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Abstract. A major achievement of the first twenty years of neuroimaging is to reveal the brain networks that underlie
fundamental aspects of attention, memory and expertise. We examine some principles underlying the activation of these
networks. These networks represent key constraints for the design of teaching. Individual differences in these networks
reflect a combination of genes and experiences. While acquiring expertise is easier for some than others the importance
of effort in its acquisition is a basic principle. Networks are strengthened through exercise, but maintaining interest that
produces sustained attention is key to making exercises successful. The state of the brain prior to learning may also
represent an important constraint on successful learning and some interventions designed to investigate the role of
attention state in learning are discussed. Teaching remains a creative act between instructor and student, but an

understanding of brain mechanisms might improve opportunity for success for both participants.
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INTRODUCTION

One branch of neuroscience, cognitive
neuroscience, concentrates on the understanding of
how the human brain is organized. The principle
method is neuroimaging of the human brain. The
earliest analytic studies of the mental operations
involved in complex human tasks involved reading
and listening to words and were published only in the
late 1980s [1]. In the twenty years since that time an
amazing variety of cognitive and emotional tasks have
been examined by a number of different imaging
methods [2]. In most cases a small number of widely
separated brain areas have been activated. In many
cases different functions have been determined for
these areas. By examining the correlations between
brain areas constituting parts of the network it has
been possible to show the overall organization of the
network in real time [3]. Many networks such as those
involved in attention and memory are present in some
form in infancy, but experience organizes the networks
and shapes them for expert performance. In this paper
we examine places where understanding the networks
help us shape appropriate learning experiences.

LANGUAGE

Infants come into the world with the capability of
discriminating among the wunits of language
(phonemes) in all of the world's languages. That is, if
one phoneme is sounded over and over again (e.g. ba)
so that its novelty effects are reduced, a recovery
occurs when a different phoneme is heard (e.g. da).
Thus the infant exhibits an auditory system capable of

learning the phonemes to which it will be exposed.
Moreover, in the period between 6 and 10 months
there is a considerable shaping of this phonemic
structure [4]. Those sounds to which the infant is
exposed tend to solidify and form a unit, while the
ability to discriminate unfamiliar sound units begins to
disappear. Studies have shown that infants raised in
English speaking homes can maintain their ability to
discriminate phonemes in mandarin Chinese, for
example, if exposed to a speaker of those sounds
during this period [5]. Unfortunately, learning did not
occur when the exposure was to a video rather than to
an actual person. Current research is attempting to
determine the most important aspects of these social
interactions in hopes of being able to determine
whether an electronic media presentation incorporating
them could be designed. Watching the tutor in these
studies indicates the elaborate methods used to
maintain the interest of the infant. We simply do not
know if an understanding of these methods may allow
them to be duplicated by a non social computer based
system. However, these findings and others like them
show that the infant’s auditory system is being trained
by the speech patterns of their community.
Experiments with infants have also shown that the
effectiveness of this training can be assayed by
changes in the scalp recorded event related potentials
following a change from a frequent to an infrequent
phoneme [6; 7; 8]. The brain shows its discrimination
of the two by responding differently when the novel
phoneme occurs. Brain activity can reveal whether or
not the infant is making the discrimination between
phonemes. This electrical difference can be used as a



measure of the efficiency of the brain in making the
discrimination. Thus the effectiveness of caregivers in
establishing the phonemic structure of their native and
also of additional languages that they might desire to
teach can be examined. It is also possible to predict
later difficulties in spoken language and in reading
from these recordings [7; 8]. These methods make it
possible to check for the development of a strong
phonemic structure by use of electrical recording in
early life just as brain stem event related potentials
now are widely use to allow early detection of hearing
deficits in infants [8].

Numerous studies have shown that the skill of
reading is heavily dependent upon the success of the
child in having stored and being able to use phonemes
effectively [9]. For example, studies of phonemic
awareness have clearly shown that the ability to
segment auditory words serves as a predictor of future
success in acquiring literacy. It would be useful to be
able to assess the success of parental instruction on
phonemes without the need for expensive and time-
consuming electrical recording. In fact this should be
possible. If the infant’s attention is brought to a
compelling visual stimulus to which they orient they
will turn their head in the direction of a novel auditory
event [4]. It should be possible to deliver these visual
and auditory stimuli over the web and allow the
caregiver to assess the effectiveness of the child's
learning. It seems likely that a clear and observable
understanding of what the child is learning from their
caregivers will motivate adults to provide a social and
linguistic environment designed to shape the auditory
systems best for future reading.

Usually elementary school children learn to read.
The brain network related to reading has been
extensively studied [see 10 for a review]. Of
particular importance are two posterior brain areas.
One of these areas lies in the left temporal-parietal
boundary in the angular gyrus which lies close to
auditory systems and is important for representing the
sound of visually presented words. A second area is in
the left fusiform gyrus and 1is important for
synthesizing letters into a unitary visual representation
(word form). Before learning to read and for dyslexic
students these areas do not behave differently between
words and non words. Phonics training produces more
normal activation of the angular gyrus [11; 12].
Dyslexic children given sufficient phonics instruction
learn to sound out words but they do not read fluently.
Fluent reading only occurs with differential activation
in the fusiform gyrus as subjects practice the reading
skill. Arguments between phonics and whole word
advocates have dogged the reading field for
generations. It is instructive that brain areas benefiting
from phonics instruction and quite separate from those
used to package individual letters into whole word

forms. Although these findings do not dictate a
curriculum they do provide a good starting place for
working with children to develop the skill of reading.

NUMBER

There is also evidence that areas of the brain that
are involved in appreciating number carry out
functions during infancy and preschool years [13; 14;
15; 16]. Infants appreciate the quantity of small
numbers and can express their surprise at incorrect
arithmetic operations in behavior [16] and in brain
activity [14].

However, apparently some children continue to
have difficulty in making the connection between a
number stimulus and information about its quantity.
These children are at risk for failure when they have to
learn aspects of elementary school mathematics. One
program (Rightstart) gave children at risk for failure in
school a year’s program of remediation that stressed
the connection between numerical input and quantity
[17]. After the program, trained students were better
able to succeed in elementary school math than those
who did not receive the training. Recently an effort
has been made to train students on quantity with a
computerized program that would be available on the
web and would train students on understanding
quantity [18].

SELF-REGULATION

In the first few months, infant’s were drawn to look
at novel objects. During this period not only their
ability to see (visual acuity) but also their ability to
orient attention has been shown to improve week by
week. They also learn where they should put their
eyes. In formal studies infants exposed to visual
objects at regular locations learn to anticipate by
moving their eyes before the stimulus is even
presented [19; 20]. This laboratory skill is also
important in their everyday life. Each culture has
implicit rules about where one should place ones eyes
during communication. Infants appear to learn these
rules very easily during this early period. Of course
the eyes are not a perfect indicant of attention, since
one can fixate at one location and attend at another,
but they provide a fairly close indicant of where
attention will be placed.

There is evidence that infants in different cultures
receive different forms of learning about where to
look. For example, in western cultures, soothing often
involves turning the infant’s attention outward toward
novel environmental objects [21]; while in East Asia
soothing tends to involve intense interaction with the
caregiver [22]. Possible consequences of this early
learning are apparent in the difference between
western and East Asian perception in later life. For
example, in one study comparing adults’ perception of



scenes was found that Western people attend more to
the focal objects and seek their classification, while
East Asian people attend more to contextual
information [23].  Although there are no studies
tracing the origin of these differences, it seems likely
that these differences begin in the early socialization
of the systems responsible for visual orienting in
infancy.

For brain areas related to attention we are starting
to understand out how the efficiency of the neural
networks involved are related to specific genes. The
orienting network develops well in the first year of life
[19]. Studies wusing neuropharmacology in alert
monkeys suggest that the network underlying orienting
of attention is modulated by the cholinergic system
[24]. One group [25] genotyped their subjects and
examined performance in visual search tasks known to
involve orienting of attention. They found alleles of
two genes to be related to the efficiency of
performance on these tasks. Similarly the later
developing executive attention network is modulated
by dopamine and the efficiency of this network is
found to be related to four dopamine genes [26; 27].
Alleles of two of those genes were used in imaging
studies performed while the participants to the
attention network test [28]. It was found that the
alleles differed in the strength of activation of the
anterior cingulate, which was an important node of the
executive attention network.

These genetic studies are based on the efficiency
that people with differing alleles activate the relevant
attention network. It is likely that the same genes are
important in building the networks that are common to
all people. As in the case of attention skills that are
acquired in childhood such as literacy and numeracy,
attentional networks also show great commonality in
the brain areas activated in adults [29]. Thus, it
appears likely that there is a genetic selection of brain
areas that will be recruited by skills like reading and
number processing, making it possible that we may
eventually understand how different alleles influence
the difficulty of acquiring these skills.

While the orienting network develops most in
infancy, the executive attention network appears to
develop from 3 to 7 years of age [30]. A training
study has suggested the possibility of improving the
network in both 4 and 6 year old children [31]. This
study randomly assigned typically developing children
of these ages either to a specifically developed
program for training executive attention or to a control
condition. For both age groups five days of the
training produces more adult like performance on
attention than is found in the control group. The
training exercises are adopted from work used to train
monkeys to work in outer space. They involve
learning to use a joystick to track moving objects,

prediction of trajectories, memory and the resolution
of conflict. Recording of EEG from scalp electrodes
was obtained while children performed the Attention
Network Task. In this task the child must ignore
conflicting flankers while responding to the direction
of a target. The results showed that activity in the
anterior cingulate of the executive network is altered
by the training. Generalization of the training to 1Q
tests suggests that the training effects influence non-
trained cognitive processes. The strength of this study
is that the anatomy, neuromodulators and genes
involved in this network have been explored in prior
studies, thus it provides a model for viewing how
experience with a particular network might improve its
efficiency.

A replication of this study used ten days of training
with 5-year-old children [32]. Similar findings were
obtained for the executive attention network and
improvements in IQ. In this case the findings were
maintained after a two-month delay. A very different
approach to the same issue involved classrooms using
a curriculum, Tools of the Mind as a means for training
executive functions [33]. The year long training
showed a strong improvement in assays of attention
conducted before and after training.

Recently a number of studies have compared
bilingual speakers with monolinguals on tasks
requiring resolution of conflict like the Attention
Network Test [34; 35]. One thing a bilingual practices
is the ability to switch between languages and to
suppress one language while speaking or reading
another. The results suggest that bilinguals are better
at resolving conflict even in tasks which like the ANT
involve no language. Whether the bilingualism causes
this difference is yet to be determined, but the results
are certainly consistent with the role of training in
shaping self-regulation.

EXPERTISE

Physics and other sciences are usually taught
mainly in secondary schools. Even infants have a
rudimentary understanding of such physical principles
as solidity and motion [36]. These are demonstrated
as in number by the tendency to look longer at
surprising outcomes such as one object passing
through another. Many researchers have established
the differences between those highly trained in physics
(experts) and those untrained (novices). In judging
how a yo-yo placed on its rollers and given a tug on its
string extended leftward, novices frequently guess that
it will roll clockwise away from the direction of the
tug, while most experts correctly predict a roll
counterclockwise in the direction of the tug. Listening
to experts discuss how they make the judgment reveals
extensive semantic knowledge lies behind the
judgment, but the ease and the speed of the judgment



suggests that two subjects simply see the yo-yo
differently [37].

Studies of the neural systems that underlie high
level skill that we all have for words and faces suggest
that this knowledge alters posterior visual systems, so
that the highly skilled person simply sees the face or
word differently. A similar result has been obtained
for bird or dog experts in the area of their expertise
[38]. Thus the posterior localization is not merely for
categories common to all people but can be obtained
from learning. These findings begin to provide a basis
for understanding how the brain is changed during the
estimated 10,000 hours of training necessary to obtain
expertise in a domain
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