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A fundamental characteristic of intelligent animals is

that they think. But how does the brain think, and

where does thinking take place? We begin to an-

swer these questions by examining thought in an intelligent

nonhuman animal—an African gray parrot named Alex,

shown in Figure 14-1. Irene Pepperberg (e.g., 1990, 1999)

has been studying Alex’s ability to think and use language.

A typical session with Alex and Pepperberg might proceed

like this (Mukerjee, 1996). Pepperberg shows Alex a tray

with four corks. “How many?” she asks. “Four,” Alex

replies. She then shows him a metal key and a green plastic

one.

“What toy?”

“Key”

“How many?”

“Two.”

“What’s different?”

“Color.”

Alex does not just have a vocabulary; the words have

meaning to him. He can correctly apply English labels to

numerous colors (red, green, blue, yellow, gray, purple, or-

ange), shapes (two-, three-, four-, five-, six-corner), and 

materials (cork, wood, rawhide, rock, paper, chalk, wool).

He can also label various items made of metal (chain, key,

grate, tray, toy truck), wood (clothespin, block), and plastic

or paper (cup, box). Most surprising of all, he can use

words to identify, request, and refuse items and to respond

to questions about abstract ideas, such as the color, shape,

material, relative size, and quantity of more than 100 dif-

ferent objects. 

Alex’s thinking is often quite complex. Suppose he is

presented with a tray that contains these seven items: a cir-

cular rose-colored piece of rawhide, a piece of purple

wool, a three-corner purple key, a four-corner yellow piece

of rawhide, a five-corner orange piece of rawhide, a six-

corner purple piece of rawhide, and a purple metal box. If

he is then asked, “What shape is the purple hide?” he will

answer correctly, “Six-corner.” To come up with this an-

swer, Alex has to do several things. He must comprehend

the question, locate the correct object of the correct color,

determine the answer to the question about that object’s

shape, and encode his answer into an appropriate verbal

response. This is not easy to do. After all, there are four

pieces of rawhide and three purple objects, so Alex cannot

respond to just one attribute. He has to mentally combine

the concepts of rawhide and purple and find the object that

possesses them both. Then he has to figure out

the object’s shape. Clearly, considerable men-

tal processing is required, but Alex succeeds at

such tasks time and again.

Alex also demonstrates that he under-

stands what he is saying. For example, if he re-

quests one object and is presented with

another, he is likely to say no and repeat his

original request. In fact, when given incorrect

objects on numerous occasions in formal test-

ing, he said no and repeated his request 72

percent of the time, said no without repeating

his request 18 percent of the time, and made a

new request the other 10 percent of the time.

This suggests that Alex’s requests lead to an ex-

pectation in his mind. He knows what he is

asking for, and he anticipates getting it.

Alex’s cognitive abilities are unexpected in a bird. We

all know that parrots can talk, but most of us assume that

Figure 14-1 
Alex, an African gray parrot, and Irene Pepperberg, along with
items of various shapes and colors, which Alex can count, describe,
and answer questions about.
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THE NATURE OF THOUGHT
The study of thought, language, memory, emotion, and motivation is tricky because
these mental processes cannot be seen. They can only be inferred from behavior and
are best thought of as psychological constructs. A psychological construct is an idea
that results from a set of impressions. The mind constructs the idea as being real, even
though it is not a tangible thing. Thought is a psychological construct that is built out
of the impression that people are constantly monitoring events and behaviors in their
minds. We have the impression that people are good or bad at forming these things we
call thoughts, even though thoughts do not really exist as things. We run into trouble,
however, when we try to locate constructs like thought or memory in the brain. The
fact that we have English words for these constructs does not mean that the brain is or-
ganized around them. Indeed, it is not.

For instance, you saw in Chapter 13 that although people talk about memory as a
unitary thing, the brain does not treat memory as something unitary that is localized
in one particular place. In fact, there are many forms of memory, each of which is
treated differently by quite widely distributed brain circuits. Thus, this psychological
construct of memory that we think of as being a single thing turns out not to be uni-
tary at all.

p

Psychological construct. An idea, 
resulting from a set of impressions, that
some mental ability exists as an entity; 
examples include memory, language, 
and emotion.

there is no real thought behind their words. Alex proves

otherwise. Over the past 30 years, there has been great in-

terest in the intellectual capacities of chimpanzees and

dolphins, but Alex has a mental life that appears to be as

rich as that of those two large-brained mammals.

The fact that birds like Alex are capable of forms of

“thought” is a clue to what the neural basis of thinking

might be. At first, it seems logical to presume that thinking,

which humans are so good at, must reflect some special

property of our massive neocortex. But birds do not pos-

sess a neocortex. Instead of the cortex that developed in

mammalian brains, birds evolved specific brain nuclei that

function much like the layers of the cortex do. (See Figure

1-12 for a comparison of the parrot and human brains.)

This different organization of the forebrain in birds versus

mammals implies that thinking must be an activity of com-

plex neural circuits and not of some particular region in

the brain.

The idea of neural circuits was the essence of Donald

Hebb’s concept of the cell assembly. Hebb proposed that

networks of neurons (cell assemblies) could represent ob-

jects or ideas, and it was the interplay between those net-

works that resulted in complex mental activity. Of course,

as you have seen in the last few chapters, connections

among neurons are not random, but rather are organized

into systems (the visual, auditory, and motor systems, for

instance) and subsystems (such as the dorsal and ventral

streams of vision). Thinking, therefore, must reflect the ac-

tivity of many different systems, which in the mammalian

brain are in the cortex.

This chapter examines the organization of the neural

systems and subsystems that are involved in thinking. Our

first task is to define the mental processes that we wish to

study. What, in other words, do we mean by thought? We

then consider the cortical regions that play the major roles

in thinking. You have encountered all these regions before

in the course of studying vision, audition, and movement.

Here we examine how these same regions may function to

produce thought. One characteristic of how the cortex is

organized to produce thought is that fundamentally differ-

ent types of thinking are carried out in the left and right

cerebral hemispheres. As a result, this chapter also ex-

plores the asymmetrical organization of the brain. Another

distinguishing feature of human thought is that there are in-

dividual differences in the ways that people think. We con-

sider several sources of these differences, including those

related to sex and to what we call intelligence. Finally, we

address the issue of consciousness and how it may relate to

the neural control of thought. 
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Even though it is risky to make incorrect assumptions about psychological con-
structs like memory and thought, we should certainly not give up searching for how
the brain produces them. Assuming a neurological basis for psychological constructs
has perils, but this does not mean that we should fail to consider brain locations for
these constructs. After all, thought, memory, emotion, motivation, and other con-
structs are the most interesting activities that the brain performs.

Psychologists typically use the term cognition to describe the processes involved in
thought. The term cognition literally means “knowing.” It refers to the processes by
which we come to know about the world. For behavioral neuroscientists, cognition
usually entails the ability to attend to stimuli, whether external or internal, to identify
these stimuli, and to plan meaningful responses to them. External stimuli are those
that stimulate neural activity in our sensory receptors. Internal stimuli include cues
from the autonomic nervous system as well as from neural processes related to con-
structs such as memory and motivation.

Characteristics of Human Thought
It is widely believed that human cognition has unique characteristics. But in what
ways, exactly, is it unique? Many may answer that human thought is verbal, whereas
the thought of other animals is nonverbal. Language is presumed to give humans an
edge in thinking, and in some ways it does. For one thing, language provides the brain
with a way to categorize information, allowing us to easily group together objects, ac-
tions, and events that have factors in common. In addition, language provides a means
of organizing time, especially future time. It enables us to plan our behavior around
time (such as “Monday at 3:00 PM”) in ways that nonverbal animals cannot. But per-
haps most important of all, human language has syntax—a set of rules about how
words should be put together to create meaningful utterances. Thus, syntax is an as-
pect of the grammar, or correct usage, of a language. Linguists argue that although
other animals, such as chimpanzees, can use and recognize a large number of sounds
(about three dozen for chimps), they do not arrange these sounds in different orders to
produce new meanings. Because of this lack of syntax, chimpanzee language is literal
and inflexible. Human language, in contrast, has enormous flexibility, which enables
us to talk about virtually any topic, even highly abstract ones. In this way, our thinking
is carried beyond a rigid here and now.

The importance of syntax to human thinking is illustrated by Oliver Sacks’s de-
scription of an 11-year-old deaf boy named Joseph who was raised without sign lan-
guage for his first 10 years, and so was never exposed to syntax. According to Sacks:

Joseph saw, distinguished, used; he had no problems with perceptual catego-
rization or generalization, but he could not, it seemed, go much beyond this,
hold abstract ideas in mind, reflect, play, plan. He seemed completely literal—
unable to juggle images or hypotheses or possibilities, unable to enter an
imaginative or figurative realm. . . . He seemed, like an animal, or an infant, to
be stuck in the present, to be confined to literal and immediate perception. . . .
(Sacks, 1989, p. 40)

As we said in Chapter 9, language, including syntax, develops innately in children
because the brain is programmed to use words in a form of universal grammar. How-
ever, in the absence of words—either spoken or signed—there can be no development
of grammar. And without the flexibility of language that grammar allows, there can
also be no “higher-level” thought. Without syntactic language, thought is stuck in the
world of concrete, here-and-now perceptions. Syntactic language, in other words,
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Syntax. The way in which words are put
together, following the rules of grammar,
to form phrases, clauses, or sentences;
proposed to be a unique characteristic of
human language.



influences the very nature of our thinking. We will return to this idea when we con-
sider the differences between the thought processes of the left and right hemispheres.

In addition to arranging words in syntactical patterns, the human brain appears to
have a passion for stringing together events, movements, and thoughts. For example,
we combine notes into melodies, movements into dances, and images into movies. We
design elaborate rules for games. It seems reasonable to conclude that the human brain
is organized to structure events, movements, and thoughts into chains. Grammar is
merely one example of this innate human way of thinking about the world.

We do not know how this propensity to string things together evolved, but one
possibility is that there was natural selection for stringing movements together. String-
ing movements together into sequences can be highly adaptive. For instance, it would
allow for building houses or weaving fibers into cloth. William Calvin (1996) proposed
that the most important motor sequences to ancient humans were those used in hunt-
ing. Throwing a rock or a spear at a moving target is a complex act that requires much
planning. Sudden ballistic movements, such as throwing, last less than an eighth of a
second and cannot be corrected by feedback. The brain has to plan every detail of these
movements and then spit them out as a smooth-flowing sequence. A modern-day
quarterback does this when he throws a football to a receiver who is running a zigzag
pattern to elude a defender. A skilled quarterback can hit the target on virtually every
throw, stringing his movements together rapidly in a continuous sequence with no
pauses or gaps. This skill is unique to humans. Although chimpanzees can throw ob-
jects, they do not do so accurately. No chimpanzee would be able to learn to throw a
ball so that it hit a moving target.

The human predisposition to sequence movements may have encouraged our de-
velopment of language. Spoken language, after all, is a sequence of movements of the
tongue and mouth. Viewed in this way, the development of language is a by-product of
a brain that was already predisposed to operate by stringing movements, events, or
even ideas together.

One critical characteristic of human motor sequencing is that we are able to create
novel sequences with ease. We constantly produce new sentences, and composers and
choreographers earn a living creating new sequences in music and dance. Creating
novel sequences of movements or thoughts is a function of the frontal lobes. People
with damaged frontal lobes have difficulty generating novel solutions to problems, and
they are described as lacking imagination. As you know, the frontal lobes are critical to
the organization of behavior; it turns out that they are critical to the organization of
thinking as well. One of the major differences between the human brain and the brains
of other primates is the size of the frontal lobes.

The Neural Unit of Thought
What exactly goes on within the brain to produce what we call thinking? In our discus-
sion of Alex, we concluded that thinking must result from the activity of complex
neural circuits rather than being the property of some particular region in the brain.
One way to identify the role of neural circuits is to consider the behavior of individual
neurons in cognitive activity.

William Newsome and his colleagues (1995) took this approach by training
monkeys to identify the presence of apparent motion in a set of moving dots on a TV
screen. Figure 14-2 shows their procedure. The researchers varied the difficulty of
the task by manipulating the number of dots that moved in the same direction. For
instance, if all the dots are made to move in the same direction, it is very easy to per-
ceive the whole array of dots as moving in that direction. If only a small percentage
of the dots are made to move in the same direction, however, perceiving apparent
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motion in that direction is much
more difficult. In fact, a threshold
number of dots moving together is
required to create apparent motion.
If the number of dots moving in the
same direction is too small, the
viewer gets an impression of random
movement. Apparently, on the basis
of the proportion of dots moving in
the same direction, the brain decides
whether or not dots are moving in a
consistent direction.

Once the monkeys were trained in
the task, the investigators recorded
from single neurons in visual area V5,
which contains cells that are sensitive
to movement in a preferred direction.
Consider a neuron that is sensitive to
motion in the vertical direction. Such
a neuron responds with a vigorous
burst of action potentials when there
is vertical movement in its receptive
field. But just as the observer has a
threshold for the perception of coher-
ent motion in one direction, so too
does the neuron. In other words, if at
some point random activity of the
dots increases to a level at which it ob-
scures movement in a neuron’s pre-
ferred direction, that neuron will stop
responding because it does not detect any consistent pattern. So the question becomes:
How does the activity of any given neuron correlate with the perceptual threshold for
apparent motion? On the one hand, if our perception of apparent motion results from
the summed activity of many dozens, or even thousands, of neurons, there should be
little correlation between the activity of any one neuron and that perception. On the
other hand, if our perception of apparent motion is influenced by individual neurons,
then there should be a strong correlation between the activity of a single cell and that
perception.

The results of the experiment were unequivocal: the sensitivity of individual neu-
rons was very similar to the perceptual sensitivity of the monkeys to apparent motion.
In other words, if individual neurons failed to respond to the stimulus, the monkeys
behaved as if they did not perceive any apparent motion. This is a curious finding.
Given the large number of V5 neurons, one would think that perceptual decisions are
based upon the responses of a large pool of neurons. But this experiment showed that
individual cortical neurons can influence perception.

Still, there must be some way of converging the inputs of individual neurons to ar-
rive at a consensus. This convergence of inputs can be explained by Hebb’s idea of a cell
assembly—an ensemble of neurons that represents a complex concept. In this case, the
ensemble of neurons represents a sensory event (apparent motion), which the activity
of the ensemble detects. Such ensembles of neurons could be distributed over fairly
large regions of the brain, or they could be confined to smaller areas, such as cortical
columns. Cognitive scientists have developed computer models of these circuits and
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Figure 14-2

A representation of the visual stimulus
set employed in Newsome’s experiments.
The stimuli were patterns of dots that
moved either randomly, in which case
there was no correlation in the
movement of individual dots, or all in
the same direction, in which case there
was a correlation of 1.0. The degree of
correlation could be varied to provide an
impression either of movement or of
nonmovement in an apparently random
field. The threshold for detecting
apparent motion by individual cells
correlated with the subject’s perception. 

Random dot movement
(no apparent motion
perceived)

Semi-random dot movement
(still no apparent
motion perceived)

Semi-coordinated dot
movement (threshold level
needed to perceive
apparent motion)

Coordinated dot movement
(apparent motion
strongly perceived)

Monkeys were trained to identify 
apparent motion in a set of 
moving dots on a TV screen.

Once the monkeys were trained in the task, investigators recorded from single neurons in 
visual area V5, which contains cells that are sensitive to motion in a preferred direction. 
The neural responses to the four different patterns of movement shown above were:

The increase in firing rate is correlated 
with the monkey’s perception of motion.

Conclusion

Question: How do individual neurons mediate cognitive activity?
EXPERIMENT

Procedure

Results

Baseline response Baseline response Moderate response Strong response



have demonstrated that they are capable of sophisticated statistical computations with
reasonably high efficiency. The performance of other complex tasks, such as Alex the
parrot’s detection of an object’s color, are also believed to involve ensembles of neu-
rons. These ensembles (or cell assemblies) provide the basis for cognition. Different
ensembles combine together, much like words in language, to produce coherent
thoughts.

What is the contribution of individual neurons to a cell assembly? Each neuron
acts as a computational unit. In the moving-dots experiment, we saw that even one
solitary neuron was capable of deciding on its own when to fire when its summed in-
puts indicated that movement was occurring. Neurons are the only elements in the
brain that combine evidence and make decisions. They are the foundation of thought
and cognitive processes. It is the combination of these individual neurons into novel
neural networks that produces complex representations, such as ideas.

In Review
Thought is the act of attending to, identifying, and making meaningful responses to stim-
uli. Many animals, probably including all mammals and birds, are capable of this type of
mental activity. Human thought is characterized by the ability to generate strings of ideas,
many of which are novel. The basic unit of thought is the neuron. The cell assembly is the
vehicle by which neurons can interact to influence behavior and to produce cognitive
processes. Our next problem is to determine where the cell assemblies for various com-
plex cognitive processes are located in the human brain.

COGNITION AND THE ASSOCIATION CORTEX
In Chapters 8 to 10, we discussed the regions of the cortex responsible for deciphering
inputs from sensory receptors and for executing movements. These regions together
occupy about a third of the cortex. The remaining cortex is located in the frontal, tem-
poral, and parietal lobes (see Figure 14-3) and is often referred to as the association
cortex. It functions to produce cognition.
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Figure 14-3

Lateral and medial views of the left
hemisphere, showing the primary and
sensory motor areas. All remaining
cortical areas are collectively referred to
as association cortex.

Primary olfactory
and taste cortex (hidden 
by temporal lobe)

KEY (cortical areas)

Primary motor
Primary sensory
Primary visual

Primary auditory
Primary olfactory
and taste

All cortex that is
not primary cortex 
is association cortex.



One fundamental difference between the association cortex and the primary sen-
sory and motor cortex is that the association cortex has a distinctive pattern of connec-
tions. Recall that a major source of input to all cortical areas is the thalamus. The
primary sensory cortex receives inputs from thalamic areas that receive information
from the sense organs. In contrast, the association cortex receives its inputs from re-
gions of the thalamus that receive their inputs from other regions of the cortex. As a re-
sult, the inputs to the association cortex have been highly processed before they get to
the association regions. This information must therefore be fundamentally different
from the information reaching the primary sensory and motor cortex. The association
regions contain knowledge, either about our external or internal world or about move-
ments. In order to appreciate the types of knowledge that the association areas contain,
we will consider different forms of cognitive behavior and then trace these behaviors
to different parts of the association cortex.

Knowledge About Objects
Imagine looking at a cardboard milk carton sitting on a counter directly in front of
you. What do you see? Now imagine moving the carton off to one side. What do you
see now? Next tilt the carton toward you at a 45° angle. Again, what do you see? Proba-
bly you answered that you saw the same thing in each situation: a white rectangular
object with colored lettering on it. Intuitively, you probably feel that the brain must
“see” the object much as you have perceived it. As you learned in Chapter 8, however,
the brain’s “seeing” is more compartmentalized than your perceptions. This is revealed
in people who suffer damage to different regions of the occipital cortex. They often
lose one particular aspect of visual perception. For instance, those with damage to vi-
sual area V4 can no longer perceive color, while those with damage to area V5 can no
longer see movement (when the milk carton moves, it becomes invisible to them).
Moreover, your perception of the milk carton’s rectangular shape is not always a com-
pletely accurate interpretation of the forms that your visual system is processing.
When the carton is tipped toward you, you still perceive it as rectangular, even though
it is no longer presenting a rectangular shape to your eyes. Your brain has somehow ig-
nored the change in information about shape that your retinas have sent it and con-
cluded that this is still the same milk carton.

This example demonstrates many properties of visual perception. But there is
more to your processing of the milk carton than merely determining its physical char-
acteristics. For example, you know what a milk carton is, what it contains, and where
you can get one. This knowledge about milk cartons that you have acquired is repre-
sented in the temporal association cortex that forms the ventral stream of visual pro-
cessing. If the temporal association regions are destroyed, a person loses visual
knowledge not only about milk cartons but also about all other objects. Like D. F.,
whose case is discussed in Chapter 8, the person becomes agnosic.

Knowledge about objects includes even more than simply knowing what they are
and what they are used for. Two cases described by Martha Farah (1995) illustrate this
point nicely. Case 1 was unable to localize visual stimuli in space and to describe the lo-
cation of familiar objects from memory. He was, however, good at both identifying ob-
jects and at describing their appearance from memory. In other words, Case 1 could
both perceive and imagine objects, but he could not perceive or imagine their location.
Case 2 was the opposite of Case 1. Case 2 could localize objects and describe their loca-
tions from memory, but he could not identify objects or describe them from memory.
Case 1 had a lesion in the parietal association cortex, whereas Case 2’s lesion was in the
temporal association cortex. Knowledge about objects is thus found in more than one
location, depending on the nature of the knowledge. Knowledge of what things are is
temporal, whereas knowledge of where things are is parietal.
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Association cortex. Neocortex that is
outside the primary sensory or motor cor-
tex; it functions to produce cognition.

Review the locations of these regions
on the CD in the module on the Central
Nervous System. 

Dorsal 
stream

Ventral 
stream



Spatial Cognition
The location of objects is just one aspect of what we know about space. Spatial cogni-
tion refers to a whole range of mental functions that vary from navigational ability (the
ability to go from point A to point B) to the mental manipulation of complex visual ar-
rays, as illustrated in Figure 14-4. For example, imagine traveling to an unfamiliar park
for a walk. As you walk about the park, you need to proceed in an organized, systematic
way. You do not want to go around and around in circles. You also need to be able to

find your way back to your bus stop. These abilities require a repre-
sentation of the physical environment in your mind’s eye.

Now let’s presume that at some time during the walk, you are
uncertain where you are (a common problem). One solution is to
create a mental image of your route, complete with various land-
marks and turns. It is a small step from mentally manipulating these
kinds of navigational landmarks and movements to manipulating
other kinds of images in your mind. It therefore seems likely that the
ability to mentally manipulate visual images arose from the ability 
to navigate in space.

The evolution of skill at mentally manipulating things is also
closely tied to the evolution of physical movements. In the course of

evolution, it seems likely that animals first moved by using whole-body movements
(such as the swimming motion of a fish), then developed coordinated limb move-
ments (quadrupedal walking), and finally became capable of discrete limb move-
ments, such as the reaching movements of human arms. As the guidance strategies for
controlling movements became more sophisticated, cognitive abilities probably in-
creased as well to support those guidance systems. It seems unlikely that more sophis-
ticated cognitive abilities evolved on their own. For instance, why would a fish be able
to manipulate an object in its mind that it could not manipulate in the real world? In
contrast, a human who can manipulate objects by hand might be expected to be able to
imagine such manipulations. After all, we are constantly observing our hands manipu-
late things, so we must have many mental representations of such activity. Once the
brain can process the manipulation of objects that are physically present, it seems a
small step to picturing the manipulation of objects that are only imagined. This ability
enables us to solve problems like the one in Figure 14-5. The task is to mentally manip-
ulate the cube at the left to determine which of cubes a, b, and c could result from those

manipulations. The ability to carry out such manipulations of an
object in the mind’s eye probably flows from the ability to ma-
nipulate tangible objects with the hands.

Which parts of the brain take part in the various aspects of
spatial cognition? Some clues related to spatial navigation come
from the study of how children develop navigational skills. Peo-
ple navigate by using several kinds of information to guide them.
They may take note of single cues or landmarks (a pine tree, a

park bench), they may keep track of their movements (turned left, walked 30 meters),
and they may relate observed landmarks to their own movements (turned right at the
bench), thus creating a spatial representation known as a place response. Research
shows a progressive change in the type of navigational information that children use at
different ages. In one study, Linda Acredolo (1976) brought children into a small, non-
descript room that had a door at one end, a window at the other end, and a table along
one wall. The children were walked to a corner of the table and blindfolded. While
blindfolded, they were walked in a circuitous route back to the door; then the blindfold
was removed and they were asked to return to the point at which they had been blind-
folded. Unbeknownst to the children, the table had sometimes been moved. If children
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Figure 14-4

These two figures are the same, but they
have different orientations in space.
Researchers test spatial cognition by
giving subjects a pair of stimuli, such as
those shown, and ask if the shapes are
the same or different.

Figure 14-5

A sample test item used to measure
spatial orientation. Compare the three
cubes on the right with the one on the
left. No letter appears on more than one
face of a given cube. Which cube—a, b, or
c—could be a different view of the cube
on the left? (The correct answer is a.)

a
b

c



used a place response, they returned to the correct place, even though the table had
been moved. If children used a cue or landmark response, they walked directly to the
table, regardless of where it was positioned. And if children used a movement re-
sponse, they turned in the direction in which they had originally turned when first en-
tering the room. Acredolo found that 3-year-olds tend to use a movement response,
whereas children a few years older used a cue or landmark response, and by age 7 chil-
dren had begun to use a place response to find the correct location. This developmen-
tal progression probably mimics the evolutionary progression of spatial cognition.
Because the cortex develops so late in children, it is likely that the cortex controls the
more sophisticated place response in spatial navigation.

Research has also provided clues to the brain regions involved in other aspects of
spatial cognition. For instance, we saw in Chapter 8 that the dorsal stream in the pari-
etal lobes plays a central role in the control of vision for action. Discrete limb move-
ments are made to points in space, so it is reasonable to suppose that the development
of the dorsal stream may have provided a neural basis for such spatial cognitive skills as
the mental rotation of objects. In fact, people with damage to the parietal association
regions, especially in the right hemisphere, have deficits in the processing of complex
spatial information, both in the real world and in their imaginations.

If we trace the evolutionary development of the human brain, we find that the
parietal association regions expanded considerably more in humans than in other pri-
mates. This expanded brain region functions, in part, to perform complex spatial oper-
ations such as those we have been discussing. Humans have a capacity for constructing
things that far exceeds that of our nearest relative, the chimpanzee. A long leap of logic
may be required in making the assertion, but perhaps our increased capacity for build-
ing and manipulating objects played an important role in the development of our spa-
tial cognitive abilities.

Attention
Imagine going to a football game where you intend to meet some friends. You search
for them as you meander through the crowd in the stadium. Suddenly, you hear the
distinctive laugh of one friend, and you turn to scan in that direction. You see your
group and rush to join it. This common experience demonstrates the nature of atten-
tion. Even when you are bombarded by sounds, smells, feelings, and sights, you can
still detect a familiar laugh or spot a familiar face. In other words, you can direct your
attention.

More than 100 years ago, William James (1890) defined attention this way: “It is
the taking possession by the mind in clear and vivid form of one out of what seem sev-
eral simultaneous objects or trains of thought.” James’s definition goes beyond our ex-
ample of locating friends in a crowd, for he notes that we can attend selectively to
thoughts as well as to sensory stimuli. Who hasn’t at some time been so preoccupied
with a thought as to exclude all else from mind? Attention can be directed inward as
well as outward.

Like the neural basis of many other mental processes, the neural basis of attention
is particularly difficult to study. However, research on monkeys has identified neurons
in the cortex and midbrain that show enhanced firing rates to particular locations or
visual stimuli to which the animals have been trained to attend. Significantly, the same
stimulus can activate a neuron at one time but not at another, depending on the mon-
key’s learned focus of attention.

In the study shown in Figure 14-6, James Moran and Robert Desimone (1985)
trained monkeys to hold a bar while they gazed at a fixation point on a screen. A sam-
ple stimulus (for instance, a vertical red bar) appeared briefly at one location in the vi-
sual field, followed about 500 milliseconds later by a test stimulus at the same location.
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When the test stimulus was identical to the initial sample stimulus,
the animal was rewarded if it immediately released the bar that it
held in its hand. Each animal was trained to attend to stimuli pre-
sented in one particular area of the visual field and to ignore stim-
uli in any other area. In this way, the same visual stimulus could be
presented to different regions of a neuron’s receptive field in order
to test whether the cell’s response varied with stimulus location.

As the animals performed the task, the researchers recorded
the firing of neurons in visual area V4. Neurons in area V4 are sen-
sitive to color and form, with different neurons responding to dif-
ferent combinations of these two variables (for instance, a red
vertical bar or a green horizontal bar). Visual stimuli were pre-
sented either in the correct location for a reward or in an incorrect
location for no reward. Neurons responded only when a visual
stimulus was in the correct location, even though the same stimulus
was presented in the incorrect location. Prior to training, the neu-
rons responded to all stimuli in both locations. This finding tells us
that the ability to attend to specific parts of the sensory world is a
property of single neurons. Once again we see that the neuron is
the computational unit of cognition.

It is likely that attention is a property of neurons throughout
the brain but that some regions play a more central role than oth-
ers. The frontal lobes, for instance, play a very important part. Peo-
ple with frontal lobe injuries tend to become overly focused on
environmental stimuli. They seem to selectively direct their atten-
tion to an excessive degree. Studies of these people suggest that the
frontal association cortex is critically involved in the ability to flex-
ibly direct attention where it is needed. Indeed, the formation of
plans, which you know to be a frontal lobe function, requires this
ability. In addition, the parietal association cortex plays a key role
in other aspects of attention. This role is perhaps best illustrated by
studying the attention deficit referred to as neglect.

Neglect is a condition in which a person ignores sensory infor-
mation that should be considered important. Usually the condition
affects only one side of the body, in which case it is called contralat-
eral neglect. Figure 14-7 shows an example of contralateral neglect
in a dog that would eat food only from the right side of its dish. Ne-
glect is a fascinating symptom because it often entails no damage

to sensory pathways. Rather, the problem is a failure of attention.
People with damage to the parietal association cortex of the right hemisphere may

have particularly severe neglect of objects or events in the left side of their world. For
example, one man dressed only the right side of his body, shaved only the right side of
his face, and read only the right side of a page (if you can call that reading). He was ca-
pable of moving his left limbs spontaneously, but when asked to raise both his arms, he
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Contralateral neglect. Neglect of a part
of the body or world on the side opposite
(that is, contralateral) to a brain injury. 

Figure 14-6

A monkey performing an attentional task. Animals are trained
to attend only to particular stimuli in a particular location.
Experiments show that even though a given cortical neuron
would normally respond to a stimulus in many locations,
neurons can be trained to attend selectively to information
within specific regions of their receptive field.

Monkeys were trained to release a bar when a certain 
stimulus was presented in a certain location. The 
monkeys learned to ignore stimuli in all other locations.

During performance of this task, researchers recorded 
the firing of neurons in visual area V4, which are 
sensitive to color and form. Stimuli were presented in 
either rewarded or unrewarded locations. 

Prior to training, neurons responded 
to stimuli in all locations.

EXPERIMENT 1
Question: Can neurons learn to respond selectively to stimuli?

Procedure

Results

Neurons can respond selectively to 
information in their receptive field.

Conclusion

StimulusFixation point

Strong response

Rewarded location Unrewarded location

Rewarded location Unrewarded location

Pre-training recordings:

Post-training recordings:

Strong response Baseline response

Strong response

After training, neurons responded only when 
the visual stimuli were in the rewarded location.



would raise only his right one. When pressed, he could be induced to raise the left one,
but then he would quickly drop it to his side again.

As people with contralateral neglect begin to recover, they show another interest-
ing symptom known as extinction. Extinction refers to the neglect of information on
one side of the body when it is presented simultaneously with similar information on
the other side of the body. Figure 14-8 shows a common clinical test for extinction.
The patient is asked to keep his or her eyes fixed on the examiner’s face and to report
objects presented in one or both sides of the visual field. When presented with a single
object to one side or the other, the patient orients to the appropriate side of the visual
field, so we know that he or she cannot be blind on either side. But
now suppose that two forks are presented, one on the left and one
on the right. Curiously, the patient ignores the fork on the left and
reports only that there is one on the right. When asked about the
left side, the patient is quite certain that nothing appeared there
and that only one fork was presented, on the right.
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Extinction. A term used in neurology to
refer to the neglect of information on one
side of the body when it is presented 
simultaneously with similar information
on the other side of the body.

Figure 14-7

Contralateral neglect in a dog. This dog, which had 
a brain tumor, would eat only the food in the right
side of its dish and would ignore the left side. 

Figure 14-8

Testing for extinction in a stroke patient who shows neglect. The
patient is influenced by the competing objects in the two visual fields.
When shown two identical objects (coins), the patient does not notice
the one in his left field and and fails to report it. When shown two
different objects (a key and a coin), he quickly reports both objects.
When shown two kinds of forks (bottom) in two different orientations,
there is extinction of the fork in the neglected (left) field.

When shown two identical objects

When shown two kinds of an object

When shown two different objects

Patient sees only 
the object in his 
right visual field.

Patient sees the 
object in both  
visual fields.

Patient sees only 
the object in his 
right visual field.

Patient’s right
visual field

Patient’s left
visual field



Perhaps the most curious aspect of neglect is that people with it fail to pay atten-
tion not only to one side of the physical world around them but also to one side of the
world that they represent in their minds. We studied one woman who had complete
neglect for everything on her left side. She complained that she could not use her
kitchen because she could never remember the location of anything on her left. We
asked her to imagine standing at the kitchen door and to describe what was in the var-
ious drawers on her right and left. She could not recall anything on her left. We then
asked her to imagine walking to the end of the kitchen and turning around. We now
asked her what was on her right, which had previously been on her left. She broke into
a big smile and tears ran down her face as she realized that she now knew what was on
that side of the room. All she had to do was reorient her body in her mind’s eye. She
later wrote and thanked us for changing her life, for she was now able to cook again!
Clearly, neglect can be in the mind as well as in the real world.

Planning
Imagine the following scenario. It is Friday noon and one of your friends proposes that
you go to a nearby city for the weekend to attend a concert. She will pick you up at 6:00 PM

and you will drive there together. Because you are completely unprepared for this invi-
tation, and you are going to be busy until 4:00, you must rush home right after 4:00
and get organized. En route you stop at a fast food restaurant so that you won’t be hun-
gry on the 2-hour drive. You also need money, so you zoom to the nearest ATM. When
you get home, you grab various pieces of clothing appropriate for the concert and the
trip. You also pack your toiletries. You somehow manage to get ready by 6:00, when
your friend arrives.

Although the task of getting ready in a hurry may make us a bit harried, most of us
can manage to do it, but people with frontal lobe injury cannot. To learn why, let’s con-
sider what is involved in the task. First, you have to plan your behavior, which requires
selecting from many options. What things do you need to take with you? Money? Then
which bank machine is closest and what is the quickest route to get there? Do you also
need something to eat? Then what is the fastest way to get food on a Friday afternoon?
Second, in view of your time constraint, you have to ignore irrelevant stimuli. For in-
stance, if you pass a sign advertising a sale in your favorite music store, you have to ig-
nore it and persist with the task at hand. Third, you have to keep track of what you
have done already. This is especially important during your packing. You do not want
to forget items or to pack the same item twice. You do not want to take four pairs of
shoes and no toothbrush, for example.

The general requirements of this task can be described as the temporal (or time)
organization of behavior. You are planning what you need to do and when you need to
do it. This is the general function of the frontal lobes. But note that, in order to per-
form this task, you also need to recognize objects (an occipital- and temporal-lobe
function) and to make appropriate movements with respect to them (a parietal-lobe
function). You can therefore think of the frontal lobes as acting like an orchestra con-
ductor. The frontal lobes make and read some sort of motor plan (a kind of motor
“score,” analogous to the musical score of a conductor) in order to organize behavior
in space and time. People with frontal-lobe injuries are simply unable to organize their
behavior.

Performance on the Wisconsin Card Sorting Task provides a nice example of the
kinds of deficits that frontal-lobe injury creates. Figure 14-9 shows the test materials.
The subject is presented with the four stimulus cards arrayed at the top. These cards
bear designs that differ in color, form, and number of elements, thus creating three
possible sorting categories to be used in the task. The subject must sort a deck of cards
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into piles in front of the various stimulus cards, depending upon
what sorting category is called for. The correct sorting category is
never stated. The subject is told afterward whether the choice he or
she has made is correct or incorrect. For example, in one trial, the
first correct sorting category is color. Then, once the subject has
sorted a number of cards by color, the correct solution switches
without warning to form. Once the subject has started to sort by
form, the correct solution again changes unexpectedly, this time to the number of
items on each card. The sorting rule later becomes color again, and so on, with each
change in rule coming unannounced. Shifting response strategies is particularly diffi-
cult for people with frontal-lobe lesions, who may continue responding to the original
stimulus (color) for as many as 100 cards until the test ends. They may even comment
that they know that color is no longer the correct category, but they continue to sort on
the basis of it. As one such person stated: “Form is probably the correct solution now
so this [sorting by color] will be wrong, and this will be wrong, and wrong again.” Cu-
riously, then, despite knowing what the correct sorting category is, the frontal-lobe pa-
tient is unable to shift behavior in response to the new external information.

Imitation and Understanding
In all communication—both verbal and nonverbal—it is critical that the sender and
receiver have a common understanding of what counts. If a person speaks a word or
makes a gesture, it will be effective only if another person interprets it correctly. To ac-
complish this coordination in communication, the processes of producing and per-
ceiving a message must have some kind of shared representation in the brain of the
sender and the receiver. How is this shared representation achieved? How do both the
sender and the receiver of a potentially ambiguous gesture, such as a raised hand or a
faint smile, come to share an understanding of what that gesture means?

Giacomo Rizzolatti and his colleagues (1998) proposed an answer to this question.
They identified neurons in the frontal lobes of monkeys that discharge during the pro-
duction of active movements of the hand or mouth or both. These neural discharges
do not precede the movements but instead occur in synchrony with them. Because it
would take time for a neural message to go from a frontal lobe to a hand, we would
predict that if these cells are controlling the movements, they will discharge before the
movements occur. The cells must therefore be recording that the movement is occur-
ring. In the course of his studies, Rizzolatti also made the remarkable finding that
many of these neurons discharge when other monkeys make the same movements.
Rizzolatti called these “mirror neurons.” Mirror neurons do not respond to objects,
only to specific observed actions. The researchers proposed that these neurons repre-
sent actions, whether one’s own or others’. Such neural representations could be used
both for imitating others’ actions and for understanding the meaning of those actions,
thus enabling appropriate responses to them. These neurons therefore provide the link
between the sender and the receiver of communication.

Rizzolatti and his colleagues used PET to look for these same neurons in humans.
Subjects were asked to watch a movement, to make the same movement, or to imagine
the movement. In each case, a region of the lateral frontal lobe in the left hemisphere,
including Broca’s area, was activated. Taken together with the monkey studies, this
finding suggests that primates have a fundamental mechanism for action recognition.
People apparently recognize actions made by others because the neural patterns pro-
duced when the actions are observed are similar to those produced when they them-
selves make those same actions. According to Rizzolatti, the human capacity to
communicate with words may have resulted from a progressive evolution of the mirror

p

Figure 14-9

The Wisconsin Card Sorting Test, showing
test materials as presented to the subject.
The task is to place each card in the
bottom pile under the appropriate card in
the top row. Subjects are told only
whether their responses are correct or
incorrect. The possible criteria are number,
color, and shape. Once subjects have
begun using one sorting rule, the tester
unexpectedly changes to another rule.
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neuron system observed in the monkey brain. After all, the ability to mimic behaviors,
such as in dances and song, is central to human culture. The evolution of this capacity
was perhaps the precursor to the evolution of language.

One major difference between humans and monkeys is that in humans the mirror
neurons are localized to the left hemisphere. Although it is not immediately clear why
this is, the existence of a unilateral representation may be significant for understanding
how language is organized in the brain. If the abilities to mimic and to understand ges-
tures were present before language developed, and if the neural circuits for these abili-
ties became lateralized, then language would also become lateralized because the
system on which it is based already existed in the left hemisphere.

In Review
The association areas of the cortex contain knowledge about both our external and inter-
nal worlds, and they function to produce the many different forms of cognitive behavior in
which we engage. As a general rule, the temporal lobes generate knowledge about ob-
jects, whereas the parietal lobes and the hippocampus produce various forms of spatial
cognition. In addition, there are neurons in both the temporal and the parietal lobes that
seem to contribute to our ability to selectively attend to particular sensory information.
The frontal lobes function not only to make movements but also to plan movements and
to organize our behavior over time. In humans, an area of the left frontal lobe interprets
the behavior of others so that the information can be used to plan appropriate actions.

STUDYING THE HUMAN BRAIN AND COGNITION
Historically, the functions of the association cortex have been inferred largely from the
study of neurological patients. In recent years, however, many new technologies have
been developed to study cognition in the normal brain. So in addition to traditional
neuropsychological studies of brain-damaged patients, researchers now have a rich
array of more modern methods to help them analyze the neural correlates of human
thought. Here we consider some of these research techniques. Using them to study the
neural basis of cognition is often referred to as cognitive neuroscience.

Methods of Cognitive Neuroscience
Beginning in the mid-1800s, physicians like Paul Broca began to make clinical observa-
tions about the mental activity of people with specific brain injuries. During the twen-
tieth century, this clinical approach developed into the discipline that is now called
neuropsychology. Neuropsychological studies involve analyzing the behavioral symp-
toms of people with circumscribed, usually unilateral brain lesions due to stroke, ill-
ness, surgery, or accident. Presumably, if a patient shows impairment on some
behavioral test, the damaged area must play a role in that particular behavior. In order
to conclude that the area in question has a special function, however, it is also neces-
sary to show that lesions in other parts of the brain do not produce a similar deficit.
For example, if a temporal-lobe patient is impaired on a test of verbal memory, we
would need to demonstrate that someone with frontal- or parietal-lobe injury does
not have a similar impairment. Neuropsychological studies typically compare the ef-
fects that injuries to different brain regions have on particular tasks, as illustrated in
“Neuropsychological Assessment,” on page 000.
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the neural basis of cognition.

Neuropsychology. A general term used
to refer to the study of the relationship 
between brain function and behavior.
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Neuropsychological Assessment

Focus on D
isorders

The oldest method of investigating the brain’s hemispheric

organization is to study the effects of circumscribed unilat-

eral lesions that occur as a result of strokes, surgery, and

other injuries and to infer the function of the lesioned area by

observing the patient’s behavioral deficits. Beginning in the

late 1940s and continuing until today, neuropsychologists

have devised a battery of neuropsychological tests that are

designed to evaluate the functional capacities of different

cortical areas, especially association areas. Although “high-

tech” procedures such as PET, fMRI, and ERP have also been

developed, the “low-tech” behavioral assessment continues

to be one of the best and simplest ways to measure cognitive

function. 

To illustrate the nature and power of neuropsycholog-

ical assessment, we will compare the test per-

formance of three patients on five of the tests

used in a complete neuropsychological assess-

ment. The first two tests are tests of delayed

memory—one verbal, the other visual. The pa-

tients were read a list of words and two short

stories. They were also shown a series of sim-

ple drawings. Their task was to repeat the

words and stories immediately after hearing

them and to draw the simple figures. Then,

without warning, they were asked to do so again 30 min-

utes later. Their performances on these delayed tests yield

the delayed verbal and visual memory scores. The third

test is one of verbal fluency, in which patients were given

5 minutes to write down as many words as they could

think of that start with the letter s, excluding both people’s

names and numbers. The next test is the Wisconsin Card

Sorting Test, which assesses abstract reasoning (see Figure

14-9). Finally, the patients were given a reading test. For

all these tests, performance was compared with that of a

normal control subject.

The first patient, J. N., was a 28-year-old man who had

developed a tumor in the anterior and medial part of the left

temporal lobe. Preoperative psychological tests showed this

man to be of superior intelligence, with his only significant

deficits being on tests of verbal memory. When we saw him,

one year after surgery that successfully removed the tumor,

he had returned to his job as a personnel manager. His intel-

ligence was still superior, but, as the accompanying score

summary shows, he was still impaired on the delayed verbal

memory test, recalling only about 50 percent as much as the

other subjects did. 

The second patient, E. B., was a college senior majoring in

psychology. An aneurysm in the right temporal lobe had burst,

and the anterior part of that lobe had been removed. She was of

above-average intelligence and completed her bachelor of arts

degree with good grades. Her residual deficit was clearly

shown on her delayed visual memory test, where she recalled

just a little more than half of what the other subjects did. 

Finally, the third patient, J. W., was a 42-year-old police

inspector who had a college diploma and was also of above-

average intelligence. He had a benign tumor in the left frontal

lobe. We saw him 10 years after his surgery, at which time he

was still working in the police force, although at a desk job.

His verbal fluency was markedly reduced, as was his ability to

solve the card-sorting task. His reading skill, however, was

unimpaired, which was also true of the other patients.

Two points can be made from these neuropsychological

results. First, damage to different parts of the brain produces

different symptoms, which allows functions to be localized

to different cerebral regions. Second, there is an asymmetry

in brain organization. Left-hemisphere damage preferentially

affects verbal functions, whereas right-hemisphere damage

preferentially affects nonverbal functions.

Subjects’ Scores

Test Control J. N. E. B. J. W.

Delayed verbal memory 17 9* 16 16

Delayed visual memory 12 14 8* 12

Verbal fluency 62 62 66 35*

Card-sorting errors 9 10 12 56*

Reading 15 21 22 17

*An abnormally poor score



Photo of MRI scan

Magnetic
coils

Hollow
tube

A second approach to examining human brain function is to measure brain activ-
ity in some way and correlate this measurement with the cognitive activity inferred to
be taking place at the same time. One method of measuring brain activity is to use
electrical recordings, such as the event-related potentials (ERPs) that we discussed in
Chapter 4 (see Figures 4-26 and 4-27). Another method is to take advantage of the fact
that the electrical currents of neurons generate tiny magnetic fields. With the use of a
special recording device known as a SQUID (superconducting quantum interference
device), it is possible to record these magnetic fields and to produce a magnetoen-
cephalogram (MEG). Like the ERP, the MEG procedure requires that many measure-
ments be taken and averaged.

A third strategy for studying human brain function is to measure brain metabo-
lism, as in a PET scan, described in Chapter 8. A more recent, less invasive alternative is
magnetic resonance imaging (MRI), illustrated in Figure 14-10. MRI is based on the
principle that atoms behave like spinning bar magnets in the presence of a magnetic
field. Normally, atoms are pointed randomly in different directions, but when placed
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Magnetic resonance imaging (MRI).
An imaging procedure in which a com-
puter draws a map from the measured
changes in the magnetic resonance of
atoms in the brain. Allows the production
of a structural map of the brain without
actually opening the skull.

Figure 14-10

The machine used to obtain magnetic resonance
images. The subject is placed in a long metal cylin-
der that has two sets of magnetic coils arranged
at right angles to each other. An additional coil,
known as a radio frequency coil, surrounds the
head (not shown) and is designed to perturb the
the static magnetic fields to produce the MRI.
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in a magnetic field, they line up in parallel as they orient themselves with respect to the
field’s lines of force. In MRI, radio pulses are applied to a brain whose atoms have been
aligned in this manner, and the radio pulses form a second magnetic field. This second
field causes the spinning atoms to wobble irregularly, thus producing a tiny electric
current that the MRI measures. When the currents are recorded, it is possible to make
images of the brain that are based on the density of the atoms in different regions. Fig-
ure 14-10 shows such an image, which is known as a magnetic resonance image. When
a region of the brain is active, the amount of blood flow and oxygen to it increases. A
change in the oxygen content of the blood alters the blood’s magnetic properties. This
alteration, in turn, affects the MRI signal.

In 1990, Segi Ogawa and his colleagues showed that MRI could accurately match
these changes in magnetic properties to specific locations in the brain. The resulting
images are known as functional MRIs (fMRIs). Figure 14-11 illustrates changes in the
fMRI signal in the visual cortex of a person who is being stimulated visually. Manipu-
lation of the characteristics of the stimulus (color, motion, spatial orientation) makes
it possible to dissociate the activity of the various visual areas of the occipital lobes (the
areas shown in Figure 8-17). In other words, fMRI can show that different visual areas
are differentially activated when different types of visual stimuli are presented.

In addition to its many advantages, fMRI has some disadvantages. A major advan-
tage over PET is that fMRI allows the anatomical structure of each subject’s brain to be
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Functional MRI (fMRI). A type of mag-
netic resonance imaging that takes advan-
tage of the fact that changes in the
distribution of elements such as oxygen
alter the magnetic properties of the brain.
Because oxygen consumption varies with
behavior, it is possible to map and measure
changes that are produced by behavior. 

Figure 14-11

Functional MRI (fMRI) images showing V1 activation in a normal human
brain during visual stimulation. The occipital pole is at the bottom. A
baseline acquired in darkness (top left) was subtracted from the
subsequent images. The subject wore tightly fitting goggles that
contained light-emitting diodes that were turned on and off as a rapid
sequence of scans was obtained. The images show the prominent activity
in the visual cortex when the light is on and the rapid cessation of
activity when the light is off. The graph (bottom) illustrates that the on-
line fMRI measure can be quantified. 
Adapted from “Dynamic Magnetic Resonance Imaging of Human Brain Activity
During Primary Sensory Stimulation,” by K. K. Kwong et al., Proceedings of the
National Academy of Sciences (USA), 89, p. 5678.

Link to your CD to investigate more
about the MRI, including scans of the
brain, in the module on Research 
Methods. 



identified, and brain activity can then be related to localized anatomical regions on the
brain image. fMRI also has better spatial resolution than does PET. And it is possible to
monitor the actual change in the oxygen signal caused by changes in blood flow. On
the negative side, however, fMRIs are expensive. The resolution of standard hospital
MRIs is generally insufficient for research purposes, so neuroscientists need to buy

even more expensive equipment in order to do specialized research.
In addition, fMRI can be very difficult for subjects to endure. They
are required to lie motionless in a long, noisy tube, an experience
that can be quite claustrophobic. The confined space also restricts
the types of behavioral experiments that can be performed.

Yet another way to study human brain function is to disrupt
brain activity briefly while a person is performing some task in
order to observe the results. You saw in Chapter 9 that Wilder Pen-
field used this procedure when he electrically stimulated the brains
of patients who were about to undergo neurosurgery. Although
much has been learned by using the technique, it has a major draw-
back: it can be carried out only on subjects whose brains are ex-
posed. This requirement makes it impractical as a laboratory
research tool.

More recently, a procedure has been developed that can be
used on normal subjects. This technique is called transcranial
magnetic stimulation (TMS). When a magnetic stimulus is placed
next to the skull, there is a disruption of brain function in the re-
gion immediately adjacent to the magnet. Thus, by placing a small
coil over the skull and using repetitive TMS, one can interfere with
the neural activity of the brain regions under the coil. One reason
for this interference is a drop in blood flow in the stimulated area,
resulting in disturbed functioning. In a typical experiment, a re-
gion of brain is located first on an MRI image. Then the coordi-
nates of the region are identified and the magnetic coil for TMS is
placed accordingly.

The Power of Cognitive 
Neuroscientific Analysis
Thomas Paus and his colleagues (1997) showed that it is possible to
combine TMS, PET, and fMRI to produce a very powerful investiga-
tive tool, as illustrated in Figure 14-12. Paus first located the motor
cortex by using fMRI. Then a magnetic coil was positioned over
that region. The subject was next placed in a PET scanner, and PET
activity was recorded while magnetic stimulation was applied. The
drop in blood flow to the motor cortex as a result of the magnetic
stimulation also affected regions connected with the motor cortex.
For example, when Paus stimulated the frontal eye fields in the pre-
motor area, he found a decline in blood flow in parietal regions in
the dorsal stream that are presumably connected to the frontal eye
fields. The combination of these three technologies thus allows a
novel procedure for mapping connectivity in the human brain as
well as for measuring the effect of TMS on the performance of par-
ticular cognitive activities. Studies using TMS to record cognitive
activity have not yet been reported, but the technique is powerful
and will certainly be used for this purpose in the near future.
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The power of cognitive neuroscientific analysis can also be illustrated in
an fMRI study by Dirk Wildgruber and his colleagues (1999). This study was
based on the clinical observation that people with damage to the frontal lobe
of either hemisphere often have difficulty reversing the serial order of items such as
digits, the days of the week, or the months of the year. For instance, when these pa-
tients are asked to count or to list the days or months in a forward direction, they do so
with ease, but when asked for the same information in reverse order (Sunday, Saturday,
Friday, and so on), they have difficulty. It seems that the frontal lobes are active during
the reverse serial order task but not during the forward task.

In order to evaluate this hypothesis, fMRI was conducted on normal subjects who
silently recited the names of the months either forward or backward. Figure 14-13
summarizes the major findings of the study. The top row shows scans from the right
and left hemispheres when the subjects were lying quietly for 10 seconds before the
task began. The second row shows scans during the first 10 seconds after the verbal in-
structions to start reciting were given, whereas the third row shows scans during the
next 40–50 seconds while the silent recitation was going on. Finally, the fourth row
shows scans during the 10 seconds after the subjects were told to stop reciting. Two
major results emerge from the study. First, when the subjects heard and analyzed the
verbal instructions, increased blood flow to the temporal auditory areas was larger in
the left (language-processing) hemisphere than in the right. This activation did not
last, however, because the subjects heard nothing new during the task. Second, reciting
the months activated the brain differently, depending on whether the recitation was in
a forward or backward direction. During the forward recitation, activation was largely
restricted to the posterior temporal cortex in the left hemisphere. During the backward
recitation, in contrast, there was bilateral activation of the frontal and parietal cortex,
although activation was greater on the left side. Clearly, functional magnetic resonance
imaging is a highly valuable method for analyzing changes in brain activity as they
occur.

Although the major goal of the Wildgruber study was to examine the role of the
frontal lobes in serial ordering tasks, it also showed involvement of the parietal and
posterior temporal regions, as well as a left–right asymmetry in cerebral activity. We
encountered cerebral asymmetry before, particularly in the discussion of auditory pro-
cessing of words and music in Chapter 9. In the next section, we consider the differen-
tial role of the two hemispheres in thinking.
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Transcranial magnetic stimulation
(TMS). A procedure in which a magnetic
coil is placed over the skull to stimulate
the underlying brain; can be used either 
to induce behavior or to disrupt ongoing
behavior.

Figure 14-12

Transcranial magnetic stimulation (TMS) can be used in combination
with other imaging techniques, such as PET or fMRI, to study cortical
functioning. In this example, TMS was used to stimulate the premotor
cortex region that controls eye movements and is called the frontal eye
field (FEF). A TMS coil was then positioned over that area.
Measurement of cerebral blood flow (CBF), using PET, showed that the
TMS altered blood flow, both at the site of stimulation (the local CFB
response) and in the parietal-occipital cortex (PO, the distal CFB
response), which reveals the connections between the frontal and
posterior cortical regions. 
Adapted from “Transcranial Magnetic Stimulation During Positron Emission
Tomography: A New Method for Studying Connectivity of the Human
Cerebral Cortex,” by T. Paus, R. Jech, C. J. Thompson, R. Comeau, T. Peters, &
A. Evans, 1997, Journal of Neuroscience, 17, 3178-3184.
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Figure 14-13

Summary illustrations of fMRI-measured
cerebral activation when subjects were
asked to mentally recite the names of
the months either forward or in reverse.
The top row shows relative fMRI
activation in subjects during the 10
seconds preceding the beginning of the
task. There is some fMRI signal in the
frontal lobe and posterior temporal
region during the “recite backward”
condition, possibly because subjects were

rehearsing. When the verbal instructions
are given, the subjects show activation of
the temporal auditory areas bilaterally,
with greater activation on the left and
greater activation in the frontal lobe in
the “recite backward” condition. Once
the instructions are completed,
activation is seen only in the posterior
temporal region during the “recite
forward” condition but in the “recite
backward” condition, it is also seen in

the frontal and posterior parietal
regions, especially on the left. Finally,
when the subjects hear the instruction to
stop, the temporal auditory areas are
once again activated. 
Adapted from “Dynamic Pattern of Brain
Activation During Sequencing of Word
Strings Evaluated by fMRI,” by 
D. Wildgruber, U. Kischka, H. Ackermann, 
U. Klose, and W. Grodd, 1999, Cognitive
Brain Research, 7, 285–294.
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In Review
Analysis of the behavioral symptoms of brain-injured patients began in the late 1800s.
During the twentieth century, this approach developed into the field of neuropsychology.
Until the l990s, neuropsychology was the primary source of insights into how the human
brain thinks. In recent years, however, development of sophisticated imaging techniques
including ERP, PET, fMRI, MEG, and TMS, has allowed the study of brain activity while
subjects perform various cognitive tasks. By using multiple methods, contemporary re-
searchers can gather converging evidence on the nature of neural activity during human
thought.

CEREBRAL ASYMMETRY IN THINKING
One of the fundamental discoveries of behavioral neuroscience was the finding by
Broca and his contemporaries in the mid-1800s that language is lateralized to the left
hemisphere. But the implications of this finding were not really appreciated until the
1960s, when Roger Sperry (1968) and his colleagues began to study people who had
undergone surgical separation of the two hemispheres as a treatment for intractable
epilepsy. It soon became apparent that the two cerebral hemispheres were more spe-
cialized in their functions than researchers had previously realized. Popular authors in
the 1980s seized on this idea and began to write about “left-brained” and “right-
brained” people and how left-brained people’s right-hemisphere skills could suppos-
edly be improved by training. Although this type of popularized discussion has
declined in recent years, the concept of cerebral asymmetry is still important to under-
standing how the human brain thinks. So before discussing how the two sides of the
brain cooperate in generating cognitive activity, we consider the anatomical differences
between the left and right hemispheres.

Anatomical Asymmetry
When we examined brain asymmetries related to audition in Chapter 9, we explained
that the language- and music-related areas of the left and right temporal lobes differed
anatomically. In particular, the primary auditory area is larger on the right, whereas
the secondary auditory areas are larger on the left. Other regions besides the auditory
areas are also asymmetrical. For instance, the posterior parietal cortex of the right hemi-
sphere is larger than the corresponding region of the left hemisphere. Figure 14-14
shows that the Sylvian fissure, which partially separates the temporal and parietal
lobes, has a sharper upward course in the right 
hemisphere relative to the left. The result is that the
posterior part of the right temporal lobe is larger
than the same region on the left side of the brain. At
the same time, the left parietal lobe is larger relative
to the right. There are also anatomical asymmetries
in the frontal lobes. For example, the region of the
sensorimotor cortex representing the face is larger in
the left hemisphere than in the right, a difference
that presumably reflects the special role of the left
hemisphere in talking. Furthermore, the frontal op-
erculum (Broca’s area) is organized differently on 
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Figure 14-14

Asymmetry in the size of the parietal
cortex of the human brain. The Sylvian
fissure in the left hemisphere has a
flatter course compared with the Sylvian
fissure on the right, which takes a more
upward course. As a result, the inferior
parietal region is larger on the right than
on the left.

Parietal
lobe

Left hemisphere Right hemisphere

Sylvian
fissure

Temporal
lobe



the left and right. The area visible on the surface of the brain is about one-third larger
on the right than on the left, whereas the area of cortex buried in the sulci of this re-
gion is greater on the left than on the right.

Not only do these gross anatomical differences between the two hemispheres exist,
but so too do hemispheric differences in the details of cellular and neurochemical
structure. For example, the neurons in Broca’s area on the left have larger dendritic
fields than do the corresponding neurons on the right. Unfortunately, the discovery of
these and other structural asymmetries tells us little about why such differences occur.
Presumably, they reflect underlying differences in cognitive processing by the two sides
of the brain, but exactly what these processing differences are remains a mystery.

Although many anatomical asymmetries in the human brain are related to lan-
guage, such asymmetries are not unique to humans. Most, if not all, mammals have
brain asymmetries, as do many species of birds. Cerebral asymmetry therefore cannot
simply be present for the processing of language. Rather, it is more likely that language
evolved after the brain had become asymmetrical. Language simply took advantage of
processes that had already been lateralized to the left hemisphere.

Functional Asymmetry in Neurological Patients
That the two hemispheres of the human brain sometimes specialize in different func-
tions is shown by the study of people with damage to the left or right side of the brain.
To see these functional differences clearly, compare the cases of G. H. and M. M.

When G. H. was 5 years old, he went on a hike with his family and was hit on the
head by a large rock that rolled off an embankment. He was unconscious for a few
minutes and had a severe headache for a few days, but he quickly recovered. By age 18,
however, he had started having seizures. Neurosurgical investigation revealed that he
had suffered a right posterior parietal injury from the rock accident. Figure 14-15
shows the area affected. Following surgery to remove this area, G. H. had weakness of
the left side of his body and showed contralateral neglect. But these symptoms lessened
fairly quickly and a month after the surgery they had completely cleared. Nevertheless,
G. H. suffered chronic difficulties in copying drawings, and 4 years later he still per-
formed at about the level of a 6-year-old. He also had trouble assembling puzzles,
which he found disappointing because he had enjoyed doing puzzles before his
surgery. When asked to do tasks like the one in Figure 14-5, he became very frustrated
and refused to continue. Finally, he had difficulty finding his way around the city in
which he lived. The general landmarks that he had used to guide his travels before the
surgery no longer seemed to work for him. He now has to learn street names and use a
verbal strategy to go from one place to another.

M. M.’s difficulties were quite different from those of G. H. M. M. was a 16-year-
old girl who had a meningioma, which is a tumor of the brain’s protective coverings,
the meninges. (See “Brain Tumors,” in Chapter 3, page 86.) The tumor was surgi-
cally removed, but it had placed considerable pressure on the left parietal region,
causing damage to the area shown in Figure 14-15. After the surgery, M. M. experi-
enced a variety of problems. For one thing, she suffered aphasia, or impairment in
the use of language, although this condition lessened over time until a year after the
surgery she was able to speak quite fluently. Unfortunately, her other difficulties
persisted. In solving arithmetic problems, in reading, and even in simply generating
the names of objects or animals, she performed at about the level of a 6-year-old.
When asked to copy a series of arm movements, such as those illustrated in Figure
14-16, she had great difficulty. She seemed unable to figure out how to make her
arm move as in the example. She had no difficulty in making movements sponta-
neously, however, which means that she was able to move her limbs. Rather, she had
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Figure 14-15

Brain maps illustrating the region of
injury (shaded area) in two people with
parietal-lobe injuries. The top brain
illustrates Case G. H., who had a right-
parietal injury resulting from a childhood
accident. Case M. M. had a benign tumor
in the left parietal lobe.

Injury to this area of the right hemisphere 
caused difficulties with copying drawings, 
assembling puzzles, and finding the way 
around a familiar city.

Injury to this area of the left hemisphere 
caused difficulties with language, copying 
movements, reading, and generating 
names of objects or animals.

Case G. H.

Case M. M.



a general impairment in copying movements. This is a symptom of a condition
known as apraxia, a general impairment in making voluntary movements in the ab-
sence of paralysis or a muscular disorder.

What can we learn about brain function by comparing these two patients? Their
lesions were in approximately the same location but in opposite hemispheres, and
their symptoms were very different. Judging from the difficulties that G. H. had, the
right hemisphere plays a role in the control of spatial skills, such as drawing, assem-
bling puzzles, and navigating in space. In contrast, the left hemisphere seems to play
some role in the control of language functions, as well as in various cognitive tasks re-
lated to schoolwork—namely, reading and arithmetic. In addition, the left hemisphere
plays a role in controlling sequences of voluntary movement that is different from the
role of the right hemisphere. To some extent, therefore, the left and right hemispheres
think about different types of information. The question is whether these differences
in function can be observed in a normal brain.

Functional Asymmetry in the Normal Brain
In the course of studying the auditory capacities of people with temporal lobe lesions,
Doreen Kimura (1967) came upon an unexpected finding in her control subjects. She
presented people with two strings of digits, one played into to each ear. (This proce-
dure is known as dichotic listening.) The subjects’ task was to recall as many of the dig-
its as possible. Kimura found that her normal control subjects recalled more digits
presented to the right ear than to the left. This result is a bit surprising because the au-
ditory system is repeatedly crossed, beginning in the midbrain. Nonetheless, informa-
tion coming from the right ear seems to have preferential access to the left (speaking)
hemisphere. In a later study, Kimura played two pieces of music, one to each ear (see
Kimura, 1973). She then gave subjects a multiple-choice test in which she played four
bits of musical selections and asked them to pick out those that they had heard before.
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Figure 14-16

Illustration of two series of arm
movements that are to be copied.
Subjects observe the tester perform each
sequence and then copy it as accurately
as they can. People with left-hemisphere
injury, especially in the posterior parietal
region, are impaired at copying such
movements.

Series 1

Series 2



In this test, she found that normal subjects were more likely to re-
call the music played to the left ear than that played to the right ear.
This result implies that the left ear has preferential access to the
right (musical) hemisphere.

The demonstration of this functional asymmetry in the nor-
mal brain provoked much interest in the 1970s, leading to demon-
strations of functional asymmetries in the visual and tactile 
systems as well. Consider the visual system. If we fixate on a target,
such as a dot, all the information to the left of the dot goes to the
right hemisphere and all the information to the right of the dot
goes to the left hemisphere, as shown in Figure 14-17. If informa-
tion is presented for a relatively long time—say, one second—we
can easily report what was in each visual field. If, however, the pre-
sentation is brief—say, only 40 milliseconds—then the task is con-
siderably harder. This situation allows us to reveal a brain
asymmetry. Words presented briefly to the right visual field, and
hence sent to the left hemisphere, are more easily reported than 
are words presented briefly to the left visual field. Similarly, if com-
plex geometric patterns or faces are shown briefly, those presented
to the left visual field, and hence sent to the right hemisphere, are
more accurately reported than are those presented to the right vi-
sual field. Apparently, the two hemispheres are processing infor-
mation differently. The left hemisphere seems to be biased toward
processing language-related information, whereas the right hemi-
sphere seems to be biased toward processing nonverbal, especially
spatial, information.

A word of caution is needed. Although asymmetry studies are
fascinating, it is not entirely clear what they tell us about the differ-
ences between the two hemispheres. They tell us that something is
different, but it is a long leap to conclude that the two hemispheres
house entirely different kinds of skills. Yet this was a common

thread in popular writings during the late 1970s and the 1980s, which ignored the fact
that the two hemispheres have many functions in common, such as the control of
movement in the contralateral hand and the processing of sensory information
through the thalamus. Still, there are differences in the cognitive operations of the two
hemispheres. These differences can be better understood by studying people whose
cerebral hemispheres have been surgically separated for medical treatment.

The Split Brain
Epileptic seizures may begin in a restricted region of one hemisphere and then spread
through the fibers of the corpus callosum to the corresponding location in the oppo-
site hemisphere. To prevent the spread of seizures that cannot be controlled through
medication, neurosurgeons sometimes cut the 200 million nerve fibers of the corpus
callosum. The procedure is medically beneficial for many patients, leaving them virtu-
ally seizure-free with only minimal effects on their everyday behavior. But in special
circumstances, the results of a severed corpus callosum become more readily apparent.
This has been demonstrated through extensive psychological testing by Roger Sperry,
Michael Gazzaniga, and their colleagues (Sperry, 1968; Gazzaniga, 1970). On close in-
spection, these split-brain patients can be shown to have a unique behavioral syn-
drome that provides insights into the nature of cerebral asymmetry.
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Figure 14-17

Visual pathways to the two hemispheres.
When fixating at a point, each eye sees
both visual fields but sends information
about the right visual field only to the
left hemisphere and information about
the left visual field only to the right
hemisphere. Information is shared
through the corpus callosum, which
allows a complete image to be perceived.
If the corpus callosum is cut and if the
eyes and head are prevented from
moving, each hemisphere can see only
half the visual world. In normal subjects
given short exposures to stimuli, the left
hemisphere is more accurate at
perceiving words, whereas the right
hemisphere is more accurate at
perceiving objects, such as faces.
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Before discussing the details of split-brain studies, let us make some predictions
on the basis of what we already know about cerebral asymmetry. First, we would antic-
ipate that the left hemisphere has language, whereas the right hemisphere does not.
Second, we would expect that the right hemisphere might be better at doing certain
types of nonverbal tasks, especially those involving visuospatial
skills. We might also ask how a severed corpus callosum might affect
the way the brain thinks. After all, once the corpus callosum is cut,
the two hemispheres have no way to communicate with each other.
The left and right hemispheres therefore would be free to think
about different things. In a sense, a split-brain patient would have
two different brains.

One way to test the cognitive functions of the two hemispheres
in a split-brain patient is to take advantage of the fact that informa-
tion in the left visual field goes to the right hemisphere, whereas in-
formation in the right visual field goes to the left hemisphere.
Because the corpus callosum is cut in these patients, information
presented to one side of the brain has no way of traveling to the other
side. It can be processed only in the hemisphere that receives it. Fig-
ures 14-18 and 14-19 show some basic testing procedures using this
approach. The split-brain subject fixates on the dot in the center of
the screen while information is presented to the left or right visual
field. The person must make responses with the left hand (controlled
by the right hemisphere), with the right hand (controlled by the left
hemisphere), or verbally (which is also a left-hemisphere function).
In this way, researchers are able to observe what each hemisphere
knows and what it is capable of doing.

For instance, a subject might be flashed a picture of some ob-
ject—say, a spoon— and asked to state what he or she sees. If the
picture is presented to the right visual field, the person will answer,
“Spoon.” If the picture is presented to the left visual field, however,
the person will say, “I see nothing.” The patient responds in this way
for two reasons. First, the right hemisphere (which receives the vi-
sual input) does not talk, so it cannot respond verbally, even though
it sees the spoon in the left visual field. Second, the left hemisphere
does talk but it does not see the spoon, so it answers—quite cor-
rectly, from its own perspective—that no picture is present.

Now suppose that the task changes. The picture of a spoon is
still presented to the left visual field, but the subject is asked to
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Figure 14-18

The basic testing arrangement used to lateralize visual and tactile
information and to allow tactile responses. The subject fixates on
the dot and an image is projected to the left or right visual field,
which goes to one hemisphere or the other. The subject then uses
one hand to touch objects that are out of sight and must choose
the object seen. Split-brain subjects can correctly choose objects
with the hand controlled by the same hemisphere that viewed
the object.

EXPERIMENT
Question: Will severing the corpus callosum affect the way the brain responds?

Procedure

When the left hemisphere, which can speak, sees the spoon 
in the right visual field, the subject responds correctly. 
When the right hemisphere, which cannot speak, sees the 
spoon in the left visual field, the subject does not respond.

Conclusion

The split-brain subject fixates on the dot in the center of 
the screen while an image is projected to the left or right 
visual field. He is asked to identify verbally what he sees.

If the picture is presented 
to the right visual field, 
the subject verbally 
answers, “Spoon.”

If the picture is presented 
to the left visual field, the 
subject verbally answers, 
“I see nothing.”

Screen

Left visual field Right visual field Left visual field Right visual field

Projector

Severed corpus callosum

Results



use the left hand to pick out the object shown on the screen. In this case, the left
hand, controlled by the right hemisphere, which does see the spoon, readily picks
out the correct object. Can the right hand also choose correctly? No, because it is
controlled by the left hemisphere, which cannot see a spoon on the left. If the per-
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Figure 14-19

Experiment 1 demonstrates how the
right hemisphere can be tested to
indicate what it knows about the world.
In this case, the response is not verbal
but motor, as the subject is asked to use
his left hand. Experiment 2 demonstrates
what happens if the two hemispheres
are asked to respond to competing
information. If both hemispheres are to
use a motor response, then the two
hands may disagree on the correct
answer.

FPO 
To Come



son is forced in this situation to select an object with the right hand, the left hemi-
sphere does so at random.

Now let’s consider an interesting twist. Let’s show each hemisphere a different ob-
ject—say, a spoon to the right hemisphere and a pencil to the left. The subject is asked
to use both hands to pick out the object seen. The problem here is that the right hand
and left hand do not agree. While the left hand tries to pick up the spoon, the right
hand tries to pick up the pencil or tries to prevent the left hand from
performing the task. This conflict between the hemispheres can be
seen in the everyday behavior of some split-brain subjects. One
woman, referred to as P. O. V., reported frequent interhemispheric
competition for at least 3 years after her surgery. “I open the closet
door. I know what I want to wear. But as I reach for something with
my right hand, my left comes up and takes something different. I
can’t put it down if it’s in my left hand. I have to call my daughter.”

We know from the experiment summarized in Figure 14-19 that
the left hemisphere is capable of using language, but what functions
does the right hemisphere control? Other split-brain studies have at-
tempted to answer this question. Some of the first insights came
from investigations into the visuospatial capacities of the two hands.
For example, one split-brain subject was presented with several
blocks, each having two red sides, two white sides, and two half-red
and half-white sides, as illustrated in Figure 14-20. The task was to
arrange the blocks to form patterns identical to those shown on
cards. When the subject used his right hand to perform the task, he
had great difficulty. His movements were slow and hesitant. In con-
trast, when he did the task with his left hand, his solutions were not
only accurate but quick and decisive. Other studies of split-brain pa-
tients have shown that as tasks of this sort become more difficult,
the left-hand superiority increases. Normal subjects perform equally
well with either hand, indicating the connection between the two
hemispheres. But in split-brain subjects the hemispheric connection
is severed, so each hemisphere must work on its own. Apparently,
the right hemisphere has visuospatial capabilities that the left hemi-
sphere does not.

Once again, however, some caution is needed. Although studies
of split-brain patients over the past 30 years have shown that the two
hemispheres process information differently, there is more overlap
in function between them than was at first suspected. For instance,
the right hemisphere does have some language functions, while the
left does have some spatial abilities. Nonetheless, the two sides are
undoubtedly different. Why does this difference occur?
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Figure 14-20

The split-brain subject’s task is to place the blocks together to
form the same pattern as on the sample card. (Top) With the right
hand (left hemisphere), he is unable to duplicate the pattern.
(Bottom) With his left hand (right hemisphere), he performs the
task correctly 
Adapted from Cognitive Neuroscience: The Biology of the Mind (p. 323),
by M. S. Gazzaniga, R. B. Ivry, and G. R. Mangun, 1999, New York: Norton.

…but with his left hand, he 
performs the task correctly.

The split-brain patient is unable to 
duplicate the pattern using his 
right hand…

The subject is asked to arrange the 
blocks so that they duplicate the 
pattern shown on the card.

BlocksBlocks

Sample
card

The right hemisphere is superior at
visuospacial processing.

Conclusion

Question: How does each hemisphere perform on a visuospatial
construction task?

EXPERIMENT

Procedure

Results

Connect to the Web site at
www.worthpublishers.com/kolb/
chapter14 for links to more sites about
split-brain patients.



Explaining Cerebral Asymmetry
Various theories have been proposed to explain the hemispheric difference. One idea,
which dates back to the early 1900s, is that the left hemisphere plays an important role
in the control of fine movements. Recall M. M., the patient with left-parietal-lobe
damage who suffered apraxia; although that condition subsided, she was left with a
chronic difficulty in copying movements. So perhaps one reason the left hemisphere is
involved in language is that the production of language requires fine motor move-
ments of the mouth and tongue. Significantly, damage to the language-related areas of
the left hemisphere almost always interferes with both language and movement, re-
gardless of whether the person uses oral language or sign language. Reading Braille,
however, may not be so affected by left-hemisphere lesions. People use the left hand to
read Braille, which is essentially a spatial pattern, so processes related to reading Braille
may reside in the right hemisphere.

Another clue that the left hemisphere’s specialization for language may be related
to its special role in controlling movements comes from the study of where certain
parts of speech are processed in the brain. We said earlier that cognitive systems for
representing abstract concepts are likely to be related to systems that produce more
concrete behaviors. Consequently, we might expect that the left hemisphere would
have a role in forming concepts related to fine movements. Concepts that describe
movements are the parts of speech that we call verbs. Interestingly, one fundamental
difference between left- and right-hemisphere language abilities is that verbs seem to
be processed only in the left hemisphere, whereas nouns are processed in both hemi-
spheres. In other words, not only does the left hemisphere have a special part in con-
trolling the production of actions, but it also controls the production of mental
representations of actions in the form of words.

If the left hemisphere excels at language because it is better at controlling fine
movements, what is the basis of the right hemisphere’s abilities? One idea is that the
right hemisphere has a special role in controlling movements in space. In a sense, this
role is an elaboration of the functions of the dorsal stream. Once again, we can propose
a link between this function at a concrete level and at a more abstract level. If the right
hemisphere is producing movements in space, then it is also likely to produce mental
images of such movements. We would therefore predict that right-hemisphere patients
would be impaired both at the making of spatially guided movements and at thinking
about such movements. Significantly, they are.

You should bear in mind that theories about the reasons for hemispheric asymme-
try are highly speculative. Our bias is that because the brain is designed to produce
movement and to create a sensory reality, the observed asymmetry must be somehow
related to these overriding functions. In other words, later-emerging functions, such as
language, are likely to be extensions of preexisting functions. The fact that language is
represented asymmetrically does not mean that the brain is asymmetrical because of
language. After all, brains are asymmetrically organized in other species that do not talk.

The Left Hemisphere, Language, and Thought
We close our discussion of brain asymmetry by considering one other provocative
idea. Michael Gazzaniga (1992) proposed that the superior language skills of the left
hemisphere are important in understanding the differences in thinking between hu-
mans and other animals. He labels the speaking hemisphere the “interpreter.” What he
means by this is illustrated in the following experiment, using split-brain patients as
subjects. Each hemisphere is shown the same two pictures, such as a picture of a match
followed by a picture of a piece of wood. A series of other pictures is then shown, and
the task is to pick out a third picture that has an inferred relationship with the other

556 ■ CHAPTER 14

p

Rotate the hemispheres and investi-
gate the location of language on the CD 
in the module on the Central Nervous 
System.

h

Braille

s eou



two. In our example, the third picture might be of a bonfire. The right hemisphere is
incapable of making the inference that a match struck and held to a piece of wood
could create a bonfire, whereas the left hemisphere can easily arrive at this interpreta-
tion. An analogous task uses words. For example, one or the other hemisphere might
be shown the words pin and finger and then be asked to pick out a third word that is re-
lated to the other two. In this case, the correct answer might be bleed. The right hemi-
sphere is not able to make this connection. Although it has enough language ability to
be able to pick out close synonyms for pin and finger (needle and thumb, respectively),
it cannot make the inference that pricking a finger with a needle will result in bleeding.
Again, the left hemisphere has no difficulty with this task. Apparently, the language ca-
pability of the left hemisphere gives it a capacity for interpretation that the right hemi-
sphere lacks. One reason may be that language serves to label and express the
computations of other cognitive systems.

Gazzaniga goes even further than this. He suggests that the addition of the lan-
guage abilities that the left hemisphere possesses makes humans a “believing” species.
That is, humans can now make inferences and have beliefs about sensory events. In
contrast, Alex, the gray parrot, would not be able to make inferences or hold beliefs
about things, because he does not have a system analogous to our left-hemisphere lan-
guage system. Alex can use language but does not make inferences about sensory
events with language. Gazzaniga’s idea is certainly intriguing. It implies a fundamental
difference in the nature of cerebral asymmetry, and therefore in the nature of cogni-
tion, between humans and other animals because of the nature of human language.

In Review
The two hemispheres process information differently, which means that they think differ-
ently. In particular, the right hemisphere plays a role in spatial movements and spatial cog-
nition as well as music. The left hemisphere plays a role in the control of voluntary
movement sequences and in language. It has been hypothesized that the addition of ver-
bal mediation to left-hemisphere thinking may confer a fundamental advantage to the left
hemisphere because language can label the computations of the brain’s various cognitive
systems. As a result, the left hemisphere is able to make inferences that the right hemi-
sphere cannot.

VARIATIONS IN COGNITIVE ORGANIZATION
No two brains are identical. Brains differ in gyral patterns, cytoarchitectonics, vascular
patterns, and neurochemistry, among other things. Some of these differences are ge-
netically determined, whereas others reflect plastic changes such as those created by
experience and learning. Some brain differences are idiosyncratic, or unique to partic-
ular individuals, whereas many other variations are systematic and shared by whole
categories of people. In this section, we consider two systematic variations in brain or-
ganization, those related to sex and handedness, and one idiosyncratic variation,
synesthesia.

Sex Differences in Cognitive Organization
Popular magazines are rife with the idea that men and women think differently, and
there seems to be some scientific basis to this view. Recent texts, such as one by Doreen
Kimura (1999), have compiled considerable evidence for the existence of marked sex
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differences in the way men and women perform on many cognitive tests. For example,
paper-and-pencil tests consistently show that, on average, females have better verbal
fluency than males do, whereas males do better on tests of spatial reasoning, as illus-
trated in Figure 14-21. Our focus here is on how such differences relate to the brain.

THE NEURAL BASIS OF SEX DIFFERENCES
Many investigators have searched without success for gross differences in the structure
of the male and female cortex. If such differences exist, they must be subtle. There is
stronger indication, however, that gonadal hormones influence the structure of cells in
the brain, including cortical cells. For example, the structures of neurons in the pre-
frontal cortex of rats were found to be influenced by gonadal hormones (Kolb & Stew-
art, 1991). The cells in one prefrontal region, which is located along the midline, have
larger dendritic fields (and presumably more synapses) in males than in females, as
shown in Figure 14-22. In contrast, the cells in another frontal region have larger den-
dritic fields (and presumably more synapses) in females than in males. These sex dif-
ferences are not found in rats that have had their gonads or ovaries removed at birth.
Presumably, sex hormones somehow change the brain’s organization and ultimately its
cognitive processing.

A second study showed that the presence of gonadal hormones affects the brain
not only during early development but also during adulthood. In the course of this
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Figure 14-21

Examples of four types of tasks that
reliably show sex-related cognitive
differences. (A) The drawing at left
shows the waterline in a half-full glass.
The subjects were asked to draw a line
that would indicate the level of water if
the same glass were tipped. The
illustration at bottom shows the line
drawn incorrectly, indicating no
comprehension of the concept of
horizontality of fluid level. This response
was given by about two-thirds of female
subjects. (B) This task requires the subject
to choose the block in the row at the
bottom that could be made from the
plan shown. Men typically find this task
much easier than women. (C) In this test,
the subject must fill in the empty boxes
in the bottom rows with the appropriate
symbols from the examples at the top.
(This is similar to the digit-symbol task on
the Wechsler intelligence tests.) When
given a larger number of boxes to fill in
and a time limit of 90 seconds, women
complete from 10 to 20 percent more
items than men do. (D) This test of verbal
fluency requires the subject to fill each
blank to form words that make a
sentence. Women are faster at this type
of test than men are.

(A) Spatial relation–type task

Waterline Correct
response

Incorrect
response

Subjects were asked to 
draw a line to indicate 
waterline in tipped glass.

(B) Mental rotation–type task

Plan

a

Subjects were asked to choose the 
block that could be made from a plan.

Males are generally more accurate 
than females are at this task.

b c d

(C) Short-term-memory–type task

Subjects were asked to fill in the 
empty boxes with the appropriate 
symbols from the top row.

When given a larger number of boxes to 
fill in and a time limit, females complete
10 to 20 percent more items than males do.

(D) Verbal-fluency–type task

Subjects were asked to fill each blank 
to form words that make a sentence.

Females are generally faster at 
this type of test than males are.

1

2 8 3 2 1 4 2 3 5 9 2 1 7 3 6

9

1. F

7 2 3 1 4 6 1 9 7 4 3 1 6 8

2 3 4 5 6 7 8 9

M A J

2. C B E S

3. D I J K

This response indicates no comprehension of 
the concept of horizontality of fluid level. 
Males are generally more accurate at judging 
this than are females. 



study, which focused on how hormones affect recovery from brain
damage, the ovaries of middle-aged female rats were removed (Stew-
art & Kolb, 1994). When the brains of these rats and those of control
rats were examined some months later, the rats whose ovaries had
been removed had experienced structural changes in their cortical
neurons, especially in their prefrontal neurons. Specifically, their
cells had grown 30 percent more dendrites and had an increase in
spine density relative to the cells in control rats. Clearly, gonadal
hormones can affect the neural structure of the brain at any point in
an animal’s life.

What do these hormonal effects mean in regard to how neurons
process information and, ultimately, how the brain thinks? One pos-
sibility is that gonadal hormones may influence the way in which ex-
perience changes the brain. Evidence in support of this possibility
came from a study by Robbin Gibb and her colleagues (in press).
They placed male and female rats in complex environments like those
described in Chapter 13. After four months, they examined the ani-
mals’ brains and found that there was a sex difference in the effects of
experience. Both sexes showed experience-dependent changes in
neural structure, but the details of those changes were different. Fe-
males exposed to the enriched environment showed a greater in-
crease in dendritic branching, whereas males housed in the same
environment showed a greater increase in spine density. In other
words, although the brains of both sexes were changed by experience,
they were changed in different ways, which were presumably medi-
ated by the animals’ exposure to different gonadal hormones. These differences in brain
changes almost certainly affect cognitive processing in one sex relative to the other,
although exactly how is a matter for speculation.

Another way to investigate the effects of sex hormones on how neurons process in-
formation is to relate differences in hormone exposure to particular human cognitive
abilities. This type of study presents obvious problems because we cannot control hor-
mone types and levels in people. We can, however, take advantage of naturally occur-
ring hormone variations within a single sex. This is rather simple to do in females. We
can use the age of onset of the first menstrual cycle (known as menarche) as a marker
for the presence of female gonadal hormones. Because this age varies considerably
(from as early as 8 years old to as late as 18), there is ample opportunity to relate the
presence of female hormones to cognitive abilities.

In a study by Sharon Rowntree (2000), girls had been recruited at age 8 to take
part in a 10-year longitudinal study of the relation between age at menarche and body
type. The age at which each started to menstruate was known to within 1 month. At
age 16, all the subjects were given tests of verbal fluency (such as writing down in 5
minutes as many words as possible that start with the letter d) and of spatial manipula-
tion (such as the one illustrated in Figure 14-5). Rowntree reasoned that if hormones
alter cortical neurons, then the age at which the neurons are changed may influence
cognitive processing. And this is exactly what she found evidence for, as summarized in
Figure 14-23. Specifically, girls who reached menarche earlier (age 12 or younger) were
generally better at the verbal tasks than girls who began to menstruate later, whereas
girls who reached menarche later were generally better at the spatial tasks. In short, the
age at which gonadal hormones affect the brain may be the critical factor in the devel-
opment of cognitive skills.

This idea was examined in another way by Deborah Waber (1976). She did a retro-
spective study in which age at puberty was estimated in both boys and girls. She found
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Figure 14-22

Sex differences in the architecture of
neurons in the frontal cortices of male
and female rats. The cells in the midline
frontal region (shown by arrows in the
top two drawings) are more complex in
males than in females, whereas the
opposite is true of the orbital frontal
region (shown by arrows in the bottom
two drawings). 

Cells from medial
frontal cortex

Cells from orbital
frontal region

Male rat Female rat



that regardless of sex, early-maturing adolescents performed better on
tests of verbal than spatial abilities, whereas late-maturing subjects
showed the opposite pattern. Waber argued that sex differences in mental
abilities reflect differences in the organization of cortical function that are
related to differential rates of physical maturation. Because boys usually
mature later than girls, they show a different pattern of cognitive skills
from that of girls.

The advantage of using same-sex subjects in studies such as these is to
reduce the probability that different experiences prior to puberty could
account either for the girls’ age differences at menarche or for their differ-
ent cognitive abilities. Rather, it seems more likely that the gonadal hor-
mones of puberty influenced the structure of cortical neurons and,
ultimately, cognitive processing. It is possible that the post-pubertal expe-
riences of the girls affected the brains of early maturers differently from
those of late maturers, but gonadal hormones would still have played an
important mediating role. Interestingly, boys reach puberty later than
girls, and boys, on average, do better at spatial tasks and worse on verbal
tasks than girls do. Perhaps it is the age at which hormones affect the brain
that is the critical factor here.

One additional way to consider the neural basis of sex differences is to
look at the effects of cortical injury in men and women. If there are differences in the
neural organization of cognitive processing in males and females, there ought to be
differences in the effects of cortical injury in the two sexes. In fact, Doreen Kimura
(1999) conducted this kind of study and showed that the pattern of cerebral organiza-
tion within each hemisphere may differ between the sexes. Investigating people who
had sustained cortical strokes in adulthood, she tried to match the location and extent
of injury in her male and female subjects. She found that although males and females
were almost equally likely to be aphasic following left-hemisphere lesions of some
kind, males were more likely to be aphasic and apraxic after damage to the left poste-
rior cortex, whereas females were far more likely to be aphasic and apraxic after lesions
to the left frontal cortex. These results are summarized in Figure 14-24. They suggest a
difference in intrahemispheric organization between the two sexes.

HOW SEX-RELATED COGNITIVE DIFFERENCES EVOLVED
We have emphasized the role of gonadal hormones to explain sex differences in cogni-
tive function, but we are still left with the question of how these differences arose in the
first place. To answer this question, we must look back at human evolution. Ultimately,
males and females of a species have virtually all their genes in common. Mothers pass
their genes to both sons and daughters, and fathers do the same. The only way in which
a gene can affect one sex preferentially is for that gene’s activities to be influenced by
the animal’s gonadal hormones, which in turn are determined by the presence or ab-
sence of the Y chromosome. The Y chromosome carries a gene called the testes-deter-
mining factor (TDF). This gene stimulates the body to produce testes, which then
manufacture androgens, which subsequently influence the activities of other genes.

Like other body organs, the brain is a potential target of natural selection. We should
therefore expect to find sex-related differences in the brain whenever the two sexes differ
in the adaptive problems that they have faced during the evolutionary history of the
species. The degree of aggressive behavior that the brain produces is a good example.
Males are more physically aggressive than females in most mammalian species. This trait
presumably improved males’ reproductive success, causing natural selection for greater
aggressiveness in males. Producing higher levels of aggression involves male hormones.
We know from studies of nonhuman species that aggression is related directly to the
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Figure 14-23

Girls who reach menarche early (before
age 12) have better verbal skills but
weaker spatial skills than do girls who
reach menarch late (after age 14). 
Data courtesy of S. Rowntree, from “Spatial
and Verbal Ability in Adult Females Vary
with Age at Menses,” manuscript in
preparation.



presence of androgens and to the effects of these hormones on gene expression both dur-
ing brain development and later in life. In this case, therefore, natural selection has
worked on gonadal hormone levels to favor aggressiveness in males.

Explaining sex-related differences in cognitive processes, such as language or spa-
tial skills, is more speculative than explaining sex-related differences in behaviors, such
as aggression. Nevertheless, some hypotheses come to mind. For instance, we can
imagine that in the history of mammalian evolution, males have tended to range over
larger territories than females have. This behavior requires spatial abilities, so the de-
velopment of these skills would have been favored in males. Support for this hypothe-
sis comes from comparing spatial problem-solving abilities in males of closely related
mammalian species—one in which the males range over large territories versus one in
which the males do not have such extensive ranges. For example, pine voles have re-
stricted ranges and no sex-related difference in range, whereas meadow voles have ex-
tensive ranges (about 20 times larger than those of pine voles), with the males ranging
more widely than the females. When the spatial problem skills of pine voles and
meadow voles are compared, meadow voles are far superior. Furthermore, among
meadow voles, there is a sex difference in spatial ability that favors males, but no such
sex difference exists among pine voles. Recall from Chapter 13 that the hippocampus is
implicated in spatial navigation skills. Significantly, the hippocampus is larger in
meadow voles than in pine voles, and it is larger in meadow vole males than in females
(Gaulin, 1992). A similar logic could help explain sex-related differences in spatial abil-
ities between human males and females.

Explaining sex-related differences in language skills is also speculative. One hy-
pothesis holds that if males were hunters and often away from home, the females left
behind in social groups would be favored to develop tools for social interaction, one of
which is language. It might also be argued that females were selected for fine motor
skills (such as foraging for food and making clothing and baskets). Because of the rela-
tionship between language and fine motor skills, enhanced language capacities might
have evolved as well in females. Although such speculations are interesting, they are
not testable. We will probably never know with certainty why sex-related differences in
brain organization developed.
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Figure 14-24

Evidence for intrahemispheric differences
in cortical organization of males and
females. Apraxia is associated with frontal
damage to the left hemisphere in women
and with posterior damage in men.
Aphasia occurs most often when damage
is to the front of the brain in women but
in the rear of the brain in men.
Adapted from Sex and Cognition (p. 000), by
D. Kimura, 1999, Cambridge, MA: MIT Press.
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Handedness and Cognitive Organization
Nearly everyone prefers to use one hand rather than the other for activities such as
writing or throwing a ball. Most people prefer to use the right hand. In fact, left-hand-
edness has historically been viewed as somewhat strange. Left-handedness, however, is
not rare. The most commonly cited figure is that 10 percent of the human population
worldwide is left-handed. This figure represents the number of people who write with
the left hand. When other criteria are used to determine left-handedness, estimates
range from 10 percent to 30 percent of the population.

Because the left hemisphere controls the right hand, it has generally been assumed
that right-handedness is somehow related to the presence of speech in the left hemi-
sphere. If this were so, then language would be located in the right hemispheres of left-
handed people. This hypothesis is easily tested, and it turns out to be false. In the
course of preparing epileptic patients for surgery to remove the abnormal tissue caus-
ing their seizures, Ted Rasmussen and Brenda Milner (1977) injected the left or right
hemisphere with a drug known as sodium amobarbital (see The “Sodium Amobarbital
Test,” page 000). This drug produces a short-acting anesthesia of the entire hemi-
sphere, making it possible to determine where speech is located. For instance, if a per-
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The Sodium Amobarbital Test

Focus on D
isorders

Guy was a 32-year-old lawyer who had a vascular malforma-

tion over the region corresponding to the posterior speech

zone. The malformation was beginning to cause neurological

symptoms, including epilepsy, so the ideal surgical treatment

would be removal of the abnormal vessels. The problem was

that removing vessels sitting over the posterior speech zone

poses a serious risk of permanent aphasia. Because Guy was

left-handed, it was possible that he had speech located in the

right hemisphere, in which case the surgical risk would be

much lower. To avoid inadvertent damage to the speech

zones, the surgeon must be certain of their location.

To achieve certainty in doubtful cases, Jun Wada and Ted

Rasmussen (1960) pioneered the technique of injecting

sodium amobarbital, a barbiturate, into the carotid artery to

produce a brief period of anesthesia of the ipsilateral hemi-

sphere. (Injections are now normally made through a

catheter inserted into the femoral artery.) This procedure en-

ables an unequivocal localization of speech, because injec-

tion into the speech hemisphere results in an arrest of speech

lasting as long as several minutes. As speech returns, it is

characterized by aphasic errors. Injection into the nonspeak-

ing hemisphere may produce no, or only brief, speech arrest.

The amobarbital procedure has the advantage of allowing

each hemisphere to be studied separately in the functional

absence of the other (anesthetized) hemisphere. Because the

period of anesthesia lasts several minutes, it is possible to

study a variety of functions, including memory and move-

ment, to determine a hemisphere’s capabilities.

The sodium amobarbital test is always performed bilater-

ally, with the second cerebral hemisphere being injected sev-

eral days after the first one in order to make sure that there is

no residual drug effect. During the brief period of drug ac-

tion, the patient is given a series of simple tasks involving

language, memory, and object recognition. Speech is tested

by asking the patient to name some common objects pre-

sented in quick succession, to count and to recite the days of

the week forward and backward, and to spell simple words.

If the injected hemisphere is nondominant for speech,

the patient may continue to carry out the verbal tasks, al-

though there is often a period as long as 30 seconds during

which he or she appears confused and is silent but can re-

sume speech with urging. When the injected hemisphere is

dominant for speech, the patient typically stops talking and

remains completely aphasic until recovery from the anesthe-



son becomes aphasic when the drug is injected into the left hemisphere but not when
the drug is injected into the right, then speech must be in that person’s left hemisphere.
Rasmussen and Milner found that virtually all right-handed people had speech in the
left hemisphere, but the reverse was not true for left-handed people. About 70 percent
of left-handers also had speech in the left hemisphere. Of the remaining 30 percent,
about half had speech in the right hemisphere and half had speech in both hemi-
spheres. Anatomical studies have subsequently shown that left-handers with speech in
the left hemisphere have anatomical asymmetries similar to those of right-handers. In
contrast, left-handers with speech located in the right hemisphere or in both hemi-
sphere—known as anomalous speech representation—have either a reversed anatom-
ical asymmetry or no obvious anatomical asymmetry at all.

Sandra Witelson and her colleagues (1991) asked whether there might be any
other gross differences in the structure of the brains of right- and left-handers. One
possibility is that the connectivity of the cerebral hemispheres may differ. To test this
idea, they studied the hand preference of terminally ill subjects on a variety of one-
handed tasks. They later did postmortem studies of the brains of these patients, paying
particular attention to the size of the corpus callosum. They found that the corpus cal-
losum’s cross-sectional area was 11 percent greater in left-handed and ambidextrous
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Anomalous speech representation. A
condition in which a person’s speech
zones are located in the right hemisphere
or in both hemispheres.

sia is well along, usually in 4 to 10 minutes. 

Guy was found to have speech in the left hemisphere.

During the test of his left hemisphere, he could not talk.

Later, he said that when he was asked about a particular ob-

ject, he wondered just what that question meant. Once he fi-

nally had some vague idea of what it meant, he had no idea

of what the answer was or how to say anything. By then he

realized that he had been asked all sorts of other questions to

which he had also not responded. When asked which objects

he had been shown, he said he had no idea. However, when

given an array of objects and asked to choose with his left

hand, he was able to identify the objects by pointing, be-

cause his nonspeaking right hemisphere controlled that

hand. In contrast, his speaking left hemisphere had no mem-

ory of the objects because it had been asleep.

In order to avoid damaging the speech zones of patients
about to undergo brain surgery, surgeons inject sodium
ambobarbital is injected into the carotid artery. The sodium
amobarbital anesthetizes the hemisphere where it is
injected (in this case the left), allowing the surgeon to
determine if the hemisphere is dominant for speech. 

Left carotid
artery

Sodium
amobarbital



(no hand preference) people than in right-handed people. It remains to be seen
whether this enlarged callosum is due to a greater number of fibers, thicker fibers, or
more myelin. If the larger corpus callosum is due to a greater number of fibers, the dif-
ference would be on the order of 25 million more fibers. Presumably, such a difference
would have major implications for the organization of cognitive processing in left- and
right-handers.

Synesthesia
Synesthesia is the capacity to join sensory experiences across sensory modalities, as
discussed in “A Case of Synesthesia.,” page 000. Examples of this rare capacity include
the ability to hear colors and to taste shapes. Richard Cytowic (1998) has estimated
that the incidence of synesthesia is about 1 in every 25,000 people. Synesthesia runs in
families, the most famous case being the family of Russian novelist Vladimir Nabokov.
As a toddler, Nabokov complained to his mother that the letter colors on his wooden
alphabet blocks were “all wrong.” His mother understood what he meant, because she
too perceived letters and words in particular colors. Nabokov’s son is synesthetic in the
same way. Such sensory blendings are difficult for most of us to imagine. We wonder
how sounds or letters could possibly produce colors, but there is little doubt that
synesthesia exists. Studies of people with this sensory ability show that the same stim-
uli always elicit the same synesthetic experiences for them.
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Synesthesia. The ability to perceive a
stimulus of one sense as a sensation of a
different sense, as when sound produces a
sensation of color.

Experience some simulations of 
synesthesia on the Web site at
www.worthpublishers.com/kolb/
chapter14.

A Case of Synesthesia

Focus on D
isorders

Michael Watson tastes shapes. He first came to the attention

of neurologist Richard Cytowic when they were having din-

ner together.  After tasting a sauce he was making for roast

chicken, Watson blurted out, “There aren’t enough points on

the chicken.” When Cytowic quizzed him about this strange

remark, Watson said that all flavors had shape for him. “I

wanted the taste of this chicken to be a pointed shape, but it

came out all round. Well, I mean it’s nearly spherical. I can’t

serve this if it doesn’t have points” (Cytowic, 1998, p. 4).

Watson has synesthesia, which literally means “feeling

together.” All his life Watson has experienced the feeling of

shape when he tastes or smells food. When he tastes intense

flavors he reports an experience of shape that sweeps down

his arms to his fingertips. He experiences the feeling of

weight, texture, warmth or cold, and shape, just as though he

was grasping something. The feelings are not confined to his

hands, however. Some taste shapes, like points, are experi-

enced over his whole body. Others are experienced only on

the face, back, or shoulders. These impressions are not

metaphors, as other people might use when they say that a

cheese is “sharp” or that a wine is “textured.” Such descrip-

tions make no sense to Watson. He actually feels the shapes.

Cytowic systematically studied Watson to determine

whether his feelings of shape were always associated with

particular flavors and found that they were. Cytowic de-

vised the set of geometric figures shown here to allow Wat-

son to communicate which shapes he associated with

various flavors.

Neurologist Richard Cytowic devised set of figures to help
Michael Watson communicate the shapes he senses when he
tastes food. 
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The most common form of synesthesia is colored hearing. For many synesthetics,
this means that they hear both speech and music in color, the experience being a visual
melange of colored shapes, movement, and scintillation. The fact that colored hearing
is more common than other types of synesthesia is curious. There are five primary
senses (vision, hearing, touch, taste, and smell), so in principle there ought to be 10
possible synesthetic pairings. In fact, however, most pairings are in one direction. For
instance, whereas synesthetic people may see colors when they hear, they do not hear
sounds when they look at colors. Furthermore, some sensory combinations occur
rarely, if at all. In particular, it is rare for taste or smell to trigger a synesthetic response.

The neurological basis of synesthesia is difficult to study because each case is so
idiosyncratic. Few studies have related synesthesia directly to brain function or brain
organization, and it is possible that different people experience synesthesia for differ-
ent reasons. Various hypotheses have been advanced to account for synesthesia, includ-
ing: (1) extraordinary connections between the different sensory regions that are
related in a particular synesthetic person; (2) increased activity in areas of the frontal
lobes that receive inputs from more than one sensory area; and (3) unusual patterns of
cerebral activation in response to particular sensory inputs. Whatever the explanation,
the brains of synesthetic people clearly think differently about certain types of sensory
inputs than the brains of other people do.

In Review
No two brains are alike, and no two people think the same. Nevertheless, although many
individual differences in brain structure and thinking are idiosyncratic, there are also sys-
tematic variations, such as those related to sex and handedness. The reasons for these dif-
ferences in the cerebral organization of thinking are not known; they are undoubtedly
related to differences in the synaptic organization of the neural circuits that underlie dif-
ferent types of cognitive processing.

INTELLIGENCE
Most people would probably say that one of the biggest influences on anyone’s think-
ing ability is intelligence. We consider intelligence easy to identify in people, and even
easy to observe in other animals. Yet intelligence is not at all easy to define. Despite
years of studying human intelligence, researchers are not yet in agreement as to what
intelligence entails. We therefore begin this section by reviewing some theories of intel-
ligence.

The Concept of General Intelligence
In the 1920s, Charles Spearman proposed that although there may be different kinds of
intelligence, there is also some sort of general intelligence, which he called the “g” fac-
tor. Consider for a moment what a general factor in intelligence might mean for the
brain. Presumably, brains with high or low “g” would have some general difference in
brain architecture. This difference could not be something as simple as size, because
human brain size (which varies from about 1000 to 2000 grams) correlates poorly with
intelligence. Another possibility is that “g” is related to some special characteristic of
cerebral connectivity or even to the ratio of neurons to glia.

Preliminary studies of Albert Einstein’s brain imply that both these characteristics
may play important roles. Sandra Witelson and her colleagues (1999) found that,
although Einstein’s brain was the same size and weight as the average male brain, his
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inferior parietal cortex was unusually large, as illustrated in Figure
14-25 (compare these brains to those shown in Figure 14-14. The
Sylvian fissure was short in Einstein’s brain, and both the left and the
right Sylvian fissure had a particularly striking upward deflection.
The inferior parietal cortex is known to be involved in mathematical
reasoning, so it is tempting to speculate that Einstein’s mathematical
abilities were related to enlargement of this area. But there may be

another important difference in Einstein’s brain. Marion Diamond and her colleagues
(1985) looked at the glia-to-neuron ratio in Einstein’s brain versus the mean for a con-
trol population. They found that Einstein’s inferior parietal cortex had a higher glia-
to-neuron ratio than average, meaning that each of his neurons in this region had an
unusually high number of glial cells supporting them. The glia-to-neuron ratio was
not unusually high in any other cortical areas of Einstein’s brain that these researchers
measured. Possibly, then, certain types of intelligence could be related to differences in
cell structure in localized regions of the brain. But even if this hypothesis proves to be
correct, it still offers little neural evidence in favor of a general factor in intelligence.

One neuropsychological possibility is that “g” is related to language processes in
the brain. Recall that language ability qualitatively changes the nature of cognitive pro-
cessing in humans. So perhaps people with very good language skills also have an ad-
vantage in general thinking ability.

Multiple Intelligences
There have been many other theories of intelligence since Spearman’s, but few have
considered the brain directly. One exception is a theory proposed by Howard Gardner,
a neuropsychologist at Harvard. Gardner (1983) considered the effects of neurological
injury on people’s behavior. He concluded that there are seven distinctly different
forms of intelligence and that each form can be selectively damaged by brain injury.
This view that there are multiple kinds of human intelligence should not be surprising,
given the many different types of cognitive operations that the human brain is capable
of performing.

Gardner’s seven categories of intelligence are: linguistic intelligence, musical intel-
ligence, logical-mathematical intelligence, spatial intelligence, bodily-kinesthetic intel-
ligence, intrapersonal intelligence, and interpersonal intelligence. Linguistic and
musical intelligence are straightforward concepts, as is mathematical intelligence. Spa-
tial intelligence refers to the spatial abilities that we have discussed in this chapter, es-
pecially the ability to navigate in space, as would be required of a hunter or fisherman
in a culture that had no modern navigational aids. Bodily-kinesthetic intelligence
refers to superior motor abilities, such as those exemplified by skilled athletes and
dancers. The two types of “personal” intelligence are less obvious. They refer to opera-
tions of the frontal and temporal lobes that are required for success in a highly social
environment. The intrapersonal aspect is an awareness of one’s own feelings, whereas
the extrapersonal aspect is the ability to recognize the feelings of others and to respond
appropriately. Gardner’s definition of intelligence has the advantage not only of being
quite inclusive but also of acknowledging forms of intelligence not typically recog-
nized in industrialized cultures.

One prediction stemming from Gardner’s analysis of intelligence is that brains
ought to differ in some way when people have more of one form of intelligence and
less of another. Logically, we could imagine that if a person were higher in musical in-
telligence and lower in bodily-kinesthetic intelligence, then the regions of the brain in-
volved in music (especially the temporal lobe) would differ in some fundamental way
from the “less efficient” regions involved in kinesthetic intelligence. Unfortunately, we
do not know what that difference might be.
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Figure 14-25

Photographs of Einstein’s brain. The
Sylvian fissure (at arrows) takes an
exaggerated upward course relative to
typical brains.
Reprinted with permission of Witelson et al.
and The Lancet



Divergent and Convergent Intelligence
One of the clearest differences between parietal- and temporal-lobe lesions versus le-
sions to the frontal lobes is in the way they affect performance on standardized intelli-
gence tests. Posterior lesions produce reliable, and often large, decreases in IQ, whereas
frontal lesions do not. One thing is puzzling, however. If frontal-lobe damage does not
diminish a person’s IQ, why do people with this kind of damage often do such “stupid”
things? The answer lies in the difference between two kinds of intelligence, referred to
as divergent and convergent.

According to J. P. Guilford (1967), traditional intelligence tests measure what is
called convergent thinking—that is, thinking that applies a person’s knowledge and
reasoning skills so as to narrow the range of possible solutions to a problem,
zeroing in on one correct answer. Typical intelligence test items using vocabulary
words, arithmetic problems, puzzles, block designs, and so forth all require convergent
thinking. They demand a single correct answer that can be easily scored. There is, how-
ever, another type of intelligence that is called divergent thinking. Divergent thinking
reaches outward from conventional knowledge and reasoning skills to explore new,
more unconventional kinds of solutions to problems. With divergent thinking, it is as-
sumed that there is a variety of possible approaches and answers to a question, rather
than only one “correct” solution. An example of a task that requires divergent thinking
is to list all the possible uses for a coat hanger that you can imagine. Clearly, a person
who is very good at divergent thinking might not necessarily be good at convergent
thinking, and vice versa.

The distinction between divergent and convergent intelligence is useful because it
helps us to understand the effects of brain injury on thought. Frontal-lobe injury is be-
lieved to interfere with divergent thinking, rather than with the convergent thinking
measured by standardized IQ tests. It is people with damage to the temporal and pari-
etal lobes whose convergent intelligence is often impaired. Injury to the left parietal
lobe, in particular, causes devastating impairment of the ability to perform cognitive
processes related to academic work. These people may be aphasic, alexic, and apraxic.
They often have severe deficits in arithmetic ability. All such impairments would inter-
fere with school performance or, in fact, performance at most jobs. Our patient M. M.,
discussed earlier, had left parietal-lobe injury and was unable to return to work. In
contrast to people like M. M., people with frontal-lobe injuries seldom have deficits in
reading, writing, or arithmetic and show no decrement in standardized IQ tests. The
case of C. C. is a good example. He had a meningioma along the midline between the
two frontal lobes; extracting it required removal of brain tissue from both hemi-
spheres. C. C. had been a prominent lawyer prior to his surgery; afterward, although he
still had a superior IQ and superior memory, he was unable to work, in part because he
no longer had any imagination. He could not generate the novel solutions to legal
problems that had characterized his career before the surgery. Thus, both M. M. and 
C. C. suffered problems that prevented them from working, but their problems dif-
fered because different kinds of thinking were affected.

Intelligence, Heredity, Environment, 
and the Synapse
Another way of categorizing human intelligence was proposed by Donald Hebb. He,
too, thought of people as having two forms of intelligence, which he labeled intelli-
gence A and intelligence B. Intelligence A refers to innate intellectual potential, which
is highly heritable. That is, it has a strong genetic component. Intelligence B is ob-
served intelligence, which is influenced by experience as well as other factors, such as
disease, injury, or exposure to environmental toxins, especially during development.
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Convergent thinking. A form of think-
ing in which there is a search for a single
answer to a question (such as 2 + 2 = ?);
contrasts with divergent thinking.

Divergent thinking. A form of thinking
in which there is a search for multiple so-
lutions to a problem (such as, how many
different ways can a pen be used?); con-
trasts with convergent thinking.



Hebb understood that the structure of brain cells can be significantly influenced
by experience. In his view (Hebb, 1980), experiences influence brain development, and
thus observed intelligence, because they alter the brain’s synaptic organization. It fol-
lows that people with lower-than-average intelligence A can raise their intelligence B
by appropriate postnatal experiences, whereas people with higher-than-average intelli-
gence A can be negatively affected by a poor environment. The task is to identify what
is a “good” and a “bad” environment in which to stimulate people to reach their high-
est potential intelligence.

One implication of Hebb’s view of intelligence is that the synaptic organization of
the brain plays a key role. This synaptic organization is partly directed by a person’s
genes, but it is also influenced by experience. Variations in the kinds of experiences to
which people are exposed, coupled with variations in genetic patterns, undoubtedly
contribute to the individual differences in intelligence that we observe—both quanti-
tative differences (as measured by IQ tests) and qualitative differences (as in Gardner’s
theory). The effects of experience on intelligence may not simply be due to differences
in synaptic organization. Experience changes not only the number of synapses in the
brain but also the number of glia. Remember that Einstein’s brain was found to have
more glia per neuron in the inferior parietal cortex than control brains did. Intelli-
gence, then, may be influenced not only by the way in which synapses are organized
but also by glial density.

In Review
Researchers have proposed many different forms of human intelligence, including
Spearman’s concept of general intelligence, Gardner’s theory of multiple intelligences,
Guilford’s concepts of convergent and divergent thinking, and Hebb’s Intelligence A and
Intelligence B. It is likely that each form of intelligence that humans possess is related to par-
ticular structural organizations in the brain. To date, we know little about the structural dif-
ferences that account for the significant individual variations in intelligence that we observe.
Preliminary studies of Einstein’s brain suggest some provocative possibilities, however.

CONSCIOUSNESS
Conscious experience is familiar to all of us, yet it remains a largely mysterious product
of the brain. Everyone has an idea of what it means to be conscious, but consciousness
is easier to identify than to define. Definitions range from the view that consciousness
is merely a reflection of complex processes of thought to more slippery notions that
see consciousness as being the subjective experience of awareness or of “the inner self.”
Despite the difficulty of saying exactly what consciousness is, scientists generally agree
that it is a process, not a thing. And consciousness is probably not a single process but
a collection of several processes, such as those associated with seeing, talking, thinking,
emotion, and so on.

Consciousness is also not always the same. For instance, a person is not necessarily
equally conscious at all stages of life. We don’t think of a newborn baby as being con-
scious in the same way that a healthy older child or adult is. Indeed, we might say that
part of the process of maturation is becoming fully conscious. Level of consciousness
even changes across the span of a day as we pass through various states of drowsiness,
sleep, and waking. One trait that characterizes consciousness, then, is its constant vari-
ability.
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Why Are We Conscious?
Researchers have wondered why we have the experience we call consciousness. The sim-
plest explanation is that we are conscious because it provides an adaptive advantage. Either
our creation of the sensory world or our selection of behavior is enhanced by being con-
scious. Consider visual consciousness as an example. According to Francis Crick and
Christof Koch (1998), an animal such as a frog acts a bit like a zombie when it responds to
visual input. Frogs respond to small, preylike objects by snapping, and to large, looming
objects by jumping. These responses are controlled by different visual systems and are best
thought of as reflexive, rather than conscious. These visual systems
work well for the frog. So why do we need to add consciousness? Crick
and Koch suggest that reflexive systems are fine when the number of
such systems is limited; but as their number grows, reflexive arrange-
ments become inefficient, especially when two or more systems are in
conflict. As the amount of information about some event increases, it
becomes advantageous to produce a single, complex representation
and make it available for a sufficient time to the parts of the brain (such
as the frontal lobes) that make a choice among many possible plans of
action. This sustained, complex representation is consciousness.

Of course, we must still have the ability to respond quickly and
unconsciously when we need to. This ability exists alongside our
ability to process information consciously. Recall from our discus-
sion of the visual system in Chapter 8 that we have two visual
streams. The ventral stream is conscious, but the dorsal stream,
which acts more rapidly, is not. The action of the unconscious, on-
line dorsal stream can be seen in many athletes. To hit a baseball or
tennis ball traveling at more than 90 miles per hour requires athletes
to swing before they are consciously aware of actually seeing the ball.
The conscious awareness of the ball comes just after hitting it.

A series of experiments by Marc Jeannerod and his colleagues
(Castiello et al., 1991) showed a similar dissociation between behav-
ior and awareness in normal volunteers as they make grasping
movements. Figure 14-26 illustrates the results of a representative
experiment. Subjects were required to grasp one of three rods as
quickly as possible. The correct target rod on any given trial was in-
dicated by a light on that rod. On some trials, unbeknownst to the
subjects, the light jumped from one target to another. Subjects were
asked to report if such a jump had occurred. As shown in the figure,
although subjects were able to make the trajectory correction, they
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Figure 14-26

Dissociation of behavior and conscious awareness. When one of the three
rods (1, 2, or 3) was illuminated, the subject was asked to grasp the target
rod with the thumb and index finger as quickly as possible. The paths
followed by the index finger are indicated by the arrows. On some trials, the
light switched from target 2 to either target 1 or target 3. This switch elicited
a smooth and rapid movement correction, shown by the solid arrow. Subjects
were asked to give a vocal response to indicate that they were aware of the
target switch. On some trials, there was a dissociation between motor and
vocal responses such that, to their surprise, subjects had already grasped the
target some 300 milliseconds before they emitted the vocal response. 
Adapted from “The Neural Correlates of Conscious Experience,” by C. Frith, 
R. Perry, & E. Lumer, 1999, Trends in Cognitive Sciences, 3, 105–114.

EXPERIMENT
Question: Can people alter their movements without conscious awareness?

Procedure

Results

It is possible to dissociate behavior and conscious awareness.
Conclusion

3

2
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3
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In this trial, the subject 
reaches for illuminated 
rod three.

Subjects were required 
to move their hands 
and grasp the 
illuminated rod as 
quickly as possible.

On some trials, the light 
jumped from one 
target to another,…

… causing subjects to 
correct their trajectory. 
Subjects found that 
they were actually 
grasping the target 
before they were aware 
that it had moved.



were sometimes actually grasping the correct target before they were aware that the
target had changed. Like baseball players, they experienced conscious awareness of the
stimulus event only after their movements had taken place. No thought was required
to make the movement, just as frogs catch flies without having to think about it.

Such movements are different from those consciously directed toward a specific
object, as when we reach into a bowl of jellybeans to select a candy of a certain color. In
this case, we must be aware of all the different colors surrounding the color we want.
Here the conscious ventral stream is needed to discriminate among and respond dif-
ferentially to particular stimuli. Consciousness, then, allows us to select behaviors that
correspond to an understanding of the nuances of sensory inputs.

What Is the Neural Basis of Consciousness?
Consciousness must be related in some way to the activity of neural systems in the
brain, particularly in the forebrain. One way to investigate these systems is to contrast
two kinds of neurological conditions. The first is the condition in which a person lacks
conscious awareness about some subset of information, even though he or she
processes that information unconsciously. Examples include blindsight (see the case of
D. B. in Chapter 8), form agnosia (see D. F.’s case, also in Chapter 8), implicit learning
in amnesia (discussed in Chapter 13), and visual neglect (discussed in this chapter).
Another example is obsessive-compulsive disorder, in which people persist in some be-
havior, such as checking to see that the stove is off, even though they have already
checked a great many times. All these examples show that stimuli can be highly
processed by the brain without entering conscious awareness. These phenomena are
quite different from the neurological condition in which people experience conscious
awareness of stimuli that are not actually there. Examples include phantom limbs (dis-
cussed in Chapter 13) and the hallucinations of schizophrenia. In both these cases,
there is consciousness of specific events, such as pain in a missing limb or the percep-
tion of voices, even though these events are clearly not “real.”

Several conclusions can be drawn from these contrasting examples. First, the rep-
resentation of a visual object or event is likely to be distributed over many parts of the
visual system, and probably over parts of the frontal lobes as well. Damage to different
areas not only produces different specific symptoms, such as agnosia or neglect, but
can also produce a specific loss of visual consciousness. Second, because visual con-
sciousness can be lost, it follows that there must be parts of the neural circuit that pro-
duce this awareness. At the beginning of this chapter, we discussed the idea that the
unit of thinking is the neuron. It is unlikely, however, that the neuron can be the unit of
conscious experience. Instead, consciousness is presumably a process that somehow
emerges from neural circuits, with greater degrees of consciousness being associated
with increasingly complex circuitry. This is why it is often suggested that humans, with
their more complex brain circuits, have a greater degree of consciousness than other
animals do. Thus, simple animals like worms are assumed to have less consciousness (if
any) than dogs, which in turn are assumed to have less consciousness than humans.
Brain injury may alter self-awareness in humans, as in contralateral neglect, but unless
a person is in a coma, he or she still retains some conscious experience.

Some people have argued that language makes a fundamental change in the nature
of consciousness. Recall Gazzaniga’s belief that the left hemisphere, with its language ca-
pabilities, is able to act as an interpreter of stimuli. This ability, he felt, is an important
difference between the functions of the two hemispheres. Yet people who are aphasic are
not considered to have lost consciousness. In short, although language may alter the na-
ture of our conscious experience, it seems unlikely that any one brain structure can be
equated with consciousness. Rather, it makes more sense to view consciousness as a
product of all cortical areas, their connections, and their cognitive operations.
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We end this chapter on an interesting, if speculative, note. David Chalmers (1995)
proposed that consciousness includes not only the information that the brain experi-
ences through its sensory systems but also the information that the brain has stored
and, presumably, the information that the brain can imagine. In his view, then, con-
sciousness is the end product of all the brain’s cognitive processes. One interesting im-
plication of such a notion is that as the brain changes with experience, so does the state
of consciousness. As our sensory experiences become richer and our store of informa-
tion greater, our consciousness may become more complex. From this perspective,
there may indeed be some advantage to growing old.

In Review
Over the course of human evolution, sensory experience has become increasingly com-
plex as the brain has expanded the analyses that sensory systems perform. It is hypothe-
sized that this informational complexity must be organized in some fashion and that
consciousness is a property of the nervous system that emerges as a result. Viewed in this
way, consciousness allows the brain to produce a single representation of experience at
any given moment and to make a choice among the many different and sometimes con-
flicting possible plans of action. As our relative brain size has increased during our evolu-
tion, so too has our degree of consciousness. But not all behavior needs to be controlled
consciously. In fact, it is better that we are able to make rapid movements, such as batting
a ball, without conscious thought. In such cases, speed is critical, and it would be impos-
sible to respond quickly enough if there were conscious analysis of the movements. 

SUMMARY
1. What is thinking? One of the products of brain activity in both humans and non-

humans is the generation of complex processes that we refer to as thinking or cog-
nition. Various cognitive operations are described by English words such as
language and memory. These operations, however, are not things, but rather psy-
chological constructs. They are merely inferred cognitive operations and are not
found in places in the brain. The brain carries out multiple cognitive operations
including perception, action for perception, imagery, planning, spatial cognition,
and attention. These operations require widespread activity of many cortical areas.

2. What is the neural basis of cognition? The unit of cognition is the neuron. The
neurons in the association cortex specifically take part in most forms of cogni-
tion. Various syndromes result from association cortex injury, including agnosia,
apraxia, aphasia, and amnesia. Each of these syndromes reflects the loss or distur-
bance of a form of cognition.

3. What is cerebral asymmetry? The cognitive operations of the brain are organized
asymmetrically in the cerebral hemispheres, with the two hemispheres carrying
out complementary functions. The most obvious functional difference in the two
hemispheres is language, which is normally housed in the left hemisphere. Cere-
bral asymmetry is manifested in anatomical differences between the two hemi-
spheres and can be inferred from the differential effects of injury to opposite sides
of the brain. Asymmetry can also be seen in the normal brain and in the brain
that is surgically split for the relief of intractable epilepsy.

4. What might account for individual differences in cognition? There are marked dif-
ferences in the performance of females and males on various cognitive tests, espe-
cially on tests of spatial and verbal behavior. Sex differences result from the action
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of gonadal hormones on the organization of the cerebral cortex, possibly on the
formation of the architecture of cortical neurons. It is not only the action of the
hormones that is important but also the timing of the hormonal actions. There
are also differences in the organization of the cerebral hemispheres in right- and
left-handers. Left-handers are not a single group, however, but constitute at least
three different groups: one whose members appear to have speech in the left
hemisphere, as right-handers do, and two that have anomalous speech represen-
tation, either in the right hemisphere or in both hemispheres. The reason for
these organizational differences remains unknown.

5. What is the neural basis of intelligence? Intelligence is difficult to define. In fact, we
find various forms of intelligence among humans within our own culture and in
other cultures. There are obvious differences in intelligence across species, as well
as within a species. Intelligence is not related to differences in brain size within a
species, nor is it related to any obvious gross structural differences between differ-
ent individuals. It may be related to differences in synaptic organization or to the
ratio of glia to neurons.

6. What methods are used to study how the brain thinks? Neuropsychological studies,
which began in the late 1800s, examine the behavioral capacities of people and
laboratory animals with localized brain injuries. The development of different
types of brain recording systems, such as EEG, ERP, and MEG, has led to new
ways of measuring brain activity while subjects are engaged in various cognitive
tasks. Brain metabolism can also be measured by using techniques such as PET
and fMRI. An alternative to correlating metabolic activity with behavior is to
stimulate the brain during cognitive activity, a technique that disrupts behavior.
The original studies by Penfield used direct electrical stimulation, but more re-
cently it has been possible to use transcranial magnetic stimulation to disrupt ac-
tivity. With the use of multiple methods, it is possible to gather converging
evidence on the way the brain thinks.

7. What is consciousness, and how does it relate to brain organization? The larger a
species’ brain is relative to its body size, the more knowledge the brain creates. Con-
sciousness is a property that emerges from the complexity of the nervous system.
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learned.
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REVIEW QUESTIONS
1. What are the characteristics of thinking? How do these characteristics relate to

the brain?
2. Summarize the role of the association cortex in thinking.
3. In what ways is the function of the cerebral hemispheres asymmetrical? In what

ways is it symmetrical?
4. Identify the key variations in cerebral asymmetry.
5. How does intelligence relate to brain organization?
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FOR FURTHER THOUGHT 
1. Contrast the ideas of syntax, mirror neurons, and the integrative mind with 

respect to the neural control of thinking.
2. What types of studies are necessary in order to identify a neural basis of

consciousness?
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