acquisition. FMRI measurements were performed on a 3-T General
Electric scanner with a custom-designed surface coil (Nova Medical) for
anatomical, visual field mapping and color scans or with a custom-built
volume head coil for the object-face scans. Subjects were supine in the scanner
bore, with the coil placed near visual cortex. Head movements were minimized
by padding and tape. Functional MR data were acquired with a spiral pulse
sequence*>#¢ with 21-30 slices oriented coronally, axially or perpendicularly to
the calcarine sulcus. Slice orientation had no significant effect on results. The
effective inter-frame sampling interval of BOLD signals was 2.4 s (field
mapping) or 3 s (stimulus selectivity), and the voxel size of functional data
was 2.5 X 2.5 X 3 mm.

A set of two-dimensional fast SPGR anatomy images was acquired before the
series of functional scans. These T1-weighted slices were physically in register
with the functional slices and were used to align the functional data with the
high-resolution anatomy data via a semi-automated three-dimensional (3D)
coregistration algorithm®”.

Data analysis. We analyzed fMRI data using custom software (http://white.
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 percent modulation. Baseline
drifts were removed 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; most scans had minimal head motion (less than one voxel).
Motion artifacts within each scan were also monitored. Fewer than 10% of the
scans had significant motion artifacts; these scans were discarded. No motion-
correction algorithm was applied.

Anatomical pre-processing. Anatomical images were acquired on a GE 1.5-T
Signa LX scanner using a 3D SPGR pulse sequence (1 echo, minimum TE, 15°
flip angle, 2 excitations). Sagittal slices were acquired with an inplane voxel size
0.94 x 0.94 mm and 1.2 mm slice thickness. We acquired 1-3 whole brain
T1-weighted anatomical data sets for each subject. These images were averaged
and re-sampled into a 1 x 1 x 1 mm resolution three-dimensional anatomical
volume that was corrected for inhomogeneity and linearly transformed (with
no rescaling or distortion) to align with the Talairach reference brain. These
operations were performed using tools from the FMRIB software library
(http://www.fmrib.ox.ac.uk/fsl/).

Gray and white matter were segmented from the anatomical volume using
custom software and then hand-edited to minimize segmentation errors®s,
Data analysis was restricted to the gray matter. The surface at the white/gray
boundary was rendered as a smoothed three-dimensional surface using VTK
software (http://www.vtk.org/). Analyses were also performed on a flattened
two-dimensional map of the cortical surface?’.

Visual field mapping methods. We measured visual field maps using expand-
ing rings and rotating wedges. Stimuli were high contrast dartboard pat-
terns*®. The patterns were 5 cycles per degree (3° stimuli) or 1 cycle per degree
(16° stimuli) in the radial direction, 12 cycles per 2n radians in the angular
direction, and reversed contrast at a temporal frequency of 2 Hz. The
expanding ring contrast pattern covered 25% of the 0-3° or 0-16° eccentricity
range and changed position every 2.4 s. The wedge angle was 45° and stepped
36° clockwise every 2.4 s. For both stimuli, a full display cycle comprised 24 s,
and the data include at least 25 cycles from repeated scans of each type of
stimulus. Subjects maintained fixation on a central cross throughout all scans.

Atlas fitting procedures. We used an automated atlas fitting procedure to
identify visual areas’. The algorithm simultaneously fits both angle and
eccentricity maps. With this approach, we obtain objective estimates of the
boundaries of hemifield and quarter-field visual angle representations.

Stimulus selectivity methods: color. Color responses were measured using a
block design in which 12-s blocks of achromatic stimuli alternated with 12-s
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blocks of chromatic stimuli (24-s period). Subjects viewed a series of patterns
comprised of an array of 8 x 8 rectangular patches spanning 24° of visual angle.
During each 12-s block a new pattern was presented every 2 s.

Stimulus color was specified in terms of relative L, M and S-cone excitations.
In the first 12-s block the patterns had only achromatic (luminance scaling)
contrast. In this block, (L + M)- and S-cone contrasts were set equal, and (L —
M)-cone contrast was zero. The (L + M)-and S-cone contrasts were selected
randomly and uniformly from a range of £17%. In the second 12-s block, the
(L + M)- and S-cone contrasts were equal and selected the same way as in the
first block. The (L — M)-cone contrast was selected randomly and uniformly
from a contrast range of £6%. The two contrast ranges (17% for (L + M)-cone
and S-cone compared with 6% for (L — M) chromatic) were chosen to
approximately equate for V1 responses®.

To control attention, subjects were required to detect the orientation of
a superimposed ‘C’ shape. The shape was created by adding a small amount of
L + M signal to seven of the rectangles. The additional mean signal was very
slight and was adjusted so that subjects scored about 80% correctly in
identifying the orientation of the target.

Stimulus selectivity methods: faces and objects We measured fMRI responses
to stimuli by alternating between blocks containing images of faces and blocks
containing a variety of objects. A new grayscale picture within one category (for
example, face) was presented every 2 s during a 36-s block. All photographs were
scaled to subtend 12 x 12° of visual angle, matched in mean luminance,
and centered in the visual field. These stimuli were similar to those used
by Kanwisher and colleagues in studies examining face and object
representations“'”.

Throughout each scan, subjects maintained fixation on a 0.2° cross that
was centered in the field of view. To control for attention, the subjects were
asked to perform a one-back matching task in which they compared the present
picture to the stimulus presented two frames prior. One or two pictures per
block were repeated.

Note: Supplementary information is available on the Nature Neuroscience website.
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