
10 mm



Primary visual cortex: expanded 
layer 4 with three sublayers

Motor cortex: expanded layer 5, 
reduced layer 4

layer 4: input

layer 5: output

Cytoarchitecture and function
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Physically flattening the macaque brain
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Computationally flattening the human brain

David Van Essen





Inflating and flattening the human cortex (Tootell and Dale)
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Cortical magnification

Engel, Glover, & Wandell, Cereb Cortex (1997)
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A comparison of cortical visual 
areas in humans and two other 
primate species.  After Tootell and 
Dale (1996).



Human and macaque visual areas determined using fMRI (Brewer et al., 2002)
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Fig. 7. Interspecies comparisons using surface-based warping from the macaque to the human map. (A) Flat map of the macaque atlas, showing
landmarks used to constrain the deformation. These include areas V1, V2, MT+ , the central, Sylvian, and rhinal sulci, plus landmarks on the
margins of cortex along the medial wall. Grid lines were carried passively with the deformation. (B) Landmarks and grid lines projected to the
macaque spherical map. (C) Landmarks and grid lines deformed to the human spherical map. Neither of the spherical maps is at the same scale
as the flat maps. (D) Deformed landmarks and grid lines projected to the human flat map. (E) Visual areas on the macaque flat map, based on
the Lewis and Van Essen partitioning scheme in Fig. 4, plus iso-latitude and iso-longitude lines. (F) Visual areas on the macaque spherical map,
plus iso-latitude and iso-longitude lines. (G) Deformed macaque visual areas on the human spherical map, along with deformed iso-latitude and
iso-longitude lines. (H) Deformed macaque visual areas on the human flat map. To download these data, connect to http://stp.wustl.edu/sums/
sums.cgi?specfile=2001-03-06-VH.R.ATLAS–DeformedMa

Fig. 8 illustrates several types of comparisons that
can be made between the pattern of deformed macaque
visual areas and various types of experimental data
available for human occipital, temporal, and parietal
cortex. In Fig. 8A, the boundaries of human visuotopic
areas (taken from Fig. 6) are overlaid on the pattern of
deformed macaque areas. While there are many similar-

ities, there are also many differences between deformed
macaque areas and their candidate homologues in hu-
mans. Differences that warrant discussion include those
relating to areas V2, V3A, MT+/MST, V4, and V8.

Deformed macaque V2 extends substantially farther
than human V2 in both directions along its long axis
— towards the foveal representation (center of map)

Flattening and 
warping the human 
and macaque 
cortex (Van Essen, 
2001)
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Laminar organization 
of cortico-cortical 
connections 
(Felleman & Van 
Essen, 1991; Markov 
et al, 2013)
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Niell, 2011

(B) Visual areas in mouse cortex, showing 
nine extrastriate areas circumscribing primary 
visual cortex (V1). Proposed dorsal stream 
and ventral stream areas are shown in red 
and blue, respectively, with emphasis on 
putative gateway areas LM and AL. Adapted 
with permission from Wang and Burkhalter 
(2007).

Extrastriate visual areas in macaque and mouse

(A) Map of extrastriate cortical areas in 
macaque cortex. The “where” pathway 
extends dorsally into the parietal lobe, while 
the “what” pathway extends ventrally into 
the temporal lobe. Adapted with permission 
from Felleman and Van Essen (1991).
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Physiological evidence for parallel 
cortical pathways? (Felleman and 
Van Essen, 1987)



Ungerleider & Mishkin, 1982

Object discriminationLandmark discrimination



Sir David Ferrier Lesions that caused blindness



Ungerleider & Mishkin, 1982

Ventral pathway
Form, recognition, memory

Dorsal pathway
Space, motion, action



Functional specialization in human extrastriate visual cortex



Dissociating vision for perception and vision for action

Milner & Goodale, 1995; Karnath et al 2009

Polar plots illustrating perceptual orientation 
judgements (A) and orientation adaptation in 
reaching movements (B). The photo inlays 
illustrate the respective tasks. The different 
orientations of individual trials have been 
normalized to the vertical. The polar plots therefore 
show difference values to the vertical, representing 
a difference to the target orientation of 0°. Black 
data plots indicate the data of our patient J.S. and 
the data of VFA patient D.F. reported by Milner and 
Goodale (1995). Gray polar plots indicate an 
exemplary control of our study (A.K.) and the 
control subject reported by Milner and Goodale 
(1995) (Con). Bar plots illustrate SDs of J.S.'s 
responses in either task and average SDs in our 
group of healthy controls (error bars denote 1 SD).



example, has great difficulty pantomiming an action to an object
she saw moments before even though her real-time grasps to the
same object are essentially normal (Goodale, Jakobson, & Keillor,
1994). Taken together, these results lend support to the idea that
in contrast to the configural and scene-based processing associated
with perception, visuomotor systems are able to process the ac-
tion-relevant dimension while at the same time ignoring changes
in other, irrelevant, dimensions.

The differences in the metrics and frames of reference used
by vision-for-perception and vision-for-action have also been
demonstrated in experiments with pictorial illusions, particularly
size-contrast illusions. Aglioti, DeSouza, and Goodale (1995), for
example, showed that the scaling of grip aperture in flight was
remarkably insensitive to the Ebbinghaus illusion, in which a tar-
get disk surrounded by smaller circles appears to be larger than
the same disk surrounded by larger circles (see Fig. 7). They found
that maximum grip aperture was scaled to the real not the appar-
ent size of the target disk. A similar dissociation between grip scal-
ing and perceived size was reported by Haffenden and Goodale
(1998), under conditions where participants had no visual feed-
back during the execution of grasping movements made to targets
presented in the context of an Ebbinghaus illusion. Although grip
scaling escaped the influence of the illusion, the illusion did affect
performance in a manual matching task, a kind of perceptual re-
port, in which participants were asked to open their index finger
and thumb to indicate the perceived size of a disk. [This measure
is akin to the typical magnitude estimation paradigms used in con-
ventional psychophysics, but with the virtue that the manual esti-
mation makes use of the same effector that is used in the grasping
task.] To summarize then, the aperture between the finger and
thumb was resistant to the illusion when the vision-for-action sys-
tem was engaged (i.e. when the participant grasped the target) and
sensitive to the illusion when the vision-for-perception system
was engaged (i.e. when the participant estimated its size).

This dissociation between what people say they see and what
they do underscores the differences between vision-for-perception
and vision-for-action. The obligatory size-contrast effects that give
rise to the illusion (in which different elements of the array are
compared) presumably play a crucial role in scene interpretation,
a central function of vision-for-perception. But the execution of a
goal-directed act, such as manual prehension, requires computa-
tions that are centered on the target itself, rather than on the rela-
tions between the target and other elements in the scene. In fact,
the true size of the target for calibrating the grip can be computed
from the retinal-image size of the object coupled with an accurate
estimate of distance. Computations of this kind, which do not take
into account the relative difference in size between different ob-
jects in the scene, would be expected to be quite insensitive to
the kinds of pictorial cues that distort perception when familiar
illusions are presented.

The initial demonstration by Aglioti, DeSouza, and Goodale
(1995) that grasping is refractory to the Ebbinghaus illusion engen-
dered a good deal of interest amongst researchers studying vision
and motor control – and over the last 15 years, there have been
numerous investigations of the effects (or not) of pictorial illusions
on visuomotor control. Some investigators have replicated the ori-
ginal observations of Agioti et al. with the Ebbinghaus illusion (e.g.,
Amazeen & DaSilva, 2005; Fischer, 2001; Kwok & Braddick, 2003) –
and others have observed a similar insensitivity of grip scaling to
the Ponzo illusion (Brenner & Smeets, 1996; Jackson & Shaw,
2000), the horizontal–vertical illusion (Servos et al., 2000), the
Müller-Lyer illusion (Dewar & Carey, 2006), and the Diagonal illu-
sion (Stöttinger & Perner, 2006; Stöttinger, Soder, Pfusterschmied,
Wagner, & Perner, 2010). Others have reported that pictorial
illusions affect some aspects of motor control but not others
(e.g., Gentilucci, Chieffi, Daprati, Saetti, & Toni, 1996, Daprati &
Gentilucci, 1997; Biegstraaten, de Grave, Brenner, & Smeets,
2007; Glazebrook et al., 2005; van Donkelaar, 1999). And a few

Fig. 7. The effect of a size-contrast illusion on perception and action. (A) The traditional Ebbinghaus illusion in which the central circle in the annulus of larger circles is
typically seen as smaller than the central circle in the annulus of smaller circles, even though both central circles are actually the same size. (B) The same display, except that
the central circle in the annulus of larger circles has been made slightly larger. As a consequence, the two central circles now appear to be the same size. (C) A 3-D version of
the Ebbinghaus illusion. Participants are instructed to pick up one of the two 3-D disks placed either on the display shown in Panel A or the display shown in Panel B. (D) Two
trials with the display shown in Panel B, in which the participant picked up the small disk on one trial and the large disk on another. Even though the two central disks were
perceived as being the same size, the grip aperture in flight reflected the real not the apparent size of the disks. Adapted with permission from Aglioti et al. (1995).
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rectangular blocks that varied in their dimensions but not in their
overall surface area, she was unable to say whether or not any two
of these blocks were the same or different. Even when a single
block was placed in front of her, she was unable to indicate how
wide the block was by opening her index finger and thumb a
matching amount (see Fig. 2B). Nevertheless, when she reached
out to pick up the block using a precision grip, the opening be-
tween her index finger and thumb was scaled in flight to the width
of the object, just as it is in people with normal vision (see Fig. 2B).
Furthermore, DF exhibits normal visuomotor control in other tasks,
including stepping over obstacles during locomotion, despite the
fact that her perceptual judgments about the height of these obsta-
cles are far from normal (Patla & Goodale, 1997).

But where is the damage in DF’s brain? As it turns out, even
though DF shows diffuse loss of tissue throughout her cerebral cor-
tex (consistent with hypoxia), she also shows prominent focal le-
sions bilaterally in the lateral occipital cortex, a region of the
human ventral stream that we now know is involved in the visual
recognition of objects, particularly their geometric structure
(James, Culham, Humphrey, Milner, & Goodale, 2003; see Fig. 3).
It is presumably this selective damage to her ventral stream that
has disrupted her ability to perceive the form of objects. But these
lesions have not interfered with her ability to use visual informa-
tion about form to shape her hand when she reaches out and grasp
objects. The preservation of normal visually guided grasping in the
face of ventral-stream damage, suggests that other parts of her
brain are able to process information about the size, shape, and ori-
entation of the objects that she is able to grasp.

Since the original work on DF, other patients with ventral-
stream damage have been identified who show strikingly similar
dissociations between vision-for-perception and vision-for-action.
Thus, Patient SB, who suffered several bilateral damage to his ven-
tral stream early in life, shows remarkably preserved visuomotor
skills (he plays table tennis and can ride a motorcycle) despite hav-
ing profound deficits in his ability to identify objects, faces, colors,
visual texture, and words (Dijkerman, Lê, Démonet, & Milner,
2004; Lê et al., 2002). Recently, another patient, who sustained
bilateral damage to the ventral stream following a stroke, was
tested on several of the same tests that were given to DF more than
a decade ago. Remarkably, this new patient (JS) behaved almost
identically to DF: in other words, despite his inability to perceive
the shape and orientation of objects, he was able to use these same
object features to program and control grasping movements direc-
ted at those objects (Karnath, Rüter, Mandler, & Himmelbach,
2009; see Fig. 4). Finally, it is worth noting that if one reads the

early clinical reports of patients with visual form agnosia, one
can find a number of examples of what appears to be spared visu-
omotor skills in the face of massive deficits in form perception.
Thus, Campion (1987), for example, reports that patient RC, who
showed a profound visual form agnosia after carbon monoxide poi-
soning, ‘‘could negotiate obstacles in the room, reach out to shake
hands and manipulate objects or [pick up] a cup of coffee”.

Although it is somewhat of a gloss, one might say the pattern of
visual deficits and spared abilities in DF (and in SB, JS, and other
patients with visual form agnosia) is the mirror image of that ob-
served in the optic ataxia patients described earlier. DF, for exam-
ple, who has damage in her ventral stream, can reach out and grasp
objects whose form and orientation she does not perceive, whereas
patients with optic ataxia, who have damage in their dorsal stream,
are unable to use vision to guide their reaching and/or grasping
movements to objects whose form and orientation they perceive.
This ‘double dissociation’ cannot be easily accommodated within
the traditional what vs. where account. Instead, to make sense of
these data, a new formulation of the division of labor between
the ventral and dorsal streams is required.

6. Two visual streams: a new perception–action framework

In the early 1990s, David Milner and I proposed a functional dis-
tinction between the two streams that focused on the differences
in the output systems served by each stream. According to our ac-
count, the ventral stream plays the major role in constructing a
perceptual representation of the visual world and the objects with-
in it, while the dorsal stream mediates the visual control of actions
directed at those objects (Goodale & Milner, 1992; Milner &
Goodale, 1993). Thus, the ventral stream (together with associated
cognitive networks) allows us to identify objects and events, attach
meaning and significance to them, and establish their causal rela-
tions. Such operations are essential for accumulating and accessing
a visual knowledge-base about the world. As I will discuss later, it
is the ventral stream that provides the perceptual foundation for
the offline control of action, projecting action into the future and
incorporating stored information from the past into the control
of current actions. In contrast, processing in the dorsal stream does
not generate visual percepts; it generates skilled actions (in part by
modulating processing in more ancient visuomotor modules de-
scribed earlier).

Note that this division of labor reflects the competing demands
on vision outlined in the last section: the perception of objects and

Fig. 3. Area LO, a ventral-stream area implicated in object recognition (particularly object form), has been localized on the brain of a healthy control subject by comparing
fMRI activation to intact versus scrambled line drawings. Note that the lesion (marked in blue) on patient D.F.’s right cerebral hemisphere encompasses all of area LO. Area LO
in D.F.’s left hemisphere is also completely damaged. Adapted with permission from Goodale and Milner (2004).
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objects placed in her hands; her perceptual problems appeared to
be exclusively visual. DF still perceived motion and she could also
distinguish amongst objects on the basis of their color and visual
texture; it was the form of the objects that defeated her. Even
today, more than 20 years after the accident, she remains quite
unable to identify objects or drawings on the basis of their visual
form. In fact, DF’s deficit in form vision is so complete that she
has great problems describing or discriminating the orientation
or form of any visual contour, no matter how that contour is
defined. Thus, she cannot identify shapes whose contours are
defined by differences in luminance or color, or by differences in
the direction of motion or the plane of depth. Nor can she recog-
nize shapes that are defined by the similarity or proximity of
individual elements of the visual array.

DF’s basic deficit in form vision is not unique. Several other
patients have been described in the literature, the most famous
of which is probably Mr. S., who ‘‘was found stuporous on the

bathroom floor after having been exposed to leaking gas fumes
while showering” (Benson & Greenberg, 1969). Like DF, Mr. S.
had profound deficits in object and pattern recognition; he failed
to recognize familiar faces, and was unable to identify or copy line
drawings of common objects or even simple geometric shapes.
When he was shown real objects, however, again like DF, he was
sometimes able to make reasonable guesses at the object’s identity
by virtue of surface properties such as color, reflectance, and tex-
ture (Efron, 1969). Benson and Greenberg coined the term, visual
form agnosia, to refer to the specific deficit in form vision shown
by Mr. S. and DF.

Remarkably, however, even though DF can no longer discrimi-
nate between objects on the basis of their size, shape, and orienta-
tion she is able to scale her hand to the size, shape, and orientation
of these same objects when she reaches out to pick them up
(Goodale et al., 1991; Goodale, Meenan, et al., 1994; Milner et al.,
1991). For example, when she was presented with a series of

Fig. 1. The two streams of visual processing in human cerebral cortex. The retina sends projections to the dorsal part of the lateral geniculate nucleus (LGNd), which projects
in turn to primary visual cortex. Within the cerebral cortex, the ventral stream arises from early visual areas (V1+) and projects to the inferotemporal cortex. The dorsal
stream also arises from early visual areas but projects instead to the posterior parietal cortex. Recently, it has been shown that the posterior parietal cortex also receives visual
input from the pulvinar via projections to MT (middle temporal area) and V3, as well as from the interlaminar layers of LGNd via projections to MT and V3. The pulvinar
receives projections from both the retina and from the superior colliculus (SC). The approximate locations of the two streams are shown on a 3-D reconstruction of the pial
surface of the brain. The two streams involve a series of complex interconnections that are not shown. Adapted from Goodale, M. A. and Westwood, D. A. (2004). An evolving
view of duplex vision: separate but interacting cortical pathways for perception and action. Current Opinion in Neurobiology, 14, 203–211.

Fig. 2. Graphs showing the size of the aperture between the index finger and thumb during object-directed grasping and manual estimates of object width for RV, a patient
with optic ataxia, and DF, a patient with visual form agnosia. Panel A shows that RV was able to indicate the size of the objects reasonably well (individual trials marked as
open diamonds), but her maximum grip aperture in flight was not well-tuned. She simply opened her hand as wide as possible on every trial. In contrast, Panel B shows that
DF showed excellent grip scaling, opening her hand wider for the 50 mm-wide object than for the 25-mmwide object. D.F.’s manual estimates of the width of the two objects,
however, were grossly inaccurate and showed enormous variability from trial to trial.
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