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ABSTRACT

The borders of human visual areasV1, V2, VP, V3,
and V4 were precisely and non-invasively determined.
Functional magnetic resonance images were recorded
during phase-encoded retinal stimulation. This volume
data set was then sampled with a cortical surface
reconstruction, making it possible to calculate local visual
field sign (mirror vs. non-mirror image representation).
This method automatically and objectively outlines area
borders because adjacent areas often have the opposite
field sign. Cortical magnification factor curves for striate
and extrastriate cortical areas were determined, which
showed that human visual areas have agreater emphasison
the center of gaze than their counterparts in monkeys.
Retinotopically organized visual areas in humans extend
anteriorly to overlap several areas previously shown to be
activated by written words.

Over haf of the neocortex in non-human
primates is occupied by visual areas. At least 25
visual areas beyond the primary visual cortex
(V1) have been identified with a combination of
microelectrode mapping, tracer injections,
histological stains, and functional studies (1).
The analysis of this data has been greatly aided
by the use of flattened representations of the
cortical surfaceN made from conventional
sections using graphical techniques (2) and
flattened wire models (3), or more directly from
sections of physically flatmounted cort@h.

A large portion of the neocortex in the
human primate is likely to be occupied by visual
areas too. It has been difficult, however, to
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outline unambiguously any human cortical area
with non-invasive techniques. Previous studies
mapped only afew locationsin thevisual field, or
have relied on stimulus features to activate
different areas (5); and the tortuous convolutions
of the human neocortex have defied previous
attempts to see activity across all of its surface
area at once.

Many of the cortica visua areas in
non-human  primates are retinotopically
organized to some degree (3, 6). These areas are
irregularly shaped and somewhat variable in
location; consequently, recordings from many
locations (400-600) in single animals have been
required in order to define areal borders with
confidence (7). Herewe demonstrate atechnique
for generating retinotopic maps of visual cortex
in humans with a precision similar to that
obtained in the most detailed invasive animal
studies. Responses to phase-encoded retinal
stimulation (8) were recorded with echo-planar
functional magnetic resonance imaging (9) and
analyzed with a Fourier-based method. The
resulting volume data sets were sampled with a
cortical surface reconstruction made from high
resolution structural MRI images collected
separately for each subject (10). The cortical
surface containing the data was then unfolded
and analyzed with the visual field sign method to
distinguish mirror image from non-mirror image
representations (7). By combining these four
techniques (multislice functional MRI, stimulus
phase-encoding and Fourier analysis, cortica
surface reconstruction, and visua field sign
calculations) it was possible to reconstruct the
retinotopic organization of V1, V2, VP, V3, and
V4 in humans in two dimensions, and to
accurately trace out the borders between these
areas in the living human brain.

To map polar angle, 128 asymmetric spin
echo MRI images (11) of 8-16 oblique sections
perpendicular to the calcarine sulcus (1024-2048
total) were obtained in a 512 sec session (~8.5
min) while subjects (n = 7) viewed a slowly
rotating (clockwise or counterclockwise),
semicircular checkerboard stimulus.
Eccentricity was mapped using a thick ring
(dilating or contracting) instead of a semicircle.
These four kinds of stimuli elicit periodic
excitation at the rotation or dilation/contraction
frequency at each point in a cortical retinotopic
map (8, 12). The phase of the periodic response
a the _rotation or dilation/contraction
frequencyN measured using the
(complex-valued) Fourier transform of the
response profile over time at each voxelNis
closely related to the polar angle or eccentricity
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Figure 1. Isoeccentricity and isopolar angle maps of human visual areas. Thetop row showsisoeccentricity
coded by color (red [fove& blue® green [parafoveal® yellow® red [periphery]) displayed on the
original cortical surface (A), the unfolded cortical surface (B), and the cut and flattened cortical surface (C)
(sulci . The bottom row shows polar angle (red [upper vertical meri@aolue [horizontal meridian®
green [lower vertical meridian]) plotted on the same three surfBgEgH). Local eccentricity and polar
angle were determined by considering the phase of the responseto aslowly dilating ring or aslowly rotating
hemifield at the dilation or rotation frequency. The unfolded representati@nandE were made by
relaxing curvature while approximately preserving local areaand local angles (sulcal cortex isdark gray and
gyra cortex islight gray). Theflattened representationsin C and F were made with the same al gorithm after
cutting off the occipital lobe and making an additional cut in the fundus of the calcarine sulcus.

represented at that cortical location (13). This
technique results in high signal-to-noise ratios
(because at any one point in time, approximately
one half of each visua field map will be
activated) yet provides fine spatial resolution.
Common (for example, retinal) and between-area
phase delays can be removed and examined by
considering clockwise/counterclockwise rotation
and expansion/contraction pa{dst, 15)

Figure 1A shows a color plot of the
responseto adilating ring on amedial view of the
cortical surface of the brain of this subject
(A.M.D.) (16). The hue of the color at each
cortical surface point indicates the response
phase, which is here proportional to the
eccentricity of the loca visua field
representation. In Figure 1B, the cortical surface
was unfolded. Thisprocessissimilar toinflation
of acrumpled balloon except that the surface has
not been stretched. In Figure 1C, the occipital
lobe region containing the activated area has
been cut off, and the resulting approximately
conical surface cut again along the fundus of the

calcarine sulcus to alow it to be flattened
completely(17).

Thereisasystematic increase in eccentricity
(red ® blue® green ® yelow ® red) moving
anteriorly along the media wall of occipitd
cortex. Linesof isoeccentricity run approximately
in the coronal plane, cutting across severa areas,
as shown below. Ventrdly, the region showing
substantial  retinotopy extends amost to the
anterior-posterior midpoint of the unfolded ventra
tempora lobe.

A padle treatment of data from the
rotating hemifield stimulus collected a few
minutes later isshown in Figure 1D-E. Thecolor
again indicates the phase of the periodic
response, which is now proportional to the polar
angle of thelocal visual field representation. The
picture of polar angle is more complex,
aternating between vertica and horizonta
meridians both dorsally and ventrally. The upper
field vertical meridian is red, the horizontal
meridian is blue, and the lower field vertica
meridian is green. Several alternations between



red and blue stripes are visible ventrally while
several aternations between green and blue
stripes are visible dorsaly. Mapping
experiments in monkeys suggest that several
additional re-representations of the lower visual
field adjoin V1 dorsallyN including V2 (second
visual area) and V3 (third visual area)N while
several re-representations of the upper visua
field adjoin V1 ventrallyN including V2, VP
(ventroposterior ared), and V4v (V4 ventral)
(18). In particular, we would expect vertical
meridian representations at the dorsal and ventral
V1/V2 border, the ventra VP/V4v border, and
thedorsal V3/V4 border, and horizontal meridian
representations near the fundus of the calcarine
sulcus in V1, at the dorsal V2/V3 border, at the
ventral V2/VP border, and at the anterior border
of ventral V4v (4, 6, 7). Candidatesfor all of the
borders are visible in Figure 1D-E. Mapping
experiments in monkeys have also revealed a
number of small visual areas beyond those
mentioned S0 far (including PO,
parietal-occipital area), which may help to
explain the presence of several small patches of

p. 3

Figure2. Analysisof data
in Fig. 1 by visual field
sign (mirror-image vs.
non-mirror-image visual
field representation).
Mirror-image areas
(yellowNe.g., V1), and
non-mirror-image areas
(blueN e.g.,V2) areshown
in a medial view on the
folded A) and unfolded
surface (B) andinaventral
view, folded C) and
unfolded (D). Theincision
in the fundus of the
cacarineisvisiblein (B).
Ventral V1, V2, VP, and
V4v (18), comprising four
re-representations of the
upper visual field, are
visible below the incision
whilelower visual fieldV1
and V2 are visible above
theincision. The complex
folding pattern of the
occipital lobe coupled with
the weak correlation
between sulci and areal
boundariesunderscoresthe
need for an unfolded
representation.

lower field dorsally as well as upper field
ventrally.

Isoeccentricity and isopolar angle maps
define two independent coordinates of
retinotopy. Areal borders in either one of these
maps, however, are often subtle; isoeccentricity
lines can extend straight across several areas
while polar angle maps often show only a
shallow maximum or minimum at the border of
an area. For example, thered stripe at the ventral
upper field vertical meridian border of V1/V2
actualy extends across both V1 and V2. By
contrast, the visual field sign technique (7)
provides an objective means to draw borders
between areas based on anayzing the local
relation between the directions of the fastest rate
of change in these two coordinates. Regions of
the cortex that contain a retinotopic map,
however distorted, can be divided into two
categories when viewed from the cortical
surfaceN those that contain a mirror-image
representation of the visua field (like V1) and
those that contain a non-mirror-image
representation of the visual field (likeV2). This



Figure 3. Visual field sign displayed on the completely
flattened occipital cortex (brightnessindicates significance
of response). Upper visual field V1, V2, VP, and V4v and
lower visual field V1, V2, and V3 are now all visible.

There are several robustly responding non-mirror image
regions anterior to dorsal V2 and V3 that may correspon
in part to V3A and dorsal V4 (not labeled). Regions with €-9-»

dimmer coloration may represent the central fovea (20), the
visual field beyond 12 degrees eccentricity, or may beless
retinotopic.

distinction is unlikely to be of any fundamental
functional significance, but it provides a
convenient way to draw borders between areas
because adjoining areas often have the opposite
visual field sign. Itisaloca measure that can be
calculated for each small patch of cortex given
dense retinotopic mapping data like those
obtained here.

A map of visual field sign is shown on the
folded and unfolded surfacein amedial view (Fig
2A,B) andinaventral view (Fig. 2C,D) (19). V1
is now clearly outlined as a large mirror-image
patch (yellow) divided by our incision at the
fundus of the calcarine sulcus. V2 forms two
non-mirror image patches (blue) dorsally and
ventrally.  Two more areas are visible ventral
and anterior to ventral V2N mirror-image VP
(yellow) and, finally, non-mirror image V4v
(blue).

In Figure 3, the cortex has been completely
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flattened, exposing dorsal and latera areas
concealed in Figure 2. Dorsal V2 is adjoined
anteriorly by a thin band of mirror-image V3
(yellow). Just ventral and anterior to V3, the
visual field sign pattern degenerates into noise
near the center-of-gaze representations of V1 and
V2N likely theresult of the difficulty of mapping
foveal cortex with this technique (20). Dorsal
and anterior to V3, there are additional
non-mirror image areas (blue) containing both
upper and lower visual field representations that
may correspond in part to V3A and dorsal V4
(not labeled). Even further anteriorly, areas are
less obviously modulated at the stimulus rotation
or dilation/contraction frequency, indicating
either that they are foveal (<0.5 deg), peripheral
(>12 deg), or less well organized retinotopicaly.

Similar results were obtained in 6 other subjects.

The areas revealed in these experiments
show a number of similarities to areas originally
discovered in non-human primates. A schematic
comparison of human visual areas with macaque
monkey visual areas (21) and owl monkey visual
areas (7) is shown in Figure 4. At the top, the
three flattened cortices are drawn at the same
absolute scale while at the bottom, they are
approximately scaled by the area of V1. It has
long been known that V1 in humans is shifted
medially around the occipital pole when
compared to monkeys. The larger size of some
human extrastriate areas relative to human V1

Jnay have partially compensated for thisshift [see

the width of VP in Fig. 4B, the region
between V2 and MT in (22)]; retinotopic areas
extend nearly to the anterior-posterior midpoint
of the ventral temporal lobe, just as they do in
non-human primates. The anterior extent of
retinotopic visual areas is most striking in the
unfolded ventral view (Fig. 2D). Comparisons
with the folded ventral view (Fig. 2C) show that
more cortex is hidden in the posterior folds of the
ventral occipital lobe than in the more anterior
ventral temporal fissures.

The internal structure of a visual cortical
map can be characterized using the linear cortical
magnification factor, M(r)N mm of cortex per
deg of visual angle as a function of eccentricity,
r (23). We estimated the value of the parameters
in astandard equation for magnification factor by
measuring eccentricity on the cortical surface
parallel to the average direction of fastest change
of eccentricity in each upper and lower visual
field representation described above. The
resulting measurements were fit with a cortical
mapping function, D(r)Nthe distance on the
cortex as a function of eccentricity (the integral
of the magnification factor equation)N by



