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It has been well documented that the effects of early occurring brain injury are often
attenuated relative to later occurring injury. The traditional neuropsychological ac-
count of these observationsis that, although the developing neural system normally
proceeds along a well-specified maturational course, it has a transient capacity for
plastic reorgani zation that can berecruitedinthewakeof injury. Thischaracterization
of early neural plasticity islimited and failsto capture the much more pervasiverole
of plasticity in development. This article examinesthe role of neural plasticity in de-
velopment and learning. Data from both animal and human studies show that plastic-
ity playsacentral role in the normal development of neural systemsallowing for ad-
aptation and response to both exogenous and endogenous input. The capacity for
reorganization and change is acritical feature of neural development, particularly in
thepostnatal period. Subtractive processesplay amajor roleinthe shaping and scul pt-
ing of neural organization. However, plasticity is neither transient nor unique to de-
veloping organisms. With devel opment, neural systemsstabilizeand optimal patterns
of functioning are achieved. Stabilization reduces, but does not eliminate, the capac-
ity of the system to adapt. Asthe system stabilizes, plasticity becomes aless promi-
nent feature of neural functioning, but it isnot absent from the adult system. Theim-
plications of this broader view of plasticity for our understanding of development
following early brain damage are discussed.

A common claimin theliterature from devel opmental neuropsychology isthat the
developing brain isplastic. This meansthat during development the brainis capa-
ble of reorganizing patterns and systems of connections in ways that the mature
brain cannot. Oneimportant consequence of thisearly and transient property isthat
the developing brain is much less vulnerable to the detrimental effects of injury
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than more mature neural systems. Data from studies of pediatric clinical popula-
tions generally support this claim. Adults who suffered focal brain injury early in
life do not manifest the same extent and magnitude of cognitive and affective im-
pairment as adults with comparable, but later occurring, injury.

The purpose of thisarticleisto examinethe construct of early brain plasticity in
greater detail. The definition of plasticity asit has been used historically in thelit-
erature from developmental neuropsychology is explored and the implications of
that definition weighed. Then, the use of the term plasticity within the context of
morerecent literature on brain devel opment isconsidered. The purpose of compar-
ing these views is to offer what is not so much an alternative account of the pro-
cesses that underlie recovery of function following early braininjury, but rather to
provide amore specific, updated, and as a consequence, somewhat modified view
of what early brain plasticity isand what role it plays in development.

TRADITIONAL NEUROPSYCHOLOGICAL USAGE OF
THE TERM PLASTICITY

Theobservation that the devel oping brain isresilient to the effects of early injury is
not new. Inthiscentury, Kennard' s(1936, 1938, 1942) seminal studiesof motor de-
velopment following neonatal ablation of motor cortex in monkeyswereamong the
first to point to the striking difference in functional outcome associated with age at
injury. Kennard (1938) reported only minimal effects on the devel opment of motor
functionsfollowing neonatal hemi spherectomy and unilateral abl ation of motor cor-
tex. Although Kennard wasnot thefirst to point to theimportance of theideaof resil-
iency following early brain injury (for discussion, see Finger, LeVere, Almli, &
Stein, 1988), she was among the first to study the phenomena systematically.
Withintheliterature on human devel opmental neuropsychol ogy, the most com-
mon usage of the term plasticity has been with reference to the well-documented
resilience of young children to the effects of early occurring neural pathology.
Thereisalarge body of data documenting the fact that focal brain injury in child-
hood resultsin more limited patterns of behavioral and cognitive deficit than com-
parable injury in adulthood. These differential and less devastating outcomes
following early injury are attributed to the developing brain’s capacity for plastic
reorganization. This capacity for reorganization declines with maturation.
Lenneberg (1967), for example, proposed that the neural systems that mediate
language, and by extension other higher cognitive functions, devel op according to
a maturational blueprint. Different brain regions are genetically prespecified for
particular cognitive functions, and under atypical maturational timetable, specific
regions become committed to predesignated functions. This profile of maturation
givesriseto the patterns of brain organization observed in most normally function-
ing adults. However, if theimmature neural substrate is damaged, alternative pat-
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terns of organization are possible. This plastic alteration of brain organization
comes about because the maturing brain system has not yet committeditsfull com-
plement of resources. Thus, if injury occurs to one region of the brain, there are
sufficient uncommitted resources avail abl e to support devel oping functions. How-
ever, thereisadeclinein brain plasticity with development. Asthe neural system
matures, there is a gradual commitment of neural resources to maturationally de-
fined functions and a concomitant lossin flexibility and in the capacity of the sys-
tem to reorganize.

This characterization of the developing brain as plastic has not gone unchal-
lenged. There has been considerable debate over the extent to which plastic pro-
cesses play a role in early development. Through the 1970s, there was
considerable debate over how long a period the capacity for plastic reorganization
was availableto the devel oping child. Thefocus of that controversy wasagain lan-
guage development. In his 1967 book, Lenneberg suggested that the prognosis for
linguistic recovery declined throughout childhood and placed the upper limit on
linguistic recovery following injury at about age 12. In 1973, Krashen published a
study reexamining Lenneberg’s corpus of data, as well as his own data. He con-
cluded that the upper age estimate of 12 yearswasfar too optimistic, and suggested
that the ameliorative effects of early brain plasticity were not observed with injury
occurring after age 5. Woods and Carey (1978) placed limits of recovery even ear-
lier at about the end of the first year of life. Studies of children with early
hemi spherectomy al so suggested limits on the extent of early brain plasticity. Den-
nis and her colleagues (Dennis, 1980; Dennis & Kohn, 1975; Dennis, Lovett, &
Wiegel-Crump, 1981; Dennis & Whitaker, 1976, 1977) reported cases of selective
deficits of language processing following left hemispherectomy and deficits of
spatial processing with right hemispherectomy (Kohn & Dennis, 1974). St
James-Roberts (1979) argued that claims of functional recovery following early
injury were largely misinterpretations of data, and argued strongly against the no-
tion of early functional plasticity altogether.

Regardless of their specific findings, all of thesereportshavein commonasim-
ilar definition of the nature and role of early brain plasticity in development. Asap-
plied, brain development and plasticity are complementary, but relatively
independent systems. Normal brain development proceeds according to a
maturational blueprint or plan, which includes both genetic factors and input from
the environment. If the maturational process is perturbed by insult or injury, the
system hasthe capacity to respond flexibly, thus circumventing functional deficit.
In that sense, the developing brain is plastic. Although there is disagreement over
the extent of plasticity, most of the studies share underlying assumptions about
plasticity as an ancillary system or capacity, which is available (or not available)
for arestricted period early in development. Thereisasensein this literature that
plasticity serves a means of shielding the developing organism from the poten-
tially debilitating effectsof neural insult. Plasticity can thusbe construed asareac-
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tive rather than an active property of the immature system. Witelson (1985)
summarized this view in her work, which reviews early functional specialization
and plasticity: “Abnormal conditions, such as brain damage or extremely atypical
stimulation, which in effect may serve as a physiological lesion, may be an impe-
tusfor neural plasticity to operate and change the preprogrammed original pattern
of hemisphere speciaization” (p. 75).

Closely associated with this view of plasticity are two additional constructs,
which specify the functional priorities of plastic reorganization. The first is the
ideaof preferential preservation of language over other cognitive functions, which
is embodied in the idea of right hemisphere crowding effects for language (e.g.,
Almli & Finger, 1984; Teuber 1974). According to this construct, language is an
essential human function, and under conditions of early braininsult, it is preferen-
tialy supported at the expense of other (specifically visuospatial) functions. If
thereisinjury to traditional left hemisphere (LH) language areas, homol ogous ar-
eas of the right hemisphere (RH) are recruited for language, thus “crowding” out
spatial functionsthat normally would have been mediated by these areas. Thisidea
was summarized by Teuber (1974):

These findings suggest a definite hemisphere specialization at birth, with a curious
vulnerability to early lesionsfor those capacitiesthat depend, in the adult, ontheright
hemisphere—as if speech were relatively more resilient or simply earlier in getting
established. Y et thisresiliency is purchased at the expense of non-speech functionsas
if one had to admit afactor of competition in the developing brain for terminal space
with consequent crowding when one hemisphere tries to do more than it had origi-
nally been meant to do. (p. 73)

A closely related alternative to the construct of crowding is the notion of func-
tional redundancy, which suggeststhat early in development there may be multiple
language-specific neural systems. By thisaccount, if the primary language system
isinjured or lost, these secondary systems are available to mediate language.

There is ample data to support the claim that language is better preserved than
other cognitive systems following early insult. Patients with early injury to tradi-
tional LH language areasdo have substantial preservation of language, and linguis-
tic functioning appearsto be mediated by the RH inasignificant proportion of cases
(e.g., Rasmussen & Milner, 1977). However, thesefindingsdo not requiretheintro-
ductionof constructslike crowding and redundancy (seealso Finger et al., 1988, for
similar arguments). Indeed, theconcept of language-specificcrowdingisdifficultto
reconcilewith basic principlesof brain development. Why doeslanguage merit spe-
cial treatment at thelevel of the neural system? By what account islanguage neces-
sarily morecritical for theindividual’ ssurvival than visuospatial processing? Why
would there be multiple systemstargeted for language and not for visuospatial pro-
cessing? Why this elaborate fail-safe system for language? This perspective pres-
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ents unlikely developmental scenarios and implausible biological solutions.
Nonethel ess, thereisindisputably alargebody of empirical datadocumentingtheat-
tenuated effects of early injury on linguistic (and cognitive) functioning.

If this definition of plasticity and its associated constructs of crowding and re-
dundancy do not provide an adequate description of the role and function of early
brain plasticity, is there an alternative? | would argue that the basic ideas about
how plasticity operatesin the wake of early neurological insult are fundamentally
correct within the traditional neuropsychological account. Developing neural sys-
tems have uncommitted resources, and there is competition for these resources
among devel oping functional systems. Theimplausibility of the constructs associ-
ated with the traditional view arises out of too narrow adefinition of plasticity and
too limited a consideration of its operational context.

Thetraditional definition of plasticity issomewhat circular. It beginswiththeob-
servation that in thewake of localized braininjury, children are moreresilient than
adults. Theinterpretation of theseobservationsisthat thedevel oping systemmust be
plastic because it can respond to injury in waysthat the adult system cannot. Thus,
plasticity isthe explanatory construct for observed resilience. Thecircularity of the
definition arises because the construct of plasticity isconfirmed by thefact that the
childwithinjury showsresilience. | arguethat thiscircularity derivesfrom adefini-
tion of plasticity that istoo limited, and that abroader definition can circumvent the
circularity. Moreimportant, a broader definition of plasticity can provideaclearer
perspective on the nature of neural and behavioral development following early
braininjury. | basetheseargumentson several linesof data, each of whicharebriefly
summarizedinthefollowing sectionsof thisarticle. First, | consider datafrom more
recent animal studies of brain development. Second, | consider data that provided
evidence for reorganization in adult brains. Finally, | consider the convergence of
data from a prospective view of developmental neuropsychology.

Datafrom each of these areas contribute to abroader definition of plasticity and
servetoredefineour understanding of therol eof plasticity followingearly neurolog-
ical insult. Based on these data, | argue that plasticity isafundamental property of
functioning neural and cognitive systems. Itisacentral feature of normal brain de-
velopment. It is not primarily a system response to pathological insult. It isnot a
property uniqueto development. Rather, plasticity isabasic processthat underlies
neural and cognitive functioning. The same process operatesin both normal devel-
opment andindevelopment followingearly injury. Although plasticity may bemost
apparent under the catastrophic conditions of neural insult, the basic processis not
fundamentally different from that which serves the normally developing system.

Applications of the Term Plasticity

Before examining the data on plasticity, it isworthwhile to consider how the term
has been used in different areas of neuroscience and what is consistent in the use of
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the term across different fields. The term plasticity has been applied to processes
operative at many levelsof the neural and cognitive system. Figure 1illustratesthe
range of eventsto which the term has been applied. It could be argued these events
represent such widely varying functionsthat the use of acommon term isinappro-
priate and even misleading. However, there are commonalitiesin the definition of
the term plasticity asit isapplied at all of these levels. Theseinclude

« Reference to process. In each case, the term plasticity refers to some dy-
namic feature of the neural system, which brings about change at a struc-
tural or functional level.

« Adaptation: The observed change is generally adaptive in that plastic sys-
tems marshal or recruit new or different resourcesin response to some ex-
ternal demand.

e Organization: The processis systematic and not haphazard. It reflects the
systematic interaction of structural features and input from the environ-
ment.

Each of these featuresis consistent with the traditional definition of plasticity.
However, for each of the eventsindicated in Figure 1, plasticity serves a primary
organizational rolein the normal development and functioning of the organism. It
isimportant to note that these same principles of system organization may obtain
under the nonoptimal or pathological conditions and may underlie system reorga-
nization as well.

ANIMAL STUDIES OF BRAIN DEVELOPMENT

Theanimal literature on brain development isvast and coversawidearray of topics
ranging from neurochemistry to behavior. The intent of this section is not to pro-
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FIGURE 1 Examplesof the use of the term plasticity at different levels of the cognitive and
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videanything approachingasummary of thefield. Rather, itisasomewhat idiosyn-
cratic selection of findingsthat illustrate the point that plasticity playsacritical role
inbrain devel opment. Inthefirst part of thissection, aseriesof examplescovering a
range of topics central to defining early brain plasticity is presented. The second
section offersexamples of work focused specifically ontheroleof plasticity in cog-
nitive development.

PLASTICITY AND BRAIN DEVELOPMENT
Input and the Development of the Visual System

The seminal work by Hubel and Wiesel (1967; Hubel, Wiesdl, & LeVay, 1977,
Wiesel, 1982; Wiesal & Hubel, 19633, 1963b, 1965a, 1965b) providesan appropri-
ate starting point for adiscussion of brain development and plasticity. Their work
on the development of ocular dominance columns highlighted the importance of
both specific input and timing of experience on the development of conventional
patterns of cortical organization. In the normal development of the primary visual
cortex, afairly even balanceisobserved between cells preferentially driven by one
eyeor theother. Input from each eyeto thelateral geniculate nucleus (LGN) of the
thalamusisdistributed into aseries of bands approximately .5 mm wide, which al-
ternate with similar bands serving the other eye. This segregation is maintained in
projectionsfrom LGN to Layer 4 of the primary visual cortex. This pattern of inter-
leaved input givesriseto the characteristic striated appearance of the visual cortex
and forms the anatomical basis for ocular dominance columns.

Hubel and Wiesel (1967; Wiesel & Hubel, 19633, 1963b, 1965a, 1965b) exper-
imentally manipulated the early visual experience of newborn kittens to examine
the effects of varied input on subsequent brain organization. Across the series of
experiments, they examined the effects of binocular and monocular deprivation at
various pointsin development for different periods of time. In general, they found
that monocular deprivation had a much greater effect on the organization of the
striate cortex than binocular deprivation. Kittens binocularly deprived early in de-
velopment showed only limited effects of deprivation. Recordings from cells in
the visual cortex indicated that although the cells did respond somewhat slug-
gishly, the receptive field characteristics and organization of cellsinto orientation
selective columnswere similar to those observed in adult animals. By contrast, kit-
tens monocularly deprived early in development showed profoundly defective vi-
sion in the deprived eye. The great majority of cortica cells were driven
exclusively by input from the nondeprived eye. It isinteresting to note that cellsin
LGN receiving input from retinal cellsin the deprived eye weretypical in size and
functioned normally. However, in striate, the LGN terminals with input from the
nondeprived eyetook over much of the space that would normally have subserved
the deprived eye, thus distorting the characteristic banded patterns of the striate
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cortex (seeaso LeVay, Wiesdl, & Hubel, 1980). In other experiments, Hubel and
Wiesdl (1970; Wiesal & Hubel, 1965h) determined that timing of deprivation was
also acritical determiner of outcome. The disruption of cortical organization was
most severe when deprivation began prior to 10 weeks of age. Some change was
detectable with onset at 1 year, and no changes were observed in adult animals.
The effects of duration of deprivation covaried with time of onset; with earlier on-
set, less time was required to induce substantial change. Recovery from early de-
privation depended on both time of onset and duration.

Recent studies suggest that it is also important to distinguish between the ef-
fects of neural activity and visual experience. For example, Stryker and colleagues
(Crair, Gillespie, & Stryker, 1998) showed that visual experience appearsto play
little role in the initial establishment of ocular dominance (OD) and orientation
columns but has dramatic effects later. Specifically, during the first 3 postnatal
weeks, no differences in the cortical OD and orientation maps were observed for
binocularly deprived cats and nondeprived littermate controls. However, during
Week 4, significant deterioration was observed in the deprived group. A similar
pattern of development was observed on measures of neuronal orientation selec-
tivity. These data suggest that the basic patterns of connectivity in the visual sys-
tem are established early in development, but normal development of the visual
cortex requires normal visual input. Thus, the deprivation experiments showed
that neural connections can be modulated by environmental input at least for ape-
riod early in development.

Effects of enriched environment. A more general case for the impact of
the environment on brain development comes from studies in which the rearing
conditions of younger and older animals are systematically altered. These types
of studies show quite dramatically that rearing conditions can affect behavioral
outcome. A classic early observation by Hebb (1947) suggested superior maze
learning in “home-reared” versus “laboratory-reared” rats. In the 1960s, studies
by Rosenzweig and the Berkeley Group (e.g., Bennett, Rosenzweig, & Dia
mond, 1969; Rosenzweig & Bennett, 1972; Rosenzweig, Krech, Bennett, & Dia-
mond, 1962; Rosenzweig, Krech; Bennett, & Zolman, 1962; Rosenzweig, Love,
& Bennett, 1968) were among the first to demonstrate explicit effects of envi-
ronmental enrichment on brain anatomy and chemistry. More recently, Green-
ough (Greenough & Chang, 1989), in an extensive series of studies with rats,
demonstrated that variation in environmental conditions can impact patterns of
synaptic connectivity in the developing brain. Greenough looked specifically at
changes in brain morphology associated with the rearing condition. Identical
strains of rats were reared under three conditions. individua cage (IC), socia
cage (SC), and environmental complexity (EC). The IC and SC were standard
laboratory cages containing only food and water. In the IC condition, rats were
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reared in isolation, whereas in the SC condition, they were reared in small
groups. In the EC condition, animals were housed in groups of 12 or more in
large cagesfilled with a variety of objects. Animals were free to explore, and the
objects in the cage were changed frequently. Different groups of rats were
reared from birth to adolescence in the three conditions. Examination of the
brains of animals in the three groups revealed significant differences in the num-
bers of dendrites per neuron, that is, in the amount of synaptic space available
for each neuron. Animals reared in the EC condition had 20% to 25% more den-
drites than animals reared in the other two conditions (for a discussion of selec-
tive increases in multiple vs. single synapse contacts, see also Jones, Klintsova,
Kilman, Sirevaag, & Greenough, 1997). These effects were not associated with
any specific feature of the enriched environment condition, and they were not
accounted for by general metabolic differences in animals reared in the enriched
condition. Animals fitted with a monocular occluder and reared in the EC envi-
ronment showed evidence of unilateral exuberance of dendrites.

Greenough (Jones, Kleim, & Greenough, 1996) also used cortical lesion tech-
niquesto examinethe effects of experience on brain organization. Theforelimb re-
gion of the somatosensory cortex was lesioned in a group of adult rats. Different
subgroups of lesioned animals were then sacrificed at 10, 18, or 30 days
postsurgery. Systematic changes were observed in Layer 5 of the remaining
contralateral somatosensory cortex. Specifically compared to sham-operated rats,
the lesioned rats showed increases both in the number of synapses per neuron and
in the surface area of the dentritic membrane, which were statistically significant
by 30 days postsurgery. These changes coincided with observed increased use of
the surgically unaffected limb during the postoperative period. Jones et a. sug-
gested that these increasesin neural elementsare, at least in part, the product of le-
sion induced increases in the use of the unaffected limb. Thus, once again, these
data provide an example of experience-based (inthis case, activity-based) changes
in the neural substrate.

The effects of environmental enrichment has al so been shown to affect the sur-
vival of postnatally produced neurons. Traditional accounts of brain development
have held that neuron production is restricted primarily to the prenatal period.
However, a growing body of evidence suggests that new neurons are produced
continuously acrossthelife span, at least within the dentate gyrus of the hippocam-
pus. However, little is known about the function or fate of these new neurons.
Gage and colleagues (Kempermann, Kuhn, & Gage, 1997) used an experimental
design similar to the one used by Greenough and Chang (1989) to examine the ef-
fectsof rearing in an enriched environment on the production and survival of these
neurons. Two groups of 21-day-old mice were randomly assigned to standard | ab-
oratory or enriched environmental conditions, where they werereared for aperiod
of 40 days. During the last 12 days of this period, they were administered injec-
tions of BrdU, athymidine analogue that isincorporated into the DNA of dividing
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cellsand can be detected in postmortum immunohistochemical studies. Following
the 12-day BrdU treatment period, five animals from each group were sacrificed,
and the number of BrdU label ed neuronsin the dentate gyrus was counted. There-
maining mice were reared in their respective environments for an additional 28
days. For the mice sacrificed immediately after the BrdU treatment, no difference
inthe number of labeled cellswas observed between the groups. This suggeststhat
enrichment had little effect on the production of new neurons. However, signifi-
cant differencesin the numbers of labeled cellswere observed for the animal s ex-
amined 4 weeks after the end of the BrdU treatment. Rats in the enriched rearing
condition had 57% more labeled cells in the dentate gyrus than controls. These
findings suggest that experience has an effect on the survival of new neuronsin
this region of the brain. Subsequent studies have demonstrated similar effectsin
macague monkeys (Gould et a., 1999). A very recent study suggested that thereis
continued production of neurons in the dentate gyrus of humans as well
(Kempermann & Gage, 1998).

Subtractive events in postnatal brain development. The term develop-
ment usually implies the growth and elaboration of systems. It is, therefore,
counterintuitive that subtractive events play a central role in brain development.
The principal subtractive events include naturally occurring neuronal cell death
and the large-scale | oss of synapses.

The phases of cell death and synapse loss follow periods of neuronal overpro-
duction and synaptic profusion. The average regiona rate of neuronal overpro-
duction in mammalian species is estimated to be approximately 50% (Janowsky,
1993). During development, 20% to 80% of neuronsin different cortical regions
are lost (Oppenheim, 1985). Similar estimates have been obtained for synapse
loss in humans (Huttenlocher, 1990; Huttenlocher & Dabholkar, 1997
Huttenlocher, de Courten, Garey, & Van der Loos, 1982). Both cell death and
synapse retraction appear to be related to competition for resources, which isin
turn regulated by input to the system (Changeux & Danchin, 1976). Factors that
influence the retention or loss of synapses include the availability of
neurotrophic factors, stimulation of afferents projecting to target sites, and stim-
ulation emanating from the target zone (Purves, 1988). Some of this activity is
endogenous, but much comes from remote sources. Although some cell and syn-
apse loss may be pathological or serve to correct errors in connectivity, the ma-
jor functions of these subtractive events appears to be population matching
(Cowan, Fawcett, O'Leary, & Stanfield, 1984). The subtractive processes modu-
late local patterns of connectivity and thus help to establish stable patterns of
brain connectivity. Thus, they serve to sculpt and shape the brain organization.
Subtractive events in brain development demonstrate the dynamic nature of
change in the neural substrate.
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“Rewiring” the cortex. Datafrom animal studiesal so demonstrate that opti-
mal patterns of brain organization are not necessarily fixed. Rather, they depend on
specific patternsof connectivity inlocal regionsof thebrainthat canbealtered by re-
mote changesin brain structure or input. For example, Sur and hiscolleagues (Pallas,
Roe, & Sur, 1990; Sur, Garraghty, & Roe, 1988) ablated the visua cortex and supe-
rior colliculusin 1-day-old ferrets, thus eliminating two major visua system target
areas. They also deafferented the major input pathways to the media geniculate nu-
cleus(MGN) of thethalamus, thusgreatly reducing input to the primary auditory cor-
tex. They found that the retinal projections (whose normal target had been ablated)
now projected to the MGN (whose projections had been eliminated). A visual input
pathway to the primary auditory cortex was thus established. Furthermore,
electrophysiological recordings from these animals showed that the auditory cortex
was responsive to visual input. Thus, selective elimination of projections and target
sites resulted in the reorganization of primary sensory systems. Neville (Neville,
Schmidt, & Kutas, 1983) reported related findings in a group of congenitally deaf
adult humans. Specifically, sherecorded electrophysiological responsestovisua in-
put over traditional auditory cortical areas in congenitally deaf adults.

In subsequent studies, Sur (Angelucci, Clasca, Bricolo, Cramer, & Sur, 1997)
used asomewhat different surgical procedurethat allowed for closer examination of
theroleof both afferent input and target-specific factorsinthe devel opment of these
anomolously induced pathways. The modified procedureinvolved deafferentation
of normal auditory input to MGN but sparing of normal visual targets (Angelucci et
a., 1997). This procedure resulted in both the establishment of the normal visual
projection pathway and intheinduction of retinal projectionsintothe MGN. Closer
examination of theactual patternsof retinal connectivity reveal ed that, likethenor-
mal retinal projectionsto LGN, theretinal projectionsto MGN organized into dis-
tinct, eye-specific clusters. Further, the time course over which this segregation
occurred was similar to that observed in the normal visual pathway. This finding
suggeststhat theclustering phenomenoninboth normal and rewired regionsmay be
driven by retinal input. However, morefine-grained anal ysis showed that the actual
organization of the connectionswithintheretinal MGN clusters differed from that
observedintheL GN andinstead resembled patternsof cellular organizationtypical
of MGN. Thisfinding suggeststhat the organi zati on withinthe eye-segregated clus-
tersisdriven by factors specific to the MGN target region.

Together, these studies showed that sel ective elimination of projectionsand tar-
get sites can induce reorgani zation of primary sensory systems. However, thefinal
patterns of connectivity reflect theinteraction of input and intrinsic regional speci-
fication.

Lineage and commitment. Finally, there is evidence from fetal tissue
transplantati on studiesthat neuronsfrom different regions of the neocortex can sur-
viveand adapt to conditionsin cortical regions other than the onetowhichthey ini-
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tially migrated. For example, O’ Leary and Stanfield (1989) transplanted sections
of the sensorimotor and visual cortex fromthe brain of alatefetal rat into the oppo-
sitesitesinthebrain of anewbornrat. They found that cells survived the transplant
and began to take on characteristics of cellsin the host environment. Specifically,
they found that projectionsfrom Layer 5 of thetransplanted visual cortex extended
permanent axons to the spinal cord, a subcortical target for sensorimotor neurons.
Sensorimotor tissue transplanted into the visual cortex initially extended axonsto
the spinal cord, but these connectionswere subsequently lost. However, thesecells
also extended axons to the superior colliculus, a subcortical visual target, which
were retained. Finally, transplanted tissue in both areas established callosal and
thalamic projections typical of their host environment. These data argue against a
fixed model of brain development and provide a strong case for adaptive, plastic
change in the developing brain.

Brain Plasticity and Cognitive Development

A number of investigators have used animal models to examine the relations be-
tween brain and cognitive development. These studies typically use experimental
lesion techniques to ook at the effects of injury on the development of particular
cognitivefunctions. A variety of factors have been shown to affect devel opment of
cognitive functionsincluding age, site, and extent of lesion. The remainder of this
section presents afew studies that illustrate these effects.

Effects of early frontal lobe lesions. In an elegant series of studies,
Goldman-Rakic (Goldman, 1971; Goldman, Rosvold, & Mishkin, 1970) examined
performance of infant and juvenile monkeys on delayed response and alternating
delayed responsetasks. Inthesetasks, monkeysweretrainedtoretrieve bait hidden
at one of two locations after aperiod of delay. In the standard delay task, the mon-
key learnedtoretrievethebait at theoriginal hidinglocation. Inthedelayed alterna-
tiontask, themonkey learned over aseriesof trialstoretrievethebait fromtheloca-
tion oppositewhereit wasfound onthe preceding trial. In adult monkeys, lesionsto
the dorsolateral prefrontal cortex profoundly affects performance on both of these
tasks. Goldman (1971) demonstrated that timing of cortical lesions has a marked
effect on performance. She compared the performance of monkeyslesioned during
infancy with that of monkeyslesioned at 1 year. After comparabl e periodsof recov-
ery, shefound that monkeyswith early lesions performed significantly better than
monkeys with later lesions on the delayed response task; performance on the de-
layed alternation was somewhat impaired in the early lesion group, but to alesser
degree than among the animals with later lesions. Longitudinal examination of
these same monkeys 1 year later reveal ed that the monkeys with early lesions had
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“lost ground” relative to normally devel oping monkeys on the delayed alternation
task. Rather than showing the normal profile of developmental improvement with
age, no change in performance was observed.

In another series of studies, Goldman (1974) examined the effects of lesionsto
subcortical structures that would normally have extensive connections to the
dorsolateral prefrontal cortex. It has been well documented that, in adult monkeys,
lesions to the caudate nucleus produce deficits on the delayed response tasks.
Goldman-Rakic (Goldman, 1974) reported that, in contrast to the effects of cortical
lesions, comparable impairment is observed among monkeys with early lesions.

Across this series of studies, the developmental effects associated with early
versus late occurring lesions were somewhat mixed. The performance of monkeys
with early cortical lesions was better than that of monkeys with later lesions both
initially and with development. Nonetheless, some evidence of deficit following
early lesion was apparent on a subset of the spatial tasks when performance was
compared with normally developing animals. Initialy, the early lesion monkeys
were only mildly impaired on the delayed aternation task compared to normal
controls, but with development, the disparity between the groups became more
pronounced. Furthermore, early subcortical lesions produced deficits comparable
to those observed among animals lesioned in adulthood.

These data suggest that the neural systems responsible for processing informa-
tion at different points in development may not be identical. One account of the
datareported here isthat early in development, the subcortical system may play a
larger rolein performance on the delayed response tasksthan it doeslater in devel -
opment, thus producing theinitial sparing of function with early cortical lesionson
the delayed alternation task. However, the subcortical system is not optimal for
this task, and in the normal course of development, the prefrontal cortical system
takes over the function. The early lesioned anima continues to rely on the
subcortical system and thus appearsto |ose ground with development relativetoits
normally developing, cortically intact peer. Early subcortical lesions deprive the
animal of the early primary processing system, thus resulting ininitial deficit and
poor developmental outcome.

Site and timing of lesion.  Kolb (1995) conducted an extensive series of ab-
|ation studies on young ratsto examinethe effects of early lesionson cognitive out-
come. Acrossthis series, they reported differential effects of lesions depending on
the age at lesion, lesion location, and environmental input following early injury.
The primary cognitive task used in these experiments was a spatial problem-solv-
ing measure using the Morriswater mazetask (Morris, 1980). Inthistask, ratswere
placed in atank filled with opaqueliquid and trained to find asubmerged platform.
Normal ratssolvethistask inafew trials. Decrementsin measures of latency totar-
get, distance swum, and accuracy of path to target are indexes of impaired perfor-
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mance on thistask. Kolb found significant differencesin performancerelated tothe
siteand timing of thelesion. First, the effects of bilateral frontal lobelesions(Kolb,
1987; Kolb & Elliot, 1987) differed from those of hemidecortication (Kolb,
Mackintosh, Sutherland, & Whishaw, 1984; Kolb, Sutherland, & Whishaw, 1983;
Kolb & Tomie, 1988). In separate studies, animals were lesioned on the first day
(D1) after birth, on Day 5 (D5), or Day 10 (D10). The effects of bilateral frontal
lobe lesions on D1 and D5 were devastating; when tested as adults, performance
was worse than that of rats lesioned as adults (DA). The performance of the D10
rats, however, was significantly better than that of the DA rats. The effects of
hemidecortication differed dramatically from that of frontal lobe lesioning. Ani-
mals with lesions administered throughout the first 2 weeks of life performed sig-
nificantly better than DA rats.

Kolb suggested that the dramatic differences in the performance of the frontal
lesion and hemidecorticate animals may be related to the extent of cortical dis-
ruption. Lesioning of the frontal lobes disrupts both hemispheres, whereas
hemidecortication leaves one hemisphere intact (Kolb, 1995). However, Kolb
also showed that even the detrimental effects of frontal lesions can be mitigated
with input from the environment. In a separate study, Kolb (Kolb & Whishaw,
1989) combined the lesion methodology with the enriched environment tech-
nigue. Animals with frontal lobe lesions administered at D1, D5, and D10 were
raised either in an enriched environment or in isolated laboratory cages. After 3
months, the performance of the D1 and D5 rats raised in the enriched environ-
ment was indistinguishable from that of the D10 rats, indicating a dramatic en-
hancement in the performance of the D1 and D5 rats (Kolb & Elliot, 1987).
These studies suggested that early brain development is dynamic and subject to
both endogenous and external effects. Early brain damage had detrimental ef-
fects that are specific to the timing and location of the lesion. However, the ef-
fects of early injury can, at least in some cases, be mitigated by the organism’s
interaction with the environment.

Spatial memory and early temporal lobe lesions. Early temporal lobe
lesion studies have been used to examine the development of the brain systems
mediating spatial memory in monkeys. Visual recognition memory relies in part
on the visual system pathway responsible for processing information about ob-
jects. This pathway begins in the primary visual cortex, projects to multiple
prestriate areas in the occipital cortex, to area TEO in the posterior inferior tem-
poral lobe, to area TE in the anterior inferior temporal lobe, and then to limbic
structures in the medial temporal |obe (amygdala, hippocampus, rhinal cortex).
The interaction of area TE with the limbic system structures is critical for visual
recognition memory (Mishkin, 1982; Webster, Bachevalier, & Ungerleider,
1995; Webster, Ungerleider, & Bachevalier, 1991).
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The delayed nonmatch to sample (DNMS) task has been widely used to test
spatial memory performance in monkeys. In the standard DNMS task, monkeys
first watch as a sample object is placed over a baited well, and then they are al-
lowed to retrieve the bait. Then after a 10-sec delay, the sample object and anovel
object are placed over separate, adjacent wells. Only thewell near the novel object
containsafood reward. Thus, the monkey’ stask isto select the novel object. Mon-
keys are typically trained over several daysto criterion of 90 correct trials out of
100. Two weekslater, they areretrained to criterion, and then aseries of trialswith
increasing delays (10, 30, 60, or 120 sec) is presented, followed by aseriesof trials
with increasing numbers of sample objects.

In adult monkeys, lesions to temporal area TE impair performance on the
DNMStask. Bachevalier and Mishkin (1994) tested normal infant and adult mon-
keys and monkeys with early or late lesions to area TE. Over all of the delay and
multiobject conditions, performance was 96% for normal adult monkeys and 91%
for normal infant monkeys. For monkeys lesioned in adulthood, performance
dropped to 71%, whereas the performance of monkeys lesioned within the first 2
weeks of life and tested at 10 months of age was near normal at 84%. Furthermore,
on these tasks the enhanced performance observed in the monkeys with early le-
sions was retained. When these same monkeys were tested at age 4, their perfor-
mance remained high at 85% (Makova, Mishkin, & Bachevalier, 1995). These
datasuggest that early in devel opment the neural substrate may be capable of com-
pensatory reorganization. Indeed, other work by this group of investigators has
suggested a possible profile of reorganization. Webster et al. (1991) showed that
early in development, both area TE and area TEO establish direct connectionswith
structures in the limbic system. In the normal course of development, the connec-
tions between TE and the limbic system stabilize and become part of the primary
pathway for visual recognition memory, whereas the connections between TEO
and the limbic system are lost. However, when area TE islesioned early in devel-
opment, the normally transient connections between TEO and limbic structures
areretained, thus providing a possible alternative pathway for visual memory pro-
cessing. In addition, theseinvestigators demonstrated that anumber of visual asso-
ciation areas including the superior temporal polysensory (STP) area, area PG in
theinferior parietal cortex, and TF in the posterior parahippocampal gyrus, which
are not typically involved in visual recognition memory, become important links
following early TE lesions. In separate studies, monkeyswithinfant lesionsof area
TE were given second lesions as adults. In one group, the second lesion involved
area TEO only. In asecond group, only areas STP, PS, and TF wereinvolved; and
in athird group, area TEO plus STP, PG, and TF were lesioned. Only the third
group of monkeys showed evidence of impairment on the DNM Stask. Ablation of
TEO or the visual association area alone was not sufficient to impair performance
on thistask. In these monkeys with early TE lesions, it was only when both TEO
and the visual association areas were ablated that performance was affected (Web-
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ster et al. 1995), suggesting considerable reorganization and plasticity within this
temporal lobe system.

Finally, it should be noted that not all structures associated with the visual rec-
ognition memory pathway display the impressive profile of plasticity evident in
areas TE and TEO. Bachevalier (Bachevalier & Mishkin, 1994; Malkova et al.,
1995) showed that infant lesions to medial temporal regions result in pronounced
and permanent deficits on the DNMS tasks. In addition, Webster (Webster,
Bachevalier, & Ungerleider, 1994) reported that the more anterior projections of
areas TE and TEO to parietal and prefrontal cortex appear to be adult-like as early
asthe first week of life.

Summary. Thesestudiesof brain devel opment suggest that the organization
and state of developing neural system isthe product of dynamic processesinvolv-
ing interactions that extend from the genes to the environment. Neural pathways
develop to serve specific functions both because these pathways have evolved to
process specific classes of information and becausein the course of ontogenetic de-
velopment they received appropriate input. Thus, the course of normal neural de-
velopment is not fixed. Rather, in the normal course of development, specification
and stabilization of neural systemsrelieson dynamic processesthat are the product
of the multidirectional interaction of genetic processes, neural systems, and input
(for discussion of the closely related idea of probabilistic epigenesis, see Gottlieb,
1992, and Gottlieb, Wahlsten, & Lickliter, 1997). Oneimportant component of this
interaction appearsto be an interactive scul pting processinvolving initial overpro-
duction of neural resources, competition for resources, and the elimination of non-
essential connections. These scul pting processes occur within the context of ongo-
ing additive events, creating a complex dynamic in which the biological system
progressively adaptsto contingencies of input and the demands of the learning en-
vironment (see Quartz & Sejnowski, 1997). The construct of plasticity is best de-
fined by these complex dynamic processes, which are a central feature of normal
brain development. They are not, as suggested by the earlier discussionsin the de-
velopmental literature, ancillary, optional, or reactive. Rather, plasticity isafunda-
mental and essential property of brain development, normal or abnormal. Further-
more, recent data from studies of adult animals and humans suggest that these
dynamic plastic processes are not unique to development. The basic processes that
are pervasive in childhood appear to persist into adulthood. The next section re-
views data demonstrating the operation of plastic processesin adults.

NEURAL PLASTICITY IN ADULTS

Recent studies of adult animals have provided evidencethat flexibility in the orga-
nization of neural systemsisnot limited to the early phases of development. Studies
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from a number of |aboratories examining the reorganization of cortical maps in
somatosensory, primary visual, primary auditory cortices, and in thalamus have
demonstrated that the capacity of the neural system for plastic adaptation isnot lost
(for areview, see Buonomano & Merzenich, 1998).

Reorganization in the Somatosensory Cortex

Inanimportant early seriesof studies, Merzenich and his colleagues (Merzenich &
Jenkins1995; Merzenich, Kaas, Wall, Nelson, et al ., 1983; seeal soKaas, 1991, for a
review) documented systematic changein the somatosensory cortex following sur-
gical ligation and cutting of the median nerve, which serves portions of thehand in
owl and squirrel monkeys. Merzenich (Merzenich & Jenkins 1995; Merzenich,
Kaas, Wall, Nelson, etal., 1983) first used mi croel ectric mapping proceduresto doc-
ument patterns of neuronal activity in the region of the sensorimotor cortex associ-
ated with different parts of the hand. Thedistribution of nervesserving different re-
gionsof thehandiswell documented. Themedian nervesservetheradial sideof the
glabroussurfaceof thehandincluding thethumb (Digit 1), index (Digit 2), and most
of the middle (Digit 3) fingers and adjacent regions of the palm. Theradial nerve
servesthe dorsal surface of the same region. The ulnar nerve servesthe dorsal and
ventral surfacesof the parts of the hand including theremaining partsof Digits 3, 4,
and 5. The somatosensory region of the parietal cortex contains a compl ete topo-
graphical mapping of the hand surface.

After mapping the normal, prelesion organization of the regions of the parietal
cortex subserving the hand, Merzenich (Merzenich, Kaas, Wall, Nelson, et al.,
1983) then severed the median nerve, thuseliminating input fromtheradial, ventral
portion of the hand to the somatosensory cortex. After a period of 2 to 9 months,
Merzenich recorded patterns of activity over theregion of the cortex formerly acti-
vated by the median nerve. Hefound that the representation of the dorsal surface of
Digits 1, 2, and 3 was greatly enlarged within the region formerly representing the
glabroussurfaceof thosedigits. Withinthereorgani zed region, somatotopic organi-
zationwasretained. Inalater study, Merzenich, Kaas, Wall, Sur, etal. (1983) exam-
ined the timecourse for the observed reorganization. Initialy, the deafferented
region of the cortex was silent. Then, new profiles of activity began to emerge, but
they wereinitially incompleteand poorly organized. Over time, the somatotopic or-
ganization emerged, beginning at the border of the deafferented cortical regionand
gradually extending inward. Reorgani zation was compl ete after 22 days.

Reorganization in the Primary Auditory Cortex and
the Visual Cortex

Similar patterns of cortical reorganization have been reported for primary auditory
and visual cortex. Theprimary auditory cortex istypically organized tonotopically,
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with high tones represented in the most caudal regions and low tones in the most
rostral regions. Schwaber (Schwaber, Garraghty, & Kaas, 1993) used ototoxic
chemicalsto selectively destroy cochlear fibersresponsiveto high frequenciesand,
thus, eliminate input to the most caudal regions of the primary auditory cortex.
Microelectrical recordingstaken 2 to 3 monthslater inthe primary auditory cortex
showed reorganization. Neuronsthat wereformerly responsiveto high frequencies
now responded to midrange tones. The reorganized cortex retained the tonotopic
mapping, but the range now extended fromlow to midrangetonesacrossthefull ex-
tent of the cortex, including that region that formerly responded to high frequen-
cies. Similar findings have been reported for the visual cortex (Gilbert, 1996;
Gilbert & Wiesel, 1992; Kaas et al., 1990). Small bilateral retinal lesionsinitially
produce azone of unresponsive neuronsinthe primary visual cortex. Over aperiod
of several months, that region of cortex gradually acquires new receptive fields
from retina areas adjacent to the lesion.

Evidence from Human Studies

Studies of human patients also suggest patterns of cortical reorganization.
Mogilner et al. (1993) used magnetoencephal ographic techniques to measure the
distribution of activity in the hand region of the somatosensory cortex in an adult
with congenital fusion of the fingers (syndactyly). Presurgical mapping of the
somatosensory cortex in the region of the hand revealed poor somatotopic defini-
tion and alack of clear boundaries between digits. Recordingstaken several weeks
after surgery showed dramatic changein the somatosensory map, including clearly
defined representation of individual digits.

Recent work by Ramachandran (1993; Ramachandran, Rogers-Ramachandran,
& Stewart, 1992; Ramachandran, Stewart, & Rogers-Ramachandran, 1992) exam-
ined sensory reorganizationfollowinglimbamputation. Patientsexamined weeksto
monthsafter loss of an arm reported referred sensationsfrom their phantom limb to
regions of the face and spared arm segments. In three patients, Ramachandran
(1993) was able to define clearly articulated reference fields across regions of the
face that maintai ned the somatotopic organization of digits of the hand. For exam-
ple, inonepatient, when the cheek wastouched, sensationswerereportedin boththe
cheek and the phantom thumb; whenthechinwastouched, sensationinboththechin
andfifthdigit werereported. A similar somatotopically organized representation of
thehand wasfoundin seven patientsin the spared region of thearm abovetheampu-
tation line. Thedistribution of thereferred sensation isconsistent with the organi za-
tion of somatosensory cortex. Ramachandran (1993) noted that in normal maps of
the somatosensory cortex, regionsinnervating the face are adjacent to the hand and
armregions. Aswasthecaseintheanimal studies, it appearsthat regionsof theadja-
cent cortex invade the deafferented regi on of the somatosensory cortex, thusgiving
risetothehighly organized patternsof referred sensationreported by thepatients.
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These data from both animal and human adults extend the range of operation
for functional plasticity. They show quite clearly that plasticity isnot exclusively a
developmental phenomenon, and that reorgani zation and plastic change are prop-
erties of the mature as well as the immature organism. The greater complexity of
the mature neural system may limit the range over which plastic processes may op-
erate. Itis, nonetheless, evident that the capacity for dynamic changeisretainedin
the adult neural system.

LINGUISTIC, COGNITIVE, AND AFFECTIVE
DEVELOPMENT FOLLOWING EARLY BRAIN INJURY

The data presented in the last two sections on animal models of brain devel opment
and reorganizationin adult neural systemssuggest avery different view of develop-
ment following early injury than that offered by traditional neuropsychological ac-
counts. Plasticity isacentral processin both brain devel opment and inthe processes
that underlie neural reorganizationin older organisms. The datasuggest that the al-
ternative patterns of brain organization observed following early injury do not re-
quire special, transient plastic mechanisms. These data indicate that what is ob-
served following early injury isaperturbation of anormally operating system. One
property of anormally operating systemisitsflexibility and capacity for adaptation.
However, itisalso clear that aninjured system should not be an optimal system,
evenunder conditionswheretheinjury occursvery early. Thework of investigators
like Goldman-Rakic (Goldman, 1974; Goldman et al., 1970) and Kolb (1995) pro-
vide evidence of this. Datafrom the animal studies such astheirs demonstrate that
whether afunction will be preserved depends on the site and timing of the injury.
How dothesekindsof findingsapply to humans? Thefoll owing section summarizes
datafrom alarge prospective study of cognitive, linguistic, and affective develop-
ment inagroup of childrenwho suffered unilateral, focal braininjury inthe prenatal
or perinatal period (Stiles, Bates, Thal, Trauner, & Reilly, 1998). Data from this
large study include arange of behavioral domains. Oneimportant finding fromthis
study hasbeenthat theprofilesof devel opment emerging fromindividual behavioral
domainsaresomewhat different withregard totheextent of initial deficitand devel-
opmental trajectory. Thereisevidenceof initial deficit, in at |east some subset of the
focal lesion (FL) population, for al of the domainsthusfar examined, and the data
examining the profilesof developmental “recovery” aremixed. Thesefindingssug-
gest that the optimistic reports from the neuropsychological literature may need
qualification; eventhesevery early injurieshavenotableconsequences. Anearly in-
jury that destroysasignificant part of the neural substrate createsanonoptimal sys-
tem. A normal developmental trajectory should not beexpected. Y et, thereisample
documentationfor attenuated deficit following early, ascomparedtolate, occurring
injury. Thepurpose of thiswork hasbeento specify the content and course of devel-
opment following early injury. Central to our understanding of these developmental
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processes is the explication of nature and role of neural plasticity in determining
brain organization and development.

Thework with the FL population has been guided by the following set of ques-
tions:

1. Are specific behavioral deficits evident early in development?

2. Istheassociation between pattern of behavioral deficit and site of brainin-
jury among children comparable to the patterns of association observed
among adults?

3. Isthereevidence of apersistent behavioral deficit over time, or istheresig-
nificant recovery of function?

4. Do patterns of behavioral deficit change over time?

| have attempted to address each of these questions within three behavioral do-
mains: language, spatial cognitive processing, and affect. The major findings of
thiswork are summarized later.

Population Description

All of thechildreninthisstudy suffered|ocalized cortical braininjury either prena-
tally or withinthefirst 6 monthsof life. Within thepopulation of thisstudy, themost
common cause of injury is stroke. Children with focal brain injury are typically
identified in one of three ways: (a) neonatal seizures; (b) hemiplegia; or (c) routine
ultrasound for other medical reasons such as meconium staining, premature birth,
and soforth. Theidentification of lesion siteisbased on results of neuroimaging us-
ing either CT scan or MRI.

The common inclusionary factor among the children in this population was the
documented injury to acircumscribed region of the brain. Children were excluded
fromthe study if there was evidence of multiplelesions, disorderswith potential of
more global damage such as congenital viral infection, maternal drug or alcohol
abuse, bacterial meningitis, encephalitis, severe anoxia, or chronic lesions such as
tumor or arteriovenus malformation. Within the population, children were classi-
fied by site of lesion; that is, whether lesion is on the | eft or right side of the brain
and which lobe or lobes areinvolved. Finally, on gross assessment, the childrenin
the population do well behaviorally, both individually and as a group. They typi-
cally scorewithin the normal range on standardized 1Q measures and attend public
schools.

Language

The studies of language acquisition in the FL population began with the earliest
stages of acquisition and extended well into the school -age period. The studies be-
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gan with amodel of early deficit that mirrored those observed in adults with focal
braininjury. Very generally, it was predicted that children with LH injury would
have more pronounced deficitsthan children with RH injury. Within the LH group,
it was predicted that production deficits would be associated with anterior injury,
and comprehension deficits with posterior injury. Data from this first large pro-
spective study of language acquisition provided the opportunity to document the
process of language acquisition following early insult to different brain regions.
The profilesthat have emerged from this prospective approach to the study of lan-
guagein thispopulation have been both surprising and intriguing (for recent review
of these findings, see Stiles et al., 1998). They provide insight into the issues of
specification of deficit and functional recovery.

The first major finding from this study was the pervasiveness of language ac-
quisition deficitsin the FL population. The substantial majority of children in the
population were delayed in early language acquisition. Delay was associated with
lesions to widely distributed brain regions. Furthermore, the association between
the pattern of deficit and the site of thelesion did not correspond to typical profiles
in adults. In the earliest stages of language acquisition between about 10 and 17
months, receptive deficits were more common in children with RH injury than
with LH injury. These children were also delayed in the production of communica-
tive gestures. During this period, children with |eft temporal (LT) injury were de-
layed in word production but performed within the normal range on comprehension
and gesture. This profile among the children with LT injury contradicts the profile
of deficit observed in adultswith | eft posterior injury. Among adults, productionis
typically spared, whereas comprehension is impaired.

Between 19 and 31 months, childrenwith LT injury were delayed in expressive
vocabulary and early grammar production. Delays in vocabulary and grammar
were aso noted in children with either left or right frontal involvement. Delaysin
grammar persisted through about 42 monthsin children with LT injury. However,
by thistime, children with frontal injury fell within the normal range. By thetime
children in this population reached age 5, there waslittle evidence of language im-
pairment, at least for the basic features of language production and comprehen-
sion. Children fell within the normal range and appeared to have mastered the
basic semantic and morphosyntactic structures of their language.

However, recent data from older children with focal brain injury indicate per-
sistent, subtle disorders in the use of language, which persists well into the
school-age period. In a study of narrative discourse, Reilly (Reilly, Bates, &
Marchman, 1998) reported that children with RH and LH lesions showed compa-
rable delaysin both the use of morphosyntactic structuresand in the understanding
of narrative structure. Narratives provide a complex discourse context in which to
examine narrative skillsaswell asthe expression of language and affect. Inthe ba-
sic narrativetask, the children were asked to ook through awordl ess picture book,
Frog, Where Are You? (Mayer, 1969), and then, while looking at the book, to tell
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the story to an adult. Analysesfocused on different levels of narrative production:
(@) microstructures—morphology and syntax, (b) macrostructures—narrative
components and theme, and (c) affective expression in the form of evaluation and
affective prosody. Storiesfrom 31 children ranging in age from 3 years, 7 months
to 9 years, 4 months and including 13 with RH damage (RHD) and 18 with LH
damage (LHD) were analyzed. Age-related changes in aspects of lexical produc-
tion, morphological errors, syntactic complexity, and narrative complexity are
typically observed across the school-age period. In every domain, except the lexi-
cal production, children with focal brain injury (as a group) were delayed relative
to age-matched normal controls.

In contrast to the global lag displayed by the school-age FL group, the four
younger children (agesthreeyears, 7 months-5 years, 0 months) with RHD scored
well within the normal range for their age in the frequency and diversity of com-
plex syntax. However, the RHD children in the older group (over 5 years, 0
months) were no different from older children with damage on the left, and both
FL groups performed significantly below normal controls. Therewasalso asignif-
icant interaction between age and presence or absence of LT damage in morpho-
logical errorsand in syntactic diversity, suggesting a specific effect of LT damage
on grammatical development prior to (but not after) age 5. Because these interac-
tions between age and lesion site are based on small samples, and because so few
effects emerged across a large number of comparisons, they are presented with a
strong note of caution. On the other hand, these data are consonant with those of
Bateset a. (1997) on the emergence of grammar between 10 and 44 months of age.
Theseinvestigators found no significant differences between LHD and RHD chil-
dren per se on any measure of language production, but they did find significant
delaysin both vocabulary and grammar in children whose injuriesinvolvethe LT
cortex. The narrative datapresented here suggest that this particular correlation be-
tween language symptoms and lesion site may continue up to age 5, but it does not
appear among the older children, leading to the hypothesis that region-specific ef-
fects on language development have been resolved by 5 to 6 years of age—pre-
sumably due to the emergence of aternative forms of brain organization for
language. It isinteresting that thisis also the point at which the basic structures of
morphology and grammar have been acquired in children who are developing on a
normal schedule.

Spatial Cognition

The studies of spatial cognition have focused on aparticular basic aspect of spatial
processing—spatial pattern analysis. Spatial analysis is defined as the ability to
specify both the parts and the overall configuration of a pattern. Thus, it involves
both the ability to segment a pattern into aset of constituent parts and the ability to
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integratethose partsinto acoherent whole. Studieswith adultshave shown that dif-
ferent patternsof spatial deficit are associated with LH and RH lesions(e.g., Arena
& Gainotti, 1978; Delis, Kiefner, & Fridlund, 1988; Delis, Kramer, & Kiefner,
1988; Delis, Robertson, & Efron, 1986; Gainotti & Tiacci, 1970; McFie &
Zangwill, 1960; Piercy, Hecaen, & De Ajuriaguerra, 1960; Ratcliff, 1982;
Swindell, Holland, Fromm, & Greenhouse, 1988; Warrington, James, &
Kinsbourne, 1966). Injury to the left posterior brain region resultsin disordersin-
volving difficulty defining the parts of aspatial array, whereas patients with right
posterior lesionshavedifficulty with the configural aspectsof spatial pattern analy-
sis. In contrast to the findings of the studies of language acquisition, disorders of
spatial analytic processing analogous to those reported for adults have been identi-
fied in these studies of young children with early focal brain injury. These deficits
tend to beless marked among children than adults, but the association between the
site of the lesion and the specific disorder are quite similar (for recent review, see
Stiles et al., 1998).

Construction tasks have been a major source of data on patterns of impair-
ment in the FL population. A recent modeling study with 3- to 6-year-old chil-
dren (Stiles, Stern, Trauner, & Nass, 1996) showed evidence of impairment
among children with both RH and LH injury. Children with LH injury initially
showed delay on the task, producing ssimplified constructions. By the time they
were 4 years old, most of the children were able to produce accurate copies of
the target constructions; however, the procedures they used in copying the forms
were greatly simplified. This dissociation between product and process persisted
at least through age 6, when testing on this task was terminated. Children with
RH injury were initially delayed on this task. Like the 3-year-olds with LH in-
jury, they produced only simple constructions. At about age 4, they began to
produce more complex constructions, but they were disordered and poorly con-
figured. However, the procedures the children used to generate their ill-formed
constructions were comparable to age-matched controls. By the time these chil-
dren were 6 years old, they were able to copy the targets accurately, but like
their LH injured peers, they now used simplified procedures. This study pro-
vides evidence of both impairment and development. Close examination of pro-
cess suggests persistent deficit.

The development of compensatory strategieswas further explored in astudy of
free drawing. These tasks extended the age range of the investigation by focusing
on children in the school-age period. This study of drawing showed that young
children with RH injury have considerable difficulty drawing organized pictures
(Stiles-Davis, Janowsky, Engel, & Nass, 1988). At about age 5, their drawings are
typically disorganized. The children produce the parts of objects, but they fail to
organize them systematically on the page. However, these longitudinal studies
have shown considerable improvement with age. This study of graphic formula
production suggested that a specific compensatory strategy could account for this
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pattern of change. Reliance was tested on graphic formulas using atask devel oped
by Karmilloff-Smith (1990) in which children were asked to first draw ahouse and
then an impossible house (Stiles, Trauner, Engel, & Nass, 1997). The typica re-
sponse among normal children and among children with LH injury wasto distort
the spatial configuration of the house. However, in thislongitudinal sample of six
RH children tested every 6 to 12 months for a period from 3 to 6 years, configural
distortion was not used. Instead, the children used avariety of nonconfigurational
solutions for solving the problem. These findings suggest that even when output
appearsnormal, moredetailed analyses can reveal evidence of compensatory strat-
egies and continuing deficit.

Data from two other copying tasks are consistent with the findings previously
reported. Children showed initial impairment on both amemory reproduction task
using hierarchically organized forms and on the copying version of the
Rey-Osterrieth Complex Figure (Osterrieth, 1944; Rey, 1941). Onthe hierarchical
forms task, children were asked to reproduce from memory a series of hierarchi-
cally organized patterns (see Figure 2). Each pattern had two levels of pattern
structure: thelocal elementsand the more global integrated whole. Studies of adult
stroke patients using these kinds of stimuli have shown that patients with LH in-
jury have difficulty reproducing the local level elements, whereas patients with
RH injury have difficulty with the global level pattern. Consistent with data from
adults, children with LH injury had difficulty remembering the local level ele-
ments, whereas the children with RH injury appear to remember the global struc-
ture, but have difficulty reproducing it accurately.

This study of performance on the Rey-Osterrieth Complex Figure (Osterrieth,
1944; Rey, 1941) task used a new measure for scoring the procedures by which
children attempt to reproduce the form (Akshoomoff & Stiles, 1995a, 1995b).
The measure provides a systematic account of normal patterns of developmental
change in the school-age period. These analyses included longitudinal data from
18 FL children between the ages of 6 and 13 (Akshoomoff, Feroleto, Doyle, &
Stiles, 2000; see also Akshoomoff & Stiles, in press). The drawings from the
younger children were sparser and less accurate than normal children the same
age. However, there were no striking differences between the young children
with early LH and RH injury (see Figure 3). It appears that the ability to identify
the elements of a spatial form and to integrate those parts is necessary for this
task, thus a deficit in either aspect of spatial analysis affects performance. With
development, performance improved and the children were able to produce rec-
ognizable copies of the Rey-Osterrieth Complex Figure form. However, analysis
of the procedures they used indicated continuing spatial impairment. Across the
school-age period, the children used the simplest and least sophisticated proce-
dural strategy to copy the form.

The construction tasks reviewed here present acommon, converging profile of
development following early focal brain injury. For each task, there was initially
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FIGURE 2  Children with either left hemisphere (LH) or right hemisphere (RH) injury were
asked to reproducethemodel hierarchical formsfrom memory. LH injury resultsindifficulty re-
producing the parts, or local elements of the forms, whereas RH injury results in greater diffi-

culty reproducing the larger, or global, configuration.

evidence of marked deficit, and the associations of deficit to lesion site were con-
sistent with adult patterns. With development, performanceimproved and the chil-
dren’s output, the products of their construction efforts, became indistinguishable
from normal. However, there is consistent evidence that the processes by which
children generate their constructions are not developing normally. This patternis
evident from preschool through the school-age period. Thus, although perfor-
mance improves with devel opment, the dataiindicate that the processes underlying
improved performance on these tasks may diverge from normal. These deficitsin
process provide evidence of persistent spatial cognitive deficitsin this population

of children.
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FIGURE 3  Childrenwith either |eft hemisphereor right hemisphereinjury were asked to copy
the Rey Osterreith Complex Figure. Asthese examplesshow, injury to either hemisphereresults
in difficulty reproducing the complicated pattern. With development, the accuracy of the chil-
dren’s copies improves, but their strategy for reproducing the pattern remains piecemeal until
well into the teenage years.

Affect

This study of affective development has focused on two aspects of emotional be-
havior. Thefirst is affective facial expression. This study focused on the earliest
phase of development, examining production of facial affect among childreninthe
first and second year of life. The second areaof investigation isthe comprehension
of affective prosody. This study examined possible dissociations in responses to
linguistic and affective prosody in school-age children.

By their first birthday, children are fluent affective communicators. The devel-
opment of affective facial expression in infants with focal brain damage thus pro-
vides apromising areain which to investigate the developing neural substrates of
emotionsaswell asto ascertain the degreeto which theinfant brainis specified for
particular behavioral functions. To this end, both positive and negative affective
expression in 12 infants (6-24 months) with prenatal or perinatal unilateral focal
brain damage (6 RHD and 6 LHD) and their age- and gender-matched controls
(Reilly, Stiles, Larsen, & Trauner, 1995) were examined. Infants were videotaped
in free and semistructured tasks with the mother and with an experimenter, and in-
teractionswere microanalytically coded, including the use of Ekman and Friesen’s
Facial Action Coding System (Ekman & O’ Sullivan, 1988). Theseresultsfromthe
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cross-sectional data demonstrate a consistent pattern of affective expression: both
normal infants and babies with posterior LHD exhibit the full range of affective
expressions appropriate to the elicited situations. In contrast, the infants with
RHD, especially those with posterior involvement, showed marked affective im-
pairment to positive, but not to negative, stimulation. It is interesting to note that
longitudinal data from the 1 infant with isolated right frontal damage showed no
such impairment, whereas comparable data from the infant with left frontal dam-
age showed enhanced negative affect and depressed positive affect. Overall, these
data are consistent with the adult neuropsychological findingsthat the RH playsa
critical rolein affective expression (Blonder, Burns, Bowers, Moore, & Heilman,
1993; Borod, Koff, Lorch, & Nicholas, 1985) and the electrophysiological studies
of Fox and Davidson (1988; Fox, 1994), which implicate the frontal lobes in the
mediation of approach or avoidant emotions. Thefindingsexpressedin thisarticle
are dramatic in that they provide evidence dating to the middle of the first year of
life and suggest that for affective facial expression, the infant brain shows func-
tional specification early on.

In adults, damage to the RH produces deficitsin the comprehension and expres-
sion of affective meaning in language. LH damage may cause difficulty with the
understanding and use of the more linguistic aspects of nonverbal communication.
Prior to thework reported here, no similar studies had been reported of individuals
who suffered early unilateral brain damage. In this study, comprehension and ex-
pression of affective and linguistic prosody were tested in individuals with docu-
mented unilateral brain damage of prenatal or perinatal onset, as well as in
matched controls. Fifty-six individuals participated in the study. Of these, 28 par-
ticipants had a single, unilateral focal brain lesion, each documented by a
neuroimaging procedure. Thirteen individuals had LH lesions (age range:
6.0-15.58 years, M = 8.8 + 3.0), and 15 had RH lesions (age range: 5.5-20.33
years, M = 11.5 + 5.1). Theresults of this study showed that the RH lesion group
demonstrated difficulty on tasks involving comprehension and expression of af-
fective prosody, and to a lesser extent on tests of linguistic prosody. Individuals
with LH lesions performed more poorly than controls on tests of linguistic, but not
affective, prosody. These findings indicate that even after very early unilateral
brain damage, prosodic deficits similar to those found in adults can be demon-
strated. Thefindingsare consistent with the findings from the study of affectivefa-
cial expression and providefurther evidence that there are limitations on the extent
to which the developing brain can reorganize after early injury.

Summary. These longitudinal studies of the effects of early brain injury
present a different view of development than that offered by the traditional
neuropsychological accounts. Across domains, evidence of initial deficit was
found; in each domain, developmental change was observed. However, the devel-
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opmental profiles vary widely across domain in terms of both the persistence and
magnitude of deficit andin the consistency with which the mapping of specific def-
icittolesion sitecorrespondsto adult profiles. Thereisno simpleor uniform pattern
of deficit and recovery that can be captured by the traditional models of sparing,
crowding, or redundancy.

Inthe early stages of acquisition, languageisnot spared. It isaffected by lesions
to widely distributed brain regions; indeed it is affected by lesions to areas that do
not typically affect adult language. The nature of the deficits also diverges from
the adult models. For example, children with left posterior injury show evidence of
production, but not comprehension deficits, thus contradicting the adult model.
These data suggest that the acquisition of language depends on different neural
systemsthan those used by proficient language users. Event-related potential stud-
ies of early language processing support thisview. Neville, Nicol, Barss, Forster,
and Garrett (1991) showed that widely distributed, bilateral brain areas are acti-
vated during lexical processing in normally developing 13-month-olds with lim-
ited production vocabularies. With development, specificaly following the
vocabulary burst at about 20 months, the activation profiles change dramatically
and much more closely resemble the predominantly LH patterns observed in
adults. These data suggest that early language acquisition relies on awide array of
brain areas, and this could account for the ubiquitous patterns of language deficit
in the FL population. Initially, there does not appear to be well-defined sites for
language processing, rather localization of the system for linguistic processing ap-
pears to emerge with development and may be defined by computation biases in
the neural system. With development, language among children in the FL popul a-
tion improves markedly, such that by the end of the preschool period the children
master the basic lexical and morphosyntactic structures of their language. Thereis
continuing evidence of subtle impairment in their narrative discourse. However,
these profiles are no longer specific to site of lesion, rather evidence of subtle lan-
guage decrement is evident across the population. This developmental profile is
consistent with an account of alanguage system that is emergent and to some ex-
tent self-organizing. Thisaccount does not require preferential sparing of language
following early braininjury. Rather, inthe normal course of development, the neu-
ral substratefor languageisnot initially well-specified. Asaresult, widely distrib-
uted brain regions participate in language acquisition, and thus, lesions to many
different brain areas can impair language acquisition. This initial distribution of
processing may also provide options, which allow for the devel opment of alterna-
tive patterns of neural mediation for language. Thus, initial underspecification of
the neural substrate for language may account for the patterns of deficit and devel-
opment observed following early injury.

Datafrom spatial-analytic processing present avery different profile. Children
show evidence of subtle and persistent deficit following early brain injury. The
mapping of site of injury to functional deficit is consistent with adult profiles.
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Across spatial construction tasks, the developmental data are consistent with a
model of compensation against a backdrop of persistent, well-specified, but subtle
deficit. It should be noted that spatial deficits observed in children with LH injury
do not require a linguistic crowding account. A wealth of recent data from both
normal and patient studies demonstrate that spatial analytic processing is bilater-
aly mediated. Normal processing of information in visual arrays depends on infe-
rior temporal regions in both hemispheres (Martinez et a., 1997). Processing
functionsin thetwo hemispheresaredifferent, and different patterns of spatial def-
icit should be evident following LH and RH injury. Thus, the children with LH in-
jury do show spatial deficits, but it is not necessary to postulate a RH linguistic
crowding effect to account for them. Indeed, the specific nature of impairment in
these children is consistent with injury to the LH spatial processing system. Func-
tional imaging datafrom acase study of achild with early |eft parietal temporal in-
volvement confirms this suggestion (Stiles, 1998). This child showed consistent
RH activation in both the global and the local processing conditions.

The profiles of affective impairment and development following early injury
are consistent with those observed for spatial analytic processing. From the first
year of life, children manifest evidence of affective deficit, and the correspon-
dence between site of lesion and behaviora disorder is consistent with those ob-
served among adults. The persistence of affective deficits is suggested by the
studies of production and comprehension of affective prosody. During the
school-age period, children with focal brain injury present with patterns of
prosodic deficit that is consistent with adult profiles. Specificaly, linguistic pros-
ody is more affected than affective prosody among children with LH injury,
whereas the reverse profile holds for children with RH injury.

Extending the arguments previously outlined, the cross-domain differences ob-
served between linguistic, spatial analytic, and affective processing may berelated
totheinitial specificity of the neural system for the different functions. Spatial in-
formation processing and, arguably, affective processing are phylogenetically
older functionsthan language processing, and their neural substrates may be much
more highly specified and constrained. Thus, thereisless capacity to achievean al-
ternative solution to the problem of processing spatial or affective information.
However, itisalso clear that the effects of early injury on spatial and affective pro-
cessing are markedly attenuated relative to those of later injury. This suggests that
the capacity for reorganization and functional compensation is retained within
these more constrained systems.

CONCLUSION
The data presented in this article represent an aternative to the traditional

neuropsychological account of early brain plasticity. The profiles of development
observed in these longitudinal data can be accounted for by the same mechanisms
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that underlie normal brain development. It is not necessary to postulate special
mechani sms such as selective preservation or crowding to account for the kinds of
changes observed following early brain injury. In both normal brain development
and in development following early injury, there are basic, biological constraints
on the ways in which neural systems can develop (e.g., Allendoerfer & Schatz,
1994; Flanagan & Vanderhaeghen, 1998; Goodman, 1996). However, the fact that
there are constraints does not mean that devel opment proceeds as a passive unfold-
ing of predetermined systems, or even aswell-defined systemsawaiting an external
trigger. Neural development isan active, reciprocal process. The construct of func-
tional plasticity refersto the dynamic and adaptive processesthat underliebrain de-
velopment and function. The normally developing brain is dynamic and plastic.
Initially, there is a profusion of connections throughout the brain. With develop-
ment, many of these early connections are withdrawn, whereas others are retained.
This selective retention process is presumed to be the product of competitive pro-
cesses that are driven to alarge extent by input. The structure and organization of
the mature normal brain isthe product of these plastic, competitive processes. Fur-
thermore, the capacity for plastic changeis never completely lost. A large number
of animal studieshave shownthat, acrossarange of mammalian species, patternsof
neural connectivity inthe adult organism are altered by change ininput to the sys-
tem. Recent work suggeststhat experience can even affect the survival of new neu-
ronsinthe adult brain. By thisaccount, plasticity isacentral feature of brain devel-
opment and learning; it is not a system response to pathological insult.

When plasticity isviewed as anecessary part of brain development, rather than
apossibledternativein the case of early insult, avery different perspective on the
effects of early brain injury on development emerges. The developing brainis a
dynamic, responsive, and to some extent self-organizing, system. Early injury
constitutes a perturbation of normal development. Specific neural resources are
lost, and there should be consequent impairment of the system; and that is pre-
cisely what is observed in language, visuospatial, and affective processing. How-
ever, itisalso adeveloping system and, therefore, a system with an exuberance of
resources, the fate of which are determined in large measure by input. Thus, the
magnitude and duration of the initial impairment may well depend on a range of
factors, such asthetiming of insult, extent and location of injury, and specificity of
the neural substrate for the function under consideration. Early damage to the neu-
ral substrateinsuresthat neural organization will differ from that observed follow-
ing normal development, but the processes by which that organization is achieved
need not be fundamentally different.
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