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Child Development, January/ February 2000, Volume 71, Number 1, Pages 75-81

Functional Brain Development in Infants:
Elements of an Interactive Specialization Framework

Mark H. Johnson

One future direction for cognitive development research involves a closer integration with our knowledge
about the developing brain. I present a framework for analyzing and interpreting postnatal functional brain
development in human infants. Three specific hypotheses contribute to this framework, within which a variety
of phenomena associated with the neural basis of perception and cognition in normal and abnormal develop-

ment can be characterized.

INTRODUCTION

Over the past decade there has been increasing inter-
est in relating behavioral changes during infancy to
underlying changes in the brain, and in particular
to the postnatal development of the cerebral neocor-
tex (e.g., Diamond, 1991; Johnson, 1997a, 1997b; Nel-
son & Bloom, 1997; Richards, in press). Aside from the
potential clinical benefits, increased knowledge of
the relation between the developing brain and behav-
ior may change ideas and theories about the mecha-
nisms underlying perceptual, motor, and cognitive
development. In addition, the increasing availability
of methods for imaging the brain at work will allow
© us to study the neural basis of cognitive ability during
childhood much more readily. It will therefore be nec-
essary to develop theories about the functional develop-
ment of the brain that allow us to integrate information
about the structural (neuroanatomical) development
of the brain with data about perceptual, cognitive,
and behavioral changes.

Many of the efforts so far to relate brain to behav-
ioral development have been based on a maturational
framework in which it is assumed that as particular
regions of the brain mature they allow or enable new
sensory, motor, and cognitive functions to appear. A
related assumption has been that there is a progres-
sion of maturation from posterior to anterior regions,
with the primary visual cortex being functional from
shortly after birth and the frontal lobes, and prefron-
tal cortex, being the last parts to become functional.
This posterior-to-anterior assumption is largely based
on evidence from structural neuroanatomical studies
(see Johnson, 19974, for review), but it is assumed to
have direct functional consequences.! I suggest that
in the forthcoming decades we have to move beyond

1 By “functional” in this paper, I refer to the information-
processing properties of the neural circuits in question, and not to
basic physiological functions associated with maintaining cells.

the maturational framework. In this paper I present
elements of an alternative framework (way of thinking)
for postnatal functional cortical development. This
framework includes three specific hypotheses about
postnatal functional brain development. Finally, I dis-
cuss the implications of this proposed view for devel-
opmental disorders and early brain damage.

A maturational framework underlies many cur-
rent models that attempt to relate the physical growth
of the brain to changes in behavior. For example,
Johnson (1990) advanced a model of how the differen-
tial maturation of cortical pathways could explain
changes in visual orienting and attention in human
infants over the first six months of life. This model as-
sumed that frontal regions (such as frontal eye fields)
were on the last pathway to mature and in general
corresponded to a posterior-to-anterior maturational
progression. While neural and behavioral evidence
available at the time corresponded well with predic-
tions of the model, more recent studies suggest that
frontal structures may be playing an active role earlier
than more posterior structures. For example, in
studies of saccade-related potentials in 6-month-olds
we have observed eye-movement related potentials
over frontal sites but not over the more posterior sites
where they are observed in adults (Csibra, Tucker,
& Johnson, 1998, in press). Converging results are ob-
tained when eye-movement tasks are studied in in-
fants with perinatal focal damage to cortex: it is
infants with damage to the frontal quadrants of the
brain who show deficits, and not those with more pos-
terior damage which produces such deficits in adults
(Johnson, Tucker, Stiles, & Trauner, 1998).

To briefly preview the framework to be presented,
I argue that functional brain development can be an-
alyzed in terms of the differential specialization of mul-
tiple coactive pathways. In addition to differential

© 2000 by the Society for Research in Child Development, Inc.
All rights reserved. 0009-3920/2000/7101-0009



76  Child Development

specialization between brain pathways, I hypothesize
that differential patterns of specialization within a path-
way can occur during development, sometimes result-
ing in patterns and temporal dynamics of the neural ba-
sis of behavior in infants that differ from those observed
in adults. These differences in the neural control of be-
havior in infants can be empirically observed and may
help make sense of some currently puzzling data.

While the hypotheses presented can be tested inde-
pendently, together they form the basis of a frame-
work for a new way of thinking about functional
brain development in infancy within which more spe-
cific models dedicated to particular domains can be
developed. What is presented here is far from a com-
plete theory of functional brain development in in-
fants, but it is intended to set a direction and agenda
for future research.

ISSUES AND ASSUMPTIONS

Background issues. Gottlieb (1992) distinguished
between two approaches to the study of develop-
ment. The first of these, “predetermined epigenesis”
assumes that there is a unidirectional causal path from
genes to structural brain changes to psychological
function. In contrast, the second approach, “probabi-
listic epigenesis,” views interactions between genes,
structural brain changes, and psychological function
as bidirectional. Integral to the latter approach is the
importance of activity-dependent development. One
manifestation of this in postnatal life is that infants
themselves select appropriate inputs for the subse-
quent further specialization of their brains (Johnson
and Morton, 1991). As discussed above, much current
theorizing on the neural basis of sensory, motor, and
cognitive change, is based on the view that the mat-
uration of particular neocortical regions or path-
ways allows or enables new functions to appear
(e.g., Diamond, 1991; Johnson, 1990). This clearly fol-
lows a predetermined epigenesis viewpoint in
which the primary cause of a cognitive change is neu-
ral maturation.

A number of recent reviews of pre- and postnatal
brain development have concluded that probabilistic
epigenesis is a more appropriate way to view postnatal
brain development (and also prenatal development,
though that is not the topic of this paper) (e.g.,
Johnson, 1997a; Nelson & Bloom, 1997). Explaining
developmental change when there are bidirectional
interactions between brain structure and (psycholog-
ical) function is, however, more challenging. Possibly
the recent advent of connectionist modeling will offer
a formal way to analyze interactions between neural
structure and function (Elman et al., 1996). When

adopting a probabilistic epigenesis viewpoint, the
aim is still to unite developmental neuroanatomical
observations with functional development. Until we
have more detailed knowledge of the bidirectional re-
lations between structure and function, however, it
would be unwise to use structural neuroanatomical
data to constrain theories of functional brain develop-
ment too closely. In a related manner, a probabilistic
epigenesis approach emphasizes the need for notions
of partial functioning of neural pathways because in
order for bidirectional interactions between brain struc-
ture and function to work, there needs to be early
partial functioning which then shapes subsequent
structural developments. From this viewpoint, then,
structural and functional changes in regions of the
cortex codevelop. It does not appear to be the case
that cortical regions are functionally silent before
they become mature in terms of their neuroanatom-
ical structure.

In contrast to some other regions of the brain, it is
clear that the cerebral cortex shows structural and
functional changes well into postnatal life in humans
(see Johnson, 19974, for review). It is also the part of
the brain most commonly associated with higher cog-
nitive functions, and therefore likely to have central
importance for cognitive and perceptual development.
The general neuroanatomy of the neocortex is remark-
ably similar across both regions and species. It re-
mains controversial to what extent the detailed differ-
ences in neuroanatomy sometimes detectable between
and within regions of the neocortex are the result of
prenatal genetic and molecular factors, or the result
of pre- and postnatal neuronal activity-dependent
processes (see Johnson, 1997a, for review).

Although it is not feasible to use functional brain
imaging methods such as positron emission tomogra-
phy (PET) or functional magnetic resonance imaging
(FMRI) with young infants, it is possible to use scalp
recorded event-related electrical potentials (ERP). Re-
cent advances in this technology allow recording with
high-density arrays for improved spatial resolution
(Tucker, 1993). This method is thought to detect
electrical changes, as groups of neurons fire within
the cerebral cortex. It thus provides a good method
for studying the time course and spatial distribution
of functional activity in cortex.

Assumptions. A number of specific assumptions
underlie the framework to be presented, all of which
have at least some supporting evidence. The first of
these is that from shortly after birth multiple path-
ways and structures within the cerebral cortex can be
partially activated by stimulus presentation or task
situations. Whether this includes the entire set of
pathways and structures available to the adult for in-



formation processing is unknown. It is assumed that
in the newborn, while major cortical pathways, such
as the dorsal and ventral routes of visual processing,
are relatively immature, neurons on the pathway are
capable of being activated and of transmitting infor-
mation to output centers of the brain. While even in
the adult multiple pathways are potentially engaged
in a range of tasks, particular pathways appear to
dominate, in the sense of most directly controlling be-
havioral output in specific task contexts. An example
of this comes from the study of the neural basis of
eye-movement control. Schiller (1998) describes mul-
tiple pathways that are involved in eye-movement
planning and control in adult primates. In specific
task situations, however, such as making an anticipa-
tory eye movement to an expected target location, a
particular subset of these pathways dominate the re-
sponse of the subject.

The next assumptions relate to why particular path-
ways dominate the behavioral response in particular
stimulus or task situations. It is assumed that two
temporal factors are important here: the relative speed
of processing for a given type of information in differ-
ent pathways, and the speed of response of the sub-
ject. Behavioral responses are partly guided by the in-
formation processed when the action is initiated. A
delayed response allows slower pathways to influ-
ence the response. Rapid reactions are made on the
basis of faster, more automatic, brain pathways. For
example, in tasks in which adult participants are re-
quired to make eye movements to a series of visual
targets, pressure to respond rapidly can lead to sys-
tematic errors generated by more reflexive eye-
movement pathways (Dassonville, Schlag, & Schlag-
Rey, 1992), some of which are subcortical (Schiller, 1998).

AN INTERACTIVE SPECIALIZATION
FRAMEWORK

Hypotheses. In this section, I present three inter-
related working hypotheses that contribute to the po-
sition I wish to advance. I first summarize these hy-
potheses and then examine each in more detail.

1. Cortical pathways differ from each other by vir-
tue of their particular pattern of inputs and out-
puts to other brain structures and biases in their
information-processing properties. The latter
refer to slight differences, such as those in the
detailed patterns of intrinsic connectivity, the
balance of neurotransmitters, or synaptic den-
sity. Such differences correspond to those that
Elman et al. (1996) referred to as “architectural
constraints.” In the newborn, however, they are
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thought to be slight biases on a very similar, gen-
eral, immature neocortical architecture. These
initial biases are sufficient to ensure that partic-
ular types of sensory input, or input-output
pairings, are more efficiently processed by a
subset of the pathways. There is thus a process
of “recruitment” of particular pathways and
structures for certain functions.

2. During development, cortical pathways and
structures go through a process of specialization.
By specialization I mean the extent to which a
given cortical region is selective in its response
properties. Shortly after birth a cortical region
may respond to a wide variety of visual stimul,
but with development the same region may
only be engaged by a subset of these stimuli.
This process may be somewhat akin to the tun-
ing of response properties of single neurons. I
hypothesize that in addition to narrowing re-
sponse properties, the process also facilitates
speed of processing for the stimuli or task situa-
tions on which it becomes specialized.

3. Specialization within a cortical pathway does
not necessarily proceed from sensory input to
output during development. In at least some
cases the process starts at later stages of the cor-
tical processing stream and progresses to earlier
(shorter latency) stages.

The first hypothesis outlined above is that initial
biases in the different pathways activated, along with
the patterns of connectivity of these pathways to
other parts of the brain, lead to some pathways and
structures being marginally more suited to process-
ing information about some kinds of input, or input—
output relations. Hypothesis 1 suggests that in the
newborn infant few, if any, of these cortical pathways
are specialized (in the above sense) for most tasks, but
by virtue of initial biases some are engaged more than
others by particular tasks or stimuli. Hypothesis 2
asserts that these initial biases are then greatly am-
plified by a subsequent process of specialization.
This notion further specifies the view initially ad-
vanced by Elman et al. (1996) that cortical struc-
tures are “recruited” for computational functions dur-
ing development.

Specialization refers to the extent to which a given
cortical region is selective in its response properties
(Johnson, 1999), and is related to the notion of “per-
ceptual narrowing” previously described by Nelson
(1993). For example, a recent high-density ERP study
investigated the effects of inversion on face process-
ing in infants and adults. The “inversion effect” refers
to the observation that inverted faces activate neural
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and cognitive mechanisms different from those acti-
vated by upright faces. De Haan, Oliver, and Johnson
(1998) found that infants at 6 months showed the
same “inversion effect” with monkey faces as they do
with human faces, a finding consistent with their pro-
cessing human and monkey faces in the same way. In
contrast, in adults, human face stimuli produce dif-
ferent patterns of activation from those produced by
other species (de Haan et al., 1998). These results sug-
gest that cortical processing of faces becomes more
finely tuned (specialized) for human faces during hu-
man development.

While in this paper specialization is used to describe
a particular type of change in development, there are
several plausible neurocomputational mechanisms
which could underlie it. One likelihood is that it in-
volves the selective pruning of inappropriate synap-
tic connections, and possibly also inhibition of other
alternative pathways (Jacobs, 1999; Shrager & Johnson,
1996). For the purposes of the present framework, the
mechanisms underlying specialization need only be
sufficient to cause particular cortical pathways to be-
come more adept than other pathways (which were
initially alternative and coactivated pathways) at pro-
cessing a particular class of stimuli.

Predictions and supporting evidence. In this section I
explore some predictions and implications of the
framework presented, and use it to account for a
number of phenomena associated with postnatal
functional brain development in human infants. The
three sets of phenomena I will focus on are:

1. Changes in localization during development,
that is, developmental changes in the extent of
cortex activated following presentation of a
stimulus or a task situation.

2. Evidence that infants often act before fully pro-
cessing information relevant to the action.

3. The precocial involvement of some frontal corti-
cal regions during early infancy.

A number of authors have described developmen-
tal changes in the spatial extent of cortical activation
in a given situation during postnatal life. Event-related
potential experiments with infants have indicated that
both for word learning (Neville, 1991) and face pro-
cessing (de Haan et al., 1998) there is increasing local-
ization of processing of a stimulus class with age/
experience. That is, a larger area of the scalp shows a
stimulus-specific effect in younger infants than in older
ones. Within the present framework, such changes may
be attributed to more pathways being partially acti-
vated before experience with a class of stimulus leads
to the specialization of one or more of those path-
ways. In the example of face processing, both the left

and the right ventral visual pathways are differen-
tially activated by faces in early infancy, but in many
(but not all) adults this localizes further to the right
ventral pathway only (Johnson & de Haan, in press).
In the example of word recognition, differences are
initially found over widespread cortical areas, but be-
come localized to left temporal leads after further ex-
perience with this class of stimulus (Neville, 1991).
Thus, changes in localization can be viewed as a di-
rect consequence of specialization. Fewer pathways
become activated by a given stimulus because most of
them become tuned to other functions and therefore
are no longer engaged by the broad range of stimuli
they responded to earlier in development. Addition-
ally, it is possible that there is inhibition from path-
ways that are becoming increasingly specialized for
that function. In this sense, then, there is competition
between pathways to recruit functions.

The second class of phenomena that can be inter-
preted within the framework outlined above concerns
the relative temporal dynamics of alternative cortical
routes of information processing. Given that more
cortical pathways may be activated in infants, how is
it that their behavior shows evidence of deficits in
processing relative to that of adults? I have already
suggested that one part of the answer to this question
lies in the lack of specialization of these pathways for
computational functions suited to the information
they process. I now suggest that another (and related)
part of the answer lies in the speed with which these
pathways act to influence output.

Many ERP studies with infants have shown that
differences between trial types (such as words and
nonwords) are found at much longer latencies in in-
fants than in adults. For example, face-sensitive ef-
fects in the ERP occur around 170 ms after stimulus
onset in adults, but are not observed until around 350
ms in 6-month-old infants (de Haan et al., 1998). It is
widely assumed that such differences are due to
slower neural conduction rates in the infant brain, but
recent spatiotemporal analyses of high-density ERP
recordings suggest that this may be only one part of
the story. Specifically, infants may show longer la-
tency effects because specialization occurs later in
their cortical processing stream than it does in adults.

One line of evidence consistent with this account
comes from the fact that the early visually evoked po-
tentials (VEPs) to foveal stimuli are only slightly de-
layed in 6-month-olds relative to adults, suggesting
that at least for these early components of cortical
visual processing neural processing speed is only one
contributory factor. A second line of evidence comes
from the spatiotemporal analyses of the ERP pro-
duced when an infant views faces which suggest that



the face-specific response occurs at a later stage of cor-
tical processing in infants than in adults. Both in-
fants and adults show three distinct temporal phases
in their cortical response to complex visual stimuli.
While adults show face-sensitive responses at the sec-
ond of the three stages, it is not until the third phase
that infant ERPs to faces differ from those to other
stimuli. Thus, in at least this case, the face-specific re-
sponse occurs much later in time in the infant than in
the adult partly because it takes further stages of cor-
tical processing to achieve a selective response.

If we extend this observation from face processing to
other domains, it raises the further hypothesis that spe-
cialization (in the sense defined above) begins at later
real-time stages of cortical processing (commonly those
regions more associated with output), and, with experi-
ence, moves forward in real time to early stages of the
processing (commonly associated with analyzing sen-
sory input). Since parts of the frontal cortex have major
outputs to subcortical regions to control behavior, and
since the frontal cortex appears to be the terminal corti-
cal structure for many pathways (Fuster, 1989), I specu-
late that this region may show evidence of specializa-
tion (stimulus selectivity) before many other cortical
regions. This prediction stands in contrast to the cur-
rently prevailing view that frontal, and especially pre-
frontal, cortical regions are the last to show functional
activity in human postnatal brain development.

It is important to clarify that these claims do not
call into question specific hypotheses about the rela-
tion between prefrontal cortex development and per-
formance in several detour and occluded object reach-
ing tasks toward the end of the first year of life (e.g.,
Diamond, 1991). They merely suggest that other asso-
ciations between frontal and prefrontal development
and behavioral performance will be found at younger
ages. Some preliminary indications of this come from
recent high-density ERP studies of saccade-related po-
tentials in 6-month-olds. As mentioned earlier, Csibra
and colleagues (1998, in press) examined the cortical
activity associated with the planning of eye move-
ments in 6-month-olds and observed eye movement
related potentials over frontal sites, but not over the
more posterior sites where they are observed in
adults (see also Richards, in press). Converging re-
sults are obtained when eye movement tasks are
studied in infants with perinatal focal damage to cor-
tex. Infants with damage to the frontal quadrants of
the brain show deficits in such tasks, whereas those
with more posterior damage, which causes such ef-
fects in adults, do not (Johnson et al., 1998; see also
Craft, White, Park, & Figiel, 1994).

To summarize the related hypotheses presented so
far, in the first few weeks after birth many brain path-
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ways are partially activated by task situations in in-
fants, but most or all of the cortical pathways are un-
specialized. Action in young infants is therefore often
based on the output from the first available pathway,
which may often result in an impoverished or incor-
rect response when the task situation is more complex
or demanding. In very young infants, subcortical path-
ways will often be faster than any of the cortical
routes, and may thus dominate behavioral responses.
With further age/experience, pathways become more
specialized and therefore fewer of them are initially
activated in a given stimulus/task context (resulting
in increased localization). Those that remain activated,
however, may compete more vigorously to control ac-
tion. At this later stage, the child has more options
available for guiding action appropriately. For exam-
ple, by delaying action, the child can bring more com-
plex representations to bear on behavior. By adult-
hood, more specialized pathways mean that fewer
pathways are engaged by a task situation (although it
is still likely to be more than one), and response time
(imposed by task demands) may determine which
pathway guides the action.

Disorders and deviations. We can use the frame-
work outlined above to consider (1) the effects of
early brain damage, and (2) developmental disorders
of known or suspected genetic etiology. Starting with
the former, it should be evident that the framework
presented allows for the possibility that, prior to the
specialization of the relevant pathways, other pathways
that are also initially activated by the same stimulus/
task can compensate for the damaged pathway or re-
gion. In other words, pathways have the capacity to
specialize for a variety of functions. It is important
to note that the same process of specialization that
would occur normally is involved, albeit with a dif-
ferent allocation of functions to pathways. It is likely,
however, that in at least some domains there will be
some cost to the reallocation of pathway specializa-
tion given that functions will not always be allocated
to pathways with the optimal initial biases and/or
connectivity to other regions.

Although the effects of early focal lesions on cogni-
tion are often variable, complex, and domain depen-
dent, at least in the area of effects on language acqui-
sition some general conclusions can be reached
(Stiles & Thal, 1993).

1. Regions of the left temporal lobe may be best
suited to language processing, but they are not
critical since language can develop in close to
normal ways with this region damaged.

2. Focal pre- and perinatal lesions often cause de-
lay regardless of the site of the lesion.
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3. Different regions of the cortex may be involved
in the acquisition of language in infants from
those that are important for language in adults.
Specifically, there may be changes in the extent
and pattern of lateralization as well as changes
along the anterior—posterior axis.

These general conclusions are largely consistent with
the framework outlined above in that prior to the spe-
cialization of relevant pathways, other pathways can
specialize in their place in the event of damage. For
example, right ventral visual pathways (such as those
that normally specialize for face processing) could be
replaced by left ventral visual pathways in the event
of early damage. Such rearrangements of the normal
patterns of specialization are likely to have some gen-
eral cost even on other domains, however, since there
are fewer pathways available for specialization and the
rearrangement of specialization may not be optimal.

The observation that the cortical regions critical for
a function may change during acquisition is also
broadly consistent with hypothesis 3, which states that
specialization within a pathway sometimes progresses
from cortical output regions toward those closer to in-
put structures. If the patterns of specialization within
a pathway are different for infants from those seen in
adults, we would expect differences between infants
and adults in the effects and locations of lesions that
cause effects.

With regard to developmental disorders of genetic
etiology, it would be premature to offer any explana-
tions of specific disorders. With a framework such as
that presented here, however, we can reverse the form
of question normally asked about such disorders. In-
stead of seeking specific explanations for particular
disorders, we can inquire what the characteristics of
“theoretical” disorders would be following different
types of deviation within the framework (see also
Oliver, Johnson, Karmiloff-Smith, & Pennington, 2000).
Ata later stage it would then be valuable to assess the
extent to which certain real disorders might share
these characteristics. For example, one type of deficit
could involve defects in the molecular mechanisms
underlying the specialization process itself. In terms
of the neural substrates of behavior such disorders
would manifest as “arrested development” with many
relatively unspecialized pathways still competing for
influence over behavior, a situation which would pre-
sumably result in variable and poor performance
over a range of tasks. Other kinds of disorders could
possibly affect particular pathways, and compensa-
tion by other pathways could come into effect in a
way similar to that following early focal damage. Be-
haviorally, patterns of mild deficit could result from

this. More cognitive-specific kinds of disorder could
result from subtle molecular and cellular distortions
that change some of the initial biases in some path-
ways. Thus, the normal patterns of biases that even-
tually result in the characteristic adult allocation of
functions to pathways would be altered, resultingina
different neural basis for behavior even when near
normal behavioral competence is achieved (see also
Karmiloff-Smith, 1998). A more detailed account of
how differing initial biases can alter the nature of the
functions that subsequently emerge has been pre-
sented elsewhere (Oliver et al., 2000). ’

CONCLUSIONS

In this paper I have presented a framework for the anal-
ysis of postnatal functional brain development. The
framework has a number of implications for views on
cognitive and behavioral development in infancy. As
opposed to stage-like transitions between levels of
cognitive ability, the framework encourages cognitive
models with multiple competing representations that
are engaged by particular stimuli or task demands,
and which compete to influence behavioral output.
Such models are already being generated. For exam-
ple, Mareschal, Plunkett, and Harris (1999) have mod-
eled behavioral data concerning infant responses to
occluded objects in a connectionist network model
with two pathways which are differentially activated
by tracking either an object’s spatiotemporal proper-
ties or its surface features. During the next decades,
I anticipate great advances as we come closer to in-
corporating evidence from neuroscience into our
understanding of mental development in infants
and children.
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