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V isual neuroscience has been the focus of inquiry 
across many d isc ip l ines and has produced an ex
p los ion of understanding about how v isual informa
t ion is processed. A fundamental quest ion is: Where 

are the computat ions necessary for v is ion performed? 
Three general pr inc ip les apply to the local izat ion of 

v isual processing in the brain: 
1. Much of the v isual processing in the cerebra l cortex is 
local ized in the back (poster ior) of the brain. At least ear ly 
in v isual processing, v isual areas contain maps of the v isual 
f ield (visuotopic maps). 
2. Each of the maps appears to be specia l ized for different 
v isual processes. 
3. Wi th in the maps, different types of process ing are orga
nized in a systematic way along the surface of the cortex. 

The focus of this art icle is on neuroimaging methodolo
gies used to pursue an understanding of these pr inc ip les. 

POSTERIOR LOCALIZATION AND VISUOTOPIC MAPPING 
It is commonly accepted that it is the neurons, the electr i 
cal ly excitable nerve cel ls in the bra in, that perform most of 
the information processing that underl ies our abi l i ty to see. 
M u c h of the evidence that different funct ions are local ized 
in different areas of the brain comes from the study of 
behavioral deficits fol lowing injury to the neuronal t issue in 
the brain ( lesion-behavior studies). Both in humans and in 
other animals, injuries (strokes, tumors, invasive wounds, 
etc.) to the back of the brain produce disturbances in 
v is ion, whi le injuries to other regions of the brain may 
produce disturbances in other funct ions. 

Histor ical ly, the lesions that are associated wi th these 

deficits have been identif ied in post-mortem brain t issue. 
Oftentimes; the t issue is examined long after the deficits are 
descr ibed and subsequent injuries in the form of strokes 
and t issue loss associated wi th aging have taken place. In 
the last decade and a half, a pair of anatomical imaging 
methodologies have been developed that al low examina
t ion of the structure of the l iv ing bra in at the t ime of the 
patient 's injury and testing. These are computed tomography 
(CT scanning) and magnetic resonance imaging (MRI). 

CT scanning relies on the fact that different types of 
t issue (e.g., bone, soft t issue, and fluid-fi l led space), as wel l 
as damaged t issue, w i l l attenuate the passage of x-rays to 
different degrees. By passing a very narrow beam of x-rays 
through the head at many different angles and then using a 
mathematical tomographic reconstruct ion technique to 
back-calculate the contours of the internal structures, these 
differences can be identi f ied in the l iv ing human brain or 
other organs. 

MRI is a sl ight ly newer and more expensive technology 
that provides even clearer, higher resolut ion pictures of 
the anatomical structure of the brain. In most c l in ical and 
research si tuat ions, MRI is the anatomical imaging method
ology of choice. MRI is based on the idea that when placed 
in a magnetic f ield, certain atoms can be made to resonate 
when a radio frequency (FR) pulse is appl ied. The locat ion 
and magnitude of these resonances can be determined. 
These measurements can then be reconst i tuted into an 
image of their d is t r ibut ion in the magnetic f ield. For neu
roanatomical imaging, the hydrogen proton atoms are 
resonated. The different d is t r ibut ion of proton in different 
structures of the bra in produces detai led anatomical im
ages (see Figure J ) . 

Anatomica l images are vi ta l to current lesion-behavior 
studies in humans because they prov ide anatomical infor
mat ion about the damaged area at the t ime that the behav
ioral deficits are being measured. When a lesion is conf ined 
to the back of the brain in an area cal led pr imary v isual 
cortex, a common deficit is for v is ion in a restr icted port ion 
of space to be missing. Such a "ho le" in the v isual f ield is 
cal led a scotoma. Studies of v isual cor t ica l lesions in both 
humans and animals, as wel l as electr ical recordings from 
smal l groups of cel ls in animals, have shown that pr imary 
v isual cortex is organized in what is cal led a v isuotopic 
map. For a map to be v isuotopic means that: 
• adjacent locat ions in the v isual f ield (i.e., the wor ld as we 
see it) are represented at adjacent locat ions in the map; and 
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• these maps frequently contain most or al l of the whole 
v isual f ield. 

For example, Ho lmes 1 , 2 postulated a v isuotop ic map in 
humans based on a series of wounds to different patients 
producing deficits in different parts of the v isual f ield. 
Damage above a character ist ic and very dist inct ive fold in 
pr imary v isual cor tex—the calcar ine su lcus—causes a 
scotoma in the lower v isual f ield; damage below the sulcus 
causes a scotoma in the upper v isual f ield. Damage to the 
most poster ior part of the brain produces a sco toma near 
the center of the v isual f ield, and damage further forward 
causes deficits further out, more per ipheral , in the v isual 
field (see Figure 2). 

Another imaging modal i ty, positron emission tomography 
(PET), permits direct s tudy of v isuotop ic mapping in hu
man brains. 3 PET scanning is a technique that produces 
functional rather than anatomical images of the brain. PET 
scanning takes advantage of the observat ion that certain 
isotopes emit posi t rons and when an emitted posi t ron 
col l ides wi th an electron, two photons are produced that 
travel in 180° opposi te direct ions. By detect ing the co inc i 
dence of the pair of photons, one is able to reconstruct the 
line along wh ich the co l l is ion must have taken place. Using 
tomographic mathematical reconstruct ion methods, the 
distr ibut ion in the brain of those tagged molecules (trac
ers) can be measured with a PET scanner. 

In the case of PET funct ional imaging, 
one of the commonly used isotopes is 
1 5 O-labeled water. 4 When 1 5 O-labeled 
water is used the direct measure is of 
local b lood flow which has been shown 
to vary prec ise ly wi th local changes in 
neuronal act ivi ty. 3 

For b lood flow studies, 5 , 6 a single 
scan lasts 40 seconds . Each scan 
consists of the simultaneous acquis i 
t ion of pictures of the brain at several 
hor izonta l levels. Since a scan can be 
acqui red every 10 minutes due to the 
short measurement t ime (40 sec.) and 
the short phys ica l half-life of 15O (122 

s e c ) , mult ip le scans are normal ly done in a single record
ing session wi th each scan performed under sl ight ly differ
ent act ivat ion condi t ions. That is, the subject might v iew 
one display or perform a speci f ic task dur ing the first scan 
and then v iew sl ight ly different d isplays or perform sl ight ly 
different tasks in subsequent scans. By mathematical ly 
comput ing the differences in the scans across the different 
act ivat ion condi t ions, changes in bra in responses can be 
correlated to changes in st imulat ion condi t ions. Use of a 
standard bra in atlas al lows ident i f icat ion of the actual brain 
regions act ivated. 

One of the first fine-grained PET funct ional act ivat ion 
studies looked at the quest ion of v isuotopic mapping in 
pr imary v isual cortex of normal human subjects. 7 In a con
trol scan, subjects were instructed to look at a f ixation point 
(a smal l c rosshai r on a CRT screen) and, in three separate 
act ivat ion scans, subjects were asked again to look at the 
f ixation point whi le v isual radial checkerboard st imul i were 
presented sur rounding the f ixation point at different dis
tances (see Figure 2). In one act ivat ion condi t ion, the 
st imulus c losely sur rounded the f ixation point; in a second 
condi t ion, it was at an intermediate distance from the 
f ixation point; in the final condi t ion, it was quite distant 
f rom the f ixation point. If the pr imary v isual cortex is 
arranged as a v isuotopic map, then each of the st imul i 
shou ld act ivate a different part of the cortex in an order ly 
way. As can be seen in Figure 2, this turns out to be the case. 

These funct ional act ivat ion studies conf i rmed the map 
postulated by Holmes and set the stage for further studies 
of v isual funct ion in normals using PET. 
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FIGURE 1. A mid-sagittal MRI image of the brain. This view is taken as if one 
half of the brain and skull have been cut away. The arrows at the back of 
the brain mark the two ends of the calcarine sulcus (see text). Cortical tissue 
above the sulcus contains a representation of the lower visual field, and 
below the sulcus contains a representation of the upper visual field. 



FUNCTIONAL DIFFERENCES BETWEEN MAPS 
It has been demonstrated that for cats, several species of 
monkeys, and presumably for humans as well, there are 
about two dozen more "maps" of the visual field in the back 
third of the brain beyond the boundaries of primary visual 
cortex.8 One reasonable inference to draw from the exist
ence of multiple maps of a single sensory modality is that 
each of the different maps performs a different set of 
computations, or visual functions. 

The last two decades of vision studies have provided 
much evidence that this inference is correct. Much of this 
information comes from the study of single neurons in 
animals and from the study of functional deficits in brain-
injured humans. Recent data from functional imaging tech
niques has sharpened and extended the knowledge gained 
from the other types of studies. The two examples that we 
present here are the processing of visual motion and the 
recognition of single visually-presented words. 

Visual motion processing 
In the early 70s, a region called MT, for its location in the 
middle of the brain's temporal lobe, was described in 
several different primate species. The unique feature of the 
region was its high concentration of cells that coded for the 
direction of movement of a visual stimulus.9 , 1 0 For these 
direction-selective cells, there was much more neuronal 
activity when an object was moved in one direction (e.g., 
upward) than when it was moved in the opposite direction 
(downward). 

Along with the property of direction-selectivity, further 
evidence that MT related to the processing of visual motion 
information came from a series of controlled lesion experi
ments in macaque monkeys.11 In these studies, a monkey 
was trained to find and track with its eyes a moving spot of 
light that was presented in different locations of the visual 
field. After training, a microscopically small amount of a 
chemical that inactivates brain cells was applied to a small 
part of MT. Since MT has a map of the visual field, inactivat
ing part of MT affects processing of only a part of the visual 

FIGURE 2. PET images from visuotopic represen
tation experiment. The three radial checker
boards show areas of central stimulation (top), 
near central stimulation (center) and peripheral 
stimulation (bottom). These visual stimuli were 
counterphase-flickered (the red checks became 
black and the black checks became red) 10 
times per second. The PET images are mid

sagittal, as above, with the back of the brain to the left. The areas of 
activation moved as the location of the stimulation moved, with me most 
central representation at the most posterior part of the calcarine sulcus. for 
all images, the control scan was looking at the small fixation target in the 
center of the screen. 

field. When this was done, the animal could find and move 
its eyes to a stationary spot with the same accuracy as prior 
to the inactivation. But when the stimulus was moving in 
the affected part of the visual field, the accuracy of the eye 
movement to the stimulus and the ability to track the 
movement of the stimulus was poorer than before the 
inactivation. The monkey acted as if it could not appreciate 
the motion and speed of an otherwise visual stimulus. The 
sum of evidence at this point from these and other experi
ments was that MT was part of a pathway processing visual 
motion information. 

A series of recent PET studies 1 2 , 1 3 have shown that a 
similar processing region exists in human cortex. In the 
Miezin studies, the properties of the stimulus were opti
mized to drive neurons in MT. The activation stimulus was 
a moving sheet of small dots that has been shown to be very 
effective at driving cells in MT compared to other stimuli (a 
single bar or spot). 9 , 1 4 The velocity of the array of dots was 
16°/sec, which is close to the median velocity tuning value 
seen in MT in both owl monkeys9 (most common = 10°/sec) 
and macaques.10 Since cells in MT respond to both moving 
patterns and stationary patterns but are much less respon
sive to the stationary stimuli,9 , 1 4 identical visual patterns 
were used in the control scan and activation scan, but with 
the pattern moving only during the activation scan. The 
dots were at a relatively low contrast compared to back
ground (< 10%) since MT cells have higher contrast sensitiv
ity than cells in the surrounding cortex.15 

The study demonstrated a region at the junction of tem
poral, occipital, and parietal lobes of the brain—TOPP— 
that is particularly responsive to low contrast visual mo
tion (see Figure 3). The region and adjacent cortex is also 
active in high contrast motion, responds much more strongly 
to higher temporal frequencies, and increases its activation 
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when subjects track a moving stimu
lus. 1 2 , 1 6 , 1 7 All of these properties are 
consistent with the region being 
similar to area MT described in 
nonhuman primates. 

Results from other studies in hu
mans further support these observa
tions. The location is close to a heavily myelinated zone 1 8 , 1 9 

proposed as the human homologue of macaque MT. 
Moreover, Zihl and his colleagues have reported on a 
patient with bilateral cortical lesions that included area 
TOPP. 2 0 Although the patient was able to accurately de
termine the position of stationary objects, she was very 
poor at discriminating the direction of motion or relative 
velocity of objects moving faster than 10°/sec. No scotoma 
was found and object discrimination was apparently normal. 

Visual processing of words 
Similar studies have been made of a particularly human 
type of visual recognition, that of how words are visually 
processed during reading. 

Many models of visual word processing consist of three 
levels of processing: 
1. Visual features—the lines and squiggles that make up 
letters; 
2. Letters—the single characters that make up words; and 
3. Words—a group of letters that make up a functional unit. 

Some of the reasoning for these levels of analysis come 
from studies in cognitive psychology. For example, each 
letter of a word can be perceived at a dimmer contrast than 
when that letter is presented alone or as part of a nonsense 
string of letters. The enhanced visibility of letters inside of 
words is known as the "word superiority effect." This effect 
extends to meaningless letter strings that are visually simi
lar to words (e.g., POLT), suggesting that this effect does 
not involve the meaning of the string but its regularity (i.e., 
similarity to strings of letters that could be words.) It seems 
reasonable to conclude from these results that some level 
of visual processing involves coding at the level of the 
orthographic regularity of words. 

In PET functional imaging studies, visual presentation of 
words activates regions of visual association cortex. One of 
these areas (left, medial, extrastriate visual cortex) was 
activated by both visually presented pseudowords that 
obey English spelling rules, as well as by actual words, but 
not activated by nonsense strings of letters or letter-like 

FIGURE 3. A single sagittal cut through a PET activation image. This cut 
instead of being at the midline is 4.5 cm to the left of the midline and the 
activated area shown is closer to the outside surface of the brain. This area 
is activated much more strongly for moving visual (activation state) stimuli 
than for stationary stimuli (control state). 

forms (Figure 4). 
Rules of spelling and orthography are specific to each 

language. The presence in the PET data of a left-lateralized 
area in posterior visual association cortex that distinguishes 
between letter strings that do and do not conform to 
English spelling rules argues that access to information 
specific to English orthography is present very early in the 
visual processing stream. These areas may represent the 
neural mechanism underlying the perceptual advantage 
that words and pseudowords show over irregular letter 
strings. 

Studies of patients with damage to particular parts of 
visual association cortex are consistent with the idea that 
visual word form processing might be present in these 
cortical areas. Such lesions sometimes cause pure alexia, 
that is, the inability to read words without other language 
deficits.2 1 , 2 2 Some people with pure alexia can read the 
letters that make up words, but must say the letters aloud 
to assemble the words, thus allowing them to read in a very 
laborious way. Letter-by-letter reading could be attributed 
to a deficit in the visual word form processing, but also 
could involve earlier stages in the processing of the visual 
information. These results are certainly consistent with an 
important role of the visual association cortex in process
ing visually-presented words. 

The results from these studies are an example of how 
functional imaging can address neurobiological questions 
that are not approachable with other techniques in non-
human animals. 

FUNCTIONAL ORGANIZATION WITHIN MAPS 
As discussed earlier, there is clear organization inside of a 
visual area along the dimension of visual space—the infor
mation is mapped visuotopically. It has also been demon-

34 Optics & Photonics News August 1991 



strated that the processing of other types of visual informa
tion is organized within the visual area as well. For example, 
information from the two eyes, which is first integrated at 
primary visual cortex, is organized in alternating bands of 
left and right eye information. Each band is less than a 
millimeter across.23 Information about the orientation of a 
visual stimulus (whether its main dimension is vertically, 
horizontally, or obliquely oriented) seems to be mapped 
systematically along the surface of visual cortex.24 As one 
moves along the surface of cortex, neurons will shift from 
being most responsive to vertical orientation, to an inter
vening oblique orientation, to horizontal, etc. While much 
of this information again comes from animal physiology 
and anatomy studies, the information has been recently 
clarified and extended through the use of optical recording. 

Optical recording is actually a family of techniques using 
different devices to measure light reflected back from ex
posed cortical tissue in animals. In some cases, a sensitive 
video camera is used to measure reflected light at particu
lar wave lengths when voltage-sensitive dyes are placed on 
the cortex. These measurements are believed to represent 
a measure of voltage changes associated with changes in 
the neuronal activity. In other cases, an array of optical 
sensors is used to measure an intrinsic reflectance change 
that accompanies neuronal activity. The best guess at this 
point is that the intrinsic signal represents changes in 
blood that accompany changes in neuronal activity. The 
resolution is dependent on the optics used, and is on the 
order of a small number of microns. The optical activity, 
however, can be simultaneously measured across a wide 
field of view. 

These optical recording techniques have provided fur
ther information about the organization of the cortex below 
the level of the functional map, or area, and above the level 
of the single cell. The organization of orientation domains 
and eye dominance columns have been confirmed using 
these techniques. The precise organization of the orienta
tion domains predicted some local irregularities in the 
progression of orientation across the cortex. These irregu-

FIGURE 4. Three PET activation images from a 
word reading study. The left image shows little 
activation when subjects were presented with 
random letter strings (left), but strong activation 
when subjects were presented with 
pseudowords, i.e., letter strings that follow the 
spelling rules of English (center), and for real 
words (right). It appears as if this area is pro

cessing at some level of visual word form (see text). The control condition for 
all conditions was looking at a small fixation target. 

larities are consistent with previously unexplained obser
vations from the single unit level of analysis.25 When ap
plied to the second visual area, a map that lies adjacent to 
the primary visual cortex, optical recording techniques 
have been used to describe modules related to the process
ing of color, motion, and disparity (a difference in visual 
information to the two eyes that is used to compute ste
reoscopic depth). Particularly in the realm of disparity, the 
primary information was gathered by the use of optical 
recording, and subsequently confirmed with other method
ologies.26 

CONCLUSION 
The advent of neuroimaging techniques has increased the 
repertoire of the systems and behavioral neuroscientist. 
Anatomical imaging techniques such as CT and MRI scan
ning have allowed researchers to view the damage to the 
brain with exquisite clarity at the time that the behavioral 
testing is performed. The researcher can therefore much 
more confidently attribute the behavioral deficits seen to a 
particular brain site than was previously possible. Func
tional imaging techniques have provided information that 

GREATER DEFINITION 

CT SCANNING • COMPUTED TOMOGRAPHY SCANNING 
MRI • MAGNETIC RESONANCE SCANNING 
PET • POSITRON EMISSION TOMOGRAPHY 

MT • MIDDLE TEMPORAL VISUAL AREA 
TOPP • BURIED BRAIN REGION AT THE JUNCTION OF THE 

TEMPORAL, OCCIPITAL, AND PARIETAL LOBES. 
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was previously unavailable. In the case of PET functional 
activation studies, inference drawn from animal experi
ments can now be studied at the neurobiological level. In 
the case of optical recording, a picture of functional organi
zation below the level of the map and above the level of the 
single, or small group of, neurons can be imaged. This has 
led to refined understanding of how different computations 
are compartmentalized along the cortical surface. 
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