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Series Editor Note

he second edition of Pediatric Neuropsychology: Research, Theory, and Practice reflects

the continuing growth of our understanding of the neuropsychological consequences
of medical and neurodevelopmental disorders that affect children. This edition, as the first,
reflects the vital integration among theory, research, and practice, which is fundamental to
all disciplines that focus on the study of brain—behavior relationships. It contains a com-
pletely new section, as well as chapters written by new authors on topics similar to those in
the first edition. The two editions share only four chapters written by the same authors on
the same subjects. Thus, this is in many ways a companion volume to the original edition.

Yeates, Ris, Taylor, and Pennington present a fresh perspective on several topics from
the first edition. In the coverage of medical disorders, the chapters on very low birth-
weight (Taylor), epilepsy (Westerveld), and brain tumors (Ris and Abbey) are written by
new authors. Comparing these new chapters with the first edition affords the reader an
opportunity to appreciate the different perspectives of leaders in these fields. This section
also includes chapters on several disorders that are frequently not included in texts on
pediatric neuropsychology including stroke (Stiles, Nass, Levine, Moses, and Reilly); tuber-
ous sclerosis (Byars); encephalomyelitis and multiple sclerosis (Anderson, Deery, Jacobs,
and Kornberg); and fetal alcohol (Mattson and Vaurio). The chapters on spina bifida and
hydrocephalus (Fletcher and Dennis); brain injury (Yeates); and environmental toxicants
(Dietrich) have all been updated to include the most recent research. The second edition
also includes a completely new section on neurodevelopmental disorders, some of which
are rarely incorporated in pediatric neuropsychology books. This section includes chap-
ters on reading disability (Peterson and Pennington); language impairment (Snowling
and Hayiou-Thomas); attention disorders (Willcutt); autism spectrum disorders (Ozonoff);
math disabilities (Barnes, Fuchs, and Ewing-Cobbs); and intellectual disability (Mervis
and John). There also is a new chapter on interventions (Kanne, Grissom, and Farmer)
and one on an integrated theoretical structure for pediatric neuropsychological evaluations
(Baron).



X Series Editor Note

This volume is the sixth in The Guilford Press series The Science and Practice of
Neuropsychology. The goal of this series is to integrate the scientific foundations and clini-
cal applications of knowledge of brain—behavior relationships. The expansion of knowledge
in pediatric neuropsychology and the appreciation that some disorders have different mani-
festations in children and adults have provided the basis for an increasingly science-based
practice in pediatric neuropsychology. The contributors to this book are the leaders in their
fields and exemplify this integration of theory and research into clinical practice.

—ROBERT A. BORNSTEIN, PhD



Preface

I n the preface to the first edition of this book, which was published in 2000, the three of
us serving as the original editors (Keith Owen Yeates, M. Douglas Ris, and H. Gerry Tay-
lor) noted the need for a book that would provide an overview of neurological and medical
conditions frequently seen in the practice of pediatric neuropsychology. At that time, few
books focused on the neuropsychology of pediatric neurological and medical conditions.
We felt that a book describing these conditions, reviewing their neuropsychological out-
comes, critiquing the existing research, suggesting avenues for future exploration, and dis-
cussing the clinical implications of the existing knowledge base would make a valuable and
unique contribution to the field, particularly for students and trainees seeking to become
pediatric neuropsychologists.

To judge by the enthusiastic reception that the first edition received, our impression
was correct. Nearly a decade later, we decided to undertake a second edition. The decision
to do so reflected the tremendous growth that has occurred in pediatric neuropsychology
since the first edition and the need to update the book to reflect this burgeoning knowl-
edge base. However, we were also impressed that despite this growth, no other text was
available that explored the boundaries of current research, theory, and practice by high-
lighting lacunae in the existing knowledge base for a broad range of childhood disorders.
Several excellent texts are now available that focus on neuropsychological evaluation of
children (Anderson, Northam, Hendy, & Wrennall, 2001; Baron, 2004; Baron, Fennell,
& Voeller, 1995; Pennington, 2009), disturbances in neurocognitive functions in children
(Reid & Warner-Rogers, 2008), or the treatment of neuropsychological disorders in chil-
dren (Farmer, Donders, & Warschausky, 2006; Hunter & Donders, 2007). But the present
book’s emphasis on comprehensive reviews and scientific critiques of the empirical litera-
ture across the spectrum of pediatric neuropsychology remains unique.

The second edition differs from the first in several ways. Perhaps most significantly, the
book continues to focus on summarizing the state of the art in neuropsychology research for
childhood medical and neurological disorders, but we have added an entirely new section
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on developmental disorders. The decision to add this section was a response to reviews of
the first edition that bemoaned the absence of chapters on common developmental dis-
orders, such as reading disability. Reflecting this change is our addition of a fourth editor,
Bruce F. Pennington, whose expertise in developmental disorders has been critical to the
development of this new edition.

More than half of the chapters are new to the second edition. We have made signifi-
cant changes to the list of medical/neurological disorders, excising 10 chapters on medical
disorders that were in the previous edition (i.e., meningitis, neurofibromatosis, metabolic
and neurodegenerative disorders, Turner syndrome, phenylketonuria, acute lymphoblastic
leukemia, sickle cell disease, diabetes, end-stage renal disease, and human immunodefi-
ciency virus) and adding 4 new chapters on other medical disorders (i.e., acute dissemi-
nated encephalomyelitis and childhood multiple sclerosis, tuberous sclerosis complex, peri-
natal stroke, and fetal alcohol spectrum disorders). The changes reflect our impression that
some disorders have received relatively little research attention since the first edition and
could therefore be dropped or that some disorders not covered in the first edition warranted
coverage in the second. We have also added 6 new chapters on developmental disorders
(i.e., math disabilities, reading disability, specific language impairment, attention-deficit/
hyperactivity disorder, autism spectrum disorders, and intellectual disability syndromes). In
sum, we have dropped 13 chapters from the first edition and added 11.

Our plan for the present book, as with the original, was to combine reviews of research
on specific disorders with discussions of theoretical issues and clinical applications. Most
of the conditions we have selected for inclusion are common in clinical practice, although
we have again included a few that are less common or even unusual. All of the disor-
ders have been foci of research that addresses critical issues regarding the neurobehavioral
outcomes associated with childhood medical illnesses and neurodevelopmental disorders.
Thus, although this book is not exhaustive, it encompasses a broad range of disorders, all of
which have been the subjects of attention from pediatric neuropsychologists.

To ensure that the chapters on specific disorders would provide similar types of infor-
mation, we again asked the authors to follow a common format. Most chapters begin with
a section describing the condition’s epidemiology, as well as its associated neural substrate
or neuropathology and pathophysiology. The next section includes a description of the
neurobehavioral outcomes associated with the disorder, as well as a critique of the existing
research from both conceptual and methodological perspectives. The chapters generally
conclude with a discussion of future directions for research on the disorder in question.

The book is divided into three parts. Part I contains 10 chapters devoted to specific
neurological or other medical conditions. Part II consists of 6 chapters focusing on neurode-
velopmental disorders. Finally, Part III concludes with 2 chapters focusing on the clinical
implications of the knowledge base described in the preceding chapters, with one concern-
ing neuropsychological evaluation and the other intervention. Although the book is not
intended as a “how-to” guide to neuropsychological assessment or treatment, we believe it
appropriate to include some consideration of how research on the neuropsychological con-
sequences of medical conditions and developmental disorders is brought to bear on clinical
practice.

In comparing the chapters in the second edition to those in the first, we are struck by
several themes that have characterized the growth of pediatric neuropsychology over the
past decade. First, the range of outcomes examined in research has broadened. Although
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neuropsychological research in the past tended to focus almost exclusively on cognitive
functioning, in recent times a growing emphasis has been placed on noncognitive outcomes,
such as social functioning, psychiatric disorder, adaptive behavior, and broader aspects of
quality of life. Another theme consists of the tremendous advances in neuroimaging and
their growing application to common childhood disorders. Both structural and functional
imaging techniques are helping to deepen our understanding of the neural substrates of
these disorders, as well as to raise interesting questions about the nature of brain—behavior
relationships in childhood. In a related fashion, research in pediatric neuropsychology has
increasingly begun to incorporate methods and theories drawn from the broader domain
of neuroscience. A fourth theme is the growing recognition that the outcomes of child-
hood brain disorders are inherently multidetermined. Research on the determinants of
outcomes has begun increasingly to reflect complex models that incorporate both biologi-
cal and social predictors. A final theme is the increasing recognition of the importance of
development in understanding outcomes. Development would seem to be the sine qua non
of research in pediatric neuropsychology, yet most past studies have utilized cross-sectional
designs that do not permit an examination of how development moderates outcomes. The
growth of longitudinal studies that base comparisons on age at insult or onset and examine
children’s functioning across time has fostered a greater appreciation for the role of develop-
ment in childhood brain disorders.

In contrast to these advances, the chapters in the new edition also reflect some themes
that have not yet received much attention, but are likely to become topics of research in
the future. Most neuropsychological research remains largely descriptive in nature. More
research is needed that attempts to delineate the mechanisms accounting for the outcomes
of childhood brain disorders. Future studies that investigate causal mechanisms will need
to draw on theoretical models of brain—behavior relationships, developmental approaches
to the outcomes of childhood brain disorders, and experimental paradigms based in part on
brain injury research in animals. In this regard, neuropsychological research also has not
tended to incorporate broader developmental theories. A rapprochement between devel-
opmental neuroscience and developmental psychology would help to advance the field.
More generally, research needs to become interdisciplinary, incorporating multiple levels of
analysis, and more translational, promoting the application of knowledge to clinical care.
The scientific advances that have occurred over the past 10 years are not likely to affect the
clinical management of children with brain disorders until efforts are made to empirically
test interventions and treatments based on this knowledge. Our hopes are that this volume
will help to push the field in that direction.

In summary, we believe that the new edition continues to provide a unique contribution
to the field of pediatric neuropsychology. It spans a wide range of medical, neurological, and
developmental conditions, and it provides current, in-depth reviews of empirical research
on those conditions. The chapters have been written by recognized experts in the field of
pediatric neuropsychology who have been actively involved in research on their chapter
topics. Finally, and perhaps most important, the book continues to push the boundaries of
current research, theory, and practice not only by highlighting what we know, but also by
identifying areas in which further investigation is needed. Thus, the book not only reflects
the tremendous growth in pediatric neuropsychology that has occurred in recent decades,
but also foreshadows the scientific and professional journey to come. In so doing, it helps
to ensure that we do not reach beyond our scientific boundaries in our clinical work with
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children. Indeed, the book presents principles of assessment and intervention precisely to
encourage a closer examination of these practices in light of the existing knowledge base.

The book should be of interest to a wide audience of scientists and practitioners,
including neuropsychologists, developmental neuroscientists, pediatric and child clinical
psychologists, school psychologists, pediatric neurologists, child psychiatrists, behavioral—
developmental pediatricians, and speech pathologists. It should also be of interest to gradu-
ate students, predoctoral psychology interns, and postdoctoral residents in neuropsychology.
It is intended for use both as a primary text in graduate courses on pediatric neuropsychol-
ogy, and as a resource on medical and neurodevelopmental conditions for the broad range
of health care professionals who provide care to children.

The book could not have been completed without the help of many individuals, all of
whom deserve our gratitude. First, we would like to thank the authors for their contribu-
tions. We appreciate the time and energy that they devoted to writing their chapters and
their willingness to respond to our editorial suggestions for revisions. We would also like
to thank our former and current students, interns, and postdoctoral fellows for the inspira-
tion that they provided to undertake a second edition. Our editor at The Guilford Press,
Rochelle Serwator, who has shepherded the book toward completion with just the right
blend of encouragement and exhortation, deserves our thanks as well. Finally, we want to
thank our friends and families for their ongoing support and understanding.

REFERENCES

Anderson, V., Northam, E., Hendy, J., & Wrennall, J. (2001). Developmental neuropsychology: A clinical
approach. Hove, UK: Psychology Press.

Baron, 1. S. (2004). Neuropsychological evaluation of the child. New York: Oxford University Press.

Baron, I. S., Fennell, E. B., & Voeller, K. S. (1995). Pediatric neuropsychology in the medical setting. New
York: Oxford University Press.

Farmer, J. E., Donders, J., & Warschausky, S. (Eds.). (2006). Treating neurodevelopmental disabilities: Clin-
ical Research and Practice. New York: Guilford Press.

Hunter, S. J., & Donders, J. (Eds.). (2007). Pediatric neuropsychological intervention. New York: Cambridge
University Press.

Pennington, B. F. (2009). Diagnosing learning disorders: A neuropsychological framework (2nd ed.). New
York: Guilford Press.

Reid, J., & Warner-Rogers, M. (Eds.). (2008). Child neuropsychology: Concepts, theory, and practice.
Chichester, UK: Wiley—Blackwell.



CHAPTER 1.

CHAPTER 2.

CHAPTER 3.

CHAPTER 4.

CHAPTER 5.

CHAPTER 6.

CHAPTER 7.

CHAPTER 8.

Contents

PART I. MEDICAL DISORDERS

Spina Bifida and Hydrocephalus
JACK M. FLETCHER AND MAUREEN DENNIS

Children with Very Low Birthweight or Very Preterm Birth
H. GERRY TAYLOR

Childhood Epilepsy
MICHAEL WESTERVELD

Pediatric Brain Tumors
M. DOUGLAS RIS AND RICHARD ABBEY

Traumatic Brain Injury
KEITH OWEN YEATES

Acute Disseminated Encephalomyelitis

and Childhood Multiple Sclerosis

VICKI ANDERSON, BENJAMIN J. DEERY, RANI JACOBS,
AND ANDREW J. KORNBERG

Tuberous Sclerosis Complex
ANNA W. BYARS

Perinatal Stroke
JOAN STILES, RUTH D. NASS, SUSAN C. LEVINE, PAMELA MOSES,
AND JUDY S. REILLY

XV

26

71

92

112

147

167

181



XVi Contents

CHAPTER 9. Environmental Toxicants
KiM N. DIETRICH

CHAPTER 10. Fetal Alcohol Spectrum Disorders
SARAH N. MATTSON AND LINNEA VAURIO
PART Il. NEURODEVELOPMENTAL DISORDERS

CHAPTER 11. Math Disabilities
MARCIA A. BARNES, LYNN S. FUCHS, AND LINDA EWING-COBBS

CHAPTER 12. Reading Disability
ROBIN L. PETERSON AND BRUCE F. PENNINGTON

CHAPTER 13. Specific Language Impairment
MARGARET J. SNOWLING AND MARIANNA E. HAYIOU-THOMAS

CHAPTER 14. Attention-Deficit/Hyperactivity Disorder
ERIK G. WILLCUTT

CHAPTER 15. Autism Spectrum Disorders
SALLY OZONOFF

CHAPTER 16. Intellectual Disability Syndromes
CAROLYN B. MERVIS AND ANGELA E. JOHN

PART I11. CLINICAL ASSESSMENT AND INTERVENTION
CHAPTER 17. Maxims and a Model for the Practice
of Pediatric Neuropsychology
IDA SUE BARON
CHAPTER 18. Interventions for Children with Neuropsychological Disorders

STEPHEN M. KANNE, MAUREEN O’KANE GRISSOM, AND JANET E. FARMER

Index

211

265

297

324

363

393

418

447

473

499

521



PEDIATRIC NEUROPSYCHOLOGY






PART 1

MEDICAL DISORDERS






CHAPTER 1

Spina Bifida and Hydrocephalus

JACK M. FLETCHER
MAUREEN DENNIS

pina bifida meningomyelocele (SBM) is a major, disabling neurodevelopmental disorder.

Opver the last 20 years, knowledge about SBM has advanced on many fronts, allowing a
fuller description of the condition. Of more importance, knowledge has been accrued in a
way that associates outcomes for groups and individuals with multiple sources of variability
that can be modeled in a principled manner in relation to genetic variation, structural
anomalies of brain development, and cognitive function. The new knowledge about the
complex interrelations among gene, brain, and behavior in SBM is proving to be relevant
to a broader understanding of neurodevelopmental disorders. In this chapter, we review
current understanding of outcomes in SBM, organized around five ideas:

L.

SBM is one of a cluster of neurodevelopmental disorders that have hydrocephalus as
a common complication.

. Neurobehavioral outcomes of SBM can be modeled in a principled manner as a

function of primary and secondary types of brain anomalies, genetic factors, and
environmental factors.

There exists a modal cognitive profile in SBM that involves within-domain pro-
cessing strengths and weaknesses, not cross-domain deficits or competencies.
Variability in outcomes around the modal cognitive profile can also be modeled in
a principled manner as a function of primary and secondary types of brain anoma-
lies, genetic factors, and environmental factors.

A limited number of core deficits underlie the modal profile.



4 I. MEDICAL DISORDERS

HYDROCEPHALUS AS A COMMON FACTOR
IN A CLUSTER OF NEURODEVELOPMENTAL DISORDERS

Hydrocephalus is a condition in which the ventricles fill with cerebrospinal fluid (CSF) and
become enlarged. Although hydrocephalus is not a disease entity, it is the final common
path of several neurodevelopmental conditions that have specific and measurable effects
on the brain. Some of these effects are primary or congenital, and reflect the brain malfor-
mations that cause hydrocephalus, but also directly influence outcomes. Other effects are
secondary, such as the destructive effects of hydrocephalus on the development of gray and
white matter.

Gene—environment interactions cause the central nervous system (CNS) malforma-
tions underlying congenital hydrocephalus, most of which are prenatal. In addition, post-
natal environmental factors (poverty, nutrition, and parenting) affect the development of
a child with hydrocephalus. An adequate understanding of neuropsychological outcomes
in different etiologies of early hydrocephalus requires consideration of each of these sources
of variability, for outcomes are heterogeneous and varied. As we argued in the first edition
of this book (Fletcher, Dennis, & Northrup, 2000), any investigation of neurobehavioral
outcomes after early hydrocephalus should focus on the variability as well as the modal out-
comes. There is a modal neurocognitive profile, but the departures from modal outcomes
may be just as illuminating as the presence of the modal pattern.

Acquired hydrocephalus can occur at any age. In an adult, it may be associated with
dementia-like conditions; in either a child or an adult, it may be associated with trauma,
infections, tumors, or hemorrhages of the brain. In all these conditions of acquired hydro-
cephalus, the age of onset will vary unsystematically, so hydrocephalus is a secondary phe-
nomenon that is less important in determining functional outcome than the primary trau-
matic, infectious, neoplastic, or hemorrhagic disorder.

Early Hydrocephalus

Hydrocephalus is commonly identified and treated before the first birthday, often within
the first days of life. The principal etiologies of early-onset hydrocephalus involve congeni-
tal conditions that occur in association with neural tube defects (NTDs), essentially SBM
and aqueductal stenosis (AS). In addition, intraventricular hemorrhage (IVH) associated
with prematurity can cause hydrocephalus, along with Dandy-Walker syndrome (DWS).
Although we focus on SBM in this chapter as the most common and best-understood form
of early hydrocephalus, it is helpful to briefly consider other disorders associated with early
hydrocephalus.

Less Frequent Etiologies of Early Hydrocephalus

AS develops because of a congenital narrowing of the cerebral aqueduct (Barkovich, 2005).
[t occurs in approximately 1 per 17,000 live births and is generally observed only in the pres-
ence of symptomatic hydrocephalus (Menkes, 1995). In contrast to SBM (and DWS), the
cerebellum is generally normal, although some downward extension of the cerebellum may
be present because of pressure effects from hydrocephalus. The only other neural anomalies
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involve partial callosal dysgenesis, along with the effects of hydrocephalus on brain devel-
opment. Of all congenital etiologies of hydrocephalus, AS tends to have the most positive
(Fletcher, Brookshire, Bohan, Brandt, & Davidson, 1995; Fletcher et al., 2004).

DWS is quite rare, occurring in about 1 per 30,000 live births (Menkes, 1995). The pri-
mary defining characteristic is the presence of a large cystic fourth ventricle, with partial to
complete agenesis of the cerebellar vermis. The posterior fossa is enlarged, with substantial
dilation of the fourth ventricle, which is usually treated by draining the cyst. Although the
ventricular dilation could be characterized as hydrocephalus, it is really a cystic malforma-
tion that often requires shunting around the blockage created by the cyst (Chuang, 1986).
Because of its rarity, and also because of the complexity of accurate diagnosis, we know
relatively little about outcomes in DWS.

Children with prematurity-associated [IVH develop hydrocephalus because of a hemor-
rhage of the germinal matrix shortly after birth. The presence of IVH is clearly related to
perinatal asphyxia, with the hemorrhage occurring as part of a complex sequence of events
involving problems with cerebral blood flow and perfusion. The germinal matrix hemor-
rhage bleeds into the ventricles and can obstruct the flow of CSF. Shunting is sometimes
necessary, but arrested hydrocephalus is also a more common outcome in children with
prematurity-associated IVH. Although prematurity-associated IVH was once estimated
to occur in about half of all preterm infants, the incidence has been declining dramati-
cally, and the condition now occurs infrequently in premature infants (Volpe, 2001). The
presence of shunted hydrocephalus is clearly associated with more adverse outcomes in
premature infants (Fletcher et al., 1997), but there is no specific neurobehavioral pattern.
Neurobehavioral outcomes are influenced by many other factors associated with premature

birth.

SBM: An Overview

In contrast to AS, DWS, and IVH, much more has become known about SBM—especially
over the last decade, as studies have been flourishing in several domains of inquiry. Spina
bifida (literally, “bifurcated spine”) receives its name because of a defining defect in the
closure of the neural tube at the spinal end that leads to a lesion along the spinal cord. It
has a post-dietary-fortification rate of 0.3—-0.5 per 1,000 live births; the decline over the
past 20 years has been widely attributed to the emphasis on dietary supplementations of
folate acid and Vitamin B (Williams, Rasmussen, Flores, Kirby, & Edmonds, 2005). Menin-
gomyelocele is the most common form of spina bifida, representing an open lesion in the
spinal cord through which the meninges protrude into a fluid-filled sac. Less common spi-
nal defects include meningocele, a lesion in which the spinal cord is basically normal, but
the meninges have herniated through the spinal opening. Like other less common forms of
spina bifida, which involve fatty tumors (lipomas) and anatomic abnormalities of the spine
(diastomyelia, occulta), meningoceles are not generally associated with neuropsychologi-
cal deficits, although any form of spina bifida can impair ambulation and bladder control
(Reigel & Rotenstein, 1994).

Despite the reduction in incidence, spina bifida is still the most common nonlethal
NTD. Anencephaly, a lethal failure of the neural tube to close on the head end that results
in an absence of the forebrain, has a roughly equal prevalence. Although spina bifida is
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defined by the presence of the spinal lesion, meningomyelocele is usually associated with a
malformation of the cerebellum and hindbrain referred to as the Chiari II malformation,
which causes hydrocephalus. The mechanism underlying the Chiari II malformation and
hydrocephalus is essentially brain development in a small posterior fossa (McLone & Knep-
per, 1989), which leads to other anomalies, especially in the midbrain. Callosal dysgenesis,
which is not caused by the Chiari II malformation, is also common. Not surprisingly, neu-
robehavioral outcomes are variable. Over the past two decades, neuropsychological studies
have identified the major outcome domains affected by SBM, and have provided a picture
of the prototypical impairments in children with this condition.

In the remainder of this chapter, we focus on SBM, presenting a model of outcomes
in SBM. We expand on the arguments from our chapter in the first edition (Fletcher et
al., 2000), which emphasize that multiple sources of variability affect outcomes in hydro-
cephalus and that these sources of variability can be modeled in a principled manner in
relation to structural anomalies of brain development. However, we expand this modeling
to consider primary and secondary types of brain anomalies, genetic and environmental
factors, and core deficits that cut across traditional outcome domains and underlie domain-
specific strengths and weaknesses. We present the model and then summarize the literature
pertaining to the different components. We use the model as a context for understanding
complicated neurogenetic disorders like SBM; we hope that this provides a more integrative
account of neurobehavioral outcomes and their multiple sources of variability.

A MODEL OF NEUROBEHAVIORAL OUTCOMES IN SBM

Figure 1.1 presents a model of outcomes in SBM that begins at the level of gene—environment
interactions and ends in a modal cognitive phenotype that is variably expressed, depend-
ing on the relation of associative and assembled processing (Dennis, Landry, Barnes, &
Fletcher, 2006). The model begins with gene—environment interactions because NTDs
like SBM are themselves the products of these interactions. Interactions at this level deter-
mine how the neural tube will be disrupted, which will include the type of NTD (e.g.,
anencephaly, spina bifida); the type of spinal lesion (meningocele, meningomyelocele); and
the location of the defining defect, which can occur anywhere on the spinal cord. It is also
likely that these factors influence the manifestations of the other primary brain malforma-
tions (e.g., severity of Chiari II malformation, presence and severity of callosal dysgenesis).
It is also possible that some genetic factors more directly influence outcomes, although
these are not depicted in Figure 1.1; such factors include the presence of genetic constella-
tions associated with mental retardation, attention-deficit/hyperactivity disorder, and other
outcomes. In addition, as Figure 1.1 shows, the nature of the environment influences the
genetic expression of SBM.

SBM is a disorder with multiple phenotypes—neural, physical, and cognitive. These
phenotypes are addressed in different parts of Figure 1.1, which distinguishes primary CNS
insults to the spine (physical phenotype) and brain (neural phenotype) from secondary
insults to the brain that involve hydrocephalus and its treatment (neural phenotype).
These phenotypes vary within individuals with SBM and are not independent, because a
more severe physical phenotype is usually associated with more severe brain dysmorphology
(Fletcher et al., 2005). As Figure 1.1 shows, the cognitive phenotype is ultimately depen-
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FIGURE 1.1. A model of spina bifida showing the links of gene-environment interactions with the physical
and neural phenotypes, environmental factors, and the resultant cognitive phenotype.

dent not only on the neural and physical phenotypes, but also on factors involving the
environment that influence postnatal development (e.g., poverty, parenting).

Physical Phenotype

SBM is usually identified at birth or through prenatal ultrasonography because of the spinal
lesion and sometimes because of hydrocephalus. The spinal lesion almost always leads to
impairment of the lower extremities, a neurogenic bladder and incontinence, and other
orthopedic abnormalities. The orthopedic impairments, including paraplegia, vary with
spinal lesion level: The higher the lesion, the greater the orthopedic impairment (and cor-
responding severity of brain malformations). In addition, higher lesions are associated with
poorer cognitive and motor outcomes, most likely because the neural phenotype is more

severe (Fletcher et al., 2005).
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Neural Phenotype
Primary CNS Insults

At the level of the brain, most children with SBM have the Chiari II malformation; this
involves herniation of a compressed cerebellum through the exits of the fourth ventricle,
and causes obstruction of the flow of CSF in the fourth and/or third ventricles. Partial
dygenesis of the corpus callosum is commonly observed in children with SBM, represent-
ing a congenital defect that occurs as a result of the disruption in neuroembryogensis char-
acteristic of NTDs (Barkovich, 2005). Finally, abnormalities of the midbrain (e.g., tectal
beaking) occur in about 65% of children (Fletcher et al., 2005). These abnormalities occur
because the posterior fossa is too small to promote normal growth and causes compression.
Each of these primary CNS anomalies occurs during gestation and can be shown to directly
affect neurobehavioral outcomes.

Secondary Effects of Hydrocephalus

Secondary CNS effects reflect the variable impact of hydrocephalus, which has significant
consequences for brain development (Aoyama, Kinoshita, Yokota, & Hamada, 2006; Del
Bigio, 1993, 2004). The effects are most visibly apparent in the degree to which the corpus
callosum is thinned, although recent studies based on radiological review (Miller, Widjaja,
Blaser, Dennis, & Raybaud, 2008) and diffusion tensor imaging (DTI) are showing that the
extent of white matter alteration extends far beyond the corpus callosum and is likely not
due just to hydrocephalus (Hasan et al., 2008a, 2008b; Vachha, Adams, & Rollins, 2006).
There is significant volume loss of both cerebral gray and white matter, which tends to be
greater in posterior regions of the cerebral hemispheres.

Regardless of etiology, hydrocephalus is always due to an obstruction that blocks the
flow of CSF (Raimondji, 1994). The site of the blockage varies, depending in part on the eti-
ology. In addition, the condition may be progressive or arrested. The former often requires
aggressive neurosurgical intervention, such as the insertion of a shunt to divert the flow
of CSF around the obstruction. Arrested hydrocephalus, also referred to as compensated or
nonprogressive hydrocephalus, indicates the presence of large ventricles with pressure effects
from the accumulation of CSF. In arrested hydrocephalus, the relations of CSF production
and absorption were obstructed but then became balanced, leaving residual dilation of
the ventricles, or ventriculomegaly (McCullough, 1990). The interventions themselves can
contribute to variability in outcomes as shunts become obstructed or infected, leading to
additional neurosurgical interventions.

Cognitive Phenotype

In depicting the nature of neurobehavioral outcomes in SBM, Figure 1.1 makes a distinc-
tion between core deficits in assembled and associative processing. We argue that a modal
neurocognitive profile associated with SBM can be described in terms of strengths and
weaknesses within each of a set of content domains (see Figure 1.2). Thus neuropsychologi-
cal research studies using psychometric tests have differentiated preserved and impaired
functions within a number of cognitive and academic domains.
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FIGURE 1.2. The relation of assembled and associative processing and domain-specific functional assets and

deficits that make up the cognitive phenotype.

Cross-Domain Comparisons

As a group, children with SBM and lower-level spinal lesions (lumbar and sacral) are stron-
ger in language and weaker in perceptual and motor skills, as demonstrated through many
comparisons of Verbal and Performance IQ scores (Dennis et al., 1981; Fletcher et al.,
1992; Raimondi & Soare, 1974). Within the language domain, children with SBM use and
understand single words with some skill; however, many of these children have significant
problems with language at the level of text and discourse—in other words, an inability
to use and understand language in a flexible and adaptive manner (Barnes & Dennis,
1992, 1998; Dennis, Jacennik, & Barnes, 1994). These problems with language integration
also interfere with reading comprehension (Barnes & Dennis, 1998). In terms of academic
competencies, math is commonly impaired relative to word recognition skills, and writing
problems are common (Barnes et al., 2002; Dennis & Barnes, 2002). Studies involving
memory and learning functions show significant problems on different indices of short-term
memory, especially list learning, in groups with SBM (Scott et al., 1998; Yeates, Enrile,
Loss, Blumenstein, & Delis, 1995). Some attention and executive regulation skills may

also be impaired (Brewer, Fletcher, Hiscock, & Davidson, 2001; Fletcher et al., 1996), but,
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as with memory, skills within this domain are not uniformly impaired. Behavioral studies
generally show higher rates of adjustment difficulties, but specific types of adjustment dif-
ficulties have not been identified, other than a higher rate of internalized than externalized
difficulties (Greenley, Holmbeck, Zuckerman, & Buck, 2006) and an elevated rate of inat-
tention (Burmeister et al., 2005).

Core Deficits Underlying Cross-Domain Cognitive Assets and Deficits

We propose, first, that core processing deficits involving movement, timing, and attention
orientation underlie these content domain assets and deficits; and, second, that the modal
cognitive phenotype is not domain-specific, but represents manifestations of unobservable
constructs involving assembled and associative processing. Assembled cognitive processes
involve the ability to construct and integrate information, whereas associative cognitive
processes involve the ability to activate or categorize information. Assembled process-
ing directly reflects the impact of the primary and secondary CNS factors on core defi-
cits involving movement, timing, and attention orienting that cut across content domains.
Associative processes would be preserved in children with SBM, were it not for the second-
ary CNS insults and environmental factors (e.g., poverty, parenting, and education) that
lead to reduced capabilities subsumed by this construct. The preservation of strengths in
associative processing, and thus the presence of both strengths and weaknesses, depend in
part on the severity of the CNS deficits in SBM and in part on the impact of the environ-
ment.

Processing differences have long been identified as dichotomies, such as holistic—
analytic and global-local. Historically, the holistic—analytic distinction has been linked
strongly to hemispheric lateralization (e.g., holistic to right-hemisphere and analytic to left-
hemisphere function), and the global-local distinction to processing within the spatial
content domain. No form of neural or cognitive processing is strictly parallel or serial;
rather, each has elements of both. In characterizing the differences between the kinds of
tasks individuals with SBM can and cannot perform, we need terms that are not tied to
hemispheric asymmetry or to particular content domains, and that are congruent with cur-
rent thinking about cognitive processing across content domains and materials.

We have adopted the terms assembled processing and associative processing to character-
ize functional outcome for individuals with SBM, which involves assets in stimulus-driven
associative processing and deficits in model-driven assembled processing. Figure 1.2 pro-
vides definitions of these constructs and examples of assets and deficits within each content
domain.

In the next sections of this chapter, we expand on selected portions of the model,
beginning with an examination of gene—environment interactions in SBM and focusing on
lesion level as a phenotypic factor tied to expressions of the genotype and both the neural
and cognitive phenotypes. We then examine studies of the impact of the primary CNS
insults on the core deficits in movement, timing, and attention orienting, highlighting their
impact on assembled processing. A review of secondary CNS events that moderate out-
comes associated with assembled processing, and of environmental factors that moderate
outcomes related to associative processing, is then provided. The chapter concludes with a
discussion of relations with other disorders and other models of outcomes in SBM.
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GENE-ENVIRONMENT INTERACTIONS

SBM is a heterogeneous disorder with a multifactorial etiology involving genetic and envi-
ronmental factors. There is a very early disruption of neuroembryogensis that is variable,
suggesting that many genes may be involved, and that their influence is also modified by
the environment and therefore related to variations in the physical and neural phenotypes
associated with spina bifida. Understanding these factors in SBM requires an appreciation
of the factors that produce NTDs, the second most common congenital birth defects (after
conditions affecting the heart) in North America (Detrait et al., 2005). NTDs occur at a
rate of about 1 per 1,000 births in North America (mostly SBM and anencephaly), but rates
are much higher in some part of the world.

Spina bifida and its different types (meningomyelocele, meningocele, occulta, lipoma)
represent just one kind of NTD. Anencephaly occurs at rates that are comparable to
meningomyelocele, representing a failure of the neural tube to close at the caudal end.
This produces a child with essentially no cerebral cortex and is usually a lethal defect. Like
SBM, anencephaly can be considered an “open” NTD, whereas other NTDs occur under
the surface of the skin and do not protrude as in anencephaly and SBM.

The NTDs that result in different types of spina bifida occur in the first month of
gestation, during the process of primary neurulation (see Detrait et al., 2005, for a summary
of neurulation). Although the process that leads to the abnormalities of the neural tube is
well understood, less clear is how the neural tubes are fused, which is the last stage of devel-
opment (Detrait et al., 2005). Different models propose single-site theories, in which fusion
occurs at a single site and proceeds up and down the neural tube, or multisite theories (van
Allen et al., 1993). Multisite theories propose that the neural folds are fused in multiple
locations, and that where on the neural tube fusion is disrupted may explain different kinds
of NTDs. van Allen et al. (1993) have proposed two points at which closure occurs, one
cervical and the other a lower site with a proposed meeting point at L,-L,. Other research
has suggested alternative closure sites (Detrait et al., 2005), but the point is that multisite
models yield hypotheses that help explain the variable presentation of lesion level in SBM
(Northrup & Volcik, 2000).

Genetic factors are clearly involved in NTDs and specifically in SBM. The genotype is
almost certainly multifactorial (Detrait et al., 2005; Kirkpatrick & Northrup, 2003). NTDs,
including SBM, are commonly seen in a variety of syndromes with known genetic causes.
Within families, the recurrence risk rises with increases in the number of affected family
members, almost doubling with the birth of each additional affected child (Toriello & Hig-
gins, 1983). Children with an affected sibling have a risk of 2-5%, which is 25-50 times
the population risk. For a third-degree relative, the risk is reduced to that of the general
population (Elwood, Little, & Elwood, 1992).

Specific-gene-searching studies are based on animal models of NTDs as well as human
studies. According to Detrait et al. (2005), animal models implicate over 80 mutations and
over 100 genes in NTDs. These findings are not strongly linked to human findings, which
focus on genes involved in neural growth and development, folate metabolism, and glucose
metabolism. Genes related to folate metabolism are interesting because of the evidence that
prenatal supplementation of the diet with folate and Vitamin B reduces the incidence of

NTDs by 50-70% (Northrup & Volcik, 2000). Women with affected children have eleva-
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tions of homocysteine, which may occur in association with problems with the metabolism
of folate acid. A number of genes related to folate metabolism have been identified as risk
factors for SBM (Kirkpatrick & Northrup, 2003; Rozen, 1997). Mutations of these genes
vary across ethnic groups in much the same way as differences in the rates of NTDs do:
common among Hispanics and whites, and rare in blacks (Botto, Moore, Khoury, & Erick-
son, 1999). Glucose genes are implicated because of the elevated rates of NTDs in diabetic
mothers, while growth factor genes relate to early neural development.

Various environmental factors are also involved in NTDs and may moderate the expres-
sion of different genes (Kirkpatrick & Northrup, 2003). The most significant factors involve
diet. Surveillance reports from the Centers for Disease Control and Prevention indicate
that the incidence of NTDs has decreased by about 20% for NTDs since the initiation of
food fortification began in the United States (Centers for Disease Control and Prevention,
1993; Honein, Paulozzi, Mathews, Erickson, & Wong, 2001). How folate prevents NTDs is
not well understood.

Maternal diabetes and obesity are also associated with an increased risk of NTDs.
Independent of folate intake and family history of NTDs, maternal obesity prior to preg-
nancy increases risk for an NTD (Northrup & Volcik, 2000). For mothers with diabetes,
the risk of NTDs is two to three times higher than in the general population (Northrup
& Volcik, 2000). These findings are usually related to issues involving mutations affecting
glucose metabolism.

Other environmental risk factors include environmental teratogens, as well as radia-
tion exposure and anticonvulsants (Shurtleff & Lemire, 1995). The former is commonly
observed in polluted areas of the world, while the latter reflects the increased risk of NTDs
(about 10 times the rate of the general population) in mothers with epilepsy who use anti-
convulsants in early pregnancy (Northrup & Volcik, 2000). Maternal illness and exposure
to hyperthermia early in fetal development because of hot baths, fever, and saunas also
increase NTD risk (Botto et al., 1999). The mechanisms by which these factors affect neu-
rulation and result in NTDs are not well understood.

The clearest link of how variability at the level of gene—environment interactions
influences the multiple phenotypes in SBM comes from an examination of lesion level. To
reiterate, the type of NTD—and, in the case of SBM, the location of the spinal lesion—
are products of gene—environment interactions. But lesion level varies from lower sacral
levels to the upper thoracic level. Genetic heterogeneity in SBM accounts for variations
in lesion level, with some research showing variations in the genotype even within ethnic
groups (Northrup & Volcik, 2000). In terms of the classifications derived from genetic
studies, lesion level is also associated with variability in the physical, neural, and cognitive
phenotypes. To understand the neuropsychological outcomes associated with spina bifida,
we must reliably classify the nature of the spinal lesion and its location, and also take
into account the socioeconomic status (SES) and ethnicity of the family. The latter are
important clinical markers of heterogeneity, although most existing studies of the neurop-
sychological outcomes of spina bifida are based on European American populations with
lower-level lesions.

At some point, extrapolations from the genotype to the neural and cognitive phe-
notypes may be possible. For now, we turn to relations of the neural phenotype with the
physical and cognitive phenotypes.
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PRIMARY CNS INSULTS AND CORE DEFICITS

At the heart of the model in Figure 1.1 is a hypothesized link between primary CNS insults
and core deficits involving timing, attention orienting, and movement. The primary CNS
insults are direct products of gene—environment interactions, including the type and level
of the spinal lesion, the Chiari II malformation, midbrain defects, and callosal dysgenesis.
Core deficits are defined as impairments that (1) emerge early in development and persist
into adulthood; (2) are apparent in tasks that invoke different assembled processes; (3)
appear over a range of ability levels (i.e., are not simply a product of general cognitive func-
tioning); (4) are weakly related to other core deficits; (5) are correlated with assessments of
the primary brain insults; and (6) demonstrate little functional plasticity in relation to age.
Elsewhere (Dennis et al., 2006), we and our colleagues have reviewed the evidence for both
the primary CNS insults and the basis for identifying core deficits in timing, attention, and
movement. In the discussion that follows, we examine this evidence.

Spinal Lesion

The strongest evidence linking genotype and phenotype is from research showing that
genetic heterogeneity accounts for variations in spinal lesion level in the expression of
NTD:s (e.g., King et al., 2007; Volcik et al., 2000). This link can also be generalized from
relations of lesion level and both the neural and cognitive phenotypes, although not directly
from the genotype to the neural and cognitive phenotypes. This is a topic of active inves-
tigation. However, as noted eatlier, lesion level is related to neural and cognitive outcomes:
The higher the lesion, the lower the level of cognitive functions and the greater the num-
ber of neural anomalies (Badell-Ribera, Shulman, & Riddock, 1966; Fletcher et al., 2005;
Lonton, 1977).

As we have also indicated above, there are several types of spinal lesions, the most
common of which is a meningomyelocele. Identifying the type of spinal lesion is important,
because only meningomyelocele is associated with changes in the neural phenotype. Other
spinal lesions (meningocele, lipoma, diastomyelia) account for fewer than 20% of cases of
spina bifida (Menkes, 1995). Although all spinal lesions affect orthopedic and urological
function to some degree, depending on the level of the lesion, the impairment is more
severe in meningomyelocele (Norman, McGillivray, Kalousek, Hill, & Poskitt, 1995).

To illustrate, in our sample of 323 children with spina bifida (Fletcher et al., 2004), 295
have meningomyelocele; 93% (n = 276) of those with SBM are shunted for hydrocephalus.
Of the other 7% without shunts, 5% (n = 15) have magnetic resonance imaging (MRI) evi-
dence of arrested hydrocephalus, and 2% (n = 6) have no evidence of ventricular dilation. Of
the 28 children with meningocele and other spinal lesions, 2 are shunted for hydrocephalus.
Neither has a Chiari I malformation, and both probably have hydrocephalus due to AS. Of
the other 26, 6 have arrested hydrocephalus, and 20 have no hydrocephalus. Other than the
2 cases with shunted hydrocephalus due to AS and the 6 with arrested hydrocephalus, the
MRIs of children with other spinal lesions were read with virtually no abnormalities (e.g.,
cerebellum and corpus callosum were normal). Even at the level of ambulation, half of the
children with SBM and shunts use wheelchairs; this is true for only 5% of the mixed group
with evidence of arrested hydrocephalus, and none of the children with other spinal lesions
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and no hydrocephalus. For research purposes, adding children who do not have SBM and
are not shunted for hydrocephalus to a sample reduces the neural morbidity and the likeli-
hood of cognitive difficulties. An interesting issue is the current trend in some neurosurgical
centers toward avoiding shunting of children with SBM for as long as possible. This trend
will make it even more important to examine lesion type, since only meningomyelocele is
consistently associated with congenital brain anomalies (Reigel & Rotenstein, 1994).

Lesion level is clearly related to the core deficit in movement that characterizes chil-
dren with SBM from birth. Infants with SBM have poorer upper- and lower-limb movement
quality (Landry, Lomax-Bream, & Barnes, 2003). Movement deficits vary in severity but
are lifelong, and are likely to contribute to cognitive deficits because of the restrictions in
environmental search and play present from birth. Deficits in movement and visual-motor
control are apparent in children and adolescents with SBM (Dennis, Fletcher, Rogers,
Hetherington, & Francis, 2002; Hetherington & Dennis, 1999). The physical limitations
on movement of the lower limbs extend to the eyes (Biglan, 1995) and the upper limbs,
although these limitations are probably related to the effects of the cerebellum on upper-
extremity movement and of the cerebellum, midbrain, and hydrocephalus on ocular control
(Salman et al., 2005).

Cerebellum

The Chiari II malformation is a congenital deformity of the brainstem and cerebellum
that occurs in virtually all births involving meningomyelocele (Barkovich, 2005; Reigel &
Rotenstein, 1994). In a study of qualitative coding of structural MRIs in a sample of 191
children with SBM (Fletcher et al., 2004), 96% of children with spinal lesions at T}, and
higher met criteria for a Chiari II malformation; 90% of children with SBM and spinal
lesions below T, met Chiari Il criteria. In both groups, only 4 children had normal cer-
ebellums. Cerebellar deficits lead to difficulties with control of motor movements, including
truncal and axial movement (Miall, Reckess, & Imamizu, 2001), and, along with the mid-
brain, to problems with control of eye movements (Leigh & Zee, 1999).

The cerebellar impairments extend to a variety of cognitive functions because of their
effects on timing, another core deficit. In this context, timing refers to a person’s capacity to
process temporal information that permits the synchronization of sensation and movement
across small (half-second or less) time intervals. The cerebellum acts like a timer of percep-
tual experiences, which helps generate predictions about the consequences of movement.
Infants with SBM show less synchronous and more poorly organized upper-limb coordi-
nation (Landry et al., 2003). Children and adolescents with SBM have deficits in short-
duration timing on both perceptual and motor timing tasks (Dennis et al., 2004). Within
the perceptual domain, these children and adolescents show deficits on a timing discrimi-
nation task (judging durations of about 400 ms) although not on a pitch discrimination
task (judging frequencies at about 3,000 Hz), showing that the deficit is specific to timing
and not a result of a general perceptual impairment. Within the motor domain, children
with SBM can tap along in synchrony with a computerized beat, but are unable to maintain
the tapping when the beat stops (Dennis et al., 2004). Relative to controls, children with
SBM show significantly small cerebellar volumes on quantitative MRI studies (Fletcher et
al., 2005). In school-age children with SBM, perceptual and motor timing deficits are cor-
related with these reductions in cerebellar volume (Dennis et al., 2004).
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Early motor development includes aspects of timing and contributes to cognitive devel-
opment (Bushnell & Boudreau, 1993; Gibson, 1982; Thelen & Smith, 1994). In infants
with SBM, early deficits in the regulation of motor movements predict subsequent abilities
involving visual search and memory (Landry et al., 2003). Many tasks involving eye-hand
coordination require synchrony of sensation and movement, which in turn requires ongo-
ing, online integration of temporal information (Hore, Ritchie, & Watts, 1999).

Brainstem and Midbrain

The Chiari II malformation includes a small posterior fossa, which results in distortion of
the posterior fossa contents and their herniation through the foramen magnum. Because of
the small posterior fossa, many individuals with SBM have abnormalities of the brainstem,
such as tectal beaking. In the Fletcher et al. (2005) study, 96% of those with upper-level
lesions and 80% with lower-level lesions had tectal beaking, and about 60% of both groups
had other midbrain anomalies.

The midbrain is partly responsible for control of eye movements, which are impaired in
children with SBM (Salman et al., 2005). The midbrain, including the superior colliculus,
is part of a brain circuit that orients attention to salient aspects of the environment, which
we have defined as a core deficit. Children with SBM and abnormalities of the midbrain
and tectum are impaired on a variety of paradigms assessing attention orienting, including
tasks requiring overt shifts of eye movement, and covert shifts of attention. These impair-
ments in attention orienting are more apparent in those with tectal beaking, including
more difficulties orienting to salience (Dennis et al., 2005a) and a more attenuated inhi-
bition of return response in the vertical plane (Dennis et al., 2005b). Infants with SBM
show reduced orienting to salient faces and take longer than similar-age peers to shift from
a perceptually salient stimulus (a beeping light) to a second, face stimulus (Taylor, Landry,
Cohen, Barnes, & Swank, 2008). The deficit in attention orienting is selective, as chil-
dren with SBM do not have difficulty orienting to cognitively interesting stimuli that are
under goal-directed, top-down control (Dennis et al., 2005a). Thus, given the evidence for
two attention systems in the brain (Posner & Raichle, 1994)—one involving a stimulus-
driven, automatic response to salience, and the other a goal-directed engagement based on
the regulatory influences of knowledge and expectations of cognitively engaging stimuli—
children with SBM have difficulty with the former. The nature of the difficulty is consistent
with the brainstem and midbrain pathology characteristic of many individuals with SBM.

Callosal Dysgenesis

About half of children with SBM show partial dysgenesis of the corpus callosum, reflect-
ing further disruption of neuroembryogensis during the period (7-20 weeks gestational
age) corresponding to the development of the corpus callosum (Barkovich, 2005; Hannay,
2000). These anomalies are considered congenital because the ends of the corpus callosum
(rostrum, splenium) are most commonly missing; the destructive effects of hydrocephalus
usually affect the middle structures, often stretching and thinning the entire corpus cal-
losum. In the Fletcher et al. (2004) study, 4% had a normal corpus callosum, 52% had
dysgenesis usually in association with hypoplasia, and 44% had only hypoplasia. There were
no cases of complete dysgenesis.
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The relation of callosal dysgenesis to core deficits is less direct than the relation of
other primary CNS insults to timing, attention-orienting, and movement deficits. Three
general patterns are available. First, area measurements of the corpus callosum have been
correlated with measures of fine motor skills and spatial processing (Fletcher et al., 1996),
most likely representing a marker for more general disturbances of neural connectivity.

Second, patterns of aberration are related to performance on measures of interhemi-
spheric communication. Hannay et al. (2008) administered a dichotic listening test to 90
children with SBM and 28 normal controls. Typically developing controls demonstrated
the expected right-ear advantage (REA). Children with SBM who were right-handed, had
a normal/hypoplastic splenium, and/or had lower-level lesions were more likely to show the
expected REA. Children with splenial dysgenesis did not show the REA. In other analyses
not reported by Hannay et al., the area measurement of the corpus callosum was correlated
significantly (r = .40) with the number of stimuli correctly identified on the first trial in the
right ear. Thus interhemispheric transfer is impaired in children with SBM, but the extent
of this compromise depends on the integrity of the corpus callosum, as well as handedness
and lesion level.

Primary CNS insults are linked to assembled processing. Huber-Okrainek, Blaser, and
Dennis (2005) found that children with SBM had difficulty integrating context to deter-
mine the meaning of an idiom, especially those who had dysgenesis of the splenium of the
corpus callosum. Corpus callosum dysgenesis is a marker for reduced connectivity across
the brain, consistent with MRI DTT studies of disrupted integrity of white matter and asso-
ciation fibers in SBM (Hasan et al., 2008a).

SECONDARY CNS INSULTS AND ASSEMBLED PROCESSES

Figure 1.1 shows that primary CNS insults cause secondary CNS insults. This link reflects
mostly the connection of the Chiari II malformation and hydrocephalus, which thins the
brain in a posterior—anterior direction. Hydrocephalus destroys cerebral gray matter and
stretches and thins the white matter. Thus, in the Fletcher et al. (2005) study, voxel-based
MRI morphometry of the cerebral cortex (excluding the cerebellum and brainstem) of chil-
dren with SBM showed significant reductions in gray matter and white matter in regions
marked by the corpus callosum—essentially those regions subtending the corpus callosum
(pericallosal) and posterior to the splenium (retrocallosal). There was little reduction in
areas anterior to the genu (precallosal). Relative to controls, the reductions amounted to a
volume loss of about 2.3% in gray matter and 2.6% in white matter, and a corresponding
increase in CSF (total volume about 8.7% vs. 3.9% in controls).

These reductions are related to a variety of cognitive and motor skills. Correlations
between the CSF measure within the group with SBM (Spearman’s rho) and tasks involv-
ing verbal reasoning, visual-spatial skills (a composite of Stanford—Binet Visual/Abstract
Reasoning and the Beery Developmental Test of Visual-Motor Integration), fine motor
skills, word recognition, and math computations revealed a pattern of weak but consistent
relationships. There were no significant correlations with precallosal CSF. Pericallosal CSF
and postcallosal CSF were correlated with all these measures except word identification
(p < .0006; range = —34 to —50). Since CSF volumes are crude indices of the degree of
hydrocephalus (after shunting), these results show effects on motor tasks involving move-
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ment and timing, as well as on other tasks that invoke assembled processing at the level of
functional deficits—but not on word identification, which is a strong marker of associative
processing. A weakness of this prediction is the evidence that complications related to
shunting (e.g., infections) and other problems (e.g., seizures) have a weak but generalized
effect on the brain and on cognition (Dennis et al., 1981).

ENVIRONMENTAL FACTORS AND ASSOCIATIVE PROCESSING

Poverty is associated with restricted diets and exposures to environmental teratogens that
increase risk for NTDs (Kirkpatrick & Northrup, 2003). In addition, the relation of poverty
to language/achievement is well established and holds in SBM. The Fletcher et al. (2005)
study found clear evidence of generalized relations between poverty and performance
on neurocognitive tests. Similarly, Lomax-Bream, Barnes, Copeland, Taylor, and Landry
(2007a), in a study of infants with SBM and typically developing controls from birth to
3 years, found a main effect of SES on mental and motor outcomes, but no interactions.
Similarly, in a study of school-age children with SBM, Holmbeck et al. (2003) reported that
SES and SBM were additive in increasing risk for psychosocial difficulties, relative to the
effects of just lower SES or SBM alone.

There are also links between specific psychosocial factors and outcomes. Lomax-Bream
et al. (2007b) found that higher-quality parenting was associated with higher performance
on assessments of mental development and language in infants with spina bifida and con-
trols followed from 6 to 36 months. However, on daily living skills, an interaction of parent-
ing and group indicated that higher-quality parenting was not associated with higher levels
of performance in the group with spina bifida—only for the typically developing children.
This finding is different from studies of other groups of high-risk infants (e.g., premature
children), where parenting is a significant moderator of development. In another study,
Seefeldt, Holmbeck, Belvedere, Gorey-Ferguson, and Hudson (1997) also evaluated parent-
ing in a sample of families with a school-age child with SBM and controls. They found
that lower-SES families with a child with SBM were much more likely to show autocratic
parenting styles, compared to families with only one of these risk factors.

Children with SBM are clearly at risk for psychosocial difficulties because of the prob-
lems associated with the physical phenotype. Varying degrees of ambulatory difficulties
as well as the bladder and bowel problems put them at risk for peer issues, familial stress,
and other negative societal reactions. Learning to catheterize and independently manage
the bowel/bladder problems reduces this risk. In addition, children with SBM also experi-
ence many surgical and medical procedures related to their orthopedic problems (spinal
cord, hips, back) and to shunting. Finally, SBM leads to cognitive difficulties that could
potentially affect the development of social skills, family functioning, peer relations, and
response to schooling—all of which have an impact on children’s overall adjustment.

To illustrate, psychosocial factors in SBM have been researched in a series of studies by
Holmbeck and associates, bolstered by a recent review of the literature (Holmbeck, Green-
ley, Coakley, Greco, & Hagstrom, 2006). Across studies, Holmbeck et al. (2006) found
that relatively few families with a child with SBM exhibit family dysfunction at clinically
significant levels, with rates of about 12%. The authors also noted that families tend to
be resilient. However, many parents exhibit significant psychological distress, particularly
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internalizing difficulties. The parents of children with SBM often feel less confident and
less optimistic about the future. Findings of marital dysfunction are inconsistent, but may
be predicted by the quality of the marital relationship prior to the birth of the affected
child. Siblings do not seem to show major adjustment problems specific to SBM. On aver-
age, parents tend to exercise more control and can be overprotective of their affected child,
but this is influenced by cognitive ability. Lower-functioning children with SBM tend to
have parents who feel the need to exercise more control and provide less fostering of auton-
omy. Holmbeck et al. (2006) noted that families with multiple adjustment issues may be
at higher risk for psychosocial difficulties. Altogether, Holmbeck et al. (2006) concluded
that “spina bifida appears to disrupt some aspect of family and parent functioning for many
families, but such families also tend to demonstrate considerable resilience across other
adjustment domains” (p. 253).

FUNCTIONAL ASSETS AND DEFICITS

At this point in the model, we begin to deal with traditional neuropsychological outcomes.
These are typically portrayed in terms of the pervasive weaknesses that children and adults
with SBM display in motor and perceptual skills, and the strengths they demonstrate in
language and reading. But as the examples of language and reading make clear, the dis-
sociation depends on the extent to which the outcome task draws upon associative and
assembled processing. It is likely that a child with SBM will show stronger performance
on measures of language vocabulary and word decoding than on measures involving the
comprehension of narrative discourse or on reading comprehension tasks (Figure 1.2). The
latter demand processes that are integrated and constructive (which we have portrayed as
associative processes), whereas the former demand processes that are more encapsulated
and modular (which we have depicted as assembled processes). Whether an individual
child with SBM displays the specific set of functional assets within the language and read-
ing domains depends on the severity of the child’s Chiari II malformation and the associ-
ated hydrocephalus; on treatment factors related to shunt revisions, infections, and other
sources of diffuse injury; and on environmental factors like poverty. Thus one of the more
commonly reported discrepancies in outcomes attributed to SBM—the discrepancy in Ver-
bal and Performance [Q—is most apparent in European Americans of middle-class origins
who have lower spinal lesions and fewer shunt revisions/infections. Such a pattern is less
apparent in children with SBM and upper-level lesions, or in Hispanics. As a group, His-
panics with SBM are more likely to have upper-level spinal lesions, and in North America
thy are also more likely to grow up in families of lower SES.

Although much has been learned from comparisons across domains in SBM, we
believe that the value of examining variability within domains is apparent not only from
the examples from the language and reading domains we have provided, but also from
other domains. As Figure 1.2 demonstrates, although the motor and spatial processing
problems of children with SBM are well known, several studies demonstrate preservation
of skills involved in motor learning (Colvin, Yeates, Enrile, & Coury, 2003; Edelstein et
al., 2004). This dissociation emerges not only for the hand, but also for the eye. Similarly,
in the spatial domain, facial recognition and simple match-to-sample skills are preserved
in comparison to any type of visual-perceptual skills involving figure—ground distinctions,
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line orientation, or online representations of space (Dennis et al., 2002). But not all chil-
dren with SBM demonstrate these dissociations. The question then is this: What factors
cut across domains to explain why some children show the dissociation and others do
not? Is motor learning preserved because of sparing or compensatory development of the
basal ganglia? Does word recognition proceed because of compensatory development of the
frontal components of the normative neural network, which typically includes prominent
involvement of the temporal and parietal areas of the left hemisphere? Can preservation be
predicted according to the nature and severity of the primary and secondary CNS insults
and specific environmental factors?

Figure 1.2 provides additional specific examples of domain-specific dissociations involv-
ing more complex domains of memory, attention, and behavior. These examples (also out-
lined in Dennis et al., 2006) help illustrate the importance of creating experimental tasks
that permit an evaluation of these dissociations, as well as the risks attendant on cross-
domain comparisons, especially in domains characterized by factorially confounded con-
structs like executive functions. Such tasks invariably confound associative and assembled
processes, so that children with SBM will inevitably show difficulties on these measures.
But tasks that are less confounded may also be more sensitive to specific neural and envi-
ronmental variations that help explain variability around the modal phenotype.

RELEVANCE TO OTHER NEURODEVELOPMENTAL DISORDERS

Perhaps another advantage of model building in pediatric neuropsychology is the extrapo-
lation across disorders. Certainly children with Williams syndrome, velocardiofacial syn-
drome, and other disorders show similarities to the modal profile of SBM. But it is not
simply a matter of comparing, for example, motor, spatial, and math skills versus language
skills; all these groups share impairment in the former domains and are stronger on aver-
age in the latter domain. Rather, the question is the specific mechanisms that lead to these
impairments. Disorders like SBM have multidetermined outcomes and modal profiles. But
examining averages and extrapolating to all cases do not have strong explanatory value.
Indeed, a strong model explains the variable outcomes associated with complex disorders.
In the case of SBM, a label like attention disorder or nonverbal learning disability (NLD) is
too general and leads to simplistic inferences about pathophysiology. Describing SBM as a
white matter disorder does not do justice to the pattern of dysmorphology that affects gray
and white matter, stretching tracts and destroying cells across the brain, but in a principled
fashion that can be modeled and related to variability in outcomes. Labeling outcomes as
related to executive functions, spatial deficits, or inattention does not adequately character-
ize the different systems that are variably affected, or characterize the underlying cognitive
dimensions that help explain consistency and inconsistency across domains.

IMPLICATIONS FOR INTERVENTIONS

Another issue with broad labels like NLD or general cross-domain comparisons is that
these classifications do not dictate any specific type of principled intervention, and pheno-
types are not uniform. Although both SBM and Asperger syndrome are deemed exemplars



20 I. MEDICAL DISORDERS

of NLD, their cognitive phenotypes are radically different. For example, how can being
too social (SBM) and being socially avoidant (Asperger syndrome) both be manifestations
of the same NLD condition? Entirely different interventions are required, and the mecha-
nisms of learning may also be different.

Beyond these musings, where the lack of empirical studies is of great concern, let us
consider some of the ways in which the model in Figures 1.1 and 1.2 might be applied to
interventions. One goal should be to bolster assembled processing and prevent the adverse
effects of associative processing as early in development as possible. The psychosocial find-
ings suggest obvious sorts of ways in which some of the adverse outcomes associated with
SBM could potentially be ameliorated. In particular, early work on parenting in ways that
are designed to increase the promotion of autonomy may be particular useful both for pro-
moting children’s cognitive development and for improving their psychosocial adjustment
(Lomax-Bream et al., 2007b). In addition, families that experience distress should receive
attention as early as possible, to prevent the development of maladaptive patterns of behav-
ior. Interventions may also represent another environmental factor that moderates the
expression of cognitive outcomes through the associative processing route. For example,
a family that has higher expectations for autonomy may do more to promote flexible use
of language and expectations for independent movement early in development. This may
reduce the impact of core deficits, lead to the development of strengths in language, and
maximize potential within the motor area.

To ameliorate the impact of core deficits on assembled processing environments that
support movement and opportunities to learn how movement and attention orientation are
linked with changes in environmental contingencies should be provided. Parents of chil-
dren who do things for the children, such as moving desired toys to them or responding to
simple imitation, can be taught to view these situations as opportunities for the children to
influence the environment through movement, attention, or higher-order language.

In academic domains, reading and listening comprehension are obvious targets for a
general focus on higher-order language skills, including strategies for inferencing, activat-
ing background knowledge, and connecting different parts of a conversation or text. This
can be accomplished by using explicit instructional methods developed for children with
learning disabilities (Fletcher, Lyon, Fuchs, & Barnes, 2007, Ch. 7). It is helpful in teaching
to understand the general principle of working on assembled processing in context and not
allowing excessive reliance on associative learning processes, to which children with SBM
naturally gravitate. In math, the breakdowns often occur before higher-order skills can be
taught, so an early focus on concepts involving numbers may be helpful. Explicit teaching
of more algorithmic, procedural math operations may best proceed in a verbal, step-by-step
manner that is rehearsed. Since there is usually little generalization from process-based
instruction to academic outcomes (Fletcher et al., 2007), teaching general principles across
academic contexts may facilitate the development of these higher-level skills essential to
promoting independence.

Obviously, not all children with SBM are the same, and interventions will need to
be tailored to each child. There is little research on intervention specific to children with
SBM, and initial efforts to determine the extent to which evidence-based methods used
in other domains apply to children with SBM are encouraged. Researchers making these
efforts, however, may find the principles in this model useful, especially the focus on core
deficits and processes that cut across domains.
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LIFESPAN ISSUES

Throughout this chapter, we have emphasized the origins of core deficits in infancy and their
continuity into school age for children with SBM. Less is known about continuity into adult-
hood and adult outcomes in general. This question is critical, because the improvements in
medical and surgical techniques have produced a cohort of individuals with SBM who now
range in age from young adulthood to middle age. The cross-domain cognitive phenotype
of children with SBM is apparent in adults (higher Verbal IQ than Performance IQ, and
better reading than mathematics; Hetherington, Dennis, Barnes, Drake, & Gentile, 2006;
Hommet et al., 1999). Even within domains, patterns (e.g., facility with words but deficits
with texts) appear to persist into adulthood. Finally, in adults with SBM, spinal lesion level
affects motor skills such as speech production (Huber-Okrainec, Dennis, Brettschneider, &
Speigler, 2002) and motor independence (Hetherington et al., 2006), although not cogni-
tive/academic function (Dennis & Barnes, 2002; Hetherington et al., 2006). The number of
lifetime shunt revisions—a marker for the stability of hydrocephalus—is negatively related
to memory, functional numeracy, independent living, and employment (Dennis et al., 2007;
Dennis & Barnes, 2002; Hetherington et al., 2006; Hunt, Oakeshott, & Perry, 1999).

Although we may find evidence for continuity of core deficits and associative/assem-
bled processing strengths and weaknesses into adulthood, there may also be new issues that
emerge for adults with SBM. One concern is that adult life appears to bring exacerbated
memory problems. Adult survivors of SBM with hydrocephalus have poorer memory than
adults with occult spina bifida (Barf et al., 2003). Dennis et al. (2007) studied different
forms of memory in 29 young adults with SBM; they found preserved nondeclarative and
semantic memory, but impaired working memory, poor prospective memory, and poor epi-
sodic memory. Memory status was positively correlated with functional independence, an
important component of quality of life. More research is clearly needed on adult outcomes,
which will lead to a lifespan understanding of SBM.

CONCLUSIONS

SBM is the product of gene—environment interactions that reflect a multifactorial inheri-
tance and differential environmental effects, some of which are related to the environment.
It has physical, neural, and cognitive phenotypes that are linked through the influence of
primary and secondary CNS insults and effects of the postnatal environment. By under-
standing variability and its associations, we can begin to development an understanding of
SBM that will lead to interventions maximizing the potential of the people affected by this
relatively common developmental disorder.
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CHAPTER 2

Children with Very Low Birthweight
or Very Preterm Birth

H. GERRY TAYLOR

dvances made in neonatal intensive care since the 1960s have led to survival of increas-

ing numbers of children with low birthweight (<2,500 g) or preterm birth (<37 weeks
gestational age [GA]) (Taylor, Klein, & Hack, 2000a). The steepest increases in survival
have been in children with very low birthweight (VLBW, <1,500 g) or very preterm birth
(VPTB, <32 weeks GA), and are most dramatic in children with extremely low birthweight
(ELBW, <1,000 g) or extremely preterm birth (EPTB, <29 weeks GA) (Fanaroff, Hack, &
Walsh, 2003; Hintz, Kendrick, Vohr, Poole, & Higgins, 2005b). Although preterm birth is
most directly measured in terms of low GA, GA can be difficult to estimate with precision
and is closely related to birthweight for most neonates; hence birthweight is frequently
used as a proxy for GA. Both birthweight and GA are considered in studies examining the
effects of being born at a weight that is below expected for GA—a condition referred to as
smallness for GA or intrauterine growth retardation (IUGR). Because the majority of studies
of outcomes of preterm birth involve samples of children identified on the basis of either
VLBW or VPTB, the present chapter focuses on outcomes for this subset of the population
with preterm birth/low birthweight (i.e., VLBW/VPTB cohorts).

Interest in the outcomes of VLBW/VPTB relates to the fact that it accounts for a sub-
stantial proportion of all congenital neurological morbidity, including cerebral palsy (CP)
(Cole, Hagadorn, & Kim, 2002; Goldenberg & Rouse, 1998). Children with VLBW/VPTB
are also at much higher risk than term-born children with normal birthweight (NBW) for
brain insults and abnormalities in cognitive development, behavior, and learning (Taylor
et al., 2000a). Investigations of outcomes is further justified by the need for information on
the long-term health, developmental, and family consequences of aggressive efforts to sus-
tain life following VLBW/VPTB, and on ways to accurately identify children at highest risk
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for adverse outcomes so that they can be closely followed. The neuropsychologist’s unique
role in assessing outcomes of VLBW/VPTB is to identify associated cognitive impairments
and the relations of these impairments to early brain insult and to children’s learning and
behavior problems. Although VLBW/VPTB can result in generalized cognitive impair-
ments, many children display more subtle deficits. Neuropsychological assessment is widely
recognized as a critical aspect of outcome evaluation (Aylward, 2005). Such assessment is
sensitive to the sequelae of VLBW/VPTB and is useful in delineating individual variations
in outcomes and in furthering knowledge of brain—behavior relationships (Taylor, Burant,
Holding, Klein, & Hack, 2002).

The goal of this chapter is to summarize current knowledge regarding infants with
VLBW/VPTB and their development. Although the full range of health, behavior, and
family consequences is considered, special emphasis is placed on the effects of VLBW/
VPTB on cognition, learning, and behavior, and on factors that account for variability in
these outcomes. The initial section of the chapter reviews background literature on the
prevalence of preterm birth and low birthweight, trends in survival and morbidity, and
the effects of more extreme prematurity/low birthweight on the brain. The second section
considers the consequences of VLBW/VPTB for child health and development and the
family, and the third section reviews predictors of child outcomes. The final sections of the
chapter critique existing studies and consider methodological needs and future research
directions.

BACKGROUND
Incidence, Correlates, and Survival Rates

According to preliminary data from the National Center for Health Statistics for the year
2005 (Hamilton, Martin, & Ventura, 2006), infants with low birthweight and VLBW,
respectively, comprised 8.2% and 1.5% of U.S. live births (from an estimated total of
4,140,419); 12.7% and 2.0% met criteria for preterm birth and VPTB, respectively. These
percentages increased only slightly from the final data reported for 2000 (Martin, Hamil-
ton, Ventura, Menacker, & Park, 2002). The latter data also provide incidence rates of 0.7%
for ELBW and 0.4% for <750 g birthweight. About 80% of preterm births are spontaneous,
with 20% occurring on an elective basis for such conditions as maternal hypertension and
fetal growth restriction (Goldenberg & Rouse, 1998).

Medical factors associated with preterm birth include a previous preterm delivery, fam-
ily history of infertility, multiple gestation, placental abnormalities, uterine abnormalities/
infections, and preeclampsia (Alexander & Slay, 2002). Rates of VLBW/VPTB are more
than twice as high for non-Hispanic blacks as for whites, and are also higher in single
mothers and in those of lower socioeconomic status (SES) (Fiscella, 2005). The reasons for
variation in prevalence related to sociodemographic factors remain unclear but are hypoth-
esized to be multifactorial, including the effects of stress on the neuron—endocrine system,
smoking and drug use, underutilization of prenatal care, susceptibility to genital tract infec-
tions, and the combined effects of low folate intake and gene—environment interactions
(Holzman, Lin, Senagore, & Chung, 2007).

The survival rate was 85% for infants with birthweights of 501-1,500 g born from
1997 to 2002 at the 16 participating centers in the National Institute of Child Health
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and Human Development (NICHD) Neonatal Research Network (Fanaroff et al., 2007).
Broken down by birthweight group, survival rates were 55% for infants weighing 501-750
g, 88% for those weighing 751-1,000 g, 94% for those weighing 1,001-1,250 g, and 96% for
those weighing 1,251-1,500 g. Survival rates decrease precipitously for infants at the lower
end of the VLBW/VPTB spectrum, with females surviving at higher rates than males at
the lowest birthweights, and only a small percentage of children living to hospital discharge
among those with <500 g birthweight or 21-24 weeks GA (Costeloe et al., 2000; Hintz et
al., 2005b). Correspondingly greater costs are incurred in the care and schooling of these
high-risk infants (Petrou, 2003; Roth et al., 2004; St. John, Nelson, Cliver, Bishnoi, &
Goldenberg, 2000).

Although some variability in survival rates is evident across specialized neonatal treat-
ment centers in the United States (Fanaroff et al., 2007), survival differs markedly between
centers that apply different ethical standards in treating the highestrisk infants. In com-
paring survival rates among infants born at 23-26 weeks GA in the mid-1980s, for example,
Lorenz, Paneth, Jetton, den Ouden, and Tyson (2001) found that there were 24.1 additional
survivors per 100 live births in the state of New Jersey than in the Netherlands. A major
reason for this difference was the almost universal application of aggressive neonatal care in
the New Jersey sample, compared with more selective use of these methods in the Nether-
lands. Consistent with the country’s more conservative approach to high-risk care, neona-
tal care in the Netherlands involved less use of ventilators (1,372 fewer ventilator days per
100 live births), more deaths without assisted ventilation, and fewer cases of CP (7.2 fewer
cases per 100 live births).

Historical Trends in Survival and Early Morbidity

The introduction of neonatal intensive care in the 1960s resulted in both increased sur-
vival and reduced morbidity in children with VLBW/VPTB (Hack & Fanaroff, 1999).
The therapies responsible for these advances included resuscitation, assisted ventilation,
drug treatments, intravenous nutrition, and phototherapy for jaundice. During the 1980s,
progressively smaller and more premature infants received special obstetrical and delivery
room care. Increases in survival continued through the 1990s, with the introduction of
surfactant for treatment of immature lungs, antenatal steroids and antibiotics, and high-
pressure ventilation (Fanaroff et al., 2003; Hintz et al., 2005b). Changes in survival have
been most marked in infants with ELBW, with a 70-fold increase in annual incidence from
1960 to 1983 (Paneth, 1995). To illustrate more recent changes, rates of low birthweight as
a percentage of all live births increased only about 1% from 1980 to 2000, while rates of
VLBW increased by 12% (Alexander & Slay, 2002).

The major neonatal complications of preterm birth include evidence from neonatal
cranial ultrasounds of brain abnormalities (specifically, intraventricular hemorrhage [[VH],
periventricular leukomalacia [PVL], and ventricular dilation), pneumothorax (collapsed
lung), bronchopulmonary dysplasia (chronic lung disease), patent ductus arteriosis (abnor-
mal opening between the aorta and pulmonary artery), apnea of prematurity (intermittent
shallow or arrested breathing), jaundice of prematurity (abnormal accumulation of biliru-
bin, or hyperbilirubinemia), sepsis (infection), necrotizing enterocolitis or NEC (infection
and inflammation of the intestines), retinopathy of prematurity (abnormal growth of blood
vessels in the eye), and nutritional disturbances (Cole et al., 2002; Fanaroff et al., 2007).
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Common forms of early childhood neurodevelopmental impairments include CP, blindness
or deafness, and impaired early cognitive development as measured by the Bayley Scales of
Infant Development (original, BSID; second edition, BSID-II).

Research comparing earlier and later birth cohorts of infants with VLBW/VPTB born
during the1980s and 1990s indicates that the rates of some neonatal complications, such as
more severe grades (grades [II-IV) of IVH, declined over this period (Fanaroff et al., 2003;
Horbar et al., 2002). For the most part, however, increasing survival was not accompanied
by declining morbidity. In fact, Wilson-Costello, Friedman, Minich, Fanaroff, and Hack
(2005) reported increases during the 1980s to 1990s in sepsis, PVL, chronic lung disease,
and early neurodevelopmental impairment. In their study of infants born at <25 weeks GA,
Hintz et al. (2005b) found higher rates of chronic lung disease in infants born in the later
1990s than in those born earlier in that decade. More aggressive efforts to save high-risk
infants, along with iatrogenic effects of newer therapies, may have been responsible for
these changes (Hack & Fanaroff, 1999; Hack et al., 2000).

A recent study by Wilson-Costello et al. (2007) suggests a more optimistic outlook for
the present decade of survivors. Specifically, this study found that children with ELBW
from a 2000-2002 birth cohort, compared with those born in the 1990s, had lower rates of
IVH (22% vs. 43%) and neurodevelopmental impairment (23% vs. 35%). Factors associ-
ated with decreasing morbidity were greater utilization of antenatal steroids (for treatment
of immature lungs), more cesarean deliveries, a lower incidence of sepsis and of abnormali-
ties on cranial ultrasounds, and less use of postnatal steroids. Survival rate did not differ
for these two cohorts, but the change in morbidity implies a higher rate of survival without
impairment.

Neuropathology

The primary processes responsible for brain damage in neonates with VLBW/VPTB are
hypoxic ischemia with associated deprivation of oxygen and glucose, and exposure to fetal
and maternal infection (Inder & Volpe, 2000). The damage is exacerbated by excitotoxic-
ity due to free radical attack and excess extracellular glutamate, release of proinflammatory
cytokines, and suboptimal levels of endogenous protectors (Dammann & Leviton, 1999).
Due to underdevelopment of arterial end zones supplying the periventricular white matter,
and the vulnerability of immature oligodendrocytes (myelin prescursors) to free radical
attack, this structure is particularly susceptible to damage. Brain growth is rapid in the late
fetal period and includes substantial increases in total brain volume, proliferation of glial
cells and formation of myelin, growth of axonal and dendritic spines, synaptogenesis, and
axonal pruning. Disruption of this process and injury to subplate neurons in the periven-
tricular region thus not only lead to immediate damage, but affect early neurogenesis (Allin
et al, 2004; Inder et al., 1999a). The infant’s fragile medical condition for a period of
weeks or months after birth, including recurrent hypoxemia, may further contribute to
brain insult (Bass et al., 2004).

Common brain abnormalities in neonates with VLBW/VPTB are PVL, hemorrhagic
infarctions associated with germinal matrix IVH, and ventriculomegaly. The brain regions
most affected are subcortical structures and circuits connecting these structures to fron-
tal and parietal regions (Lou, 1996). Diffuse reduction in white matter is especially com-
mon and is referred to as noncystic PVL or as diffuse excessive high-signal intensity on
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T2-weighted magnetic resonance imaging (MRI). This abnormality is believed to represent
insult to oligodendroglial precursors of myelin, and thus to set the stage for later white
matter impairment (Inder et al., 1999b). Findings from cranial ultrasounds indicate that
about 25% of neonates with VLBW have [VH and about 5-15% have PVL (Inder & Volpe,
2000). However, estimates from ultrasounds are insensitive to the smaller lesions and dif-
fuse white matter abnormalities evident in MRI (Inder, Wells, Mogridge, Spencer, & Volpe,
2003); hence reported rates of cystic PVL and IVH underestimate the prevalence of brain
insults.

VLBW and VPTB also affect the early development of gray matter and result in corti-
cal atrophy and ischemic/infarctive lesions in the basal ganglia, hippocampus, brainstem,
and cerebellum (Inder et al., 1999a). Hypoxic—ischemic insult has less direct effects on cor-
tical gray matter in the premature neonate than in the full-term infant, but is nevertheless
linked to reduced cortical volumes (Inder et al., 19992a). Volumetric MRI studies indicate
that neonates with VLBW/VPTB have larger ventricular volumes than term-born infants,
but smaller volumes for the whole brain, cortical and subcortical gray matter, white matter,
and cerebellum (Limperopoulos et al., 2005; Peterson et al., 2003; Srinivasan et al., 2007).
Multiple areas of white matter signal changes, less complex cortical folding, and less gray—
white matter differentiation are also reported in the neonatal period (Ajayi-Obe, Saeed,
Cowan, Rutherford, & Edwards, 2000). Inder et al. (2003) observed a distinct pattern of
brain pathology among the least mature neonates on neonatal MRI, characterized by dif-
fuse white matter atrophy, ventriculomegaly, immature development of cortical gyri, and
enlarged subarachnoid space.

Structural abnormalities seen in MRI with school-age children and adults with VLBW/
VPTB include thinning of the corpus callosum and diffuse reductions in white matter, as
well as ventricular dilation, porencephaly, and intraparenchymal cysts secondary to IVH
and PVL (Allin et al., 2004; Fearon et al., 2004; Kesler et al., 2004; Nosarti et al., 2002).
Some of these abnormalities are illustrated in the images shown in Figure 2.1 of an adoles-
cent participant in our long-term follow-up study of children with ELBW/EPTB. Compari-
sons of groups with VLBW/VPTB and NBW have additionally identified regionally specific
reductions in the temporal, parietal, and occipital lobes, basal ganglia, corpus callosum,
amygdala, hippocampus, thalamus, and cerebellum (Allin et al., 2001; Nosarti et al., 2004;
Srinivasan et al., 2007). In a study of neonatal MRI by Peterson et al. (2003), reduction
of white matter volume was greater in the right hemisphere than in the left. In general,
however, neuroimaging findings suggest diffuse effects of VLBW/VLBW on white matter
(Gimenez et al., 20006). Factors associated with greater reductions in gray and white matter
volumes in VLBW/VPTB samples are lower birthweight, shorter GA, white matter injury,
the presence of IVH or PVL, and male sex (Inder, Warfield, Wang, Huppi, & Volpe, 2005;
Kesler et al., 2004; Peterson et al., 2000; Reiss et al., 2004).

Other neuroimaging methodologies also reveal brain abnormalities in children with
VLBW/VPTB. Several studies have used diffusion tensor imaging to examine fractional
anisotropy (FA) in white matter tracts. Better-developed tracts are characterized by higher
values of FA, reflecting less water diffusion along the axonal axis. Studies utilizing this
technique find lower FA in children with VLBW/VPTB than in controls with NBW in the
central white matter, corpus callosum, internal capsules, and superior, middle superior, and

inferior fasciculus (Nagy et al., 2003; Skranes et al., 2007). Using functional MRI (fMRI),
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FIGURE 2.1. Tl-weighted coronal (a) and axial (b) MP-RAGE magnetic resonance imaging (MRI) scans of
a 17-year-old with a birthweight of 640 g and GA of 24 weeks. The coronal scan shows enlarged ventricles,
thinning of the corpus callosum (white arrow), small caudate heads (gray arrow), enlarged temporal horns
with associated volume reduction in hippocampi (black arrow), and general reduction in cortical volume. The
axial scan again reveals large ventricles, as well as reductions in white matter evident in the close proximity of
cortical gray matter to the ventricles (white arrow). Although brain abnormalities in most survivors of more
extreme low birthweight/low GA are less obvious or may not even be apparent in clinical inspection of scans,
this case illustrates the components of neuropathology in the least mature neonates, including diffuse white
matter atrophy, ventriculomegaly, maldevelopment of cortical gyri, and enlarged subarachnoid space.
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researchers have also found different patterns of cortical activation on tasks involving
attentional control, visual matching, sound discrimination, and phonological and semantic
processing (Nosarti et al., 2006; Peterson et al., 2002; Rushe et al., 2004; Santhouse et al.,
2002). Finally, Groenendaal et al (1997) found that lower ratios of N-acetylaspartate to
choline were associated with higher grades of cystic PVL in a study using proton magnetic
resonance spectroscopy, a technique with good sensitivity to hypoxic—ischemic perinatal

brain insults (Huppi & Inder, 2001).

DEVELOPMENTAL OUTCOMES OF VLBW/VPTB
Early Neurodevelopmental Impairments and Health Consequences

As reported above, the most recent data available document early childhood neurodevelop-
mental impairments in 23% of a 2000-2002 birth cohort of children with ELBW (Wilson-
Costello et al., 2007). The children had reached 20 months corrected age at the time of
assessment; corrected age is defined as the time since a child reached term-equivalent age
(i.e., chronological age minus months of prematurity). The impairments included neuro-
logical or sensory disorders (CP, hypotonia, hypertonia, shunt-dependent hydrocephalus,
blindness, deafness) in 9% of the sample; impaired mental development (BSID-II Mental
Development Index < 70) in 21%; and impaired psychomotor development (BSID-II Psy-
chomotor Development Index < 70) in 15%. In reviewing neurodevelopmental outcomes
in the first 2 years among the largest multicenter studies of ELBW born in the 1990s, Msall
(2006) reported CP in 8-17% of children, cognitive impairment (BSID indices < 70) in
22-37%, hearing impairment requiring aids in 1-2%, and corrected vision worse than
20/200 in 1-5%.

Other postdischarge health consequences of VLBW/VPTB can include respiratory ill-
nesses (e.g., asthma), rehospitalizations, surgeries, and poor growth attainment (Wilson-
Costello, 2007). Hack et al. (1993) found respiratory conditions in 18% of a sample of
infants with VLBW, compared to 5% of controls with NBW. The infants with VLBW
also had more surgeries of the eyes, ears, nose, and throat, more hernia repairs; and more
surgeries to the respiratory, urogenital, and musculoskeletal systems. Our research group
has additionally observed higher rates of functional health problems and chronic constipa-
tion in samples of school-age children with more extreme degrees of VLBW/VPTB (Cun-
ningham, Taylor, Klein, Minich, & Hack, 2001; Hack et al., 2005a). Measures of growth
attainment reveal reduced height, weight, and head circumference in children with VLBW/
VPTB compared to children with NBW, as well as incomplete catch-up growth evident in
the first years of life (Wood et al., 2003). Peterson, Taylor, Minich, Klein, and Hack (2006)
found subnormal head circumference at mean age 6.8 years in 24% of two groups with

VLBW (<750 g, 750-1,499 g) but in none of the controls with NBW.

Neuropsychological Consequences

The adverse effects of VLBW/VPTB on children’s cognitive abilities are evident early in
life. Rose, Feldman, Jankowski, and Van Rossem (2005b) found that 7-month-old infants
with <1,750 g birthweight but without neurological deficits at birth performed more poorly
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than age-matched controls with NBW on tests of memory, processing speed, mental rep-
resentation of objects, and attention, and that the former group also obtained lower scores
at ages 2 and 3 years on the BSID-II Mental Development Index. In this same sample
of children with <1,750 g birthweight, Rose, Feldman, and Jankowski (2005a) observed
deficits on an elicited imitation task at 1, 2, and 3 years. Similarly, studies by Woodward,
Edgin, Thompson, and Inder (2005) and Edgin et al. (2008) documented deficits in work-
ing memory and executive function in a cohort with VLBW/VLBW compared to full-term
controls. Research findings also indicate deficits in young children with VLBW/VPTB
in motor skills, language, and attention (Grunau, Kearney, & Whitfield, 1990; Landry,
Fletcher, Denson, & Chapieski, 1993; Miller et al., 1995). Other investigations reveal that
preterm children have more limited social and communicative interactions than term-born
controls do (Landry, Smith, Miller-Loncar, & Swank, 1997). Many of these studies indicate
that early cognitive deficits are more marked among survivors with neonatal complications,
including brain abnormalities on ultrasound or chronic lung disease. Nevertheless, deficits
in specific skill areas, such as spatial working memory and executive function, are found
even in lowerrisk children, in those without global cognitive impairment, or when IQ is
controlled for (Edgin et al., 2008; Espy et al., 2002; Vicari, Caravale, Carlesimo, Casadei,
& Allemand, 2004).

Follow-up studies indicate that children with VLBW/VPTB continue to display per-
vasive cognitive problems at the age of school entry, with several studies documenting
deficits in school readiness skills (Msall, Buck, Rogers, & Catanzaro, 1992; Saigal, Szatmari,
& Rosenbaum, 1992; Wolke & Meyer, 1999). Cognitive sequelae persist throughout the
school-age years (Saigal, 2000; Taylor, Minich, Klein, & Hack, 2004c). The effect sizes cor-
responding to differences between VLBW/VPTB samples and NBW controls, as measured
by Cohen’s d (i.e., difference between group means in units of standard deviation), range
from about 0.33 to greater than 1.00 (Anderson, Doyle, & the Victorian Infant Collabora-
tive Study Group, 2003; Johnson, 2007; Saigal, Hoult, Streiner, Stoskopf, & Rosenbaum,
2000b; Schneider, Wolke, Schlagmiiller, & Meyer, 2004). Effect sizes are larger for cohorts
with more extreme low birthweight/low GA (Taylor et al., 2000a). Deficits in executive
function, attention, memory, perceptual-motor abilities, and visual processing are espe-
cially prominent and cannot be attributed entirely to mental deficiency or to neurological
or sensory disorders (Bohm, Smedler, & Forssberg, 2004; Foreman, Fielder, Minshell, Hur-
rion, & Sergienko, 1997; Goyen, Lui, & Woods, 1998; Harvey, O’Callaghan, & Mohay,
1999; Jakobson, Frisk, & Downie, 2006; Jakobson, Frisk, Knight, Downie, & Whyte, 2001;
Kulseng et al., 2006; Marlow, Hennessy, Bracewell, & Wolke, 2007; Nosarti et al., 2007).
Speech and language skills appear to be less consistently impaired during the school-age
years than in early childhood (Luoma, Herrgard, Martikainen, & Ahonen, 1998). Aram,
Hack, Hawkins, Weissman, and Borawski-Clark (1991) failed to find a higher rate of specific
language impairment in 8-year-old children with VLBW than in controls with NBW/; other
studies reveal a relative sparing of verbal/semantic skills, articulation, and naming (Frisk &
Whyte, 1994; Luoma et al., 1998; Taylor, Minich, Bangert, Filipek, & Hack, 2004a; Taylor,
Klein, Drotar, Schluchter, & Hack, 2006).

The unevenness of the cognitive consequences of VLBW/VPTB is illustrated in Figure
2.2. This figure plots neuropsychological outcomes in three groups of children (48 with <750
g birthweight, 47 with 750-1,499 g birthweight, and 52 with NBW) followed in our research
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FIGURE 2.2. Differences among groups (<750 g birthweight, 750-1,499 g birthweight, and term) on four
neuropsychological factor composites. The composites were means of the age-standardized scores for the mea-
sures loading on each factor. The Language factor consisted of the Boston Naming Test, the Synonyms and
Pragmatic Language subtests of the Comprehensive Assessment of Spoken Language, and the Vocabulary
subtest of either the Wechsler Intelligence Scale for Children—Third Edition (WISC-III) or the Wechsler
Adult Intelligence Scale—Third Edition (WAIS-III). The Memory factor consisted of the California Verbal
Learning Test—Children’s Version Trials 1-5 Total score and a composite of the delayed-recall trials. The
Visual-Motor/Constructional factor consisted of the Developmental Test of Visual-Motor Integration (VMI)
and the organizational scores for the copy and delayed-recall trials of the Rey—Osterrieth Complex Figure
(ROCEF). The Executive Functioning/Efficiency factor consisted of Random A’s, the Contingency Naming Test,
the Purdue Pegboard Test, and the Spatial Span and Spatial Working Memory subtests of the Cambridge
Neuropsychological Test Automated Battery. (See Taylor et al., 2004a, for more details about the composites.)
Results of analyses of variance revealed significant group differences for Memory, F (2, 144) = 3.32, p = .039;
Visual-Motor, F (2, 144) = 19.89, p < .001; and Executive Functioning, F (2, 144) = 17.65, p < .001; but not
for Language, F (2, 144) = 2.74, p = .07. Simple effects tests indicated that the group with <750 g birthweight
scored more poorly on the Memory, Visual-Motor, and Executive Functioning factors than the term group.
The former group also scored significantly less well than the group with 750-1,499 g birthweight on the
Visual-Motor and Executive Functioning composites. Differences between the group with 750-1,499 g birth-
weight and the controls, although consistently favoring the latter group, were not significant. The results show
the differential sensitivity of different skill domains to the effects of VLBW/VPTB.
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team’s “School-Age Follow-Up Project” (Taylor et al., 2004a). Matched on age and sociode-
mographic status, the three groups were first recruited at mean age 7 years and reassessed at
mean ages 11, 12, 13, 14, and 16 years. Outcomes at the final assessment are summarized by
four factor-derived age-adjusted composites: Language, Memory, Visual-Motor, and Execu-
tive Functioning. The figure shows group differences across the four composite scores, with
analysis confirming a significantly larger group difference in Executive Functioning than in
Language or Memory. The figure also illustrates the pervasive nature of cognitive sequelae
and the more marked impairments in children with more extreme low birthweight. The
tests of Memory and Executive Functioning at this and earlier assessments revealed that
the group with <750 g birthweight was prone to specific types of cognitive impairments,
including a slow rate of learning, impulsive responses, slowed processing times, and poorly
organized approaches to multistep tasks (Taylor, Klein, Minich, & Hack, 2000c; Taylor,
Minich, Klein, & Hack, 2004c).

Study findings further revealed both a downward shift in the cognitive skills across
individual children, suggesting a continuum of sequelae, and a high rate of individual defi-
cits in children without severe developmental handicaps. Figure 2.3 presents the frequen-
cies of estimated Qs at the final follow-up visit for the three study groups for IQQ bands from
<70 to 130+. The figure shows a greater downward displacement of the IQ distribution with
decreasing birthweight, as well as a bimodal distribution of scores most evident in the group
with <750 g birthweight. The elevated rate of more severe IQ deficits suggests that a subset

Birthweight Group

404
m<750¢g
m750-1,499 ¢
304
B Term
o
=
o
O 20
k]
N
10
04
<70 70-84 85-99 100-114 115-129 >130
Range of 1Q

FIGURE 2.3. Distribution of 1Q estimates for the three birthweight groups (<750 g birthweight, 750-1,499
g birthweight, and term). IQs were estimated from the Vocabulary and Block Design subtests of either the
WISC-III or WAIS-III. Analysis of variance revealed a significant group difference in IQ, F (2, 144) = 8.92, p
< .001. Tests of simple effects indicated significantly lower IQ for those with <750 g birthweight than for the
controls, and a marginally significant difference between the groups with <750 g and 750-1,499 g birthweight.
The results demonstrate both a downward shift in IQ scores and increased rate of cognitive deficiencies in the
two groups with low birthweight.
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FIGURE 2.4. Rates of deficits on the VMI, ROCF copy, and Contingency Naming Test at mean age 16 years,
excluding adolescents with IQs < 70 or with neurological or sensory disorders. According to results from logis-
tic regression analysis, the odds of test deficits were significantly higher in the group with <750 g birthweight
than in the term group. The results show deficits in tests of visual-perceptual skill and executive functioning
for a substantial percentage of children with VLBW, especially those with more extreme low birthweight.

of the children sustained more severe brain insult. Figure 2.4 shows the rates of deficits on
three of the tests administered as part of the neuropsychological battery at the final visit.
Only the study participants with Qs > 70 and without neurological or sensory impairments
were considered in this analysis. The findings suggest that a large percentage of children
with more extreme low birthweight have selective neuropsychological deficits that persist
throughout the school-age years.

Behavior Outcomes

Behavioral consequences of VLBW/VPTB are evident shortly after birth. Wolf et al. (2002)
administered the Neonatal Behavioral Assessment Scale (NBAS) and the Infant Behav-
ioral Assessment (IBA) to infants with VLBW and NBW at term equivalent. The IBA and
BSID-II Behavioral Rating Scale were also administered at 3 and 6 months corrected age.
The group with VLBW scored more poorly than the group with NBW on NBAS measures
of orientation, state control, motor function, autonomic stability, alertness, and irritability.
The group with VLBW also showed more stress responses and fewer approach behaviors on
the IBA at 3 and 6 months; lower attention/arousal and motor quality the BSID-II Behav-
ioral Rating Scale at 3 months; and lower orientation, emotional regulation, and motor
quality on the latter scale at 6 months. Research also documents differences between pre-
term and term infants in early temperament. Hughes, Shults, and Medoff-Cooper (2002)
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found that a preterm group was less regular and more distractible than a full-term stan-
dardization sample at 6 weeks, less adaptable at 6 months, and less persistent at 12 months.
Orther studies suggest that young children with VLBW/VPTB are more insecurely attached
to their parents and have lower social functioning and more behavior and mood prob-
lems than controls with NBW (Eiser, Eiser, Mayhew, & Gibson, 2005; Mangelsdorf et al.,
1996).

Later behavioral sequelae include deficits in adaptive behavior skills and social compe-
tence, as well as more symptoms of inattention/hyperactivity, internalizing and external-
izing problems, and atypical behaviors than in term-born children (Bhutta, Cleves, Casey,
Cradock, & Anand, 2002; Klebanov, Brooks-Gunn, & McCormick, 1994; Taylor, Hack, &
Klein, 1998a). These problems are documented by child behavior ratings from parents and
teachers obtained at early school age (Hoff, Hansen, Munck, & Mortensen, 2004; Rose,
Feldman, Rose, Wallace, & McCarton, 1992; Szatmari, Saigal, Rosenbaum, Campbell, &
King, 1990), middle school age (Anderson et al., 2003; Breslau & Chilcoat, 2000; Hack et
al., 1992; Hille et al., 2001; Taylor, Klein, Minich, & Hack, 2000b), adolescence (Gardner
et al., 2004; Grunau, Whitfield, & Fay, 2004; Saigal, Pinelli, Hoult, Kim, & Boyle, 2003b),
and young adulthood (Hack et al., 2004). Hille et al. (2001) reported parent ratings of
social, thought, and attention problem scales for cohorts with ELBW that fell 0.5 to 1.2
standard deviations above those for controls. Findings from a study by Allin et al. (2006)
of 18- and 19-year-olds with VPTB suggest that behavior consequences may also entail
distinguishing personality traits. On the Eysenck Personality Questionnaire—Revised, the
group with VPTB scored lower on extraversion (sociability), higher on neuroticism (anxi-
ety, low mood, and low self-esteem), and higher on a “lie” scale than a full-term control
group.

Formal psychiatric interviews reveal higher rates of attention-deficit/hyperactivity
disorder (ADHD) and anxiety disorders, and more symptoms of depression, in children
with VLBW/VPTB than in controls with NBW (Elgen, Sommerfelt, & Markestad, 2002;
Indredavik et al., 2004). ADHD is especially prominent: Botting, Powls, and Cooke (1997)
found that 23% of children with VLBW/, but only 6% of a group, with NBW met criteria
for this disorder. Some investigators have observed that ADHD is less often associated with
conduct disorder in samples with VLBW/VPTB samples than in the broader population
with ADHD, and that inattentiveness rather than hyperactivity better distinguishes them
from their peers, suggesting a “purer” form of ADHD (Szatmari, Saigal, Rosenbaum, &
Campbell, 1993).

Few studies have examined self-ratings or peer ratings of adjustment and social compe-
tence. In the most comprehensive study on this topic, Hoy et al. (1992) compared children
with VLBW and NBW on peer ratings of social competence and peer acceptance, and the
children completed self-ratings of these same traits. The children with VLBW received
higher peer ratings in social nonparticipation (e.g., “sad, plays by self, lonely”) than the
controls with NBW did; they also had higher self-ratings of sadness and social isolation, and
lower self-ratings of cognitive and physical competence. Similarly, Saigal, Lambert, Russ,
and Hoult (2002) found that children with ELBW rated themselves lower in athletic com-
petence than those with NBW did. Other research, however, fails to document differences
between groups with VLBW/VPTB and with NBW on self-ratings of behavior, emotional
adjustment, or socialization (Gardner et al., 2004; Saigal, Pinelli, Hoult, Kim, & Boyle,
2003b; Taylor et al., 2000b).
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Consequences for Academic Achievement and School Performance
Children with VLBW/VPTB score more poorly than controls with NBW on tests of read-

ing, spelling, math, written expression, and handwriting (Anderson et al., 2003; Feder et
al., 2005; Grunau, Whitfield, & Davis, 2002; Hack et al., 1992; Taylor et al., 2000b, 2006).
Effect sizes for these comparisons range from slightly less than 0.5 to more than 1, with
greater-magnitude effects associated with more extreme degrees of VLBW/VPTB (Ander-
son et al., 2003; Saigal et al., 2000b; Taylor et al., 2000b, 2006). These deficiencies persist
through adolescence and are found even in analyses that exclude children with global intel-
lectual deficits, neurological disorders, or sensory impairments (Breslau, Paneth, & Lucia,
2004; Grunau et al., 2004; Johnson & Breslau, 2000; Saigal et al., 2000b). Problems in
math are especially prominent, with weaknesses in this area observed even when IQ is
taken into account (Anderson et al., 2003; Botting, Powls, Cooke, & Marlow, 1998; Kle-
banov et al., 1994; Taylor et al., 2002).

Problems in school performance are further documented by teacher ratings and by
high rates of grade repetition and special learning assistance (Botting et al., 1998; Buck,
Msall, Schisterman, Lyon, & Rogers, 2000; Hille et al., 1994; Klebanov et al., 1994; Saigal
et al., 1991). Saigal et al. (2000b) found that 58% of a regional cohort of children with
ELBW ages 1216 years either had repeated a grade or were receiving special educational
assistance, compared with 13% of a matched control group. Similar rates of educational
modifications are reported in other studies, as well as in four cross-national samples (Saigal
et al., 2003a).

Several studies have found higher rates of learning disabilities in children with VLBW/
VPTB than in children with NBW, whether such disabilities are defined in terms of low
achievement by children of grossly normal IQ or in terms of achievement below expecta-
tion for IQQ (Grunau et al., 2004; Litt, Taylor, Klein, & Hack, 2005; Saigal et al., 2000b).
Children with VLBW/VPTB often have multiple learning disabilities, including math
and written output in addition to reading (Grunau et al., 2002). Furthermore, low read-
ing scores are more characteristic of these children than are reading scores that fall below
predicted levels based on IQ (Litt et al., 2005; Samuelsson et al., 1999). Unfortunately, the
educational needs of children with VLBW/VPTB and learning disabilities appear to be less
well recognized than the needs of those with more severe developmental impairments. In
a survey of kindergarten special education programs in Florida, Resnick et al. (1999) found
that the degree of low birthweight was more closely related to placements in programs for
mental, physical, or sensory disabilities than to placement in programs for learning dis-
abilities. Litt et al. (2005) provide another reason to suspect that schools may be overlook-
ing the needs of survivors with learning disabilities. Although children in this study with
VLBW had higher rates of learning disabilities than controls with NBW, the groups did not
differ in rates of special education placement in learning disabilities programs.

Developmental Changes and Later Outcomes

Hille et al. (1994) noted the possibility of increasing deficits with age as children with
VLBW/VPTB face more complex cognitive and social demands. This expectation is fur-
ther justified by evidence of emerging or more pronounced impairments with age in chil-
dren with other forms of early brain insult (Taylor & Alden, 1997), as well as by the fact
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that children with VLBW/VPTB sustain damage to brain regions that continue to develop
throughout childhood and adolescence (Huttenlocher & Dabholkar, 1997). Results from
studies comparing outcomes in younger versus older school-age cohorts lend some support
for this hypothesis (Zelkowitz, Papageorgiou, Zelazo, & Weiss, 1995). Several longitudinal
studies also report slower development of cognitive abilities in children with VLBW/VPTB
than in controls with NBW, or increasing deficits in groups with VLBW/VPTB at later ages
(Botting et al., 1998; Breslau & Chilcoat, 2000; Koller, Lawson, Rose, Wallace, & McCa-
rton, 1997; Landry et al., 1997; O’Brien et al., 2004; Rose et al., 1992; Saigal et al., 2000b).
Evidence in this regard from the School-Age Follow-Up Project was obtained in analysis of
changes across follow-up on tests of perceptual-motor skill and executive functioning (Tay-
lor et al., 2004a). Figure 2.5 illustrates the increasing performance gap over time between
the two groups with low birthweight and the controls on a test of executive functioning.
The deficits that Nosarti et al. (2007) observed in young adults with VPTB are consistent
with these findings.

However, there is no reason to suspect an overall decline in children’s functioning over
time. Many studies that have followed samples with VLBW/VPTB report stable cognitive
and behavioral impairments (Breslau et al., 2001, 2004; Landry et al., 1993). Some inves-
tigations even document age-related improvements. Doyle et al. (2001) and Theunissen et
al. (2000) observed fewer health problems over time in their samples. In following children
with 600-1,250 g birthweight, Ment et al. (2003) found that standardized scores on a mea-
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FIGURE 2.5. Changes over follow-up assessments on a measure of executive functioning, the Contingency
Naming Test, for the three birthweight groups (<750 g, 750-1,499 g, and term) (Taylor et al., 2004a). The
lines show estimated efficiency scores from mixed-model analysis. Mixed model analysis revealed a group x
time interaction, F (4, 363) = 4.28, p = .002, with follow-up analysis indicating significantly greater gains with
advancing age for the group with <750 g birthweight than for the controls.
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sure of receptive vocabulary improved from ages 3 to 5 years for those with normal neonatal
ultrasounds. Scores declined over this interval for the survivors with abnormal ultrasounds.
Additional support for the possibility of a “catch-up” effect comes from our School-Age
Follow-Up Project. In following children from early to middle school age, we observed faster
gains in adaptive behavior skills for children with <750 g birthweight than for full-term
controls, though this effect was evident only for children from more advantaged families
(Taylor, Minich, Holding, Klein, & Hack, 2004b). Further support for the possibility of
some catch-up growth is provided by Tideman (2000), who found attenuation of deficits in
scholastic performance from ages 4 to 19 years in a lowerrisk sample with <35 weeks GA;
and by Samuelsson et al. (2006), who reported greater gains from 9 to 15 years in reading
comprehension and orthographic reading for children with VLBW than for full-term con-
trols. These different age trajectories may reflect differences in sample composition or in
the types of outcomes assessed and their sensitivity to environmental influences.

Consistent with cross-age continuity of deficits, early outcomes of VLBW/VPTB are
generally good predictors of later outcomes. Rose et al. (2005b) found that specific impair-
ments in attention, speed of processing, and memory detected in infancy predict later cog-
nitive outcomes; a number of other studies report associations of early childhood cognitive
and motor abilities with later school-age outcomes (Dewey, Crawford, Creighton, & Sauve,
1999; Marlow, Roberts, & Cooke, 1993; Sullivan & McGrath, 2003). Normal scores on
early tests of cognitive ability such as the BSID are reasonably accurate in predicting posi-
tive outcomes at later ages, as are severe early impairments in predicting later disability. But
prediction is less accurate when early test scores indicate more mild degrees of impairment
(Marlow, Wolke, Bracewell, Samara, & EPICure Study Group, 2005). Results from Hack
et al. (2005b) suggest that even mild to moderate impairments on early cognitive tests may
have poor predictive validity. In this study of children with ELBW/, a score under 70 on the
BSID-II Mental Development Index at 20 months corrected age was a poor predictor of a
similar deficit on the Mental Processing Composite of the Kaufman Assessment Battery for
Children (K-ABC) at mean age 8 years. The positive predictive value of an early deficit on
the BSID-II in relation to a later deficit on the KKABC was only .37. Although the predic-
tive validity of an early impairment on the BSID-II was better for children with neurologi-
cal or sensory abnormalities, 80% of children with early scores under 70 performed above
this level in school-age testing. Hack et al. (2005b) speculated that the improved scores
from early to later testing could reflect measurement problems or a change in children’s
functioning related to neural development or environmental influences.

The findings from studies of young adults with VLBW/VPTB suggest that outcomes
are much the same as those measured in adolescence. In one of two major North American
studies of young adult outcomes, Hack (2002, 2004) followed a large cohort with VLBW
and controls with NBW to mean age 20 years. The group with VLBW had lower scores on
tests of IQ and academic achievement than the controls, as well as higher systolic blood
pressure, poorer respiratory function, and less involvement in physical activities. Males, but
not females, with VLBW were smaller than the children with NBW in height, weight, and
body mass index. In addition, fewer of the young adults with VLBW had graduated from
high school or had obtained a General Education Diploma, and fewer of the men with
VLBW than the men with NBW were in 4-year college or university programs. On parent
behavior ratings of the young adults, men with VLBW were rated as having more thought
and attention problems than men with NBW, and women with VLBW were rated as having
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more attention problems, anxious/depressed behaviors, and withdrawal than women with
NBW. Self-reports also indicated more withdrawal in the women with VLBW. Outcomes
for the cohort with VLBW were nevertheless positive in some respects. There were no group
differences in rates of unemployment or in self-ratings of satisfaction with health; moreover,
the group with VLBW reported less alcohol and drug use, fewer delinquent behaviors, and
lower pregnancy rates than the controls. Studies in the United Kingdom and Sweden fur-
ther document less drug and alcohol use, despite adverse effects on educational attainment
(Cooke, 2004; Ericson & Kallen, 1998).

Similar results were obtained in a Canadian study of young adult survivors of ELBW
by Saigal et al. (2007). Although these investigators did not find differences between this
cohort and controls with NBW in educational attainment, the men with ELBW had higher
rates of asthma than the control men, and the group with ELBW as a whole had higher
rates of seizures, recurrent bronchitis, and placement on antidepressant medications than
the controls. Functional limitations reported more frequently in the group with ELBW
than in controls included vision difficulties, clumsiness and poor dexterity, and learning
disabilities. This group also reported lower physical functioning and less participation in
sports and strenuous activities.

Family Consequences

Research examining the family consequences of raising children with VLBW/VPTB is well
justified, given the extensive stresses placed on parents and other family members at the
time of such a child’s birth and during the early neonatal period, as well as by the chal-
lenges families face in managing children at high risk for cognitive, school, and behavior
problems (Deater-Deckard & Bulkley, 2000; Witt, Riley, & Coiro, 2003). The influences
of the home environment on children’s behavior and learning makes it even more impera-
tive to examine family outcomes (Bradley, Caldwell, Rock, Casey, & Nelson, 1987; Landry,
Miller-Loncar, Smith, & Swank, 2002). The family consequences of VLBW/VPTB during
early childhood include increased parent stress and family burden and decreased parent
well-being in the families of these children, compared to families of controls with NBW.
Furthermore, the negative impact of VLBW/VPTB on families is greatest for children with
longer neonatal hospitalizations or problems with health or development (Taylor et al.,
2000a).

Although parent distress may diminish over time during early childhood, negative
effects on families persist. A study by our research group used the Impact on Family scale
(Drotar et al., 2006). This scale revealed that children with ELBW had a more negative
impact on family finances and imposed more caretaker and familial burden than did chil-
dren with NBW. Neurodevelopmental problems in the child, as defined by neurological or
sensory disorders or impaired IQ or adaptive behavior skills, predicted a more negative fam-
ily impact within the group with ELBW. Similarly, Saigal, Burrows, Stoskopf, Rosenbaum,
and Streiner (2000a) found that the parents of the teens with ELBW, relative to parents of
teens with NBW/, reported that their children’s health status had more negative effects on
siblings and parental emotional health. Parents of teens with ELBW and neurological or
sensory impairments also reported more limited time to attend to their personal needs than
did parents of teens with ELBW but without these impairments, showing that the impact of
ELBW varied with a teen’s health status. On the positive side, the parents of the group with
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ELBW indicated that their teens’ health status brought them closer together. The investi-
gators concluded that families adjusted fairly well in most respects, implying considerable
resilience on the part of families.

Our research group’s School-Age Follow-Up Project confirmed persisting effects of more
extreme low birthweight on the family during middle childhood (Taylor, Klein, Minich, &
Hack, 2001a). Based on data collected when the children were mean age 11 years, parents
of the children in the group with <750 g birthweight reported less parenting competence,
more problems with attachment, and a more negative impact of a child’s health status on
the family than parents of the group with NBW reported. Rates of adverse family outcomes
in the group with 750-1,499 g birthweight fell between those of the other two groups but
were not significantly higher than those for the control group, providing evidence for a
gradient of family effects. The study also revealed that adverse family outcomes were related
to SES and to problems in functional child health, as defined by a neurological or sensory
impairment, a high behavior problem rating, or a low score on a measure of adaptive behav-
ior. Associations between birthweight group and family outcomes were not significant in
analyses that controlled for the latter child problems. The latter finding suggests that the
adverse effects of <750 g birthweight on family outcomes may have been related in large
part to the effects of VLBW/VPTB-related child morbidity.

To further examine the nature of family burdens, we administered a parent interview
in which we asked parents to identify health, learning, or behavior problems in their chil-
dren and to rate family concerns associated with these problems. Compared to the parents
of controls with NBW, parents of children with <750 g birthweight reported greater burden
related to disruptions in family routines and greater concerns about their children’s future,
need for supervision, self-esteem, and acceptance by peers. At the same time, many families
seemed to fare well. Only about half of the families in the group with <750 g birthweight
reported what we considered to be significant family concerns, compared with 36% of the
group with 750-1,499 g and 27% of the group with NBW.

We (Moore, Taylor, Klein, Minich, & Hack, 2006) examined subsequent family assess-
ments to investigate potential changes in family consequences from mean ages 11 to 14
years. A further aim was to explore associations of family characteristics with family out-
comes. The family environment was assessed with measures of SES, family stressors, and
family resources. Mixed-model analysis revealed that group differences in family burden
changed over the follow-up period. In families with high resources, the parents of the group
with <750 g birthweight reported significantly higher burden than the parents of the con-
trol group across all assessments, whereas this difference was evident only at ages 11 and
12 years for families with low resources. A possible explanation of this finding is that par-
ents from low-resource families were more consumed with other concerns as their children
became increasingly independent. The continued burden over time observed in parents
with higher resources may be interpreted as a sign of greater sensitivity to the children’s
problems or of frustration that the supports provided were insufficient to meet the children’s
needs. A second finding was that parents of the children with <750 g birthweight reported
significantly more psychological distress than the parents of the term group at ages 11 and
12 years, though not thereafter. The latter differences were only evident in families of lower
SES, suggesting that other stressors or lack of supports may contribute to the difficulties
these families have in effectively addressing their children’s problems (McLoyd, 1998).
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FACTORS RELATED TO CHILD OUTCOMES
Biological Risks

Chronic lung disease and intracranial ultrasound abnormalities (IVH, PVL, ventricu-
lar dilation) are especially robust and consistent predictors of poor outcomes of VLBW/
VPTB (Downie, Jakobson, Frisk, & Ushycky, 2003; Hack et al., 2000; Taylor et al., 2004a,
2006; Vohr et al., 2000; Whitaker et al., 1996, 1997; Wood et al., 2005). Other individual
neonatal complications linked to poorer outcomes include NEC, postnatal steroid treat-
ment, sepsis, meningitis, jaundice, hypothyroxinemia (reduced thyroid levels), hypocap-
nia (reduced carbon dioxide in the blood, often related to hyperventilation), hypotension,
apnea, retinopathy of prematurity, seizures, and patent ductus arteriosus (Collins, Lorenz,
Jetton, & Paneth, 2001; Cooke, 2005; Doctor et al., 2001; Hack et al., 2000; Hintz et al.,
2005a; Ishaik, Mirabella, Asztalos, Perlma, & Rovet, 2000; Msall et al., 2000; Taylor, Klein,
Schatschneider, & Hack, 1998b; Wood et al., 2005). The fact that complications co-occur
in many infants makes it difficult to sort out their separate influences. Nevertheless, find-
ings suggest that the degree of low birthweight/low GA, brain abnormalities on neonatal
ultrasounds, chronic lung disease, retinopathy of prematurity, and postnatal steroids may
predict different outcomes (Curtis, Lindeke, Georgieff, & Nelson, 2002; Laptook, O’Shea,
Shankaran, Bhaskar, & the NICHD Neonatal Network, 2005; Schmidt et al., 2003; Short
et al., 2003; Taylor et al., 2006). Existing research, for example, suggests that chronic lung
disease predicts more global impairment than does the degree of low birthweight or brain
abnormalities (Anderson, Doyle, & the Victorian Infant Collaborative Study Group, 2006;
Taylor et al., 2004a), and that PVL and shunted hydrocephalus predict nonverbal abilities
better than they do verbal skills (Jacobson, Ek, Fernell, Flodmark, & Broberger, 1996; Whi-
taker et al., 1996).

Because more severe neonatal illness is reflected in more of these complications and
longer treatment, composites indices of neonatal risk are useful predictors of later outcomes.
Such composites include the counts of neonatal complications, ratings of the severity of
acute neonatal illness, time on ventilatory support, and length of neonatal hospitalization
(Dorling, Field, & Manktelow, 2005; Laptook et al., 2005; Taylor et al., 2006). Associations
of maternal chorioamnionitis and placental abnormalities with later neurological abnor-
malities and cognitive deficits suggest that outcomes are related to antenatal as well as
neonatal risk factors (Redline, Minich, Taylor, & Hack, 2007; Wilson-Costello et al., 1998).
Longer-term sequelae are additionally related to neurodevelopment impairments in early
childhood (Wood et al., 2005).

More extreme degrees of low birthweight or GA also predict worse outcomes, even
within the VLBW/VPTB range (Anderson et al., 2003; Horwood, Mogridge, & Darlow,
1998; Klebanov et al., 1994; Taylor et al., 2004a). These risk factors appear to be indepen-
dent of the effects of neonatal complications (Short et al., 2003; Taylor et al., 1998b). Our
research group found developmental impairment at early school age in 63% of a cohort
with <750 g birthweight, 38% of the group with 750-1,499 g, and 18% of term-born controls
(Taylor et al., 2000b). For this study, impairment was based on the presence of neurological
or sensory disorder, low IQQ, low score on achievement testing, behavior problems, ADHD,
low adaptive behavior skills, or special education placement. Similarly, Wood, Marlow,
Costeloe, Gibson, and Wilkinson (2000) found developmental or neuromotor disabilities
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in nearly half of a population-based cohort of children with GA <25 weeks examined at
30 months corrected age. Such sequelae are not limited to children with VLBW/VPTB,
but extend across the broader continuum of low birthweight. Breslau, Chilcoat, DelDotto,
Andreski, and Brown (1996) demonstrated “gradient” effects (i.e., higher birthweight asso-
ciated with less marked consequences) on IQQ and neuropsychological skills that extended
to birthweights up to 3,000 g and Linnet et al. (2006) found an increased rate of hyperki-
netic disorder in children with 34-36 weeks GA compared to term-born controls.

IUGR, small postnatal head circumference, and multiple births have also been exam-
ined as potential risk factors. Although IUGR is linked to poorer outcomes, the effects of
this condition may be explained in large part by associated low birthweight, hypoxic isch-
emia, and subnormal fetal head growth (Gutbrod, Wolke, Soehne, Ohrt, & Riegel, 2000;
Hack, 1997; Wallace & McCarton, 1997). Small head circumference after infancy has been
more clearly associated with negative outcomes (Cooke, 2005; Peterson et al., 2006). Mul-
tiple births do not appear to confer a disadvantage relative to singleton births matched for
birthweight, GA, brain lesions, and sex (Miyahara et al., 2003).

Abnormalities evident on MRI predict a number of outcomes. Predictors of cognitive
ability include structural abnormalities in white and gray matter and increased ventricular
size (Abernethy, Klafkowski, Foulder-Hughes, & Cooke, 2003; Edgin et al., 2008; Ment et
al., 1999; Woodward, Anderson, Austin, Howard, & Inder, 2006); smaller cross-sectional
area of the corpus callosum, and smaller volumes of white and gray matter and of indi-
vidual structures such as the caudate, hippocampus, and cerebellum (Abernethy, Cooke,
& Foulder-Hughes, 2004; Inder et al., 2005; Isaacs et al., 2000, 2004; Isaacs, Edmonds,
Chong, Lucas, & Gadian, 2003; Nosarti et al., 2004; Peterson et al., 2000, 2003); and
decreased FA (Skranes et al., 2007). With regard to academic achievement in children with
VLBW/VPTRB, Isaacs, Edmonds, Lucas, and Gadian (2001) found that smaller left parietal
lobe volume predicted poorer calculation skills, and Allin et al. (2001) reported associa-
tions of smaller cerebellum volume with lower reading scores. Other studies report associa-
tions of parent ratings of inattention, hyperactivity, and problems in behavior adjustment
with structural abnormalities on MRI, including white matter reduction and thinning of
the corpus callosum (Indredavik et al., 2005), smaller caudate and hippocampal volumes
(Abernethy, Palaniappan, & Cooke, 2002; Norsarti, Allin, Frangou, Rifkin, & Murray,
2005), and lower FA (Skranes et al., 2007). Evidence that MRI abnormalities and FA are
related to developmental outcomes, even after neonatal risk factors are taken into account
(Inder et al., 2006), indicates that prediction is enhanced by direct measurement of brain
status.

Environmental Risks

Studies of predictors of outcomes of VLBW/VPTB show that environmental risks account
for variability not explained by biological risks, thus confirming the additive effects of these
two sets of risk factors (Hack et al., 1992; Taylor et al., 1998b, 2006; Vohr et al., 2003;
Weisglas-Kuperus, Baerts, Smrkovsky, & Sauer, 1993). Distal measures of the family envi-
ronment encompass ethnicity, parental education, occupation, and income; marital status;
receipt of public assistance; and census-based descriptors of the neighborhood in which the
family resides (e.g., percentage of poverty). Proximal measures encompass assessments of
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stimulation available to the child in the home environment, life stress, and parent social
supports and psychological adjustment. Environmental factors also moderate the effects
of biological risks on some outcomes of VLBW/VPTB. For example, Breslau and Chilcoat
(2000) found that behavioral sequelae of VLBW were more pronounced in children from
socially disadvantaged families; and Landry and her associates (Landry et al., 1997; Lan-
dry, Smith, Miller-Loncar, & Swank, 1998) reported that a high-risk VLBW group was
more affected by the quality of the maternal—child interaction than a lower-risk group.
In contrast, other studies have found that sequelae are attenuated by social disadvantage,
indicating that the effects of VLBW may be overshadowed in some cases by environmental
adversity (Taylor et al., 2000a, 2006).

Environmental and biological risks have “domain-specific” associations with outcomes
of VLBW/VPTB. Performance on tests of executive function and perceptual-motor abili-
ties are more closely related to biological risks than to environmental risks, whereas social
risks are better predictors of verbal abilities, IQQ, and behavioral outcomes (Dammann et al.,
1996; Taylor et al., 1998b). To illustrate, Figure 2.6 shows the proportion of the variance in
long-term neuropsychological outcomes of VLBW explained by sociodemographic factors
(SES and race) versus neonatal risk in our School-Age Follow-Up Project sample (Taylor et
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FIGURE 2.6. Proportions of variance in neuropsychological factor scores at mean age 16 years explained by
sociodemographic status versus neonatal biological risk. Variance for sociodemographic status was determined
by first entering neonatal biological risk as measured by birthweight and the Neonatal Risk Index (Taylor et
al., 1998b) into a regression analysis, followed by SES and race. Variance for biological risk was determined by
entering these variables in reverse order. Results indicated that both sets of factors accounted for significant
variance in Memory, Visual-Motor, and Executive Functioning, but that neither set of factors accounted for
variance in Memory. The findings suggest that sociodemographic factors are better predictors of Language,
but that biological risk is a better predictor of Visual-Motor and Executive Functioning. Failure to predict
Memory scores was unexpected but may relate to the fact that the memory test was administered in previous
follow-up assessments, possibility reducing its utility as a measure of developmental outcome.
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al., 2004a). Results showed that sociodemographic factors accounted for substantially more
variance in language skills than neonatal risk, but that neonatal risk was a better predictor
of visual-motor skill and executive functioning.

Sex Differences

Hintz, Kendrick, Vohr, Poole, and Higgins (2006) report that boys have a higher prevalence
of neonatal complications and adverse early neurodevelopmental outcomes than girls. This
study examined data from a large 1997-2000 birth cohort of children with <1,000 g birth-
weight and <28 weeks GA from the NICHD Neonatal Research Network. Boys had higher
rates of multiple births, delivery room intubation, treatment with surfactant or postnatal
steroids, grade III or IV IVH, and severe retinopathy of prematurity. Moreover, at 18-20
months corrected age the boys had higher rates of neurodevelopmental impairment as
defined by CP, scores under 70 on the BSID-II Mental Development Index or Psychomotor
Development Index, or deafness or blindness. Rates of neurodevelopmental impairment
were likewise higher for boys in a large cohort of children born at <28 weeks GA (Wood et
al., 2005). Other studies also report worse outcomes in boys (Hack et al., 2000; Johnson &
Breslau, 2000), although these are not evident in all outcome studies (Saigal et al., 2000b;
Taylor et al., 2004b). The reasons for a male disadvantage are not well understood, but may
relate to a greater susceptibility of males to perinatal insults to the brain and lungs (Hintz

et al., 2006; Lauterbach, Raz, & Sander, 2001).

Effects of Interventions

Treatments to improve outcomes for children with VLBW/VPTB range from neonatal
medical management to environmental interventions in the neonatal nursery and pro-
grams to foster child development. Because these children are at high risk for complications,
medical treatments are being continually evaluated as means to prevent or reduce adverse
developmental consequences. For example, Ment et al. (2000) found that early postnatal
administration of indomethacin reduced the rate of IVH in children with VLBW. Newer
treatments include nutritional supplements (Ambalavanan et al., 2005; Clandinin et al.,
2005), caffeine (Schmidt et al., 2006), and inhaled nitric oxide (Mestan, Marks, Hecox,
Huo, & Schreiber, 2005). Postnatal steroids were given routinely to high-risk children for
most of the 1990s, but are now only selectively employed because of evidence for deleteri-
ous effects (Wilson-Costello, 2007). To the extent that introduction or discontinuation of
neonatal treatments alters survival or early medical morbidity, these interventions result in
variations in long-term consequences according to birth year (i.e., cohort effects).
Researchers have also demonstrated positive effects of specialized care in the neonatal
intensive care unit (NICU) and of early childhood interventions. Als’s Neonatal Individu-
alized Developmental Care and Assessment Program showed that environmental controls
over exposures to light, loud noise, sleep interruptions, and other supportive developmental
interventions resulted in decreased time on ventilators and tube feeding and in shorter
hospitalizations, compared with routine neonatal care (Als, 1998; Als et al., 1994). Parent
education and counseling during an infant’s stay in the NICU and during the early post-
natal period are additionally effective in improving short-term parent and infant outcomes
(Browne & Talmi, 2005; Kaaresen, Ronning, Ulvund, & Dahl, 2006; Melnyk et al., 2001).
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Other beneficial neonatal interventions include positioning and handling procedures, and
efforts to encourage non-nutritive sucking and breastfeeding (Aucott, Donohue, Atkins, &
Allen, 2002).

Early childhood interventions include center-based developmental programs and par-
ent support and training. The bestknown of these efforts, the Infant Health and Develop-
ment Program (McCormick, McCarton, Brooks-Gunn, Belt, & Gross, 1998), compared
the effects of an early childhood intervention program involving home visits, center-based
developmental education, and parent support groups with pediatric follow-up only. The
intervention was provided to children with low birthweight from term equivalent to 3 years
corrected age. Children in both groups were stratified into heavier (2,001-2,500 g) and
lighter (<2000 g) subgroups. Assessments at 2 and 3 years corrected age revealed higher
cognitive skills and reduced behavior problems in the intervention group than in the fol-
low-up-only group. Group differences in cognitive performance were greater for children in
the subgroup with heavier low birthweight, and were limited to mothers with a high school
education or less. Although treatment effects diminished across subsequent posttreatment
follow-ups at ages 5 and 8 years, a later follow-up at age 18 years indicated that the inter-
vention participants with heavier low birthweight had higher scores on tests of math and
receptive vocabulary and fewer high-risk behaviors than the controls (McCormick et al.,
2006).

Other studies have demonstrated positive effects of early parenting programs on mater-
nal adjustment and child development (Deater-Deckard & Bulkley, 2000). Achenbach,
Howell, Aoki, and Rauh (1993) documented long-term benefits of a program to enhance
mother—infant interactions in a sample of children with <2,250 g birthweight on the chil-
dren’s cognitive skills, academic achievement, and behavior. Landry, Smith, and Swank
(2003) demonstrated that mothers of both preterm and full-term children could be taught
to increase their use of contingent responsiveness to infants during the first year of life, and
that these maternal changes were related to improvements in the infants’ cognitive skills
and social behaviors.

Some interventions have proved less successful. The Avon Premature Infant Project
(1998) failed to document effects of interventions during the first two years of life for chil-
dren born at <32 weeks GA. The infants in this project were randomly assigned to two early
interventions: one emphasizing strategies to promote child development, and the other pro-
viding parent support. Both intervention groups obtained slightly higher scores on a devel-
opmental test than an untreated preterm group when social factors were controlled for. In
addition, scores for higherrisk children, as defined by <1,251 g birthweight or evidence of
brain insult on cerebral ultrasounds, were better for the developmental intervention group
than for untreated controls. However, these initial benefits were not evident in a follow-up
assessment conducted at 5 years (Johnson, Ring, Anderson, & Marlow, 2005). Similar find-
ings were reported by Salokorpi, Rautio, Kajantie, and Von Wendt (2002). The investiga-
tors found immediate benefits of weekly occupational therapy provided to the children with
ELBW from 6 to 12 months of age, but they did not find that these benefits persisted at later
follow-ups after the therapy had ended. These studies suggest that early interventions may
need to be sustained for substantial periods if they are to have lasting effects. Lack of par-
ent participation in early interventions may also detract from the potential benefit of early
intervention programs (Hill, Brooks-Gunn, & Waldfogel, 2003; Huber, Holditch-Davis, &
Brandon, 1993).
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METHODOLOGICAL CRITIQUE

The key methodological limitations of studies of the effects of VLBW/VPTB were clearly
articulated 70 years ago in Benton’s (1940) critique of eatly research on developmental
outcomes. Prior to the advent of neonatal intensive care, only the “fittest” babies survived,
and outcomes probably differed from those observed today. Nonetheless, Benton concluded
from the evidence available at the time that low birthweight adversely affected early cog-
nitive development and could result in behavior problems such as inattention and for-
getfulness. Although he failed to find persuasive evidence for persisting cognitive deficits,
he emphasized that research was limited by biases in sample recruitment, use of outcome
measures that were narrow in scope or psychometrically inadequate, lack of comparison
groups to control for background characteristics associated with high-risk birth, and failure
to follow children over time or to take environmental influences into account.

According to Aylward (2002, 2005), these same problems continue to limit research
in the modern era. Aylward additionally emphasizes the need to (1) take birthweight, GA,
and neonatal complications into account as moderators of outcome; (2) control for both
proximal and distal measures of the family environment; (3) correct for GA in computing
age-adjusted performance, at least up to 2 years of age; (4) report rates of major neurode-
velopmental disorders and examine the effect of including these children on group differ-
ences; (5) assess multiple facets of developmental outcome, including health status, distinct
neuropsychological skills, school performance, adaptive behavior, behavioral problems, and
quality of life; (6) document consequences in terms of both group means and impairment
rates; (7) use outcome measures with adequate psychometric characteristics, including
acceptable reliability, validity as potential markers of VLBW/VPTB-related consequences,
and clinical utility (e.g., sensitivity and specificity) in identifying individual impairments;
(8) assess children repeatedly over extended follow-up intervals, using the same test instru-
ments as much as is feasible; and (9) consider possible changes in outcomes over successive
birth cohorts related to advancements in neonatal care (cohort effects). Aylward further
recommends that researchers use the most appropriate analytic tools, applying techniques
such as structural equation models where appropriate to examine associations between
latent constructs, or growth modeling to explore factors related to developmental change.
In addition, he urges caution in interpreting group differences in outcomes solely in terms
of the effects of low birthweight or preterm birth. Because the ultimate consequences of
VLBW/VPTB may be moderated by genetic factors, early developmental interventions,
and family circumstances, outcomes are not likely to be direct reflections of neonatal medi-
cal risk (Baron, Litman, Ahronovich, & Larson, 2007). Account also needs to be taken
of potential variability between centers in medical treatment and outcomes (Vohr et al.,
2004).

A sound practice when evaluating behavior outcomes is to obtain data from multiple
informants, in part to reduce the potential for biased reporting. Research has documented
low levels of agreement between parents and teachers (Kohen, Brooks-Bunn, McCormick,
& Graber, 1997; Spiker, Kraemer, Constantine, & Bryant, 1992), suggesting that the chil-
dren behave differently in different contexts and/or that parents and teachers use different
criteria in evaluating child behavior. Behavioral researchers have thus advised obtaining
ratings from both sources. Chilcoat and Breslau (1997) illustrate an elegant method for
considering ratings from different informants in the same analysis, using general estimat-
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ing equations. Self-impressions of behavior and adjustment also have a place, especially in
evaluating subjective symptoms (Hack et al., 2005¢). A limitation of self-reports is that they
may be less revealing of negative outcomes (Hack et al., 2004; Saigal et al., 2003).

One especially thorny methodological problem not listed above is difficulty in identi-
fying the presence and extent of prenatal exposures to drugs and alcohol. Because use of
tobacco, alcohol, and cocaine during pregnancy is associated with decreased birthweight
and may affect a child’s development or signal problems in caregiving (Bada et al., 2005;
Heffelfinger, Craft, White, & Shyken, 2002; Jacobson & Jacobson, 2001; Shankaran et
al., 2007), control for such exposures would be useful in examining the effects of VLBW/
VPTB. The challenge in this regard is that information on prenatal exposures obtained at
the time of delivery through drug screens or interview with mothers may not be uniformly
available and may be of variable quality. Interviews with mothers at follow-up about such
exposures may be intrusive, and the validity of retrospective maternal reports is question-
able (Jacobson, Chiodo, Sokol, & Jacobson, 2002).

Another unresolved issue is how long to continue correcting for low GA. Whereas
Marlow (2004) recommends correcting for GA through 2 years of age, Rickards, Kitchen,
Doyle, and Kelly (1989) advise that these corrections continue to be made up to 8% years.
Other researchers believe that such corrections provide an overly rosy picture of outcomes
relative to real-life expectations, which are more typically based on chronological age.
Further problems related to GA corrections include the imprecision of GA estimates and

the artifactual drop in age-adjusted scores when corrections for prematurity are no longer
applied (DiPietro & Allen, 1991; Landry et al., 1993).

RESEARCH DIRECTIONS
A Conceptual Framework

The conceptual framework presented in Figure 2.7 illustrates how the scope of future inves-
tigations might be broadened to better account for outcomes and to more accurately portray
the influence of VLBW/VPTB on development. Several previous studies of outcomes of
VLBW/VPTB have proposed similar causal networks (Taylor et al., 2002; Weisglas-Kuperus
et al., 1993). The major assumption of this framework is that difficulties in learning and
behavior in children with VLBW/VPTB can be best explained in terms of multiple influ-
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FIGURE 2.7. Conceptualization of the influences on learning and behavior in children with VLBW/VPTB.
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ences on outcomes that include biological risks, impaired cognitive skills, and environ-
mental influences. According to the model, biological risk results in neuropsychological
impairment, which in turn leads to deficits in learning and behavior. The importance of
examining mediation effects is their potential to enhance knowledge about the cogni-
tive effects of VLBW/VPTB and the cognitive bases of children’s academic and behavior
problems (Martel, Lucia, Nigg, & Breslau, 2007). The curved arrow between biological
and environmental factors represents potential covariation between these risks; the curved
arrow on the right side of the figure represents the close association of academic achieve-
ment with social competence and behavioral adjustment (McClelland, Morrison, & Hol-
mes, 2000). A broader model of developmental outcomes would also consider changes with
age in outcomes of VLBW/VPTB, although these are not shown in Figure 2.7. Rates of
growth and changes in outcomes over time would then be examined in relation to the
biological and environmental factors represented in the model.

Biological risk, shown on the left side of the figure, can be defined by comparing
cohorts with VLBW/VPTB to term controls, or by examining low birthweight/GA or neo-
natal complications as predictors of outcome within these cohorts. Brain insults related to
VLBW/VPTB are conceived as varying in location and extent across children, and these
variations are perceived as producing different cognitive outcomes. Tests of a broad range
of ability domains are thus needed to fully assess cognitive outcomes. However, the model
additionally acknowledges the special vulnerability of some brain structures to perinatal
insult, including the basal ganglia, hippocampi, and frontostriatal white matter tracts.
Because of the role of these structures in mediating executive functions and memory (Frisk
& Whyte, 1994), tests of executive function and memory are of special importance in test-
ing the model. We know little about genetic vulnerability to the adverse effects of preterm
birth and perinatal neurological complications, but this is another relevant biological risk
factor (Aylward, 2005).

The top part of the figure represents environmental influences on cognitive skills,
learning, and behavior. These influences include sociodemographic status, parent psycho-
logical distress, caretaker burden, family resources and stressors, and the support provided
at home and at school for the child’s development. The school and home environments are
hypothesized to affect child outcomes more directly than biological risks (represented by
downward-pointing arrows above these constructs). The model also incorporates poten-
tial moderating influences of environmental factors on the causal linkages between the
other model constructs (represented by downward-pointing arrows positioned above the
left-to-right pathways in Figure 2.7). Environmental moderation of the effects of cognitive
impairments on learning and behavior is of particular interest, as are protective factors.
Environmental factors may affect children either directly or via their association with char-
acteristics of the more proximal family environment, such as parenting support for achieve-
ment, parent resources or stressors, and parent psychiatric symptoms or disorders (Klebanov,
Brooks-Gunn, McCarton, & McCormick, 1998; Felner et al., 1995; McLoyd, 1998). Protec-
tive factors, such as parental warmth and responsiveness, may help to account for favorable
outcomes in children living in disadvantaged neighborhoods or those at high biological risk
(Landry et al., 2003; McGrath, Sullivan, & Seifer, 1998; Tully, Arseneault, Caspi, Moffitt,
& Morgan, 2004). Other contributing factors to consider are children’s health status and
experiential background, including histories of chronic illness, educational interventions,
and opportunities for learning and socialization outside of school.
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Important Research Initiatives

In addition to expanding the breadth of research, focused initiatives are needed to bet-
ter understand VLBW/VPTB-related cognitive impairments, the biological basis of these
deficits and their relevance to learning and behavior problems, and ways to optimize child
outcomes. Examples of these initiatives are described below.

Ditferential Deficits and Their Association with Neuropathology

Attempts to specify the nature and neural basis of children’s cognitive impairments will
require more detailed studies of cognition, in combination with improved specification of
the brain status of survivors. Areas of more pronounced cognitive impairment may be bet-
ter determined by comparing levels of performance across a number of distinct skill areas
than by examining performance relative to IQ. To the extent that a specific ability measure
correlates with an omnibus measure of cognitive ability such as IQ), the latter procedure will
undermine efforts to detect selective deficits. Assessment of relative strengths and weak-
nesses have been successful in clarifying the “core” deficiencies associated with other neu-
rological disorders of childhood, such as hydrocephalus (Barnes & Dennis, 1998). Study of
selective deficits in children with VLBW/VPTB is thus warranted. Research into differen-
tial deficits will involve using existing published measures and experimental tasks designed
by neuropsychologists, cognitive scientists, and developmental psychologists to parse cogni-
tive skills. Measures of both “crystallized” and “fluid” abilities will be useful in separating
information storage from online mental processes and cognitive efficiency (Pennington,
1994; Isaacs et al., 2000). Assessments of discrete types of executive functioning, memory,
and perceptual-motor skills also have potential to reveal dissociated deficits. To illustrate,
existing evidence suggests that impairments may be greater in acquisition of verbal infor-
mation than in retention (Taylor, Klein, Minich, & Hack, 2000c), that visual-motor skills
are more vulnerable to PVL than nonmotor visual perception (Fazzi et al., 2004; Foreman
et al., 1997), and that sustained attention is preserved relative to other executive functions
in adolescents with VLBW (Kulseng et al., 2006). Additional study is required to iden-
tify the abilities most affected within the domains of executive functioning, memory, and
perceptual-motor function, as well as specific cognitive deficits underlying weaknesses in
math and social skills.

Hypotheses with regard to the types of brain insults incurred by these children may
help guide the search for selective impairments. In view of evidence for localized brain
insult, it would be fruitful to examine deficits consistent with specific forms of neuropa-
thology, such as damage to the parieto-occipital pathway, or dorsal as opposed to ventral
visual processing stream (Jakobson et al., 2001); frontal and subcortical regions (Curtis,
Lindeke, Georgieff, & Nelson, 2002; Woodward et al., 2005); the white matter (Christ,
White, Brunstrom, & Abrams, 2003; Edgin et al., 2008; Nagy, Westerberg, & Klingberg,
2004; Schatz, Craft, Koby, & Park, 1997); and the cerebellum (Allin et al., 2001). Because
of substantial variability in how VLBW/VPTB affects brain substrate, these selective defi-
cits are likely to be most evident in studies that examine cognitive outcomes in relation to
variations in neuropathology, or that focus on children with specific types of brain insult.
Measures of both localized and diffuse insult might be considered in attempting to account
for cognitive outcomes.
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Using fMRI to investigate differential patterns of brain activation in children with
VLBW/VPTB versus controls with NBW is another brain-based approach to study of dis-
tinct neuropsychological outcomes of VLBW/VPTB. Group differences in patterns of brain
activation during discrete tasks provide clues regarding neural reorganization of function
following early insults. Differences in neural organization among children with VLBW/
VPTB is suggested by hypoactivation of regions that would typically be engaged by a task,
or by hyperactivation of regions less typically involved (Ment et al., 2006; Nosarti et al.,
2006; Peterson et al., 2002; Rushe et al., 2004; Santhouse et al., 2002). A special advantage
of fMRI studies is their potential to elucidate both brain dysfunction and compensatory
mechanisms.

Effects on Early Learning Readiness
It would be useful to know more about the effects of VLBW/VPTB on children’s readiness

to learn when formal schooling begins and on how learning and behavior problems are
manifested at this time. Early learning readiness refers to those cognitive and social skills
needed to acquire beginning written language and math competencies (Blair, 2002). These
skills include the abilities to pay attention to a task, to follow instructions, and to work
collaboratively with teachers and peers. A focus on early childhood is justified by the fact
that preacademic skills and social-behavioral competencies at the time of school entry
predict later achievement and behavioral outcomes (Spira, Bracken, & Fischel, 2005). Early
identification of special needs before or soon after school entry holds promise as a means to
prevent or reduce adverse long-term educational and behavioral consequences of high-risk
birth, at least if followed by appropriate interventions (Rimm-Kaufman, Pianta, & Cox,
2000). To identify children at risk and design effective early interventions, more informa-
tion is needed about the ways in which these children fail to meet parent or teacher expec-
tations. A clearer indication of the environmental demands and supports that exacerbate
or buffer children’s learning problems would also be useful.

Importance of Developmental Change

Additional longitudinal studies are needed for a fuller understanding of how outcomes of
VLBW/VPTB change with age and what influences these changes. Longitudinal follow-up
studies are critical for several reasons (Holmbeck, Bruno, & Jandasek, 2006). These stud-
ies provide greater precision in examining factors related to change and permit tests of
mediators of the effects of early risks on later outcomes. Furthermore, the factors that affect
change may differ from those that predict cross-sectional outcomes (Taylor et al., 2004c).
Ideally, research on developmental change begins prior to school age (Baron et al., 2007;
Breslau et al., 2004; Msall, 2006). Measures of early outcomes are important in determining
the more immediate effects of neonatal complications or new neonatal treatments, and in
identifying needs for early intervention. Continuing follow-up of children to later ages is
then needed to establish the utility of shorter-term “surrogate” outcomes (Vohr, 2007). Fur-
ther research to clarify the effects of VLBW/VPTB on specific cognitive skills during the
preschool years may help to enhance the predictive validity of these early measures (Ayl-

ward, 2005; Espy et al., 2002). Early VLBW/VPTB-related deficits in specific information-
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processing skills may, in fact, help to account for the more generalized cognitive problems
evident at later ages (Rose et al., 2005b). At the other end of the age continuum, we have
much to learn about outcomes of VLBW/VPTB in middle and later adulthood. We know
little about the implications of long-term weaknesses in executive function for adult edu-
cational and vocational functioning (Nosarti et al., 2007), and questions have been raised

about risks for later-emerging cardiovascular, sleep, and mental health problems (Allin et
al., 2006; Paavonen et al., 2007; Saigal et al., 2007).

Neonatal Complications as Predictors of Cognitive Outcomes

Data suggesting that lower GA, brain abnormalities, and chronic lung disease have different
effects on cognition function (Curtis et al., 2002; Taylor et al., 2006) argue for additional
study of neonatal factors as predictors of outcome. The rationale for such investigations is
strengthened by recent findings relating neonatal brain abnormalities as assessed by MRI
to childhood cognitive disabilities (Edgin et al., 2008; Woodward et al., 2005, 2006). MRI
scans obtained during the neonatal or early postnatal periods reveal neuropathology not
detected by ultrasounds and can illuminate neuropathological correlates of such risk fac-
tors as more extreme VLBW/VPTB, sepsis, and chronic lung disease (Gimenez et al., 2006;
Inder et al., 2005; Kesler et al., 2004; Nosarti et al., 2004). Relating measures of early brain
pathology to later brain status would also allow study of how early brain pathology effects
subsequent brain development. Factors that could potentially mediate these changes, such
as genetic risks, early interventions, or environmental supports, could then be examined
to explore influences on neural reorganization. Outcomes of less extreme low birthweight/
prematurity also deserve further study as neonatal risk factors (Amiel-Tison, Allen, Lebrun,
& Rogowski, 2002; Caravale, Tozzi, Albino, & Vicari, 2005; Linnet et al., 2006). Outcomes
are generally more favorable for children with birthweights of 1,500-2,500 g and with 32-37
weeks GA than for those with VLBW/VPTB, and a smaller proportion of these “macropre-
mies” may be adversely affected. Nevertheless, they are much more numerous, and we know
relatively little about how they are affected or risks for poorer outcomes within this group.

Effects on Families and Mechanisms of Environmental Influence

Given the importance of environmental influences on outcomes, we need a better under-
standing of how families are affected by children with VLBW/VPTB, the ways in which
families cope with children’s problems and needs, and factors that facilitate or impede posi-
tive family adaptations. A related need is to increase our knowledge of how environments
affect more positive child outcomes, whether by promoting neural plasticity, providing
additional opportunities to develop compensatory skills, or employing child management
techniques to encourage prosocial behaviors or enhance engagement in learning. The pos-
sibility that there are different environmental influences on different outcomes also deserves
consideration. For example, Rose et al. (1992) reported different environmental influences
on internalizing versus externalizing behaviors in young children with VLBW. Another
issue worthy of investigation is whether VLBW or VPTB results in specific forms of psycho-
pathology or confers a general vulnerability to psychopathology (Szatmari et al., 1993), pos-
sibly by limiting the individual’s cognitive resources for dealing with environmental stress
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or negative life events. Although there is much to learn about the basis of environmental
influences, efforts to promote family functioning and effective parenting methods may con-
tribute to better child outcomes (Bradley et al., 1994; Landry et al., 2003).

Neuropsychological Basis of Learning and Behavior Problems

Several studies have demonstrated the utility of cognitive measures as predictors of aca-
demic achievement and behavior. Our research group has found that specific neuropsycho-
logical deficits predict poor academic achievement and attention problems in children with
VLBW, even when general cognitive functioning is taken into account (Litt et al., 2005;
Marlow et al., 2007; Taylor et al., 1998a). The relation of these skills to achievement differs
according to the academic skills assessed. Other studies reveal associations of cognitive
or motor skills to adaptive behavior and behavior problems (Breslau, Chilcoat, Johnson,
Andreski, & Lucia, 2000; Rosenbaum, Saigal, Szatmari, & Hoult, 1995). Further research
on the neuropsychological correlates of learning and behavior problems has the potential
to clarify the specific skill deficits that contribute to these problems. Such research would
identify children who are at high risk for learning and behavior disorders, and would guide
efforts to facilitate learning and behavioral progress.

Interventions to Improve Outcomes

Finally, further studies of interventions to improve developmental outcomes are needed to
determine what methods are most effective. Although preschool programs have failed to
produce dramatic gains in outcomes, approaches that target parenting or specific develop-
mental deficiencies may have more potential than more general efforts to facilitate child
development (Landry et al., 2002). Few if any interventions have been directed at preven-
tion or amelioration of academic or social-behavioral problems in school-age children with
VLBW/VPTB. Appropriate interventions to consider would be those designed for children
with executive deficits and with nonverbal learning disabilities, including direct instruc-
tion in organizational strategies, use of verbal mediation, and opportunities for extended
time and practice (Litt et al., 2005; Taylor et al., 2004c). These programs could be either
school- or home-based, but would probably require substantial individual programming
to address the wide variability in deficits. It would also be relevant to determine whether
some of the common sequelae of VLBW/VPTB, such as attention deficits, respond to med-
ication and other interventions in a manner similar to such deficits in full-term children

with ADHD.

SUMMARY AND CONCLUSIONS

Due in large part to recent advances in neonatal intensive care, survival of children with
VLBW/VPTB has increased over the past few decades. This increase has been most dra-
matic among the children born at the lower end of the low-birthweight/low-GA spectrum.
A large body of research indicates that these children are at risk for cognitive, learning,
and behavior problems. Depending on the outcome measured and the degree of VLBW/
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VPTB, comparisons between cohorts with VLBW/VPTB and controls with NBW yield
moderate to large effect sizes. Global cognitive ability is mildly reduced in this population
relative to the controls, but perceptual-motor skills, memory, and executive function are
especially vulnerable. Academic deficits are evident in low scores on achievement tests;
teacher ratings showing substandard school performance; and high rates of learning dis-
abilities, special education placement, and grade repetition. Weaknesses in mathematics
are especially pronounced. Behavior difficulties may include externalizing or internalizing
symptoms, but most frequently entail attentional weaknesses. A better understanding of
the effects of VLBW/VPTB on specific cognitive skills, along with efforts to link these
skills to the specific forms of neuropathology, will clarify brain—behavior relationships and
help account for children’s learning and behavior problems.

Adverse effects of VLBW/VPTB on children’s health and development persist through-
out the school-age years and into adulthood. Health problems and early weaknesses in
some language and adaptive behavior skills appear to attenuate somewhat with age. On
the other hand, existing studies fail to suggest any general lessening with age of cognitive,
learning, or behavior problems. In fact, a worsening of the degree of impairment relative to
age expectations has been observed for a few tests of perceptual-motor skills and executive
functioning. Research on developmental change across the school-age years is neverthe-
less scant. Additional investigation will be required to determine the domains in which
improvement or worsening of outcomes may be possible, the factors associated with such
changes, and the levels at which skills plateau as children approach adulthood.

The extent of children’s deficits is related to the degree of low birthweight/low GA and
to neonatal complications, such as IVH, PVL, and chronic lung disease. VLBW/VPTB-
related reductions in brain volumes at birth and throughout childhood are other impor-
tant markers of biological risk. Environmental disadvantage contributes to poor outcomes
independently of biological risks, but may also moderate the effects of these risks. Study of
multiple risk and protective factors has the potential to improve the accuracy of predictions
of future outcomes, provide a clearer picture of the effects of birth-related neuropathology
relative to other influences on development, and inform the design of interventions for
children with VLBW/VPTB. Few studies have focused on high-risk survivors with good
developmental outcomes, such as the minority of survivors at the extremes of low birth-
weight/low GA or with neonatal brain insults who appear to be faring well (Bassan et al.,
2007; Shankaran et al., 2004). Investigations focused on these children may shed light on
neural, genetic, or environmental factors that promote more positive outcomes.

Research has also confirmed adverse effects of VLBW/VPTB on children’s families.
Although negative effects on families are not universal in this population, the families
of children with VLBW/VPTB are at greater risk for family burden, parenting stress, and
parental psychological distress than are the families of children with NBW. These adverse
consequences persist into adolescence for some families. Risks to families vary with a fam-
ily’s characteristics, a child’s degree of low birthweight, and the child’s neurodevelopmental
outcome. Parent- and child-oriented interventions administered in early in childhood have
been effective in lessening parent stress and improving child outcomes, but the needs of
families of school-age children with VLBW/VPTB have been largely ignored. Evidence
from other studies of bidirectional influences between child and family outcomes (Taylor et
al., 2001b) implies that more positive family adaptations may benefit the child as well.
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Future medical research is needed on the reasons for VLBW/VPTB, the antecedents
to brain insult in survivors, and ways to reduce neurodevelopmental morbidities (Wilson-
Costello, 2007). The Extremely Low Gestational Age Newborn Study is representative of
such efforts (Laughon et al., 2007). Further neuropsychological studies of outcome will help
to define the nature and neuropathological correlates of children’s cognitive deficits, as well
as the implications of these deficits for learning and behavior. Neuropsychological investi-
gations will also be useful in selecting cognitive measures that are sensitive to variations in
biological risk or neural reorganization; identifying early predictors of later outcomes and
assessing longitudinal change; and recognizing genetic, environmental, and contextual fac-
tors that modulate the effects of biological risks on development.
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CHAPTER 3

Childhood Epilepsy

MICHAEL WESTERVELD

B ecause epilepsy is a common childhood neurological condition with diverse etiolo-
gies and phenotypes, neuropsychological comorbidity in epilepsy is an important but
challenging topic. Numerous factors interact to produce a unique clinical picture in each
individual with seizures. First, the primary symptomatic expression of the disorder (clini-
cal seizures) is paroxysmal and, with the exception of a few known triggers, unpredict-
able. During the interictal period, many patients may or may not have cognitive issues
related to their disorder; however, the unpredictability of the disorder combined with the
stigma can produce psychological and psychosocial consequences even in the absence of
cognitive impairments. Second, similar clinical expression (e.g., complex partial seizures)
may be due to one of many different underlying neurological conditions (e.g., hippocampal
sclerosis, neoplasm, focal disorders of neuroblast migration). As a result, the neuropsycho-
logical comorbidities vary widely and depend on numerous factors (many of which remain
unknown) that produce a virtually infinite number of possible cognitive outcomes. Finally,
the manner in which the same underlying neuroanatomical cause of epilepsy is manifested
with respect to cognitive function can also vary widely from person to person. As a result,
attempts to characterize a neuropsychological “syndrome” associated with epilepsy are often
inadequate, particularly when such models are applied to children with diverse individual
backgrounds whose development is ongoing and in whom neuroplasticity still exists. The
manner in which endogenous biological factors interact with environmental factors can be
difficult to predict and understand. The purpose of this chapter is to provide a summary of
known factors that can affect cognitive function in children with epilepsy.
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EPIDEMIOLOGY OF SEIZURES AND DEFINITIONS OF EPILEPSY

Epilepsy is among the most common neurological disorders of childhood. According to the
World Health Organization (2008), approximately 5% of the population will have at least
one seizure during their lifetime. The estimated worldwide prevalence of epilepsy, defined
as recurrent unprovoked seizures, is upwards of 50 million individuals at any given point in
time. Thus epilepsy constitutes a major public health issue for children. More important,
since epilepsy and related treatments can have a significant impact on cognition, epilepsy
also represents a developmental challenge that neuropsychologists are uniquely qualified
to address by virtue of their combined knowledge of neuropathology and development of
cognitive and psychological function.

It is important to note that a single seizure occurrence is not sufficient for a diagnosis
of epilepsy, and that not all epilepsy is intractable or resistant to treatment. It is estimated
that approximately 40-50% of children with a first unprovoked seizure will have a second
unprovoked seizure, with the majority of recurrences occurring within 2 years of the initial
event (Berg, 2008b). An unprovoked seizure is defined as a seizure that occurs outside the
context of an acute event, such as a fever or traumatic brain injury. Unprovoked seizures
may be either symptomatic or cryptogenic, with symptomatic seizures being the result of a
known underlying cause (e.g., neoplasm, stroke), whereas cryptogenic seizures are without
a known neuropathological cause. It is estimated that 60-80% of new cases in children are
without a known cause; that approximately 20% are associated with causes present from
birth; and that the remaining cases are associated with a variety of acquired etiologies,
such as trauma, central nervous system (CNS) infection, or stroke (Hauser, 2001). When
seizures do recur, they may be associated with varying degrees of cognitive morbidity.

The degree of cognitive impairment that may be associated with epilepsy is closely
related to factors that determine the likelihood of recurrence, as well as to the frequency of
seizures and other factors, such as age at seizure onset, the underlying cause of seizures, and
localization of seizure onset. Risk factors for recurrence can be categorized broadly, with
the most commonly cited factors including whether a first seizure is treated, the presence
of an electroencephalographic (EEG) abnormality, or an abnormal neurological examina-
tion (Berg, 2008b). These factors are interrelated, in that the decision whether to treat a
first seizure is likely to be based on EEG findings and presence of neurological abnormal-
ity. However, not all first seizures are treated, since a single febrile seizure with no further
recurrence is common among children, and unnecessary treatment may itself be associated
with adverse side effects. Prospective studies aimed at identifying risk of recurrence and
cognitive outcomes are rare. In one study that randomly assigned children to a deferred-
treatment or immediate-treatment arm, the immediate-treatment group had an approxi-
mately 60% reduction of risk for recurrence (First Seizure Trial Group, 1993), regardless of
other factors (e.g., presence or absence of neurological abnormality). Thus the decision to
treat a first seizure or not may have a significant impact on whether seizures recur, and also
on related cognitive morbidities.

Risk factors for seizure recurrence can also be identified with greater specificity. These
include prolonged febrile convulsions that may induce neurological injury (Sagar & Oxbury,
1987); neoplasm (Spencer, Spencer, Mattson, & Williamson, 1984); disorders of neuroblast
migration, such as cortical dysplasia and heterotopias (Sarnat & Flores-Sarnat, 2006); and
traumatic brain injury (Annegers et al., 1980). Genetic factors also play a role in recurrent
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seizures. There have been several studies demonstrating increased concordance for epilepsy
in monozygotic compared with dizygotic twins, and there are also several well-defined epi-
leptic syndromes with identified genetic linkages (Ottman, 2001).

CLASSIFICATION OF SEIZURES

There are several ways that recurrent seizures, or epilepsy, may be classified. The Interna-
tional League Against Epilepsy (ILAE) has endorsed a classification scheme for epileptic
seizures (Commission on Classification and Terminology of the ILAE, 1981) and a clas-
sification for epilepsy syndromes (Commission on Classification and Terminology of the
ILAE, 1989). The epileptic seizures themselves are classified on the basis of the EEG and
behavioral characteristics of the event, with the nature of the recurrent seizures defining
the syndrome. For example, seizures are classified based on whether they are partial or
generalized in origin—that is, whether the first clinical and EEG signs originate in part of
one cerebral hemisphere (partial seizures, also known as focal or localized), or simultane-
ously throughout both cerebral hemispheres (generalized seizures). Partial seizures (also
sometimes referred to as focal seizures, or localization-related seizures) that do not involve
an alteration in consciousness are classified as simple partial seizures. Partial seizures that
involve alteration of awareness or consciousness are classified as complex partial seizures.
Epileptiform activity in partial seizures may also spread, producing a secondarily generalized
seizure, although the onset is localized.

Primary generalized seizures typically involve both hemispheres at seizure onset, with
impairment in consciousness often being the first clinical sign. Those that do not involve
any significant motor symptoms are classified as absence seizures. Generalized seizures that
involve motor activity are classified as myoclonic, tonic, atonic, clonic, or tonic—clonic seizures.
Myoclonic seizures involve a brief spasmodic event, often involving multiple muscle groups
simultaneously. Tonic seizures involve sudden, usually brief increase in muscle tone. Atonic
seizures, also known as akinetic seizures or (colloquially) as “drop attacks,” involve a sudden
brief loss of muscle tone throughout the body. Clonic seizures involve rhythmic jerking
movements of the limbs, and can vary in duration. Clonic seizures are relatively uncommon
alone, and clonus (rhythmic jerking) is more often preceded by a tonic event, referred to
as a tonic—clonic seizure. The tonic—clonic seizures are also commonly referred to as grand
mal seizures.

The type of seizure event often defines part of a syndrome. Epilepsy syndromes are
classified according to several characteristics of the individual seizures as described above,
including whether the seizures are localization-related (also referred to as partial or focal
epilepsies) or generalized; what behaviors that occur during the seizure (also referred to
as ictal semiology); and whether the seizures are idiopathic or symptomatic. Localization-
related epilepsies may have characteristic behaviors that are related to the site of origin in
the brain. For example, occipital lobe epilepsies are often characterized by visual phenom-
ena that may include perceptive illusions, positive visual phenomena (e.g., flashes of light,
sparks), or negative visual effects (e.g., transient scotoma or hemianopsia). The more com-
mon temporal lobe epilepsy (TLE) may include psychic phenomena such as an aura of déja
vu, followed by alteration of awareness with behavioral automatisms (repetitive, purposeless
behaviors) for which the patient is typically amnestic. Ictal speech (speech that occurs dur-
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ing a seizure) may be aphasic in dominant-hemisphere TLE, or confused in nondominant-
hemisphere TLE. Transient postictal aphasia may occur, and can provide important infor-
mation about lateralization of temporal lobe seizures. Generalized epilepsy syndromes may
be classified according to whether the seizures are symptomatic (e.g., Lennox—Gastaut syn-
drome [LGS]) or idiopathic (e.g., childhood absence epilepsy). Some epilepsy syndromes
are not clearly defined as having focal or generalized origins, but may still have a clearly
defined set of symptoms (e.g., Landau—Kleffner syndrome [LKS]) or course (e.g., Rasmussen
syndrome).

As any “syndrome” is, epileptic syndromes are defined by characteristic clusterings of
symptoms that occur uniquely together. There are several epilepsy syndromes that are asso-
ciated with neuropsychological impairments; some of these syndromes are progressive, but
others are self-limiting and spontaneously remit. Collectively referred to as epileptic enceph-
alopathies, these include infantile-onset syndromes such as West syndrome, and later-onset
syndromes such as LGS and LKS. West syndrome is characterized by seizures manifesting as
infantile spasms, an EEG pattern referred to as hypsarrhythmia (near-continuous, random
high-voltage spike-and-wave discharges), and global cognitive impairments with low IQ.
Onset of seizures in West syndrome occurs in the first few months of life, and West syn-
drome is typically self-limiting in terms of seizure events and EEG abnormality, with most
children experiencing spontaneous remission by 4 years of age (Ohtahara & Yamatogi,
2001). However, cognitive impairments usually persist after seizure remission. Although
the cognitive prognosis is typically poor, recent studies have shown that early treatment
with adrenocorticotropic hormone (ACTH) may improve cognitive outcome (Hattori et
al., 2000), particularly if treatment is initiated early (Kivity et al., 2004).

LGS is defined by an EEG pattern consisting of diffuse slow spike—wave discharges, less
than 3 Hz. Children with LGS typically have several different seizure types, with the most
common being tonic or absence seizures, although many different seizure types are often
present in an individual child with LGS. Seizure onset may occur any time in childhood,
but typically occurs in preschool aged children; some children may have a prior history of
diagnosis with West syndrome. LGS is typically associated with global cognitive deficits,
and cognitive impairment is considered a defining feature, although some children may
have normal development prior to the onset of seizures in LGS. The typical cognitive
profile is one of global cognitive impairment with low IQ), and prognosis is worse with early
seizure onset and symptomatic (vs. idiopathic) origins.

LKS is a rare syndrome that is associated with progressive aphasia in children after a
period of relatively normal language development. Because the primary cognitive symp-
tom is language regression, LKS is also referred to as acquired epileptic aphasia. Although
LKS is considered an “epilepsy” syndrome, the occurrence of seizures is not a prerequisite
for the diagnosis. Instead, the diagnosis is based primarily on the appearance of language
impairment in association with EEG abnormalities. Clinical seizure events may not occur
in as many as 20-30% of patients with LKS (Neville & Cross, 2006). During wakeful-
ness, the EEG may show normal background activity, with occasional high-amplitude focal
discharges in the temporoparietal region. However, during sleep the EEG will show more
significant abnormality, with bilateral spike—wave activity in the temporal regions, particu-
larly in primary auditory cortex (Deonna & Roulet-Perez, 2005). Although there are no
specific neuroanatomical findings on imaging in LKS, recent work has observed reduced
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volume in the superior temporal regions bilaterally (Takeoka et al., 2004). The language
disturbance begins with predominantly receptive language disturbance, specifically audi-
tory agnosia, and progresses to include reduced expressive language. Although studies using
a variety of methods have indicated that abnormalities are primarily limited to perisylvian
receptive language areas (Boyd, Rivera-Gaxiola, Towell, Harkness, & Neville, 1996; da
Silva, Chugani, Muzik, & Chugani, 1997; Neville & Cross, 2006), continued development
and maintenance of expressive speech are dependent upon auditory feedback (Deonna &
Roulet-Perez, 2005). In addition to language regression, LKS is associated with behavior
problems, particularly attention and disruptive behavior disorders (Neville & Cross, 20006).
LKS is also of particular interest due to similarities between the regression in some autism
spectrum disorders and LKS, prompting some to consider the possibility of a pathophysi-
ological similarity between the two disorders (Mantovani, 2000).

IMAGING IN PEDIATRIC EPILEPSY

Epilepsy is predominantly a functional disturbance, defined by electrophysiological char-
acteristics. Individual brain imaging results are often interpreted as normal, with no gross
structural abnormalities identified. However, there are some types of seizures that do have
specific imaging signatures, such as mesial temporal sclerosis associated with TLE (Jack,
2001). Moreover, the increasing sensitivity and resolution of imaging techniques have
led to increased identification of pathologies on imaging that might previously have been
missed (Sawaishi et al., 2005).

Although many cases of new-onset seizures in children are associated with normal
structural imaging, magnetic resonance imaging (MRI) is the most widely used technique
to investigate structural changes associated with epilepsy, due to the sensitivity to the most
common underlying substrates. Consequently, MRI should be considered a primary diag-
nostic tool for new-onset cases in children (Peretti, Raybaud, Dravet, Mancini, & Pinsard,
1989). In cases with known pathology, the most common underlying features are develop-
mental abnormalities, such as focal cortical dysplasia, or more significant abnormalities,
such as hemimegancephaly or schizencephaly (Kuzniecky, 2001). Focal cortical dysplasia
may be more difficult to detect; it may be manifested as thickened cortex or abnormal
gray—white matter architecture (Kuzniecky, 2001), such as blurring of the gray—white mat-
ter junction on MRL In children with partial complex seizures, temporal lobe abnormali-
ties, including hippocampal sclerosis, may be identified on imaging. When present, the
MRI characteristics of hippocampal sclerosis in children are similar to those of adults and
include volumetric atrophy and increased signal on T2-weighted images (Kuzniecky, 2001).
MRI indications of mesial temporal sclerosis in children are more likely to be observed
when there is a history of early seizure onset and complex febrile convulsions (Kodama et
al., 1995).

As noted above, many children with new-onset seizures do not present with MRI-
detected pathology. However, even among patients in whom imaging does not show a path-
ological structural abnormality, MRI may be useful in understanding how seizures affect
brain development and cognitive function. For example, Hermann et al. (2002) found sig-
nificant reductions in white matter tissue volume throughout the brain in patients with
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childhood-onset epilepsy, compared with patients with later-onset epilepsy. This finding
suggests an adverse neurodevelopmental impact of childhood epilepsy that is correlated
with clinically significant alterations in cognitive function.

Functional neuroimaging techniques are also increasingly applied in pediatric epilepsy.
Techniques that are designed to measure functional activation or base rate metabolism
may be sensitive to pathologies in epilepsy, as well as being related to cognitive impair-
ments. Positron emission tomography is useful for detecting regional metabolic abnormali-
ties that may be indicative of underlying pathology. However, because of the poor temporal
resolution due to slow uptake of commonly used tracer delivery (e.g., fluorodeoxyglucose),
more direct assessment of changes in regional metabolism associated with seizure onset, or
performance on cognitive tasks, is not possible. Single-photon emission computed tomog-
raphy (SPECT), which measures blood flow, may be useful in identifying regional meta-
bolic abnormalities in the interictal state. The increased temporal resolution also makes
SPECT useful for studying transient changes associated with seizure onset and propagation,
although interpretive caution is needed, depending on the time elapsed between seizure
onset and injection of the tracer (Kuzniecky, 2001; Lee et al., 2000).

In children who may be candidates for surgical treatment, assessment of language lat-
eralization and memory function is needed. Results of intracarotid Amytal procedures (so-
called “Wada testing”) have been shown to be quite successful in lateralizing language and
predicting surgical outcome (Lee, Westerveld, Blackburn, Park, & Loring, 2005; Westerveld
et al., 1994), but such procedures are invasive, and it is not always possible to perform them.
Recent studies have demonstrated the utility of functional MRI (fMRI) in evaluating lan-
guage lateralization in children (Anderson et al., 2006). However, concordance with other
methods of language lateralization (e.g., cortical stimulation) is not 100%, and individual
results may not be as reliable as correlations at the group level. Furthermore, to date there
are no studies evaluating fMRI assessment of memory with respect to postsurgical memory
outcome in children.

NEUROPSYCHOLOGICAL COMORBIDITIES IN EPILEPSY

Although the preceding discussion of some selected syndromes indicates that there may
be characteristic features of some disorders, most epilepsies do not have signature cog-
nitive impairments. Cognitive function in children with epilepsy can vary widely—from
completely normal function with minimal or no impairments, to catastrophic cognitive
impairments. One of the primary determinants of cognitive impairments is the underlying
pathology or risk factor for epilepsy. The underlying pathology will produce different cogni-
tive profiles, depending on other factors (such as the degree to which pathology is localized,
where it is localized, and the developmental stage during which the pathology emerges).
Depending on the nature of the underlying pathology, there may also be comorbidities and
iatrogenic factors that contribute to cognitive and/or psychological disturbance. Owing
to the vast number of potential underlying causes of epilepsy and the large number of dis-
tinctly different epilepsy syndromes, it is difficult if not impossible to identify a single cogni-
tive phenotype of epilepsy. However, there are some aspects of cognitive function that tend
to be disrupted more commonly among children with different forms of epilepsy.
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Intellectual Function

Studies of intelligence in children with epilepsy have obtained mixed results, probably
because of differences in the populations included in studies, as well as differences in
methodology (e.g., cross-sectional vs. longitudinal studies, comparison group differences)
(Vingerhoets, 2006). For example, while some studies have found that children with epi-
lepsy tend to have lower IQs than comparison groups, others have found that more spe-
cific relationships between IQQ and seizures exist (Jokeit & Ebner, 2002). In one of the first
studies to prospectively examine changes in cognitive function in children with epilepsy,
Bourgeois, Prensky, Palkes, Talent, and Busch (1983) found that intelligence in most such
children was normal, with an average IQ (99.7) that did not differ significantly from that
of sibling controls. Follow-up assessments of the children in their study also found that in
most children with epilepsy, IQ remained stable over time. However, there were risk fac-
tors associated with intellectual deterioration, including medication usage. Children with
a history of more difficult-to-control seizures and toxic levels of medication had a greater
risk of decline in IQ of 10 points or more. This study also implicated age at seizure onset
as a factor in worse cognitive outcome, with younger age of onset associated with greater
cognitive impairment.

Other researchers have also identified age at seizure onset as one of the most impor-
tant factors determining cognitive outcome. Berg et al. (2008) studied 613 children with
epilepsy enrolled in a community-based longitudinal study. In this study, more than 25% of
these children had borderline IQ scores or lower (i.e., 26.4% had IQs less than 80). Several
risk factors were identified as independently contributing to cognitive dysfunction, with the
most significant being seizure onset before 5 years of age. The association of age at onset
with general intellectual function appears to be independent of other factors thought to be
related to cognitive decline, such as seizure frequency or location of seizure onset (Kramer
et al., 2006; Strauss, Hunter, & Wada, 1995).

The effects of epilepsy on IQQ have also been thought to be related to the site of seizure
origin. In particular, there is a widely held belief that seizures originating in the left hemi-
sphere are more likely to affect Verbal IQ, whereas seizures originating in the right hemi-
sphere are more likely to affect Performance IQQ. However, this has proven to be an inac-
curate assumption in both adult and pediatric populations. Early onset of cerebral injury
related to development of epilepsy may also affect the cortical representation of language,
resulting in mixed or right-hemisphere dominance. The related effect on IQ is in part
dependent on the lateralization of language (Loring et al., 1999), with many patients who
have left-hemisphere seizure onset demonstrating lower Performance IQQ scores and rela-
tively well-preserved Verbal IQ. However, the failure to identify lateralized effects on IQ in
adults may be the result of the cumulative learning that takes place after the initial injury,
rather than a lack of relationship between lateralization of injury and material-specific cog-
nitive function, and assessment of 1Q in childhood may produce different results. In fact,
other authors have failed to find a lateralizing effect on IQ in children. Blackburn et al.
(2007) reviewed the IQ scores of 130 children undergoing evaluation for epilepsy surgery.
They found that even large discrepancies (greater than 15 points) between Verbal and
Performance IQ were not necessarily lateralizing indicators, and that Verbal-Performance
discrepancies lacked sensitivity and specificity as indicators of hemispheric seizure onset.
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Although lowered IQ is an important consequence of epilepsy in some cases, many
children with epilepsy have normal general intellectual function. However, even chil-
dren with normal IQQ may have impairments in more specific cognitive abilities. Children
with epilepsy and normal IQQ scores still have a higher prevalence of academic difficulties,
characterized by increased utilization of educational support services and lower academic
achievement scores (Bailet & Turk, 2000). It is likely that global measures like IQQ mask
more specific cognitive deficits in children with epilepsy, including difficulties with mem-
ory, disorders of attention and other executive functions, and specific language and learn-
ing disabilities.

Memory

Memory is one of the most widely studied cognitive functions in patients with epilepsy,
due to the involvement of the hippocampal complex in many seizure disorders and the
importance of this system for memory. TLE, characterized by complex partial seizures and
often associated with hippocampal sclerosis, is associated with specific learning disabilities
and impaired learning and memory. Moreover, there are numerous studies that characterize
the memory impairments in adult patients with epilepsy. These studies report that epilepsy
originating in the dominant hemisphere, particularly the temporal lobes, is associated with
impaired learning and memory for verbal information, and that memory impairment can
be directly attributed to damage in the hippocampus (Sass et al., 1990). Seizures originat-
ing in the nondominant hemisphere are often associated with impaired learning and recall
for visual information, although the relationship is less robust than for verbal information
and dominant-hemisphere seizures (Barr et al., 1997). Although lateralized seizure onset
and material-specific memory impairments are among the most widely reported findings
in adults with epilepsy, there are fewer studies in children. More important, while some
authors have reported findings similar to those in adults, others have not.

In a study that compared 24 children with lateralized TLE (12 left, 12 right), Cohen
(1992) found that when these children were administered a battery of memory tasks, those
with right TLE performed more poorly on visual memory tasks than those with left TLE.
Conversely, left TLE was associated with worse performance on verbal memory measures.
This pattern appears to be more prevalent in studies in which children are evaluated for
surgery, particularly temporal lobectomy (e.g., Jambaque, Dellatolas, Dulac, Ponsot, &
Signoret, 1993), which may account for some of the differences in findings. Even though
hippocampal sclerosis as a primary pathology in TLE is less common among children than
among adults, candidates for surgery may be more likely to have localized damage associ-
ated with more specific cognitive patterns.

Other authors investigating material-specific memory impairments in children have
not found lateralized effects, even for children with temporal lobe seizures. Mabbott and
Smith (2003) studied 44 children undergoing surgery for epilepsy; they found that with
the exception of face recognition, material-specific memory impairments were not present
before or after surgery and were not associated with lateralization or temporal lobe surgery.
Specific memory impairment may be more difficult to detect in children, for many reasons.
Cognitive skills tend to be less differentiated in younger children, and the development
of declarative memory is dependent upon these emerging skills. Also, in children whose
language is less well developed, there may naturally be less dependence on the material-
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specific encoding tapped by measures of verbal or nonverbal memory. This may account for
the observations of Lespinet, Bresson, N’Kaoua, Rougier, and Claverie (2002), who studied
56 children with lateralized TLE and found that children with earlier seizure onset (before
age 5) had global, nonspecific memory deficits, while children with later seizure onset (over
10 years of age) had more specific deficits in material-dependent memory associated with
side of seizure onset.

Others have investigated whether the failure to identify patterns of memory impair-
ment similar to those observed in adults is related to the laterality of the lesion in TLE.
Gonzalez, Anderson, Wood, Mitchell, and Harvey (2007) studied a sample of 43 children
with right (n = 22) or left (n = 21) TLE, using a battery of verbal and visual memory mea-
sures. Like Mabbott and Smith (2003), Gonzalez et al. found that with the exception of face
recognition, there was not a material-specific pattern of memory impairment associated
with right versus left temporal lobe seizure onset. Gonzalez et al. also investigated the role
of the location of the lesion within the temporal lobe (e.g., mesial vs. lateral temporal lobe),
to determine whether this was a factor in whether material-specific memory impairment
was present. They found that lesions involving the mesial temporal lobe structures were
associated with verbal and visual memory impairments regardless of side, while children
with lesions in the lateral temporal neocortex did not have memory impairments. The
authors concluded that their findings supported a general associative learning model of hip-
pocampal function in children that could not be extrapolated from adult material-specific
models of memory.

Despite differences between adults and children in the nature of the memory impair-
ment, there is clear evidence that TLE is associated with learning and memory deficits
in children, and in many cases this may be due to the same underlying pathology as in
adults—damage to the medial temporal lobe structures (including the hippocampus and
perirhinal cortex) that are associated with temporal lobe seizures. It appears that early-
onset seizures exert a more global deleterious effect on learning and memory, while later
seizure onset is associated with patterns of performance more similar to those reported in
adults. This makes sense, because studies of memory impairments in adults with TLE tend
to focus on patients with hippocampal sclerosis. Although early febrile seizure is a risk
factor for hippocampal sclerosis, onset of refractory seizures with hippocampal sclerosis as
the primary pathology is more likely to occur in adolescence and adulthood than in early

childhood (Berg, 2008a).

Executive Functions and Attention

Selected executive functions may be disrupted by seizures originating virtually anywhere,
but particularly in the frontal lobes. Frontal lobe seizures differ from temporal lobe or other
seizures in a variety of ways, including the clinical manifestations of the seizures them-
selves. The ictal behaviors observed in frontal lobe seizures vary greatly, owing to the com-
plexity and diversity of behaviors mediated by the frontal lobes. Clinical manifestations
will vary according to the region of seizure onset within the frontal lobe. Frontal lobe
seizures tend to be brief, with rapid recovery and return to baseline, and tend to be more
frequently nocturnal (Fogarasi, Janszky, Faveret, Pieper, & Tuxhorn, 2001). Seizure types
can involve simple motor seizures, such as tonic posturing or forced head turning (Jan-
szky, Fogarasi, Jokeit, & Ebner, 2001). However, more complex motor and other behavior
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changes may be observed, some of which appear bizarre and may lead to misinterpretation
of ictal behaviors as behavior problems or psychiatric disturbance. For example, repeated
walking in circles/rotating may be observed (Leung et al., 2008). Also, ictal vocalizations
such as sudden screaming or moaning are common (Fogarasi et al., 2001; Rego, Arnold, &
Noachtar, 2006). Gelastic seizures (pathological laughing), which are most often associated
with hypothalamic hamartomas, also occur in frontal lobe epilepsy (Cheung, Parrent, &
Burneo, 2007; Garcia, Gutierrez, Barrasa, & Herranz, 2000). Rarely, more severe behav-
ioral or psychiatric disturbance, such as aggressive outbursts (Sumer, Atik, Unal, Emre, &
Atasoy, 2007), or psychosis with violent hallucinations (Fornazzari, Farcnik, Smith, Heas-
man, & Ichise, 1992), may occur. Although a complete review of clinical manifestations
in frontal lobe epilepsy is beyond the scope of this chapter, it is clear that the spectrum of
behaviors is broad, and seizures should be ruled out in cases in which repeated episodes of
similar atypical or bizarre behaviors occur.

With respect to the more general issue of executive functions in epilepsy, clinical stud-
ies suggest that 30-40% of children with all types of epilepsy have difficulties with atten-
tion, and that the predominantly inattentive type of attention-deficit/hyperactivity disor-
der (ADHD) is more common than the hyperactive—impulsive or combined types (Dunn
& Kronenberger, 2005; Hermann et al., 2007). Attention problems among children with
epilepsy differ from those in the general population not only in the general prevalence,
but also in the fact that boys and girls with epilepsy are equally affected (Dunn, Austin,
Harezlak, & Ambrosius, 2003). Although the combined subtype of ADHD is less com-
monly observed in children with seizures, it may be related to severity of epilepsy when it is
present. Like others, Sherman, Slick, Connolly, and Eyrl (2007) found that the inattentive
subtype of ADHD was more common, but that the combined subtype was associated with
earlier age of onset, a higher degree of intractability, and lower quality of life. Although
treatment with some antiepileptic drugs (AEDs) may produce attention difficulties as a side
effect (see below), in most cases attention problems are not accounted for by medication
effects alone. Problems with attention often precede development of seizures (Hesdorffer
et al., 2004), suggesting that there may be an antecedent neurobiological insult or develop-
mental abnormality (Hermann et al., 2006; Hesdorffer et al., 2004). In a subsequent study,
Hermann et al. (2007) found an association between ADHD in epilepsy and quantitative
MRI volumetrics in the frontal lobes and brainstem, suggesting that attention problems
and later development of seizures may be different manifestations of the same underlying
processes affecting development of brain structures that are important for attention.

Aside from attention, other dimensions of executive function in children with focal
epilepsy have been very little studied. Although memory deficits may be more commonly
observed among children with epilepsy originating in the temporal lobes, developmen-
tal emergence of executive function is more likely to be suppressed by frontal lobe sei-
zures. Interictal effects in frontal lobe epilepsy may be more subtle, and may be manifested
as deficient development in aspects of executive function. In a comparison of children
with frontal or temporal lobe seizures, Culhane-Shelburne, Chapieski, Hiscock, and Glaze
(2002) found an association between impaired executive function and frontal lobe epilepsy,
whereas children with TLE did not show the same pattern of deficits. In this study, children
with frontal lobe epilepsy showed impairments in planning and problem solving but not
memory, while children with TLE showed the opposite pattern. Interestingly, both groups
demonstrated impairment on a continuous-performance measure of attention. Similarly,
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Hernandez et al. (2003) found that children with frontal lobe epilepsy demonstrated a
variety of cognitive impairments associated with frontal lobe dysfunction, compared to
children with TLE or absence seizures. In their study, frontal lobe epilepsy was associated
with lower performance on a continuous-performance attention measure, slower process-
ing speed, greater susceptibility to interference and intrusion errors in memory testing, and
more frequent parent-reported attention problems on behavior rating forms.

Although primary localized effects on executive function may be more likely with fron-
tal lobe seizures, temporal lobe seizures may result in secondary impairment in executive
function through a diaschisis effect (Guimaraes et al., 2007; Rzezak et al., 2007). Rzezak
et al. found that children with TLE also had impaired executive functions, and that age of
onset was a factor in the severity of observed impairments. In addition, medication effects
may contribute to attention and executive function deficits in children with focal epilepsy
(Loring & Meador, 2004). The severity of epilepsy may also be a factor in whether execu-
tive function deficits are present. In a study of children with intractable epilepsy, Slick, Lau-
tzenhiser, Sherman, & Eyrl (2006) found that 36% had four or more clinically significant
elevations on the Behavior Rating Inventory of Executive Function, a parent report form
for executive function in children. Sixty-nine percent had at least one clinically significant
scale elevation, with the most commonly reported problems cited in the areas of working
memory and planning/organization.

In sum, children with epilepsy appear to be more prone to problems with executive
functions, particularly deficits in attention. Developmental abnormalities in brain struc-
tures associated with attention have been noted, and may be responsible for symptomatic
expression as both attention problems and seizures.

Learning Disabilities

Children with epilepsy have a much higher rate of special education classification, and
receive more educational support services, than children who do not have epilepsy (Berg
et al., 2005). This overrepresentation of children with epilepsy in special needs programs is
not attributable to the general effects of having a chronic medical condition. In one study
comparing children with epilepsy to children with chronic asthma, the children with epi-
lepsy were found to have significantly lower academic achievement scores (Austin, Huberty,
Huster, & Dunn, 1998). There have been several studies investigating the factors that
may be responsible for the impaired academic skills of children with epilepsy, particularly
seizure-related variables (Holdsworth & Whitmore, 1974; Stores & Hart, 1976; Suurmei-
jer, 1991; Zelnik, Sa’adi, Silman-Stolar, & Goikhman, 2001). However, the relationship
between educational achievement and epilepsy is complex and may be affected by multiple
factors, not just seizures. Although such factors as seizure frequency, treatment (Zelnik et al.,
2001), and type and severity of epilepsy (Aldenkamp, Weber, Overweg-Plandsoen, Reijs, &
vanMil, 2005) are important, educational achievement continues to lag behind even when
seizures remit or are well controlled (Suurmeijer, 1991). Furthermore, the influence of these
variables is not uniform across different areas of academic achievement. Seidenberg et al.
(1986) found that a high frequency of children with epilepsy had lower academic achieve-
ment scores than expected for their general intellectual ability. The worst performance
was found on measures of mathematical achievement, but performance was also poor in
spelling, reading comprehension, and word reading. The influence of seizure-related vari-
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ables was greater for math and spelling than for reading achievement. Finally, while overall
level of intellectual function is also an important factor, children with epilepsy may have
lower academic achievement scores even when overall IQQ is normal (Bailet & Turk, 2000).
When achievement is considered against a child’s potential as measured by IQ testing, a
discrepancy is still likely.

Surprisingly, there is little information about specific patterns of academic under-
achievement in children with epilepsy, or about how these patterns fit into models of learn-
ing disability. Many studies simply report the percentage of children who have received spe-
cial education services, without specifying the nature or intensity of the services (Berg et
al., 2005). Other investigators have tried to link epilepsy-related variables to specific aspects
of learning disability, but have found no clear evidence of specific learning disability types
in children with epilepsy (Vermeulen, Kortstee, Alpherts, & Aldenkamp, 1994). However,
some research has found specific patterns of dysfunction among children with epilepsy
that are related to the underlying pathology. In a comparison of children with three dif-
ferent seizure types (TLE, benign rolandic epilepsy, and idiopathic generalized epilepsy),
the children with TLE performed significantly worse on reading tasks than the other two
groups did (Chaix et al., 2006). Lower academic achievement in the TLE group was related
to phonological, semantic, and verbal working memory impairments, reflecting the role of
the temporal lobe in these abilities. Children with idiopathic generalized epilepsy had more
general cognitive impairments, but to a lesser degree, suggesting a more general effect than
that associated with temporal lobe seizures. Others have also noted specific deficits that
are related to the region of epileptic discharge, in that there appears to be some specificity
in the relationship between the occurrence of discharges and the types of impairments
observed. For example, left-sided interictal discharges are more likely to be associated with
reading errors or errors on verbal tasks, while right-sided discharges are more likely to pro-
duce errors on nonverbal tasks (Binnie, Channon, & Marston, 1990).

The association of localized pathology with learning disabilities may go beyond the
electrophysiological abnormalities found in localization-related epilepsies. There is increas-
ing evidence that there are neuroanatomical differences in children with otherwise “nor-
mal” imaging (i.e., nonlesional epilepsy). Hermann et al. (2006) found that children with
epilepsy who had the most abnormal cognitive function and associated learning disabilities
also had significantly lower gray matter volumes in the left parietal and occipital lobes.
Children with epilepsy overall lacked the developmental association between cognitive
function and cerebral tissue volumes demonstrated in normal children. This indicates that
there may indeed be a direct relationship between specific neurodevelopmental abnormali-
ties and learning impairments in children with epilepsy.

There is a justifiable focus on biological variables in learning disability and other impair-
ments in children with epilepsy; however, nonbiological factors also need to be considered.
Stigma associated with epilepsy is an important variable that is associated with adjustment
and quality of life in children with epilepsy. However, there is also evidence that stigma
may be a factor in educational achievement. Teachers tend to rate children with epilepsy
as having lower ability when they are aware of the children’s history of epilepsy, even when
there is no difference in their actual level of academic achievement (Katzenstein, Fastenau,
Dunn, & Austin, 2007). Educators’ perceptions of the intellectual potential of children
with seizures may affect the services or attention that these children receive, and may thus
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further contribute to the psychological adjustment issues that are increasingly observed
among children with epilepsy.

PSYCHOLOGICAL AND PSYCHOSOCIAL ASPECTS OF EPILEPSY

There is increased recognition that the well-described psychological and psychosocial prob-
lems associated with epilepsy in adults begin during childhood and adolescence. Epidemio-
logical studies have identified higher rates of psychological disturbance in children with
epilepsy than in the general population (Davies, Heyman, & Goodman, 2003). Children
with epilepsy also have a higher prevalence of psychological problems and worse quality of
life than children with other chronic diseases, such as diabetes (Davies et al., 2003). Psy-
chological manifestations of mood disturbance, such as depression and anxiety, are among
the most commonly reported. Even among children who have not been formally diagnosed
with a mood disorder, increased symptoms of depression and anxiety are present (Ettinger
et al., 1998). However, although mood disorders and internalizing behaviors are more com-
mon, externalizing behaviors also occur with greater frequency among children with epi-
lepsy than among children with other disorders (Plioplys, Dunn, & Caplan, 2007).
Psychological distress among children with epilepsy, like cognitive impairment, is
complex in its genesis. Most models recognize this, and several studies have helped to
delineate psychosocial factors that contribute to psychological disturbance. There is some
contribution of factors that are inherent to chronic diseases in general, such as family bur-
den (Rodenburg, Stams, Meijer, Aldenkamp, & Dekovic, 2005). These factors may interact
with new-onset epilepsy to increase vulnerability to depression, since it has been noted
that family problems in children with epilepsy who are depressed predate the diagnosis
of epilepsy (Oostrom, Schouten, Olthof, Peters, & Jennekens-Schinkel, 2000), and that
low family mastery increases the risk of behavior problems in children with new-onset
epilepsy (Baum et al., 2007). Although psychosocial factors do play an important role, the
increased prevalence of psychopathology in epilepsy also implicates epilepsy-specific vari-
ables. However, the specific nature of the relationship of epilepsy variables to psychological
disturbance has been difficult to pin down. Factors such as laterality of seizure onset have
proved inconsistent, with some authors finding higher rates of depression among patients
with righthemisphere seizure onset (Quigg, Broshek, Heidal-Schiltz, Maedgen, & Ber-
tram, 2003), while others have found the opposite (Altshuler, Devinsky, Post, & Theodore,
1990). Although it is possible that there are different mechanisms underlying depression in
patients with differently lateralized onset, it is difficult to predict depression from laterality
of seizures. Other seizure-related variables that have proven to be important for cogni-
tive development, such as age at seizure onset, have not been shown to be risk factors for
development of psychological or behavioral problems—although an indirect relationship
exists, in that greater cognitive impairment is associated with increased behavior problems
such as hyperactivity and impulse control disorders (Plioplys et al., 2007). Similarly, seizure
frequency does not appear to be a risk factor, once cognition is controlled for. Although
age of onset and frequency of seizures do not appear to be significant in the development
of psychological and behavioral problems, the nature of the epileptic syndrome does. Chil-
dren with idiopathic seizures have more frequent behavior problems than those with symp-
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tomatic epilepsy (Berg et al., 2007). Children with symptomatic epilepsy also report lower
quality of life than those with idiopathic epilepsy, although children with different symp-
tomatic partial epilepsies (frontal lobe, TLE) do not seem to differ from one another (Sabaz
et al., 2003).

Although psychosocial factors clearly play an important role, these factors act on a dis-
turbed neurobiological substrate that may predispose an individual to development of mood
disorders. Some have even suggested a bidirectional relationship between epilepsy and
mood disorders, specifically depression, that suggests a shared common pathology involv-
ing multiple neuroanatomical and neurotransmitter systems (Kanner, 2008). A common
underlying substrate would explain the recent findings of several authors that behavioral
and affective disturbance is present before the onset of seizures (Kanner, 2008), and that
it persists into adulthood even in patients with seizure remission who are no longer taking
seizure medications (Berg et al., 2007; Jalava, Sillanpaa, Camfield, & Camfield, 1997; Kok-
konen, Kokkonen, Saukkonen, & Pennanen, 1997).

IATROGENIC COGNITIVE AND BEHAVIORAL CONSEQUENCES

Most cases of epilepsy are treated adequately with medication. However, AEDs used to
treat seizures may be associated with some adverse cognitive symptoms. Unfortunately, the
majority of studies investigating cognitive morbidity associated with AED treatment have
been conducted in adults, due to methodological and ethical difficulties in conducting
such studies with children. As a result, studies in children tend to be observational and are
fraught with methodological problems that limit direct attribution of observed problems to
a specific AED. Nonetheless, there is some evidence that commonly used AEDs may affect
cognitive function. One of the oldest AED:s still in common use, phenobarbital, has been
shown to have a lasting effect on IQQ scores in children (Sulzbacher, Farwell, Temkin, Lu,
& Hirtz, 1999). However, 1Q is generally not considered a sensitive indicator, since AED
effects may be present in more limited domains (such as attention, memory, or language),
but are not necessarily associated with a global decline in IQ. It appears from studies with
adult patients that AED effects are nonspecific, in that attention and processing speed are
more vulnerable, regardless of the mechanism of action for a particular AED. Effects on
attention and reaction time have been noted for carbamezapine (Hessen, Lossius, Reinvang,
& Gierstad, 2006) and phenytoin (Aldenkamp et al., 1994).

Newer AEDs appear to be associated with fewer cognitive side effects (Loring &
Meador, 2004), with a few notable exceptions. Topiramate, whose antiepileptic properties
appear to derive from multiple mechanisms of action (including enhancing the action of
the inhibitory neurotransmitter gamma-aminobutyric acid and inhibiting the excitatory
neurotransmitter glutamate), has been associated with adverse cognitive side effects. Stud-
ies have reported impairments on measures of language functions, including Verbal 1QQ
(Thompson, Baxendale, Duncan, & Sander, 2000) and word-finding tasks (Coppola et al.,
2008). Impairments have also been found in other general cognitive abilities, such as mem-
ory, attention, and processing speed (Lee et al., 2003). Aside from topiramate, however, the
newer AEDs appear to have fewer adverse cognitive side effects, and some may even have
beneficial effects on aspects of cognitive function through improved seizure control (Loring
& Meador, 2004).
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DEVELOPMENTAL CONSIDERATIONS

Epilepsy is predominantly a disorder with childhood onset, owing to several developmental
factors. For one, genetic predispositions to develop epilepsy are more likely to be manifested
in childhood. In addition, children have a higher chance of exposure to, and are also more
vulnerable to, risk factors for development of epilepsy. For example, children are more vul-
nerable to CNS infection because of the immature blood—brain barrier. Also, exposure to
risk factors in childhood is more likely to result in seizures, due to a developmental imbal-
ance between excitatory and inhibitory processes in the brain (Velisek & Moshe, 2001).

The increased risk of seizure onset during childhood also increases the risk that sei-
zures will disrupt normal developmental processes. Although there is a belief that early
injury may be associated with better long-term outcome, due to plasticity of the maturing
nervous system, recent studies implicating earlier age of seizure onset as an important factor
for various negative cognitive and neurobehavioral outcomes have indicated that this is not
necessarily the case (Berg et al., 2008). The finding that earlier age of onset is associated
with worse cognitive outcome may seem counterintuitive when such factors as presumed
greater plasticity of the younger brain are considered. However, it appears that seizures may
adversely affect important neurodevelopmental processes resulting in structural as well as
functional impairments (Hermann et al., 2006).

The importance of developmental aspects in epilepsy, including the cumulative long-
term effects on cognitive and psychosocial function, have resulted in advocates for more
aggressive early intervention—including surgical resection when single focal onset sites are
clearly identifiable. However intuitive the appeal of early surgery may seem, the evidence to
support assumptions that aggressive early treatment has better long-term outcome is lack-
ing. Although some authors have found favorable outcomes for surgery in children, oth-
ers have obtained equivocal results. Gleissner, Sassen, Schramm, Elger, and Helmstaedter
(2005) compared the memory outcome in a sample of children who underwent temporal
lobectomy with that of an adult surgery group. Groups were matched for pathology and
surgery type, and studied at postoperative intervals of 3 months and 1 year. Both groups
experienced memory decline after surgery, but only the pediatric group showed recovery
to baseline at 1 year after surgery. In addition to better memory outcome, Gleissner et al.
reported better seizure control and improved attention. Others have also reported better
outcome with surgery in childhood (e.g., Jambaque et al., 1993) However, not all studies
have found significant improvement in cognition or quality of life in children after epilepsy
surgery (Smith, Elliott, & Lach, 2004). Whether the promise of reduced psychosocial and
cognitive problems with early surgery as a treatment for medically refractory seizures is real-

ized has yet to be determined (Westerveld, 20006).

CONCLUSIONS AND DIRECTIONS FOR FUTURE STUDY

Emerging technologies provide a clearer window into the association of various neurobio-
logical factors and cognitive dysfunction in epilepsy. It is becoming more evident that the
symptomatic expression of seizures and the associated cognitive and behavioral impairments
share a common substrate that varies greatly, depending on individual factors (including
age of seizure onset and the nature of the underlying pathology). Imaging studies have iden-
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tified global and local structural changes in the developing brains of children with epilepsy.
Electrophysiological studies have been helpful in differentiating transient cognitive deficits
due to interictal epileptiform activity from the more basic cognitive impairments associated
with underlying structural abnormalities. Finally, increased understanding of early emer-
gence of specific cognitive skills and earlier assessment of diverse cognitive functions have
also led to a greater appreciation for the subtle cognitive effects of various forms of epilepsy
and the sensitivity of the developing brain to the effects of seizures.

Despite these advances, our ability to predict from a detailed understanding of these
factors which individual child is at risk for cognitive impairments is lacking, and our under-
standing of the evolution of cognitive function and processes that guide development is
minimal. We need to increase the scope of neuropsychological methods in collaborative
interdisciplinary and translational research that combines detailed neurobiological stud-
ies with longitudinal assessment of cognitive development, in order to clarify our under-
standing of the processes leading to development of neuropsychological impairments. Spe-
cifically, controlled studies designed to elucidate the complex nature of the interaction
between iatrogenic factors (e.g., AED side effects) and disease-specific factors are needed;
in such studies, neuropsychological evaluations must be conducted at the time of diagnosis,
prior to initiation of AED treatment. Although the nature of epilepsy precludes a true ran-
domized controlled study due to practical and ethical concerns, observational studies that
begin with the very first seizure event can provide useful information regarding the effects
of seizures and AEDs on development of function. In addition, serial imaging studies that
utilize comparisons to typically developing children without epilepsy are needed, to better
define both the impact of epilepsy on brain development and its relationship to cogni-
tive function. Structure—function correlational studies, like that of Hermann et al. (2006),
provide a model for accomplishing this type of research. Follow-up imaging studies can
track changes in brain development that are correlated with seizure remission, treatment
variables, and cognitive outcome. Better utilization of emerging technologies such as fMRI
can also add to the understanding of mechanisms of epilepsy and plasticity in cognitive
development. This type of research has already begun to emerge in studies of children born
preterm (Ment & Constable, 2007) and is ideally suited to understanding the mechanisms
of epilepsy and cognitive development in children with seizures.

Finally, epilepsy has a rich history of contributing to basic knowledge of brain—behavior
relationships. Extending this tradition to include basic science efforts to understand the
role of specific neurotransmitters and cellular pathologies in epilepsy can contribute to
better understanding of mechanisms of cognitive function. Epilepsy research programs
include analysis of cellular excitability and long-term potentiation, as well as the role of
neurotransmitters in altering neuronal function in epilepsy. Studies of cognitive develop-
ment in relation to these more basic mechanisms of neuronal function can provide insights
into how cognition is mediated at the most basic level. For example, examining the rela-
tionship of in vivo changes in neurotransmitter release during seizures and cognitive tasks
through microdialysis can provide insight into how epileptic alterations of neurotransmit-
ters (e.g., glutamate) affect cognitive function. There is a virtually infinite landscape for the
interaction of cognitive neuroscience and basic science in studying cognitive development.
Neuropsychologists are uniquely qualified to contribute to this type of research, through
designing assessment paradigms that incorporate appreciation for the developmental
changes in cognitive function over time (e.g., emergence of executive functions from child-
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hood through adolescence and adulthood) with technologies for assessing neuroanatomical
function.
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CHAPTER 4

Pediatric Brain Tumors

M. DOUGLAS RIS
RICHARD ABBEY

ancer in childhood is much less common than it is in adults (Ries et al., 2006). Yet

when we consider the consequences in terms of net years of disability and years of life
lost, pediatric cancer’s impact on public health is disproportionate to its incidence. Brain
tumors, or intracranial neoplasms, are the most common solid tumors in childhood (Ries
et al., 2006). Whereas great strides have been made in the last several decades in the treat-
ment of some other childhood cancers (such as acute lymphoblastic leukemia), no “silver
bullets” have been found for brain tumors, where progress has been incremental. Advances
have come from improved treatments, but also from improved characterization of tumors in
terms of histology, imaging, and disease staging. Essentially, more is being discovered about
the innumerable ways in which brain tumors vary and which of these are most relevant for
treatment and survival.

Fundamental to an understanding of pediatric brain tumors is that they are actually
a collection of diseases common in the sense that they affect the brain, but highly diverse
in their histology, location, response to various treatments, and survival. A thorough treat-
ment of pediatric brain tumors is difficult to accomplish in a book, much less a chapter;
thus, out of necessity, we neglect some matters and give only cursory treatment to others
while attempting to focus on issues of most importance to neuropsychologists and other
behavioral scientists and practitioners. Neuropsychology’s impact, scientifically and clini-
cally, has been greatest in the area of late effects (i.e., long-term or remote sequelae of cancer
and its treatments), and so we focus on these effects in this chapter. A review of official
taxonomies of brain tumors is one matter that must be left to other authoritative sources
(Rorke, Gilles, Davis, & Becker, 1985). For our purposes, we utilize a simplified classifica-
tion system based on tumor location borrowed from Strother et al. (2002) (Table 4.1). This
scheme assigns tumors to three major categories: (1) infratentorial (sometimes designated as
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TABLE 4.1. Simple Typology of Pediatric Brain Tumors

Infratentorial tumors Midline tumors Supratentorial tumors

e Medulloblastoma (MB)/primitive e Optic pathway glioma/ e Low-grade glioma
neuroectodermal tumor (PNET) chiasmatic—hypothalamic e High-grade glioma

e Cerebellar glioma glioma e Ganglioglioma

e Diffuse (malignant) brainstem e Craniopharyngioma e Ependymoma
glioma e Germinoma e Choroid plexus tumor

e Benign (focal) brainstem glioma e Malignant germ cell tumor e PNET

e Ependymoma e Pineal parenchymal tumor

Note. Based on Strother et al. (2002).

posterior fossa or fourth ventricle), (2) midline (sometimes referred to as third ventricle or dien-
cephalic), and (3) supratentorial (sometimes designated as lateral ventricle or hemispheric).

Since the neuropsychological literature is organized not only by the tumor type/loca-
tion but also by the toxicity of treatments, we can classify pediatric brain tumors according
to both dimensions, resulting in a 3 x 3 matrix (Table 4.2). The five tumor types in Table
4.2 have been selected to be presented in more detail because they represent the spec-
trum of toxicity in treatments, the diversity of tumor locations, and the highest-incidence
tumors in pediatric populations. Together, they account for approximately two-thirds of
the population with pediatric brain tumors and for the majority of the neurobehavioral
literature, which has tended to focus on those conditions posing the most risk for long-term
neurobehavioral morbidity. The toxicity classifications in Table 4.2 also reflect the empiri-
cally justifiable assertion that in regard to long-term neurobehavioral effects, extensive-field
radiotherapy (RT) protocols (i.e., whole-brain/cranial and craniospinal RT) are generally
more toxic; local-field RT protocols are less toxic; and surgery alone or in conjunction with
chemotherapy is least toxic. We hasten to add, though, that “low toxicity” does not imply
that these treatments have no effect on neuropsychological functioning. Indeed, Carpen-
tieri et al. (2003) have documented neuropsychological impairment in patients shortly after
surgery and before any other treatments, although their study could not determine the
persistence of these deficits.

We acknowledge that this organizational scheme simplifies reality along both dimen-
sions. For example, there are midline/diencephalic low-grade gliomas that receive low-

TABLE 4.2. Major Pediatric Brain Tumors by Location and Treatment Toxicity

Tumor type High toxicity Intermediate toxicity Low toxicity
Infratentorial MB/PNET Cerebellar low-grade (LGA)
astrocytoma
Midline Optic pathway glioma/
chiasmatic—hypothalamic
glioma
Craniopharyngioma
Supratentorial Low-grade glioma
(including LGA and

oligodendroglioma)
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toxicity treatments, as well as supratentorial PNETs that receive high-toxicity treatments.
Assignments to toxicity categories in Table 4.2 are based upon the modal treatment, and do
not represent such situations as treatment with local RT for residual disease in supratento-
rial low-grade gliomas.

Within this structure, we further delineate conditions that are most prevalent; those
for which there is a substantial neurobehavioral literature; and, relatedly, those for which
the rate of survival is sufficient to warrant an interest in neurobehavioral outcome. For each
of the types of pediatric brain tumors addressed in greater detail below, we summarize the
incidence, pathophysiology, treatments, and neuropsychological effects. This is followed by
a brief discussion of the neurobehavioral toxicity of chemotherapy; a few examples of stud-
ies that pose specific neuropsychological hypotheses; clinical interventions for neurobehav-
ioral morbidities; an overall scientific critique of the literature on pediatric brain tumors;
and projections on where the field is, or should be, headed. It is apparent through this
review that the field of neuropsychology is an important contributor to both the scientific
investigation and clinical care of children with brain tumors.

MEDULLOBLASTOMA
Incidence and Pathophysiology

MB is among the most common of the pediatric tumors (approximately 20%) but rare
in adults, making it the quintessential childhood brain tumor (Blaney et al., 2006). The
peak age of diagnosis is 5-7 years, with 1.5-2 times higher risk for boys than for girls.
These tumors typically arise from the fourth ventricle, invading the cerebellar vermis and
fourth ventricle, and consist of poorly differentiated epithelial cells. Controversy about
the nomenclature of MB and PNET dates back many years and continues to this day.
MB is maintained in the current World Health Organization (Kleihues & Sobin, 2000)
nosology, and so it is the term used here. Desmoplastic MB is a histological variant with
a more favorable prognosis, occurring mostly in the cerebellar hemispheres of adolescents
and adults. Large-cell MB and large-cell anaplastic MB are a particularly aggressive vari-
ants. For treatment and prognostic purposes, the Chang staging system is often used. This
system classifies tumors by size and local infiltration (T1-T4), as well as degree of cerebro-
spinal fluid (CSF) dissemination (MO-M4). M stage has been found to be consistently
predictive of outcome, while T stage has not. Age is also related to survival, with younger
age associated with a poorer prognosis. Presenting symptoms are most often those associ-
ated with increased intracranial pressure (e.g., headache and vomiting), due to mass effect
of the tumor and resultant hydrocephalus secondary to obstruction at the fourth ventricle
and cerebral aquaduct.

Treatments

Multimodal therapy is common for MB, with surgery and RT being most common. These
lesions are typically approached through an incision in the cerebellar vermis. Gross total
resection of the tumor is often achieved, and is associated with increased progression-free
survival (PFS) compared with subtotal resection. The treatment of MB is risk-adapted, in
that patients with “standard-risk” MB (age greater than 3 years, little residual tumor, and
no evidence of dissemination) typically receive less toxic treatment than those with “high-
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risk” MB (3 years old or less, residual tumor greater than 1.5 cm?, evidence of dissemina-
tion).

MB is a highly radiosensitive tumor, and so RT remains the mainstay of treatment.
Depending upon the M stage, treatment may be limited to the tumor and surrounding tis-
sue; however, because of this tumor’s propensity to disseminate through the CSF, it most
often encompasses the entire neuroaxis with a boost to the tumor site. Modern confor-
mal RT, in which radiation is delivered in multiple planes, allows improved precision in
maximizing the dose to the tumor while sparing healthy brain tissue. Basically, with three-
dimensional conformal RT, ionizing radiation is delivered in small doses through multiple
planes, resulting in steeper radiation gradients with a high aggregate dose to the clinical
target volume and much lower doses to surrounding (ostensibly healthy) tissue. Intensity-
modulated radiation therapy, stereotactic radiosurgery, and proton radiation therapy are
additional modern approaches used to concentrate high doses to the tumor while limiting
exposure to healthy neural tissues. Much of the existing literature on late effects is based
upon samples receiving conventional two-dimensional parallel-opposed lateral-field RT, in
which larger volumes are exposed to higher doses than in the modern techniques noted
above.

MB:s also tend to be chemosensitive, and so chemotherapy is most often used as adju-
vant therapy (meaning that it is applied after the primary treatment). For the most part,
chemotherapy is intended to provide further local control, as well as limit disease dis-
semination in the subarachnoid space. For standard-risk MB, 5-year PFS rates in the range
of 81-86% have been reported (Packer et al., 2006); for high-risk MB, the corresponding
survival rate is in the range of 40-57% (Zeltzer et al., 1999).

Neuropsychological Effects

Most of the literature on neuropsychological effects in pediatric brain tumors has focused
on the long-term outcomes of survivors as measured by intelligence tests. A smaller lit-
erature is available on acute effects, but certainly the late effects are most pertinent to
neuropsychologists engaged in the management of disease and treatment sequelae. Some
of the most serious effects are either late-developing or late-emerging, and one of the most
challenging aspects of this research is the multitude of factors that can potentially affect
the brain and its subsequent development in these children. Acutely, there are the direct
physiological and mechanical effects of the tumor at the site, local and remote compres-
sion effects (e.g., herniation), and disruption in the flow of CSF. There is also the impact of
treatments, the effects of which may not emerge until years later. All this being said, there
is convincing evidence that RT is the single disease or treatment factor accounting for the
most variance in neurobehavioral outcome in diseases like MB. The pathophysiology of
these RT late effects is itself complicated and incompletely understood (Wong & Van der
Kogel, 2004). It probably involves apoptotic cell death and secondary cell death mediated
by hypoxic—ischemic and inflammatory responses, culminating in damage to the intimal
lining of the cerebral vasculature, disruption of the blood—brain barrier, and direct damage
to (particularly developing) cerebral white matter. RT-related vascular damage not only
may account for some of the documented late effects, but also places patients at signifi-
cantly increased risk for stroke 10 or more years after treatment (Bowers et al., 20006).
Effects on intellectual development are associated with radiation dose and age, with
younger children treated with higher doses being most at risk for eventual declines in I1Q
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of up to 25-30 points (Packer et al., 1987). Until fairly recently, “standard” therapy for MB
was 5,400 cGy to the posterior fossa and 3,600 cGy to the neuroaxis. Several clinical tri-
als over the past decade have demonstrated comparable disease control with reduced-dose
craniospinal RT (2,400 cGy). Adverse effects appear to be mitigated by reduced-dose RT
protocols (Kieffer-Renaux et al., 2000); however, declines in functioning can still be sub-
stantial, especially for young children (Ris, Packer, Goldwein, Jones-Wallace, & Boyett,
2001; Mulhern et al., 1998). Recent studies at St. Jude Children’s Research Hospital have
shown an association between decreases in normal cerebral white matter and long-term
effect on IQ in children treated for MB (Mulhern et al., 1999, 2001). A recent study from
the Toronto Hospital for Sick Children of a sample composed mostly of patients treated for
MB demonstrated continued declines in intellectual functioning for up to 4 years posttreat-
ment, with an average decline in IQ of 2—4 points per year (Spiegler, Bouffet, Greenburg,
Rutka, & Mabbot, 2004). Palmer et al. (2003) found different trajectories for older and
younger patients. Older patients (mean age at diagnosis = 11 years) showed early preserva-
tion followed by later, gradual decline. Younger patients (mean age at diagnosis = almost 6
years) showed early decline followed by later stabilization of 1Q.

Investigation of specific neuropsychological effects has been the trend in recent years.
For example, Nagel et al. (2006) reported both retrieval and recognition deficits on the
Children’s Version of the California Verbal Learning Test (Delis, Kramer, Kaplan, & Ober,
1994). And Reeves et al. (2006) found attention deficits in patients with MB, whose omis-
sion errors on a continuous-performance task predicted lower math and reading scores.
Specific effects based on conventional neuropsychological typologies (e.g., memory, lan-
guage, visuospatial, etc.) may be less relevant in the context of these diseases than in oth-
ers, because (1) the insult to the brain is often widespread, (2) the brain is often in an early
stage of development, and (3) RT effects on white matter pathways are likely to disrupt mul-
tiple neurobehavioral systems/networks. Consequently, measurement of supramodal capaci-
ties (e.g., processing speed and attention) may ultimately provide us with the best insights
into the adverse effects suffered by these children (Ris, 2007), since these functions may
mediate the acquisition of higher cognitive functions, as asserted by Shatz, Kramer, Ablin,
and Matthay (2000) and Fry and Hale (1996).

Research on cerebellar mutism (Pollack, Polinko, Albright, Towbin, & Fitz, 1995;
Robertson et al., 2006) indicates that this may be a heretofore underappreciated factor in
accounting for late effects. Cerebellar mutism is characterized by onset of mutism 1-2 days
after surgery, emotional lability, and high-pitched cry. In some cases, recovery is slow and
incomplete. The etiology is not well understood, but may be related to surgical trauma or
vasospasm. The most recent report by Robertson et al. (2006) suggests that as many as 24%
of patients with MB are so affected, which means that a significant amount of variance
in long-term outcome may be accounted for by this syndrome. Indeed, Grill et al. (2004)
reported lower Verbal IQ, Performance 1Q, and fine motor deficits in patients with posterior
fossa tumors who had mutism than in those who did not.

SUPRATENTORIAL AND INFRATENTORIAL LOW-GRADE GLIOMA
Incidence and Pathophysiology

Most supratentorial low-grade gliomas in childhood are LGAs, oligodendrogliomas, or mix-
tures of these. They are histologically benign and generally nonaggressive clinically, and
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they are the most prevalent supratentorial tumor in childhood with very favorable long-
term survival. Some 80-85% of cerebellar gliomas are pilocytic astrocytomas, with approxi-
mately half of these having cystic components. Infrequently, these tumors may also involve
the brainstem. Unlike the other major tumor of the posterior fossa, MB, cerebellar LGAs
rarely seed through the neuraxis. As it is for supratentorial gliomas, long-term survival for
low-grade cerebellar tumors is high, estimated at about 90% (Pollock, 1999).

Treatment

Gross total resection is associated with greater than 75% 5-year PES in LGA of the
supratentorium. Such radical resections are more frequent in hemispheric than in dien-
cephalic tumors. Tumors that subsequently progress are usually amenable to second surgery.
Although most would agree that additional treatment after a gross total resection is not
necessary, treatment following subtotal resection is controversial. In such cases, focal RT
may improve PFS, if not overall survival rate. Chemotherapy has no proven role in the
treatment of these tumors.

For cerebellar LGA, aggressive resection is the most effective treatment and is usually
achieved unless there is significant involvement of the cerebellar peduncles and brainstem.
As with supratentorial LGAs, RT may further control the disease in incomplete resections,
while chemotherapy does not appear to make a significant contribution to the treatment
of these tumors.

Neuropsychological Effects

As a group, little is known about the neurobehavioral morbidity associated with supraten-
torial LGAs. Some of these patients are included in samples of third-ventricle/diencephalic
tumors. As we will see, the limited research available indicates that such patients are at
increased risk for neurobehavioral sequelae. For those with tumors situated in the cerebral
hemispheres, there are few empirical data. We recently reported on a large sample (N = 94)
of patients with midline and hemispheric LGA receiving only surgical treatment (Ris et al.,
2008). There was evidence of mild cognitive dysfunction, particularly for those with left-
hemisphere lesions (mean Verbal IQQ = 88, Performance IQQ = 93, and Full Scale IQQ = 89).

Somewhat more is known about the neuropsychological outcome in patients with cer-
ebellar gliomas, partly because such patients offer a conceptually attractive and convenient
comparison group for investigations of MB. One study by Chadderton et al. (1995) recalled
50 patients several years after treatment for LGAs. Thirty-two of these patients had tumors
in the cerebellum. Of these, patients who received surgery only had a mean Full Scale IQ
of 105, while those treated with surgery and radiation to the posterior fossa (4,250 cGy) had
a mean Full Scale IQ of 83. Levisohn, Cronin-Golomb, and Schmahmann (2000) evalu-
ated 19 patients with cerebellar tumors treated surgically, and found executive, visuospatial,
expressive language, verbal memory, and affect regulation problems.

In the largest study to date, Beebe et al. (2005) found lower than expected 1Qs (Verbal
= 97, Performance = 95, Full Scale = 96) compared to test norms, as well as deficits in adap-
tive functioning on the Vineland Adaptive Behavior Scale and Child Behavior Checklist,
in a sample of 103 surgery-only patients. There was no association found between the loca-
tion of the lesion and cognitive or adaptive/behavioral results. In this study, pre-, peri-,
and postsurgical complications did not predict outcomes. However, Roncadin, Dennis,
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Greenberg, and Spiegler (2008) reported that adverse medical events in the perioperative
and especially the short-term survival period (5 years posthospitalization) accounted for
15-32% of the variance in intelligence, perhaps reflecting the predictive value of persisting
sensory and motor disturbances. An Israeli group (Berger et al., 2005a, 2005b) reported
evidence of behavioral rigidity on switching and serial reaction time tasks despite normal
learning in a small but well-controlled study of patients with posterior fossa tumors receiv-
ing surgery only. Finally, on a quality-of-life measure, there was evidence that patients with
LGAs of the posterior fossa were at increased risk for social adjustment problems and with-
drawal years after treatment (Aarsen et al., 2005).

[t is difficult to draw firm conclusions from this limited number of studies so diverse in
methodology. However, they do raise concerns about possible subtle cognitive and behav-
ioral effects associated with these tumors, particularly when radiation is added to the treat-
ment. In the case of supratentorial LGA, such effects would be consistent with site-specific
compromise of neural systems subserving various neuropsychological functions. In the case
of infratentorial LGA, the growing literature identifying the cerebellum in circuits subserv-
ing several cognitive and emotional regulatory functions provides some biological plausibil-
ity to these early findings (Karatekin, Lazareff, & Asarnow, 2000; Levisohn et al., 2000).
Such concerns are compounded when we consider that these children have not been stud-
ied as thoroughly as those with other types of tumors. Because neurobehavioral morbidity
is less salient in these children than in children with some other tumors (e.g., MB), they
have not received as much attention and their clinical outcomes are not as closely followed.
Yet they constitute about a quarter of those diagnosed with pediatric brain tumors, and
presumably an even greater proportion of long-term survivors. From the perspective of net
social burden, then, this group of children may be one of the most at-risk groups treated for
brain tumors.

OPTIC PATHWAY/CHIASMATIC-HYPOTHALAMIC GLIOMA
Incidence and Pathophysiology

Approximately 5% of pediatric intracranial tumors are gliomas that arise from the optic
nerves, chiasm, and hypothalamus (Blaney et al., 2006). A majority of these tumors are
diagnosed before the age of 5 years. Optic nerve involvement is common in patients with
neurofibromatosis type 1 (NF-1), while involvement of the optic chiasm is more common
in patients without NF-1. Histologically, these are usually low-grade gliomas that tend to
spread slowly along the visual pathways. Tumors involving the chiasm and hypothalamus
tend to have a higher recurrence rate. As one would expect from the location of these
tumors, visual disturbances are frequent presenting symptoms.

Treatment

Surgery to remove the exophytic portion of chiasmatic-hypothalamic gliomas is common,
although because of the infiltration of eloquent structures (e.g., the optic chiasm), a com-
plete resection is often not possible. Focal RT has been used to stabilize residual disease,
while chemotherapy has been used to forestall the use of radiation in younger patients and
avert radiation-related developmental sequelae. Survival rates for these low-grade tumors
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tend to be quite high (e.g., 86% for a series of patients with chiasmatic—hypothalamic
tumors reported by Fouladi et al., 2003), although recurrence is common, and so PFS rates
are more modest (36% in the Fouladi et al. series).

Neuropsychological Effects

Intellectual impairment can occur in patients with these anterior midline lesions. Fouladi
et al. (2003) reported initial impairment at diagnosis (IQ = 86), but no further decline fol-
lowing local irradiation, and there was no difference in IQ between those irradiated and
those not irradiated. In contrast, Lacaze et al. (2003) reported that those children treated
with chemotherapy alone had well-preserved intelligence (IQ = 107), whereas those who
received local RT showed evidence of IQ decline (IQ = 88). Complicating the interpreta-
tion of these studies are patients with NF-1 who present with other intracranial abnor-
malities and neuropsychological deficits (Moore, Ater, Needle, Slopis, & Copeland, 1994).
Opverall, though, these patients are at increased risk for neurobehavioral morbidity because
of their younger age at diagnosis and the risk to critical diencephalic structures.

CRANIOPHARYNGIOMA
Incidence and Pathophysiology

Craniopharyngiomas arise in the sella and suprasellar region and account for 6-9% of
brain tumors in children, with a peak incidence at 8-10 years of age (Blaney et al., 2006).
They tend to be lobulated masses with calcifications and cystic components. Though his-
tologically benign, they have a propensity to infiltrate surrounding tissue. Presenting symp-
toms include short stature and other endocrine-related problems, symptoms of increased
intracranial pressure, visual field disturbance, and behavioral symptoms. Hydrocephalus
secondary to obstruction of the third ventricle and foramen of Monro occurs in about 50%
of these patients.

Treatment

In those patients who receive gross total resection of their lesion, tumor recurrence is
uncommon. However, craniopharyngiomas tend to attach themselves to the pituitary stalk,
optic chiasm, hypothalamus, and vessels of the circle of Willis. Aggressive surgery therefore
can result in significant postsurgical morbidity, particularly panhypopituitarism. For this
reason, some argue for less aggressive surgery followed by focal RT (Merchant et al., 2002).
Chemotherapy has no established role in the treatment of these tumors.

Neuropsychological Effects

Because of the diverse neural structures implicated in this disease and its treatments (pitu-
itary, optic chiasm, frontal lobe, diencephalon), craniopharyngiomas are among the most
interesting pediatric tumors from a neurobehavioral standpoint. In a paper from the Bos-
ton group (Waber et al., 2006), everyday memory problems were found in 10 patients with
craniopharyngiomas, but except for processing speed, neuropsychological test scores were
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within normal limits. From St. Jude (Merchant et al., 2006), there is a recent report on a
larger sample (N = 28) of children treated with conformal RT, in which long-term effects
on IQQ were found to be related to multiple surgical factors (e.g., extent of surgery, shunt),
subject age, and volume of brain irradiated. In an eatlier report from this group, it was
concluded that there was less cognitive and endocrine morbidity in patients treated with
limited surgery followed by RT than in those patients treated with more aggressive surgery
(Merchant et al., 2002). It would appear that limited surgery followed by RT may produce
a better outcome, despite the risk of radiation-related long-term effects. It should also be
noted that some of these tumors are prechiasmatic and extraventricular, and so can be
excised in toto without the need for RT; patients with such tumors have perhaps the best
all-around outcome of all, although this conclusion is based on limited data (Pierre-Kahn

et al., 2005).

TUMORS OF INFANCY AND EARLY CHILDHOOD

A small but expanding neurobehavioral outcome literature has developed around children
diagnosed with tumors before the age of 3 years who constitute approximately 20-25% of
the population with pediatric brain tumors (Rickert & Paulus, 2001). As they are for ado-
lescents and adults, supratentorial tumors are more common for children below age 2 years,
whereas infratentorial tumors predominate during midchildhood. Infants and preschoolers
are particularly vulnerable, not only because of their age, but because their tumors often
require aggressive management with chemotherapy and/or RT. In the largest series of such
patients reported to date (Fouladi et al., 2005), at a median follow-up of 7.6 years, 126
children diagnosed at an average age of 1.8 years were found to have a mean IQ decline of
—0.29 points per year. This decline was significantly associated with RT: Those receiving
craniospinal RT had a mean decline of —1.34 points per year; those receiving local RT had
a mean decline of —0.51 points per year; and those who received no RT had a mean increase
of 0.91 points per year. This confirms the findings of an earlier report by Copeland, deMoor,
Moore, and Ater (1999). The marked neurodevelopmental toxicity of craniospinal RT is
also driven home by the finding that 71.4% of children receiving such therapy had 1Qs less
than 70 5+ years after diagnosis. To address this unfortunate situation, treatment protocols
have been proposed that use either reduced doses of craniospinal RT, or chemotherapy
alone as a means of delaying RT until a child is older (Kalifa & Grill, 2005).

OTHER TUMORS

As stated from the outset, some tumors of childhood are not covered in this chapter. This
may merely reflect variations in terminology/specificity (e.g., fibrillary astrocytoma is a type
of cerebellar low-grade glioma) or the relative rarity of the tumor and so the absence of a
significant neuropsychological literature (e.g., germ cell tumors, choroid plexus tumors),
although such tumors may be included in large, diagnostically heterogeneous samples.
Historically, neurobehavioral outcome research in oncology increases in direct relation to
improved survival rates. For some tumors, therefore, survival rates remain so poor as to
preclude the study of neurobehavioral outcomes. Such is the case for diffuse intrinsic brain-
stem glioma, glioblastoma multiforme, and highly anaplastic astrocytomas.
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Ependymomas constitute approximately 7% of pediatric tumors (Central Brain Tumor
Registry of the United States, 2002) and so are common enough to deserve mention. Two-
thirds of ependymomas arise in the posterior fossa, and, like MB, they are more common
in males than females. These tumors are radiosensitive and so are often studied along with
other tumors of the posterior fossa receiving multimodal therapy. Surgery for these tumors
can be more complicated than for MB because of their propensity to attach themselves
to the brainstem and cranial nerves. Contemporary protocols have achieved good disease
control with local irradiation. Encouraging results for this disease were recently reported
from St. Jude, where they were able to achieve a high rate of gross total or near-total resec-
tion (91%) followed by 5,400-5,940 cGy to the posterior fossa, with reduced clinical target
volume producing a 3-year PES, rate of 74.5%. Moreover, the IQs of these children were
maintained over a 4-year follow-up (Merchant et al., 2004). This finding is particularly
encouraging, because this tumor tends to occur at younger ages than MB.

CHEMOTHERAPY AND NEUROBEHAVIORAL LATE EFFECTS

As noted above, some pediatric brain tumors have been found to be chemoresponsive, and
so various agents are increasingly being used. It is because chemotherapy has been found
to be much less neurotoxic than RT that it is of less concern to neuropsychologists inter-
ested in late effects. For example, in the Palmer et al. (2003) longitudinal study of patients
with MB, chemotherapy did not predict late effects on estimated IQ. Reddick et al. (1998)
found no chemotherapy-related reductions in white or gray matter volumes in 56 patients
with pediatric brain tumors. Leukoencephalopathy, though, was found in a majority of
children treated with a chemotherapy-only regimen consisting of intravenous methotrex-
ate, cyclophosphamide, carboplatin, etoposide, and vincristine as well as intraventricular
methotrexate for MB, although these magnetic resonance imaging (MRI) abnormalities
were described as asymptomatic and resolved spontaneously in two-thirds of these patients
(Rutkowski et al., 2005). Still, the research on delayed neurotoxicity of methotrexate in
particular (summarized by Cole & Kamen, 2006) and of high-dose steroids (Waber et al.,
2000) from the literature on acute lymphoblastic leukemia cautions against a total dis-
missal of chemotherapy-related neurobehavioral effects. Furthermore, the evaluation of
patients receiving chemotherapy can be complicated by ototoxic (from platinum analogs)
and peripheral neuropathy (from vincristine) effects that can be confused with central
nervous system effects.

NEUROPSYCHOLOGY-DIRECTED INVESTIGATIONS

In a 1994 review of the literature, Ris and Noll encouraged more research guided by neurop-
sychological/neurodevelopmental theory and constructs. Although the foregoing discus-
sion attests to the significant recent advances in the quality and volume of neurobehavioral
research on pediatric brain tumors (see Ris, 2007, for the historical progression), much of
this research could be described as “toxicity ascertainment” in which greater sophistica-
tion has been applied to generate a better understanding of these children’s outcomes.
Encouragingly, increasing numbers of studies have also been oriented toward investigating
neurobehavioral constructs in greater detail.
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For example, Buono et al. (1998) investigated a particular neurobehavioral phenotype
(nonverbal learning disability) in children treated for brain tumors, finding partial support
for its relevance to this population. In another example, King et al. (2004) compared patients
with third-ventricle tumors to those with cerebellar tumors, demonstrating a double dis-
sociation on measures of verbal memory and immediate memory span; that is, those with
third-ventricle tumors were more impaired in verbal memory, while patients with cerebellar
tumors were more impaired in immediate memory span. The aforementioned studies by the
Israeli group (Berger et al., 2005a, 2005b) could also be considered recent examples of this
promising trend toward research that goes beyond just documenting neurobehavioral toxic-
ity and makes neuropsychological constructs the subjects of investigation.

CLINICAL APPLICATIONS AND INTERVENTIONS

What are the clinical implications of this research for those who care for these patients?
First of all, this research allows us to better direct limited resources to those patients at
highest risk for adverse neurobehavioral outcomes. For example, young children receiving
radiation to large brain volumes are clearly in need of close, protracted neuropsychologi-
cal surveillance coupled with early, comprehensive educational and psychosocial support/
intervention. On the other hand, patients at “low” risk (such as those treated with surgery
only for cerebellar LGAs) are not necessarily at “no” risk and should be monitored, albeit
less intensively, for the emergence of posttreatment neurobehavioral complications.

Surveillance should be tailored to the degree and temporal nature of risks these
patients face. Evidence indicating “declines” in functioning for several years after treatment
with cranial RT would argue for repeated evaluations for 4-5 years posttreatment. Those
patients not treated with RT may be followed less intensively over a shorter period of time.
Nevertheless, for young children in particular, late effects may emerge as a developmental
phenomenon (see Dennis, 1988) even in the absence of late pathological changes in the
brain associated with RT, and this must be considered when a surveillance plan is formu-
lated. This is consistent with the usual interpretation of declining IQ scores as reflecting
failure to keep pace with normally developing peers, rather than an absolute loss of abili-
ties.

The research cited above cautions us neither to overfocus our neurobehavioral inqui-
ries nor to rely upon abbreviated or screening measures, since the effects in many of these
patients can be highly diverse. This also means that psychoeducational evaluations geared
toward common developmental disabilities (e.g., reading disability, mental retardation) are
inadequate when it comes to pediatric brain tumors and should not be relied upon to direct
educational interventions. Above all, patients with these tumors require deficit-adapted
intervention plans that draw upon a range of neurobehavioral tools, as well as skill in coor-
dinating care over time with many others (including parents, educators, occupational ther-
apists, physical therapists, speech therapists, and physicians of various specialties). Indeed,
once these patients are stabilized and their tumors are in remission, medical professionals
and their various methods typically recede into the background, while neuropsychologists
and their methods assume an increasingly central role in the care of these patients—often
for many years to come. The hybrid training of neuropsychologists in brain—behavior rela-
tionships makes them uniquely suited for this.
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A comprehensive neuropsychological evaluation is an important first step in providing
efficacious interventions for children with pediatric brain tumors and is recommended in
the Children’s Oncology Group Long-Term Follow-Up Guidelines for Survivors of Child-
hood, Adolescent, and Young Adult Cancers (Landier et al., 2004). Reevaluation at 12- to
18-month intervals is important to detect neuropsychological late effects of treatment, and
these findings can be used to update intervention recommendations (Armstrong, Blum-
berg, & Toledano, 1999).

Educational interventions are crucial parts of a comprehensive program for children
with pediatric brain tumors. A formal plan for school reentry and interventions for educa-
tional needs should be implemented both during and after treatment (Mitby et al., 2003).
Specialized cancer centers typically have protocols that include peer, parent and teacher
education about a child’s educational and physical needs. School personnel workshops
increase understanding about the child’s medical condition (see Prevatt, Heffer, & Lowe,
2000; Rynard, Chambers, Klinck, & Gray, 1998), and peer education programs increase
other children’s interest in interacting with a peer who has cancer and helps decrease con-
cerns about the ill peer (Benner & Marlow, 1991; Treiber, Schramm, & Mabe, 1986).

Psychopharmacological research has demonstrated the efficacy of stimulant medica-
tion for improving attentional deficits in children with pediatric brain tumors. Thomp-
son et al. (2001) found that methylphenidate (MPH; 0.6 mg/kg) significantly improved
sustained attention in children with childhood cancer. Mulhern et al. (2004) extended
these results by demonstrating that significant improvements were evident in the areas of
attention and cognition on standardized parent and teacher rating inventories, and that
the teacher ratings also indicated significant improvement in social skills and academic
competence. There were no differences between low-dose (0.3 mg/kg) and moderate-dose
(0.6 mg/kg) MPH in these findings. However, teachers reported significant improvement in
problem behaviors with moderate-dose but not low-dose MPH.

Preliminary research supports the effectiveness of social skills training for pediatric
brain tumors. Barakat et al. (2003) provided six social skills group sessions for children
treated for brain tumors and their parents. Target skills included nonverbal communica-
tion, maintaining conversation, cooperation, empathy, and conflict resolution. Significant
improvement was found in social competence and internalizing behavior problems. This
research, though, is still in its infancy, and so it is not clear whether larger and better-
designed studies will replicate these provisional results.

Although few research studies have investigated the effectiveness of cognitive reme-
diation, its potential to improve cognitive functioning is promising. The Cognitive Reme-
diation Program (Butler, 1998; Butler & Copeland, 2002) has demonstrated consistent
improvements in the area of attention in children with childhood cancer, and preliminary

results of a randomized controlled intervention trial support academic generalization (But-
ler & Mulhern, 2005).

CRITIQUE

Although contemporary neuro-oncology research reflects increasing differentiation of (and
somewhat shifting terminology for) pediatric brain tumors along histological, clinical, and
molecular genetic lines, much of the neuropsychological literature lags behind these devel-
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opments. Samples of children with brain tumors are often heterogeneous, reflecting practi-
cal concerns (e.g., small samples available for study at any single site) as well as the focus
of a particular study (e.g., the long-term effects of RT, regardless of tumor type). The brain
tumor nomenclature used in this chapter may serve to facilitate discussion of these diseases,
but the neuropsychological literature does not easily map onto these divisions. In apprais-
ing the neuropsychological literature, it is also important to keep in mind that, particularly
for retrospective studies, patients in these samples may not have been treated uniformly as
a consequence of improvements in therapies over the time span sampled (e.g., decreased
dose of RT or volume of brain irradiated).

Most of the weaknesses in this literature (small heterogeneous samples, overrepre-
sentation of cross-sectional designs, overreliance on global outcome measures, need for
comparison groups) that have been pointed out in early reviews (e.g., Mulhern, Crisco,
& Kun, 1983; Ris & Noll, 1994) still apply, but to a lesser degree (Ris, 2007). Given the
statistical rarity of pediatric brain tumors (only about 3.3 cases per 100,000 children in the
United States; Ries et al., 2000), larger sample sizes are often assembled at the expense of
diagnostic homogeneity and/or contemporaneousness. Few single institutions see enough
of these patients to overcome these obstacles. Studies coming from cooperative groups can
acquire large homogeneous samples, but poor adherence to psychological/neuropsychologi-
cal requirements in these protocols is common. Also, with these large research platforms
come tradeoffs in data quality and neurobehavioral sophistication. The growth in this liter-
ature over the past 20 years, though, is impressive and has provided not only a large volume
of research on the neurobehavioral outcomes in pediatric brain tumors, but also substantial
methodological variety as grist for quantitative and qualitative analyses of converging evi-
dence. There is every reason to believe that these methodological and conceptual improve-
ments will continue.

One particular challenge is for research on neurobehavioral outcomes to move in syn-
chrony with improved treatments of pediatric brain tumors. This is made even more dif-
ficult by the fact that we are dealing with constantly changing organisms in which adverse
effects may not emerge until long after the precipitating event(s). Changes in developmen-
tal trajectory are not easily discerned with little to no premorbid history to speak of. Yet
if we do not closely coordinate our efforts with those of professionals in other disciplines
(neurosurgeons, oncologists, radiation oncologists) as they continue to “push the envelope”
with their innovative treatments, our findings risk being obsolete by the time they are

published.

FUTURE DIRECTIONS

Measurement is a fundamental scientific enterprise, and so models of neurobehavioral out-
come in pediatric brain tumors are only as good as our precision in measuring the multitude
of variables comprising these models. One limiting factor has been the crude means by
which the “radiation lesion” is characterized. Groups formed on the basis of prescribed dose
(e.g., 2,400 cGy vs. 3,600 cGy) or presence versus absence of craniospinal RT fail to cap-
ture the substantial diversity in contemporary RT protocols. More recently, investigators
have incorporated detailed dose—volume information produced by modern RT software
to improve the precision of this measurement (Merchant, Kiehna, Li, Xiong, & Mulhern,
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2005; Ris et al., 2005). Small- and intermediate-scale prospective studies, in particular, are
well positioned to make use of dosimetry data in their longitudinal modeling of late effects.
Better models can then drive further refinements in treatment and more accurate predic-
tion of sequelae.

Improved precision of in vivo brain “assays” through modern imaging are also being
incorporated into studies of neurobehavioral late effects. Volumetrics (Nagel et al., 2004),
diffusion tensor imaging (Khong et al., 2006), and functional MRI (Zou et al., 2005) have
all been recently introduced into this literature and present exciting opportunities for neu-
ropsychologists to relate their distal measures of brain function to the more proximal mea-
sures offered by these techniques.

These advances in radiation oncology and brain imaging, however, must be matched
by developments in “behavioral” measurement. By this we mean not only the application
of more sophisticated neuropsychological metrics in place of omnibus measures like IQ,
but also the use of paradigms drawn from cognitive neuroscience (e.g., Akshoomoff &
Courchesne, 1992; Posner & Peterson, 1990). Furthermore, we should not assume that all
of the meaningful neurobehavioral morbidity in these patients can be captured by labo-
ratory-based measures. Some of the most meaningful effects in these children elude such
contrived procedures, and so a comprehensive assessment strategy must make use of proxy
reports of educational performance/adjustment, life course/adaptive behavior, psychologi-
cal/behavioral adjustment, and neuropsychological constructs such as functional executive
skills (Gioia, Isquith, Retzlaff, & Espy, 2002) and everyday memory (Waber et al., 2006).
More comprehensive and innovative outcome measurement will lead to interventions that
are not just focused on the neurocognitive dimension. For example, the few studies avail-
able indicate that children with brain tumors are at increased risk for social isolation (Van-
natta, Garstein, Short, & Noll, 1998), and a better understanding of these risks within a
broader social neuroscience framework (Yeates et al., 2007) will be important.

Any future outcome research making claims to be comprehensive must also take into
account “contextual” factors that mediate and moderate outcomes. In this respect, the
study by Carlson-Green, Morris, and Krawiecki (1995) continues to be instructive after well
over 10 years. As one would predict from the literature on other neurobehavioral conditions
of childhood (e.g., Taylor et al., 2001), family factors account for a significant amount of
variance in behavioral and intellectual outcome in pediatric brain tumor patients. As we
progressively home-in on the biophysical processes related to neurobehavioral outcome, it is
easy to overlook the simple fact that even the most powerful predictors of outcome, such as
RT, account for far less than half of the variance in intellectual outcome (e.g., 12% in the
Silber et al., 1992, study). Those of us who have worked with longitudinal data sets from
samples of children with brain tumors cannot help being impressed by the heterogeneity
in individual outcomes, which serves as a constant reminder of the limitations of measures
of central tendency (e.g., mean IQ decline) and our tenuous grasp of the complex matter
under investigation.

Attempts to develop comprehensive models of outcome will help define realistic expec-
tations for the benefits of improved therapies, and will also inform educational, family,
and behavioral interventions designed to mitigate neurobehavioral sequelae. As we have
seen, such intervention research specifically tailored to neuro-oncology populations is just
now emerging. These early results are promising and should be enthusiastically pursued
with more, larger-scale efforts. Researchers should draw not only from research on other
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neurobehavioral conditions, but also from research on other oncology populations, where
important investigations of maternal problem solving (Sahler et al., 2002), social skills
training (Varni & Katz, 1989), and posttraumatic stress (Kazak et al., 2004) are underway.

Investigations into genetic polymorphisms relevant to neuropsychological develop-
ment (Blackman, Worley, & Strittmatter, 2005) and treatment toxicity (Krull et al., 2008)
may provide us with a better explanation for the highly diverse outcomes that we see in
these children. Animal models are also being developed with direct implications for human
outcome research. For example, a recent series of papers reports on how cognitive effects
in mice exposed to radiation may be related to depletion of neural precursor cells (Otsuka
et al., 2006). One of these studies found increased numbers of immature neurons only in
mice undergoing cognitive training, suggesting that environmental enrichment may pro-
vide protection from such effects (Rola et al., 2004). Neurobehavioral researchers’ collabo-
ration with basic scientists in translational research of this type would surely accelerate the
process by which discoveries move from “bench” to “bedside.”

CONCLUSIONS

The last 20 years in particular have witnessed a significant expansion and maturing of the
empirical literature on the neurobehavioral effects associated with pediatric brain tumors.
In this chapter, we have attempted to direct our readers’ attention to some of the most
salient issues in this research, as well as some of the more durable and recent findings in this
literature. The challenge before us is one of establishing and sustaining multidisciplinary
relationships that will “feed” the increasingly sophisticated outcome models required for
this disease complex. Our studies must be increasingly prospective, in the sense of keep-
ing current with and even anticipating new methods of treatment for these children, as
retrospective samples will insufficiently enlighten us about the needs of children who are
currently undergoing treatment for intracranial neoplasms. The recursive influence of neu-
robehavioral toxicity research on treatment protocol development has been of genuine ben-
efit to recent generations of neuro-oncology patients, and this should certainly continue.
We are also on the cusp, though, of being able to offer proven treatments to lessen the
long-term ill effects of these diseases and their treatments, and this may be the most excit-
ing possibility of all.
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CHAPTER 5

Traumatic Brain Injury

KEITH OWEN YEATES

Traumatic brain injury (TBI) resulting from closed-head trauma in children is a major
public health problem, resulting in total annual health care costs exceeding $1 billion
(Schneier, Shields, Hostetler, Xiang, & Smith, 2006). TBI is a leading cause of death and
disability among youth, and represents the most common source of acquired brain injury
among children and adolescents. Hence it is a major source of referrals for pediatric neu-
ropsychologists in clinical practice (Yeates, Ris, & Taylor, 1995b), and also has been of
long-standing interest to researchers in pediatric neuropsychology.

The research literature pertaining to the neuropsychological consequences of TBI in
children is extensive and has been the subject of several recent reviews (Bodin & Yeates,
in press; Kirkwood, Yeates, & Bernstein, in press; Taylor, 2004, in press). Compared to the
state of the field when the first edition of this book appeared (Yeates, 2000), substantial
advances have been made in understanding the neurobehavioral outcomes of pediatric
TBI. Nevertheless, much remains to be learned (Anderson & Yeates, in press; Kochanek,
2006). The goals of the present chapter are to provide an overview of the current state of
knowledge regarding pediatric TBI; to critique the existing research and recommend con-
ceptual and methodological improvements; and to suggest potentially fruitful directions for
future investigation.

EPIDEMIOLOGY
Incidence and Prevalence

Accurate statistics regarding the incidence and prevalence of TBI in the United States
are difficult to obtain. Few registries for TBI have been established at a local, regional, or
national level, and existing registries are often concerned only with injuries that involve
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hospital care, thereby omitting many cases of mild TBI. Moreover, as Kraus (1995) has
noted, epidemiological studies have varied widely in terms of definition of injury, sources
of data, data collection techniques, description of cases, and ages of the target populations.
The most recent and complete data on incidence and prevalence come from the Centers
for Disease Control and Prevention (CDC; Langlois, Rutland-Brown, & Thomas, 2006),
which estimated a total of 475,000 TBI cases annually for children ages 014, with an over-
all annual incidence of 799 per 100,000 population (based on deaths, hospitalizations, and
emergency department visits).

Incidence and prevalence vary as a function of injury severity. The most common
measure of injury severity is the Glasgow Coma Scale (Teasdale & Jennett, 1974), on which
scores range from 3 to 15 (see Table 5.1). By convention, scores from 13 to 15 represent mild
injuries, scores from 9 to 12 represent moderate injuries, and scores of 8 and less represent
severe injuries. Studies using the Glasgow Coma Scale as the measure of severity have
found that the majority of children with TBI have mild TBI. For instance, the National
Pediatric Trauma Registry (Lescohier & DiScala, 1993) reported that 76% of TBI cases in
the registry were mild, 10% moderate, and 13% severe. Similarly, using data from a 14-state

TABLE 5.1. Glasgow Coma Scale

Category Score Description

Eye Opening

None 1 Not attributable to ocular swelling.
To pain 2 Pain stimulus is applied to chest or limbs.
To speech 3 Nonspecific response to speech or shout; does not imply patient

obeys command to open eyes.
Spontaneous 4 Eyes are open, but this does not imply intact awareness.

Motor Response

No response 1 Flaccid.

Extension 2 Decerebrate posturing: Adduction, internal rotation of shoulder, and
pronation of forearm.

Abnormal flexion 3 Decorticate posturing: Abnormal flexion, adduction of the shoulder.

Withdrawal 4 Normal flexor response; withdraws from pain stimulus with

abduction of the shoulder.

Localizes pain 5 Pain stimulus applied to supraocular region or fingertip causes limb
to remove it.

Obeys commands 6 Follows simple commands.

Verbal Response

No response 1 No vocalization.
Incomprehensible 2 Vocalizes, but no recognizable words.
Inappropriate 3 Intelligible speech (e.g., shouting or swearing), but no sustained or

coherent conversation.

Confused 4 Responds to questions in a conversational manner, but the responses
indicate disorientation.

Oriented 5 Normal orientation to time, person, and place.

Note. Glasgow Coma Scale score = Eye Opening score + Motor Response score + Verbal Response score (range 3 to 15).
Based on Teasdale and Jennett (1974).
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surveillance system, the CDC estimated that 71-77% of hospital discharges for TBI across
youth ages 0—19 years were classified as mild, 7-11% as moderate, and 8-12% as severe
(Langlois et al., 2003). These estimates almost certainly underestimate the proportion of
mild TBI cases, many of which go unreported entirely or are treated in outpatient settings
and do not result in hospital visits.

Cause of Injury

Data regarding the external cause of TBI can provide important information about the
mechanism of brain injuries. The categorization of external causes is often inconsistent
from one study to another, and the coding of external cause of injury in emergency depart-
ments and hospitals is often incomplete or inaccurate. Nonetheless, the most common
causes of TBI involve transportation and falls. Together, those two causes account for more
than 50% of all pediatric TBI cases (Langlois et al., 2006). The distribution of causes varies
significantly as a function of age (Keenan & Bratton, 2006). Infants are especially likely to
sustain TBI through falls, as well as via inflicted injuries secondary to child abuse. Young
children are most likely to be injured through falls and motor vehicle collisions (as either
occupants or pedestrians). In older children, sports and recreational accidents and pedes-
trian or bicycle collisions with motor vehicles account for an increasing proportion of TBIL.
Adolescents are especially likely to be injured in motor vehicle collisions.

Demographic Variation

The incidence and prevalence of TBI also vary significantly according to demographic fac-
tors, such as sex and age. Boys are about twice as likely to sustain TBI as girls, although the
ratio varies somewhat with age (Langlois et al., 2006). Children ages 0—4 are most likely to
visit emergency departments for evaluation of TBI, with an annual incidence of about 1,100
per 100,000, suggesting that milder injuries may be especially common among younger chil-
dren. In contrast, older adolescents ages 1519 show the highest rate of hospitalizations and
deaths, with a combined annual incidence of about 150 per 100,000, probably reflecting the
increasing severity of TBI in that age group as a function of motor vehicle collisions.

Incidence/prevalence rates also may vary as a function of race and socioeconomic
status. Among children 0-9 years of age, blacks demonstrate higher rates of hospitalization
and death than whites for motor-vehicle-related TBI (Langlois, Rutland-Brown, & Thomas,
2005). In the United Kingdom, epidemiological data showed that social disadvantage was a
risk factor for more severe TBI (Parslow, Morris, Tasker, Forsyth, & Hawley, 2005).

Mortality and Morbidity

Traumatic injuries constitute the leading cause of death among children and adolescents,
and about 40-50% of the deaths resulting from trauma are associated with TBI (Kraus,
1995). Overall, mortality rates are lower among children than among adolescents and
adults. The CDC estimates an annual mortality rate of about 4.5 per 100,000 for children
0-14 years of age, but a rate of about 24 per 100,000 for 15- to 19-year-olds (Langlois et al.,
2006). The mortality rate is highest among children with severe injuries, and is virtually
nil among those with mild injuries. Kraus (1995) found case fatality rates among hospital
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admissions to range from 12% to 62% for severe injuries, but to be less than 4% for moder-
ate injuries and less than 1% for mild injuries.

Survivors of TBI frequently experience adverse consequences. One gross measure of
outcome that has been employed in epidemiological studies is the Glasgow Outcome Scale
(Jennett & Bond, 1975). The Glasgow Outcome Scale differentiates five outcome catego-
ries: death, persistent vegetative state, severe disability; moderate disability, and so-called
“sood recovery.” In his review, Kraus (1995) found that between 75% and 95% of chil-
dren with TBI displayed a “good recovery,” about 10% showed a moderate disability, 1-3%
showed a severe disability, and fewer than 1% were in a persistent vegetative state. However,
a “good recovery” according to the Glasgow Outcome Scale does not preclude neurobehav-
ioral impairment or associated functional disabilities (Koelfen et al., 1997).

NEUROPATHOLOGY AND PATHOPHYSIOLOGY

TBI is associated with multiple forms of neuropathology (see Table 5.2). These include
overt damage to brain tissue, including both focal and diffuse lesions, as well as disrup-
tions in brain function at a cellular level. The pathophysiology of TBI begins at the time
of impact, but continues over a period of days or weeks and perhaps even longer. Indeed,
recent research indicates that the brain damage resulting from TBI involves more complex,
prolonged, and interwoven processes than investigators previously recognized (Farkas &
Povlishock, 2007; Giza & Hovda, 2001; Povlishock & Katz, 2005).

Although pathophysiological commonalities exist among all types of TBI, the imma-
ture brain responds differently to trauma than does the mature brain of the adult (Giza,
Mink, & Madikians, 2007). For example, children are more likely to display posttraumatic
brain swelling, hypoxic—ischemic insult, and diffuse rather than focal injuries. The biome-
chanical properties of the young brain may explain at least some of these differences. Com-

TABLE 5.2. Neuropathology of TBI
Type of insult ~ Neuropathology

Primary e Skull fracture
e Intracranial contusions and hemorrhage
Shear—strain injury

Secondary e Brain swelling

e Cerebral edema

e Elevated intracranial pressure
e Hypoxia—ischemia

e Mass lesions (hematoma)
Neurochemical Excessive production of free radicals

Excessive release of excitatory neurotransmitters
Alterations in glucose metabolism

Decreased cerebral blood flow

Late/delayed e White matter degeneration and cerebral atrophy
e Posttraumatic hydrocephalus
e Posttraumatic seizures
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pared to adults, children have a greater head-to-body ratio, less myelination, and greater
relative proportion of water content and cerebral blood volume. Once children reach ado-
lescence, TBI-related pathology begins to more closely resemble that seen in adults.

Primary and Secondary Injuries

Observable injuries resulting from closed-head trauma can be classified into two broad cat-
egories: primary and secondary. Primary injuries result directly from the trauma itself. They
include skull fractures, contusions/lacerations, and mechanical injuries to nerve fibers and
blood vessels. Secondary injuries arise indirectly from the trauma, and in children include
brain swelling/edema, hypoxia/hypotension, increased intracranial pressure, and mass
lesions.

The primary injuries that arise from closed-head trauma reflect biomechanical forces
that are not fully understood in children (Margulies & Coats, in press). Most of the com-
mon causes of TBI in children, including falls and motor vehicle collisions, give rise to
acceleration—deceleration injuries. Acceleration injuries can involve both translational
and rotational trauma. Translational trauma involves linear acceleration along an axis that
passes through the center of the head. The acceleration can result in deformation of the
skull or skull fractures, as well as contusions at the site of impact. Isolated translational
trauma is rare, however, and is usually combined with rotational trauma. Rotational trauma
occurs when the axis of impact does not pass directly through the center of the head, and
hence results in a combination of both linear and angular acceleration. Rotational trauma
arises when the skull is stopped by the impact, but the brain continues to move in the
skull because of its angular acceleration. The movement results in the tearing or bruising
of blood vessels that gives rise to focal contusions or hemorrhage, as well as in shearing or
straining of nerve fibers that can give rise to diffuse axonal injury.

Focal contusions are especially likely to occur in the frontal and temporal cortex,
because of its proximity to the bony prominences in the anterior and middle fossa of the
skull (Bigler, 2007). Thus neuroimaging consistently reveals an anterior—posterior gradient
in the focal lesions associated with TBI. Focal lesions are generally larger and occur more
frequently in frontal and anterior temporal regions than in posterior temporal, parietal, or
occipital regions (Wilde et al., 2005). In contrast, diffuse axonal injury appears to be most
common at the boundaries between gray and white matter, and tends to occur most often
around the basal ganglia, periventricular regions, superior cerebellar peduncles, fornices,
corpus callosum, and fiber tracts of the brainstem.

In most cases, medical management of TBI focuses not on primary injuries, but instead
on the secondary injuries that arise indirectly following the initial trauma. Brain swelling
and cerebral edema are two major secondary complications of TBI, and are especially com-
mon in children (Bruce, 1995; Kochanek, 2006). Brain swelling and cerebral edema are
thought to result from a disruption of the normal relationships among blood, brain tissue,
and cerebrospinal fluid. A disruption of these relationships can result in decreased cerebral
blood flow, increased cerebral blood volume, and increased intracranial pressure, which
together can give rise to ischemic and hypoxic injury, as well as to brain herniation and
death (Bruce, 1995). Decreases in cerebral blood flow are often exacerbated by hypoten-
sion, or low blood pressure, which is a common symptom of shock. Pulmonary insufficiency
can also contribute to hypoxia.
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In contrast to brain swelling and cerebral edema, mass lesions are less common in chil-
dren than in adults (Bruce, 1995). Mass lesions involve the accumulation of fluid, usually
blood associated with contusion and hemorrhage. Hematomas are blood clots that occur in
various locations in and around the brain. Epidural hematomas result from bleeding into
the space between the dura and the skull, often in association with a skull fracture that
disrupts the middle meningeal artery. Epidural hematomas occasionally become clinically
apparent only after several days. Subdural hematomas result from bleeding into the space
between the dura and the arachnoid membranes, frequently because of a tear in the bridg-
ing veins of the sagittal sinus, and are more often acute in nature. Intracerebral hematomas
occur within the brain parenchyma, and often follow the same spatial distribution as con-
tusions. They may result from shear injuries to brain tissue. Subarachnoid or intraventricu-
lar hemorrhages are also common in TBL

Neurochemical and Neurometabolic Mechanisms

The mechanical forces involved in head trauma are no longer thought to account for the
majority of diffuse axonal injury. Instead, reactive axonal changes occur following the
trauma and lead only gradually to brain damage. These reactive changes are mediated by
a cascade of biochemical and metabolic reactions following a TBI (Farkas & Povlishock,
2007; Novack, Dillon, & Jackson, 1996). TBI can result in a variety of neurochemical
events, including the production of free radicals and excitatory amino acids, the disruption
of normal calcium homeostasis, and changes in glucose metabolism and cerebral blood flow
(Giza & Hovda, 2001). These events act in concert to exacerbate the hypoxic—ischemic
insult that commonly occurs following TBI.

Free radicals are normal by-products of metabolism. Excessive production of free radi-
cals, however, can affect cell membrane integrity and cause lipid peroxidation or attack cell
organelles, such as the mitochondria. Brain tissue may be especially vulnerable to free radi-
cals, because it is rich in cholesterol and polyunsaturated fatty acid. Experimental research
with animals has shown that treatment with radical scavengers can reduce brain injury
(Novack et al., 1996).

Excitatory amino acids normally function as neurotransmitters. They can be harmful in
excessive amounts, however, disrupting cell function and eventually resulting in cell death.
Glutamate and aspartate are two common excitatory amino acids. These compounds have
an affinity for receptors that are especially prevalent in such regions as the hippocampus
and thalamus. Experimental studies of animals indicate that the release of glutamate and
aspartate is especially sensitive to hypoxic—ischemic events and increases dramatically after
TBI. Thus excitotoxicity may help to account for the severe effects of hypoxia—ischemia on
the hippocampus, which has many glutamate receptors, and also may explain the vulner-
ability of the hippocampus in TBI (Wilde et al., 2007). Experimental research indicates
that substances that block glutamate receptors can reduce the brain damage associated
with hypoxia—ischemia. Other neurotransmitters, including acetylcholine, also are thought
to contribute to brain injury.

The disruption of cellular calcium homeostasis by hypoxia—ischemia is another indi-
rect source of brain injury. Hypoxic—ischemic insults interrupt normal ion-pumping mech-
anisms and induce the release of intracellular calcium. The influx of calcium exacerbates
the effects of hypoxia—ischemia on the normal metabolic process of oxidative phosphory-
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lation and further reduces adenosine triphosphate, which is the major energy source for
cell function. In addition, the calcium influx triggers other chemical events, including the
release of free radicals, excitatory neurotransmitters, and cystein proteases. The disruption
of calcium homeostasis also can result in vasoconstriction, leading to further hypoxic—
ischemic insult.

Late Effects

TBI can be associated with a variety of late effects. Neuroimaging studies have indicated
that severe TBI often results in a gradual and prolonged process of white matter degenera-
tion and cortical thinning, with associated cerebral atrophy and ventricular enlargement
(Ghosh et al., 2009; Merkley et al., 2008). In some cases, ventricular dilation results from
an actual disturbance in the circulation of cerebrospinal fluid and is associated with hydro-
cephalus. Posttraumatic hydrocephalus, as opposed to cerebral atrophy and associated ven-
tricular enlargement, is relatively uncommony; it typically develops only after severe injuries
associated with certain predisposing factors, such as subarachnoid hemorrhage (McLean et
al., 1995).

Early posttraumatic seizures, defined as occurring within the first week after TBI, occur
in many children and can involve focal status epilepticus (Statler, 2006). Younger children
seem especially vulnerable to early posttraumatic seizures. The occurrence of seizures soon
after injury does not clearly place children at risk for later epilepsy, which occurs in about
10-20% of children with severe TBI. Posttraumatic epilepsy is more common in children
with penetrating injuries, inflicted injuries, or depressed skull fracture. Most posttraumatic
seizures occur within the first 2 postinjury years, although the occurrence of posttraumatic
seizures increases with longer follow-up duration.

NEUROBEHAVIORAL CONSEQUENCES

The literature on the neuropsychological consequences of pediatric TBI is extensive, and
a detailed review of all individual studies is beyond the scope of this chapter. In general,
research indicates that TBI, especially when severe, can produce deficits in a variety of
domains: alertness and orientation; intellectual functioning; language and communication
skills; nonverbal skills; attention, memory, and executive functions; corticosensory and
motor skills; academic achievement; social functioning; behavioral adjustment; psychiatric
disorder; and adaptive functioning. The following sections provide a selective overview of
the existing literature and highlight recent research findings.

Alertness and Orientation

Orientation and alertness are often disturbed following TBI, particularly during the initial
phase of recovery. Most children with TBI, especially those that are moderate or severe,
experience a period of fluctuations in arousal, as well as disorientation, confusion, and
memory loss after the injury. These changes in mental status occur during what is usually
referred to as the period of posttraumatic amnesia (PTA), which is a common measure of
injury severity. Various standardized measures are available to assess the presence and dura-
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tion of PTA in children, such as the Children’s Orientation and Amnesia Test (COAT;
Ewing-Cobbs, Levin, Fletcher, Miner, & Eisenberg, 1990) and the Westmead PTA Scale
(Marosszeky, Batchelor, Shores, Marosszelcy, & Boonschate, 1993).

Intellectual Functioning

The seminal Isle of Wight studies by Rutter and colleagues were among the first to doc-
ument deficits in intellectual functioning following TBI in children (Chadwick, Rut-
ter, Brown, Shaffer, & Traub, 1981). Intellectual deficits have since been shown to occur
whether children with TBI are compared to healthy controls or to children with orthopedic
injuries not involving the head, and the magnitude of the deficits is related to injury sever-
ity. Early research suggested that IQ scores reflecting nonverbal skills are particularly likely
to be depressed, presumably because those measures require fluid problem-solving skills and
involve speeded motor output. In contrast, verbal intelligence was thought to be less vul-
nerable, because its assessment depends more on previously acquired knowledge and makes
few demands for speeded responses or motor control. However, more recent studies have
found deficits in both nonverbal and verbal intellectual functioning (Anderson, Morse,
Catroppa, Haritou, & Rosenfeld, 2004; Anderson, Catroppa, Morse, Haritou, & Rosenfeld,
2005b; Taylor et al., 1999).

Prospective longitudinal studies indicate that children demonstrate significant recov-
ery in intellectual functioning following TBI. Thus IQQ scores tend to increase over time fol-
lowing TBI, with the largest increases occurring among children with more severe injuries
(Yeates et al., 2002). The increases in IQ scores occur most rapidly immediately after injury;
thus IQ scores tend to plateau after 1-2 years. Despite substantial recovery, IQ scores often
continue to be depressed relative to premorbid levels. Persistent deficits in 1QQ appear to be
especially likely among children with severe TBI and those injured early in life (Anderson
et al., 2004; Anderson, Catroppa, Morse, Haritou, & Rosenfeld, 2005a).

Traditional omnibus IQQ measures do not provide much insight into the specific cogni-
tive deficits that characterize children with TBI (Taylor, 2004, in press). However, studies
using more recent versions of IQ tests have suggested more specific deficits in processing
speed, as opposed to either verbal or nonverbal skills per se (Donders & Janke, 2008). Never-
theless, current neuropsychological research on childhood TBI now tends to focus on more
specific cognitive domains, rather than on global measures of intellectual functioning.

Language and Communication Skills

Spontaneous mutism and expressive language deficits are common immediately after TBI
(Levin et al., 1983), but overt aphasic disorders rarely persist following acute recovery.
However, subtle language difficulties often persist, again most often following moderate to
severe injuries. Long-term deficits have been identified on tests measuring a variety of basic
linguistic skills, including syntactical comprehension, sentence repetition, confrontation
naming, object description, and verbal fluency (Ewing-Cobbs & Barnes, 2002). Language
deficits typically improve over time, with the most improvement seen following severe TBI
(Catroppa & Anderson, 2004).

Children with TBI also display more pronounced difficulties with the pragmatic aspects
of language (Chapman, 1995; Dennis & Barnes, 1990). Deficits have been demonstrated in



120 I. MEDICAL DISORDERS

a variety of skills, such as interpreting ambiguous sentences, making inferences, formulat-
ing sentences from individual words, and explaining figurative expressions. Deficits in such
skills are construed as reflecting a general impairment in discourse, which can be defined
as the ability to convey a message by communicating a series of ideas, usually in sentences.
Studies of narrative discourse, using story recall as the dependent measure, indicate that
children with severe TBI use fewer words and sentences in their stories (Chapman, 1995;
Chapman et al., 2004). Moreover, their stories contain less information, are not as well
organized, and are less complete than those produced by children with milder injuries or by
normal controls. The differences remain significant even after word knowledge and verbal
memory are controlled. Because of the importance of communication skills for success in
school, discourse deficits may account for some of the academic difficulties that children
with TBI often experience.

Nonverbal Skills

Long-term deficits in nonverbal skills are relatively frequent consequences of pediatric TBI,
and encompass both perceptual/spatial and constructional abilities. Deficits following head
injuries have been reported on a variety of constructional tasks, including block and puzzle
tasks such as the Block Design subtest on the Wechsler Intelligence Scale for Children—
Fourth Edition, and drawing tasks such as the Developmental Test of Visual—Motor Inte-
gration (Thompson et al.,, 1994; Yeates et al., 2002) and the Rey—Osterrieth Complex Fig-
ure (Yeates, Patterson, Waber, & Bernstein, 2003). Less research has focused on examining
perceptual or spatial skills with measures that do not involve motor output, but children
with TBI have shown deficits on such tasks in a variety of studies (Lehnung et al., 2001;
Verger et al., 2000).

Attention

Complaints about attention problems are very common following childhood TBI (Yeates et
al., 2005). However, studies using standardized measures of attention were relatively infre-
quent until the past decade. In recent years, a substantial literature has documented defi-
cits in many different aspects of attention. Early studies generally focused on continuous-
performance tests (e.g., Dennis, Wilkinson, Koski, & Humphreys, 1995). On such measures,
children with TBI display poorer response modulation, especially in the presence of distrac-
tion, as well as slower reaction times. More recent studies have shown deficits in sustained,
selective, shifting, and divided attention, particularly on more complex and timed measures
(Anderson, Fenwick, Manly, & Robertson, 1998; Catroppa & Anderson, 2005; Catroppa,
Anderson, Morse, Haritou, & Rosenfeld, 2007; Ewing-Cobbs et al., 1998b). The deficits
show some recovery, but can persist across time, especially in more severely injured chil-
dren.

Memory

Childhood TBI frequently results in complaints of memory deficits (Ward, Shum, Dick,
McKinlay, & Baker-Tweney, 2004). Deficits have been reported on a wide variety of tasks
assessing explicit memory; the magnitude of these impairments depends on injury severity
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(Catroppa & Anderson, 2002, 2007; Levin et al., 1988; Yeates, Blumenstein, Patterson, &
Delis, 1995a; Yeates et al., 2003). Research has attempted to delineate more precisely the
specific components of memory that are impaired. For instance, research using the Califor-
nia Verbal Learning Test suggests that deficits occur in a variety of memory components,
including storage, retention, and retrieval (Roman et al., 1998; Yeates et al., 1995a).

Guided by advances in the developmental neuroscience of memory (Nelson, 1995),
research has recently begun to examine types of memory other than those measured solely
by traditional standardized tasks requiring explicit recall. For instance, an important dis-
tinction has been drawn between explicit and implicit memory. Explicit memory involves
the conscious recollection of past events or experiences and is typically measured through
recall or recognition, whereas implicit memory involves demonstrations of learning or facil-
itation of performance in the absence of conscious recollection. Several studies, using mea-
sures of both procedural learning and perceptual and conceptual priming, have indicated
that children with TBI are less likely to show deficits in implicit memory than in explicit
memory (Shum, Jamieson, Bahr, & Wallace, 1999; Ward, Shum, Wallace, & Boon, 2002;
Yeates & Enrile, 2005).

Prospective memory is another type of recall that has received recent attention. Pro-
spective memory essentially involves remembering to perform an intended action at some
time in the future. Children and adolescents with moderate to severe TBI display deficits
in prospective memory when compared to children with orthopedic injuries (McCauley
& Levin, 2004; McCauley, McDaniel, Pedroza, Chapman, & Levin, 2009) or to typically
developing children (Ward, Shum, McKinlay, Baker, & Wallace, 2007).

Executive Functions

Deficits in executive functions occur frequently after childhood TBI. Over the past decade,
research on executive functions in TBI has begun to examine not only performance on
standardized cognitive tests, but also various aspects of emotional and behavioral regula-
tion. Levin and his colleagues have studied executive functions extensively, and have found
that children with TBI display deficits on a variety of tasks meant to assess such execu-
tive functions as working memory, inhibitory control, and planning (Levin et al., 1996;
Levin & Hanten, 2005). The magnitude of deficits on executive function tasks has been
shown to correlate with the volume of lesions in the frontal lobes, but not with extrafrontal
lesion volume (Levin et al., 1994, 1997). Young children and those with severe injuries are
particularly vulnerable to executive deficits following TBI (Anderson & Catroppa, 2005;
Ewing-Cobbs, Prasad, Landry, Kramer, & DeLeon, 2004b), and the deficits can persist for
years after injury (Nadebaum, Anderson, & Catroppa, 2007).

Because of concerns about the ecological validity of performance-based tests of execu-
tive functions, research has also begun to focus on executive problems that children with
TBI display in everyday settings (Mangeot, Armstrong, Colvin, Yeates, & Taylor, 2002;
Sesma, Slomine, Ding, & McCarthy, 2008). Children with TBI, particularly those with
more severe TBI, are consistently reported to demonstrate executive deficits that extend to
their emotional and behavioral regulation, as well as to their working memory, cognitive
flexibility, and planning skills. Moreover, these deficits have been linked to broader difficul-
ties with social and behavioral adjustment (Ganesalingam, Sanson, Anderson, & Yeates,
2006, 2007).
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Corticosensory and Motor Skills

Children with TBI often demonstrate deficits in corticosensory and complex motor skills.
Levin and Eisenberg (1979) found that approximately 25% of children with severe injuries
displayed deficits on tests of stereognosis, finger localization, and graphesthesia. Similarly,
Bawden and his colleagues (Bawden, Knights, & Winogron, 1985; Winogron, Knights, &
Bawden, 1984) showed deficits on various measures of fine motor skills, especially those
that were timed, among children with severe TBI. More recent studies have demonstrated
sustained deficits in gait and gross motor skills as well (Katz-Leurer, Rotem, Lewitus, Keren,

& Meyer, 2008; Kuhtz-Buschbeck et al., 2003).

Academic Performance

As might be anticipated from the litany of neurocognitive deficits described above, pediat-
ric TBI is frequently associated with reports of declines in academic performance (Ewing-
Cobbs et al., 2004a; Taylor et al., 2002) and with an increased risk of grade retention,
placement in special education, and other indicators of academic difficulties (Ewing-Cobbs,
Fletcher, Levin, lovino, & Meyer, 1998a; Taylor et al., 2003). However, the reported aca-
demic difficulties do not necessarily translate into deficits on formal achievement testing.
Deficits in academic achievement following TBI are most likely to be apparent in children
injured at a young age (Ewing-Cobbs et al., 2004a, 2006). Children injured at a later age
do not necessarily display deficits on standardized achievement tests (Kinsella et al., 1995;
Taylor et al., 2002).

The academic difficulties that children with TBI face are predicted by a variety of
different factors, including a child’s premorbid academic functioning (Catroppa & Ander-
son, 2007) and postinjury neuropsychological functioning (Kinsella et al., 1997; Miller &
Donders, 2003; Stallings, Ewing-Cobbs, Francis, & Fletcher, 1996), as well as the child’s
postinjury behavioral adjustment (Yeates & Taylor, 2006). Interestingly, the family envi-
ronment also moderates academic performance, such that more supportive and functional
homes lessen the impact of TBI (Taylor et al., 2002). In contrast, standardized achievement
testing is not always a strong predictor of academic outcomes after TBI (Yeates & Taylor,

2006).

Social Functioning

Childhood TBI often results in problems with social functioning. A growing literature
indicates that children with severe TBI are rated as less socially competent and lonelier
than healthy children or children with injuries not involving the brain, and that their poor
social outcomes persist over time (Andrews, Rose, & Johnson, 1998; Bohnert, Parker, &
Warschausky, 1997; Dennis, Guger, Roncadin, Barnes, & Schachar, 2001a; Yeates et al.,
2004). The relationship between TBI and social outcomes appears to be moderated by
environmental variables (Yeates et al. 2004). More specifically, poor social outcomes follow-
ing TBI can be exacerbated by poor family functioning, lower socioeconomic status, and
lack of family resources.

The poor social outcomes displayed by children with TBI may be mediated by deficits
in social information processing. Following TBI, children display deficits in the under-
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standing of emotion (Dennis, Barnes, Wilkinson, & Humphreys, 1998) and mental states
(Dennis, Purvis, Barnes, Wilkinson, & Winner, 2001b), as well as in social problem solv-
ing (Hanten et al., 2008; Janusz, Kirkwood, Yeates, & Taylor, 2002; Warschausky, Cohen,
Parker, Levendosky, & Okun, 1997). Collectively, deficits in executive functions, language
pragmatics, and social problem solving account for significant variance in social outcomes
among children with TBI (Yeates et al., 2004).

The social deficits shown by children with TBI may be linked specifically to damage to
anterior brain regions. Children with frontal lobe injury in association with TBI are more
likely to have problems with social discourse (Dennis et al., 2001a) and social problem solv-
ing (Hanten et al., 2008), as well as more generally with social functioning (Levin et al.,
2004). In the future, the integration of models and methods from social-cognitive neurosci-
ence and developmental psychology is likely to result in a better understanding of social

outcomes following childhood TBI (Yeates et al., 2007).

Behavioral Adjustment

Numerous studies have documented that moderate to severe TBI in children increases the
risk for a wide range of emotional and behavioral problems (Fletcher, Ewing-Cobbs, Miner,
Levin, & Eisenberg, 1990; Schwartz et al., 2003; Taylor et al., 2002). For example, Schwartz
et al. (2003) found that at 4 years after injury, 36% of a group with severe TBI displayed sig-
nificant behavioral problems, compared with 22% of a group with moderate TBI and 10%
of a comparison group with orthopedic injury. In contrast to cognitive difficulties, which
often show recovery in the initial months after injury, behavioral problems are more likely
to show a stable or even worsening pattern over time (Fay et al., 2009).

Most previous research has relied on generic rating scales, such as the Child Behav-
ior Checklist (Achenbach & Rescorla, 2001), to assess behavioral adjustment. Such scales
were not designed to be sensitive to the effects of TBI (Drotar, Stein, & Perrin, 1995; Per-
rin, Stein, & Drotar, 1991). Research focusing on specific symptoms that arise following
TBI may be more informative. For instance, we (Yeates et al., 2001) found high rates of
neurobehavioral symptoms in the first year following TBI. However, cognitive and somatic
symptoms (e.g., fatigue, headache, inattention) tended to decline in the first year, whereas
emotional and behavioral symptoms (e.g., aggression, impulsivity) tended to increase over
time, especially in children with severe TBI and in those with poor family functioning.

Research on behavioral adjustment can be confounded by the high prevalence of pre-
injury behavior problems in children with TBI. Asarnow and colleagues (Asarnow et al.,
1995; Light et al., 1998) found that children with mild TBI displayed higher rates of prein-
jury behavior problems than did children with no injury. In contrast, their preinjury behav-
ioral functioning did not differ from that of children with injuries not involving the head.
The latter findings suggest that the presence of premorbid behavior problems increases the
likelihood of traumatic injuries. Indeed, Bloom et al. (2001) found that children with pre-
injury psychiatric disorders, such as attention-deficit/hyperactivity disorder (ADHD) and
anxiety disorders, were more likely to experience a head injury than were children without
such preinjury disorders.

Behavioral functioning following childhood TBI does not appear to be closely related
to cognitive outcomes. For instance, Fletcher et al. (1990) found small and generally non-



124 I. MEDICAL DISORDERS

significant correlations between five neuropsychological measures and measures of adaptive
functioning and behavioral adjustment. Thus cognitive and behavioral outcomes may be
somewhat independent following TBI, and their determinants may differ considerably. For
instance, cognitive outcomes are related more strongly to injury-related variables, whereas
behavioral outcomes are related more strongly to measures of preinjury family functioning

(Yeates et al., 1997).

Psychiatric Disorder

Pediatric TBI is associated with a variety of specific psychiatric symptoms and disorders.
Several studies have reported a risk of new psychiatric disorders following pediatric TBI. For
instance, Bloom et al. (2001) found that 58% of their sample developed a novel psychiatric
disorder following a TBI. Max et al. (1997a, 1997b, 1997¢c, 1998d) conducted a series of
studies following the development of new psychiatric disorders in a cohort of children with
TBI at 3, 6, 12, and 24 months after injury. They found that 46% of the participants met
criteria for a new psychiatric disorder at 3 months, 24% at 6 months, 37% at 12 months,
and 35% at 24 months.

The most common psychiatric diagnoses that are identified following childhood TBI
are oppositional defiant disorder (Max et al., 1998a), ADHD (Gerring et al., 1998; Levin
et al., 2007; Massagli et al., 2004; Max et al., 2005b; Yeates et al., 2005), and organic per-
sonality syndrome (now termed personality change due to TBI; Max et al., 2000; Max,
Robertson, & Lansing, 2001; Max et al., 2005a). Internalizing disorders have also been doc-
umented following pediatric TBI, including obsessive—compulsive symptoms, generalized
anxiety, separation anxiety, and depression (Grados et al., 2008; Luis & Mittenberg, 2002;
Vasa et al.,, 2002). Symptoms of posttraumatic stress disorder (PTSD) are also elevated
following childhood TBI, although relatively few children meet full diagnostic criteria for
PTSD (Gerring et al., 2002; Levi, Drotar, Yeates, & Taylor, 1999; Max et al., 1998b).

Following mild TBI, various somatic, cognitive, and behavioral complaints commonly
referred to as postconcussive symptoms are often reported by children and parents. Post-
concussion syndrome is a controversial diagnosis for which research criteria have been
included in the most recent version (fourth edition, text revision) of the Diagnostic and
Statistical Manual of Mental Disorders (DSM-1V; American Psychiatric Association, 2000).
Several studies have shown that children with mild TBI show more postconcussive symp-
toms than children with injuries not involving the brain (Mittenberg, Wittner, & Miller,
1997; Ponsford et al., 1999; Yeates et al., 1999). We (Yeates et al., 2009) recently examined
longitudinal trajectories of such symptoms in children with mild TBI as compared to chil-
dren with orthopedic injuries. We found that children with mild TBI, particularly those
with more severe injury, were more likely to demonstrate trajectories showing high acute
levels of postconcussive symptoms, as well as persistent increases in these symptoms, in the
first postinjury year.

Adaptive Functioning and Quality of Life

Moderate or severe TBI is also associated with persistent adaptive behavior deficits (e.g.,
poorer communication, socialization, and daily living skills) and functional limitations
(Fay et al., 2009; Max et al., 1998¢; Taylor et al., 1999). Deficits in adaptive behavior appear
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to be especially likely in the presence of family dysfunction (Taylor et al., 1999). More
generally, children with TBI demonstrate significant declines in their overall quality of life,
although the differences are more pronounced in parental reports than in children’s self-

reports (McCarthy et al., 2006; Stancin et al., 2002).

PREDICTION OF OUTCOMES

The preceding summary of the neurobehavioral outcomes of pediatric TBI is based largely
on the results of group comparisons (e.g., children with severe TBI vs. children with ortho-
pedic injuries). Although the generalizations are valid, they must be tempered by the real-
ization that children with TBI display substantial variation in outcomes, even when they
are grouped according to injury severity. These individual differences in outcomes reflect
a complex interplay among injury characteristics, non-injury-related influences, and devel-
opmental factors.

Injury Characteristics

Injury severity has consistently proven to be a major determinant of the consequences
of TBIL. Generally speaking, a dose—response relationship has been established between
injury severity and neuropsychological outcome, such that more severe injuries are associ-
ated with poorer outcomes. Injury severity has been assessed by using a variety of clinical
metrics, including level of consciousness, duration of impaired consciousness, and length
of PTA. Injury severity has also been assessed by using a variety of specific medical indica-
tors, including brainstem abnormalities (e.g., pupillary reactivity), seizures, and elevated
intracranial pressure.

The Glasgow Coma Scale (see Table 5.1; Teasdale & Jennett, 1974) is most often
used to assess level of consciousness; it not only predicts cognitive recovery and functional
outcome, but is also correlated with later cerebral atrophy (Ghosh et al., 2009). The Motor
Response scale on the Glasgow Coma Scale can be used to assess duration of impaired
consciousness, which is usually defined as the amount of time that elapses from an injury
until a child is able to follow commands consistently (i.e., the number of days during which
the Motor Response scale on the Glasgow Coma Scale falls below 6). An injury is usually
considered severe when the duration of impaired consciousness lasts more than 24 hours.
Unlike the Glasgow Coma Scale, which is a measure of a child’s neurological status at a
given point in time, the duration of impaired consciousness is an indirect indicator of rate
of recovery, because it reflects the speed with which a child’s mental status improves acutely
after injury. The length of PTA, or the time that elapses from the injury until a child is
oriented and displays intact memory for daily events, also indirectly reflects the child’s rate
of recovery. As noted earlier, standardized measures have been developed to assess PTA in
children.

The relationship between various clinical measures of injury severity and neuropsy-
chological outcomes has been explored in several studies (Ewing-Cobbs, Fletcher, Levin,
Hastings, & Francis, 1996; McDonald et al., 1994). Across studies, the durations of coma,
impaired consciousness, and PTA were generally better predictors of outcome than was any
static measure, such as the lowest postresuscitation Glasgow Coma Scale score. The predic-
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tive utility of the duration measures may be related to their utility as markers of recovery,
rather than as measures of neurological status immediately after injury.

However severity is designated, moderate to severe TBI is widely agreed to result in sub-
stantial neurobehavioral morbidity. In contrast, the outcomes of mild TBI are a matter of
controversy. Both parents and children frequently report somatic, cognitive, and emotional
symptoms following mild TBI (Yeates et al., 2009); yet these postconcussive symptoms often
occur in the absence of objective evidence of brain injury, such as abnormal neuroimaging
findings or deficits on standardized cognitive testing (Asarnow et al., 1995; Satz, 2001; Satz,
Zaucha, McCleary, Light, & Asarnow, 1997). However, methodological shortcomings ham-
per definitive conclusions. Differences in findings across studies are probably related to lack
of a common definition of mild TBI, differences in recruitment strategies, and variations in
research designs and outcome measures (Yeates & Taylor, 2005). Overall, the literature sug-
gests that at least some cases of mild TBI are associated with demonstrable brain insults and
with persistent cognitive deficits and postconcussive symptoms (Bigler, 2008; Kirkwood et
al., 2008; Yeates et al., 2009).

The classification of severity has begun to move beyond simple clinical metrics, such
as the Glasgow Coma Scale, to more sophisticated indices that are linked more closely to
the pathophysiology of TBI (Saatman et al., 2008). One of the major advances in assess-
ing severity involves neuroimaging. Computed tomography (CT) is the preferred method
of neuroimaging during the acute phase of TBI, because it is rapidly and widely avail-
able and relatively inexpensive, and is also sensitive to lesions such as epidural hematomas
that may necessitate neurosurgical intervention (Bigler, 1999, 2003; Poussaint & Moeller,
2002). However, magnetic resonance imaging (MRI) is superior to CT in documenting
most pathology associated with TBI, because of its sensitivity to both focal lesions and dif-
fuse axonal injury, and particularly the subacute and chronic changes that can occur across
time following TBI (Bigler, 2003; Sigmund et al., 2007).

Numerous advanced imaging procedures have been developed to assess both structural
and functional brain abnormalities in childhood TBI. An extensive review of these meth-
ods is beyond the scope of this chapter, but such reviews can be found in the literature (see
Ashwal, in press; Ashwal, Holshouser, & Tong, 2006b; Munson, Schroth, & Ernst, 2006).
Newer MRI technologies that show increased sensitivity to the structural effects of pedi-
atric TBI include susceptibility-weighted MRI (Ashwal et al., 2006a; Babikian et al., 2005)
and diffusion tensor imaging (Wilde et al., 2006; Yuan et al., 2007). Imaging techniques
such as functional MRI (Kramer et al., 2008), proton magnetic resonance spectroscopy
(Ashwal et al., 2006a; Babikian et al., 2006), positron emission tomography, and single-
photon emission CT are able to assess brain function directly (Munson et al., 2006).

Neuroimaging studies in children with TBI generally indicate that the more preva-
lent the structural or functional abnormalities, the greater the morbidity (Brenner, Freier,
Holshouser, Burley, & Ashwal, 2003). Moreover, studies have also shown predictable brain—
behavior relationships in children with TBI. For instance, frontal lesions have been asso-
ciated with poorer social outcomes (Levin et al., 2004), and brain activation on working
memory tasks is altered in frontal regions following TBI (Newsome et al., 2008). However,
research also suggests that brain—behavior relationships based on adult models are not nec-
essarily applicable after childhood TBI. For instance, frontal lesion volume is not a consis-
tent predictor of attention or executive function (Power, Catroppa, Coleman, Ditchfield, &
Anderson, 2007; Slomine et al., 2002), and lesions within the frontotemporal regions are
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not stronger predictors of memory performance than lesions outside those regions (Salorio
et al., 2005). Taken together, these studies suggest that brain—behavior relationships in
children may differ from those in adults.

In addition to neuroimaging, other potential indices of injury severity include serum
biomarkers, such as SIOOB and neuron-specific enolase, that may be tied to the neuro-
chemical cascade occurring in TBI (Berger, Adelson, Richichi, & Kochanek, 2006; Shore
et al., 2007). The use of biomarkers may be particularly important for diagnosing TBI in
young children, for whom conventional indices such as the Glasgow Coma Scale are often
invalid, and for children with inflicted TBI, who may suffer head trauma that is not dis-
closed (Berger, Hayes, Wang, & Kochanek, in press; Berger, Ta’Asan, Rand, Lokshin, &
Kochanek, 2009).

Non-Injury-Related Influences

Most previous studies of the prediction of recovery following childhood TBI have empha-
sized injury-related variables, even though injury severity fails to account for most of the
variance in postinjury outcomes (Fletcher et al., 1995). Recently, however, research has
begun to focus on non-injury-related influences on recovery. For instance, children’s pre-
morbid functioning may be an important determinant of the outcomes of childhood TBI.
We (Yeates et al., 2005) showed that premorbid attention problems increased the risk of
an increase in postinjury attention problems among children with moderate to severe TBI.
Findings such as this are consistent with theories of cognitive and brain reserve capacity,
which suggest that children’s vulnerability to neurological insults varies as a function of
their preinjury cognitive abilities and brain integrity (Dennis, 2000; Dennis, Yeates, Taylor,
& Fletcher, 2007).

Environmental influences are another potential source of non-injury-related variance
in outcomes. Research suggests that a child’s environment is a significant predictor of the
outcomes following TBI. General measures of socioeconomic status and family demograph-
ics are consistent predictors of outcomes, as are more specific measures of family status and
the social environment (Taylor et al., 1999, 2002; Yeates et al., 1997, 2004). One critical
issue addressed by studies of environmental factors as determinants of recovery is whether
the environment affects the functioning of children with TBI in the same way that it does
the functioning of children without such injuries, or whether it moderates the impact of
TBI by buffering or exacerbating its direct, neurologically based consequences. In a pro-
spective, longitudinal study designed to examine the role of the family and social environ-
ment as determinants of children’s recovery from TBI, measures of both pre- and postinjury
family status were shown to moderate outcomes (Taylor et al., 1999, 2002; Yeates et al.,
1997, 2004). Specifically, the effects of severe TBI relative to orthopedic injuries were more
pronounced for children from dysfunctional families than for children from more func-
tional families. Interestingly, this pattern was observed for both cognitive and behavioral
measures—although the relative importance of injury severity and family environment
varied across the two outcome domains, with injury severity playing a larger role for cogni-
tive outcomes, and the family environment assuming more importance for behavioral and
functional outcomes.

Another potentially critical influence on children’s recovery from TBI is the treat-
ment they receive, ranging from acute medical care to ongoing rehabilitation and educa-
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tion. Guidelines exist for the acute medical management of childhood TBI, but are by and
large not based on rigorous evaluation through randomized controlled trials (Adelson et
al., 2003; Jankowitz & Adelson, 2006; McLean et al., 1995). Thus we do not know whether
or how acute medical care affects long-term outcomes. Comprehensive reviews of the inpa-
tient and outpatient rehabilitation of children with TBI have been published, but again
these highlight the relative paucity of empirical evidence (Anderson & Catroppa, 2006;
Beaulieu, 2002; Ylvisaker et al., 2005a). Even less is known regarding the effectiveness of
educational interventions for children with TBI (Ylvisaker et al., 2001). The inclusion of
family members in the rehabilitation of children with TBI has been supported by many
studies (Braga, Da Paz Junior, & Ylvisaker, 2005; Wade, in press), as has the integration of
home and school services following discharge from inpatient rehabilitation (Ylvisaker et
al., 2005a).

Research regarding treatments for the psychosocial and cognitive sequelae of pediatric
TBI is also relatively limited (Donders, 2007). Surprisingly little is known regarding the
effectiveness of psychotropic medications for managing behavioral or cognitive difficulties,
and most of the existing literature pertains to adults rather than children (Deb & Crown-
shaw, 2004; Tenovuo, 2006). Studies of the effectiveness of psychological and behavioral
treatments following pediatric TBI are also rare. Empirical support exists for treatments
of behavioral and social problems following pediatric TBI (Ylvisaker, Turkstra, & Coelho,
2005b; Ylvisaker et al., 2007). More specifically, operant conditioning has been found to be
effective in decreasing aggressive behaviors following TBI in children and adolescents, and
school-based social interventions have received empirical support as well (Warschausky,
Kewman, & Kay, 1999). In contrast, few studies have focused on treatments for internal-
izing problems (i.e., depression and anxiety) following TBI.

Cognitive remediation programs have been developed for pediatric TBI, but few have
been the focus of empirical validation (Butler, 2007; Van’t Hooft, in press). Laatsch et al.
(2007) conducted an evidence-based review of cognitive and behavioral treatment studies
of pediatric TBI and determined that cognitive remediation for attention skills is supported
by the literature, as is the involvement of family members as active members of the treat-
ment team. Catroppa and Anderson (2006) conducted a review of intervention studies of
executive deficits following childhood TBI and concluded that few methodologically sound
outcome studies had been conducted in this area, although they found limited support for
specific interventions.

Developmental Variation

The outcomes associated with childhood TBI depend not only on injury characteristics
and various non-injury-related influences, but also on developmental factors. Research sug-
gests that outcomes can vary along three distinct but interrelated age-related dimensions:
the age of the child at the time of injury, the amount of time that has passed since the
injury, and the child’s age at the time of outcome assessment (Taylor & Alden, 1997).
Most studies of childhood TBI have focused on school-age children and adolescents.
Across this age range, age at injury has not been found to be strongly related to outcomes.
In contrast, studies of preschool children suggest that injuries sustained during infancy
or early childhood are associated with more persistent deficits than are injuries occur-
ring during later childhood and adolescence (Anderson et al., 2005a; Ewing-Cobbs et al.,
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1997, 2006). Even mild TBI may have particularly deleterious effects for preschool children
(Gronwall, Wrightson, & McGinn, 1997).

Longitudinal research on the relationship of time since injury to the outcomes of TBI
suggests that children generally display a gradual recovery over the first few years after
injury, with the most rapid improvement occurring soon after the injury (Yeates et al.,
2002). The initial rate of recovery is often more rapid among children with severe TBI than
among those with mild TBI, although severe injuries are also more likely to be associated
with persistent deficits after the rate of recovery slows (Fay et al., 2009). Recent studies of
long-term outcomes 5 or more years after injury suggest that children with severe TBI rarely
show any progressive deterioration in neuropsychological functioning relative to noninjured
peers after their initial recovery, despite clinical lore to the contrary (Cattelani, Lombardj,
Brianti, & Mazzucchi, 1998; Jonsson, Horneman, & Emanuelson, 2004; Klonoff, Clark, &
Klonoff, 1995). On the other hand, the rate of recovery varies as a function of factors other
than injury severity, including age at injury. More specifically, younger children appear to
demonstrate a slower rate of change over time and more significant residual deficits after
their recovery plateaus than do older children with injuries of equivalent severity (Catro-
ppa, Anderson, Morse, Haritou, & Rosenfeld, 2008; Koskiniemi, Kyykka, Nybo, & Jarho,
1995).

Of the three age-related dimensions potentially related to outcomes, the influence of
age at testing has been the focus of the least research. The effects of age at testing would be
reflected in latent or delayed sequelae resulting from children’s failure to meet new develop-
mental demands following a head injury. The demonstration of such effects will be difficult,
because it requires evidence that differences in the consequences of pediatric TBI are due
specifically to age at testing, as opposed to age at injury or time since injury—and it is dif-
ficult to disentangle these dimensions, even in the context of longitudinal research (Taylor

& Alden, 1997).

METHODOLOGICAL CRITIQUE OF EXISTING RESEARCH
Sample Selection, Recruitment, and Attrition

Many previous studies on TBI suffer from shortcomings in the selection and recruitment
of research participants. Children with TBI have sometimes been selected retrospectively,
based on admission to a rehabilitation facility or referral for neuropsychological evaluation
(e.g., Yeates et al., 1995a). Samples selected on this basis are likely to differ in important
ways from samples that are recruited prospectively from consecutive admissions to a large
hospital or trauma center. The latter method of recruitment is more likely to yield represen-
tative groups of children with TBI.

Even when samples are recruited prospectively from consecutive cases, they may not
be representative of the larger population from which they are drawn, or they may become
unrepresentative because of selective attrition over time. The agreement to participate in
scientific research is not a random decision, nor is the decision to discontinue participation.
However, relatively few studies report participation rates, much less compare participants
and nonparticipants in terms of family demographics or child injury characteristics, to
determine whether study participation introduces bias into sample selection. Similarly, few
studies have compared children who are available for follow-up to those who drop out, to
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determine whether attrition affects the outcomes studied (Francis, Copeland, & Moore,
1994). Statistical procedures such as pattern-mixture analysis can be used to determine
whether attrition is likely to have biased study results (Hedeker & Gibbons, 1997).

The selection of comparison groups in research on TBI has also been problematic. In
some cases, children with mild TBI have been used as a comparison group, despite ongoing
controversy regarding the outcomes associated with mild TBI (Satz et al., 1997; Yeates et
al., 2009). In other cases, noninjured children matched for age, gender, and other demo-
graphic variables have been used as a comparison group (Jaffe, Polissar, Fay, & Liao, 1995).
Noninjured children may not constitute the best comparison group, however, because they
are not equated to children with TBI in terms of the experience of a traumatic injury or
ensuing medical treatment. To the extent that traumatic injuries do not occur at random,
moreover, noninjured children may also differ from children with TBI in various premor-
bid characteristics that are not controlled for by matching on demographic factors alone.
Several studies suggest that children who sustain injuries are more likely to display preexist-
ing behavioral, developmental, and learning problems than children who are not injured
(Asarnow et al., 1995; Bijur & Haslum, 1995); they are also more likely to come from
families that are more socially disadvantaged, as well as more stressed and less cohesive
(Christoffel, Donovan, Schofer, Wills, & Lavigne, 1996; Howard, Joseph, & Natale, 2005;
Parslow et al., 2005). Background differences between children with TBI and noninjured
controls or between children with TBI of varying severities are not reported in all studies
(Anderson et al., 1997). Nevertheless, a comparison group of children who have sustained
injuries not involving the head and who have undergone comparable medical treatment is
often regarded as desirable.

Measurement
Injury Characteristics

A substantial amount of the variability in the literature on TBI is attributable to differences
in the characterization of injury severity. Although measures of injury severity are usually
correlated, differences in how and when severity is assessed have increased the variability
in results across studies. Greater uniformity in the assessment of severity would allow more
meaningful cross-study comparisons (Saatman et al., 2008). Future studies are likely to
need to incorporate multidimensional approaches to classifying severity that incorporate
clinical indicators, neuroimaging, and possibly biomarkers.

Specific criticisms can be raised about each of the clinical indices of injury severity
described earlier. The Glasgow Coma Scale (see Table 5.1) is problematic when used with
infants and young children, despite attempts to make suitable modifications (Durham et
al., 2000). The timing of assessment is also of concern when the Glasgow Coma Scale is
used, because scores vary over time, and are not always lowest at the scene of an accident
or upon arrival at a hospital.

The duration of impaired consciousness can be difficult to assess reliably, because it is
often measured retrospectively, based on clinical assessments by nursing staff or physicians.
Similarly, in many studies PTA has been assessed based on retrospective reports from care-
takers, such as health care providers or parents. Prospective administration of standardized
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instruments such as the COAT (Ewing-Cobbs et al., 1990) can provide a more reliable and
objective measure of PTA.

As noted earlier, advances in neuroimaging have now begun to permit the character-
ization of injury severity based on underlying neuropathology, as opposed to clinical indica-
tors. The advent of more advanced structural imaging techniques, such as susceptibility-
weighted imaging and diffusion tensor imaging, as well as functional imaging techniques,
such as functional MRI and proton magnetic resonance spectroscopy, should provide a
much more precise measures of both the diffuse and focal neuropathology associated with
TBI. These measurements can in turn be used to predict neurobehavioral outcomes (Levin

et al., 1993, 2004; Newsome et al., 2008).

Non-Injury-Related Influences

The literature on TBI in children has paid increasing attention to the influence of non-
injury-related factors on morbidity. Outcomes such as behavioral adjustment and adaptive
functioning are not as strongly related to injury severity as cognitive functioning is; they
appear to be more dependent on such factors as children’s premorbid status and family func-
tioning (Fletcher et al., 1990; Taylor et al., 1999, 2002; Yeates et al., 2005). Future research
should increasingly incorporate measures of children’s premorbid status, including genetic
differences (Moran et al., in press), that are likely to moderate the effects of TBI. Research
will also need to incorporate more detailed measures of children’s environments to deter-
mine the mechanisms by which these environments affect the outcomes of childhood TBI.
Recent research on parenting skills in preschool children with TBI provides an example of
such an approach (Wade et al., 2008).

The existing literature can be further criticized for failing to assess the effectiveness
of the interventions used to manage TBI. The conduct of clinical trials in children with
TBI is challenging (Adelson, in press; Natale, Joseph, Pretzlaff, Silber, & Guerguerian,
2005), but trials are badly needed to evaluate the efficacy and effectiveness of potential
medical treatments, such as hypothermia (Adelson, 2009). Research is also required to test
the benefits of postacute medical interventions, such as psychotropic or anticonvulsant
medications, rehabilitative and educational programs, and psychological and behavioral
interventions targeted to children and their families (Wade, in press). Indeed, the need for
intervention research focusing on childhood TBI is glaring.

Outcomes

The outcome measures used in studies of pediatric TBI often suffer from limitations. Most
outcome measures can be classified into one of three categories: clinical judgments, psy-
chometric tests, and rating scales and interviews (Fletcher, Ewing-Cobbs, Francis, & Levin,
1995). Clinical judgments, such as those reflected in the Glasgow Outcome Scale (Jennett
& Bond, 1975), often lack sensitivity to more subtle differences in outcomes. Compared to
clinical judgments, psychometric tests generally provide more reliable and sensitive out-
come measures. The interpretation of psychometric results is complicated, however, by the
multifactorial nature of test performance. Tests that are designed to assess specific aspects
of skill deficits, or that employ experimental manipulations of task demands, may yield
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more precise information about the nature and brain basis of cognitive sequelae of TBI
(Taylor, in press).

Psychometric testing often cannot be used to assess some of the most important out-
comes following TBI, including social competence, behavioral adjustment, and adaptive
functioning. The latter outcomes are generally assessed with rating scales and interviews.
As noted earlier, however, many commonly used rating scales, such as the Child Behavior
Checklist (Achenbach & Rescorla, 2001), were not developed for use with children with
TBI and may prove misleading or insensitive when used in this population (Drotar et al.,
1995; Perrin et al., 1991). The use of rating scales that are more specifically targeted to
children with TBI may be more informative (Yeates et al., 2001).

Another shortcoming is the restricted range of outcomes assessed in studies of child-
hood TBI. Outcomes that have been assessed include cognitive functioning, behavioral
adjustment, and adaptive functioning. Less attention has been paid to other important
outcomes, such as emotional and social functioning (Yeates et al., 2007), family functioning
(Taylor et al., 1995; Wade et al., 2006), school performance (Taylor et al., 2003), or quality
of life (McCarthy et al., 2006). These outcomes are not strongly related to children’s cogni-
tive abilities and are more likely to be moderated by contextual demands and supports.

Mechanisms of Effects

Most of the previous research on childhood TBI has been descriptive (Fletcher, 1995). Few
studies have attempted to explain the mechanisms that underlie the sequelae of TBI in
children (Taylor, in press). For instance, we do not know why younger children display less
recovery from TBI than older children, although research on nonhuman animals suggests
that important differences in neural plasticity may play a role (Bittigau et al., 1999; Giza &
Prins, 2006). Future studies that investigate causal mechanisms will need to draw on theo-
retical models of brain—behavior relationships, developmental approaches to the outcomes
of childhood brain disorders (Taylor & Alden, 1997), and experimental paradigms based
on research on brain injury in nonhuman animals (Kolb, Gibb, & Robinson, 2003). The
models and methods used to study causal mechanisms will also need to incorporate broader
frameworks that acknowledge the role of non-injury-related influences in development (e.g.,

Dennis, 2000; Yeates et al., 2007).

Assessment of Recovery and Analysis of Change

Most previous studies of childhood TBI have employed cross-sectional designs. The use
of cross-sectional designs precludes investigation of the process of postinjury recovery of
function. Longitudinal studies are needed to examine recovery over time and to determine
the relative importance of age at injury and time since injury as predictors of outcomes
(Taylor & Alden, 1997). Previous longitudinal studies, moreover, have followed children
for relatively brief periods. Prospective longitudinal investigations that are of much longer
duration are needed to document the long-term outcomes of childhood TBI, not only in
later childhood and adolescence, but also into adulthood (Klonoff et al., 1995).

Existing longitudinal studies also can be criticized for failing to adopt a developmental
approach in modeling the process of recovery. Traditional approaches to data analysis in
longitudinal designs, which rely on repeated-measures analyses of variance, view outcomes
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as static endpoints. These approaches model change as a group phenomenon that is incre-
mental in nature, with individual differences in change treated as error variance. They
reflect a variable-centered approach to data analysis, which focuses on the significance
of group differences in means. Because development and recovery in children inherently
involve change that is continuous and heterogeneous in nature, individual differences in
developmental change should represent a major focus in studies of childhood TBI. Research
should begin to incorporate alternative statistical methods that reflect a person-centered
approach (Laursen & Hoff, 2006).

Growth curve modeling and related statistical approaches permits the investigation of
change at an individual level (Francis, Fletcher, Stuebing, Davidson, & Thompson, 1991).
In this approach, intraindividual change is conceptualized in terms of growth curves that
quantify the rate of development, changes in that rate over time, and the eventual level
of outcome. The role of injury-related and other factors as determinants of recovery from
TBI can be studied by analyzing rates of change and levels of outcomes separately for indi-
vidual children and collectively for groups of children (Thompson et al., 1994; Yeates et
al., 1997).

Mixture modeling is another approach that can be used to examine intraindividual
change. It can be used to empirically identify latent classes of individuals based on different
developmental trajectories (Nagin, 1999). Figure 5.1 provides an example of this approach;
it shows distinct developmental trajectories of postconcussive symptoms in children with

mild TBI (Yeates et al., 2009). In this study, children with mild TBI were more likely than
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FIGURE 5.1. Postconcussive symptom trajectory groups in children with mild TBI and orthopedic injuries.
From Yeates et al., 2009. Copyright 2009 by the American Academy of Pediatrics. Reprinted by permission.
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those with orthopedic injuries to demonstrate the two trajectories involving high acute
levels of symptoms, and the differences were particularly pronounced for children with mild
TBI whose acute clinical presentation reflected more severe injury.

FUTURE DIRECTIONS

The preceding critique indicates a number of potential avenues for future research on child-
hood TBI. For instance, additional studies are needed of outcomes in domains other than
cognitive and behavioral functioning. Of particular importance will be studies examining
children’s general adaptation to their environment. At this time, we know relatively little
about the implications of TBI for school placement, friendships and peer relationships,
health care utilization, or overall quality of life. Studies are also needed that examine the
links between neuropsychological abilities and these more functional outcomes, to deter-
mine the ecological validity of neuropsychological assessment in childhood TBI (Farmer
& Eakman, 1995).

Research regarding the neural substrates of the neuropsychological deficits that occur
in childhood TBI is needed as well. Studies that capitalize on advances in neuroimaging
to measure underlying neuropathology, and that correlate these measures with assessments
of neuropsychological functioning, will enhance our understanding of the predictors and
outcomes of TBI. Such research also will provide more general insights into the nature of
brain—behavior relationships in children.

Studies of the brain—behavior relationships following TBI should not be conducted
without also considering a child’s broader environment as a predictor of outcomes. A grow-
ing literature has clearly demonstrated that measures of the family and social environment
are related to the outcomes of TBI, and that these environmental factors often act in con-
cert with injury-related factors to determine eventual outcomes (Taylor et al., 2002; Yeates
et al., 2002, 2004). Future research is needed to clarify which aspects of the environment
influence which outcomes, and to delineate the mechanisms by which the environment
affects children’s functioning.

In addition, research efforts must incorporate a developmental perspective reflect-
ing the complex interplay of age-related factors in neurobehavioral outcomes. Studies are
needed that follow children for extended periods of time after injury, and preferably into
adulthood. Prospective, longitudinal studies that follow children over a period of years will
allow us to move beyond the characterization of group differences in outcomes toward a
better understanding of individual recovery and the influences on this process. In so doing,
research will provide a more thorough understanding of the variability in outcomes that
characterize children with TBI.

Finally, future research on pediatric TBI will need to occur outside traditional aca-
demic silos. Research is needed that is integrative, cutting across domains or disciplines, as
well as translational, promoting the application of knowledge to clinical care. The scientific
advances that have occurred within domains are not likely to result in significant progress
in the clinical management of children with TBI until they become the topics of collabora-
tive research that cuts across multiple levels of analysis. Thus the time appears to be ripe
for interdisciplinary efforts that promote integrative and translational research (Anderson
& Yeates, in press).
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Acute Disseminated Encephalomyelitis
and Childhood Multiple Sclerosis
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M ultiple sclerosis (MS) and acute disseminated encephalomyelitis (ADEM) are auto-
immune conditions characterized by inflammatory demyelinating processes within
the central nervous system (CNS). MS is the most common neurological condition that
affects young adults, with clinical onset typically occurring between the ages of 20 and 40
years. Childhood MS is considered rare; indeed, many clinicians are unaware that it may
be manifested in childhood, and thus MS is often incorrectly diagnosed for many years. In
contrast, ADEM is a condition of young children and adolescents, with unknown preva-
lence. ADEM is typically a monophasic condition with good medical recovery and progno-
sis, whereas MS has a multiphasic course with poorer long-term recovery and a much less
favorable prognosis.

HISTORICAL OVERVIEW

Reports of childhood MS first emerged in the scientific literature in the late 19th cen-
tury (Hanefeld, 2007). Pierre Marie (1895) described 13 cases of childhood MS, although
he later gave some other diagnoses as being more likely for several. In 1888, an autopsy-
confirmed case of so-called “disseminated/insular sclerosis” was reported in a 7-year-old by

Sir William Gowers. Gall, Hayles, Siekert, and Keith (1958) described 40 cases of MS with
147
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childhood onset. Cases of childhood MS have been diagnosed as early as 10 months of age
(Ruggieri, Polizzi, Pavone, & Grimaldi, 1999; Shaw & Alvord, 1987), although a disserta-
tion by Totzke (1893, cited in Compston, 1998) described two cases with symptoms at birth.
Only in the last decade has childhood MS received recognition, with growing research,
media reports, and funding for pediatric MS centers in the United States and Canada.

ADEM was first described by Clifton in 1724, and occurred in the context of small-
pox vaccination (Turnball & Mclntosh, 1926). However, ADEM has attracted increasing
recognition and research, tied to the rise of childhood MS. In particular, differentiating
these two conditions is seen as critical for accurate diagnosis and correct treatment. Even
now, diagnostic criteria vary; however, detection is more likely in pediatric hospitals, where
knowledge of these emerging disease entities is greater. Improved diagnosis of ADEM and
childhood MS is largely due to advances in imaging techniques.

In their acute phases, ADEM and childhood MS share many clinical symptoms and
pathological/radiological features. Some researchers have even argued that the two diseases
reflect different ends of the same disease spectrum. To date, however, it remains unknown
why children with ADEM usually suffer a single demyelinating episode, while those with
MS have multiple episodes.

EPIDEMIOLOGY
Childhood Multiple Sclerosis

MS in childhood is rare, and the exact prevalence is unclear, but it is estimated that about
2.7-5% of all persons with MS have onset before age 16, with some investigators reporting
figures as high as 10% (Knox & Hader, 2004; Simone et al., 2002). One study of over 400
cases showed that 17% of patients had their first MS episode by 21 years of age (Pinhaus-
Hamiel, Barak, Siev-Ner, & Achiron, 1998); other reports have documented that 5% of
all individuals with MS have onset prior to 18 years, with this rate decreasing to 0.2% for
prepuberty onset (Duquette et al., 1987; Koch-Henriksen, 1999; Ruggeri et al., 1999). Cur-
rently it is estimated that there are approximately 10,000 children with a diagnosis of MS
in the United States alone. A further 10,000-15,000 children have experienced at least
one episode of demyelination, and some of these youth will go on to develop MS at a later
stage.

The overall prevalence of MS varies with geographical location, becoming more prev-
alent in temperate climates. High-risk regions include Canada, the northern United States,
northern Europe, southern Australia, and New Zealand. Low-risk regions with a prevalence
of less than 5 per 100,000 include Africa, Asia, and the tropics (Compston, 1999; Kurtzke,
Beebe, & Norman, 1985; Sadovnick & Ebers, 1993). Rates of childhood MS according to
geographical location, ethnicity, or race have yet to be systematically studied; however,
Krupp et al. (2004) report anecdotal evidence of higher rates in certain minority groups,
such as African Americans and Hispanics.

Genetic factors are also relevant. Individuals with MS are more likely to carry spe-
cific human leukocyte antigens (HLAs) (Barcellos et al., 2003; Masterman et al., 2000;
Sadovnick & Ebers, 1995). One study found that patients with HLA-DR15 had earlier
onset of MS than those not carrying this allele (Barcellos, 2003). Increased risk among
families with a member affected by MS also points to a genetic component in MS (Comp-
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ston, 1999; Sadovnick, Dircks, & Ebers, 1999). First-degree relatives have a lifetime risk of
nearly 5%, compared with 0.2% in the general population (Compston, 1999; Sadovnick
et al.,, 1993, 1999). Concordance in monozygotic twins is 30%, which is higher than that
found in dizygotic twins (2-5%). Familial risk increases with younger age at onset of the
probands affected by MS. However, the risk of MS in relatives of children affected by MS
remains unknown.

MS is also associated with an overrepresentation of females versus males (Noseworthy,
Lucchinetti, Rodriguez, & Weinshenker, 2000). The 2:1 female-to-male ratio in adults is
mirrored in childhood MS; although it does vary with age. In children under 12 years, the
gender bias is weakest, with almost even ratios reported. This changes for 13- to 15-year-
olds, where the female MS bias is even stronger than that seen in adult MS, as illustrated
in Figure 6.1 (Boiko, Vorobeychik, Paty, Devonshire, & Sadovnick, 2002b). This change in
gender bias suggests a lower female predominance in prepubescent children, and points to

a role for female sex hormones, as evidenced by a spike in ratios coinciding with the onset
of puberty in children (Haliloglu et al., 2002).

Acute Disseminated Encephalomyelitis

As for childhood MS, the exact incidence of ADEM remains unknown, but is estimated
to be 0.8 per 100,000 per year (Leake et al., 2004). In contrast to MS, no gender bias
has been reported. In 50-70% of cases, ADEM occurs following infection (e.g., measles,
chickenpox, rubella), but it may also occur after vaccination (Hynson et al., 2001; Murthy,
Faden, Cohen, & Bakshi, 2002; Tenembaum, Chamoles, & Fejerman, 2002). In developed
countries, with their tighter control of infectious diseases and more advanced vaccination
procedures, ADEM is most commonly seen following a nonspecific upper respiratory tract
infection, where the infective agent remains unknown. In poor and developing countries,
where immunization programs are less advanced, ADEM following infection or vaccina-
tion is more frequent. Of note, the risk of postimmunization ADEM following measles vac-
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FIGURE 6.1. Distribution of patients with early onset MS according to age at onset and sex. White bars =
girls; gray bars = boys. From Boiko et al., 2002b. Copyright 2002 by Walters Kluwer. Reprinted with permis-
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cination, for example, is 20 times lower than the risk of developing postinfectious ADEM
from the measles infection itself (Fenichel, 1982; Murthy, Yangala, Meena, & Reddy, 1999;
Nalin, 1989).

In one of the few immunogenetic studies of ADEM, a Russian group (Idrissova et al.,
2003) found that ADEM was associated with the HLA-DRBI1#01 and HLA-DRB*17 alleles.
These findings are interesting, given a previous Russian group’s finding that patients with
MS and HLA-DRB*17 had a less severe form of MS. It is possible that HLA-DRB*17 may be
associated with less severe forms of demyelinating disease, and that ADEM, childhood MS,
and adult MS may indeed represent different points on the same disease spectrum (Boiko

et al., 2002a; Gusev, Demina, & Boiko, 1997).

ETIOLOGY AND PATHOGENESIS

Both environmental and genetic factors are implicated in the etiology and pathogenesis of
childhood MS and ADEM. Migrational studies show that, if individuals shift from a low-
MS-risk country to a high-MS-risk country (or vice versa) before puberty or during early
adolescence, they adopt the risk of their new country of residence, overriding the risk of
their native country (Compston, 1999; Sadovnick & Ebers, 1993, 1995). This “age at migra-
tion” effect has led to the hypothesis that environmental exposure, most likely via viral
infection during childhood, is important for developing MS. During childhood, the body’s
immune system is maturing and may be vulnerable to becoming overactive or autoreactive
later in life. Because MS appears related to some environmental exposure in childhood, it
has been suggested that an “incubation” period is needed before the disease expresses itself
(Kurtzke et al., 1985). However, this hypothesis fails to account fully for childhood MS.

Many viral/bacterial antigens and vaccines have been studied for connections to
ADEM and MS. Although most cases of ADEM are preceded by viral or bacterial infec-
tions or by vaccination, the most common single preceding illness in developed countries
remains a nonspecific upper respiratory tract infection, as noted above (Hynson et al., 2001;
Leake et al., 2004; Tenembaum et al., 2002). Many of the infectious illnesses implicated
in ADEM have also been linked to MS, but the long latency between exposure and clini-
cal onset of adult MS means that any such relationship will be difficult to detect. Even
in childhood MS, where the latency between exposure and clinical onset is theoretically
shorter, few causal antigens have been positively identified. Epstein—Barr virus has received
the most attention in the onset of childhood and adult MS, with interesting results (Alot-
aibi, Kennedy, Tellier, Stephens, & Banwell, 2004; Ascherio et al., 2001); however, as most
children will be exposed to this virus at some stage, more research is needed to clarify its
potential role and other possible viral antigens in MS etiology.

The characteristic pathological findings of both MS and ADEM are inflammatory
demyelinating lesions in the white matter, with infiltration of lymphocytes and macrophages
(derivatives of white blood cells typically involved in an immune response to damage or
infection), and infrequent involvement of deep gray matter. Traditionally, MS was thought
to involve only damage to white matter; however, recent studies have demonstrated dam-
age to the underlying axons, and to areas of brain remote from lesions that appear normal
on conventional imaging, often termed normal-appearing brain tissue (NABT; Filippi et
al., 2000). These pathological findings are similar to those seen in experimental allergic
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encephalomyelitis, an experimental animal model used to study MS and ADEM (Lipton,
1975; Owens & Sriram, 1995; Rivers, Sprunt, & Berry, 1933; Wisniewski & Keith, 1977).

This model has led to two hypotheses regarding the pathogenesis of MS and ADEM,
which is essentially consistent across conditions. The inflammatory cascade hypothesis
(Menge et al., 2005) postulates that the CNS reacts directly against an infective pathogen,
resulting in tissue damage and release of CNS-confined autoantigens, due to a breakdown
in the blood-brain barrier. Once autoantigens are released, there is an autoreactive T-cell
response, in which T cells infiltrate the CNS and cause further inflammation and tissue
damage. The second, more widely accepted hypothesis, molecular mimicry (Davies, 1997,
Fujinami & Oldstone, 1985), is based on the notion that the inciting pathogen shares struc-
tural similarity with CNS myelin proteins, although the similarity is not sufficient for the
pathogen to be recognized and tolerated. Once the pathogen is introduced, T and B cells
are activated and enter the CNS to detect the pathogen. CNS damage is caused by an auto-
immune response that mistakes myelin for the inciting pathogen and starts to attack the
myelin. A possible genetic predisposition may explain why some children develop ADEM
or MS following viral/bacterial infection or vaccination, while others do not, although this
possibility has yet to be systematically examined.

CLINICAL FEATURES, PRESENTATION, AND ILLNESS COURSE

The clinical features and presentation of childhood MS and ADEM are so similar that it is
often impossible to differentiate the two at onset.

MS is characterized by multiple episodes of neurological dysfunction, which occur sec-
ondary to inflammation and demyelination of the CNS, and which target white matter
predominantly. ADEM is generally characterized by a single such episode. Although the
presenting symptoms of childhood MS are similar to those of adult MS, children are more
likely to show systemic symptoms such as fever, vomiting, headache, malaise, and lethargy,
followed by poorly localized neurological symptoms. In ADEM, symptoms usually appear
between 4 and 13 days after infection or vaccination. Neurological signs are typically multi-
focal and involve altered consciousness or cognitive impairment, as well as pyramidal tract
dysfunction (e.g., monoparesis, hemiparesis, ataxia, optic neuritis, cranial nerve palsy). Sei-
zures and meningismus (irritation of the meninges with absence of infection or inflamma-
tion) can also be seen. Optic neuritis, involving deteriorating vision and painful eye move-
ments, is a common presenting symptom in both childhood MS and ADEM; it is typically
bilateral in ADEM, in contrast to a unilateral presentation in MS (Jan, 2005). Its presence
in the clinical profile substantially increases the risk of later MS diagnosis (Lucchinetti et
al., 1997; Morales, Slatkowski, Howard, & Warman, 2000). Neurological symptoms gener-
ally develop and peak within a matter of days. Recovery is sometimes rapid, but typically
occurs over weeks to months. Full neurological recovery is seen in the majority of patients
with ADEM and in the initial stages of childhood MS. Mortality rates for ADEM were
once high (10-30%), but better detection and treatment have reduced these figures consid-
erably. Poorer recovery in ADEM has been associated with the inciting agent (e.g., rubella
vs. varicella infection) and aggressiveness of initial symptoms. Although factors associated
with recovery in childhood MS are unknown, recovery in adult MS has been related to
degree of recovery from the first episode, time between the first and second episodes, age at
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onset, and gender (Hammond, McLeod, Macaskill, & English, 2000; Idrissova et al., 2003;
Levic et al., 1999; Noseworthy et al., 2000).

Most children and adults with MS present with relapsing—remitting MS (RRMS), char-
acterized by episodes of neurological dysfunction (relapses) from which the patients either
completely or partially recover, with no progression between relapses. Because recovery may
be incomplete, residual deficits may accumulate over a period of time. Approximately one-
quarter of children with RRMS will develop secondary—progressive MS (SPMS), character-
ized by an initial RRMS course followed by progressive neurological impairment. SPMS is
less common in childhood MS than in adults, suggesting that childhood MS may represent
a less aggressive form of the disease. However, because children are diagnosed earlier than
adults, they are more likely to reach a more severe level of disability at a younger age.

The majority of children with ADEM have a monophasic course (90%), with no fur-
ther episodes and no new pathology within 3 months of the initial clinical event. Relapsing
cases of ADEM have been reported, generally occurring 4—8 weeks after treatment. Multi-
phasic disseminated encephalomyelitis (MDEM) has also been documented; this typically
involves recurrences 4—8 weeks after treatment, but can occur years later, generally with
different symptoms or new, atypical MS-type lesions. The concept of MDEM is somewhat
controversial and not easily differentiated from MS. To illustrate the complexities of early
diagnosis in this field, approximately 25% of children initially diagnosed with ADEM will
later go on to receive a diagnosis of MS.

DIAGNOSIS AND INVESTIGATIONS

MS diagnosis requires evidence of two or more episodes of neurological dysfunction; at least
two episodes of functionally significant symptoms lasting longer than 24 hours and sepa-
rated by at least 30 days; and white matter lesions identified in at least two distinct CNS
regions (Paty, Noseworthy, & Ebers, 1998). The diagnostic criteria for ADEM are less well
defined, but a diagnosis should be considered in the context of a subacute, polysymptomatic
onset of neurological symptoms suggestive of CNS involvement, with evidence of a recent
infection or vaccination. The diagnosis of these conditions is fraught with difficulty, and
may be delayed because a child is unable to describe symptoms (e.g., limb weakness, blurred
vision) in a way that can be easily related to disease criteria. Commonly, children who later
receive a diagnosis of MS were initially diagnosed with ADEM.

No single biological marker is sufficient for the definite diagnosis of childhood MS or
ADEM, and the diagnosis remains a clinical one, involving the exclusion of other condi-
tions. Neurological examination, clinical history, and radiological data are routine, but test-
ing for abnormalities in cerebrospinal fluid, and for lesions in the optic pathways or spinal
cord (via visual and somatosensory evoked potentials), is also common practice (Boutin et

al., 1988; Gronseth & Ashman, 2000; Miller, 1998; Paty et al., 1998).

Neuroimaging

Specific diagnostic criteria for magnetic resonance imaging (MRI) of childhood MS and
ADEM have yet to be established. Changes in the white matter associated with MS are most
easily detected on T2-weighted scans and fluid-attenuated inversion recovery sequences, and
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appear as patchy areas of increased signal intensity. Serial scans showing new gadolinium-
enhancing lesions, or new T2-weighted lesions, can be used to show distinct demyelinating
episodes separated in space and time. Children with MS generally show the characteristic
pattern of demyelination seen in adults, including lesions in the periventricular, juxtacor-
tical, subcortical, infratentorial, and spinal cord white matter (Ebner, Millner, & Justich,
1990; Balassy et al., 2001; Fazekas et al., 1999). A recent study of children with MS dem-
onstrated a decreased frequency of hypointense lesions on T1l-weighted MRI, as well as
lower rates of brain atrophy, when compared to adults (Balassy et al., 2001). These findings
suggest that childhood MS may involve a less aggressive pathological process. Children
with MS also show atypical patterns of demyelination, including large or nodular demyeli-
nating lesions that can be mistaken for tumors. Resolution of lesions in the early stages of
MS can be complete or partial, suggesting that the CNS has some ability to remyelinate;
however, this ability becomes exhausted as the disease progresses, and decreasing resolution
of lesions is seen with disease duration (see Figure 6.2).

Gray matter pathology is more likely in ADEM, with deep structures such as the basal
ganglia and thalamus involved in up to 40% of cases (Hynson et al., 2001; Schwarz, Mohr,
Knauth, Wildemann, & Storch-Hagenlocher, 2001; Tenembaum et al., 2002). Tumor-like
lesions can also be found, with complete or partial resolution of these lesions in about
three-quarters of all patients with ADEM (Dale et al., 2000; Hynson et al., 2001; Tenem-
baum et al., 2002). To support a diagnosis of ADEM, lesions are required to be of the same
“age” on MRI, with no new lesions on subsequent scans. If new lesions appear, a diagnosis
of childhood MS is likely. In contrast, periventricular and callosal changes are more char-
acteristic of MS.

MS and ADEM have also been studied with nonconventional imaging techniques.
Proton magnetic resonance spectroscopy has been employed in MS to detect and quantify
abnormal chemical changes in normal-appearing white matter. N-acetylaspartate (NAA),
used to detect axonal damage, has been of particular interest; findings indicate reduced lev-
els of NAA in NABT in areas adjacent to existing lesions, and in areas that later become
sites for MS lesions. Levels of NAA also differ according to disease stage (De Stefano,
Matthews, & Arnold, 1995; Falini et al., 1998). Although this technique has yet to be used
widely in ADEM and childhood MS,; it has the potential to improve diagnostic accuracy.
In addition, whole-brain magnetization transfer ratio (MTR), suggested to reflect damage
to either myelin or axons, is found to be lower in patients with MS; reduced MTR has also
been found in the NABT of patients with MS, again in some regions that precede later
lesion formation on conventional MRI. MTR histograms provide a variety of measures
taken to reflect MS pathology and correlate more strongly than conventional MRI with
disability and cognitive impairment (Filippi et al., 2000).

Mezzapesa et al. (2004) used magnetization transfer imaging to assess axonal damage
in 13 patients with childhood MS and found that the NABT of these patients did not dif-
fer significantly from that of healthy controls. These results contrast with those from adult
studies, demonstrating diffuse NABT injury, and suggesting that childhood MS may have
a slower rate of diffuse brain atrophy and a more favorable clinical course than that of
adults. These authors also performed diffusion tensor imaging and reported that compared
to controls, and indeed to adults described in the literature, children with MS showed a
modest increase in D (a measure of degree of tissue damage) for NABT. More importantly,
in a further study they found that patients with ADEM did not differ from controls on
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Presentation

FIGURE 6.2. Capacity for dramatic MRI resolution of white matter lesions in children with multiple sclerosis
(MS). (A) Acxial fluid-attenuated inversion recovery (FLAIR) images of an 8-year-old girl presenting with
acute encephalopathy, ataxia, and tremor, diagnosed as acute disseminated encephalomyelitis. Images show
ill-defined increased signal in the white matter of the brainstem and cerebellum as well as the deep gray mat-
ter. (B) Axial FLAIR images of the same child obtained 1 year later. The patient was clinically well. Near
complete resolution of the prior lesions in the brainstem, cerebellum, and deep white matter is noted. No new
white matter lesions are present. (C) Axial FLAIR images 2 years after her initial presentation demonstrate
new lesions in the brainstem (arrow), periventricular white matter, and splenium of the corpus callosum.
The patient presented with new neurologic deficits (without encephalopathy) and was diagnosed with MS.
(D) Axial FLAIR images obtained 4 years after her initial presentation (2 years after the MRI shown in C).
Although there has been considerable resolution of some of the prior lesions, improvement is not as dramatic
as the near-complete MRI lesion resolution noted in B, suggesting that remyelination capacity may diminish
either with increasing disease duration or with increasing age. The child has experienced four MS relapses,
and the MRI shown in D was obtained with the child on therapy with glatiramer acetate. From Banwell et al.,
2007. Copyright 2007 by Wolters Kluwer. Reprinted by permission.
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any D measures (Inglese et al., 2002). Together, these findings suggest that the widespread
pathology found in adult MS is not present in childhood MS or ADEM.

Differential Diagnosis: ADEM or Childhood MS?

Several studies have proposed clinical differences between these two conditions. Features
suggestive of ADEM are recent infection or vaccination; systemic features at presentation
(e.g., fever or headache); signs of encephalopathy or seizures; and involvement of deep gray
matter, such as the basal ganglia or thalamus. Features more specific to childhood MS are
less severe illness; optic neuritis; presence of oligoclonal bands, suggestive of CNS damage/
disease in cerebrospinal fluid (proteins); periventricular and corpus callosum involvement;
and new lesions indicated clinically or on MRI. In practice, the decision is not always clear-
cut. Moreover, differentiating ADEM and childhood MS from other conditions may prove
challenging, given that there are often nonspecific initial clinical profiles. CNS infections
such as viral or bacterial meningoencephalitis, herpes simplex encephalitis, Lyme disease,
West Nile virus, HIV, brucellosis, and syphilis, as well as neoplasms and CNS metastasis,
all have similar presenting symptoms—as do less common conditions, including mitochon-
drial encephalopathy with lactic acidosis and stroke-like episodes, as well as adrenoleu-
kodystrophy. A number of other conditions may also present similarly to childhood MS:
Schilder disease, Devic disease or optic neuromyelitis, and Bald concentric sclerosis.

CURRENT AND FUTURE TREATMENTS
Acute Episodes/Relapses

There have been few controlled clinical trials for the treatment of ADEM and acute MS.
Both are typically treated with high-dose intravenous steroids, such as methylprednisolone,
based on evidence that they are caused by some sort of abnormal autoimmune response.
Treatments aim to shorten and/or suppress this response and to quicken recovery. Case
reports and small case series suggest corticosteroid treatment as the most effective first-
line treatment, with approximately two-thirds of patients benefiting (Schwarz et al., 2001;
Weinstock-Guttman & Cohen, 1996). Although steroids do not appear to improve the
degree of recovery, they do shorten the length of the attack and quicken symptom recov-
ery, and may also decrease the risk of relapse (Anlar et al., 2003). Depending on treat-
ment response, corticosteroids will either be ceased or tapered off after hospital discharge,
with some patients experiencing recurrence of symptoms during the tapering regimen. In
patients who do not respond well to high-dose intravenous steroids or who develop recur-
rent symptoms with treatment withdrawal/tapering, other forms of therapy, such as intra-
venous immunoglobulin or plasmapheresis, may be particularly effective. Immunosuppres-
sive therapies, such as cyclophosphamide or mitoxantrone, may also be considered in very
severe/refractory cases.

Disease-Modifying Treatments

Several immunomodulatory drugs appear to modify the MS disease process: interferon beta-
la (Avonex or Rebif), interferon beta-1b (Betaseron), and glatiramer acetate (Copaxone).
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Research (mainly case series reports) into the effectiveness and efficacy of these treatments
has shown a reduction in the frequency of MS relapses (approximately 30%) and the num-
ber of new and enlarging lesions on MRI. Interferon beta-la (Avonex and Rebif) has been
shown to slow disease evolution as measured by disability progression, and to slow the rate
of brain atrophy.

Symptomatic Treatments

MS is associated with a variety of symptoms that persist between relapses and have an
impact on quality of life. Fatigue is one of the most common complaints, leading to prob-
lems at school, cognitive dysfunction, and emotional lability. Although education and
counseling support may be important in the treatment of fatigue, children also respond to
medications such as modafinil (a stimulant/wakefulness-promoting medication) and aman-
tadine (an antiviral drug that is also used to treat Parkinson disease and has dopaminergic
properties, among others) (Banwell, 2004; Banwell & Anderson, 2005; Cohen & Fisher,
1989; Rammohan et al., 2002).

Immunoablation and Future Treatments

Immunoablative treatments are thought to “reset” the body’s immune system by killing
off the autoreactive T and B cells, whereupon the rebuilt immune system “forgets” to start
attacking itself again. Use of this procedure is based on a small number of patients with MS
and comorbid leukemia, whose MS was seen to stabilize or improve after treatment with
chemotherapy and hematopoietic stem cell transplantation (HSCT), and also on experi-
mental animal models of MS following immunoablation (Comi et al., 2000; McAllister,
Beatty, & Rose, 1997). Due to the mortality and morbidity rate associated with chemo-
therapy, this treatment has mainly been used in severe cases that are refractory to most
other treatments, and is rarely used in children.

In our clinic, we followed a 14-year-old patient (JD) who was diagnosed with MS and
concurrent Hodgkin lymphoma, and treated using chemotherapy without HSCT. In addi-
tion to the successful treatment of the Hodgkin lymphoma, JD’s MS went into remission,
with no further relapses reported since 2000. Prior to chemotherapy, JD used a wheel-
chair, had severe speech difficulties, was restricted in activities of daily living (ADLs), and
exhibited declining intellectual functioning, together with MS relapses and highly active
demyelination on MRI. Since his treatment, JD has shown remarkable recovery in multiple
areas of functioning and behavior, with no new lesions on imaging. He can now play sports
and manage routine ADLs; his speech has also shown significant improvement, as have his
self-monitoring and self-control.

PROGNOSIS AND PREDICTORS

Although the long-term outcome following ADEM was initially considered poor, good out-
come is now expected in the majority (70%) of cases (Anlar et al., 2003; Hynson et al.,
2001) within 6 months of onset. This is due to two factors: First, effective immunization
programs have decreased the rates of bacterial/viral infections, which had been related to
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poorer outcome; and, second, the use of high-dose steroids reduces the duration of neuro-
logical symptoms and halts disease progression. Residual deficits occur in 10-30% of cases
(Idrissova et al., 2003; Tenembaum et al., 2002) and are associated with sudden onset and
greater symptom severity at presentation. In our own series of 31 children with ADEM
(Hynson et al., 2001), 81% showed complete recovery, while 16% showed only mild neuro-
logical sequelae. In another study, almost 25% of cases had at least one recurrent episode,
while approximately 15% had three or more recurrent episodes (Cohen et al., 2001).

In adult MS, eventually over 70% of patients with RRMS will develop SPMS; that is, as
noted earlier, they will experience progression of symptoms without a definable recovery. In
50% of cases, the time from first MS episode to development of SPMS is 10 years, extended
to 15 years when onset was before 16 years (Boiko et al., 2002b), supporting the view that
childhood MS appears to be less severe. In contrast, Confavreux, Vukusic, and Adeleine
(2003) found that children with MS had a less aggressive clinical course, but that once they
reached a threshold of irreversible disability in adulthood, they progressed to more severe
levels of disability at the same rate as adult-onset patients. On the basis of such reports, it
has been suggested that MS is a two-stage disease, with an initial stage of variable duration
influenced by such factors as age of onset, gender, relapsing—remitting course, good recovery
from first episode, optic neuritis as an initial symptom, number of relapses and length of
time in between. The second, later stage has an invariant preprogrammed sequence and
progresses at the same rate for all, regardless of age at onset, number of relapses, and other
clinical variables. This “final common pathway” as described by Confavreux et al. (2003)
is thought to reflect the chronic, diffuse CNS-degenerative component of MS, and corre-
sponds to the progressive phase of the disease; the first stage appears to coincide consider-
ably with the relapsing—remitting phase of the disease.

NEUROPSYCHOLOGICAL CONSEQUENCES

Because children typically recover well “physically” from ADEM and from initial episodes
of childhood MS, cognitive symptoms may be neglected, and children often return to home
and school with unrealistic expectations. This course of acute recovery is not dissimilar to
that seen in other childhood conditions where white matter is involved (e.g., traumatic
brain injury, hydrocephalus, cranial irradiation), where a child appears physically and medi-
cally normal but is at risk for subtle deficits consistent with white matter pathology (e.g.,
slowed processing speed and attentional deficits).

MS and Cognition

The cognitive consequences of adult MS have only recently been well established, and
they can occur early in the disease, before any marked physical disability. Between 40%
and 70% of adults with MS display some cognitive dysfunction, most commonly in mem-
ory, information processing, attention, and executive functions (Rao, Leo, Bernardin, &
Unverzagt, 1991). In one of the earliest studies to examine cognitive function in childhood
MS, Bye, Kendall, and Wilson (1985) found participants to have IQs less than 80, with
declines on follow-up testing, and interpreted these results as evidence of a “dementing
process.” lannetti et al. (1996) and Cole and Stuart (1995) revisited this conclusion, finding
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less consistent impairment on neuropsychological testing. These early studies were limited
by small samples and nonspecific cognitive measures.

With increasing recognition of the existence of childhood MS and potential vulner-
ability of children to CNS insults, there has been an increase in both case reports and
group studies, although case—control studies are few (Anderson & Moore, 1995; MacAl-
lister, Christodoulou, Milazzo, & Krupp, 2007; McCann, Farmer, & Patel, 2004). In one of
the first comprehensive studies of cognitive outcome in childhood MS, Kalb et al. (1999)
highlighted the degree of subject variability on cognitive performances compared to nor-
mative data. As a group, the children with MS generally fell within normal limits, but on
a case-by-case basis, high rates of cognitive and academic impairments were identified.
Furthermore, Banwell and Anderson (2005) found that all 10 children with MS that they
studied had impairments in at least one cognitive domain relative to age norms, with some
children displaying deficits in most or all areas assessed. Deficits were most common for
processing speed, working memory, and executive function. Earlier age of onset and lon-
ger disease duration were related to more severe and widespread cognitive dysfunction. Of
note, participants were reported to have little evidence of physical disability; this finding
indicates that, like adults with MS, children may appear well but experience significant
cognitive impairments.

In the largest study of cognitive functioning to date, MacAllister et al. (2005) assessed
37 participants with childhood MS; identifying deficits in complex attention and memory.
Confrontation naming was also impaired, which is interesting, given that this function
is usually intact in adult MS. Approximately one-third of children required educational
assistance, and almost half had a psychiatric diagnosis (e.g., major depression, anxiety).
At a 2-year follow-up, cognitive decline was common and was related to baseline neuro-
logical impairment and total relapses (MacAllister et al., 2007). This pattern of cognitive
decline in childhood MS has been replicated in a longitudinal study from our lab (Deery,
2008).

In summary, research examining neuropsychological sequelae in childhood MS is
scarce, with available studies reporting data on small samples, and often with no reference
to normative expectations. Despite these limitations, the severity and global nature of the
impairments reported are compelling. Further larger-scale research is required, however, to
better document these findings and to track their trajectory over time.

ADEM and Cognition

Only a handful of studies have investigated the impact of ADEM on cognition. Case
reports have described ADEM presenting as a psychotic state, or with communication and
cognitive deficits. A study of four adults with ADEM reported that patients had ongoing
problems with memory, insight, judgment, initiative, spatial skills, and social function, even
3 years after disease onset (Sunnerhagen, Johansson, & Ekholm, 2003). Idrissova et al.
(2003) found increased rates of attention-deficit/hyperactivity disorder, isolated cognitive
dysfunction, and neurological symptoms in children after ADEM. Cognitive impairment
was found to be associated with severity of disease onset and with degree of demyelination.
Hahn et al. (2003) found that although group scores were within the normal range, all their
participants displayed one or more cognitive deficits, most commonly in processing speed,
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short-term verbal memory, attention, and executive functions; behavioral problems were
also detected. These findings held true regardless of clinical and radiological recovery.

In our own lab, we investigated intellectual, attentional, and social functioning in 19
children with ADEM, ages 5-16 years at time of assessment and at least 12 months post-
diagnosis, and compared their abilities to those of an age-matched, healthy control group.
The clinical group was identified through medical record audit, which minimized the
recruitment biases inherent in using clinic-based referrals. We found deficits in psychomo-
tor speed, information processing, and attention. Deficits were more apparent on complex
attention and processing tasks, particularly those requiring working memory. Of interest,
emotional problems, particularly anxiety-related symptoms, were of greatest concern, and
more frequent in children with onset prior to 5 years (Jacobs, Anderson, Neale, Shield, &
Kornberg, 2004) (see Figure 6.3).

Comparing Cognition in ADEM and Childhood MS

Due to inherent differences between the natural course of childhood MS and that of
ADEM, there are likely to be differences in cognitive outcomes. Research suggests that
post-ADEM neuropsychological impairments may represent specific cognitive delays, con-
sistent with white matter disruption (e.g., slowed processing, attentional problems), from
which children will eventually recover. In contrast, the multiple insults that occur in child-
hood MS may render these children vulnerable to persistent, global, and increasing cogni-
tive impairments, with the full extent of these not apparent until these skills are expected
to mature. Findings from our lab support this view. We recently compared the neuropsycho-
logical profiles of two groups: children with ADEM (n = 9) and with childhood MS (n = 9),
matched with respect to demographic variables (Deery, 2008). Although both groups were
impaired relative to normative expectations, children with MS demonstrated more severe
impairments across multiple cognitive domains, with boys with MS recording particularly
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FIGURE 6.3. Proportion of children with T scores in the clinically significant range according to age at ill-
ness onset. Hyper.: hyperactivity; Atypical Beh.: atypical behaviour; Withdraw.: withdrawal. From Jacobs et
al., 2004. Copyright 2004 by Elsevier. Reprinted by permission.
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poor performances. This gender difference has also been reported in adult MS, and may
be related to higher levels of white matter in males and of neuroprotective and myelin-
promoting hormones in females. We followed both groups over time and demonstrated
that the children with MS showed global deterioration in cognitive abilities. In contrast,
those with ADEM improved to normal levels on measures of simple attention and informa-
tion processing, and only experienced continuing weaknesses on complex processing tasks
(Deery, 2008).

Because research documenting the consequences of these conditions is in its infancy,
risk factors for poorer outcome remain unclear. Although some studies have noted rela-
tionships between factors such as severity of symptoms at presentation, rapidity of onset,
radiological/neurological indices, and treatment methods, sample sizes have generally been
too small to confirm these suggestions. Further large-scale studies are needed to extend
knowledge in these areas.

A potential explanation for cognitive deficits in children with ADEM and MS relates
to the immaturity of the CNS, particularly white matter, which appears to be the pri-
mary target for pathology for both conditions. Damage to white matter can increase the
risk of cognitive impairment by interfering with efficient transmission of impulses between
brain regions, resulting in reduced information processing, attentional impairments, slowed
response speed, and learning difficulties. During childhood, white matter development is
rapid, with myelination not fully complete until well into late adolescence/early adulthood
(Blakemore & Choudhury, 2006; Hudspeth & Pribram, 1990). Hence early brain insult
in ADEM and childhood MS may not only cause damage to existing myelin, but may also
interfere with normal white matter development (Hermann et al., 2002). Frontal regions
may be especially vulnerable, as they are among the last to become myelinated, and rely
on effective “communication” from posterior and subcortical regions for adequate function
(Klinberg, Vaidyn, Gabrieli, Moseley, & Heidehus, 1999). Similarly, damage to existing
white matter and future myelination may also have an effect on the development and estab-
lishment of cortical neural networks that are being laid down and refined during childhood
and adolescence. As a consequence of these neural disruptions, deficits in information pro-
cessing, and in attention and executive functions, are likely (and have been documented)
to occur. If sufficiently severe, these impairments are likely to have a cumulative impact on
a child’s capacity to acquire new skills and knowledge, potentially explaining the cognitive
decline observed by some researchers and clinicians. Although children with MS do not
appear to show the diffuse NABT damage found in adult MS, they may do so when they
themselves reach adulthood. Because these children may have already acquired cognitive
deficits and reduced cognitive reserves during childhood, increasing disease burden later in
life may leave them at particular risk of further cognitive impairment.

PSYCHOSOCIAL IMPACT AND OUTCOMES

Childhood MS and ADEM can result in social and psychological sequelae that have the
potential to affect quality of life. Studies show that adults with MS are more likely to be
unemployed, to need help with personal care and routine household tasks, to be less socially
active, and to have severely affected ADLs than adults without MS. Adults with MS are
also more likely to be depressed or suffer from bipolar disorder, and are much more likely to
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be divorced, than the general population (Murray, 1995). The consequences of interrupted
cognitive, social, and behavioral development in childhood are likely to be even more seri-
ous than those of adultonset MS.

Symptoms of ADEM, and more often childhood MS, are pervasive. In the more severe
cases, physical and cognitive impairments can affect children’s home life, interactions with
peers, functioning in the classroom, and ability to participate in sports and leisure activi-
ties. For children, the ability to participate successfully in such activities has a huge impact
on their development of self-worth and confidence. Ongoing difficulties due to ADEM, or a
diagnosis of MS, may add further psychosocial burden. Kalb et al. (1999) have assessed the
impact of childhood MS on social and emotional functioning. They found that children
with MS did not perceive themselves as different from their peers in terms of scholas-
tic competence, athletic competence, physical appearance, behavioral conduct, romantic
appeal, or global self-worth. However, the authors noted that the children appeared to lack
a realistic or accurate picture of MS or its potential impact. They suggested that many chil-
dren appeared to display a “healthy” denial, which allowed them to cope with day-to-day
life. Results from our lab do not necessarily support these findings. We found higher-than-
expected rates of parent-reported depression and anxiety for children after ADEM, with
many children, particularly those diagnosed at a younger age, requiring ongoing clinical
management for these problems. Furthermore, children who are younger at disease onset
may be most vulnerable to low self-esteem and reduced confidence, coupled with more
severe and widespread cognitive and behavioral problems.

This area is clearly underresearched, and although we may draw inferences from studies
addressing the psychosocial impact of other brain diseases or chronic illnesses of childhood,
the unique aspects of these conditions warrants further investigation so that appropriate
treatment and management can be provided.

FUTURE DIRECTIONS

ADEM and childhood MS are relatively “new” diagnoses, with only minimal research
available to guide practitioners in the care and follow-up of children presenting with these
conditions. Uncertainty exists at all levels: Diagnostic criteria remain poorly defined; treat-
ment approaches are yet to be rigorously evaluated; medical and behavioral outcomes are
variable at best; and key risk factors are yet to be definitively established. Furthermore, it
remains unclear whether these diseases are unique, or whether they in fact fall along a
continuum.

Although it may be argued that there is some potential to extrapolate from adult
data, at least in the case of MS, research findings (from both neuroimaging and behavioral
domains) and theoretical models lead us to caution against this approach, emphasizing that
damage to the developing brain may lead to substantially different consequences from those
documented in the adult brain. Indeed, this has already been highlighted for ADEM and
childhood MS, where reported impairments appear more generalized and severe than those
described in adult samples, despite the identification of less pathology on neuroimaging.

To make progress in this area, a number of steps are necessary. First, due to the low
incidence and prevalence of these conditions, multicenter trials will be critical to ensure
samples of sufficient size for answering key questions regarding effective treatments, long-
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term consequences, and potential risk factors. Second, almost all studies investigating neu-
rocognitive outcome have highlighted the need for longitudinal investigation, in response
to the apparent risk of cognitive decline over time. It will be of great interest to determine
whether this decline holds up in larger samples, and whether it represents a delayed develop-
mental trajectory associated with eventual catch-up, or a more permanent disability. Such
studies also have the potential to contribute to theoretical models addressing the impact of
early brain damage and potential risk and resilience factors more generally.

A further challenge to consider is how to take advantage of recent neuroimaging
advances. In other areas, researchers have begun to report fascinating findings, link-
ing quantitative and qualitative neuroimaging data with behavioral outcome measures.
Although routine MRI approaches are limited, in part by their poor pathological specificity,
nonconventional neuroimaging techniques (e.g., positron emission tomography, functional
MRI, proton magnetic resonance spectroscopy, magnetization transfer imaging, diffusion-
weighted imaging, tractography) have the potential to overcome these limitations by being
able to better detect and characterize the different pathological processes operating in MS
and ADEM, and also to quantify their severity.

In conclusion, only large-scale, multidisciplinary studies, preferably employing longitu-
dinal designs and incorporating medical, radiological, and behavioral methodologies, will
assist in furthering our knowledge of the consequences and risk factors for these rare and
complex conditions.
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CHAPTER 7

Tuberous Sclerosis Complex

ANNA W. BYARS

BRIEF HISTORICAL OVERVIEW
AND DIAGNOSTIC CRITERIA

According to Gomez, Sampson, and Whittemore (1990), tuberous sclerosis complex (TSC)
was first described in 1862 by Von Recklinghausen and later elaborated on by Bourneville
in the 1880s, who used the term sclerose tubereuse to reflect the potato-like appearance
of the cortical tubers that characterized the disorder. Several years later, Vogt focused on
facial angiofibromas, seizures, and mental retardation as cardinal features of the disorder
(Gomez et al., 1999), which were thought to be necessary for the diagnosis until relatively
recently. In 1998, a consensus conference on TSC was sponsored by the National Institutes
of Health and the National Tuberous Sclerosis Association (Hyman & Whittemore, 2000),
and resulted in the publication of revised diagnostic criteria for TSC (Roach, Gomez, &
Northrup, 1998; see Table 7.1). These diagnostic criteria (Roach et al., 1998) are complex;
the classic triad of seizures, mental retardation, and adenoma sebaceum (facial angiofi-
broma) described by Vogt in 1908 is actually present in only 29% of cases (Gomez, 1988).

PATHOLOGICAL FEATURES

TSC affects multiple organ systems, including skin (Webb, Clarke, Fryer, & Osborne,
1996), heart (Webb, Thomas, & Osborne, 1993), kidney (O’Callaghan, Noakes, Martyns,
& Osborne, 2004b), lungs (Castro, Shepherd, Gomez, Lie, & Ryu, 1995), and brain (DiMa-
rio, 2004).
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TABLE 7.1. Revised Diagnostic Criteria for Tuberous Sclerosis Complex (TSC)

Major features Minor features

Facial angiofibromas or forehead plaque Multiple pits in dental enamel
Nontraumatic ungula or periungual fibroma Hamartomatous rectal polyps
Hypomelanotic macules (more than three) Bone cysts

Shagreen patch (connective tissue nevus) Cerebral white matter radial migration lines
Multiple retinal nodular hamartoma Gingival fibromas

Cortical tuber Nonrenal hamartoma

Subependymal nodule Retinal achromic patch

Subependymal giant cell astrocytoma “Confetti” skin lesions

Cardiac rhabdomyoma, single or multiple Multiple renal cysts

Lymphangiomyomatosis
Renal angiomyolipoma

Definite TSC: Either two major features or one major feature plus two minor features
Probable TSC: One major plus one minor feature
Possible TSC: Either one major feature or two or more minor features

Note. From Roach, Gomez, and Northrup (1998). Copyright 1998 by SAGE Publications. Reprinted by permission.

Skin

The cutaneous features of TSC are common and may be the first sign of disease. The most
distinctive of these are the facial angiofibromas, which typically appear in middle child-
hood and may progress during puberty and adolescence. They are potentially disfiguring.
Various other skin findings may be present from birth, including ash leaf spots or hypomel-
anotic macules, shagreen patches, and ungual fibromas.

Heart

The primary cardiac manifestation of TSC is cardiac rhabdomyoma, a benign tumor that is
typically clinically asymptomatic. However some patients have difficulty with the function
of cardiac valves that may be affected, or with arrhythmia or cardiomyopathy. These lesions
develop prenatally and usually involute or resolve with age.

Kidney

Renal angiomyolipomas and renal cysts are the typical kidney manifestations of TSC.
Symptomatic renal involvement is not common in childhood (Franz, 1998).

Brain
Structural Characteristics

The abnormality in brain development occurs during embryogenesis and results in cortical
tubers, subependymal nodules, subcortical heterotopias, cortical dysplasia, and subependy-
mal giant cell astrocytomas. The cortical tubers (or, more precisely, the surrounding tis-
sues) frequently act as the focus for epileptiform discharges. See Figure 7.1 for a magnetic
resonance imaging (MRI) scan of a severely affected brain.
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FIGURE 7.1. T2-weighted MRI scan of a brain severely affected by TSC, showing multiple cortical tubers as
well as subependymal nodules characteristic of TSC.

Epilepsy

As many as 80-90% of individuals with TSC will develop epilepsy (Gomez et al., 1999),
which commonly begins in infancy. The seizures that begin in the first year of life usually
resemble infantile spasms; partial seizures may also occur. The partial seizures may precede
(usually identified in retrospect after the development of spasms), co-occur with, or evolve
from the infantile spasms (Curatolo, Seri, Verdecchia, & Bombardieri, 2001). Various other
seizure types may be seen in TSC as well; typical absence seizures are the only type that
have not been observed (Thiele, 2004). Epilepsy associated with TSC is usually difficult to
treat, and in many patients it is medically intractable.

EPIDEMIOLOGY AND GENETICS

TSC is an autosomal dominant disease with an incidence estimated at between 1 in 6,000
and 1 in 9,000 (Osborne, Fryer, & Webb, 1991; Hyman & Whittemore, 2000). These
estimates put the incidence of TSC on a par with that of more frequently recognized inher-
ited pediatric diseases, such as cystic fibrosis (Franz, 1998). It is characterized by high-
penetrance involvement of multiple organ systems and by considerable variability and
expression (Gomez, 1988), as well as a high rate of spontaneous mutation. TSC is due to
mutation in either the TSCI gene (9934), identified in 1997 (van Slegtenhorst et al., 1997),
or the TSC2 gene (16p13.3), discovered in 1993 (European Chromosome 16 Tuberous Scle-
rosis Consortium, 1993). These genes code for the proteins hamartin and tuberin, respec-
tively, which act as tumor suppressors and normally prevent the development of tumors or
other forms of excessive cell growth, such as cortical tubers. The actual manifestation of
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symptoms seems to depend on “second-hit” mutations that knock out the normal allele
and result in abnormalities in cell differentiation and migration. In addition, hamartin and
tuberin interact to form a complex that acts to decrease activity of mammalian target of
rapamycin (mTOR), which regulates the synthesis of proteins important for cell prolifera-
tion, growth, and survival (see Holmes, Stafstrom, & the Tuberous Sclerosis Study Group,
2007, or Curatolo, Bombardieri, & Jozwiak, 2008, for a discussion). These relatively recently
identified molecular mechanisms have led to speculation about potential treatment ave-
nues, which are described below.

In some studies examining the relationship between genotype and phenotype, the
clinical symptoms associated with TSC2 appeared to be more severe and more likely to
include mental retardation (Dabora et al., 2001; Jones et al., 1999); another study, however,
found no differences in the type or degree of symptoms associated with TSC1 and TSC2
(van Slegtenhorst, Verhoef, Tempelaars, et al., 1999). de Vries and Bolton (2000), based on
data they obtained from a mail survey of 510 families of individuals with TSC, concluded
that the phenotype differences between TSC1 and TSC2 disease are related to severity
rather than to the specific symptoms involved in either. A recent study has confirmed the
association between TSC2 mutations and poorer cognitive performance, as well as earlier
age of seizure onset and the presence of more cortical tubers (Jansen et al., 2008a). Jansen
et al. have emphasized, however, that there is considerable overlap in both neurological and
cognitive phenotype in patients with TSC1 and TSC2 mutations.

NEUROPATHOLOGICAL SUBSTRATE

TSC is a disorder of cellular differentiation, proliferation, and neuronal migration (Mizugu-
chi & Takashima, 2001). The characteristic findings on brain imaging are cortical tubers,
which can occur throughout the brain and can be described as discrete areas of disorganiza-
tion of cortical lamination (Ess, 2006). Subependymal nodules are also common. These can
grow into subependymal giant cell astrocytomas, which may require surgical intervention.
Understanding of the neuropathology of TSC has evolved in concert with the development
of more sensitive imaging techniques (Franz, 1998; Inoue et al., 1998). Early studies relied
on computed tomography (Clarke, Cook, & Osborne, 1996; Menor, Marti-Bonmati, Mulas,
Poyatos, & Cortina, 1992; Webb, Thomson, & Osborne, 1991b), which does not adequately
identify the cortical malformations and tubers that are prevalent in TSC. Advances in
MRI (increased field strength of the magnets used for routine clinical scanning, together
with refined imaging protocols) have allowed for more precise counting of cortical tubers,
as well as calculation of tuber volumes (tuber—brain proportion) (Jansen et al., 2008a) and
better identification of subtle cortical malformations.

NEUROPSYCHOLOGICAL AND
NEUROBEHAVIORAL CONSEQUENCES

The population with TSC is particularly interesting from a neurobehavioral standpoint,
because several mechanisms may be hypothesized to underlie the deficits that are observed.
These mechanisms include the cortical tubers, infantile spasms, chronic seizure activ-
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ity, and other neurological findings that are characteristic of TSC. The neurobehavioral
symptoms associated with TSC include mental retardation and autism or autistic features
(Asato & Hardan, 2004). Sleep disturbance and extreme hyperactivity have also been
noted (Hunt, 1993).

Intellectual Impairment

The most common neuropsychological consequence of TSC is mental retardation. It was
initially thought to be universally present; however, with improved identification and diag-
nosis, it is clear that approximately only 50% of people with TSC will have mental retar-
dation (Joinson et al., 2003). In an epidemiological sample of 108 individuals with TSC,
Joinson et al. (2003) used standardized tests and comparisons with siblings to demonstrate
that 1Q was bimodally distributed: 44% of the patients with TSC had an 1Q below 70.
Those with normal-range intelligence had a mean 1Q (94) that was significantly lower than
that of unaffected siblings (106). There were no data presented to suggest that some abilities
might be weak despite average overall IQ. Another study of patients with TSC recruited
from a variety of clinical settings, rather than on an epidemiological basis, documented an
IQ below 70 in 55% of their 98 cases (Lewis, Thomas, Murphy, & Sampson, 2004).

There are two risk factors for intellectual impairment in patients with TSC: tuber
burden, or the number of tubers an individual has, and a history of infantile spasms. The
two factors generally co-occur (Doherty, Goh, Young Poussaint, Erdag, & Thiele, 2005).
Shepherd, Houser, and Gomez (1995) demonstrated a relationship between the number
of tubers and mental disability. They also found that children with mental disability had
seizures or a history of seizures; those children without such disability had no history of
seizures. The degree to which tuber burden or epilepsy is more responsible for cognitive
impairment on either a group or an individual-patient basis is not known. The degree of
intellectual impairment has been associated with the number of tubers in an individual
(O’Callaghan et al., 2004a; Shepherd et al., 1995), the number of lobes involved (Weber,
Egelhoff, McKellop, & Franz, 2000), and whether or not tubers are distributed unilaterally
or bilaterally (Zaroff et al., 2006).

A meta-analysis (Goodman et al., 1997) of a small number of studies with varying
methodologies suggested that the total number of cortical tubers is a marker for overall
neurological severity of TSC in individual patients, defined as the degree of mental retarda-
tion. Some have questioned the strength of this finding (Doherty et al., 2005) because of
the few studies included and the different methodologies used in these studies. Humphrey,
Higgins, Yates, and Bolton (2004) reported on a pair of monozygotic twins with TSC who
had differing degrees of developmental delay. The more severely affected twin had a smaller
number of tubers, but they were large and resulted in extensive brain involvement, along
with mental retardation and autism; the less severely affected twin had more tubers, but
they were small, and he did not meet the criteria for mental retardation or autism.

The presence of mental retardation is also strongly associated with a history of infan-
tile spasms in particular and epilepsy in general (Goh, Kwiatkowski, Dorer, & Thiele, 2005;
Hunt, 1993; Joinson et al., 2003; Jozwiak, Goodman, & Lamm, 1998; O’Callaghan et al.,
2004a; Shepherd & Stephenson, 1992). Early onset of seizures has also been shown to be
associated with poor developmental and intellectual outcome (Gomez et al., 1999; Zaroff et
al., 2006), although it has been suggested that this association is a result of the age distribu-
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tion of infantile spasms (Jozwiak et al., 1998). A small prospective study of children with
TSC born to families already identified with TSC (Webb, Fryer, & Osborne, 1991a) showed
that the children who experienced developmental delay and subsequent mental retardation
(38% of their sample of 26 patients) all had seizures at a young age (a mean onset of 10
months of age). The individuals with unimpaired cognitive development attended normal
school or were gainfully employed.

Neuropsychological Deficits

Prather and de Vries (2004) noted that there are few data concerning the cognitive and
behavioral characteristics of individuals with TSC but without mental retardation. Early
studies sought to identify specific patterns of neuropsychological impairment that might
be associated with particular tuber locations, but were largely unsuccessful in this regard
(Jambaque et al., 1991; Weber, Egelhoff, & Franz, 1996). Global impairment across neurop-
sychological domains was the most frequent finding in these studies. Weber et al. (1996)
found no differences in the pattern of neuropsychological deficit among patients with vary-
ing tuber locations. Jambaque et al. (1991) studied 23 patients with TSC; their assessments
included measures of naming, visual-constructive ability, and memory, but the analyses
focused only on IQ scores from at least four different IQ tests. Of the 23 patients, 16 had
IQ scores in the mentally retarded range, with 8 of them having IQ scores below 40. In
the 7 patients with IQ scores in the average range, various isolated deficits were described,
including dyspraxia, speech delay, visual-spatial deficit, memory impairment, and dyscalcu-
lia (each in one patient), as well as behavior problems, including hyperactivity and aggres-
sion (each in one patient). There was a specific functional anatomical relationship between
neuropsychological profile and tuber location in only one case: that of a patient with aver-
age 1Q, constructional dyspraxia, and a single left parietal tuber. They also found that
transient spasms or late-onset partial seizures were the only seizure types occurring in their
patients who had normal intelligence. The majority of their sample with mental retardation
had multiple bilateral cortical tubers.

With the increasing identification of patients who have TSC but no intellectual defi-
cit, a few studies of neuropsychological profiles have been carried out (Prather & de Vries,
2004). Specific deficits in attention (de Vries & Watson, 2008; Harrison, O’Callaghan,
Hancock, Osborne, & Bolton, 1999) and executive functions (Harrison et al., 1999) have
been documented in patients with TSC and normal intelligence. Harrison et al. (1999)
compared seven patients with TSC and normal intelligence to nine healthy control partici-
pants, using primarily computerized measures of memory and problem solving (the Cam-
bridge Neuropsychological Test Automated Battery, o- CANTAB). The group means of
the patients and controls did not differ for any of the measures, including the Mini-Mental
State Exam, Raven’s Progressive Matrices, the National Adult Reading Test, and the
National Adult Reading Test in addition to the CANTAB subtests. However, examination
of the presence of impaired scores in each group did show a difference: None of the control
participants produced an impaired performance, but five of the seven patients with TSC
scored at or below the 5th percentile on one or more of the tests. The authors appropriately
concluded, however, that the small sample size precluded definitive statements regarding
the relationship of lesion location and neuropsychological deficit. Jansen et al. (2008b)
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have noted, however, that specific deficits in memory and learning in their patient sample
were consistent with general intellectual function.

One of the ongoing problems with the TSC literature is that studies measuring only
global intellectual function—that is, relying on IQ or developmental quotient (DQ) scores
(Jambaque et al., 1991; Winterkorn, Pulsifer, & Thiele, 2007)—are characterized as mea-
suring neuropsychological status. For example, Winterkorn et al. (2007) noted that their
study was one with quantitative neuropsychiatric data on a large sample. They reviewed
the medical records of 107 patients seen in their TSC clinic who had undergone neuropsy-
chiatric assessment. They observed the typical bimodal distribution of IQ scores in these
patients, with 57% of their sample having normal-range IQ or DQ scores. They also found
that 1Q/DQ scores were lower for those patients with refractory epilepsy and documented
TSC2 mutations. No data about specific neuropsychological deficits, were presented, how-
ever.

Autism/Other Pervasive Developmental Disorders

Autism and other pervasive developmental disorders (PDD) are much more common in
patients with TSC than in the general population (Asano et al., 2001; Baker, Piven, &
Sato, 1998; Gillberg, Gillberg, & Ahlsen, 1994; Hunt & Shepherd, 1993). Rates of autism
specifically are estimated to be approximately 25% in the population with TSC, and as
many as 40-50% of patients with TSC meet criteria for autism spectrum disorders (ASD)
or PDD in general (Gutierrez, Smalley, & Tanguay, 1998; Wiznitzer, 2004). The mecha-
nism for this association is not understood. It may be related to common genetic factors, to
generalized brain dysfunction, or to specific regions disrupted by tubers or seizures that play
arole in autism. It is clear that of all the genetic syndromes that may lead to mental retarda-
tion, TSC is the most strongly associated with autism, and therefore may be the most likely
to provide clues about its causes.

A number of studies have sought to characterize children with autism and TSC. An
early study (Smalley, Tanguay, Smith, & Gutierrez, 1992), using the Autism Diagnos-
tic Interview compared 13 children with TSC to 14 children with autism. Seven of the
patients with TSC met the criteria for autism; they had fewer preoccupations, compulsions,
or unusual attachments to objects than did the patients with autism but without TSC. The
groups did not differ on the frequency of stereotypies or sensory responses. In comparing
the patients with TSC and autism to the patients with TSC but without autism, Smalley et
al. found more males than females and more mental retardation. The groups were not sig-
nificantly different with respect to a history of seizures, although there were more seizures in
individuals with TSC and autism than in those with TSC without autism. More recently,
Jeste, Sahin, Bolton, Ploubidis, and Humphrey (2008) prospectively followed a group of 20
children with TSC with and without autism who were referred to a TSC clinic. They used
the Autism Diagnostic Observation Schedule and assessed the children’s cognition and
language at 18, 24, 36, and 60 months of age. They found that the children with TSC and
autism had greater cognitive impairment than those with TSC but without autism.

Mental retardation and infantile spasms have been identified as risk factors for autism
in TSC (Gutierrez et al., 1998; Hunt & Dennis, 1987; Riikonen & Simell, 1990). Most

studies are retrospective in nature and report on the prevalence of mental retardation and
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infantile spasms in children who meet the criteria for autism. Humphrey, Neville, Clarke,
and Bolton (2006) prospectively followed an infant with standardized measures of devel-
opment from before the onset of seizures until he had developed both epilepsy (infantile
spasms and complex partial seizures) and autism and mental retardation. They were able
to document a temporal relationship between the onset of seizures at 21 months of age and
the development of autistic behavior.

A few studies have investigated the possible link between autistic behavioral symp-
toms and tuber location or number. Some studies (Bolton & Griffiths, 1997; Bolton, Park,
Higgins, Griffiths, & Pickles, 2002) have found higher numbers of temporal lobe tubers in
patients with TSC and autism/PDD than in patients with TSC but without autism/PDD,
although another study found that tuber location was not associated with a Diagnostic
and Statistical Manual of Mental Disorders, fourth edition (DSM-IV) diagnosis of autistic
disorder (Walz, Byars, Egelhoff, & Franz, 2002). This discrepancy may have had to do
with the differences in diagnostic criteria for autism/PDD versus DSM-IV autistic disorder.
In another study, the severity of autistic features was related to the presence of cerebellar
tubers (Weber et al., 2000). Positron emission tomography data have suggested that autism
in TSC is related to both cortical and subcortical abnormalities (Asano et al., 2001).

In addition to the high rates of autism and other PDD in TSC, other behavioral prob-
lems occur with greater frequency in TSC. Like autism and other PDD, these problems
are more common among patients with mental retardation than among those without it;
they include language disorder, hyperactivity, and aggression. One study showed, however,
that hyperactivity and autistic features were associated with TSC at higher rates than in
patients with infantile spasms without TSC (Hunt & Dennis, 1987). A more recent study
highlighted the frequency of previously unrecognized anxiety disorders (Lewis et al., 2004).
A questionnaire study documented high rates of anxiety symptoms (40%), depressed mood
(23%), and aggressive behavior (58%) in 265 children and adolescents with TSC (de Vries,
Hunt, & Bolton, 2007). These problems were equally endorsed by parents of patients with
and without mental retardation. Similar rates of these symptoms were found in a clinic-
based study of 241 children and adults with TSC (Muzykewicz, Newberry, Danforth, Halp-
ern, & Thiele, 2007), with some form of psychiatric symptomatology occurring at an over-
all rate of 66%. A recent study (Raznahan, Joinson, O’Callaghan, Osborne, & Bolton,
2006) used structured diagnostic interviews with 60 adults with TSC (42 with epilepsy and
25 with 1Q below 70) and found that 40% of them had had mental illness. The most com-
mon diagnoses were major depression, alcoholism, and anxiety disorders. Only one person
had a diagnosis of schizophrenia.

RECOMMENDATIONS FOR ASSESSMENT
OF COGNITIVE AND BEHAVIORAL PROBLEMS

The Behavioral and Psychiatric Panel at the consensus conference described earlier (Hyman
& Whittemore, 2000) recommended regular assessment of cognition and behavior at spe-
cific time points for patients with TSC. These time points include the time of diagnosis and
at school entry, as well as any point at which specific cognitive or behavioral difficulties are
recognized. A subsequent consensus conference sponsored by the Tuberous Sclerosis Asso-
ciation (United Kingdom) and the Tuberous Sclerosis Alliance (United States) was held in
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the United Kingdom in 2003, and produced clinical guidelines for assessment of cognitive
and behavioral difficulties in TSC (de Vries et al., 2005). These guidelines provide a good
summary of the general purposes of assessment and areas of special concern in TSC at each
time point, and they are outlined in Table 7.2.

TREATMENTS THAT AFFECT COGNITION AND BEHAVIOR

Treatment of TSC is aimed at treating the affected organ systems. From a neurological
standpoint, the most common treatment is the use of antiepileptic drugs (AEDs) to treat
seizures. The effects of AED therapy on cognition and behavior have long been recog-
nized (see Loring, Marino, & Meador, 2007 for a review), and these effects are manifest
in patients with TSC. There are also some considerations of treatment specific to TSC.
For example, the antiepileptic drug vigabatrin has been shown to have marked efficacy in
control of infantile spasms, particularly in children with TSC (Chiron, Dulac, & Luna,
1990; Curatolo, 1994). Because vigabatrin has been associated with the development of
visual field defects, it has not been approved by the Food and Drug Administration and is
therefore not widely used in the United States. Children who are treated early and with
good seizure control may subsequently have a better developmental course (Franz, 1998;
Jambaque, Chiron, Dumas, Mumford, & Dulac, 2000). Some have questioned whether the
small risk of visual field defects outweighs the possible benefit of preventing mental retarda-
tion and autism (Humphrey et al., 2006).

Although epilepsy in TSC is generally medically refractory, patients with TSC were
long thought to be poor candidates for epilepsy surgery, because they generally have multi-
focal epileptiform activity and multiple tubers (Weiner, Ferraris, LaJoie, Miles, & Devinsky,

TABLE 7.2. Common Cognitive and Behavioral Problems in TSC: Typical Ages at Presentation
and Appropriate Interventions

Age Most likely cognitive or behavioral problem
(years) presenting at this age Appropriate intervention
0-3 Global intellectual impairment Individual education plan
Autism spectrum disorders Early intervention programs for autism
3-8 Impulsivity Provide structure/coaching +
ADD/ADHD psychopharmacology
8-12  Organizational impairment Provide structure/coaching +
ADD/ADHD psychopharmacology
12-18 Independent living skills Coaching
Affect-regulation and judgement Coaching
Anxiety disorders and depressive disorders ~ Cognitive behavioral therapy +
psychopharmacology
18+ Anxiety disorders and depressive disorders ~ Cognitive behavioral therapy +
psychopharmacology

Note. From deVries et al. (2005). Copyright 2005 by Springer Science+Business Media. Reprinted by permission.
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2004). It was assumed that if one epileptogenic tuber were resected and seizures were
thereby reduced or eliminated, another tuber might become an active focus. However, good
outcome following epilepsy surgery has been demonstrated in patients with TSC who were
carefully evaluated and selected (Avellino, Berger, Rostomily, Shaw, & Ojemann, 1997,
Bebin, Kelly, & Gomez, 1993; Weiner et al., 2006). A review of 25 papers that reported on
postsurgery seizure outcome in 177 patients with TSC characterized epilepsy surgery as very
successful in patients with TSC; seizure freedom or improvement was not as good as that
for straightforward temporal lobe epilepsy surgery, but was better than that for extratem-
poral epilepsy surgery (Jansen, van Huffelen, Algra, & van Nieuwenhuizen, 2007). A case
report noted some improvement in behavior as well as seizures after epilepsy surgery in two
young boys (Gillberg, Uvebrant, Carlsson, Hedstrom, & Silfvenius, 1996).

RESEARCH LIMITATIONS AND FUTURE DIRECTIONS

There has been extraordinary progress in the understanding of the genetic and molecu-
lar bases of TSC over the past 20 years (Au, Williams, Gambello, & Northrup, 2004), as
well as in the recognition and description of neurobehavioral problems associated with
TSC (Prather & de Vries, 2004; Zaroff et al., 2005). Several weaknesses characterized early
research in this area, including a lack of standardized measures of intelligence and neurop-
sychological function, overreliance on the reports of parents or the impressions of physi-
cians, the use of retrospective study designs. A significant ascertainment bias also existed in
earlier studies, in that the more severely affected cases were included. This bias has dimin-
ished over the years with the development of specific diagnostic criteria, increased recogni-
tion of the variable expression of the disease, and wide availability of genetic tests. Future
studies should include standardized and validated assessments of cognitive and behavioral
outcomes, in order to base treatment goals and strategies on the most reliable data.

Future research should certainly make use of prospective designs for descriptive studies
clarifying the natural course of the disorder and the extent of its variability in expression
of cognitive and behavioral symptoms, as well as for clinical trials of promising treatments.
One such treatment is the use of rapamycin, an immunosuppressant used to treat trans-
plant patients. It is an mTOR inhibitor that has been shown to reduce the volume of sub-
ependymal giant cell astrocytomas (Franz et al., 2006) and renal angiomyolipomas (Bissler
et al., 2008). A recent study in an animal model of TSC has shown improvement of learn-
ing deficits with administration of rapamycin (Ehninger et al., 2008), which may provide
an avenue of treatment for the cognitive symptoms of TSC as well.
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erinatal stroke (PS) is a cerebrovascular event that occurs in the period just before

birth or immediately after, and is usually observed among infants born at term (Lynch
& Nelson, 2001). The prevalence rate of PS is estimated at 1 in 4,000, but it is widely
believed that this estimate is low, reflecting only those cases that present with identifiable
symptoms. The prevalence and clinical significance of PS have become more apparent with
the advent of modern neuroimaging techniques, making the understanding of its conse-
quences and outcomes a clinical priority.

PSs most commonly involves the middle cerebral artery distribution, creating large
lesions that compromise much of one cerebral hemisphere. In adults, such lesions result in
significant deficits; the specific patterns of these differ, depending on the side and site of the
injury. However, children with such large lesions often achieve considerably better function
than their adult counterparts across a range of physical, cognitive, and affective domains.
These developmental differences probably reflect fundamental properties of human brain
development. Typical brain development is dynamic and relies upon both genetic cues
and appropriate input (Stiles, 2008). In the late prenatal period, and for an extended time
postnatally, normal brain development is characterized by the emergence and subsequent
retraction of exuberant neural resources as the developing brain adapts to the contingencies
of the world (Huttenlocher & Dabholkar, 1997; Huttenlocher, 2002). Principles of competi-
tion and functional optimization have been used to describe these important aspects of late
prenatal and postnatal brain development (Changeux & Danchin, 1976; Cowan, Fawcett,
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O’Leary, & Stanfield, 1984; Greenough, Hwang, & Gorman, 1985; Quartz & Sejnowski,
1997). The characterization of brain development as dynamic and adaptive has important
implications for the study of brain development following PS.

Early injury constitutes a perturbation of basic neurodevelopmental processes: It reduces
available neural resources, and it alters both the typical development of the neurobiologi-
cal system and the capacity of the neural system to process input. However, because the
injury occurs during a period of adaptive exuberance, the insult itself becomes a part of the
developmental dynamic. Injury is never beneficial, and extensive injury during this period
may exceed the adaptive capacity of the developing brain. But when injury is more local-
ized (as in the case of stroke), it alters, but does not fundamentally disrupt, the development
of neural networks. Rather, the developing brain can adapt, within limits, to the effects of
injury. When a circumscribed region of cortex is lost, the remaining cortex may organize
differently and preserve function. The study of children with PS provides an important
opportunity to examine more closely questions concerning both the extent and limits of
neural plasticity in humans.

This chapter examines the medical and neuropsychological effects of PS. It begins
with an overview of the mechanisms and suspected causes of stroke in the perinatal period,
and considers the medical consequences for the physical development of the motor and
sensory systems. The remainder of the chapter focuses on the behavioral consequences of
PS. The discussion of neuropsychological effects includes an overview of research using
standardized measures of behavioral development, as well as a summary of experimental
studies that examine specific aspects of development in greater detail. Finally, we review
some very recent functional neuroimaging studies designed to examine alternative patterns
of brain organization that can emerge after PS.

MECHANISMS AND MEDICAL CONSEQUENCES

PS generally occurs during the third trimester, during labor and delivery, or during the neo-
natal period. The majority of perinatal strokes involve the left hemisphere (LH)—a finding
attributable to anatomical or hemodynamic differences between the left and right common
carotid arteries (Volpe, 2001). Term infants generally have large strokes involving the main
branch of the middle cerebral artery, damaging both cortical and subcortical regions (Fig-
ure 8.1; Bax, Tydeman, & Flodmark, 2006; Wu, Croen, Shah, Newman, & Najjar, 20006).
Middle cerebral artery branch occlusions, basal ganglia infarcts, cerebellar infarcts, and
internal capsule lacunes are occasionally reported (Govaert et al., 2000; Kwong, Wong,
Fong, Wong, & So, 2004). Some preterm infants have multifocal arterial strokes involving
branches of cortical or lenticulostriate arteries (Bax et al., 2006; de Vries et al., 1997). But
most preterm infants have periventricular hemorrhagic infarctions, resulting in porenceph-
alic cysts and white matter changes (periventricular leukomalacia) (Bax et al., 2006; Volpe,
2001; Wu et al., 2006).

A number of maternal and fetal/neonatal risk factors and associated features for stroke
in the term infant have been documented (see Table 8.1; Lee et al., 2005a; Mercuri et al.,
2001; Nelson & Lynch, 2004; Wu et al., 2006). Multiple independent risk factors and asso-
ciated features increase the likelihood of stroke. Thromboembolic events, the most likely
cause of stroke, may originate from intra- or extracranial blood vessels, the heart, or the
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FIGURE 8.1. MRI scan at age 5 years that shows the residua of a neonatal middle cerebral artery stroke.

placenta (Pathan & Kittner, 2003). Many of the risk factors affect the placenta directly or
indirectly. The placenta is a highly vascular organ that regulates its own hemostasis. Many
complications of pregnancy (e.g., chorioamnionitis or preeclampsia) may tip the balance
toward excessive coagulation, increasing stroke risk (Nelson & Lynch, 2004).

Clinical Presentation and Outcome

The majority of infants whose strokes occur at term present with seizures in the neonatal
period (70%), whereas 75% of preterm infants whose strokes occur prenatally are diagnosed
incidentally when a routine ultrasound shows a periventricular hemorrhagic infarction.
Some children with PS do not present until several months of age, when decreased hand
use is noted and imaging reveals an old stroke, which is presumed to have occurred in the
perinatal period. Because proximal arm and leg muscles have bilateral innervation, and
infants do not really start to use their hands until a few months of age, the hemiparesis is
not immediately apparent. Newborns whose injury occurs during labor and delivery have
acute signs of brain insult (e.g., seizures), while those whose stroke occurred even a few days
before birth have “recovered” and are asymptomatic. Infants with prenatal strokes may or
may not have symptoms when their stroke occurs.

TABLE 8.1. Maternal and Fetal/Neonatal Risk Factors and Associated Features for PS

Maternal Fetal/neonatal
History of infertility Fetal heart rate abnormalities during birth
Primiparity (first child) Asphyxia
Vacuum extraction Low Apgar scores
Emergency cesarean section Resuscitation at birth
Chorioamnionitis (placental infection) Cardiac anomalies
Prolonged rupture of membranes Polycythemia (excess red cells)
Preeclampsia (hypertension plus kidney problems and,  Infection

rarely, seizures) Coagulation abnormalities
Oligiohydramnious (decreased amniotic fluid) Smallness for gestational age

Infection during pregnancy, especially urinary tract
Coagulation abnormalities

Autoimmune disorders

Twin gestation

Advanced maternal age

Note. Data from Mercuri et al. (2001); Nelson and Lynch (2004); Lee et al. (2005); and Wu et al. (2006).



184 I. MEDICAL DISORDERS

Neonatal seizures are routinely evaluated with an electroencephalogram (EEG) to
assess abnormal brain electrical activity, and X-ray computed tomography and/or magnetic
resonance imaging (MRI) to detect anatomical abnormality. Imaging of children present-
ing with hemiparesis during the first year documents the extent of the lesions and confirms
the unilaterality of the pathology. The medical workup at all ages includes an assessment of
the heart, studies of blood clotting, and studies evaluating for metabolic/genetic problems
that can cause stroke. Between 30% and 50% of children who had a neonatal stroke are
grossly neurologically normal (Lee et al., 2005b; Nelson & Lynch, 2004). Cerebral palsy
(CP) occurs in 40-60%, epilepsy in about 40%, visual problems in 25%, and behavior
problems in 20%. About 80% have an abnormality in at least one domain. Risk factors
for poor outcome include abnormal exam at discharge from the nursery, neonatal seizures,
abnormal EEG, blood clotting abnormalities, and late presentation of CP (Bax et al., 2006;
Merecuri et al., 1999, 2001; Sreenan, Bhargava, & Robertson, 2000; Wu et al., 2004). Site,
side, and timing of stroke may also affect outcome (Kwong et al., 2004; Nass, Peterson, &
Koch, 1989; Staudt et al., 2004).

Neonatal seizures occurring concurrently with the stroke are generally few in num-
ber and easy to control. However, abnormal neonatal EEG predicts poorer outcome at 15
months (Mercuri et al., 1999). Most children who have seizures as newborns never have
them again, and about 25-40% have recurrent seizures later in life that are easily con-
trolled with medication. Some have persistent seizures, and some develop intractable sei-
zures. Rarely, surgery is required to control the seizures. Epilepsy in the population with PS
tends to lower IQ or overall cognitive abilities (Carlsson, Hagberg, & Olsson, 2003; Isaacs,
Christie, Vargha-Khadem, & Mishkin, 1996; Muter, Taylor, & Vargha-Khadem, 1997;
Vargha-Khadem, Isaacs, van der Werf, Robb, & Wilson, 1992).

Motor Function

Studies of motor outcome have focused on the type and degree of motor deficits, effects
of lesion location, patterns of motor pathway reorganization, and features of mirror move-
ments. Hemiplegic CP can affect both arm and leg—often to different degrees, depending
on the location of the lesion. Some studies have addressed the leg and gait difficulties, but
most have focused on the hand because it is generally more involved. Motor deficits in
hemiplegic CP manifest themselves not only as weakness, spasticity, and impaired dexter-
ity, but also as higher-order movement-planning difficulties (apraxia). Imaging studies have
shown that children whose stroke involved the internal capsule, basal ganglia, and cerebral
cortex had hemiplegia (Boardman et al., 2005; de Vries et al., 1997; Humphreys, Whiting,
& Pham, 2000) both at 15 months (Mercuri et al., 1999) and at follow-up in the school-age
period (Mercuri et al., 2004). Children with hemiplegic CP who have a normal MRI are
likely to outgrow the hemiparesis by age 3 (Nelson & Ellenberg, 1982; Wu et al., 2006).
Degree of hemiplegia has been found to correlate significantly with IQ in children with PS
(Levine, Huttenlocher, Banich, & Duda, 1987).

The gait in hemiplegic CP is described as circumducting; that is, body position is
crouched, and the impaired leg lifts and swings rather than moving straight forward because
of increased tone/spasticity at the hip. Toe walking may also occur because of increased
tone/spasticity at the ankle (Wren, Rethlefsen, & Kay, 2005). Kinematic studies demon-
strate a gait similar to an inverted pendulum on the nonaffected limb and a pogo stick
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on the affected limb (Fonseca, Holt, Fetters, & Saltzman, 2004). Upper-limb abnormality
involves spasticity (Bax et al., 2006). This is most apparent at the elbow, which tends to
bend; at the wrist, which tends to flex; in the hand, which tends to droop because holding
the palm up is difficult; and in the fingers, which tend to flex. Weakness is mild in about
60%, moderate in about 35%, and severe in about 5% (Bax et al., 2006). Dexterity in
both the fingers and the hand is compromised even in a mildly affected hand (Brown, van
Rensburg, Walsh, Lakie, & Wright, 1987; Duque et al., 2003; Eliasson & Gordon, 2000;
Gordon, Lewis, Eliasson, & Duff, 2003; Krumlinde-Sundholm & Eliasson, 2002; Steenber-
gen, van Thiel, Hulstijn, & Meulenbroek, 2000). Apraxia occurs; movement planning is
often compromised (Eliasson, Gordon, & Forssberg, 1991, 1992, 1995; Forssberg, Eliasson,
Redon-Zouitenn, Mercuri, & Dubowitz, 1999; Gordon, Charles, & Duff, 1999; Gordon &
Duff, 1999a, 1999b; Duff & Gordon, 2003). The temporal relationship between the differ-
ent hand muscles deviates from normal (Duque et al., 2003). Neglect of the impaired
hand (Trauner, 2003) may increase performance deficits. Because of such neglect, residual
motor capabilities may not be tapped to their maximum. As in adults, neglect may be more
common with right-hemisphere (RH) lesions, and apraxia more common and more often
bilateral with LH lesions (Steenbergen & van der Kamp, 2004; Trauner, 2003). The latter
may reflect deficits of motor imagery (Steenbergen & Gordon, 2006).

Constraint therapy, which involves restraining the good arm to force the use of the
impaired arm (Charles, Wolf, Schneider, & Gordon, 2006), has been used to counter the
tendency not to use the impaired hand. Other work has shown that with practice, children
with CP improve their motor execution skills for grip—lift synergy, as well as their ability to
sense the weight and texture of novel objects (Duff & Gordon, 2003).

Minor motor deficits have been documented in the putatively uninvolved arm and
hand (Steenbergen & van der Kamp, 2004). Dexterity scores for this arm and hand are
lower than those of controls, and motor planning is affected (Steenbergen & Meulenbroek,
2006). Performing tasks of everyday life occurs in a step-by-step rather than continuous
fashion, and the uninvolved hand does not achieve “end posture comfort” (i.e., the action
that is performed after an object has been picked up, such as drinking from a glass; Mut-
saarts, Steenbergen, & Bekkering, 2005).

Bimanual coordination problems are also reported and reflect both poor dexterity in
the impaired hand and higher-order motor planning problems. But bimanual coordination
is affected even if the impaired hand is dexterous. Moreover, deficits are reciprocal; the
intact hand affects the impaired hand and vice versa (Hung, Charles, & Gordon, 2004;
Punt, Riddoch, & Humphreys, 2005; Utley, Steenbergen, & Sugden, 2004).

In typical development, corticospinal tracts originate in the motor cortex, and the
vast majority of fibers cross in the medullary pyramids and control the contralateral limb.
In hemiplegic CP, three reorganization patterns are described (Figure 8.2; Carr, Harri-
son, Evans, & Stephens, 1993; Maegaki et al., 1997; Nezu, Kimura, Takeshita, & Tanaka,
1999; Staudt et al., 2002a). Patients with small lesions and minor hand impairment have
intact crossed corticospinal connections from the damaged hemisphere to the paretic
hand, whereas those with large lesions and more severe hand impairments depend on an
uncrossed corticospinal tract from the intact hemisphere to the paretic hand. Patients with
intermediate-sized lesions have features of both the small and large lesion groups (Staudt et
al., 2002a). Ipsilateral reorganization of the primary motor type (Farmer, Harrison, Ingram,

& Stephens, 1991; Carr et al., 1993; Macdonell et al., 1999; Maegaki et al., 1997; Nezu et
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FIGURE 8.2. Schematic illustration of corticospinal tract organization in the three subgroups of patients (P,
paretic hand) and transmagnetic stimulation (TMS) results for one representative patient from each group.
TMS activates working motor cortex. The vertical dashed line indicates time of the TMS stimulus. Patients
with small lesions (SL) and minor hand impairment have intact crossed corticospinal connections from the
damaged hemisphere to the paretic hand (premotor type; i.e., without ipsilateral motor projections but with
significant activation of ipsilateral premotor areas), whereas those with large lesions (LL) and more severe
hand impairments depend on an uncrossed corticospinal tract from the intact hemisphere to the paretic hand
(primary motor type; i.e., with abnormal ipsilateral corticospinal projections to the paretic hand). Patients
with intermediate-sized lesions have features of both the small and large lesion groups—a combined type with
partial integrity of the crossed corticospinal tract (as in the small-lesion premotor group) and the presence of
abnormal, ipsilateral projections (as in the large-lesion group). From Staudt et al. (2002a). Copyright 2002 by
Oxford University Press. Reprinted by permission.

al., 1999; Nirkko et al., 1997; Thickbroom, Byrnes, Archer, Nagarajan, & Mastaglia, 2001)
seems to be specific to early brain damage (Carr et al., 1993; Maegaki et al., 1997; Nezu et
al., 1999; Staudt et al., 2002a). Functional MRI (fMRI) can be used to define task-related
regions of brain activity. An fMRI study of six patients with unilateral damage in the
perinatal period revealed significant activation of the intact hemisphere during movement
of the contralateral as well as the ipsilateral (hemiparetic) hand. This contrasted with the
pattern observed in right-handed controls, who exhibited little if any ipsilateral activation.
These findings suggest that the motor functions of the human brain exhibit functional

plasticity following early unilateral brain injury (Cao, Vikingstad, Huttenlocher, Towle, &
Levin, 1994).
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Mirror movements occur during normal development, but disappear at about age 10
years (Connolly & Stratton, 1968). In children with hemiplegic CP, mirror movements
are prominent and persistent (Nass, 1985; Woods & Teuber, 1978). The exaggerated mir-
ror movements in hemiplegic CP probably reflect compensatory elaboration of ipsilateral
motor tracts from the intact hemisphere to the impaired hand. The most marked mirror
movements are described in those with ipsilateral reorganization of the primary motor type
(Carr et al., 1993; Farmer et al., 1991; Macdonell et al., 1999; Maegaki et al., 1997; Nirkko
et al., 1997; Nezu et al., 1999; Staudt et al., 2002a; Thickbroom et al., 2001). Mirror move-
ments can interfere with bimanual activities (Kuhtz-Buschbeck, Sundholm, Eliasson, &
Forssberg, 2000). Clearly, mirror movements are an example of “plasticity at a price.”

Sensory Function

Cortical sensory deficits occur in about 50% of children with hemiplegic CP (Himmelmann,
Beckung, Hagberg, & Uvebrant, 2006; Van Heest, House, & Putnam, 1993; Yekutiel, Jari-
wala, & Stretch, 1994). Deficits in two-point discrimination and stereognosis (recognition
of objects by touch) are common. Obvious bilateral sensory deficits occur even after unilat-
eral insults (Cooper, Majnemer, Rosenblatt, & Birnbaum, 1995; Lesny, Stehlik, Tomasek,
Tomankova, & Havlicek, 1993). Functional imaging studies demonstrate little plasticity in
sensory cortex (Cao et al., 1994; Chu, Huttenlocher, Levin, & Towle, 2000). Unlike the
motor system, in which an ipsilateral pathway from the intact hemisphere to the impaired
hand often develops, the crossed sensory pathways remain dominant (Staudt et al., 2002a;
Thickbroom et al., 2001). Because of the timing of at least periventricular injury, actively
developing thalamocortical somatosensory projections can bypass the lesion to reach their
original cortical destination (Staudt et al., 2006). Impairment of sensory—motor integration
at the cortical level could result from the discrepancy between the presence of reorganiza-
tion in the motor system and its absence in the sensory system (Thickbroom et al., 2001).

MRI-Based Measures of Brain Development after Early Injury

Historically, studies of cognitive development following early brain injury have been
accompanied by neuroanatomical assessments reporting the size and extent of the lesions.
Careful documentation of lesion sites in relationship to cognitive impairments is essential
for brain mapping; however, the PS brain—behavior studies to date suggest that the key to
understanding postlesion resiliency lies in the examination of alternative patterns of devel-
opment in the intact regions of the brain.

MRI provides a means for investigating the pattern of development in uninjured por-
tions of the brain by quantitative image analysis and measurement of the size of gray and
white matter structures. Two MRI-based studies have examined the macroanatomical
growth of intact brain regions in children with PS. The studies were designed to determine
whether there are patterns of under- or overgrowth in the uninjured hemisphere or intact
portions of the injured hemisphere. Measurement of the corpus callosum, the primary fiber
tract projecting between the injured and uninjured hemispheres, was used to examine pos-
sible interhemispheric effects (Moses et al., 2000). The cross-sectional area of the callosum
was reduced in children with early injury relative to controls with typical development
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(TD). The cortical projections that comprise the corpus callosum connect homologous
regions along the anterior—posterior extent of the two cerebral hemispheres. In all subjects,
measurement of five callosal subregions showed region-specific thinning that corresponded
to the site of injury. This finding introduced the possibility of abnormalities in the unin-
jured hemisphere as well.

The second study focused on the volume of cerebral gray and white matter in lobar
divisions of the uninjured and injured hemispheres (Moses, 1999). The intact hemisphere
in children with PS showed normal gray matter, but low white matter volume, relative to
peers with TD. Furthermore, the white matter reduction was specific to the lobar region
contralateral to the original injury. Whereas the degree of callosal thinning correlated with
the estimated lesion size, the contralesional cerebral white matter reduction did not corre-
spond to lesion size. The uncoupling of lesion size and the degree of white matter reduction
in the contralesional lobe indicates that in addition to a direct loss of transcallosal axons to
and from the injury site, there may be a secondary effect in the intact hemisphere, such as
a postlesion increase in intrahemispheric connectivity that partially (but not completely)
compensates for the direct loss of white matter fibers.

Assessment of the injured hemisphere concentrated on a subgroup of children with
pericentral lesions that left the frontal lobe, the occipital lobe, or both intact (Moses, 1999).
In these cases, white matter volumes were low in the occipital lobe. The posterior white
matter abnormality may be attributable to disruption of the two major fiber bundles—the
superior longitudinal fasciculus and the occipitofrontal fasciculus—that arise from the pos-
terior cortex and converge in the pericentral region where the lesions were located. Even
a small lesion in the region surrounding the central sulcus, where the fiber tracts are most
tightly bundled, may have an impact on the posterior lobar white matter volume.

The MRI studies show that PS is accompanied by white matter abnormalities, which
may be accounted for by direct damage to fibers normally projecting to and from the lesion
site. The reduction of callosal cross-sectional area, contralesional white matter volume,
and ipsilesional occipital lobe white matter, relative to those of controls, conforms to the
projection pathways of the lesions studied. In addition, the lack of a systematic relationship
between the amount of contralesional white matter volume reduction and the lesion size
raises the possibility of a secondary effect of increased local, intrahemispheric connections
in lieu of transcallosal connectivity.

RESEARCH USING STANDARDIZED MEASURES
OF INTELLECTUAL DEVELOPMENT

Studies of the 1Q levels of children with PS generally provide only a snapshot of their
cognitive functioning, as IQ) tests are usually given at only one developmental time point.
These studies leave us with a somewhat mixed pattern of results: Some report that the
average 1Q of children in this population is more than one standard deviation below that
of control children (Levine et al., 1987; Perlstein & Hood, 1955; St. James-Roberts, 1981;
Woods, 1980), whereas others report no significant 1Q deficit (e.g., Aram & Ekelman, 1986;
Bates, Vicari, & Trauner, 1999; Nass et al., 1989). A recent longitudinal study suggests that
this discrepancy may reflect differences in the age of the children at the time of assessment
(Levine, Kraus, Alexander, Suriyakham, & Huttenlocher, 2005). Studies that report little
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or no impact on IQ tend to assess children at earlier time points than those that report 1Q
deficits. In the Levine et al. (2005) study, children with PS were administered an IQ test at
two different time points (before and after age 7). Results showed that the children with
PS had significantly lower Verbal and Performance IQ levels at the later time point. Impor-
tantly, the lower IQ levels at the later assessment time point did not reflect a loss of skills,
but slower acquisition of knowledge (Banich, Levine, Kim, & Huttenlocher, 1990).

It is possible that the increasing IQ gap between children with PS and TD reflects
maturational changes in the developing brain. That is, particular brain regions may only
contribute to task performance of children with TB once they have reached a sufficient
level of maturity. If these regions are damaged and fail to develop normally in the children
with PS, an 1Q gap may become increasingly apparent over time. The decline in IQ in
children with brain injury can also be thought of as reflecting limitations that early lesions
place on the brain’s processing capacities. If we assume that these processing capacities
are more taxed as task demands increase, the gap between the IQ levels of children with
TD and PS may be expected to widen over time. Thus the degree of functional plasticity
observed after an early lesion may depend on the age of the child at the time of assessment.
It may also depend on the specific domain of functioning being examined. Since IQ tests
were designed to assess overall levels of functioning rather than functioning in particular
domains, it is important to examine performance with tasks that tap specific aspects of
functioning in order to address this question (Levine et al., 2005).

EXPERIMENTAL STUDIES OF BEHAVIORAL DEVELOPMENT

The study of the effects of stroke in adults has made substantial contributions to our under-
standing of mature patterns of brain organization for higher cognitive functions. These
studies use a logic of subtraction and dissociation, in that their goal is to understand which
functional loss is uniquely associated with injury to a particular brain region. However,
such logic fails in studies of children with PS, because the children’s injuries occur prior to
their acquisition of most higher cognitive functions. Instead, the key questions in studies
of the effect of stroke in children center on delineating the mechanisms that underlie the
dynamic features of cognitive and neural development. Rather than identifying a typical
profile of functional organization, the goal is to identify the multiple, alternative patterns of
brain organization that can arise following eatly injury to the developing brain. Four ques-
tions are central to the study of cognitive and affective development in children with PS:

1. Is there evidence of cognitive deficit early in development?

2. Are the associations between patterns of behavioral deficit and sites of brain injury
among children comparable to the associations observed among adults?

3. Do behavioral deficits persist over time?

4. What is the nature of the change and how does this change, occur?

These questions are examined within the context of data from three behavioral
domains: language, visual-spatial processing, and affect. Interestingly, the answers to the
four questions differ across these basic behavioral domains, suggesting that the develop-
mental trajectories and capacity for plastic adaptation may vary by behavioral function.
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These contrasting profiles have important implications for understanding the development
of brain—behavior relations.

Language Development

The study of adult patterns of brain organization for language began more than 160 years
ago, with Paul Broca’s original study of a patient with aphasia who was found to have sig-
nificant injury to anterior regions of the LH. Subsequent work has largely confirmed the
early findings. For 95-98% of adults, core aspects of language (phonology, morphology, and
syntax) are mediated by the LH. Other work has shown that the RH also plays a role in
pragmatics, or the ways language is used. Adults with injury to the RH often have difficulty
with nonliteral language (e.g., humor, metaphor, and sarcasm). They are also impaired in
discourse cohesion (e.g., running on, failing to convey the point or “gist” of a story.)

Studies of early language acquisition in children with PS have all noted a delay in
language onset, with subsequent progress that follows the typical sequence of language
development. Unlike the profile of adults with strokes, language delays are observed among
children with lesions to either the LH or RH. Marchman, Miller, and Bates (1991) exam-
ined the phonological development in children with PS, and found delay in the onset
of babbling; once it emerged, however, development followed the normal trajectory. In a
large cross-sectional study of language acquisition, Bates et al. (1997) used the MacArthur
Communicative Development Inventories (MCDI), a parental report battery (Fenson et al.,
1993), to chronicle early language development. They report that the group with PS as a
whole was delayed for the onset of language. Within this context of delay, they found that
among 8- to 16-month-old children with PS, early RH injury resulted in the greatest deficits
in comprehension. At somewhat later ages (20-48 months) left posterior temporal damage
was associated with deficits in word and grammatical production—a finding that contrasts
with the typical finding of comprehension deficits in adult stroke patients with such lesions.
Complementing the parental report data, Bates et al. (1997) analyzed spontaneous lan-
guage samples. They found a similar profile for mean length of utterance: Children with
left posterior damage used shorter utterances than controls or children with injury to other
brain regions.

These findings have been broadly confirmed by other groups, including those studying
other languages. Using an Italian version of the MCDI, Vicari et al. (2000) also noted early
delay in language onset with some site-specific profiles: Children with LH injury were more
delayed than those with RH injury in early lexical production. Another study of Italian chil-
dren with PS (Chilosi, Cipriani, Bertuccelli, Pfanner, & Cioni, 2001) reported similar find-
ings. Looking at productive vocabulary longitudinally, Feldman and colleagues (Feldman,
1994; Feldman, Holland, Kemp, & Janosky, 1992) found initial delay in the group overall;
they also found wide variability, with some children performing in the normal range and
others delayed. However, after the initial delay, most of the children showed steady progress.
On the Index of Productive Syntax, a measure of emergent syntax, half their group with LH
injury fell well below the norm, as did half of those with RH injury. A longitudinal study of
free-speech data (Thal, Reilly, Seibert, Jeffries, & Fenson, 2004) reported similar findings,
with no site-specific profiles. These data are consistent with and are complemented by a
large longitudinal study of children with PS (Brasky, Nikolas, Meanwell, Levine, & Goldin-
Meadow, 2005; Levine et al., 2005): The investigators found overall delay in the onset of
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language, but also found that lesion size rather than site modulated the developmental
trajectory for both productive vocabulary and syntactic development. Together, these data
suggest that early brain injury to either hemisphere will delay the emergence of language,
and that acquiring language, unlike maintaining an adult language system, requires both
hemispheres of the brain.

By age 4, children with TD have mastered the majority of the grammatical structures
of their language; language development after age 5, in addition to a growing vocabulary,
reflects the increasingly flexible use of those grammatical structures for different discourse
genres. Using a biographical interview, Bates et al. (2001) compared the productive lan-
guage of children with PS (ages 5-8) to that of adults with homologous lesions. In this
discourse context, where a child (or adult) must respond to an experimenter’s questions, the
adults displayed the predicted profile of lesion-specific deficits. Among the children with
PS, however, spontaneous language was comparable to that of controls with respect to mor-
phological errors and use of complex syntax; as such, the earlier site-specific differences had
resolved. For morphosyntax, the language of the group with PS was comparable to that of
peers with TD. In this same data set, anaphora, or the use of pronouns, was also examined.
Adults with RH injury often have difficulty with discourse coherence. Pronouns represent
one linguistic means to connect utterances (Halliday & Hasan, 1976), because they serve
as links to preceding noun phrases. Examination of the children’s use of pronouns (Dardier,
Reilly, Bates, Delaye, & Laurent-Vannier, 2005) revealed that both children with TD and
children with PS had many pronouns for which the referent was unclear. However, young
children (ages 5-6) with RH injury had significantly more ambiguous pronouns than either
children with TD or children with LH injury. Interestingly, this difference had resolved by
8 years of age. These findings suggest that although the acquisition of linguistic structures
requires a bilateral brain network, the group with PS is making good progress in acquiring
such structures. How children actually use and recruit such structures for discourse may be
mediated by the RH, as is typical in the adult model.

To better understand language development in school-age children, Reilly and col-
leagues (Reilly, Bates, & Marchman, 1998; Reilly, Losh, Bellugi, & Wulfeck, 2004) focused
on a more challenging discourse genre—narratives. The task required children to tell a
story based upon a wordless picture book by Mayer (1969), Frog, Where Are You? At 4-6
years of age, all of the children with PS told shorter stories, made more morphological
errors, and used fewer complex sentences than controls; however, there were no significant
side- or site-specific differences. It is important to note that the morphological errors of the
children with PS were similar to those of younger controls, suggesting that language acqui-
sition follows a similar course in the group with PS, even though it is mediated by different
brain structures. By middle school ages (7-12 years), the group with PS performed in the
low-normal range on all morphosyntactic as well as narrative measures, including having
the same number of episodes in their stories and inferring the theme of the story. Although
no side-specific differences were found in the morphosyntactic measures, there was a trend
reflecting less frequent use of complex sentences in those with RH than in those with
LH injury (Reilly, Stiles, Wulfeck, & Nass, 2005b). One function of complex sentences
in a narrative is to link the episodes of the story (e.g., “When the boy was sleeping, the frog
escaped!”) or to integrate the local event with the theme of the narrative—in this case,
searching for the lost frog (e.g., “He looked in the hole to try and find his frog.”). It is likely
that the decreased use of complex syntax in narratives reflects an impairment in the use of
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language for discourse cohesion. This profile is reminiscent of that of adults with RH injury.
However, the early pronominal impairment appears to resolve with age in the children, and
we expect that this is the case with complex syntax as well.

In telling a story and in responding to questions in an interview, children have choices
about the vocabulary and the linguistic structures they use. Alternative methods of assess-
ing language include standardized tests, as well as online measures of comprehension and
grammaticality, which may be more sensitive measures of morphosyntactic abilities. Two
studies (Ballantyne, Spilkin, & Trauner, 2007; MacWhinney, Feldman, Sacco, & Valdes-
Perez, 2000) using the Clinical Evaluation of Language Function—Revised, reported that
the group with PS performed significantly worse overall than controls with TD. However,
on some subtests, MacWhinney et al. found that the children with LH injury matched the
controls’ performance, and Ballantyne et al. reported that children with seizures performed
significantly more poorly than the rest of the group with PS. Seizure status as a factor in
mediating performance has also been noted by other researchers (e.g., Dall'Oglio, Bates,
Volterra, Di Capua, & Pezzini, 1994).

Online measures assess not only accuracy but also reaction time (RT), an index of
processing speed. MacWhinney et al. (2000) administered an online battery of detection,
recognition and word repetition, and picture-naming tasks; they found that overall, the
group with PS showed slight impairments and slower RTs than controls, although these
differences resolved with age. Looking at more complex language, Dick, Wulfeck, Krupa-
Kwiatkowski, and Bates (2004) assessed sentence interpretation in children with PS. For
the simpler constructions (active sentences and subject clefts), the group with PS performed
comparably to controls; however, they were less accurate on more complex constructions
(passive sentences and object clefts). This profile was mirrored in their RTs. An additional
study focused on school-age children’s knowledge of the language by asking children to
make grammaticality judgments on grammatical or ungrammatical sentences, including
determiner or auxiliary verb violations (Wulfeck, Bates, Krupa-Kwiatkowski, & Saltzman,
2004). Grammatical sensitivity of the group with PS was somewhat below that of the con-
trols, but well above chance; also, and similar to the group with TD, the group with PS
improved with age. Together, these studies present a picture of subtle impairments in the
group with PS in the processing of complex language. Many of the differences resolve with
age, suggesting catch-up in individual aspects of language learning. Interestingly, the perfor-
mance of children with PS on these online tasks was similar to that of younger healthy con-
trols. The similarity of the error patterns and responses to those of younger children with
TD suggest that in spite of differences in neural mediation, all of these children approach
the problem of acquiring a language in a similar manner, and that the process of language
acquisition is constrained.

In summary, children with PS do surprisingly well in acquiring the grammatical struc-
tures of their language. Unlike adults with homologous damage, children with either RH
or LH injury show initial delay. However, once language emerges, the development of lan-
guage structures follows the same patterns evident in children with TD. Early site-specific
profiles resolve, and by middle school age the group with PS performs in the low-normal
range. But language acquisition is not just a matter of “catching up”; rather, at each new
level of linguistic challenge, these children exhibit initial delay and subsequent develop-
ment in mastering grammatical structures. Regarding pragmatics, or how the group with
PS uses language, there is emerging evidence that the RH may play an early role in inte-
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grating discourse; children with RH injury mirror the profile of adults with similar injury,
but in a more subtle manner. Furthermore, similar to the acquisition of linguistic structures,
there is evidence of an iterative profile (wherein early deficits resolve with age but are again
revealed in more challenging discourse contexts).

Visual Pattern Processing

Studies of spatial cognitive development in children with PS have focused on the analysis
of visual pattern information. In adults, the neural system for processing visual pattern
information—the so-called “what” system—is a bilateral occipitotemporal (OT) network.
Within this network, the two cerebral hemispheres play complementary processing roles:
The left OT region is dominant for processing parts or features, and the right OT region
is dominant in processing pattern configuration. Among adult patients after stroke, left
OT injury impairs processing of the parts of a spatial array, whereas right OT injury com-
promises configural processing (e.g., Delis, Robertson, & Efron, 1986; McFie & Zangwill,
1960; Piercy, Hecaen, & De Ajuriaguerra, 1960; Robertson & Delis, 1986; Robertson &
Lamb, 1991; Swindell, Holland, Fromm, & Greenhouse, 1988; Warrington, James, & Kins-
bourne, 1966). Data from children with PS suggest that the basic organization of the OT
system is established early, but is capable of at least limited adaptive organization. The pat-
tern of deficits associated with RH or LH injury is similar in adults and children, but the
children’s deficits are milder, and they appear to be better able to compensate for their defi-
cits. Studies examining visual pattern processing among children ranging in age from the
preschool period through adolescence provide supporting evidence for subtle, persistent,
lesion-specific deficits (Stiles & Nass, 1991; Stiles, Paul, & Hesselink, 2006; Stiles, Reilly,
Paul, & Moses, 2005; Stiles, Stern, Trauner, & Nass, 1996; Stiles-Davis, 1988; Stiles-Davis,
Janowsky, Engel, & Nass, 1988; Stiles-Davis, Sugarman, & Nass, 1985).

Studies using hierarchical pattern stimuli have provided extensive data on visual pattern
analysis in both typical and atypical populations. Hierarchical patterns are large “global-
level” forms composed of appropriately arranged “local-level” elements (e.g., a global-level
triangle made up of smaller local-level squares). When asked to copy such patterns from
memory, adults with RH injury have difficulty with the global-level forms, whereas local-
level processing is impaired by LH injury (Delis et al., 1986; Delis, Kiefner, & Fridlund,
1988). Children with RH and LH injury show similar patterns of deficits, as shown by
data from a study of 5- to 12-year-old children with PS (Stiles et al., 2008). Reproduction
accuracy for the global-level, but not local-level, forms was significantly lower than that of
controls for children with RH injury; the reverse pattern was observed for children with
LH injury. Furthermore, whereas accuracy improved for all groups with development, the
pattern of deficit persisted for both groups with PS.

Other studies of visual-spatial processing confirm the early patterns of impairment,
but also suggest that children may compensate for their deficits by adopting alternative
processing strategies. A study of block construction among preschool-age children with PS
documents the importance of examining both what children produce when they are given
a spatial task, and how they approach the problem—that is, what strategies or procedures
they use to complete the task (Stiles et al., 1996; Vicari, Stiles, Stern, & Resca, 1998). In
this study, 4- to 6-year-old children were presented with a series of simple block models
(e.g., a line of blocks or a double arch) and asked to reproduce them. The accuracy measure
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assessed the quality of the final product, while the process measure examined how a child
approached the problem of construction. Children with LH injury were initially delayed on
the task, producing overly simplified constructions. By age 4, they showed an interesting
dissociation between product and process. When accuracy of performance was assessed, the
performance of the children with LH injury was high, comparable to that of age-matched
controls. However, when process was examined, performance diverged from that of the
group with TD. The procedures they used to copy the models were greatly simplified.
Specifically, the procedures the children adopted were typical of those observed among
younger children at a point in development when they are unable to reproduce the models
accurately. This developmental dissociation between product and process persisted at least
through age 6. Children with RH injury were also initially delayed on this task, producing
only simplified constructions. At age 4, the accuracy of their construction was very poor;
their constructions were poorly configured. However, at this time, the procedures they used
to generate these ill-formed constructions were comparable those of to age-matched con-
trols. Thus, at age 4, the performance dissociation for the children with RH injury was the
opposite of that observed for the children with LH injury: They could employ sophisti-
cated construction strategies, but with very poor results. By age 6, children with RH injury
were able to copy the target constructions accurately, but like their LH-injured peers, they
now used simpler construction procedures. It appears that by adopting a less complicated
construction strategy, the children with RH injury were able to compensate for spatial
deficits and succeed in generating accurate constructions. This study suggests that there
is impairment in spatial processing following early injury, and that there is compensation
with development. However, closer examination of how spatial constructions are generated
suggests persistent, subtle deficits.

Evidence for the use of alternative strategies is also observed among older children
using a more difficult construction task, the Rey—Osterrieth Complex Figure (ROCF). The
ROCF was developed to evaluate spatial planning in adult patients. The figure is organized
around a central rectangle that is divided symmetrically with bisecting lines; pattern details
are positioned within and around the core rectangle. The most efficient, though demand-
ing, copying strategy is to begin with the core rectangle and bisectors, and then add details.
School-age children with TD do not use this advanced strategy; rather, they parse the figure
into smaller units. The size of the unit increases with age, such that 6- to 7-year-olds use a
very piecemeal strategy, while older children use progressively larger subunits (quadrants,
halves) until finally, by 12 years, the advanced strategy is dominant.

The ROCEF is challenging for children with PS (Akshoomoff, Feroleto, Doyle, & Stiles,
2002; Akshoomoff & Stiles, 2003), as illustrated in a longitudinal study of 6- to 13-year-
olds. Two versions of the task were administered: copying with the model present, and an
immediate memory task. On the copying task, the children with RH or LH injury per-
formed worse than controls. Deficits were particularly evident among the youngest children
(age 6), but did not differ by side of lesion. Performance improved in such a manner that
by 10 years the children’s copies were accurate, but they were produced by using the most
immature and piecemeal strategy. The failure to find differences between the groups with
RH and LH injury probably reflects underlying task demands that place equal emphasis on
segmentation and integration. Thus a deficit in either process would disrupt performance
on the task.
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In contrast to the findings from the copying task, the memory task did distinguish
between the lesion groups. When the copying and memory data from the oldest children in
the sample were compared, few differences were observed for the children with RH injury:
Under both task conditions, they produced accurate reproductions by using a piecemeal
strategy. However, a dramatic shift in the strategies of the children with LH injury was
observed in the memory task. Unlike on the copying task, these children organized their
memory reproductions around the core rectangle and produced relatively few additional
details. The demands of the memory task thus revealed the characteristic LH visual-spatial
processing deficit, while the copying task captured the children’s strategies for compensat-
ing for that deficit.

Coding of Spatial Location

Very few studies have examined dorsal visual stream processing in children with PS. In
adults, the dorsal stream—the so-called “where” system—is a bilateral occipitoparietal net-
work (Ungerleider & Mishkin, 1982) that is involved in several aspects of spatial process-
ing, including spatial transformation and location processing. Lateralized differences in
dorsal stream processing have been documented for coding of categorical and coordinate
relations among both adults and children (e.g., Hellige & Michimata, 1989; Koenig, Reiss,
& Kosslyn, 1990; Reese & Stiles, 2005). These studies indicate that the LH is dominant for
categorical spatial relations (e.g., above—below), whereas the RH is dominant for coordinate
spatial relations that retain precise metric information about the location of objects and
the distance between objects. Further support for this distinction comes from a study by
Laeng (1994). In this study, adult patients with LH damage after stroke were more impaired
on categorical spatial tasks, whereas those with RH damage were more impaired on metric
spatial tasks.

In a recent study, Lourenco and Levine (2009) have used a simple location task to
examine whether this is also true of young children with LH and RH lesions. Children
with PS and TD (ages 3-5) were shown the locations of different toys on a long, narrow rug
(5 feet by 8 inches), one at a time. The toy was then removed, and each child was asked to
replicate the location of the toy. This was a one-dimensional coding task, as there was no
variation in the location of the toys along the y coordinate, only along the x coordinate.
On this task, young children (16—-24 months) were found to use category information, mak-
ing choices that were biased slightly toward the center of the space (Huttenlocher, New-
combe, & Sandberg, 1994). By 3 years of age, children with TD were extremely accurate on
this task and did not show evidence of using category information. Similarly, by 3 years of
age, children with early LH injury exhibited accurate metric performance. In 