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P. M., a colonel in the British army who fought Morth Africa during the Second World
War, was struck by a bullet that went through thadk of his brain. Miraculously, P. M.
survived, but his vision was severely affected. ldempletely lost sight in the right visual
field but the central part of his left visual fieldurvived. He reported that he could see
anormally® in a region of the left visual world tHavas about the diameter of your fist held
at arm's length directly in front of your face.

P. M.'s symptoms reveal a topographical map of theual world in the occipital cor-
tex and the possibility of seeing through only a atnpart of it. But what did P. M. expe-
rience in the rest of the visual world? Shortly afthis injury, he reported that the lost
world appeared black, as though the lights were o@ccasionally, however, he was
aware that the lost regions were different, 2almagtay,® although he could never express
specifically what exactly was different other thahe grayness.

P. M. also experienced a phenomenon that many pasewith extensive visual-field
defects experience: if asked to guess whether a spblight had blinked in his blind field,
he could @guess® at above-chance levels. He was raminsciously aware that the light
had appeared and seemed bemused that he could gusesnetimes quite accurately,
about the presence or absence of the light.

In spite of his residual central vision, P. M. hativo particular (and, for him, aggra-
vating) problems: he found it very difficult to rdaand he had difficulty recognizing faces.
Curiously, however, P. M. could recognize other etfs more easily, even though he

could not see any more of them than he could theda.

Cases such as P. M.'s are especially interesting &ese our brains are or-
ganized around vision. Our perception of the worlds predominantly vi-

sual, our movements are guided by visual informatip our social and sexual
behavior is highly visual, our entertainment is layely visual, and our nights
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are enriched by visual dreams. In this chapter, viiest consider the anatom-
ical organization of the occipital lobes and thenxamine the extent of the vi-
sual system within the brain. Next, we examine disders of the visual
pathways and of the visual system. We shall see wiages present a special
problem for the visual system and why the ability towisualize presents hu-
mans a unique opportunity.

Figurel3. l/ledial view of the
occipital lobe, illustrating the major

Anatomy of the Occipital Lobes landmarks.

The occipital lobes form the posterior pole of thecerebral hemi-
spheres, lying under the occipital bone at the baaif the skull.
On the medial surface of the hemisphere, the occtpl lobe is
distinguished from the parietal lobe by the pariet@ccipital sul-

Parieto-occipital
sulcus

Cuneate gyrus

cus, as illustrated in Figure 13.1. No clear landnks separate the / \\/_‘;\Lcmcarine
occipital cortex from the temporal or parietal coréx on the lat- ,ﬂy sulcus

. - F S
eral surface of the hemisphere, however, because titcipital tis- : Collateral

/= |

sue merges with the other regions. The lack of cled&andmarks Fusiform  Lingual ~ Lingual sulcus
makes it difficult to define the extent of the ocgiital areas pre- gyrus suleus  gyrus
cisely and has led to much confusion about the exdoundaries.

Within the visual cortex, however, are three cleatandmarks. The most
prominent is the calcarine sulcus, which containsunch of the primary cortex
(see Figure 13.1). The calcarine fissure di-
vides the upper and lower halves of the visual
world. On the ventral surface of the hemi-
sphere are two gyri (lingual and fusiform).
The lingual gyrus includes part of visual cor- (

(A) Monkey right hemisphere

tical regions V2 and VP, whereas V4 is in
the fusiform gyrus.

Subdivisions of the Occipital COrtex r.icned cortex

The monkey cortex was first divided by S —
Brodmann into three regions (areas 17, 18, and f -

19, see Figure 10.7), but studies using imaging,

physiological, and newer anatomical tech-
nigues have produced much finer subdivisions.
Although the map is still not complete, the
consensus is that the occipital cortex contains
at least nine different visual areas, as illustrate v the sulci are opened slightly. (B) A
in Figure 13.2: V1, V2, V3, VP, V3a, V4d, Vv, ! \ _ flattened cortical surface showing
DP, and MT (also known as V5). /»' both the lateral and the medial

Figure 13.2 shows the locations of some [ ) regions. The shaded areas represent
f th the lateral ; f Light shading represents regions that are normally curved up
of these areas on the lateral surface ot gyrs aillsoys (gyri) or down (sulci). The asterisks

the monkey brain as well as their locations refer to the foveal representation in
on a two-dimensional flattened map that SIS BT Ty areas B1 and V4. (After Tootell and
. represents sulcus @valleys.® - : . S

includes both the lateral areas and those Hadjikhani, 2001, with permission.)

Figurd.g . Zopography of the
visual cortex of the macaque monkey.
(A) A nearly normal rendition of the
lateral surface of the brain in which
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(A) Human right hemisphere (lateral,

Figurel3 . 3’opography of the viewed slightly from behind)

human visual cortex. (A) A nearly
normal rendition of the lateral
surface of the brain in which the
sulci are opened slightly. (B) The
medial surface in which the sulci are
opened slightly. (C) A flattened
cortical surface showing both the
lateral and medial regions. The
shaded areas represent regions that
are normally curved up (gyri) or do i . )
(sulci). The asterisks refer to the X&? \Eé%\tg: zﬂgﬁﬁﬁgﬁiﬂi’)
foveal representation in areas V1 and
V4. (After Tootell and Hadjikhani,
2001, with permission.)

(C) Flattened view of occipital
cortex

located on the medial surface of the hemi-
sphere. The precise locations of the human
homologues are still not settled, but Figure
13.3 presents a recent map constructed
by Tootell and Hadjikhani that includes all

of the monkey areas as well as an additional colsensitive area (V8).
Some of the areas contain a complete visual fieldhereas others have only
an upper or lower visual field. This distinction iscurious, and Previc has sug-
gested that the upper and lower fields may have fdifent functions, with the
upper more specialized for visual search and recadgon and the lower more

Parietal
lob

lobe

Cell-body stain Myelin stain

Figurel3.4’he visual cortex is
highly laminated, as can be seen ina
cell body stain (left) or a myelin stain
(right) in these sections from a
monkey brain. Because of the distinct
stripes, the visual cortex is
sometimes called the striate cortex.

AV /
Because of the distinct stripes
the visual cortex is sometimes
called the striate cortex.

Striate
cortex

Occipital

specialized for visuomotor guidance.

A remarkable feature of area V1 is its
complex laminar organization, which, as
illustrated in Figure 13.4, is probably the
most distinct of all cortical areas.
Although we usually say that the cortex
has six layers, it is possible to see many
more in area V1, partly because layer IV
alone features four distinct layers.
Another surprising feature of area V1 is
that, although it appears to be anatomi-
cally homogenous, it can be shown to ac-
tually be heterogeneous by staining it for
the enzyme cytochrome oxidase, which
is crucial in making energy available to
cells. Regions of cytochrome-rich areas,
known as blobs, are separated by in-
terblob regions of little cytochrome ac-
tivity (see Figure 10.10). It turns out that
cells in the blobs take part in color per-
ception and the interblobs have a role in
form and motion perception.

The discovery that area V1 is func-
tionally heterogeneousbthat a given
cortical area may have more than one
distinct functionbwas unexpected. It
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turns out that area V2 also is heterogeneous whetaimed with cytochrome ox-
idase, but, instead of blobs, stripes are reveal@de Figure 10.10). One type,
the 2thin stripe,® takes part in color perception.Two other types, known as
thick stripes and pale stripes, have roles in for@nd motion perception, re-
spectively. Thus, we see that the heterogeneity &finction observed in area
V1DBbrepresenting color, form, and motionbis preserved in area V2, although
it is organized in a different way.

The distribution of color function across much of e occipital cortex and
beyond (i.e., areas V1, V2, V4, V8) is important lmause, until recently, the

perception of form or movement was believed to be colorblind. It has now be-

come clear that color vision is integral to the argsis of position, depth, mo-
tion, and structure of objects (see a review by Taka et al., 2001).
A key point here is that, although the relative ammt of color processing

certainly varies across occipital regions, with a&/4 having color processing as

its major function, the processing of color-relatednformation does more than
simply allow us to tell red from green. The appre@ition of color also enriches
our capacity to detect motion, depth, and positionin the absence of significant
color analysis, dogs and cats thus not only see @ssentially black-and-white
world, but have reduced visual capacities more gealy as well.

An example of the advantage of color vision can keen in the type of pho-
toreceptors in primates. Sumner and Mollon found tht the color system of
primates is optimized for differentiating edible fuits from a background of
leaves. This ability to differentiate is an importat advantage when having to
select edible fruits from a complex scene and igpesially important when the
fruits are partly occluded by leaves, which is fiyrcommon. In fact, color pro-
vides important information for object recognitionin such cases. A partly oc-
cluded yellow banana is quickly seen, whereas aygbtmnana would be difficult
to detect in a black-and-white scene.

Monkey
Connections of the Visual Cortex .
By the late 1960s, the consensus was that the vist@tex is hi- P
erarchically organized, with visual information preeeding ¢
from area 17 to area 18 to area 19. Each visual amsas thought | S

to provide some sort of elaboration on the processj of the

preceding area. This strictly hierarchical view imow consid- Temporat——
ered too simple, and has been replaced by the natiof a dis-  'oP¢
tributed hierarchical process with multiple paralle and
interconnecting pathways at each level, much asuiitrated in sulcus
Figure 10.16.

There is still a hierarchy for vision, but with seprate func-  Human

tions. As indicated in Chapter 10, the details ofllathe connec-
tions between the occipital areas and from them tihe parietal,
temporal, and frontal regions are bewildering, buit is possible
to extract a few simple principles (Figure 13.5):

1. V1 (the striate cortex) is the primary vision areat receives
the largest input from the lateral geniculate nucles of the
thalamus and it projects to all other occipital reigns. V1 is
the first processing level in the hierarchy.

Temporal
lobe

321

Figurel3 . 5treams of visual
processing. The occipitoparietal
(dorsal) stream takes part in visual
action and flows from area V1 to the
posterior parietal visual areas. The
occipitotemporal (ventral) stream
takes part in object recognition and
flows from area V1 to the temporal
visual areas. The superior temporal
sulcus (STS) stream, where
information to and from the dorsal
and ventral streams converges, flows
from area V1 into the superior
temporal sulcus.

Parietal lobe

‘/’—;\ X/Occipital

lobe

Superior temporal

l?arietal lobe

Occipital
lobe

Striate cortex
(area V1)
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2. V2 also projects to all other occipital regions. V2s the second level.

3. After V2, three distinct parallel pathways emergereroute to the parietal
cortex, superior temporal sulcus, and inferior temgral cortex, for further
processing.

As we shall see in more detail shortly, the paridtpathway, or dorsal
stream, has a role in the visual guidance of movement, atlde inferior tem-
poral pathway, orventral stream, is concerned with object perception (in-
cluding color). The middle pathway along the supear temporal sulcus is
probably important in visuospatial functions.

A Theory of Occipital-Lobe Function

We have seen that areas V1 and V2 are functionalieterogeneous and that
both segregate processing for color, form, and mam. The heterogeneous
functions of areas V1 and V2 contrast with the furtions of the areas that fol-
low in the hierarchy. In a sense, areas V1 and VPear to serve as little mail-
boxes into which different types of information areassembled before being
sent on to the more specialized visual areas.

From areas V1 and V2 flow three parallel pathway$at convey different
attributes of vision. The information derived fromthe blob areas of area V1
goes to area V4, considered to be a color area. 8ah area V4 are not solely
responsive to color, however; some cells respond ltoth form and color.

Other information from area V1 (the magnocellular nput discussed in
Chapter 8) also goes to area V2 and then to area M@hich is specialized to de-
tect motion. Finally, an input from areas V1 and VZo area V3 is concerned
with what Zeki calls 2dynamic form®Pthat is, the shape of objects in motion.
Thus, we see that vision begins in the primary coek (V1), which has multiple
functions, and then continues in more specializednes.

It is not surprising to discover that selective lésns up the hierarchy in areas
V3, V4, and V5 produce specific deficits in visugdrocessing. People who suf-
fer damage to area V4 are able to see only in shadd gray. Curiously, patients
not only fail to perceive colors but also fail to @call colors from before their
injuries or even to imagine colors. In a real sensthe loss of area V4 results in
the loss of color cognition, or the ability to thirk about color. Similarly, a le-
sion in area V5 produces an inability to perceivebgects in motion. Objects at
rest are perceived but, when the objects begin toawve, they vanish. In princi-
ple, a lesion in area V3 will affect form perceptio but, because area V4 also
processes form, a rather large lesion of both V3 dn/4 would be required to
eliminate form perception.

An important constraint on the functions of areas 8, V4, and V5 is that all
these areas receive major input from area V1. Peeglke Colonel P. M., with
lesions in area V1, act as though they are blindubvisual input can still get
through to higher levelsbpartly through small projections of the lateral genic-
ulate nucleus to area V2 and partly through projeitins from the colliculus to
the thalamus (the pulvinar) to the cortex. (This stem is the tectopulvinar
pathway described in Chapter 8.)
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People with V1 lesions seem not to be aware of veuinput and can be
shown to have some aspects of vision only by spétésting. Thus, when asked
what they see, patients with V1 damage often replypat they see nothing.
Nonetheless, they can act on visual information, dicating that they do indeed
asee.°

Area V1 thus appears to be primary for vision in yanother sense: V1 must
function for the brain to make sense out of what # more specialized visual
areas are processing. We must note, however, repodf people with significant
V1 damage who are capable of some awareness ofalisnformation, such as
motion. Barbur and colleagues suggested that thetégrity of area V3 may al-
low this conscious awareness, but this suggesti@nrains a hypothesis.

Visual Functions Beyond the Occipital Lobe

Neuroscientists have known since the early 1900satithe occipital lobes house
vision, but only in the past two decades have théggun to understand the ex-
tent of visual processing that takes place beyoniget occipital lobes. In fact, it
is now clear that more cortex is concerned with van than with any other
function in the primate brain.

Felleman and van Essen's flattened cortical map kigure 10.17 illustrates
that, of the 32 cortical areas (of a total of aboutO in their scheme) that have
visual functions in the monkey brain, only 9 are &aally in the occipital lobe.
The total surface area of the vision-related regiais about 55% of the whole
cortical surface, which compares with 11% and 3% fahe somatosensory and
auditory regions, respectively. (It is interestinghat so little of the monkey cor-
tex represents audition, which is certainly evidencaf a major difference be-
tween the brains of humans and those of monkeys; Wweamans have a much
larger auditory representation, which is no doubtasponsible for our preoccu-
pation with both language and music.)

Visual processing in humans therefore does not cuinate in secondary vi-
sual areas such as areas V3, V4, and V5 but congawithin multiple visual re-
gions in the parietal, temporal, and frontal lobe¢see Figure 10.17). Functions
have not been assigned to all these additional védwegions, but it is possible
to speculate on what their functions must be. To dso, we can divide visual
phenomena into five general categories: vision faction, action for vision, vi-
sual recognition, visual space, and visual attentio

Vision for Action

This category is visual processing required to dice specific movements. For
example, when reaching for a particular object su@s a cup, the fingers form
a specific pattern that allows grasping of the cufhis movement is obviously
guided by vision, because people do not need to pleaheir hands consciously
as they reach.

In addition to that for grasping, there must be vigal areas that guide all
kinds of specific movements, including those of theyes, head, and whole
body. A single system could not easily guide all mements, because the re-
guirements are so different. Reaching to pick upjellybean requires a very dif-
ferent kind of motor control than that required to duck from a snowball, but
both are visually guided.

323
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(A) Normal subject

Eye movements of a normal subject concentrate
on facial features and are directed more to the
left side of the photograph.

(B) Normal subject

Sphere Bust

Eye movements of a normal subject concentrate
on the shapes of the objects examined, Y%

(C) Agnosic subject
Sphere

Y, but those of an agnosic subject are random.

Figuré.g . &ye movements during the examina
of a visual stimulus. (A) The concentration of eye
movements (by a normal subject) to distinotivefeat

Finally, vision for action must be sensitive to mament of the
target. Catching a moving ball requires specific formation
about the location, trajectory, speed, and shape tifie object.
Vision for action is thought to be a function of the parietal visual
areas.

Action for Vision

In a more 2top down® process, the viewer activelyearches for
only part of the target object and attends selectly it (Figure

13.6). When we look at a visual stimulus, we do nstmply stare
at it; rather, we scan the stimulus with numerousye movements.
These movements are not random but tend to focus ampor-

tant or distinct features of the stimulus.

When we scan a face, we make a lot of eye movemedis
rected toward the eyes and mouth. Curiously, we alsmake
more eye scans directed to the left visual fieldhg right side of
the person’s face) than to the right visual fieldThis scanning
bias may be important in the way that we processctss, because
it is not found in the scanning of other stimuli. Rople with
deficits in action for vision are likely to have gnificant deficits
in visual perception, although such deficits haveoh been stud-
ied systematically.

An interesting aspect of action for vision consistsf the eye
movements that we often make when we visualize imfoation.
For example, when people are asked to rotate objeanentally
in order to answer simple questions about the objet appear-
ance, they usually make many eye movements, esplicia the
left. When people are doing things in the dark, sutas winding
photographic film onto spools for processing, theylso make
many eye movements. Curiously, if the eyes are dhus these
movements stop. Indeed, it appears that it is easi® do many
tasks in the dark if the eyes are closed. Becaukmgs are done
by touch in the dark, the visual system may intenfe until the
eyes are closed.

Visual Recognition

We enjoy the ability both to recognize objects antb respond to

visual information. For example, we can both recogge specific
faces and discriminate and interpret different expssions in
those faces. Similarly, we can recognize letters &ymbols and as-
¥8n meaning to them.

We can recognize different foods, tools, or body pts, but it

the face (eyes, nose, mouth); these movements ar§ Not reasonable to expect that we have differevisual regions
directed more to the left side of the phad®graph. ( for each category or object. We may have at leasirse special-
eye movements of a normal subject examirgng a sph&l areas for biologically significant informationsuch as faces,
(left) and a bust (right). (C) The eye movaments ofy,\wever, Cells in the temporal cortex appear to beighly spe-

agnosic subject examining the same shapes. Note ifi5, in their preference for particular faces or Ands. These vi-
random movements of the agnosic subject. (From Qg P P )

LuriaThe Working Brai®73, The CopyrightAgency5U3| areas in the temporal lobe are specialized fatisual
of the USSR. Reprinted with permission.) recognition.






Figurd.S . 7A summary of th
visual processing hierarchy. T|
dorsal stream, which takes pa
visual action, guides moveme
such as the hand postures for
grasping a mug or pen, as
illustrated. The ventral stream
takes part in object recognitio
identifies objects such as mug
pens in our visual world. The ¢
and ventral streams exchangsd
information through polysensd
neurons in the superior tempao
sulcus stream, as shown by d
headed arrows. (After Goodal
1993.)

Temporal visu ﬁ
areas

orsaf sue




Figurels . &ummary of res
of PET studies illustrating sel
activation of (A) cortical regio
tasks of facial recognition (cirg
ersus spatial location (squarg
(B) areas associated with perq
of color (squares), motion (cir(
and shape (triangles). (After
Ungerleider and Haxby, 1994.







Left visual
cortex

Hemianopia

Quadrantanopia

/

Injury

Scotoma

/

Left visual field Right visual field

Figure 1@ onsequencey
lesions in area V1. The blued
areas indicate the regions of
loss. (A) The effect of a compl
lesion of area V1 in the left
hemisphere is hemianopia affd
he right visual field. (B) A larg
lesion of the lower lip of the c3
issure produces a quadrantal
hat affects most of the upper-
isual quadrant. (C) A smaller
of the lower lip of the calcaring
issure results in a smaller inj
scotoma. (Jim Pickerell/Stock
Connection/PictureQuest.)







showing the infarct in the right
occipital area in different view
(B) Map of B. K.'s visual fields
months after the stroke. Subn

ision persists in the upper-lef
quadrant.









original line drawings presentd
D.F. (B) Examples of D. F.'s d
of the models. (C) D. F.'s dra
based on memory of the modg
that the drawings from memo
superior to the copies of the li
drawings of the models.

Figure . 4 Desting
visuomotor guidance. (A) The
apparatus that was used to teg
sensitivity to orientation in pati
D. F. The slot could be placed
orientation around the clock.
is to @post® the card into the sliq
shown. (B) Plots of the orienta
the card in a perceptual matc
task and in the visuomotor pod
task. For illustration, the corre(
orientation has been rotated td

orientation of the card to that g

post it. (Adapted with permissi
from Goodale, 2000.)

(B) )
Patient D.F. Control

A

Perceptual Visuomotor
matching posting
task task



different systems for visual ob
recognition and visual guidandg
movement. Representative
@grasping® axes for three diffe
shapes by patient D. F. with vi
orm agnosia (ventral-stream
deficit), by control subject S.
no brain damage and by V. K.
patient with bilateral occipitopj
damage resulting in optic atax
(dorsal-stream deficit). Even t
D. F. does not recognize the o)
she perceives enough informg
about shape to control her gra
she picks it up. In contrast, V.
recognizes objects but cannot
her movements in relation to t
(Adapted from Milner and God
1995.)













Figure . 1L Dhe aThatcher
illusion.® Look at the face of fo
British Prime Minister Margarg
Thatcher as presented (upsidd
and then invert the page and |
again. There is a compelling il
of normalcy in the inverted fag

in the upright view, the reconfi
ace appears hideous. Lady T

as the original subject of the
illusion that now bears her na

distributed human neural syst¢
ace perception. The model is
into a core system, consisting
occipital and temporal regiong
an extended system, including

regions that are part of neural
systems for other cognitive fu
The fusiform gyrus is an occip|
region lying on the ventral sur
he temporal lobe. (After Haxb
Hoffman, and Gobbini, 2000.)

Core system:
visual analysis

Inferior occipital gyri
Early perception of facial features

R,

Lateral fusiform gyrus Superior temporal sulcus
Invariant aspects of Changeable aspects of faces:
faces: perception of - perception of eye gaze, expression,

unique identity and lip movement
Auditory cortex
Anterior temporal Prelexical speecn
Personal identity: name and perception

biographical information _
Intraparietal sulcus

Spatially directed
attention

Amygdala, insula,
limbic system
Emotion

Extended system:
further processing in cor
with other neural system




test. Subjects were asked whi
the two pictures, B or C, most
resembles picture A. Control
chose picture C significantly
often than picture B. Picture G
corresponds to that part of pic
falling in a subject's left visual
The woman pictured chose B,
view that she is accustomed t(
seeing in the mirror. (After Kol
Milner, and Taylor, 1983.)







Left temporo-occipital region
(fusiform gyrus, area 37)
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