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Learning	  objec+ves	  

•  Layout	  of	  the	  first	  dozen	  or	  so	  early	  visual	  
areas	  

•  Mapping	  techniques	  –	  s+muli	  
•  Mapping	  techniques	  –	  data	  analysis	  
•  Outstanding	  issues	  and	  debates	  
•  Future	  direc+ons	  



Why	  bother	  with	  early	  visual	  cortex?	  
1	  	  -‐	  The	  big	  picture	  
•  Our	  hope	  is	  that	  EVC	  implements	  a	  set	  of	  
‘canonical	  computa+ons’	  that	  are	  replicated	  
throughout	  the	  brain	  

•  What	  sort	  of	  things?	  
•  Thresholding	  nonlineari+es	  and	  gain	  control	  
(see	  Carandini	  and	  Heeger	  2011)	  

•  Also	  more	  complex	  opera+ons	  –	  object	  
segmenta+on,	  recogni+on,	  loca+on:	  the	  start	  
of	  a	  pathway	  to	  ac+on	  



Why	  bother	  with	  early	  visual	  cortex?	  
2	  –	  Because	  it’s	  there	  
•  Early	  visual	  cortex	  has	  been	  studied	  for	  over	  a	  
hundred	  years	  

•  Thousands	  of	  electrophysiology,	  lesion,	  
anatomical	  studies	  

•  If	  we	  can’t	  understand	  this	  then	  there’s	  no	  
hope	  anywhere	  else…	  



Early	  visual	  cortex	  

calcarine sulcus, located on the medial aspect of the oc-
cipital lobe, as essential for vision.
The Discovery of Visual Field Maps
More than a century ago Inouye, an ophthalmologist, and
then Holmes, a neurologist, observed strong correlations
between visual field deficits and the location of lesions
within human visual cortex (V1) (Fishman, 1997; Holmes,
1918; Inouye, 1909; Teuber et al., 1960). Their analyses
of these correlations defined the visual field map in human
primary visual cortex, V1, and established several impor-
tant principles. They showed that V1 in each hemisphere
encodes a hemifield (i.e., one half of visual space) and
that the central fovea is represented over a larger fraction
of cortical surface than a comparable extent of the periph-
eral visual field (cortical magnification, Figure 1B). These
neurological maps were useful guides for many genera-
tions of clinicians and have only recently been revised
(Horton and Hoyt, 1991).

Importantly, subsequent animal experiments uncovered
multiple maps. In the 1940s electrophysiological measure-
ments revealed a second map (V2) adjacent and surround-
ing V1 in rabbit and cat (Talbot and Marshall, 1941; Talbot,
1940, 1942; Thompson et al., 1950; Tusa et al., 1978) and
then later in squirrel monkey (Cowey, 1964). A third map
(V3) adjacent and surrounding V2 was then described in
cat (Hubel and Wiesel, 1965). In the 1970s, investigators

described additional visual field maps in monkey, including
one (V4) adjacent to V1/2/3 and another located at some
distance from this first posterior group (MT/V5) in owl mon-
key (Allman and Kaas, 1971). Zeki described a framework
for the concentric organization of these maps in macaque
(Gattass et al., 2005; Zeki, 1969, 1971, 1976). During the 50
years from 1940 to 1990, the number of reported visual
field maps grew enormously, and investigators began to
hypothesize about the organization among the maps
themselves (Felleman and Van Essen, 1991; Goodale and
Milner, 1992; Milner and Goodale, 2006; Ungerleider and
Mishkin, 1982; Van Essen and Maunsell, 1983).

The organization and perceptual significance of the hu-
man V1 map were confirmed by experiments showing
that local electrical stimulation in the V1 map gives rise to
a sensation of light (phosphene) at the corresponding vi-
sual field location (Brindley and Lewin, 1968). The V1
map was measured in the living human brain using posi-
tron emission tomography (PET) (Fox et al., 1987). But it
was only in the early 1990s with the introduction of fMRI
(Ogawa and Lee, 1990; Ogawa et al., 1990, 1992) and
novel data-analysis methods (Engel et al., 1994) that inves-
tigators could measure efficiently multiple visual field maps
in the intact human visual cortex (DeYoe et al., 1996; Engel
et al., 1997; Sereno et al., 1995). Subsequent advances in
magnetic resonance instruments, experimental methods,
and data analysis algorithms produced a significant
amount of new data about the organization of human visual
field maps (Figure 2). The main purpose of this review is to
summarize the recent visual field map measurements in
human cortex.
The Motivation for Measuring Human Visual Field
Maps
FMRI measurements of human visual field maps are being
actively explored because of the strong interest in the hu-
man brain and the likelihood of clinical applications. Differ-
ences between primate species (Rosa and Tweedale,
2005) and differences between human and nonhuman pri-
mates (Brewer et al., 2002; Tootell et al., 1997; Van Essen,
2003) make the direct measurements of human cortex
essential.

The delineation of human visual field maps serves mul-
tiple goals. First, visual neuroscience theory postulates
that cortical regions are specialized for specific perceptual
functions. This general principle is supported by neurolog-
ical cases showing that localized damage can lead to very
specific visual deficits, such as achromatopsia, prosopag-
nosia, or akinetopsia (Zeki, 1993). The idea that specific vi-
sual field maps serve certain perceptual specializations is
supported by both the observation that certain maps are
comprised of a set of neurons with common stimulus se-
lectivity and that stimulation of these neurons within a map
specifically influences behavior. For example, stimulation
of the direction-selective neurons in area MT specifically
influences behavioral decisions about motion in specific
directions and visual field positions (Salzman et al.,
1990, 1992). The relationship between maps and percep-
tual function is neither direct nor unique: it is likely that

Figure 1. Human Visual Cortex and V1 Visual Field Map
(A) Human visual cortex (orange overlay) occupies approximately 20%
of the cerebral cortex and is located in the occipital lobe and posterior
parts of the parietal and temporal lobes. Primary visual cortex (V1) is
located in and around the calcarine sulcus (dotted line) and contains
a map of the visual field.
(B) We illustrate the visual field map in V1. The image is a section of
Godfrey Kneller’s 1989 portrait of Sir Isaac Newton. The figure illus-
trates how the visual field (left) is transformed and represented on
the V1 cortical surface (right) using a mathematical description pro-
posed by Schwartz (1977). The left visual field stimulates V1 in the right
hemisphere; the image representation is inverted, and the center of the
visual field, near the eye, is greatly expanded (cortical magnification).
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(Cragg, 1969; Daniel & Whitteridge, 1961; Van Essen & Zeki, 1978).
The flattening method also can be applied to the cortical sheet di-
rectly (Sincich, Adams, & Horton, 2003; Tootell, Silverman, Switkes,
& De Valois, 1982). The method is widely used in human neuroim-
aging (Carman, Drury, & Van Essen, 1995; Dale, Fischl, & Sereno,
1999; Fischl, Sereno, & Dale, 1999; Wandell, Chial, & Backus,
2000). The images in Figs. 1c, 3, 4 and 5 illustrate the relationship
between V1, V2 and V3 using both flattened meshes and smoothed
(or inflated) 3D representations.

2.4. Identifying visual field maps

A large fraction of V1 is located within the calcarine sulcus, lo-
cated on the medial surface of the occipital lobe; the sulcus is large
and identifiable in virtually every human subject (Fig. 3). As Hens-
chen (1893) inferred, each hemisphere has a contralateral hemi-
field representation. As Inouye (1909) discovered, the eccentricity
representation (fovea to periphery) runs from the occipital pole
to anterior calcarine. The near foveal cortical representation occu-
pies a large surface area compared to the peripheral representa-
tion. The expansion of the foveal representation is often called
cortical magnification and the magnification is quantified as the
length of cortex per degree of visual field representation. The fo-
veal expansion in human is quantitatively similar in non-human
primates (Brewer, Press, Logothetis, & Wandell, 2002; Fize et al.,
2003; Qiu et al., 2006) and approximately matches the visual field
sampling density of the cones and ganglion cells (Rodieck, 1973;

Wassle, Grunert, Rohrenbeck, & Boycott, 1990). The map inferred
from anatomical lesions (Fig. 3, upper panel) corresponds well to
the eccentricity representation measured in a single individual
using fMRI (Fig. 3, lower right). There is significant variability be-
tween individuals in the size of human V1 (Andrews & Pollen,
1979; Dougherty et al., 2003; Stensaas et al., 1974).

The boundaries between visual field maps are typically defined
by the locations of the vertical meridian representations (Fig. 4).
For example, in non-human primates the organization of the V2
and V3 maps surrounding V1 was first understood using anatomi-
cal lesions of the corpus callosum that identified the positions of
the vertical representations (Cragg, 1969; Zeki, 1969b). In human
the fMRI angle maps and specifically the vertical meridian repre-
sentations are also the key markers used to identify visual field
map boundaries (DeYoe et al., 1994; Engel et al., 1997; Sereno
et al., 1995).

The angle maps in Fig. 4, drawn on a smoothed representation
of cortex to expose the sulci, include multiple vertical meridian
representations. The change in the eccentricity representation,
while not shown, is usually in the direction perpendicular to the
angle maps; that is, eccentricity changes along the iso-angle con-
tours. The position of the central field representations are denoted
by the white asterisk.

The V1 map is on the medial surface of the occipital lobe,
extending around the pole. Its boundaries can be identified by
the lower vertical meridian (red band) at the V1/V2d border, and
the upper vertical meridian (blue band) at the V1/V2v border.
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Fig. 3. The visual field eccentricity map in human primary visual cortex (V1). The image at the top is a sketch of the estimated eccentricity map in calcarine cortex as deduced
from lesion data (Horton & Hoyt, 1991b). The image on the lower left shows the arrangement of V1, V2 and V3 in a single human subject. The image at the lower right shows
the eccentricity map in the same subject. The color bar for this image represents log-scaled eccentricity. The field map locations and eccentricity map were measured with
fMRI using pRF methods (Dumoulin & Wandell, 2008).
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Human Visual Field Maps
Posterior-Medial Maps: V1, V2, and V3
The traveling-wave fMRI measurements clearly reveal
three human hemifield maps near the calcarine sulcus in
the occipital lobe (DeYoe et al., 1996; Engel et al., 1997;
Sereno et al., 1995; Figure 4). Primary visual cortex (V1),
which receives direct input from the retinogeniculate path-
way, occupies calcarine cortex and represents a hemifield
of visual space. Two additional maps (V2, V3) occupy
a strip of cortex, roughly 1–3 cm wide, which encircles
V1. V2 and V3 both contain discontinuous hemifield
maps, which are divided along the horizontal meridian.
This discontinuity creates two quarterfield maps in V2
and V3, each of which has one long edge representing
the horizontal meridian and a second representing the ver-
tical meridian.

The eccentricity representations for these three areas
run in register. The eccentricity map begins at the large
foveal representation on the ventral-lateral surface near
the occipital pole, and increasingly peripheral stimuli are
represented at increasingly anterior positions along the
medial surface. In addition to the parallel eccentricity
maps, the vertical meridian representations of V1/V2 are
adjacent to one another, as are the horizontal meridian
representations of V2/V3.

Apart from the overall scale (macaque V1 is about half
the size of human V1) the angular and eccentricity maps
in these three maps are quite similar in the two species.
Common features include the large confluent foveal repre-
sentation, the concentric, unified organization of the ec-
centricity maps across the three areas, and the separation
of the V2 and V3 maps into quarterfield representations
surrounding V1. In both species there is more cortical sur-
face area allocated to the central than peripheral visual
field representation. Complete quantitative formulae de-
fining the relationship between visual field and cortical
surface have been developed and analyzed (Balasubra-

manian et al., 2002; Schira et al., 2007; Schwartz, 1977).
The relationship between cortical position and eccentric-
ity is approximated by a simple exponential function
(Dougherty et al., 2003; Engel et al., 1997; Qiu et al., 2006).

There are differing views regarding V3. For example, in
macaque, Van Essen and colleagues observed anatomi-
cal differences between the dorsal and ventral quarterfield
representations surrounding V2. They proposed dividing
V3 into two distinct areas, naming the dorsal map V3
and the ventral map VP (Burkhalter et al., 1986), and these
terms are used sometimes to identify the dorsal and ven-
tral strips of human V3 (e.g., Pitzalis et al., 2006). Recent
anatomical measurements in macaque suggest that the
connectivity is similar between macaque V3 and VP, sup-
porting the idea that these two quarterfield maps are part
of a single functional entity (Lyon and Kaas, 2002; Wandell
et al., 2005; Zeki, 2003). Human fMRI measurements do
not offer any definitive support for the hypothesis that
the dorsal and ventral maps are fundamentally different;
hence, the human maps are most commonly called V3-
dorsal and V3-ventral (V3d and V3v).
Dorsal Maps: V3A, V3B, V6, and IPS-X
Several research groups confirm the existence of a collec-
tion of visual field maps in dorsal cortex, extending from
the anterior portion of V3 into the intraparietal sulcus
(IPS) (Figure 5). The map directly adjacent to V3 has
many similarities to macaque V3A and is given the same
name. A map sharing a confluent fovea with V3A, and
now called V3B, was also observed by many groups.
More recently, several smaller (400–700 mm2) maps
have been identified from the posterior portion of the IPS

Figure 4. V1, V2, and V3 Visual Field Maps
Visual field maps are measured in the right hemisphere of a single sub-
ject using expanding ring and rotating wedge stimuli. The color overlay
indicates the eccentricity (left) or angle (right) that produces the most
powerful response at each cortical location. The stimuli covered the
central 20 degrees radius. For clarity, only responses near the medial
occipital cortex are shown. The stimulus-driven responses shown in
this paper are substantially above statistical threshold (p < 0.001, un-
corrected). Other details as in Figure 3.

Figure 5. Visual Field Maps on the Dorsal and Lateral Surface
of the Human Brain
Adapted from Figure 1 in Swisher et al. (2007) Angular mapping with
a rotating wedge stimulus produces modulation of the BOLD signal
in a substantial portion of posterior cerebral cortex. The images
show the right hemisphere of a single subject. (A) The reconstructed
pial surface is shown from posterior lateral (top left), posterior medial
(bottom left), and posterior dorsal (right) views. In these views, the cor-
tex is folded as in the normal anatomical state. (B) The value of inflation
for visualization is illustrated; notice that the data within the sulci that
are occluded in the previous images become visible, and it is much
easier to appreciate the reversals in the angular representation that
are an important indicator of the boundary between visual field maps
(solid and dashed lines). The stimuli covered the central 12 degrees
radius.
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•  Inputs	  are	  perfectly	  specified	  
•  S+muli	  are	  easy	  to	  generate	  
•  Early	  transforma+ons	  of	  informa+on	  are	  
tractable	  

•  Maps!	  



Early mapping: 
Macaque V1 
 

Tootell	  et	  al	  1988	  



fMRI	  -‐	  Early	  proof	  of	  concept	  –	  Schneider,	  Noll,	  Cohen	  1993	  

colleagues demonstrated an in vivo magnetic resonance contrast
that is blood oxygen level dependent (BOLD) (Ogawa & Lee,
1990; Ogawa, Lee, Kay, & Tank, 1990; Ogawa, Lee, Nayak, & Glynn,
1990). They recognized that the blood oxygen level, in turn, de-
pends on neural activity. The work by Ogawa and colleagues in ani-
mal motivated several groups to examine whether these BOLD
effects could also be measured in human; in 1992 three groups re-
ported a BOLD signal in human cortex with two groups showing
activation in visual cortex (Kwong et al., 1992; Ogawa et al.,

1992) and one in motor cortex (Bandettini, Wong, Hinks, Tikofsky,
& Hyde, 1992). Images of the functional responses from the two pa-
pers that measured in occipital cortex are reprinted in Fig. 2.

While Ogawa and colleagues’ work made clear that the BOLD
response was connected to neural activity, there remained much
uncertainty about the specific cellular and molecular mechanisms
mediating the relationship between neural signals and BOLD. This
uncertainty raised questions about the value of BOLD to neurosci-
ence and in particular the spatial resolution of the technique

Fig. 1. Progress in measuring human visual cortex topography over the past 25 years. Each column contains two images using the same technology. The images in the left
column were measured using PET. The outline indicates the rough position of the border of the brain (sagittal view, occipital lobe on the right). The brightness measures the
difference in PET signal when subjects viewed a uniform field and a contrast pattern presented either at the fovea (0.1–1.5!, top) or near fovea (1.5–5.5!, bottom) (Fox et al.,
1986, Fig. 3). The images in the middle column are the first measurements of human cortical topography using functional MRI (fMRI). The image planes are parasagittal and
show regions near the calcarine sulcus (V1). The upper image measures response differences between visual contrast patterns in the left (blue) and right (yellow) visual field;
the two slices are parasagittal planes from different hemispheres. The bottom image measures response differences to stimuli in the upper (yellow) and lower (blue) visual
field. The color scale bars are p-values from a t-test of the response differences. The small white-line insets are approximately 1 cm (Schneider, Noll, & Cohen, 1993, Fig. 1).
Recent fMRI measures, as in the right column, show the visual topography in multiple cortical maps. The anatomical underlay is a flattened representation of cortex near the
occipital pole and including calcarine: dark indicating a sulcus and light a gyrus. The color overlay measures the visual field position that is most effective at stimulating each
cortical position; the top image shows the most effective angle and the bottom image the most effective eccentricity. Boundaries between maps can be seen in the angle
representation. For example, the boundary between V1/V2d is located at the lower vertical meridian representation (yellow), at this position the change in angle
representation reverses direction (top image). Other boundaries can be found by similar reversals. There is good visibility of the V1–V3 eccentricity maps, and it is plain that
V2 and V3 surround V1 (bottom). Distinct foveal representations can be seen in dorsal and ventral regions beyond the V3 border. These fall within other map clusters (V3A,
VO-1, not indicated) (Schira et al., 2009, Fig. 5). In all three columns the bottom images show the spatial resolution (voxel size) of the corresponding measurements. The z-axis
is the slice thickness, and the x- and y-axes indicate the ‘‘in-plane” resolution. The ratios of the voxel volumes across the three studies are 1600:8:1. For PET, the inplane voxel
size is the reported point spread function in the image (full-width at half maximum amplitude).

720 B.A. Wandell, J. Winawer / Vision Research 51 (2011) 718–737



Early	  proof	  of	  concept	  –	  Engel	  et	  al	  1994	  
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Finding visual area – wedge stimulus 



Finding visual area – ring stimulus 



Travelling	  waves	  



Travelling	  waves	  



Traveling	  waves	  



Traveling	  waves	  



Traveling	  waves	  



The	  nuts	  and	  bolts…Analysis	  
Fourier	  analysis	  at	  each	  voxel	  yields	  an	  amplitude	  and	  a	  phase.	  
	  
Divide	  amplitude	  by	  the	  RMS	  power	  to	  get	  ‘coherence’	  -‐	  
something	  like	  a	  Z-‐score	  (SNR).	  This	  number	  ranges	  between	  0	  
and	  1.	  (Note	  –	  if	  the	  power	  is	  evenly	  spread	  across	  n	  frequencies	  
then	  you	  expect	  coh	  to	  be	  1/n).	  
	  
You	  could	  also	  use	  a	  GLM	  –	  this	  would	  allow	  you	  to	  put	  in	  other	  
regressors	  etc.	  But	  the	  simplicity	  of	  the	  phase-‐encoding	  is	  lost.	  
	  
Note	  –	  in	  compu+ng	  the	  coherence	  you	  are	  calcula+ng	  the	  cross-‐
correla+on	  with	  a	  harmonic	  at	  s+mulus	  frequency.	  You	  could	  
also	  cross-‐correlate	  with	  any	  set	  of	  orthogonal	  basis	  func+ons	  
(for	  example,	  M-‐sequences)	  
	  
	  
	  



The	  nuts	  and	  bolts…Analysis	  

•  So	  now	  we’re	  done,	  right?	  



Coronal	  view	  –	  angular	  phase	  map	  



20	  deg	  Retinotopic 
cortex 



The	  brain	  is	  inconveniently	  wrinkly	  

•  1:	  Neural	  ac+va+on	  is	  restricted	  to	  a	  
thin	  (2-‐3mm)	  sheet	  of	  gray	  mager	  
	  

•  2:	  This	  gray	  mager	  is	  a	  2D	  manifold	  
folded	  in	  3D	  space.	  



Segmenta+on	  
•  Iden+fy	  white	  mager.	  

•  Ensure	  this	  volume	  is	  topologically	  
equivalent	  to	  a	  sphere	  (Hint	  	  -‐	  compute	  the	  
Euler	  number)	  	  

•  Then	  place	  a	  cor+cal	  mesh	  and/or	  gray	  
mager	  voxels	  on	  top	  of	  this	  volume.	  

See	  Teo	  and	  Wandell,	  1998	  

Tools:	  mrVISTA,	  mrGray,	  ITKGray,	  Freesurfer,	  Brainvoyager	  



A	  note	  on	  soiware:	  

•  VTK	  /	  ITK	  is	  an	  open-‐source	  image	  
segmenta+on	  and	  mesh	  rendering	  /	  
manipula+on	  toolbox	  

• www.kitware.com	  

See	  Teo	  and	  Wandell,	  1998	  



Analysis	  

•  So	  now	  we’re	  done,	  surely?	  



3D	  rendered	  views	  



Infla+on	  

•  Various	  schemes	  –	  e.g.	  	  preserving	  area	  
•  Simplest	  method	  is	  to	  itera+vely	  move	  each	  
mesh	  node	  to	  the	  average	  posi+on	  of	  its	  
neighbours.	  	  



Inflated	  Cor+cal	  Views	  



is presented, for example, a series of contrast patterns in
concentric rings at different diameters (Figure 3A). The re-
sponses to the series of rings are used to estimate the
most effective eccentricity. The angular measurements
compare the responses to a series of contrast patterns
comprising wedges that rotate around the fixation point;
the responses from the different angles are interpolated
to estimate the most effective angle (Figure 3B). Taken to-
gether, the two measurements specify the most effective
visual field position in polar coordinates (eccentricity,
angle).

A number of experimental decisions influence the qual-
ity of the map measurements (see the Discussion in Wan-
dell et al., 2005). When cortical locations within a map are
highly responsive to a small region of the visual field, ring
and wedge measurements can produce very clear maps.
A modern data set measuring the response at a location
within V1 to a series of rings yields an fMRI modulation
that is 15–20 standard deviations above the noise
(Figure 3C). These data show that cortex within human
V1 responds powerfully to stimuli in a small range of visual
field eccentricities. The most effective visual field eccen-
tricity smoothly changes from more foveal to more periph-
eral measuring from posterior to anterior calcarine; this
defines the V1 eccentricity map (Figures 3D and 3E). Sim-
ilarly, there is a peaked response as the wedge changes
angle, and the most effective angle varies smoothly across
a hemifield representation measuring from the superior to
inferior lip of the calcarine sulcus (Figure 3F).

The traveling-wave method provides three advantages
compared to earlier methods (Fox et al., 1987; Schneider
et al., 1993; Shipp et al., 1995). First, the traveling-wave
method presents an orderly series of visual field locations
from which the most effective location can be interpolated
using simple mathematical methods. Second, the entire
visual field layout is estimated, and the visual field map

description is not limited by the choice of certain critical vi-
sual field locations (e.g., horizontal and vertical meridians).
Third, comparing stimuli at certain critical visual field loca-
tions with a blank field creates a diffuse cortical response,
spreading as much as a centimeter in V1 (Fox et al., 1987).
Similarly, alternating nonoverlapping stimuli at specific vi-
sual field locations (e.g., horizontal and vertical meridians)
may activate neurons whose receptive fields overlap but
are not centered on the stimulus (Dumoulin and Wandell,
2007). While these approaches can give a rough estimate
of map boundaries, such measurements are not well-
suited for the description of a visual field map, for which
the identification of the most effective visual field position
for each location within a map is key. The traveling-wave
method is a differential measurement; for each cortical lo-
cation, the most effective stimulus is estimated by com-
paring the responses to a set of stimuli. Such differential
measurements are better suited to identifying a variety
of maps using neuroimaging methods (Grinvald, 1985).

The traveling wave method is effective for measuring
field maps with neurons that have small receptive fields
that are mainly confined to one hemifield, such as V1.
The visual field maps we summarize in the next several
sections were obtained using these methods. However,
as we explain later, the traveling-wave method has limita-
tions, particularly when measuring maps with large recep-
tive fields that include the fovea. In the last section of this
paper, we describe new developments designed to over-
come these limitations.
Identifying Visual Field Maps
In this review, we describe ‘‘visual field maps’’ rather than
‘‘visual areas.’’ Van Essen (2003) explains that a visual
area can be identified based on (1) architecture, (2) con-
nectivity, (3) visual topography, or (4) functional character-
istics. This definition is fraught with controversy because
these empirical criteria may conflict, and reasonable

Figure 3. Traveling-Wave Method
Traveling-wave stimuli comprise a set of con-
trast patterns at different eccentricities or an-
gles. We show an example of one stimulus
frame from the expanding ring (A) and rotating
wedge (B) stimulus sequence. The arrows indi-
cate the direction in which the contrast pattern
sections are moving in sequential stimulus
frames, but the arrows are not present in the
stimulus. These stimuli elicit a BOLD signal
modulation on the order of 1%–3%. (C). This
modulation is typically 15–20 standard devia-
tions above the background noise. The time
(phase) of the peak modulation varies smoothly
across the cortical surface (space). Six stimu-
lus repetitions are shown. In this case, space
measures distance along the calcarine sulcus
in the right hemisphere (indicated by the
dashed lines in panels E and F). The time delay
(phase) defines the most effective stimulus ec-
centricity (ring) and angle (wedge) in the stimu-
lus sequence. The inflated cortical surface (D)

is labeled as follows: corpus callosum, CC; the parietal-occipital sulcus, POS; calcarine sulcus, CaS. An expanded view of this surface near calcarine
is overlaid with a color map showing the response phase at each location for an eccentricity (E) and angle experiment (F) (see the colored legends).
The stimuli covered the central 16 degrees radius. Calcarine sulcus contains the V1 hemifield map of the contralateral visual field. For clarity, only
locations near the calcarine sulcus are colored, and only locations with a powerful response are shown.
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Flagening	  

•  The	  cor+cal	  sheet	  is	  fundamentally	  2D	  
•  One	  convenient	  representa+on	  is	  achieved	  by	  
flagening	  the	  cor+cal	  mesh	  computa+onally	  

•  Obviously	  this	  means	  you	  have	  make	  at	  least	  
one	  cut	  (think	  –	  flagening	  a	  beach	  ball)	  

•  Some	  groups	  /	  packages	  make	  addi+onal	  cuts	  
to	  ‘relieve	  tension’	  

•  Early	  visual	  cortex	  has	  rela+vely	  ligle	  ‘intrinsic	  
curvature’	  –	  addi+onal	  cuts	  are	  not	  necessary	  	  



Flagening	  

•  A	  single,	  very	  beau+ful	  equa+on	  can	  generate	  
a	  2D	  flagened	  surface	  given	  the	  2D	  
coordinates	  of	  a	  set	  of	  perimeter	  nodes	  P	  and	  
the	  connec+on	  matrix	  of	  the	  3D	  triangular	  
mesh.	  

•  If	  node	  i	  and	  node	  j	  in	  a	  mesh	  are	  connected	  
then	  element	  (i,j)	  in	  the	  connec+on	  matrix	  N	  is	  
1	  (and	  0	  otherwise).	  Note	  that	  N	  is	  sparse.	  



Flagening	  

•  X:	  2d	  loca+ons	  of	  internal	  points	  
•  X0	  :	  2d	  loca+ons	  of	  perimeter	  
•  N	  sparse	  connec+on	  matrix	  for	  internal	  points	  
•  P	  sparse	  connec+on	  matrix	  between	  perimeter	  and	  
internal	  points	  

•  (Note	  -‐	  the	  connec+on	  matrix	  between	  the	  perimeter	  
points	  is	  implicit	  in	  their	  order	  -‐	  they	  are	  connected	  in	  
a	  ring)	  

	  

X = N \ (P*X0 )
Floater,	  M.	  S.	  (1997).	  Parameteriza+on	  and	  smooth	  approxima+on	  of	  surface	  triangula+ons.	  Computer-‐Aided	  Geometric	  
Design,	  14,	  231±250.	  	  
Tuge,	  W.	  T.	  (1960).	  Convex	  representa+on	  of	  graphs.	  Pro-‐	  ceedings	  of	  the	  London	  Mathema+cal	  Society,	  10,	  743±768.	  
Wandell	  et	  al	  (2000)	  	  Visualizaton	  and	  Measurement	  of	  the	  cor+cal	  surface.	  J	  Cog	  Neuro	  12	  7390752	  
	  
	  
	  









V1	  

V2d	  

V2v	  

V3v	  

V3d	  



colleagues demonstrated an in vivo magnetic resonance contrast
that is blood oxygen level dependent (BOLD) (Ogawa & Lee,
1990; Ogawa, Lee, Kay, & Tank, 1990; Ogawa, Lee, Nayak, & Glynn,
1990). They recognized that the blood oxygen level, in turn, de-
pends on neural activity. The work by Ogawa and colleagues in ani-
mal motivated several groups to examine whether these BOLD
effects could also be measured in human; in 1992 three groups re-
ported a BOLD signal in human cortex with two groups showing
activation in visual cortex (Kwong et al., 1992; Ogawa et al.,

1992) and one in motor cortex (Bandettini, Wong, Hinks, Tikofsky,
& Hyde, 1992). Images of the functional responses from the two pa-
pers that measured in occipital cortex are reprinted in Fig. 2.

While Ogawa and colleagues’ work made clear that the BOLD
response was connected to neural activity, there remained much
uncertainty about the specific cellular and molecular mechanisms
mediating the relationship between neural signals and BOLD. This
uncertainty raised questions about the value of BOLD to neurosci-
ence and in particular the spatial resolution of the technique

Fig. 1. Progress in measuring human visual cortex topography over the past 25 years. Each column contains two images using the same technology. The images in the left
column were measured using PET. The outline indicates the rough position of the border of the brain (sagittal view, occipital lobe on the right). The brightness measures the
difference in PET signal when subjects viewed a uniform field and a contrast pattern presented either at the fovea (0.1–1.5!, top) or near fovea (1.5–5.5!, bottom) (Fox et al.,
1986, Fig. 3). The images in the middle column are the first measurements of human cortical topography using functional MRI (fMRI). The image planes are parasagittal and
show regions near the calcarine sulcus (V1). The upper image measures response differences between visual contrast patterns in the left (blue) and right (yellow) visual field;
the two slices are parasagittal planes from different hemispheres. The bottom image measures response differences to stimuli in the upper (yellow) and lower (blue) visual
field. The color scale bars are p-values from a t-test of the response differences. The small white-line insets are approximately 1 cm (Schneider, Noll, & Cohen, 1993, Fig. 1).
Recent fMRI measures, as in the right column, show the visual topography in multiple cortical maps. The anatomical underlay is a flattened representation of cortex near the
occipital pole and including calcarine: dark indicating a sulcus and light a gyrus. The color overlay measures the visual field position that is most effective at stimulating each
cortical position; the top image shows the most effective angle and the bottom image the most effective eccentricity. Boundaries between maps can be seen in the angle
representation. For example, the boundary between V1/V2d is located at the lower vertical meridian representation (yellow), at this position the change in angle
representation reverses direction (top image). Other boundaries can be found by similar reversals. There is good visibility of the V1–V3 eccentricity maps, and it is plain that
V2 and V3 surround V1 (bottom). Distinct foveal representations can be seen in dorsal and ventral regions beyond the V3 border. These fall within other map clusters (V3A,
VO-1, not indicated) (Schira et al., 2009, Fig. 5). In all three columns the bottom images show the spatial resolution (voxel size) of the corresponding measurements. The z-axis
is the slice thickness, and the x- and y-axes indicate the ‘‘in-plane” resolution. The ratios of the voxel volumes across the three studies are 1600:8:1. For PET, the inplane voxel
size is the reported point spread function in the image (full-width at half maximum amplitude).
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V1	  

V2	  

V3	  

Visual	  area	  

Visual Areas V1, V2 & V3 are easy 



Early	  visual	  cortex	  

•  EVC	  contains	  over	  20	  separate	  func+onal	  
areas.	  	  

•  Many	  of	  these	  contain	  a	  simple	  transform	  of	  
the	  coordinate	  frame	  of	  the	  re+na	  –	  
‘re+notopic’	  

•  In	  other	  words,	  they	  contain	  copies	  of	  the	  
pictures	  entering	  the	  eye	  

	  
	  



entirely from models of visual recognition (Bar et al., 2001; Deco &
Rolls, 2004; DiCarlo & Cox, 2007; Riesenhuber & Poggio, 2000). We
stand here in support of studying the function of V3.

Three additional maps, hV4, VO-1, and VO-2, are located on the
ventral surface, adjacent to V3v. The hV4 angle map extends over a
full hemifield, but not all subjects show a complete hemifield rep-
resentation (Hansen, Kay, & Gallant, 2007; Larsson & Heeger, 2006;
Winawer et al., 2010). Also, notice that the hV4 eccentricity map
does not follow along the full length of V3v, but rather hV4 stops
short and emphasizes the central visual field. The VO-1 map abuts
the anterior portion of hV4 and a ventral portion of V3v. In this
subject the VO-1 map spans a full hemifield. The VO-2 map abuts
VO-1 and V3v; in this data set there is only a slight hint of the low-
er field representation. While the V1–V3 eccentricity map runs
posterior–anterior, the VO eccentricity map runs lateral–medial
with the relatively peripheral representation bordering V3v
(Brewer, Liu, Wade, & Wandell, 2005). Additional ventral maps
(PHC-1/2) anterior to VO-2, but not shown in these images, have
been reported (Arcaro, McMains, Singer, & Kastner, 2009).

Another set of maps is located on the lateral occipital surface:
LO-1, LO-2, TO-1, and TO-2 (Amano, Wandell, & Dumoulin, 2009;
Dukelow et al., 2001; Georgieva, Peeters, Kolster, Todd, & Orban,
2009; Huk, Dougherty, & Heeger, 2002; Larsson & Heeger, 2006;
Smith, Greenlee, Singh, Kraemer, & Hennig, 1998).1 These extend
from V3d and cover a large portion of the lateral occipital cortex.
The maps labeled TO-1 and TO-2 (temporal–occipital) fall within
the region of motion-selective cortex that is frequently described
as MT+ (DeYoe et al., 1994). The LO-1/2 and TO-1 maps all include

red, green and blue regions consistent with visual field coverage that
extends through a hemifield. Analyses of visual field coverage and
functional responses of the LO-1/2 maps has been reported by Ama-
no et al. (2009) and Larsson and Heeger (2006).

Finally, another pair of maps, V3A and V3B is present on the
dorsal surface. These maps both include angle responses that span
the hemifield. The eccentricity representation in these maps does
not align with V1–V3 (Press, Brewer, Dougherty, Wade, & Wandell,
2001; Tootell et al., 1997; Wandell et al., 2005, 2007), but rather is
distinct rather like the VO-1/2 maps. Further dorsal, beyond the
V3A and V3B maps running into the intraparietal sulcus, there
are additional maps named IPS-0,1,2,3 and SPL-1 (Superior Parietal
Lobule). IPS-0 was first reported by Tootell et al. (1998) and origi-
nally it was labeled V7. IPS-3 was described by Sereno et al. (Hag-
ler, Riecke, & Sereno, 2007; Sereno, Pitzalis, & Martinez, 2001) and
sometimes referred to as LIP; SPL-1 was first described by Konen
and Kastner (2008a). These maps and their functional responses
have been described in other reports as well (Konen & Kastner,
2008b; Lauritzen, D’Esposito, Heeger & Silver, 2009; Levy, Schlup-
peck, Heeger, & Glimcher, 2007; Schluppeck, Glimcher, & Heeger,
2005; Silver & Kastner, 2009; Silver, Ress, & Heeger, 2005; Swisher,
Halko, Merabet, McMains, & Somers, 2007).

A summary of the positions of these maps, shown in more con-
ventional lateral (upper left) and medial (lower right) views, and
without an expansion of the sulci, is shown in Fig. 5. Note that there
is a region between the LO/TO maps and the VO maps where no reli-
able maps have been identified (Figs. 4 and 5). This region is close to
the transverse sinus, a large blood vessel that distorts the magnetic
field. It is possible that this portion of cortex, unlike all the regions
surrounding it, contains no maps; it may contain only object-selec-
tive regions with no visual field representation. Alternatively,

1 The measurements reported by these investigators agree, but the visual map
naming does not. For an explanation, see Wandell et al. (2007).

V1

V2v
V3v

VO-2

hV4VO1

V3d
V2d

V2d

V3d

V3B

V3A

LO-1 LO-2 TO-1

TO-2

V1
hV4

CoS
FG

CalS

OTS

IPS

Fig. 5. Posterior visual field maps shown on a slightly smoothed boundary of the cortical surface. The maps are indicated by the colored and labeled regions. This image
shows only some of the reported maps. Additional maps have been reported in the intraparietal sulcus (IPS-0-4) and anterior ventral–occipital cortex (para-hippocampal
cortex) (PHC-1,2). Other labels as in Fig. 4.
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Known	  re+notopic	  areas	  

•  Why	  can’t	  we	  just	  use	  func+onal	  localizers?	  
•  Answer	  –	  some	  of	  the	  differences	  between	  
areas	  appear	  to	  be	  very	  subtle	  

•  In	  fact	  this	  is	  precisely	  what	  we’re	  interested	  
in	  studying	  



Subcor+cal	  re+notopy	  
Backus, & Heeger, 2000; Somers, Dale, Seiffert, & Tootell, 1999; Too-
tell et al., 1998). For example, inducing subjects to shift spatial
attention continuously from fovea to periphery produces fMRI trav-
eling waves of activity in several cortical maps, including V1–V3
(Brefczynski & DeYoe, 1999). The spatial attention responses can
be measured using fMRI in human V1, but such attention responses
are not clearly identified in non-human primates (Maunsell & Cook,
2002). There are unresolved questions about whether these dis-
crepancies are due to differences in species or measurement meth-
ods (Yoshor, Ghose, Bosking, Sun, & Maunsell, 2007).

Modulating spatial attention evokes responses in many other
extrastriate regions. Using attention manipulations, Tootell et al.
(1998) identified a new map, V7, located in the posterior intrapa-
rietal sulcus (IPS). This map turned out to be one of a series located
in the IPS, and each one appears to represent a hemifield (Press
et al., 2001; Silver et al., 2005; Swisher et al., 2007). Manipulations
of visual short-term memory, saccadic control, and multisensory
stimuli also enhance IPS responses. Combining these task manipu-
lations with stimulus-driven activity can be helpful in identifying
additional IPS maps (Gandhi et al., 1999; Kastner, Pinsk, De Weerd,
Desimone, & Ungerleider, 1999; McMains, Fehd, Emmanouil, &
Kastner, 2007; Saygin & Sereno, 2008; Schluppeck et al., 2005; Sil-
ver et al., 2005; Swisher et al., 2007). The IPS maps beyond V7 were
labeled IPS-1, IPS-2 and IPS-3. Swisher et al. (2007) suggested that
for clarity V7 be renamed IPS-0 (see also Wandell et al. (2007)). Ad-
vances in the analysis of these maps and their functional properties
are reviewed by Silver and Kastner (2009).

3. Sub-cortical visual field maps

There has been good progress in measuring retinotopic re-
sponses from several sub-cortical regions, including the lateral
geniculate nucleus (LGN, Fig. 8), superior colliculus, and the pulvi-
nar (Chen, Zhu, Thulborn, & Ugurbil, 1999; Schneider & Kastner,
2005; Ugurbil et al., 1999), as well as identifying responses that
arise from separate layers within the LGN (Schneider, Richter, &
Kastner, 2004). Responses from these regions are evoked or modu-
lated by attention, binocular rivalry, spatial position judgments,
and color (Cotton & Smith, 2007; Haynes, Deichmann, & Rees,
2005; Kastner, Schneider, & Wunderlich, 2006; Kastner et al.,
2004; Schneider & Kastner, 2009; Schneider et al., 2004; Smith,
Cotton, Bruno, & Moutsiana, 2009; Sylvester, Haynes, & Rees,
2005; Sylvester & Rees, 2006). Both anatomical and functional
analyses are being used to evaluate a thalamic role in the develop-
mental disorder of amblyopia (Barnes et al., 2009; Hess, Thompson,
Gole, & Mullen, 2009; Mullen, Dumoulin, & Hess, 2008).

Measuring sub-cortical maps presents a particular set of techni-
cal challenges. Unlike cortical maps, the sub-cortical regions do not
neatly tile a single 2-dimensional sheet. Hence, the convenience of
identifying retinotopic maps based on angle reversals at area bor-
ders is not available. Moreover transforming the 2-dimensional
slices acquired in MR imaging into an appropriate visualization,
such as computationally inflated meshes or flattened sheets, is
not yet routinely applied to sub-cortical areas. Sub-cortical regions
are small relative to cortical areas. The superior colliculus in partic-
ular is close to the brainstem, resulting in pulsatility that induces
motion artifacts (DuBois & Cohen, 2000). With improvements in
resolution, visualization, and MR technology, we expect to see sig-
nificant progress in studying the function and organization of sub-
cortical maps.

4. Comparative measurements

It has been nearly 70 years since the discovery of a second cor-
tical visual field map (V2) in cat and rabbit (Talbot, 1940, 1942;

Talbot & Marshall, 1941; Thompson et al., 1950; Tusa et al.,
1978), it has been fifty years since a second map was described
in the squirrel monkey (Cowey, 1964), and a third map in cat (Hu-
bel & Wiesel, 1965). Yet, until the early 70s most thinking about vi-
sual cortex was dominated by measurements in primary visual
cortex (V1). For example, in their important Ferrier Lecture, Hubel
and Wiesel (1977) make only passing reference to signals in
extrastriate maps. Over the last 25 years the emphasis has changed
enormously. The Ferrier Lecture contributed by Zeki (2005) opens
with the sentence ‘The visual brain consists of many different
areas.’

The striking change in emphasis occurred during the period
from the late 60s through the early 90s as investigators devel-
oped methods to parcellate extrastriate cortex in the non-human
primate into visual areas (Allman & Kaas, 1971; Cragg, 1969;
Dubner & Zeki, 1971; Felleman & Van Essen, 1991; Kuypers
et al., 1965; Zeki, 1969a). Working with the tools of single-unit
recording, it was quite difficult to establish the existence of a
map because the field of view of these technologies is small.
The process of using electrodes to identify a map was described
as ‘‘a dismaying exercise in tedium, like trying to cut the back
lawn with a pair of nail scissors (Hubel & Wiesel, 2005).” Per-
haps because of this difficulty, the parcellation into multiple
areas relied significantly on other criteria: (i) architecture, (ii)
connectivity, (iii) visual topography, and/or (iv) functional char-
acteristics’ (Van Essen, 2003). Differences in cortical regions as
revealed by any of these measures raised the possibility that a
new visual area might be found; in the context of this array of
measurements, the presence of an organized visual field map
(topography) was neither unique nor decisive. We emphasize
that the distinction between a map and an area is significant
(Wandell et al., 2005). This can be seen in the discussions about

Fig. 8. LGN responses to visual stimuli measured with fMRI. Observers viewed
flickering checkerboards (7.5 Hz) alternately confined to either the right or left
visual hemifield; the lateral geniculate nucleus (LGN) and visual cortex responded
to stimuli in the contralateral visual field. The central images are coronal (top) and
axial (bottom) slices from a single, representative observer. The red/yellow and
blue/green colors indicate significant responses to checkerboards on the right or left
of fixation, respectively (scale in z-scores). The large regions of activation near the
occipital pole are in visual cortex. The smaller, more anterior regions of activation
(arrows) are LGN activations (Kastner et al., 2004).
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pRF	  mapping	  

•  A	  weaponized	  version	  of	  re+notopic	  mapping	  

•  Given	  a	  slightly	  more	  complex	  visual	  s+mulus:	  
Allows	  you	  to	  fit	  es+mates	  of	  recep+ve	  field	  
loca+on,	  shape,	  extent…	  

•  In	  principle	  you	  can	  fit	  lots	  of	  parameters	  
•  In	  prac+ce	  people	  tend	  to	  limit	  to	  3	  or	  4	  



population Receptive Field (pRF)"

Conventional resolution"
2.5 mm isotropic"

~1 million neurons"

What are the quantitative pRF properties?!

pRF!

Visual field"

x"

y"

pRF size influences 
fMRI signal, e.g. 
Tootell et al (1997), 
Smith et al (2000), 
Kastner et al (2001)."

Courtesy	  of	  Serge	  Dumoulin	  
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Hemodynamic response function!
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Comparison	  with	  electrophys.	  

Nuisance and HRF factors influence pRF estimates

The estimated pRF size depends on a number of unwanted fac-
tors; only some of these are explicitly modeled. These include eye-
movements, head-movement, brain pulsatility and optical defocus.
All of these factors create a bias towards larger estimated pRF size;
they add noise, but no bias, to the visual field position estimates.

The temporal hemodynamic response function (HRF) is the
most important non-neural influence on the pRF size estimate.
Differences between the true and assumed HRF also influence
estimated pRF parameters. Given its importance, we explicitly
model the temporal HRF and derive subject-specific fits (Appendix
A). We model the HRF as a space–time invariant convolution
kernel (Boynton et al., 1996; Logothetis and Wandell, 2004;
Worsley et al., 2002) and we show that inexact characterization of
the HRF temporal spread influences the absolute values of our pRF
measurements, but not relative pRF measurements (Appendix C).

We used a space-invariant HRF because of its relative
simplicity and because it is possible to obtain a secure estimate
of the HRF by averaging over cortex. It may be, however, that the
HRF varies across cortex within individuals (Handwerker et al.,
2004; Miezin et al., 2000). Systematic failures of HRF space-
invariance may introduce systematic errors into the pRF size
estimate. In particular for our stimulus design, increased HRF
widths would be interpreted as increased pRF sizes. There are
several reasons why this possibility is unlikely to explain any of the
key results from our measurements.

First, the BOLD response to the same stimulus in V1 and LO
(see Figs. 3E and F) differ enormously. The difference is more 10
times larger than the typical HRF variation and therefore the
difference between these responses is not due to HRF variation
(Aguirre et al., 1998; de Zwart et al., 2005; Handwerker et al.,
2004; Miezin et al., 2000; Neumann et al., 2003).

Second, the small variations within cortical maps, such as the
changes we observe between central and peripheral representations
within V1–V3, are consistent with neuronal properties (Fig. 9).

Third, we made additional measurements of the spatial HRF
variation to see whether the differences might predict estimated
pRF size (Fig. 10). Specifically, we estimated the HRF a full-width
at half-maximum of a canonical model of the HRF at every cortical
location. We then plotted the estimated pRF size as a function of
the estimated HRF width. There is a weak negative correlation (r=
!0.1) between the HRF width and the pRF size (Fig. 10;

Supplementary Fig. 2). Hence, the pRF size differences are not
explained by increasing HRF widths. We repeated this analysis
using two different models of the HRF and the results are the same
for both models (Boynton et al., 1996; Friston et al., 1998).

The spatial–HRF also can influence the pRF parameters.
Experimental evidence does not reveal systematic variation in the
spatial spread of the HRF (Das andGilbert, 1995; Engel et al., 1997).
While these are only limited measurements, the reported variance in
the spatial extent of the HRF (b1 mm) is unlikely to play a
significant role in the fMRI data given the effective resolution of the
fMRI voxels (2.5!2.5!3 mm3). In the future, with more precise
estimates of the HRF across cortex, it should be possible to extend
the HRF analysis to include the spatial component (3–4 mm full-
width at half-maximum along the cortical surface (Das and Gilbert,
1995; Engel et al., 1997; Iadecola et al., 1997; Malonek and
Grinvald, 1996; Shmuel et al., 2007)). By assuming no spatial
spread, we introduce a bias towards increased pRF size.

Neuronal factors

The pRF is a statistical summary of the neuronal properties
within the sampled region, and pRFmodel parameters depend on the
size and intrinsic properties of the sampled neuronal population. In
many ways, the sampling problems in fMRI parallel those in

Fig. 10. The average relationship of the HRF width and estimated pRF size.
The horizontal axis represents the full-width at half-maximum of the HRF.
The vertical axis represents the pRF size. The data are averaged from three
subjects. There is a weak inverse relationship (r=!0.1), suggesting that
HRF variations cannot explain the large estimated pRF variations.

Fig. 9. A comparison between fMRI–pRF (A) and electrophysiological receptive field sizes (B) in visual field maps V1–V3. The average fMRI–pRF estimates
are indicated by the solid lines from Fig. 8; the average of single- and multi-unit receptive field size measurements from the literature are indicated by the solid
lines (Burkhalter and Van Essen, 1986; Felleman and Van Essen, 1987; Gattass et al., 1981; Gattass et al., 1987; Newsome et al., 1986; Rosa et al., 1988, 2000;
Van Essen et al., 1984). We also plot LFP–pRF size and range estimates with a black square, white cross and dashed lines, respectively (Victor et al., 1994).
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Conclusions (part 1)"

• pRF model-based method"
–  Estimate pRF properties: position (maps), size (+ more)"
–  Quantitative estimates (degrees of visual angle)"
–  Stimulus independent (but need baseline)"
–  Encoding and decoding model"

• pRF size estimates"
–  Large systematic variation across visual cortex (5x)"
–  Systematic increase across maps and with eccentricity"
–  Individual subjects (sizes vary 2x)"

Dumoulin, Wandell (2008)"
Courtesy	  of	  Serge	  Dumoulin	  



= point image pRF 

deg 

x CMF 

x mm/deg = mm (of cortical surface) 

Do pRF and CMF covary?"

Harvey, Dumoulin (2011)"
Courtesy	  of	  Serge	  Dumoulin	  



-‐  One Gaussian model does not predict negative BOLD"
-‐  Can pRF center-surround configuration improve the fit?"

Extending the pRF model"

Zuiderbaan, Harvey, Dumoulin (2012)"

fMRI data"

Model fit"

Mismatch"



Extending the pRF model"

Center-‐surround	  

Zuiderbaan, Harvey, Dumoulin (2012)"



Conclusions	  (part	  3)	  

• Center-surround pRF model improves fMRI data-fit 
•  only for V1/2/3, largest improvement in V1 
•  using standard mapping stimuli 

•  Center-surround properties 
•  Both center and surround pRF increase with eccentricity and visual 

field map 

•  Reflected in electrocorticographical data 
•  V1 alpha oscillations reflect surround suppression 

Zuiderbaan, Harvey, Dumoulin (2012)"



pRF	  mapping	  

	  
•  Advantages:	  more	  
informa+on,	  somehow	  more	  
sa+sfying	  

•  Disadvantages	  :	  more	  hassle	  

	  	  

maps are stimulus-independent but the exact stimulus parameters
will determine the precision of the estimates (Wandell et al.,
2005).

The pRF visual field maps derived by combining the mea-
surements with bars, rings and wedges (including mean-luminance
blocks) are shown as angular and eccentricity maps in Fig. 5. The
maps are shown on an inflated cortical surface in the region near
the occipital pole (Fig. 5A). The stimuli covered only the central 3°
radius of the visual field. For many years, labs using conventional
methods stopped visual field mapping at 0.5°–2° eccentricity,
believing that central foveal maps could not be accurately mea-
sured (Dougherty et al., 2003; Liu et al., 2005; Schira et al., 2007;
Silver et al., 2007; Somers et al., 1999; Tootell and Hadjikhani,
2001). Notice that with the pRF model-based method, we trace
with high precision the visual field maps to the center of the foveal
representation. For example, we can find boundaries between V1,
V2 and V3 at an eccentric representation below half a degree (Figs.
5B and C).

Population receptive field size is 5! larger in LO and VO than
V1–V3

Fitting a symmetric Gaussian pRF model produces both visual
field map and pRF size estimates (!). The pRF size estimates from
a 14° radius field of view are shown for three subjects in Fig. 6.
There is a significant increase in pRF size as one compares the
responses in V1–V3 (!!0.5°–2°) with those in LO and VO
(!!4°–8°).

The quality of the pRF fit to the data is illustrated by com-
paring the measured and predicted time series in Fig. 4. For all
of the data shown in Fig. 6 (and Supplementary Fig. 1) the
average (minimum) percent variance-accounted-for (r2) is 60%
(25%).

The pRF is lateralized in V1–V3 but not in LO and VO

The laterality of the pRFs varies across cortex. The pseudo-
color overlay in Fig. 7 indicates the percentage of the pRF that is in
the ipsilateral visual field. In V1–V3, the pRFs are confined largely
to the contralateral visual field; the main exception occurs at the
vertical meridian representations that separate V1/V2 and the
vertical meridian of V3. At these boundaries, the pRF extends into
the ipsilateral visual field (Fig. 7).

The pRFs in LO and VO extend significantly into the ipsilateral
visual field. These laterality estimates quantify previous observa-
tions of ipsilateral responses in LO (Hemond et al., 2007; Niemeier
et al., 2005; Tootell et al., 1998). We note that the pRF estimates
here are based on a circularly symmetric Gaussian model; it may
be that models allowing asymmetric shapes will result in a different
assessment of laterality.

Fig. 5. pRF position estimates on an inflated cortical surface. The corpus collosum (CC) and the calcarine sulcus (CS) are labeled to clarify the orientation of the
inflated cortical surface. The position maps are displayed on the enlarged part of the occipital lobe, as indicated by the large black square in (A). The maps for
polar-angle (B) and eccentricity (C) are shown. The insets indicate the color map that defines the visual field representation. The boundaries between V1 and V3
are identified by the solid black lines.

Fig. 6. pRF size estimates on an inflated cortical surface. The pRF size maps
are displayed on the enlarged part of the occipital lobe, as indicated by the
black squares in the top two cortical surfaces. The colors indicate the
different pRF sizes as shown in the color bar. The pRF size map for one
subject is shown from the medial (A) and lateral view (B). The borders
between visual field maps V1 and V3 are delineated by the solid lines.
Lateral views from two additional subjects are shown in panels (C and D).
The pRF sizes are much smaller in the maps near V1 than those on the lateral
occipital surface. Supplementary Fig. 1 shows right, left, medial and lateral
views for all three subjects.
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Meridian	  mapping	  

•  It	  is	  possible	  to	  iden+fy	  visual	  area	  boundaries	  
for	  V1,	  V2	  etc	  using	  just	  the	  ver+cal	  and	  
horizontal	  meridia	  

•  This	  is	  a	  reasonable	  approach	  for	  finding	  V1,	  
V2	  

•  Higher	  visual	  areas	  tend	  to	  be	  smaller	  in	  
extent,	  have	  larger	  RFs.	  For	  some	  reason,	  
meridian	  mapping	  appears	  to	  be	  less	  reliable	  
here.	  

	  	  



Workshop	  session	  

•  You	  will	  be	  given	  a	  ‘raw’	  fMRI	  re+notopic	  
mapping	  dataset	  

•  You	  will	  anayze	  this	  data	  set	  to	  the	  point	  
where	  you	  can	  view	  rendered	  phase-‐mapped	  
data	  on	  the	  cor+cal	  surface	  

	  



Thank	  you	  


